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The Mission of AGARD

According toits Charter. the mission of AGARD is to bring together the leading personalities of the NATO nations in the ficlds
of science and technology relating to aerospace for the following purposes:

— Recommending effective ways for the member nations to use their research and development capabilities for the
common benefit of the NATO community;

— Providing scientific and technical advice and assistance to the Military Committee in the ficld of acrospace rescarch and
development (with particular regard to its military application):

— Continuously stimulating advances in the acrospace sciences relevant to strengthening the common defence posture:
— Improving the co-operation among member nations i acrospace rescarch and development:

— Exchange of scientific and technical information:

— Providing assistance to member nations for the purpose of increasing their scientific and technical potential:

— Rendering scientific and technical assistance. as requested. to other NATO bodies and to member nations in connection
with research and development problems in the acrospace field.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior representatives
from cach member nation. The mission of AGARD is carried out through the Panels which are composed o experts appointed
by the Nationa! Delegates. the Consultant and Exchange Programme and the Acrospace Applications Studies Programme. The
results of AGARD work are reported to the member nations and the NATO Authorities through the AGARD series of
publications of which this is one.

Participation in AGARD activities is by invitation only and is pormally limited to citizens of the NATO nations,

The content of this publication has been reproduced
directly from material supplied by AGARD or the authors,

Published November 1991

Copyright © AGARD 1991
All Rights Reserved

ISBN 92-835-0641-3

Printed by Specialised Printing Services Limited
40 Chigwell Lane, Loughton, Essex 1G10 3TZ

rrh



f

Preface

The interest in the use of shipborne aireraft is widespread among NATO countrics. Major weapons systems like aircraft carriers
with conventional fixed-wing aircraft, VSTOL aircraft or helicopters embarked. are operated by the United States, the United
Kingdom, France, Italy and Spain. Nearly all NATO countries employ various classes of smaller ships as helicopter platforms
for amphibious assault, anti-submarine warfare or search and rescue.

The deployment of aircraft on board ships presents unusual and difficult technical and operational problems. Considering the
multi-national interest in aircraft/ship operations it was considered meaningful and timely for the Flight Mechanics Panel to
Sponsor a symposium on this topic. This symposium considered problems of mutual interest connected with fixed and rotary
wing aircraft operations from ships. and the application of new technology to enthance such operations.

The Symposium reviewed and assessed the current problems and possible future progress in:

— The ship environment in terms of wind, temperature. precipitation. turbulence and deck motion.

— Guidance, Controls and Displays. primarily in the approach and landing phase.

— Flight Test and Simulation Techniques.

— Launch, Recovery and Handling Systems Developments.

-~ Operational /Pilot Views,

— Future Developments.

Preface

La mise en ocuvre d’ac¢ronefs embarqués suscite un vif intéret dans les différents pays membres de TOTAN, Les systemes
d‘armes majeurs que sont les porte-avions dotés soit de chasseurs conventionnels a voilure fixe, soit d'avions VSTOL., soit
d’hélicopteres embarqués, sont en service aux Etats-Unis. au Royaume-Uni, en France, en Italie ¢t en Espagne. La quasi-
totalité des pays membres de I'OTAN utilise divers type de navires de moindre tonnage en tant que porte-hélicopteres pour
I'assaut amphibie, la guerre anti-sous-marine et les missions de recherche et sauvetage.

Le déploiement d’avions embarqués a partir de batiments de guerre pose des problemes techniques ct opérationnels
spécifiques et difficiles. Etant donné l'intérét multi-national manifesté pour les opérations acronef-navire, le Panel a jugé
opportun et positif d'organiser un symposium sur ce sujet. Le symposium a examiné certains probiemes d'intérét mutuel
concernant ta mise en ouevre de aéronefs embarqué a voilure fixe et a voilure tourante, ainsi que les applications possibles des
nouvelles technologies pour accroitre l'efficacité de telles opérations.

Le symposium a examiné et évalué les problemes actuels qui se posent et une ¢volution fugure possible dans les domaines
suivants:

— I'environnement navire, sous les aspects vent, température, précipitations, turbulence et mouvements du pont.

— le guidage, les commandes et la visualisation, principalement lors des phases de d"approche et d"atterrissage.

— les techniques de simulation et d'essais en vol.

— le développement de systemes de lancement, de recueil et de manutention.

— les aspects opérationnels/points de vue des pilotes.

— les développements futurs.

it
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KEYNOTE ADDRESS
FIXED WING/CARRIER OPERATIONS PERSPECTIVE
by
RADM P.W.Parcells, USN

Commander; Tactical Wings, Atlantic Fleet
Naval Air Station Oceana

Virginia Beach, Virginia 23456-5125
United States

I.  INTRODUCTION

Good morning ladies and
Gentlemen. I'm RADM "Wick"
Parcells of the United States
Navy, and I will be speaking on
behalf of VADM Jack Ready,
Commander, Naval Air Force
Altantic Fleet. His extremely
heavy schedule precluded his
being here to address you
today, but that workload has
given me this unexpected
pleasure.

It is an honor to participate
in this symposium, and I'm
particularly pleased to be
asked to address a topic which
has been my professional life
for over 30 yers. The subject
of fixed wing carrier
operations covers a field that
is as broad as it is deep,
touching so many interesting
subcategories and evoking so
many memories that it is
probably fortunate for you that
my time is restricted. I will
address four specific areas:
Carrier and Carrier Battle
Group structure, organization,
and function; carrier air wing
structure and migsions; flight
operations; and future
developments in fixed wing
carrier operations.

In post-world War II Terms, the
greatest conflict in fixed wing

carrier philosophy has been the
extend to which aircraft design
must be compromised to enable
it to be flown successfully
from a ship of reasonable size
and cost. Pre-world II
aircraft could, in general, be
launched and recovered without
significant help from anything
but the wind. The Royal Navy's
evacuation of RAF aircraft from
Norway during the early stages
of the war comes to mind. As
combat requirements increased,
the flying machines necessarily
became more sophisticated -
heavier being a useful
equivalent to more
sophisticated. Toward the end
of that war, many combat loaded
aircraft required catapulting,
and virtually all needed
arresting gear to recover.
Thus, at that time, limits to
the size and complexity of the
combat aircraft were frequently
defined by the capability of
shipboard catapult and
arresting gear machinery, and
to a lesser extent, by the gize
of the flight deck. Therefore,
at that stage, land based
aircraft built

without the heavy modification
required of a combat carrier
aircraft threatened to outclass
the seaborne types. In
addition, aircraft in
development at that time - 1944
-46 - required catapult and

|
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arresting gear specifications
beyond those existing even on
the excellent "Essex" class
heavy fleet carrier.

Aircraft technology grew by
leaps and bounds in the post
World War II era. With the
shrinking budgets after the
war, cost became more and more
of a limiting factor - a factor
which basically did not even
have to be considered during
the war. The cost factor
generated another philosophical
conflict which continues in one
form or another to this day:

Do we build a carrier to
exploit aircraft capabilities,
or design aircraft to live
within the carrier's
limitations. What pushes what?
This energetic debaste had and
has many ramifications that are
familiar to anyone who has
fought a budget battle. The
question revolves around the
ever present questions: How
much do we need; how much can
we afford; and how much is
enough, but not too much; i.e.,
too costly?

The U.S. defines a Carrier
Battle Group (CVBG) as a strike
force, since it contains the
preponderance of the U.S.
Navy's conventional war
fighting capability. To
protect that strike capability,
our battle groups contain a
large "sunk cost” in fighter
and early warning aircraft.
That sunk cost may threaten to
be too expensive, hence the
trend toward true multi-role
aircraft. Multi-role aircraft,
of course, cost more and we get
back to the question of how
expensive is too expensive?
The cost versus effectiveness
debate has encompassed the
building of carriers, with the
added dimension of

survivability. Given the
number and complexity of
carrier aviation missions,
aircraft carriers have
necessarily become large and
more expensive. The large
versus small carrier debate in
the U.S. has become muted in
recent years, as most realize
that little is gained in
numbers or costs of deployable
carriers by down scaling their
size, while a significant
potential loss is evident in
capability, sustainability, and
survivability. While much of
the debate is emotional and
conjectural, perhaps the most
telling argument is the physics
of ship design, which
essentially dictate that ships
half the size of the NIMITZ
will still require about 2/3 of
the power plant, and a half
size carrier may not allow even
half as many aircraft or
mission capabilities, and will
almost certainly not mean half
the crew, shop space, support
equipment, etc. It is also
doubtful that a half size
attack carrier would be less of
an inviting target, or would be
equally effective in combat, or
survivable while under attack.
We believe that we have arrived
at the optimum size carrier
with optimum capabilities and
potential, but more on that in
a moment.

A O

As I mentioned, the Navy's
conventional war fighting
capability resides in the
Carrier Battle Group (CVBG).
This potent force is composed
of at least one large deck
carrier (with an air wing of 70
to 90 aircraft), 1-3 AEGIS
Cruisers, 1-3 Guided Missile
Destroyers, 103 Fast Frigates,
102 Attack Submarines, and 1-3
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Combat Oilers and Stores ships.

The main battery of the mobile
and versatile battle grcup is
the people - the crews who man
the ships and aircraft.
However, our puspose at AGARD
is to discuss the machines that
Those people will operate. Not
only aircraft, but tomahawk and
harpoon cruise missiles in
their surface-to-surface modes
give the fcrce nearly
unprecedented long range
striking power. though the
cruise missiles come at a much
higher unit cost and are
constrained by limited numbers.

The basic carrier battle group
plans and trains as a single
force, able to conduct
simultaneous operations in our
four basic combined warfare
groups: Anti-Air (AAW), Anti-
Surface (ASU), Anti-Submarine
(ASW), Electronic Warfare (EW)
as well as Airborne
Logistics/Supply and
Coordination (ARE).

Significant synergistic
ecomonies of scale are achieved
when two or more carrier battle
groups conduct combined
operations. These economies
are particularly useful in
multiplying available strike
aircraft and reducing the
number of anti-air assets
required to cover a given area.
How, Where, and When this
synergism becomes useful is
dependent on the level and
complexity of the threat to the
force.

The aircraft carrier itself is
the centerpiece, heart and
soul, and most expensive item
in the battle group. All of
the problems and opportunities
inherent in a discussion of the
fixed wing carrier perspective
necessarily revolve around the

“Bird Farm."” The United States
presently operates five classes
of big-deck, fixed wing fleet
carriers: The Midway, The
Forrestal Class (four ships),
the Kitty Hawk Class (four
ships), the Enterprise (a
nuclear powered Kitty Hawk
Class), and the Nimitz Class
(five ships. Our Navy has
settled on the Nimitz class as
our deck of choice, the
debates on size, cost, and
complexity continuing apace of
course. All carriers are
organized and equipped in a
standardized fashion, based on
the lessons of over 60 years of
large fleet carrier work and
warfare. They embark up to 100
aircraft of differing types.
The carrier's fixed wing
aircraft can reach
approximately 90 percent of the
earth's surface. Using
internal assets only, they can
detect, target, and attack
airborne, surface or subsurface
hostile forces; support ground
forces and interdict enemy
forces at the beach or inland;
and provide an ever present
nuclear deterrent. The carrier
is the heart of our naval
force, and is as modern as its
aircraft and air wing. 1Its
size, mobility, endurance,
structural strength,
compartmentalization,
protective armor and
sophisticated damage control
systems make it the most
effective and least vulnerable
surface warship ever
constructed.

The aircraft carrier is
commanded by a highly
experienced designated naval
aviator. The ship is divided
into departments and divisions
for maximum efficiency in
adminsitration and training, as
well as combat operations. A

o
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modern carrier with its air
wing embarked may include a
crew of over 6000. Incidently,
of these, about 1/3 turn over
every year and the average age
of the crew is less than 20
years.

III. CARRIER WIN

As mentioned, the battle group
contains potent strike and
defensive armament in all its
combatants. However, the main
striking force remains the air
wing. Although we operate
several classes of aircraft
carriers, the air wing is
standardized in aircraft and
equipment.

The air wing is composed of
seven tc nine fixed wing
squadrons of differing types
and one helicopter squadron,
all with overlapping missions.
This aircraft mix allows
simultaneous search,
surveillance and attack
operations as well as fighter
protection for the battle group
and strike aircraft. Included
in the capabilities of a modern
air wing are airborne early
warning, electronic warfare,
in-flight refueling, photo
reconnaissance, anti-submarine
warfare, and combat search and
rescue.

The primary fighter aircraft is
the F-14 Tomcat, of Hollywood
fame. A thirty ton, variable
wing sweep fighter, its speed,
versatility, and agility belay
its size as it brings the most
powerful fighter radar in the
world into combat, as well as
four different air-to-air
weapons, the 50 mile phoenix,
the 15 mile sparrow, the 3 mile
sidewinder, and a six barrel,
2000 rounds/minute 20mm

cannon. i

The primary attack aircraft in
the air wing's arsenal is the
A-6E Intruder, a long range,
combat proven workhorse which
is perhaps the premier all-
weather land attack aircraft in
the world. Sophisticated
avionics, a two man crew, and
large internal fuel load enable
it to attack targets at long
range, in any weather with a
wide variety of guided and
gravity weapons. Older model
A-6's provide air-to-air
refueling.

The F/A-18 is the newest
addition to carrier aviation's
tactical punch. Designed to
accomplish both fighter and
attack roles, its modern and
ultra-sophisticated avionics
suite, airborne agility, and
ability to deliver most air-
to-air and air-to-ground
weaponry make it the most
versatile in the inventory.

Fixed wing anti-submarine
warfare is conducted by the fan
jet powered S-3 Viking and is
complemented by the SH-3 Sea
King Helicopter for close in
work. The Viking also
possesses long range
surveillance and anti-shipping
capabilities, while the Sea
King also performs search and
rescue.

One of the most critical
missions in carrier warfare is
early warning and
command/control. The E-2
Hawkeye is the platform of
choice for these. A high
endurance TurboProp, the E-2 is
equipped with sophisticated
search radar and a complex
communications suite. Able to
control fighters, coordinate
search, and vector attack
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aircraft, the contributions of
this platform cannot be
overrated.

The late Admiral Gorshkov of
the Russian Navy once stated
that he who controls the
electromagnetic spectrum will
control the war. All carrier
aircraft have inherent
defensive/active ECM suites,
and may have offensive/passive
capabilities as well. The EA-6
Provwler is the air wing's
highest performance electronic
countermeasures (ECM) aircraft.
Able to conduct offensive or
defensive jamming, and with
excellent radar attack
capabilities, it is an integral
part of all airpower plans as
well as CVBG defense/counter
targeting.

As air warfare becomes ever
more demanding, the aircraft
and tactics involved with it
require improvement also.

While always subject to debates
on affordability and
capability, upgrades are in
work or in planning for all our
fixed wing carrier aircraft and
most systems. For instance,
the F~14 is beginning strike
warfare; the F/A-18 will be
modified to increase range and
payload; and the E-2, A-6, and
S-3 are receiving upgardes even
as follow on aircraft are being
examined. The key point again:
an aircraft carrier is as
modern and capable as its air
wing.

Iv. FLIGHT OPERATIONS

Aircraft carriers are floating
cities with thousands of
inhabitants, trained to fight
and work together with
incredible coordination. The
entire purpose of this huge
laviathan is to launch and

PN L

recover aircraft - a process 1
which can go on for many hours
or days without stop.
Preparations for flight
operations usually begin the
night before with the
distribution of the air plan.
An outline of the coming day's
events, it includes launch and
recovery times and information
about the mission, number of
sorties, fuel and ordnance
loads, and tactical
frequencies.

Flight quarters are announced
to all hands over the ship's
announcing system and manned as
prescribed by the watch,
quarter, and station bill.

Crew members not directly
involved in flight operations
are not permitted on or near
the flight deck. Those who are
have specific, clearly defined
functions are recegnizable at a
glance by the colored helmets
and jerseys that denote their
roles.

Pilots and aircrews, meanwhile,
have received comprehensive
briefings and man their
aircraft forty-five minutes
prior to launch. Before word
is given to start engines they
conduct preflight inspections
of their aircraft to ensure
that all is in order.

Flight-deck and squadron-
maintenance personnel have also
been busy readying their
equipment and conducting a "FOD
(Foreign Object Damage)
walkeown" in which they
systematically comb every inch
of the deck for loose material
that could be blown about by
jet engines or prop wash and
cause injury to personnel or
aircraft engines. Only after
the FOD walkdown is the order
given to start engines.




By this time the carrier has
been turned to a course that
will provide approximately 30
knots of wind over the flight
deck for launch. Aircraft are
directed forward by yellow-
shirted plane directors and
precisely positioned on the
steam catapults. As an
aircraft is "spotted" on the
"CAT," a blast deflector rises
from the deck behind it to
protect personnel and aircraft
aft of the catapult.

A green-shirted hookup man
attaches the aircraft to the
catapult shuttle. When all is
ready the pilot, on signal from
the yellow shirt, releases his
brakes and applies full power.
At this time the catapult
officer signals with a rotating
hand motion, two fingers
extended. After a final check
to see if the aircraft is
functioning correctly, the
pilot salutes to indicate he is
ready and braces himself for
the shot. The catapult officer
makes final checks on the CAT'S
readiness and confirms from
other on-deck personnel that
the aircraft is ready for
flight. He then touches the
deck, signaling to a crewman in
the catwalk to press the stean-
catapult firing button. The
aircraft is shot into the air,
accelerating from zero to a
normal "end speed" of 150
knots. The acceleration from
zero to safe flying speed puts
tremendous pressure on the
aircraft and its crew. This
spectacular achievement, which
is usually duplicated more than
one hundred times a day during
peacetime carrier operations,
is the product of brilliant
engineering, careful and
skilled maintenance of
equipment, effective training
of intelligent and motivated

personnel, and complete
attention to detail and safety.

As the aircraft becomes
airborne, the catapult crews
are already scrambling to
position and hook up the next
plane. A proficient team of
four catapult crews can launch
an aircraft every twenty to
thirty seconds. In a matter of
six minutes the ship can launch
twenty aircraft and commence
recovery operations.

The airborne aircraft,
meanwhile, are under the
control of the Carrier-Air-
Traffic Control Center (CATCC),
which guides them in the
carrier control area. As
planes are launched, they join
up at designed rendezvous areas
and preceed to carry out
various missions as directed by
the air plan.

When the aircraft return to the
ship and weather precludes a
visual approach, CATCC controls
their arrival and clears each
aircraft for approach at one-
minute intervals. It is the
Landing Signal Officer (LSO)
who becomes the key player in
assisting the pilot in his
final approach to landing. The
LSO is a carefully selected,

se 1soned carrier pilot ~ A
"Tailhooker" - who has had
extensive training in this
specialized field. He operates
from a well-equipped platform
abean the landing area on the
aft port side of the ship. He
and his assistants correlate
factors such as wind, weather,
aircraft characteristics, deck
motion, and pilot experience to
help aide the pilot as his
aircraft makes its final
approach. The LSO is an
expert, his judgement fine-
tuned and rarely questioned.
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For recovery in visual
conditions, the aircraft return
to an overhead "stack" at
altitudes prescribed by air-
wing doctrine. Individual
flight leaders "take interval®
on the flights at lower
altitudes in the stack.
Aircraft, in formations of two
to four, normally enter the
break for landing from astern
of the ship, on the same
heading and slightly to the
starboard side, at an altitude
of eight hundred feet. The
flight leader will break left
when he has reached a position
projected ahead of the ship,
establish himself in the
downwind leg, descend to six
hundred feet, and complete his
landing checklist in
preparation for landing. For
his final approach, he will
normally use the Fresnel Lens
Optical Landing System (FLOLS),
a combination of lenses and
lights located on the port edge
of the angled deck. This is an
automatic, gyrostablized
system. It is interesting to
note that this entire operation
- the recovery of approximately
twenty aircraft -routinely is
conducted without radio
communication.

As the aircraft lines up for
its final approach at somewhere
between 120 and 150 knots,
depending on the type of
aircraft, the pilot will
observe and fly the "meatball."
The "meatball®" is an amber
light that appears at the
center of the lens or "mirror."
If the aircraft is properly
positioned on the glide path,
the "meatball” will be aligned
with a horizontal line of green
reference lights on either side
of the center lens. If it is
above the glide path, the
"ball"” will appear high; if

below, it will appear low. The
pilot's objective is to keep
the ball centered all the way
to touchdown and to engage the
"three wire" - the third of
four cross-deck pendants
(wires) extending up the deck
from the fantail, or the ramp,
as "tailhookers" refer to the
stern of the ship.

While it is the pilot's
responsibility to fly the ball,
the LSO may also give light
signals or voice instructions
until touchdown. If the
approach is unsafe or the deck
not ready, the LSO will
activate flashing red lights
ordering a wave-off. The pilot
has no option in this
situation; he must comply with
the order to take his aircraft
around the landing pattern
again for another approach.

The aircraft will normally land
on the angled deck, catch a
wire, and be brought to a halt
within a few hundred feet. The
cross-deck wires are aitached
to cables that are weaved
through pulleys and around the
drums of the ship‘s four
arresting-gear engines.
Hydraulic dampeners are
adjusted for each aircraft
according to its weight, so
that the arrestment does not
exceed the aircraft's
structural limits but does stop
the aircraft within the landing
area.

As the landing aircraft makes
contact with the deck, the
pilot moves his throttle to the
full-power position. If his
aircraft's tailhook engages one
of the cross-deck wires, he
immediately retards the power
s0 the engines idle after the
aircraft is brought to an
abrupt stop. This is an
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arrested landing - a "trap."

If the landing aircraft does
not engage one of the four
cables, the throttle remains in
the full-power position, the
engine accelerates, and the
aircraft becomes airborne again
for another try. This event,
called a "bolter," is the
principal reason for designing
the carrier with an angled
deck. For this and other
carrier innovations such as
steam catapults, the "mirror"
landing aid, and hurricane bows
we owe thanks to our british
colleagues. If the aircraft
has been successfully trapped
the hook is raised and the
aircraft is then taxied forward
to clear the landing area. The
arresting gear is guickly reset
for the next aircraft. During
recovery operations a
proficient carrier air wing
team will complete the recovery
of twenty aircraft in 15 to 18
minutes.

A pilot making a good approach
snags either the number two or
number three wire. If he
catches the number four, he was
probably high or fast on the
glidescope; a trap on the
number one indicates that he
was low or slow. The LSO
grades every approach on a
carrier trend analysis form so
that there is a continuing
record of each pilot's
performance. Competition among
pilots is extremely keen.

when necessary, aircraft are
recovered in bad weather. A
variety of systems are
available to aid foul-weather
landings, including the
instrument landing systenm,
Tactical Air Navigation System
(TACAN), Carrier Controlled
Approach (CCA), and the
Automatic Carrier Landing

System (ACLS).

The ACLS is capable of bringing
an aircraft to touch down when
a pilot does not have visual
contact with the landing area.
A computer takes information
from the ship's precision radar
and sends signals to the
aircraft's automatic pilot,
which in turn flies the
aircraft and executes the
approacia. In ACLS landings the
pilot does not have to touch
the controls........but his
hands are close,

Flight operations, then, is the
essence of fixed wing carrier
aviation: The launch and
recovery of warplanes; the
rapid repair, refueling,
rearming, and launch again; the
sustaining of these combat
cycles for infefinite periods
of time.

v. FUTURE _DEVELOPMENTS

A brief discourse on emerging
technologies as they relate to
fixed wing carrier aviation is
almost a contradiction in
terms. Many of the AGARD
speakers will deal with these
subjects far more effectively
then I. But perhaps an
overview is in order.

The rapidly changing world
geopoliitcal scene makes it
more and more difficult to
accurately predict operational
requirements 10 or even 5 years
hence. Since it takes 4-7
years for even a rapid weapons
system development, the effect
of a bad guess or analysis
could be catastrophic at worst
or expensive at a minimum.
Events in the USSR and Central
Europe are familiar to all
here, and lend themselves to
even more uncertain
prophecies. A good guess would



be that the enormous soviet
military establishment will not
change very much or very fast.
Even if the USSR is able to
proceed on the path of
liberalization and democracy,
its need for hard cash will at
least lead to the export of
many if not most of their non-
nuclear military technology.
Thus, soviet military hardward
will remain a reasonable
benchmark on which to measure
wester requirements.

I have spoken a bit on the
systems and interfaces of the
carrier, the battle group and
the air wing. Research and
development as it affects fixed
wing carrier aviation drives
toward greater simplification
in all areas. Aboard ship, we
are working toward lighter,
cheaper and less labor-
intensive catapults and
arresting gear. Within the air
wing, we seek to "neck-down"
the number of types of aircraft
and weapons. The air wing of
the future could well have only
three basic airframes (F-14),
F/A-18, S-3 for example)
performing all tactical
missions. Air-to-air weaponry
could very conveivably be
reduced to one weapon from
three. Commonality in guided
or "“Smart" air-to-ground
weapons is also being pursued,
with one or two airframe/power
plant types being fitted with a
variety of warheads and
guidance systems. This
commonality will yield obvious
benefits in procurement costs,
maintenance, training and
manning.

As far as the battle groups as
a whole, increased efficiency
and effectiveness is being
pursued in: AsSW; search,
surveillance and targeting;

command, control and .
communications; battle
management; and recommaissance.

VI. CONCLUDING REMARKS

In conclusion, the launch and
recovery of our heavy,
sophisticated, high performance
fixed wing aircraft is at the
same time the source of the
greatest utility of carrier and
the root of all its
complexities and much of the
cost. Great strides have been
made in recent years with
vertical or short take off and
landing aircraft. I look
forward to our next speaker to
learn more about these
fascinating and emerging
aircraft. Yet, for the
foreseeable future, fixed wing
aircraft still are the only
airframes capable of the speed,
range, and payload demanded of
seaborne power projection.
These modern fixed wing
aircraft - necessarily fairly
large and heave - will continue
to require the big deck
carriers with which we have
become familiar. Carriers can
be defended, and carrier
aircraft can continue to
penetrate dense and complex
defenses to deliver their
weapons - they have done it in
the recent past. But in truth,
this capability comes at an
ever increasing cost. The
challenge to fixed wing carrier
aviation is to maintain and
improve its combat
effectiveness without pricing
itself out of existence.
Utility must balance cost; cost
must translate into combat
potential, combat potential
must equal battle success. The
challenge then is improvement,
not necessarily replacement.

In closing, let me state that I
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In closing, let me state that I
consider it a personal honor to

' have been a part of 1991 AGARD.
Thark you.

I'd be happy to entertain any
questions.
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KEYNOTE ADDRESS
HELICOPTER/VSTOL SHIP OPERATIONS PERSPECTIVE
by

Rear Admiral RH.Bum, AFC
Director General Aircraft (Navy)
United Kingdom Ministry of Defence
Room 337, St George's Court
14, New Oxford Street
London WC1A 1EJ
United Kingdom

My intention this morning is to comment very briefly on the first helicopter and Short
Take-0ff and Vertical Landing (STOVL) operations in the Royal Navy to consider whether
defence policy has a place for these alternative forms of naval aviation, to look at the
roles they can perform, and finally to highlight those areas which concern the chaps who
are lucky enough to be out there flying from ships today, to allow your minds to complete
transition from last night's paella to the purpose of this week's symposium, thinking of
ways to make aircraft operations from ships easier.

This picture hangs in my office in London and shows HMS AFRICA in January 1912
launching a short $27 from a ramp over the bow. I don't know whether this was the first
ever ski jump launch, but it must certainly have been a very early one. Unfortunately the
$27 did not have a vertical landing capability so there was in fact no way of recoveriny
the aircraft and strictly it falls outside my brief for today, but it is astonishing that
nearly 80 years ago the Navy was experimenting with these technigues.

The first British Navy helicopter to fly operationally from a ship was in January 1944
when a Sikorsky Hoverfly deployed on convoy escort duty aboard the DAGHESTAN a converted
merchant ship. Weight was a serious problem limiting fuel to 20 gallons and crew to the
single pilot. No weapon could be carried and the pilot even discarded his radio in exchange
for more fuel.

The first jet STOVL operation from a ship at ses was on the 8th of February 1963 when
Bill Bedford operated the P1127 from the deck of HMS ARK ROYAL, leading in the 1970s first
to the USMC taking the AV-8A to sea, followed soon after by the Spanish Navy.

The British Navy, following the government's dJdecision to scrap our fixed wing
carriers, developed the 20,000 ton Invincible class carrier to operate ASW helicopters and
to exploit STOVL aircraft for air defence in the form of the Sea Harrier which first
deployed operationally in 1980. At the same time the improvement in helicopter capability
led to a growing realisation that fighting effectiveness of frigates and destroyers could
be much enhanced with the addition of a helicopter carried on board. $So the Royal Navy has
specialised in helicopter and STOVL aircraft and has worked hard to develop both the
capability and safety of operation from ships.

Now that the ¢old war is over, the Warsaw Pact dissolved and the Soviet Union is in
disarray, the politicians are clamouring for the Peace Dividend redirecting tax revenues
into health and education and beating swords into plough shares. Of course allocation of
resources must be political decisions, but as a military man looking around the world at
the growing instability and turmoil in so many areas and seeinyg the growing divide between
the US and Europe on the one hand, and Third Worid countries on the other, it makes no sense
at all to me to lay down our arms. The end of super power confrontation togethexr with
economic recession has inevitably caused belt tightening, but I believe that governments
in the West will in the end find support to maintain an adequate defence capability,
although this must evolve from a design for confrontation in well-prepared positions, to
one equipped to deal with trouble spots anywhere in the world. The British Government last
year declared its policy for smaller but better forces and has emphasised the need for
flexibility and mobility. This is the emerging change in policy to which I would draw your
attention. Air power and sea power can provide this flexibility and mobility and I believe
that the future will see a growing requirement for naval air power to support military
operations in whatever corner of the globe trouble looms.

The Gulf crisis demonstrated the essential need for countries to work together to
enforce United Nations resolutions. By joining an alliance countries can contribute as they
did earlier this year by sending whatever warships they can make available. Not many nations
can afford large aircraft carriers and airgroups, but more are equipping their ships with
helicopters and the USMC, Spain, UK, India and the Soviet Union operate STOVL aircraft at
sea and others are showing a growing interest. These shipborne helicopters and STOVL
aircraft can make vital contributions in a wide range of roles and I would like to take a
couple of minutes to look at those roles.

The Lynx, operated by 10 Navies, is probably the most capable small ship helicopter
in the world. Control of the sea during the period of tension, before the outbreak of
hostilities, necessitates the ability to detect, identify and monitor surface contacts with
the aid of radar and passive vision aids, such as this SANDPIPER. It may be necessary to
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investigate ships cargoec and to send in boarding parties using fast roping techniques
demonstrated here by British Marines.

In the event of hostilities helicopters can play a significant part in the electronic
war of Qeception and jamming, or in surface attack using guns, or air to surface missiles
such as the Sea Skua employed so effectively against small Iragl misslile boats. They can
also be used for mine hunting, for detection and destruction of submarines using homing
torpedoes. Covert operations couid also be mounted from ships using hellcopters penetrating
far into hostile territory.

In the British Navy we use the Sea King both in the ASW rcle and as a support
helicopter for casualty evacuation, working with Fleet Auxiliaries mcving supplies, or for
supporting Marines 1n the mountains. We also have a Sea King 1n the air early warning role
developed during the Falklands campaiqn. And we should not forget rescue, a2 task which
helicopters are regularly called up to perform. S0 there 1s a very wide range of tasks
which naval helicopters can take on.

I think I have made the point thdat shipberne helicopters provide greal fiexibilily and
Are now an inteyral and indeed essential part of the ship's weapon system. In fact they
contirbute so wuch Lha. their avallability on task 1s frequentiy crucial to the successful
execution uf the task gruup's objectlves.

STOVL atrcraft allow Navies that cannot afford one of Admirai READY's Battle Sroups
Lo provide a uaval force with fixed wing ogfganic air defence and attack capabilaity. The
Falklands campaigu demoustrated the capabriity of a small force of Sea Harriers. Of course
they can also perform a valuable reconnaissance and air tu surface misslle attack using Sea
Eayie our similar weapons. The Indian Navy 1s equipped wilh a very simrlar aircrait to the
Ruyal Navy.

Thie USMC and the Spantsh Navy have developed the STOVL concept in supporl of ground
forces, aliowing lhe aircraftl to ovpertate from the shlp or deploy to forward ground bases
ashore.

The AV-8B 1s a highly capable yrtound attack airrcraft and was used to youd effecl in the
Gulf. The Italian Navy has also ordered AV SB.

Cperation of STOVL arrcrafl from ships is still relatively novel but it has matured
sufficirentiy tu have successfully demoustiated its potential and I have no doubl whalsoever
that this concepl will evenlually replace conventivnal fixed wing aircraft at sea. I say
evealually, 1l may teke gquile a lonyg lLime, but laryge arrcrafl carriets and dait yroups dte
very expeisive to buy aud to vperate and STI0VL offers a chedaper dalletnative.

1 hope that I have sard enouyh about the contribution that helicoplers and 3TOVL
arrcrafl now wmake Lo ndaval operations through the many rvles lhey petform, Lo make you
dappreciate that if the coummand is deprived of thelr services by rouygh seas, ot by foy. oo
by some other factor, the effective vapabllity uf the force will Le seriously downyraded.
Thus the abllity to opetate, to launch and recover in hilygh and low lemperatures, by day and
by night 1n the hostlle weather conditiens {requently encounlered al sea 1s ol Key
tportance.

If we van expand the operating envelope al 1ow cost and yain an inclease in asgcraft
avallabilily we have realised a significant tncrease in the ship's fighting effecliveness;

a hiyh return for a small investwent. A ;ather s:imple example would be the ability to
operate by night which approximately doubles availability and may present a significant
tactical advantage. I believe it i3 a fact that neithezr the US Navy nour the Japanesc had

an effective night flying capability from their ships until quite late iu World War IT.

Faved with conditions endangering safety of operation the command will on vccasion Lbe
under yreat pressute to Lake a chance. Almost exactly 50 years ago on the night of 24 May
three Fulmars were launched from HMS VICTORIVUS 1n appalling weather in the seaich for the
Bismark in the full knowledge that their recovery wWas at best going to be difficult. Two
of these aitcraft sighted and teported the Bismark but oniy one of the LUhree was
successfully recuvered on board. On their return the other two failed lo make visual
contact with VICTORICUS and subsequently diiched and were lust.

Another example of pour aircraft availability was seen in the 1950s before steam
calapults were developed when high ambient temperatutres and low natural wind states
frequently precluded the launch of jet aircraft frum conventional carriers. These days
STOVL aircraft also have to watch high ambient temperatures very carefully particularly with
respect to hover weights tor landing.

It has often been said that 9/10ths of success ih war is all about getting the right
thing in the right place at the right time, but if you cannot use it when you get there it
could be crucial, so ability to uperate in almust any cunditions is of key importance 1if
full operational capability is to be exploited. So what are the factors which limit
availability? Let me first consider helicopters and then move on to STOVL aircraft.

It may seem a rather obvious thing to say, but launching aircraft is intrinsically
easier than recovering them back on board first and foremost because the ajrcraft starts
with the ship and dves not have the problem of locating it in the fog or reducing relative
motion to zero in high sea states.

Problems for helicopters begin with high wind speeds which can damage blades duriny
spreading and rotor engagement. Perhaps this is more engineering than flight mechanics,
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but the take off manoeuvre itself can be limited by wind particularly if required to take
off out of wind when tail rotor control power can become critical. If a pilot chooses the
wrong moment in the ship/wave cycle to unstick then there is risk of an expensive gearbox
over torque while attempting to establish an initial rate of climb to clear the deck
gquickly. This boils down to a need for adequate vertical agility or the product of engine
response and specific excess power. Life would also become easier if transmissions were
more damage tolerant to overload. But in general if you can spread and engage the rotor
and 1f you can predict ship motion quiescent periods, take off should not present a problem,
aven without plenty of excess power.

To get the most out of the aircraft ship combination the command needs real time
information on relative wind and on ship motion presented in a user friendly form against
a plot of operating limitations. Coupled with computer prediction of ship motion this would
allow selection of the most favourable launch condition and would represent a significant
step forward.

Once safely airborne, transition to the climb and transfer from outside visual
references to flight instruments is a manoeuvre involving risk particularly for single pilot
nperations at night. How nice it would be to engage autopilot for the transition away.

Now after 4 hours out there over the cold grey stormy sea it is time to think about
recovery, something to eat, and a warm bed when safely back aboard. Finding the ship in
these days of satellite navigation and other extraordinarily accurate systems should not
be a problem, but its worth a mention, if nothing else in tribute to those bold Fulmar
pilots of 50 years ago who failed on a dark stormy night to locate the VICTORIOQUS.

Even these days, tired and uncomfortable after a long sortie transferring from
instruments to visual contact with the ship in low visibility, or in heavy turbulence, its
not difficult to lose concentration on altitude and fly into the water. Surely if we can
arrange automatic transition to the dunk to operate sonar, it should not be difficult,
knowing the wind direction and relative position of the ship, to organise automatic
transition to the hover alongside, where visual contact with the deck can be established.
This must be an early and I would have thought easily achievable objective with today's
technology. Only the decision to specify the requirement and to fund system development
1s needed. Helicopters like the MERLIN are expensive and sophisticated machines. After
a long sortie in adverse conditions we must ensure that the pilot has every assistance in
successfully
completing his recovery whiclh in some circumstances can present a high work load.

Whether we have autcpilot control to the hover or not, a ship mounted visual aid giving
the pilot glide path information during final approach and tranmsition to the hover is an
essential requirement for safe recovery. With attention divided between cockpit instruments
and the ocutside worid, glide path information is of key importance and in the British Navy
we are currently working on an improved stabilised device with modern optics.

Having arrived in the hover with good visual contact with the deck, what problems
remain. We need to position the aircraft over the landing spot and make a controlled
descent and touchdown. Sounds easy, but in 4 heavy sea landing on a small deck in a gusty
wind especially at night can be quite an interesting challenge.

First the pilot needs to be able to identify the correct hover position over the deck
and to assist him he needs some visual alignment aids. Most landings especially at night
are done facing in the same direction as the ship so that the pilot can use the ship’'s
structure and any lighting aids mounted on the structure for reference. Of course it is
not just a question of finding the right position, but of being able to detect relative
motion between the aircraft and the ship so Lhat the pilot can instinctively determine what
control inputs to make tc hold the required position for touch down.

Some Navies prefer a haul down system of recovery. The British approach is to leave
the pilot in full control but whatever technique is employed the pilot needs to have good
visual cues to tell him where he is in relation to his target landing spot and to provide
guidance in a way which will make it as easy as possible toc maintain a good position in the
presence of ship motion. There is plenty uf scope here for inventive minds to improve
visual aids.

Given that the pilot knows where he should be, the next problem is having sufficient
control power to hover safely in close quarters with the ship and this is where the strength
and direction of the wind become particularly relevant. The ship helicopter operating
limitations or SHOLs shown on this diagram will be familiar to most of you and depict the
limiting wind strength and direction. Add to this the agility required to hold position
with ship motion, and the envelope gets smaller, and at night it gets smaller again.

Only the ship can know the relative wind and ship motion at the landing sight and must
:nake the decision to attempt recovery. But is the command provided with accurate
information and can he assist the pilot by predicting quiescent periods of ship motion.
The facts are that British Navy ships are not ejuipped with adequate ship motion sensors,
or computers to aid prediction and this deficiency will lead either to excessive caution
with loss of aircraft availability or to limit exceedencies and risk of accidents.

And what about asircraft agility to maintain position in free hover over a pitching,
rolling and heaving deck. In the Sea King and Lynx we have two very different helicopters.
The Sea King is basically slow to respond particularly to collective demands and this poor
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vertical agility is a major limitation when operating from small ships in heavy weather.
The Lynx on the other hand has excelient agility and it is perhaps thils characteristic more
than any other which has made it the popular choice as a small ship helicopter for a large
number of navies. However we must keep an eye on weight growth over the 20 or even 30 years
that our aircraft are now rejuired to remain in service. Progressive increase 1n weight
will erode vertical thrust margin, and if engines are uprated we can run 1nto gearbox
overtorque problems.

Touch down at last: I am sure that designers 1in the 1930s will provide landing gear
capable of absorbing heavy vertical loads and will not overlook the lateral loads that will
from time to time be experienced in difficult conditirns. Pilots are not always completely
fool proof.

Having arrived on deck it is important to stay there and not to start sliding towards
danger, so we muSt have a well engineered retention system to ensure safe operation with
high winds and deck motion. In limiting conditions the final hover and landing 1s a
demanding task 1nvolving response through aircraft controls to a complex system of ship
motion, wind and turbulence. Its asking much of a tired pilot, perhaps with a poor fieid
of view and peering out through salt spray on the windshield to get 1t right every time.
Would it not be possible to automate the landing phase? As a pilot this 1dea makes me
nervous, both because a gooud landing is very satisfying to achieve and I would not want to
be out performed by a flight control system and because 1 wonder whether 1t would be
possible to make 1t really reliable. Could we afford to develop such a system? I don't
Know the answers, but guestion must certainly be asked.

Summarising the areas that need to be addriessed for helicopters, recovery 1s the
limiting task, the aircraft needs to know the relative position of the ship and the requited
final approach heading. Good visual aids should be provided both for glide path control
during transition to the hover and to enable accurate pusitioning for touch-down. Aircraft
agility, particularly in the vertical needs tu be adequate to maintain the required positiovn
over a moving deck and automation of transition to the cilimb, of final approach and
transition to the hover and of the final landing phase should be considered. An abiilty
to predict guiescent periods during heavy silp motion would also be most heipful.

Moving on to STOVL aircraft one 1is inclined tou think immediately of Harrier
derivatives, whicit is why I have chosen this picture of Russian Forgers and then of course
we should alsu recoygnise the tilt-rolor Osptey, shown here during recent trials 1n UGS3 wasp.

But the Harrie: in the form of the Matador, AV-8A and B, Indian FRS Mk 51 and the Sea
Harrier have glven us the experience on which my comments are based.

In the early days we were quite concerned that free take off might produce handiing
drfficulties at the deck end, where the pilot rotated the nozzles and took control of
aircraft attitude simultaneously. In praclice these fears proved to be unfounded. The
aircraft is in fact quite tolerant, especially off the ski jump where oun more than one
occasion piriuvts have been known, instead of rotatiny the noceles, Lo confuse the controis
and to close the throttle, albeit briefiy and stili to fly away saely.

For take off these aircraft do requlre three or four hundred feet of deck run to get
airburne with a full weapon load and keepinhyg straight, 1f the ship 1s roilinyg, can be a
concern and a pitchbing deck can reduce performance safety margins 1f you ledve Lhe ramp at
the wrong time 1n the cycle.

STOVL operations depend Lieaviiy on thrust to weight ratio and the community i1s always
hungry for more thrust especially in high amblent temperatures where engine performance
fails off. “Thrust is a must, 1ift is a gi1ft' they say, but of course as s00n as you give
them more engilne thrust they bolt on more weapons or bigger fuel tanks and you are back to
where you started.

The difficulty of recovery 1n adverse weather :is where the main cause of lost aircraft
availability can be found. Out at sea with no diversion or alternate tu fly to, failure
to recover means a lost aircraft and perhaps a lost pilot as well and jet fighters cannot
afford to allocate very much fuel, by which I mean very much time to missed approaches.
This makes the command rather cautious about launching Harriers 1f the weather is likely
to be at all marginal for recovery. So 1f we could approach a zero/zero recovery
capabilily, alrcraft availability to meel operational priorities would be enhanced quite
significantly.

Like a helicopter the STOVL aircraft must slow from 1ts approach speed to the hovel
alongside the ship. Aircraft handling characzteristics during this manoeuvre are such that
it is best tov make the transition in visual contact with the ship, transfertinyg from cockplit
flight instruments to external ship mounted visual aids at about half a mile, but still
keepiny one eYe oh engine temperature, attitude and rate of descent. It should not be
difficult to provide the aircraft with continuous information regarding the relative
position of the ship and thus throughout the approach to enable the aircraft system to
compute and display approach guidance. Indeed MADGE in the Sea Harrier does this very well.
To give a zero/zero capability the final appruach and transition would need to be automated,
bringing the aircraft to the hover alongside the ship at which time the pilot would take
control using visual guidance from the ship. Those unfamiliar with the Sea Harrier might
be surprised to know that it has very low authority stability augmentation making 1t
difficult, or should I say expensive to automate the transition, but for a future design
the message is clear - automated transition to the hover.
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In the hover and landing phase jet-borne flight does not provide the same agility as
rotor-borne flight. But of course the bigger ships from which Harriers operate do not jump
around like frigates. Provided the ship holds a course which glves minimal turbulence over
the landing spot, control margins are generally adequate, although there i1s sometimes
insufficient power available to compensate for a late ship heave and this can lead to damage
to the landing gear.

However, at night 1t gets more difficult. Ship motion 1s hard to deal with and tends
to drive the pilot to over control in the hover. Here i1s an interesting challenge, to
devise visual guidance which will compensate for ship motion. Or maybe we should go for
fully automated hover and landing. But we would need to be able to justify the considerable
expense involved by demonstrating a very considerable expansion in operating envelope. But
would this be value for money, would we really gain very much for the cost - another
interesting question.

1 will not be forgiven 1f I fail to comment on engine thrust. The most 1important
things 1n a Harrier pilot's life are launch weight and hover weight and of course more
thrust makes all fighter pilots happy. But the facts are that engine power 1is very
expensive and experience over the last 10 years suggests that additional thrust will quickly
be consumed by the overriding requirement for additional operational capability in the form
of extra weight and the unfortunate pilot is left with much the same thrust to weight ratio.
Harrier operation 1s regulated to ensure that adequate thrust margins are preserved both
for launch and for vertical landing in all conditions. Yes of course we want better thrust
to weight ratio and I am sure that advances in engine technulogy will be able to deliver
1mproved performance. I would be surprised however 1f power tu weight rativs emeryed as
a central issue in your deliberations this week.

To conclude, I remember my closest encounter with an early end to my naval career was
when trying to get back aboard at night in bad weather. Gilide path control went to pleces
and 1 got too low when trying to identify visual cues from the ship. Reduction of workload
on final approach remains a priority today both for helicopters and STOVL, automation to
the hover alongside would be a real advance. Coping with ship motion with better visual
aids and the ability to predict quiescent periods are also capabilities which we heed.
Perhaps ships should be designed with landing spots positioned where ship motion 1s least
and perhaps more use should be made of ship stabilisers. But 1if we are to extract the
maximum ship/aircraft operating capability with safety, the command must Kknow whnat the
actual prevailing weather conditions are in terms of the limiting parameters and thls
information needs to be displayed to him in a4 user friendly form.

I believe aaval aviation wili continue to attract funding in the troubled worid 1in
which we naow live. Helicopters and STOVYL aircraft can perform many essential roles and
provide affordable alternatives to ccnventional aircraft and biy aircraft carriers. But
operations from small ships especially in bad weather, can present a number of difficulties
and limit fighting effectiveness.

Ladies and Gentlemen there 1s plenty of scope for your skills and inventive powers to
find ways of reducing pilot workload, of extending operational limitations and of ensuring
the safe recovery of our crews. I wish you a productive and successful symposium.
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DECK MOTION CRITERIA FOR CARRIER AIRCRAFT OPERATIONS
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Washington, DC 20362-5101, USA
R.R. Bushway
Ship and Shore Installations Division
Naval Air Systems Command
Washington, DC 20361-5510, USA

1.  SUMMARY. Updated ship motion criteria for
conventional fixed wing aircraft launch, recovery and
handling operations are presented. The criteria were
required to evaluate the effectiveness of proposed
hull modifications for USS MIDWAY (CV 41). Abal-
anced approach was used to develop the criteria; in-
cluding a review of existing criteria, an air department
workshop, motion measurements during aircraft op-
erations aboard USS MIDWAY and USS CON-
STELLATION, flight simulations of aircrafi recov-
ery, and a study of the sensitivity of operability calcu-
lations 10 changes in the criteria. Deck attitude (list
and trim) and wind limitations are discussed. Sample
results are presented to show how the criteria are
used to evaluate the effects of hull improvementsina
typical operating area of the ocean. It is shown how
the criteria may be used in on board motion displays
to guide the ship operator to best speeds and headings
to avoid deck motion effects on operations.

2. INTRODUCTION. Atthe heartofa U. S. Navy
carrier battle group is a large deck carrier that must
support aircraft operations in all kinds of weather. To
assure interoperability in a joint North Atlantic
Treaty Organization (NATO) task force, other navies
have similar requirements for all weather aircraft op-
erations. In this paper, we focus on how level the
flight and hangar decks must be and how much deck
motion and wind over deck are allowed before air-
craft launch, recovery, handling and maintenance be-
come degraded. Quantified criteria for deck motion,
deck attitude and wind over deck are essential for the
design of ships which will fully support aircraft opera-

tions.

3. DEFINING THE INTERFACE. The aircraft-
ship interface is definea in: terms of ship motions and
airflow around the flight deck and their effects on air-
craft operations. Referring to Figure 1, the ship mo-
tion responses to a seaway can be broken down into
six components; three translational (surge. sway and
heave)and three rotational (roll, pitch and yaw)about
acenter of motion. The center of motion is assumed
to be the center of gravity (CG) of the ship. For the
typical aircraft carrier, the center of gravity is located
somewhat aft of amidships and a small distance below
the waterline.

/ CENTER OF GRAVITY (CO)
U

FIGURE 1. BASIC SRIP MOTION COMPONENTS

The rotational motion components at any other point




on the ship are the same as those at the CG; but the
longitudinal, transverse and vertical components of
the translational motions contain algebraic combina-
tions of surge, sway, heave, roll, pitch and yaw de-
pending on how far the point is from the CG. The
motions are typically defined in terms of displace-
ment amplitudes, although velocity and acceleration
figure in some of the criteria discussed below. Also
important to aircraft operations are the steady deck
attitude and wind over the flight deck. The steady
deck attitude is defined in terms of trim (bow down or
stern down) or list (port or starboard down). The ef-
fect of heel when the ship is in a turn is similar to that
of list. Wind over the deck is defined in terms of rela-
tive wind, which is the vector sum of the true wind and
the ship speed and direction, as shown in Figure 2.

NW = NATURAL WIND
SHIPS

SW = SHIPS WIND

WOD - RELATTVE WIND (OR WIND-OVER-DECK)
RECOVERY CROSS-

FIGURE 3. WIND OVER DECK

4. EVOLUTION OF DECK MOTION CRITERIA
PRIOR TO 1986. The evolution of seakeeping per-
formance evaluation in the design of aircraft carriers
was closely linked to the development of computa-
tional methods for assessing the performance. The
methodology that evolved is depicted in Figure 3.

OPERATING
SEAWAY PERFORMANCE
DESIGN COMPARISONS
WIND AND WAVE
ENVIRONMENT - J—
—_—— COMPUTE
COMPUTE OPERABILITY
T SHIP MOTIONS I
HULL
OPERATOR TRAINING
CONFIGURATION ~ Training Manuals
- Simulators
ACTIVE OPERATOR
SHIP MOTION GUIDANCE
CRITERIA
INPLTS COMPUTATIONS SEEKEEPING EVALUATION
PRODUCTS

FIGURE 3. SEA KEEPING EVALUATION METHODOLOGY

For aircraft carriers the OPERATING SCENARIO
relates to what the ship is required to do to support
aircraft operations. The WIND AND WAVE ENVI-
RONMENT is defined by the statistics of occurrence
of various wind speeds and directions and various
wave spectra. The U.S. Navy relies on wind and wave
occurrence statistics that were hindcast using a Glob-
al Spectral Ocean Wave Model (GSOWM) (1).
HULIL CONFIGURATION comes from an exten-
sive data base on hull shapes for active ship classes
and many concept designs. For seakeeping analysis,
weight distribution data and appendage shapes. sizes
and locations are also included.

In the 1970s, the U.S. Navy turned its attention to de-
signing smaller, less expensive aircraft carriers and air
capable ships. The design community looked at the
operational characteristics of several aircraft types,
including those that were capable of vertical and
short takeoffs and landings. They developed generic
wind over deck and motion limits associated with air-
craft handling, weapons loading and maintenance for
a wide range of hull sizes and types. The resulting
SHIP MOTION CRITERIA are summarized in a pa-
per by Comstock, Bales and Gentile (2) and are listed
in Table I and Figure 4 (2). These criteria were as-
sumed to be complete and adequate. The motion lim-




its were defined in terms of the average of the highest
one-third (or significant) single amplitudes, and rep-
resented the highest levels at which performance ef-
fectiveness was still believed to be 100 percent.
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FIGURE 4. GENERIC RELATIVE WIND ENVELOPE
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Slender ship theory, as programmed into the U.S.
Navy Standard Ship Motion Program (SMP) (3), is
used to compute ship motions for all headings and
speeds into all anticipated combinations of wave
height and modal period. This information is incor-
porated in the U.S. Navy Seakeeping Evaluation Pro-
gram (SEP) (4) 1o COMPUTE OPERABILITY
based on the computed ship motions, the statistics of
wind and wave occurrence, the specified operating
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scenarios and the ship motion criteria.

§. USSMIDWAYROLLMOTION PROBLEM.In
1986, USS MIDWAY was fitted with a blister that ¢x-
tended 2/3 the length of the hull and from the flight
deck to well below the waterline, as shown in Figurc
5. The beam at the waterline was increased by 6 mec-
ters (20 feet) to 43 meters (141 feet). An earlicr blis-
ter had been installed in 1965-67 to accommaodate an
angled flight deck. The 1986 blister was installed to
bring the hull up to strength standards needed to sup-
port a flight deck that had grown significantly in sizc
over the years and to meet standards for surviving
hull damage. Also, the blister extended below the
waterline to increase buoyancy and, thereby, reduce
draft in hopes that lowered aircraft elevators would
be less subjected to wetness. At the same time a cent-
erline fin was added at the stern to give the shipbetter
directional stability for aircraft recovery.
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FIGURE 5. 1906 BLISTER CONFIGURATION AND EXTENT

Ricketts and Gale discuss in more detail the greatly
accelerated program to design and build the blister to
meet a scheduled overhaul period (5). The design
goals for strength, draft and directional stability were
met by the new blister and fin. But, when USS MID-
WAY came out of the yard in late 1986, “it quickly be-
came obvious that the deck motions were often unsat-
isfactory, as reported almost immediately by the ship,
and a totally unexpected phenomenon, excessive
flight deck wetness, was experienced. While the deck
motions met the existing criteria, they sometimes
precluded safe handling of aircraft on the flight
deck”.(5)
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6. APPROACH TO IMPROVING MIDWAY OP-
ERABILITY. The rofl motion and deck wetness prob-
lem described above for USS MIDWAY was essen-
tially a hull design problem. The program that was
planned and executed to solve the problem was
named the MIDWAY Motions Improvement Pro-
gram (MMIP). Many different ideas were explored to
modify the blister or add other means for stabilizing
the ship. The most promising in terms of perform-
ance and cost were taken to the detailed design stage,
so that one could be selected and built, given the
availability of repair funds. Any ideas that would ad-
versely impact powering, maneuvering, weight or hull
strength were eliminated.

The MMIP team recognized that accurate deck mo-
tion criteria were essential to determine how much
improvement was achievable with each design fix. A
criteria working group was formed to plan and ex-
ecute a program to comprehensively evaluate existing
deck motion criteria and recommend improvements.

Besides the authors, the working group included rep-
resentatives of the Aircraft Carrier Ship Acquisition
Program Office at the Naval Sea Systems Command,
(NAVSEA) the Surface Ship Dynamics Branch at the
David Taylor Research Center and J.J. McMullen, a
private Naval Architectural firm. The working group
planned and executed a six month program that in-
cluded the following tasks:

Identify critical motion parameters,
b. Conduct an air department workshop,

c. Review the literature on aircraft launch,
recovery and handling,

d. Conduct aircraft recovery simulations,

€. Assessperformance at sea with a ship motion
recorder,

f. Assess motion limits on smaller aviation
ships,

g. Do criteria sensitivity study, and
h. Assemble improved deck motion criteria

The working group called upon operating personnel
in the fleet and engineersat various Navy laboratories
to provide technical information and direct support to
complete each task. Their contributions are noted in
the discussions below. The results of selected tasks
are discussed in the sections which follow. The key
task was the air department workshop.

6.1 Air Department Workshop. The initial problem
faced by the criteria working group was the lack of val-
idated operational limits. The decision to conduct a
Air Department Workshop was driven by the require-
ment to develop a comprehensive a set of criteria as
quickly as possible. The Air Department Work<hop
was convened to bring those with a history of hunds-
on-experience together to discuss ship motion im-
pacts on operations and identify those which were
controlling.

The vorkshop itself was conducted over a two day pe-
riod. During day one, the participants were segre-
gated by functional speciaity (launch, recovery, han-
diing, etc.) and asked to develop consensus values for
three criteria:

a. Anoptimum level of ship motion - The level
at which specified operations can be routinely con-
ducted for an extended period of time. Above thislev-
el, ship motion becomes a factor in the decision to un-
dertake an action.

b. Adifficult level of ship motion - The level at
which specified operations can be conducted, but ship
motion dictates the timing of critical evolutions. Ex-
tended operations in this environment are possible,
but will degrade the efficiency of the airwing over a
long period of time.

¢. A limit case of motion - The level at which
operations can be conducted, but only with extraordi-
nary effort. Ship motion is the dominant factor in any
evolution. This is the point at which suspension of op-
erations or reduction in operational tempo would be
considered under normal circumstances.

On the second day, all attendees met as a group and
the individual functional areas compared responses.
The intent was to stimulate a dialogue which would
serve to validate assumptions, correlate responses
and integrate the various disciplines to form a uni-
form position on limiting values for air operations.

The results of the workshop are presented in Tables
I1, ITI and IV. The workshop also identified other lim-
its in the areas of aircraft maintenance (aircraft jack-
ing, system calibration, corrosion control, engine test-
ing), fueling (list/trim control), and ordnance handi-
ing (lifting ordnance, dolly control) which tended to
correspond to the limits specified for aircraft handl-
ing.

The following general observations are relevant:

a. Roll amplitude and period most significantly
impact aircraft handling.

| gkl



Tatie 1. Workshop Aircraft Launch Limits

Table [V. Workshop Aircraft Handling Limits

at Plight Deck

| OPTIMUM | DIFFICULT | LIMIT CASE ] ] B OPTIMUM | DIFFICULT | LIMIT CASE
Rotl Perod® t 24 s8¢ 2 sec 20 sec | Roll Period 2490 2 see 20 sec
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2 Deck wemess rapidly degrades handling conditions. Design

i landings (mid cruise), cernain
amount of petroleum, oils, jubricant (POL) and salt buildup.
‘Wet deck will fioat POL, reducing coefficient of friction.
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All i iRaL
Roll limus decreased 1/2 degroe om elevators and deck
due 10 increased wetnoss and tighter maneyvering, il
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In general roll was not a major concern in the
launch and recovery evolution except as it impacted
the ability to spot aircraft on the catapult and remove
aircraflt from the landing area.

b. Becauseoftt ;. . .fanaircraft carrier, lim-
its may be locat'~n specific. Conditions which pre-
clude ~volutions on number four elevator may have
no impact on launch.

¢. Motions combine with environmental fac-
tors to limit specific phases of the operational scenar-
i0 - and ultimately the operational capability. Spray,
and the resulting wet deck, rapidly degrades handling
conditions.

d. Pitchamplitude and period most significantly
impact launch and recovery. In the launch case, the
period must be predictable and long enough to insure
that the aircraft leaves the flight deck during the up-
ward swing of the bow in order to avoid excessive sink.
The amplitude is constrained by the resultant spray.
In the recovery scenario, pitch amplitude is limited by
the mechanical stops in the Fresnel lens. Pitch period
is constrained by the Landing Signal Officer (LSO)
reaction/communication/pilot reaction time.

€. Wind over deck significantly impacts handl-
ing limits. Traditionally, wind over deck has been a
controlled variable in launch and recovery, i.e. allow-
able envelopes have been published. This tends to
constrain course and speed to head winds and seas
and low periods of encounter - both of which tend to
minimize ship motion. In the handling case, course
and speed tend to be driven by transit requirements,
which can result in wind loadings, both on the ship
and the aircraft, which significantly impact the ability
to move aircraft. The limit decreases rapidly with wet
decks

o
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f. Heave and sway uniquely impact recovery.

Sway will tend to increase the tendency for off center
engagements, resulting in more inspections and
maintenance of the arresting gear. Heave, in combi-
nation with pitch and the other motions, results in
ramp displacement. Ramp displacement, no matter
how achieved, is the governing criteria utilized by the
LSO in recovering aircraft. Ramp disptacement and
velocity can, in extreme cases, generate aircraft land-
ing loads approaching landing gear limits.
The results of the workshop were submitted to five
post command carrier (CV) captains for review. The
command screen agreed that the numbers werc
“about right.” They felt that roll and trim control
were important and that aircraft handling was most
often the controlling process. List above 1/2 degree
tended to cause drift port or starboard during run out
on recovery. This could be used to the ships advan-
tage if necessary. They recommended that the ship be
designed to operate in a moderate sea (SS-4) with an
accurate method of predicting ship motion in higher
sea states.

Upon completion of the command screen, an initial
set of proposed design criteria, shown in Table V, was
developed. The design criteria are specified for mod-

Table V. Wonkhop Desgn Critena

’ OPERATIONSS4 | LIMIT CASE
Roll < 2deg T <3deg

i - N

T Roll Period [L > Wec | > 20

4 ; :

. Pitch Ampirude w < 1deg | <2
Pitch Penod > 10sec i > 15w
Tion <025 deg | <0s0des
Lim < Q5 deg I < 1.0deg
Wind Over Deck ! < 33 kn/Bullstia < 35 kv/Bullean

t o

i Horzootal Ramp < 15m(Sf) e 18

j <4sm(is®)

f < +)-45m

i Vartical Ramp <15m{33m (+1015 1

erate (sea state 4, 4 to 8 feet significant wave height)
seas with a limit value applicable to the maximum op-
erable sea state (design criteria are synonymous with

the optimum level of motion). Pitch, roll, and ramp
displacement are defined in terms of significant
single amplitude values to support the design process.

It should be noted that the workshop specified roll pe-
riods in the 20 to 24 second range. Their frame of ref-
erence was a list of inclining experiment roll periods
provided by the Naval Sea Systems Command. Data
collected by the Naval Air Test Center (NATC) dur-
ing Precision Approach Landing System trials indi-
cated that these values were typically two seconds
longer than experienced in the open ocean. Roll peri-
ods were adjusted to reflect the NATC data.

62 Literature Search on Aircraft Launch, Recovery
and Handling. In the search for historic data on the
effects of deck motion on aircraft operations, little
was found on aircraft launch. No data were found for
aircraft maneuvering on deck. With regard to vehicle
operation, material available included specification
data (6,7) and operating criteria (8) for several items
of deck handling equipment, test results for the in-
ception of skidding or tipover from dynamic tilt table
experiments on weapons handling gear (9), specifica-
tion data for non skid deck coating systems (10), and
additional data on existing and proposed tractor capa-
bilities. Deck inclination and acceleration limits
found in these data varied, but were generally above
those indicated by the fleet operators for roll and
pitch amplitude and period effects on aircraft handl-
ing. However, the data did not address the effects of
wet or oily decks.

The only significant study on aircraft recovery was the
Naval Warfare Analysis Group (NAVWAG) Study
(11). Referring to Figure 6, aircraft recovery factors
considered in the NAVWAG Study included hook-
ramp clearance, touchdown vertical velocity, arrest-
ing gear engagement speed, and touchdown lateral
offset. Of these, ramp clearance and touchdown ver-
tical velocity were found to be most directly in-
fluenced by ship vertical motions; and the NAVWAG
study developed equations to relate these motions to
flight deck dimensions in the landing area and ex-
pected statistical variances in the aircraft flight path
and landing velocity.

[T . .z_m.'
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Substituting landing survey data taken aboard ship by
test personnel from the Naval Air Development Cen-
ter between 1968 and 1982 into the NAVWAG equa-
tions lcad to a ramp vertical displacement limit of 1.7
meters (5.5 fect) significant single amplitude. Simi-
larly, the touchdown vertical velocity limit for the
deck was determined to be 1.4 meters/second (4.7
feet/second) significant single amplitude. The verti-
cal velocity limit was initially considered to apply at
the center of the cross deck pendant array. However,
in response to the need to limit vertical velocities
even in the event of low approach, this criteria is
applicd at the ramp.

6.3 Aircraft Recovery Simulations. The objective of
this task was to assess roll, pitch and deck edge dis-
placement limits using carrier landings in a flight sim-
ulator.

The Visual Technology Research Simulator (VTRS)
at the Naval Training Systems Center (NTSC) in Or-
lando, Florida was chosen to gather initial data on any
difficulties introduced by flight deck motions on air-
craft recovery. VIRS includes a Conventional Take-
off and Landing (CTOL.) simulator that makes use of
a fully instrumented T-2C Trainer cockpit inside a
sphere. Animage of the USS FORRESTAL which is
typical of a large deck carrier, is projected in a rectan-
gular area of the sphere in front of the pilot, as shown
in Figure 7.

Experience was the key to making the simulated
T-2C aircraft fly like a fighter and the motions of the
USS FORRESTAL flight deck look like those of USS
MIDWAY. The Naval Air Test Center (NATC) in
Lexington Park, Maryland provided two test pilots to
fly in the simulator and two engineers to evaluate the
pilots’ performance. Both pilots had tours as fighter
pilots on USS MIDWAY before the blisters were in-
stalled. One was a test pilot on the NATC test team
that conducted deck qualifications on USS MIDWAY
when she left the yard with blisters installed. His ex-
perience made a realistic simulation of USS MID-
WAY deck motions possible.

For the simulated aircraft recoveries, deck motions
were simulated as combinations of roll, pitch, yaw and
heave motions. Each motion component was repre-
sented as a simple sinusoid with its own amplitude
and period. Amplitudes and periods were selected
from U.S. Navy Standard Ship Motion Program
(SMP) predictions for the pre-blistered MIDWAY
(Hull O), post-blistered (Hull X), and a concept
which involved notching the hull at the waterline
(Hull A) that was being considered to fix the MID-
WAY roll problem. A ship speed of ten knots and
heading relative to the waves of 45 degrees were se-
lected as typical for the worst roll motions encoun-
tered during aircraft recoveries in the Northwest Pa-
cific Ocean. For sea conditions, 2.5 meters (8.2 feet)
(high Sea State 4) and 4.0 meters (13 feet) (high Sea
State 5) wave heights and 11 second wave modal peri-
od were selected as typical of the swell-corrupted
seas in this area. It was reasoned that these ship and




——— ——— —— e —— -

3-8

sea conditions would serve to emphasize the effects
of varying roll amplitude and period between the dif-
ferent USS MIDWAY hulls.

To measure the effect of deck motions on each pilot’s
ability to land, each pilot was asked to score each
landing attempt according to the Handling Qualities
Rating (HQR) Scale listed in Table V1. For each land-
ing attempt, the wire engaged or bolter (missed wire
and fly off) or missed deck was recorded.
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The results of the simulated landings included the pi-
lots’ handling quality ratings which are plotted in Fig-
ure 8 as a function of roll period and roll amplitude.
Hull X was rated worst. Hulls A and O were rated
nearly the same. Wire engagements, bolters and
missed decks occurred on Hull X, but the pilots were
still able to land some of the time. Landings on Hull
O came closest to the ideal of wire number 3 engage-
ments. These data are too limited to put numbers on
roll (or any other motion) criteria, but tend to support
the criteria the fleet operators recommended above.

6.4 At Sea Measurements. Within one month after
reports came in that USS MIDWAY had roll motion
problems, the David Thylor Research Center (DTRC)
in Bethesda, Maryland instailed a ship motion re-
corder (SMR). Roli, pitch, speed and course signals
were brought in from the ship’s own sensors. In addi-
tion, triaxial accelerometers (that measure longitudi-
nal, lateral and vertical acceleration) were mounted
in three locations as shown in Figure 9.

BOLL AND PITCR ACCRLEROMETERS AY
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MURE 9. USS MIDWAY CV 41 - MOTION SENSOR LOCATIONS

During the course of the MIDWAY Motion Improve-
ment Program, interest in verifying the criteria at
more points on the flight deck lead to repositioning
accelerometers. Measured longitudinal accelerations
had been very small, so the longitudinal accelerome-
ters from all three triaxials were moved. One was re-
located to the centerline of the ramp and reoriented
to measure ramp vertical motion. The other twowere
relocated at the port catapult and reoriented to mea-
sure lateral and vertical acceleration. In addition, the
opportunity presented itself in April 1987 to measure
motions on another, larger, carrier. USS CONSTEL-
LATION (CV 64), which was operating in company
with USS MIDWAY. The ship's own sensors were
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tapped to measure roll, pitch, ship’s course and ship’s
speed. A triaxial accelerometer was provided to mea-
sure accelerations in the forward Internal Communi-
cations (IC) room where the computer was located.
The data obtained allowed some conclusions to be
made on the effects of roll motion on aircraft handl-
ing.

Deck inclination results from static trim or heel and
dynamic pitch or roll. Transverse accelerations are
the result of roll amplitude and period; with higher
accelerations resulting when roll periods are shorter.
Vertical accelerations are the result of heave and
pitch amplitudes and periods. The combined effect of
deck inclination and transverse acceleration is to put
a lateral force on the aircraft or handling equipment,
and in the limit cause the aircraft or equipment will
skid or tip. The effect of vertical acceleration is to
make the equipment effectively lighter (or heavier)
and change its adhesion to the deck. From several
measurements, movement of aircraft was accom-
plished to above 0.1 g lateral acceleration, but was
suspended when these accelerations reached 0.15 g.
If we apply these acceleration levels at the outside
forward corner of the angled deck, the corresponding
roll angles are 3.5 and 5.25 degrees, respectively. Sta-
tistical equations allow us to relate these maximum
values, that occurred during periods of a few minutes
of exposure in beam quartering seas during turns, to
corresponding significant values (averages of the one
third highest amplitudes) that would occur when the
ship is on a straight course at constant speed, where
we would normally apply our design criteria. There-
by, the range of 0.1 t0 0.15 g maximum lateral acceler-
ation, would lead to roll criteria in the range of 1.8 to
2.6 degrees significant single amplitude. This tendsto
support our chosen criteria of 2.0 degrees for aircraft
handling on an aircraft carrier with the shorter roll
period characteristic of USS MIDWAY.

Aircraft launch and recovery presented nodifficulties
during the January and April 1987 measurement peri-
ods. Pitch motions were well within limits for catapult
launches and for stabilizing the optical landing sys-
tem. Similarly, ramp vertical displacements and
touchdown vertical velocities were well within limits
for aircraft recovery.

65 Criteria Sensitivity Study. Because the criteria
evolved during the MIDWAY Motions Improvement
Program, there was interest in determining how
much changing the criteria effected predicted oper-
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ability comparisons between the current MIDWAY,
proposed fixes and a larger carrier, USS KITTY
HAWK (CV 63). USSKITTY HAWK is in the same
ship class as USS CONSTELLATION. Three sets of
criteria listed in Table VII were thus evaluated for the
preblistered USS MIDWAY (Hull O), postblistered
(Hull X for existing), notched (Hull A) and USS
KITTY HAWK (CV 63). The roll criteria were
picked off curves of roll versus roll period that were
developed during early phases of the Motion Im-
provement Program. As a simple model, it was as-
sumed that a specific ratio of lateral to vertical accel-
eration would lead to aircraft skidding or tipping. A
former aircraft handling officer aboard USS CARL
VINSON (CVN 70) had reported that aircraft move-
ment became difficult to dangerous when he read 3
degrees of roll on the clinometer in flight deck con-
trol. CVN 70 has a natural roll period of 21 seconds.
Taking a constant acceleration ratio down to the 12
second natural roll of USS MIDWAY, yields 2.3 de-
grees roll which falls in the acceptable range of signif-
icant amplitudes reported in measurements dis-
cussed above. This curve is shown in Figure 10. In the
first set of criteria (Set 1), only this roll curve was in-
troduced to change the criteria from the Sea Based
Air Study (6), which also included the generic relative
wind envelope shown in Figure 4 for aircraft launch
and recovery. In the initial Working Group meetings,
numbers were changed to reflect historic data and air-
craft launch and recovery bulletins. These are listed
in Table VII as Set 2.

Table VII. Criteria Sets for Seamawey Study
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Criteria Set 3 reflects [urther refinement from the air
department workshop, including the more restrictive
curve for roll shown in Figure 10. The computation
process described above and illustrated in Figure 3
was used with wave height, wave modal period, and
wind occurrence statistics for the North Arabian Sea
in June through Aungust (worst season) to produce the
operability bar graphs shown in Figure 11 for aircraft
handling and launch and recovery.
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“NOTE: LATER CHANGED TO 3 DEGREES INDEPENDENT
OF ROLL PERIOD FOR UNLIMITED AIR OPERATIONS

TIGURE 1. LIMITING ROLL CRITERIA

Criteria Set 11eads to the conclusion that, for all ships
except Hull X, pitch limits operability approximately
80-90 percent of the time, with roll limiting the re-
maining time. For Hull X, the degraded roll perform-
ance results in roll limiting 78 percent of the time.
The result is significantly lower operability for Hull X
relative to all other ships. For Criteria Set 2, the sig-
nificant change from Criteria Set 1 is the doubling of
the pitch limit to 2 degrees. Since all ships but Hull X
were limited most of the time by pitch, thisresultsina
significant gain in operability for all but Hull X. Hull
X improves very slightly because of the doubled pitch
limit gain in those few cases where it is pitch rather
than roll limited. For Criteria Set 3, the significant
change relative to Set 1 is the reduction in the roll
limit. This reduces the operabilities of Hulls O, Aand
CV 63 some since in those few cases where they were
limited by roll, they are now more limited and in some
of the cases where they were pitch limited, they are
now more limited by the reduced roll limit. Since

Hull X was mainly limited by roll, the reduced roil
limit causes a significant decrease in operability.

It should be noted that the criteria we ultimately
adopted were less restrictive in that the lowest roil
limit was 2 degrees significant amplitude, indepen-
dent of roll period.

7. UPDATED DECK MOTION CRITERIA. The
end results of all the studies discussed above are the
criteria for deck motion listed in Table VIII and the
criteria for deck attitude listed in Table IX. For wind
over deck, a limit of 35 knots applies for aircraft han-
dling; and the limits specified in bulletins for each air-
craft and ship combination controt for aircraft launch
and recovery. These criteria were put forward jointly
by the Naval Air Systems Command and the Naval
Sea Systems Command (12,13) and were approved by
the Office of the Deputy Chief of Naval Operations
for Air Warfare (14).
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The following comments amplifies the criteria listed
in Table VIII:

a. Values for unrestricted air operations must
be met by any carrier through Sea State 4, 1.2t0 2.5
meters (4 to 8 feet) significant wave height. The lev-
els define motions which permit air operations to be
routinely conducted for extended periods of time.

b. The limiting values specified describe the
motions during which air ions can be con-
ducted, but with extraordinary effort. Under these
conditions, ship motion becomes the dominant factor
in any evolution. These criteria will be used to deter-
mine carrier operability in higher sea states.

c. Between the two values, performance of air-
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craft operations degrades gradually as motions be-
come more influential.

d. Ramp horizontal and vertical displacements
and touchdown point vertical velocity limits are spe-
cific toaircraft recovery. Roll and pitch limits apply to
all aircraft operations (launch, recovery, handling, se-
lected maintenance and weapons handling).

e. Pitch and roll amplitudes, ramp displace-
ments and touchdown point vertical velocities are ex-
pressed as significant single amplitude (SSA). It has
been found that the observer will characterize ship
motion in terms of its significant value. There is
greater than 90 percent probability that peak values
will not exceed two times the SSA in one hour of op-
eration at constant ship speed and heading.

f. Criteria are met when ship motion signifi-
cant amplitudes do not exceed the values listed and
ship response periods are not less than the values
listed.

g. Deck conditions for mid cruise are assumed
in applying the criteria. The deck has wet, worn non-
skid surface with some imbedded petroleum, oils, lu-
bricants and salt. Worst case combinations of envi-
ronmental factors (fog, rain, snow, ice, etc.) are not
assumed because they do not occur often enough.

h. No distinction is made between daytime and
nighttime operations.

i. The criteria are based primarily on aircraft
operations at the flight deck level, but recognize the
effect of motion on maintenance, weapons handling
and aircraft handling on elevators and the hangar
deck.

j- It should be noted that ship operators judge
roll amplitudes from clinometer readings that are
typically higher than true readings from the ship’s
gyro. The largest clinometer readings are those from
the bridge which is several decks above the center of
motion of the ship. Readings as high as two times the
gyro readings have been observed during high ampli-
tude, short period rolls at this point. Seakeeping op-
erability analysis results reflect true values compara-
ble to the ship’s gyro values. Care must be taken
when relating clinometer values to true values of roll
amplitudes.

Each of the criterion values listed in Thble VIII is ex-
plained as follows:

a. Fornatural roll periods down to abou? * sec-
onds, movement of aircraft is possible on a continu-
ous basis if the roll angles are less than 2 degrees SSA.
If roll angles exceed 2 degrees, then rofl becomes an
important factor.

In practical terms, an aircraft move must be com-
pleted within 1/4 cycie; thus, a 20-second roll period

SR,
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affords a S-second window in which to move aircraft.
A 4 1/2-second window is assessed as being limiting,
which leads to an 18-second minimum roll period.
Figure 12 graphically depicts the criteria. Three de-
grees of roll amplitude can be accommodated with
significant difficulty if the roll period is greater than
20 seconds. Below 18 seconds, 2 degrees is maximum.
In the range of 18 to 20 seconds, the ability to work
with ship motion is a function of the crew’s experience
and ability.

| |

i

b. The landing signal officer can see horizontal
displacements of the ramp which result from a combi-
nation of sway, roll and yaw. Horizontal displace-
ments less than 1.5 meters (5 feet) do not cause off-
center landings.

However, as the horizontal displacement approaches
4.6 meters (15 feet), off center landings become more
likely, risking damage to arresting gear and other air-
craft. The criteria apply to the total horizontal dis-
placement.

¢. Ramp vertical displacement consists of the
combined effects of pitch, roll and heave. At the limit
value, the motion exceeds the capebility of automati-
cally stabilized Fresnel Lens Optical Landing System
(FLOLS), increasing the risk of aircraft ramp strikes.
For the limiting value, fleet feedback indicates that
+3.0 to 4.6 meters (+ 10 to -15) feet is acceptable.
This has been further restricted to + 3.0 meters (+
10feet) SSA since ship motion araplitudes are equally
distributed about the mean.

d. Pitch affects launch, recovery and handling
of aircraft. Figure 13 illustrates the pitch criterion.
The apparent pitch period is related to the ship’s peri-
od of encounter with the dominant waves in the sea-
way and is thus dependent on sea state as well as ship

speed and heading. At the 2 degree limit value for
pitch amplitude, aircraft must be launched on the up-
swing portion of the pitch cycle. Apparent pitch peri-
ods of 15 seconds or greater are considered necessary
to safely launch aircraft under this condition. Inatyp-
ical launch scenario in high seas, the ship is slowed
down to limit wind over deck. This increases the ap-
parent pitch period and increases the probability of
meeting the criterion shown in Figure 13. Below 10
seconds, down to about 7 seconds, 1 degree of pitch is
maximum. For aircraft recovery, the limit value of 2
degrees corresponds to the limit on the FLOLS sys-
tem. Below one degree amplitude, pitch at apparent
periods experienced during flight operations is not a
problem for either launch or recovery. For large deck
carriers, 2 degrees of pitch also corresponds to a bow
displacement that is large enough to generate deck
wetness and spray. For USS MIDWAY and her sister
ship USS CORAL SEA, where the flight deck is sig-
nificantly closer to the water surface, this limit must
be reduced to 1 degree. Thus pitch is also a limit for
aircraft handling.

} .
|
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e. The maximum allowable relative vertical ve-
locity between the aircraft and the deck is driven by
the strength of the aircraft’s landing gear. The sink
rate of the approaching aircraft uses up part of the al-
lowable velocity. The strength margin remaining sets
the maximum allowable deck velocity. Landing sur-
vey data indicate that landing points can be described
as a distribution, centered within the region of the ar-
resting wires and bracketing the design touchdown
point in distance from the ramp. However, since a
significant probability exists that aircraft will touch
down as far aft as the ramp, to be conservative the cri-
terion is applied at the ramp. The vertical velocity cri-
terion is a single value because, once the landing gear




is fully compressed, the risk of damage is suddenly
present.

The following comments apply to the deck attitude
limits listed in Table IX:

a. The steady state angles of trim and list will
vary with the ship’s loading condition and the state of
the list compensation system.

b. Trim changes with increasing ship speed (by
different amounts for different carriers). The dynam-
ic trim of a ship at a specific speed must be utilized,
not the static trim, in assessing operability.

¢. Further work is needed to determine the cor-
rect way to assess the combined effects of pitch and
trim as well as list and roll. A simplified approach
would be to add pitch or roll amplitudes to the values
of trim or list, and compare the totals to the criteria
values in Tables VIII and IX.

d. Aircraft carriers heel during turns. While
aircraft launches and recoveries are not done when
the carrier is maneuvering, aircraft respotting is nec-
essary at these times to maintain the required operat-
ing tempo. Operationally, the ship will often be
slowed before it is turned to minimize heel. A com-
puter simulation is being developed to determine the
effect of heel and roll in turns. At the present time, if
the ability to handle aircraft during a turn needs to be
analyzed, the approach outlined above for combining
list and roll should be utilized. However, most air-
craft handling operability assessment will assume the
straight course since turning represents a small per-
centage of the ship’s at-sea time.

Each of the criteria values listed in Table IX is ex-
plained by the following notes:

a. Thelimit value of 0.5 degrees trim by the bow
is driven by sink off the bow considerations during air-
craft launch. For aircraft recovery, the FLOLS stabi-
lization is unrestricted by trim only up to 0.25 degrees.

The FLOLS has a lower stop that limits the lens’ trav-
el to stabilize pitch to 1.25 degrees below the glide
slope when the deck is trimmed level. Trim by the
bow uses up an equivalent part of the travel. Above
0.25 degrees trim, experience has shown that FLOLS
pitch stabilization begins to be restricted too much.
Pitch amplitude begins to exceed the remaining lens
travel from time to time and the projected ball which
the pilot uses to maintain glide slope begins to
bounce. Trim by the bow reduces hook-to-ramp
clearance and increases bolter rate.

b. Compared with zero trim, the 0.5 degree lim-
it value of trim by the stern increases the minimum
wind over deck (WOD) for recoveries by 10 knots to
maintain acceptable landing loads. As the minimum
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WOD is increased, turbulence increases and adds to
the pilot’s workload to maintain the proper aircraft
attitude. Also, increased WOD is achieved by in-
creasing ship speed, with associated costs. Half a de-
gree of stern trim represents the maximum allowable
based on pilot workload. Pilot workload is little
changed between 0 and 0.25 degrees of trim. Thus
0.25 degrees is the limit for unrestricted operations.
c. The list limit is driven by the tendency of an
aircraft to drift during recovery runout. List in excess
of the 1 degree limit will result in unusual catapult
wear patterns. Below 0.5 degree, recovery drift is
within manageable limits.
For aircraft launch and recovery, wind over deck lim-
its must be within those published in launch and re-
covery bulletins. Typically, course and speed restric-
tions are required to achieve 15 to 35 knots wind over
deck with 8 knots maximum crosswind relative to ei-
ther catapult or angle deck centerline for the most
sensitive aircraft type. For aircraft handling, a maxi-
mum of 35 knots WOD is applied at all headings. In
the evaluation of carrier designs, WOD and deck mo-
tion limits are applied at the same ume.

Salt water spray on the flight deck and wetness and
spray on aircraft elevators and in the hangar must be
minimized. Green water precludes air operations,
and spray can cause serious disruption to both flight
deck operations and corrosion control. Wet hangar
decks complicate maintenance actions and also add to
corrosion problems. Careful design of the carrier hull
form and above-water features, such as sponsons,
hull flare and elevator guide rail fairings, must be
combined with minimizing motions to reduce spray
and wetness.

When underway at any speed, most aircraft carriers
are directionally stable. However, any directional in-
stabilities that do occur will add to the ship motion,
principally yaw. One result is the familiar “dutch
rolls™ that make it more difficult for pilots to land
their aircraft. USS MIDWAY, prior to the 1986 blis-
ter, had a significant "dutch roll.” This was largely
corrected by a stabilizing fin that was added in 1986.
The effect of any directional instability must be added
to the ship motion induced horizontal ramp displace-
ment and the total compared with the critenia value.

8. SAMPLE DESIGN EVALUATION. T illus-
trate use of the criteria, a proposed fix for USS MID-
WAY was evaluated using the process shown in Fig-
ure 3 and discussed above. During the MIDWAY
Motion Improvement Program, several concepts

-
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were put forward to fix the roll problem. All concepts
were evaluated against a comprehensive set of naval
architecture considerations. including hull strength
and survivability, weight distribution, resistance and
powering, noise, maneuvering, deck wetness and hab-
itability, as well as seakeeping. Details on these con-
cepts and considerations are contained in the paper
by Ricketts and Gale (5). Suffice it to say that the cho-
sen concept was to notch the blister at the waterline
in as far as structurally feasible to raise the roll period
into a range where resonant roll would be exited
much less often by the encountered seas. This notch,
shown in cross section in Figure 14, would raise the
roll period from 12 seconds to 15.7 seconds. By com-
parison, USS MIDWAY before the blister was in-
stalled had a roll period of 18.6 seconds. In this exam-
ple, all three hulls for USS MIDWAY are compared
with a large deck carrier, USS KITTY HAWK (CV
63), which has a roll period of 22.2 seconds.

v DRCE
20 pecx J—
"D pRCX weam
»r -
‘rﬁ—s Water Line (L)
o8 DR I' wean
1
!
/ 100 9° Above Rassline
AR
sustER
=¥

In the example, aircraft launch and recovery are
grouped nto one scenario where the ship must be
headed into the wind to bring it within the envelope
shown in Figure 15. For this example, the predomi-
nant direction of the sea is assumed in line with the
wind. This will exclude the occasional swell that may
come in from a different direction from a distant
storm. Aircraft handling is represented by the other
scenario where all ship speeds and headings are as-
sumed equally likely.

For the operating environment, we chose the North-
west Pacific operating area in January through
March, the three month period with the heaviest
weather of the year. For this area and season, the sta-
tistical distribution of significant wave heights is
shown in Figure 16.
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Noteworthy is that Sea State 5, which ranges in signif-
icant wave height from 4 to 6 meters (12 to 18 feet), is
exceeded 35 percent of the time. The distribution of
wave modal periods is shown in Figure 17. The most
frequent wave modal period is near the 12 second nat-
ural period of the blistered USS MIDWAY. For the
evaluation, the statistics are assembled into percent-
ages of time that various combinations of discrete
wave heights and modal periods occur and that vari-
ous combinations of wave height and wind speed oc-
cur.
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FIGURE 17. SEASONAL WAVE PERIOD OCCURRENCE
NW PACIFIC AREA (JAN-MAR)

The U. S. Navy Standard Ship Motion Program
(SMP) (3) is then used to compute ship motions for all
four hulls at all headings and speeds into all antici-
pated combinations of wave heie%t > i modal period.
For one of these combinations, 5.0 meters (16.4 feet)
wave height (Sea State 6' un~* 13 seconds modal peri-
od, and a ship speed of 10 kaots, roll motion is plotted
versus heading rele*ive to the sea in Figure 18. This
case highlights the significantly larger roll response of
Hull X in beam seas than that of the other hulls. Also
it can be scen that a maximum notched hull (back to
the 1967 shell at the waterline) significantly reduces
the roll compared to that of Hull X. For reference,
the two degree criteria limit line is drawn on the fig-
ure. The roll of Hull X exceeds the limit at all head-
ings.

FIGURE 1. ROLL MOTION COMPARISONS

With the motion responses calculated for all combi-
nations of wave height and modal period, the limiting
values listed in Tables VIII and IX and Figures 12, 13
and 15, and the statistics of wind and wave occurrence
from the chosen operating area and season are put
into the U. S. Navy Seakeeping Evaluation Program
(SEP). For our example, the results are shown in Fig-
ure 19. Not surprisingly, the largest differences in op-
erability show up for the aircraft handling scenario
where all speeds and headings are equally likely. The
roll response of Hull X is the largest contributor toits
low operability. On the other hand we assumed head
seas for aircraft launch and recovery where roll mo-
tions are minimum. If we considered the small per-
centage of time that seas and winds were not aligned
or that we had seas corrupted by swells from other di-
rections, the operability numbers would be somewhat
lower and Hull X would appear with the lowest value.
In any case, Huil A appears to be a good solution to
bring the USS MIDWAY back to performance the
ship had before it was blistered.

It should be pointed out that funding limitations in
Fiscal Year 1988 precluded fixing USS MIDWAY.
A word of caution here is that the criteria were used
as if every operation were carried out 100 percent ef-
fectively up to the limiting wind or motion, and zero
percent after that. Thus, the percentage values
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shown in Figure 19, cannot be considered absolutes
for operational planning even though they are good
for design corparisons. Additionally, the percentage
values assume average statistics for wind and wave oc-
currence over the season chosen. Separate calcula-
tions can be made for the ship’s capability to operate
in, or at least ride out a specific storm. That these cal-
culations are possible to make on board ship and be
displayed to guide the ship operator is the subject of
the next section.
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9. ACTIVE OPERATOR GUIDANCE. Sudden ex-
treme motions, particularly roll motions, have sur-
prised the ship’s force on USS MIDWAY during air-
craft operations. Most of these surprises have oc-
curred when the ship was maneuvering. Aircraft mis-
haps (tipping or skidding) resulted from sudden oc-
currences of extreme rolls when the ship was turned
through beam seas. The ship’s force may have
avoided these mishaps if they had foreknowledge of
expected roll amplitudes as functions of ship speed
and heading, as shown in Figure 20, which was com-
puted to represent sea conditions USS MIDWAY ac-
tually encountered on 12 January 1987. At the time,
the ship was steaming due North (001 degree head-
ing) at 30 knots into 2.4 meter (8 foot) seas with 9 sec-
ond period coming from 255 degrees. The bridge re-
ported reading a sudden 15 degrees of roll on the
bridge clinometer. At the same time, the trial team
from DTRC read 7.7 degrees from the ship’s gyro-
scope. Noting that maximum roll could be as high as
two times the significant, a value of 4 degrees fits

plausibly at point A on the chart, where the signifi-
cant roll amplitude is predicted to be above 3 degrees.
The ship’s captain reacted with a “20 degree course
change to put seas on the stern,” represented by point
B on the chart which is in a region of much lower roll.
Given the display, the ship’s captain may have se-
lected a course which avoided the high roll potential
region.
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DTRC has developed a version of the U. S. Navy
Standard Ship Motion Program that runs on a person-
nal computer (PC) and can, therefore, be used with
the ship motion recorder on USS MIDWAY, or any
other carrier given the funds to install it.

Polar diagrams can be computed and displayed in col-
or for any desired motion response. An initial color
code was adopted for easy identification of motion
problem areas. Green was selected for regions where
the selected motion has little or no effect on opera-
tions; yellow for motions up to the limiting value for
air operations; red for motions exceeding the limiting
value; and brown for motions far exceeding the limit-
ing value. The program is also written to accommo-
date swell from a different direction than the wind
driven sea. Given the true wind speed and direction,
polars can also be computed and displayed for ship
speeds and headings required to achieve the launch
and recovery wind envelopes for various aircraft. An
example is shown in Figure 21 for the USS CON-
STELLATION (CV 64) in 3.7 meter (12 foot) seas
with 11 second modal period coming from 135 de-
grees. The wind is at 22 knots and is coming from 132
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degrees. There is no swell. In addition to roll, pitch,
vertical displacement at the ramp, and ship speeds
and headings required to put an F-14 aircraft into its
wind envelope are also displayed. To achieve the best
results for displays like these, the meteorological offi-
cer should supply the best information he has on wind
and sea conditions, from some combination of weath-
er messages and expert observations.

The active part of this operator guidance system com-
es in two ways. The measured motions at different
headings into adequately defined sea conditions can
be used to calibrate the computed polar diagrams.
With experience on what motion levels do and do not
limit air operations, the ship’s force can adjust the cri-
teria. When this is done on enough deployments to
get a good statistical sample, our criteria may be fur-
ther improved.

10. CAUTIONS. The criteria developed reflects
the capability to conduct modern “big deck” battle
group operations as currently practiced by the U.S.
Navy. Acceptable design values are, in the final analy-
sis. a function of the desired operational capability.
Any application of these values, or more importantly
this methodology, must return to the operational sce-
nario and revalidate the governing assumptions.

The values developed represent design criteria. and
are not to be construed as operational limits above
which air operations will not be conducted. Opera-
tions can, and will, be conducted under more severe
conditions if the operational situation dictates. De-
pending on the levels of training, experience and
leadership on the flight deck. the ship may operate
routinely in significantly worse environments than
specified. It is intended that the design criteria en-
compass an expanded operational envelope without
being overly conservative. The use of any “design”™
criteria to develop “operator guidance” aids must be
approached with the full involvement and concur-
rence of the operators impacted.
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And he participated in the Criteria Working Group.
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calculations. Lew Motter, DTRC 1561, provided
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Preface

After seventy years of naval aviation, a belated understanding of the aerodynamics of ships is
slowly emerging. The essence of the message is that typical superstructure configurations are
extremely poor aerodynamically. This means: safe operating envelopes that are severely and
unnecessarily limited; exposure of pilots and crew to unnecessary danger and; blade strikes
that occasionally result in the complete loss of a helicopter. The airflows around these poor
configurations contain many recirculating zones, bounded by shear layers that emanate from
the sharp edges of the superstructure. These zones vary enormously in size in an intermittent
manner, giving rise to unsteady flows with extreme velocity gradients and turbulence intensity
levels that are too high to be measured with hot-wire anemometers.

The only sensible conclusion one can reach after several years of studying the aerody-
namics of both non-aviation ships and carriers is that the non-aviation ships are completely
unsuited to efficient interfacing with helicopters and carriers could be greatly improved. The
very common boxy-hangar/aft-flight-deck combination is an aerodynamic disaster and should
be abolished.

A new generation of aerodynamically efficient ships should be designed, which means
integrating aerodynamic analyses into the design process. Testing of a prototype in a suit-
able simulated atmospheric layer should reveal any aerodynamically undesirable features of
a design and any addition to the cost would be miniscule. Expected payoffs should include
virtually no interface testing, much wider operating envelopes than exist at the present time
and the elimination of blade strikes.

Preliminary ideas for new ship superstructures are being developed. It is proposed that
flight operations be conducted from a flat expanse of deck, and that landings be made on a
platform that can be lowered for storage below deck level. The edges of the deck should be
aerodynamically designed - rounded or chamfered to minimize or prevent recirculation zones
and relatively low wind velocities over the deck can be obtained by suitable slatted wind-
break fences. The effect of helicopter downwash on such fences must be carefully studied.

Ideally, on grounds of cost and convenience, simulation of the interface should be based on
numerical predictions of the airwake. However, most practical computational fluid dynamics
codes available today are based on the time-averaged Navier-Stokes equations, which cannot
predict the spectra of the velocity fluctuations. Without the latter, the response of the he-
licopter to the turbulent wake cannot be predicted. Spectral and eddy simulation methods
hold considerable promise for the future, but today they can be applied to simple geometries
only.

It is very likely that, in the near future, a multi- point turbulence model for helicopters
will be required. One already already exists for airplanes but it based on spatial correlations
that are known empirically for flight in the free atmosphere. No such relationships exist for
the wake of a ship or structure. Experimental correlation data will then have to be obtained
from the wakes of ships or ship models.
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Abstract

After seventy years of naval aviation, a belated understand-
ing of the aerodynamics of ships is slowly emerging. The
lack of such understanding, and undoubtedly other reasons,
has led to superstructure configurations that are unsuited
to adjacent helicopter flight. This has resulted in severely
limited safe operating envelopes, danger to pilots and ship
personnel and blade strikes that occasionally result in the
complete loss of a helicopter. The airflows around ships
abound with recirculating zones, bounded by shear layers
that emanate from the sharp edges of the superstructure.
These zones vary enormously in size in an intermittent man-
ner, giving rise to flows with extreme velocity gradients and
turbulence intensity levels that are too high to be measured
with hot-wire anemometers. This complicates the situation
because, at the present time, a database for simulation can
be established only via measurement. The essential ingre-
dients for the aerodynamic design of new ships have been
proposed and some suggestions for the improvement of the
aerodynamics of existing ships have been made. Correcting
an aerodynamically poor ship is no substitute for the incor-
poration of aerodynamics into the ship design process.

1 Introduction

It is an extraordinary fact that, although naval aviation has
been with us for over seventy years, there is still a profound
ignorance of ship aerodynamics. The reason for this ap-
pears to stem from a combination of factors, one of which
is a short-sighted view of the problem. Instead of fund-
ing fundamental studies of the underlying problems, poorly
planned piecemeal approaches have been taken, which have
squandered resources and brought the solution no closer.
This undoubtedly led to the perception that the problems
have no solution and to a reluctance to commit further re-
sources.

A second important factor is that the nature of the prob-
lem has its roots in meteorology and in an obscure branch of
aerodynamics, known as "bluff-body-aerodynamics”, which
deals with airflows around blunt bodies that have massive
separated regions in their wakes.

Aitflows around bluff bodies, such as bridges and sim-
ilar structures have been studied for over a century, but
it was only since the advent of relatively flexible high-rise
buildings that extensive studies of the flows around such
objects have been conducted. The early to mid 1970°s was
the most fruitful period and was spurred on by problems
with the high-rise buildings and, because of oil scarcity and
costs, the need to reduce the drag on ground vehicles. Un-
fortunately, politics and the return of cheap oil, later iu the
late 1970’s, erased most of the programs.

A further, and perhaps the most significant factor, is that
ships are designed by naval architects, whose specialty has
little relation to the aerodynamics of helicopters. There
is no pressure on them to design the ships with aerody-
namics in mind, presumably because those involved in the
procurement process have an equal ignorance of the reasons
for the problems in the ship/helicopter interface. Undoubt-
edly, over decades, enormous efforts have been exerted by
ship designers and proc p } in an attempt to
satisfy all the competing interests. It is unlikely that the
addition of another element into the competition will be
welcome.

Traditional aerodynamics is usually taught in college,
with little refe to meteorology, apart from the changes

in atmospheric properties with elevation. To make aerody-
namics problems simpler, instead of assuming that the ve-
hicle moves through the atmosphere, it is usually assumed
that the vehicle is still and that the air flows past it. Un-
der the usual zero- turbulence assumption and steady flight
at some fixed altitude, there is no difference between these
flows. Near the ground, however, when the wind speed can
be about the same as the vehicle’s, the difference can be
quite profound, except for the case of a ship steaming in a
calm atmosphere.

When a storm rises, winds blow over an initially rel-
atively smooth sea, and the interaction between the two
whips the water waves to greater heights, while increasing
the turbulence in the air. There is an ultimate equilib-
rium state between the fully developed water waves and
the velocity and turbulence profiles in the air. Apart from
contamination of the air by water spray, the wave motion
interacts with the air in the same manner as a land surface
with an equivalent roughness - approximately a desert.

Wind that blows over such a roughness develops a
sheared profile and can have turbulence levels thirty times
higher than the level in most wind tunnels, which are usu-
ally set up to simulate a uniform velocity profile with the
minimum of turbulence. The shear implies a vorticity dis-
tribution that decreases with height, whose effect is primar-
ily the generation of a number of "horseshoe”, or "neck-
lace”, vortices that form around the base of a body im-
mersed in the layer and trail downwind.

Unfortunately, the differences between flows around bluff
bodies exposed to uniform and sheared velocity distribu-
tions are not well documented. Important studies were
made on rectangular blocks by Dianat and Castro [1,2] and
showed definite differences. It appears that a body sub-
merged in a thick boundary layer i.e. a simulated atmo-
spheric layer, with one face directed upwind, has a stagna-
tion point very roughly at two thirds of the height. Below
this point which, of course is really a zone, because of the
unsteadiness, the flow is directed downwards into the vor-
tex and, above the point, the flow goes towards the top.

In a thin boundary layer, i.e. what one obtains in an at-
tempt at a uniform profile, a similar horseshoe vortex exists
at the foot of the structure, but it is now only a very small
fraction of the height of the body and, on most of the body,
the flow stagnates on a vertical line at the mid upwind side
and moves horizontally towards the front edges. Near the
top front, of course, it will also flow upwards, and in some
circumstances the flow there will be somewhat similar to
that from the thick boundary layer.

In the thin layer, the freestream turbulence level is al-
most negligible, but this does not mean a smooth flow in
the wake. The shear layers that leave the sharp edges of the
body p an inh t teadi that still generates a
highly turbulent wake. In the thick layer case, the flow pat-
terns are somewhat different [1,2] and the shear layers are
now buffeted externally by the freestream turbulence which,
in general, yields a quite different flowfield. Meroney [3}, in
a recent review of modeling flows about buildings, suggests
that the major infl of the freest turbulence is on
the separating and reattaching shear layers.

As will be reported later, the turbulence levels measured
in the wake of a ship model, in a thin layer, maximize close
to the ship and die away with distance. The values mea-
sured in the wake of the model, in a thick layer, minimize
near the model and increase with distance from it. This
information alone would appear to be sufficient to estab-
lish that a uniform velocity profile does not model the flow
around a ship, pt for ship-g ted winds. Detailed
analyses of the modeling of atmospheric boundary layers




are given in References 4 and 5. The former established that
the modeling of the layer in a Naval Postgraduate School
(NPS) wind tunnel is quite satisfactory.

2 The Wakes of Ship Models

2.1 The Relatively Far Wake

Experience at NPS [4,6,7] indicates that the near wakes of
ship models are characterized by steep velocity gradients,
unsteady recirculating flows, high turbulence levels and
contain significant amounts of low-frequency energy. Pre-
liminary studies [4] were made of the flow around a model
of a DD-963, along certain helicopter landing paths, to a
point 2bout 2/3 of the hangar height over the touch-down
point, in a simulated strong-wind condition. The 3-d hot-
wire a ter measu ts were made at 17 points,
each 1/16 of a ship length apart, aft of the touch-down
point. These points were denoted by 0 over the latter point
and 16 at one ship length away. The velocity components
were made nondimensional with the along-wind speed u,
recorded at the ship anemometer for each yaw position and
the turbulence intensities were formed by dividing the rms
values by the same value of ua. Only the zero yaw results
are presented here and more details are given in Reference
4

In the discussion that follows, it is assumed that the start
of a run is one ship-length away from the touch-down point
and the "% point” is a percentage of a ship-length aft of the
latter point. The along-wind component u/u, of the mean

locity as a function non-di ional distance aft of the
touch-down point is shown in Figure 1. There is a gtadual
reduction from about 90% of the ship anemometer reading,
at one ship length away, to about 40% of that reading over
the touchdown point. As the ship is approached, the gradi-
ent becomes steepest between the points 2 and 4 (10-25%).
The transverse, v/ua, and vertical, w/u,, components are
shown in Figure 2; the transverse component is always very
small, starts at a few percent of u, to starboard and grad-
ually declines to zero as the ship is approached. The verti-
cal component, is almost zero from the start (point 17) to
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fight-deck. This point is probably located in the slower-
moving lower levels of the shear layer that leaves the hangar
roof. It is probable that the reading is outside the capacity
of the instrument. The general trend is for the turbulent
energy to decrease slightly as the ship is approached. The
trend for the v-spectra (not shown) is somewhat different,
with the zero point having a very energetic flow in a band-
width near 50 Hz. At this point, however, the energy drops
off more rapidly with increasing frequency than for any of
the other points. Again this reading could be beyond the
range of the instrument. The w-spectra (not shown) look
very similar at all five points, there being little more than
a factor of two between any of the curves.

The results for all three spectra show that the turbulent
energy levels peak somewhere between 10 and 100 Hz. and
then decline rapidly to relatively small values at 1 KHa.
To transfer this information to the corresponding full size
ship, these frequencies should be divided by twelve, which
was the Strouhal number, indicating that the energy peaks
are roughly in the range of about one to eight Hz. and that
there is usually little turbulent energy above about 100 Hz.

The region that includes points 0 through 4 is considered
the near-wake and will be discussed further in the next sec-
tion.

2.2 The Near Wake

The very high levels of turbulence over the flight-deck ren-
ders extremely valuable, flowfield information obtained by
means of flow-visualization techniques. The most useful of
the latter include the use of fluorescent minitufts attached
to the body surface and the injection of visualization con-
taminants such as neutral helium bubbles and smoke. Fig-
ure 5 is a good example of the utility of the minitufts at-
tached to a body which is then exposed to the wind tunnel
flow and illuminated with ultraviolet light. In this case,
the body was a generic destroyer, constructed with blocks
and a bow section attached. To apply this technique, the
model is first painted a flat black and has a grid of pencil
lines drawn on the surface. The tuft threads are then gen-
tly stretched along those lines and a very small dab of glue

about point 12 (75%) and then there is an i ing down-
flow until the maximum of about 15% of u, is attained, at
about point 2 (15%). The downflow then decreases to zero
over the touch- down point.

The correspording turbulence intensity profiles are
shown in Figure 3. All three turbulence intensities lie within
a range 6% < o/v, < 8% approximately, until point 5
(25%) is reached. Thereafter, all curves decline steeply to
zero over the touch-down point. It is interesting, but not
too surprising, that Fortenbaugh [8,9] derived an airwake
model, for simulation of the flight near a DD-963, from

placed at the int tions of the lines. Finally each thread
is cut with a very sharp knife to one side of each glue point.
The minitufts aliga th lves with the local flow direction
on the surface and, because the photograph exposure was
a counple of seconds, a fan shaped blur at the end of a tuft
indicates a very turbulent region. In Figure 5 the model
was yawed 30° to starboard. The tufts inside the leading
edge at the bow show a separated sone that exteads about
one quarter of the width, where the flow reattaches. Inside
the zone, the flow goes aft ia a helical motion. The extent
of the separated zones are clearly evident in the wakes of

measurements made in a uniform, almost free-st
turbul , flow. It indicated that the turbulence intensi-
ties increased from almost zero about one ship-length away
to a maximum over the flight-deck. This is the exact oppo-
site of the trend indicated above.

It is essential that the turbulence intensities based on the
local velocity components be less than about 30%. The re-
sults indicate that this is the situation at distances at points
S thzough 17. There are considerable deviations from these
conditions as the ship is approached, shedding doubt on the
accuracy of the measurements.

The spectra for this sero-yaw run is shown in Figure 4 for
the along-wind component only. The spectra at five points
0,1,4,8 and 16 are given. It is evident that there is little
along- wiad turbulent energy at the zero-point i.e. over the

the superstructure "blocks”.

Helium bubbles are an effective method of illustrating
the streaklines in the broader flow. However, photograph-
ing them does not reveal aay transient nor unsteady phe-
nomena. The principal disadvantage of helium bubbles is
that they reflect only about 5% of the incident light and,
if injected upstream of the model, they tend to avoid the
recirculating regions. Useful information can be obtained
from injecting the bubbles into the wake of the model from
& point on the floor of the tunnel. Watching them rise along
the hull on the lee side of the model and frequently crossing
the whole of the deck, in the upwind direction, is an inter-
esting experience.

Figure 8 represents, via helinm bubble streaklines, the
wake vortex of the generic destroyer yawed slightly to port.

‘».-s._n..:u.aﬂ!




4-4

This vortex is relatively small for small yaw angles but be-
comes quite massive when the yaw reaches about 45°. Fig-
ure 7 shows the flow over the aft flight-deck of the U.S.S.
Tarawa. The extent of recirculating zones are frequently
marked by bubbles that stop in mid-air and reverse their
directions. However, this extent varies substantially in
time. The out-of-focus bubble traces in the right side of the
picture indicate a wake that extends to about double the
hangar elevation. Figure 8 illustrates the flow over the bow
of the generic model of Figure 5 when yawed to port. The
tegion with many bubble traces, at about one third of the
width of the bow from the starboard side, is evidently the
boundary of the reattachment zone. The flow in this type
of region is discussed later. Figure 9 shows a long exposure
photograph of the flow over the flight-deck of the DD-963
at zero yaw. It is clear that there is a recirculating vortical
motion that covers the front half of the deck. The bright
patch on the left upper side of the picture is the region over
the hangar, through which most of the bubbles enter. It
is also clear that the flow is very non-uniform well aft of
the deck. This recirculating zone is similar to that shown
diagrammatically in Figure 10 for the U.S.S. Wabash.

Injection of smoke on the upwind side of the model is
a good way to simulate a ship in a fogbank but does not
reveal much information. The smoke is best injected into
the regions of interest through fine tubes and it reveals the
streak-patterns in confined areas better than the helium
bubbles. It does scatter fairly rapidly but, nevertheless, the
video pictures can give a reasonable picture of the flowfield.
Unsteady phenomena, within a certain range of frequencies
can be detected by slow-motion and single-frame play.

A recent study [7] was conducted at the NPS, of the flow
around the hangar and aft flight deck of a supply ship, in
an effort to determine the cause of helicopter blade strkes.
It involved extensive flow visualization, and some hot-wire
measurements around the locus of the tip of the blade, at
a station where most strikes occur. A range of flows, from
the port side, were studied for ship yaw angles 0° to 100°
and a small- diameter wire was placed around the blade-tip
locus.

It was found that the helium bubble flow visunalization
method can miss important unsteady phenomena occur-
ring over the flight deck. A combination of smoke injection
and slow-motion replay of video tape revealed an almost
periodic flapping of a shear layer that emanated from the
aft vertical corner of the hangar at one yaw angle. At zero
yaw, the flow is symmetric about the ship axis as shown in
Figure 10. The major recirculating zone covers the aft face
of the hangar and there are minor ones, not shown, inside
the edges of the deck.

A generic sketch of the flow over the flight deck for non-
zero yaw angles, is shown in Figure 11. Three separated
regions are indentified in the figare. The sizes of the recir-
culating zones and their i vary iderably with
ship yaw angle. At small yaw angles, region 1 is by far the
largest and most vigorous. It tends to fiuctuate, mainly in
an unsteady way, but for the 50° case, it was almost peri-
odic. The reattachment point on the hangar face started
the cycle about 1/4 way across and gradually moved to star-
board and the zone increases greatly in size. Approaching
the edge, it detaches from the hangar and the shear layer
swings aft, pivoting at the port edge of the hangar releasing
the recirculation in the form of a vortex which then crosses
the deck diagonally, aft and starboard. As the vortex moves
away, a massive sarge of fluid flows in forward of it from the
wake of the ship, extending this zone to about two hangar
heights. The sone them collapses, and the shear layer at
the port edge int ds the h ttaches at
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the point at which the cycle began and the process starts
again. The period for this was 1/5 of a second approxi-
mately, which corresponds to about 2.5 seconds full scale.
This period is not related to that due to vortex shedding
from a 2-d body with the same section as the hangar.

As the yaw angle increases beyond 50°, this zone reduces
in size. At 70°, the flow does not detach from the hangar
face, but the stagnation point oscillates, in an intermittent
way, between points at about 80% and 90% of the beam
from the port edge. At 70° and above, the recirculating
zones 2 and 3 play a prominent role, with the port bound-
ary of region 2 intermittently coming npwind to about the
ship’s axis.

At 90°, region 1 detaches from the hangar face at the
starboard edge, as in the 50° case, but is now much smaller
and less vigorous. The boundary of region 2 oecillates in-
termittently about 2/3 way upwind across the deck, and
region 3 reaches about 1/3 to 1/2 the hangar height. The
region around the blade periphery now becomes strongly
influenced by the gyrations of the flow in these two regions
and, hardly at all, by region one.

At 110°, at which blade strikes have occurred, region one
is confined to the forward 20% or so of the deck, region 3
now dominates the flow around the rotor, and region 2 oc-
casionally pulses onto the deck and retreats again. Region
3 oscillates intermittently back and forth across the deck,
varying is size all the while. The flow through the rotor
blade is largely the flow exterior to region 3 and obviously
fluctuates strongly with the motion of that region.

It is uncertain how much of the intermittent fluctuations
that exist over the flight deck are due the the ship itself
and how much accrue from intermittency in the artificial
atmospheric boundary layer. It is known that these inter-
mittencies occur in the freestream wind tunne} flow more
frequently than they do in the atmosph Correlati
studies could be made to differentiate those due to the
freestream flow from ones associated with the separation.

3 Hot-wire Measurements over
the Flight Deck

As was mentioned above, it appears that the capacity of the
hot-wire meter was ded near the ship. Even
if one uses wind tunnel speeds that are sufficiently high
to on p re probes, with appropriate resolution
and u:cnncy, such readings are in considerable doubt, if
the turbulence intensities, based on the local velocities, are
greater than about 30% [11). To check the previous doubts,
further measurements were made over the flight-deck of the
AOR at four points around the blade tip locus of the plane
of the aft H-46 rotor : forward 1, starboard 2, aft 3 and port
4 for the same range of yaw angles discuseed above. The
were ref d to the value of the reading
taken at the ship anemometer elevation for each yaw angle.
The plane of the rotor was about 2/3 of the hangar height.
The general trends predicted by these measurements
were as follows: the along-wind velocity components at
all four points generally increase from about 40% of the
ship anemometer speed at sero yaw to aboat 95% at 110°.
The ¢ e “l A M‘ly
about 40° yaw, lncreue to » maximum of about 15% of
the ship anemometer speed, then drop sharply to 90° and
rise again. G Ily, the t comp ts are never
greater than about 20% of the ship anemometer speed. The
general trend for the vertical velocity components was to in-
from about sero at sero yaw, to a maximam of about
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40% of the ship anemometer reading at 110°. This is re-
markably high.

The turbulence intensities, which were formed with the
rms values of the fluctuations and the ship anemometer
speed, behaves more erratically than the velocity compo-
nents. The alongwind values generally increases to a maxi-
mum of about 17%, at about 30° to 50°, and then declines
to a value in the 6 to 12% range.

However, it must be stated that, while the above process
of forming the turbulence intensities, with the freestream
wind speed measured at the ship anemometer, lead to per-
fectly able turbul intensity levels, it is also an
excellent way of camouflaging hot-wire readings that may
be garbage. This is, however, often the "engineering” ap-
proach to such problems. Unless the turbulence intensities
formed with the local components of the velocity are all
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with multi-hulls and with a large storage volume near the
water surface is part of the answer. The avoidance of the
usual boxy hangar would be a good step in the design pro-
cess. A flat expanse of deck at a relatively low elevation
could have little in the way of separated flows, apart from
the edges, which are discussed below. Landing on that deck
on a platform that could be lowered below with the heli-
copter, is a possibility. High wind speeds can be controlled
by 50%, or thereabouts, slatted fences, so long as there is
no recirculation.

4.2 If a Boxy Hangar must exist

If the current hangar/flight-deck combination is to be re-
tained, the flight deck should be placed, preferably, well far-
ward or well aft of the hangar, which of course increases the

less than about 30% (10, ll], the readings are questionabl

Most of the indicated that the rms values
of the fluctuations were a reasonable size and, that the
frequently-measured turbulence intensities of several hun-
dred percent were due to very small mean velocity compo-
nents. A laser doppler anemometer could probably do bet-
ter here. One far less expensive alternative is a pulsed-wire
anemometer, which is well documented by Castro (11) and
Bradbury and Castro [12] This 18 a time-of-flight device
that has no ambiguity in determination of the directi

A thermal pulse is generated at a pair of electrodes and is
picked up by a sensor wire. A timing circuit determines the
time of flight across the known separation distance.

A flying wire anemometer would resolve the problem
of low velocity comp ts. It is tially a hot-wire
anemometer mounted on a sled that flies along a support
wire or wires through the region whose velocity field is to
be mapped. Melbourne has extensively developed this in-
strument and it is discussed in a book by Perry [13]. The
motion of the probe itself imposes a large mean velocity on
the flowfield, rendering possible, the ts of very
low velocities. Although this instrument would be a good
choice for measurement of the very low velocities, there
would be still be problems of resolution of the low frequency
turbulence because of the short sampling times.

4 A new Generation of Aerody-
namically Efficient Ships ?

Because of their very poor aerodynamic performance, a new
generation of aerodynamically efficient ships should be de-
signed. This means that aerodynamic analyses shounld be
brought into the design process. Testing of a prototype
in a suitable simulated atmospheric layer should reveal any
aerodynamically undesirable features of a design. Expected
payoffs should include {ar less interface testing, much wider
operating envelopes than exist at the present time and the
elimination of blade strikes. The following tentative gaide-
lines are proposed for a new generation of ships:

4.1 The Hull Configuration

The ship and the flight deck should be kept as low as pos-
sible. Wind velocities decrease as the water surface is ap-
proached. The problem, however, is that, to minimise the
drag on shipe, the length of the ship should be about ten
times the beam. Furthermore, the drag on the portion
of the ship above the water is far less than that on the
submerged part. This means that a large storage region
above the water is desirable. Perhaps the SWATH ship

blem of storing and retrieving the helicopter. Box-like

hugars should not be used without substantial rounding
or chamfering of the edges. It probably would be better
to place, forward of the hangar, a fairly open flight deck,
through which some of the approaching wind could pass.
Helicopter pilots are very uncomfortable with a massive
structures coming towards them while maneuvering to land.
If the landing deck were at or near the hangar roof elevation,
the turbulence and recirculation problems would be far less
than at the level of the hangar floor and the pilots would
feel better because of the absence of the hangar face. The
helicopter could then be winched into the hangar or lowered
to the level of the hangar floor and rolled into the hangar.
The Soviet Kirov class cruisers appear to be the only ships
to which aerodynamic design is likely to have been applied.
Interesting features of that ship include streamlined super-
structural elements placed well forward of the flight-deck
which means a minor wake effect at the flight deck posi-
tion. The flight-deck is placed aft and sunk below the level
of the main deck. However, that drop is relatively small
and the aft hangar face slopes aft down to the flight-deck.
The aerodynamic design could be further improved by in-
creasing the slope, but this introduces new problems.

4.3 The Edge of the Deck

Research is required to determine the optimum shape of
the edge of the fight deck. As discussed above, there is
a recirculating region inside these edges, whose sise and
intensity depends on the ship yaw angle. It is likely that
these fiows can be adequately controlled by rounding of
chamfering the edges.

4.4 New Design Procedure

I-‘ollowm; the lead of the general aerodynamics field, a
bined computational/experimental approach should be
made to the design of both aviation aad non-aviation ships.
The aim would be to determine the configurations that have
the lowest levels of velocity and turbuleace and the least
number of separated flows in the viciaity of the flight deck.
These studies, and an experimental validation of the final
version, would be a miniscule part of the total cost.
Finally, it is interesting that a streamlined ship also has
a smaller radar cross-section, which suggests that stealth-
and aerodymamic-desigas are complementary.

5 Improving Existing Ships
Without a doubt, positioning the Sight deck aft of the ill-
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haped hangar is an ext ly poor choice. It is important
to try to address the question of what steps might be taken
to alleviate the problems on the very many existing ships
afflicted with this combination.

5.1 Adding a Porous Landing Deck

If sufficient space exists, the relatively open structure, men-
tioned above in Section 4.2, might be retrofitted forward
of the hangar. With small ships, however, care should be
taken with the placement of a large mass at high eleva-
tions; it could have serious implications for the stability of
the ship.

Erecting the open type of structure discussed above over
the existing flight-deck, aft of the hangar, would probably
improve the current situation but would not be as good
as having it forwazd of the hangar. It was mentioned pre-
viously that, at some yaw angles, the wake extends well
above the existing hangar of the AOR. Again the helicopter
would have to be lowered to the deck for storage or some-
how winched into the hangar.

5.2 Separation Control via Deflectors

Some tentative attempis have been made at NPS to con-
trol the flow around the edges of the deck and the hangar,
using curved deflectors positioned at the edges. It proved a
remarkably successful way to control the flow separation at
the edges of the deck but only aggravated the flow around
the hangar. Further work will have to be done here. It
is concieveable that the deflector was too small. Exten-
sive studies have been made of the use of deflectors in an
attempt to control of the separation on a backward-facing
step [14]. The step was intended to represent a simplified
model the flow along the axis of a zero yaw ship over the
hangar aft-flight deck combination. The aim was to reduce
the velocities and turbulence levels in the region where a
typical helicopter rotor would operate. These deflectors
were flat, or curved and included a range of widths (for the
flat ones), radii, turn angles and porosities. Many deflec-
tors aggravated the flow and it has to be concluded that the
problem has no simple solution. Reynolds number model-
ing must be considered in these types of studies, since the
flows are no longer those over sharp-edged bluff bodies, for
which the flow pattern remains constant for beam-based
Reynolds numbers in excess of about 10,000. Retro-fitting
ships with separation control devices is likely to be a very
laborius process.

5.3 The Shelterbelt Approach

The interface problems are caused by high values of the
relative wind speeds. The problems could be alleviated
or solved by passing the wind that approaches the ship
through a “shelter belt” that would dissipate the kinetic
energy of the wind by first forming large turbulent eddies
and then smaller ones and finally the destruction via viscos-
ity of the latter. Figure 12 shows the shelterbelt approach.
The engineering equivalent would be a "forest” of masts, of
various sizes, densely clustered d the b roof and
along the port and starboard sides.

Since the basic problem arises because of high levels of
wind kinetic emergy, ss the sharp hangar and deck edges
are approached, a possible solution is the deployment of a
device to reduce that energy. Such a machine is called a

wind turbine. The wake of a wind turbine running in a
strong wind is a gentle b A possible configurati
without apy protective handrails, is nhown in Figure 13.
These two figures are provided solely for the entertainment
of NAVSEA.

6 Simulation of Flight in the In-
terface

Ideally, simulation of the wake should be based on numer-
ical predictions. However, most practical computational
fluid dynamics codes available today are based on the time-
averaged Navier-Stokes equations, which t predict the
spectra of the velocity fluctuations. Spectral and eddy sim-
ulation methods hold considerable promise for the futare,
but today they can be applied to simple geometries only.
This leaves experimental measurements as the only source
of complete wake data. Without the spectrum of the ve-
locity fluctuati the resp of the helicopter to the
turbulent wake cannot be predicted. Since the wake is ev-
erywhere very turbulent, it is very unlikely that the use
of mean flow properties alone in a simulator will give any
meaningful results. The time aged codes, b , are
adequate for purposes of airwake tailoring or the aerody-
nramic design of ships.

Existing turbulence models for simulation are based on
the assumption that the aircraft is a point mass and that the
turbulence acts at the center of gravity only. This is very
primitive and whatever success it is likely to have will be
in regions where the velocity and turbulence fields change
very little across the physical extent of the aircraft. For a
helicopter the gradients must be sufficiently small to give
small changes only acroes the rotor disk. It is noted that
the Spruance class destroyer is app tely 170 met
in length and, hence, the points 1 through 17 marking data
collection sites are roughly 10 meters apart and the point at
10% of a ship-length from touchdown corresponds to about
17 meters away and would be app tely the diamet
of a large rotor. The diameters of a number of helicopter
rotors are marked on Figure 3 to indicate a scale. The veloc-
ities, turbulence intensities and spectra should not change
significantly across these diameters. The data referred to
are single-point, taken along the lme of flight, and steep gu-
dients may exist in the transverse direction. M
along adjacent parallel flight paths would be necessary to
determine the extent of these variations. For the 30° and
330° yaw positi the gradients are significantly steeper
[4,15] than for the sero yaw results presented here.

A multi-point turbulence model for airplanes already ex-
ists [16). The basis of this study is the assumption that
the turbulence acts at five points on the airplane: the nose,
center of gravity, two points on the wings and at the tail.
However, it is based on spatial correlations that are known
for flight in the free atmosphere. No suck empirical relation-
shipe exist for the wake of a ship or structure. Application
to a helicopter will probably iavolve points at the ceater
of gravity, the tail and some minimum mumber in the ro-
tor plare. Experimental correlation data will thea have to
be obtained from the wakes of ships at the correspoading
points. It would be instructive to obtaia these data from
the wake of a model carrier and apply the existing multi-
point model to simulating carrier landings. Receat inquiries
by the author failed to uncover any evidence that simula-
tions of carrier flight operstions have ever beea based on
airwake dats. Alternatively, s multi-point helicopter model
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might be developed that is based on some extremes of the
existing atmospheric data. These studies would represent
an intermediate, confidence building, step between the final
stage that involves the multi-point helicopter model and the
non-aviation ship airwake.

7 Conclusions

The only sensible conclusion one can reach after several
years of studying the aerodynamics of both non-aviation
ships and carriers is that the non-aviation ships are com-
pletely unsuited to efficient interfacing with helicopters and
carriers could be greatly improved. A new generation of
aerodynamically efficient ships should be designed, which
means integrating aerodynamic analyses into the design
process. Testing of a prototype in a suitable simulated
atmospheric layer should reveal any aerodynamically un-
desirable features of a design and any addition to the cost
would be miniscule. Expected payoffs should include vir-
tually no interface testing, much wider operating envelopes
than exist at the present time and the elimination of blade
strikes.
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Figure 5 Flow-visualization with Fluorescent Minitufts

Figure 6 Wake Vortex shown by Helium Bubbles
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Figure 7 Helium Bubble Streaklines on U.S.S. Tarawa

Figure 8 Bow Reattachment shown by Helium Bubbles
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Figure 9 Vortical Flow over the Flight Deck of the DD-963
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Figure 12 Have Forest Will Travel
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SUMMARY

Ship airwake is important in
defining rotorcraft/ship operational
limitations and in predicting those
limitations using analysis and
simulation. Accurate real-time ship
airwake models are required to
support pilot shipboard landing
training in aviation training
devices. Increased emphasis must be
placed on obtaining quantitative
full scale airwake data and in
quantitatively evaluating ship
airwake simulation models.
Quantitative ship airwake data
measurement equipment ranges from
hand-held mechanical sensors, to
propeller anemometers mounted on a
mast, to possible laser velocimeter
and other options in the near
future. Wind tunnel and
computational fluid dynamics options
are also possible candidates for
ship airwake data generation. It is
important to compare the different
techniques for obtaining ship
airwake data and evaluate the
utility and strengths and weaknesses
of each technique. Many activities
in the U.S.A. and in other countries
are involved in rotorcraft shipboard
landing flight test, analysis, and
simulation. The Naval Air Systems
Command (NAVAIRSYSCOM) and Naval Air
Test Center (NAVAIRTESTCEN) are
sponsoring several FY91 programs
which should contribute to the
overall rotorcraft/ship modeling
database.

INTRODUCTION

Ship airwake is the key parameter in
defining rotorcraft/ship operational
limitations and in predicting those
limitations using analysis and
simulation. In this study, the ship
airwake is defined as an arbitrary
volume surrounding the ship, as
shown in figure 1. The airwake
volume size is determined by two
factors: (1) airflow disturbances
caused by the ship that are
perceptible to a pilot, and/or (2)
approach and landing pattermns
required for the aircraft to operate
aboard the ship. Final approach and
landing are the flight phases most
influenced by the ship airwake.

The ship wind over deck (WOD) speed
and direction are obtained from the
ship’'s anemometers’, and are the
vector sum of ambient wind and ship
speed. Variations in the WOD are
often called "gust spread” by the
ship crew. The pilot may refer to a
turbulence level associated with the
freestream air or with airflow over
ship superstructure elements. The
sharp corners associated with the
ship superstructure may produce
vorticity of a certain size,
strength, frequency, and location.

BACKGROUND

Helicopter/ship operations got
started in the U.S. in 1943, but
were not formalized until much
later. The H-2 Light Airborne
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Multipurpose System (LAMPS MK I)
started operating aboard the FF-1052
class ship in about 1970.
Helicopter/ship or Dynamic Interface
(DI) testing was initiated by
NAVAIRTESTCEN, during the same
timeframe, to define aircraft
operational limitations in the
shipboard environment. With the
advent of the H-60 LAMPS MK III
helicopter in the early 1980's, the
tempo of aircraft/ship operations
increased dramatically. The large
number of aircraft types and ship
classes requiring testing, combined
with difficulty in controlling test
conditions at-sea, resulted in the
DI program initiating an analytical
approach in 1983. The goal was to
accelerate conventional DI flight
testing, plus use analytics and
real-time simulation to supplement
the flight test effort, as discussed
in reference 1. Although testing was
accelerated, instrumentation were
not available to measure aircraft
flying qualities and performance
(FQ&P), or ship airwake and motion
parameters. In 1991, renewed program
sponsorship spurred on work to
develop rotorcraft simulation models
for pilot training and for
supporting flight testing. The key
to the new initiative focused on
quantitatively measuring the airwake
of selected ships, and on developing
real time ship airwake models for
piloted simulation.

I WAKE MEASUREMENT OPTIONS

NAVAIRTESTCEN Test Experience

The study of ship airwakes tends to
fall into two broad categories: flow
visualization and flow measurement.
Flow visualization by its very
nature provides qualitative
information about the flowfield,
whereas direct flow measurement
gives distinct windspeed/direction
data on discrete locations in the
flow.

The NAVAIRTESTCEN Rotary Wing
Alrcraft Test Directorate made an

W ,;:.a—ls‘

attempt at ship airwake flow
visualization during an H-46 rotor
engage/disengage test aboard USS i
GUADALCANAL (LPH-7) in 1974. The

medium used was smoke, generated by

Mk 25 smoke grenades. Two grenades

were mounted vertically 18 in. apart

on a 15 ft pole which was hinged to

a 3 ft X 3 ft plywood plank and

secured with 3 guy wires. The smoke

grenade/pole assembly is illustrated

in figure 2.

The grenades produced 2 streamlines
at the approximate height of the
H-46 rotor. Motion pictures were
taken as the streamlines passed
through the static rotc>rs, and with
the flight deck clear. The smoke
tended to dissipate rapidly,
especially in gusty conditions. Some
drawbacks of the Mk 25 smoke grenade
are its short duration of
approximately 30 sec and the use of
a pyrotechnic device aboard a ship.
The grenade/pole assembly was set up
in proximity to fueling stations,
and some concern was raised about
the security of the assembly. At one
point during the flight test, one of
the grenade canisters detached from
the assembly and struck the
aircraft. This technique was not
employed in subsequent flight tests
because of its substantial
disadvantages.

Another method for visualizing
streamlines in a ship airwake
applies "streamers,” which are thin
ribbons of colorful plastic about 3
in. wide and 30 ft long, attached to
the periphery of the hangar face of
a single landing spot ship. Figure 3
illustrates the streamer arrangement
about the hangar face. As one would
presume, turbulence, downdrafts, and
reverse flow regions can be depicted
clearly, although only specific WOD
conditions would produce acceptable
results. Winds below 10 kt would
tend to make the streamers hang
loosely, and winds greater than 35
deg relative to the bow would
produce incoherent and nonrepeatable
streamer motion. Once again, the

o, ———— o
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"streamers” technique had more
limitations than benefits, and the
bubble technique was adopted.

The "soap bubble” technique uses
compercially available soap bubble
solution and large multi-hole bubble
wands to produce countless bubbles
averaging 1 in. in diameter. The
test engineers’ locations depends
upon the class of ship and WOD
conditions. The most common
positions are port/starboard and
directly above the hangar face. The
general procedure is to produce
bubbles for 1/2 to 1 min. for each
WOD condition, videotaping from
above or abeam depending on the
bubble source locations and lighting
conditions (figure 4).

The soap bubble technique is
superior to other flow visualization
techniques in its ability to provide
an accurate representation of the
airwake far beyond the fantail of
the ship, depending on a number of
environmental conditions. Another
advantage of bubbles is the absence
of pyrotechnic and environmental
hazards. Minor chemical adjustments
to the bubble solution will make the
bubbles stronger and able to
withstand higher winds without

popping.

A fundamental problem with soap
bubbles is that they are
transparent. Many times, photography
cannot provide accurate imaging
unless focused upon a particular
area, or the day is bright and
sunny. Several attempts were made to
create more visible bubbles. This
effort involved mixing the soap
bubble solution with a colored
substance, such as fluorescent ink,
dye, or luminescent fluid.
Everything in this category
interfered with the soap solution’s
ability to produce bubbles. When
bubbles were produced successfully,
the walls were too thin to create
any appreciable color difference. At
this point, the focus shifted from
trying to dye the soap solution to
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trying to fill the bubbles with a
colored substance. The outcome was a
non-pyrotechnic smoke produced by a
smoke machine, although the idea is
hard te implement. There is an
ongoing effort at NAVAIRTESTCEN to
build a bubble machine which is
capable of filling the bubbles with
smoke. The other attempts involved
various photographic techniques
including infrared photography and
special filters to enhance the
background. These techniques are
being refined and may be used in
conjunction with the smoke bubble
machine.

.
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Salt, lack of humidity, and low air
temperatures are the Achilles’ heel
of bubbles. In a shipboard
environment filled with salt spray,
bubbles tend to break within 10 ft
of the source. On very dry days, the
air draws the moisture out of the
bubbles, causing them to break
prematurely. A perfect day for
bubble flow visualization is right
after a thunderstorm or rainshower.
Subfreezing temperatures will cause
bubbles to break in the airwake.
Nothing has been found that is
capable of lowering the freezing
point of a soap bubble solution
without seriously degrading its
ability to form bubbles.

Ship airwake measurements are
usually made in conjunction with DI
testing. The procedure is quite
simple; "airwake mapping” involves
one or more test engineers with
hand-held mechanical anemometers
taking measurements at specific
locations on and around the flight
deck. A sample grid of flight deck
measurement locations is illustrated
in figure 5. The engineer waits for
a steady reading and then radios the
windspeed and direction information
to an engineer in the ship
Helicopter Control Station (HCS) or
debark control where it is recorded.
When all of the locations on the
flight deck have been measured, a
new WOD condition is chosen. A
sample computer-drawn vectorial
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representation of an AE-26 class
ship airwake on the flight deck is
presented in figure 6.

Hand-held mechanical anemometers
provide a starting point for
obtaining quantitative ship airwake
data. The next step involves getting
an analog or digital signal from a
3-D anemometer to obtain airwake
data as a function of time. Several
of the 3-D anemometers may be
mounted on a mast or other device to
obtain 3-D airwake measurements at
different heights for a particular
location on the ship flight deck.
The mast may be designed to be
movable to obtain data at different
locations on the ship flight deck,
as demonstrated by the systems used
in Australia and The Netherlands. A
final step might involve a
non-intrusive sensor that could
quantatively measure the airwake
volume surrounding the ship. Some
sensors, like lasers, can be used to
scan in range, and can be mounted to
sweep in azimuth and elevation. The
key is to record accurate 3-D, point
source data at a frequency high
enough to analyze both mean and
turbulent WOD components. It is
important to review laser and
related system programs to determine
their application in optimizing ship
airwake measurements.

Laser System Test Experjence

Previous Work. Carbon dioxide laser
components and system functions are
summarized in appendix 1. The carbon
dioxide laser doppler velocimeter
(LDV) or laser doppler anemometer
(LDA) has a rich heritage as a
research instrument in field tests.
In 1980, many of the early results
were documented in the reference 2
review article. These programs have
considered atmospheric backscatter,
attenuation, vibration environments,
and operational issues.

. A
feasibility test demonstration using
a mobile Lockheed LDV was conducted

aboard USS NIMITZ in 1975, as
discussed in reference 3. The
demonstration was conducted in
conjunction with NAVAIRTESTCEN
Automated Carrier Landing System
(ACLS) certifications, and the LDV
was configured to scan along glide
slope. Fifteen seconds of 1-Hz
line-of-sight velocity data were
recorded for manually stepped range
scan angles of 1.5 to 5.5 deg, in .5
deg increments. Subsequent
NAVAIRTESTCEN ACLS testing did not
use this LDV.

Wake Vortex. One of the early laser
systems was used for detecting the

wakes of fixed-wing commercial
aircraft landing at Kennedy
International Airport. The results
of this work are presented in
references 4 through 7. During this
measurement program, backscatter
coefficients greater than 10-8 per
meter per steradian (m-1lsr-1) were
routinely observed, and some
measurements went to 10-6m-1lsr-1.
These tests verified that the
backscatter was high enough for an
LDA to work.

A surface-acoustic-wave delay line
spectrum analyzer was used as the
signal processor. This device
provided detailed spectral
information which could be analyzed
in detail after the tests. The
project also demonstrated that the
vortex cores could be located in
range with a precision of about one
fifth of the range resolution.

e e W
A small laser homodyne system
(single laser system) was used for
measuring the rotor wash of
helicopters in a program at White
Sands Missile Range, New Mexico.
This program demonstrated the
ability of a homodyne system to
withstand the vibration environment
of a UH-1 helicopter (reference 8).
This system introduced a smaller,
air-cooled laser to the measurement
of atmospheric winds (reference 9).

ey




LDA Testing at NAVAIRTESTCEN

NASA Ames procured a 5 W CO;
Raytheon laser designed for accurate
3-D true airspeed measurements in a
helicopter for flight control
systems studies in the early
eighties. The unit was never
successfully demonstrated on a NASA
Ames helicopter. NAVAIRTESTCEN
borrowed the unit in 1989 to
demonstrate low speed helicopter
application and ship airwake
measurement application. The
application is being developed in
conjunction with Northeastern
University and the Naval Air
Engineering Center. A laser flight
test program was scheduled at
NAVAIRTESTCEN for the summer of
1990. The test plan provided for a
gradual build-up to the helicopter
test, beginning with the ground
tests, followed by testing aboard a
pace vehicle, and finally the
helicopter tests.

Ground Tests. The ground tests
consisted of setup and measurement
of system parameters after
transportation of the LDA from
Boston to Patuxent River. The
signal-to-noise ratio was measured
from a spinning sandpaper target,
and verified to be 65 dB. This
demonstrated that the system had not
suffered misalignment in travel.

Pace Vehicle Tests. A pickup truck
was used as the pace vehicle. Prime
power was provided by a small
generator with an 18-amp capacity.
The major goals here were to
evaluate the performance of the
locking system maintaining the two
lasers at the desired offset
frequency, and to determine the
performance of the tracker. Neither
of these tests could be completed in
a stationary ground test.

System Performance. Three major
system performance issues were
evaluated during this test: (1)
locking performance of the two
lasers, (2) strength of the aerosol

return as determined by the spectrum
analyzer, and (3) ability of the
frequency tracker to track the
signal and produce the required
output to the computer for
processing.

In the early tests at NAVAIRTESTCEN,
locking performance was equally
good, both in the laboratory and on
the pace vehicle. The pace vehicle,
at speeds of up to 60 mph, and the
generator operating in the back of
the truck, a few feet away from the
system rack, provided a relatively
hostile environment in which to test
the system.

In later tests, the performance fell
off, and the lasers remained locked
less than half of the time. The
problem was traced to a beamsplitter
in the transmitter path, which
apparently had moved slightly. A
small change was made in this
beamsplitter, and the system then
locked as before.

The issue of locking is a major one,
since it will determine the
viability of a dual-laser system for
remote wind measurements. Such
measurements have been made in the
past from aircraft including
helicopters, from fixed ground
stations, and from moving ground
vehicles, with single-laser systems.
The problem with these systems is
that they do not determine the sense
of the Doppler shift, and the
resulting velocity is ambiguous with
regard to sign.

Tracking. Initial measurements from
the pace vehicle were made using the
ground as a target, by raising the
back end of the system so that the
cone axis was 9 deg below the
horizontal. This allowed most of the
scan to intersect the ground,
although at different ranges. The
trees along the runway occasionally
provided sufficient target to allow
a full scan of ground data to be
obtained. Signal-to-noise ratios of
up to 40 dB were obtained from

e |
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ground returns when the system was
focussed at ranges beyond a few
meters.

The frequency tracker locked on the
desired signal in rooftop tests at
Northeastern University, and against
sandpaper targets in the laboratory,
in addition to a signal generator
which was used in the laboratory. In
all cases, there was a significant
axial velocity component, so that
the signal was always far removed
from the narcissus return (see
appendix I) from the secondary of
the telescope. In the tests on the
pace vehicle, the system was mounted
transverse to the path of the
vehicle, so that the Doppler shift
passed through zero twice during
each scan. This resulted in
considerable difficulty in tracking
the signal. Two reference notch
filters were evaluated. The best one
was selected for the tests on the
pace vehicle, but it was not good
enough to provide reliable tracking.
Typical plots of frequency as a
function of range show two
consistent frequencies at which
tracking occurred, one slightly
above, and one slightly below 25
MHz. These correspond to the slight
sidebands of the narcissus which are
visible above the noise.

Alternatives to the tracker include
a Surface Acoustic Wave (SAW) delay
line spectrum analyzer, a filter
bank, and digital signal processing.
A SAW line was available for these
tests, but was limited in dynamic
range, and in any event, could not
be used in vehicle tests because of
a lack of prime power.

Additional Ajrwake Measurement
Experjence

Reference 10 describes the ship
airwake measurement experience of
Australia and reference 11 describes
the experience of The Netherlands.
Both countries use Gill UVW 3-D
propeller anemometers mounted on a
movable mast. NAVAIRTESTCEN is

acquiring a similar system for
future ship airwake testing. It is
important to maintain airwake test
equipment commonality, where
feasible, to enhance future
international cooperation and data
exchange.

The Naval Research Laboratory (NRL)
has proposed using a sonic
anemometer, and other sensors,
suspended approximately 100 ft below
an airship flying in formation with
a ship. The primary purpose of the
experiment, as discussed in
reference 12, is to make microwave
scatterometer and oceanic
surface-flux measurements.

The Georgia Institute of Technology
is investigating the use of spatial
correlation velocimetry in measuring
2-D unsteady flows, as discussed in
reference 13. This technique
involves seeding the flow,
illuminating the seeded flow with a
narrow-width light source, and
recording flow movement with video
cameras.

A considerable amount of ship
airwake data could be obtained, in
conjunction with DI testing, if the
test helicopter had an accurate 3-D
low airspeed sensor. Current
helicopter pitot-static systems are
not usable below approximately 35-40
kt indicated airspeed. Emphasis
should be placed on portable
rotorcraft flying and performance
data packages, which include the
capability to record accurate 3-D
airspeed data for speeds down to
hover.

SHIP AIRWAKE MEASUREMENT LIMITATIONS
Flight Test Activity Test Equipment

The anemometers used in ship airwake
measurements have problems ranging
from poor portability to
environmental sensitivity and slow
frequency response. Limitations of
each particular anemometer type will
be discussed in detail.
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Ship Anemometers: Current ship
anemometers are a product of 1940’s
technology, and are always found in
pairs aboard aviation capable ships.
The most common location is about 4
ft to 6 ft above the yardarm on the
port and starboard sides. The
anemometer system is made up of
three components: sensor,
transmitter, and indicator.
Windspeed and direction information
is sent to indicators on the bridge,
helicopter control station, and
debark control station (depending on
ship class). Ship anemometer
windspeed and direction information
is also known as the wind over deck
or WOD. WOD speed and direction form
the basis for DI launch and recovery
flight envelope definition.

The sensor looks like a weathervane,
and measures 2.5 ft long. It has a
stated accuracy of $1.5 kt for winds
below 45 kt, $2.0 kt for windspeeds
between 45 and 60 kt, and a maximum
capability of 90 kt. Ship
anemometers are usually calibrated
once a year to help ensure proper
indications and consistency.

Ion Beam. The TSI model 204 ion beam
anemometer has two main components:
a wind sensor and a
processor/display unit. The wind
sensor uses the method of ion
deflection for measuring ambient
windspeed and direction. A finely
ground needle, located within the
sensor unit, injects ionized
molecules into the moving airstream
in a direction perpendicular to the
flow. The ions then strike an ion
collection electrode after being
carried downstream and traversing
the gap between electrodes. The
disk-shaped electrode is made from a
carbon coated ceramic substrate and
has four connections on the edges of
the disk, illustrated in figure 7.
The flow of the current from the
center of the fon beam will be
disproportionate to each of the four
contacts. Through a complex
mathematical relationship, windspeed
and direction can be derived. This
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particular sensor unit is usually
mounted on an 8 ft pole and moved
about the flight deck to get airwake
data.
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The most prominent problem with the
ion beam anemometer is its
vulnerability to salt spray.
Erroneous output may be produced in
as little as an hour when placed in
the shipboard environment, depending
on the sensor location and sea
state. This erroneous output will
continue until the sensor needle is
rinsed with clear water and
adequately dried.

The specifications state the
accuracy of the ion beam anemometer
as approximately +2 kt in the 0-50
kt range, with a frequency response
of 2 Hz. In the field, however,
coherent data was collected at
windspeeds ranging from 10-40 kt.
The output is erratic at windspeeds
between 5 and 10 kt, and scattered
below 5 kt. Questions have been
raised as to what frequency response
is optimal for ship airwake
measurements. An anemometer with a
high frequency response (on the
order of 100 Hz) will reveal
individual velocity fluctuations of
shed vortices rather than aggregate
values. A limitation of the sensor
is its 2-dimensional capability;
having the third velocity component
would provide a more accurate
representation of flow conditions.

Sonjc. The Applied Technologies
sonic anemometer has two main
components: a wind measurement "S$"
style probe, and a processor/display
unit. The probe consists of three
pairs of orthogonal transducers,
illustrated in figure 8. The probe
measures windspeed by sending a
sonic pulse across the space between
each pair transducers. The speed of
sound is then altered by the
velocity component of the wind
parallel to the transducers. The
processing unit then measures the
time of the pulse and ambient
temperature and calculates



windspeed. The unit is
self-calibrating (by electronically
measuring the probe transducer
distances) and employs an algorithm
to take account for the turbulence
produced by the probes in the
flowfield.

The sonic anemometer has completely
sealed transducers and is virtually
unaffected by the harsh shipboard
environment. It has an excellent low
airspeed measurement capability
boasting an accuracy of +50cm/s. The
sensor measures the flow at a rate
of 100 samples per second, with the
processor computing the average of
every 10 samples, and has an output
of 10 Hz.

There are two fundamental problems
with the sonic anemometer. The upper
limit of measurement is about 40 kt,
and the processor and associated
hardware are cumbersome. Vibration
tends to produce "noise" in the
output, but can be easily removed.

Mechanical. The Kahlsico model
03AM120 indicating totalizer cup
anemometer, illustrated in figure 9,
is hand-held and measures 11 inches
high and 3.5 in. at its widest
point. Three hemispherical cups are
employed, which rotate on a shaft.
The rotating cups produce a magnetic
field proportional to windspeed,
which activates the
measuring/indication system. This
indicating system has a needle
pointer which moves across a
cylindrical scale, fully visible
through a 180 deg plastic window,
with 5 kt and 10 deg divisions. In
low winds, 0 - 20 kt, the direction
indicator in the anemometer swings
sporatically and does not provide a
good directional indication.

SHIP AIRWAKE MODELING OPTIONS
Rotorcraft Requirements

Ship airwake measurement and
modeling options are directed toward
producing real-time, high fidelity

models for rotorcraft/ship analysis
and simulation. The goal is to
supplement rotorcraft/ship at-sea
testing and enhance operational
flight trainer capability in
training pilots for the shipboard
landing task. Rotorcraft simulation
limitations are discussed in
references 14 and 15. It is
important that limitations associat-
ed with the rotorcraft math model,
simulator cockpit, visual system,
motion system, aural system,
environmental models, and host
computer be evaluated. Environmental
models (ship airwake, ship motion,
etc.) must be quantitatively
evaluated. Airwake model development
may be based on full scale data,
wind tunnel data, computational
fluid dynamic (CFD) data, ship
geometric data, or other data
source. Full scale airwake data must
be used in validating a ship airwake
model.

S e ake Data

Full scale ship airwake measurements
require appropriate airwake
measuring equipment, a ship
available in an area of high
probable ambient winds, plus an
engineering test team. As discussed
previously, airwake measuring
equipment ranges from mechanical
hand-held sensors to, perhaps in the
near future, lasers that can record
accurate, 3D non-obtrusive airwake
data. As noted previously, Australia
and The Netherlands use Gill UVW
propeller anemometers attached to
movable masts to get airwake
readings at two or three heights
above the ship flight deck.
NAVAIRTESTCEN has conducted over 140
at-sea DI tests since 1970
(reference 16), but only
spproximately a half dozen of these
tests were primarily oriented toward
collecting airwake data. Alrwake
data were measured, primarily using
mechanical hand held anemometers,
and presented as shown in reference
17. NAVAIRTESTCEN is acquiring a
Gill propeller anemometer systea,
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similar to that used by the
Australians, for FY91l. Other ship
airwake measuring sensor
development, including lasers, will
be monitored.

¥ind Tunpnel Data

Wind tunnels have been used for a
long time to support aircraft
research and development programs.
Wind tunnels can reduce the logistic
requirements for obtaining ship
airwake data, compared to full scale
data. Boundary layer wind tunnels
are required for ship airwake data
analysis, and the wind tunnel data
must be scaled correctly and
compared to full scale data.
Boeing-Vertol ship airwake data
(reference 18) were used as the
basis of early simulation airwake
models. This data has been
criticized because the wind tunnel
did not employ an atmospheric
boundary layer. References 19 and 20
discuss qualitative smoke tunnel and
wind tunnel studies conducted by the
Naval Air Engineering Center.
Another example of qualitative flow
patterns, this time using a
watertunnel at David Taylor Research
Center, is presented in reference
21. Wind tunnel airwake data
obtained by the NRL in the mid
1980's used the British Maritime
Tunnel in Teddington, England. This
boundary layer tunnel was used to
obtain data on LHA, CGN, and CV
class ships, as discussed in
references 22, 23, and 24. Although
over 18,000 LHA airwake data points
were recorded, none of these data
have been reduced or made available
to other organizations. Recent Naval
Postgraduate School (NPS) wind
tunnel flow patterns for the DD-963
class ship are presented in
reference 25. Quantitative DD-963
airwake measurements were reported
in reference 26, and reference 27
summarizes the early NPS ship
airwake wind tumnel effort. The NPS
DD-963 ship airwake data will form
one useful source of data for the
NAVAIRTESTCEN real time simulation
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modeling effort.

Computgtional Fluid Dynamics

CFD involves nonreal-time numerical
solution of partial differential
conservation equations to obtain
flow and pressure/temperature data.
Unlike point source full scale or
wind tunnel data, CFD techniques can
be used to generate the complete
ship airwake for a specified WOD
speed and direction. Generating ship
airwake data using CFD techniques is
computationally intensive, requiring
several hours of CPU time (depending
on the type of computer) for each
WOD speed and direction condition.
Determining the effects of ship
motion on ship airwake presents
unique problems for wind tunnel and
CFD approaches.

The Naval Air Development Center
initiated a program in 1985 with
CHAM of North America, Inc., to
generate ship airwake data for scale
model DD-963 and LHA-1 class ships
using the CHAM PHOENICS CFD code.
The unstructured PHOENICS code was
set-up using Cartesian (vice body
fitted) coordinates with the ship
boundaries represented by blocked or
partially blocked cells. Reference
28 notes that the CFD DD-963 data
compared favorably to 1977 Boeing
Vertol wind tunnel data, even
indicating the presence of the wind
tunnel probe measuring hardware.
Full scale cases were executed,
using an assumed boundary layer, but
the results were not compared to
full scale data. This work was
repeated in 1987 for the LHA-1 class
ship. The goal was to compare the
CFD results to NRL BMT LHA wind
tunnel data, but the wind tunnel
data were never made available
(reference 29). NAVAIRTESTCEN is
revisiting the previous CFD ship
airwake work during FY91 to
determine application to ongoing
flight test and simulation efforts.
A FY91 internal NAVAIRTESTCEN
program also focuses on nsar-term
LHA ship afrwake definition using

e



5-10

different CFD approaches. An initial
comparison between NPS wind tunnel
data and CFD data for wind over the
bow of the DD-963 ship is presented
in figure 10.

Retorcrafc Sigulator Ship Airwake
Models

Operational Flight Trainers (OFT's)
and Weapon System Trainers (WST'’s)
exist for practically all U.S. Navy
and Marine Corps rotorcraft. Ship
models are included in the trainer
visual system data base for
helicopter shipboard operations
training. Shipboard landing training
has been severely limited due to
lack of visual system scene
detail/resolution and field-of-view,
lack of accurate ship airwake
models, and air vehicle models
incapable of demonstrating the
correct response to the airwake. The
airwake models included in these
trainers have not been
quantitatively evaluated and have
not been validated using full scale
test data. Early flight ctrainer
visual system and air vehicle math
model limitations helped to mask
ship airwake modeling inadequacies.
Simulator visual systems have
improved dramatically and helicopter
aircraft math model developments are
starting to use rotor blade element
approaches. An overall increase in
trainer model fidelity will require
better full scale data for model
validation. Specifically, helicopter
flight testing should be geared
toward collecting individual rotor
blade motion and load data during
standard FQ&P testing. The DI
program should focus on getting full
scale ship ajrwake, ship motion, and
aircraft FQ&P data during at-sea
testing. A good full-scale test data
base will provide more credibility
to modeling the rotorcraft shipboard
landing scenario.

Future Options

Future program options are focused
on supporting NAVAIRTESTCEN
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helicopter flight test program and
on improving OFT/WST testing
techniques. The full effect of the !
ongoing programs related to ship
airwake measuring and/or modeling
will not be felt for another 2-5 yr.
Near term (FY91) NAVAIRTESTCEN
projects include acquiring
anemometers to help measure the ship
airwake, acquiring limited wind
tunnel and CFD airwake data, and
sponsoring work to develop a
preliminary real-time ship airwake
for the DD-963 class ship. At the
same time, work is being conducted
in conjunction with the Naval Air
Development Center to implement an
Army/NASA Ames H-60 blade element
helicopter model at the
NAVAIRTESTCEN Manned Flight
Simulator (MFS). Work is also being
conducted with the Naval Training
System Center to better define
existing OFT/WST ship airwake models
(reference 15). Work to define the
effect of turbulence on rotorcraft
handling qualities (such as
reference 30) may provide a starting
point in developing real-time ship
airwake models. Many ongoing U.S.
Navy small business programs,
including the following:

a. Helicopter main rotor blade
element and disk comparison.

b. Helicopter tail rotor blade
element and interference models.

¢. Portable simulator evaluation
package.

d. Modeling the DI scenario.

e. Portable helicopter FQ&P data
packaze.

f. Portable ship motion/airwake
measuring package.

These programs should help build the
airwaske data base and also improve
flight test and simulation programs
that relate to the airwake problem.
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CONCLUSIONS

Ship airwake is the key parameter in
defining rotorcraft/ship operational
limitations and in predicting those
limitations using analysis and
simulation.

The soap bubble technique is
superior to smoke grenades and
streamers in full-scale flow
visualization techniques by
providing an accurate representation
of the airwake far beyond the
fantail of the ship.

Nonobtrusive 3-D ship airwake
measurements using carbon dioxide
lasers or other sources need to be
demonstrated.

Analytical tools and data are
available to perform a more careful
carbon dioxide laser design. More
detajiled computer codes are
available now to evaluate the system
design in detail which were not
possible in previous years.

Ship airwake anemometer limitations
are discussed in terms of
portability, environmental
sensitivity, and slow frequency
response.

RECOMMENDATIONS

Current ship airwake related
measuring and modeling programs
should be continued to produce both
near term and long term quantitative
results. Specific recommendations
include:

Evaluate existing ship airwake
measuring sensors and acquire
instrumentation to measure ship
airwake data during helicopter/ship
DI testing.

Acquire portable aircraft and ship
instrumentation systems to assist
future DI test and simulation
programs.

Review options for using

non-obtrusive ship airwake measuring
sensors, including lasers, etc.

Review wind tunnel, CFD, etc., ship
airwake data and determine the
strengths and weaknesses of each
approach and how the results compare
to full scale data.

Develop quantitative test techniques
and evaluate the ship airwake models
on existing rotorcraft simulators.

Work to develop/acquire accurate
real-time ship airwake models that
can be used to supplement at-sea DI
flight testing, and that can be used
to enhance rotorcraft flight
simulator shipboard landing
training.

Work to develop modular, real-time,
blade element rotorcraft models that
can be used to demonstrate the
effect of accurate ship airwake
models.
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For additional information related to this paper, on the following topics:

1. Rotorcraft simulation or options to improve basic rotorcraft flight testing,
contact

Mr. Dean Carico, RWO4B

Rotary Wing Aircraft Test Directorate
Naval Air Test Center

Patuxent River, MD, USA 20670-5304

Telephone (301) 863-1382, A/V 326-1382
FAX (301) 863-1753

2. Helicopter/ship Dynamic Interface testing or test equipment, contact

Mr. Bill Reddy, RW40W

Rotary Wing Aircraft Test Directorate
Naval Air Test Center

Patuxent River, MD, USA 20670-5304

Telephone (301) 863-1345, A/V 326-1345
FAX (301) 863-1340

3. LASER system concepts, design, and testing, contact

Mr. Charles DiMarzio

Senior Staff Scientist

Center for Electromagnetics Research
235 Forsyth Building

Northeastern University

Boston, MA 02115

Telephone (617) 437-2034/8570
FAX (617) 437-8627
E-MAIL to CDIMARZIO@lynx.northeastern.edu
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Figure 1 Ship Airwake Illustrated
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Figure 2 Smoke Grenade/Pole Figure 3 Streamers Illustrating
Assembly Flow Patterns
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Figure 4 Soap Bubble Technique

® WOD Measurement Location

Figure 5 Flight Deck Grid
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Figure 7 Ion Beam Anemometer
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Figure 8 Sonic Anemometer

Figure 9 Cup Anemometer
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APPENDIX I

CARBON DIOXIDE (CO,) LASER REVIEW
co e

General LDA Principles. Velocity
measurements with a laser Doppler
anemometer may be understood with the
aid of figure Al-1., This figure shows
a typical idealized laser radar. Most
of the energy from the laser
transmitter is directed to the object
being used as a target, which may be
either a hard target or the dust
particles normally suspended in the
atmosphere. A smaller fraction of the
transmitter energy is diverted toward
the infrared detector and is used as
a reference beam. Some of the energy
backscattered from the target, which
is delayed in time and Doppler shifted
according to the 1line of sight
component of the target’s velocity, is
also incident on the detector. Figure
Al-2 illustrates the component of
velocity which is actually measured by
the LDA. Single velocity measurements
yleld only that component which is
along the line of sight of the laser
beam.

As described above, there are two
beams incident on the detector. The
first 1is a reference beam of
approximately one milliwatt in power
at the transmitter frequency. The
second is the signal return beam which
is offset from the transmitter
frequency by the Doppler frequency of
the target. This beam is typically at
a level of ten femtowatts. These two
beams, as shown in figure Al-3, are
detected by the square law detector,
resulting i{n a peak at the difference
frequency. This corresponds to the
Doppler shift generated by the target
motion. A typical atmospheric wind
return is shown in figure Al-4.

Laser Doppler Anemometer. The laser
Doppler anemometer, also known as the
Laser Low Airspeed Sensor and
Processor (LLASP), is a heterodyne
system, which, 1in contrast to the

idealized system above, contains two
lasers, a transmitter and a separate
local oscillator. The function of the
separate local oscillator is to
determine the direction of the
velocity. The LDA is one of two
modular sensors built in the wmid
1970's (reference Al-1). The LDA has
the capability of scanning in range
and angle to determine the
three-dimensional velocity as a
function of range from the sensor. A
schematic showing the LDA layout is
presented in figure Al-5.

The sense can be determined by using
an offset local oscillator. In this
case, the difference between the local
oscillator and the signal is always of
the same sign, and the offset
frequency corresponds to a stationary
target. The offset frequency must be
greater than any frequency expected in
the signal. However, the lower the
offset, the better from the point of
view of the hardware implementation.

The offset can be generated in one of
two ways. First one may start with a
single laser, and shift the frequency
of the transmitter or local oscillator
with a Bragg Cell. This device uses a
travelling acoustic wave, transverse
to the light wave, which acts like a
moving diffraction grating. A
diffraction grating separates light
into several diffracted beams
representing different orders of
difraction. Each order represents a
solution to

(n)(lamba) = (d)(sin)(theta)

where lamba is the wavelength, d is
the grating spacing, and theta is the
angle of difraction. The order f{s
defined by the value of integer n.
Each order will be. located at a
different angle. The first order is
increased in frequency by the acoustic
frequency due to the Doppler shift
from the moving acoustic wavefronts.
Frequencies of up to 100 MHz are
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easily obtained. The requirements for
a Bragg cell are a high efficiency of
conversion to the first order, and
purity of the order. That is, it is
desirable to shift most of the beam to
the offset frequency, and to ensure
that this order is not contaminated by
scattered light from other orders.

Initially, Bragg cells were used in
the 1970's in the local oscillator
bear because of their poor efficiency
and power-handling capability. The
“feedthrough" problem of unshifted
light being scattered along a path
coaxial with the first order limited
their utility. Successful
demonstrations were done only with the
highest SNR, under ideal
circumstances. Recent advances make it
possible to place the Bragg cell in
the transmitter path, where the
feedthrough problem is less important.

An alternative method of designing a
heterodyne system is the use of two
lasers. in this case, the lasers must
be near enough in frequency for the
Doppler shift to lie in the passband
of the detector, receiver, and signal
processor. Furthermore, the difference
frequency must be known to the
accuracy required of the Doppler
shift. Two lasers can be frequency
locked or phase 1locked wusing a
discriminator-based feedback system or
a phase-locked loop. In either case,
samples of both beams are combined
togethe. on a detector, referred to
here as the offset detector. The
resulting signal is used to drive the
plezoeicctric transducer (PZT) on one
of the lasers to maintain it's
frequen:y with respect to the other.

Signal ~nd Data Processing. The signal
frequency is determined by a frequency
tracker. This device is a phase-locked
loop, which scans in frequency to
locate the signal, locks onto it, and
tracks it as it varies during the
scan. The frequency (velocity) is
passed, along with angle data from the
scanner, to a microprocessor,
controlled by an LSI-11/23 computer.
These are used to determine the three
components of the vector velocity, and
from them, other relevant parameters.
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Telescope and Scanners. The telescope
is used to expand the laser beam and
focus it at the desired location. The
signal return will be strongest from
the range at which the beam is
focussed. Diffraction effects cause
larger beams to diverge less, leading
to better focussing, and better range
resolution.

If the transmitter and reciever share
a common aperture, the optical
elements will unavoidably reflect some
of the transmitted light into the
reciever. If the transmitter power is
of the order of watts and the recieved
signal is of the order of femtowatts
this so-called narcissus will
certainly be much larger than the
signal. A wire in front of the
secondary blocks some of the returning
power reflected from the secondary. In
spite of the anti-reflection coating,
a small amount of power (perhaps a
milliwatt) is reflected. This power,
called narcissus, is at the
transmitter frequency, corresponding
to zero velocity, and will usually be
stronger than the desired signal.

The range scanner consists of a
stepper motor and a belt drive, moving
the secondary of the telescope to
focus from 1 to 32 meters. The
telescope has a refractive primary
made from germanium with a focal
length of about 15 centimeters, and an
aperture of 10 centimeters. This is
controlled by a microprocessor,
connected to the same LSI-11/23
computer.
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MEASUREMENT OF THE FLOW DISTRIBUTION OVER THE FLIGHT
DECK OF AN AIRCRAFT CARRIER

M.Mulero
F.Gomez Portabella
Instituto Nacional de Tecnica Aerocespacial
28850 Torrejon de Ardoz, Madri

SUMMARY

A study was conducted, under
requierement of the Logistic Support
Directorate of the Spanish Navy, on
the general configuration of the air
flow over the flight deck of the

Spanish Aircraft Carrier ® Principe °

de Asturias ".

The study was aimed at determining
the level of fluctuations of the
wind vector in certain points of the
deck where operations of VSTOL
planes and helicopters take place.

It was decided to investigate the
possibility of making wind tunnel
testing over a reduced scale model
of the ship and,later on,taking some
limited data over the actual ship,
due to availability of dates and
cost reasons.

Preliminary tests,to asses the
validity of the simulation of the
main flow features in the wind
tunnel,were performed over a simple
geometrical obstacle (square cube)
and they showed a systematic
constancy in the shape of the cavity
and the wake as a function of the
Reynolds numbers investigated ( from
2x10E4 to 5x10ES5).

Tests were then performed on a
reduced scale model (1:100) of the
ship and data were gathered by means
of hot-film probes and by
photographing wool tufts attached to
the surface of the model.

Results show separation past the
leading edge of the ramp, which
produces vortices that trail along
and over the deck to distances that
depend on the direction of the
approaching wind.

Limited data of local velocities and
direction in the horizontal plane
were obtained over the real
ship,which show the highly

disturbed flow in these points due
to the effect of the ramp and the
island of the ship.

1. - PRELIMINARY WIND-TUNNEL TESTS.

The peculiar configuration of the
ship, with a prominent ramp in the
bow, with a 12 degrees slope
extending to approximately 150 ft,
produces a strong effect on the air
flow over the flight deck, varying
its influence as a function of the
bearing of the relative wind to the
ship.

In order to asses the validity of a
simulation in the wind tunnel on a
reduced scale model, it was decided
to perform a series of tests on a
more simple geometrical model,such
as a cube,tridimensional object with
sharp edges as the vessel has.
Obviously, it was impossible to
reproduce the Reynolds numbers of
the real case,of the order of 10ES8,
but, as the main important feature
expected was the separation of the
flow past the ramp for relative
bearings of the wind from 20 degrees
port to 10 degrees starboard, it was
decided that a good proof of the
sensitivity of the simulation with
respect to the Reynolds number,could
be the lenght and shape of the
separated zone past the cube.If
these do not vary as a function of
the wind speed,that means that the
reproduction of the flow
configuration will not differ much
from the real one in that range of
speeds and bearings of the relative
wind.

The cube was 300 mm in side, and it
was tested from 1 to 23 m/sec (Re
from 2x10E4 to 5x10E5).Wool tufts
were attached to the faces of the
cube and also to vertical wires on &
frame placed in the vertical plane
of simmetry which extended 2H
upstream and 4H downstream of the
cube (H is the cube side).Pictures
were taken at exposures of 4 seconds
to visualize the amplitude of the
oscillations at each point.Some
results are presented in Fig.1-1.
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Also,hot-film anemometry data were
obtained along vertical lines in the
same plane of simmetry, from -3H to
8H approximately from the cube
centre base point and up to approx.
2H in height from this point.
Although the probes used were not
able to discriminate reversed
flow,its indications were
sufficiently indicative of the
configuration of the overall flow
and the extent of the separated
bubble,as depicted in Figs.1-2 to 1-

The values shown in Fig.1-2 ,are
normalized to the free flow
velocity,corresponding the lenght of
the triangles to the local
normalized velocity,their
orientation to the mean Beta and
their aperture to twice the standard
deviation of Beta.

Fig.1-3 shows the non-dimensional
standard deviation normalized by the
local mean velocity and Fig.1-4
shows the vertical profiles for the
standard deviation of the angle.

Both sets of tests showed that the
separated zone extended to
approximately 2.95H downstream from
the center base point,starting at
the upper leading edge of the cube
and reaching a maximum height of
1.24H at a distance of 0.5H from the
base point,being this configuration
independent of the free flow
velocity from approximatly 3 m/sec
up to the maximum investigated of 23
m/sec.Based on these results,the
simulation was conducted on the
reduced scale model of the ship in a
environmental wind tunnel of
rectangular test section,at a free
stream velocity of the order of S
m/sec.

' 2. - WIND TUNNEL RESULTS.

Data was,as in the previous
tests,both photographic and hot-film
signals.The results of the visual
tests are qualitative,but very
instructive in respect to the
overall configuration.The hot-film
data are more difficult to interpret
but give quantitative results in the
points of interest.

The tests on the model of the ship
were done therefore at a single
free-flow velocity.varying the
relative bearing to this flow from -
20 degrees (20 deg. port) to +10
degrees (10 deg. starboard).Data was

taken in vertical profiles at ?
locations 1 to 6 (see Fig.2-1) and .
along the take-off strip. )

A fixed hot-film probe was attached
to the model,on the same position
that the actual anemometers should
be located in the mast, and was
always kept facing the incoming free
flow.

A tridimensional hot-film probe was
attached to a traversing system
running along rails in the top wall
of the tunnel, which permmited to
position the probe at any point
X,Y,Z in space with accuracies of
milimiters in each axis , being the
overall dimensions of the sampled
zone of 4000 mm (X) by 2000 mm (Y)
by 900 mm (Z).

Data were taken at every point every
2 seconds,sampling 20 times before
moving to next position,sampling all
channels at the same time through a
sample and hold circuitry and
then,digitized and stored via a 20
channel data logger.These data were
then transferred to hard disk in a
PC,previously transformed to
physical units by means of
appropriated software and
manipulated to obtain mean values
and standard deviations.

Final data for each point consisted
of: Local mean velocity and standard
deviation normaslized by the mean
free-flow velocity; Mean and s.d of
the horizontal and vertical angle
(Alfa and Beta) of the velocity
vector,plus the coordinates x,y,z of
each point.

An extract of the results are given
in Figs. 2-2 to 2-5, grouped by
points,showing the evolution with
the relative wind.In Fig.2-6 it is
shown, as an example, the situation
in these four points for a bearing
of 20 degrees port.In these graphs,
port side wind is denoted by Br and
starboard by Er.

The variability of the horizontal
angle of the velocity vector with
height,denotes the presence of the
trailing vortices originated in the
ramp.This is shown too in the
results for the vertical angle,Beta,
and the normalized velocity in
Figs.2-7 and 2-8, where it is
presented, as an example, the
situation in the Point number 3.
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3. - MEASUREMENTS ON BOARD.

Data were gathered on board the
actual ship during a 24 hour period.
The ship maneuvered so as to acquire
the relative intensities and
bearings to the wind that were
required,typically 25 and 40 knots
at 20 and 10 degrees port,0 degrees
and 10 degrees starboard.Each
condition was mantained for
approximately 45 minutes.

The neccesity of carrying out other
type of tests simultaneously,
obligued to withdraw the sensor
mounts and cabling often,to clear
the flight deck for these aircraft
operations, with the result of a
malfunctioning of three of the
anemometers,which couldn’t be
replaced in time and,consequently,
it resulted in a loss of data on
wind speed at these points.

The sensors consisted of anemometers
and wind vanes,mounted on top of a
telescopic mast (see Fig.3-1),able
to position the sensors at 7 and 12
feet above the deck.Signals were
directed to a datalogger,digitized
and stored on hard disk of a Compaq
portable computer.
Data on speed and horizontal
direction of the local wind in the
six points specified were taken
every 2 seconds.Another sensor
system was moved along the take-off
strip,stopping at regular intervals
and storing data in these points for
10 minutes at each position.
As said,data on wind speed was lost
for points 1,2 and 6 and for the
case of 0 degrees wind,for the take-
off strip.Due to proximity of points
3 and 4, a single set of sensors was
installed in between both (called
here point 34).
Data on the free wind velocity and
bearing were supplied by the ship's
sensors every minute,as well as
ship's velocity and absolute course.
Results for points 1 to 6 for the
horizontal angle of the local
velocity,as a function of the
relative course of the free wind,
are given in Fig.3-2 for the two
velocities achieved:25 and 40 knots
and the Fig.3-3 reflects the
standard deviation of this angle for
the two cases.We can see there the
similarity between both cases,in
mean and s.d, denoting, as
previously assumed, a relative
independence of the configuration of
the local flow with the velocity of
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the approaching wind for each
relative course.

Due to the short time available for
testing on board the ship, it was
not possible to measure the vertical
profiles in the points selected,
which would have allowed to compare
the results with the wind tunnel
data.It is to notice from the wind
tunnel results, the high variability
of the local wind vector in angle,
both horizontal and vertical, with
strong gradients in the lower layers
and only reaching free wind
conditions at 30 or 40 feet above
the deck in most of the cases.This
renders direct comparison a very
uncertain task, lacking more
information on the flow structure
above the deck.

4. - CONCLUSIONS

A fairly cmprehensive set of data
has been obtained in wind tunnel
tests on a reduced scale model of
the Aircraft Carrier * Principe de
Asturias®.A limited amount of data
was gathered on board the ship.

The effect of the frontal "ski-jump"
of the ship has been shown to
propagate downstream, affecting the
flow conditions in the locations of
operations of aircrafts.

These effects are different at each
point, depending on the relative
bearing of the free wind, but remain
similar with different wind
velocities for the same bearing.

The data taken on board the ship,
confirm these obsevations, although
data is too scarce to permit a
direct comparison.

The "cleanest" situation for the
point 3, where VSTOL aircrafts do
their final hovering till touch-down
, seems to be for 10 degrees
starboard, when the gradients, as
well as the fluctuations in
direction are minimum.

For point 5, where helicopters
operate, there is no much difference
for any of the cases investigated,
while for the point 6, also an
helicopter area, the worst cases, in
which data were obtained, are for 20
degrees port and 10 degrees
starboard.

Point 1, being much more close to
the ramp, is quite sensitive to the
relative course of the wind, as can
be seen in Fig.2-2.
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A NEW METHOD FOR SIMULATING ATMOSPHERIC TURBULENCE
FOR ROTORCRAFT APPLICATIONS

J. Riaz®, J. V. R. Prasad**, D. P. Schrage+
School of Aesospace Engincering
Georgia Institute of Technology

Atlanta, Georgia 30332
ad

G. H. Gaonkar+
Department of Mechanical Engineering
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Boca Raton, FL 33431

ABSTRACT

Simulation of atmospheric turbulence as seen by a
rotating blade element involves treatment of
cyclostationary processes. Conventional filtering
techniques do not lend themselves well 1o the generation
of such turbulence sample functions as are required in
rotorcraft flight dynamics simulation codes. A method
to generate sample functions containing second-order
statistics of mean and covariance is presented. Compared
to ensemble averaging involving excessive computer
time, the novelty is to exploit cycloergodicity and
thereby, replace ensemble averaging by averaging over a
single-path sample function of long duration. The
method is validated by comparing its covariance resulis
with the analytical and ensemble-averaged results for a
widely used one-dimensional turbulence approximation.

BACKGROUND

Turbulence experienced by a helicopter rotor blade
station can differ appreciably from that experienced by
nonrotating stations such as the hub center (Refs. 1 and
2). This is because of the rotational motion of the
blade; the sinusoids of turbulence waves that a
translating and rotating blade cuts through are different
from the sinusoids of turbulence waves that a
translating hub center cuts through. This difference
translates into basic changes in the stoch.astic structure
of turbulence excitations. For example, the vertical
turbulence at the hub center is stationary; energy is
concentrated in the low-frequency (<1/2P or 1/2 per rev)
region with rapid attenuation with increasing frequency
(Refs. 1 and 2). In contrast, the turbulence at a blade
station, or blade-fixed turbulence is cyclostationary; its
frequency-time spectral density shows transfer of energy
from the low-frequency region to the high-frequency
region with occurrence of peaks at 1/2P, 1P, 3/2P, eic.
(Refs. 1 and 2). This transfer of energy has appreciable

* Graduate student
** Assistant Professor
+ Professor

bearing on vehicle response. In fact, for conventional
helicopters (advance ratio u<0.4), neglect of rotational
velocity effects on turbulence modeling can lead to
erroneous prediction of turbulence and blade response
statistics (Ref. 2).

To determine the response of rotorcraft to
atmospheric turbulence in flight dynamics
investigations, a "Monte Carlo” type of approach is
used to generate turbulence sample functions. This is a
routine approach of passing white noise through
constant-coefficient shaping filters (Refs. 3 and 4).
However, for simulating cyclostationary processes it is
not practical because of the necessity of numerically
constructing periodic-coefficient filter systems. An
alierate approach is to represent the turbulence sample
function as a series of cosine functions with weighted
amplitudes, almost evenly spaced frequencies and
random phase angles (Ref. 5). The novelty of the new
method is the adaptation of the alternate approach for
the generation of sample functions to represent
cyclostationary turbulence process as seen by a rotating
blade element. By exploiting the cycloergodicity (Ref.
6), it is verified that ensemble averaging over a large
number of sample functions can be replaced by temporal
averaging of a single-path sample function of long
duration.

To facilitate an appreciation of this investigation,
we mention that little information is available on the
generation of sample functions of cyclostationary
turbulence as required in the rotorcraft flight dynamics
simulation studies. One exception is Ref. 7, in which a
combination of digital-cum-analog or hybrid computer
approach is used to generate sample functions of
cyclostationary flapping response to stationary
turbulence excitation. This contrasts with a fairly
intensive coverage of methods devoted to the prediction
of response statistics of rotorcraft idealized as lincar
systems; such methods are not applicable 1o nonlincar
problems typical of flight dynamics codes. Thus, the
proposed method offers promise in finding applications
to flight dynamics problems and in complementing
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development of analytical methods to predict response
statistics of rotorcraft using nonlinear model
representation.

CORRELATION FUNCTION AND
DISTANCE METRIC

We follow the widely- used theory of isotropic,
homogeneous atmospheric turbulence and the Taylor's
frozen field approximation (Refs. 7 and 8). The
modeling parameters are the turbulence intensity, o, the
turbulence scale length, L, and the distance metric, .
Meteorological conditions dictate the values of the
turbulence intensity and the scale length. The distance
metric is defined as the relative distance between the two
points of interest on the lifting surfaces at two points in
time with respect to the atmospheric frame as shown in
Fig.1 (Refs. 7 and 8). Turbulence models are obtained
by calculating the distance metric and then using it in a
fundamental correlation function, Rq. For this purpose
a number of fundamental correlation functions of the
form

R, = (0, L,&) o

are available for use, €.g., von Karman, Dryden, et¢
(Refs. 1,2,7.8).

The most genera! representation comprises a three-
dimensional turbulence field; vertical, lateral (side-to-
side) and longitudinal (fore-to-aft) velocities and the
distance metric that accounts for spatial changes in all
three directions. The present investigation, following
earlier studies (Refs. 1-3) considers only the vertical
turbulence velocities in level flight, heading into the
mean wind direction as sketched in Fig. 1. For
simulation purposes, the concept of time lag between
the hub center and a typical blade station in
experiencing turbulence is important. Preparatory to
illustrating that concept in the next section, we use a
simplified picture of spatial variation of & only in the
flight direction.

As seen from Fig. 2, the distance along the x-axis
covered by a point of interest between times t; and his

§=V(t,-t)-r(cosy,—cosy,) @
Here, w1 and w9 represent the azimuthal angle of the
blade at times t) and 1), r is the distance of the element
under consideration from the center of rotation, and V is
the relative wind velocity. If this value of & is
substituted in the fundamental correlation function, we
obtain the temporal correlation of biade-fixed turbulence
(Refs. 2 and 3).

SIMULATION METHODOLOGY

Compared to the hub, an element located at radius
r and azimuthal angle y will experience turbulence
velocity with a time lag, At, given by

rcosy

At= v o)

where V is the relative wind speed. The turbulence
experienced by the hub can easily be simulated by
exciting a time-invariant filter driven by white noise. If
the frequency response of such a filter is given by
fhub(s). then the frequency response of a filter
generating turbulence seen by the blade element,
fblade(s). is

ST oSy

- v
f blade(s) =e f hub(s) @

We observe that e"STOSW/V distributes mrbulence over
the rotor disk when & is given by Eq. (2), which will
be referred to as the Rotational Sampling Operator
(RSO). Schematically,

-$rCOS W
Whit—> ¢ ' £, (&) — Biade
Noise Fixed
Turbulence

From the expression for RSO we notice that the
rotational velocity effects increase with increasing
radial distance and decreasing relative wind speed. Thus,
the rotational velocity effects will be dominant at the
blade tip for low relative wind speeds. Sample function
for the vertical turbulence at the hub center can be
expressed as a sum of cosine series which is given by
(Ref. 5)

N
whub(t)= 2i§=_‘,] /S O(wi YA cos (u)it + ¢i)
)]

where So(;) is the value of the two-sided, power
spectral density or PSD (corresponding to the
fundamental correlation function) of the stationary
turbulence process at the temporal frequency o;=(i-
NAw/2, i =1.2,...N. In Eq.(5), the frequency band of
interest of the power spectral density curve has been
divided into equal subdivisions, Aw, and ®; is the
phase of the ith spectral component. If @; is treated as a
random variable with uniformly distributed probability

- -m.‘a.~..3-ﬂ.‘
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density between 0 and 2x, this is equivalent to exciting
the system with a band-limited white noise (Ref. 5).
Transformation of Eq.(4) in time domain is
rcos y
Yhade"D =Wt T g

Combining Egs. (5) and (6), we get

N
wblade(r,t) = ZEI /So(u)i)Au) cos [coi(t

rcos y
v

)+, ]
M

The above equation in terms of positive spatial
frequencies wy and Aw can be expressed as

N
wirt)=2Y /S (w )Aw cos[w, (Vi
k:]‘\/ 0k k

—TCcos ) +<bk]
8)

which gives an expression for sample function for the
vertical turbulence as seen by a rotating blade element.
The ensemble autocorrelation, R(r t}.t9), for an element

of blade located at radius r is
R{1,tj12)=E{w(r,t)wir.)} ©

where E{.} is the expectation operator. After
substituting for w(r,t) in the above expression and
simplifying, we get

+o00
Rt )= | Solwkoswb)do, 10)

where & is given by Eq. (2).

NUMERICAL RESULTS

We now present numerical resuits of correlation at
the 0.75R blade station computed from Eq. (9) using
ensemble averaging of a "large number” of sample
functions and temporal averaging of a single-path
sample function of "long duration." (The terms in
quotes are quantified subsequently.) These two sets of
results are compared with those from an analytical
expression of correlation function with distance metric §
given by Eq. (2). We use the following exponential
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form of the fundamental correlation function

_k
~a2e L2
Ro c“e an
for which the spectral density is
So=022 L
T 4+002L?
(12)

The following numerical values of parameters are used:

Relative wind velocity(V) = 40 ft/sec
Turbulence Intensity(c) = 5 ft/sec
Rotor Radius (R) = 28 ft

Rotor Angular Velocity = 27.0 rad/sec
Advance ratio (u) = 0.1

Turbulence Scale Length (L) = 56 ft

Only 20 terms in Eq.(8) are used to generate the sample
functions. While Fig. 3a shows the analytical
correlation function, Fig. 3b shows the results of the
ensemble average of the correlation over 1200 samples;
each sample is of length of 4 rotor revolutions. Figure
3c presents the same results obtained from a single-path
sample function of 400 rotor-revolution duration. In
both the ensemble and temporal averaging cases, it is
seen that all the essential features such as rms values,
periodicity along the t-axis and decay along the t-axis,
where t is the average time and 1 is the elapsed time,
are predicted. Figure 4, a section of the correlation
perspective at t=0.4375 sec from Fig. 3 shows that the
sample functions generated using the new method
contain the correct correlation statistics.

CONCLUSIONS

A new method for simulating turbulence sample
functions suitable for rotorcraft dynamics applications is
presented. It is numerically shown that the method takes
into account appropriate second-order statistics of
turbulence as seen by a translating and rotating blade. It
can easily be integrated with any rotorcraft flight
simulation codes.
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Figure 3. Correlation Function of Vertical Turbulence.
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SUMMARY

The United States Navy has had an ongoing objective 1o
provide a safe and reliable approach and landing capability with
minimum interference from severe weather and sea state, and no
limitation due to low ceiling and visibility. In the past, efforts
to achi these objectives in the past have not been as
successful as desired due to the lack of integrated development
of landing guidance systems, aircraft flight controls (automatic
and manual modes), aircraft displays (flight director and
situation displays), data link (cspacity), and aircraft and
shipboard sensors. The Naval Air Test Center (NATC) has been
involved with the development, test and evaluation of
U.S. Navy landing systems for over 25 year:. In addition, we
are the flight centification activity for landing guidance systems
aboard aircraft carriers and amphibious ships.

This paper will present NATC’s overview of the present and
future U.S. Navy displays, flight controis, and guidance
systems for approach and landing. The results of simulation
studies and flight tests concerning enhancements to aircraft
displays and flight controls are discussed. The various tradeoffs
and issues that must be considered are also discussed. Tradeoffs
in landing system accuracy requirements versus integration of
aircraft and shipboard data are explored.

NOMENCLATURE

ACLS Automatic Casrier Landing System
ADA Angle of Atuack

APCS Approach Power Compensator System
DMC Deck Motion Compensation

FLOLS Fresnel Lens Optical Landing System
FPM Flightpath Marker

HUD Heads-Up Display

ICLS Instrument Carier Landing System
INS Inertial Navigation System

MLS Microwave Landing System

NATC Naval Air Test Center

nmi nautical mile

PFPM Potentia! Flightpath Marker

SAS Stability Augmentation System
TACAN  Tactical Air Control and Navigation System
VIA Visual Landing Aid

INTRODUCTION

There are many issues that must be addressed in developing
an approach and landing capability such as desired visibility
minimums, vehicle stability, lpceelvuhblefonhnpbonduﬂ
airborne equipment, communication shipboard
and nrbomeunlon. displays, multipath environment, ship

motion, accuracy requirements, and monitoring. For instance,
blending of aircraft inertial daa with the shipboard deta reduces
the accuracy requirements of the landing guidance data. In
addition, the visual landing sids should be 1ligned with the
other landing guidsnce sysiems and should have stabilization
modes identical to the lending guidance systems.

NATC has conducted many simulation studies over the last
few years to determine what command control laws (flight
director and autoland modes), aircraft flight sontrol laws (for

Flight Controls, and
Approach and Landing

manual and autoland modes), aircraft display formats, data link
formns.mdlmdmgsyswnlccwacmuemqnnndmmeexﬁw
Navy's approach and landi . These studies have
included aircraft such as the F/A-18, F-14, snd A-6. Aircraft
display studies and developments have primarily consisted of
flight directors, situation displays, flightpath marker (FPM)
lead compensation (for sircraft dynamics), potential FPM, and
range displays. The F-14D has incorporated the FPM lead
compensation and potential FPM and will incorporate the flight
director. Manual control modes which have been studied include
flightpath control modes which optimize the sircraft flightpath
response to the stick inputs and tppmach power compensstor
modes which command the engine power setting. Automatic
control modes for the lmdm; guidance systems which have
been studied i repl of the older aircraft autopilot
pitch command mode with a vertical rate command mode, state
estimator control laws, snd data fusion (blend or Kalman) filter
control laws.

In addition to aircraft displays and flight controls,
monitoring of landing guidance data and integration of aircraft
and shipboard data are two areas which significantly affect
spproach and landing capabilities. Both require substantial
upgrades to the current data link formats. Integration (data
fusion) of aircraft sensor data with ships inertial dats provides
the best estimate of aircraft position and reduces the accuracy
requirements of the landing guidance data. Implementation of an
sutomatic monitor function compnnng urcuft position data
from all landing guidance sy would

increase safety, reduce pllot workload and increase pilot

LANDING GUIDANCE SYSTEMS
Genenl

TIlewonchummeeﬁnuheU.s.Navylmdimgﬁdw
system objectives can be grouped into several categories.
Primary guidance systems are those systems with the capability
to meet all the spproach and landing guidance objectives.
Secondary guidance systems are those systems with the
capability to meet some of the approsch and landing guidance
objectives or that complement the capebilities provided by the
primary systems. The secondary guidance systems include the
Tactical Air Control and Navigation (TACAN), Global
Positioning System (GPS), aircraft radars, Inertial Navigation
System (INS), and any aircrafi tracking components associated
with other systems. Visual landing aid systems sre those
shipboard systems which provide the pilot visual cues of the
sircraft position.

The above systems also can be categorized as air derived or
ground derived systems. Air derived systems are those that
derive the aircraft position in the sircraft. Ground derived
systems are those that derive the sircraft position on the ground
or ship. As discussed in the following paragraphs, both types
of systems have components on the aircraft and ship. Air
derived systems have generally unlimited capacity while ground
derived systems are generally timited 10 one or two sircraft st &
time (unless & phased array radar is wtilized). Ground derived
systams have demonstrated guidance accuracies sufficient o
meet the Navy objectives while sir derived systems need more
development to meet all the Navy objectives (particularly

[}
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Distance Measuring Equipment (DME) and multipath
rejection). Some of the other characteristics of the two systems
that have been viewed as advantages snd disadvantages can be
systems could be developed that are capable of radar tracking
(ground derived) and generating sir derived signals
simuliancously. This would allow either & reduction in the
amount of shipboard equipment or an increase in redundancy.

The components required for sir derived systems are divided
betwoen the aircraft and ship as follows. The ship components
sre the landing guidance transmitter, DME transponder,
stabilization platform, inertial sensors, displays and controls,
computer, and data link. The sircraft components are the
landing guidance receiver, DME transponder, data link, displays
and controls, inettial sensor, computer, and awopilot.

The components required for ground derived systems are
divided between the aircraft and ship as follows. The ship
components are the radar, inestial sensor, displays and controls,
computer, and data link. The sircraft systems are the point
tracking source (comer reflector or radar beacon), data link,
displays and controls, inertial sensor, computer, and sutopilot.

The components required for Visual Landing Aid (VLA)
sysiems are the visual display, stabilization platform, inertial
sensor, controls, and computer. The VLA must be integrated
and fully compatible with the other landing guidance systems.
Q Landing Guid S

The primary current U.S. Navy landing systems shoard the
large carriers are the AN/SPN-42/46 Automatic Carrier Landing
System (ACLS), the AN/SPN-41 Instrument Carrier Landing
System (ICLS), and the Fresnel Lens Optical Landing System
(FLOLS).

The ACLS uses.data from a Ka band conical scan tracking
radar and ship motion sensors and performs the following
functions:

a.  Derives stabilized aircraft position data.

b. Cunpluomgulldldep-ﬂ\muﬂmllndwm

director commands to null the errors.

c. Transmits the errors, commands, and control discretes to
the aircraft via a UHF data link.

The glidepath errors are sent to the cockpit displays and the
autoland commands are sent to the sutomatic flight control
system. A radar beacon system on the aircraft provides a point
source for the radsr. The data flow is shown in figure 1. A more
complete description is given in reference 1.

The ICLS is a split site Ku band scanning beam system.
An elevation antenna (stabilized for ship's pitch and roll) is
located at the side of the landing area and the szimuth snterma
(stabilized for ship's yaw and roll) is located at the stemn of the
ship under the landing centerline. No data link or ranging
systems are used. The aircraft decodes the angle data encoded on
the scanning beam and the resulting glidepath esrors are sent o
the cockpit displays. A more complete description is given in
reference 2,

The FLOLS consists of a set of five vertically mounted
Fresnel lenses (“cells™) with integral source lights locatad
between two sets of horizontal datum lights. The Freans] lenses
and source lights result in a light bar image (“mestball™) which
moves above or below the dstum lights by an amount
proportional 10 the angular error of the aircraft from the glide
slope setting. The mestball is normally amber except at the
lowest angles where it transitions © red. The Fresnel cells are
stabilized for ship’s pitch, roll, and vertical hesve of the

intended touchdown point relative to the ship’s center of
motion. A more complete description is given in reference 3.

Other optical landing systems include:

& Close-in Approach Indicator (CAI) MOD 2 - The CAl
MOD 2 is an Optical Landing System (OLS) consisting
of two vertically stacked light boxes located between
two gets of horizontal datum lights. Each source light
box contains ten vertically mounted light cells
consisting of source lights, dichroic filter, fiber optic
coupler, and lens. The two stacked light boxes provide s
20 cell “meatball” display similar to the FLOLS
meatball display. 'l":‘CAlMOszlundsudeg

middle 1.6 deg of coverage, it flashes in the top and
bottom 0.2 deg of coverage, and it is red in the bottom
0.4 deg of coverage. The CAI MOD 2 is subilized for
ship's pitch and roll and has the potential to be
stabilized for vertical heave. A more complete
description is given in references 4 and 5.

b. Horizontal Approach Path Indicator (HAPT) - The HAPI
is a derivative of a British system which is designed to
provide long range glide slope and lineup information to
the pilot. The HAPI consists of two individual light
source units positioned on the port side of the ship
slightly higher than the deck edge. Each unit contains a
red over white filter and each unit is stabilized for ship's
pitch and roll. The forward sand aft light source units are
aligned o allow the pilot 1o fly a glide slope corridor of
about 3.0 deg. The forward light source is aligned 10 3.5
deg and the aft to 2.5 deg. If the pilot maintains a red
over white presentation, he is within the glide slope
corridor. If he transitions above the glide slope corridor,
he sees a white over white presentation. If he ransitions
below the glide slope corridor, he sees a red over red
presentation. The positioning of the HAPI light source
units also allows the pilot to use the HAPI for course
lineup information outside 1/2 nmi (0.93 km). When
the two light source units sppesr in line with each
other, the pilot is lined up on the ship’s port edge. A
more complete description is given in reference 4.

¢. Hover Position Indicstor (HPT) - The HP1 is a derivative
of a British system which provides hover height and
The HPI is Jocated to the side of the landing area
centerline and forward of the landing spot so that the
azimuth angle from the landing spot to the HPI is
approximately 30 deg from forward down the ceterline.
The HPI consists of horizontal (green) and vertical
(white over green over amber) datum lights and a red
reference light mounted in front (sowards the direction of
the landing spot) of the datum lights. The horizontal
and vertical datum lights intersect at the starboerd light
of the horizontal datum and the middle light of the
vartical datum. The horizontal datum lights are angled
pecpendicular 1o the line of sight to the landing spot. As
the sircraft moves down the deck and descends, the red
referance light sppears 1o move starboard end up relative
o the datum lights. The height above deck of the datamn
lights and the location of the red reference light relative
to the datum lights are such that, sssuming thet the
contarline, the sircraft is at the proper hover haight and
over his landing spot when the red reference light is in
line with the intsrsection of the vertical and horizontal
dnnh‘hn.Ammd-aininiﬁvmin
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These other OLS's are primarily installed aboard amphibious
assault ships.
B E ic Landing §

The Signature Managed Air Traffic Control, Approach, and
Landing System (SMATCALS) program was initiated by the
USN to address and solve the operational and system problems
in the current air traffic control, spproach, and landing systems.
The technical objectives of this program are to develop systems
which:

a Provide all weather capsbility, from scquisition to
touchdown, and allow ships and sircraft to opersie safely
and efficiently.

b. Reduce the vulnerability of aircraft carriers and
amphibious asssult ships and their associated task
grouphask force to detection and localization.

¢. Reduce the vulnerability of aircraft carriers and
smphibious assault ships to snti-radiation missiles.

d Allow ships and aircraft to be electr ically
compatible with other United States and allied  foroes.

For the last severa] years, system concept studies and
expenmems have been conducted to examine advanced
gies and desig tomeetﬂwSMATCALSpmgrm
ObjeClIVCS Contracts will likely be let in 1992 to build
SMATCALS technology demonstrators for tests in 1994-1995,
Euture Optical Landing Systems
Concepts for future OLS’s are being developed and evaluated
by the Naval Air Engineering Center and NATC in the
Improved Carrier Optical Landing System (ICOLS) program.
The primary goals have been 10 improve the long range
capabilities over curremt optical landing systems with &
dary goal to improve the glide slope indications in close
to touchdown. ICOLS concepts which have shown promise
include the following:
& Modifying the standard FLOLS by adding additional
Fresnel lens cells 1o provide increased glide slope
b. Adding a Laser Glide Slope Indicator (LGI) near or
abeam the FLOLS location to provide an amber light
indication when close to the glide slope, a green light
indication when high (flashing green when excessively
high), and a red indication when low (flashing red when
excessively low).

c. Adding s Laser Centerline Localizer (LCL) on the
centerline under the aft landing area deck edge to provide
precise centerline lineup cues at ranges of up w0 10 nmi
(185 km). This system provides an indication whether
the aircraft is on centerline (amber light), to the right
(red light), or to the left (green light} The lights flash
to indicate the aircraft distance from conterline (steady
near centerline, increasing flash rate with distance off
cemerline).

Control Laws

ﬂnummpdeonwollwtypuhnebmexplwedm
various U.S. Navy landing system programs to generate
commands 1o null glidepath errors:

o Conventional control law. In the current AN/SPN-42/46
system, the pitch (or vertical rate) anG bank commands
are computad by ing the vertica! and lateral errors
through conventional digital shaping filters. The
standard pitch command control law is of the following
form:
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( Kps+l ) (1+§+25)
(( 1+§)(1+Ii§1)+no;('r,+x:ﬂ4'—2))

Where s is the Laplace transform operator, 8¢ is the
pitch command, Z, is the vertical error, and all the
gains and time constants are constaru except for Ky and
Ro which are range scheduled. The gains and time
constants are normally different for each aircraft type.
The vertical rate and bank command control laws are
imilar,

. State estimator control law. Simulator studies of

various state estimator control laws hsve been
conducted. Figure 2 shows a simplified version (the
tested version combined the centerline range and lateral
position axis) of the lateral control law
implementations. A conventional ACLS aircraft
autopilot was used. The expected aircraft lateral
acceleration resp was modeled with a d order
filter for the bank command lateral axis. The expected
Mv«ﬁeﬂmmwmledwimlm
order filter for the pitch command vertical axis axis.

Canpcadbaweﬂopmnmdmmmnlomml law,

axis where stability problems prevent the roll command
control law gains from being lowered below a certain
point. This can result in an unacceptable tradeoff
belween cemerhne capture performance and

in roll command for landing system with
large tracking esrors. Figure 3 shows a large reduction
in roll command perturbations with & state estimator
control law which also has far superior centerline
capture performance. Limited flight tests have been
conducted with a state estimator control law in the
Marine Air Traffic Control, Approach, and Landing
System with promising results.

. Data fusion (biend or Kalman filters) control laws: As

discussed in the following peragraph, significent control
law advantages are obtained when additional sensors are
used 10 messure aircraft and ship states (parameters). An
INS is a highly desirable sensor due 1 its accuracy and
the number of aircraft states mesasured. Various U.S.
Navy programs hsve studied and utilized data fusion
control laws. Figure 4 shows a generic data fusion
control law, A flight st conducted in the early
1970’s with the Hovering Vehicle, Versatile, Amomatic
Control (HOVVAC) system in 2 UH-1IN heticopter used
biend fiklers in the sircraft satopilot for spproeches with
TACAN, prowotype Microwave Landing Systems
(MLS), and ACLS (reference 6). An ACLS vertical rate
sutopilot development program with F-4J snd F4S
sirplanes in the late 1970°s (reference 7) used a blend
filter in the sutopilot for ACLS spproaches and
landings. An MLS development program in the late
1970°s with an F-4] airplane (reference 8) used a blend
filter in the sutopilot for approaches with a prototype
MLS. A blend filter was used in a ground comtrol
computer for sutomatic approsches with the Pionser
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Unmanned Air Vehicle in the late 1980’s. A program
underway with the Multi-Mode Receiver system in a
F/A-18 mpllneudeagnadtomblmdﬁlmmme
aircraft autopilot for

(needles) are displayed simultaneously on the F/A-18
and F-14D HUD's; however, all other sircraft must switch
between the two sources of landing guidance data. The pilot
also monitors other guidance data such as range to touchdown,

with
lmmmul.mdm;Synun (IlS). MLS, and ICLS.
ircraftShipbosrd Landing § b

A variety of items need o be considered when
implementing the data fusion blend (or Kalman) filters and
control laws. How will the data fusion filters be reconfigured in
the event of dats dropouts? What sensors are available? How
reliable are the sensors? How accurate are the sensors? How
much data link capacity is required (number of parameters,
resolution, update rate)? What are the transport delays?

As indicated in figure 5, utilizing sensor data in addition 10
the landing guidance data in a blend filter (data fusion) 1o
provide a better estimate of the aircraft state has many
advantages. Hn;lmﬁeq\mcymmmmnofuulmdmg

improved blended data quality (reduced errors and time delays)
sent to the cockpit displays will provide the pilot with better
situational awareness. The pilot or sutomatic control gains can
be increased to take advantage of the reduced errors and time
delays in the blended data. Control law integrator terms can
sometimes be reduced in gain or eliminated by utilizing the
bias estimates from the blend filter. The improved control laws
will result in better performance for either automatic or flight
director approach. The improved pilot situatical awareness and
control performance should ensble improved operational
capabilities such as being able to operate with higher levels of
turbulence, increased ship motion, or reduced visibility
minimums. The data biend filter incorporated in the HOVVAC,
F-4S ACLS vertical rate sutopilot, and Pioneer Unmanned Air
Vehicle (see above paragraph) all demonstrated greatly improved
performance in turbulence.
Anhowninﬁgwes.oduhlmbuidumﬁnimneed
to be considered when attempting to obtain the most
operational capability. More integrated displays of key monitor
data and sutomated comparisons of related data will improve the
pilot situstional awareness. Flight director displays and more
advanced flight control laws (and more responsive and stable
sircraft responses) will improve the autopilot's or pilot's
sbility to follow the commanded flightpath over what can be
achieved with basic situstion displays and control laws. The
nbﬂltyloopumwnmhl;htlhmpmmmdmed
visibility minimums are currently hampered by poor
integration of the various landing systems and cockpit displays.
One problem in this srea is the differences in heave
sisbilization between the FLOLS and ACLS glide slopes. The
FLOLS glide slope is stabilized for heave (ex-ept for the heave
motion of the ship’s center of motion). The ACLS glide slope
is completely inertially stabilized until the final 12 sec of the
spproach where the wutoland deck motion compensation (DMC)
mode commands the aircraft to fly in phase with the heave of
the touchdown point. Another problem is the inability of the
lCLSwmvndenmmraphh to touchdown due to

the ICLS glideslope cannot be corrected for the antenna to
touchdown offset due to lack of DME and offset data in the
sirplane.

Manitaring of A b and Landing Guidancs D

Monitoring of approach and landing guidance data is
muﬂydunbyhpibnlhnﬁumlhebm-upduphy
(l-lUD)ndoduecckwdwhycwmth
ACLS sitation data (tadpole) and the ICLS situation dlll

altitude, and rate of descent during the approach. Monitoring all
of this data takes time and increases pilot workload.
Automating the monitoring of the landing guidance data
would increase safety, reduce pilot workload, and increase pilot
confidence. Implementation of an automatic monitor function
requires changes in the uplink and downlink of the current data
link system. If the comparisons of the various landing guidance
data were done in the aircraft, an uplink data link change is
required. If the comparisons of the various landing guidance data
were done on the ship, a downlink dats link change is requized.
mopmmmnlumwuldbewdodtwmbom
placeslomuemthe

other aircraft sensors would be done in a computer and alert
both the pilot and the ground controller if errors got outside of
specified limits.

As mentioned above, one current problem is that the
FLOLS glide slope is stabilized for heave (except for the heave
motion of the ship’s center of motion), while the ACLS
sutoland DMC mode commands the sircraft to fly in shase with
the ship's hesve. The autoland DMC mode works ve ; well and
is able to minimize varistions in touchdown position and
vertical velacity relative to the moving flight deck. The
FLOLS does not minimize varistions in either of these
parameters. However, although limited manned flight
simulation efforts have been promising, there is some concern
that a marual flight director DMC mode may not work as well
or be acceptable 10 pilots. An ahernative being considered is to
continuously predict what the flight deck height will be when
the aircraft arrives at touchdown. The commanded glide slope
would be translated vertically starting at about 10 sec to

nears touchdown. However, a problem with this alternative is
that the FLOLS would require the time © touchdown which
muﬂmhewhmﬁdownbem

strong desire to have the FLOLS
systems (ACLS and ICLS) aligned to
mﬂnnOlSdcg(lnoleLOlS‘meabdl")norderm
maintsin confidence in the various landing systems. The
primary problem with maintai this alignment accuracy
aboard ship has been the utilization of various independent
stabilization gyro systems for the different landing systems.
The obvious solution (besides using more accurste gyro's) is to
provide s central processor which takes inputs from all the gyro
sources, compares them, and ouipuis the “best™ gyro source to
all the landing systems. Another problem is that the FLOLS is
aligned 1o s deck reference plane while the electronic systems
are aligned 10 the reference plane of the gyro systems.

FLIGHT CONTROLS
A ic Flight C. )

The sutomatic flight control laws used in ail of the cusrent
ACLS capable sircraft, except for the F/A-18, are pitch and
bank command control laws similar © the one shown in figure
6. These control lsws utilize aircraft atritude and attitude rate
feadback terms summed with the data link commands to fly the
aircraft to the commanded glide slope and cemertine. This type

-



1 system is very ptible to air turbulence and
dnpl burble. Typical nhproud longitudinal touchdown
dispersions (1 sigma) range from 40 10 60 ft (12 t0 18 m) and
;hdeslopednq)ulwmnngeﬁom3m6ﬁ(lm2m)m
moderate turbulence. These dispersions result in a significant
number of spproaches which are unacceptable to the pilot.

The F/A-18 incorporates the vertical rate (H-Dot) automatic
flight control law shown in figure 7, which utilizes pitch rate
with the data link command to fly the aircraft to the
commanded glide slope. This type of system performs very
well in wind gusts, turbulence and burble due o the inertial
feedbacks. Typical shipboerd touchdown dispersions average 25
hOSm)fuﬂuFIA-lSuﬂgh&puﬂ\dupesmnmmm
(1-2 f1 (0.3-0.6 m)) in moderste turbulence. Simulations of
other aircraft with this type of system have predicted
performance equdmorbenu!hmﬂleFlela performance.
Figure 8 shows A-6E simulation time histories of glidepath
dispersions during step gusts with the pitch command sutopilot
and the H-Dot autopilot As can be seen, the H-Dot autopilot
nulls out the error much quicker than the pitch command
sutopilot.

Manual Flight Controls

The older manual flight control systems normally utilize a
Stability Augmentation System (SAS) with attitude rate
feedbacks in the various axes to augment the aircraft short
period damping. These control systems typically result in high
pilot workload and degraded glidepath performance in
turbulence. Over the last 15 years, enhancements in the manual
flight controls for spproach and landing have been investigated
and sometimes implemented in fleet airplanes.

The current F/A-18 airplane utilizes a Command
Augmentation Sysiem with the following features:

a. A longitudinal control law with angle of attack (AOA)
and pitch rate feedbacks 1o help the pilot maintain the
reference trim AOA through the pitch axis and to
provide pitch damping.

b. A lateral control law with roll rate feedback and a rudder
to roll interconmect to provide roll damping and tum
coordination.

c. A directional control law with lateral acceleration and
estimated sideslip rate (based on roll rate, yaw rate,
lateral acceleration, and dynamic pressure) feedbacks to
provide directional dsmping.

These control laws provide a substantial improvement in power
spproach flying qualities over previous Navy sirplanes. Further
information is contained in reference 10.

In the longitudinal axis, the two modes that have been
evalusted in A-6 and F-14, simulations are & Pisch Command
Avgmentation System (PCAS) mode and a Precision
WlemmhhhmﬂmaRon

Command Augmentation System (RCAS) mode has been

The PCAS mode, shown in figure 9, consists of a blend of
sircraft motion feedback terms which are compared to an
sugmented stick command term. The combinstion of the
integrator in the stick command term with the pitch attitude
term results in a pitch rate response proportional to stick

varistions during turns. mncasmmmumlo.
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is similer to the PCAS. The RCAS provides & roll rate
response proportional 1o stick displacement

The PFPC mode, shown in figure 11, consists of a blend of
aircraft motion feedback terms which are compared to an
augmented stick command term. The combination of the
integrator in the stick command term with the flightpath term
results in a flightpath rate response to stick displacement. The
proportional part of the stick command term together with the
mechanical path provide lead in the flightpath rate response 1o
stick displacement. The pitch rate and either vertical or normal
accelerstion provide damping. The roll compensation term
minimizes flightpsth variations during turns. A more complete
description of these enhanced flight control modes is contained
in reference 11.

Pilot evaluations during the simulations have indicated
significant preferences for these enhanced modes over the SAS
currently flown in these aircraft. The combination of PFPC
with RCAS has been the most preferred mode. Using the
Cooper Harper Handling Qualities Rating Scale (HQR), pilots,
on the average, rate this mode 2.0 points better than the current
SAS. The HQR improvement is even more with higher
turbulence levels.

Approsch Power Compensator System

The Approach Power Compensator System (APCS)
installed in U.S. Navy sircraft is designed w0 control airplane
AOAmdmpnunvemcdﬂ:;htpahmuoldum;nﬂphm
of the approach and landing by commanding the engine power
setting. Typ:dmuuAPCScnnnulhwdenmmhdedn
following inpwt terms:

8. AOA for the primary feedback.

b. Integral AOA to eliminate bisses and to insure that the
AOA will retumn 10 the commanded reference AOA.

¢. Normal acceleration to sugment the flightpath damping.

d  Elevator/stabilator position and pitch rate 1o provide a
lead term for aircraft pisch manouvers.

e. Bank sngle 1o provide a feed forward term to provide the
steady state thrust required for sircraft bank maneuvers.

Separate APCS control laws are generally needed for pilot
controlled and sutomatic spproaches. 12 shows s block
diagram of the APCS used in the F/A-18 airplane.

Amwmwﬂlmmmw
enabling him to concentrate on making pitch corrections 10
mmlvmmwuhmdcfhmgmmlbom
flightpath and AOA/sirspeed. However, this pilot technique is
different from the standard U.S. Navy pilot tachnique of making
MMQMNMWMM
corrections to control AOA/sirspeed. Therefore, some pilot
Mkraﬂdwdmnmwwfw

APCS approaches. The best APCS is not necessarily the one
with the tighsst AOA control, but is the one with which the
perameters within an acceptable tolerance.

Simulation studies of various APCS coatrol law
improvements have been coaducted in recemt years with
promising resulss. The main thrust of these studies hes besn 0
try 1 eliminats soms of the compromises betwess: performance
hMﬂmmMMT&
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b. Duxp;n the longitudinal axis control laws to minimize
flightpath deviations in turbulence by utilizing
flightpath and vertical acceleration feedbacks.

c. Optimize the APCS control law feedback terms to
minimize flightpath deviations in turbulence. These
terms include AOA, integral AOA, snd normal or
vertical acceleration.

d Optimize the APCS control law feed forward terms to
ide the desired sircraft response to pilot commands.
The APCS feed forward terms include those terms
which can be used o calculate the thrust required during
maneuvers and to compensate for the feedback terms.
These terms might include pitch attitude, pitch rate, roll
attitude, roll rate, vertical rate, airspeed, longitudinal
control stick position, control surface positions, etc.
The expected aircraft responses can be combined with
the feedback terms to prevent the feedback terms from
degrading the aircraft response to pilot commands.

AIRCRAFT DISPLAYS

Current aircraft spproach and landing displays are normally
presented o the pilot on the HUD, although some older aircraft
still utilize mechanical displays. These displays generally
consist of landing guidance situation data (displayed ss needles),
AOA data (indexer or “E” bracket), and other pertinent sircraft
data such as sttitudes, sirspeed, altitude, and rate of descent.
These displays have not been well optimized or integrated to
reduce pilot workload or enhance pilot periormance during
approach and landing. The following paragraphs will discuss
the development of integrated aircraft displays which reduce
pilot workload and enhance performance. Additional
information is contained in reference 11.
Situation D

Figure 13 shows a generic HUD for approach snd landing.
The primary focal point on the HUD is the FPM, which shows
mﬂuhwhofmmmmudsymhobgymm
HUD (situation symbol, AOA indexer, and flight director
symbol) moves with respect to the FPM. The landing guidance
situstion data is currently displayed on the HUD as needles for
the ICLS data and as a tadpole for the ACLS data. Both sets of
data sre required for monitor purposes for low visibility
conditions. Both sre currently displayed as engular dats w
touchdown with the display limits of £1.4 deg vertical and
16.0 deg lateral. The situation di are vary difficult to fly
nm;um:delmm(l.uhn)whnmednhm
source of guidance during precision spproaches. This is
primarily due to the fact that the sensitivity of the display
continuously incresses until it reaches infinity at souchdown.
To the pilot, a cenain correction at 1/2 nmi (~.93 km) does not
multhdnmdisphychngeull-‘m(ﬂ“kn)
Figure 14 shows an approach, called course sofiening, to
eliminate this display seasitivity problem. Course softening
basically changes the display of the situation data from angular
efror W error in feet at some given range from touchdown. This
display does two things: (1) the displsy sensitivity does not
change during the last 4,000 ft (1,200 m) of the spproach, snd
(2) the display immediately tells the pilot the glidepath error, in
feet, during the last 4,000 ft (1,200 m) of the approach.
Limited shorebased and shipboard flight tests heve indicated that
pilots prefer the course softened display; however, no extensive
tests have been done 10 collect quantitative data.

A limited simulation evaluation has been conducted of the
box symbol shown in figure 13 as an alternative 10 the current
horizontal and vertical needles for the landing guidence situstion
data. The box symbol was implemented for two reasons: (1) i

was noted that, on the HUD, the pilot had w look at one needle
with respect to the other needle 1o determine the magnitude of
the error, and (2) when properly scaled, the box would
immediately indicate to the pilot sn unsafe condition. The
current scaling of the box is half of the full scale deflection of
the course softened display during the last 4,000 ft (1,200 m) of
the approach. Preliminary evaluations indicate that most pilots
prefex the box display to the neodle display. The course softened
box symbol shows great potential for providing the situation
data required for spproaches in 0/0 ceiling/visibility conditions.
Plightpash Marker D .
MMomeDFMumwdmmnngh

ql.nckm; oflheFPMhnbeuuedlthheFl’M

the HUD field of view. The F/A-18 FPM display incorporates a
pitch rate lead term as shown in figure 15. This lead term is not
optimum for approach and landing and will have lags in it
during maneuvers.

A much better lead compensation for the FPM during
spproach and landing is a washed-out pitch sttitude lead term as
shown in figure 15. This lead term should be optimized
dependent on the type of control law sugmentation as follows:

a.  For aircraft with a relatively weak level of flight control

law sugmentation (such as a pitch SAS) which requires
the pilot to actively damp the pitch axis, the time
constant of the wash-out filter should be made equal to
the time it takes the sircraft AOA to settle back to the
spproach AOA. This relationship between AOA, pitch
attitude and flightpath angle is devived in figure 16. In
the short term, the “quickened” FPM moves like pitch
ndc-\bemedbyhpﬂulihawmlymbolw
damp pitch motions. During sggressive pitch
maneuvers, the “quickened” FPM stays spproximately
stationary on the HUD and is less likely 10 leave the
HUD field of view. The “quickened™ FPM indicazes
vhuednmmmwﬂlpmhmam
AOA perturbation csused by a pitch maneuver is
dmmmr-lwummmm

atitade lead during all flight
regimes. qupndmyﬁi;h.ﬂnwch—mnﬁhn
time constamt is scheduled with airspeed. Pilot

mnmmmmmmm

the pilots significantly prefer the “quickened™ FPM. The
British have implemented s similar FPM lead term in
the AV-8 Fast Jet HUD.

b. For sircraft with s relatively strong level of flight
control law sugmentation (such as a flightpeth control
mode), the FPM lead term should be optimized to
indicate where the flightpath angle would stabilize when
the stick is retumed © the detent. Figure 17 shows a
time history, from an A-6 simulation, of 8 FPM lead
displsy optimized with a flightpath control mode. As
can be seen in figure 17, the FPM load makes the FPM
respond with an sccurste raie response 0 stick inputs
while the true flightpath mgle takes about & second to
start and stop in responss 0 stick movements. When
using the FPM with lead, the pilot doesm't have to
compensats for the lag in the flightpath response; he
the desired true flightpath angle.




Bight Di

The flight director, shown in figure 13 as a box with three
dots, is a symbol on the HUD which “directs™ the pilot to fly
the aircraft so that the FPM symbol moves inside the flight
director symbol. This will result in the aircraft capturing and
following the landing system commanded glide slope and
centerline. The horizontal deviation of the flight director
symbol from the FPM represents the error between the
commanded and actual bank angle and the vertical deviation

the emror b the commanded vertical raie end the
actual vertical rate. The flight di bol aiso an
amount corresponding mdmmbawemmebmkcommmd
and bank antitude to give an indication of the size of the bank
correction required (primarily useful for following large bank
commands during centerline captures). The vertical deviation is
scaled on the HUD 30 that it gives an indication of the vertical
flightpath angle correction required.

Various simulation studies have been conducted over the
last 7 years utilizing A-6, F-14, and F/A-18 aircraft. Resuits of
these studies show that pilot warkload is drastically reduced and
glidepath performance is significantly improved when using the
flight director display. Figure ISMlmxpmsmohypnd
simulation approaches in 1/2 nmi (0.93 km) visibility with and
without the flight director when the fina) bearing is only
known within 15 deg. As seen by the lateral races, the pilot
had a very hard time capturing the final bearing without having
the flight director. Also, the glide slope control was not very
good becsuse more effort was required for capturing the final
bearing. Pilots have commented that the flight director is by far
the most impressive item that they have evaluated, even when
compared to advanced flight control law modes.

The flight di implem in figure 19
utilizes vertical rate and bank commands from the ACLS via
the digital outputs of the Data Link and aircraft state psrameters
from the INS. Blend filiers use sircraft vertical rate data from
the ACLS (when available) and aircraft heading 1o eliminate the
affect of biases by modifying the INS vertical rate and bank
feedbacks respectively. This flight director scheme, without the
vertical rate blend, is being implemented in the F-14D and will
be flight tested in the April - May 1991 timeframe. Without
the vertical rate data 10 climinate biases in the INS, this
implementation will probably only enable approsches 1o
100 fi/1/4 nmi (30 m/).46 km). Another version of the flight
dnmmmmhlgonﬂmwhndmﬂmlndm;mdau
along with aircraft INS data has been evaluated in the F/A-18
the ship, such as ship’s heading and heave, and more accuraie
range data (o enable approaches to ouchdown. Implementation
of a flight director scheme using the current ANSPN-41 ICLS
{no auxiliary data) along with TACAN range information is
predicted to allow approaches to 200 ft/1/2 nmi (60 m/0.93
km). We sre attempting to keep the integratons in the control
laws set to zevo. This is because the pilot may not aggressively
try to keep the flight director centered until (i« final portion of
the approach. When this is the case, the integrator can build up
aln;ebiuu\dcuuenﬂi;luplhmwhmd\epibtfmmy
tries 1o aggressively capture the flight director. Figure 20
dww: simulation made with and without the

of the centerline nesr touchdown.
P ial Flightpath Mazk

The potential flightpath marker (PFPM) symbol is & cerat
to the right of the FPM on the HUD shown n figure 13. The
vertical displacement of the PFPM from the FPM indicases the
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asircraft's acceleration along the flightpath angle. The PFPM
shows the flightpath sngle at which steady state velocity could
be achieved if the current thrust and drag are maintsined. In the
h configuration, pilots can use the display as an early

indication of the AOA bracket movement. Pilots have found
the display very useful during manual throttle approaches and
have commented that “the PFPM is a backup APCS™. This
display has been evaluated in the A-6 and F-14 simulations and
flight tested in the F-14D. The PFPM is used by the F-14D
pilots in all flight regimes. The PFPM is used by the pilot as
an indication of required changes in engine power setting. Since
the APCS commands the engine power setting, the PFPM is
In-Close Range Information

The remaining area which requires further development is
the presentation of range to touchdown. Currently, TACAN
range to touchdown is displayed digitally in the lower right
corner of the HUD as shown in figure 13. Since it is TACAN
data, it is only accurate to within 1/2 ami (0.93 kom). Tlus
obviously is not good gh to support a 0/0 app
capability. ﬂwACLSmgedlnnlccmmlomlhmBm
(10 ft), but is not currently uplinked to the aircraft. Some
limited simulation work has been done to develop an in-close
rmgedupl.ywimmmrmmf«mmsuuﬂ.ble
in the aircraft, but more work is Another ap
being looked at is displaying cither forward lookmgu&nred
sensor or Millimeter-wave Radar images on the HUD along
with the display data. This would give the pilot an actual

ide-the-world p ion for low visibility conditions.
This requires both the sensors and a Raster-scan HUD in the
aircraft. It is unlikely that these sensors will be installed if they
are dedicated solely to landing because of the limited space
available for airbormne equi Therefore, it is not envisioned
that all the airwing sircraft will have these capabilities.

CONCLUDING REMARKS

All of the technology required to provide s safe and reliable
all weather (severe weather and sea state, O/0 ceiling/visibility)
approsch and landing capability (sutomatic and, possibly,
manual) have been available for some time. This capability
requires the integrated development of landing guidance
systems, aircraft flight controls and displays, and higher

capacity data links. Simulation studies over the last 15 years
Mvepovmheeﬁmvmofnhmedﬂuhtmkuﬂ
displays in reducing pilot workload, improving glidepsth
performance, and enhancing situationa) awareness. The F/A-18
has proven the significant improvements in automatic approsch
mmmhﬂmmmwmn
s landing guid. system hd with range
dln.nd.h;hewtydnnlmkunlhuplmk-ddownlmk
capabilities to sutomatically monitor the landing guidance data.

REFERENCES

1. NAVELEX-0967-LP-304-4300, jonal Logistics
Summary for AN/SPN-42A and AN/SPN-42-T4 Landing
Control Central, of Jun 1979.

2. SHIPS-T-5368, AN/SPN-41 Specification, of Mar 1968.

3. NAVAIR 51-40ABA-8, Technical Manual - Installation,
Service, Operation and Maintenance Instructions, Fresnel
Lens Optical Landing System Mk 6, Mod 3.

4. NATC SA-61R-87, AV-8B Visual Landing Aid/Deck

Lighting Shipboard Installation Evaluation; Vamer, E., of
Jul 1987,

- %..1,_-2.'




8-8

10.

11

NAEC Misc-51-OR723, Operation and Maintensnce
Instructions with Nustrated Parts Breakdown for Close In
Approach Indicator 9CAI) Mod 2 Feasibility and
Preproduction Models, of 10 Oct 1989,

NATC RW-48R-76.ll;:inml me:\;' Landing System
(MLS) Supporting elopment; Huff, R.W., Russell,
R.A. and Zalessk, T.W., of Dec 1976.

NATC SA-30R-81, F4S Airplane H-Dot Automatic
Carrier Landing System Development and Evaluation;
Huff, R.W. and Benjes, C. Ledr, of Aug 1981.

NATC SA-59R-79, Navy High Performance Tactical
Aircraft Compatibility with the National Microwave
Landing System (MLS); Schust, Jr., A.P. snd Miyashiro,
S. K., of Dec 1979.

NATC SA-11R-75, “Investigation of Automatic Coupled
Approaches; Guyther, J.R., Huff, R. W., Russell, R.A.,
and Zalesak, T. W., of hm 1975.

McDonnell Douglas Corporation, F/A-18A Flight
g:mol System Design Report, MDC A7813. of
1982,

NATC SA-118R-66, A-6F Airplane Power A
Systems Development and Analysis; Kessler, G. K. and
Huff, R. W, of Apr 1987.

e




8-9

COMMANDS ¢ ARCRAFY
p——————————— ! ACTU:
COMMANDS —— (w:& ::> m:,:,?s
OMTA | oiscaeres _fcompiten DISCRETES computes | DYNAMKS
GLIDEPATH ERRORS nv‘n?&cs
. COCKMT
/ CONTROL
etV
- RECEIVER -
3 TRANSMITTER
8| &
E - AMCRAFT - —f — -—
— o—_ — AT —_——— —
; H SHIP
-
C|5]% SHIP CONTROLS
3 AND DISHAYS
COMMANDS FLEVATION aCAR
oATA [ AUMUTH lgapan SEACON
e OISCRETES COMPUTER RANGE Receiven
GUDEPATH ERRONRS
g-SHIP PIICH |
SHIP ROLL
SHIP YAW | WS
SHIP HEAVE
WIND MAG
Figure 1
SENSOR
NOISE
TURBULENCE
TRACKING NOISE
Pc Yi
AIRCRAFT | Y rapar [ Y8
RESPONSE o

Figure 2
STATE ESTIMATOR CONTROL LAW BLOCK DIAGRAM

PR,




=

8-10

PO

CONVENTIONAL CONTROL LAW

HORIZONTAL

STATE ESTIMATOR CONTROL LAW

RWO

ROLL
COMMAND
DEG)

0 10 20 30 40 S0 60 70 80 90 100
TIME (SEC)

Figure 3

COMPARISON OF ROLL COMMAND PERTURBATIONS WITH CONVENTIONAL
AND STAT ESTIMATOR CONTROL LAWS (A-6E AIRCRAFT SIMULATION)

VERTICAL
POSITION
SENSOR
MEASURED ALTITUDE
Fy Zm
& .
-
X n
2
actiinton ESTIMATED ] e P
BN e | R, B s
- I s
3 *,
> $ L < i
AIRCRAFY
AcTijude
AIRCRAFT ]
RESPONSE




8-t

SA440-3AVIL ONIANV T ANV HOVOdddV

g angyy

(318vLS ONV

(378v1$ ONY

JAISNOJSIY  SIINYNAQ  JAISNOJS3Y
HON)  1dVMOMY  §$31)
{ONVANOD
alvy I Al (aNVRmOD :o<w.ﬁ.__«<
ko:xma TOHLINOD I14 HOLId) S
ALIIVND
viva
n3aN3E
SNIVD TOUINOD 4
ONISYINONI
S3IONVEUNLSIO
SNIVD (378vLS aNV (378VLS ONY
“ouINOS JAISNOAS3H  SOINYNAG  3AISNOdJS3H
JHOW)  1ldvHdHV  s$3T) ALIVNO
| e, 8 ol
Hivd 134) oH 4 HOLId
mozinmmwwm (4010341Q  1VANHOL ALIIVO
M9 AVIdSIa  (NolvALIS) viva
- ‘ VA SIvoIvNS [ ——
ALTVNO | o o Yiva
caanang | Hovouaav | | airveo Hoshas
Q31074 (h(n“ﬁdm -HiY ONY
SNIVD T0HINOD a3 SIVOIYMS
JONVANHO4H3d ONISYIHONI ONISYIUONI
NIUVMY NOisNd vava
Jﬂ(ﬂﬂ- IVNLIS (Q3vNoLNY (aalviholnv
.> Y, 1074 HO/AONY HO/GNY
ALIHEVAYD Q3IVUOILNI  3NOINHOAL  GQILVHOILM
TYNOLIVEHO | So I vH3d0 JHON)  HOLNON  sS31)
ONISYILOM - ALTVOO
amazsmm_m HOLINON

SSINIUVMY TYNOLIYNLIS
107d 431139




8-12

LATERAL CONTROL LAWS AIRCRAFT ROLL AUTOMLOT
--------------- A==~~~ m-e-— - s -===- 7
]
" CONTROL AIRCRAFT
ROLL h SURFACE LATERAL
COMMAND 1} COMMAND pasinon
[} (] loY o
conrso | ] - s A “|  amcrasT >
EQUATION um < um ovnamcs 1!
1" 1]
] ]
____________ 5 ;
1 ]
\ Ks '
I i
nout| ||
1 RATE
] L] L
K ALTER !
. 1
! AOLL ATTIFUDE !
AIRCRAFT ! X L !
LATERAL ) L4 ,
¥ i e —
RADAR
VEATICAL CONTROL LAWS AIRCRAFT PITCH AUTOPILOT
_______________________ -
]
STABIUZER AIRCRAFT
COMMAND ALTITUDE
“” z o
4 AIRCRAFT —>
um DYNAMICS t
!
i
1
) ) 1
l Kg '
1 nrenl |y
1 RATE|
' t e[
. ALTER .
1 i
1 PTCH ATNITUDE )
1 Xg le [:] 1
AIRCRAFT ALTITUDE ! !
z [N o S —

Figure 6
ACLS PITCH AND ROLL COMMAND AUTOPILOTS

e e




VEATICAL CONTROL LAWS AIRCRAFT H-DOT AUTOPILOT

Ll i el e ity =
1 I [l
: comman w001 Sommannn AT
4 |
‘L._____-___..___l' X
]
: I n l Hing !
AIRCRAFT ALTITUDE [:T[‘_-_ ___________ _J'
Figure 7
ACLS H-DOT AUTOPILOT
PITCH COMMAND AUTOPILOT H-DOT COMMAND AUTOPILOT
GUST IN GUST OUT GUST IN BUST OUT
1 1
- e T 1 1 1 1 1
z PITCH COMMAND, DEG H-DOT COMMAND, F1/SEC
g N
e s
x 10
e
i
¥ § .
2.5
g,
E E 8 \u—
< Z1es
2 5
p®
BE )
E o s
€ "D 10 20 30 40 SO 80 O 10 R0 30 40 SO0 @O
TR -s&C
Figure 8
COMPARISON OF PITCH COMMAND AND H-DOT AUTOPILOT RESPONSE
TO 5 FT/SEC STEF UP GUST

(A-6E SIMULATION)




7 | e
]_v ACTUATOR AU MTE
[P i e
- e
. ROLL ATVITUCE
| [, "=
|

Figure 10
BLOCK DIAGRAM OF A-6F RCAS




8-15

Ddid 49-V 40 WVIDVIA 30014
11 a3ty

)
IUVH HOUI

FNLLLY TS SOMIYNAQ

(NG *)

y3zrigvis

WIOY WOUUIA WO TvroN | Laveoiv IV INOZRIOH

)

Hivd IHO V1130

e



om - -

8-16

.

(LNFTVAINOE TYNOLLONND)

WVIOVIA MV TOYLNOD SOV ANV IdUIV V81-V/dl/d
AT

o 09 {ssv ‘930
INNA T 1He | 319NV ANVE

5
=] - 0s3mny
¢ LIT=3.

o $SVIE93I0NTI

TNYANDI Y14

gl 1 T

sio | twe &

90 90 4

”°o "®o 7

16 mn e.

5t | o 7]

ser | et "

1 w 3]

ot | szv P

ssco | s#t o
300M | 300N

v [IvaNve Ty

$1N312133303 mu\l
GNV SNIVD

—in

"l —onnb

0 [LETRY)
ONVRAROJ HILY
WIZNUIVLS

0 (930)
GNYWNOD
LIINNODUILNI
wOLYWEVIS
Ol NONIWY

Q| enn\.m. T asean)

1V HILW

< w b Lo e £ o
x ' ® 40133

V01 TYRYON

[2)]

(930 1'0)
IINIBIIN

"N

3 (930)
WIVLLY
40 1ONY

T3




FLIGHT DIRECTOR
SYMBOL (FD)

LANDING SYSTEM
SITUATION DATA
NEEDLES

LANDING SYSTEM
SITUATION DATA
BOX

LANDING SYSTEM
SITUATION DATA
TADPOLE

lj-

] +

Figure 13
HUD

FUGHT PATH MARKER S
(FPM)

TRUE FLIGHT PATH
POSITION
POTENTIALFLIGHT PATH  _
MARKER (PFPM)

AOA BRACKET E

L




818

ELEVATION COUASEWIOTH

0 FY
; GLIDE SLOPE

4
x
]
:
=
H ¥
] =

5 y
—_ b e — L _
AN - ;
/
/
/
/

X GISTANCE TO TOUCHDOWN (FT)

4.500 5,000

Figure 14
COURSE SOFTENING

.




ADCAL ALCHL
ovistantu
hed
soovamg
an acc
SELATVE 1ARTw AR
PRLLLLLIL BN revppevomprony 101 - acci
Auni S AR
0u RS 190
2 ~9)
.Tmn—. 608« asomans . rom
Taw "y L Sa1m0R0
e atcs e 7 { ManiiOMaanon mTERA IO
N 000}
o tnccts 1000 | omy LN
ELT e oy
VAW ACCEL D)
e ALONG THY B4 026 I
scova
i AT 1ASTu AR
somt WIOGITY AT
1tnam vosvams Gossa st sowt Govon
L:3 -8 - HRONT OF "
vioary YRooty - - HAONT OF Y
vamy vasomy vinat Vit
A {
vrm oot | wwoor N yemare bovddideld Ve
Y TRAWS Obasa ToOM — 7| raanssonmation
ving WIRODY winals vinmy
oataus R
ety ing,
COre
et ahaL
WALROUY sa IR "‘.':“"':':I
P 8 IO mtcan  onum . . GAmnt Tan?
[ Hetcan. bkl i N ppe—]
avmm
T py
nent sarn

SnGat watuitad

Figure 15
BLOCK DIAGRAM OF INS AND FLIGHT PATH ANGLE
WITH LEAD CALCULATIONS

6 : PITCH ANGLE
7 : FLIGHT PATH ANGLE

T+ ¥ THAT AIRCRAFT WOLLO ATTAIN AT CURRENT 9 IF ADA
REACHES AOAynim

WASHOUT

L] WHEN AOA I8 BEING
ROA = (ns + 1) 6 + AOATAM 1 coNTROL TO AOATRM

K8
A
0 = Yy +ADA= ¥y « [(Ks’1)00‘ﬂ mlm]

Y = 0-A0A m ¥ = g -AOAgmM

W

.

;_,’ l(l)’

NS + 1

Figure 16
PITCH ATTITUDE LEAD DERIVATION

3-19




N-20

T hRRREN]
1+ qnﬂ ;v_:
_ IHH T IREAE
H jd
T +
1 T
T TG
il 1 Vi
; ! t T
H T - 1+
7 1 T T T
| T : I T
_— 7 1 T
[ IR
0
T ; I9uEy|
] 1
T
1
1
1
18]
1
B
i
i
T
T
EH §2 W
v ams Mo iave - ™
(vwevosal (oweoosa) (1aeuaa)
anM 04 NONY MIONY HIVE  ONVINWGD XOUS HIVLLY 30 OALLLLY
iV iNSNS Mo VA0 TYNIONLISNGY NoNY vi1la walid vi120

Figure 17

TIME HISTORY SHOWING LEAD COMPENSATION

PILOT USING NEEDLES

PILOT USING FLIGHT DIRECTOR

18

Fi
TIME HISTORY OF APPROACHES WITH AND WITHOUT FLIGHT DIRECTOR
(FINAL BEARING KNOWN WITHIN 15 DEG)




A}

%29
————————————————————— T aowmLEND
FLTER
Aows Y
@ tADwG 0
|
|
'R -
]
VIARSPEED) :
L 4 )
(Fus73)un0 !
!
|
!
____________________ |
ROTATION OF Y-POSITION OF HUD
FLIGHT DIRECTOR FLIGHT PATH MARKER
SYMBOL
ACLS
ROLL
COMMAND wosnro%v:' o F HuD
FUGH
F" Pl  COSGP+ BANKGN |
SN~ VERTGN
ACLS VERTICAL
RATE COMMAND
H,
® 3 COS @+ VERTGN
*
i ¥ X-POSITION OF HUD
FUGHT DRECTOR
————————————— -9 SING + BANKGN
INS VERTICAL *
I.ATE | *
Huys
*— ! X-POSITION OF HUD
| FLIGHT PATH MARKER
I
I
|
ACLS VERTICAL !
RATE 1
Macs 1
g '
________ 7! ———
VERTICAL RATE
SLEND FLTER
Figure 19

BLOCK DIAGRAM OF HUD FLIGHT DIRECTOR WITH
ROLL AND VERTICAL RATE BLEND FILTERS




‘:’g_ | — . TOUC
E9F ¢ eemomm——
N :
= Il
F
50
WITH INTEGRATORS
150 —
[
_ a
- o
wE . 0
E
<s !
- r
L
238 =
WITHOUT INTEGRATORS
0.8 r I
a —
e32 T piny
v I
00
300
1
e e gnn
;g; 00 — - o —
-she
. — -~
L
3
H- )
=
E§= e — e ——
(resmi | — s —
304
WITH INTEGRATOR
es oy
] — L \ T
FH S - JT \\‘ -
rom
E=§ 00 —t -
g n—
£
e
e A
"",’§ ved = ya
33t - T - ——
Y
e~
Team —
55: - e — p N —
- " p—— —
b — —— —— — [P —
tas — =" -
) =10 38C—

Figure 20

TOUCHDOWN

COMPARISON OF FLIGHT DIRECTOR APPROACHES WITH
AND WITHOUT THE INTEGRATORS IN THE CONTROL LAWS




10F-1

INTEGRATION DU PILOTAGE ET DES SYSTEMES D'AIDE A LAPPONTAGE
POUR LES OPERATIONS EMBARQUEES

par

B.Dang Vu, T.Le Moing et P.Costes*
Office National d’Etudes et de Recherches Aérospatiales
29 Avenue de la Division Leclerc
92322 Chatillon Cedex
France

RESUME

Ladisponibilité opérationnelle d'un porte-avions tient pour une grande part a l'aptitude de ses équipements etde sonaviation embar-
quée & opérer dans un vaste domaine de conditions météorologiques et d'états de la mer. Pour repousser les limites d’emploi du futur
porte-avions frangais pour I'appontage des avions, divers équipements ont é1€ réalisés ou sont en cours de développement : systéme de
tranquillisation des mouvements de plate-forme, systéme de prédiction des mouvements de plate-forme, systéme de mesure tous temps
de 1a position relative de l'avion...

L'impact des progrés apportés par ces nouveaux systeémes sur les procédures d'appontage et surle pilotage des avions embarqués fu-
turs est présenté ici. Une nouvelle trajecioire d'appontage prenant en compte la prédiction du mouvement du porte-avions est proposée.
La consigne de pente de descente constante actuellement appliquée est remplacée par une consigne de guidage ol la pente de la trajec-
toire et la vitesse de l'avion sont modifiées en fonction de I'état de la plate-forme prévu 2 I'instant d'impact, de sorte 2 respecter les con-
traintes de I'appontage (garde 3 'arrondi, vitesse & 'impact...). L'intégration des systémes d'aide 2 'appontage avec le systéme de com-
mandes de vol de 'avion permet d'envisager, soitun mode d'appontage automatique, soit un mode de pilotage manuel avancé de type pi-
lotage par objectifs. Les premiers résultats de simulation numérique donnent un apergu de 1'amélioration des performances de I'appon-
1age en fonction de la précision de la prédiction du mouvement du porte-avions.

L INTRODUCTION

Laphasede vol correspondant a I'approche et a'appontage sur un porte-avions est particuli¢rement critique. Elle exige de la partdu
pilote un pilotage trés précis pour arriver 2 poser l'avion dans de bonnes conditions en un point situé a I'intérieur d'une zone trés réduite et

bicn délimitée sur le pont du porte-avions, et ceci en dépit de perturbations diverses : mouvements de la plate-forme, sillage aérodyna-
mique...

Pour permettre au pilote de réaliser I'approche, un certain nombre d'indications lui sont fournies 2 partir du porte-avions concernant
1a position de son avion par rapport i la trajectoire nominale de descente. En ce qui concerne la phase finale d'approche, ces indications
sontal'heure lle fournies principal au travers d'un systéme optique d'aide 2 'appontage composé d'un miroir et de signaux lu-
mineux que le pilote doit maintcnir alignés tout au long de F'approche. Le pilote est également aidé dans sa tiche par l'officier d'appon-
tage qui peut lui dicter, le cas échéant, des consignes de pilotage depuis le pont du porte-avions.

Les techniques d'appontage fles sont bien éprouvées mais pré foi oredes| notamment par mauvaise vi-
sibilité et par fort mouvement de plate-forme. Pour repousser les limites d'emploi du porte-avions pour 'appontage des avions, divers
systémes ontéié réalisés ou sont en cours de développement pour le futur porte-avions frangais : systéme de tranquillisation des mouve-
ments de plate-forme, systéme de prédiction des mouvements de plate-forme, systémes de mesure tous temps de la position relative de

l'avion... Par ailleurs, des progrés sont attendus dans les domaines de I'itistrumentation et des commandes de vol des avions embarqués
futurs (commandes de vol électriques).

L'impactdes progrés apportés par ces nouveaux systémes sur les procédures d’'appontage et sur le pilotage de I'avion est présenté ici.
Gréce & la prédiction du mouvement du porte-avions, de nouvelles trajectoires d'approche pourront étre envisagées pour permettre aux
avions d'apponter par fort mouvement de plate-forme. L'appontage automatique pourra étre également envisagé grice aux moyens de
mesure tous temps de la position de 'avion par rapport au porte-avions. Les commandes de vol €lectriques des avions embarqués futurs
autoriseront une mise en oeuvre plus aisée des modes de pilotage optimisés pour I'sppontage. Ces nouvelles possibilités sont regroupées
dans un concept intitulé “Intégration du Pilotage et des Aides A 1'Appontage” (IPAP).

Cette communication estorganisée en trois parties. La premidre présente une bréve revue de I'état de 'art dans le domaine de L'appon-
tage. Dans la deuxi2me partie on présente les problémes spécifiques liés A 1a trajectoire de I'avion en phase d'spproche. On propose en-
suite une nouvelle procédure ttant aux avions d'mnm en cas de mer forte. La troisiéme partie présente un outil de simulation
dévelxé €valuer l'intérét de cette procédure. On décrit les modeles retenus pour le mouvement du porte-avions, les perturbations
associées, le mouvement de 'avion et le systéme intégré IPAP. A partir des résultats de simulation numérique, on analyse linfluence de
1a précision de la prédiction du mouvement du porte-avions sur les performances de I'appontage.

* Actuellement 3 V'Aerospatiaie-Divisions Hélicoptéres, Marignane, France.
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2. BREVE REVUE DE L'ETAT DE L'ART DE L'APPONTAGE

On décrit ci-aprés succinctement les systémes d'aide & 'appontage actuellement en service, la procédure d'appontage actuelle, les
systemes IPAP existants et les équipements en cours de développement.

2.1 Systémes d'aide a I'appontage sur les porte-avions frangais
Les aides a 'appontage sont constituées d'équipements embarqués sur le porte-avions d'une part, sur I'avion d'autre part [1].

A borddu porte-avions, quatre moyens sont actuellement utilisés : le radar d'appontage, I'optique, le syst¢me DALAS etla mire d'ap-
pontage.

- Leradar est utilisé par 'opérateur radar & bord du porte-avions pour guider I'avion en approche jusqu'a I'acquisition visuelle de 'op-
tique, de nuit ou par mauvais temps.

- L'optique fournit au pilote la position relative de son avion par rapport 2 la pente idéale de descente. Le signal optique apparait au pi-
lote sous laforme d'une tiche lumineuse qu'il doit aligner avec des feux de référence (figure 1). Leréglage du plan de descente est obtenu
enagissant sur l'inclinaisonde l'optique et sur sa position en hauteur. Il existe une optique de secours commandée manuellement par I'of-
ficier d'appontage et utilisée dans certaines circonstances : panne de l'optique normale, mer forte, silence radio ...

- Le systtme DALAS (dispositif d'aide 2 'appontage parlaser) fournit a l'officier d'appontage la position de 1'avion et sa tendance par
rapport a l'axe idéal de descente, grace 2 trois capteurs télémetre écartométre laser, caméra IR etcaméra TV (figure 2 [2]). Le rayon laser
émis parl'émeueur récepteur laserestdirigé vers 'avion, qui le réfléchit vers le récepteur au moyen d'un rétroréflecteur monté sur le train
avant de l'avion.

- Lamire d'appontage estun triangle isocgle peint sur Fextrémité avant de la piste oblique. Elle estutilisée par les pilotes d'appareils
tels les Super-Etendard pour effectuer un appontage au viseur.

A.bord de l'avion :

- Un indicateur d'incidence du type BIP (Badin Idrac-Perineau) fournit l'incidence de maniére qualitative. C'est une boite 2 trois
lampes, rouge, vert etambre ; le vert correspond & I'incidence optimale d'appontage, le rouge 2 une incidence plus forte et'ambre 3 une
incidence plus faible. Cet indicateur est également reproduit A I'extérieur de 1'avion par une série de lampes montées sur le bras du train
avant, de fagon qu'il soit visible du porte-avions par l'officier d'appontage.

- Un viseur téte-haute fournit au pilote, sous Ia forme de réticules projetés a I'infini, les informations d'aide a 'appontage suivantes
(figure 3) : horizon artificiel, repére de pente réglable, vecteur vitesse-air, repére d'incidence, échelle de cap, hauteurradio-sonde. Le pi-
lote doit maintenir Je repére de pente sur la base de la mire peinte sur le pont du porte-avions. Les réticules ayant une faible épaisseur, le
moindre écart est détecté, la tenue de pente est plus précise.

2.2 Procédure d'appontage actuelle

Lecircuit d'appontage 3 vue comporte un passage A tribord du porte-avions, un virage au vent, une phase avec ventarriére dontl'écar-
tement par rapport au porte-avions dépend du type d'avion, puis un virage 2 partir du point 180° jusqu'a I'acquisition visuelle de F'opti-
que, et enfin une phase d'approche proprement dite comportant elle-méme une pastie en virage et une hgne droite (figure 4). Tl existe un
autre type d'approche dite "CCA" (Centre de Controle d'Approche) ol 'approche s'effectue dans I'axe de la piste d'appontage. Dans ce
cas, 'avion est guidé par 'opérateur radar & bord du porte-avions jusqu'a 'acquisition visuelle de I'optique ; la cadence d'appontage des
avions est alors plus lente. La phase finale s'effectue de fagon identique au cas de I'appontage avec circuit.

L'approche finale s'effectue A taux de descente constant et 3 incidence constante. L'inclinaison de I'optique et la pente affichée au vi-
seur doivent dong étre réglées en fonction du ventmesuré sur le pont du porte-avions et en fonction de la vitesse d'approche de I'avion (fi-
gure 5).

Les techniques de pilotage de 1'avion dépendent du systéme d'aide 2 I'appontage utilisé (optique ou viseur). Dans les deux cas. la te-
nue de pente est assurée par un pilotage coordonné au moteur et au manche. Le tableau 1, extraitde [1], résume les corrections 2 effec-
tuer par le pilote appontant & I'optique, suivant les différents cas de présentation de I'avion en approche. Le tableau 2, également extrait
de{1], montre une technique de pilotage au viseur assez empirique qui permet de corriger une trajectoire basse. L'officier d'appontage
peut aussi intervenir par voie radio pour aider le pilote 2 recaler 'avion sur la ligne d'approche, en lui dictant directernent des consignes
de pilotage. S'il juge que 'approche ne peut étre rattrapée, I'officier d'appontage envoie I'ordre de remise des gaz. Par fort mouvement de
plate-forme, laréférence optique est donnée par I'optique de secours dont l'inclinaison est cc dé Tlement par l'officierd'ap-
pontage. Celui-ci peut ainsi ajuster le plan de descente que doit suivre 'avion en fonction d'une certaine anticipation du mouvement du
porte-avions.

2.3 Intégration du pilotage et des aides & |'appontage

Aucun systme d'appontage intégré n'existe encore A 'heure actuelle sur les porte-avions frangais. Aux Etats-Unis, les porte-avions
ont été équipés au début des années 70d'un systéme d'appontage automatique comme le SPN-42. A partir des mesures de mouvement de
la plate-forme, de mesures de direction et de vitesse du vent et de radar du mou: relatif de I'avion, le sysitme génére puis
transmet par voic UHF des ordres de tangage et de roulis 2 I'avion afin de le maintenir surla trajectoire idéale d'approche. Ces ordres sont
regus par le systéme de liaison de données (data link) de I'avion puis exécutés au travers du systéme de pilotage automatique. Sur le plan
opérationnel, 'appontage automatique a ét€ utilisé par les pilotes essentiellement pour l'acquisition du systéme optique. I1n'a pas €té uti-
lisé pour la phase finale d'approche 4 cause de son manque de précision.

2.4 Systémes en cours de développement

Un systéme de tranquillisation et de prédiction des mouvements de plate-forme (SATRAP) est en cours de développement pour le
futur porte-avions frangais (PAN). Pour la fonction tranquillisation, le systéme utilise deux paires d'ailerons iatéraux et une paire de
gouvernails de direction pour réduire les mouvements d'embardée, de roulis et de lacet. Le sys utilise aussi un dispositif de transfert
de masses pour réduire la gite due au vent, aux déplacements de poids sur le pont et & la giration. Des essais A 1a mer sur une maquette A
V'échelle 1/12 du PAN ont permis d'évaluer les performances obtenues [3]. Les mouvements de tangage et de pilonnement font interve-
nir des efforts considérables et leurs amplitudes ne peuvent pas étre diminuées de manidre significative. Des techniques de prédiction de
ces mouvements ont é1é démées par 'ONERA/CERT [4,5] et le CAPCA [6]. Des essais A la mer sur une maquette de prédicteurin-
stallée sur le porte-avions ont permis d'évaluer les performances obtenues avec les deux méthodes.
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Encequiconceme les systémes de poursuite et de mesure du mouvementrelatif de I'avion, les informations élaborées par le systéme
DALAS pourront étre remontées vers I'avion par une liaison montante (datalink) pour permettre I'appontage automatique. Par ailleurs,
des travaux sont en cours A la SAGEM pour la réalisation d'un sysiéme aéroporté permeitant, grace un traitement numérique de 'image
du porte-avions, de déterminer Ia positionrelative de I'avion par rapport au porte-avions {7]. Dans ce cas, I'élaboration des ordres de gui-
dage pour I'appontage automatique ne nécessitera pas de liaison montante. D'autre part, le mouvement absolu du porte-avions pourra
&tre connu en combinant le mouvement relatif de 1'avion avec le mouvement absolu donné par le systeme inertiel; cecidonnera la possi-
bilit¢ d'implanter sur I'avion les algorithmes de prédiction des mouvements du porte-avions.

Conclusion : Les techniques d'appontage actuelles sont bien éprouvées bien que des lacunes subsistent encore et que des progrés
peuvent ére réalisés :

- La procédure actuelle (plan de descente fixe) peut conduire, par mer forte, ddesh sdep ge A l'arrondi dang ré-
duites ; pour 1°de tangage, l'arri¢re du pont peut s'élever de 2 metres, alors que la garde normale 3 1'arrondi est de 3 métres. L'utilisation
de la prédiction des mouvements de la plate-forme devrait permettre d'étendre les limites opérationnelles.

- Les corrections de trajectoire sont actuellement effectuées par le pilote & partir de références essentiellement visuelles. La mise au
point de systémes précis de mesure de position pouvant opérer dans des conditions météorologiques difficiles devrait permettre égale-
ment d'étendre les limites opérationnelles avec l'appontage automatique.

- Le pilotage des avions embarqués actuels s‘avére assezdifficile caril nécessite une action coordonnée au moteur et la profondeur.
Les commandes de vol électriques des avions embarqués futurs autoriseront une implantation plus aisée des modes de pilotage optimi-
sés pour l'appontage.

3. ETUDE PRELIMINAIRE DE L'APPONTAGE

On considere ici uniquement la phase finale de I'appontage (10 - 15 dernidres secondes). Les contraintes spécifiques a 'appontage
sont d'abord exprimées sous forme de relations mathématiques, puis appliquées sur un cas simplifié de mouvement du porte-avions li-
mité au tangage pur. A partir d'une certaine amplitude du mouvement de la plate-forme, la procédure d'appontage actuelle ne permet
plus de respecter les contraintes précédentes. Une nouvelle procédure utilisant Ia prédiction du mouvement du porte-avions est alors
proposée.

3.1 Contraintes spécifiques de 'appontage

Elles peuvent se résumerainsi : 'avion doit survoler la poupe du porte-avions 2 une hauteur de garde suffisante, toucher le ponten un
pointprécis,avec une vitesse verticale a l'impactcompatible avec lalimite de structure du train d'atterrissage, et avec une vitesse d'entrée
dans les orins compatible avec la résistance de la crosse et la capacité de disssipation d'énergie du systeéme d'appontage.

La contrainte de garde a l'arrondi peut étre exprimée par I'inégalité suivante sur la pente de la trajectoire (figure 6) :
% < Ygarde = - (Hmin *Ha-Hp)/Lap
ol: % : pente reiative de la trajectoire par rapport au porte-avions
Lap : distance arrondi-point d'impact visé (brin)
Hpnin ¢ hauteur de garde minimale de sécurité
Hp  : hauteur de I'arrondi 2 F'instant de passage de l'avion au droit de la poupe
Hp  : hauteur du brin 2 I'instant d'impact.
Rappelons que la pente relative Y est donnée par I'expression suivante :
%=Vz/(V-Vsp)
ol: V, : vitesse verticale de I'avion

\ : vitesse aérodynamique de l'avion
Vgp : vitesse du vent sur le pont du porte-avions.

La contrainte de vitesse verticale 4 'impact peut étre exprimée par I'inégalité suivante sur la pente de la trajectoire (figure 7) :

% > ¥mpact = *(Yzmax + V) / (V- Vgp)
oll:  V,nax :vitesse verticale relative maximale admissible
V,g : vitesse verticale du brin & l'instant d'impact.

Lescontraintes de vitesse d'entrée dans les brins d'une part, de 'imite de décrochage de I'avion d'autre part peuvent étre exprimées par
les inégalités suivantes :  Vipiy <V <V

3.2 Exemple simplifié
L’exemple numérique présenté ci-aprés permet d'examiner I'évolution des contraintes précédentes en fonction de F'état de 1a mer.
Le pont du porte-avions est supposé anim¢ d'un mouvement de tangage sinusoidal :
0 =85 sin Qt

oli: 9 : assietic du porte-avions.
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L'instantcourant t estrepéré par rapporta un instant origine t =0 pour lequel I'angle d'assiette est nul. Par la suite, t désignera plus par-
ticulierement l'instant d'arrondi défini par le passage de I'avion audroit de la poupe du navire. La hauteur de I'arrondi H p a l'instantd'ar-

rondi et la hauteur du brin Hp 2 I'instant d'impact sont données par les expressions suivantes :

Hp = (Lag +Lpc)8gsin Q1
Hp = LBCG()sinQ(!+LAB/(V-Vsp))
ou: Lap : distance arrondi-brin
Lgc : distance brin-centre de rotation du porte-avions.
Le déphasage entre H et Hp provient du temps mis par l'avion pour parcourir la distance séparant I'arrondi du brin.

Lafigure 8 présente 'évolution de la hauteur de l'arrondi H  en fonction de l'instant d'arrondi pour une amplitude de tangage de 0,5°
(mer moyennement agitée). Les variations de la hauteur du brin Hp et de la vitesse verticale du brin Vg sontégalement tracées. Onen

déduit les variations des pentes Ygarde ctylmpac‘conespondam respectivement aux contraintes de garde 4 l'arrondi etde vitesse verticale

1'impact. On constate que la pente de descente nominale de - 3,5° satisfait les contraintes de I'appontage, quel que soit l'instant d'arrondi
lorsque cet instant varie. Il existe cependant une dispersion du point d'impact égale a (voir figure 10) :
Ax = Hg /(0 + ) .
Les valeurs maximales de la dispersion sont toutefois limitées pour une amplitude de tangage de 0,5%:
- appontage court : 2,53 m sur l'arrigre brin 1,
- appontage long : 1,08 m sur V'arrigre brin 2.

Pourune amplitude de tangage de 1 °(mer agitée), onconstate sur la figure 9 que le maintien de lapente de descente nominale de -3,5°
ne permet plus de satisfaire la contrainte de garde A l'arrondi a certains intervalles de temps. Par ailleurs, les valeurs maximales de ladis-
persion du point d'impact sont :

- appontage court : 10,70 m sur l'arriére brin 1,
- appontage long : 3,52 m sur l'arriére brin 3.
La premiére valeur est trop importante et est fe résultat d'une garde a I'arrondi insuffisante.

3.3 Etude de trajectoires respectant les contraintes

Pour satisfaire les contraintes de garde 4 I'arrondi et de précision de l'impact, il faut théoriguement rectifier la trajectoire de descente
de I'avion en fonction de la position du porte-avions 2 l'instant d'arrondi. On admettra que les commandes de I'avion sur lesquelles on
peutagir sont le facteur de charge longitudinal ny et le facteur de charge normal n,, ce qui suppose que les braquages des gouvernes sont

pourvus de retours appropriés. L'efficacité de ces commandes est discutée ci-apres.
Effet du facteur de charge longitudinal

En supposant que les positions du pont du porte-avions aux instants d'arrondi et d'impact puissent étre prédites avec une bonne préci-
sion, on peut envisager de retarder ou d'avancer Finstant d'arrondi pour que 'appontage ait lieu lorsque toutes les contraintes de Fappon-
tage sont satisfaites, en particulier la contrainte de garde a 'arrondi (figure 9). En supposant trés grossiérement qu'une variation de vi-
tesse AV puisse étre appliquée instantanément a I'avion, la variation de l'instant d'arrondi qui en résulte est :

A‘go = lgo AvV [ Vy
olr: tgo : temps restant avant V'arrondi
V= V-Vgp : vitesse relative de I'avion par rapport au porte-avions.
Pour tgo= 10 secondes, durée maximale supposée en-dessous de laquelle une bonne prédiction du mouvement du porte-avions peut

étre obtenue, et pour AV=+5m/s, on trouve Atgo = ¥1s. Ces valeurs sontévidemment théoriques car il faut tenir compte du temps de ré-
ponse de I'avion A une sollicitation de variation de poussée. Par ailieurs, compte tenu des contraintes sur I'incidence de I'avion et sur les

conditions d'impact, les écarts tolérés sur la vitesse AV sont nettement plus faibles dans la réalité ; il en est de méme pour la durée maxi-
male de prédiction. L'effet d'une commande de facteur de charge longitudinal appliquée dans le but de satisfaire les contraintes de I'ap-
pontage est donc négligeable.

Effet du facteur de charge normal

Une action sur le facteur de charge normal permet de modifier la pente de 1'avion. Or, I'examen de Ja figure 9 montre que pour satis-
faire la contrainte de garde a l'arrondi, il suffit d'augmenter la pente de descente, dans les limites imposées par la contrainte de vitesse
verticale i "impact bien entendu. Le plande descente doit, en outre, passer par le point visé sur le pont afin que 1acontrainte de précision a
I'impact soit satisfaite. En supposantqu'une variation de facteur de charge normal puisse étre appliquée instantanément a 'avion, on peut
exprimer ladurée minimale de lamanoeuvre de changement de plan de descente en fonction de la variation de pente requise, de ladisper-
sion du point d'impact A rattraper et du facteur de charge maximal dont est capable I'avion. On peut montrer que la commande de facteur
de charge optimale est du type "bang-bang” et elle comporte une cc ion comme indiquée sur la figure 11. La durée ty de lama-

nocuvre est exprimée ci-apres dans le cas limite ot instant d'arrondi coincide avec l'instant ou I'avion atteint le nouveau plan de des-
cenie (8] :

_ (7,‘ - XD)VI

K.y

1
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L'instant de commutation est donné par l'expression :

fm‘[ZgAn ’7’:0)2‘1'“(}‘,,—‘)',0)+on;( +an9}

od: : assiette du porte-avions a l'instant d'impact
Vrl'VrO : variation de pente requise

Ax : dispersion du point d'impact a rattraper
A\ : vitesse relative de l'avion

Lap . distance arrondi-brin

Lgc : distance brin-centre de rotation

Anjnay ¢+ facteur de charge maximal de Pavion.

La durée minimale de prédiction nécessaire pour le mouvement du porte-avions est alors donnée par :
timpact = 11 + LaB/ Vr
Pour une amplitude de tangage de 1°, une variation de pente requisé de - 1°etune dispersion d'impact a rattraper de - 14 m, on rouve
ty =2.,80set timpact = 3,865 enprenant Anyp, . = 0.2, Ces valeurs ne sontqu'approchées carelies ne tiennent pascompte dutempsde
réponse du facteur de charge. En supposant qu'il est de 'ordre de la seconde, la valeur de timpactTeste toutefois dans les limites actuelle-
ment envisageables pour la durée de prédiction du mouvement du porte-avions.

3.4 Proposition d'une nouvellie procédure d’appontage

L'éwde préliminaire précédente montre que la prédiction du mouvement du porte-avions permet théoriq d' d'étend
les limites d’emploi du porte-avions pour I'appontage par mer forte. On propose ci-aprés une nouvelle procédure d' appomage tenant
compte de cetie prédiction.

- Audébutde la phase d'approche, la procédure actuelle est maintenue : pente de descente et vitesse constantes, réglées pour un vent
sur le poni donné et une position moyenne aulle du pont,

- Quandl'avion s¢ trouve 2 une distance 2 partir de laquelle la position et 1a vitesse du pont peuvent étre prédites avec une bonne préci-
sion, la pente et la vitesse de I'avion sont modifiées de fagon 2 satisfaire simultanément les quatre conditions suivantes :
1) la hauteur de passage a l'arrondi doit éire supérieure A une valeur minimale de sécurité,
ii) la vitesse verticale 2 I'impact doit étre inféricure 2 une valeur compatible avec la limite de structure du train d'arterris-
sage,
i) il doit y avoir impact effectif au point visé du pont,
iv) la vitesse d'entrée dans les brins et l'incidence sont limitées.

- Au fur et 2 mesure que V'avion se rapproche du porte-avions, le plan de descente est réajusté en fonction d'une meilleure connais-
sance du mouvement du pont (prédiction sur un horizon de temps de plus en plus court).

La figure 12 présente dans le plan ( V, Y ) (vitesse aérodynamique, pente relative) la contrainte de garde & I'arrondi i) prédite 2 I'in-
stant d'arrondi et la contrainte de vitesse verticale ii) prédite 2 l'instant d'impact. Les instants d'arrondi et d'impact dépendant de la dis-
tance etde la vitesse de 'avion, ces contraintes sont établies en tenant compte du temps mis par I'avion pour passer de la vitesse actuelle &
une nouvelle vitesse désirée comprise entre les valeurs limites Vo et V.. (contraintesiv)). Lechoix delapente etdela vitesse “opti-
males” estobtenu en gcnam Achaque instant les valeurs éqmdnstames aux limites correspondant aux trois contraintes i), i) et iv) défi-
nies précécemment. Cette valeur centrale permet d’ ne bonne rob vis-2-vis des erreurs : erreurs de prédiction du mouve-
ment du porte-avions, erreur sur le temps restant avant }' anond: erreur de modele de réponse cn vitesse de I'avion...

Pour permettre la mise en ocuvre de cette nouvelle procédure avec les systémes d'aide A I'appontage actuellement en service, il est
nécessaire de régler I'optique en inclinaison pour chaque appontage, ce gui n'est pas réalisé A I'neure actuelle. Une autre solution envi-
ble est la pré ion dans le viseur téte-haute d'une mire calculée prédite sur laquelle le pilote doit maintenir aligné un repére de

pente mobile matérialisant la pente "optimale” y,‘ comme le montre la figure 13.

4, OUTIL DE SIMULATION DEVELOPPE POUR L'ETUDE DE L'APPONTAGE

La 11 édured’ gep ¢ en une consigne de guidage dans laquelle la pente etla vitesse de I'avion sont
mod:ﬁées en fonction du mouvement futur | prédn du pone-av:ons. Cette consigne est appliquée  partir d'un instant en-dessous duquel
on estime que la prédiction du mouvement du porte-avions cstsut‘ﬁsamem fiable. On peut étre tenté de choisir cet instant le plus tard pos-

sible car plus le temps restant est court, meilleure est la p jon. Il faut cependant s’ que V'avion possdde les capacités de ma-
noeuvrc suffisantes pour effectuer les ultimes corrections de trajectoire. Unoutil de sxmulmon a été développé pour permetire d'étudier
is, grice A des modeles plus affinés que ceux utilisés dans 1'étude préliminaire pré Lep est constitué de

modules modélisant la dynamique des différents mobiles (porte-avions, avion), l'environnement (houle, sxllnge l&cdynmuque).
fonctionnement du systéme d'aide A 'appontage et son interface avec le systéme de commandes de vol de I'avion. Une premidre version
simplifiée de ces modules est décrite ci-apres.
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4.1 Mouvement du porte-avions et perturbations associées
Modélisati

Lafigure 14 présente la structure générale de la modélisation retenue pour le mouvement du porte-avions. On se limite pour 'instant
aux mouvements de tangage et de pilonnement qui sont les plus importants. Le modele estconstitué d'un filtre houle etd'un filtre navire.
Le filtre houle, excité par un bruit blanc gaussien fictif, permet de donner un spectre convenable au pre |éatoire que rep la
hauteurd'eau. Le filtre navire permet de reproduire 1adynamique du porte-avions en réponse  l'excitation que constitue la hauteur d'eau.
Une représentation d'état du modéle est donnée par :

Houle : Xy = Apx,+Byn xyp, : états de la houle
h = Cyxp M : bruit blanc
. h : hauteur d'eau
Navire : X, = Apx,+Bph Xp, : états du navire
Yo = Caxq Y : sorties du navire (tangage et pilonnement)

- y i

Dans l'étude réalisée par 'ONERA/CERT [4], la méthode utilisée pour la prédiction comporte les €tapes suivantes :

- Les paramétres du modele, c'est-a-dire les coefficients des fonctions de transfert, sontd'abord identifiés 2 partird'enregistrements
de la hauteur d'eau et des variables du mouvement du porte-avions sur une certaine durée.

- La prédiction proprement dite est ensuite obtenue par intégration des équations du mouvement sans bruit de I'ensemble houle-
porte-avions, A partir d'un état estimé initial. La qualité de la prédiction de I'état du porte-avions 2 I'instant d'appontage est amé€liorée au
fur et A mesure du rapprochement de l'avion grice 3 une réactualisation de l'instant initial et de I'état initial intervenant dans le modgle.
L'instant initial est remplacé par I'instant courant et I'état du porte-avions est estimé par un filtre de Kalman utilisant les informations
provenant de divers capteurs disponibles A bord.

Cesalgorithmes de prédiction, qui ont ét€ validés par des essais & la mer, seront implantés dans le programme de simulationdans une
étape ultéricure. 1 est retenu ici pour l'instant un modele trés simplifié de prédiction, défini de la manidre suivante :

- Les modeles de houle et de porte-avions sont supposés parfaitement connus ; la prédiction est obtenue simplement en intégrant le
modele dynamique utilisé pour la simulation mais avec un bruit d'entrée nul.

- Les sorties des modeles de houle et de porte-avions sont supposées parfaitement connues également, ce qui permet une réactualisa-
tion parfaite du modele de prédiction sans recourir 4 un filtre de Kalman (figure 15).

Avec ce modele simplifié de prédicteur, la précision de prédiction 2 un instant final tpest donnée par la variance des variables de sor-
tie du navire :

P=CQCT

avec Q = AQ+QAT+BBT

0
A=|" B=(B,0]T C=(0C,
B.C, A,

et Qtg) = 0 2achaque réactualisation du prédicteur.

lisation d hati .

Les penturbations atmosphérigues sont constituées essenticllement du sillage c'est-2-dire 'environnement modifié par la présence
du porte-avions et ses superstructures. Le modele de sillage retenu pour I'instant estcelui de lanorme américaine MIL-F-8785 C[9]. Des
essais en soufflerie ont été réalisés récemment sur la maquette du futur porte-avions dans la soufflerie F1 de 'ONERA [10]. Les essais
ont permis de déterminer le champ aérodynamique autour du porte-avions, notamment sur I'axe d'appontage, grice ades sondages ané-
moclinométriques et diverses techni de visualisation. Ces résultats d'essai seront incorporés ultéri dans le mod&le de sil-
lage du programme de simulation.

4.2 Mouvement de I'avion et appontage intégré
S i guidage-pil

La figure 16p l'architecture proposée pour un systéme intégré de pilotage IPAP dont toutes les fonctions sont réalisées & bord
de I'avion : mesure de la position relative de I'avion, calcul de 1a position absolue du porte-avions et prédiction de ses mouvements, éla-
boration des ondres de pilotage pour le systéme de commandes de vol soit par un pilote automatique, soit par un systéme de pilotage par
objectifs. Il est 2 noter que le couplage du systéme d'aide A I'appontage avec le systéme de commandes de vol ne modifie pas la structure
de ce demier, ceci pour des raisons de stabilité et de sécurité du vol de 1'avion. On considerera seulement le mode automatique car il se
préte plus facilement aux études de simulation sur ordinateur ; I'étude des modes manuels nécessiterait I'emploi d'un simulateur de vol.
On présente ci-aprds le systeme de pilotage de 'avion et le sysitme de guidage en approche.

Riloptage et modéle e componiement
Pour les études d'intégration du guidage-pilotage concernant les phases spécifiques de vol d'un avion comme c'est le casici, il n'est
ent é ire de simuler un modele complet de I'avion avec son aérodynamique, sa motorisation, ses capleurs, ses gouvernes et
ses lois de commandes. Au stade d'une étude de faisabilité, il suffitd'un modele ditde "comportement”; 'avion naturel est supposé muni
de retours appropriés de sorte que 'ensemble avion-capteurs-estimateur-systtme de commandes de vol posséde une certaine dynami-

que proche de celle du modéle complet. On présente ci-apres la démarche utilisée pour obtenir un modtle de comportement dont lady-
namique peut étre réglée par un nombre restreint de paramétres.
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Les équations du mouvement de 1'avion et les variables de sortic 2 Bler p &re exprimées sous forme d'un systéme linéaire
suivant:
Ax = AAx+BAu
Ay = CAx

avec  x : vecteur d'état de I'avion
u : vecteur de commande
y : vecteur de sortic A contrdler.
Les composantes des vecteurs x et y sont :
x=(V‘)k(lqur)’r
y=(Vq p BT
. vitesse aérodynamique
: pente-sol

ol :

: incidence
. vitesse de tangage
: vitesse de roulis
: dérapage
: vitesse de lacet
: combinaison linéaire du facteur de charge normal et de la vitesse de tangage
pa @ vitesse de roulis aérodynamique.
Pour une loi de commande proportionnelle et intégrale de la forme :

»*

o oo R R <

Au=KAx+ szo'(Ay - Ay

ols Ay représente les ondres du pilote, le mouvement de Favion est régi par le sysitme en boucle fermé suivant:

a[& A + BK BK,][4x (i
er-ro] 2 o - Lol

et les modes sont déterminés par les valeurs propres et les vecteurs propres du sysitme. Par un choix approprié des matrices de gains
K etKj, il est possible de régler ces modes en limitant en méme temps le nombre de parametres du modele. Ces parametres sont les sui-
vants :

- mode phygoide : pulsation @py et amortissement {pyy
- mode oscillation d'incidence : pulsation wgp et amortissement {gp

- constante de temps T du terme intégrai J(q' -q)

- constante de temps en roulis Y

- mode roulis hollandai : pulsation Wpy et amortissement {po
- constante de temps tB du terme intégral fg - J:8)
Les coefficients aérodynamiques néc ires pour compléter le modéle sont C, - Cz(z et Cyﬂ'
Guidage en approche

Lesobjectifs du guidage durant la phase d'approche sont la tenue de la vitesse aérodynamique affichée, la tenue de la pente désirée et
le maintien de la position de la crosse d'appontage suivant une trajectoire passant par le brin visé. Les valeurs désirées sont constantes
dans le casd'une procédure classique d'appontage ; elles dépendent du mouvement prédit du porte-avions dans le cas de lanouvelle pro-
cédure proposée (cf. 3.4). Pour formuler la loi de pilotage, on utilise un vecteur d'état augmenté AX composé des variables d'état Ax du

modele de comportement de I'avion et des variables de position de 'avion par rapport au porte-avions. Le systéme linéarisé augmenté
s'écrit :

AX = FAX +G Ay,
Az = HAX
avec AX = ( AxT Azcg Ay‘:g )T

Bz = ( AV Argrosee A Aycrosse )T

[ Zog : altitude du centre de gravité de l'avion
Yeg : €cart latéral du centre de gravité de I'avion par rapport A l'axe de la piste
v : vitesse aérodynamique
[ : angle de roulis

Zorosse ¢ Altitude de la crosse
Yerosse  écart latéral de la crosse par rapport & I'axe de la piste.

%

i




1OF-8

L'objectif est de faire tendre le vecteur Az vers une valeur désirée Azy correspondant 2 la trajectoire idéale d'approche. Il est & noter
que le terme de pente désirée est contenu implicitement dans la composante Az . c. du vecteur Azy. On veut par ailleurs obtenir une er-

reur de régulation nulle en régime permanent sur la consigne Azy. Pour obtenir la commande optimale Ayc‘,on utilise laméthode classi-
que linéaire quadratique. On considére le systéme augmenté suivant :

4[ax _[Foj[aX G,
ﬁ[Az—Azq]'[}F{O][AZ -Az +[() }Ayc
La minimisation de l'indice de coit quadratique :
" AXT AT T ax TR AV
1= [ {aX"a" - A7) Az~ Aa, |+ ATIRAY )t

donne la commande optimale :
A3 = G| AX + Gy (Az- Azg) .

Les matrices de gains G et Gy sont obtenues 2 partir de la résolution d'une équation algébrigue de Riccati. L'expression de la com-
mande s'écrit aussi sous forme intégrale :

Ay = Ay (0) + G, AX + G, [(Az - Az )t
o

4.3 Résultats de simulation

Donnges

Unmodele d'avion fictif a été utilisé ; les parametres permettant de régler Ia dynamique du modele (cf 4.2) sont fixés aux valeurs sui-
vantes :

wpy=7n/3rd/s Ogp=2nrd/s wpg=nrd/s tq=l,Ss 1B=l.55 tp=0.6s

Gn=1 Gp=1 Gor=1
Ceo =05 Cop=3 Cyﬁ=—0,6 .
La vitesse aérodynamique nominale est égale 3 70 m/s. Le vent sur le pont est égal 2 15 m/s. Les valeurs limites de garde A I'arrondi et
de vitesse verticale 8 l'impact sont respectivement Hpp i =2,5met V. = 5 m/s. Les simulations sont effectuées pour des conditions

de mer moyennement agitée.

Reésultats

Les résultats temporels suivants sont présentés sur les figures 17 et 18 :
- les mouvements du porte-avions (traits pleins) et leur prédiction (traits pointillés). La hauteur de I'arrondi est prédite a l'instant de
passage de 'avion au droit de la poupe. La hauteur du brin d’arrét est prédite 2 I'instant d'impact prédit. La prédiction est réactualisée
toutes les secondes.

- lapente désirée y; (trait plein) et les pentes Yoarde € Ympacy (traits mixies) correspondant aux contraintes de garde 3 'arrondi et de

vitesse verticale a I'impact.
- T'écart d'altitude de la crosse par rapport 2 la consigne de pente désirée et par rapport au brin prédit & I'instant d'impact.

-latrajectoire de lacrosse par rapport a la position du brin réel 2 l'instant d'impact (trait plein), la pente désirée}‘ issue du brin prédit
(trait mixte) et les deux pentes Ygarde ! Yimpact issues du brin réel (traits pointiliés).

La figure 17 présente le cas ou l'appontage est effectué avec la procédure actuelle ¢'est-3-dire avec une pente constante réglée pour la
valeur du vent mesurée sur le pont. La figure 18 présente le cas ol I'appontage est effectué en tenant compte de la prédiction du mouve-
mentdu porte-avions qui débute a 5 secondes avant 'impact. Dans le cas sans prédiction, la crosse de 1'avion passe en-dessous de la hau-
teur minimale de sécurité  I'arrondi. Dans le cas avec prédiction, la crosse passe au-dessus de cette hauteur tandis que la vitesse verticale
a I'impact reste dans les limites autorisées.

Afind'obtenir des statistiques sur les performances de I'appontage en fonction du temps de prédiction, 100 simulations ont &€ effec-
tuées pour des durées de prédiction variables de 02 10 secondes. Les tirages al€atoires ont port€ sur les variables suivantes : états initiaux
de I'avion, états initiaux du porte-avions, hauteur de la houle, turbulence atmosphérique. Les de localisation sont supposé
sSans erreur.

La figure 19 présente I'évolution de la moyenne et de I'écart type des variables de performance suivantes, en fonction du temps de
prédiction : hauteur 2 l'arrondi, vitesse verticale 3 I'impact, écart longitudinal du point d'impact par rapport au brin visé. La procédure
d'appontage actuelle correspond sur la figure au temps de prédiction nul. Les moy blentindépendantes du temps de prédiction;
en effet le modele de houle est excité par un bruit blanc gaussien de moyenne nulle. En revanche I'écart type sur la hauteur d'arrondi di-
minue 3 partir d'un temps de prédiction supérieur 3 3 secondes et se stabilise 2 partir de 6 secondes. L 'écart type de la vitesse verticale dé-
croit dés que la prédiction est effective, et a partir d'une durée de prédiction supéricure A 2 secondes l'écart type se stabilise. L'écart type
sur la position du point d'impact décroit jusqu'a un temps de prédiction voisin de 5 secondes, puis se stabilise pour des hotizons de pré-
diction de plus longue durée.

La figure 20 présente les fonctions de répartition des variables précédentes, pour deux valeurs du temps de prédiction : 0 seconde
(trait pointillé) et 5 secondes (trait plein). Pour la garde a I'arrondi, la fonction de répartition indique le nombre de simulations pour les-
quelles 1a hauteur A l'arrondi est supéricure A une valeur donnée. Pour la vitesse verticale et I'écart longitudinal du point d'impect, les
fonctions indiquent le nombre de simulations pour lesquelles ces variables sont inférieures A une valeur donnée. On constate que la pré-
diction permet de respecter dans Ia quasi-totalité des cas les contraintes de garde i I'arrondi et de vitesse verticale & I'impact. Le gain est
trés important dans les cas limites.
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5. CONCLUSION

Les techniques d'appontage actuelles sont bien éprouvées bien que des lacunes subsistent encore et que des progrés peuvent étre réa-
lisés. Ainsi la procédure actuelle (plan de descente fixe) peut conduire, par mer forte, 2 des b s de passage 4 'arrondi dang, -
mentréduites; pour 1°de tangage, l'arritre du pont peut s'élever de 2 métres alors que la garde normale a l'arrondi estde 3 métres. Les tra-
vaux effectués sur la prédiction du mouvement du porte-avions suggérent une procédure d'appontage qui permettrait d'espérer €largir
les conditions d'emploi des avions embarqués. Il est proposé une nouvelle procédure consi 2 élaborer en temps réel une consigne de
guidage ou la pente et la vitesse de I'avion sont modifiées en fonction du mouvement prédit du porte-avions aux instants d'arrondi et
d'impact, afin de satisfairc  cesi les contraintes de garde minimale 4 I'arrondi et de vitesse verticale maximale 3 1'impact. Lacon-
signe est réactualisée cn fonction d'une prédiction qui s'améliore au fur et  mesure que 'avion se rapproche du porte-avions. Les toutes
premiéres simulations simplifiées qui sont présentécs ici confirment l'intérét de la procédure proposée. En particulier, elles sembient in-
diquer que 1a durée minimale de prédiction nécessaire se situe dans les limites 1) envisageables avec les méthodes de prédic-
tion existantes. Cette nouvelle procédure d'appontage s'inscrit dans 1a perspective d'un nouveau conceptde pilotage qui pourrait intégr
le systeme de commandes de vol avec les systémes futurs d'aide A I'appontage. L'étude se poursuit actuellement avec la prise en compte
de modeles plus réalistes dans le programme de simulation développé A cet effet.
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INTEGRATION OF FLIGHT AND CARRIER LANDING AID SYSTEMS
FOR SHIPBOARD OPERATIONS

by

B.Dang Vu, T.Le Moing et P.Costes*
Office National d'Etudes et de Recherches Adrospatiales
29 Avenue de la Division Leclere
92322 Chatiflon Cedex
France

ABSTRACT

The operational availability of acarrier depends to alarge extent on the capacity of its equipment and its aviation to operate in a wide
domain of meteorological conditions and sea states. Some equipments are under development for the French future Nuclear Carrier in
order to extend its operational limits for aircraf: launch and recovery ; a deck motion tranquillization system, a deck motion prediction
system and an all-weather aircraft localization system,

The impact on deck landing procedures for future carrier-based fighter aircraft is presented here. An improved terminal guidance
landing strategy making use of the prediction of the carrier motion is proposed. The actual glide path with fixed slope is replaced by a
flight path along which the aircraft airspeed and flight path angle are updated in accordance with the predicted deck motion at touch-
down, such thatall the landing constraints are respected : minimum hook-to-ramp clearance, maximumtouchdown sink rate... The inte-
gration of the landing aid systems with the aircraft flight control system will allow the implementation of an automatic landing mode or
advanced manual task-tailored control modes. Preliminary simulation results give a general idea on the improvement of deck landing
performances with respect to the accuracy of the prediction of the carrier motion,

1. INTRODUCTION

Landing an aircraft on the deck of a carrier in adverse weather and sea state is ademanding task. The aircraft must be precisely con-
trolled to arelatively small area of the carrier deck despite not only the wind disturbances caused by the ship airwake, but also the large
motion of the impact point.

A certain number of guidance informations are generated on board the carrier and provided to the pilot. Concerning the final phase of
the approach, these informations are actually mainly provided by the Fresnel Lens Optical Landing System (FLOLS) which requires vi-
sual acquisition by the pilot. The pilot is also assisted by the Landing Signal Officer (LSO) who can dictate if necessary control orders
from the deck of the carrier.

Theactual landing procedures are well proven although some deficiencies still remain, especially when the carrier operates under ad-
verse weather and sea conditions. Some equipments are currently being developed for the French future Nuclear Carrier to extend the
operational limits for aircraft recovery ; adeck motion tranquillization system, adeck motion prediction system and an all-weather air-
craftlocalization system. The impact on deck landing procedures of future shipbome aircraft is presented here. As carriermotion can be
predicted, improved terminal guidance landing strategies can be defined. Automat\c Carrier Landmg Systems (ACLS)can also be deve-
loped using all-weather localization systems which provide an accurate determi of the ion relative to the carrier. Fly-
by-wire flight control systems (FCS) of future carrier-based fighter aircraft will make possible the imp pl ion of advanced task-tai-
lored control modes which are optimized specifically for the landing phase.

This paper is divided into three parts 1) a brief review of the state-of-the-art of landing aid systems and landing procedures
2) apreliminary analysis of the constraints related to the aircraft flight path during the terminal phase, leading to the proposition of a
new landing procedure making use of the prediction of the carrier motion 3) adescription of a simulation code developed in orderto eva-
luate the new landing procedure, and discussion of some preliminary resuits.

2. BRIEF REVIEW OF THE STATE-OF-THE-ART

We describe hereafter the landing aid systems which are actually operational on French carriers, the usual landing procedure and
equipments under development.

2.1 Carrier landing aid systems
Landing aid systems consist of shipborne and airborne equipments [1].

* Now with Aecrospatiale-Helicopter Division, Marignane, France.
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Aboard the carrier, four systems are used :

- The radar is used at night or in adverse weather 10 guide the aircraft within visual range of the FLOLS.

- The FLOLS system provides glide slope information tc the pilot. A stand-by FLOLS system can be manually operated by the LSO
in certain circumstances : failure of the main FLOLS, rough sea, silence radio operations...

- The Deck Approach and Landing Laser Sysiem (DALLAS) provides to the LSO informations on the aircraft position and motion
relative tothe carrier by means of three sensors : laser telemeter and deviation sensor, IR camera and TV camera (Figure 1 [2]). The laser
beam emitted by the ransceiver is directed towards the aircraft which reflects the beam to the receiver by means of a reflector mounted
on the nose landing gear.

- The aiming marker is anisosceles triangle painted on the fore end of the runway. It is used by Super-Etendard pilots tomake a HUD
approach and landing.

Aboard the ajreraft :

- Angle of attack (AOA) indication is provided to the pilot by means of three lamps red, green and amber : the green colour corres-
ponds to the optimal AQA, the red to a higher AOA and the amber to a lower AOA. For LSO information purposes, these lamps are re-
produced outside the aircraft on the nose landing gear.

- The HUD provides the following informations (Figure 2): horizon, glide siope reference, airspeed vector, AOA reference, heading
and radio-altitude. The pilothas to align the glide slope reference reticle on the base of the triangular aiming marker, The thickness of the
reticles is relatively small which allows a more accurate flight path control than in the case of an approach using the FLOLS sys-
temn.

2.2 Actual deck landing procedure

A typical carrier landing pattern is shown in Figure 3. Our interest lies in what happens during the last 10-15 seconds before touch-
down. During this terminal phase, the actual procedure consists of a guidance strategy in which the aircraft vertical speed and AOA are
kept constant, resulting in a fixed glide slope. Therefore the inclination of the FLOLS system and the glide slope reference reticle on the
HUD have to be theoretically adjusted with respect to the meteorological wind magnitude and the carrier speed. In fact a fixed glide
slope is provided by the FLOLS system using a measurement of the wind over deck (WOD) (Figure 4).

Piloting techniques to keep the aircraft on the ideal flight path depend on the type of landing aid system used (FLOLS or HUD) and
require a coordinated action on the thrust and pitch commands (control in the ventical plane). Although most of actual shipborne aircraft
are equipped with an autothrottle, handling characteristics still remain relatively poor. The safety of the terminal phase rests on the LSO
who can dictate if necessary control orders to the pilot from the deck of the carrier. In case of large deck motion magnitude, the glide
slope reference is provided by the stand-by FLOLS system whose inclination is manually commanded by the LSO with respecttoacer-
tain estimation and prediction of the deck motion.

2.3 Integration of flight and carrier landing aid systems

Actually nointegrated carrier landing systemexists on French carriers. US carriers have been equipped since the late 60's with ACLS
systems like the SPN-42. The SPN-42 system senses ship motions, wind direction and speed, and aircraft motion relative to the ship ; de-
velops reference approach trajectorics and produces pitch and roll commands for UHF transmission to the approaching aircraft. These
commands are intended to maintain the aircrafton the ideal approach trajectory. The aircraftreceives the SPN-42 pitch and roll guidance
commands via its data link system and executes these commands with the aid of its Automatic Flight Control System (AFCS). No infor-
mation related to the deck motion prediction is used by the ACLS system, but the motion of the deck is calculated in the SPN-42 compu-
ter, and a Deck Motion Compensation (DMC)is used to filter the calculated deck position to provide the proper shaping to bring the ver-
tical motion of the aircraft flight path in phase with the deck motion. This mode, called "deck chasing" is activated during the final one-
half mile of the approach [3].

2.4 Systems under development

A deck motion tranquillization system and a deck motion prediction system are currently being developed for the French future car-
rier. The tranquillization system uses two pairs of lateral fins and one pair of steering rudders to reduce the sway, roll and yaw motions. A
mass transfer system is also used to reduce the heel due to winds or load displacements on the deck, or during gyration manocuvres. The
sea tests on a free scale model have pennitted the evaluation of the performance [4). Pitch and heave motions develop considerable
forces and their magnitudes cannot be reduced significantly. Concerning these motions, prediction techniques have been developed in
France by ONERA/CERT (5,6] and CAPCA [7]. The sea tests performed with a predictor mock-up impl d on the carrier FOCH
have permitted the evaluation of the performances obtained with the two methods.

Conceming aircraft racking and localization, the DALLAS system can be further developed to become an ACLS system which
needs in this case a data link between the ship and the aircraft. Another system under development is an airborne localization system
using image processing of the carrier to calculate the position of the aircraft relative to the camer [8). In this case, the generation of gui-
dance orders for automatic landing will not need any data link between the aircraft and the ship. As the ship motion can be determined by
combining the relative motion of the aircraft and the absolute motion measured by the inertial system, the algorithms of the deck motion
predictor can be implemented aboard the aircraft.

Conclusion : The present deck landing procedures are well proven although some deficiencies still existand improvements can be
realized :

- The actual flight path with fixed glide slope can bring the aircraft to cross the deck edge with very low height margins, especially in
adverse sea conditions : for 1°of ship pitch, the stern can rise up to 2 meters while the nominal hook-to-ramp clearance is only 3 meters.
The use of a deck motion prediction would extend the operational limits in aircraft recovery. This problem is mainly treated in this pa-

per.
- Flight pathcontrolling is actually performed from references which are essentially visual. The development of accurate localization
systems with all-weather operating capability would also extend the operational limits of the carrier with the implementation of an auto-
matic landing mode.
- Handling qualities of actual shipboi . aircraft are relatively poor, Fly-by-wire FCS of future aircraft will allow a much easierim-
plementation of task-tailored control modes which are optimized for the landing phase.

[ o=
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3. PRELIMINARY ANALYSIS OF THE DECK LANDING PROBLEM

We consider hereafter only the final phase of the approach (last 10- 15 seconds before touchdown). The specific constraints related to
the aircraft rajectory are first determined. An application to a simple case of carrier deck motion iimited to the pitch motion is then pre-
sented. When the deck motion reaches a certain magnitude, the actual landing procedure (fixed glide slope) leads to a violation of the
above constraints. A new landing procedure making use of the predicted motion of the ship is then proposed.

3.1 Specific deck landing constraints
These constraints can be summarized as follows : the aircraft must cross the stem orramp at a minimum safety height, touchdown the

deck at adefined point with a sink rate compatible with the structure limit of the main landing gear and wnh alongitudinal speed compa-
tible with the structure limit of the hook and with the capability of the ar cables system to dissipate accomulated energy.

The hook-to-ramp clearance constraint can be expressed by the following relation (Figure 5) :
% < %lear = - (Hmin + Ho-Hp)/LaB
where: % : relative flight path angle
Lap : distance from ramp to ideal touchdown point
Hpyip @ minimum hook-to-ramp clearance
Hp @ ramp height at ramp crossing instant
Hp  : arrestment wire height at touchdown instant.
We remind that the relative flight path yis given by :
%=V2/(V-Wop)
where: V, : aircraft vertical speed

v . aircraft airspeed
Wop : wind-over-deck.

The constraint relative to the touchdown sink rate can be expressed as follows (Figure 6) :
% > Ympact = - (Vzmax * Vg8 )/ (V- Wop)
where : Vomax : maximum relative vertical speed allowable
V,p : vertical speed of arrestment wire at touchdown instant.

The constraints on the airspeed are :
Vmin <V <Vimax
the low value of airspeed corresponding to the stall limitation.

3.2 Application to a ship pitch motion

With the following simplified example, we examine the evolution of the previous constraints with respect to the sea state. The deck
motion is limited to the pitch component and assumed sinusoidal :

8 =0gsin Qt

where: 8 : pitchangle.

The current instant s referred to an initial instant t =0 for which the pitch angle is zero. Afterwards t will desi the ramp crossing

&

instant. The ramp height H 4 at ramp crossing instant and the wire height Hp at touchdown instant are respectively given by :
HA = (LAB+Lsc)90§inQ[
Hpg = LBCOOsinQ(t+LAB/(V-WOD))
where: Lap : distance from ramp to wire
Lgc : distance from wire to center of rotation.
The phase between H pand Hg comes from the time of flight between ramp crossing and touchdown.

Figure 7 shows time histories of stern or ramp height, arrestment wire height and vertical speed for a ship pitch magnitude of 0.5°.
Time histories of the constraints related to hook- -to-ramp clearance and touchdown sink rate are also plotted for an aircraft speed: of 128
knots and a WOD of 25 knots. We can see that the -3.5° nominal glide slope satisfies the two constraints for any ramp crossing instant
when this instant varies. The touchdown dispersion is equal to:

Ax =Hg /(0 +7v)
The d:spersnon is relatively low for a ship pitch magnitude of 0.5°:

- short : 2,53 m behind wire n°1
-long : 1,08 m behind wire n°2,

For alarger ship pitch magnitude (1°), we can see on Figure 8 thata fixed glide slope of -3.5%1eads to a violation of the hook-to-ramp
clearance constraint at certain time intervals and therefore to high touchdown dispersions :
- short : 10,70 m behind wire n°1,
-long : 3,52 m behind wire °3.

o en SO
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3.3 Flight paths respecting the landing constraints

To satisfy the ints of ramp ck and touchdown sink rate, the aircrafi flight path has to be adjusted and updated with res-
pectto the predicted motion of the carrier at touchdown instant. We assume afterwards that the aircraft commands consist of a longitudi-
nal load factor and a nonmal load factor. The effectiveness of these commands is discussed hereafter.

Longitudinal load £ frecti
If we assume that the deck motions at ramp crossing and touchdown instants are exactly predicted, the landing could be delayed or

made earlier by changing the approaching speed such to satisfy the ramp clearance constraint (Figure 8). By assuming roughly thata

speedi AV can be applied instantaneously, the resuiting variation of the time-t0-go before the aircraft crosses the ramp is given
by:

Mgy = -lgo AV / Vy
where : tg0 : time-to-go before ramp crossing
V= V-Wgp : aircraft speed relative to the carrier.
Forty,=10secondsand AV=2+5m/s we find Atg,, = ¥ | s whichis not very significant. These values will be more lower if the time
response of the aircraft to a thrust command is taken into account. Furthermore the allowable deviations on airspeed AV are much lower

inreality and the time interval within which a good prediction of the deck motion can be ob: d is srnaller. Therefore the effectiveness
of a longitudinal load factor command in changing the instant of landing is negligible.
Normal load factor effectiveness

Theresponse of the aircraft to a normal load factor input is achange of the flight path angle. Now from Figure 8 we sec that increasing
the glide slope within the bounds of the touchdown sink rate constraint is another solution to satisfy the ramp clearance constraint. Assu-
ming an instantaneous response of the aircraft to a commmand of normal load factor, we calculate the minimum time of the manocuvre
bringing the aircraft from an initial glide slope to a final glide slope which verify the constraints. This will give an approximation of the
minimum time interval required to predict the motion of the carrier (assuming the prediction perfect). The optimal load factor command
is a bang-bang law with one switch (Figure 9). The time of the manoeuvre is calculated hereafter in the limit case where the ramp cros-
sing instant coincides with the instant the final glide slope is reached {9] :

U~ %JVe
P

The switching instant is given by the relation :

v;
r =\/gm—lm‘{m% = 79"~ Logllty = o) + T +La<;9J
[} :

ship pitch attitude at touchdown instant
%1%o  required glide slope variation

t, =2 -

where :

Ax : touchdown dispersion to recover

A2 : aircraft relative speed

Lagp : distance from ramp to wire

Lgc  : distance from wire to center of rotation

An,nax © maximum increment of normal load factor.

The minimum time interval required to predict the deck motion is therefore :
timpact = 11 * LAB/ V¢
where the time of the manoeuvre ) iscalculated for amaximum ship pitch attitude. Figure 10 shows the variation of the minimum time
to predicted touchdown point with respect to the maximum load factor increment, in the limit case where the final glide slope satisfies
justthe ramp clearance constraint i.€ %] =Y%}egr - For a ship pitch magnitude of 1°which is the actual operational limit, and for an aircraft

manoeuvrability Anymay =0.2 wefind tiy a0 = 3.9 seconds. This value is only approximated as the response 10a load factor input s as-
sumed instantaneous. As this time response is of the order of the second, the value of Ympact still remains within the limits actually reali-
zable for the prediction of the carrier motion.

3.4 Proposition of a new deck landing procedure

From the preliminary analysis performed in the previous paragraph, we define the new ianding procedure as follows :

- Atthe beginning of the approach phase, the actual procedure is maintained i.e fixed glide slope and fixed airspeed, the glide sl
being determined for a given WOD and for a zero mean position of the deck. ope o>

- As soon as the time-to-go reaches a value below which an accurate prediction of the deck motion can be made, the glide slope and
the aircraft airspeed are updated to satisfy simultancously the four following constraints :
i) the aircraft must cross the ramp above a minimum safety height,
ii) the vertical speed at touchdown must be lesser than a maximum value compatible with the structure limit of the landing

iii) touchdown must occur at the ideal touchdown point,
iv) the longitudinal speed and the AOA are limited.

-Thetg:idanoellwisupdatedwilhrespectmadecknndonpmdicﬁonwhichbmmsnmmdmelocmuutheﬁlmh:p-
proaches the carrier.

o ad
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Figure 11 presents inthe plane (V, %) (airspeed,relative flight path angle) the hook-to-ramp ci inti) predicted atramp
crossing instant, and the touchdown sink rate constraint ii) predicted at touchdown instant, for aircraft speeds ranging from V.. to
Vmax (constraints iv)). These constraints are established while taking into account the time response of the aircraft to a thrust com-
mand. The optimal glide slope and optimal approach airspeed ch for the new procedure are represented by the point on Figure 11
which is equidistant to the limits corresponding to the three constraints i) ii) and iv) defined above. This central position is chosen to as-
sure a good robustness with respect to errors : error of prediction of the deck motion, error on the tune-to-go, error on the aircraft time res-
ponse to thrust command...

The proposed landing procedure requires an adjustment of the FLOLS system in inclination for each approach, which is not the case
atpresent. One solution consists todisplay in the HUD a predicted aiming marker on which the pilot has to maintain aligned a glide slope

reference reticle materializing the optimal glide slope ‘ﬁ.‘ as shown in Figure 12.

4. DESCRIPTION OF THE DECK LANDING SIMULATION CODE

The new landing procedure consists of a tertninal guidance strategy in which the aircraft airspeed and flight path angle are updated
with respect to the predicted motion of the carrier at the touchdown instant. The procedure is applied when time-to-go is within a time
interval where an accurate prediction of the deck motion can be obtained. As the shorter the time-10-go the better the prediction, we can
be tempted to choose this time interval as small as possible but we must make sure that the aircraft has enough manoeuvrability to per-
form the ultimate flight path corrections. A simulation software has been developed to evaluate this trade-off. The software is composed
of modules modeling the carrier dynamics, the aircraft dynamics, the envi (wave and airwake), the landing aid systems (aircraft
localization and deck motion prediction) and their interfaces with the aircraft FCS (Figure 13). A simplified version of these modules is
described hereafter.

4.1 Ship motion and related disturbances
W, I . . el

Weare interested only in the most important motions of the carrier which are the pitch and heave motions, as the roll and yaw motions
can be significantly reduced by means of a tranquillization system. A large amount of data exist describing the motion of carrier at sea.
Experiments have been conducted both at sea and in basin establishing frequency response curves and power spectral density functions
as ameans of representing ship pitch and heave motion characteristics. Figure 14 shows the functional diagram retained for the ship mo-
tion model. The purpose of the wave model is to generate the stochastic variation of sea surface height at some point along the ship
length. This is used as the disturbance driving the ship motion model. The Pierson-Moskowitz power spectral density is chosen as the
starting point for the wave modeling. When travelling on the ship through the waves, adisturbed spectrum called spectrum of encounter
depending on ship velocity and heading is observed. For estimation design and systems analysis, it is convenient to represent the wave
model by alinear time invariant dynamic systemdriven by a gaussian white noise and written in state space form. A 6th-order system has
beenretained for the wave model and an 8th-order system has been retained for the ship motion model. The parameters of both models
have been identified with data derived from the SMP program [5] :

Wave : xp, = Apxp+By1n Xy, : wave states
h = Cyx, n : white noise
N h : sea surface height
Ship : x; = Apx,+Byh Xy, © ship states
Yn = CpXp ¥y, © ship outputs (pitch and heave)

The iction technique adopted by ONERA/CERT (5) comprises the following steps : . .
- ﬁg';flmmem of ﬂ:le modgrare ﬁz'sx identified from measurements of the sea surface height (optional) and the ship motion va-
riables during a certain time interval. o L . .
- The prediction is then made by integrating the equations of the noisc-free identified model, the initial state being estimated by a
Kalman filter. The prediction is updated in order to improve the precision.

The prediction algorithms developed by ONERA/CERT which have been validated by sea tests, will be incorporated later in the si-
mulation code. At present, a simplified prediction model has been retained : o . i .

- The wave and ship dynamic models are assurned perfectly known ; the predicted motion is simply derived by integrating the equa-
tions of the simulated model with no input noise. . ] .

- The outputs of the wave and ship models are also assumed exactly known which allows a perfect update of the predictor without ha-
ving recourse to a Kalman filter (Figure 15 with Qg =0).

With this simple predictor, the precision of prediction at a final instant t¢is given by the variance of the output variables of the ship

P = CQp CT
with Q= AQ+QAT+BBT

1}
A=| " B=(B,0]T C=[0C)
B.C, A,

and Q) = O ateach update of the predictor.

e sl
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The atrospheric disturbances consistessentially of the ship airwake or burble. At present we use the carrier landing disturbance mo-
delincluded in MIL-8785C [10]. Flow field data have been obtained recently at the ONER A Fauga wind-tunnel on a 17100 scale model
of the French Nuclear Carrier [11). These data will be incorporated later in the simulation code.

4.2 Aircraft model and integrated landing system

Figure 13 presents the block diagram of a fully airborne integrated system which integrates the aircraft FCS and the landing aid sys-
tems. All the functions are performed aboard the aircraft : measurement of the aircraft motion relative to the carrier, calculation of the
carrier absolute position and prediction of its motions, generation of control orders for the FCS, automatically by an autopilotcoupler, or
;nq.nually by the pilot through a shaping filter. We consider afterwards only the automatic mode as it is more suitable for computer simu-
ation.

Aircraft mode] and FCS

Forcontrol and guidance studies concerning specificflight phases as it is the case here, itis not often necessary to simulate an aircraft
model with its complete and complex aerodynami gines, sensors and FCS. Atastage of feasibility, itis enough to simulate a "model
of behaviour” of the aircraft ; the aircraftis d aug; dby iate feedback control laws so that its dynamics are close to the

ppropnate
real aircraft. We describe hereafter the method adopted to derive an aircraft model of behaviour whose dynamics can be adjusted by a li-
mited number of parameters.

The linearized equations of the aircraft dynamics and outputs are :
Ax = AAx+BAu
Ay = CAx
with  x : state vector
u : input vector
y : output vector.

The components of x and y are :
x=(Vyaqppr)T
y=(vq p,p)T

: airspeed

: ground flight path angle

angle of attack

: pitchrate

: roll rate

. sideslip angle
: yaw rate

: combination of normal load factor and pitch rate
Py : acrodynamic roll rate.

With a proportional integral control law of the form :
1)
Au=KAx+ Kzfo(Ay - Ay dr

where :

o ~®To R F <

where Ay, represents the pilot inputs, the aircraft dynamics are governed by the following close-loop system :

%{?IAY - oy 9]=[: "o gK,}[?("Ay - Ay,_.)]+ 2 e

and the modes are determined by the cigenvalues and eigenvectors of the system. By choosing appropriatly the gain matrices K; and
K3, it is possible to set these modes while limiting the number of parameters of the system. These parameters are :
- phygoid mode  : pulsation wypyy and damping Loy
- short period mode : pulsation wep and damping {gp

- time constant %, of the integral term @ -9

- roll time constant o
- Dutch-roll mode : pulsation g and damping {p

- time constant tbof the integral term f8 - Ao

The only acrodynamic coefficients necessary to complete the model are C,, o« Cop CYB'

— e
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1 and landi id
Guidance objectives during landing approach are airspeed control, flight path control and hook position control about desired va-
lues. Concerning airspeed and flight path angle, the desired values are ¢ in the conventional landing procedure ; in the new lan-

ding procedure, these values depend on the predicted motion of the carrier (cf. 3. 4) To formulate the control law, we define an augmen-

ted state vector AX composed of aircraft state variables Ax used in the "model of behaviour”, and variables of position refative to the car-
rier. The augmemed linearized system is then :

= FAX+GAy,
Az = HAX
with AX = ( AT Aze, Ay )T
Az = (AV Azpgoy A® Aypooy )T

where Zeg : altitude of aircraft center of gravity
Yeg : lateral deviation of aircraft center of gravity from runway axis
v : airspeed
] : roll angle

Zpook © hook altitude
Yhook : hook lateral deviation from runway axis.

The objective is to make Az tend to a desired value Az corresponding to the ideal approach trajectory. Note that the term of desired
glide slope is implicitly contained in the component Bzp ook Of the vector Azy. A classical linear quadratic method is used to derive the
optimal control law Ayc‘. We consider the augmented system :

AX 07[AX G, .
- a2 )= (1) 4z - 4z +[0 e
The minimization of the cost function :

. ur axX .
J= [ (aX" 2™ - A7]] Az - Az, |+ MVIRAY Ot
gives the optimal control law :
. y
Ayc = Gl AX+G2(AZ-AZd) .
The gain matrices G| and G; are obtained from the resolution of an algebraic Riccati equation. The control law can also be expressed

in the integral form :

Ay =AYdO) + G, AX + G, f(&z - Az )it
o

4.3 Simulation results

Dag

A fictitious aircraft model is used ; the parameters which characterize the modci dynamics are fixed to the following values :
Opy=®3rd/s Opp=2xrd/s @pp=ards T3=15s =155 1p=06s

Gu=1 lp=1 Gor=1

Cxq =05 Con=3 CyB=—0,6 .

The nominal airspeed is 70 nvs. The WOD is 15 nv/s. The limit values of hook-to-ramp clearance and touchdown sink rate are respec-
tively Hypip = 2,5 mand V.. = 5 mys. Simulations are made with a moderate rough sea condition.

Results

The following time histories are prescnted in Figures 16 and 17 :
- Deck motion (solid line) and deck predicted motion (dotted line). The ramp height is predicted at ramp crossing instant. The arres-
ment wire height is pmd:cted at touchdown instant. The prediction is updated every seconds.

- Desired glide slope y, (solid line) and the slopes Yooy and fimpact (mixed lines) corresponding to the ramp clearance and touch-

down sink rate constraints.
- Vertical deviation of the hook from the desired flight path.

- Hook trajectory with respect to the wire position at touchdown instant (solid line), desired glide slope '1,. plotted from the predicted
wire position (mixed linc) and the slopes Y)eq, and fimpact plotted from the real wire position (dotted lines).

Figure 16p theresults obtained with the ional landing dure. Figure 17 p the results obtained with the new
landmg‘r:mdum with a deck motion prediction starting 5 seconds before touchdown. We can see that with no prediction, the hook
under the minimum safety height. With prediction, the hook crosses the ramp above the safety height while the vertical

speed at touchdnwn remains within the admissible limits.

- asd
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In order to obtain statistic results on landing perfor with respect to the prediction time, a number of 100 simulations has been
made for prediction times varying from 0 second to 10 seconds.

Figure 18 shows the evolution of the mean values and the standard deviations of the hook-to-ramp clearance, the touchdown sink rate
and the touchdown error. The conventional landing proceduse is represented on the figure by the zero prediction time. We can see that
the mean values are independant of the prediction time as the wave model is driven by a gaussian white noise with zero mean. The stan-
dard deviation of the hook-to-ramp height decreases from a prediction time of 3 dsand b [ beyond 6 seconds. The
standard deviation of the touchdown vertical speed decreases as soon as the prediction is effective, then becomes constant beyond 2 se-
conds of prediction time. The standard deviation of the touchdown error decreases until the prediction time reaches 5 seconds, then be-
comes constant for longer prediction times.

Figure 19 shows the distribution functions of the previous performance characteristics for two values of the prediction time : 0 second
(dotted line) and 5 seconds (solid line). The functions indicate the number of simulations for which

. the hook-to-ramp clearance is greater than a given value
. the vertical speed is lesser than a given value
. the touchdown error is lesser than a given value.
We can see that in almost all simulations, the ramp clearance and touchdown sink rate constraints are respected when the prediction is
effective. The improvement with respect 1o the no prediction case is especially important in limit landing conditions.

5. CONCLUSION

The presentdeck landing procedures are well proven although some deficiencies still existand improvements can be realized. In ad-
verse sea conditions, an approach with fixed glide slope can lead toaramp crossing with very low height margins ; for 1°of ship pitch, the
stern can rise up to 2 meters while the nominal hook-to-ramp clearance is only 3 meters. Research works on carrier motion prediction
suggest a landing procedure which would extend the operational limits of the carrier. It is proposed a new landing procedure consisting
of generating in real-time a guidance law in which the aircraft flight path angle and airspeed are changed with respect to the predicted
motions of the carrier at ramp crossing and touchdown instants, in order to satisfy the constraints of hook-to-ramp clearance and touch-
down sink rate. The guidance law is updated with respect to a motion prediction which becomes more and more accurate as the aircraft
approaches the carrier. Preliminary simulation results with simplified models show an improvement of the landing performances, in
particular, they seem to indicate that the minimum prediction time necessary is inside the limits actually 7 *Wzab!- with present predic-
tion techniques. This will be further confirmed or infirmed with the introduction of more realistic models in the simulation code develo-
ped for this matter.
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APPROCHE ET APPONTAGE ASSISTES PAR TRAITEMLJAT D'IMAGE
EMBARQUE SUR AERONEF

Y. Le Guilloux
R. Feuilloy

SAGEM
27, rue Leblanc
75512 PARIS CEDEX 15
FRANCE

RESUME

On étudie l'automatisation du contréle vi-
suel effectué par le pilote d'un aéronef
lors de la phase d'appontage.

le syst&me envisagé, qui comprend une ca-
méra (infrarouge) et l'électronique de
traitement ¢'image temps réel associée,
fournit en continu la position tridimen-
sionnelle de l'avion par rapport au porte-
avions.

Pour ce faire, les caractéristiques princi-
pales du porte-avions sont d'abord locali-
sées dans 1'image, puis appariées avec
leurs équivalents dans le modéle tridimen-
sionnel du porte-avions connu a priori,.
Cette correspondance permet, par transfor-
mation perspective inverse, de retrouver la
position du porte-avions par rapport a
l'avion, d'ol l'on déduit la position et le
mouvement relatifs de l'avion par rapport
au porte-avions.

Ainsi, le systéme est capable de mesurer
1'écart & une cinématique idéale
d'appontage, d'ou l'on déduit les actions
compensatrices appropriées.

En outre, le mouvement absolu de l'avion,
donné par le systéme inertiel, peut étre
combiné avec le mouvement relatif pour don-
ner le mouvement absolu du porte-avions.

1__INTRODUCTION

Nous commencerons par évoquer les grands
principes inhérents aux trajectoires de re-
cueil des aéronefs sur les portes-avions,
puis nous ferons le point du matériel et
des procédures actuellement en service sur
les portes-avions francgais.

Aprés en avoir noté les avantages et les
limites d'utilisation, nous aborderons la
fagon d'utiliser 1'image (thermique ou vi-
sible) du porte-avions vue de l'avion en
finale d'approche, pour ramener l'avion sur
la trajectoire idéale grace 3 l'élaboration
d'une consigne de pilotage.

2 EXPOSE DU PROBLEME DE L'APPONTAGE

Nous parlerons surtout des trajectoires
d'approche et d'appontage d'avions conven-—
tionnels sur porte-avions, par commodité et
simplification, mais le raisonnement autour
du couple avion/porte-avions est bien sou-
vent transposable au couple hélico-
ptére/porte aéronefs.

Notre exposé se basera plus précisément sur
l'expérience acquise sur les deux porte-
avions francais CLEMENCEAU et FOCH, tous
les deux semblables de la classe des 22000
tonnes Washington.

Ils sont entrés en service actif respecti-
vement en 1961 et 1963 et mettent en oeuvre
un groupe aérien d'environ quarante appa-
reils.

Avant d'encrer dans le vif du suijet, on
rappelle quelques faits de base sur la vie
du couple avion/porte-avions.

Le porte-avions est d'abord un navire et il
est normalement intégr& au sein d'une force
navale qui a une route et une vitesse
moyenne 3 tenir. Le porte-avions est donc
une piste d'aviation mobile dans un envi-
ronnement variable au fil des minutes.

Pour lancer les avions et les ramasser, le
porte-avions manoeuvre pour se placer face
au vent. Lorsque la route aviation est a
1'inverse de la route moyenne de la force
navale, le porte-avions doit donc effectuer
en temps utile le demi-tour nécessaire,

ce qui peut prendre cing minutes et peut
jeter la stupéfaction dans la cohorte
d'avions empilés sur une mauvaise radiale.
Le trafic aérien est souvent dense au mo-
ment des lancements et ramassages. Il faut
donc non seulement naviguer pour rejoind:e
le porte-avions, mais aussi éviter la tra-
jectoire des autres appareils.

I1 faut éviter les autres appareils qui
tentent de se poser simultanément, mais il
faut aussi s'insérer en bon ordre et avec
le bon intervalle dans la séquence de pré-
sentation 3 1'appontage.

Le météorologie joue un réle essentiel. Une
mauvaise visibilité imposera des trajec-
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toires longues et cofiteuses en pétrole, la
houle fera tanguer et rouler le porte-
avions, la pluie génera l'acquisition vi-
suelle du bateau par le pilote en finale,
le vent ne doit &tre ni trop fort, ni trop
faible. Pour se poser sur un porte=-avions,
il faut donc dans l'ordre, naviguer vers
lui, s'intégrer dans la chronologie
d'appontage, rejoindre le trajectoire fi-
nale d'approche, voir le batiment, et enfin
piloter l'avion jusqu'a 1l'impact en suivant
les aides optiques.

3 ETAT DE L'ART-EN 1991 SUR LES PORTE~-
AVIONS FRANCAIS

Un exemple d'appontage consiste a amener un
aéronef de la classe du Super-Etendard, vo-
lant 3 125 noeuds, sur la piste oblique,
qui est un rectangle de 168 x 20 métres La
crosse doit accrocher un des 4 brins
d'arrédts, situés dans un zone allant de

46 m & 68 m depuis l'arrondi. La pente
idéale est de 3,5° et le vent optimal sur
le pont est de 30 noeuds.

De jour, et par beau temps, les avions se
présentent par patrouilles au break, pren-
nent un espace entre eux de 45 secondes et
effectuent un tour de piste & vue, vent ar-
ridre 4 600 pieds d'altitude.
Les références sont visuelles,
1'appontage aussi.

De nuit et de jour par mauvais temps, les
avions se présentent en ligne droite tout
sorti 4 1 500 pieds, par guidage radar et
commencent leur descente 3 4,3 Ng sur
ltarriére du b&timent, sous guidage radar
jusqu'a la prise de vue par le pilote de
1'optique d'appontage & 1 Nq et 350 pieds.
Pour une description précise des circuits
d'appontage, on se référera i [6].

Nous pouvons dénombrer les différentes
aides & l'appontage disponibles sur les
porte-avions du type FOCH.

Les aides du bateau vers le pilote sont :

les aides a

1) Le Radar d'appontage DRBA 51 dont la
portée pratique sur l'arridre du porte-
avions est de 15 Ng 4 1 Nq. Le contrd-
leur fournit par radio au pilote le gui-
dage en cap et la distance restante. Ce
radar ne donne pas d'indication de site.

2) Le Systéme DALAS (Dispositif d'Aide A
1'appontage utilisant le LASer). Ce sys-
téme, réalisé par la C.S.E.E. en 1988
utilise trois senseurs — télémétre la-
ser, caméra infrarouge et caméra lumiére
visible — groupés sur une tourelle ins-
tallée en abord de la piste oblique.
L'avion en finale est repéré par un opé-
rateur situé devant une console
d'exploitation, qui observe les deux ca-
méras. Il désigne la cible au télémdtre
Laser. Celui-ci émet alors un rayon qui,
réfléchi par un rétroréflecteur situé
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sur l'avion, revient vers l'émetteur-ré-
cepteur. L'exploitation continue de ces
mesures permet d'élaborer les écarts de
1'avion par rapport a la trajectoire
idéale mais aussi de prédire la tendance
de l'avion avec 2 3 3 secondes d'avance.
Ces informations sont présentées sur des
consoles A l'officier d'appontage, qui
peut 8'il 1'estime nécessaire conseiller
par radio le pilote. La portée du sys-
téme est de 1 3 2 Nqg.

3) L'optique d'appontage OP 3 réalisée par
la SAGEM. Elle est utilisée obligatoire-
ment dans la finale, 3 partir de 1 Nq.
Elle donne au pilote sa position rela-
tive en pente par rapport 3 la pente
idéale.

L'officier d'appontage peut actionner
les feux "appel moteur" et “wave off".
Cette optique est réglée en fonction du
vent sur le pont (donc de la vitesse re-
lative d'approche) et du type
d'appareil. Elle est stabilisée en tan-
gage.

11 existe une optique de secours dite
"optiqug manuelle”, située plus avant
sur le cdté blbord de la piste oblique
et qui sert par fort tangage:; la posi-
tion du faisceau est commandée par
1'officier d'appontage.

4) Le Balisage de la piste oblique :

- un rectangle de peinture jaune avec
des feux de contour la nuit,

- un triangle blanc dont la base sert
de cible de visée, pour le viseur
téte haute des Super-Etendard.

En effet, le viseur du Super-Etendard en
mode approche permet de se passer du

"miroir"”, en superposant un repére de

pente calé dans le viseur & 3,5° sur la
base du Triangle Blanc. L'inconvénient
est que le pilote appontant au viseur ne
voit plus les éventuels signaux de re-
mise des gaz que 1'0.A. peut lui envoyer
par le miroir.

On constate que le radar termine son aide a

1 Ng et que le miroir guide ensuite le pi-

lote en pente.

Le DALAS, qui n'a pas de remontée directe

vers le pilote, aide 1'O.A. & conseiller

par radio le pilote.

4 PRESENTATION DU SYSTEME

Le systéme 3 base d'imagerie que l'on pro-
pose ci-aprés, peut permettre de guider le
prilote de 2 Nq jusqu'd l'arrondi.

Il vient donc en complément d'installations
actuelles et a la particularité d'étre
porté par l'avion et non par le navire. Il
donne donc une certaine souplesse d'emploi
sur d'autres navires et des pistes A terre
dés lors que 1'on a numérisé leurs caracté-
ristiques.




Il est entiérement 1ié & l'avion. Ce choix

est imposé par la nécessité d'informer en
temps réel le pilote.

Les &léments constitutifs comprennent donc
une caméra sous l'aéronef et un systéme de
traitement d'image et de calcui.

Il présente une consigne de pilotage en vi-
seur téte haute permettant de suivre avec
précision le profil de descente idéal.

On décrit successivement la caméra et son
positionnement et les traitements mis en
uvre a partir de l'image numérique qu'elle
produit.

S5 CAMERA ET GEOMETRIE DE L'IMAGE

On suppose la caméra placée sous l'aéronef,
son axe optique étant orienté sur l'axe de
descente idéale afin de centrer la piste
dans 1'image.

La piste se présente donc comme un trapeéze
{Figure .1)

En supposant par exemple que la caméra
couvre un champ de 15° x 15°, représenté
par une image numérique de 512 x 512
pixels, on peut donc, par un calcul trigo-
nométrique simple, estimer les dimensions
de ce trapéze dans l'image numérique vue
depuis de la trajectoire idéale en fonction
de la distance au porte-aéronefs (Figure
2).

La précision absolue de localisation de
1'aéronef, qui dépend fortement de ces di-
mensions, et notamment de la plus petite
d'entre elles, se dégrade naturellement &
grande distance. Toutefois, il faut égale-
ment remarquer que la précision absolue re-
quise 3 grande distance est moins impor-
tante, en raison du temps de correction
possible.

£ ALGORITHMES DE VISION PAR ORDINATEUR
6.1 T A

Ces traitements permettent, & partir de
1'image observée par la caméra, de calculer
l'écart de l'aéronef & la trajectoire de
descente idéale. Cet écart consiste en une
valeur d'écart latéral (par rapport A
ltalignement de la ligne médiane de la
piste) et une valeur d'écart vertical par
rapport au profil visé.

Pour ce faire, on extrait de l'image les
segments rectilignes, et l'on déplace un
modéle connu a priori pour le faire corres-
pondre aux segments de 1'image. Le déplace-
ment nécessaire permet de localiser
1'aéronef relativement au porte-aéronefs,
ce qui suffit 4 mesurer l'écart A la tra-
jectoire souhaitée. L'extraction des seg-
ments comprend trois étapes :

Extraction des contours,
Seuillage des gradients,

1-3

Chalnage des contours et approximation

polygonale.
A l'issue de cette extraction, on doit
identifier les segments du modéle par mise
en correspondance, puis effectuer les cal-
culs géométriques précis permettant de dé-
terminer la position de 1l'aéronef par rap-
port au porte-aéronefs.

£.2 Extraction des contouxrs

On trouve dans la littérature de nombreux
détecteurs de contours dont le principe est
toujours de mesurer les transitions locales
de niveau de gris. On s'appuie ici sur
l'opérateur bien connu de Sobel, et sur le
détecteur de Deriche[l}. Le premier demande
assez peu de calculs par point, mais le se-
cond produit généralement des résultats de
meilleure qualité. En effet, le détecteur
de Scbel effectue de simples convolutions
sur des voisinages limités. Le détecteur de
Deriche, qui posséde une réponse impulsion-
nelle infinie, requiert des calculs récur-
sifs, ce qui interdit une mise en oceuvre
paralléle. Toutefois, une approximation pa-
rallélisable de ce dernier opérateur peut
offrir un bon compromis.

A l'heure actuelle, il est prématuré
d'arréter un choix définitif car on devra
prendre en compte la qualité des résultats
obtenus sur de nombreuses images et
d'éventuelles contraintes de volume
d'électronique.

A 1'issue du calcul du gradient effectué
par l'une ou l'autre méthode, on supprime
tous les points dont le gradient n'a pas un
module extrémal dans la direction du gra-
dient, afin d'amincir les contours et de ne
garder que des lignes d'épaisseur unitaire.

£.3 Seuillage des gxadients

Il subsiste dans 1'image des gradients
aprés la suppression des non-maxima, de
nombreux contours d'intensité faible, bien
que localement maximale. Généralement, on
prend la décision de retenir ou d'écarter
définitivement des points de contours par
comparaison du module du gradient a un
seuil. Cette procédure souléve quelques
difficultés.

Le premier probléme consiste a choisir le
seuil. Certaines méthodes consistent 3 ana-
lyser l'histogramme de gradients sur toute
1timage, afin de ne retenir qu'une tranche
supérieure prédéterminée (n%). Une telle
démarche pose quelques difficultés lorsque
1'image ne présente pas un éclairement uni-
forme. Des seuillages locaux (basés sur des
histogrammes de voisinages) contournent
cette difficulté.

Enfin, on constate que le calcul des gra-
dients tend parfois 3 introduire des dis-
continuités dans les lignes de contours, ce
qui est pénalisant pour la représentation
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par segments de droite visée ici. Une tech-
nique de seuillage 3 deux seuils (seuil
d'acceptation inconditionnelle, seuil de
rejet inconditionnel) permet de définir un
intervalle de doute dans lequel la décision
locale nécessite l'observation de pixels
voisins qui peuvent confirmer ou invalider
la présence de contour. On peut ainsi com-
bler certaines discontinuités.

On obtient donc, & ce stade, une image bi-
naire, dans laquelle chaque point est soit
un point de contour, soit un "non-contour".

6.4 Chainage des contours et approximation
polygonale

Cette étape vise A dégager les segments
rectilignes parmi les contours détectés
dans 1'image.

Pour ce faire, on approxime les lignes de
contours obtenues par suivi dans 1'image,
par des segments de droites. On trouve dans
la littérature plusieurs procédés
d'approximation polygonale. On utilise ici
la méthode décrite dans [2] et [3]. Le
principe consiste & ne chainer les points
de contours que sous la condition de "céne
admissible®, c'est-2-dire dans la direction
approximative du contour (orthogonale au
gradient) . Les sous~-chaines ainsi délimi-
tées sont alors simplement approximées par
autant de segments de droites.
Naturellement, tous les segments de petite
taille (correspondant a des chaines
courtes) sont éliminés, afin de ne conser-
ver qu'un nombre restreint de segments net-
tement visibles, comparables & ceux du mo-
dele & localiser.

£.5 Mise en correspondance des segments

On dispose, & ce niveau, d'une part des
segments rectilignes de contours extraits
de 1l'image, d'autre part du modéle géomé-
trique tridimensionnel du porte-aéronefs,
connu a priori, et décrit par un ensemble
de segments dans l'espace. Le but de cette
étape est d'identifier, lorsque cela est
possible, les segments du modéle présent
dans 1l'image un & un.

Naturellement, tous les segments du modale
ne sont pas toujours visibles depuis le
point d'observation ; ils peuvent aussi ne
pas avoir été détectés (ou pas sur toute
leur longueur), ce qui explique la latitude
laissée & l'algorithme.

Cette étape ingrate est, en général, trés
difficile dans le cas d'objets complexes
dont la position et l'attitude sont a
priori totalement inconnues. On utilise une
technique assez générale issue d'une étude
précédente - surdimensionnée pour le pro-
bléme posé. Elle s'adapte, en effet, A des
modéle~ d'objets variés, ce qui dépasse le
cadre de l'application visée. On envisage

donc des simplifications basées sur la sim-
plicité du modeéle.

Par ailleurs, on a vu plus haut que le fait
de restreindre la position de 1l'objet a une
portion de l'espace (aéronef aux environs
du profil de descente) pouvait simplifier
les traitements en proposant une configura-
tion a priori du modéle proche de celle ef-
fectivement vue.

£.6 Calcul de l1a pogition de 1'aéropef

- %u.a,Aa!

Il s'agit maintenant, connaissant la cor-
respondance précise entre les segments du
modaéle et leurs contreparties dans 1l'image,
de calculer la position du point
d'observation. Cela n'est possible naturel-
lement que par la connaissance de modeéle
tridimensionnel précis du porte-aéronefs,
et suppose également que la caméra est ca-
librée, c'est-a~dire que l'on connait les
éventuelles distorsions qu'elle introduit.
Le probléme de localisation de
l'observateur équivaut 3 celui de localisa-
tion tridimensionnelle d'un objet mobile
par rapport a un observateur fixe, qui a
fait l'objet de nombreuses études dans le
domaine de la vision robotique.

On utilise ici une méthode comparable 3
[4]. En effet, cette méthode s'applique aux
modeéles décrits par des segments de
droites. De plus, elle permet une simplifi-
cation sensible des calculs lorsque les
segments du modéle sont coplanaires, ce qui
est le cas des marquages vus sur la piste.
Pratiquement, on estime d'abord la rotation
du modéle, puis sa translation. On obtient
alors huit solutions dites "admissibles™.
Le choix de la bonne solution parmi ces
huit se résout aisément dans le cas de
l'appontage, car on connait, a priori,
1'aspect approximatif du porte-aéronefs
dans 1'image, vu depuis l'aéronef. La mé-
thode itérative décrite dans ([S]) permet 4’
affiner la solution ainsi obtenue.

Le résultat final produit par l'algorithme
est donc la position du modéle par rapport
4 l'observateur. On doit en déduire, par
simple inversion, la position de l'aéronef
par rapport au porte-aéronefs. Le profil de
descente souhaité étant lui-méme 1lié au
porte-aéronefs, on est donc capable de me-
surer l'écart de 1l'aéronef au profil idéal
(figure 3).

On remarque que les écarts transversaux et
verticaux permettent d'évaluer l'erreur A
corriger. La distance au porte-aéronetfs,
également estimée, n'est pas utilisée.

1 CONSIGNE DE PILOTAGE
7.1 calcul de 1 : 3 il
Il s'agit d'évaluer la consigne A présenter

au pilote en fonction des écarts mesurés
par la vision. Cette consigne doit é&tre




stable, c'est-a-dire qu'elle ne doit pas
sauter ou trembler au rythme des mesures.
On doit donc filtrer les informations four-
nies par la vision afin de stabiliser la
consigne, sans toutefois exagérer l'inertie
de la réaction. En tout état de cause, le
réglage des gains de ce calcul passe par
une expérimentation dans les conditions
réalistes, et doit recueillir l‘'agrément
des utilisateurs en termes de stabilité et
de souplesse.

7.2 vi 1i ti de la_consigne de QJ‘]Q'
Lage

Pour présenter au pilote la consigne per-
mettant de s'approcher au mieux du profil
théorique de descente, on envisage d'une
fagon classique de visualiser en viseur
téte hayte l'objectif de direction a re-
joindre comme le suggére la figure 4.

8 EXPERIMENTATION ET RESULTATS

On illustre ici la validité de l'approche
en effectuant les traitements décrits plus
haut sur une image de porte-avions prise
dans le spectre visible (figure 5). Cette
image est prise depuis une position
grossiérement assez voisine de la
trajectoire d'appontage, bien que décalée
vers la gauche. Les conditions de prises de
vue ne posent pas de probléme particulier.
Le modéle des marquages de la piste est par
ailleurs illustré par la figure 6. On se
limite volontairement aux grands traits du
marquage. En effet, ceux-ci présentent la
propriété de grande probabilité de
détection en raison de leur contraste. De
plus, leur linéarité correspond & la
modélisation adoptée. Enfin, leurs grandes
dimensions permettent une grande précision
de localisation. Les dimensions réelles de
ces marquage sont bien évidemment connues
avec exactitude.

Le calcul des gradients seuillés permet de
retenir les points de contours de 1'image
d'origine (figure 7). Les contours détectés
représentent des lignes minces et
continues, en accord avec le principe de
l'algorithme de suppression des non-maxima
utilisé. Il subsiste naturellement de
nombreux éléments de contours non
significatifs dans les zones perturbées de
1'image.

Les points de contours sont alors chalnés
et représentés par un ensemble de segments
rectilignes (figure 8). Bjien que 1l'aspect
graphique de la figure ne différe pas
fondamentalement de la précédente, chaque
élément de 1'image est ici un segment de
droite, et non un simple point de cogtour.
La numérotation refléte les appariements
avec les segments du modéle. On identifie
ici la quasi totalité des segments du
modéle du marquage, et ce pratiquement sur
1'intégralité de leur longueur. Le segment

1-s "1

n® 11 n'est pas identifié car une rampe de
catapultage le traverse, ce qui provoque
son morcellement et empéche sa détection. i
On remarque également que certains segments

ne sont pas détectés d'une extrémité a

lt'autre, ce qui survient souvent, quelles

que soient les techniques utilisées.

Cependant, les algorithmes de localisation

utilisant ces segments sont insensibles &

ce probléme, puisqu'ils n'exploitent que

1'axe des segments.

Cette coincidence permet de calculer la po-

sition de l'aéronef par rapport au porte-

avions. La figure 9 illustre les

conventions utilisées. Les traitements

permettent de situer l'aéronef dans un

repére lié au porte-aéronefs.

(o} -11,9 m.
Yc = -20,6 m.
Zc ~146,2 m.

Ils permettent également de connaitre
1'orientation de l'aéronef (ici, en fait,
de la caméra) relativement au méme repeére.

X 6°18°
dy| = 4017
bz 0°7°

Si 1l'on compare cette position & la
trajectoire théorique idéale, on reléve
donc un écart transversal de 11,9 métres
puisque l'origine est située dans le plan
vertical contenant l'axe de la piste. Pour
l'écart vertical, on trouve une différence
& la rampe de descente idéale de

11,3 meétres (figure 10).

Le filtrage de cette mesure effectuée en
continu permet de calculer une consigne de
pilotage appropriée, présentée au pilote en
vigeur téte haute.

9_CONCLUSION

L'étude permet de valider le concept
d'appontage aidé par traitement d'images
embarqué sur l'aéronef.

Les techniques employées, adaptées de tech-
niques récentes générales en vision par or-
dinateur, permettent effectivement de loca-
liser l'aéronef dans les trois dimensions,
condition nécessaires au contrSle de la
trajectoire et au calcul d'une consigne
corrective de pilotage.

La suite des travaux comprend la validation
quantitative des calculs effectués sur un
grand nombre de situations réelles et
l'intégration électronique des traitements
permettant l'exécution des algorithmes en
temps réel.

Par ailleurs, le recours & 1l'imagerie
thermique permet naturellement d'étendre le
domaine d'utilisation i une obscurité et
une passivité totales.
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SUMMARY

The final approach and landing of any air-
craft operating from a ship 1s always a
difficult task, even in benign conditlons.
Ship motion, adverse winds and atmospheric
attenuation compound the problems. High
levels of integrity and reliabllity are an
essential feature of any guidance aid in
the ship environment since diversion
facilities are often not available. Issues
related to costs, maintainabllity, levels
of tralning and covertness further con-
strain the choice of guidance aid. The
handling characteristics of the user air-
craft and operational procedures also
influence the choice of aid.

To achieve the obJjectlve of regular and
safe operations 1in all weather conditions,
some form of guldance must be provided.

The optlions range from painted markings and
lighting systems that are used by the pllot
to augment naturally occurring visual cues
to precision radio or radar systems that
are integrated into cockplt displays and
flight control systems. In military oper-
ations there 1s a percelved need for pass-
ive or covert forms of guidance. The
development of electro-optical sensors in
recent years has increased the number of
options and the availabllity of GPS will
provide even more potential solutions to
the design problem of providing precision
guldance.

The topic of approach and landing guldance
has encouraged a large amount of research

and development over the years, with many

special-to-type solutions belng devised.

' Except for the helicopter landing case,
where relatively little research and devel-
opment effort has been expended, the system
designer is confronted with a large number
of potential solutions.

1 INTRODUCTION

Throughout the history of naval aviation
the landing of aircraft on the flight deck
of ships has been identifled as a hazardous
activity; one in which pilot workload and
anxiety levels are frequently above desired
levels. The operational effectiveness of
the aircraft as a primary weapons system is
however cruclally dependent on the ability
to recover it after a sortie. Deck land-
ings are difficult for several reasons:

- the deck area is very small

- significant obstacles are located
close to the landing deck

- the view of the deck avallable to
the pillot 1s often restricted by
aircraft structural members and

- the visual cues avallable to the
pllot are signiflcantly less than
those avallable on shore, both in
content and extent.

Ship motion and ship manoeuvring, vari-
ations 1n relative wind speed and direction
resulting from ambient conditions and the
operational necessitles of pre-set ship
courses, wind turbulence caused by the ship
superstructure, night operations and
reductions in visibility caused by atmos-
pheric attenuation all increase the level
of difficulty. Because the individual

and compounded effects of these various
parameters are not easy to quantify rre-
cisely in operational conditions, signifi-
cant penalties are imposed on tactical
planners who have to make conservative
decislons as to when to launch and recover
aircraft.

Approach and landing guldance systems can
make a major contribution to the amellor-
ation of these problems by enhancing the
precision and repeatablility of the oper-
ation and by overcomlng or reducing the
effects of various environmental con-
ditions. A well designed guldance system
increases the operational availability of
the aircraft and reduces pilot work-load.

2 A TOTAL-SYSTEMS APPROACH

The achlevement of safe landing operations
at a consistently high level of avall-
abllity 1s dependent on the provision of a
comprehensive recovery system that takes
account of several inter-related factors
including:

(1) Physical characte-istics of the
aircraft and ship deck.

(11) Environmental conditions.

(111) Aircraft handling and performance.
(i) Pilot performance.

(v) Aircraft displays and controls.
(vi) Guidance aids, performance and

characteristics.

The designer of approach and landing guid-
ance systems must take account of the
impact of all these factors during research
and development work. Guidance aids are
best developed in an environment where the
total recovery problem 1is addressed by the
various specialists working in an inter-
active environment.

The approach and landing guidance system
that is chosen for a given aircraft/ship
combination will generally consist of more

. o
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than one aid. System integration 1s there-
fore also of paramount importance at this
level.

The successful development of any approach
and landing guldance system involves
several phases - definition of operational
requirement, performance specification,
technology definition, prototype builld and
test and a total recovery system trial
evaluation.

Procurement of a satisfactory guldance
system depends on good quality work in all
of these phases. This paper considers the
first 3 phases, wlth particular emphasis on
operational requirements and the technology
cholces avallable for systems currently
under development.

3 OPERATIONAL REQUIREMENTS

The operational requirements documentation
should describe what the system 1s required
to do: not what the equipment should be.
Broadly the operational requlrement for any
approach and landing guidance system will
state that a certain type of fixed wing
alircraft or helicopter i1s to be operated
from the deck of a certaln class of ship.
This statement defines the physical
dimensions of the problem.

However, a far more explicit document is
essential. Major features of the
requirements should include:

(1) A description of the functions of
the ship/alrciraft combination as a
weapons system.

(i1) Acceptable limiting environmental

conditlons such as minimum visi-

bility, maximum precipitation rates,
wind speeds and sea states.

(141) An indication of the level of oper-

ational readiness required from the

system.

(iv) The frequency of landing required,

especially in multl-aircraft

scenarlos.

(v) The overall ATC environment
including clear EMCON policy
guldelines.

At thils stage of the process it is import-
ant that the user produce a clear and well-
founded set of requirements that describe
what the system 1s required to do and that
the research team understand that the docu-
ment as written 1s their brief describing
the task that the system should perform.
The importance of this stage cannot be
over-emphasised. If there is indeclsion
and imprecision in the operational require-
ment then the likelihood of a system being
developed that 'does the Job' 1s not very
great. Furthermore, cost over-runs will
probably be induced.

4 PERFORMANCE SPECIFICATION

The performance specification is based on
the operational requirement. It translates
what the user wants 1nto a technical speci-
fication that defines the performance
characteristics of the total approach and
landing guidance system. From this 1s
deduced the apportionment of the total

specification limits to the individual sys-
tem modules. The performance specification
should also define any practical con-
straints on system design.
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The specification should be developed by a
multi-discipline team that appreclates both
the requirements of the user and the impact
on the total recovery system, of those
elements such as aircraft handling and
performance, discussed 1n paragraph 2.

The performance specification must address
the following areas:

Accuracy

Data rate

Range and (angular) coverage
Approach and landing profiles
Signal formats

Fleld-of-view

Stabilisation

Atmospheric attenuation
Signal covertness

Electrical power requirements

4.1 BASIC CONCEPTS

The operation of both fixed and rotary wing
aircraft from ships 1s increasingly an all
weather task. To achleve these objectives
it 1s necessary to ldentify a system or
combination of systems that will enable a
combat alrcraft to locate, approach and
land on a specified ship by day or night,
irrespective of the weather conditlons, or
within 1limits agreed at the operational
specification stage of the project.

Although operationally attractive the cost
and complexity of a fully automatic landing
system continues to be too high. It is
therefore assumed in this paper that what
is required i1s a system that allows the
approach to the ship to be flown on instru-
ments to a minimum safe decislion range or
helght after which the final approach and
landing will be flown by the pllot using
outside visual references, as his primary
guldance.

In determining the specification for the
performance requirement it 1s essential
that the time critical nature of operations
to a ship and the lack, in many circum-
stances of a diversion facllity be
recognised.

The operatlonal effectiveness of a large
decision range against the increasing com-
plexity and hence cost when thils 1s reduced
must be balanced. In determinling this
figure it 1s instructive to consider Fig 1.

This figure 1illustrates the occurance of
various meteorological visibility in hours
per year. Visibilities below 100 m have a
low significance because of their limited
occurrence level. The range of interesat
for preclslon guldance systems lles on the
plateau between 100 and 2000 m.

The Royal Navy currently looks for oper-
ational visibility limits of 800 m for
fixed wing alrcraft and 400 m for rotary
wing aircraft, together with 200 ft and

100 ft cloud bases respectively. However,
operational studles have suggested a minima
of 100 m visibility and 100 ft cloud base
a3 a design goal for hellicopter recoveries
under strict emission control (EMCON)
conditions.




It 1s relevant to note that for specified
areas 1n the North Atlantlc the adverse
effects, in terms of probability of occur-
rence place visibility behind high-winds
and signiflcant sea states, see Fig 2.

Radio communications between the ship and
aircraft is llable to suffer deterioration
of 1ts baslc systematic performance due to
multipath signals reflected from the sea
surface. The magnitude of the problem will
be a function of the system and the vari-
ation in the ship-sea-alrcraft geometry.
Initially the effect will be observed as an
increase in system noise but could be so
great as to cause the system to fail in a
cyclic manner. Optical guldance will be
adversely effected by ship motion, most
significantly by pitch roll and heave.

Stabilisation of radio systems can be pro-
duced to deal with such problems although
their reliabillity will depend on high
levels of processing in order to ensure
that only soft and predlctable failures
occur. Extensive built-in self test 1is
also essential. Visual alds can be stabil-
1sed to combat the effects of pitch and
roll when the ald 1is essentially a point
source. It is not possible to stabilise
systems that rely on patterns of lights and
marklngs.

Ship motion therefore makes the hover and
land-on manoeuvres difficult particularly
at night. Thils is an area of the recovery
operatlion that has been neglected in
research programmes in the past, but must
be addressed now 1if the demanding opera-
tions conditions to be encountered in the
future are to be met.

It has been normal practice for all air-
craft landings on ships to try to reduce
the effects on these operations of cross-
winds and ship induced turbulence by choos-
ing a ship course for the land-on such that
the final approach 1s made in-to-wind.
Operatlonal constraints, which preclude
such flexibllity are expected to apply 1in
the future, particularly for helicopter
operations. Thus future guldance systems
must be developed that support adequately
this new and significant requirement.

It should also be noted that in addition to
the problems caused by the operational
environment there are & number of funda-
mental constralrnts that apply to any guid-
ance ald. These are discussed in the
following paragraphs.

4.2 VISUAL AIDS

Visual aids conventionally consist of deck
markings and lights that augment the visual
cues that are avallable from the pllot's
view of the outside world scene.

Visual alds offer the great advantage of
being essentially simple low cost, low
technology, using highly reliable and
easlly maintained equipment. They require
no aircraft equipment. In a wide range of
conditions day and night they can provide
adequate cues for the task. However, for
current and future needs they have
limitations which prevent any further
significant fundamental developments.
These limitations include:
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Range limitations in low visibility

conditions (Fig 3). There are K

practical 1imits to the levels of !

intensity that can be produced from
practical sized light fittings. i
Furthermore, Intense light sources
produce dlsabling glare at close
ranges. This latter problem 1s more
acute on ships than at airflelds
because the distances that the alr-
craft is from the lights when it 1is
close to the landing are much
reduced due to the small size of the
deck.

Angular discrimination limitations,
Where a visual aid consists of a
pattern of lights a pilot can only
recelve guldance out to the range at
which the individual lights can be
discriminated. In practical terms
the minimum usable separation is

3 min arc, equivalent to 1 metre
between lights for every kllometre
of required range, le for two lights
to be discriminated at a range of

10 km they must be mounted at least
10 m apart.

Colour, intensity and frequency dis-
crimination limitations. Pillots are
able to discriminate subtle changes
in colour, intensity or frequency of
a light signal if there is a refer-
ence source for comparison. Where
single source alids are provided, the
number of readlly i1dentifiable
colours, Intensitlies and frequencies
are therefore very limited and
signal coding to indicate position
or rate 1s therefore also very
limited. For long range signalling
only red and green lights provide
unambiguous signals under all con-
ditions. Pllots can Just discrimi-
nate a 2:1 change in intensity,

5:1 is a more practical value., A
similar ratio is required for fre-
quency coding. With this latter
method of coding 1t 1s found that 1if
the frequency 1s below 2 Hz, the
data rate is too low to meet the
pilot'’s need for guldance and fre-
quencles above 5 Hz are found to be
discomforting for constant viewing.

Eye 1llumination threshold 1limi-
tations. Unless the level of
illumination 1s above a minimum
value the eye will not detect the
presence of a light source. In
addition, 1f the received energy
level 1s above a certain value the
light 18 perceived as a glare
source. The difference between
these 2 boundary conditions 1s
typlcally 1000:1 in illuminance
levels., However, this operational
range of 3 orders of illuminance is
related to an absolute scale of
background luminance_spanning at
least 11 orders (1011) (ie the eye
adapts to ambient light levels).
Thus at any instant, depending on
the adaptation state of the eye, the
requlired level of luminance for vis-
ual alds to work effectively can be
an§where in the range 10-8 to

105 lux, The intensity of the light
must be chosen to provide the
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required performance in terms of
maximum and minimum viewing ranges
for the aid.

Other considerations when deciding on the
application of visual aids to a guldance
problem include:

- All visual cues rely on there being
a contrast between the light or
marking and the background. The
presence of surface water or shallow
fog, particularly when the sun is at
a low elevation angle can so modify
the background luminance that an aid
becomes un-usable. Under such cir-
cumstances a light that 1s generally
prominently displayed may not be
seen from a range as large as the
range at which the ship that it is
mounted on can be seen.

- Flashing lights are not infallible
attention getters. There are prac-
tical circumstances where the ship
will be detected before the flashing
light that is mounted on 1it. The
location of a flashing light can
also be difficult to determine, when
it 1s the only visual cue 1n the
fleld-of-view. In these situations
a pllot may see occasional flashes
and therefore conclude that the aid
1s malfunctioning when 1in fact his
eye-point-of regard 1is drifting
during the period when the light
signal is not displayed, thus
causing him to miss seeing
subsequent flashes.

4.3 NON-VISUAL GUIDANCE

Recent major advances in sensors and signal
processing have impinged beneficially on
the utility of the whole radlo frequency
band thereby offering the possibility of a
significant increased capability for mili-
tary applications. These advances have
resulted in improvements to existing equip-
ment performance. The potential for new
adaptive systems also exists. These
advances are timely in that there 1s an
increasing need for the system flexibility
that comes from the combining of sensors.
There 1s also an lncreasing realisatlon of
the potential and need for covert
operations.

However, as with visual aids there are some
fundamental limitatlions:

- Atmospheric transmission losses

Although the technological advances
in sensors and slgnal processing are
applicable across the spectrum the
increased bandwidth avallable in the
millimetric and visible fields 1is
where the most benefit will be
gained in future systems. It 1is
unfortunate that it is at these
higher frequencies that atmospheric
transmission losses are not only
high but variable, as shown in

Fig h4.

- Aperture size

The size of aperture required for
the transmission and reception of
radio signals is directly dependant
on the operating frequency. For

example to produce a 1° guldance
beam the following dimensions are

Tk Lk ke XE

required:
i
Aperture Practicality
Frequency dimension on a ship
200 MHz 100 m Impossible
4 GHz 5m Difficult
60 GHz 300 mm Easy

These factors are shown in more
detall in Fig 5. Prom thils figure
it can be seen that whilst recog-
nising the limitations imposed by
atmospheric attenuation frequencies
above the UHF band are the most
sultable for the guidance task. At
these frequencles aperture sizes for
transmitter and recelver arrays are
correspondingly small and are there-
fore more physically compatible with
the limitations imposed by ship
environments.

- Multipath signals

The problem caused by multipath
signals can be i1llustrated by con-
sidering a likely elevation profile
for helicopter recovery consisting
of an initial long range horlzontal
element, the height being between
400 and 800 ft, followed by a
descent down a 3° glide slope and
terminating in a plateau starting at
1.5 n miles, 70 ft above sea level.
At the start of this plateau the
aircraft-sea-ship geometry 1s as
shown 1in Fig 6.

At these very low angles the sea
reflection coefficient 1s very
nearly unity and hence perlodic can-
cellation of the guldance signal 1is
highly likely. The geometry of the
situation is illustrated in Fig 7
together with the recelved signal
strength. The high integrity
required of non-visual guidance com-
pels us to address this problem.

5 TECHNOLOGY

5.1 Visual alds

The sultes of visual aids that have been
developed to support aircraft operations
are shown for fixed wing alrcraft in Fig 8
and for helicopters in Fig 9.

In general, ship-borne visual alds only
give meaningful approach alignment and
glideslope guldance from ranges below 2 km.
The fundamental limitations discussed In
section 4.2 impose these practical 1limi-
tations on the current systems. However,
research and development 1s producing new
aids that enhance the guidance signifi-
cantly. For fixed wing aircraft long range
approach guidance in both axes has always
been a goal, since good landings are based
on long stable approaches. High intensity
lighting aids, stabilised against pitch and
roll moticns and having signal formats
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based on a comblnation of colour and fre~
quency coding are belng developed. These
aids are intended to augment the existing
facilities.

An example of this new type of guldance 1is
shown in Fig 10. Beilng essentially digital
in nature and being limited to a small
number of sectors 1t results in guidance
that 1s limited in sensitivity but which is
useful as an aid to deliver the alrcraft
into the more detalled guidance at close
range where the greatest precision 1is
required.

For helicopter operations research is
largely focussed on short range visual
signalling. Recent research by the RAE
(Bedford UK) has produced an improved form
of glideslope indicator. The signal format
1s shown in Fig 11 and the light output
characteristics are shown in Flg 12. The
improvements that thls new ald offers
include:

(1) a usable range that 1s twice that
of earlier systems. The ald can
also be used in day time.

(11) wider azimuth coverage, to make
acquisition and use easier, par-
ticularly in crosswind conditions.
(111) unambiguous signals in all con-
ditions, by avoiding the use of
white or yellow as a signal colour,
since most amblguous colour signals
are perceived as white or yellow in
this type of projectlon system.

(iv) improved stabilisation, so that in

roll and pltch the guidanze is

maintained within 2 min arc of the
datum position

Textural cues obtained from the deck
markings, which are floodlilt at night are
an essential feature of the hover and
landing manoeuvres. Considerations of
covertness cause concern when flood light-
ing 1s used. One possible solution to this
problem 1s to use electro-luminescent
panels to produce internally 1it markings.
Such a system emits usable light levels in
the directions required by pilots whilst
emitting very little light close to the
horizontal, thus making 1t difficult to

see from surface vessels. Choice of appro-
priate phosphors can give an NVG compatible
option.

The potentially most significant area for
research for helicopter visual alds 1is
related to the cues required for the hover
over the deck and the subsequent landing
manoeuvre. Thie 1s a difficult area that
has not been researched in the past
although 1t profoundly and adversely
effects the ship/helicopter operational
envelope, especlally at night. Research at
RAE (Bedford) 1s currently addressing this
issue in a novel manner.

The prototype of a ship based sensor system
that detects the position of the helicopter
over the deck 1n 3 axis to accuracy better
than 0.5 M at a data rate of 10 Hz has been
developed and built. Flight and simulator
trials will be the basis of a development
programme to devise a display of hover and
landing guidance that will be located on
the ship superstructure immediately in
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front of the pilot. The novel features of
this development include the concept of an
active visual display of optimum format and
symbology to indicate the necessary infor-
mation rather than a passive fixed lighting
pattern or format. Since helicopter pos-
ition signals are generated by the sensor
it 1s possible to use software to remove
all rotation and translational motion from
the guidance and to compute rate alded
guldance to augment the basic positional
information. Fig 13 illustrates the
concept.

5.2 NON-VISUAL AIDS

In low vlslbllity conditions the alrcraft
has to be flown close to the sea and the
ship before visual contact 1s achieved.
Therefore any non-visual guidance ald must
provlide accurate position information at an
adequate data rate with very high
integrity.

Typlcal guldance accuracy requirements at
the visual transition are illustrated in
Fig 14.

The achlevement of regular and safe
approaches 1n all weather conditions 1is
critically dependant upon the provision of
low nolse, reliable and accurate elevation
guldance, range information and azimuth
guldance.

The following systems are currently
candlidates to provide the necessary
guldance in the next generation of
equipment:

a. Inertial navigation system {(IN)

b. Global positioning system (GPS)

c. Airborne radar (AR)

d. Ship-based infra-red trackers (IRT)

INERTIAL NAVIGATION SYSTEM (IN)

The performance of IN systems has improved
considerably in recent years through devel-
opments 1In gyroscope technology and com-
puting capablility. Simple systems
typically have a velocity error of up to

5 knots whilst for modern precislon systems
this 1s reduced to 0.1 knots. At normal
approach speeds the preclslon system vel-
ocity error would result in approximately

1 m/km drift in positlon indicated. 1IN by
itself 1is not able to meet the recovery
guldance need, since accuracles of the
order of 2 m in elevation guldance datum
are required. See Fig 14. However the
short term accuracy capability could be
significant in a multi-sensor system.

GLOBAL POSITIONING SYSTEM (GPS)

It seems likely that GPS will be fitted to
many alrcraft. It will be fitted to the
Merlin but other hellicopters may not
warrant the welight or cost penalty of a
S5-channel receiver. However lower cost/
performance receivers could be developed
in the future thereby broadening the
fitting of GPS.

Performance measurements of a GPS (P-code)
receiver indicate that height information
has a potential datum error of up to 10 m,
The plan position performance 1is

-
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significantly better. A helght error of
this magnitude 1s too large for the system
to be used for approaches to low heights.

Any GPS employed for approach guidance to a
ship will be operated in a relative pos-
ition mode. This will reduce some of the
errors. Nevertheless GPS alone will not
meet the guldance accuracy needs for
guldance to low helghts and short ranges.

AIRBORNE RADAR (AR)

A conventional airborne radar with fre-
quency agility, antenna design to reduce
side lobes and controlled sector scan will
sti1ll be detected by electronic intelli-
gence (ELINT) systems at a very long range.
Consequently use of AR will probably have
to be restricted to essential activities in
an attempt to reduce the exposure to anti-
radiation missile response. However as-
suming it will be operationally acceptable
to occasionally 1lluminate the ship down to
ranges of 5 km, the question arises; would
the ship position deduced from this scan
provide sufficient information to enable a
precision approach to be made? Existing
airborne radar angle accuracles are no
better than 1.5 mR. Ignoring ship lateral
motion during the approach this angular
accuracy would result in an error due to
the radar fix of the order of 7.5 m. Such
an error is unacceptable in the elevation
guldance. To achieve a level of perform-
ance commensurate with a precision approach
with such a system would require nearly an
order lmprovement in the angular resol-
ution. Thils would only be achieved at
considerable cost. It must also be noted
that the provision of the essentlal
approach path datum relative to the ship
would requilre continuous knowledge in the
alrcraft of the ship range, speed and
direction after radar switch-off.

SHIP BASED INFRA RED (IR) TRACKER

A stabllised IR tracker on the ship could
provide azimuth and elevation angular
approach guidance and range information
with an accuracy of 3 percent in all axes.
The system 18 shown in Fig 15. As with GPS
and AR a ship-alrcraft data-1ink would be
needed.

It 1s likely that wlth continulng develop-
ment of IR systems their resolution
capability will improve and possibly equal
that of the eye.

One major disadvantage of any IR system is
that it 1s prone to limitations caused by
atmospheric attenuation. With a visibllity
of 400 m an IR operating range of 1600 m in
wet fogs can be achieved. This limitation
necessitates the use during an approach of
a suitable alternative guldance ald having
adequate performance down to a range of
1300 m. An IR tracker cannot, by itself,
satisfy the all-weather requirement
although 1t may form a component of a total
system. For example, if on-board sensors
could be used to guide the aircraft to a
range of 1300 m, then those sensors plus
the IR tracker could provide a complete
covert guldance system.

. DISCUSSION

It 18 clear that no single equipment visual
or non-visual 1s capable of fulfilling all

the approach and landing guidance needs.
Consequently some fusing of appropriate
systems 1s needed. At the baslc level it
1s envisaged that the use of complimentary
and consistant visual and non-visual aids
will continue. An important consideration
must be the increasing awareness by the
military of the need for Low Probabllity of
Intercept (LPI) or covert operations.
Recelve-only systems such as IR and GPS
integrated with the stand alone IN system
are attractive. IR has severe limitations
due to its poor wet fog performance. It
could however, be of assistance on the ship
in monitoring aircraft on the approach to
provide warning of deviations from the
optimum elevation prcfile. Prior to land-
ing, visual alds have the advantages that
by control of the lamp power the usable
range can be readily adjusted. The inten-
sity setting being determined by amblent
viewing conditions.

It can be concluded that although 1individ-
ual alrcraft and their proposed equipment
fit will probably drive the choice of inte-
grated systems the best performance is
likely to be achieved using a relative GPS
and an IN system, together with a radio
altimeter and a two way ranging ship to
aircraft data-link for the initial approach
phase, blending in visual aids for the
final approach and landing. The two way
data link is necessary for relative GPS
operations but 1t would also provide accu-
rate range between alrcraft and ship which
together with radio height could be
employed to generate accurate elevation
guldance. If such a recovery package 1s to
be provided then there are two elements
which requlire attention to satisfy the
LPI/covert requirements; the radio
altimeter and the two-way data link.

Where the peak of the transmitting antenna
polar dlagram 1s directed at the sea, eg
for a radio altimeter, the horizontal power
level 1s likely to be low. It can be
further reduced by adaptive systems which
adjust the beam pointing angle to accom-—
modate alrcraft manceuvres on the approach
whilst constantly adjusting the transmitted
povwer level to a minimum compatible with
satisfactory system performance. The beam
width of the transmlitter array could also
be reduced for such a stabillsed system
further reducing the radlated power. An
LPI system therefore appears to be easily
achlevable. However, the LPI/covert data-
1ink between the alrcraft and ship 1s much
more difficult to achleve. Operationally
it may be essential that the covert option
be provided.

Intercept susceptibility 1s a function of
many variables such as transmitter power,
bandwidth, polar dlagrams, slignal/noise
ratio, spreading function, system operating
range and detectlion range all of which can
be massaged to reduce the likelihood of
detection. For a selected set of con-
ditions the chance of detection of an LPI
system would be extremely low but still
result, by chance, in the system being
detected at switch-on.

COVERT GUIDANCE

By covert or secret 1s meant a system where
no perceptible emissions occur. This is a
very difficult objective but the operative
word 1s 'perceptible'. We will need to




first define our operating range and then
the perceptible range. This latter range
is that at which an enemy could detect the
transmission. Advances 1n navigation
equipment accuracles have allowed the
operating range of the approach and landing
guidance to be reduced and currently we can
consider 2.5-3 n miles to be adequate. The
visual detection of a ship by an observer
will clearly depend upon the visibility.

In clear weather due to earth curvature it
will also depend upon the observers height
and mast head height for the observed ship.
Ranges of 10-20 n miles are a practical
maximum. The perceptible range will
ideally equa*te with this visual detectlon
range.

We can assume therefore that the relevant
design ranges are 2.5 n mlles for the user
and 10 n miles for the enemy observer. The
ratlio of ranges 1s only 4 which gives the
operator an advantage over the enemy, due
to geometric dispersion of only 6 dB. This
1s not significant and means must be intro-
duced to lmprove this figure. Although
spread spectrum, frequency hopping and/or
pencil beams can effectively reduce power
levels, they are all basically LPI methods
and not covert. The suggested alternative
is to operate the guidance system at an
atmospheric stop band frequency of which
there are a number, the lowest frequency
one belng centred on 60 GHz, see Fig 16.

At thils frequency, at sea level, due to
oxygen absorption there 1s an additional
propagation loss of 15 dB/km above the 6 4B
from geometric losses. This would result
in an extra 112.5 dB for the 2.5-10 n miles
operating to detection range previously
considered. This would 1increase to 255 dB
if the higher range figures are assumed.
Such attenuations effectively build a natu-
wall around the transmitter. Nevertheless,
spatial power management 1s stlll important
and consequently both transmitter power and
multipath effects must be addressed.
However, operating in a stop band does
bring with it a need to produce consider-
able millimetric power levels to balance
the power budget at the operating range
needed. The current millimetric solld
state power generatllion capabilities do not
satisfy the percelved operational specifi-
catlon. Consequently it will be necessary
to move the operating frequency away from
the peak attenuation at 60 GHz to balance
the system power budget. Fortunately, such
a system having achleved a significant
degree of covertness by operating in a stop
band can then benefit from what previously
vwere referred to as LPI method. The two-
way ranging facility needed can achleve
higher accuracy by employlng a spread
spectrum modulation which with a readily
achlevable processing gain of 100 would
reduce the peak power level by a further

20 dB. Transmitter power management to
ensure an acceptable bit error rate
together with acceptable data integrity are
also stralght forward with a two-way
system. Clearly, although the operating
frequency employed 1s paramount in the
covert debate, the management of trans-
mitted power 18 equally important.

As explained earlier multipath signals
reflected from the sea surface combine with
the direct signal and cause cyclic vari-
ations to the received signal strength. If
a robust link 18 to be provided, essential
in the non-visual guldance application then
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adequate power budget margin must be pro-
vided for the whole of the approach. This
specifically applies during the low signal
periods when the direct signal and
multipath are in anti-phase. The conse-
quence of this would be that excessive
power would be propagated at those elev-
ation angles when the direct signal and
multipath combine. This would clearly
Jeopardise the covertness of the system and
in any case 1is inefficlent in the use of
expensive mlliimetric power. It would
therefore be prudent to introduce on the
ship a suitable adaptive data-link array.
The aperture would only need to be 300 mm
high and with current printed c¢ircuit tech-
niques and parallel processing a tracking,
high gain beam could be generated. Such an
adaptive array would be able to both deal
with the multipath problem and stablilise
the spatial beam against the effect of ship
pltch.

The technologles developed to meet the cov-
ert task set out above are equally appli-
cable to a radio altimeter, although the
complexity of active power management may
not be operational needed for a 60 GHz
system.

6 CONCLUSIONS

1 Future guldance will be a mix of
visual and non-visual elements.

2 New visual ailds will involve the
provislons of long range guldance
for fixed wing aircraft operating in
reasonable visibilities particularly
at night. However, the major devel-
opment 1n helicopter operations is
expected to be a visual ald that
uses a ship-mounted display driven
by an accurate position sensor.

This aid will provide hover and
landing cues and in high sea states
will significantly extend the oper-
ational envelope.

3 It can be concluded that although
any new non-visual guldance system
will, on economic grounds, be biased
towards using the equipment fit
needed for other tasks, the best
performance willl be achleved with
the system previously described.
This requires a GPS, IN and radio
altimeter in the aircraft with a
two-way ranging data-link to the
ship on which 18 conveyed the ship's
GPS location. The perception of our
military customers to the need and
hence form of this 1ink has still to
be defined.
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SUMMARY

An analysis of the shipboard characteristics of the
SH-2F helicopter in response to prescribed deck mo-~
tion, deck friction, and steady wind conditions has
been developed. The objective of deriving the
SH-2F shipboard dynamic model is to define the safe
conditions for launching and recovering the heli-
copter from the flight deck of Navy frigates and
destroyers. Operational conditions of interest
include helicopter and ship deck dynamic interac-
tions which would potentially cause dangerous in-
terference between the helicopter and the ship

such as sliding or tipping of the helicopter. The
wind condition, ship deck motion, helicopter rotor
thrust, and friction coefficients between helicop-
ter tires and flight deck surfaces are found to be
important parameters which affect the helicopter
shipboard operations. Four sets of aerodynamic
characteristics are modeled in the analysis: one
with the rotor operating at very low thrust; one
for the rotor stopped and inoperative; one for
rotor folded; and one for the fuselage. The ship
motion data, including three linear translation
and two angular rotation degrees-of freedom (roll
and pitch) are described in the time domain. The
equations of motion of the shipboard dynamic mode?
are derived using the energy method. These equa-
tions are solved in the quasi-steady fashion

within one-third of a second refresher rate to the
prescribed deck motion time histories and steady
wind conditions.

INTRODUCTION

An analysis of the shipboard characteristics of
the SH-2F helicopter (shown in Figure 1) in re-
sponse to prescribed deck motion, deck friction,
and steady wind conditions has been developed and
analyzed. Over 200 SH-2F helicopters have been de-
ployed aboard US Navy frigates and destroyers.
Having a shipboard dynamic analytical model on-
board the ships to obtain a safe flight envelope
under adverse sea conditions is essential because
SH-2F helicopters will remain in combat missions
until the year 2010.

A sea trial involving an SH-2F helicopter and a
DE-1052-class ship was conducted in 1974 and re-
ported in Reference 1. The report concerns two
different types of analyses of ship motion, in-
cluding the standard power spectrum analysis of
ship motions and the aircraft event analysis of
ship motions during the specific time interval of
an afrcraft event. Both types of analyses are
required in order to relate ship motions to the
degree of difficulty encountered in such events.

Sea trial results which deal with the direct opera-
tion of the aircraft have been documented in Ref-
erence 2. The rationale for relating ship motions
to degree of difficuTty in aircraft events for pre-
dicting operations on ships other than the 1052
class was reported in References 3 and 4.

The operation of the SH-2F helicopter from the
decks of small ships was also simulated using a
large amplitude motion simulator reported in
Reference 5. It describes the simulation facility

and the mathematical programs. The results show
the simulator to be a useful tool in simulating the
ship-landing problem.

In Reference 6, a computer program was developed to
predict helicopter Tanding and arresting system
loads and deflections for the SH-608 operating on
ships equipped with the Recovery Assist, Securing
and Traversing (RAST) system. The computational
capability is restricted to on-deck operations
where the loading environment is associated with
the dynamic responses of the ship in a given sea
state. The helicopter rotor aerodynamic forces and
moments do not include steady wind effect. The
main rotor 1ift generated by the rotor is assumed
to be 25% of helicopter total gross weight. A sta-
tic solution is obtained based on an iteration pro-
cedure.

In Reference 7, the mathematical models were pre-
sented for a baseline visual landing aids suite,
two versions of the airwake and the ship motions.
Existing operational procedures for launch and re-
covery of helicopters on small aviation facility
ships were used as a baseline for quantifying the
models. The baseline visual landing aids suite is
the current DD 963 visual landing aids complement,
plus the mini optical landing system.

For SH-2F helicopters flown with -101 Rotors or
Composite Main Rotor Blades (CMRB), the correlation
between test data and analyses are shown in Refer-
ences 8 and 9. Vibration reduction analyses on the
SH-2F helicopter equipped with a -101 Rotor using
higher harmonic control inputs are also presented
in Reference 10.

For this paper, the QuickBasic language developed
by Microsoft Company was used on an IBM personal
computer to sclve the equations that predict the
SH-2F helicopter c.g. responses due to ship deck
motion. The SH-2F helicopter is represented with
the rotor turning, stopped, and folded in order to
simulate all possible combinations of the helicop-
ter operation on the flight deck as shown in Ref-
erences 11 and 12. Operational conditions of
interest include helicopter and ship deck dynamic
interactions which would cause helicopter sliding
or 1ifting one main wheel off the ship deck. Three
translational and three rotational degrees-of-
freedom of the helicopter c.g. motions are modeled
to predict the helicopter responses due to the ex-
citation. A1l coordinate systems defined on the
helicopter and the ship locations are using right
hand rule which has longitudinal axis positive for-
ward, lateral axis positive to the left, and verti-
cal axis positive upward.

The aerodynamic forces and moments generated by the
SH-2F helicopter rotor and fuselage due to wind
speeds are also computed. For rotor operating
cases, a set of equations in the wind axis system
is used to determine the proper asrodynamics. The
orientation of the wind axis system with respect to
the ship is accomplished by axes transformations.
Three sets of aerodynamic characteristics other
than the operating rotor cases are utilized as the
ratios of the forces and moments to the dynamic
pressure.
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These ratios are given as functions of the wind az-
imuth angles with respect to the helicopter lon-
gitudinal axis.

The equations of motion are solved in the quasi-
steady fashion in less than one-third of a second
refresher rate to the prescribed deck motion time
histories. This quick response solution character-
istic can be used to run the program in a real

time manner to obtain the safe flight envelope
when interfaced with the ship motion data.

TECHNICAL AMALYSIS
A. __ANALYTICAL ASSUMPTIONS

There are several assumptions used in the analysis
to obtain the equations of motion of the ship and
aircraft interaction due to ship deck motion and
steady wind conditions. These assumptions should
be carefully considered when interpreting and de-
termining the helicopter reaction loads and mo-
tions. The assumptions are as follows:

1. A rigid body helicopter fuselage is
assumed in the analysis.

2. The equations of motion of the helicopter
with respect to the ship are linearized
based on small angle assumptions. Ship
motion, helicopter orientation on the
f1light deck, and wind direction are con-
sidered large angles.

3. The helicopter landing gear spring rates
and damping are assumed linear.

4. A1l aerodynamic tables are determined as a
function of the steady wind angle with re-
spect to the lTongitudinal axis of the heli-
copter when the ship is at the level posi-
tion.

5. The natural frequencies introduced by the
helicopter landing gear spring rates are
assumed much higher than the ship motion
natural frequencies; therefore, the heli-
copter natural frequencies will not be
affected by the ship deck motion.

6. The steady wind speed and direction and
ship motion data are assumed unchanged for
every one-third second time interval.

8. _SHIP MOTIOM DATA

Ship motion data due to the sea wave and the steady
wind conditions are defined in the ship coordinate
system (Figure 2). These data include relative
speed and direction, and also include 3 linear ac-

celerations (X, Y, Z), 2 angular displacements (q,
p), 2 angular velocities (q, p), and 2 angular ac-
celerations (G, p) of the ship motions. A1l the
data are given in the time domain. Ship motions
are measured on the centerline of the ship deck
directly under the landing platform. The instru-
mentation station is equipped to measure pitch,
roll, yaw of ship course, and accelerations in the
vertical, lateral, and longfitudinal directions.

Yaw degree of freedom of the ship motion is not
used in the analysis. Ship speed and course are
taken by means of repeaters from the ship's own
sensors. Ship angular velocities and accelerations
are obtained by differentiating the angular dis-
placement with respect to time once and twice, re-
spectively. Every one-third second new wind con-
dition and ship motion data will be given as the
inputs to the computer program. Inputs of ship
motion data to the analysis must be consistent with
the stgn convention, units, and the coordinate sys-
tem described in this analysis.

]
C. HELICOPTER AERODYNAMIC CHARACTERISTICS 4
]

1. Aerodynamic Tables Setup - The aerodynamic

forces and moments on the helicopter rotor and

fuselage due to steady wind conditions are de- i
termined. The rotor operating is given as a

series of equations in the wind axis system

shown in Reference 11. The three forces and

moments are given as derivatives with respect

to rotor angle of attack and pitch rate.

Three different aerodynamic tabies for fuselage
and nonoperating rotor conditions are used for
tables look up as a function of wind azimuth
angles. These aerodynamic tables are: (a) one
table for the rotor stopped, but extended; (b)
one table for the rotor folded; and (c) ane
table for the fuselage. Three sets of aerody-
namic characteristics are utilized as the
ratios of the three forces and three moments to
the dynamic pressure. These ratios are given as
functions of the wind azimuth angles with re-
spect to the helicopter longitudinal axis.

2. Relative Wind Angle - The relationship be-

tween relative ship and helicopter wind angles
is shown in Figures 3 and 4. The relative ship
wind angle (eus) with respect to ship longitud-

inal axis is obtained from ship motion data.
The helicopter operating onboard the ship
flight deck is not coincident with the ship
axes. In normal operation on the landing plat-
form, there is an angle between the helicopter
and the ship longitudinal axes (eAs). There

fore, the relative wind angle (awA) with

respect to helicopter longitudinal axis is the
difference between the relative wind angle with
respect to ship axis minus the helicopter lon-
gitudinal axis with respect to ship axis as
shown in Figure 3. e"A is the angle used to

compute or to look up the aerodynamic charac-
teristics for (a) rotor turning in operation,
(b) rotor folded, and (c) helicopter fuselage
aerodynamics. The procedure to obtain the wind
angle with respect to the ship is as follows:

a. Wind angle (ews) with respect to ship
axis is obtained from ship motion data.

b. Heltcopter has angle (BAS) with respect
to the ship longitudinal axis.

¢. Wind angle (ewA) with respect to the hel-
icopter longitudinal axis is:

8 ,=6 -8

wA WS As
d. ewA is used to find helicopter aerodynam-
jes.

For rotor extended, inoperative, additional
information is required to fully define the
relative wind angle between the wind axis and
the pitch axis of the rotor blades, shown in
Figure 4. The blade angle with respect to
helicopter longitudinal axis OBA is needed

when the blades are stopped at any angle other
than straight into the helicopter longitudinal
axts. The wind angle with respect to helicop-
ter rotor blade no. 1 is defined as follows:

8 = Swa ~ ®pa
9”8 is used to find the rotor aerodynamics

from the aerodynamic table when the rotor is
extended at any azimuth without turning.




3. Helicopter Relative Location - The rela-
tionship between helicopter and ship angular
motions is shown in Figure 5. The helicop-
ter has roll (¢), pitch (8), and yaw (v)
angular motions about its own c.g. axes and
the ship also has roll (q) and pitch (p) ang-
ular motions about the ship coordinate axes.
Because the helicopter c.g. axes has an angle
with respect to the ship longitudinal axis,
the total helicopter angular motion roll (o;)

and pitch (66] about the helicopter c.g. sys-
tem due to ship motion are given as follows:

°n = ¢ + g COS BAS + p sin eAS

Voo .
en =8 - q sin eAS + p cos eAS
SH-2F LANDING GEAR

The SH-2F helicopter has two retractable main
landing gears, each with dual wheels, Tocated in
the forward fuselage and one, full-swivel, non-
retractable tail gear located in the aft fuselage.
The tail wheel can be swiveled through 360° and
locked in the fore and aft positions. The main
landing gears are designed to have relatively
larger teft and right wheel span suitable for oper-
ating from smaller classes of Navy ships. The
spring rates and damping characteristics of the
landing gear are obtained from various tests con-
ducted in the development of the high energy ab-
sorption landing gear. Non-linear landing gear
spring rate effects are neglected in the first
phase of the analysis.

EQUATIONS OF MOTION

The equations of motion of the shipboard dynamic
mode] are derived about the helicopter c.g. using
the energy method. The position vectors of the
points of interest on the helicopter are first
defined with respect to helicopter c.g. without the
ship motion. Then, the ship motion effects are
added in the kinetic energy terms of the equations
to represent the actual responses of the system.
The helicopter landing gear spring terms are not
changed by the ship motions because the landing
gear spring deflections are defined with respect to
the ship deck. A1l the aercdynamics generated by
the rotor and fuselage due to steady wind condi-
tions are transformed into the helicopter c.g.
location. Also, the helicopter gravitational force
effects are added on the right hand side of the
equations due to ship deck motion. Quasi-steady
solution technique is used to find the response of
the system due to ship motion. The computational
time used to find the solution is within orc-third
of a second using the QuickBasic language.

Numerical Results

The friction coefficients between the SH-2F heli-
copter and the ship flight deck surfaces are
important parameters which affect the helicopter
shipboard operation. The variation of friction
coefficients between wet, oily, and worn deck con-
ditions changes up to a factor of 5 from the dry
deck condition. Table 1 presents the numerical re-
sults for SH-2F helicopter and ship flight deck
surface friction coefficient effects due to ship
rolling motion. Ship rolling angles which would
cause a helicopter to dangerously slide or tip-off
on the flight deck are presented. Helicopter c.g.
rolling angle and landing gear reaction forces are
also 1isted at the helicopter siiding on or
tipping-off the flight deck condition.

In the no wind situation and no relative ship
speed, the helicopter starts to siide on the dry
deck (u = 0.7) when the ship rolls more than 26°,
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with typica) helicopter mission gross weight at
12,800 1bs and with both helicopter and ship coor-
dinate axes coincident. The helicopter also lifts
one main wheel off the flight deck when the ship
rolls more than 31°. In the worst condition, when
the ship flight deck becomes wet and oily (u =
0.15), the helicopter starts sliding when the ship
rolls more than 6.0°. Numerical results indicate
that good and well-maintained ship flight decks can
have 20° more roll angle before causing the heli-
copter to slide on the deck, as compared to wet and
oily deck.

Table 2 presents the numerical results of crosswind
effects on helicopter shipboard operation when the
helicopter rotor is turning, sitting on an old and
worn flight deck (p = 0.5), with longitudinal axis
straight into the ship axis. Under 45 kts cross-
wind condition, the helicopter starts to slide on
the flight deck when the ship rolls more than 13°,
6° sooner than the no wind situation. Also, under
45kts crosswind condition, the helicopter starts to
tip one wheel off the deck when the ship rolls more
than 24° which is 7° sooner than the no wind condi-
tion. Because the helicopter rotor blades generate
1ift under the crosswind cdndition when the ship
rolls about its longitudinal axis, this 1ift force
will reduce total helicopter weight exerted on the
flight deck and cause the helicopter landing gear
to slide or tip-off sooner than in the no wind con-
dition. Also, the drag force generated by the
fuselage will push the helicopter into sliding
along the wind direction due to the crosswind. For
a 30 kt crosswind condition, the helicopter slides
when the ship's rolling angle is more than 17.5°,
1.5° sooner than the no wind situation, and lifts
one main wheel off the deck when the ship rolls
more than 25°, 6° sooner than the no wind condi-
tion.

Table 3 presents the numerical results for wind
angle effects on SH-2F helicopter shipboard opera-
tion with both helicopter and ship longitudinal
axes coincident with each other. The wind direc-
tion is measured with respect to the ship coordi-
nate system. For a wind speed of 30 kts and a
flight deck friction coefficient of u = 0.5, the
helicopter starts to sTide when the ship's rolling
angle reaches 19° under the head wind condition.
This roll angle gives 1.5° more than the value ob-
tained from the crosswind condition. Under the
head wind condition, the helicopter starts to 1ift
one main wheel off the deck when the ship's rolling
angle reaches 27°, 2° higher than the crosswind
condition.

For a 30 kt wind with a 45° wind angle condition,
analysis indicates that the helicopter slides on the
deck above an 18° ship roll angle. This roll angle
gives 0.5° higher than the crosswind condition.
Similarly, the helicopter 1ifts one main wheel off
the deck above a 26° ship roll angle which is 1°
higher than the baseline crosswind value.

Table 4 presents the numerical results of the heli-
copter and ship relative angle effects on the SH-2F
helicopter shipboard operation when the helicopter
rotor is turning at the 30 kt crosswind condition.
The helicopter operating onboard the ship flight
deck is not necessarily cofncident with the ship
axes. In norma) operation on the landing platform,
there is an angle between helicopter and ship lon-
gitudinal axes.

For the helicopter longitudinal axis having 45¢,
with respect to the ship longitudinal axis, the
helicopter slides on the flight deck as the ship
angle rolls above 22°, 4.5° higher than the value
obtained at 0° betwsen the helicopter and ship
axes. This is because the cosine effect of the
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ship roll angle applied on the helicopter longitud-
inal axis has a stabilizing effect on the helicop-
ter shipboard operation.

Also for the 45° helicopter and ship angle condi-
tion, the helicopter starts to tip-off on the
flight deck as the ship roil angle reaches 31°, 6°
higher than 0° helicopter and ship relative angle
condition.

With this information, the shipboard officer can
give the best order for ship speed and course to
avoid dangerous shipboard operation under adverse
sea conditions.

Table 5 presents the numerical results of ship lat-
eral acceleration effects on helicopter operation
on ships. Ship lateral acceleration, obtained from
ship motion data, was treated as a forcing function
in the analysis applied on the right hand side of
the equations of motion and can be a very important
factor for helicopter on-deck operations. Ship
motion data obtained from Reference 1 during a
4-day sea trial indicated that the maximum range of
the ship lateral acceleration, 0.3g, is enough to
simulate most of the sea-states encountered.

For a ship having 0.2g lateral acceleration, the
helicopter starts to slide on the flight deck as
the ship's angle rolls more than 7°, 10.5° less
than no lateral acceleration condition. Numerical
results also indicate that ship lateral accelera-
tion has little effect on helicopter tip-off one
main wheel on the flight deck condition.

For a ship having 0.3g lateral acceleration, the
helicopter starts to slide on the flight deck when
the ship's angle rolls more than 3°, 14.5° less
than no lateral acceleration condition. Analysis
proves that ship lateral acceleration is an ex-
tremely critical parameter for helicopter shipboard
operation. Extra care must be implemented to oper-
ate a helicopter on the flight deck if the ship has
lateral acceleration more than 0.3g.

The numerical results for ship vertical accelera-
tion effects on helicopter on-deck operation are
presented in Table 6, with both helicopter and ship
longitudinal axes coincident. Under 30 kts cross-
wind and ship flight deck friction coefficient of

u = 0.5 condition, the helicopter starts to slide
on the flight deck as the ship angle rolls more
than 13° with -0.1g ship vertical acceleration and
12° with - 0.2g ship vertical acceleration, respec-
tively. These ship roll angles have at least 4.5°
less than the value obtained from no shio vertical
acceleration condition. For a ship havirg -0.2g
vertical acceleration, the helicopter starts to
tip-off the flight deck as the ship attains a roll
angle more than 19°, 6° less than zero ship verti-
cal acceleration condition.

Table 7 presents the numerical results of SH-2F
helicopter ianding gear friction coefficient ef-
fects with the rotor blades inoperative and folded
under no wind and no relative ship speed condition.
The helicopter c.g. moves aft 8 in at the rotor
folded, 12,800 1bs mission gross weight configura-
tion. This c.g. shift will slightly destabilize
the helicopter operation on ships because the reac-
tion force on the tai) gear increases as helicopter
c.g. moves aft. No significant numerical result
differences are noticed compared to Table 1.

Table 8 presents the numerical results of crosswind
effects on SH-2F helicopter operation on the flight
deck with helicopter rotor blades folded. Analysis
indicates that there is a slight variation on ship
rotl angle before causing helicopter sliding on the
flight deck for crosswind speed up to 30 kts.

Under a 30 kt crosswind condition, the helicopter
1ifts one main wheel off the flight deck as the
ship rolls more than 25°, 6° less than the no wind
condition.

Table 9 presents the numerical results of ship lat-
eral acceleration effects on helicopter shipboard
operation, with rotor folded under 30 kts crosswind
condition. Numerical results indicate that the de-
gree of difficulty to operate a helicopter on the
flight deck is higher with the helicopter rotor
folded as compared to the rotor in operation.

For a ship having 0.2g lateral acceleration, the
helicopter starts to slide on the flight deck as
the ship's angle rolls more than 6° which is 12°
less than the no lateral acceleration condition.
For 0.3g ship lateral acceleration condition, the
helicopter slides on the deck as the ship rolls
more than 1°.

CONCLUSIONS

Based on technical analysis and numerical results,
the analytical modeling of SH-2F helicopter ship-
board operation has been successfully developed.
The conclusions obtained from these numeric results
are as follows:

1. The friction coefficients between SH-2F
helicopter and ship flight deck changed up
to a factor of 5 from the dry deck to wet
and oily deck conditions are found to be
important parameters which would cause hel-
icopter slide on or tip-off the flight
deck.

2. The helicopter rotor 1ift will reduce total
weight on the landing gear, therefore,
causing the helicopter slide on or tip-off
the flight deck sooner than the no lift
condition.

3. Best ship speed, relative wind angle, and
helicopter and ship angle can stabilize
helicopter shipboard operation under ad-
verse sea conditions.

4. Ship lateral acceleration is the most im-
portant factor to cause helicopter slide on
the flight deck. For a ship having 0.3g or
more lateral acceleration, the helicopter
will slide on the flight deck as the ship
rolls more than 3°.

5. For a ship having more than -0.1g vertical
acceleration, there is an increasing trend
of difficulty to operate a helicopter on
board a ship.

6. With the helicopter rotor blades folded,
the degree of difficulty on helicopter
shipboard operation is higher than the
rotor turning condition.

7. Further study and test are required to
verify the analytical model.
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figure 5. Relationship Between Helicopter and Ship Angular Motions.

TABLE 1. HELO LANDING GEAR FRICTION COEFFICIENT EFFECT
MO WIND, #,¢ = 0, 12,800 LB GN
FRICTION COEFFICIENT BETWEEN
HELO LANDING GEAR AMD sHiP DEck | 0.7{1)] 0.5(2)] 0.3(3}[o 15(4)
SRIP ROLL . . . .
AoLE (bes) | 28 19 12 6.0
:&E:m()ll)tc) a8 | 38| 24| 1.2
HELO SLIDES RIGHT WHEEL
ON SHIP DECK FORCE (LB) | 8157 [ 7862 | 7009 | 6075
}E.RC”E“(‘E% 326 | 1601 | 3149 | avss
}3&[‘“('{% 2207 | 2473 | 2604 | 2645
SHIP ROLL . . . .
RLE (bre) | 31 3l 3 3
ﬁé‘&“‘(’ﬁts) 5.9°| 5.9°] 5.9°| s.9°
NELO WHEEL
LIFTS OF RICHT WMEEL
i Pt Gy | 92 [ sz | smz | a2
LEFT WHEEL
FORCE (LB) 0 0 0 0
}3&["(‘{% 216 | 2376 | 2316 | 2376

1) Ory Flight Deck
2) Worn Flight Deck
3) Wet Flight Deck
4) 0ily Fiight Deck

o
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TABLE 2. CROSSWIND SPEED EFFECT
#p = 05 12,800 LB G¥; ROTOR TURNING; WIND AMGLE = 90°; 4 = 0.5
vIND sngalglmrgspzcr To 0 5 1 .
ﬂétt%ks) 19 | 18.5° | 17.5° | 13
:ﬁé&%ts) 3.8° | 3.5 2.7 | 2.5°
A L RIo ‘(“L'gfl 7862 | 7156 | 6066 | 5586
kggE"‘(‘f% 1641 | 1436 | 1690 | 1454
}3}‘&“'(‘{% 13 | 2337 | 2286 | 2322
As:étpt%ts) a1 |2 |25 | 2ee
:ﬁa’{"?h&s) 5.9° | a4 | 40| 2.8
HELO WHEEL
RS otk il ‘:{‘g;'- 9412 | 6991 | soss | 4342
s | o |0 | o |
}3{&“&% 2376 | 1865 | 1799 | 1744

TABLE 3. WIND ANGLE EFFECT

#y = 0; 12,800 LB G¥; ROTOR TURNING; WIND SPEED - 30KTS; 4 = 0.5
IND ANGLE WITH RESPECT To oo | 300 | ase | 600 | oo
As:,’;f[”(’ktg) 190|190 |1e |1e |arse
;‘,ﬁé&"‘(’&s) 1.7°| 3| 300 | 290 | 270
pp il ‘("L'gﬁl 7909 | 7043 | 6649 | 6345 | 6066
}g&'('fg')- 1798 | 132¢ | 1796 | 1684 | 1690
PoRCE (o) | 59 | 2V 28 | 2301 | 2286
e 2 A T U O
o st :&&%c) a5 | 43| a0 | 3.9°] 40°
S ory HlaT "('l'f,;l 7671 | 6959 | 6331 | 6368 | G08s
}&‘E"&% 0 ° 0 0 °
}s&i"('fg 2009 | 1851 | 1689 | 1813 | 1799




TABLE 4.

ANGLE BETWEEN HELO AND SHIP EFFECT

12,800 LB GW; ROTOR TURNING; WIMD SPEED = 30 KTS;
.5

WIND ANGLE = 90°; s = 0

ANGLE BETWEEN HELO AND
SHIP (DEG)

0 30

45

HELO SLIDES
ON SHIP DECK

SHIP ROLL
ANGLE (DEG)

17.5° | 18°*

22°

HELO ROLL
ANGLE (DEG)

2.7° 2.3° 1.9°

RIGHT WHEEL
FORCE (LB)

6066 5265 4224

LEFT WHEEL
FORCE (LB)

1690 1475 1181

TAIL WHEEL
FORCE (LB)

2286 2754 2893

HELO WHEEL
LIFTS OFF
SHIP DECK

SHIP ROLL
ANGLE (DEG)

25° 271°

31

HELO ROLL
ANGLE (DEG)

4.0° 2.7° 2.2°

RIGHT WHEEL
FORCE (LB)

6084 4429 3250

LEFT WHEEL
FORCE (LB)

TAIL WHEEL
FORCE {LB)

1799 2781

217

TABLE S.

SHIP LATERAL ACCELERATION EFFECT
#p5 = 0; 12,800 LB 6M; ROTOR TURNING; WIND SPEED = 30 KTS;

WIND ANGLE = 90°; 5 = 0.5

{9)

SHIP LATERAL ACCELERATION

0.1

0.2 0.3

HELO SLIDES
ON SHIP DECK

ANGLE (DEG)

SHIP ROLL 17.5° | 12.0°

7.0° 3°

ANGLE (DEE)

HELORLL | 50| 50

1.2° 0.3

FORCE (LB)

RIGHT WHEEL 6066

6029

5611 5336

FORCE (LB)

LEFT WHEEL 1690

2629

FORCE (LB)

TAIL WHEEL | e

47

2605 2797

HELO WHEEL
LIFTS OFF
SHIP DECK

ANGLE (DEC)

SHIP ROLL 25°

25°

25° 26°

ANGLE (DEC)

L T P

FORCE (18)

RIGHT WHEEL 6084

LEFT MHEEL
FORCE (LB)

FORCE (LB)

TAIL WEEL | [0

1797

1796 1611

139

i




TABLE 6. SHIP VERTICAL ACCELERATION EFFECT

'AS = 0; 12,800 LB GW; ROTOR TURMING: WIND SPEED - 30 KTS;
WIND ANGLE =~ 90°; 4 = 0.5

SHIP v:mu(\;)mcmmmu o |-00 |-02 |03
ﬁ&%’éﬁ) 17.5* | 13.0° | 12.0° | 12.0°
weie ey | 27| 25| 23| 2
HEL SLIDES R '('L'sl 6066 | 5565 | 5235 | 4729
kggz'('fs 16% | 1490 | 1416 | o908
;3&('('5._:'; 2286 | 2067 | 1954 | 1689
ﬁ?z%&m il Ml Bl R
HELO WHEEL
ggsﬁo&r{ g‘l&f{ ?ngfl 6084 | 5507 | s102 | 4684
IS&%:'('E% 1799 | 1709 | 1539 | 1449
TABLE 7. HELO LANDING GEAR FRICTION COEFFICIENT EFFECT
NO WIND, 8, - 0, 12,500 LB GM, ROTOR FOLDED
mwm&w‘%‘;ﬂ“m‘& 07 | 05 | 0.3 [o0.15
wim()lntc) 25° 19° 12* 6.0°
wi%t‘) 49° | 3.8 | 2.3°| 1.2
SLB%E RS [ooc [ [omn o
;g&’["&% 395 | 1406 | 2801 | 3824
;&l'lc- E'(‘LE% 2918 | 2976 | 3181 | 3180
wz“()llés) e B R
wz.(ltlxlc) 59°| 5.9°| 5.9° [ s5.9°
HELO WHEEL
LIFTS OFF i ‘('Lgl o145 | 9145 | 915 | 9145
}g}"&% ¢ [ 0 [
e N N B

e I




TABLE 8. CROSSWIND SPEED EFFECT
0,5 = 0, 12,800 LB G¥; ROTOR FOLDED;
WIND ANGLE = 90°; u = 0.5
WIND SPEED WITH RESPECT T0
SHIP (KTS) 0 15 30
SHIP ROLL . . .
et e (oke) | 19 19 18
HELO ROLL . . .
Neere (brgy | 38| 400 | 40
HELO SLIDES RIGHT WHEEL
ON SHIP DECK FORCE (LB) | 7595 | 7728 | 8089
LEFT WHEEL
FoRte (LB) | 1406 | 1207 [ 148
TATL WHEEL
FoRCE (LB) | 276 | 2999 | 3202
SHIP ROLL . . .
AeoLE (oée) | 31 26 25
HELO ROLL . . .
Neeie tog) | 590 | 49| s
HELO WL —
LIFTS OFF RIGHT WM
SHIP DECK FORCE (LB) | 9145 | 8031 | 8984
LEFT WHEEL
FORCE (LB) 0 0 0
TAIL WHEEL
FORCE (LB) | 2858 | 2675 | 3023

TABLE 9. SHIP LATERAL ACCELERATION EFFECT
#y = 0; 12,800 LB G; ROTOR FOLDED; WIND SPEED = 30 KTS;
VIND ANGLE = 90°; 5 = 0.5
SHIP LATERAL ACCELERATION o1 | 02 | o3
(9) : : :
SHIP ROLL . . . .
NLE ey | 18 |2 6 1
HELO ROLL . . . .
Necre toke) [ 407 | 27| 14| 0a
HELO SLIDES RIGHT WHEEL
OM SHIP DECK FORCE (LB) | 8089 [ 7062 | 5905 | 4842
LEFT WHEEL
fe iy | 1e | 2812 [ 3641 | a7
TAIL WHEEL
FoRe jis) | 3292 | 3293 [azme | azm
SHIP ROLL . . . .
- I O O
HELO ROLL . . . .
Nece (ke | 567 | s | s e
LIFTs OFF - RIGHT WHEEL
S ey P () | coes |70 | esyy | 7e07
LEFT WHEEL 0
FORCE (L8)
TAIL WHEEL
Tome ity | %z |02 {3019 | 2760
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HELICOPTER/SHIP ANALYTIC
DYNAMIC INTERFACE

Bernard Ferrier®
Bombardier Inc
Canadair. Surveillance Systems Division
Dynamic Interface Analysis Program
Caxe Postale 6087, Succ. A.
Montréal (Québec) H3C 3G9 Canada

Abstract

An analytic approach to helicopter/ship
dynamic interface testing is introducted.
The development of dynamic interface from
Ship Motion Simulation is presented,
discussing operational simulation
applications. A demonstration of & Deck
Handling Clearance Study is performed for a
EH101 helicopter and CPF ship model.
Preliminary results of the Landing Period
Designator development project are
provided.

Sommaire

Il existe plusieurs applications possibles pour les
programmes de simulation du mouvement des
navires (SMS). Cet article présente une approche
analytique pour étudier des problémes reliés a
Uinterface dynamique aérorefinavire basée sur la
simulation d'activités opérationnelles. Un exemple
d'étude est présenté concernant le couple aéronef
inavire (EHI01ICPt+). Ceste éiude érablis  des
enveloppes opérationnelles pour la manutention de
U'helicoptere sur le pont du navire en utilisant un
modéle analytigue. Une seconde application des
programmes de simulation est aussi présentée, il
s'agit du développement de l'algorithme d'un
indicateur de périodes d'atterrissage. Quelques
résultats préliminaires sont inclus dans ce rapport.

1.0- Introduction

Maritime  helicopters operating from
aircapable warships are limited mainly by
high winds and rough seas. These factors
result in irregular six degrees-of-freedom
motion coupled with extreme levels of wind-
over-deck velocity gradients and turbulence.
Healey [1] has noted that helicopter
operations are limited to only ten per cent
availability for a 122 m (400 ft) frigate in the
wintertime North Sea environment. Dynamic
Interface (DI), defined as the study of the
relationship between an air vehicle and a
moving platform, is therefore performed to
reduce the risks and maximize operational
flexibility [2].
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Experience with DI testing in countries, such
as the US.A, is an on-going necessity. The
American Navy matrix alone accounts for
over a dozen VTOL/VSTOL manned and
unmanned vehicles and more than 20 classes
of aviation capable ships [3]. In Canada, the
Aerospace Engineering Test Establishment
(AETE) is responsible for the Department of
National Defence (DND) interface flight deck
certification testing. However, in-house
practical experience in interface testing is
minimal [4] since there has not been a large
testing requirement.  This is primarily owing
to few new acquisitions leaving a small
interface matrix.

Recent capital acquisition and R & D programs
have renewed DND's interest in DI. Through a
Memorandum of Understanding (MOU)
between the United States and Canada the
means for participation in DI analysis became
available. The purpose of this paper is to
present highlights of the aircraft/ship
interface simulation programs, the DND
supported deck clearance study, and the
Landing Period Designator application.

1.1- Experimental vs Analytical DI

Dynamic Interface is divided into two broad
categories: the experimental or at-sea
measurement of limitations; and analytical
which centres on computerized simulation
studies [5]. The two methods are not
mutually exclusive. Neither method alone can
synthesize an effective, comprehensive and
timely solution of the complete DI problem.

Experimental DI is the traditional approach.
Helicopter DIl experimentation investigates
operational launch and recovery, engage/
disengage of rotors, vertical replenishment
and helicopter in-flight refueling envelopes.
"Shipboard suitability testing”™ assesses the
adequacy, cffectiveness, and safety of
shipboard aviation.

[ Y N




Experimental DI has evolved into a science.
Testing methodologies and procedures have
been standardized by laboratories, such as,
NATC (USA) and NRL (the Netherlands).
These establishments integrate various
testing approaches, such as wind tunnel
analysis, with at-sea experimentation.
Typically, air vehicles are instrumented to
record many aspects of the interface [6].
While the testing has numerous objectives,
the concentration is on launch and recovery
envelope development and expansion. The
procedure requires a helicopter launch or
recovery in a specific prevailing
environmental and ship condition. The launch
or recovery is rated by the pilot on a scale

termed the Pilot Rating Scale (PRS), based on
an assessment of pilot workload resulting
from aircraft control margins, aircraft flying
qualities, and performance in the shipboard
environment [7). Eavelopes are developed for
various environmental conditions in day and
night operations. Other DI ship tests, such as
aviation facilities evaluations and deck
handling, investigate specific support issues

[8].

Deck handling studies investigate problems
associated with the movement of air vehicles
on the flight deck and in the hangar. The air
vehicle conditions with respect to the ship
(restrained or unrestrained) and air vehicle
configuration (fuselage or rotor fold position)
are individually investigated. Clearance
measurements are recorded during static
(dockside) and dynamic (at-sea) test phases
with the test aircraft fueled or empty and the
main rotor blades spread and folded ([9].
Engage and disengage studies and deck

airwake surveys are also components of a
complete DI test.

DI  analytics emphasize mathematical
modeling and simulation to support flight
testing.  Analytics can be used to help define
the safe operational limitations of any
ship/helicopter combination by:
i)-  simulating ship motion in space
and time.
ii)- simulating helicopter on deck.
iii)- simulating degraded operational
conditions.

Analytics were created as a data handling tool
to treat the enormous bulk of data which was
accumulating at increasing rates [10]. Initial
breakthroughs revolved about ship definition

and motion, such as the Standard Ship Motion
Program or SMP series [11]. This gendre of
simulation attempts to describe the responses
of marine vehicles and structures in a seaway
[12]). Products of the analysis predict
vehicle/structure motions, accelerations
under wave induced forces and moments.
Shortly after the initial SMP series
publication, O'Reilly [13] published the first
air vehicle/ship frequency analysis program
using the theories of Korvin-Kroukovsky [14],
Michael St.Denis [15], and Willard Pierson
[16). A joint experimental and analytical DI
approach was proposed by NATC in 1983 {17].
SMS notwithstanding, computer analysis was
still generally limited and required further
development. Presently, development is
limited only by computer availability and
time (table 1.1).

Table 1.1
Experimental Limitations and
Analytic Advantages

Experimentai DI Anatytic Di
Limitations Limitations

Availability of test
assets  (ship/a.c.)

Availability of
computer system

Availability of desired Not applicable, pro-
maritime environmental{ grammable condition
climate
Logistics required Not applicable perform
manpower, cquipment study in !aboratory

Smaller costs for
computer & manpower

Large costs for
assets & manpower

Time required to
complete envelope

Baich computer simu-
tations, multiple runs

May entail physicai No risk to the
danger tescarcher

While analytics may seem less taxing to the
DI system, it cannot, nevertheless, replace
experimentation. Envelope studies will
always require physical verification.
Analytics may provide a means of controlling
the DI test environment and, thus, a short-cut
mechanism to test more efficiently [18].

1.2- DND Activity and Program Interest

The Canadian Department of National
Defence’s (DND) interest in Analytical Dynamic
Interface increased during the preliminary
studies involved with the New Shipborne
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Aircraft (NSA) project in the mid-1980's. It
was realized that a complete analytical
capability was unavailable within DND and
that such a tool could be useful for
streamlining flight tests and in determining
the limitations of operating relatively large
and heavy aircraft from Canadian warships.

Concurrently, CANADAIR obtained the ability
to develop DI through the Tripartate
Technical Cooperation Program (TTCP)
Memorandum of Understanding (MOU) and
subsequently submitted an Unsolicited
Proposal to DND to conduct a Deck Motion
Study and develop a "Landing Period
Designator” (LPD). A contract was eventuaily
awarded to CANADAIR in November 1989 to
modify existing software to provide a
dedicated VAX data base, develop an
anaiytical clearance envelope addressing an
unsecured air vehicle, and to provide
fundamental arguments for follow-on work.
The LPD concept was not supported by DND
and is being developed solely by Canadair.

The Canadian Navy has developed helicopter
operations from small warships since 1957
[19]. Now, the Canadian Navy faces several
challenges in the near future, with a fleet in
transition and a requirement to undertake
Flight Deck Certification Trials for the new
Canadian Patrol Frigate (CPF) and Tribal-class
Update and Modernization Project (TRUMP)
ships. The CH-124 SEAKING helicopter will be
operated from these ships and an NSA
replacement project is in progress. The NSA
choice includes a variant of the
Westland/Agusta European Helicopter EH101,
which is significantly larger than the current
CH-124 SEAKING. Finally, other Canadian
ship-classes such as the Auxiliary Oiler
Replenishment (AOR) ships and “ISL/ANS”
DDHs are operating helicopters in a variety of
environments on assorted missions, including
R&D. After a lapse of several years, Canada
will once again conduct flight deck clearances.

With the flexible roles and varied
environments all maritime forces are
involved with worldwide, an accurate and
verified helo/ship modelling resource should
be available to test for safe yet aggressive
operational limits. An economical method
combining analytics and experimentation to
streamline the flight testing, determine
clearance envelopes and examine helo
traversing stability would thus be extremely
useful,

Within DND, it is envisaged that DI has
potential to provide a starting point for actual
flight testing. The helo/ship interface
software as transferred under TTCP would
complement the existing ship motion analytic
capability, following validation. The initial
step would be to use analytics to identify the
appropriate ship motion conditions necessary
to test various launch and recovery
envelopes. The challenge is to confirm the
veracity of the analytic method in order to
provide confidence to all concerned with
Naval helicopter/ship operations.

2.0- Ship Motion Simulation

The Ship Motion Simulation (SMS) part of the
analytic DI program, was developed by Peter
J.F. O'Reilly at Bell Helicopter Textron for the
USN (NAEC) between 1973 to 1984. The SMS
mathematical model, which utilizes synthetic
time history traces, was adopted by Hughes
Helicopters, Inc. (now McDonnell Douglas
Helicopter Company) from NATC in 1984 for
the experimental AH-64 Apache marinization
program, In 1987, NAVAIR transferred,
under the auspices of the TTCP MOU, the
simulation to the Canadian DND for further
study and development. As a result, SMS has
many homes under TTCP with one centre of
excellence, currently at Bombardier Inc,
Canadair Surveillance Systems Division in
Montréal.

2.1- SMS Theoretical Synopsis

The O'Reilly Ship Motion Simulation Model is
derived from the relationship between the
wave and ship motion spectrum [20]. It
incorporates seakeeping philosophy and
applies various definitions of seaway spectral
formulation, such as, Pierson-Moskowitz [21],
and Bretschneider [22].

SMS defines a seaway, computes the
hydrodynamic and hydrostatic forces imposed
on a ship and calculates the resulting ship
motions. The simulation is an extensive
treatment of a floating cbject's response to
the dynamic loads on it's structure.

SMS is divided into two basic themes, spectral
analysis of a desired seaway/ship condition
and calculation of synthetic time histories
representing plausible ship motion.

The SMS fundamental relationship is:
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Sr = Se(e) x RAO xf(V,n) (2.1)
where;

Sr = Ship Response Spectrum

Sw(w) = Seaway Spectrum

RAO = Response Amplitude Operator
f(V.n) = frequency mapping
(encountered spectrum)

At the conception of SMS, Pierson-Moskowitz
was used as a standard for comparison. This
may no longer be true, but its simplicity is
still appealing. In SMS, the sea spectrum
defined by Pierson-Moskowitz is given by:

2 (4ag2 )
Se(®) = BB . (Bt (2.2)
where,
a = constant
g = acceleration due to gravity
(] = wave circular frequency
Saw(w) = spectral density

SMS can also apply the Bretschneider sea
spectrum which is adaptable for both fully
and partially developed seaways.
Bretschneider is given by:

483.5

(-1944_5
Sef{w) = Eo—i * H,z e

(To w)‘) 2.3)

Other spectral formulations available in SMS
include the International Towing Tank
Conference (ITTC, which resembles the
Bretschneider) and the Joint North Sea Wave
Project (JONSWAP). JONSWAP is a two
parameter formulation using fetch length and
wind speed as the variables.

The spectral characteristic of a vessel is
defined in the SMS by experimental or
computationally developed transfer functions
termed Response Amplitude Operators (RAO).
The response amplitude operators are
transfer functions which define the dynamic
responses of the ships for a specified
load/operating condition [23].

The ship response spectrum is created as the
product of the RAO and the driving sea

spectrum (figure 2.1) over the entire range of
frequencies.

The procedure is conducted simultaneously
for all degrees-of-freedom and reduced to
corresponding harmonic components. The
sets of harmonic components form the basis
on which synthetic time histories of ship
motion are developed. Synthetic time
histories are created stochastically in the SMS.
Each component is defined by an amplitude,
A, a circular frequency, @, and a phase angle,
€ [24]. A typical time history equation is as
follows (here in the vertical direction):

k
Az= 3 (A, cos(on - £2;)) 2.4)
n=1

The various time history samples created by a
harmonic component and seaway calculation
are combined, in the case of SMS, as a sum of
48 synthetic functions (k=48). Figure 2.2
displays typical time history traces using the
SMS program.

2.2- SMS Program Description

Throughout the evolution of the SMS and
related subject routine programs, ‘“user-
friendliness” and versatility have been
priorities. Software development that
requires "User-friendliness” generally cannot
be too complex, while complexity usually
occurs at the expense of User-friendliness.
There are more than 150 subject routines
developed over the years related to SMS for
both the IBM and VAX environments.

Figure 2.3 is a flowchart of the VAX core
subject routines in SMS. The simulation core
may be attached to either the Ship Motion
Program (David Taylor Research Center) or
SHIPMO (Defence Research Establishment
Atlantic) RAO master files. The subject
routine NAV2 selects the appropriate master
file and scans for the selected ship/sea
condition. NAV3 (ahead seas) and NAV4
(following seas) read the RAO tables, create
the encountered seaway in the frequency
domain and generate harmonic component
sets for the centre of motion six degrees-of-
freedom. These motions are resolved to the
point of interest (nominally the landing deck
bullseye). and are termed, "Vertical, Lateral
and Longitudinal”.
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Spectrum for given

SEA SPECTRUM s, < significant wave height

(Ship's Speed and wave and given encountered conditions
ip's

W, (178 We ®e @,
l l l l l l <3 Harmonic Analysis
WU AVLOLEYL Ag, 01801 An @, g Av OLEYIIN Ty

. = S to each DOF for given
heading) <= encountered conditions
and for each of "n" freq
. ‘HEAVE ROLL PITCH YAW SWAY SURGE
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l l l l l l At each of "n" freq
- s sren - Lad = (phase lag at each
iS(PEé(E;?:}S\E ’! So Sp {! Sy /\ Sy A S {! freq not shown)
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into "n"components

HARMONIC*, 3 Ay) @) €yz Agy 02,802 Ag,, @ Ayz, @ Eyz
COMPONENTS ' ' 02 ©2.802 L,
I..-..ﬂl. . - . l.' -t l.
Ay, ©n €Yy Agn, On, Ean Ag,, ‘;)n. €gn AYn: On EYn
Figure 2.1-SMS Computational Summary
& Thus, in summary, the Ship Motion Simulation
a program, as developed by O'Reilly, applies
j deterministic measurement to aprobabilistic
¥ spectrum. Deterministic synthetic time
5 histories are derived from the probabilistic
§ spectrum.
a,
2]
Q
:
2 HISTORY

TIME (seconds)

Figure 2.2-
Typical SMS Time History Traces
NAVS
The harmonic component tables are used HROOMP
create synthetic time history reports. NAVS, TABLES
the ship response time history trace subject FOLLOW

routine, contains numerous menu selections of
studies, motion statistics and traces. The 'ACE
purpose of the routine is to create a series of

synthetic time history traces resolving ship F:- 250 ]

‘motion in any of the six DOF at the C.G and at

any point of interest on the ship. Figure 2.3- SMS System Flowchart
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3.0- Aircraft/Ship Interface Simulation

The most important applications of SMS are in
direct operational simulation such as aircraft
launch and recovery; deck handling; and
general flight readiness (or availability).
These applications use the core programs and
another subject routine termed NAVS
(FLYNAVCDN), the intesface program.

NAVS8CDN.VAX is a mathematical description
of conditions limiting the on-deck availability
of an air device. Factors affecting an air
vehicle on a moving platform are primarily
ship motion; Wind Over Deck/ship airwake
turbulence; and deck conditions (eg: wet, dry,
oily, obstructed).

Launch and recovery studies can be
developed to determine impact dispersion,
landing aids, hauldown system effectiveness,
and ship stabilization system effectiveness.

Deck handling clearance or safety, is a study
of the motion sensitive activities involved in
handling a vehicle in the marine environment.
This is usually directed at the handling of an
air vehicle on small air capable ships. In SMS,
the limitations can be defined as the point at
which an aircraft/ship incidemi occufs.
Incident means an occurrence of aircraft
turnover, pitchback or on-deck slide at any
point from the on-deck recovery to hangar
stowage and back to launch.

Availability involves maintenance concepts.
reliability impacts and human factor
limitations. Deck handling or clearance
studies de.ermine turnover limits, sliding
freedom, tiedown forces, traversing factors,
and pitch back limitations ( Results of a deck
clearance option are presented in section 4.2).

3.1. Theoretical Synopsis

Aircraft movement on the flight deck can be
defined by its landing gear footprint; deck
location and orientation; aircraft weight and
inertias, centre of gravity, lateral drag area
and centre of pressure. The aircraft on the
deck experiences ship forces and moments
which create rectilinear and angular
accelerations on the air vehicle. The
accelerations can be integrated numerically to
determine the position and attitude of the
helicopter relative to the ship as a function of
time, for various ship motions [25]. With the
air vehicle and ship deck defined and the ship

motion characteristics transmitted by SMS,
the only remaining environmental condition
requiring definition is the on-deck air flow.
The model addresses the issue simply by a
unidirectional wind-over-deck model. This is
represented as a force in the same direction
as the prevailing wave front and remains
constant for the duration of the simulation
run.

Ship deck accelerations are resolved for the
helicopter. The inertial loads at the helicopter
center of gravity (Fj, Fiy and Fj ) are

determined as follows:

Fix = W * AXcg

Fiy = W * AYcq 3.1)
Fj, = W*AZo

where;

Fix

Fiy = Inertial Forces due to ship motion
Fiz

w = Aircraft Weight

In the longitudinal, lateral and vertical
directions, these inertial loads become:

X Tn Tr2 Tl]] Fi,
Yi = | Ta1 T2z Tas Fiy 3.2)
T3 Ty T33_| (Fi +W)
where;

Ty = T(e.8.%) (transformation matrix from
ship’s axis system to horizontal
level/vertical axis system)

where;

[ = Roll

[} = Pitch
v = Yaw

The Wind Over Deck (Vwop) and vy, define

the magnitude and direction of the wind with
respect to the ship's longitudinal axis. To
compute the lateral force applied at the
aircraft Centre of Pressure due to the wind,

- LTS




the Vwgp is resolved along and normal to the
aircraft centre line (V and V . The
( Wiong wlal)

lateral component is used 1o compute the
lateral force per MIL-T-81259 (U.S. military
standard) as follows:

\Y 2
F, = 35+A *|—a (3.3)
Wy y 100 :
where;
Ay = Aircraft Projected Area Normal to
thvelal Component
Fwy = Lateral force applied at the aircraft

Centre of Pressure due to wind

The axial forces on the main landing gears
due to wind force F,, is given by:
y

(Fy, )(WLcp- WLG)
-y .

FrMGwina = {LpL + RpL) (3.4)

. where;
FrMG(wing) = Right Main Gear Axial force

Fwy = Wind Force Lateral Component
WLcp = Centre of Pressure Waterline
Wlg = Ground Waterline

LgL = Left Wheel Butteline

RpL = Right Wheel Butteline

The incremental aircraft rolt due to the wind
is determined by:

-1 (FRMG(wing)
AQ(wind) = tan 1 ( K‘L;[I‘" ] (35)
where;
K = Aircraft Spring Constant

The axial forces on the main landing gears
due to aircraft inertial forces in the plane of
the main gear, is given by:

Famoinomis, = Y,(WLCG-WLG] (3.6)
RMG(inertia) LBL"'RBL

where;

WLog = Centre of Gravity Waterline

FaMG(ineniay = Right Main Gear Axial Force
due to the lateral inertia force Y defined in
equation (3.2).

15-7

Assuming perfect rocking, the axial force on
the left main gear is vectorially opposite to
the force acting on the right main gear:

FLMG(inenia) = 'FRMG(inenin) 3.7
where;
FiMG(ineniay = Left Main Gear Axial Force

The incremental aircraft roll due to inertial
loads is determined as follows:

-1 (FRMG(ineri
Ad(inertia)y = lanl( K"I::Lm‘) (3.8)

The model assumes the wind is constant,
therefore the A¢(ying) is constant throughout
the simulation run. However, A®(ipertia) iS
continuously changing with ship motion. The
total incremental change in aircraft roll with
respect to the ship (absorbed by the landing
gears) is then determined by:

Ab(ioal) = Ab(wind) + D(inenia) (3.9)

Deck condition, eg: dry or with substances on
the deck, such as water or oil, is a variable in
the program. This affects the stability of the
air vehicle through the landing gear friction.
Air vehicle slide may be detected with the
deck condition set for oil or water while the
same sea condition/environment on a dry
deck may show the air vehicle as stable.

The aircraft is modelled for "worst case”
scenarios. For the greatest landing gear
deflection, nose gears are modelled unlocked
and castored for tunover. The model is lined
up with the ship ceatreline and is rotated on
the deck to find the least stable, but realistic,
orientation (figure 3.1).

As an input to the model, the aircraft centre
line direction with respect to the ship lateral
axis (y) is given as (u) along with the polar
coordinates of the right main gear R and ()
on the flight deck plane. These parameters
together with the aircraft center of gravity
coordinates, nose gear, main gears (right and
left) and nose gear pivot, are geometrically
adequate to compute the following
aircraft/ship interface cntical boundaries:
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a) The 'worst case’ hinge line on the flight
deck about which the aircraft will turnover
(right or left). Two lines are defined, R;o

and LTO. Each line is computed from its

relevant main gear position to the nose
gear swivelled for worst case right or left
furnover.

b) The azimuth of these two lines are then
determined with respect to the ship's
longitudinal axis, AZ_ . and AZLTO'

¢) The distance from the aircraft C. of G. to
each line is computed, TODR and TODL.
They define the distance that the Center of
Gravity (in virtual condition) should move
to the right or to the left for a turnover to
occur.

d) Two more angles are then defined. These
are TOR and TOL. They are Turn Over
Right or Left angles, expressed as follows:

TODR
_ [ QY PR\~ S
TOR = tan (WLW_WLG) (3.109)
TODL
- -1
TOL = tan [WLW_WL(;) (3.11)

They describe the angle between a vector
from the C.G. normal to the Kro or the L., and

the vertical.

e) For the pitchback condition, similar
boundaries are computed. These are as
follows:

- The hinge line about which the aircraft is
likely to pitchback is the line which joins
the right to left main gear.

The distance from the Centre of Gravity
to the hinge line is defined as PBD (Pitch
Back Distance) and expressed as:

PBD = (STAW - STAM)
(3.12)

- The Pitch Back Angle (PBA) is expressed

as follows:

_ .1 (STAM - STAW
PBA = tan [————*‘WLW “WLg )

(3.13)

where;

WLy = Water Line to the aircraft C.G
WLg = Water Line to the the deck
STAW = Station of aircraft C.G.

STAM = Station of aircraft main gears

GROUND PLANE

CP WATRRLINE
CG WATERLINE

GROUND PLANS
WATBRLINE

WATER LINB (2ERO}

WA GRan o
starion -
istam)

C.G. CP.
WATERLINE WATERLINE
(WLW)

Figure 3.1a- Aircraft Model Definitions

Turnover incidents can be static or dynamic.
The static turnover condition is the same as
on shore. The resolved weight vector as a
result of the wind force goes beyond either
the friction forces causing the aircraft to
displace (figure 3.2) or the reaction forces
causing the aircraft to turnover.

S,
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BLW

Starboard
Y

Figure 3.1b- A/C On Deck Definitions

In dynamic turnover, with rotors not turning,
the aircraft centre of gravity is in motion
induced by the ship in addition to the wind
forces.

Descriptively, as the centre of gravity
translates, the weight vector is modified by
inertial forces and the TODR/TODL and
TOR/TOL traces reflect the corresponding
‘stability’ conditions. At the point at which
both TOR. and TODR are equal to zero, the
aircraft is in its 'metasiable’ state.  Going
beyond this point will cause an aircraft
incident. Similarly, when the landing
gear/ship deck friction values are exceeded
by the aircraft weight and inertial forces,
slippage is indicated. When the vertical
inertial force equals and opposes the aircraft
weight, the deck friction goes to zero and an
unintentional liftoff is indicated.

With the above aircraft/ship interface
boundaries established, the aircraft centre of
gravity position time history is monitored and
compared against these boundaries to detect
turnover and pitchback incidents. In addition
the aircraft resultant vertical forces are
monitored to detect the unintentional liftoff
incident.

3.2- NAVS8 Program Description

The Naval Dynamic Interface subject routine
also known as FLYNAV or Flying Carpet, was
created by PJ.F.OReilly in 1977. It has been
modified, revised and improved since 1977
under various projects at numerous
installations in the United States and Canada.
The program calculates system stability and
indicates detection of static or dymamic on-
deck turnover; pitchback, sliding or




15-10

METASTABLE

Figure 3.2- Rotor Static Dynamic
Turnover

unintentional liftoff incidents. NAVS, like the
SMS, was originally developed for the USN on
an IBM system computer and in PL1. The
program was converted to VAX PL1 and
improved with simple menus for easy
application.

Referring back to figure (2.3), NAVS uses ship
time history data created in NAV5. Using
Command files it is possible to fully automate
SMS. Executing NAVS interactively can be
done with ease. The User is asked to enmter
data representing the helicopter model,
including the free stream wind forces and
select the type of output reports.

The aircraft is defined by entering details
about various aspects of its construction such
as the landing gear configuration (singte,
double nose wheel, tail dragger, or quad gear
configuration), centre of gravity, location of
the vehicle geometrically on the deck, and air
vehicle weight, moments and inertia products.
In NAVS, the aircraft model is programmed
with rotors spread and free, but not rotating.

The program requests the deck coefficient of
friction is (usually 0.8 for dry deck and 0.5
for water wet deck), information on the wind
component and the definition of the aircraft's
centre of pressure. There are currently 17
options for report outputs including stability

traces, inertial/frictional force diagrams and
motion data.

4.0- Deck Clearance Option
EH101 vs CPF Example

Deck handling safety analysis was conducted
using models representing the Canadian
Patrol Frigate (CPF) and what was known
about the EH101 helicopter. The purpose of
the analysis was to demonstrate the DI
software capabilities by assisting in the
development, in this case, of unsecured deck
handling safety envelopes.

4.1- Interface Description

The CPF is Canada's newest warship,
designated FFH-330. The particulars of the
first-of-class, HMCS HALIFAX, are tabuiated
on Table 4.1 in comparison with the other
Canadian DDHs {26].

The flight deck is 16.5 m. wide by 23.6 m.
long. A RAST-track runs lengthwise along the
centerline of the flight deck and hangar for
the Canadian-designed “Beartrap™ rapid
securing and traversing device. The
"Beartrap” ensures safe operations in
conditions up to Sea State 5. A Landing
Safety Officer (LSO) compartment is inset in
the forward starboard corner of the flight
deck with a Flight Deck Control Room (FDCR)

ona o




compartment overlooking the flight deck high
on the port side of the hangar face. The
hangar is large enough for one SEAKING
CH124 ASW helicopter with sufficient
clearance to conduct routine maintenance as
sea.

Table 4.1
Comparison of Dimensions

CLASS DISPLACEMENT [LENGTH (m)
CPF 4750 tonnes 134.1
TRUMP 4700 tonnes 121.4
ISL/ANS 3000 tonnes 113.1

A variant of the European Helicopters Inc,
EH101 is under consideration as Canada's NSA
(New Shipborne Aircraft). In table 4.2, the
dimensions of the Royal Navy "Merlin® EH101
prototype {27] are compared to the CH-124
SEAKING. The introduction into service of the
EH101 will demand significant changes to
current operating procedures and limits.
Notwithstanding the large size difference, the
“nose-wheel” EH101 will require substantially
different deck-straightening procedures from
those used with the "tail-wheel” CH-124.
Straightening must be conducted quickly with
a minimum of personnel involved.
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Table 4.2
CHI24 vs EHI01 Auributes

HELICOP-| Max.Wt | Length Width
TER (kg) folded folded
EH101 NSA] 14, 300 1586 m 549 m
H-124 9, 500 1440 m | 496 m

The Canadian and European versions of the
EH101 may vary substantially, thus it was
difficult to precisely define the EH101 for the
DI analysis and simulation conducted. Figures
4.1 and 4.2 depict the CH-124 and EHI01 on a
CPF flight deck [Note: Detailed compatibility
studies have been completed for the EHIOI
and CPF, TRUMP, and AOR classes by the
Prime Mission Vehicle Contractor, the results
of which will not be discussed here }. It must
be stressed that a Canadian variant NSA is
still not fully defined nor is the EHI01
accepted as the NSA. The Canadair studies
were only a demonstration of DI application
to a hypothetical problem using available
data. The studies conducted also facilitated
the software development.

Fig. 4.1- SEAKING/CPF Flight Deck

Interface

Fig. 4.2- EHI0OL/CPF Flight Deck
Interface
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4.2- Deck Safety Clearance Results

The contracted study analysed the CPF versus
EH101 stability combination. Although
Canadian Naval practice is to limit helicopter
movements while unsecured, the study
conducted provides guidance into free-deck
operations should an aircraft the size of the
EH101 become the NSA.

The objective of the exercise was to identify
envelopes of activity for deck handling and
general flight readiness or availability, The
testing was conducted using the Ship Motion
Simulation (SMS) program. SMS was applied
to develop the flight deck motion information.
Ship speed, relative wave heading, significant
wave height and modal period are the
primary ship motion markers. The relative
motions are calculated at the point of interest
(bullseye or spot of the landing deck). The
test matrix using the CPF model reduces to
table 4.3.

Table 4.3
CPF Model Test Matrix

Ship Velocities: 05, 10, 15, 20 knots

Wave Angles: 0 - 1809, every 15 degrees

Sig.Wave Height: 1, 3, 6, 9 metres
(Equivalent Sea State . 3,56,7)

Modal Period: 5,9, 11, 15 seconds

NAVS8 additional matrix attributes

Deck Condition: DRY and WET (water)
Coefficients) 0.8 0.5

Wind-Over-Deck: 0 - 50 knots

Important ship based assumptions are:

1)- Physical characteristics described
by the RAOs

2)- Ship hull is symmetric

3)- By symmetry, the vessel wouid re-
spond identically (quadrants
1 and 4) with motions in quad-
rants 2 and 3.

A unidirectional Wind-Over-Deck model was
introduced in NAVS. In this study, all cases
were exposed to a maximum 50 knot wind on
both wet and dry decks. Standard NAVAIR

definitions for the coefficients of deck friction
were used (0.8 for dry deck and 0.5 for sea
water wet deck) [28].

As indicated earlier, the aircraft is defined by
its landing gear footprint; deck location and
orientation; aircraft weight and inertias; its
centres of gravity and pressure, and the
lateral drag area.

In this study, the aircraft was modelled with
a high centre of gravity and corresponding
minimum mission weight. This is generally
the worst case weight scenario. The air
vehicle was modelled unsecured on the deck
as in a free deck operation, with rotors spread
but not rotating, and the vehicle fuselage
unfolded and locked. The helicopter was
modelled centered at the buliseye/bellmouth.
The landing gear deflection and forward gears
were modelled unlocked and castored for
turnover. The aircraft was set on the ship's
centreline and rotated to -20 degrees to
provide the least stable orientation.

Envelopes were based on limitations defined
by the point at which an aircraft/ship
incident occurs. Thus, incident means
occurrence of aircraft turnover, pitchback,
ondeck slide or uncontrolled liftoff. The
ground rules imposed demanded thar if a
any point during the simulation analysis an
incident was identified, the entire data point
was declared out-of-limit. This approach was
taken initially without regard to the
plausibility of the environmental condition
under study (eg: 1 m seas and 50 knot winds).
In a second pass, implausible environmental
conditions were eliminated.

Interface testing was performed according to
the test matrix in table 4.3. In order to
graphically describe the results, various
methods were considered including the
traditional launch and recovery flight
envelopes. The final presentation borrowed
heavily from the traditional envelopes, with
some obvious variations.

Deck Safety Envelopes were created as a
function of ship velocity (for every 5 knots of
speed) and deck condition (dry and wet). All
cases were tested in seas ranging from 1 to 9
metres, 180 degrees in braring (and by
symmetry 360 degrees) and a maximum of
50 knots wind-over-deck.

PR )
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As an example, only 5 knot and 15 knot ship
speed deck safety envelopes are reproduced
here (figures 4.3 - 4.6). Comparison between
figures 4.3 and 4.4 clearly display the impact
that deck conditions may have on aircraft on-
deck stability. The envelope is ‘tight' on the
wet deck diagram with about 50 % less room
for error than for the same sea condition dry
deck. With increasing speed, this seems to be
less evident (figures 4.5 and 4.6) particularly
in following seas. [Indeed, deck safety in
general seems to be less restrictive in
following seas. In all cases, beam sea
conditions are the most restrictive.  When
coupled with a wet deck, operations in a three
meter beam sea are questionable for an
unsecured helicopter. .

Fig. 4.5- EHIOI/CPF 15 knots, dry deck
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From the results, it may be generally stated
that deck clearance for the EHIO1 is
physicaily very tight, but should not be so
limiting as to infringe on launch and recovery
envelopes in ‘normal operating conditions’.
As conditions become degraded cr abnormal,
the impact on launch and recovery envelopes
by deck clearance may become more
significant. w

o
METRES
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Fig. 4.6- EHIOI/ICPF 15 knots, wet deck

5.0- SMS APPLICATION - Londing Period
Designator

5.1- System Definition and Purpose

The landing period designator (LPD) is a
system developed to aid helicopter pilots to
land or take-off on small vessels in moderate
and heavy scas. It reduces the pilot workload
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by evaluating ship motions and by
determining the proper times to initiate safe
landings or take-off. It is an economical
system designed to increase the safety of
aircraft/ship operations.

The LPD determines the quiescent periods of
motion of the ship's landing platform using an
energy index (EI) calibrated for a specific
aircraft/ship combination. The EI equation
consists of eight motion terms calibrated by
coefficients which are adjusted in time
according to the particular situation. The
program allows for a continuous calculation of
the index coefficients at sea, providing an
operational LPD in all conditions. A threshold
standard is applied to the EI value to
qualitatively judge the deck activity for a
given aircraft/ship combination. The result is
then disseminated to the pilot/operator user.

THE THRESHOLD CRITERIA
» r [un Landing sagnai
13 E1 ncioaies potental danger |
——  BSAFE
------- EICAUT b
——  EDANG
a

ENERGY INDEX

1

oF-$4----~--=

o 10 M Rz 30 a0

TIME (SECONDS)

Figure 5.1
Energy index threshold criteria

This section focuses on the methodology used
to test the theoretical structure of the Landing
Period Designator algorithm using SMS. The
preliminary results are discussed.

5.2- Background

The LPD MK I development began in 1974 by
Bell Helicopter Textron (J.Love BHT) funded
by the USN. The Energy Index (EI) concept
was tested at sea in November 1975 aboard
the USS Koelsch. The EI concept showed
promise but deficiencies were identified.
Many were addressed in the subsequent LPD
MK 11 work at BHT under the supervision of
Peter J.F. O'Reilly. The first EI equation was
modified and re-evaluated using ship motion

synthetic time histories. The new equation
was calibrated using eight fixed coefficients
adjusted for a specific ship/aircraft
combination. The fixed coefficients approach
for the energy index calibration yielded good
results in specific situations but overall
optimization was a major problem. It was
concluded that several sets of coefficients
were needed to cover a single ship/aircraft
combination. In 1987, LPD MK Iil was begun
at Canadair as an intemal R & D program. The
primary objective (LPD MK 1II) was to resolve
the coefficient issue in real-time.

5.3 Theory Synopsis

The landing period designator development is
based on a simple formulation called the
Energy Index. The Energy Index formulation
is as follows:

El =Ap * @2 + Az‘éz

+A3* 92 + Ag* éz

] ..

+Ag * VT + Ag * VTz

° 2 ..

+A7 * LT * Ag* LTZ
Where @ is the Roll angle, @ is the Pitch angle,
VT is the vertical motion of the landing deck
and LT is the lateral motion of the landing
deck. The lateral motion and the vertical
motion of the helicopter landing platform are

expressed in the ship's equilibrium frame of
reference.

For each air vehicle, deck motion safety limits
must be established (also called aircraft
limitations). These limits may be measured
experimentaily on board ships or calculated
analytically. The aircraft structural integrity
and its maneuverability are the major factors
that determine the acceptable limits of
motion. The landing impact may be
unacceptable for the aircraft structure or the
the landing dispersion may be incompatible
with the size of the landing deck or the
proximity of the ship's superstructure. When
aircraft performances are not well known, low
motion limitations are chosen to test the LPD
performance. This conservative approach
ensures the required landing objective is
respected, since aircraft limitation data are
patt of the coefficient calculations.

The energy index formulation uses eight
terms to represent the motion in four degrees
of freedom (DOF). The four DOF selected are




the most significant in landing period
detection [29] [30] and thus, aircraft recovery.
Over the previous LPD generations, it was
determined that yaw and surge were the least
important motions in determining deck
quiescent periods. The acceleration and
velocity terms in the EI equation give
indications of the motion the vessel could
travel in the near future [31}.

The LPD algorithm continuously optimizes the
coefficients A to Ag. The eight coefficients
modify each motion term in such a way that
the calibrated El value correlates the level of
deck activity at all times. Pilots or landing
safety officers (LSO) can be constantly
informed of the deck situation by the
depiction of the EI value through a color
coding device. Different colors correspond to a
seperate Energy Index level, determined by
threshold values. A color code is proposed as
follows:

Flashing Green: Immediate landing signal,
with a minimum recovery window of 3 to 5
seconds.

Green: Safe landing deck with low deck
motion activity

Yellow: Caution landing deck with medium
deck motion activity

Red: Unsafe landing deck with high deck
motion activity

When the motion of the landing deck exceeds
the aircraft limitations, the coefficient
calculation ensures that the LPD displays a
red signal. A green or a yellow signal ensures
that the deck is safe. These conditions are
always verified by the coefficient calculation.
The flashing green signal indicates an
adequate time to initiate a landing.

When the index is low the ship is stable and
the deck displacements and accelerations are
benign. For a ship to move from a stable
situation to a dangerous situation, the sea
must transfer a quantity of energy to the
ship's structure. Safe landing windows can
thus be identified owing to the limited energy
available in a seaway,

In the case of an unmanned air vehicle (UAV),
the EI value or the landing signal would be
transmitted directly to the contro! station

The concept can be applied to even the

smallest air capable ships, as shown in the
preliminary results. For larger ships, the
approach provides longer landing windows:
the LPD performance increases with
increasing ship inertia.

5.3.1 Coefficient Calculation

Coefficient optimization is performed in three
distinct steps. The three steps are executed
simultaneously. First, relative coefficients are
established between each of the four degrees
of freedom and their derivatives. The second
step analyzes the relationship between
coupled degrees-of-freedom. The third step
introduces the aircraft limitations and
threshold standards. From the three steps the
final coefficients for a given sea condition and
air vehicle/ship combination are derived [32].
A flow diagram which summarizes the LPD
calculations is presented in figure 5.2.
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Figure 5.2
LPD flow diagram

5.3.2 Convergence Criterion

The coefficients are adjusted in time and
driven by ship behavior. For a significant
change in ship's speed or heading,

T
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readjustment of the coefficients will be
necessary. During the readjustment a delay
may occur until the coefficients are optimized.
A signal would be transmitted to the operator
indicating the setting period. When the
environmental conditions develop gradually,
such as a change in wave height or modal
period, the LPD system remains operational.
However, the coefficients will continue to
evolve consistent with the evolving
environment.

Preliminary results indicate that the
convergence times, in the rapid change ship

condition case, are below five minutes. This is
considered acceptable in terms of the
operational system.

§.4- LPD Development Testing Program

A test model of the LPD has been
programmed on the Canadair IBM main-
frame. The LPD model was fed with ship
motion synthetic time histories provided by
the O'Reilly ship motion simulation (SMS).
The RAO's were obtained from the NAVSEA
SMP87 program (a DTRC derivative). The
objective was to demonstrate the EI concept
using an empirical approach and to test the
performance of the optimization algorithm.

Worst case scenarios were chosen in which
the deck motion exceeded the aircraft landing
limitations 50% to 90% of the time. The LPD
ability to determine safe landing windows
was evaluated for each programmed ship
condition.

The testing program features a self-verifying
capability which indicates any malfunction of
the index. Each landing window designated
by the LPD is verified retroactively to be
sufficiently long to allow the air-vehicle to
land safely. The landing window is defined as
the period of time, measured after the landing
signal, in which the deck remains safe to land
a specific air vehicle. Should the LPD indicate
safe landing conditions, the pilot/operator
could expect a non-incident recovery with
some reserve seconds assured [33].

5.4.1- PRELIMINARY SIMULATION
RESULTS

A summary table of the first set of LPD tests
is presented in table 5.1. The aircraft/ship
combination used is the CL-227/FFG8
combination. The coefficients have been
calculated in a continuous automatic manner
using the LPD MKIII algorithm. Each
simulation represents nine thousand data
points over a period of thirty minutes with a
time step of 0.2 seconds (5 Hz). For each
simulation the number of landing periods
detected is indicated by category.

The categories are: a)unacceptable (less than
3 sec of safe deck following the end of the
landing signal), b)acceptable (between 3 and
5 sec) and c)good or very good (over S
seconds). The second to last column gives the
percentage of time the deck motion does not
exceed the aircraft landing limitations. The
last column indicates the number of safe
landing windows actually present in the data

‘Fable 5.1
Preliminary simulation results

ENERGY NDEX _ COEFFICIENTS UNACCEPT EPTABLY GOOD SAFE ot 5511
SHIP SHIP | WAVE | WAVE LANDINGS | LANDINGS |LANDINGS| DECK |ianding
NMBER NEU HEADNGIHEXGHTIPERICO) A1 A2 A3 A4 AS  AB A7 AR fBelow 3 SEC] {Beiween \ (Greater | {% ot
OFAUN | (Knots] rees; Sec! 3 &5 sec) jhan 5 sec] time)
NBO47 15 15 7.4 L] 2503[2.636(7.070[6.703(0 408 |0 364|3.607|2 219 [} 2 28 47.1¢ 53
NBO4S 15 ao 74 L] 2593|2798 | 6.947 | 6.428| 0 408 |0 353}3.607|3 524 Q 1 21 4787 54
NBOSO 15 45 T4 9 2.965]|3.235[7.286 (8827 |0 408 |0.352|3.607]3.470 o [ 17 4593 57
NBOS1 15 80 74 ° 3.20413.679|7.835|7.05110.408 |0 342]/3.607(3.502 ) L] L] 44.80 59
NBO32 15 78 74 9 41643109 | 9.485[8.243|0.408 |0.3242.607|3 223 4 9 3 4783 73
NBOS3 185 20 74 9 3.608| 5028 16.855}3.772|0.408|0.395]|3.607 |3 842 o [\ L] 52.87 7¢
NB0JS 15 15 13 9 1.208| 1656 |5 995 [5977|0400|0.356[2 807|2.482 0 1 15 3156 45
NB022 18 a0 3 9 1.800]| 1.660 | 6.748 [ 5.322|0 4080 355/3.607[2.758 o 1 3 3042 | 87
NBO17 15 L1 13 9 2.255|2.255|8.621|5533/0408|0.31013 807(3.382 0 0 2 267 °s
NBO28 15 L1 13 ° 2.840]3.408 | 7.337 | 8.887 | 0 408 |0 296|3.607(3.417 ] [ ] 1 20 02 3%
NBO4d 15 78 13 [ 4132|4043 |11.71|972310.408|0310]3 607(3.178 Q ] o 12.83 s




sample. The cases presented in table 5.1 all
describe very severe motion conditions for
this particular aircraft (with the limitations
assumed). In some cases the landing deck is
safe for only 20% of the total time.

The aircraft limitations were underestimated
in these trials to increase the safety margins
and to impose severe testing conditions for
the LPD. The objective was (o determine how
well the LPD can find 'very quiescent’ periods
in severe sea conditions.

In the case of a helicopter, the limitations
would be less severe than the ones used for
the UAV This conservative approach has the
cffect of reducing LPD general performance
(number of landings detected, length of
lunding periods) but it is done in order to
respect the primary objective.  That is, to
increase the safety of operations with a
system that is fully reliable. Modifications can
be programmed in accordance with user
requirements.

5.5- Development Dpporlunilies
5.5.1. Onboard System Configuration

An instrumentation package is employed to
measure the ship's accelerations and angular
rates at the landing deck. The analog data is
digitized and processed in order to compute
the landing deck velocity components and the
angular displacements. The real-time ship
motion data is then forwarded to the core
algorithm in a second processor where the
computation, in terms of an El is calibrated to
relate the amount of motion of the deck. A
convergence test is  applied to the EI
coefficients to determine system setting times
and a threshold criteria is applied to the index
to provide safe times for recovery, for a given
combination of aircraft and ship.

This information can be employed by the user
to perform landing and take-off operations
and other tasks. Many motion sensitive
activities and aircraft/ship combinations can
be programmed into the computer for various
locations on the ship. The EI information is
quantitative in nature and provides a real
time six degree-of-freedom evaluation of ship
motion. Helicopter pilots and 1AV operators
would have use of this inforiiation to safely
complete their tasks. The LPD information
may also be used by a third computer which
could, for instance, perform automatic UAV
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Figure 5.3
LPD prototype configuration

recoveries (USN AUTOLAND-MAVUS Project).

6.0- Concluding Remarks

The overali objective of dynamic interface
study is to determine the maximum safe ship
platform / air vehicle operational limitations.
Given an air/ship system and inherent
operational limitations, DI strives to increase
the tactical flexibility for any set of
environmental conditions and can be
generalized into two complementary
methodologies: experimental and analytic.
Analytic study is used to rapidly delineate
system limitations in the face of defined
environmental conditions. The calculated
system limitations provide experimental DI
with the necessary data to more effectively
set testing strategy to probe the limiting
conditions.

The objectives of the Canadian DI analytic
program included demonstrating utility in
several analytic domains. This involved a
deck analysis, and the Landing Period
Designator application of DI analytic research.

The Deck Safety Analysis demonstrated that
EH101 operation in an unsecured mode from
a Canadian Patrol Frigate is limited. Rough
operating envelopes were presented. The
Out-Of-Limit events observed are noted as




areas of real concern for further dctailed
consideration during flight testing. The report
also confirmed that a restraint device, such as
RAST, is required to achieve the broadest
possible operating envelope.

While encouraging, the analytic DI method
cannot address all the problems or variables
associated with Naval helicopter operations.
Depending on the level of confidence in the
analytic results, considerable time and effort
may be required to define operational
envelopes experimentally. The developments
undertaken through TTCP and the subsequent
Canadian DND contract, provide a strong basis
for an eventual DI analytic method accepted
by all concerned. It is apparent that, with
interoperability requirements and multi-
national procurement projects, a high level of
co-operation among all Naval helicopter
operators is necessary to refine and improve
the DI discipline.

Figure 6.1 illustrates various analytic DI study
possibilities, indicating the subject matter is
sufficiently varied to occupy any technical
interest. The Canadian analytic DI project is
an evolving program. New helicopter models.
on-going ship studies, exploration of
turbulence and wind-over-deck modelling,
are some of the directions being taken. The
Canadian Maritime Air community has
indicated a requirement for an advanced aid
to predict quiescent periods in six degrees-of
-freedom  motion. The device should be
designed to complement the pilot's and
Landing Safety Officer's (LSO) subjective
tmpressions.  As with DI analytics; however,
an LPD device would require a significant
level of confidence to be a useful tool.

EVALUATION

Figure 6.1- DI Analytic Studies

To this end, validation and verification is
invaluable in building confidence within the
DI community and with system User's. The
National Research Council Institute for Marine
Dynamics has proposed to undertake in house
SMS/LPD investigation, with results to be
widely circulated. The CL227 Sea Sentinel
(USN) MAVUS demonstration will offer
another arena for validation and verification,
The requirement for the development of an
AUTOLAND tool is driving the proposed
incorporation of the LPD into that system.
Another step in this direction is the
programming of the LPD algorithm into the
CL227 ship motion simulator (SMS ship
motion has already been successfully
programmed in simulators at NATC & CL227).
These actions are being advanced in order to
build confidence in the user community.

The programs discussed above were the
product of intense interdisciplinary efforts by
numerous participants, some pillars in their
fields (gendre: Bales, Baitis, Carico, O'Reilly).
It is hoped that the discussion above may
stimulate additional activity throughout the
aircraft/ship community in efforts to improve
the safety of maritime aviation.
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Summary

Operating fixed wing aircraft from today's modemn aircraft
carrier is & demanding task. Evaluation of aircraft/ship compati-
bility, both during the concept development phase and Full Scale
Development (FSD) ground and flight tests presents the evaluation
team with unique challenges. The capabilities and characteristics
of high performance carricr based tactical aircraft must be quanti-
fied for the catapult launch and subsequent flyaway, and the carrier
approach and arrested landing tasks. Catapult launching mvolves
determining the minimum safe launch airspeeds while mai
acceptable flight characteristics in this low altitude, high angle of
attack (AOA) regime. Approach and landmg requires the slowest
possible npproach airspeeds while retaining the performance and

handli ded for pr glide slope control.
Dcﬁmng the lowest catapult llunch and landmg nu'speeds rcduces
wind over deck (WOD) req T in reduced ship's

operating speed and increased operational ﬂexnbnhry The tight
operating confines of the flight and hangar decks, in conjunction
with the large number of other aircraft, support equipment, and
personnel dictate unique design requirements which must be
considered in the earliest design stages of a new airplane. This
paper addresses the shore based and shipboard ground and flight
tests which are conducted to assess the flying qualities, perfor-
mance, and structural suitability of an airplane in the aircraft
carrier environment.

The Aircrafi Camier Flight Deck L

The flight deck layout of today's modern aircraft carrier is
shown in figure 1. Two steam powered catapults are located
forward (bow catapults) and two catapults are jocated amidships on
the port side (waist catapults). Retractable Jet Blast Deflector
(JBD) panels are located aft of each catapult. The centerline of the
landing area is angled relative to the ship’s centerline, permitting
simultaneous catapult launch operations from the bow catapulis
and arrested landing operations. Four arresting gear cables,
connected to arresting engines are located in the landing area. The
first is approximately 170 ft (51.8 m) from the stern with approx-
imately 50 ft (15.2 m) between each arresting gear cable. Visual
glide slope information is provided to the pilot by a Fresnel Lens
Optical Landing System (FLOLS). Aircraft are moved between the
flight deck and the hangar deck by four elevators.

Catapult Launch

Evaluation of the catapult launch environment of an amrplane
covers many disciplines. These areas include:

a) Compatibility with the catapult accessories.

1 ft=03048 m

Figure 1
Plan View of Flight Deck
NIMITZ Class Aircraft Carrier
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b) Exhaust gas recirculation/reingestion and the ther-
mal/acoustic environment when operating at maximum power in
front of the JBD's.

c) Tolerance of the engines to ingestion of steam emitted
from the catapult during the power stroke.

d) Structural integrity during the catapuit power stroke.

€) Minimum catapult launch airspeeds and characteristics
during the rotation and flyaway phases.

f)  Shipboard campul( launch openuons such as waist cata-

pult operati later; ional trim req for asymmet-
ric external stores and c‘rosswmds. eic.
Catapult Accessorics

Catapult accessories are the items of hardware necessary to
attach the airplane to the catapult. Items considered are:

a) Esse of installation of the repeatable rel holdback
bar on the nose gear.

b) Tracking of the launch bar tee head and holdback bar in
the catapult nose gear launch guide rails.

¢) Mating of the launch bar tee head with the catapult
spreader.

d) Clearance between the airframe and external stores and
above deck obstructions such as the catapult shuttle, catapult
control station, etc.

due to the

¢) Holdback bar dy following
sudden release of high strain energy.

Jet Blast Deflectors

Exhaust gas recirculation and can occur when an
airplane is operating at maximum power levels when positioned in
front of the JBD. Reingestion of exhaust gas can cause an exces-
sive temperature rise in both the compressor and turbine sections,
resulting in damage 1o the engine. Ingestion of exhaust gas by the
airplane positioned behind the JBD can also result in damage to
it’s engine. Impingement of the exhaust plume on the JBD panels
can result in local hot spots which can cause premature warping
and cracking. JBD operations can also result in a severe acousuc
and thermal environment. Shore based tests are conducted using a
shipboard rep ive JBD installati Testing ists of
placing one airplane forward of the JBD panels and a second
airplane aft of the paneis as shown in figure 2. The position of the
airplane in front of the JBD is varied from the minimum to the
maximum engine tailpipe 1o JBD di representative of

hipboard JBD/ }t binati Military and afterbumer
thrust Gf avmllble) runs are conducted for approximately 30
seconds. Both airplanes monitor engine inlet and exhaust gas
temperatures and other critical p The ic and
thermal environment is monitored using microphones and ther-
mocouples mounted on the airframe and in the vicinity of the JBD.
Pole mounted instrumentation provides jet blast velocities and
temperatures in the flow field beside and behind the JBD.
Generally, the wind over deck during shipboard operations tends
to slleviate sny recirculation. reingestion, or thermal problems.
However, if an nrpltne has demonstnted & tendency to have
excessive exhaust gas ingestion, a shipboard test program may be

P

warranted to define a wind over deck envelope which reduces the
ingestion o acceptable levels.

JBD

aircphne ';:’;:]‘:T: Airplane Positioned

Aftof JBD

Figure 2
Airplane Locations
During JBD Testing

Sicam Ingestion

Steam catapults typically emit launch steam above the deck
during the launching operation. The design of the engine inlets
and the proximity of these inlets to the cmpull shunle frequemly
cause this sbove deck steam to be i gine(s)
of the airplane being launched. The result is that u\e engine is
forced to operate a1 off-design conditions and instabilities can
occur. These instabilities can take the form of minor pressure
fluctuations within the compressor or the afterbumner and could
result in blowout, compressor stall, or engine flameout.

The primary mathod of d ibility 1o stall s
0 conduct shore based catapult launches “from a degraded catapuit.
The catapult is intentionally degraded by removing plugs in the
aftermost plate of each piston assembly. This aliows steam in the
cylinders to travel forward of the aft face of the piston, bypass the
catapult cylinder sealing strip as the shuttle assembly lifis the
sealing strip during the power stroke, thus allowing the steam to
exit above deck around the catspult spreader. This steam leakage
produces conditions that are more severe than those encountered in
the actual shipboard environment. The airplane is launched a
sufficient number of times (about 30 launches) to reasonably
ensure that no instabilities are encountered. An appropriate

ber of additional 1 hes will also be required if the engine is
equipped with an afterbumes. Testing is confined to those days
when the surface winds are less than 10 knots and + 20 deg relauve
to the catapult ccnwrhne Telemetered engme performance param-
eters are d to ensure inued satisfactory engine perfor-
mance.

Stryctural Requirements

A typical catapult launch structural envelope is shown in
figure 3. This figure shows the longitudinal acceleration
(Nx)/hunch bw load/maximum gross weight boundaries.




Maximum

| Gross W“l&'

&

Airplane Gross Weight ~ 1,000 Ib (454 kg)

pd

Catapult Endspeed/
Required Launch Airspeed ~ kt
Figure 3
Typical Airplane/Catapult
Structural Envelope

The Ny and limit launch bar load limits are design numbers

which are defined by the mission requirements and maximum
performance capabilities of the catapult types from which the
airplane is to operate. The maximum gross weight is an airplane
design factor based on a 10% growth factor of the basic operating
weight of the design. Shore based structural testing consists of
increasing the catapult end speed untii either the limit Ny or

launch bar load is reached. Catapult tests involving a new airframe
are initially conducted with full internal fuel loads only. As
testing proceeds, additioral external and mxemal stores are carried
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¢) Decreases the amount of energy imparted 1o the sirplane
resuiting in conservaiion of water and fossil fuel/core life.

The catapult launch minimum end airspeed is defined by a set
of related criteria. Although these criteria generally have interre-
lated effects, the following addresses each factor separately:

a) Proximity to or \vummg of sllll The snll nv-
speed/angle of attack defines an ab
safety margin is dependent upon the characteristics of the urplme
under consideration. If stall warning (generally in the form of arti-
ficial stick/rudder shaker and/or airframe buffet) occurs at some
AOA below stall and the waming does not increase in intensity as
the airspeed is decrcased to the stall, then the angle of attack
(AOA) ponding to stall ing will likely define the mini-
mum end airspeed.

b) Flying qualities/characteristics at high AOA: Frequently
an airplane may exhibil adverse ﬂying qualities or characteristics
at high AOA, yet at airspeeds well in excess of l.he stall airspeed.

The pilot must then determine the mi d/maximum
AOA a( whlch the airplane ch istics/flying lities remain
les of limiting characteristics include: buffet,

wmg rock, wmg (;rup. pich up !endency nonlinear stick force
gradient, and unacceptable lateral/directional characteristics.

c) Proximity o the airspeed at which thrust available equals
thrust required or “lockpoint™ For practical purposes, the mini-
mum launch airspeed should be at least 8 kt above the lockpoint.
Pilots have indicated that the minimum level of longitudinai
acceleration at which he has the sensation of accelerating is
approximately 1 kt/sec. This level of acceleration must be avail-
able even though this airspeed may be more than 8 kt above the
Iockpo'ml This scceleration ctpablhry must be available at the

end ai d. This launch airspeed may

until al]l weapon i have d h for
catapult launch to the limits of the basic airframe. Most h\mchcs
are conducted with the airplane oncenter; however, offcenter
launches with the main landing gear up to 24 inches (0.61 m)
offset from the centerline position are performed to evaluate
structural loads resulting from yaw accelerations and sirplane
directional characteristics during and following launch. The
airplane and suspended stores are extensively instrumented to
monitor strains and accelerations for all critical structural areas. A
new airplane catapult launch structural demonstration program

become the domuum factor at higher ambient wemperatures due to
the decreased thrust available with increased temperature. The
muumum caupult launch gross of an mplme may be limited as 2

of p e or the launch airspeed
may be increased to pul the urplane on a more favorable posnuon
on the thrust required curve. L 1 acceleration ch

tics can also be improved by reducmg drag, such as using half
flaps instead of full flaps or by the use of afterburner on airplanes
so equipped. However, the use of reduced flap settings will

the mini launch airspeed and the use of afterbummer
greatly increases fuel usage during takeoff.

d) Airplane ion requi and subseq sink off
the bow: The postl h i i to achieve the
flyaway attitude will freauemly cause lh!: minimum obtained to be
higher than that predi y from imity to stall or

adverse flight chancunmcs If the mplme attitude during the

may require up lo ten loading configurations to adequately test the
structure/functional integrity during catapult launch.

c 1t Launch Mini E .

The most extensive test  program relating to catapult launch is
the determination of the mi; pult launch airspeeds. From
an operational point of view it is desirable lhal a mini cata-
pult Jaunch end airspeed be defined. This mi irspeed is the

slowest equivalent airspeed achieved at the end of the catapult
power at which the airplane can safely fly. Establishing the

It launch differs significantly from the desired flyaway atd-
mde. a lift deficiency exists during the period of time required 10
rotate the :irplmc This causes the sirplane 1o generate a sink rate
and resulls in sink off the bow until airplane perfor-

lowest possible launch airspeed has the following advantag

a) Decreases the wind over deck required for launch, thus
decreasing the ship’s speed and increasing the operational flexi-
bility of the aircraft carrier.

b) Decreases the loads imposed on the airframe increasing
service life.

provides sufficient vertical acceieration to
establish level flight and subsequent flyaway. For a given
sirplane end sirspeed, sink off the bow will vary with time required
to rotate, average lift deficiency during rotation, and excess lift
and thrust at the flyaway airplane attitude. Airplane CG sink off
the bow of 20 ft (6.1 m) , as measured from the static position on
the deck (CG vertical height), is considered the maximum accept-
able.
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e) Failure of one engine on a twin engine aircraft during
launch: Two fu:mmuslbemndemdlfmcﬁmulobemadslo

blish o end airspeed at which an airplane can remain
airborne after losxng one engine dunng hmch Foremo:( of these
is the single engine mini P (VMC) at which
sufficient control authority is available to counter the yawing
forces. Secondarily, is whether the single engine rate of climb
performance of the nrplme is sufﬁc:em to permit safe ﬂynuy

based tests enable predicii of the catapult launch mini end
peeds. The fina) j comes aboard ship.
Testing at Sca
The shipboard tests are d in a tightly controlled envi-
Tests are dv mueﬁywmdsﬁmndudnhudmd

I deck i The 1 ined at a

The smglc engine minimum d will an
i lnmch irspeed lfonlylllnlll in

th mumuumrqunbduyofcuxpultakispeedsm;

end improve single engine rate of

chmb performmce en:blmg nngle engine flyaway, it should be a

in est hi ﬂ:emnummnend:npeed The use

of afterburner, if available, should significantly improve single

engine performance, but will necessitate an increase in the mini-
mum launch airspeed to provide single engine control.

by h A calibrazed boom anemometer is installed
on t.he bow 10 pmvnde accuule wind speed and direction.
] store loading deGllremtednmnnuy

lmual isunches are conducted well in excess of the predicted
minimum sirspeed (approximately 25 knots). Upon recovery
foliowing the launch the urphne is refueled and external stores
ded prior 10 loaded to T blish the desired
g’ouwelghtlndCG The apult end sirspeed is reduced in

A ic flight 1 The i ion of
digital, fly-by-wire flight control lystems into more recent
aircraft models has climinated the need for pilot programmed
flight control inputs to attain a predev.ermined rotation and fly-
away resp Current sy impl d such as to
achieve a desired flyaway trim AOA However, ihghl conn'nl
response due to pitch rate feedback during the highly

umullySknoumdlhm3knouuthe
predicted ming end airspoed is approached. The initial reduc-
tons in It end airspeed are d by reducing the catap
end speed and as the predicied mi d

end is
lppolched.thecnuplmmdlpaednmnmumedmmtndthe
wmd over deck is lowered by reducing ship's speed. Airpiane
mchnmkoﬁl.hebow munonch‘ru:

conditions during the first several seconds following aupuh
shuttle release may result in flight control surfaces reaching their

lzuucs. fh;h( 1 ete.
ure rnomtm’ed and nmlyzed by the engmeenng test team via

physical limits. If any of the primary flight control surf; reach
full deflection during the rotation or initial flyaway phases, the
minimum end airspeed is then limited by this criterion.

Test Procedures

A considerable amount of time and effort is expended during
shore based build-up 10 generate prerequisite data prior to tests
aboard ship. Careful consideration is given to all the factors
governing the minimum end airspeeds 5o that the results are appli-
cable to the entire range of Fleet operating conditions. These
factors include the high lift configuration (half or full flaps),
external store loadings. CG positions, longitudinal trim require-
ments, and thrusi (Military or afterbumner).

Since the intent of determining the d is lo

Causpult launch end airspeed is
duebynducedmnlmeofﬂnwwm:lymnmwdmmmue
This seq of catapult launch tests sre repeated for
each critical gron waghl. CG ponuon. and external/internal
store loading until P pe has been defined

In general, no minimum end airspeed crilerion is the deter-
mining factor throughout the operational gross weight range of an
sirplane.  An sirplane may be Vi, limited at lighter gross
weights, sink off the bow li d at medium gross weights, and
longitudinal lerution limited at high gross weights and ambi-
these three different criteria.

ent

P Figure 4 rep

It is important to note that the minimum catapult lsunch end
airspeeds are the lowest airspeeds that an sirplane can be safely
\sunched ined under opt;

Ly
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define the lJowest launch airspeed, the highest lift
tested. With airplanes having more than one flap umn;. |he

; . these airspeeds are d

conditions. These conditions include day VMC, a mrq;lwhing
deck. steady wnndi monitored by a cahh'ned anemometer, skilled

maximum flap deflection is suggested. H , this & has

to be tempered with the powhh:y of reduced nose up piich
authority which could result in increased time to rotate to the
ﬂylwuy attitude, thus redncmg sink off the bow. Additionally,
there is an of hing | surface limit
dcﬂecuons The hlgher flap semng llso resuh.l in more drag, thus
] stores are selected
10 cover the nn;e of anticipated gross weight, CG, and drag condi-
tions d during operati use. Forward and aft CG posi-
um m lzued to evnhnle rotation characteristics and to define
| trim reqy to be set prior 1o launch.

Shore based build-up flight tests are conducled in uch of lhe
high lift, external swre, and CG i
flight test techniques are used to define the lonpludxml/lllenll
directional characteristics a1 high AOA up to stall, static/dynamic
single engine conu'ol urspeeds and thrust nvullble lnd reqmred
Shore based P are ducted at the d mini-
mum end sirspeed 1o i gate trim requir flyaway

istics, and pilot techniq Shore based cunpull lsunches
liminary in nawre b the sirplane remains in ground
effect and, of course, there is sink off the bow. All of these shore

aircy ined in the opti hnique, gross weight and CG
ly known, caapult perf closely jtored, and
end speed cotrections made for ambi P ad b ic
pressure. In vnew of this, operational catapult launch operati
are ducted at a ded si d 15 knots above the

P
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Figure 4
Factors Defining Catapult Launch
Minimumn End Airspeeds

Although the shipboard test program to define catapult launch
minimum end airspeeds involves the bulk of operations, other
catapult launch tests are required. These include:

a) Waist catapult operations to assess the effect of the
additional flat deck run forward of these catapults on the rotation
characteristics and subsequent sink off the bow.

I trim

b) Lateral/dir
siore loadings.

qui for asymme.ic

¢) Crosswind launch operations, from both the bow and
waist catapults, 1o determine lateral/directional mm requirements
for crosswind components up to 15 knots.

d) Sensitivity of rotation characteristics and associated
sink of the bow to improperly set longitudinal trim.

e) Light gross weight/low catapult end speed launches to
evsluate the potential for degraded nose gear stored energy
imparted pitch rates due to low catapult launch bar loads at the end
of the power stroke.

g b snd Landi

The sircraft carrier approach and landing task is the most
demanding task in aviation. The requirement is 10 maintain
precise glide slope control to Jand in an area 1 20 ft (£ 6.1 m) of
the angled deck centerline and where the distance from the first
arresting gear cable 1o the last cable is less than 120 ft (36.6 m).
Control of both AOA and airspeed is demanded (0 remain with the
structural limits of both the airplane and the arresting gear
engines. This must be accomplished during both day and night
operations and in all types of weather.

A typical Visual Meteorological Conditions (VMC) landing
patiern for an aircraft carrier is presented in figure 5. Terminal
glide siope information is provided  the pilot by a Fresnel lens
optical landing system (FLOLS). For most recoveries, the glide

slope is set for 3.5 deg. The spproach is board the
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ship by a Landing Signal Officer (LSO). The location of LSO and
FLOLS is shown in figure 1.

Figure 5
Typical VMC Landing Pattern

Extensive shore based approach and landing tests are con-
ducted to determine the suitability of an sirplane for carrier
approach and recovery prior to initial sea trials. These tesis
include:

a) Strucrural integrity during landing and arrestment.

b) Opu PP

h AOA and associsted airspeed:
¢) Bolter and waveoff performance and charscteristics.
Structural Tests

Landing an airplane aboard an aircraft carries imposes severe
joads on the landing gear and airframe. A flared landing is not
perf d 1 diately after landing, and i before, the
decelerating forces of the arresting engine aze encountered. Last
second glide slope and lineup when ing the
turbulence induced by the ship's structure in combinstion with
ship's motion can cause high airplane touchdown speed or
rolled/yawed auitudes. Shore based arrested landing tests are
conducted to evaluate structural integrity when landing in the
many types of conditions possible aboard the carrier. These
conditions are:

a) Maximum arresting gear engaging speed: This condition
produces the maximum arresting hook loads and longitudinal
decelerations and are conducted at the limit design condition of the
sirplane.
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b) Rolled and yawed attitude at wouchdown: This type of
landing represents a last second lineup comrection. The targer atti-
tude for both roll and yaw at hdown is 5 deg. Landi are
conducted with the roll and yaw in the same direction and also in
the opposite direction.

c) Free flight arrestment:  Occasionally an arresting hook
will engage the arresting gear cable prior to main landing gear
touchdown. This could happen with an inclose pitchup attitude
change or during a waveoff. This type of arrestment is called s free
flight. High nose gear landing Ionds are obtained upon
touchdown. Free flight ar are ionally conducted
during the shore based test program.

d) Offcenter: All landings don’t always occur in the center
of the targeted landing area. Offcenter arresunents, up to 20 ft
(6.1 m) left and right of the centesline are conducted 10 investigate
the high side loads imposed on the arresting hook and airframe
swucture during this type of landing. The wing rock dynamics
induced during this type of arrestment are monitored to determine
any potentiel for contact of the wingtip or wing mounted external
stores with the runway or artesting gear cables

e) High sinking speed: To meet the design requirements for
shipboard landings, U. S. Navy airplanes are designed for touch-
down sinking speeds up to 26 fps (7.9 m/s). High sinking speed
tests are the most critical of all the arrested landing structural
tests. In the interest of safety. actual flight tests are conducted to
80% of the design limit. During testing, the targeted sinking
speed is increased by slowly increasing the angle of the optical
glide slope until the targeted sinking speeds achieved. In
addition, this sinking speed is required 1 be tested at threc differ-
ent airplane pitch attitudes; 1) the normal landing attitude, 2) nose
down (three point landing or nose gear first), and 3) a taildown
attitude 3 degrees higher than the normal landing attitude.

The above five landi ditions are r d in each of the

critical loading combinations that the axrplmc will experience
operationally.

Approach AOA and Airspeeds

Many factors musl be considered relating to the determination
of the recommended approach AOA and the associaied airspeeds for
the range of recovery gross weights. It is desired that the slowest
possible approsch AOA and airspeed he defined in order to mimi-
mize recovery WOD requirements. However, the need 1o establish
the slowest AOA must be weighed against the requirement to ensure
adequate flying qualities and performance to safely perform the
carrier landing task. To this end, a number of criteria. mainly
quantitative, have been developcd to enable evaluation of the
approach AOA and airspeeds. These criteria are part of the perfor-
mance guaraniees specified in the requirements for new aircrafi.
Attaiaing these criteria “should” ensure satisfactory carrier

pproach flying qualities and perfi characteristics. For an
airplane in the landing configuration on a 4 deg glide slope on a
89.8°F (32.1°C) day and at the carrier landing gross weight, the
minimum useable approach airspeed (Vp, ) should be the highest of
the airspeeds required to meet the criteria detailed in the following
paragraphs.

Acceleration Response to Large Throtile Inputs:  For a large
throttle input, such as a waveoff, the slowest airspeed will be that
airspeed at which it is posnble to lchleve a level flight longitudi-
nal acceleration of § fps ((1.5 m/s?) within 2.5 seconds after
throttle movement. If any flight control effectors or speed brakes
are automatically scheduled with throttle movement, then these

surfaces may be moved. It is important 10 note that this require-
ment does not imply that lhe airplane must-be in level flight with
an acceleration of 5 fps Q.5 m/sz) rather that, during the
approach, the engine(s) be operating in a region such that the
acceleration characleristics would enable the engine to accelerate
from !he thrust requu'ed on glide slope to that thrust level equalling

5 fps (1.5 m/s? ) acceleration at the same airspeed in level flight.

Acceleration Response to Small Throtile Inputs: The second
approach airspeed criterion relating to acceleration capability is
rapid engine response to small throttle movement. At the
lpproach airspeed, step throttle inputs corresponding to a
3.86 fps (1.18 m/s ) longitudinal acceleration command will
result in achieving 90% of the commanded acceleration within 1.2
seconds. This requirement :pphes both 10 acceleration and deceler-
ation. This hout the weight range and
mticipated drag levels of the airplane. anure 6 shows this require-
ment.

Thrust cnange equivalent to 3.86 fps?
(1.18 m/s?)longitudinal acceleration

~

90% of commanded change

Acceleration

A Thrust

1.2 seconds
or less

Deceleration

—
Thrust change equivalent to 3.86 fps? \
(1.18 nys?)longitudinal decelerstion
Time From Inital
Thiotle Movamerr >

Figure 6
Acceleration Response
to Small Throttle Inputs

Over The Nose Field of View: The slowest acceptable
approach AOA must provide adequate over the nose field of view.
With the airpiane at an altitude of 600 ft (182.9 m) above the water
in level flight and with the pilot’s eye at the design eye position.
the waterline at the stern of the ship must be visible when inter-
secling a 4 degree optical glide slope. The source of the optical
glide slope is 500 ft (152.4 m) forward of the ramp of the ship and
65 {1 (19.8 m) above the water.

Margin Over Stall:
1.1 VS , where VS
PA PA

The slowest airspeed equating 1o
is the power-on stall airspeed using the

power required for level flight at 1.15 V¢ | which is the power-off
L

stall airspeed. The deter of this airspeed is o first calcu-
late V

s, - calculate the power required to maintain unaccelerated
Jevel flight at 1.15 V¢ . determine the power-on stall airspeed at
this power level, then calculate 1.1 V,

Spa

Flying Qualities: The slowest approach airspeed shall provide
Level | siability and flying qualities.




Glide Slope Transfer M . This requi is often
referred to as the 50 ft (15.2 m) pop-up maneuver. The airplane is
to perform s glide slope maneuver so as to ransfer from one glide
slope to another glide slope which is 50 ft (15.2 m) above and
parallel to the first glide slope. The 50 ft (15.2 m) wransfer is refer-
enced to the CG of the airplane. The T must be leted
within 5.0 seconds. Longinudinal control can be inputted as neces-
sary with the constraint that the maximum incremental load factor
cannot be greater than 50% of that available at the start of the
maneuver. The throttle setiing cannot be changed during the

: is often misunderstood to mean that the
liitude of the airplane is i d. In fact, the altiude at the end
of the er can be hat below that when initiated. For

example, if the sink speed of the airplane is 15 fps (4.6 n/s) at the
start, the airplane will intercept the new glide slope 25 fi (7.6 m)
lower in altimde than when the glide slope transfer was started [15
fps (4.6 m/s)x 5 sec - 50 ft (15.2 m) = 25 f1 (7.6 m)]. Once the new
glide slope has been intercepted, longitudinal control and throtile
inputs can be made to establish a new glide slope parallel 1o and at
least 50 ft (15.2 m) above the initial glide slope. Figure 7 presents
this maneuver.

1) No throtte change
2) Not to exceed 50% available
] load factor

Figure 7
Glide Slope Transfer Maneuver

Additiona! Considerations:

Single Engine Control Airspeed: For 2 mulu-engine airplane
the slowest approach airspeed will not be less than the single
engine control sirspeed (V M) This will ensure adequate control in
the cvent ol & total engine failure during a waveoff when performed
at the approach airspeed.

Touchdown Attitude: Touchdown atiitud iderations have
on di d the selection of an approach airspeed/AQA.
The pitch attitude must be such that a tail down, free flight, or nose
down arrested landing with 1 airframe damage be only

i6-7

a. The ability to make glide path corrections by changing
the rate of descent at a constant thrust setting.

b. The ability 10 mtke glide pn.h corrections by varying the
thrust while mai AOA.

14

in making glide path corrections, the pilot instinctively
attempts to do so initially with longitudinal control. Effective
control of n:plme p:u:h attitude neceuxmu that the longitudinal
control power, damg and ical ch istics be such as
to permit smali, preclse pitch attitude correcti It is ex ly
desirable that the airplane have maneuvering capability at a
constant thrust setting for small changes in AOA on the order of
one or two degrees. For making large cor 10 the glide path
which are sometimes necessary early in the approach, it is neces-
sary to d ine the change in thrust d for changes in ACA.
An lane that p this ch is easier 1o fly on the
glide slope by conecung to glide slope with longitudinal control,
returning to the proper approach angle of attack, and then adjusting
thrust to correct for the original erroneous seuting. Using this
method, rapid glide path corrections are possible and thrust correc-
tions in only one direction are required for each evolution.

b |

If an airplane does not respond satisfactorily 1o longitudinal
control, an alternate technique is evaluated. The airplane is
maintained at the desired AOA and thrust corrections are used exclu-
sively to make glide path corrections. With this technique, the
airplane response as a2 function of the excess thrust available for
maneuvering (AT/W), the increase in thrust for small throttle
movements, the engine acceleration characteristics. and the contri-
bution of thrust to lift are all evaluated. Because of the lag in
engine and airplane response to throttle movement and because of
the tendency to “overcorrect” in order 1o establish vertical accelera-
tion, it is difficult to determine the proper thrust seuting required 10
hold the glide path. As a result, the pilot gets “behind” the airplane
and the airplane follows a mild oscillatory path in the vertical
plane of the glide siope. Therefore a procedure in which thrust and
longitudinal control are initiated simultaneously is necessary for
rapid corrections even though it requires precise coordination &nd
increases pilot workload. The use of speed brakes may lessen the
aircraft perturbations since increased power setting may provide
betier engine acceleration and the addition of any parasite drag
device such as speed brakes contribute to speed stability by reduc-
ing the airspeed for minimum drag.

A bination of the h airspeed/AOA crite-
ria dictates that the approach be made on the unstable portion (back
side) of the thrust required curve. If an approach is made in this
area, the use of the throttles is mandnory for making corrections in
mspwd and rate of d and th the difficulty of

a pr pproach Funher. if the approach must be
made on the unstable portion, it is desirable that the thrust changes
req\mcd are not large for small excursions from the approach

remotely possible.

Glide Slope Tracking: The combination of airframe/engi

peed. In terms of flight path stability, the change in flight path
angle with airspeed should not be greater than 0.06 deg/kt A
upldly increasing siope of the curve means that the airplane may

d rapidly and require the pﬂol to sdd much more thrust to

performance is of prime importance in luating the handli

characteristics of an airplane on the glide slope. The :peedlpower
(or flight path) siability characteristics of an sirplane have a greal
deal of influence on the ability of the pilot 1o make corrections in
airspeed and rate of descent.

The following glide path correction capabilities are considered
over the approach airspeed/AOA range:

stop a deceleration when pared to the thrust reduction necessary
to stop an acceleration. It is also desirable that the approach be
made where the curve has a gradient and not on the flat or neutral
flight path stability portion where a range of airspeeds are possible

for approximately the same thrust setting.

Lincup Control: Effective control of airplane heading is
mundnmy for carrier deck lineup control. Lateral control power,
and hanical characteristics (trimmability, stick

breuknm forces, stick gradients, stick deadbends) should be such
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that the pilot can effect small, precise line up corrections during the
approach. The use of lateral control should not cause distracting
pitching or yawing moments.

d; hiohliohted

The previous have higt in general terms
the numerous items which have a belrmg on the selccuon the
approach airspeed/AOA and an op pilot h
Frequently, several flying qualities and performance characteristics
become mugmal at the same airspeed/AOA and one may mask
another. It is important to recognize all of the factors mvolved
since improvcments of one may render her more P or

airspeeds, both static and dy ic, must be i igated prior to
approaches at the field.

Two basic types of approsches terminating in a waveoff are
investigated. They are:

a) Stabilized, on glide slope diti This simul a
stabilized approach condition where a waveoff is required in
response to an unsafe condition such as the deck going "foul”. The
sirplane should be in a relatively stabilized condition at lhe

unacceptable.

W In addition to the quantitative
and hniques which are used in defining the
approach AOA and iated ds, it is possible to evaluate
the approsch and landing by deﬁnmg the tasks the pilot must
accomplish for each phase of the landing. Table 1 specifies the
distinct phases during landing and lists suggested tolerance bands
for the required performance. These levels of performance should be
attainable with an HQR - 3 or better.

Table 1
Approach and Landing
Qualitative Evaluation Tasks

pproach AOA with the throttles at the appi

setting. To evaluate the variation of waveoff altitude lost and time
required to achieve a positive rate of climb with sinking speed, the
FLOLS basic glide slope angle is varied. In addition to onspeed
conditions, AOA’s as slow as 2 degrees higher than the approach
AOA should be tested.

b) A high down conditi This diti

large throttle input by the pilot attempting 1o correct from a h:gh
(above glide slope) condition. The use of this “gross” cormrection
technique will usually result in an immediate waveoff by the LSO.
The test procedure should be to stabilize on glide siope, but
holding a “one ball high™ condition. At the desired time, the pilot
retards the throttles to IDLE. From 1.0 to 2.0 seconds later, the
waveoff signal should be given. This test technique has limited
epplicability within 1,000 ft of touchdown (a point approxunuxcly
500 ft (152.4 m) past Lhe ramp) as l.hls type of throttle “play”
would result in an i ff being ded by the
LSO; however, this technique will ldcnufy unacceptable waveoff
performance and excessive altitude loss due 1o adverse engine
response characteristics.

Two pilot techniques for MIL thrust waveoffs are investigated.
The first 1echnique involves maintaining the approach AOA

g| the waveoff maneuver. The second technique involves
rotation to higher values of AOA. Level I flying qualities must be
retained at all times during the waveoff. Airplane pitch response o
MIL thrust application and/or automatic configuration changes.
such as speed brakes, may result in a slight uncommanded AQA
rotation during the waveoff. This can be a favorable response in
the noseup direction; however, is unacceptable in the nose down
direction. Although rotation may minimize altitude loss, a point is

near the ramp where rotation is undesirable due to reduction
in hook/ramp clearance and the probability of a frec flight

Tolerance
Phase Task Band
Downwind Airspeed Control +2kt
Heading Control + 2deg
Trimmability -
Base Leg AOA Control 1 1/2 deg
Roll Antitude Control +1deg
Heading Capture +2deg v .
Final AOA Confrol £ 172 deg
Lineup Control t1deg
Glide Slope Control 1 172 “ball”
(see note)
Touchdown Runway Centerline 5f
(£ 1.5m)
Longitudinal 120 ft
Dispersion (6.1 m) hed
Waveoff or Attitude Capture 1 1deg
Bolter AOA Control 1deg

Note: A “ball” is equivalent 1o one celi on the Fresnel Lens Optical
Landing System. One cell equals 0.34 degrees of arc.

Waveoff Performance and Characteristics. A waveoff is a
frequent occurrence in the shipboard environment and one which
may be required due to the landing area going “foul” or not being
ready to recover aircraft, ble pilot technique, or condi-
tions outside safe recovery parameters, such as excessive deck
motion. A lste waveoff is extremely demanding on airplane
performance because of airplane sink raie and proximity of the
ship. thht tests are conducted to quantify airplanc pcrfonnmce
and d the opti pilot techniq This information is
generated for both the normal recovery configuration(s) and all
potential emergency modes, either airframe or engine related, for
which shipboard recovery is possible.

Waveoffs are initially d d at a safe altitude to assess
airframe and engine response. The airplane is stabilized onspeed
on a -3.0 deg flight path angle. Pich tendency with power is
noted. The landing configuration(s) and emergency conditions
should be investigated. Simulated single engine characteristics and

engagement oulside of the airplane design envelope. This undesir-
able characteristic is most noticeable for aircraft with large linear
distance from the pilot’s eye to the hook. such as the F-14A, where
the vertical hook-to-eye distance increases approximately 1 ft (0.3
m) for each degree increase in pitch attitude.

The use of afierburner, if available, should also be investi-
gated. Frequently, the time required to obtain MAX A/B thrust
obviates its use to lessen the altitude loss during the waveoff
maneuver. However, Max A/B thrust does provide an increase in
acceleration once a positive rate of climb has been established and
can avert a ramp strike for an airplane which has developed a high

sinking speed prior to reaching the critical di from the ramp.

Average altitude loss determination for the various loadings and

lppronch conditions should be based on at least iwelve data
p of diffi in pilot techniqy

Fleet experience has shown that waveoff performance will be
satisfactory if the following criteria is met from waveoff initiation
during an approsch on glide slope with the proper AOA ad 0.7 sec
pilot reaction time:




a) An hook point altitude loss not greater than 30 fi
(9.1 m).

b) A time to zero sink speed not greater than 3 sec with a
corresponding level flight longitudinal acceleration of 3 kisec on
2 90°F (32.2°C) ambient :emperature day.

c) A controllable aircraft pitch attitude change not greater
than 5 deg airplane nose up or an AOA increase not more than
3 deg.

. A bolter is an unin-
tentional touch and go landing on the ship. A bolter can occur due
10:

a) Improper in-close thrust or pitch attitude inputs or an
excessively high glide slope position which result in the arresung
hook point passing over the top of all the arresting gear cables.
This is the more critical condition in that the mimmum flight deck
is remaining io execute the bolter maneuver.

b) The arresting gear hook point landing in the desired posi-
uon, but the hook point failing to engage a cross deck pendant
(CDP) due to: 1) hook point dynamics resulting in excessive hook
bounce or lateral swing of the arresting hook shank preventing the
hook point from engaging a CDP, or 2) improper tension on the
CDP from the arresting engine allowing the CDP to be closer to the
deck than desired limiting, the ability of the hook point to engage
the CDP. In either case this is commonly referred to as a “hook
skip bolter”.

The distance from the last arresting gear cable to the angled
deck round down varies from a minimum of 427 fi (130.1 m) on
KITTY HAWK class ships to a maximum of 495 ft (150.9 m) on
NIMITZ class ships.

Shote based touch and go landings are conducted to determine
bolter performance, characteristics, and desired pilot technique.
Landing sinking speeds at touchdown should be at least the mean
carrier landing sinking speed to ensure that the airplane’s pitch
dynamics during the bolter, due to compression/extension dynam-
ics of the main and nose landing gear, are repr ive of a
hipboard landing. Fiared landings will not produce realistic test
conditions! Al normal and emergency configurations should be
tested. The forward and aft CG positions can be critical because of
the potential effect on nosewheel lifioff airspeeds at forward CG’s
and adverse longitudinal characteristics at aft CG's.

The preferred method of obtaining bolter performance is to use
LASER tracking data. The data is used for gmund speed and ground
ro0ll only. Desired airbome instr ddition to the
standard suite, includes nose and main lmdmg gear weight on
wheels (WOW) discretes which can be used to “time tag” their
respective touchdown and liftoff times. The ground roll distances
from mam landing gear touchdown until nose landing touchdown,
nose landing gear liftoff. and main landing gear liftoff are calcu-
lsted from the LASER data. The calculated bolter di are
corrected for test day surface winds and then recomputed for antici-
pated recovery WOD in the shipboard environment.

The d pilot technique during these tests should bc
application of MIL power at hdown and longitudi
input as necessary to achieve the desired ﬂylway attitude.
However, lhc use of full aft oonuol can produce \mdnxnble over-
Other ques should be idered if the
char istics of the sirplane warmant

P
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It is desired that the airplane achieve both nose and main gear
liftoff prior to rolling off the end of the angled deck round-down.
However, if this condition is not achievable, it is still acceptable if
there is no aircraft sink following mllmg off the angled deck. Any
CG sink is ptable. This for no CG sink is based
on a “normal” bolier. Siwations wﬂl occur that will result in some
CG sink. Delayed pilot response to the proper bolier technique of
throttle and longitudinal control or initial landing gear touchdown
well beyond the last CDP are examples.

The airplane pitch characteristics during the shore based bolter
1ests should be monitored. Landing gear dynamics can cause pich
oscillations (rocking) during the bolter. In an extreme situation,
the airplane could be in a nose down piich cycle when the nose gear
rolls off the angled deck, resulting in unacceptable airplane charac-
teristics and excessive sink following rolling off the angicd deck.

esting at Sea

Final determination as 1o the suitability of an approach
airspeed/AOA, pilot technique, and bolter and waveoff performance
and characteristics can only be obtained from actual tests aboard the
carrier because of airflow disturbances over the landing area and afi
of the carrier. Turbulence in the form of sudden updrafts and
downdrafts which occur aft of a carrier cannot be duplicated ashore.
The range of WOD's to be used should be from the mimimum recov-
ery headwind up to 40 knots, if achievable. Crosswinds compo-
nents, both port and starboard, up to ship's limit (7 knots) should
be investigated to evaluate the ship’s island structure.

Initial approaches are terminated in waveoffs at approxumately
1/2 nautical mile (1.9 km); the waveoff point is moved closer 1o the
ship as test results merit. The first landings are “hook-up™ touch
and goes, finally with hook down to achieve the first arrested
landing.

Intentional landings beyond the CDP’s should be conducted 1o
minimize deck remaining and time available to iniuate bolter
nputs, and also to evaluate rocking characteristics due to landing
gear dynamics.
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ABSTRACT 1  INTRODUCTION

The development programme of the EH 101
includes, for its naval variant, the investigation of
the ship-helicopter interface characteristics to
grant a preliminary relecase of the heticopter
operations on board of both Italian and British Navy
urits.,
we intend to approech the programme using the
following scheme:

1 - EH 101 bandling qualities assessment while
operating in proximity ¢f a <hip, during the final
approach phase.

2 - Deck landings and take-offs for a preliminary
identification of deck motion Limits and wind
envelope.

3 - Assessment of the deck landing technique with
the use of landing aids.

4 - Assessment of the arrcraft tanding on the deck,
rotors folding, refueling, armament loading, taxiing,
tie downs, etc.

S5 - Assessment of heoticopter eperations in o heavy
electromagnetic cnviroment.

6 - Assessment of the maintainability
characteristics of the EN 101 in limited spaces
{engine and gear boxes change).

furthermore this paper witl present the imitial
results of the preliminary sea trials carried out
with the EN 101 prototypes in cooperation with
Itatian and British Navy vessels.
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This paper presents the type of tests e
have so far carried out and those we are planning, to
investigate the EH 101 ship interface.

The EH 101, for those we arc not totally tamiiiar
with it, has been designed to operate contiruisly
trom the type 23 Frigate of the Royal Novy, from the
light carrier Garibaldr of the Italran Navy and
occasionally from cther wmaller ships of the ltalyan
fleet.

The programmes we have proposed to the twe Nav:rs
describe all the operatiens and the related sy.tems
that we deem necessary to obtain an initial
clearance.

The actual deck guatification of the EM 101 un the
various host ships 1% ana remain a responsabiitty of
the Navies. This paper wiil start with a descraption
of the extensive on shore activity that has been
completed before undertaking any cver water
operation.

Since the first flights of the EH 101, more than 120
flights were carried out with the purpose ot
investigating, characterizing and optimizing the
aircraft configuration for its major roie.

Having to operate on board of relative smaller <hip.,
1n heavy sea states and strong winds, much eftoots
was dedicated to obtain the best handling gual:tieos
and performance to cope with this task.

Areas of particular concern were pitch attrtuae,
hover performance, centrol response, field =¥ wiew,
In addition to the above subject this paper wiil
briefly present the results of the activity carried
out in cooperation with Italian and UK navy war~hips
during last year.

2 STATUS OF THE DEVELOPMENT PROGRAMME

Before proceeding to describe the activity
that we intend to conduct during the ship trials, we
consider important to repart briefly on the
development programme of the EH 107, the resutts
achieved and the future plan.

2.1 Achievemonts

The fleet of the preproduction (PP) aircraft
is now completed.
Last January, in fact, PP9, the civil-utility
variant, took off, for 1ts maiden flight at Agusta in
Cascina Costa.
This was the last of the nine aircraft foreseen by
EHI master plan for the development of the four
variants of the EH 101: naval, civil passenger, civil
and military utility.
Five aircrafts are currently flying in UK, under
Westiand responsability, with the main purpose of
developing the basic naval vehicle, avionics (PP,
PP4, PPS) and the passengers variant (PP3, PP8).
four PP's are fliyng in Italy, at Agusta test center,
for the naval (PP2, PP8), utility civil and military
(PP7, PP9) variant development.
In Italy is also tocated a GTV for the testing of the
drive system.
The total flight hours achieved by the fleet at the
end of February were 1050 in 1200 flights: plus 740
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hours of ground run on GTV.

The development of the basic vehicle was
concentrated, from the beginning, on PP1 and PP2,
ftying i1n their own countries.

But after one year EHI decided, to enhance progress
of the programme, to collocate the two PP's at Agusta
flight test center with a joint integrated team of
piltots, flight test engineers and specialists of the
different branches.

This new phase, named Single Site Operation, began on
November 1988 and was concluded tast March after the
second OTC's preview.

During this period proper solutions have been found
for all the critical areas, reaching a satisfactory
tevel of development.

This is well demonstrated by the fact that in 1988
PP1 arrived in Italy from UK in the hold of merchant
ship while last March it went back flying on its own.
In detail the nose-up tendency at low airspeed was
eliminated by the low asymmetric tailplane; the tail
rotor strength and performance have been improved by
the double teetering tail rotor and rear fuselage
~trakes; the hover and level ftight performance have
been enhanced by modifying the main rotor blades and
reducing the fuselage drag.

Furthermore a very noticeable tail-shake has been
cured with aerodynamic features: a beaniec on the main
rotor head and the so called horse-collar around the
engine cowlings.

Also the flight controls have been modified
introducing different gearing to reduce the roll
sensitivity, the collective to longitudinal cyclic
coupling and extending the range of collective and
yaw control.

But the most significant improvement was obtained in
reduriny the vibration tevel caused by the main
rutor.

The problem was tackled in two different ways:
preventing the vibration to reach the cabin and
modifying the cabin natural frequencies.

The first approach gave the best results with both
the system tested: a passive one, instailed on the
rotor head and a active system, called ACSR (Active
Control of Struct.-al Response).

The latter that will be incorporated into the
production configuration, has been tested at Westland
test center in Yeovil on PP3.

In the mean time many modification have been designed
and tested with the purpose of extending the life of
the critical dynamic components.

in parallel the avionic system were developed on the
remaining PP's: AFCS on PP3, common avionic on PP4,
the mission system for Royal Navy and Marina Militare
Italiana (MMI) on PP5 and PP6 while PP7 was
developing both the basic utility configuration and
the military avionic.

2.2 Future Plan

Two major changes are still to be tested
before the development programme of the EH 101 can be
concluded: the updated main gear box and the RTM 322
installation.

The 5200 HP gearbox, the current one is limitated to
4640 HP, will be common to all the EM 101 variants.
It has been fitted for the first time last March on
the GTv for an initial endurance test of 300 hours
that wilt be conciuded by the end of July.

At that time PP2 will receive a similar box and we
will start flying for the extension of the flight
envelope.

The integration tests of the RTM 322 will initiate in
the middle of 1992 on PP4 and will continue for two
years.

This engine will be installed on the helicopters of
the Royal Navy while the civil and the MM] variants
will mantein the G.E. engines.

At the end of 1992, having all the PP's the proper
configuration, the qualification phase will start.
It will tead to the civil certification by September

1993 for both the civil variants.

According to our plane the certification will be
obtained simultaneously by the CAA, the FAA and the
RAL.

One year later the industry qualification for the
naval variant will also be concluded.

3 ON_SHORE ACTIVITY
3.1 Aircraft basic characteristics investigation

Ship trials are a very expensive, time
consuming and, in somc way, a risky exercise.
Therefore it is of paramount importance to
investigate and understand all possible aspects of
the helicopter handling and performance in the low
speed regime before attempting any activity over the
water.

As previously stated this has been one of our major
task during the last two years.

Various option of tailplane, tail rotor and tait cone
strake have been evaluated in order to arkievo the
highest performance and the minimum pilot workload
when the aircraft operates in the very unsteady
condition typical of approach and landing on a smail
deck in adverse weather.

The relative wird envelope requirements stated that
the helicopter should be safe to operate up to 50 Kts
from 0° to 45° left or right, 35 Kts from 457 to 135"
and 20 Kts rearward.

We tested the aircraft up to 55 Kts, with additional
attention on the "sensitive" sector wich, as for most
helicopters, are the left or right 45° to 70°, where
the airflow around the tail rotor is highly disturbed
by the main rotor downwash and tail unit masking.

The results obtained were eventually considered
acceptable to proceed with the ship trials.

3.2 Activity done

The activity done for the above purpose
amount at:

120 hrs Total flight time

90 Flights
3 Tailplane configuration change
4 Tail rotor configuration change
5 Tail strake configuration change

These figures can give an idea of how extenuating can
be trying to achieve low workload flying
characteristics in gusty wind up to S50 Kts from any
direction.

However, obtaining this level of results was
considered cssential to proceed with adequate margins
to the actual investigation of the EH 101 ship
interface.

The taiiplane configuration, in particutar, raised
much concern as we wanted to provide on almost
constant pitch attitude approach capability to
minimize the tipical reduction of vertical ficid of
view during the flare.

3.3 Correction of the pitch uwp

It has been widely publicized that the
original symmetric low set tailplane caused a
distinct pitch up when it moved in the main roter
downwash .

To correct this undesirable characteristic we
explored the following main options: a reduction of
the taiiplane effective surface and the relocation of
it to a totally different position, where it could
not be affected by the rotor downwash.

After various attempt of reducing the tailplane
effective surface by reducing either the chord or the
span, the choice was restricted to the following
configurations:

1) Asymmetric tailplane attached to the top of the
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tail fin on the opposite side of the rotor.

2) Asymmetric tailplane set in the same position
than the original one but limited to the right
portion.

The first configuration appeared immediately the most
effective in eliminating the pitch up, as one can
expect, but had the following disadvantages:

1) 1t was not compatible with the tail unit folding
geometry.

2) 1t required a major redesign of the tail unit as
its load distribution would have been different.

3) It would have had a remarkable effect on the
programme in terms of cost and scheduling.

The second configuration was tested after the
analysis of load distribution on the standard
tailplane.

1t was found that in forward flight more than 75% of
total downlift required to maintain a proper
relationship between airspeed and attitude was
generated by the right portion of the surface.
Choosing a different profile we could improve the
effectiveness of the remain section loosing oply e
negligeable contribution to pitch dampirg.

This small reduction of the dynamic stability could
be easily accounted for by the Automatic Flight
Control System.

For what pitch up at {ow speed was concerned the
residual effect of the main rotor downwash created a
very small reaction that could be detected only
conducting accurate testing.

We concluded that, as the asymmetric low set
tailplane was much easier and cheaper to instal{,
this configuration might be preferred.

However a doubt remained in the test pilot department
that in less than favourable conditions the
operational pilot could suffer from the less than
perfect helicopter behaviour.

Therefore Yt was considered necessary, to carry ut
proper testing in a more realistic conditions.

This was the reason for asking to to the programme
{eaders the clearance to set up a short trial to
investigate the helicopter behaviour when operating
in proximigy of a moving deck, activity that will be
described later and that led to the selection of the
low set asymmwetric tailplane as a viable tail
configuration change.

3.4 Tail rotor configuration and tail strake

Since the early flying in the low speed
regime it was evident that tail rotor power available
was not sufficient to produce the required thrust to
meet 50 Kts relative wind velocity from atl
directions.

To improve this performance we followed two lines of
action.

1 - increase the tail rotor thrust.

2 - Decrease the tail rotor power required by
generating additional contribution to the
antitorgque moment .

The increase of the tail rotor thrust was obtained by
selecting a different concept of rotor hub that was
modified to allow each pair of opposite blades to
flap independentty.

This modification reduced the related loads and
allowed to reach higher blade angles of attack, hence
more thrust.

The additional contribution to the thrust was
obtained by applying a strake, along the stringers of
the left hand side of the rear fuselage, which, by
disrupting the airflow around it reduced the force

generated by the airfiow on the left side of rear

fusetage. B
The combination of higher thrust capability of the }
tail rotor and the thrust contribution generated by
the strake, various size and locations of which were
tested, made possible to meet the tail rotor
performance requirements and reduced to acceptable
level the pedal activity within entire relative
envelope.

4 PREPARING FOR THE SHIP TRIAL

Encouraged by the good results of the basic
development, the good performance and excellent
control response, we are now working for the
preparation of PP6 in Italy and PP5S in UK with the
aim to carry out our tests in early autumn.

A lot is still to be done, on our PP6, to make it
usable for extensive flying over water and autonomous
operation over the deck:

- The management system, althogh not completely
necessary for the handling tests, must be on board
and perfectly tuned at least in its AFCS,
communication and navigation sub system.

- The APU, necessary to start the engines without an
external airstarter, must be instailed.

The emergency flotation gear are essential.

All the mooring points must be verified.

Landing gear brake system, sprague and castoring
system must be fully operational.

The main rotor ar’
throughly tecte .

nit folding system must be

P95 .. &s.ready in proper configuration.

5 SHIP TRIAL PROGRAMME

Preliminary Ship Interface Trial (PSIT) witl
be cuwdizted with the naval variant of the Ex 101 in
conjunction with kN and MMI ships.

The aim of the trial is to verify all the interface
aspects with the class of ships the EH 101 has to
cooperate and to define a Limited flight envelope in
term of wind speed, sea state and deck motion.

The operational trial will be conducted by the two
navies with production aircrafts.

5.1 The plan

According to the existing plan the PSIT's
should be undertaken by Agusta, in autumn 199! with
the MMI EH 101 (PP6), and by Westland with the RN EH
101 (PP5) in the spring 1991 (harbour trial) and in
the spring 1992 (sea trial).

Each trial will require approximatively 10 flight
hours shared between harbour and over sea activity.
The MMI trial will assess the EM 101 compatibility
with the Caribaldi light carrier, the Duilio class
cruiser and the Ardito class Destroyer while the RN
trial will be limitated to the Type 23 Frigate.

5.2 The object of the test

The foliowing aspects will be evaluated
during the trial:

1) ship/helicopter clearances

The aim of the test is to verify that no physical
interferences exist between the ship structure and
the helicopter, in atl the possible situations such
as during the approach, on the deck with the rotors
turning, during the main rotor blades and tail
folding, during the deck handling, on the elevators,




in the hangar, during weapons loading and servicing
activities.

2) Deck operation

An hydraulic deck lock is fitted on the RN helicopter
to improve safety, during take-off and landing
from/on the ship, providing a short term method of
securing the heticopter to the deck.

The system will be evaluated with a large number of
engagement and release sequencies, in normal and
emergency mode.

The capability of the helicopter to turn in either
direction about the engagements point will also be
assessed.

After any operation the lucking parts will be
inspected to determine any damage and the manoceuvre
that might have caused it.

3) Deck handlin

The Type 23 Frigate are eguipped with a system which
provides helicopter handling from the deck to the
hangar and viceversa,in high sea states, with no men
on the ship's deck and with the helicopter misaligned
after landing.

This system has to be operated in conjunction with
the deck lock.

The deck handling system may also be used to
transport weapons to the aircraft once it has been
atigned at the datum position.

The behaviour of the system will be assessed with as
many as possible combinations of deck engagements
points/aircraft headings.

A limited assessment of the weapons loading procedure
will also be done using the deck handling system to
verify the weapon trolleys are properly operated and
aligned with the aircraft.

On the Itatian navy ships deck handling presents less
problems than on the Type 23 Frigate.

In fact no special equipment is envisaged to assist
the manoeuvering and positioning of the helicopter on
the deck.

On the Garibaldi deck the EH 101 will be touwed and
positioned using similar, if not the same, equipment
currently used for the SH 3p.

Rather normal tractors will move the helicopter in
the hangar and on the deck.

Therefore we do not expect to spend too many energies
for this phase of the trial.

For what the other ship are concerned, the helicopter
has not to be moved from its landing spot therefore
the handling will be minimal.

4) ship helicopter phisical interface

All the necessary interface between the ship and the
helicopter will be checked.

This activity will consist in verifying the proper
positioning and functioning on the deck and in the
hangar for:

electrical ground supply

pressure refuel and defuel hoses
nitrogen charging

external hydraulic power supply
telebrief system (only cable position)
lashing points

.

Engines starting will be evaluated using the APYU and
external power supply

5) EMC tests

Because many of the helicopter system are not fully
representative of the production standard, the aim of
these tests is essentially to define any potential
EMI that could jeopardize the flight safety during
the trial.

for this reason the initial landings will be done
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with all the ship system, involving radio frequency

emission, turned off. 4
Once on the ship deck, tests will be conducted to !
determine the influence of the ship radios and radar .
equipment on the helicopter systems, particularly on
AFCS, cockpit instruments, communication system and
experimental instrumentation.

Having cleared the EMC aspects on the deck the
activity will be repeated in flight.

6) Dynamic_interface

The dynamic interface is, obviously, the haviest part
of this set of trial.

The time available is limited and the conditions to
investigate could be numerous.

We will use all our experience to identify the most
relevant ones it is our intention to reach the
operating envelope Limits with a reasonable
graduality.

There are some information available that will
greatly help us in reducing the number of condition
to test, especially for the Italian part of the
programme, as the Itatian Navy ships are currently
conducting similar operation with the Sea King and A8
212 AsW.

The wind over the deck data and the experience
accumulated by the current helicopters will direct
our investigation toward the most critical areas.

The dynamic trials for the Royal Navy are further
Llimited in scope therefore what is said in this paper
is more related to the Italian Navy trials.

The operating envelope is defined as function of the
helicopter weight, c¢.g. position, ship motion, and
enviromental condition such as visibility, day or
night.

We will restrict our investigation to day time, and
to the maximum ship motion we can obtain during the
week, or so, that our programme will last.

As the aircraft relative wind envelope is rather wide
we will progress by 10 Kts increments to maximum
speeds obtainable by the combination of ship and
natural wind speeds available.

During the test both gquantitative and qualitative
data will be gathered using on board recorder.

The Cooper Harper scale will be used by the pilots to
express their qualitative assessment of the ease with
which each manoeuvre can be carried out using average
pilot skill.

The evaluating crew will be totally formed by company
personnel, however some partecipation of I[talian Navy
pilot is planned mainly to familiarize them with
standing procedures.

Before each sortie a conference will be held with the
relevant ship's personnel to discuss all the details
of each test and how to match the test requirements
with other possible ship constraint.

The sequence of the conditions will be agreed in
order to minimize ship manceuvering.

puring the tests a flight test engineer will be on
the deck all the time to verify the test conditions.
Each condition will provide a test point that will be
used to build the diagrams that eventually will
indicate the flight envelopoe.

Some rotor engagements and stopping will be conducted
in various position on the deck of the Garibaldi to
evaluate the effect of the possible unusual
turbolence.

Landings and take offs will be conducted from and to
all approved directions.

Extensive manoeuvering over the

deck will be necessary to identify any possible
handiing deficiency.

5.3 The methodology

To enhance the safety the tests will be
initially conducted with the ship moored to quayside
of to a buoy.
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Being this assessment completed all the tests will be
repeated with the ship sailing in order to evaluated
the influence of wind, deck motion, deck turbolence
on the aircraft operation.

As stated before the sea trial will be conducted with
the wind speed and the sea state available during the
tests.

5.4 The instrumentation

The helicopter will have an experimental
instrumentation system installed.
The relevant parameters to be required are:

- loads on main/tail rotor blades, hubs, airframe and
undercarriage.

Undercarriage vertical velocity, vertical, laterai
and tongitudinal acceleration.

Aircraft control position, attitude, angular
rates, rotor speed, and 3 axis load factor.

Engines control parameter i.e. torque, gas
generator and power turbine speed, turbine
temperature.

In addition to the aircraft parameters also ship
parameters will be recorded using portable
instrumentation package in order to correlate the
phenomenon seen on the aircraft with the external
conditions.

In particular will be recorded:

- wind speed and direction relative to the ship
- ship attitudes
5.5 Ground resonance stability

The EH 101 has been throughly tested in all
combination of C.G. position, weight, NR and airborne
percentage and found totally free of any tendency to
enter in ground resonance by large margins.
Nevertheless we consider necessary to conduct further
investigation of this aspects of the helicopter
characteristics in consideration of the possible
effect that the ship deck motion and the deck
handling system motion, installed on the Type 23
Frigate, might have on landing gears and main rotor
damper response.

During the test the retative wind will be maintained
within the hover envelope to allow prompt take-off.
A select combinations of RPM, C.G. position and
collective pitch will be explored using the standard
method of applying cicular pulses to the cyclic of
about 2 inch diameter and 2/3 of 1/R frequency.
Keepeng in mind the limited scope of our tests we
intend to carry out our resonance investigation not
up to the extremes of the ship motions operational
values but just to 5° degrees of roll and 1,5 degrees
of pitch.

6 PRELIMINAR SEA TRIALS

1t has been mentioned previously of a short
activity done with the EH 101 during last year in
cooperation with Italian Navy vessels.
The Purpose of that activity was to confirm the
results, of the optimization of the tailplane
configuration.
Unfortunatly at that time the state of the programme
did not allow unlimitated over water operations as we
lacked all the necessary auxiliary system such as the
definitive flotation gears, the proper AFCS the APU
and so on.
Nevertheless a decision had to be taken in a short
time so we were forced to take acceptable shortcuts,
and set up a limited sea trial programme.
The Italian navy very willingly provided ground

support, at the helicopter base in La Spezia, and
made available suitable warships to use as reference.
The ship belonged to the Maestrale class equipped
with a helideck 24 meters long and 14 meters wide.
The initial intention were to carry out, during a
maximum of 3 ship's sorties, various type of approach
and over the deck monceuvres with the two selected
configurations of tailptane.

We did not plan actual landings, as the time
available was short and we wanted to concentrate on
the main purpose of the trials in order to get the
most valuable results.

The handling of an aircraft is essentially a matter
of opinion.

In other words, there was the possibility that what
was considered easy by one pilot might be evaluated
less optimistically by another one.

For this reason we decided to involve in the trials a
good number of company and military test pilots in
order to obtain the broadest possible range of
comments.

The initial trials, which included approaches to the
ship steaming up to 20 Xts were carried out using the
Italian and Royal Navy procedure and it was easy to
conclude that, in the condition tested, the
differences in the handling between the two
configurations were minimal, thus confirming that the
low set asymmetric tailplane was a suitable solution.
In fact everything was going so smoothly that, having
cleared the main purpose of the flight, we proposed
to the Italian Navy representatives to carry out deck
landings.

The size of the deck was barely sufficient but the
flight conditions were excellent and we could not
envisage any problem.

As previously stated this additional activity had not
the aim to get any form of qualification for deck
operation, but just to verify the ease of the
manoeuvre from the approach to touchdown.

Landings were easy to do as expected.

The only criticism we raised were retated to the over
the nose visibility that was considered poor and the
excessive spray caused by the downwash.

The first item was known, as the aircraft tends to
stay in hover with a nose up attitude.

The excessive spray was due to the ltow height of the
deck and was minimized using the Italian type of
approach along the ship centerline while was
remarkable when moving over the deck from along the
side hover.

Nevertheless the wholw exercise was a success both
for the good serviceability record of the helicopter
in such an early stage of development and for the
encouraging results of the handling assessment.

A further proof of the ease of the approach and
landing manoeuvre was given by this fact.

The italian military test pilot involved in the
assessment happened to be a young major of the
Italian Air Force assigned to the official test
center team.

This pilot had no a previous experience of landing or
even approaching to a ship deck.

Nevertheless he controlled the helicopter easily and
accurately to the narrow deck as the other more
experienced test pilots.

In November 1990 a similar but shorter activity was
carried out in UK when PP5 was landed on the deck of
HMS Norfolk cruising off Porttand,

The purpose of what was mainly promotional however
some additional valuable indications were obtained .
Manoeuvering over the larger and higher deck of the
Norfolk was found easier than over the Maestrale, as
one could expect and without the annoying effect of
the sea spray.

We believe these two occasions although very limited
in purpose and in the conditions tested, have
provided us valuable indications for a more effective
planning of the future and more exhaustive sea
trials.



Figure 4 - EH 101 Deck Landing on Frigate " MAESTRALE ¥
Class
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DETERMINATION OF LIMITATIONS FOR HELICOPTER SHIP-BORNE OPERATIONS
by

R.Fang
National Aerospace Laboratory NLR
P.O. Box 90502
1006 BM Amsterdam
The Netherlands

SUMMARY

A brief outline of helicopter-ship qualification
programmes as carried out bv NLR is given in
this paper. [t describes how detailed
information about the helicopter

capabilities, ship's motion characteristics and
the wind-climate above the ship's flight deck,
is used to set up and to execute a safe and
etficient helicopter flipht test programme.

The programme leads tu a safe and maximum
operational availability of the helicopter on
board the ship in terms of take-off and landing
capabilities as function of relative wind and
sea-state.

1 INTRODUCTION

In recent years operations of a large variety
of helicopter types from various classes of
navy ships have steadily increased worldwide.
The improved capabilities of present-generation
helicopters offer a wide range of possibilities
for attractive ship~helicopter combinations to
cope with the growing demand being put on
modern navies. Therefore, many even relatively
small vessels are being equipped with a
helicopter flight deck. Sometimes an almost
marginal facility is provided for take-off,
landing and deck handling. Yet, helicopter
operations are required in a rough environment
(Fig. 1) by day and at night.

Fig. 1 Helicopter operations on board ships;
a rough environment

Of course one wants to operate the helicopter

in as many operational conditions (day, night,
sea-state, wind, visibility etc) with as high a
payload as possible.

Nowadays, in line with the increasing importance
of helicopter/ship operations the helicopter
manufacturer sometimes provides, in addition to
limitations for shore-based take-off and landing
(Fig. 2), limitations of a general nature for
helicopter-ship operations.

The difference between the two sets of
limitations is explained by the fact that for
shore-based operations the limitations
(determined after extensive factory testing)
are based a.o. on a rigid and unobstructed
landing site whereas the limitations for ship-
borne operations are to be based on an
obstructed landing site (flight deck) which
shows oscillatory movement and where a.o.
extremely turbulent conditions can prevail.

AELATIVE WIND SPEED
wITH RESPECT 10 MELICOPTER
Sz,
4,

AREA OF
INADEQUATE
YAW CONTROL

MAXIMUM HELICOPTER
ALL-UP MASS
ZERQ DENSITY ALTITUDE

Fig. 2 Relative wind- and mass limitations
for helicopter take-off and landing
for shore-bassed operations, as provided
by the manufacturer

Because of the unique characteristics of each
helicopter type/class of ship combination and
the innumerable combinations possible it is
understandable that usually no (extensive)
testing has been carried out by the manufacturer
for the combination that is of interest. It
follows that the limitations given, if any must
be considered as general guidelines, with large
safety margins with respect to the helicopter
capabilities and pilot ability to control the
helicopter, and thus do not provide a maximum
availability of the helicopter on board the
ship. It is expected that the actual limitations,
i.e. those that allow maximum availability of
the helicopter within the constraints of safety,
are lying somewhere between the limitations for
shore-based and those for ship-borne operations
as given by the manufacturer. To determine these
limitations a dedicated helicopter-ship
qualification programme is needed.

During about 20 years NLR has carried out
successfully 12 test programmes (for Dutch as
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well as foreign contractors) in which 9 classes
of ships and 6 types of helicopters were
involved.

In this paper an overview is given about the
factors influencing the helicopter=-ship
vperations, the way they are determined in
various qualification programme elements and
how they are used to set up a flight test
programme on board the ship.

Furthermore it is described how the ship-borne
flight tests, within the constraints of safety
and efficiency, are carried out and in what wa
during the tests, again use is made of the da
obtained in the previous programme elements,
well as the experience of the test team,
resulting in an as small as possible number of
flving hours without affecting the quality of
the results. The attentivn is focussed on
helicopter take-off and landing which in fact
constitutes the main part of the tests. Finally
some results are given.

2 ESTIMATION OF THE OPERATIONAL ENVELOPE
FOR HELICOPTER-SHIP OPERATIONS

2.1 General

An important aspect of helicopter=ship qualifi-

cation testing is safety. The problem is to

define this in quantitative terms, takinz into

account the limitations imposed by the

environment, the capabilities of the helicopter

and the abilities of the pilot. In order to
QUALBICATION PROGRAMME PROCEDURE

- T TEStMATION OF OPERATIONAL L iMITATIONS
FOR MELICOPTER SH1P OPERATIONS

T
ENVIRONMENT HELICOPTER

} | WIND TUNNEL TESTS | | ¥ one m\sm_‘| 1 ]
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. | Epp g |
i i ! 1
e o
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l [ SHIP AT SEA ' ‘ 1 l
| ! | 1
‘ CEFNED MELCAWTER i
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| | EFEECT OF ENVIRONMENT [ | |
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ENVEL OPE FOR
HELICOPTER ON |

MINIMUW NUMBER OF 115TS
CONDITHONS RS QUIRED

L FLIGHT TESTS -
ON BOARD SHiP

SAFE AND MAXIMUM (OPERATIONAL
AVAILABILITY OF HELICOPTER ON BOARD SHIP

Fig. 3 Set-up of hellcopter-ship qualification
programme as carried out by NLR

obtain the required data in a safe and efficient
way a mix of preparatory measurements, analysis
and flight testing is executed. The scheme,
presently in use, is depicted in figure 3.

The nature of the problems that may be
encountered, and the prepariatory measurements 4
and analyses that can be carried out to estimate

the operational envelope for helicopter-ship

vperations are discussed in this chapter. f
The additional flight tests, that are requirced

because some aspects cannot be evaluated

analyticallv, are discussed in the next

chapter.

2.2 The ef
for heli

‘Lot t
opter

ip on the o
perations

ironment

The basic factor, limiting the helicopter
operations from ships, in comparison to shore-
based operations is the small flight deck for
take-off and landing, which is:

- oscillating (pitch, roll)

- surrovunded by obstacles (mainly the hangar in
front of the flirht deck) which, apart from
collision risk, generate

distorted air flow
. a complicated turbulence field (in addition
to natural turbulence)

and were ar-» present

- exhaust gas, which may vause

additional turbulence

an increase of the outside air temperature

above the flight deck (increasc of density

altitude)
. a reduced view over the flight deck

- spray also causing a reduced view over the

flight deck.

Although the ship's speed and course as such do
not constitute limiting factors for helicopter-
ship operations, yet they may create, in combi-
nation with sea-state, wave/swell direction and
natural wind a limiting conditicn.

To detormine the environment of the flight deck
quantitatively, the following measurements are
carried out:

Wind-tunnel tests on a scale model of the ship
These tests are carried out to determine the air
flow characteristics (air flow deviations,
turbulence) above the flight deck and at the
possible approach paths of the helicopter to

the ship as. function of true wind and ship's

course and speed (relative wind condition).

Furthermore the ship’s exhaust plume paths and

prediction of plume temperature (by plume

dispersion measurement) as a function of ship's
power settings and relative wind conditions are
determined. Finally the position error of the
ship’'s anemumeter is determined which is, apart
from the instrumentation error of the anemometer,
needed to establish the relation between the
undisturbed relative wind conditions and those
prevailing above the flight deck and at the
helicopter approach paths.

Note: If these tests are carried out in the
design stage of the ship and if it is
determined e.g. that with a small change
to the super structure the wind climate
above the flight deck can be improved and
the exhaust gas nuisance can be decreased,
costly modifications of the existing ship
may be prevented. The same holds for the
position of the ship's anemometer.




Full-scale ship's wind climate and motion tests
The wind climate tests on board the ship are
carried out to verify the wind-tunnel test
results concerning the air flow characteristics
above the flight deck. With the established
relation between both types of results the real
wind climate at the various helicopter approach
paths is predicted. Furthermore the instrumenta-
tion error of the ship anemometer is determined
and the position error, established during the
wind-tunnel tests, is verified. With the
information obtained an unambiguous relation
between the anemometer readings, the air flow
conditions above the flight deck and at the
helicopter approach paths and the undisturbed
relative wind condition is determined.

Ship motivn characteristics (pitching, rolling)
are determined as a function of sea-state, wave/
swell divection and ship's speed. Examples of
results concerning ship motion, turbulence,
exhaust pas and spray above the flight deck are
shown in the figures 4, 5 and 6.
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Fig. 1 Ship's pitching- and rolling angle as
function of ship's speed.relative wave
direction and sea-state
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Fig. 3 Turbulence levels above the flight deck
as function of relstive wind
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Fig. 6 Relative wind conditions during which
spray- and exhaust gas nuisance above
the flight deck are present

2.3 The effect of the chip environment on the
helicopter performance

Since the operational environment on a ship is
much more complex than for shore-based operations
it should be determined in what way the take-off
and landing envelope as provided in the flight
manual for shore-based operations (Fig. 2) is
affected.
To evaluate the effect of the ship environment
on the helicopter performance, detailed data of
the helicopter capabilities are needed. If not
available in advance, these are obtained during
shore-based hover tests. These tests are used to
evaluate yaw control performance in cross wind
conditions and also at high torque values needed
in the low speed region. Furthermore helicopter
pitch- and bank angles ueeded for hover at high
wind speeds are determined. Finally tests are
carried out in those wind conditions where main-/
tail rotor interference might exist, causing
helicopter yaw oscillations.
It is understood that these tests are executed
within the limitations for shore-based operations
as given by the helicopter manufacturer (Fig. 2).
The data obtained should indicate where, within
the shore-based envelope, regions exist where the
margin between available and required helicopter
performance is small. An example of torque~ and
yaw control performance obtained from such tests
is given in figure 7.
Knowing the operational environment created by
the ship, and the relevant properties of the
helicopter, the effects on helicopter performance
can be estimated, if not quantitatively, then at
least qualitatively.
Such effects can be grouped into two classes:
- effects that may result in hazardous flight
conditions, which will have to be prohibited
- effects which will create a difficult and
demanding situation for the pilot. incse
situations should be evaluated carefully and
the operational applicability should be
evaluated by means of flight testing.

In most cases the operational envelope for ship-
borne operations will be reduced with respect

to the shore-based envelope under the following
conditions.

R E .2
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Hazardous conditions

Inadequate yaw control

Conditions where inadequate yaw control exists
(areas B and E in Figure 7) must be avoided.
Furthermore when performing a decelerating flight
from approach speed to hover, while the relative
wind above the flight deck is situated in one of
the shaded areas (Fig. 7), the relative wind
condition of the area B or E will be traversed.

uEL At
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T et 1T R <46,

P !,__\\‘ %

-~
~]

AREA
——— A
---B

HIGH ENGINE TORQUE. MUCH YAW CONTROt
MAIN-/TAIL ROTOR INTERFERENCE (YAW OSCILLATIONS}
e+ € LARGE BANK ANGLE
w-w- [ LARGE PITCH-UP ANGLE
E INADEQUATE YAw CONTROL

MAX. HELICOPTEA ALL-UP MASS
ZERQ DENSITY ALTITUDE
Fig. 7 Some detailed results of shore-based
helicopter hover tests

Such an approach to an obstructed flight deck
with inadequate yaw control is hazardous and has
to be avoided. Relative wind conditions with larce
cross wind components where large helicopter bank
angles are needed to hover above small flight
decks must also be avoided (area € in Figure 7).
This large bank angle reduces the pilot's view
over the flight deck.

High wind speed from ahead

Relative wind conditions where very heavy
turbulence exists (Fig. 5; high wind speed from
ahead), in combination with rather large ship's
oscillations especially in pitch (Fig. 4;
inherent to the accompanying large sea-state),
and spray nuisance (Fig. 6; reducing pilot's view
over the flight deck), have to be avoided. In
such cases the control inputs required to
counteract the helicopter response to turbulence
in combination with manoceuvring, necessary to
avoid collision with the oscillating obstructions
may be too large (overtorquing, pedal stop), and
create a hazardous condition.

Taking into consideration the presence of
obstacles near the flight deck, strong tail-wind
conditions (area D in Figure 7) can create a
hazardous situation in case of an engine failure.
Such wind conditions further result in large
helicopter pitch-up angles reducing pilots view
over the flight deck. For these reasons strong
tail-winds have to be avoided.

When areas of the shore-based relative-wind
diagram in which either of the hazardous condi-
tions may occur are left out, a candidate ship-
operation-relative-wind diagram results of which
an example is shown in figure 8.

It should be noted that this diagram results
from measurement of the ship's environment,
helicopter performance measurements and analyses.
Whether or not the diagram can be used operation-
ally has to be determined by means of dedicated
flight tests. To determine those areas, in which
testing has to be carried out an evaluation (also
based on the measurement and analysis mentioned
before) of the following conditions, where
difficult and demanding situations will occur for
the pilot, has to be made.
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MAXIMUM HELICOPTER ALL-UP MASS
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Fig. 8 Relative-wind envelope to be tested
during helicopter flight tests on
board the ship

"Difficult" conditions

Low_relative wind speed

Because much engine torque is needed at low
relative wind speed and at high helicopter mass
(area A in Figure 8), the power- and yaw control
margins might be too small in that condition to
counteract adequately a certain amount of ship's
oscillation to avoid collision with the obstacles.

La=ai)




Therefore helicopter mass and density altitude
should be watched very carefully. Furthermore at
low relative wind speed spray is generated by

the downwash of the rotor which is most bothersome
when the helicopter hovers alongside the flight
deck.

High relative wind speed from ahead

At high relative wind speed from ahead, the
accompanying turbulence (heavy and moderate;
area B, Fig. 8) and especially the large pitch
oscillations of the ship (Fig. 4) need much
control effort of the pilot which might result
in such large torque variations that the maximum
allowable torque is often exceeded. Besides, the
presence of sprav and exhaust gas (Fig. 6;

Fig. 8, areas C, D), reducing the pilot's view
over the flight deck, increases his workload
even more. Furthermore the hot exhaust gas,
increasing the density altitude above the flight
deck and possibly at the helicopter approach
path, affects rotor- and engine performance.

Helicopter_yaw control

Wind conditions bordering on those areas
where inadequate yaw control exists (hazardous
conditions B and E (in Figure 7) must be
approached very carefully because of yaw control
variations needed to counteract turbulence and
ship's oscillations adequately. These are shown
in figure 8 area E.

The relative-wind envelope (Fig. 8) in
which the "difficult® conditions are indicated,
is the basis for the flight test programme to be
carried out on board the ship.

2.4 Take-off and landing procedures

In general take-off and landing with a
helicopter are easiest into the wind. However,
on ships this procedure is not always applicable
and furthermore does not always provide optimal
results because of the presence of obstacles.
Because of that other take-off and landing
procedures are applied, thus increasing the
operational availability of the helicopter on
board the ship enormously, as will be seen in
the following. The procedures given hereafter
are visualized in figure 9.

Fore-aft procedure (FA)

A fore-aft take-off is performed as follows:
- the helicopter is aligned with the ship's
centerline, with its nose in the sailing
direction;

hover above the flight deck with initial
heading;

fly sidewards to hover position alongside the
ship either to port or starboard (windward
side);

- turn away 30° from ship's heading;

- climb out.

>

fore-aft landing is performed as follows:

- approach the ship to a hover position alongside
the ship (preferably to port because of pilot's
view over the flight deck). The helicopter's
longitudinal axis is parallel to the ship's
centerline;
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- fly sidewards to the hover position over the
landing spot; 4
- land. !

Relative-wind procedure (RW) .
The relative-wind take-off is performed as
follows: T
-~ swivel (if possible) the helicopter with its
nose into the relative wind direction;
- hover with this heading above the flight deck;
- if necessary to avoid obstacles (e.g. the
hangar), fly sidewards to a hover position
alongside the ship;
- climb out.
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Fig. 9 Take-off and landing procedures on
board the ship

The relative-wind landing is performed as

follows:

- approach the ship from the leeward side;

- continue flight up to the hover position
above the landing spot (helicopter nose into
the relative wind);

- land.

Cross-deck procedure (XD)

The cross-deck take-off 1s performed as follows:

- swivel (if possible) the helicopter until its
longitudinal axis is perpendicular to the
ship's centerline;

- Lift off and climb out at this heading

The cross-deck landing is performed as follows:

- approach the ship from abeam either from port
or statboard (leeward side);

- continue flight up to the hover position
above the landing spot;

~ land.
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Comparing the take-off and landing procedures,

the following remarks can be made:

- The FA procedure has the advantage that pilot's
view over the flight deck is rather good,
especially during the approach (to the port
side of the ship) and sidewards flight before
landing. For that reason this procedure can
also be carried out at night. However, this
procedure is only applicable if the cross-wind
component with respect to the helicopter (and
thus also to the ship) does not exceed the
helicopter limitations (Fig. 8).

- During the RW procedure where no or only small

cross-wind components are present, yaw control

is not a factor. However, during this
procedure pilot's view over the flight deck

is rather poor especially during the approach

from port. In spite of the fact that wind is

from ahead it is expected that a lower wind
speed limit will apply compared to the FA
procedure. The same holds for ship's
oscillations. The RW procedure is only ecarried
out by day.

buring the XD procedure cross-wind components

an be encountered. Therefore yaw controi has
to be watched very carefully. Besides, the
pilot's view over the flight deck is, compared
to that during the RW procedure, rather
restricted, especially during the approach

from port. Because of this, the wind speed- and

ship's oscillation limits are expected to be
even lower than those for the RW proéedure. The

XD procedure is only carried out by day.

2.5 The pilot

Controlling the helicopter in the conditions
encountered during ship operations is a damanding
job. The workload depends a.o. on the amount of
ship (flight deck) motion, the turbulence level
encountered, the view over the flight deck,
visibility and lighting conditions (day or night).
In this highly dynamic eavironment the workload
of the pilot may become too high, and conflict
with the safety of operation. Thus additional
operational limitations may result due to
excessive workload situations. While at the
present time no analytical or experimental means
other than flight tests are available to evaluate
the dynamic behaviour of the helicopter/pilot
combination in the complex turbulent environment
of the moving flight deck of a ship the use of
skilled test pilots is crucial in the process
of establishing operational limitations for
operations from ships. Apart from flight~
technical skills that are required a good
knowledge of the skill level that can be expected
from normal operational pilots is mandatory.
Although during the qualification flight tests
the pilot is backed up by recordings of the
helicopter performance and behaviour, his opinion
remains one of the most important contributions
to the process of determining operational
limitations due to high workload and dynamic
response effects. Furthermore the safety of the
flight testing ultimately rests on his ability
to properly judge the severity of the actual
conditions in which the testing takes place.

o

3 HELICOPTER FLIGHT TESTS ON BOARD SHIPS

e

3.1 Preparations
From the analyses described in the previous !
chapters a number of take-off and landing
procedures result, with for each of these a
candidate wind diagram. (Example in Fig. 10).
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Fig. 10 Relative-wind envelopes for various
helicopter approach headings with
respect to the ship

These diagrams then are combined to a candidate
helicopter-ship operations envelope. Since
overlaps of the relative-wind diagrams for the
various procedures will occur a choice is made,
taking into account the relative size of each
of the overlapping sectors (maximizing the ship-
based operations envelope) and the expected
ease of operating the helicopter. The trade-off
is made, using operator requirements, engineering-
and pilot judgement. An example of a candidate
helicopter-ship operations diagram is shown in
AHEAD
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WIND SPEED WiTH
RESPECT YO SHIP Sry

A ~Xa,

- FA FORE - AFT FROCEDURE
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Fig. 11 Total relative-wind envelope for
take-off and landing to be tested
during helicopter flight tests on

beard the ship
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figure 11. Using ship anemometer calibration
data, obtained during the wind climate measure-
ments that have been carried out, this operation-
al envelope is related to relative-wind indica-
tions available on the ship in relation to

actual wind conditions above the flight deck. An
example of such an envelope (valid for the fore-
aft procedure) is shown in figure 12,
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Fig. 12 Relat:ve-wind envelope for fore-aft
take-off and landing to be tested

on board the ship

{n this candidate operational envelope there
will be a number of areas for which the analyses
indicate a requirement for testing. The problems
that may occur are identified and the test
procedure and instrumentation, required to
investigate these areas safely, are determined.

Since the flight testing is to be carried
out on board a ship in a limited period of time,
the exact conditions at which tests have to take
place cannot be determined beforehand. Conditions
that will be tested depend on the sea-state and
wind conditions that will become available in
the area in which the tests are going to take
place. Of course, selection of the area and
time of the year so as to maximize the probable
occurrence of the desired test conditions is
possible, but this still does not provide the
experimenter with a free hand to vary his
environment at will.

3.2 Flight testin

As evident from the previous paragraph, the
flight-test programme has to be defined in an
interactive way during the testing period. The
actual execution of the flight-test programme is
governed by two main aspects:
- safety
- efficiency.
Safety is principally obtained by starting the
flight tests at easy conditions for pilot and
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test team familiarization:

low helicopter mass s
relative-wind conditions, far within the :
boundaries of the relative-wind envelope (no
"difficult” conditions; e.g. Fig. 12)
fore-aft procedure (easiest)

fair weather

first by day, later on at night.

After a thorough familiarization,
efficiency is obtained by making adequate use of
the information that becomes available during
the flight tests and by analyzing, on board the
ship, that information in conjunction with the
data base obtained prior to the tests. Thus
maximum use is made of the information obtained
from the tests, and the number of test flights
required can be minimized.

During the test period the selection of
test conditions is a major task. Based on the
interpreted results of tests that have already
been carried out, a number of alternatives for
the next test point is defined. This exercise is
carried out in parallel for test points related
to each of the potential problem areas of the
candidate operational envelope, thus yielding a
large selection of usable test conditions. The
choice of the next test point then depends om
the available forecast wind/sea~ state conditions
in the area within reach of the ship. Problems
like judging the reliability of weather forecast
versus time of the ship to travel to the area of
interest are to be solved.

Given certain environmental conditions
(wind, sea state, temperature) a number of
conditions can be created by changing ship
speed and heading relative to the wind (relative
wind conditions) and waves (flight deck motion),
although these cannot be changed always
independently. The only parameter that can be
changed independently appears to be helicopter
mass.

Clever use of information obtained on
board, in conjunction with thorough knowledge
of the factors that limit operations will have
to offset the problems created by the difficulty
to establish the most desirable test conditions.
Thus often it is not a question of demonstrating
the capability to operate the helicopter at the
point specified, but to obtain data at differing
conditions and interpolating or extrapolating
the results to the conditions required.

To aid this process, the following data are
normally acquired during the tests:

Information becoming available during the flight
tests is:
- actual data of helicopter parameters such as:
. engine torque
. pedal deflection
. pitch- and bank angles;
- actual data of ship parameters such as:
. speed
. course with respect to wave/swell direction
. pitching~ and rolling angles
. anemometer readings (relative wind condition);
- pilot's comment on workload, influenced by:
. take-off and landing procedure
. ship's oscillation
. turbulence
. view over the flight deck

A —————. 1 .+ e a e ——— n
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. spray and exhaust gas nuisance.
Pilot's workload is expressed with the following
adjectival rating scale:
minimal
moderate
considerable
unacceptable

Note that two types of data become available.
Quantitative data on helicopter performance and

ship state and qualitative data on pilot workload

and helicopter controllability. The latter
should be referenced to the normal operational
pilot skill level,

Within the constraints imposed by the
environment in which the tests have to be
carried out, all effort is made to carry out the
testing as efficient as possible. To this end
the nominal procedure as depicted in figure 13
is used. For each condition tested the results
are evaluated and subsequently the required
increase in severity-of the conditions of the
next test point is determined. Of course in
this process both engineering and flight
technical skill (the pilot) is involved.

ALY T AL
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Fig. 13 Flight-teat procedure on board the ship

The influence of a certain increase in
difficulty on the helicopter can, with the
knowledge available in advance and the data
obtained during the previous test flight, be
predicted rather well.

A prediction of the increase in pilot
workload, for a certain increase in the diffi-
culty of a condition, is only possible to a
certain extent. If for example the workload in
a certain condition is "low", the permitted
increase in difficulty of the condition will be
more than in case the workload would have been
"high". The same is applied (in reverse) in case
a condition is considered '"unacceptable". If it
is "far beyond unacceptable" (occurring
sporadically) a large decrease in difficulty is
applied whereas if the condition is considered

"just unacceptable' a small decrease in difficulty

is applied. With the application of these simple
prediction methods, good engineering judgement

and the experience of pilot and test team the
number of flying hours can be reduced to a
minimum, and a maximum of results will be
obtained in a as short as possible time period.

4 RESULTS

At the completion of the flight tests on
board the ship, a fair idea about the operational
limitations has usually been obtained. For final
results, measured data (helicopter, ship)
together with pilot's comment are analyzed in
detail.

The operational limitations are presented in the
form of graphs. Examples of these graphs are
given in the figures 14 and 15.
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Fig. 14 Take-off and landing liwmitations for
fore-aft procedure; daytime

In figure 14 limitations are given for the
fore-aft take-off and landing procedure while
in figure 15 the result is shown for the total
relative-wind envelope optimized within the
constraints of safety and maximum availability
of the helicopter.

During the last decade the four step programme
has been applied for nine qualification programmes
for agencies at home and abroad.

Three types of helicopters and six classes of
ships were involved. Helicopter maximum take-off
mass ranged from 4040 kg (8900 lbs) to 9715 kg
(21400 1bs). Ship's mazimum water displacement
ranged from 485 tons to 16800 toms.

For three classes of ship the operational envelopes
had to be adjusted due to modificatioms built in
deemed necessary to perform some additional wind-
tunnel testing. Thereafter it was possible to
estimate new operational envelopes.

Those results were finally validated with flight
testing on board and showed that the applied
methodology leads to desired results.
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Fig. 15 Limitations for take-off and ianding
procedures (by day) optimized within
the congtraints of safety and helicopter
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5 CONCLUDING REMARKS

In conclusion it may be stated that the
qualification of helicopters for use on board
ships can be carried out safely and efficiently
when applying the methodology as described in
this report. The effort to be invested in the
helicopter flight programme on board the ship
is minimized by a thorough preparation, which

consists of obtaining detailed information about
the helicopter capabilities, ship's motion
characteristics and the wind-climate above the
ship's flight deck, by means of experimental tests
to an optimum operational availability of the
helicopter on board the ship.




UNITED KINGDOM APPROACH TO DERIVING
MILITARY SHIP HELICOPTER OPERATING LIMITS

B. A. FINLAY
ROTARY WING PERFORMANCE SECTION
AEROPLANE AND ARMAMENT EXPERIMENTAL ESTABLISHMENT
BOSCOMBE DOWN
SALISBURY SP4 OJF, UK

SUMMARY

In the United Kingdom the Aeroplane
and Armament Experimental
Establishment (A&AEE) is responsible
for conducting trials to determine
the limitations appropriate to
military Ship Helicopter Operations.
This paper describes the philosophy
behind these trials and gives details
of the many considerations which play
a part in their successful outcome.
The tests which are carried out
before trials at sea are described
together with details of how trials
are conducted with a helicopter and a
ship to determine the widest possible
operating envelopes. The paper
concludes that the methods used by
the A&AEE establish envelopes for any
particular combination of aircraft
and ship that are both operationally
valuable and safe.

LIST OF SYMBOLS

P Power in kW or SHP

M Mass

My Test Mass

My Operational Mass

§ Air Pressure Ratio

[} Air Temperature Ratio
[ Air Density Ratio

oy Test Density Ratio

0, Operational Density Ratio
w Rotor Speed Ratio

AM Mass Correction

1 INTRODUCTION

The aim of this paper is to describe
the approach to deriving clearances
for helicopters on ships for use by
the United Kingdom armed forces.
This normally involves the clearance
of Royal Navy (RN) aircraft on Royal
Navy or Royal Fleet Auxiliary (RFA)
ships. However, the same approach

has been used for clearances of

Army and Royal Air Force (RAF)
helicopters on these ships,
clearance of UK military helicopters
on the ships of other countries and
military helicopters from other
nations on their own ships.

The paper will describe the
philosophy that has been evolved
for such clearances and how this is
put into practice during trials at
sea. The techniques used have been
developed since the late 1960s and
although refinements have been made,
the same basic technigques have been
used for nearly 25 years by the
Aeroplane and Armament Experimental
Establishment (A&AEE) at Boscombe
Down.

The whole process starts with an
Operational Requirement to employ

a particular helicopter on a
particular ship. This requirement
is raised by the appropriate Service
Department; be it RN, RAF or Army,
but the Royal Navy are responsible
for issuing any clearance and it is
they who call upon the services of
the A&AEE for advice concerning the
need for and extent of any trials.
Should trials be necessary, they
are conducted using the techniques
described here. However, it is
necessary to understand the basic
philosophy which dictates the way
that these are conducted.

It should be pointed out that all
the data presented in this paper

is idealised and not real aircraft
data. This enables the various
tests and results to be understood
without presenting the actual
capabilities of UK military heli-
copters and ship combinations which
are obviously more highly classified
than this paper.
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2 UK CLEARANCE PHILOSQPHY

The philosophy behind the clearances
is simple, the aim is to provide the
widest possible envelope in terms of
wind speed and direction relative to
the ship and maximum deck motion
limits. This requirement is inter-
preted to mean that the helicopter
should be cleared to take-off and
land with relative winds up to the
limits of the low speed envelope of
the helicopter in deck motion condi-
tions which are either specified by
the aircraft design authority or
determined by some other criteria.

The take-off and landing envelopes
are for use during visual take-offs,
approaches and landings - we are not
yet in the business of considering
any sort of automatic or assisted
approach and landing. Thus we are
concerned with assessing the last

% mile of the approach to a ship on
a nominal 3° glideslope and the

3 landing techniques used by the RN.
These techniques are:

a. An approach to arrive in the
hover alongside the port side of the
ship's flight deck with the heli-
copter facing forward and aligned
along the fore/aft axis of the ship.
The aircraft is then transitioned
sideways to hover over the landing
spot before executing a vertical
landing on the spot. The hover
height above the deck is normally of
the order of 15 to 20 feet. This
sort of landing is termed a "port
forward facing landing”.

b. As above but arriving alongside
the starboard side of the ship's
flight deck. This is termed a
"starboard forward facing landing".

c. An approach along the relative
wind vector to hover alongside the
deck facing into wind before transi-
tioning forward over the spot
followed by a vertical landing. The
aircraft may land facing in any
direction through 360°*. This is
termed an "into wind landing”.

These 3 landing techniques are shown
at Figure 1.
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It should be noted that the ability
of an aircraft to execute each type
of landing is determined by the

physical clearances available on the

deck.

Not all ship/aircraft combin-

ations permit 360° operations.

In describing the above, although
the emphasis is placed on approach
and landing, the take-off phase also

needs to be considered.

For each

wind condition a take-off must also

be performed.

craft can
condition
take-offs
that this

Generally if an air-
land in a particular

it can also take-off; thus
are assessed to ensure

is a correct assumption.

The take-off is performed with
either the aircraft facing forward

or into wind.

A forward facing

take-off involves lifting to the
hover, turning the aircraft to wind-
ward and transitioning to forward
flight in one smooth motion. An

into wind

take-off is basically the

same but there is no need to turn to

windward.
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The operational envelopes are divided
into various mass bands as generally
an aircraft can have a wider
operating envelope at light all up
mass (AUM) than at heavy AUM due to
reducing control and power margins as
mass increases. The bands are
decided upon before any trials take
place and depend upon the particular
aircraft. It is aimed to produce
about 4 or 5 bands covering the range
of masses at which the aircraft will
be required to operate. This range
normally extends some way beyond the
maximum permitted AUM of the aircraft
to account for non standard
atmospheric conditions. The test
mass, calculated in terms of M/owz,
is referred to as CORRECTED MASS.

The trials are conducted at various
values of M/omz, and used to produce
the "corrected envelopes" which are
issued to the users. The process
used to determine corrected mass will
be described later, at this stage it
is only necessary to realise that
tests are conducted at a nominally
constant M/ow?. This means that in
order to test at the desired M/ow? it
is necessary to fly at a mass which
straddles this value by plus or minus
X kg and frequent fuelling is needed
to maintain the desired test AUM.

X is chosen so that the aircraft can
fly for a sufficient period of time
to gain useful data and yet be close
enough to the desired value to permit
small corrections to be made when the
aircraft is either too heavy or too
light. Thus there is a need for
correction to be applied to each
landing to account for this., Tests
on land are needed to determine these
corrections and these land based
tests are described later.

EXAMPLE: Target = 5000 kg M/ow2
OAT = +l4°C
Sea Level Pressure = 1005 mb
§ = 0.9919
8 = 0.9965
o = 0.9954
w=1,0

Test at 5000 x (0.9954x12) = 4977 kg
let X = 100 kg
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Then aircraft refuels to 5077 kg and
refuels at 4877 kg. |

During the trial it is necessary to
have a means of assessing the
acceptability of each landing and at
A&AEE this is achieved using rating
scales. Each landing is assessed
for control and power margins and a
pilot handling qualities rating is
applied. The assessment of control
usually means assessment of tail
rotor pitch or rudder pedal margins
where it has been assessed that
cyclic and collective margins are
adequate. Power is assessed using
torque thus the rating scales are
based on indicated torque values in
relation to transmission or engine
limits. Torque and tail rotor
considerations are not adequate on
their own to cover all eventualities
and it is necessary for the pilots
flying trials landings to assess the
handling difficulty or workload
associated with a landing. Typical
rating scales for pedal, torque and
handling qualities are shown at
Figures 2 and 3.

RATING MEAN TORQUE % PEAK TORQUE 7
DURING LANDING DURING LANDING

tor 2 <95 a0s 2

o

3 95 t0 98 | 105 to 110 | B

u

1

4 98 to 100 | 110 to 1S |<

5 >100 s 2

Y

o

S
RATING MEAN TAIL ROTOR| PEAK TAIL ROTOR
f‘l’TCH MARGIN X% PITCH MARGIN X

W

lor2 2 >0 ]

3 12 to 10 10 to 7.5 §

u

4 10 to 8 75 t05 |&

S ) S t0 0 2
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o

5

FIGURE 2. TORQUE AND PEDAL RATING
SCALES
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SCALE REMARKS
No.

1 NO PROBLEM Minimal pilot elfen required,
resuliing in an edsy [ask.

2 | SATISFACTORY  Landing carried out with low pilot
warkload.

3 LIMIT(S) Safe landings can be carried out but

hmuts of power ei¢ apgroached or

APPROACHED reached, or moderats pilol workload.
Situation becoming difhicult due to

OR one or mose faciors.

AEACHED _

4 Thesa points deline the fieet limits

recommended by the ALAEE.

5 UNACCEPTABLE  Test piiot able to land helicogicr unders
conirolicd condiions but himits of
power etc are exceeded.

Righ pilot workloac.

6 | DANGZROUS Test pitot atiempting the lanZing
causes aircraft kmitatiens 1o be
exceeded.

Excessive pilot workload.

FIGURE 3. PILOT HANDLING RATING SCALE

It can be seen that for the first

2 performance assessments a 5 point
scale is used but for handling a 6
point scale is used. It can also be
seen that both mean and maximum
torque and pedal values are rated and
the more limiting value is used to
assess the landing.

To attempt to assess all wind
conditions at all masses would be a
very large if not untenable task.

The philosophy therefore allows for
this by permitting landings at
different masses to be read-across to
others. However, there are rules for
this and not all landings can be
read-across. In essence landings
which are rated as unacceptable at
low mass (>4 on the rating scale) are
also read up to higher masses as
unacceptable. Landings which are
rated as easy (l or 2 on the rating
scale) at high mass are read down to
lower masses. The reasoning behind
this is perhaps obvious; an easy
landing at high mass is also likely
to be easy (if not easier) at a lower
mass. Equally a landing which is
rated as unacceptable at low mass
because of lack of power or control
margins will not be any better at

a higher mass and the same is
considered to be true of handling

issues. This provided a rational
basis for expanding the evidence
avajilable at any one mass without
conducting a particular test point
at that mass.

Different envelopes are produced for
use by day and by night. The night
envelopes are similar to those used
by day but all winds abaft the beam
are removed. This is because it is
much more difficult to judge closing
speed at night due to the absence of
suitable cues. 1In order to ensure
that closing speed is not too high
all stern winds are excluded from
the night envelopes. 1In general
this is the only difference between
day and night wind envelopes but
this is assessed during tests at sea
to ensure that other areas can be
included at night. The deck motion
limits applied at night might also
be somewhat less than those
permitted by day. Before conducting
tests at sea it is necessary to
conduct land based tests to
establish a number of fundamental
characteristics of the aircraft and
obtain data which can be used to
correct to the ideal test mass.

3 AIRFIELD TESTS

Airfield tests are required to
establish the following:

a. The aircraft's low speed
envelope with adequate control and
power margins.

b. The hover performance at
operational masses and in
appropriate atmospheric conditions.

c. The relationship between pedal
position/tail rotor pitch and
relative wind speed and direction.

d. The adequacy of other control
margins with varying CG.

e. The relationship between pedal
position/tail rotor pitch and
aircraft mass for specific wind
conditions.

In order to obtain the results for
tests a, ¢ and d it is necessary to

- o e
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fly the aircraft with a pace vehicle
and assess the pedal or tail rotor
pitch requirements. This is done
through 360° in 15° and 5 knot
increments up to the maximum
permitted side and tail wind limits
and at values of M/ow? which have
been chosen as the mass bands for use
on board ship. The results of this
testing would look something similar
to Figure 4.
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WIND DIRECTION (DEGREES)

FIGURE 4. PEDAL REQUIREMENTS DURING
LOW SPEED FLIGHT

Analysis of this would allow the
relationship between pedal and mass
to be plotted for constant wind
conditions. By plotting pedal
against mass we obtain Figure 5. The
pedal correction for mass is then the
tangent to the slope at the maximum
value of M/ow? at which the aircraft
will be cleared.

PEDAL POSITION

M/ow?

FIGURE 5. RELATIONSHIP BETWEEN PEDAL
AND MASS
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In order to establish the relation-
ship between power and mass it is :
necessary to establish the hover
performance for the helicopter. The
method used at A&AEE is tethered
hovering as shown in Figure 6.

T_,_,.u«mnun. LOAD reBX

Low o~

camne /

CROUND ATTACHRINT

7 7 =

FIGURE 6. TETHERED HOVERING TESTS

The ajrcraft is tethered to a hard
point on the ground using a cable.
The cable is attached to the air-
craft using its underslung load hook
via a load cell. This enables the
helicopter to apply different
amounts of thrust, measured as

load in the cable, and the torque
required can be read from the
aircraft system. The results would
be plotted as shown in Figure 7.
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FIGURE 7. HOVER TEST RESULTS

From these it is possible to derive
the torque correction for hover OGE,
again at the highest value of M/ow?
to be cleared. The hover performance
results are also used in deriving the
operational mass correction which is
applied to the actual aircraft AUM to
determine which of the envelopes is
used. The way in which this is done
will be explained later in this
paper.

These tests are only conducted on new
aircraft or following significant
changes to an old aircraft which
might affect hover performance or
tail rotor control. Once established
the information then exists for
future ship trials and so it is not
necessary to conduct these land based
tests prior to tests with a known
helicopter.

4 OTHER TESTS CONDUCTED PRIOR TO
TESTS AT SEA

Apart from the tests that are
conducted by A&AEE prior to tests
with an aircraft and ship, other
trials are conducted by other
agencies which provide data to
assist in pre-trial planning. The
requirement for these tests vary
depending upon the type of ship
being considered and some or all of
the following may be available prior
to helicopter tests.

Airflow trials are conducted on
every ship prior to helicopter
tests. The aim of this test is to
establish the magnitude of errors i
in the ship's anemometer system.

Such information is vital since

unless the system is to a required

accuracy, helicopter operations

from that ship will not be

recommended.

RN

Air pattern trials are normally only
conducted on multi-spot ships ie
those with more than one landing
spot such as a CVS(G). These
trials, which would be conducted at
the same time as Airflow tests, map
the variation in wind speed and
direction compared to free stream,
along and across the flight deck at
the various landing points. The
results of these can be plotted as
shown in Figure 8. This can give
an indication of areas where there
may be difficulty in operating but
more importantly it can show the
variation between landing spots and
thus determine the degree of read-
across between spots. This would
reduce the amount of separate
testing required on each landing
spot during subsequent tests with a
helicopter.
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FIGURE 8. AIR PATTERN RESULTS




Wind tunnel test results of ship
models can be used in a similar way
to Air pattern results. Flow visual-
isation across the flight deck can
show areas of turbulence and down
draughting air which may create
problems for an aircraft. Such
results are useful but are treated
with caution by A&AEE as evidence to
show a correlation with the real

ship is not usually available. Con-
sequently any areas or conditions of
likely turbulence would not be
excluded from testing but these test
points would be approached in an
extremely cautious and progressive
way. The tunnel test results may
also explain unusual results obtained
with the aircraft during trials at
sea.

One such case involved tests on a
ship with a large superstructure in
front of the flight deck. Model
tests showed that vortices tended to
build around the superstructure and
shed in a random fashion. During
helicopter tests it was found that
when landing with particular relative
winds the turbulence over flight deck
varied with time. Conducting the
same landing more than once gave
different handling ratings for
apparently identical conditions.

The explanation for this was
attributed to the periodic shedding
of vortices from the superstructure
indicated by the model tests.

5 SHOL_TRIAL PLANNING

Having conducted the land based tests
and obtained all the necessary
corrections, Ship Helicopter
Operating Limit (SHOL) trials can
proceed. However, considerable
planning is required to ensure that
the testing goes smoothly and
valuable time with the ship is used
as efficiently as possible. The aim
of the trial must be established in
consultation with the operators and
any priorities must be set to ensure
that the Services get what they need.

Aircraft and ship instrumentation
requirements need to be established
with sufficient time available to
install such equipment. The

degree of sophistication of the
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instrumentation needs to be
considered and at A&AEE a #
comprehensive suite of aircraft
parameters are normally recorded
using a digital system

for subsequent analysis and also
presented in the aircraft in either
analogue or digital form for manual
recording during trials. The
following aircraft parameters are
mandatory during any trial:

Torque for each engine - visual and
recorded

Tail rotor pitch and/or pedal
position (whichever is the more
limiting) - visual and recorded
Fuel state (to determine aircraft
mass) - visual

OAT - visual

Pressure altitude - visual and
recorded

Rotor speed - visual and recorded

The following additional parameters
would also normally be recorded on
instrumentation except when sujtable
data dictated otherwise:

Engine temperature and Compressor
speed

Radar altimeter height

Rate of descent on landing
Undercarriage oleo position
Aircraft pitch, roll and heading
Pitch, roll and yaw rate

Cyclic and collective control
positions

The recording system installed in
the aircraft is usually a digital
system and so it is necessary to
have a replay facility to produce
output. This places a constraint
upon the trial location. The replay
station used at the moment occupies
a cabin some 8x3x3 metres in
dimension. Few ships are large
enough to take this on board and the
size of the replay station is one of
the reasons why A&AEE ship trials
are normally land based with the
aircraft setting off in the morning
to conduct tests with the ship at
sea but returning to land at night.
Future development of our
instrumentation facilities is
seeking to provide a more compact
system which will eliminate the
requirement for the cabin and speed
up analysis of data.
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A similar digital recording system is
positioned on the ship to record
relevant deck motion parameters.
These are currently:

Ship pitch and roll attitude
Vertical and lateral acceleration at
the flight deck

A reference anemometer is installed
on the ship, the output of which

is recorded using the deck motion
instrumentation package. A visual
relative wind indicator for this
anemometer is also used to enable
real time comparison with the ship's
indicated wind. Although this in-
volves repeating the work done during
the airflow trial, in practice this
is a more economical way of obtaining
the result in a form which is of use
during post trials analysis. Airflow
results are presented in a particular
way to demonstrate that the magnitude
of any errors in the anemometers are
within acceptable limits. This
presentation is not easily used
during SHOL trials. Although it
would be possible to present the data
in a different form, this would
require about the same amount of
effort as it does to simply record
the values indicated during a trial.
By recording the results at the time
of the t-1.'. a better impression is
gained »f the magnitude of any errors
and theis c.gnificance, since a SHOL
trial covers a wider range of wind
speeds than those used during airflow
trials.

As mentioned above, given the
constraints upon instrumentation
replay facilities it is sometimes
necessary to base the trials on land;
indeed this has become the preferred
method for A&AEE. Apart from the
considerations of the physical size
of the replay facility there are a
number of other considerations which
have lead to this conclusion. First
there is a need for extensive ongoing
analysis during the trial. This
ensures that the results upon which
daily plans are made are up-to-date,
as landing ratings can change
following analysis. This analysis
takes place after the day's flying
and it is preferadble to work in the

generally more pleasant surroundings
of land-based accommodation than the
usually cramped accommodation of
warhips in perpetual motion.
Secondly, the aircraft will require
maintenance each day and this is
more easily undertaken ashore where
specialist facilities and better
spares support are available.
Thirdly, few modern warships have
spare accommodation for a team of
personnel, 12 or more in number.

In addition to instrumentation,
other provisions must be made to
ensure that testing can be conducted
at the desired AUM and CG. This is
normally achieved by ballasting an
aircraft either internally,
externally or both. The ballast
schemes must allow the basic AUM of
the aircraft to be high enough to
cover a number of operating masses
by altering fuel state and allow for
varjation due to different ambient
conditions on any one day. External
ballast is useful as it can be
jettisoned should the aircraft
encounter a problem which threatens
the safety of the aircraft such as
an engine failure in the hover.
This, in combination with internal
ballast to alter CG position, and
fuel state to alter AUM, offers the
most flexible scheme to cover all
the trials requirements. One
further consideration on the
ballasting of the aircraft occurs
when the trials aircraft is also
used to ferry personnel to and from
the ship on a daily basis. When
this is the case, the ballast scheme
must allow for passengers yet still
observe AUM and CG limits. This
could involve the need to pressure
defuel the aircraft on completion of
trials flying. Such considerations
complicate the trial planners life
but in our experience, they do not
present serious problems.

In the past when the trials team wvas
embarked the ship was able to sail
in search of stronger winds.
Although this apparent advantage is
denied to a shore based trial,
experience has shown that chasing
the weather can be a fruitless
activity as it is rarely where it is

4
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predicted to be. By using the areas
of the UK during the winter months
the results of shore based trials
have been equally as wide as those
from earlier ship based exercises.

The business of exploring low speed
envelopes in a ship environment is
potentially hazardous as even
cautious exploration cannot always
guarantee that the aircraft will not
encounter severe turbulence or,
perhaps more significantly, down
draughting air. These can result in
high torque being used to hover, and
occasionally these values exceed
normal permitted limits. To offset
any lengthy servicing or inspections
which would normally be required
following an over-torque, A&AEE
applies to the aircraft Design
Authority for extended limits; these
exist for both Sea King and Lynx
helicopters, the 2 most common types
used on ship trials. Of course such
extensions are only granted by the
Design Authority provided accurate
records of exceedence of normal
limits are available and time spent
above specified values must be logged
on a time and peak torque basis.
This information is sent to the
Design Authority following the trial
and may result in a reduction in life
for certain dynamic components.

6 CONDUCT OF THE TRIALS

The daily routine of a ship trial is
essentially the same for the duration
of the trial which is usually 2 to 3
weeks. Overnight, the servicing team
check the aircraft and prepare it for
the next day's flying by altering
ballast or fuel load to suit the
requirement of the trials officer in
scientific control. The scientific
trials officers and pilots will spend
the evening considering the day's
results to ensure all the results
have been accurately recorded and
instrumentation output is ordered for
the day's flying. A check of the
weather forecast is made to determine
the tests that can be conducted the
following day.
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The ajircraft will take off early in
the morning with the trials team
onboard to join the ship at sea. On
arrival the ship's officer of the
watch is briefed on the details of
the day's flying programme and
positions the ship for the first
test points. A&AEE always rely

upon the skill of ship's personnel
to provide the required wind
conditions. An experienced seaman
knows the best way to provide what
we as aircraft testers want; they
manoceuvre the ship to give very
precise conditions thus enabling the
trials team to achieve their goals
in the quickest time possible. It
is appropriate to pay tribute to the
seamanship of such people, without
whom the aircraft trials team would
undoubtedly not achieve the same
degree of success.

The wind speed and direction are
varied during the trials by the ship
altering direction and speed to give
the required relative wind over the
deck. Direction is normally altered
in 15° increments; wind speed is
more difficult to control as it
depends upon the natural wind but as
a guide 5 or 10 knot increments are
common. The natural wind has a
major influence on the success of
any trial as it is necessary to
obtain a wide range of conditions to
cover the whole low speed envelope.
It is necessary to experience wind
speeds in the range 5 to 35 knots to
allow side wind components of up to
30 knots. For this reason A&AEE
normally conducts tests between
October and March in the coastal
waters around the UK. This gives
the best statistical probability of
achieving the necessary wind.

Deck motion is another factor which
is assessed during these trials and
this tends to be a function of sea
state and swell. By using the sea
areas close to the South West
Approaches to the UK, it is possible
to use areas close to land where the
sea state is less to carry out
initial tests and then to expose the
ship and aircraft to the Atlantic
swell to look at deck motion in
higher sea states.
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The starting point of any trial is
usually with winds close to ahead at
about 20 knots with the aircraft at
light mass. The subsequent test
points then move around the azimuth
to about Red 45° and then Green 45°
before continuing around to winds on
the beam. As the ship manoeuvres the
side wind component will invariably
reduce to perhaps 10 to 15 knots
depending upon the natural wind
speed. Subject to satisfactory
results the next points would
continue to vary the direction of
the wind until stern winds were
achieved. At this point the trials
officer must decide whether to
increase the aircraft AUM or explore
higher wind speed values. This
decision is governed by the
prevailing conditions, we aim to
have the aircraft at its maximum
permitted operating mass as soon as
possible; safety permitting. As
explained earlier, these points will
read down to lower masses and once
limits have been established at the
higher mass the aircraft can be made
lighter to further explore the
envelope until new limits are
reached.

During a day's flying we would hope
to fly 3 hours in the morning and

3 hours in the afternoon. The rate
at which landings are achieved varies
but in the initial stages of a trial
we would expect to carry out about

12 landings an hour. Over the trial
period we would do some 60 hours
flying and perhaps 300 to 400
landings.

The trials team would position the
officer controlling the tests on

the bridge of the ship to liaise
directly with the captain or officer
of the watch. Another trials officer
would be on the bridge to record wind
conditions and test results; he would
be in constant contact with the
aircraft by radio. The aircraft
would normally be crewed by one test
pilot and a trials officer who
records visual data in the aircraft
and rates torque and pedal values.
The pilot assesses handling qualities
and these ratings are passed to the
trials officer on the bridge who can

then plot the progress of the trial
and review the results to determine i
whether the flying plan needs to

be amended in the light of the )
results.

Each landing is rated against the
appropriate scale and these are
plotted using different colours on
the blank polar diagram which, as
the trial progresses rapidly becomes
covered in many different coloured
crosses as shown in Figure 9. The
highest rating is plotted and marked
to denote whether a handling, torque
or pedal point is the critical
parameter. At the end of the day
the team returns ashore to review
the tests carried out and decide
upon the next days programme.

AIRCRAFT TYPE - SHIP TYPE

AIRCRAFT CORRECTFD AUM

GREEM

P = PEDAL POINT
T = TORQUE POINT
H = HANDUING POINT

FIGURE 9. TRIAL RESULTS PLOT

At night all the SHOL plots for the
different bands are updated and
limiting points are read up to
higher SHOLs and satisfactory points
at high mass are read down to lower
SHOLs. Thus as time progresses the
plots are filled and areas which
need to be explored at lower mass
become apparent when these were not
attainable at high AUM.
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Towards the middle of the second week
of the trial the SHOLs will hopefully
be taking shape and it can be seen at
that stage what will be the likely
envelopes. It is at this stage that
a night assessment is carried out.
This seeks to explore the day SHOLs
but with winds abaft the beam
removed, to determine whether they
are suitable for use at night. Also
deck motion limits need to be con-
sidered and any reduction at night
compared with the day limits needs to
be determined. The other aspects

of night assessments concern the
adequacy of flight deck lighting

and markings. Any comments upon
deficiencies are passed to the
operators to consider ways in which
these might be modified to improve
cues.

7 TRIALS ANALYSIS

At the end of the trial there is
usually little analysis of the wind
and envelopes left to be done. The
ongoing analysis at the end of each
day's flying has corrected each point
for being slightly over or under the
target mass and all the plots have
been adjusted accordingly. The one
significant area of analysis that is
carried out post the trial is that of
deck motion. During the trial the
rate of descent on landing is either
measured using Doppler radars mounted
on the undercarriage or high speed
video is used to film the aircraft as
it lands. These values are then
correlated against the ship motion
that was present at the time and the
subjective assessment of deck motion
given by the test pilot.

Up until the mid 1980s the Royal
Aerospace Establishment at Bedford
(RAE(B)) were responsible for deter-
mining deck motion limits. The work
carried out by RAE(B) determined
limits and correlated rate of descent
(and thereby undercarriage structural
limits) with deck motion. This data
was passed to aircraft manufacturers
to enable fatigue spectra to be
established. Since assuming respons-
ibility for this aspect of deck
trials A&AEE has determined deck
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motion limits based on a subjective

assessment of the pilots. Limits H
have been set at the point where
deck motion significantly affects
pilot workload. We record rates of
descent on landing and can supply
this data to manufacturers.

The wind envelopes are drawn up
around the acceptable test points
attained during the trial and these
are promulgated to the users.
However, it occasionally happens
that due to the prevailing weather
the limits of the aircraft capa-
bility have not been encountered in
some areas or at some masses. When
this occurs we consider whether the
results are sufficiently similar to
those from other similar ships in
which limits were obtained. If such
data exist and they indicated
similar results we would consider
using that to expand the SHOLs and
provide the widest possible
envelopes that we can reasonably
recommend.

8 CLEARANCE RECOMMENDATIONS

AIRCRAFT TYPE — SHIP TYPE

AIRCRAFT AUM - TYPE OF APPROACH

GREEN

DECK MOTION LIMITS = & X° PITCH
+ Y° ROLL

FIGURE 10. FINAL SHOL PLOT
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The envelopes and deck motion limits
are then issued to the operators
together with advice concerning
modifications to the ship such as
improved deck markings or lighting
and any warnings about turbulence.
Should any aircraft deficiencies
have come to light during the trials
then these would also be brought to
the attention of the appropriate
authority. The only other area that
needs to be addressed is that of Mass
Correction. This is the process by
which the operators determine which
of the SHOLs they should use for a
given combination of ambient condi-
tions. The aim of this process is
to retain the same power and pedal
margins seen during the trials in
other conditions and give a simple
means of working out the appropriate
equivalence.

9 OPERATIONAL USE OF SHOLS

The SHOLs that are produced from the
trials cover mass bands which are in
terms of M/ow? and are derived in
conditions where o is close to one
and then corrected to equal one.

w is always equal to one during our
trials and can be ignored here. In
order to provide the users with a
simple means of converting from
non-unity values of sigma a process
known as Mass Correction is used.
However, simply converting the
operational AUM to M/c would not
retain the power margins seen during
the trials as engine power available
is not a simple function of o.
Therefore A&AEE developed the Mass
Correction diagram as a simple graph
which operators can use to derive
their correction. This is added to
or subtracted from the actual
aircraft mass to give a corrected
mass. The SHOLs are presented in
terms of corrected mass and so by
simply consulting one graph and
adding or subtracting one number the
operators can decide in which band
their aircraft falls and use the
appropriate SHOL for that mass.

The Mass Correction diagram is made
up of 3 elements. These are:

PEDAL LINES
TRANSMISSION LINES
ENGINE LINES

The pedal lines are simply lines of
constant M/o and are aimed at
maintaining the pedal or tail rotor
pitch margins seen during the trial
as these are a function of M/o.
Thus:

M¢/op = Mp/og ang
Mt/l = MO/OO (Ct = 1)
J. Mg = Mg x 04 and
AM = My - Mg

AM = My - (Mg x o4)
AM = Mg (1 - og)

To calculate the values of AM, M.
is chosen as the highest corrected
for which the operators require
SHOLs. This is obviously
restrictive as it gives a larger
correction for pedal than would be
the case for each lower band.
However, to produce separate
diagrams for each band would
complicate the process unacceptably
and so a single value is chosen
which is conservative and therefore
safe to be used at all masses.

The pedal lires are plotted as shown
at Figure 11. The X axis is
correction and the Y axis is OAT

in * Celsius. Lines of constant
pressure (in millibar) enable the
OAT and mean sea level pressure to
be used to determine the correction
for any ambient conditions.

OAT °C

ynssAdd
SNISYAHON!

)

~ve MASS CORRECTION +ve

FIGURE 1l1. EXAMPLE OF PEDAL
CORRECTION LINES




TRANSMISSION LINES are determined by
comparing the maximum transmission
power available (usually the gearbox
continuous limit) with the power
required during the tests as shown at
Figure 12. This is the hover power
required graph and the mass
correction is determined as follows:

During the tests the aircraft hovered
at a mass My using power Py. The
test density ratio was oy = 1. The
maximum M/o at which the aircraft can
hover in other conditions is dictated
by P/o. If the limit set for
operational use is P, then F/o,

gives a mass of My/o,. By
multiplying this by o, we get the
maximum mass at which the operators
can hover in operational conditions,
M,. As test mass was Mg,

My - Mgy is the difference in mass
which will give the same power margin
as the test conditions. This is then
the mass correction. By calculating
My for different combinations of
temperature and pressure (ie values
of sigma) and subtracting these from
the maximum corrected mass for which
SHOLs are required we get lines as
shown in Figure 13. Once again the
maximum value of corrected mass is
chosen as opposed to several lower
test masses and although this is
restrictive, this avoids the
complication of having different
corrections for different bands.

P/ow’

M/of R

FIGURE 12. HOVER PERFORMANCE CURVE
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OAT °C

I-’VCR S
LA S
PRESSUR’L{VC

-ve MASS CORRECTION +ve

FIGURE 13. EXAMPLE OF TRANSMISSION
LINES

ENGINE LINES are derived in exactly
the same way as transmission lines
except the limiting value of P
varies with ambient conditions and
whether the engines are Gas
generator speed (Ng) of Turbine
inlet temperature (PTIT) limited in
the ambient conditions. These
values are determined from the
engine manufacture's data sheets
with due allowance for installation
losses. The lines so derived are
shown at Figure l4 and these may
have a gradient change if there is a
point at which the engine is limited
by one or other of Ng or PTIT.

OAT °C

‘unssatd
BRISYauON

\

~ve MASS CORRECTION tve

FIGURE 14. EXAMPLE OF ENGINE LINES
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The 3 elements of the correction
diagram have now been derived and
they are combined using the most
conservative line of each element as
the final value. This is shown at
Figure 15 for one value of pressure.
Figure 16 shows a typical final
correction diagram.

OAT °C

P

’//’///) FEDAL LINE
-

2. TRANSMISSION

LINE

ENGINE LINE

-ve MASS CORRECTION tve

FIGURE 15. COMBINATION OF 3 TYPES OF
LINE

QAT °C

-ve MASS CORRECTION tve

FIGURE 16. FINAL CORRECTION DIAGRAM

It is recognised that by determining
the graph as shown, this is
restrictive in many cases. For
instance if the ambient conditions
dictate use of a pedal line but the
aircraft is operating in a relative
wind in which pedal margins are

large, the correction that needs to
be applied could be less using the
transmission line. By using the
value of maximum SHOL to drive

the correction imposes larger
corrections on lighter SHOLs than
might otherwise be the case.
However, to attempt to produce a
correction diagram which accounts
for different masses and different
wind speeds and directions would
complicate the process unnecessarily
and would not produce a correspond-
ing increase in operational
capability. The essence of this
process is simplicity.

i0 CONCLUSTONS

This paper has described the UK
philosophy for deriving military
ship helicopter operating limits and
presented detail of the many facets
that go into a successful trial.

The resulting envelopes represent
the widest possible that an aircraft
is capable of for a given mass and
these are achieved at relatively
little cost in terms of ship and
aircraft time. The correction.
process gives a quick and simple
method of converting the aircraft to
a corrected mass equivalent to the
test conditions and aims to preserve
the same margins seen during tests.
Years of operational use by the
Royal Navy has testified to the fact
that the SHOLs produced by A&AEE are
both operationally acceptable and
most importantly safe.
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SUMMARY

The Aeronautical Research Laboratory (ARL) has been
tasked by the Royal Australian Navy (RAN) to develop a
computer model of the S-70B-2 Seahawk/FFG-7 dynamic
interface and 1o use this to investigate operational
problems and limitations. An overview of the status of this
task is presented, with particular emphasis on undercarriage
dynamics and studies of the airwake in the region of the
flight deck. For the undercarriage model, modifications
resulting from static trials, as well as plans for dynamic
trials, are given. For the airwake studies, only preliminary
results are available. These relate to full-scale airwake and
ship motion trials aboard the FFG-7 class frigate HMAS
Darwin, and ‘mean flow’ airwake studies in the low-speed
wind tunnel at ARL using a 1/64 th size model of an FFG-7.

LIST OF SYMBOLS

F Oleo load

| den Static and dynamic components of oleo load
G Oleo damping coefficient

GG, First and sccond stage oleo damping

coefficients (original model)

K. K, Oleo spring coefficients (original model)

K;-Ks Oleo spring coefficients (improved model)

P Fraction of normal oleo pressure

P Fraction of normal tyre pressure

a.a..a, Ship longitudinal, lateral, and vertical
acceleration components

g Acceleration due to gravity

p.q.r Ship roll, pitch, and yaw rates

uv,w Ship longitudinal, lateral, and vertical
velocily components

z Oleo compression

7.7 Oleo break points

k4 Ship wind-over-deck direction

9,8,y Ship roll, pitch, and yaw Euler angles

Subscripts
b Bias error
m Measurement

1. INTRODUCTION

The RAN has operated the Aérospatiale Squirrel (~ 4000 Ib
maximum gross weight) aboard the FFG-7 class of guided-
missile frigates for several years, and is currently
augmenting these with the much larger Sikorsky S-70B-2
Seahawk (~ 21000 1b maximum gross weight). A new light
frigate, known as the ANZAC frigate and based on the Meko
200, is to replace the present River class of destroyer
escorts, and is also ¢xpected to operate the Sikorsky
aircraft.

A computer simulation mode! was obtained from the US
Naval Air Test Center (NATC) through The Technical
Cooperation Program (TTCP), Technical Panel HTP-6. This
model includes helicopter (Scahawk) flight dynamics and
engine dynamics, undercarriage dynamics, ship motion,
and a representation of the airwake. Also included is the
RAST (Recovery Assist, Secure, and Traverse) system. The
code is capable of modelling the complex interactions in
the dynamic interface between ship and helicopter, in
particular between the FFG-7 and the SH-60B Seahawk, as
used by the US Navy. Although current interest is on the
Seahawk/FFG-7 combination, the general approach should
be applicable to other combinations such as the Seahawk
and the ANZAC frigate.

The simulation program has been modified significantly
from its original state, and has been used 1o investigate a
number of potential operational problems affecting
helicopter radome clearance. This is a primary concern
since the radome on the Australian Seahawk (S-70B-2) is
deeper and mounted further forward than its US counterpart
(SH-60B), and is therefore more likely to make contact
during landing. The prob! investigated include the
effect of a delayed pilot control input while landing, a
comparison between landing on g d (full g d effect)
and landing on a frigate flight deck (partial ground effect),
and the effect of ship motion on an aircraft sitting on the
flight deck (Ref. 1).

In Section 2, a brief outline of the simulation code and
planned future impro are given, followed in Section
3 by a description of the experimental programs devised to
gather necessary data. Section 4 discusses the data
processing, as well as the application of resuits obtained
from these experimental programs to the development of
the code as part of the validation process.

Throughout most of this paper, imperial units are used since
these units are used in the available documentation for the
US designed Seahawk and FFG-7. The wind tunnel
measurements are given in metric units as these are the
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prime units used in the ARL wind tunnels; however, full-
scale equivalent dimensions are expressed in imperial units.

2. STATUS OF SIMULATION CODE

The primary tool to be employed in examining the
helicopter/ship dynamic interface is the SH-60B/FFG-7
simulation code obtained from NATC. Figure 1 is a block
diagram showing the various modules of the simulation

experimental data were gathered using a PC based data

isition system d d and built by the
Instrumentation and Trials Group at ARL. A description of
the data acquisition system is given in Reference 4.

3.1 Aircraft Performance and Flight Dynamics

In order to validate the aircraft representation, it was

code, and how they interact with each other. A brief
description of each of the modules is given in Reference 1.

SHIP MOTION

r=========5

AERODYNAMICS

pl d to all pertinent variables on a RAN
Seahawk during a number of steady-state (performance) and
dynamic manoeuvres (see Table 1). Since the Navy require
an instrumented aircraft to carry out First of Class Flight
Trials (FOCFT), it was intended to perform model validation
trials at the same time. This meant that the aircraft would
be out of squadron service for a minimum time (the RAN has
only 16 Seahawks). FOCFT are designed to determine the
operating limits of a particular aircraft/ship combination.
These trials are performed by the Aircraft Maintenance and
Flight Trials Unit (AMAFTU), based at the Naval Air
Station at Nowra on the New South Wales coast.

Table 1
Steady State and Dynamic Manoeuvres Required for
Model Validation

CONTROL
SYSTEM

TRANSMISSION
(ROTOR RPM)

ENGINES

i iy |

Figure 1. Simulation Code Modules

Initial modifications to the simulation were first required to
adapt the program to the Elxsi 6400 mainframe computer in
use at ARL, and then to make the program more user-
friendly in the time history environment, since it is no
longer used in conjunction with a real-time moving base
simulator. Because the study of radome clearances was of
primary concern, the existing undercarriage model was
replaced with one developed at ARL (Ref. 2), and the code
was modified to allow radome clearance to be given as an
output. The new undercarriage model, which has been
further devcloped since Reference 2, will be discussed in
detail in Section 4.1.

As part of an exchange with the US through TTCP HTP-6,
ARL will be provided with the NASA Ames version of the
Black Hawk simulation model that uses the Sikorsky
generic simulation code GENHEL (Ref. 3). It is planned to
replace the aerodynamic model (actuator disc) in the
Seahawk/FFG-7 simulation code with the blade-element
representation of rotor aerodynamics found in the GENHEL
model. This should allow more realistic modelling of
airwake effects due to the presence of the superstructure of
an FFG-7.

3. EXPERIMENTAL PROGRAMS

To establish and then validate an adequate model of the
helicopter/ship dynamic interface, comprehensive data
bases are required for the various component models shown
in Figure 1. This section describes the various
experimental programs devised to gather the requisite data.
With the exception of the wind tunnel tests, all the

Steady State

Hover Out of Ground Effect

Hover In Ground Effect i) 20 ft above water
ii) 20 ft above flight deck

Trim from —20 to +120 kn (positive fwd) every 10 kn
Trim from —20 to +20 kn (positive to stbd) every 10 kn

Dynamic

Pulse, step, and doubiet inputs of collective, cyclic,
and pedals at hover, 40, 80, and 120 kn

Single engine cut
Twin engine cut

Pedal turns

Table 2 lists the variables necessary for validation of the
aircraft dynamics, with channels 1 to 14 required by the
RAN for FOCFT purposes.

Because of anticipated problems with radome clearances
during landing, AMAFTU hed a dummy radome to a
Seahawk. Four Ultrasonic Transducers (USTs) were also
attached to the aircraft fuselage, around the circumference of
the radome, in order o measure the proximity of the deck.
The Rotary Wing Group at ARL developed a computer
program, which ran on a portable Compaq 286 computer,
the same PC used by the data acquisition system, to find the
point on the radome surface with minimum clearance. Two
programs were provided, one which gives the pilot an ifca
of radome clearance after each landing (simplified so as to
speed up execution time for use on the aircraft), and the
other which does a more extensive computation of the
radome surface (for use at the data processing stage). The

hod ch was lo first deduce the relative Euler angles
between ship deck and aircraft from the UST measurements
(so as not to require separate p: ing of both shipb
and aircraft data acquisition systems, since relative angles
arc required), and then to transform the equations




Table 2
Aircraft Parameters Required for FOCFT and Aircraft
Model Validation
Channel -—
Number Description

1 Longitudinal cyclic stick position
2 Lateral cyclic stick position

3 Collective stick position

4 Pedal position

5 Tail rotor position

6 Event marker

7 Radome forward UST

8 Radome starboard UST

9 Radome aft UST

Radome port UST

11 Torque port engine

Torque starboard engine

13 Radar altitude

14 Vertical doppler

15 Longitudinal cyclic mixer input
Lateral cyclic mixer input
Collective mixer input

18 Pedal mixer input

19 Stabilator angle”

20 Airspeed

21 Pitch attitude

22 Roll attitude

23 Yaw attitude (headi.ng)‘
24 Pitch rate

25 Roll rate

26 Yaw rate

27 Longitudinal acceleration
28 Lateral acceleration

29 Vertical acceleration
30 Longitudinal doppler

31 Lateral doppler
Rotor RPM”

representing the radome surface from radome body axes 1o
ship axes in order to find the point of minimum clearance.
During a short trial prior to the FOCFT. AMAFTU
determined, from data obtained from the USTs, that radome
strikes could occur under certain conditions during
shipboard operations.

For approximately 20% of the time allocated for the
FOCFT, channels 15 to 20 were substituted with channels
shown in Table 3 in order to obtain oleo compressions
using Linear Variable Differential Transformers (LVDTs),
and tyre compressions using USTs. This was done during a
series of landings 1o provide additional data to complement
the ground-based aircraft undercarriage trials (discussed in
Section 3.2).

* Channels which, for various reasons, were not actually

measured.
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Table 3
Undercarriage Validation Channels
ﬁt:b:l Description

15 Starboard main LYDT

16 Port main LVDT

17 | Starboard main UST"

18 | Port main UST*

19 | Tail wheel UST*

20 | Tsil fuselage UST

A ber of p board ship were also measured

(Table 4) using a separate data acquisition system to
determine ship motion during landings.

The FOCFT were planned to be done on the FFG-7 class
frigate HMAS Adelaide during 1990 while en route from
Australia to Hawaii, where the ship was scheduled to take
part in a major naval ise. Unfi b of
damage sustained during a heavy landing at lhe end of the
first two days of flying, the flight tests were cancelled so
that the aircraft damage could be properly assessed ashore.
Due to some problems with the aircraft instrumentation and
the limited amount of flying, none of the manoeuvres
required for validating the model were completed, although
limited data are available for a ber of landings. With
the RAN commitment to the Gulf crisis, future trials have
been delayed, and it is now hoped to obtain the requisite
data when the aborted FOCFT are resumed.

Table 4
Ship Motion Channels
ﬁm&f Description
1 Longi 1 acceleration
2 Lateral acceleration
3 Vertical acceleration
4 Pitch attitude
5 Roll attitude
6 Heading
7 Pitch rate*
8 Roll rate*
9 Yaw rate®
10 Ship speed
11 Relative Wind speed
12 Relative Wind direction
13 Ambient temperature

3.2 Undercarriage Dynamics

The undercarriage model developed at ARL static
and dynamic components for both oleos and tyres. A series
of static and dynamic trials was proposed involving a
complete helicopter. The use of an isolated oleo strut or
wheel was considered unacceptable since it was not
expected to yield similar results to an oleo or whael that is
part of & complete helicopter. In particulas, an isolated
oleo/wheel fuls to take account of the ﬂexnblhly of the

helicopter fuselage (quite considerable in a Seahawk),
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which is believed to contribute significantly to the
effecuve smng and dzmpmg characteristics of the

Static trials have
alrendy taken place (Ref 5), and dynamic trials are
expected to be undertaken during 1991. Once these
dynamic trials are pleted and a validated undercarriage
model is obtained, it is proposed to use the code to
determine the changing loads on the aircraft tie-down
points for a Seahawk secured in a ship hangar.

fi iage

The aim of the static trials was to obtain load and
compression data for tyres and oleos both at normal and
reduced (nominally 85% of normal) operating pressures.
Using interpolation, results could then be estimated at
intermedi , thus enabling a model
represemauon which lllowed for nnderservnced tyres and/or
oleos. An underserviced landing gear is potentially
dangerous, since fuselage/deck clearances are likely to be
reduced in such ci The original undercarriage
model had no representation of underserviced tyres and/or
oleos. The static trials involved sitting the helicopter on
three load cells (one for each wheel), and then jacking up
the helicopter so that the aircraft weight was gradually
transferred from the undercarriage to the jacks. At various
intermediate pomts the load on each gear, as well as the
gear comp were ded. Results were
taken for both increasing load (lowering helicopter) and
decreasing load (raising helicopter) to take of any
possible hysteresis. As a result of the trials, major changes
were subsequently made to the static oleo equations. The
static tyre equations retained their form, but were modified
to alfow for reduced tyre p These changes are
discussed in Section 4.

The aim of the dynamic trials is to obtain load and
compression rate data for tyres and oleos both at normal
operating pressure and at 85% of normal pressure. Due to
difficulties in recording the dynamic load directly on each
gear, it has been decided to record helicopter accelerations,
rates, and attitudes during the trial, and determine time-
varying gear loads from the deduced motion of the
hehcopter thht mals in which a helicopter lands were

d since aerody ic loads
would need to be measured accurately so they can be
removed when calculating gear loads. It was therefore
decided that the trials will be ground-based, requiring the
helicopter 10 be raised by either a collapsible jack or crane
with quick-release hook attached to the helicopter tie-down
points. In either case, the helicopter will be subsequently
released from its raised position and allowed 1o settle on the
ground.

Time-varying oleo and tyre compr will be ded
during the dynamic trial using a combination of USTs and
LVDTs. The gear compressions and helicopter motion will
be recorded simultaneously using the previously menuoned
PC based data acquisition sy . Gear p rates
will be determined from the ume-vnymg gear
compressions. Redundancy is built into the trial in the
sense that gear compressions and rates can also be deduced
from the helicopter motion given the gear moment arms,
and vice versa. Since blade flexing is expected to be quite
considerable in the unloaded state, the main rotor blades
will need 1o be removed. Results from these trials will be

p d by data obtained during the RAN FOCFT (see
Section 3.1). H

3.3 Ship Motion and Airwake
3.3.1 Full-ScaleTrial

While en route from Sydney to New Zealand, from 18 to 21
September 1989, a trial was undertaken aboard HMAS
Darwin, an FFG-7 class frigate, fitted with stabilisers and
RAST equipment. The objective of the trial was to measure
the ship motion and airwake over the flight deck for a
variety of wind-over-deck velocities (the trials instructions
are detailed in Ref. 4).

This section gives both a brief description of the scope of
the trial and details of the data gathering aboard ship. The
preliminary results of the data processing techniques
involved with obtaining the ship and airwake
velocity components in Earth axes are described in
Section 4.2.

A comprehensive envelope of relative wind speed and
direction was required in order to establish a data base for
the airwake model in the Seahawk/FFG-7 simulation code.
Due to the uncharacteristically benign conditions
encountcred during the voyage to New Zealand, a somewhat
It d lope was achieved. Figure 2 details the required
and measured relative wind envelopes.

wind Direction
¥=0 ¥ (deg)
{Wind from Ahead]
wind Velocity
(knots)

O Points Desired
® pPoints Achieved

=90
[Wind from Stbd]

¥=135
¥ = 180
[Wind from Astern]

Figure 2. Relative Wind Envelope

To record the ship motion and airwake about the flight
deck, the previously mentioned PC based data acquisition
system was used (Ref. 4 gives more detail). A ship motion
platform was assembled comprising a three-axes
accelerometer; pitch, roll, and yaw rate gyros; and
pendulum attitude sensing devices. Additional ship motion
parameters such as ship speed and heading were obtained
from dard ship instr Measurements of the
airwake were obtained using a specially designed and built
collapsible, mobile, anemometer mast. When erected, the
mast stood 33 ft high and was fitted with three sets of tri-
axial Gill anem three ature probes at each

P

mummqamuﬂmmekxmbuedmnﬂem




to measurc mast pitch and roll. To obtain a reference wind
velocity, two cup anemometers were placed on either side of
the rear of the flight deck, and a Young aerovane
anemometer was mounted on a mast standing 13.33 ft high,
slightly offset from the centre and aft of the flight deck.
The ‘freestream’ relative wind velocity and direction
measured by the ship anemometer was also recorded, as this
was the measurement used by the crew to obtain the required
relative wind-over-deck. Figure 3 presents the dimensions
and layout of the mobile mast, and Figure 4 shows the
dimensions of the aerovane and cup anemometers.

Top 1
3 Top 2
16] \.._I
N
Top3
10.5
Mid 1
Moz ¥
h
+ '1.\
Mid 3
-
1.48
10.5
Low 1
Low 2 q
N
3 0.33“4'":'-\
Low 3
105] 133
View From View From
Port Side Front

Figure 3. Geometry of Mobile Airwake Anemometer Mast
{dimensions in feet)

To obtain a matrix of airwake data, the mobile mast was
moved to thirteen different positions on the flight deck, as
shown in Figure 5. At each of the positions, dats were
recorded continuously for 90 seconds. This was done so
that a part of each ding could be selected where ship
motion was similar, thus giving comparable data for each
grid point. A significant period of recording was also
required to enable the deduction of the unknown ship initial
conditions using parameter estimation techniques (see
Section 4.2.1). The grid pattern indicated in Figure § is not
of uniform dimensions because it was found that certain
deck fittings interfered with the mobile mast at some of the
grid locations. The channels recorded are listed in Tables §
to 7 (note that analogue channels 2 to 4 were not used in
this trial).
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Aerovane Anemometer
(Aft, Looking Forward)

I Cup Anemometer
(Aft, Looking Forward)

13.33 ST
5.125
Fight 77 7/Fight /A
Deck Deck

Figure 4. Elevations of Aerovane/Cup Anemometers
(dimensions in feet)
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Figure 5. Posttioning of Anemometers and Ship Motion
Platform (dimensions in feet)
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Table 5 Table 7
Ship Motion/Airwake Analogue Channels Ship Motion/Airwake Synchro Channels
Channel PC " Channel PC -~
Number | Channel Description Number | Channel Description Comments
1 A0l | Mast direction (Low 9) - -
5 AO5 | Ship pitch auitude 51 SY1  (Ship heading  10° = North
6 A06 | Ship roll attitude 90° = East
'] A07 | Ship pitch rate . 3
8 A08 | Ship rolt rate 52 SY2 |Ship speed 0 60’: Ol
9 A09 | Ship yaw rate 360°= 40 kn
10 AlQ Ship vertical accel'n 53 SY3 |Ship anemometer |0° =5 O kn
11 All Ship lateral accel'n speed 360° = 100 kn
12 Al12 | Ship longitudinal accel’n
13 Al3 Mast temperature (Top) 54 SY4 |Ship anemometer [0° = from bow
14 Al4 | Mast temperature (Mid) direction 90° = from stbd
15 AlS Mast temperature (Low)
16 Al6 Cup anem. port speed
17 Al17 Cup anem. port direction
18 Al8 Cup anem. stbd speed damm, for each of the grid points. At each grid point, the
19 A19 | Cup anem. stbd direction height of the mobile mast stabilising legs was adjusted and
20 A20 | Mast speed (Top 1) recorded so that the mast was ily vertical (indicated
21 A2l Mast speed (Top 2) by spirit levels). This d that the d airwake
22 A22 | Mast speed (Top 3) velocities could be related to the ship datum while the ship
23 A23 | Mast speed (Mid 4) was in motion at sea.
24 A24 Mast speed (Mid 5)
25 A25 Mast speed (Mid 6) 3.3.2 Wind-Tunnel Tests
gg :gg m:: m g:w ;) Wind-tunnel measurements are currently being taken in the
w §) 274 m by 2.13 m (9 f by 7 ft) low-speed wind tummel at
28 A28 | Mast speed (Low 9) ARL using 2 1/64 th size model of an FFG-7 class frigate.
29 A29 Mast longitudinal slant Measurements are for a nominal freestream velocity of
30 A30 | Mast lateral slant 50 m/s and for seven angles of yaw of the ship, namely 0,
31 A31 } Acrovane speed 15, 30, 60, 90, 135, and 180 deg, for zero pitch and roll
32 A32 Aerovane direction

Table 6
Ship Motion/Airwake Digital Channels
(0 = wind into propeller, 1 = wind out of propeller)

Nomber | Chapet | Descrition
33 DIl Mast direction (Top 1)
34 DI2 Mast direction (Top 2)
35 D3 Mast direction (Top 3)
36 DI4 Mast direction (Mid 4)
37 DIS Mast direction (Mid 5)
38 DI6 Mast direction (Mid 6
39 DI7 Mast direction (Low 7)
40 DI8 Mast direction (Low 8)

Prior o sailing, a number of procedures were followed while
the ship was ‘stationary’ at the pier. To ensure the mobil

angles of the ship.

A rake of yaw probes is being used to messure three-
dimensional mean-flow velocities at various locations
around the ship model. The rake contains eight similar
probes spaced at intervals of 50 mm, with five orifices on
each probe tip. Details of the probe and calibration
procedure are described in Reference 6.

All measurements are based on a rectangular cartesian
coordinate system that is fixed with respect to the wind
tunnel. The flowfield affected by the presence of the ship is
referred to as the ‘burble’. The extent of the burble will
vary depending on the particular angle of yaw of the ship.
The extremities of the measurements in the three directions
in the different cases have been chosen to include parts of
the burble likely to be d by the helicopter during
approach and landing. For an angle of yaw of 30 deg,
Figure 6 shows a plan view of the overall grid pattern, as
well as the grid points at which measurements are to be
taken (shaded). For this angle of yaw, the measurements on
the model will extend 300 mm forward and 1400 mm aft of
the grid origin, from the flight deck to 350 mm sbove it (at
50 mm intervals), and 800 mum to the port side and 400 mm
to the starboard side of the grid origin. The full-scale

di on the ship corresponding to the above model

mast position st each grid point was identical for each data
run, the flight deck was marked with yellow adhesive tape.
Due to the sloping flight deck, the mast was found to be at
significantly different attitudes, with respect to the ship

distances are 63 ft forward and 294 ft aft of the grid origin,
73.5 ft vertically (at 10.5 ft intervals), and 168 ft to the
port side and 84 ft 1o the starboard side of the grid origin.

o~
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Figure 6. Measurement Grid for FFG-7 Wind Tunnel
Tosts

Preliminary results of the wind tunnel test are given in
Section 4.2.2.

4 . STATUS OF DATA PROCESSING

Both the undercarriage model calculations and the
determination of ship motion from data have involved the
use of a generalised non-linear maximum likelihood
parameter estimation program developed at ARL. The
standard maximum likelihood procedure for estimation of
unknown parameters in a model is normally applied to
linear systems and is well documented (e.g. Ref. 7). In its
early stages, the ARL maximum likelihood code COMPAT
(named because of its application in the area of
compatibility checking) was sble to estimate parameters
from non-linear systems; however, the amount of user input
required was fairly extensive. In particular, & large number
of sensitivity matrix elements, representing the partial
derivative of a given output with respect to & particular
parameter, had to be determined by the user, thus making
the program highly problem specific. A small alteration to
the model structure could require significant modifications
to the program. However, the program was used
successfully to determine parameters from flight data

(Ref. 8).

Further modifications to COMPAT involved the numerical
determination of sensitivity matrix elements using a
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forward difference technique, and resulted in a generalised
program which was able to be used on s wide variety of
systems, both linear and non-linear (Ref. 9). User input
was much reduced and unknown quantities such as initial
conditions, break points (where discontinuities occur), and
time delays could be determined, in addition to the usual
parameters.

4.1 Undercarriage Trial

As a result of static trials completed in 1990 (Ref. 5), the
form of the static oleo equations in the undercarriage model
was significantly altered, while the static tyre equations
retained their form, but were modified 1o allow for reduced
tyre pressures. The original ARL oleo model (Ref. 2) was
of a two-stage type and expressed oleo load, F, as a function
of static load, F, ., and dynamic load, de“. in the form

F = Fg+ den

K, 22+ Gz z<y

= Kizl+Ke@-2+ Gz z2z

where K, and K are first and second stage oleo spring
coefficients respectively, z is the oleo compression, z, is
the oleo break point, and G is a damping coefficient whose
value depends on whether the oleo is in the first stage of
compression (G = G, for z < z,) or second stage (G = G, for
2212,). The model structure was similar to that used in the
original NATC undercarriage code, with coefficients being
modified using parameter estimation techniques applied to
timited isolated oleo drop test data.

As a result of the static undercarriage trials, the oleo model
was modified to the form

F = Fm+den
= K3+Kqz+Ks22+ Gz

where Kj to K are oleo spring coefficients. In the absence
of new dynamic undercarriage data, the form of the dynamic
part was left unchanged except that only a single damping
coeflicient was retained. Its value was determined using
parameter estimation techniq pplied to the same drop
test data referred to above, using the modified undercarriage
model with K3 to K held fixed. For the tail oleo, three
distinct stages were observed during the trial so that
parameters Kj to K are assigned different values in the
ranges 2<2z;,2)$2<2;,and 222, , where z; and zj are
oleo break points. The main oleo showed one stage only.
The tail oleo also showed hysteresis effects, with different
parameters for the upstroke and d ke. No hy i
was observed for the main oleo.

Figure 7 shows the main oleo load-compression results for
both normal oleo pressure and 85% pressure. The principal
difference is a vertical translation indicating that parameter
K, is highly dependent on oleo pressure. Parameters K and
K only vary slightly with pressure. If P is the fraction of
normal oleo pressure, then for 0.85 S P < 1, and assuming
linear variation, the main oleo parameters are given by

K, = (5920P -3365) Ibf
K, = (-S13P+99) b/
K = (1287 P - 5746) i3

VL ST~
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Figure 7. Main Oleo Load-Compression Results for
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Similar effects were observed with the tail oleo.

Figure 8 shows a comparison between the original ARL
model results and the modified model results, determined
using the recent trial data, for the main oleos. The

E
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Figure 9. Twin Tad Tyres Load-Compression Results for
Normal Pressure and 85% Pressure

4.2 Full-Scale Ship Motion and Airwake Trial

inadequacies of the original model are clearly d ated.
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Figure 8. Comparison of Original ARL Model with
Modified Model for Main Oleo

The static tyre model was left unchanged as a result of the
trial, but was ded 10 take of reduced tyre
pressure. Figure 9 shows the trial results at both normal
and 85% pressure for the twin tail tyres. Since a constant
scale factor of 0.82 links the two curves (o a reasonable
degree of accuracy, the static load at any intermediate
pressure can be rudily deurmined from the normal pressure
data base, lation, by scaling using a
factor of (1.2P; - 02). where Pl is the fraction of normal

Data reduction of the bained from the full-
scale ship motion airwake trial is taking place in two
distinct phases. Phase 1 involves obtaining the ship
velocity components and attitudes from the ship motion
platform instrumentation, and Phase 2 involves correction
of the anemometer measurements and removal of the ship

p from the d sirwake velocities.
Ap is being developed whereby the ship attitudes and
velocities, including initial conditions, may be determined
through parameter estimation. The software necessary to
remove the resulting ship motion from the airwake
measurements, as well as the computer programs to present
this data graphically in three-dimensional form, will soon
be developed.

4.2.1 Deriving Ship Motion

The parameters measured by the ship motion platform
included the three acceleration components (., 3,, &,); roll,
pitch, and yaw rates (p, q, r); and pitch and roll attitudes’.
Two additional parameters recorded from the ship
instrumentation were ship heading (yaw attitude) and ship
speed. It should be noted that the ship speed is measured
using a device wluch would tend 10 average the actual
longitudinal vel After the trial was
compleled. it was de(ammed that the pendulum devices,
designed to measure pitch and roll attitudes in the static
case, actually measure accelerstions in the dynamic case,
with the 11 effect of duplicating the ‘
measurements. This is illustrated in Figure 10, which
shows [ compamon of nhe Iongnmdmnl and lateral

1 )

operating tyre pressure. The main tyres exhibit simil
behaviour, but with a scale factor of 0.74.

with the uspecuve pich and roll ammds (measured by
the pendulum devices), dimensionalized sppropriately. The
duplication is evident, with the offsets attributed to
measurement bias errors that have yet to be removed.

[
r
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. determining incorrect signs in the calibrated data. An error
. model for p, q, and r is assumed o be of the form H

7] P = Puth
q = QG+ QG
T o= or, T,

where p, q, and 1 are the actual rates; p_, q_, and 1, are the
- a8 ) measuremnents; and p,, q,, and 1, are constant bias errors to
[:.ulwm e 2 be determined.

* : As previously discussed, the pendulum devices do not give
accurate representation of the variation of pitch or roll
attitude, but i d lerations about some

B mean. Since the ship is mainusining a steady forward
velocity, it may be assumed that the average acceleration
] components are zero. Thus the mean values given by the
pendulum devices are assumed equal to the average Euler
angles, as determined by COMPAT, and so provide
additional information necessary for the parameter

: est p o d. COMPAT was used with the
r | [— a@s above constraint to determine initial Euler angles as well as

——- .g x [roll atituce] (s 2} errors in rates p, q, and 1. Typical results are shown in
B e S Figures 11 and 12 for the case of a wind-over-deck velocity

0 20 40 60 80 100 of 10 kn, at a yaw angle of 180 deg.
Time (s)

Figure 10. Equivalence of Ship Acceleration and 10.0 T T T T T T

Anitide’ 3 — umed Mean |
Pendulum ‘Attitude’ Measurements § R Caiculated
o

Thus to determine the ship velocity components, the S ¢ H E
measurements available are F . [T 1
o three accelerstion components 0.0 ] . i 3
o pitch, roll, and yaw rates viooui E
» average longitudinal velocity 3 : 3
o yaw attitude 3 3

Since the ship is not at a known trimmed condition when -10.0 L N s L s L L

ding of data initial conditions are 10.0 T T Apanaa T v T
unknown. By using p imation techniques, the PR 3 — Assumed Mean | 1
ship attitudes and velocity components, including the @ g N Calculated 3
initial conditions, may be determined after first making a = I k
few reasonable assumptions given below. 3 E
The standard rigid body equations of motion (Ref. 10) are 0.0 = = 1
¢ = P+ qsind tan® + r cosd tand 3 3
0 = qcosd - r sind 3 3

. -10.0 s L L ) s L n

v = (qsiné +r cosd) sech 10.0 T T T r e

u = qw +1v +a, - gsind

— Measured
) - Calculated
v = u+pw+a +goosOsing
W = pv+qu+a, +gcosd cosd 0.0M 3

Examination of these equations shows that the Euler rate 3
equations are decoupled from the velocity rate equations. In 1
order to reduce the number of unknown parameters to be 3
estimated, the Euler angles are first determined. -10.0 s s s " N N
The parameter estimation program COMPAT may also be 0 10 20 30 40 S0 60 70 80
used to check measured data agsinst expected values (ss Time (s)

determined from the equations of motion) to determine drift

or biases in instrumentation, and may be useful in Figure 11. Estimated Euler Angles

v
(deg)
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Figure 12. Corrected Rates

Now that the Euler angles and rate errors have been
determined, the velocity components may be found by
making certain assumptions. For a long, slender ship,
maintaining forward velocity, it is reasonable to assume
that the average vertical and lateral velocity

0.0 ' L L s N s "
10.0| T 12 T T T T v

v

(tus)
9
g
2

-10.0 i N i N N L .

10.0 Ty
~ —— Assumed Mean 3
S S Calculated ]
P 3
0.0 — :
006

0 10 20 30 40 50 60 70 80
Time (s)

Figure 13. Ship Velocity Components

4.2.2 Preliminary Airwake Resulis

A preliminary study was made of the data obtained from the
airwske trial in order 10 ensure that useful data had been

are zevo. The average longitudinal velocity is d
the standard ship instruments. An error model for the
] is d to be of the form
T M
5 Wt
R

where a,, 8, and a, are the actual accelerations; LY
md.,mlnﬂwmwedwceleniom; mdllb. M,lnda.,o
are the instrument bias errors.

COMPAT may now be used to estimate the initial velocity
components and the accelerometer bias errors. Typical
results are shown in Figure 13.

Having determined the ship motion referenced to the centre
of ship motion (see Fig. 14), the apparent velocity due to
ship motion, as measured by the sirwake snemometer mast,
may then be found.

ded for the full range of data points for each of the
combinations of wind-over-deck velocities. This
preliminary examination involved the spplication of
calibration factors and offsets to obtain engineering units
from the raw data. It should be noted that the velocity
components presented here, measured by the three-axes Gill
anemometers, have not yet been corrected for known errors
due to non-axial flows (Ref. 11; up o 5% error in direction
and 10% error in magnitude) and that the ship motion
components have not yet been removed 1 obtain the
airwake in Earth axes.

Examination of the time histories shows that the majority
of the data were of good quality (i.e. chamels were
functioning consistently), but there were some exceptions.
Very early in the trial it was apparent thst the mid-level
temperature probe on the mobile mast was faulty and that
the data from this particular channel were unsalvageable. It
is also apparent that, for some of the dats nuns, high
frequency interference occurred, possibly from the HF radio
of the ship, or the radar. This affected mainly the digital
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channels which indicated airwake flow direction. 40 T T T ™
Unfortunately, this interference occurred for the entire 20 — Model
kn, 90 deg wind-over-deck case, but since the flow is 20 —— Full Scale | -

expected to be fairly steady at 90 deg, it may be possible 10
salvage these results.

At the higher ship specds, the stabilisers damp out the
motion, and as a first approximation the anemometer data
may be assumed to contair: small components due to ship
motion. The full-scale velocities and those predicted by the
simulation code are shown superimposed in Figure 15. The
full-scale velocities are preliminary only and have yet to be
corrected for non-linear angular response of the Gill
anemometers and also for the effects of ship motion.

The comparison between predicted velocities and those
measured from full-scale trials was made for a 35 kn relative
wind at 30 deg off the starboard bow and for a height of
21.0 ft (6.4 m) above the bullseye. This height
corresponds to the mid-location of Gill anemometers.
These conditions were set precisely in the simulation code,
but for the full-scale trials some variations in the magnitude
and direction of the relative wind inevitably occurred.

A meaningful comparison of velocity components
containing turbulence would normally be done statistically.
However, the objective here in showing a comparison of
time histories is to observe the overall mean values and
trends. For the velocities shown in Figure 15, it is
apparent that the mean values of corresponding velocities
in the longitudinal and lateral directions are significantly
different. Mean values of corresponding velocities in the
vertical direction show reasonable agreement, but the full-
scale velocity shows far more variation about its mean
value than the predicted velocity. The large differences
between predicted and full-scale velocities indicates that
there are serious deficiencies within the simulation
program, which is not unexpected since the model was
based, using geometric scaling, on experimental results
obtained from & Knox class frigate.

Longitudinal Velocity
(ft/s)

Lateral Velocity
(tvs)

-60 L L 1 1
T

40 T T T

201 B

Vertical Velocity
(t/s)
o

20 B
-40 | p
-60 L : " N
0 20 40 60 80 100
Time (s)

Figure 15. Comparison of Full-Scale with Predicted
Airwake Velocities
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To determine the domi energy g freq

of fluctuating velocilies, it is necessary 1o do a spectral
analysis. Figure 16 shows specira for three coordinate
directions cor ding 1o the predicted velocities shown
in Figure 15. The spectra were obtained from the velocity
plots by using a Fast-Fourier-Transform (FFT) algorithm in
which the number of data points required for the algorithm
must be & power of two. The velocities shown in Figure 15
were computed at every 0.0666 second for 100 seconds,
which means that each velocity plot shown corresponds to
about 1500 data points. It was only possible to use 1024
(= 210 ) points in the spectral analysis, which is
equivalent to 68.1 seconds of a velocity plot. The
frequencies shown in Figure 16 range from 0.0147 Hz to
7.4928 Hz in increments of 0.0147 Hz,

i.e. 1/(0.0666x1024) Hz, and the energy contribution at
each frequency has been nor d by the total energy
contribution d over all frequencies. The spectra have
not been smoothed in any way. It is apparent from the
spectra that the dominant frequencies are below about 1 Hz.
The spectra thus show that changes in the predicted
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Figure 16. Frequency Spectra for Predicted Airwake
Velocities

velocities occur predominantly at low frequencies.

The spectra plotted in Figure 17 are for the full-scale
velocities shown in Figure 15. Once again, the spectra are
based upon 1024 data points, but since the full-scale data
were sampled at intervals of 0.05 second, and not 0.0666
second as previously, then the spectra now correspond o
51.2 seconds of a velocity plot, and the frequency range
covered is now from 0.0195 Hz 10 9.9805 Hz in increments
of 0.0195 Hz. Because of these differences, spectra for full-
scale velocities have not been superimposed on
corresponding spectra for predicted velocities. From Figure
17 it can be seen that the dominant frequencies for the full-
scale velocities are below about 1 Hz, as for the predicted
velocities. Thus it is evident that although the mean-flow
and fl ing p of the predicted velocities
often differ markedly from corresponding components for
the full-scale velocities, the waveforms of the predicted
velocities are realistic from a spectral viewpoint.

4.3 Preliminary Wind Tunnel Results
Typical wind tunnel results of the FFG-7 airwake are now
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Figure 17. Frequancy Spectra for Ful-Scale Airwake
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presented. The example illustrated in Figure 18 is for a
freestream velocity of 50 m/s at an angle of yaw of 30 deg,

and for x = -800 mm, y varying from -750 to 400 mm, and z

varying from 0 to -350 mm (refer to Fig. 6 for
corresponding dimensions on full-scale ship). Velocity
vectors are projected onto the yz plane, defined in the wind

tunnel coordinate system. The velocity vectors show that a

large vortex exists in this region as a consequence of flow

over the ship superstructure. Vectors are not given in some

regions at the level of the flight deck because the flow
angles incident on the probe are outside the range of the
probe calibration. This problem is currently being
investigated and it may be possible to extrapolate beyond
the range of the calibration with little loss of accuracy;
otherwise, it will be necessary 1o extend the range of
calibration.

Figure 18. Typical Wind Tunnel Airwake Results

5. CONCLUDING REMARKS

An overview of the status of heiicopter/ship dynamic
interface modelling at ARL has been described, with the
emphasis on undercarriage dynamics and studies of the
airwake in the region of the flight deck. Validation of the
undercarriage model has been of high priority because of
the potential problems affecting clearance of the unique
Australian radome. Improvements to the model have
resulted from static trials, and further improvements are
expected from planned dynamic trials. The full-scale
airwake and ship motion trials are expected to provide a

valuable data base for the FFG-7 frigate, once the parameter

estimation techniques outlined here are applied, and the
various corrections made to the data. With the wind mnnel
airwake tests, it is recognised that there are limitations on
the use of the data, e.g. only mean flow velocities are
measured, disturbances are not generated in the tunnel
upstream of the model to simul heric wrbul

and ship ion is not rep d. However, these tests

are expected to complement the full-scale measurements by
providing data at locations beyond the flight deck, and they

will provide a bascline set of measurements should it be

decided that further, more realistic tests are worthwhile. As

well as improving the Seahawk/FFG-7 simulation code by
incorporating results obtained from these experimental
programs, it is also planned to replace the actuator disc
aerodynamic model for the main rotor with the blade-
element representation of rotor aerodynamics found in the
GENHEL code. This should allow more realistic modeiling
of airwake effects due to the presence of the ship
superstructure,
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SUMMARY deck requir improving Harrier/heli bility.

The United States Navy has been evaluating the performance
benefits of using a ski jump during takeoff. The significant gains
available with the use of Vertical and Short Takeoff and Lmdmg

Maximum payload capability for & ski ]\.Im‘p assisted launch is up
to 53% greater than flat deck capability, allowing shipb

Harrier operations to the same takeoff gross weight as shore
based. The heaviest Harrier to be launched from a ship to date was

(V/STOL) aircraft operating from a ski jump have been d
many times in the past; however, the U.S. Navy has ded this

lished during the test program (31,000 1b). The ski jump
hunch llwnys wothxced a positive rate of climb at ramp exit, the

pt to include C jonal Takeoff and Landing (CTOL)
aircraft. This paper will present the results of a recent shprolrd
evaluation of the AV-8B aboard the Spanish ski jump equipp
ship PRINCIPE DE ASTURIAS, and & shore based flight test evalu-
ation of CTOL aircraft operating from a ski jump ramp. The
analytical tools developed during the CTOL phase of testing are
used 10 project the benefits which could be realized by combining
the steam powered catapult and a “mini” ski jump ramp compatible
with today’s aircraft carriers.

NOMENCLATURE

ADA - Angle of Anack

G - Aircraft Center of Gravity

CRAT - CatapultRamp Assisted Takeoff
CToL - Conventional Takeoff and Landing
MIL - Military Thrust

Max A/B - Maximum Afterburner Thrust

ROC - Rate of Climb

STO - Short Takeoff

SLW - Short Lift Wet

v - Ramp Exit Airspeed (KEAS)

Ve - Ramp Exit Speed (kt)

VIOoL - Vertical Takeoff and Landing
V/STOL - Vertical and Short Takeoff and Landing
w - Aircraft Gross Weight (1b)

Wy - Hover Weight (Ib)

WiW - Hover Weight Ratio

WOoD - Wind Over Deck

AV-8B SKI JUMP

Inwroduction

Flight tests were conducted aboard PRINCIPE DE ASTURIAS,

a Spanish ship designed for Harrier operations with a 12 degree ski
jump ramp, December 1988 to define operating procedures and
limitations and document performance gains over conventional
flat deck short takeoffs (STO's). A total of 89 STO's were
conducted. PRINCIPE DE ASTURIAS proved to be an excellent
platform for Harrier operations. The flight test program clearly
demonstrated the performance gains, reduced pilot workload, and
improved nfety inherent in a nkn ;ump assisted shipboard takeoff.
WOD q were app ly 30 ki less than flat deck
I in signifi fuel savings and flight

openuons hwmg less lmpnct on ship's heading and speed. Deck
un req! were app ly 350 ft (107 m) less then fiat

de gain allowing aircrew more time to evaluate and
react to an emergency situation. Pilot opinion is that the ski jump
launch is the easiest and most comfortable way to takeoff in a
Harrier.

Background

In the mid-1970's the British aerospace community identified
the significant improvements in takeoff performance for vecu)red
thrust aircraft obtained with the assi of an upwardly i
(ski jump) ramp and, as a result, incorporated ramps on existing
Royal Navy carriers. In 1977, the Spanish Navy began construc-
tion of the first ship designed from the keel up to support Harrier
operations. The basic ship design was modeled after the U.S.
Navy sea control ship promoted by Admiral Zumwalt in the mid-
1970's. A 12 degree ski jump ramp was incorporated 1o improve
takeoff performance. Based on previous shore based ski jump
testing and simulation efforts, a 12 degree ramp was found
optimum for maximizing takeoff performance while maintaining
aircraft structural loads within limits. The ramp profile is the same
as that of HMS HERMES of the Royal Navy. Construclion began
in 1977 at the El Ferrol shipyard of E Bazan Nacional. The
ship was commissioned PRINCIPE DE ASTURIAS and delivered 1o
the Spanish Navy 30 May 1988. Shortly thereafter, the Spanish
Navy made an agreement with Naval Air Systems Command for
Naval Air Test Center to conduct fhghl tests and engineering
analysis required to publish an g bulletin for AV-8B
apemlons fmm the shxp thht test ob_yecuves were 10 define

4

and 1 and performance
glms over convennoml flat deck STO's.
Test Asgets
Ship

PRINCIPE DE ASTURIAS can accommodate up to 36 aircraft
consisting of both Harriers and helicopters. The flight deck is
approximately 575 ft (175 m) long by 95 ft (29.0 m) wide. The
ski jump ramp coordinates are ted in table 1. The maximum
STO deck run length is 550 ft (168 m). The ship is stabilized in
roll with four stabilizers. The ship has six VTOL spots. The
flight deck including flight deck mukmgs is illustrated in
ﬁgure 1. A profile of the ship is prucmed in ﬁ[\ne 2 The lhlp
is equipped with SPN-35 radar for
Harrier Approach Path Indicator (HAPI) and Deck Approu:h
Projector Sight (DAPS) for glide slope information, and Hover
Position Indicator (HPI) for height control. The ship has a 7.500

n




nautical mile range at 20 kt ship speed. The ship has a maximum
speed of approximately 25 kt.

Figure 1
PRINCIPE DE ASTURIAS Flight Deck

Table 1
Ski Jump Ramp Coordinates

Distance Along Ramp Ramp Height

ft (m) ft (m)
0.0 (0.0) 0.00 (0.00)
11.5 (3.5) 0.20 (0.06)
213 (6.5) Q.50 (0.15)
31.2 9.5 0.88 (0.27)
41.0 (12.5) 1.36 (0.41)
50.9 (15.5) 2.00 (0.61)
60.7 (18.5) 2.74 (0.84)
70.5 (21.5) 3.66 (1.12)
80.4 (24.5) 4.69 (1.43)
90.2 (27.5) 5.89 (1.80)
100.1 (30.5) 7.23 (2.20)
111.6 (34.0) 9.02 (2.75)
1214 (37.0) 10.69 (3.26)
131.2 (40.0) 12.56 (3.83)
141.1 (43.0) 14.55 (4.43)
151.6 (46.2) 14.94 (4.55)

Figure 2
PRINCIPE DE ASTURIAS Profile

Test Aircraft

The AV-8B is a single place, single engine, tactical attack,
vectored thrust, jet V/STOL aircraft built by McDonnell Aircraft
Company (MCAIR). The aircraft has a shoulder mounted supercrit-
ical wing, four rotatable engine exhaust nozzles, and a lift
improvement device system. The aircraft is powered by a Rolis
Royce PEGASUS F-402-406A twin spool, axial flow, mrbofan
engine with an uninstalled sea level static short lift wet thrust
rating of 21,500 Ib (95,600 N). The primary flight controls
consist of aerody ic and ion c Is which are interlinked
in all axes and hydraulically powered. The AV-8B is an excellent
aircraft for ski jump takeoff due to its exceptional low-speed
flying qualities. A three view drawing of the AV-8B is presented
in figure 3.

Figure 3
AV-8B Three View Drawing

Two aircraft were used for shipboard testing: a preproduction
AV-8B which was insttumented for flying qualities and perfor-
mance testing and nose and main landing gear strut positions, and
a non-instrumented production AY-8B. Both aircraft were repre-
sentative of production EAV-8B aircraft for the purpose of these
tests.

Shipboard Tests
STO Launch Technique

A typical STO launch profile is illustrated in figure 4.
Nozzies are positioned to 10 deg below fully aft for the deck rum 1o
reduce vibratory loads on the flaps and stabilator. The iaunch
begins with application of full power with brake release s the
tres begin to skid. The stick is guarded in the preset trim position
throughout the deck run and nozzle rotation. As the aircraft exus
the ramp, the pilot positions the nozzle lever to the preset STO
stop. Ramp exit cues are both visual (nozzle rotation line) and
physical (decrease in load factor as the aircraft leaves the ramp)
After ramp exit, the pilot task is to maintain the aircraft pitch
attitude achieved at ramp exit (approximately 18.5 deg) and
monitor angle of attack (AOA). If AOA reaches 15 deg during the
trajectory, the pilot decreases the aircraft piich atitude as required
to maintain AOA at or below 15 deg. Immediately after ramp exit,
the velocity vector indicates a climb due to the upward velocity
imparted by the ramp. This initial rate of climb is not & wue
indication of aircraft performance, and decreases to a minimum at
an inflection point prior to the aircraft achieving a normal semi-
jetborne climb. Prior to the inflection point, the aircraft normal
acceleration is less than ] g. The aircraft has a positive rate of
climb due to the ramp induced ventical velocity. but raie of climb is
decreasing due to insufficient lift. At the inflection point the
aircraft has accelerated to an airspeed at which aircraft normal
acceleration is 1 ¢ (lift=weight), and rate of climb is no longer
decreasing. Afier the inflection point is reached. the aircraft
begins a normal semi-jetborne climb (normal acceleration greater
than 1 g). and rate of climb increases. At this point, the pilot
gradually vectors the nozzles aft and accelerates to wingbome
flight.




Inflection Point

Deck Run Semi-~Jetborne Trajectory Transition to Wingborne Flight
10 deg nozzles nozzles set to STO stop at ramp exit nozzles slowly moved aft
time = 3 to 10 pec
Figure 4
STO Launch Profile

STO Ramp Exit Speed R h and Develop Center. Worst case phasing of ship's
pitch, heave, and coriolis effects were used to determine load factor

STO ramp exit speed must be accurately predicted to ensure  increments due to sea state. The coriolis effect is the additional
ramp exit airspeed ired is obtained and landing gear al normal leration of the aircraft due to its increased velocity

limits are not exceeded. Ramp exit speed is a function of aircraft
hover weight ratio and deck run. Tests were conducted at deck runs
from 200 to 550 f1 (61 10 168 m). Actual Ramp exit specds were
obtained from infrared trips which were mounted at the end of the
ramp. Ramp exit speed data was reduced to an exit speed p

normal to the deck while it travels away from the ship's pitch
center. Analytical results were verified with test data and are
presented in figure 5.

and plotted against deck run. The exit speed parameter is defined
as V2(W/Wh) and its relationship 1o deck run is based on the

dynamic relationship V2248 where "a" is the average accelera-
tion and “S" is the deck run. STO ramp exit speed averaged one kt
less than that of an identical flat deck launch due to the decelerat-
ing effects of the ramp. Ramp exit speed was predictable within
2.5 ku

STO Lapding Gear § ! Limi

During ski jump launch with no ship motion, loads are
imparted on the landing gear due to aircraft gross weight, aerody-
namic lift, vectored engine thrust, pitching moments, and inertial
forces including centrifugal forces. Centrifugal forces are influ-
enced by aircraft velocity and local ramp curvature. The primary
dy i P hibited by the AV-8B during ski jump launch
is in the aircraft heave mode. Dynamic response to sircraft pitch
motion is small in comparison to heave.

STO maximum ramp exit speeds for landing gear structural
iimits were determined at gross weights of 26,000, 28,000, and
31,000 Ib (11,793, 12,701, and 14,062 kg). Fatigue strength for
1,500 lifetime ski jump launches defined the limiting criteria for
landing gear based on MCAIR analysis. Nose and main landing
gear strut positi were instr d and itored real-time.
Simulation data and previous ski jump testing indicated outrigger
landing loads would not approach limiting criteria and were
herefore not instr d. Target ramp exit speed for the first
launch at cach gross weight was based on MCAIR simulation and

100
R —
B 7n. \\\§ o k Motion
e N
4
5 60* SeaS::5
50

23 25 27 29 31
Gross Weight (1b/1000)
Figure §
Landing Gear Structural Limits

'O Minimum Remp Exit Aizzgeed

STO minimum ramp exit airspeed tests were conducted at
hover weight ratios of 1.43, 1.52, and 1.60. The purpose of these
tests was to define the mini ramp exit sirspeed required for a
safe launch and to evaluate the sensitivity of reducing ramp exit
airspeed when operating near the mini The mini

irspeed was app d by holding hover weight ratio constant
while decreasing ramp exit airspeed for each successive launch.
Ramp exit sirspeed for the first launch at each hover weight ratio
was based on MCAIR simulation and previous ski jump testing and
targeted an airspeed approximately 15 kt above the predicted
minimum. The ramp exit airspeeds for ive launches were

duced in d of ly three to five ki by varying

was at least 10 ke below the predicted landing gear limit. The ramp
exit speeds for ive launches were i d in i of
spproximately three to five ki by increasing deck run until the
limjting criteria were reached. A method suggested by MCAIR was
used to account for ship motion. Load factor irends were
incremented for sea state resulting in a shift in the aircrafi gross

cither deck run or WOD until the minimum Tamp exit airspeed was
resched. The limiting factor for ramp exit airspeed was zero rate of
climb st the inflection point. Test results are presented in

weight vs maximum ramp exit velocity curve for given sea states.
MCAIR correlated ship motion with sea state based on ship
i dies of similar type ships by David Taylor Ship

figure 6. Flying qualities at mini ramp exit airspeeds were
isf; y. AQOA was controllable with & maximum transient
AOA of 17 deg. Lateral 1 was ptable throughout the STO

envelope. Longitudinal acceleration was acceptable for all
launches, averaging two to four ki/sec for launches with rate of
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clunbﬁomZUOtolOOOftImm(le.‘SOSan) The minimum
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Figure 6
Takeoff Performance

1 4 £ boras

d from a ski jump assisted
launch is realized through reduced WOD and/or deck run require-
ments and/or increased launch gross weight capability. The
discussion in this section deals with the performance gains
reslized with the PRINCIPE DE ASTURIAS ramp. Performance
gains obtained from different ramps will vary with ramp exit
angle.

Ski jump launch WOD req; pared with flat
deckrequnemammﬁgwc7 ReqnwedWODforlshpmpunn
ed launch is approximately 30 kt less than a flat deck launch. Ski
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Figure 7
STO WOD Requirements
300 ft Deck Run
Standard Day, Nominal SLW Engine

jump launch operati are therefore not as d dent on natural
winds for launch. Azlmmll.mmdlnmchopulmdonot
dictate ship’s heading, g the ship g flexibility
anddecruudvpetmguudurmg ﬂ:ght openmns Reduced
WOD requi can be sppreciated in fucl savings, as the ship
can steam at the speed ,' d for mi ge and not
dictate ship's headi 1l g the ship ng flexibility

mddecreuedopenxm;uud\nmgﬂ:ghtopetmmdsﬁllhne
the required WOD for P 'vshtps
speed from 25 10 7 kt @ fuel ption by
mately 80%.

PP

Deck run requirements for ski jump launch are compared with
flat deck requirements in figure 8. Instead of launching at lower
WOD, ski jump 1 hes can be ducted at the same WOD
required for flat deck lasunches whﬂemdm:mglhedeckmby
approximately 350 ft (107 m) The result is improved interoper-
ability b i P On flat deck ships, xf s
Harrier is to launch with a significant payload then the entire
mgm deck is oh:n required for the deck nun. This makes
Harri perability y difficult By reduc-
m;!hereqmreddeckrmmdnhemoflthp.ﬂmas
can conduct takeoff and landing operations from the forward flight
deck while helicopters operate concunemly md cunphmly inde-
pendently from the aft o the
forwuddeckspoupmv:deexoenemvuudwudumhm
height, offering signifi over di
opermommfmnddeckmonaﬂndeckshm Thelhh:y

Harriers and heli at the same time from the same
ﬂlght deck greatly enh s the effici y of the amphibi
asssult force.
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Figure 8
STO Deck Run Requirements

35 ki WOD
Standard Day, Nominal SLW Engine

Gross weight capability for a ski jump lsunch is
with flat deck capability in figure 9. For a given WOD and deck
rn, an AV-8B cxn carry 3,000 to 5,900 1b more payload from a
ski jump ship than from a flat deck ship. This equates 0 up to a
53% increase in takeoff peyload capability. When opersting from
ﬂndeck:hxpmmuddnymuhmAV-&Bmﬁmm

load is limited by ff performance, which is not the case
forupaumﬁmnshywnpnhlp The efficiency of the close

Lactra]

e o cton!
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ar support d by a ski jump assisted
launch by alhwmg more payload per sortie.

Ski Jump
31

29 //
‘ / Flat Deck
7

V e
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Deck Run (ft)
(1 ft = 0.3048 m)
Figure 9
STO Gross Weight Capability
30 kt WOD
Tropical Day, Nominal SLW Engine
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There are several safety enhancing ch inh
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mnnnedlmchuupuo”%mmﬂndeckmhh
ties, allowing 3,000 to 5,900 Ib more payload. The heaviest
Harrier to be launched from a ship 10 date was acoomplished during
thelalmm(:!looon:) Increased paylosd capability allows
ions to the same takeoff gross weight as
shore based. Ash)\unplmhdwmpmdxmnponuvenuof
climb at ramp exit. The resulting altitude gain allows the sircrew
more time to evaluate and react 10 emergency situations. The loss
of an aircraft due to an y during a flat deck launch may be
idable with the oflsk.l)\unp Pilot opinion is that
the ski jump launch is the easiest and most comfortable way to
ukeoff in a Harrier.

CONVENTIONAL TAKEOFF AND LANDING (CTCL) AIRPLANE
SKIJUMP EVALUATION

Background

The U. §. wahudmev-luwdskuumpnkeoffum
ive to shipb h for com
airplanes. The Naval Air Test Center conducted a ski jump takeoff
test using a T-2C, an F-14A, and an F/A-18A operating from s

varisble geometry ski jump ramp to:

8) Evaluate the feasibility of the concept.
b) Define the operating limitations.
¢) Document performance gains.

@  Verify and update scrodynamic and i ski jump

in
a ski jump assisted lmmch. ﬂewnhngmkdm;lshj\mp
lmhuamerdundwmglﬂndacklmhbecmulhem

mthllkijmnphmhdecwpihlwmm.ﬂwm
time for itoring i 1 i
parameters. The aircraft llwny:huaponnve rate of climb as it
exits the ramp. The resulting additional altitude allows the aircrew
more time to evaluaie and react 1o emergency sitoations. The loss
of an aircraft due 10 an during a flat deck launch may be

idable with the of a ski jump. Pilot opinion is that
the ski jump lsunch is the easiest and most comfortable way to
takeoff in a Harrier.

Summary

PRINCIPE DE ASTURIAS proved to be an excellent platform
for Harrier operations. The flight test program clearly demon-
strated the performance gains, reduced pilot workload, and
improved safety inherent in a ski jump assisted shipboard takeoff
for Harrier sircraft when compared to that of a conventional flat.
deck. WOD requirements were approximately 30 kt less than flat
deck requirements. Reduction in WOD requirements means signifi-
cant fuel savings and flight opuuiom having less impact on
ship's heading. Deck run reqmnmenu were woxmuly 3501t
(107 m) less than flat deck reqnmenu Reducuon in required
deck run improves the Harri perability,
lllowmgﬂmnonuthcforwudhﬂfofdnﬂx;hldeckmd
helicopters the aft portion. Maximum payload capebility for s ski

€) Propose sirplane and ramp design considerations.

This section of this paper discusses the test program con-
ducted with the F/A-18A airplane. Tea results obtained with the T-
2C and F-14A airpl can be obtained from refe tand2. A
more detsiled discussion of the F/A-18A ski jump test program is
presented in references 3 and 4.

Teat Equipment
Ski Jump Ramp

The ski jump ramp, which was constructed at the Naval Air
Test Center, was 60 ft (18.3 m) wide and 112.1 ft (342 m) or
122.1 ft (37.2 m) long, depending on the ramp angle. It was of
modular steel construction of which the first 42 ft (12.8 m) was a
fixed angle remp with the remainder constructed of 10 x 30 ft (3.0
x 9.1 m) steel modul d to steel pedestals. The heights of
the stoel pedestals was varied to give the desired ramp curvature.
Figure 10 gives presents the general ramp arrangement and
specific heights for the two ramp geometries. Leading into the
nmpvul60ﬁ(183m)wxdexl.ONh(@Gm)hn;muy

of AM-2 line marking was two tram
hnu 25 l'l (08 m) either nde of lhe cemulme. A modified
was de d permitting stabilized

Mslpnormdnukaoffmmnmm This system could be
positioned anywhere along the runway to provide the desired ramp
speed.

.
..;..:.n..za'
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Variable Angle Radius
6 deg=> 955 f1 (291.1 m)
9 deg =» 591 ft (180.1m)

Fixed Angle Radius
1,000 fi (304.8 m)

1221t 1121ft 1

f 923 83 703K 634Afi  SkAf ALn b

@12m @42 Gl2m) @81m) @S1m) (20m) (190m) (160m) (129m)

- Modulsr C S Fixed Angle Section =3
9 Degree Ramp Depicted
Distance Ramp Height Distance Ramp Height
Along Ramp ft Along Ramp ft
(m) m)
ft ft

1m2 6 d{ 9 deL m 6 9 deg

0 0 0 82.3 3.88 4.40
(25.1) (1.18) (1.34)

42.4 1.16 1.16 923 4.81 5.62

(12.9) (0.35) (0.35) (28.1) (1.47) (1.71

52.4 1.68 1.71 102.2 5.85 7.02
(16.0) (0.51) (0.52) (31.2) (1.78) (2.14)

62.4 2.30 2.44 112.1 5.85 8.58
(19.0) (0.70) (0.74) (34.2) (1.78) (2.62)
72.3 3.03 3.33 122.1 — 8.58
(22.0) (0.92) {1.01) (31.2) (2.62)
Figure 10
Ski Jump General Arrsngement
Test Aiplene All b\uld-up ground and flight tests and ski jump launch

The F/A-18A airplane is a single-place, midwing, high
performance, twin-engine strike fighter powered by two General
Electric F404.-GE-400 engines with an uninstalled thrust of
16,000 Ib (71,171 N) each. The F/A-18 incorporates a digital fly-
by.wne flight control system. Thc ust m-phne was umdy-

y and

No modlﬁumm were mnde 0 the test mplme for the conduct of
the tests. The following special flight test instrumentation instal-
lations were available:

1) Magnetic tape and tel Yy 8y to d/
all required parameters.
b) Flight test instr i is in the cockpi

c) B-.llnl was mmlled (] mnulne the weight and CG of
not instalied in the sirplane.

P qQuip

d) Radome d angle of
displayed on the Head Up Display (HUD).

p vane which was

€) Retro-reflectors near the tip of each vertical tail to
provide LASER tracking spatia) data.

Landing gear instr

f to obtain shock strut
deflections and structural loads.

d in the 1 takeoff config
Table 2 dewk the test conditions. Two airplane gross weights
wete chosen to vary the thrust/weight ratio. External stores

eompmedtwoumwmgup d AIM-9 (Sidewinder) and two
inert d AIM-7 (Sp ) missil
Table 2
Configuration Summary
F/A-18A Airplane
Gross Field
Takeoff Weight Takeoff Thrust/Weight
Configuration 1 Airspeed
skn KEAS
32,800 146 0.52 MIL
Half Flaps (14,878) 0.76 Max A/B
(30 deg)
37,000 154 0.46 MIL
(16,783) 0.67Max AB___ |
M 4 Simulai

Exlmnve'nmllll\oneﬁmwuupmdedmwﬂuﬁtnlh

jump takeoff. Simulati both an dy and a
Imdm;geuloldnmodel The simulations not only were used to
predict performance gains and structural loads, but enabled the test
team to develop a build-down procedure during actual ski jump




operations,  Also, airplane single engine failure response
characteristics and minimum safe ejection airspeeds in the event of
an engine failure were established.

Early in the simulation effort, it was determined that addi-
nomlped‘ormmsumwuldberuhzedbyl “man in the loop”
pitch attitude cap Earlier simulation and all the ski
jump takeoff tests with the "T-2C and F-14A had been using the
“stick free” technique. With these iwo airplanes, longitudinal trim
was set to achieve the desired flyaway AOA. However, current F/A-
18 flight control logic is such that a trim AQA is based on the
initial stabilator wim position prior to the takeoff run. This AOA
hrim schedule is shown in figure 11. Initial simulation runs at the
higher ramp exit airspeeds permitted initial wim

Sinsle Engine Aizpeed Considerai

The reduced takeoff airspeed ble with ski jump oper-
ations are significantly below minimum controllability airspeeds
in the event of a single engine failure. Simulation resulis allowed
mcmzmmdeummmglemgmem:peedbomdmumd
in event of an engine failure.
Predmed F/A 18A minimum ski jump takeoff airspeeds were as
much as 40 kt below dynamic singe engine control airspeeds. Ski
jump operations in this region mandated cjection should an engine
t'ulm occut at or shortly after ski _mmp ramp em F/A-18 safe

daries were blished during ion. With but
one exception (32.800 Ib with Max A/B on the 6 deg ramp). safe

providing stick free flyaways at 12 deg AOA. However, as the
ramp exit airspeed was reduced, the initial trim position had to be
reduced o keep peak AOA's within limit (17 deg AOA true) during
the initial rotation phase following ramp exit. This resulted in
trim AOA’s during the flyaway somewhat below any optimum for
use éurmg 2 ski jump takeoff. A pﬂol pitch cnpmre lechmque was
m d which lted in a sig in the takeoff
mspeed of approximately 15 kt below the stick free results. The
technique was to allow the plwh attitude 10 increase during the
initial rotation following ramp exit and peak at approximately 18
deg, at which time nose down pitch rate was generated as the flight
control sysiem d to acquire the ded rim AOA. As
the pitch atttude decrused to 15 deg the pilot commanded aft stick
10 maintain 15 deg pitch attitude. A target capture pitch attitude of
15 deg was chosen as the HUD pitch ladder is incremented every 5
deg and at zero rate of climb, a 2 deg AOA margin below the limit
AOA was provided. Dunng the flight test program, both the stick

free and pitch cap ques were ev
14
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Figure 11

Trim Angle of Attack vs
Initial Stabilator Trim Position

d at ramp exit airspeeds below the
pred:cted two engine minimum takeoff airspeeds. For this one
condition, testing was conducted only down to the safe ejection
sirspeed. For all tests, ejection was mandatory below 120 kt.

ild-up Test Operasi

Prior w0 umul ski jump ukeoffs. extensive build-up ground
tests were perf d. These inch

a) Acceleration performance: Following thrust stand cal-
ibration, normal ficld takeoff tests were performed to equate
ground roll and speed to airplane gross weight and thrust seiting.
The results provided ground roll requirements to provide the
desired ramp speeds.

b) Abon capabnhty The ubon capability and pilot pro-

were d d during si d aborted takeoffs with the
additional requirement of the pilot taxiing around the ski jump
ramp (nmp sxmuhted in ptmuan) During the takeoff ground roll
at the d p the pilot ded one engine o idle.
After 1 sec, msmulmmonmne.thepuouetuded the other
engine to idle and made aggressive lateral/directional inputs to the
right on the runway. From these tests an abort location and speed
could be determined. These data were provided to the pilot for each
test event.

c) Single engme—commmed 0 ukeoﬂ' Once past the abort
pable point, the airplane is itted to ramp takeoff. A single
engine failure is the most critical from a standpoint of keeping the

airplane within the 60 ft (18.3 m) width of the ski jump runway
and ramp. As with the abort capability testing, engine failure
during takeoff ground roll was simulated; however, the pilot task
was 1o maintain runway centerline. The maximum lateral
deviation recorded was 6 ft when using Max A/B. If an engine
failure had occurred past the abort capable point, the sirplane was
controllable within the width of the runway and ramp.

Test Results
General

4

A total of 91 ski jump takeoffs were obtained with the F/A-
18A operating from both the 6 and 9 deg ramps. Significant
reductions in takeoff ground roll up to 66% with corresponding
wkeoff airspeed reductions of 64 kt were achieved. With the
proper longitudinal trim set prior to the takeoff, a “hands off”
tskeoff during rotation and flyaway following ski jump ramp exit
was possible. However, additional performance gains were
obtained using the pilot pitch attitude capture technique described
earlier.



Performance Gains

As the ski jump takeoff exit sirspeed was d d, the
minimum rate of climb during the flyaway slowly decressed. The
minimum rate of climb ss & function of ramp exit airspeed for the
9 deg ramp is shown in figure 12. The minimum ski jump takeoff
airspeed tested was dictated by zero rate of climb during takeoff.
The minimum takeoff airspeeds achieved during tests are presented

in table 3.
0 10 fos = 3.05 m/s 1
& e - Stick Free Technique
15: 20 L ~ Pitch Capture Techniq /Z
. (]
2 A
g 10
2 N
2 Slmulm
g 0 T _
£
£ ., o T 1
85 90 95 100 105 110 115 120
Ramp Exit Airspeed ~ KEAS
Figure 12
Minimum Rate of Climb during
Ski Jump Takeoff
9 Degree Ski Jump
F/A-18A Airplane
37,000 1b (16,783 kg) ~ Max A/B
Table 3
Ski Fump Minimum Takeoff Airspeeds
Gross Minimum Minimum
Thrust Weight Takeoff Ground
1b Airspeed Roll
(kg) KEAS ft
T)
Gdeg | 9deg | 6deg | 9deg
e e s
MIL 32,800 ] 102 | 98 | 1.075] 830
(14,878) (328) | (259)
37,000 110 106 | 1,400 | 1,250
- (16,783) 427) | (381)
Max A/B 32,800 100 82 640 ass
(14,878) 195) | (117)
37,000 99 90 700 575
(16,783) 213) | (175)

minimum takeoff sirspeed, whether dictated by zero raw of climb
or single engine safe ejection boundaries. For any takeoff where
mmmmnummduhmwum

critical, the lowest ai d Y. di in takeoff
distances are summarized in nble4
70
]
60
8 ﬁ—s
: .
g °
50 .rJ
@ ~ 6 deg exit angle
Il ~ 9 deg exit angle &
‘090 100 110 120

Ramp Exit Airspeed ~ KEAS

Figure 13
F/A-18A Reduction in Takeoff Distance
during Ski Jump Takeoff
37,000 1b (16,783 kg) ~ Max A/B

Table 4
Comparison of Reduction in Takeoff Distance
F/A-18A Ski Jump

NOTE: Minimum ai criteria: Proximity to zero rate of climb
for all test points except 32,800 1b (14,878 kg) with Max A/B on
6 deg ramp which was limited by operation within safe ejection
boundaries.

Wilh!hereducﬁoninmezkijmpnkeoﬂninpeedwnn
eonupotdmg reduction in the takeoff ground roll. F/A-18A ski
jump reduction in takeoff distance for takeoff ground roll is
presented in figure 13. The reduction is distance is related to the
airplanes flight manual performance data for the test day condi-
tions. The maximum reduction in takeoff ground roll relates to the

Thrust Gross % Reduction in
Weight Takeoff Ground Roll
(1b)
6 Deg 9 Deg
Ramp [ Remp _
32,800 51 51
MIL (14,878)
37,000 51 55
(16,783)
32,800 49 62
Max A/B (14,878)
37,000 61 66
(16,783)
The ski jump takeoff commenced when the modified hold-
back/rel was activated. In both MIL and Max A/B thrust

takeoffs, the initial acceleration was smooth with only a slight
tendency towards pilot “head-jerk”™ at rek Although ler
stion was more rapid in Max A/B, especially at the lower gross
weight, the pilot had sufficient time to make pre-abort checks of
mmpufamm mnrplmewunotmddydumrbedmu

] track by i larities in the AM-2 matting; any small

i el
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deviations were easily controlled t 2.5 ft (£0.8 m) of

centerline. No significant longi | airplane resp (piu:il

to the unloading of the nose gear during the

1

run and the uneven surface of the AM-2 matting

oscxlhnon. nouwhael bounce, etc.) was
hee! lighwening was experienced prior

gom;anm:hnrmhomc.nvumobpmnbhmdsd
not affect directional control. The abort capebility point within £
50 ft (15.2 m) was recognized by the pilot visually and reinforced
by scanning the INS display for the predetermined ground speed
for abort. Once beyond the abort point and committed to takeoff,
the pilot was able to monitor engine performance and maimtain
centerline tracking. An increase in normal accelerstion of 20 4 g
characterized the entry onto the ramp, with more omset rate
perceived on the 6 deg ramp than the 9 deg ramp. Using the 6 deg
ramp, a rapid and abrupt g-onset was encountered, feeling to the
pilot as though the airplane had rolled over a small obsuscle.
Entry onto the 9 deg ramp was smooth with predictable g-onset
buikding rapidly and withow the “thump” associated with the 6 deg
ramp. Dmnofehvmd.onﬂumpwumlnmmm
3/4 sec. The dy i g gear interface with the ramp allowed
for predictable and satisfi ,ﬂym;thmnponmnpem.

‘d‘m

The inclination of the ramp established the initial pich
attitude off the ramp. Longitudinal rim settings, accurate 1o
within + 0.5 deg. produced comfortable, initial positive pitch
rates of 6-8 deg/s.c. The tim sesting was adjusted 10 obtain a peak
pitch attitude of 18 £ 2 deg at less than the AOA limit of 17 deg.
Pitch rates damped to zero or slightly positive during stick free
takeoffs or were mrested to zero by pilot flight conwol input
during pitch caprure takeoffs. The aplane flew an arc with normal
wulum‘oaniminguOZS;mimm;mlgovan4w
5 sec time frame. The 15 deg pitch eapme was easily

w thin t 0.5 deg using longitudingl stick inputs of
mmlm(Sun)mdmdlymedmlymmdmpu
No wendencies for longitudinal PIO were experienced during the
pitch capture. 'l'hnAOApuhsdlhwdylﬁerllwpukpmh
atitude and peaked a second time when the pilot caprured 15 deg of
pitch then smonthly decreased as the airplane accelerated.

Lateral control throughout the ski jump test program was
excellent, even with a crosswind component. After departing the
end of the runway, the airplane would yaw smoothly into the
relative wind and little or no control input was required to maintain
wings level attimade.

The F/A-18A digital flight 1 system elimi d
sdverse ﬂm qualma following takeoff from the ramp. The
HUD i ion is sufficiently for VMC and IFR

ty for the ski jump wkeoffs. All
these factors nade the F/A-18A ski jump tskeoff, stick free or
pilot-in-the-loop, easier than & field akooff.

Stmucoiral Loads

Significan: | loads are imposed on an airp during
ski jump ranp transit. The stringent structural design
requirements - © US Navy camrier based airplanes provided the
necessary streazth for ski jump operstions. The principle area of
concern was landing gear loads. The dasire to conduct initial ski
jump takeoffs close o normal field takeoff sirspeeds posed a
ddmmmhdnmnmbﬂmmmmﬁu
ski jump takeoffs. In general, main gear loads showed good
agreement with simulation predictions; however, higher noss gear
loads were obtsined. A significant random varistion in nose gesr
loads was experienced due 10 nose gear dynamics encountered prior
to the start of the ramp. These nose gear dynamics were

4

y. Most bl lothepxlotdmmgrmpmuulhe
incremental 1 | accelerations
numaduﬂumplmeCGm-hownmﬁgmM Accelerations
experienced by the pilot were higher.

&

w

ah

~

Normal Acceleration ~ g

-t
(=]

80 90 100 110 120 130
Ramp Exit Speed ~ kt

Figure 14
Maxi Normal A
During Ramp Transit
9 deg Exit Angle

A circular radius of curvature ramp, as tested, is not the
optimum curvature profile for a ski jump ramp. Figure 15 depicts
F/A-18A nose and main landing gear loads along the curvamre of
the ramp. High nose gear loads were encountered only during »
small portion of the ramp. 1deally, landing gear loading should be
equally distributed throughout ramp transit. This would permit
mmglbduredmnpexumgle.nmpmglebungm
dominant factor in performance gains, using a minimum ramp
and 3t} keeping the Joads within limits. Snnnhnmumepufea
wol to evaluate different ski jump ramp profiles 10 optimize nose
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igare 15
F/A-18A Non and Mn Landing Gear
Loading During Ramp Transit
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g { CTOL Airplane Ski jump Tesi

Shmﬂmﬂmwﬂhmmmw
wing airplanes are possible. The significant performance gains,
uexauphmdbyn“%mmmnhoﬁpmdmndﬁlly

the ial of the ski jump concept. From a
ground handling and flying qualities standpoint, a ski jump
takeoff i3 an easier than a 1 field takeoff.
long:mdmnlmcmbemmpumxnmckfxeeukeoff
however, additionsl performance gsins were realized by the pilot
using a pitch capture technique. Stuctural loads during ramp
transit were well within the design limits of the test airplane.

CATAPULTRAMP ASSISTED TAKEOFF
Introdycgion

The beneficial ute of ramp sssisted (Ski Jump) takeoff has
been proven operationally by the British Navy, US Marine Corpe
and, most recently, by the Spanish Navy for AV-8B Harrier
V/STOL sircraft. The US Navy test program described earlier in
this paper demonsirated the feasibility of usmg Ski Jump to
greatly reduce land-based uh:oﬂ‘dm nqlnrememl for CI"OL
aircraft ss well. The analytical tools developed and
during the US Navy CTOL program have boen used to investigate
potential benefits which might be derived from the use of Ski
Jump for shipboard CTOL aircraft launch i A cross-
section of operational US Navy carrier-based sircraft (F/A-18A, E-
2C, A-6E, BA-6B, S-3A, F-14A) have been analyzed in
conjunction with a modified mini-ramp geometry and steam
catapult combination (Catapult/Ramp Assisted Takeoff (CRAT)).
An'cnft performance, ﬂymg quhuu. structural dynamics snd

in determining

| 3

possible

,“WOD ducti ot" ble sircraft tskeoff gross weight
Analytical results sre presented which show potensial
mducnmmWODofﬁmnSmSSktfwopamﬂuwlﬁm
wmghuwhhhepms(l)mummluﬂmgwh&wdlw

(3) Some combinstion of 1) and 2).

Fo:eueofmdysismdhiﬂllﬂi;ht:;vu::ﬁm.m
geometry of the "fixed” portion of the ramp in the previous
Ski Jump test program was used for snalytical evaluation
will be used in flight test. The geometry is presented in figure
6mdmtheﬁm42.4h(12.9m)ofﬂsenmpdmm
figare 10. It has a reference rading of curvamure of 1,000 fi (305 m),
dsp.nn angle of spproximately 2.1 degrees and a maximum
height above the flat deck of 13.875 in (35 cm).

‘5

1.2
1.0 V.
- /
1 0.8 7
P
a /
§04
-1
0.2} 1ft=.3048m
0.0 4‘ l
0 10 20 30 40 50

Horizontsl Distance ~ ft

Figure 16
Mini-Ramp [42 ft (12.8 m)] Geometry

. " e ramp with nominal landing gear compression and
3‘1’3""1{“3 A fli ‘m';: is pl o "’:‘: ft pitch attitude (see table 5). Catapult endspeed was para-
pombhopumllpoblunmmllndlmd. y varied 1o ev L

Table §
CRAT Concept snd Ground Rules

The ski jump concept uses a ramp to rofate the aircraft flight
path from horizontal to a positive climb angle at forward speeds
less than those which are normally required to rotate the aircraft
serodynamically. The “early” rotation and lift-off provides sn
initial ROC and altitude margin which allows the aircraft to
wedmbmuuwmhmnpuﬁmyhnuucmmy
A reduction in takeoff distance is achieved primarily as a result of
lift-off speeds which may be considersbly less than the stall speed
of the aircraft.

CRAT uses the same concepx as CTOL Ski Jump but replaces
the free ground roll acceleration with a steam catapult assisted
acceleration and the large ramp is replaced with a much smaller
ramp due 1o deck space limitations. The lift-off speed reduction is
spplied w & reduction in catapult endspeed requirement for leunch.
In this case, takeoff distance is not reduced as it was in the
previous CTOL Ski Jump effort but benefit is derived from:

1)  Reduced WOD required for lsunch;

2) Incressed takeoff gross weight at the conventionally
required endspeed;

Landing Gear Compression Pitch
Airenaft Attimde
Main -

F/A-18A 8 75.0 -0.18

| E-2C 83.5 .35

A-GE 104 S.7 .44

EA-6B 3.5 5.37

[S3A 36.C 43 (]

F-14A 7.2 7.2 -2.13
The minimum lsunch asirspeed for conventional sircraft
catzpult lsunch within the US Navy is defined as the minimum
equivalent airspoed at the end of the catapult swroke for which the

e
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1)  Sull Speed - The stall speed of the aircraft in the takeoff
gmamwuvhchmuwnmﬁmmnhhe
warning does not significantly & ify as stall is app

2) Minimum Satisfactory Flying Qualities Speed -The rpeed

below w}uch the hlgh AOA ﬂymg lities of the '
(e pmg, P eic) b isfactory.
3) Mini Level Accel Speed - The speed at which

sufficient thrust excess is available to provide at least 1 10 1.5
kt/sec of longitudinal acceleration.

4) Mini E I Speed - The minimum
airspeed for which there is sufficient lnznlldnecuoml control to

21-11

Addiliondly. the obvious criterion that flying qualities must
remain satisfactory down to the lsunch speed is also enforced.
Mmm(mmmmmmofdmb 1.5 kt/sec minimum
and y flying qualities) were also used
mcoeufullymnfelyeuﬂ:h:hﬂwmmmmmuﬂspeedfm
the CTOL Ski Jump program described earlier in this paper

CnmformmlmnendspeedfotCRAThmchumno(w
clearly d d. C ies of
figure 17. Whnarmpofuymclmnmnumedtompm
noseup rotation snd rate of climb to a lsunching aircraft, the
flyaway trajectory may be cuegonzed into one of three classes.
At Ingha speeds, P to jonal (flat deck) launch

peeds, the traj y exhibits positive raie of climb

an engine failure i diately follovnng the 1
power swoke or for which single engine maximum rate of climb is
antainable.

5) Minimum Rotation/Sink-off-the-Bow Speed - The speed
below which aircraft pitch rotation is not sufficiently rapid or
dynamic pressure is not great enough to provide enough lift
(vertical acceleration) to arrest sink and esubhsh level or
climbing flight within some P of
altitude loss; past exp di that this ptable sink-
off-the-bow is 15 to 20 ft (4.6 0 6.1 m).

’!'hemxmm‘ imum ional it end d is typicail
defined bi ofmmdunmofﬂlepmcedmg
criteria over lhe ukeoff gross wught range of a ;wen aircraft.

The gperational end peed is set 15 kis
higher than the prevnolnly defmed minimum to allow for the
negative effect of P deck ion and non-

i pilot techni mdlo" inish (if not entirel )

the ;xobdnhty of my sink-off-the-bow during normal lnmchu

Current practice for shipboard (AV-8A/B) ski jump operations
is to define minimum launch speed such that the rate of climb
during the flyaway does not become negative and available
longitudinal acceleration does not become less than 1.5 k/sec.

% Max Altitude Loss

hroughout (see traj y 1 on the figure). As endspeed is
wuwmmmmofdmbm;duﬂywaydum
until rajectory 2 is achieved with the rate of climb decreasing to
mobmmubmm;nemve nusueqmvaknlw:he
minimum deﬁmncm used for the previous CTOL programs.
Finally, as endsp nfuﬂher d, the minimum rate of
climb b i i ¢ and there is some minimum
dw(amummmk)whmedbefmmofchmbbemm
increase (trajectory 3).

The likely candidate criteria for setting minimum endspeed are
either 1) zero minimum rase of climb or 2) maximum allowable
altitude loss. . Zero minimum rate of climb has been proven for
existing ski jump operations (both V/STOL and CTOL) and has the
added benefit of always providing the pilot with a reassuring
positive rate of climb. Maximum allowable altitude loss. on the
other hand, is most like the current citeria for setting minimum
endspeed for conventionsl catapult lsunch. Piloted flight
:mhmndpuhquwmﬂ:ghtmureqmedwudeqmuly

one ion or some P of the two (e.g.
maximum rate of sink). Of course, conventional catapult launch
criteria 2), 3), and 4) from above must still be satisfied The
anl.lyncnl results which follow include potential performance

ts for both zero minimum rate of climb and maximum
allowable altitude loss trajectories.

O

Zero min ROC

¥

oo o

Fi

gure 17

Possible CRAT Flyaway Trajectories

|
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Analvtical Results Table 6
Nominal Aircraft Configurations
The three degree of freedom (longitudinal, vertical and pitch S— -
dynamics) digital simulation model which was developed and Aircraft Gross Weight Thrust Seuing
validated during the CTOL Ski Jump program was used to anal b o—
CRAT uaj ies for & group of operational vay F/A-18A 46,000 (20,866) | MIL
sircraft. Table 6 list the aircraft configurations which were 46,000 (20,866) | Max A/B
analyzed, including pou we:;lm dm.m Ievels and ﬂnp wnmgx 52,000 (23,587) { MIL
The models for each > d 52,000 (23,587) | Max AB
thrust ch istics i landing gear strut load an )
dampin Py ol system dy E2C 53,000 (24,041) Mll.a)
(see reference 6). — 53,000 (24,041) | MIL
A-6E 46,000 (20,866) | MIL
The analysis proceeded a5 follows. First, a onal flat | ss.600 @6.581) {Mn®
deck launch was simulated for each configuration at the minimum EA-6B 50,000 (22,680) | MIL
catapult endspeed and maximum altitude loss between 10 and 20 ft 58,600 (26,581) | MIL
(3.1 and 6.1 m) was noted. These trajectories were used as a S-3A 44,000 (19,958) | MIL
fi for comparison with the predicted CRAT Iaunches. The 52,500 (23.814) | MIL
ramp geometry of figure 16 was then simulated at the end of the F-14A 59,000 (26,762) | MIL
catapult and the launch traj ies were d for 59,000 (26:762) Max A/B
ively decreasing catapul ‘k;, ds starting with the flat 69.800 (31.661) | Max AB
deck minimum and ng in 2-3 Mini rate Notes: 1. 10 degree flap sciting

of climb and altitude at zero rate of climb were recorded until the
maximum altitude loss equalled or exceeded that for the flat deck
launch. In all cases, nominal end of catapult conditions (landing
gear strut compression, aircraft pitch attitude and CG height sbove
deck) were assumed. Typical results are shown in figure 18 for the
46,000 1b (20,866 kg) F/A-18A with Max A/B Thrust. In this
case, the flat deck minimum endspeed is 149 kit and the altitude
loss at this speed is approximately 16 ft (4.9 m). With the ramp
sxmulned. leeexofulumdelonoecmummdrpeedoflwh
g 2 in ired end airspeed of 20 kt. If
the ming were 10 be defi byzmmmmunnmeofclunb
instead of altitude loss, the minimum endspeed would be 137 kt
providing & 12 kt reduction. Absolute minimum end airspeeds for
all of the simulated configurations for fiat deck Isunches with 15
lo20f((46w61m)ofsmkdeRATlmheswnhoompnﬂc
smk -nd zero nummum rate of climb are tabulated in table 7.
ial for each of the minimum criteria
(smkotmomeofclnnb)ucompuedmﬁgunw The results of
table 7 and figare 19 indicate that minimum catspult end airspeed
(mdﬂleefoterequnedWOD)mbereduoedbylnywhcnﬁwnﬁS
to 34.0 kt depending on the aircraft/configuration If zero
minimum rate of climb is used as a criterion, ‘minimum endspeed
reduction is decressed by a third 0 & half in most cases.

2. 20 degree flap setting
3. With loaded Multiple Bomb Racks

?20 @ Allinude Loss 8
= W Rate of Cimb

510 4
)

=]
<0

IS o
Rate of Climb ~ fps (1 fps = 0.3048 mss)

Altitude Increment ~
S

do

-12

Figure 18
Altitude Loss and Mimimum Rate of Climb vs.
CRAT Launch of 46,000 1b (20,862 kg) F/A-18A with Max A/B

o e et can]
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Table 7
CRAT Endspeed Summary
Aircraft Configuration Minimum Minimum Ramp Airspeed Minimum
Flat Deck KEAS Control
Airspeed Altinsde Loss Zero Minimum ROC Airspeed
Wit ~ Thrust Absolute A Absolute A
]bL KEAS KEAS kt KEAS kt KEAS
e v
F/A-18A [ 46,000 (20,862) ~ MIL 152.0 138.5 -13.5 144.0 -8.0 120.0
46,000 (20,862) ~ Max A/B 149.0 129.0 -20.0 137.0 -12.0 130.0
52,000 (23,583) ~ MIL 164.0 150.5 -13.5 155.5 -8.5 120.0
52,000 (23,583) ~ Max A/B 161.0 141.5 -19.5 150.0 -11.0 130.0
E-2C 53.000 (24,036) 10 deg flap 122.0 115.0 -7.0 122.0 0.0 97.0
53.000 (24.036) 20 deg flap 108.0 102.5 -5.5 108.0 0.0 97.0
A-6E 46,000 (20,862) 115.0 105.5 95 110.5 4.5 * 105.0
58,600 (26.576) 144.0 134.5 -9.5 138.5 -5.5 * 1200
EA.6B 50,000 (22.676) 119.0 110.0 9.0 114.0 -5.0 * 107.0
58,600 (26,576) 129.0 119.0 -10.0 122.0 -1.0 * 1200
S-3A 44,000 (19,955) 104.0 93.0 -11.0 102.0 -2.0 88.0
52,503 (23.810) 115.0 106.0 -9.0 110.0 -5.0 88.0
F-14A 59,000 (26,757) ~ MIL 122.0 99.0 -23.0 111.0 -11.0 + 88.0
59.000 (26,757) ~ Max A/B 122.0 92.0 -30.0 105.0 -17.0 + 103.0
69.800 (31.655) ~ Max A/B 135.0 101.0 -34.0 112.0 -23.0 + 103.0

* - 2 engine stall speed
+ - Mid-Compression Bypass open, locked rotor, 10 deg sideslip

Aircraft Gross Weight and Configuration

F/A-18 46,000 1b (20,362 kg) ~ MIL
46,000 1b (20,862 kg) ~ Max A/B
$2,000 b (23,583 kg) ~ MIL
52,000 Ib (23,583 kg) ~ Max A/B
E-2C 53,000 Ib (24,036 kg) ~ 10 deg flaps
53,000 1b (24,036 kg) ~ 20 deg flaps

A-6E 46,000 Ib (20,862 kg)
58,600 )b (26,576 kg)
50,000 1b (22,676 kg)
58,600 Ib (26,576 kg)
S-3A 44,000 1b (19,955 kg)
52,500 Ib (23,810 kg)

59,000 Ib (26,757 kg) ~ MIL
59,000 Ib (26,757 kg) ~ Max A/B
69,800 Ib (31,655 kg) ~ Max A/B
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OIS rS,

T T I TSIy
]
L

'I’II‘

(222220
—

EA-6B

Vs
———

(22221924 |
L]
2
Iy
E—
oo — ——
R E——

SLITsr s s s W N

Tt 2 S SRR e L e el eLLel

F-14A

[} s 10 15 20 28 30 3s
End Airspeed Reduction ~ knots
Minimum End Airspeed Criterion
M Max Altitude Loss Zero Minimum ROC
Figure 19
CRAT Endspeed Reduction Potential

The last column of table 7 indicates the minimum control
speed for esch of the configurations. This speed is determined
from engine out control capability or acrodynamic stall speed of
each configuration, whichever is most critical. The table shows
that the minimum end airspeed with the ramp and using the altitude

loss criterion is significantly below the minimum control speed
for only the F-14A Max A/B cases. Therefore, the wind over deck
reduction potential for these case may be limited by minimum

1 speed icti If the zero minimum rate of climb
criterion is used, all of the predicted endspeeds are greater than the

e
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.

g minimum | speed. Table 8 summarizes the
ptedncled maximum nose and main gear reaction loads and limit
loads for each configuration for all speeds up to the current flat

deck minimum launch speeds. In all cases the predicted loads are
well below the limit loads.

Table 8
CRAT Landing Gear Load Summary
Aircraft Configuration Landing Gear Reaction Load ~ 1,000 Ib (kN)
Wi ~ Thrust Nose Main
b Maximuom Limit Maximum Limit
F/A-18A 46,000 (20,862) ~ MIL 53.2 (236.6) 80.0 (355.9) 483 (214.9) 77.0 (342.5)
46,000 (20,862) ~ Max A/B 50.6 (225.1) 1 46.4 (206.4) 3
52,000 (23,583) ~ MIL 66.7 (296.7) I} 61.9 (275.3) U
52,000 (23,583) ~ Msx A/B 64.5 (286.9) ¥ 59.6 (265.1) 1
E-2C 53,000 (24,036) 10 deg flap 194 (86.3) 81.0 (360.3) 65.8 (292.7) | 109.0 (484.9)
53,000 (24,036) 20 deg flap 14.4 (64.1) 3 46.4 (206.4) [
A-6E 46,000 (20,862) 41.9 (186.4) 64.0 (288.7) 38.4 (170.8) 88.0 (391.4)
58,600 (26,576) 47.9 (213.1) ] 54.3 (241.5) [
EA-6B 50,000 (22,676) 35.6 (158.4) | 1320 (587.12) | 67.8 (301.6) | 137.0 (609.4)
58,600 (26.576) 41.7 (185.5) ] 704 (313.2) [
S-3A 34,000 (19,953) 365 (162.4) 80.0 (355.9) 29.0 (129.0) | 105.0 (467.1)
52,500 (23,810) 38.3 (170.4) [ 36.2 (161.0) J
F-14A 59.000 (26,757) - MIL 58.8 (261.6) 70.0 (311.4) 41.0 (182.4) | 100.0 (444.8)
59,000 (26,757) ~ Max A/B 58.8 (261.6) [} 422 (182.7) U
69,800 (31,655) ~ Max A/B 65.1 (289.6) [l 52.5 (233.5) U
0 ional Considersii S
While the preceding simulation results indi the strong In summary, non-real time simulation has indicated the
jal for duw ing WOD requi for It launch from  potential to reduce WOD requirements for current US Navy carmier-

an acrodynamic performance vmvpomt opennoml factors must
still be considered. For example, is there sufficient usable space
in front of existing catspult instsllations to accommodate & ramp
of the required length? Should ramps be positioned in front of all
catapults or just the bow catspults? If ramps are positioned in
front of the waist catapults, what is the effect on bolter
performance/characteristics and safety? Should operational launch
speed be based on the minimum altitude criterion plus 15 kt
excess, the zero minimum rate of climb criterion or some other
criterion? These questions, as well ag I'm sure others, must be
answered before CRAT becomes an operational reality.

Plans

The current US Navy plan is 1o conduct pilot-in-the-loop
simulation evajustion of F/A-18 shipboard CRAT performance and
handling charscteristics. This simulation would also investigate
failure procedures (engine and other system failures) and piloting
xechmquu pﬂol o my ﬂlgm test. Following successful
jon flight test program is
planned usmg uncxmmgdz ft (128 m) mini ramp and the Naval
Air Test Center TC.7 steam catspult installation. If the flight test
successfully validates the CRAT concept, the simulation tools will
be updated, if required, and CRAT compatibility with all US Navy
carricr-based sircraft will be verified. Shipboard openuoml
p lllly questi will be d and, ul ly, a
hipboard test will be conducted.

L o}

based aircraft by as much as 35 kis using a combined catapulitframp
assisted Jaunch. Mmmnlmdm;gwmon londsmmmwell
within mcepubh limits and mini
sbove the minimum aircraft control “Based on the non-rul
time simulation, pilot-in-the-loop :imuhnon followed by land-
bueddmmﬁonﬂig}nmi:plmmdmvnﬁdmduemup«.
lf the demonstration is successful, ramp shape, size, plmm

jon will be opti d and the feasibility of carrier-
bued flight test will be mvuugue:t

RELEASE

The conclusions concerning benefits of CRAT are the
opinions of the suthors and do not arily reflect those of the
Naval Air Sysiems Command.
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HELICOPTER HANDLING: EXPERIENCE AND NEW DEVELOPMENTS

W.R.M. Reimering
RDM Technology
POBox 913

3000 AX Rotterdam
The Netherlands

1. INTRODUCTION

Helicopter handling has developed in 25
years from a ’'nice to have’ extra to a
virtual necessity in order to meet the
present day mission requirements for
operating helicopters from small ships.
RDM (Rotterdam Dockyard) and MacTaggart
Scott & Co. (Scotland) have been
involved in developments from the early
days of using helicopters on warships
and present a survey of their
experience and of new developments
currently taking place.

The two companies provide the interface
solutions demanded by the operators,
bearing in mind the restrictions
imposed by the airframe and ship's
construction.

Whereas MTS concentrates on helicopter
traversing systems, RDM is concerned
with the landing grid and the design
and construction of the decklock
(sometimes referred to as the harpoon
or talon). Much theoretical work has
been carried out on ship characteris-
tics which has given valuable input to
the designers of the equipment,
however, it must never be forgotten
that, in the end, the sea and the air
are the masters which require
discipline and experience from the
user.

2. GRIDS

The original grid was a series of bars
mounted on the flight deck and between
which the first generation decklock
engaged. An example of this was used
with the Alouette III. With the combi-
ned Anglo-French development of the
Lynx helicopter, it was decided that a
more refined system for securing the
helicopter should be conaidered.

The decision resulted in the develop-
ment of to-day’s well-known landing
grid (see photo 1) which is in opera-
tion with 23 Navies and Coast Guards
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and installed on over 250 ships.

A major advantage of the grid landing
system is that it can be used by
different helicopters provided they are
equipped with a decklock.

A typical grid has a diameter of 2.7 m
and a height of 211 mm; it weighs
approximately 1370 kg. The assembly
consists of a top plate of a 28 mm
thick special steel and in which a
large number of holes are drilled at
120 degrees to each other. Each hole
has a bell-mouth, such that nowhere is
there a flat horizontal surface
presented to the pointed beak of the
decklock. The decklock is flexibly
mounted and upon actuation the beak
will be deflected by the bell-mouth and
engaged with a hole. There are two
beaks, one longer which enters a hole
first with the shorter beak engaging in
an adjacent hole. After the decklock is
fully extended and the beaks have pene-
trated the grid, they grip the grid
metal between the two engaged holes.
The decklock can now be tensioned such
that it pulls the helicopter against
the flight deck. This increases the
friction between the wheels and the
deck to prevent sliding and at the same
time provides security against
toppling. The maximum pulling force on
the decklock is therefore exerted on
the 'bridge’ between the two adjacent
grid holes.

Careful selection was carried out to
determine the optimum material for the
top plate which had to combine
substantial mechanical properties with
high corrosion resistance.

RDM manufactures landing grids under an
exclusive licence from DCN of Paris.
wWith the advent of heavier ship-borne
helicopters, which require higher deck-
lock forceg, both DCN and RDM carried
out extensive calculations and physical
testing to establish the maximum force
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that could be exerted on the grid. The
result of this analysis indicated a
force of approximately 6.5 tonnes,
which is sufficient for helicopters
with an all-up-weight of approximately
10 tonnes or suitable for the Sea King,
Super Puma and Sea Hawk range of heli-
copter.

In this upper range of pulling force
some plastic deformation can take place
especially if the decklock is not
acting vertically, which could increase
the possibility of stress corrosion.
RDM is currently investigating

another design of beak for the decklock
to permit higher pulling forces which
will be discussed later.

With the 2.7 diameter grid being firmly
established, DCN and RDM then conside-
red other types of grids for different
classes of vessel in order to make
retrofitting easier.

One requirement, however, always remai-
ned and that was that the grids had to
be capable of allowing cross-operation
with all current decklock-fitted heli-
copters.

Qut of .this philosophy and discussions
with customers and ship designers came
a range of grids of lesser dimeter
(1.8 m) and height (100 mm) and of
rectangular designs in order to simpli-
fy the integration of a grid landing
system with different designs of ship.
The 1.8 m grid weighs only 650 kg and
is well suited for Coast Guard Cutters,
Corvettes and Fast Patrol Boats. It can
be mounted either on, or recessed flush
with, the deck.

Summarising, the following points are
emphasised:

1. It is a helicopter landing .iystem
which requires no crew on deck
during landing or take off.

2. It holds the helicopter firmly on
the deck and prevents sgliding or
toppling.

3. It -~rovides a secure position for

the helicopter to permit weapon's
handling and from which traver-
sing can be initiated.

4. The grid is light weight and of
small volume in comparison to

other systems, requires no ship
board services and is of low

cost.

5. Installation or retrofit of the
grid is simple.

6. The maintenance requirements are
minimal.

7. It is a proven system providing
NATO Navies with a vital means of
interoperability.

8. The decklock can be installed in

a helicopter with a2 minimum
weight penalty.

3. TRAVERSING AND WEAPON'S HANDLING

INTRODUCTION

Over the last three decades the use of
helicopters on board warships has grown
significantly and they now fulfill a
wide variety of essential uses. In
order to carry out its mission, a heli-
copter must be capable of operating in
severe weather conditions. It is neces-
sary therefore to be able to traverse
the helicopter with security between
the grid on the flight deck and the
hangar, and vice-versa, with minimum
hazard to the aircraft and personnel.
In addition to landing and traversing
the helicopter, a new requirement is to
be able to re-arm and re-fuel the heli-
copter whilst on the grid in weather
conditions as severe as for helicopter
traversing. It can be appreciated that
during & mission the helicopter might
have to be re-fuelled and re-armed
quickly in order that it can return to
station with a minimum delay; hence the
necessity of providing an effective
weapon's handling system. This section
of the paper deals with the factors
involved in the design of an aircraft
and weapon's handling system.

HISTORY

Approximately 30 years ago the Wasp
Helicopter (5,500 lbs - 2.5 tonnes
A.U.W.) started to operate from Royal
Navy Frigates. It has a four wheel
undercarriage and was moved manually
between the Flight Deck and the hangar.
It was capable therefore of being
traversed in sea conditions of up to
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Sea State 2. In order to enhance the
operational capability, a three wire
handling system (see photo 2) was
introduced in 1962 and this allowed
handling of the helicopter up to Sea
State 3.

The Lynx (10,000 lbs - 4.5 tonnes
A.U.W.) was introduced by the Royal
Navy in the early 1970's. It was
equipped with a decklock which could
secure aircraft to the grid in up to
Sea State 6. Since the bodywork of the
Lynx could not withstand manual pushing
forces (and bearing in mind its weighrt)
it became mandatory to use a handling
system. The capacity of the three winch
system was uprated to take account of
the heavier aircraft and with the
inherent stability of the Lynx it was
possible to handle the aircraft in up
to Sea State 3/4. The three winch
handling system gives good control over
the aircraft when on the grid with each
wire being displaced at approximately
120 degrees to each other. As the
aircrafr is pulled forward towards
hangar the angle of athwartship’s
restraint offered by the two aft wires
is reduced. It is this fact that limits
the performance of the system at the
hangar entrance where clearances are
small. In order to improve the
capability of the system, two
additional restraining wires were added
(see photo 3) each acting in a similar
nature to a car seat belt, where the
ratchet, when engaged, prevents
unwanted athwartship’s movement. The
system is termed a five wire system and
proved to be thoroughly effective in
the South Atlantic in conditions of at
least Sea State 5.

A wire handling system is appropriate
for aircraft of up to 10,000 lbs weight
(4.5 tonnes) and provides a simple, low
cost and easily installed helicopter
handling system. The aft wires can ge-
nerally be attached to existing towing
and tiedown points, with the hangar
wire being attached to the manually
controlled nose wheel steering arm.
With the advent of larger helicopters,
which are required to operate in Sea
State 5 and above, it is necessary to
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use a rail-guided handling system to
provide the necessary security and two
current examples will be described.

STATEMENT OF REQUIREMENTS

At this stage it is appropriate to
review a typical statement of
requirements for a combined aircraft
and weapon's handling system. It is
against this statement that the
handling system must be designed and it
should be emphasised that a collabora-
tion in the initial stages between the
helicopter user, the helicopter manu-
facturer and the ship designer is
highly desirable in order that the
handling designer can produce a cor-
rectly integrated system. In the past
the handling system has usually been an
after-thought with consequent
compromise from an ideal solution. The
aircraft manufacturer resists the
inclusion of extra components and
structure for a handling system with
their associated weight penalty. In a
similar way, the ship designer is
unwilling to sacrifice space for the
handling system with its attendant
weight and structural penalties.
Obviously both have to accommodate the
needs of the handling system designer.
A Statement of Requirements could cover
the following points:

1. Grid landing system

2. Landing and traversing the air-

craft in conditions up to Sea

State 6

Wind velocity 50 knots

Ship course - any heading

Darkened ship

No men on deck for landing and

traversing

Rotors running, re-arm and re-

fuel on deck

8. Capability of handling other
aircraft in reduced Sea States

Sown W

~

9. Capable of integration into new
and existing ships
10. Turnaround time.

In order to meet the above conditions
it will be readily appreciated that the
four interested parties must have a




close and sympathetic working
relationship.

DESIGN PROCEDURE

The many advantages of using a grid
landing system have been given, in
particular the large area of grid which
the pilot has as a target. This,
however, requires that the handling
system must pick up the helicopter from
any point that the decklock may have
been engaged in the grid. For small
helicopters the wire system is ideal
due to its flexibility; the wires are
simply attached to strong points on the
aircraft. Thereafter the wires are
tensioned, the decklock and aircraft
brakes released and the helicopter pul-
led into the hangar and guided
accurately using the steering arm.

With a rail guided handling system the
helicopter, by definition, must be
traversed along a predetermined path.
Preliminary operations are required
therefore to align the aircraft from
any point on the grid to the rail
system. These operations are termed
*centring’ and consist of three
movements: rotation, about the decklock
or a point on the centre line of the
main wheels; translation, a linear
movement of the aircraft forward; and
rotation, to align the helicopter to
the rail system. Thereafter the heli-
copter can be traversed into the
hangar.

LOADING

A thorough understanding of the loads
present in handling the helicopter is
necessary, not simply to establish com-
ponent material sizes but to give
guidance for the conceptual design.
This might appear to be an obvious
statement but designs can be stated
where a lack of appreciation of the
loading involved has lead to badly
designed equipment. A prerequisite of
the hanl'i.z system is to accommodate
the reactive loads, provide security
for the helicopter and present minimum
loading to the airframe. It should be
remembered that in general it is the
helicopter that reacts against the
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handling system and not the system
loading the aircraft.
The Loads to be considered are:
1. Traction forces
2. Steering forces
3. Ship motion induced forces
3.1. Athwartships sliding
3.2. Rotary sliding (weather
cocking)
3. Vertical lifting (toppling)
4, Centrifugal loading
3.4.1. Acthwartships sliding
3.4.2. Vertical lifting
(toppling)
4. Windforces

3.
3.

In order to determine the loading
forces it is necessary to take account
of the sea conditions and the response
of the ship to them. Table 1 shows the
gea state parameters in the North
Atlantic and it is notable that in
winter Sea State 5 and above is
prevalent for 50 per cent of the time.
This highlights the necessity cf the
ship having a helicopter handling
system particularly when it is engaged
in ASW. The maximum sea state where
helicopter handling can safely be
carried out by hand - perhaps 16 pairs
of hands! - is Sea State 2/3.

Table 2 shows ship motion for a typical
Frigate using RMS values. In order to
establish the actual motion, the RMS
value is multiplied by a factor. For
instance, if we are designing for the
occurrence of a one in a million wave,
then we might expect the magnitude to
be 5.25 times the RMS value. As an ex-
ample, in Sea State 6 with a head sea
there is a one in the million chance
that the vertical acceleration will
exceed 7.875 m/s? (i.e. 1.5x5.25) or
0.8 g.

The MacTaggart Scott ship motion
programme treats the ship motion as
being simple harmonic. This implies
that maximum lateral acceleration
occurs at maximum roll amplitude and
that the maximum vertical up accelera-
tion occurs at the maximum stern down
pitch. Thus toppling effects due to
roll are maximised, as is the aircraft
weight, for towing up a gradient.




It is further assumed that roll and
pitch are in phase in order that all
the worst cases of body forces on the
aircraft act simultaneously.

The MacTaggart Scott helicopter hand-
ling programme has been continuously
developed since 1982 primarily for wire
handling systems. The core algorithm to
compute the statically indeterminate
forces in wire ropes was written by The
Heriot Watt University, Edinburgh.

The programme is designed to take given
angular displacements and accelerations
of the deck in global axes and refer
these to the deck axes. The aircraft is
also in the deck axes in the plane of
the deck and is also given a yaw axis.
The body forces on the

aircraft can thus be calculated. The
programme moves the aircraft iterative-
ly against the wire ropes. The forces
due to the incremental stretching of
the wires is compared to the body for-
ces on the aircraft. When a force ba-
lance is achieved, to within a preset
accuracy, its iteration stops and a
solution has been made.

The force balance also includes rolling
resistance, deck friction, lateral tyre
stiffness, wind loading, wheel
reactions, minimum wire loads and
constant tension wire loads.

Oleo stiffness is not modelled.

The programme has the facility to print
out both the global transformation and
the force balance in ship and aircraft
axes for manual verification.

Returning to the components of handling
loads:

TRACTION FORCES

The net tractive force (hauling force
less back-tension force) to cause the
helicopter to move in a straight line
rolling on its wheels is a function of
cthe rolling resistance and the instan-
taneous weight plus wind resistance.
The variation in tractive force in a
Sea State 6 (and a one in a million
chance of exeeding this value) is
substantial.

At one point the stern is low (say, in
a head sea) and accelerating vertically
upwards with 0.8 g. The tractive force

to be applied therefore is equivalent
to pulling a helicopter of 80% greater
weight and up a sloping flight deck; in
contrast when the stern is high, the
aircraft will only weigh 20% of its
normal weight and will require to be
restrained from rolling down the flight
deck.

STEERING FORCES

Ideally a straight rail should be used
to guide the handling system between
the flight deck and the hangar. This
minimises the forces required to keep
the helicopter to its predetermined
path. Where a curved path is unavoida-
ble & preferred solution is to provide
a separate steering path or track for
the single wheel, be it a nose wheel or
a tail wheel, with the main wheels
having pure rolling motion without
side-~slip or tyre scrub. MacTaggart
Scott has developed software to
describe the tractix curve of the main
wheels with either straight line or
circular guidance for the third wheel.
Of fundamental importance to & rail
guided helicopter handling system is
cthe provision of two points of attach-
ment to the rail. If a single point of
attachement only is provided it is pos-
sible for the aircraft to slew about
this point due to ship motion and/or
wind forces. The centre of gravity is
seldom vertically coincident with the
centre of pressure and a patch of low
friction deck surface (due to ice or
oil spillage for instance) could allow
the aircraft to rotate out of control.
Additionally, whereas it is possible to
tow a nose wheel helicopter into a han-
gar from a single rail attachment point
it is not possible to push the aircraft
out from the hangar and guarantee that
it will follow a straight path; ship
motion and deck camber will readily
deflect the aircraft from the intended
path.

ATHWARTSHIPS LOADING

In addition to the above forces, the
handling system must constrain the
athwartships forces generated by the
aircraft primarily due to roll and wind
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reaction. Residual athwartships sliding
forces are resisted by the handling
system after assuming a coefficient of
friction between the tyres and the deck
and taking into account a simplified
resistance due to tyre deflection.

ROTARY SLIDING

As the aircraft passes through the
hangar door area the effect of wind
assumes greater importance since
unbalanced forces can be required to be
restrained.

VERTICAL LIFTING

Once the athwartship's forces have been
accommodated and further tendency to
movement has been stopped by the hand-
ling system the aspect of aircraft
toppling must be considered. Toppling
is defined as the rotation of the
aircraft about two wheels when the
third wheel tends to become clear of
the deck. To prevent this action verti-
cal restraint must be applied to the
helicopter.

CENTRIFUGAL LOADING

A final significant restraint must be
provided to counteract the effects of
centrifugal force due to the action of
a sharp turn by the ship. The condition
can be exacerbated when superimposed on
the worst conditions of roll and
associated vertical and horizontal
accelerations and additional vertical
and horizontal restraining of the air-
craft will be required.

When the Statement of Requirements
calls for 'no men on deck' to carry out
aircraft landing and traversing it will
readily be understood that in
conditions of Sea State 6 the safety of
men on the flight deck would be
severely jeopardised.

EXAMPLES

Two examples of a rail-guided helicop~
ter handling system are now described.
In the first case the aircraft is in
the 20,000 l1bs (9 tonnes) weight cate-
gory and is fitted with a freely casto-
ring tail wheel. The handling system

e

and grid are capable of being fitted on t
the deck of an existing ship. In
contrast, the second example will
describe the handling system for a
33,000 1bs (15 tonnes)} helicopter with
a non-castoring nose wheel. This system
has been designed to have a maximum
height of 100 mm and is capable of
being installed on an existing deck or
to be built into a deck under construc-
tion.

Example 1: it is assumed that the air-
craft has landed within an area equiva-
lent to a landing grid; it is possible
that one of the decklocks described
previously could be installed and it is
further assumed that the aircraft
cannot rotate about the decklock., The
handling system must be capable there-
fore of being attached to the aircraft
after it has landed within the above
defined area.

Photo 4 shows the aircraft landed with
the handling system frame being brought
out to the aircraft by the action of
the outhaul winch and with the two
inhaul winches providing back tension.
Photo 5 shows the handling frame
attached to the helicopter. The frame
is moved manually from the rail-guided
shuttle assembly. At this point the
aircraft is secured to the landing grid
through its decklock and additionally
it is secured to the handling frame.
The sequence of centring is now carried
out and, as described before, consists
of three steps; rotation, translation
and rotation., The action of centring
brings the aircraft from its landed
posgition to the rail where it is
ridgedly guided, through the handling
frame, at two points.

Photo 6 shows the rotation of the air-
cratt about an imaginary point between
the helicopters main wheels. Rotation
is carried out by using one of the two
in-haul winches with the other on light
back tension. The reaction of this load
is taken by the outhaul winch brake and
with the aft end of the handling frame
assembly being prevented from horizon-
tal movement via a reaction bar, the
probe end of which is inserted in one
of the grid holes.




Photo 7 shows the translation atep
where the aircraft and handling frame
are pulled in a straight line towards
the aft end of the shuttle by an inhaul
winch. The movement is halted when the
handling frame automatically engages
with the aft end of the shuttle.

The final step in centring is rotating
the aircraft to align it with the rail.
Rotation is caused by tensioning the
second inhaul winch whilst maintaining
tension on the other.

Photo 8 shows the aircraft centred and
attached via the handling frame to the
rail at two points. The above operation
has maintained the security of the
helicopter at all times after the
handling frame has been attached and
until the helicopter is housed in the
hanger.

The second example illustrates the com-
bined aircraft and weapon's handling
system for the EH 101 or Merlin heli-
copter. The aircraft is very large and
to appreciate the size one can compare
the aircraft to four London double
decker buses. The Statement of Require-
ments 1s substantially that which was
described before, notably to land and
traverse the helicopter with no men on
deck. The sequence of handling the
helicopter follows the same pattern as
described in the first example, that
is, a centring operation has to be
carried out to align the aircraft with
the rails.

The handling system has to be capable
of being fitted to an existing deck,
with no deck penetration and within a
height of 100 mm.

Photo 9 shows the aircraft having
landed with the decklock engaged. The
first step, rotation, is carried out by
the pilot who rotates the aircraft
about the decklock in order to bring
the nose wheel on to a small rail-
guided placform or palm.

Photo 10 shows the nose wheel on the
palm with the wheels pointing ahead,
thus restraining the wheel from hori-
zontal movement; no vertical restraint
is provided and the pilot can take off
if necessary by releasing the decklock.

Photo 11 illustrates the next step -
translation - when the decklock is
releassd and the aircrafr pulled
forward by the nose wheel to a
predetermined spot at which point the
main wheels are on a turntable. This
operation is carried out during a
quiescent phase and only takes a few
seconds. At any time the pilot can
re-engage the decklock and restore full
security.

Photo 12 shows the aircraft with the
main wheels on the turntable and ready
to carry out the third phase of
centring, namely rotation. A complete
turntable is not needed and therefore
two sections or arcuate plates are
provided in order to rotate the air-
craft about its nose wheel.

Photo 13 shows the aircraft completely
aligned with the rails and with the
decklock engaged. The aircraft is
secure in this position and is ready
for handling into the hangar or for
re-arming or re-fuelling on the grid.
The photograph also shows the main
wheel shuttle engaged with the axle
extension,

The rotors can be shut down and power
folded after which the aircraft is
ready to be traversed into the hangar
by towing on the nose wheel and with
restraint on the main wheel axle
extensions.

4, DECKLOCKS

The current decklock designs from
various manufacturers have been in
operational service with excellent
results.

RDM is developing improved decklock
designs to provide extra potential:

DECKLOCK FOR SIKORSKY SH-60

a system to provide Sikorsky SH-60
'Seahawk’ helicopters with a decklock
whilst retaining their RAST capability.
A number of Navies, including the U.S.
Navy, have ships in service or under
construction which do not or cannot
incorporate the RAST system; alternati-
vely they have the SH-60B in service or
are considering its use. RDM therefore



first developed an insert to be lifted
from the flight deck by the RAST
messenger cable into the RAST probe on
the Sea Hawk, thus giving a limited
decklock capability as well. This
design can be offered with some
modification to the RAST probe. The
weight penalty of this design is almost
zero as the insert remains on the
flight deck when the helicopter takes
off. Traversing with this solution will
not be possible.

RDM is now concentrating design efforts
on a modified RAST probe giving the
SH-60B 'Seahawk’ both RAST and decklock
capability. This will require more
extensive modification. However, the
interoperability between the two
landing systems provides a distinct
advantage. Additionally this solution
solves a problem for the first series
of DDG~51 Class Destroyers. It might
also be a good proposal for some of the
ships of our hosts in the Royal Spanish
Navy in order to provide interoperabi-
lity with other European Navies.

TULIP BEAK

a new beak called the 'Tulip’ is now in
the prototype stage.

Why a new beak? (see photo 14)

The very high pulling forces exerted by
the decklock on the bridge between
adjacent holes of the grid by large
helicopters like the EH-101 was
referred to above.

This has resulted in the choice of a
very exotic, and hence very expensive,
material for the top plate of the grid
on the new Type 23 Frigate of the Royal
Navy. The material, although having
even better mechanical properties
compared to the normal topplate
material, has lower corrosion
resistance.

An alternative to this solution is a
new beak design whereby the decklock
force excerted on the grid is trans-
ferred over a much larger contact area
by expanding in a single hole. In this
way no exotic materials for the
topplate are required. The Tulip beak
is now in the prototype stage and will
be tested in the second half of 1991,

After it has been factory tested the i
beak will be fitted to a Lynx decklock
and tested on board a ship.

The Tulip beak will retain the
capability of rotation of the helicop-
ter around the decklock (provided the
decklock is located on a point of
rotation of the airframe which is on
the axis of the main wheels).

The value of this is, of course, the
possibility of rotating the aircraft
into the wind before take-off, as well
as for lining up with the traversing
systen.

NEW DECKLOCK DESIGN

a new design of decklock for helicop-
ters suitable for amongst others the
Naval version of the NH-90, the SH-60
(Seahawk) and the SH-2F (Seasprite),
minimises the weight penalty and incor-
porates the new Tulip beak. It will be
offered for helicopters like the Naval
NH-90 and the SH-2F (G) Kaman
Seasprite. It can also be offered for
the SH-60B in place of the RAST probe
in which case the aircraft would lose
the ability of operating with ships
fitted with the RAST system. However,
the decklock could be considered as an
additional component and if fitted on
the axis of the main wheels the air-
craft would be able to make maximum use
of both the grid landing system and the
RAST system.

5. WEAPON HANDLING

With the increased capability of heli-
copters to act offensively a new
requirement arises in the necessity to
be able to re-arm the aircraft while
secured to the grid and perhaps with
rotors running. Incidents have been
reported where deckhands handling or
re~-arming the aircraft, plus weapons,
have been lost overboard in heavy
weather. The difficulty of handling a
weapon in these conditions can be fully
appreciated.

The requirement is therefore to handle
weapons with security and to place them
accurately under the aircraft weapon
pylons.




After landing, the aircraft will be
centred as described above and the
helicopter will then be accurately
located at a predetermined spot. The
main wheel shuttles are used as
tractors to pull the weapon handler out
to the aircraft. The weapon handler is
rigidly guided by the rail. By inser-
ting a suitable length of link between
the shuttle and the handler, the weapon
can be placed precisely under the
pylon, due to the shuttle being stopped
by the main wheel axle extension.

6. FUTURE

It is considered that a future require-
ment will be to land and traverse small
unmmanned aircraft. This will introduce
a new series of characteristics and
associated challenges to the designer.
It is anticipated that the aircraft
will be of light weight and in order to
provide reasonable endurance, the
weight of aircraft mounted equipment
for landing and traversing will have to
be kept to the absolute minimum. For
manned aircraft it is anticipated that
weapon loading and re-fuelling will
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become automated with no men on deck.
In addition this will reduce manning
requirements and enhance safery.

7. SUMMARY

This paper has covered the history and
developments that the two companies,
RDM and MTS, have been involved with
for helicopter landing and traversing
on board Warships. The use of the heli-
copter on board ship has evolved from
simple beginnings to being a vital
component of the ship’'s offence and
defence capabilities. In conclusion we
would like to reiterate the emphasis
that has been placed on involving all
the interested parties at the outset of
design; the Navy, the helicopter
manufacturer, the ship designer and the
manufacturers of the landing and
handling system. The landing and hand-
ling system is an important interface
between the aircraft and the ship which
must not be considered as an extra. It
is an essential component which allows
the helicopter to maximise its
capability.
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SEA STATE PARAMETERS TN NORTH ATLANTIC

PROBABILITY OF THIS
RENCE SIGNIFICANT SEASTATE (R
SEASTATE WAVE HEIGHT
ANNUAL WINTER

7 6-9 n - 15%
6 4-6 m 6% 30%
5 2.5-4 n 21% 50%
4 1.25-2.5 = 63%
3 0.5-1.25 m 92%

PERSISTENCE OF SEASTATE 6

PROBARILITY OF PEBRSISTING
FOR LONGER THAN THIS PERICD

10 hours
30 hours
45 hours
70 hours

55%
15%

TABLE 1

TYPICAL SHIP MOTION FOR A FRIGATE

RMS SHIP MOTION PARAMETERS FACTOR FOR PROBABILITY
OF BEING EXCEEDED PER
SEA RELATIVE HORIZ VERT CYCLE
STATR; SEA ROLL | PTTCH | AOCEL AOCEL
DIRECTION | DGRS | DGRS M/SEC-2]| M/SEC-2]{10E-3 |10E-4|10E-5|10E-6
HEAD 0.35 ] 0.3 0.05 0.30
3
1 BEAM/QIR 0.75 | 0.2 0.10 0.15
HEAD 0.75 | 0.6 0.10 0.60 3.7 4.3 ] 4.8 ] 5.25
4
BEAM/(QTR 1.5 0.5 0.25 0.25
HEAD 1.25 | 1.0 0.20 1.00
5
BEAM/QTR 2.5 0.8 0.40 0.40
HEAD 2.0 1.6 0.20 1.60
6
BEAM/QTR 4.0 1.3 0.60 0.60
TABLE 2
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COMPORTEMENT DYNAMIQUE D'UN AVION
SUR SES ATTERRISSEURS : EXPERIMENTATION ET VALIDATION
PAR FRANCHISSEMENT D'UN DIEDRE

par

D, Fleygnac et E. Bourdais
Dassault Aviation — Direction Général Technique
78 quai Marcel Dassauit
92214 Saint Cloud Cedex

France

T - RESUME

Le role essentiel du comportement dynamique
des atterrisseurs pour 1°étude des phases de
contact avec le sol et plus particuliérement pour
1-analyse du catapultage des avions marins a
Justifié 1a volonté de valider, sur un avion
existant, les modéles mis en oeuvre au stade de
Ta conception.

Les travaux présentés consistent en la
préparation, la réalisation, puis 1°exploitation
d'une campagne de décollages sur diédre
d*élancement d’un MIRAGE 2000.

Ces essais ont permis une identification
détaillée du comportement des atterrisseurs dans
une phase particuliérement dynamique, assez
représentative de conditions d-utilisation au
catapultage, ainsi que des efficacités
aérodynamiques des gouvernes dans 1-effet de sol.

2 - INTRODUCTION

Dans le cadre de 1°étude des phases dites de
"contact avec le sol”, la Société DASSAULT
AVIATION a dévelo'ppé, depuis plusieurs années,
des moyens de simulation  détaillée du
comportement dynamique d‘un avion sur ses
atterrisseurs. Pour 1°analyse du catapultage des
avions marins, la capacité A représenter finement

ce comportement dynamique revet un caractére
particuliérement critique tant du point de vue
de 1a définition des Systémes de Controle du Vol
(SCV), que de 1la conception de disposi ifs
visant & amélforer les performances de 1-avion.
On rappelle, & ce titre, que parmi les
dispositifs envisagés, la solution d'un diédre
d-élancement de faibles dimensions a été retenue
pour équiper les porte-avions & propulsion
classique.

Le choix d’une modélisation adaptée de
systémes dynamiques complexes constitués d-un
grand nombre d'éléments est fondé sur un certain
nombre de considérations parmi lesquelles : le
domaine de fonctionnement étudié, le niveau de
qualité recherché dans la représentation du
fonctionnement global ou/et interne du systéme,
17existence de couplages plus ou moins
importants entre les différents éléments... Dans
le cas particulier de 1 étude du catapultage, le
systéme dynamique considéré appelle un certain
nombre d observations :

- Les atterrisseurs sont soumis pendant ta
phase de catapultage & des sollicitations
particulidrement dynamiques de compression
et de détente rapides dont 1’analyse
nécessite la mise en oeuvre d°une
modélisation fine et détaillée capable de
représenter des comportements
non-1inéaires, hautes fréquences.

-
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Le Systéme de Controle du Vol (SCV)
introduit un terme de couplage
supplémentaire important entre les efforts
train (et catapulte) et la dynamique avion.
Sa conception, c'est-a-dire 1a définition
des lois de controle, ne peut etre
dissociée de la conception générale du
systéme Avion/Porte-avions.

Ces différentes constatations ont conduit a
mettre en place des moyens de simulation
complets, représentant le comportement dynamique
de 1’ensemble du systéme, et composés de modéles
trés  détaillés des différents éléments
intervenant au catapultage, notamment des
atterrisseurs. La validation des différents
éléments de modélisation peut étre acquise par
des moyens classiques (essais de chute,
atterrissage, décollage...) Toutefois, i1 a
semblé intéressant de  procéder a  une
expérimentation spécifique visant & valider le
modéie complet de simulation et, en particulier,
les  éléments  déterminants tels que la
modélisation des atterrisseurs et la modélisation
d’effet de sol, dans des conditions aussi proches
que possible de celles d'un catapultage.

C'est dans ce but qu-a été réalisée a Istres,
une campagne de décollage sur diédre d-un Mirage
2000. Cette expérimentation a été effectuée sous
contrat du Ministére de la Défense, Délégation
Générale de 1°Armement, Service Technique des
Programmes Aéronautiques.

Aprés une bréve présentation de
1°organisation des travaux et une description de
1a modélisation étudiée, 1°objectif de cet exposé
est de présenter la définitfon, la réalisation
puis 1-exploitatfon des essais. Nous conclurons,
enfin, sur 1‘intéret présenté par cette
expérimentation dans le cadre de la validation
des modéles d‘étude du comportement dynamique
d‘un avion sur ses atterrisseurs, en particulier,
pour la simulation du catapultage des avions
marins.

3 - ORGANISATION DES TRAVAUX

L organisation générale des travaux est
présentée figure 1.

La définition des essais par la meme équipe,
ayant en charge, au sein de 1la Direction
Générale Technique, les activités de
modélisation et d’étude des phases de contact
avec le sol, a permis de mettre en place un
protocole précis et adapté garantissant 1la
complétude des essais et les moyens d’une
identification, a posteriori, des éléments
critiques de la modélisation.

La Direction des Essais en Vol, responsable
de 1a mise en oceuvre et de la réalisation des
essais, est intervenue au stade de 1a définition
pour préciser les contraintes spécifiques a
1°éxécution de cette expérimentation.

4 - MODELISATION

4.1 - STRUCTURE DE MODELISATION

Les structures de modélisation détaillée
développées pour représenter le comportement
dynamique de 1-avion peuvent étre qualifiées de
“modéles de connatssance” (par opposition & un
modéle de comportement), c'est a dire des
modélisations dont la structure fonctionnelle
résulte directement des équations dynamiques du
systéme physique représenté.

Le choix d-une telle structure, pouvant
conduire 3 des modéles informatiques complexes,
présente un certain nombre d'avantages :

- Les valeurs numériques des paramétres du
modéle résultent alors, directement, des
caractéristiques réelles de 1‘objet
modélisé.

La représentation fidéle des phénoménes
physiques permet, au stade de la
conception, d'évaluer directement 1 effe’
de certains organes de réglage du s .tome
réel (par exemple, termes de laminage dans
les atterrisseurs) sur son corportement
dynamique.

L enrichissement procressif de 1a
connaissance du ystéme  conduit &
compléter, sans 1: remettre en cause, la
structure de modéle déjd étadblie.

- u.;...\_a.‘
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4.2 - MODELE UTILISE POUR L ETUDE

Pour 1°étude de décollage sur diédre du
Mirage 2000 le systéme étudié est celui présenté
figure 2. Le modéle complet de simulation
comporte donc des représentations de :

- 1-avion : sa modélisation aérodynamique est
relativement précise elle émane des essais
de soufflerie recalés des essais en vol.
Ces bases aérodynamiques tiennent compte de
1’effet de .sol.

Les capteurs dont les informations sont
utilisées dans le SCV.

‘

Le calculateur du Systéme de Controle du
Vol.

Les servocommandes.

Les moteurs avec leur dynamique propre.

Les atterrisseurs : le modéle wutilisé
posséde les caractéristiques essentielles

suivantes :

représentation de la dynamique de Jla
partie non suspendue (roue et partie
mobile de 1-atterrisseur).

Représentation de la  configuration
bi-chambre avec calcul de la position du
piston séparateur fermant 1la chambre
haute pression.

Détermination des efforts de friction sur
la partie mobile de 1-atterrisseur en
tenant compte de 1'effet des efforts de
frottement sec aux paliers (lesquels
dépendent 3 leur tour de 1°enfoncement de
1-atterrisseur).

Modification adéquate du systéme
d-équations représentant le modéle
Yorsque le nombre de degrés de libertés
mécaniques évolue (effet des butées
mécaniques).

Une telle structure de modéiisation
permet de reconstituer le comportement
dynamique de 1-atterrisseur, qui est trés
fortement non linéaire, Jusqu'd des
fréquences de 1°ordre de 30HZ.

Représentation des pneumatiques et des
efforts de contact pneumatiques/sol.
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5 - DEFINITION DES ESSAIS
S.1 - OBJECTIFS - CONTRAINTES

5.1.1 - Objectifs des essais

Les essafs réalisés sur Mirage 2000
s'inscrivaient dans un processus d’identi-
fication visant & valider et/ou recaler les
modéles dans un domaine d-utilisation le plus
proche possible d-un catapultage réel sur
porte-avions. Le diédre, de faibles dimensions
(longueur 10 métres, hauteur 0.25 m), était
identique & celui actuellement prévu pour
équiper les porte-avions a propulsion classique
(figure 3). Son franchissement & des vitesses
assez élevées permettait de solliciter les
atterrisseurs dans des conditions particu-
Tiérement dynamiques de compression et de
détente  assez  représentatives de celles
observées au catapultage.

Le protocole d-essais, s"inscrivant dans le
processus d’identification, devait fournir les
éléments nécessaires & une identification fine
des différents éléments du modéle et notamment
du comportement dynamique des atterrisseurs et
des efficacités de gouvernes dans 1°effet du
sol, ce quf pouvait etre abtenu par un balayage
adapté sur des sollicitations sensibilisantes
telles que le braquage de gouvernes et la
vitesse de franchissement du diédre.

Par ailleurs, les différents essais devaient
pouvoir etre rejouds -fidélement” hors temps
réel ce qui impose de limiter le plus possible
les facteurs de dispersions parmi Jesquels le
pilotage humain et les perturbations
atmosphériques.

5.1.2 - Contraintes - cas de panne

La définition des conditions de
1‘expérimentation devait prendre en compte un
certain nombre de contraintes 1iées notamment 2
la sécurité des essais :

- Avion :

. Efforts maximaux dans les atterrisseurs
sur le diédre et au rebond.

. Garde au sol sur piste et au passage du
diédre.




23-4

- Installation du diédre

. Le diédre devait etre disposé en bout de
piste pour faciliter son installation, ce
qui limitait & 600 m 1a Tongueur de piste
disponible avant le diédre.

D autre part, un certain nombre de cas de
panne devaient etre pris en compte au stade de la
définition des essais parmi lesquels la panne
moteur.

5.2 - DEFINITION DES ESSAIS

La réalisation d°un nombre important de
simulations dans Tles conditions prévues de
1'expérimentation, et notamment en introduisant,
dans le modéle, Te profil exact de la piste
d'Istres a permis de définir 1-évolution des
grandeurs  contraignantes en fonction  des
conditions de franchissement du diédre :

- vitesse de passage,
- braquage initial de gouvernes,
- poussée moteur.

Les résultats sont présentés figures 4,5,6.
Les résultats de la figure 4 appellent un premier
commentaire : selon la vitesse & 1‘entrée du
diédre, la garde au sol minimum est obtenue au
décollage, au rebond, ou au franchissement du
diédre ce qui explique le caractére non-monotone
des courbes présentées. On notera, par ailleurs,
figure 5, que pour des Badin faibles (inférieurs
a8 40 kt) 1°effort au rebond peut, sur le train
auxiliaire, dépasser la charge limite. Ce
résultat a conduit a définir des procédures
particuliérement strictes d-expérimentation qui
seront présentées au § 5.2.2.

L analyse de ces résultats a permis de
spécifier :

- les adaptations nécessaires du SCV.
- Les procédures & mettre en oeuvre pour

couvrir les cas de panne ainsi que les
consignes pilote éventuelles.

- Un programme d-essais approprié permettant
une identification progressive et sure du
comportement du systéme.

Les adaptations du SCV et les procédures
spécifiques de pilotage ont été validées et
testées par les pilotes au simulateur de vol
Temps-Réel,

5.2.1 - Adaptation du SCV

Quelques adaptations mineures du SCV,
concernant exclusivement les réglages, ont été
spécifiées.

L-autorité du trim de profondeur a été
augmentée ce qui  permettait au pilote
d-afficher, & 1-arret, un certain braquage
initial d‘élevons et de vréaliser 1-essai
complet, jusqu'au passage éventuel du diédre et
au décollage, manche au neutre. Le pilote
reprenait en main aprés décollage.

Le limiteur d-incidence a été adapté, en
conséquence, dans 1a zone des basses vitesses.

Enfin certaines alarmes ont été désactivées.
5.2.2 - Procédures d essais

Braguages maximaux de gouvernes

Le respect d’une garde au sol minimale de
1-ordre de 0.5 m conduit & limiter les ordres a
cabrer & des wvaleurs inférieures a 15°
(figure 4).

Adaptation de la vitesse de franchissement du
diédre

La procédure d-accélération retenue
consistait & attendre 1°installation de Ta
poussée pleins gaz secs, freins serrés, puis a
lacher les freins. La vitesse de franchissement

du diédre pouvait alors etre adaptée :
- par la distance de lacher des freins par
rapport au diédre,

- par la procédure de réduction des gaz et
freinage éventuel a une certaine distance
du diédre.




Les efforts générés, au rebond, dans le train
avant pouvant excéder les charges limites lors de
franchissement du diédre & des vitesses
inférieures & 40 kt (figure 5), des modalités
rigoureuses de mise en oceuvre de ces différentes
procédures ont du étre définies, tenant compte
aes cas de panne éventuels :

. En premier lieu, le lacher des freins
devait eétre réalisé & wune distance
suffisante du diédre pour que, dans
1'hypothése d°une panne survenant a un
Badin inférieur a 40 kt, 1-avion puisse
sarréter avant le diédre. Cette distance
minimale de lacher des freins résulte
directement de 1°exploitation du diagramme
d’accélération/décélération (figure 7) soit
160 métres.

. Cette distance minimale de lacher des
freins conduit & des vitesses de
franchissement en plein gaz sec supérieures
3 80 kt (figure 7). Aussi, les vitesses de
franchissement comprises entre 40 et 80 kt
étaient-elles obtenues par réduction des
gaz et freinage 3 une certaine distance du
diédre ce qui conduit & :

de 40 a 80 kt : passage au ralenti
au-deld de 80 kt : passage a pleins gaz
secs.

. Enfin, pour chaque distance de lacher des
freins une distance de décision a pu étre
définie telle que, pour un cas de panne
survenant en-deca, le pilote soit autorisé
3 réduire les gaz et freiner, 1-arret se
produisant alors avant le diédre ; au-dela
de cette distance de décision, le pilote
avait pour consigne, en cas de panne, de
continuer sur sa lancée sans freiner ni
réduire les gaz, le franchissement du
diédre se fafsant alors & wun Badin
supérieur & 40 kt (figure 8).

Une procédure d’évitement n‘a pas été
ervisagée afin d'éviter un franchissement
dissymétrique du diédre.

5.2.3 - Protocole d’essais

La configuration avion retenue (masse
iégére) permettait, pour un braquage maxima)
autorisé des élevons de 15° & cabrer, de
décoller dans la distance des 600 m précédant le
diedre. Cette masse légére permettait d-avoir
une marge d'efforts importante sur les trains
tout en assurant le pétrole suffisant pour faire
un tour de piste en toute sécurite.

Le protocole d'essats visait & :

- assurer une certaine progressivité dans la
criticité des essais réalisés.

Fournir les éléments d'une premiére
identification en “temps réel” permettant
d-affiner & chaque étape les conditions

exactes de la suivante.

Garantir ainsi un certain niveau de

sécurité notamment vis a vis des charges
du train avant, vues plus haut.

Constituer, enfin, une base de données

suffisamment riche pour 1-identification
future des différentes caractéristiques du
modéle.

En particulier, un balayage approprié sur
les braquages de gouvernes et les vitesses
de franchissement permettait d-évaluer la
sensibilité du comportement du systéme &
des variations élémentaires des entrées.

Le programme retenu comportait trois
phases :

a - Vérification des vitesses de lever de

roulette et de décollage pour la
configuration considérée.
Cette premiére étape permettait pour
quelques valeurs de braquage initial
d-élevons de mesurer les valeurs de
vitesse de lever de roulette et de
décollage et notamment de préciser la
valeur de braquage telle que le
décollage en pleins gaz secs se fasse
dans la distance des 600 m tout en
respectant une garde au sol suffisante.
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b - Identification du comportement avion sur
diédre lors de passages "3 points~.
Cette étape visait a mesurer, pour une
valeur de braquage donnée, les efforts
générés dans les atterrisseurs par le

franchissement du diédre & différentes
vitesses.

c - Identification du cas de décollage sur le
diédre avec et sans rebond.
Compte-tenu des résultats acquis
précéd t et not des vitesses de

décollage mesurées au (a), cette étape
consistait 4 parvenir & un décollage au
passage sur diédre, sans rebond.

Autour du cas ains{ défini, un effet de
vitesse (-2 m/s) et de braquage initial
d*élevons (+2°) devait etre réalisé.

Chaque essai devait etre répété deux ou trois

fois afin de réduire les effets des aléas de
mesure.

6 - REALISATION DES ESSAIS

6.1 - DIEDRE - MONTAGE - DEMONTAGE

Lte diédre était constitué  d‘éléments
démontables en construction mixte acier et béton
et d-éléments en bois lamellé collé. Sa masse
totale étaft de 16 T 5 et nécessitait donc une
mise en oeuvre de grande ampleur aussi bien du
point de vue personnel que matériel.

L ensemble des panneaux était stocké sur un
plateau semi-remorque. La manutention de ces
panneaux s‘effectuait grace a deux chariots
élévateurs  équipés d'une poutre spéciale
permettant de hisser les é&léments avec deux
élingues.

Son emplacement avait été défini de maniére A
Iimiter les travaux d implantatfon sur la base.

6.2 - INSTALLATION D°ESSAIS

ta mise en place d'une installation d’essafs
particuliérement compléte assurait, pour la phase
d’exploftation, a disponibilité de toutes les
mesures nécessaires au bon déroulement du
processus fin d-identification.

A 1-installation normale d’essais comportant
la télémesure et un enregistreur magnétique, on
avait ajouté des caméras sols, et des caméras
embarquées pour filmer les trains, vérifier leur
comportement au passage du diédre et évaluer la
garde au sol au cours de la rotation.

Les  cinéthéodotites fournissaient 13
trajectographie au décollage et permettaient un
recalage précis des informations avion.

Les trois trains étaient instrumentés pour
enregistrer :

- les enfoncements des amortisseurs,

les contraintes dans les futs permettant,

par étalonnage, de reconstituer les
efforts,

- les accélérations (sur le fut et sur
1 amortisseur).

Enfin, deux stations météo placées en amont
du diédre assuraient une mesure précise du vent
(force et direction) indispensable d-une part
pour ajuster la position initiale de 1-avion en
vue de franchir le diédre a un badin donné et
d‘autre part pour permettre 1-'exploitation fine
des résultats.

Afin de limiter les facteurs de dispersions,
les essais n‘avaient 1ieu que pour des
conditions météo particuliérement calmes :

- vent de travers < 5 kt
- vent de face < 10 kt

6.3 - DERQULEMENT DES ESSAIS

Les essals, au nombre de 30, ont été
effectués, tot le matin (entre 6 et 8 heures),
le montage du diédre commencant de nuit.

Cet horaire matinal permettait, tout en
respectant les contraintes de luminosité pour
1'emploi des caméras et des cinéthéodolites, de
réduire au minimum le temps d-immobilisation de
1a piste et d avoir des conditions météo calmes.

Les essais ont nécessité une mise en oeuvre
minutieuse. Avant chaque essai, le complément de
plefn était fait pour assurer la masse et le
centrage souhaftés. Le pilote alignaft 1-avion 3
une distance précise du diddre, avec ) aide des
cinéthéodolftes, afin d-obtenir la vitesse de
passage sur le diédre déterminée.
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Un premier recoupement, relativement bon, des
essais avec les simulations a permis d-enchainer
les trois tranches d-essais en toute sécurité
sans remettre en cause les conditions de
1’expérimentation. (Décollage sans  diédre,
rouleurs sur diédre, décollage sur diédre).

7 - EXPLOITATION DES ESSAIS

7.1 - PREMIERE ANALYSE EN COURS D-ESSAIS

La réalisation, au stade de 1a préparation
des essais (§ 5.2), de simulations dans les
conditions de 1°expérimentation a fourni les
moyens d’une premiére appréciation qualitative du
modéle en cours d’essai.

Cette analyse “in-situ™ visait notamment a
assurer un niveau de sécurité suffisant dans
1’enchainement des différentes phases, et a
procéder, le cas échéant, & une éventuelle
adaptation des conditions d-essais.

7.2 - METHODOLOGIE D’ IDENTIFICATION

La méthodologie suivie est une technique
“classique” d-identification (figure §).

Le processus réel considéré est constitué du
systéme avion + atterrisseurs + SCV.

Les entrées efficaces consistent d'une part
en la valeur du braquage initial de profondeur
(ou position de trim) et d-autre part en la
sollicitation générée par le franchissement du
diédre.

Par ailleurs, le systéme est soumis & un
certain nombre de pertubations telles que 1la
rugosité de la piste et la turbuience
atmosphérique.

Les sorties consistent en 1°ensemble des
mesures enregistrées au cours des différents
essals. Toutes ces informations peuvent etre
entachées d'un certain bruit de mesure.
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Le modéle & identifier est le modéle complet
de simulation présenté au § 4. Ce modéle,
particuliérement riche, comporte un grand nombre
de paramétres susceptibles d’etre ajustés. Dans
le cadre de )°opération décrite ici, 1 attention
était plus particuliérement portée sur les
d-atterrisseurs et
1‘aérodynamique en effet de sol que 1 opération
visait & valider et/ou recaler.

modéles dynamiques

Enfin Je critére retenu consiste :

- d'une part en un nombre limité de
paramétres caractéristiques du roulage
tels que la vitesse de lever de roulette
et la vitesse de décollage.

- D autre part, en 1'appréciation “visuelle”
de la comparaison des historiques mesurés
en essais et de ceux obtenus par
simulation sur les paramétres suivants :

. paramétres avion :
* vitesse sol
* assiette
* incidence
* vitesse de tangage

x

vitesse verticale

x

accélération longitudinale

accélération normale

. parameétres SCV :
* position d’élevons

. paramétres trains :
* enfoncements des trois atterrisseurs,
* efforts verticaux dans Tles trois
atterrisseurs.

L obtention d'un bon niveau de recoupement
sur 1‘ensemble de ces paramétres assure la
validation globale du modéle et sa bonne
représentativité dans des conditions particu-
liérement dynamiques de fonctionnement.

L adaptation des paramétres du modéle a été
assurée "manuellement” compte-tenu du bon niveau

de recoupemert obtenu dés la premiére itération
et du ch x adapté du protocole d'essais
acsurant un bonne fdentifiabilité des paramétres
importants du modéle.

-
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7.3 - MISEEN  DEUVRE DE LA  PROCEDURE
D IDENTIFICATION

La procédure détaillée d’identification est
présentée figure 10.

Les deux éléments de modélisation plus
particuliérement susceptibles d'étre adaptés
étaient le modéle aérodynamique de 1-avion ( et
notamment ses caractéristigues en effet de sol)
et le modéle d’atterrisseurs.

Le protocole d'essais retenu (cf § 5.2.3) a
permis une identification progressive de ces
€léments.

7.3.1 - Introduction aas conditions réelles
d’essais

Cette étape a consisté, pour chaque essai, a
introduire dans le modéle les conditions réelles
de 1-expérimentation.

La qualité de 1'installation d'essais et les
précautions prises lors de leur réalisation ont
grandement facilité cette opération. Ainsi le
relevé précis de la position initiale de 1-avion
a permis de prendre en compte dans le modéle le
profil exact de la piste.

Toutefois un certain nombre de paramétres qui
n‘avaient pu étre mesurés ont du étre évalués.
C'est le cas du centrage en X dont la mesure
statique s’est révélée insuffisante. En effet,
sous 1°action de 1-accélération longitudinale, Te
demi-plein de la nourrice fait reculer le
centrage. De meme, cette accélération fait bouger
le manche de quelques mm soit quelques degrés de
plus de gouvernes & cabrer.

7.3.2 - Problémes de mesure

Quelques difficuités ont été rencontrées dans
1’acquisition de certains paramétres : bruits de
mesure, “trous de temps” dans les enregis-
trements...

Toutefois ces inconvénients ont pu eétre
palliés grace & la redondance des mesures d’une
part, et 3 la répétivité des essals prévus dans
le protocole d-autre part.

7.3.3 - Ajustement du_ modéle aérodynamique
de 1-avion

L-exploitation de 1la premiére tranche
d‘essais (décollages sans tremplin) a mis en
évidence un écart sur les vitesses de décollage,
sur )'instant de début de rotation et sur la
prise d’incidence.

Cette constatation a conduit a remettre en
cause le calcul du moment aérodynamique de
tangage et de 1’effort de portance dans 1-effet
de sol et a procéder & leur ajustement.

Le modéle a été enrichi pour y introduire
des termes complémentaires en portance et

tangage relatifs a 1-efficacité des gouvernes

dans 1-effet de sol soit :
A Cag,

A C’&. et
Ce complément de modélisation a permis
d-obttenir un trés bon niveau de recoupement sur
les vitesses de décollage bien qu’il demeure un
écart de 1-ordre de 2 kt sur les vitesses de
lever de roulette (figure 11).

Toutefois, cette adaptation s’est avérée
insuffisante pour parvenir & un recoupement
exact des vitesses de tangage au cours du
décollage, celles-ci demeurant plus fortes en
simulation que dans 1°essai réel.

Une étude plus poussée de 1°influence de
1’effet de sol devrait permettre de restreindre

encore ces écarts.

7.3.4 - Modéle d-atterrisseurs

Aprés ajustement du modéle aérodynamique
(§ 7.3.3) 1-exploitation exhaustive des trois
tranches d-essais a été entreprise et a permis
d-apprécier la qualité du modéle complet de
simulation et d’évaluer, le cas échéant, les
adaptations nécessaires du moddle d-atter-
risseur.

En fait, Ye bon niveau de recoupement obtenu
sur Ta restitution des efforts au passage du
diédre na pas justifié la volonté de procéder 3
un quelconque recalage du modéle.
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e




7.4 - Résultats

7.4.1 - Exemples de rouleur sur diédre et de
décollage

Le niveau de recoupement essais~simulation
obtenu aprés recalage du modéle aérodynamique
peut-etre apprécié sur les figures 12 et 13.

Exemple de rouleur sur diédre :
figures 12-a a 12-f

Exemple de décollage sur diédre avec rebond
figures 13-a a 13-f

Les historiques présentés concernent Tles
paramétres suivants :

position des élevons
vitesse de tangage
accélération normale

¢

- effort vertical train auxiliaire
- effort vertical train principal droit

effort vertical train principal gauche

L observation de ces résultats appelle un
certain nombre de commentaires :

- En premier lieu, il convient de préciser
qu-afin  de  faciliter 1 appréciation
visuelle des résultats, la fendtre
temporelle d’observation a été restreinte
aux quelques secondes précédant et suivant
le passage du diédre, la synchronisation
des historiques étant assurée en faisant
coincider les accélérations normales au
franchissement du diédre.

- Le niveau de recoupement obtenu sur les
différents paramétres pendant les phases de
roulage et de passage du diédre peut-étre
qualifié d-excellent.

On notera la bonne représentation des
oscillations de 1-avion sur ses trains
pendant le roulage, en fréquence et en
amplitude (vitesses de tangage, accélé-
rations normales).

De meme, les efforts train et la réponse
avion au franchissement du diédre qui est
la phase critique en ce qui concerne la
validité des modéles dynamiques d’atter-
risseurs sont parfaitement restitués.
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- En revanche, les phases de rebond font
apparaltre un certain écart sur les
valeurs daccélération normale et
d’efforts dans les atterrisseurs. I1 est &
noter que cet écart est croissant avec 1a
vitesse de franchissement du diédre
(figures 12-C et 13-C). Cette constatation
est cohérente avec le résultat du § 7.3.3.
concernant la reconstitution imparfaite
des vitesses de tangage au décollage. La
prise d’incidence étant plus rapide en
simulation, 1la portance est elle-meme
supérieure, et 1‘effort de rebond moindre.
Toutefois, dans le cas du rouleur -~
diédre (vitesse de passage : 83 kt) on
observe wune bonne correspondance des
efforts au rebond y compris pour le train
avant.

7.4.2. - Synthése des résultats

Les résultats présentés plus haut ont été
obtenus sans recalage des modeles d’atter-
risseurs.

Un ajustement complémentaire du modéle
aérodynamique de 1’avion aurait été nécessaire
pour parfaire la reconstitution des rebonds.

Cependant, le bon recoupement abservé au
roulage et au passage du diedre, n’'a pas
justifié la nécessité de procéder & une nouvelle
itération dans le processus d’identification.

I1 convient de souligner 1le caractére
particuliérement représentatif des  essais
réalisés vis a vis d’un catapultage. Ainsi, le
niveau d’accélération normale obtenue au
franchissement du diédre, de 1’ordre de 2,5 g
pour la vitesse de passage de 120 kt, est
comparable & ceux obtenus au catapultage.

Aussi, la qualité du résultat obtenu, dans
des conditions particuliérement dynamiques,
permet-elle de conclure a la validité de 1la
modélisation pour 1°étude en simulation du
comportement au catapultage d’un avion marin.
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8 - CONCLUSION

L opération qui vient d’étre décrite a
représenté un volume de travail assez important
tant du point de vue de la définition des essais
que de leur réalisation et de leur exploitation.

Cette derniére étape a, toutefois, été grandement

facilitée par le bon niveau de recoupement
obtenu, aprés un simple  ajustement  de
caractéristiques aérodynamigues, sur le

comportement global du modéle étudié.

Le résultat obtenu consiste en la validation
de du
dynamique d'un avion sur ses atterrisseurs dans

des modéles simylation comportement

des conditions de fonctionnement particuliérement

dyramiques proches de celles observées au
catapultage. La mice en oeuvre d une méthodologie
rigoureuse, notamment dans la définition du
programme d°cssals, a permis d'identifier le

comportement du systéme dans un large éventail de

conditions d-utilisation, tout en tenant compte

des contraintes trés fortes de réalisation (garde

au  sol, efforts wmaximaux dans le train

auxiliairey.
Ce résultat, obtenu sur MIRAGE 2000, permet
de

résultats

confiance
élevé de
simulation de catapultage du RAFALE MARINE. La
représentation fine du comportement dynamique de

1 avoir, aujourd hui, un niveau

relativement dans  les

1-avion  pendant cette phase critigue est

essentielle, non seulement pour la définition des
de du
généralement au stade de la conception avion, en

Systémes Contrdle vol, mais plus

particulier pour 1°étude de dispositifs visant 3
améliorer les performances au catapultage.

La bonne représentativité de la modélisation
actuelle pour 1°étude du catapultage permettra de
timiter le volume de la campagne d-essais sur
base a terre du RAFALE MARINE et de réduire,

ainsi, le délai de mise en sersice sur

porte-avions.
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SOME IMPLICATIONS FOR ADVANCED STOVL
OPERATION FROM INVINCIBLE CLASS SHIPS

by

K. Ainscow and P.G. Knott
Advanced Studies Department
British Aerospace (Military Aircraft) Ltd
Warton Aerodrome
Lancashire PR4 1AX
United Kingdom

SUMMARY

Replacing the Sea Harrier with a high
performance Advanced STOVL design on
the Invincible class ship has been
studied. Four alternative ASTOVL
propulsion concepts were included.
The different concepts and their
performance is described. The
integration of these larger, heavier
aircraft with the small ship, carrying
EH101 helicopters, is discussed. It
is shown that the constraints of the
ship and the size and performance of
the aircraft, require some changes in
operational procedures by comparison
with Sea Harrier practice. The higher
take-off thrust to weight ratio and
more hostile exhaust plumes suggest
the use of the aft deck for recovery
and a shorter deck run with the
ski-ramp for launching, with a blast
deflector between the two areas. A
study of the deck environment
generated by the ASTOVL aircraft
indicates that a delicate balance
between size, mass, performance and
exhaust environment will need to be
struck in future Sea Harrier
replacement studies for small ship
operation.

1 I 0

The CAH~01, Invincible class ASW
carriers were originally designed to
operate rotary-wing aircraft in NATO
waters, at least that was the official
position. The fact that they had a
'through deck' and were capable of
operating Harrier STOVL ajrcraft was
played down. Various euphemisms were
used to describe the ship at the time
(ref. 1) of which 'See-Through
Carrier' was probably the best
indication of Naval intentions. It
was fortunate for the Navy that the
Sea King helicopter, and the Harrier
were similar enough in terms of size
and mass, Fig. 1, to allow a vessel
designed for helicopter operations to
be suitable for STOVL aircraft as
well, provided there was sufficient
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The runway area is used for launching
Harrier, even with aircraft parked by
the island. It is used for the launch
and recovery of Sea King and the
recovery of both aircraft in combina-
tions of up to four vehicles at a time
(although it is not normal practice to
mix types on recovery). The starboard
area forward of the island is used for
heliccpter maintainance and as a
parking area for aircraft. Starboard
aft is used for helicopter launch and
recovery, parking ready state
Harriers, engine running and
recovering Harriers.

All this activity needs crew and
machinery on deck able to work quickly
and efficiently in a noisy, wet and
windy environment. The problems
created by rotor downwash and high
energy jet efflux are solved
satisfactorily by operational
procedures and special clothing such
as ear defenders. Sea Harrier then,
has the unique characteristic among
fixed wing aircraft of being able to
operate from the same platform as
helicopters without requiring
significant compromises on space or
endangering ground crew. The
introduction of ASTOVL aircraft neaded
to meet future threats will require
changes to both operational procedures
and possibly the ship itself. what

are these changes and can they be
deck length for a runway. (Fig. 2). incorporated without radical
modifications?
a
Ny ISLAND vv
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T AFT DECK
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An ASTOVL ajrcraft will not only be
supersonic but will also have a
greater payload and better
range-endurance than Harrier. High
levels of manoeuvrability will also be
required for the aircraft to be
competitive with future threats; and
yet it must be operated from
Invincible class carriers. Increased
performance means increased aircraft
weight as illustrated in Fig. 3.

‘\\\\\

REQUIREMENT

CAP
TIME

\ A/C MASS

MAX M

HARRIER

FIG. 3 MASS GROWTH WITH INCREASED PERPORMANCE

Supersonic requirements cause weight
growth because the structure sees
higher forces and needs to be
stronger; while increased
range-endurance requires extra volume
to carry more fuel. Additionally
efficient supersonic flight needs a
slender fuselage and thin wing which
again add weight. A slender fuselage
demands an engine with a small cross
section and high specific thrust,
conflicting with the need for low
specific thrust (to give a benign
footprint) desirable for vertical
landing.

The exercise reported here is an
initial study to identify the
compromises needed to the ship, the
deck operating procedures and the
ASTOVL aircraft for future operations
based on Invincible class ships.

2 ASTOVL, CONCEPTS
. Des

There are three essential elements in
any ASTOVL specification namely:-

1) a robust, reversible transition
from wing borne to thrust borne
flight

ii) a controllable vertical landing

114y true supersonic capablility

In this exercise it was assumed that
1) could be satisfied by a total
thrust vectoring system with at least
120* to 60°*' range from HFD, ii) by a
T/W ratio of 1.13 for the ajrcraft in
landing configuration and iii) by a
winimum Mach number of 1.6 in level
flight with all weapons retained.

The aircraft were intended primarily
for fleet defence work as is reflected
in the design CAP mission shown on
Fig. 4. Aircraft size was determined
by the time required on station

(effect of fuel volume) and the number

of weapons carried, both were set at

ambitious levels to test the limits

imposed by the ship and to exaggerate

any differences inherent in the chosen
propulsion systems concepts.
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2.2 Propulsjon O [s)

All the engines assume a technology
level consistent with an in service
date of 2000. They are hotter and
have higher pressure ratios than
Pegasus and, consequently, have a much
improved thrust/weight ratjo.

2.2.1 Remote Augmented Lift System
(RALS)

The RALS system shown in Fig. 5, is
based on a separate flow turbofan
similar in concept to the Pegasus
engine in Harrier, except that the
bypass flow can be switched between a
front (1ift) nozzle and a rear
(propulsive) nozzle. In lift mode the
bypass air is ducted forward to a
2-dimensional nozzle capable of
limited vectoring.

The concept allows flexibility in
choosing an airframe contiguration
since the jet positions can be
selected to match different planform
shapes. It also offers pitch control
during transition by modulating the
front nozzle thrust and hence reducing
long term Reaction Control System
requirements.




2.2.2 Tilt Engine

The tilt engine arrangement Fig. 6
allows the use of engines developed
for a conventional fighter, such as
EFA, rather than a specifically
developed VSTOL engine. Aircraft
control in the VSTOL mode is achieved
through a combination of nacelle tilt,
differential thrust and post exit
thrust deflection, implying fuiil
flight and engine control system
integration.

AUGMENTE
PROMA SN MOZALE' ~
ENGING TH.T

FIG. 6 MIXED FLOW TILT THRUST

2.2.3 Tandem Fan

This propulsion concept Fig. 7 offers
a high specific thrust mixed turbofan
for conventional flight but operates
as a very high bypass ratio unmixed
turbofan in the VSTOL mode thereby
achieving some improvement in deck
environmental conditions. This
benefit has been maximised by
designing for a vertical landing
capability on dry thrust.

SECONDARY AIR NTAXE
ENGINE FORWARD FAN

- MODE CHANGE VALVE
MAIN AR NTAKE

BASIC ENGINE
(INCLUDING REAR FAN}

FCRWARD VECTORING
NOZILE

(FAN FLOW PARALLEL
MODE OMLY}

TYPE]
{CORE FLOW PARALLEL MOOE)
{MIXED FLOW SERIES MODE)

FIG. 7 _YANDEM FAN

In the engine's parallel mode, used in
the VSTOL regime, the main air intake
feeds the forward fan which is
discharged via a mode change valve to
vectoring front nozzles. The rear fan
is fed by a separate secondary intake,
the discharge being split into a
bypass stream and core flow as in a
conventional low pressure ratio mixed
flow turbofan.
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In the series mode, the mode change
valve is moved to allow the forward
fan discharge to pass through to
supercharge the rear fan and core; the
secondary intake being closed and the
forward nozzles faired to a low drag
profile,

A twin engined layout was chosen for
this concept bhecause of difficulty
experienced in installation of a
single engine due to its length and
the need to balance the split thrust
about the CG.

2.2.4 Vectored Thrust

The vectored thrust concept presented
here (Fig. 8) uses a separate flow
turbofan engine and as such is
essentially similar to current Pegasus
applications. The high performance
requirements lead te a high fan
pressure ratio and thrust augmentation
by Plenum Chamber Burning (pcb).

Some pitch trim capability is
available by varying PCB temperature.
The chosen configuration also uses a
2-bearing nozzle to effect vectoring
of the core efflux via a single rear
outlet.

AIR INTAKE \

FIG. 8 SEPARATE FLOW VECTORED THRUST

2.2.5 Engine Comparison

Engine cycle and performance data are
given in Table 1. The large advances
in engine technology expected by the
year 2000 should result in high
specific thrust, high fan pressure
ratio cycles being achievable to meet

the flight requirements. These
characteristics however, have an
adverse effect on specific fuel
consumption and consequently on
mission fuel requirement. High
overall engine pressure ratios are
needed to minimise sfc.

TABLE L - ENGINR SYCLES ANO PLRIOMMANCE

M T ” Ave L
PAN PRESSURE RATIO 44 1 43 a0 23
OVERALL PRESSURE RATIO i1 ar 23 0 is
BIPASE RATTO 1.6 &3 06 1.0 1.4
SL UNIEBTALLED PERFORRANCE
TOTAL ATRFLOW {kg/m) 208 14 209 208 1
TOTAL THROUST AUGMENTED (M) R3] any 200 200 .
TOTAL TENDST DOY {an 140 1 e 1 ”..

[ 2
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With the exception of the Tandem Fan
concept, the deck environment has
become less benign than Sea Harrier
because of the increase in pressure
and the use of fuel burning
augmentation. Higher thrust/weight
ratios give some compensation on
take-off as very short deck runs can
be used. The Tandem Fan aircraft was
designed specifically to operate with
low temperatures and Pressures and was
the only "dry lander" considered.

2.3 Aircraft Performance

2.3.1 Aircraft Size

Line drawings of the four aircraft are
shown in Figs. 9 to 12. on each, the
span, length and height of the Sea
Harrier is shown and the ocutline of
the deck lift has also been marked.
Maximum width, with wings folded and
unfolded, length and height are listed
in Table 2.

All aircraft are larger than Sea

Harrier and need wing fold to fit on
the lift.

IAME 2 - AIRFRANME Siik
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2.3.2 Masses

The aircraft masses are shown relative
to SHAR on Fig. 13.

The major reason for the increase in
airframe size relative to Sea Harrier
is the fuel mass which reflects the
demanding nature of the CAP mission.
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PIG. 13 ASTOVL MASSES AT DESIGN MISSION
RELATIVE TO SEA MARRIER
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At take-off the aircraft are between 7
and 9 tonnes heavier than Sea Harrier.
Fully fuelled and armed all aircraft
exceed the maximum 1ift capacity.

At vertical landing, with design
mission stores, the aircraft are
between 6 and 7 tonnes heavier than
Sea Harrier design landing mass.
Assuming the same vertical descent
velocity at touchdown the deck loads
will be increased by about 80%.

2.3.3 Flight Performance

The relative design mission
performance is illustrated in mass
terms in Fig. 13.

Specific performance is shown in
Fig. 14.
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2.3.4 Take-off and Landing

Ski jump take-offs with dry and
augmented thrust are shown in Fig. 15.
The TF takes-off dry as thrust
augmentation is not available when
used in parallel mode. The other
aircraft use either full or partial
augmentation and can take-off in 75m.

Using dry thrust for RALS, TE and AVT
reduces thrust/weight at take-off by
some 40-50% with a consequent increase
in deck run and reduction in maximum
take-off weight. At design mission
waights the deck run is increased, to
70m for RALS, while TE needs a run of
90m.

Take-off estimates for RALS, TE and TF
assume the aircraft are static, with
full thrust, at the start of the
take-off run. This is unlikely to be
achieved in practice on brakes alone
and therefore some restraining device
will be necessary. 1If such a device
is not used then the deck runs will be
increased by 10-15m to allow the
engine to run up to speed.
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All aircraft are.capable of vertical
landing but with different degrees of
environmental impact as discussed
later.

Here landing performance is judged by
the temperature of the bypass nozzle,
or in the case of TE by the full
exhaust front temperature. TF has
been designed as a2 dry lander and
therefore has the most benign
temperature. RALS front jet temp has
been limited to 1000°K as a design
choice, but at design mission landing
weight the engine is throttled back
and the RALS temperature is only
880°K. TE has the smallest powerplant
and has to use reheat on landing; the
temperatures are consequently high at
1400°K, but this is approximately the
same as the core jet temperatures of
the RALS and AVT. The AVT also uses
elevated front jet temperature by pcb
but like the RALS these are reduced at
design landing mass to about 700°K.

3 SHIP/AIRCRAFT INTEGRATION

Throughout the study it has been
assumed that the ASTOVL aircraft would
operats on board the Invincible class
ship with EH101 helicopters rather
than Sea King. When folded these two
helicopters are not significantly
different in size and hence this
change does not actually jnfluence the
ASTOVL to ship integration.
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3.1 Geometrical Constraints

The Invincible class ships impose
shape, size and general layout
constraints on the operation of VSTOL
aircratt and helicopters. These
constraints influence, differently in
some respects, the way in which the
ASTOVL aircraft and EH101 helicopter
would be operated.

This section discusses these
constraints and how the different
aircraft might require, or benefit
from, changes in the organisation on
deck and in the hangar, together with
minor alterations to the ships that
might be considered.

Flight Deck

Fig. 2 shows the plan view of the
flight deck with Sea Harrier and EH101
helicopters. The salient features
are:-

. The island

. The ski-ramp
The take-off runway with centre line
marker.
The aft deck

Take-off

During Harrier take-off the runway is
only occupied by aircraft preparing to
take off, which can include aircraft
with a pilot in the cockpit and
engines in idle at a safe distance
behind the front aircraft. Between
these aircraft and the island other
aircraft may be armed and tied down.
On the aft deck, but not on the runway
aircraft and helicopters may be
parked. The runway, culminating in
the ski-ramp, has a centre line
marking aiong its full length to help
the pilot keep clear of parked
aircraft during ground roll. ©n
Harrier, deck c¢learances are about
2.7m from outriggers to port deck
edge. and about 3m from the starboard
wing tip to the parked aircraft.

The introduction of any of the ASTOVL
configurations could require and
benefit from three changes:-

i) Since none of the proposed
ASTOVL aircraft have outrigger
gear, the runway centreline can
be moved to port whilst
maintaining a minimum clearance
of approximately 2.2m from the
port undercarriage to the port
deck edge. Fig. 16. All the
ASTOVL configurations have
increased unfolded span hence
this port movement of the
centre line allows the
maintenance of the starboard
tip clearance. Typical
movement of the centre line
would be about 2,5 metres.
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ii) All the candidate aircraft have
higher installed thrust to
weight at take-off which can be
used to reduce the take-off
deck length and thereby free
all the aft deck for parking,
landing operations and
helicopter take-off. However,
there is an increase in jet
energy which will preclude the
positioning of aircraft close
behind the take-off vehicle.
Thus the need arises to use a
single blast deflector behind
the take~off strip to protect
the aft deck.

iii) To maximise the short take-off
performance, the aircraft needs
to be held back against high
thrust levels. Without such
restraint, the take-off length
would increase by some 10 to
15m, and the blast deflector
should be located accordingly.
The use of tie-back may also
Lelp to align the aircraft for
the take-off.

All Invincible class ships are to be
fitted with 12° ski-ramps as standard.
With the narrower undercarriage track
of the ASTOVL aircraft the width of
the ski-ramp could be reduced to
advantage.

Initial estimation of undercarriage
dynamics on the ramp suggest the
dynamic loading on the mainwheel may
only exceed the static loads by some
10%.

Landing

In day-light and good weather, Harrier
landings can take place at various
locations along the deck. At night or
in poor weather, only the aft deck can
be used and then only when clear of
parked aircraft. The candidate
aircraft are all larger and heavier
and it would seem likely that landings
would necessarily be confined to the
aft deck, which is in keeping with the
suggested changes to take-off
procedure.

[ e



Spotting a Ra n ssessment Aids
A one-hundredth scale mecdel of

Ark Royal was made to simply represent
the upper four decks., The model was
modular and the ski-jump, transparent
flight deck and accommodation/
workshops could be removed to give
side and top access to the hangar
floor level.

Simple models (plan and silhouette) of
all candidate aircraft, with and
without wing fold, were used to
quickly assess numerous possible
arrangements.

Deck Stowage
The following assumptions were made:

- As many aircraft and helicopters as
possible are required to be placed
on deck and all air vehicles are
kept folded for all movements until
just before take-off.

- Weapon stores are kept on deck and
arming of the aircraft takes place
on deck.

- If the wings fold for deck stowage
it is a requirement that arming can
take place with the wings folded.

No overall changes are envisaged to
the above from the geometrical aspect,
and the numbers of ASTOVL aircraft and
EH101 helicopters which can be placed
on deck is a function of the size and
folding arrangements for each design.
on deck in an operational condition
and in the Hangar deck it was found
that one less ASTOVL could be

accommodated than Sea Harrier along
with the EH101 i.e. 8 EH101 + 6 ASTOVL
rather than 8 EH101 + 7 S.HAR.

Fig. 17 shows a typical ASTOVL
arrangement.

Lifts

The candidate aircraft have all been
designed, in folded condition, to fit
the existing lifts. The aircraft are
also heavier than Harrier and exceed
the current lift mass limits. Weapons
and some fuel must therefore be
removed before the lift is used.
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3.2 Deck Environment constraints

A major consideration ir the operation
of advanced STOVL vehicles on the
Invincible class ships is the deck
environment generated by the aircraft
during the STO and VL manoceuvres.

Clearly the environment generated by
Sea Harrier is acceptable and can thus
conveniently form the basis or
standard for evaluating ASTOVL. The
extent to which this environment may
be worsened by the introduction of
advanced STOVL vehicles, which are
larger and generally have more
energetic engine exhaust plumes, has
been briefly studied.

Fig._ls shows the exhaust plume
conditions at nozzle exit for the Sea
Harrier and the 4 advanced concepts.
Taking Sea Harrier rear jets as the
worst current operating condition, it
can be seen that all 4 ASTOVL concepts
have rear jets with both higher
temperatures and pressures, during STO
& VL.
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For the studies of the ASTOVL ship
integration, a 30 metre radial
distance from the aircraft during VL
and a 15m side line distance during
STO have been taken as locations for
comparison. These distances were
defined for the study and judged to be
tolerable for personnel and equipment
dquring Harrier operations. To put
these distances into perspective

Fig. 19 shows them relative to the
Invincible class ship aft deck.

PIG- 19 DFCKX PMVISOMMENT STUDY

The aircraft generated environment on
the ship is discussed under the
following topic headings:-

Noise at the observer (30m/15m)
Radial ground sheet velocity and
temperature at the observer

Deck surface damage (buckling and
erosion)

The increased jet energy of the ASTOVL
designs may also create adverse
conditions for the aircraft relative
to Harrier e.g. ingestion of hot gas
into the inlet, acoustic and thermal
environment for the airframe ard
weapons and increased noise in the
cockpit, but these aspects are ocutside
the scope of this paper.

3.2.1 Noise at the Observer

Table 3 shows some estimates of the
peak noise level at 30 metres from the
aircraft during a vertical landing.
These suggest that the ASTOVL aircraft
could be expected to be at least 7 to
9 dB(A) noisier than Harrier, partly
due to increased jet size and partly
due to increased jet energy.

At this 30m distance, ear protection
is required for Harrier. The
additional 7 to 9 dB(A} increase
estimated for the ASTOVL concepts
means that the attenuation of the ear
protection needs to be more carefully
considered, with the highest quality
passive or possibly an active system
employed. Alternatively the observer
should be further away, but since 6 4B
implies a doubling of distance this
would effectively exclude crew from
the flight deck. Whereas a good ear
defender could probably cope with the
ASTOVL noise increment at the ear, the
levels are approaching that at which
full body protection would be
necessary.

TABLR 2

DECK ENVINOIMENT NOISE ESTIMATES DURING TME
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During a STO ground roll, jet aft, the
peak noise levels at 15m side-line
distance are estimated to be some 4 to
5 dB(A) higher than the peak 30m VL
levels. The exposure time to these
peaks is very short however, never-
theless crew should not be exposed to
such levels without the ear and body
protection described and preferably
should not be alongside the island
during take-off .

3.2.2 Ground Sheet Velocities and
Temperatures

During vertical landing with jets
directed at the deck, the jet exhaust
plumes impinge on the deck and spread
out radially. This radial ground
sheet decays in velocity and
temperature inversely with radial
distance. The multiple lift jets
create a non-axisymmetric wall jet
with peaks between the jets and
reduced velocities and temperatures
elsewhere. Each of the ASTOVL
concepts are different due to
differences in jet spacings,
temperature and pressure. An example,
the RALS concept, is shown on Fig. 20.
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At 30m distance the RALS ASTOVL
estimates suggest ground sheet
velocities about 50% greater than
Harrier. The peak velocities are
equivalent to gale or near gale force
on the Beaufort scale, and over a
greater circumference than Harrier.

A similar increase in temperature is
estimated but in particular the use of
front jet augmentation makes the
forward arc much more hostile.

During STO Ground roll the ASTOVL
exhaust plumes will be far too hostile
for the next aircraft to take~off to
sit behind unprotected. A simple
folding blast shield to deflect the
hot, high velocity exhaust plume up
and to port, placed aft of the longest
take-off length normally required, is
proposed. Fig. 21.
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3.2.3 Deck Surface Damage

The Invincible class ship deck
comprises a relatively thin (12mm)
steel plate with an anti-skid surface
paint. The anti-skid material
"Camrex", is an epoxy resin base with
fine grit particles and is painted on
to a depth of about lmm. The steel
deck is attached to the ship structure
such that intensive local heating can
cause thermal expansion buckling.

The steel has a relatively high
thermal diffusivity but the Camrex
diffusivity is low. Consequently the
Camrex surface heats rapidly but acts
as a partial thermal barrier to the
steel. This serves as a useful
purpose in reducing the risk of
buckling. Despite the relatively low
temperature of epoxy (100 to 150°C)
the Camrex does withstand Harrier rear
jet temperature well, with relatively
few erosion problems in vertical
landing operations.

Fig. 22 shows the presently defined
boundary derived from rig tests. This
is thought to be fairly conservative
since it makes no allowance for
vertical descent rate effects, and is
pased on rather limited data. It does
however agree broadly with practical
experience in that Harrier is on the
"go" side, with acceptable residence
times close to touchdown of about

20 seconds. The ASTOVL rear nozzle
temperatures are, however, well beyond
the material capability, based on
these tests.
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For ASTOVL operation a higher
temperature capable anti-skid thermal
barrier surface coating will be
needed, both to avoid surface erosion
and deck buckling. The alternatives
are to build raised gridded platforms,
ducting hot exhaust over the edge of
the ship or to limit nozzle exhaust
temperatures. The former would have
advantages with respect to the ground
sheet deck wash, hot gas ingestion and
lift loss. The later approach would
have implications on aircraft size and
mass, or performance.

4. FURTHER ATIRCRAFT DESIGN STUDIES

Under the umbrella of the US/UK ASTOVL
memorandum of Understanding, further
studies of ASTOVL concepts have been
carried out. These studies, referred
to in reference 2, included an
"Ejector Augmentor" concept in which
the front lift thrust was augmented by
an ejector, thereby providing a benign
footprint at the front end. This
concept however did not strike the
right balance between vehicle size and
footprint conditions and, overall, the
conclusions from those studies, for
the way ahead, was for a concept with
"conventional" mixed cycle engine in
forward flight located in the aft
fuselage and a powered lift
arrangement which did not resort to
thrust augmentation by fuel burning.
An example of such a concept is shown
on Fig. 23 and taken from reference 2.
Studies are continuing on this
concept.

ric. 23 ASTOVL AIRCRAFT CONFICURATION
VITH MIXED CYCLE ENGINE IN
FORVARD FLicHT
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5. CONCLUSIONS

These ship integration studies
indicate that introducing an ASTOVL
vehicle, with greatly enhanced
performance, to replace Sea Harrier on
the small, Invincible class ships will
have its problems, These problems are
principally related to the worsening
of the jet exhaust footprint
environment during landing.

Whereas some propulsion system
developments hold out the prospect of
some size reduction and footprint
improvement compared with the ASTOVL
designs of this study, it is clear
that significant reductions in jet
exhaust pressure and temperature will
have adverse impact on vehicle
performance and/or size.

For satisfactory small ship
integration further careful
performance versus environment trade
studies are required and a very
delicate balance between size, mass
performance and engine exhaust
environment will need to be struck.
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FIXED WING NIGHT CARRIER AEROMEDICAL CONSIDERATIONS
by

Cdr J.C. “Doc” Antonio
Naval Weapons Center
China Lake
California 93555
United States

The purpose of this brief is to discuss the emerging use of Night Vision Devices
(NVDs) in USN/USMC fixed-wing aircraft, describe the NVD environment and identify
areas of acromedical concern associated with night carrier operations.

NVDs began their entrance into fixed wing upgrades (primarily A-6. FA-18, and
AV-8) after a series of evaluations in the early 1980s. Atlthough there are some
differences in the application and design between airframes., the basic intent is the
same and that is to improve or enhance the existing night capability. In the case of the
A-6. which has a terrain following radar. NVDs are applied in the form of night vision
goggles (NVGs) and design modifications to the cockpit lighting. This combination gives
the A-6 an added capability under the right conditions and will enhance their terrain
following mission. The FA-18 and AV-8 upgrades utilize both NVG (image
intensification) and forward looking infrared or FLIR (thermal imaging) technologies to
enhance their night capabilities.

For those not fully aware of NVDs the FA-18 NVD “system” will be briefly
described. Components of the NVD system upgrade for the FA-18 include: a
navigation FLIR (NAVFLIR). a raster capable heads-up display (HUD) to receive the
NAVFLIR image, helmet mounted NVGs, NVG compatible lighting and a digital map set
(DMS). By using both image intensification and thermal imaging technologies the
system components complement each other during various portions of the flight and
in varying environmental conditions. Enhancements to the FA-18 night strike mission
provided by NVDs include:

1. Increased situational awareness (SA). Having a horizon and being able to
maneuver using familiar daytime type tactics goes far in enhancing SA
during the hours of darkness.

o

. Enhanced night navigation. Visually identifying landmarks and "using the
terrain” significantly adds to night navigation.

3. Threat avoidance. Terrain masking and other techniques are more
readily available.

4. Multi/mixed aircraft tactics. Variations in  tactical employment are
broadened.

5. Air-to-ground delivery tactics normally reserved tor daytime can be
employed at night.

6. Night air-to-air tactics are significantly expanded. including the escort
mission.

Some limitations to the FA-18 NVD mission include:

I. The system does not allow an all-weather capability. It is for clear air
mass/under the weather only.

2. Low ambient light levels reduce maneuvering capability.
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3. The system by itself offers limited targeting capability.
4. The full NVD system utilizes aircraft weapon stations.

These enhancements and limitations are specifically describing the impact of NVDs on
the FA-18 mission but most are also applicable to the A-6 and AV-8.

As always, a picture is worth a thousand words, so the following video will offer
an insight into the NVD world from the pilot's perspective. The video shows:

1. Inflight NVG video taken with an 8mm camcorder focused through an
image intensifier tube from an AH-lI, UH-1 and FA-18. Various scenes are
shown to demonstrate the effects of terrain features. scan patterns.
navigational cues, forward firing ordnance. and both internal and
external lighting.

2. NAVFLIR video from an FA-18 to demonstrate thermal imaging
information presented to the pilot.
3. Video showing split screen imaging from both NVGs and NAVFLIR to

demonstrate the complimentary nature of NVD system components.

4. Video of a night low-level Sidewinder launch from an FA-18 taken with
an IR camera to demonstrate an aspect of NVD utilization.

As can be seen from the the video and the description of the NVD mission. there
are many aeromedical concerns involved: from hardware development, to training. to
tactical employment. Comments will be limited. however, to those most obviously
concerned with carriec operations. At present only one LHA has been modified with
NVG compatible lighting to allow NVD capable aircraft to conduct night operations with
aircrew wearing NVGs. This has allowed both the AH-I Cobra helicopter and the AV-8
to evaluate shipboard lighting modifications and vertical night carrier operations while
using NVGs. So far the results have been promising. Currently, no fast attack carrier
supporting A6s and FA-18s has been modified for NVG operations. This is mostly due
to the fact that present helmet mounted NVGs are not suitable for the forces
encountered during launch and arrestment. However NVG night takeoffs and landings
at shortbased facilities have proven to be very effective and certainly points towards
a significant potential. As for now, all NVD capable aircraft will continue carrier launch
and recovery in the usual manner at night. This of course means aircrew must put
NVGs on after launch and remove them prior to recovery. This in itself brings up
some areas of aeromedical concern.

The following lists a few areas needing research that are applicable to night
carrier operations for aircrew using NVGs:

1. Vision testing:

a. Red/green discrimination. Does a minor deficiency manifest itself
adversely in this environment?

b. Contrast sensitivity. Should this be looked at as a better tool in
selection for this mission?

c. Visual activity. What role does it really play in this environment? Can
training offset the loss?

d. Retinal saturation. What effect does wearing NVGs for long periods
have on color discrimination or contrast sensitivity when they are
removed prior to night carrier landing?

wis .
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. Hardware design and specification issues:
a.

What is a physiological acceptable field-of-view for NVGs.

How can peripheral viewing be enhanced and how important is it?
What optical adjustments are necessary?

What impact does the transmissivity of visors, spectacles, laser eye
protection, chemical/biological warfare equipment and canopies or
windscreens have on the final image's resolution as perceived by the
pilot?

3. Physiological issues:

.

b.

What effects do long sortie lengths, extended night operations, and
fatigue have on visual performance once NVGs are removed?
Are there spatial disorientation effects specific to post NVG use?

Some aeromedical issues have been researched but few of them specifically address
night carrier operations. One notable exception was a study to determine the impact
on depth perception after removing NVGs prior to night carried landings.

The use of NVDs is fast becoming commonplace in the fixed wing, carrier based
community and little research has been "undertaken to help in its safe and effective
employment. This type of capability is here to stay and it's only a matter of time before
it will be used to enhance night carrier operations.

- oo
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LIMITATIONS DES OPERATIONS DES HELICOPTERES DANS LE MILIEU AERONAVAL
par

Capitano di Corvetta D. Falcinelli
Stato Maggiore Marina
6 Reparto Aeromobili
Via Azuni,
00196 Roma
Italy

INTRODUCTION

La majeure partie de ceux qui partecipent ou qui se sont intéressées pour des raisons
proféssionnelles & 1'activité aeronavale ont certainement deja entendu parler des problimes
particuliers qui doivent 8&tre affrontés par les pilotes pendant 1'activité de vol a bord
des navires militaires et qui bien souvent limitent sensiblement la disponibilité des aéro
nefs.

Dans ce domaine b up de ch ont &té dites toutefois il me semble que les pro-
blémes ont le plus souvent &té traités de fagon séctorielle et d'un point de vue relati
vement téchnique.

Je voudrais aujourd'hui profiter de cette occasion qui m'est offerte et je tiens a
remercier de celd 1'AGARD, pour Vous présenter ce théme de fagon générale et surtout sous
un angle lé&gdrement différent, c'est 2 dire du point de vue de ceux qui comme moi en tant
que pilotes ont du faire face & ces probl2mes jour aprés jour pendant leur période de ser
vice 3 bord. Je ne prétends donc pas Vous fournir des éxplications téchniques mais plutst
vous domner une vision générale des aspects plus importants du point de vue du pilotage
ou plut8t ceux qui nous posent les problédmes majeurs, en ésperant gue cela puisse 8tre
utile & ceux qui sont chargés ou qui s'intéressent A rechercher des solutions dans ce do
maine.

J'avoue que mon éxperience est uniquement liée au domaine des hélicoptéres, je pense
toutefois que quelques aspects concernent les aéronefs en général.

Nous verrons quelles solutions dans les différents domaines ont &té développées et
adoptées pour faciliter les pilotes dans les phases les plus critiquesde 1'approche et de

1'appontage.
Enfin, trés briévement, nous examinerons ensemble quelles sont en général les qua-

1ités requises des hélicoptéres, tojours du point de vue des utilisateurs, et qui pour-
raient sensiblement améliorer leur activité a bord.

LIMITATIONS

Les limitations dues au milieu particulier qui caractérise les opérations de vol a
bord des navires sont nombreuses et seule une profonde compréhension des facteurs qui
sont en jeu peut permettre de réduire de facon satisfaisante les difficultés qui se pré
sentent en augmentant ainsi la sécurité de 1'aéronef et de son &quipage.

Dans le milieu aéronatique en général le pilote est normalement entrainé a faire
face a des phénoménes atmosphériques bien connus dont les principaux sont la réduite
visibilité, les &ffets du vent et de la turbulence. Maig aussit8t que nous parlons
d'activité de vol a bord il faut ajouter A tout celd les mouvements auxquels est sujet
te la zone d'attérrissage dus principalement 3 1'action de la mer et du vent sur le
navire.

En général les dimensions réduites des ponts d'emvol, les obstacles présenta A bord
du navire, qui ne font que diminuer 1'éspace A disposition, son mouvesent et les conaé-
quentes accélérations qui sont en jeu, requiérent de la part des pilotes un entraineaent
approfondi et surtout une longue &xperience.
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Le roulis et le tangage causent de sérieux problémes pendant les différentes phases ki
qui caractérisent les opérations de vol des hélicoptires embarqués et qui sont: la prépa H
ration de la mission assignée qui comporte le déplacement de 1l'hélicoptdre du hangar
au pont d'envol et toute l'activité du pérsonnel téchnique autour de celui-ci; tous les i
contr8les et la mise en marche des moteurs et des systimes de bord de la part des pilotes,
le décollage et a fin de la mision 1'approche au point d'atterrissage, 1'acquisition du
pont d'envol et 1'appontage.

Il y a toutefois des phases qui du point de vue du pilote présentent des difficultés
majeures comme par exemple 1'appontage et le décollage. Pendant ces deux phases les repd
res visuels sont nécéssaires pour le correct positionnement avant et pendant la phase de
poser. La preuve en est que de gros éfforts ont &té faits dans le quadre de 1'OTAN pour
standardiser le marquage et le balisage des zones de poser & bord des bfitiments.

A cause des mouvements du navire, ces repéres peuvent parfois disparaftre du champ
visuel du pilote qui peut donc se trouver dans une situation difficile qui peut mettre en
danger la securité de 1'hélicoptére et de son equipage. Naturellement ce probléme est
amplifié pendant l'activité nocturne lorsque la pércéption de la profondeur et la vision
périférique, facteurs fondamentaux pendant la phase de poser et de décollage, sont de fait
réduits.

En outre si nous prenons en considération les dimensions de la majeure partie des pon
ts d'envol des Frégates et des Déstroyers nous nous rendons compte gue nous avons & faire
a des dimensions plutdt limitées qui permettent des marges d'érreures assez réduites. Par
éxemple 1.s ponts d'envol des navires de la Marine Militaire Italienne ont des dimensions
d'environ 24 métres de long et 13 métres de large pour les Déstroyers et 21 métres de long
et 9 métres de large pour les Frégates. Touteiois ces zones sont encore plus réduites pour
des raisons de sécurite qui limitent la distance de 1'hélicoptére des obstacles fixes pré-
sents sur le navire. En ce qui concerne enfin le point de poser, comme on peut 1'imaginer,
le marge d'érrsur est ultérieurement réduit.

Cela requiert de la part des pilotes un continuel travail d'adjustement de la position
de 1l'aéronef et donc une intense concentration due au continuel contrdle des repéres et
simultanement des indications & l'interieur de la cabine de pilotage. Il faut donc acqué-
rir une profonde éxpérience qui permettra une bonne et correcte &valuation des conditions
en jeu permettant ainsi de détérminer le moment le plus favorable pour 1'appontage.

Les mémes difficultés sinon majeures se présentent lors de particuliéres missions com
me par éxemple 1'évacuation de personnes A bord de petits bateaux qui ne disposent pas de
points d'atterrissage ni de points de repéres particuliers, ou pendant les operations de
ravitaillement vértical ou enfin pendant le ravitaillement en vol de carburant navire-héli
coptére.

A celd il faut ajouter les réstrictions qui peuvent se vérifier de temps & autre et
qui sont directement liées au scénario tactique dans lequel le navire se trouve comme par
éxemple 1la nécéssité de sa part & maintenir un cap et une vitesse qui ne corréspondent
toujours pas aux meilleures conditions climatiques et de stabilité du pont d'envol, la
partielle ou totale obscuration du navire et parfois, la réduction des communications héli
coptére/navire et des émissiornsradar, dans le but de ne pas &tre découverts, et qui ne
font qu'augwenter les difficultés rencontrées par les équipages de vol.

Enfin le tangage et le roulis ne créent pas des problémes qu'aux pilotes mais aussi
aux constructeurs aéronautiques. En effet une fois 1'hélicoptadre posé sur le pont d'en-
vol ces deux mouvements principaux se répércutent directement sur 1l'aéronef le soumet-
tant & des accélérations vérticales et latérales qui requiérent de leur part une parti-
culidre attention sur les éfforts auxquels sont soumis les points d'ancrage et toute la
structure de 1'hélicoptire et qui doivent 8tre dimensionngs de fagcon A supporter des
accélérations plut8t elevées non sans tenir compte de la volonté de la part des utilise-
teurs de ne pas pénaliser outre mesure le poids de l'hélicoptdre.
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Avant de passer 3 d'autres limitations voyons quelles seront les capacités requises
dans ce domaine aux futurs hélicoptéres: En ce qui concerne le roulis il pourra &tre pos
sible d'atterrir et de dégoller avec un roulis de +/- 15° en considérant une accélération -
latérale d'environ 3m/sec ; un tangage de +/- 5° en considérant une accélération verticale {
de 4 m/sec ; en ce qui concerne les capacités de déplacement de 1'hélicoptare et ¢'hanga-
rage le roulis envisagé sera de +/- 2§° avec une accélération lgtérale de 3m/sec , le
tangage sera de +/— 6° avec une accélération vértical de Sm/sec . Il y a bien sur des Ma
rines qui ont la capacité d'opérer avec des valeurs de tangage et de roulis bien plus
élevées non sans disposer de systémes particuliers que nous verrons rapidesent par la
suite.

- TR,

Nous avons vu jusqu'a ce point un des aspects, certainement le plus important, des
limitations auxquelles doivent faire face les pilotes embarqués. Un autre facteur, sans
doute limitatif du point de vue du pilotage aussi bien que pour l'aéronef lui-mémse est
du aux effet de la turbulence sur le pont d'envol. En éffet 1'intéraction du vent et des
structures du navire créent dans la majeure partie, nous pourrions dire méme dans la tota
lité des cas, des conditions de turbulence sur le pont d'envol, qui se différencient de
navire a navire et qui affligent directement les caractéristiques aérodynamiques de 1'héli
coptére. Il est souvent difficile sous cet aspect de quantifier toutes les données en
jeu et d'évaluer 1'éffet résultant mais en méme temps il est nécéssaire d'avoir une idée
plus ou moins correcte de ces interactions de fagon & en prévoir les conséquences. Il est
donc nécéssaire d'éfféctuer des tests en mer de fagon & obtenir une evaluation correcte
et globale du probléme et des éffets qui peuvent dériver.

La présence de la turbulence ne fait qu'augmenter les capacités qui sont requises
de la part des pilotes, et la necessité de disposer d'hélicoptéres dont les commandes de
vol répondent immédiatement aux corréctions de la part du pilote et aussi d'un bon marge
de puissance & disposition.

Un autre facteur limitatif que nous devons considérer est le vent qui dans le milieu
aéronaval se distingue en vent relatif et abasolu. La capacité de supporter plus ou moins
bien 1'impact du vent est sensiblement liée aux caractéristiques du rotor de queue. Les
limitations se différencient en fonction du sécteur de pro e et a chaque sécteur est
liée une intensité maximale qui ne peut &tre dépassée. LA aussi les limitations majeures
se vérifient au moment de 1'appontage et décollage.

En éffet suivant les cas il pourrait se créer des situations pendant lesguelles pour
contraster les &ffets du vent le pilote pourrait avoir besoin d‘'éfféctuer des manoceuvres
plut8t brusques et accentuées qui pourraient lui faire perdre la vision du point d'attér-
rissage ou qui pour les cas les plus extréme lui rendent impossible le contr8le de 1'héli
coptére.

Pendant la phase de décollage le probléme est plus ou moins le méme toutefois il ne
faut pas odblier que lorsque 1'hélicoptire sort de 1'éffet du pont d'envol il perd de por
tance et si dans ce cas le vent absolu proviens des sécteurs arridres le pilote pourrait
se trouver dans dea conditions assez critiques surtout si le marge de puissance A disposi
tion est limité.

Le vent A similitude d'autres facteurs pose des problémes, ou plutdt des limitations
dans la phase de préparation au vol. Il suffit de penser qu'au deld d'une certaine intensi
té i1 peut @re impossible de déplier le rotor principal ou mme de 1'engager.

Il faut enfin tenir compte des aspects, qui peuvent paraitrent secondaires sais dont
toutefois il faut tenir compte comme par éxemple les &spaces réduits pour la mise en oeu-
vre de toutes les manutentions nécéssaires & 1'hélicoptire et de particulidres interven-
tions qui en général requidrent un certain éspace A disposition tel que le changeasent
d'un moteur, de la transmission ou d'une pale. Il y a sussi les éffets plut8t négatifs
que la salinité a sur la structure et tous les équipements de 1'hélicoptire. BEnfin, et
non pas le moins important, la tenue de l'hélicoptidre sur le pont et la nécéssite, en cas P
de mer agitée, qu'il soit sccroché sur le pont immédiatement sprie e'Stre posé. ?'
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Nous avons donc vu jusq'a saintenant tous les principaux facteurs qui influencent i
plus ou moins négativemnt et donc limitent les opérations de vol a bord. Je voudrais =
donc Vous rappeler en quelques mots les &fforts téchniques qui sont faits ou qui ont &té .
faits dans ce domaine pour la réalisation de systémes de bord qui permettent de réduire i
1'impact de ces limitations et donc d'augmenter les capacités opératives des hélicoptires.

SYSTEMES D'AIDE AUX OPERATIONS DE VOL.

Compte tenu de toutes les difficultés que nous venons A peine de voir, il est nécés-
saire que les navires disposent de systdmes d'aide qui puissent en quelque sorte facili-
ter la t8&che des pilotes.

Comme je Vous ai dit auparavant le moment le plus critique pour le pilote en cas de
mouvements plutdt soutenus de la plateforme sur laquelle il doit se poser est celui de
trouver 1'instant le plus favorable pour attérrir et de gros éfforts se font aussi dans
ce domaine pour créer des systdmes qui puissent prévoir et fournir une correcte indica-
tion et information avant 1'attérrissage tenu compte des majeurs facteurs qui influen-
cent le mouvement du navire.

Les autres systdmes A disposition sont le balisage et repéres visuels, les systémes
d'aide a 1'appontage et au déplacement de 1'hélicoptére sur le pont et les systémes
d'approche aussi bien 3 vue qu'instrumentales.

BALISAGE ET REPERES VISUELS

En dehors du cercle d'appontage qui indique la zone de poser, il éxiste plusieurs
lignes de repéres comme la ligne de dégagement avant qui est la ligne transversale indi
quant la limite de la position avant de 1'hélicoptére, dans certains cas on peut trou-
ver une ligne de position avant/arridre qui n'est autre que la ligne de référence tran-—
sversale pérmettant de détérminer la position avant/arridre de 1'hélicoptére. Il éxiste
en plus la ligne qui indique la trajéctoire d'alignement et qui sert de repére pour la
trajéctoire que doit suivre 1'axe avant/arriére de 1'hélicoptére pour se poser dans la
position correcte, et la ligne de position latérale qui indique la référence avant/ar-
riére permettant de deterwminer la position latérale de 1'hélicoptére. En dehors de ces
indications principales il en existe d'autres come la ligne périférique qui indique la
zone claire d'obstacles, la ligne périférique avant est generalement appelée ligne de
degagement avant. La ligne délimitant 1l'aire de manoeuvre ou de stationnement sur le
pont qui indique 1l'endroit précis ol 1'hélicoptdre doit stationner ou éffectuer ses
manaoceuvres. En ce qui concerme la trajectoire d'alignement la ligne qui 1'indique
est parfois prolongée jusqu'd la facade et au sommet du hangar.

Voyons maintenant quels sont les principaux réperes nocturnes utilisés par les pilo-
tes. 11 y a tout d'abord les feux d'axe d'approche qui indiquent 1'alignement de 1'héli-
coptére pendant la phase d'approche. Il éxiste ensuite un certain nombre de projécteurs
qui sont installés de facon & éclairer la fagade du hangar améliorant ainsi la pércéption
du pilote de la profondeur et lui montrent l'obstacle lui-mlme; d'autres éclairent le som
met du hangar toujours dans le but d'améliorer la pércéption de la profondeur et font res
sortir un plus grand nombre de détails & 1l'horizon pour le cas ou 1l'hélicoptére se trou—
vant au-dessus de la zone de poser, le pilote n'est pas en misure d'appércevoir clairement
le pont d'envol éclairé. 11 éxiste en plus des barres d'horizon et de tangage stabilisées
pour donner sux pilotes des repéres horizontaux précis. I1 y a enfin 4'autres feux qui
fournissent des repéres visuels supplémentaires comme par exemple 1l'éclairage des bords
du pont, les trajéctoires d'alignement et d'alignement prolongés, 1'éclairage vértical
(drop line), les feux d'axe d'approche, les trajéctoires d'alignement a haute intensité,
1'éclairage du pont de poser, les balises luminsuses de ralliement et les indicateurs de
pente d'approche gue nous examinerons plus tard.
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Toutes ces indications peuvent sembler excessives toutefois les diwensions des ponts
en jou et la précision requise rendent ces indications nécéssaires.

PN

SYSTEMES D'APPONTAGE ET DE DEPLACEMENT {

Je pense qu'un bon nombre d'etre Vous s8i ce n'est tous connaissent la grille Harpoon
qui a résolu un probldme important pérméttant d'assuser la tenue de 1'hélicoptére sur le
pont d'envol immfdiatement aprés 1'attérrissage, en évitant ainsi 1'intérvention de pers
sonnel éxterne et réduisant sensiblement le temps pendant lequel 1‘'hélicoptére soumis au
mouvement du navire pourrait difficilement maintenir sa position sur le pont.

Laissez moi Vous dire qu'en tant que pilote il n'est vraiment pas agréable de devoir
attendre juste aprés 1l'attérrissage, et surtout en cas de mer agitée, que le personnel
chargé d'assurer l'hélicoptére au pont vienne autout de 1l'hélicoptére pour &fféctuer ce
genre d'operation. Ou bien dans le cas contraire pendant la phase de décollage lorsque
trois sur quatre des points d’attache sont libérés et que le quatriéme pour quelques rai-
sons reste accroché et que l1'hélicoptére commence a pivoter. Ce sont des situations dan—
gereuses et qui ne donnent aux pilotes aucune possibilité d'intervention. Je vous assure
que ceci peut se produire assez facilement surtout si 1'on dispose d'hélicoptére avec un
train d'attérrissage a patins et qui tendent plus facilement a glisser sur le pont quand
les valeurs de roulis et de tangage sont proches des limites consenties.

Le Harpoon naturellement ne résoud que la partie finale du probldme c'est a dire le
probléme de la stabilité de 1'hélicoptdre aprés 1'attérrissage. Des progrés ont encore
été faits et il éxiste actuellement des systimes qui permettent 1'accrochage de 1'hé&li-
coptére quand il est encore en vol stationaire sur le pont et qui ont la capacité de pou
voir le guider ainsi dans la déscente jusqu'au contact définitif avec le point d'attér-
rissage. Le méme systéme peut par la suite &tre employé pour conduire 1'hélicoptére a
1'intérieur du hangar. Je Vous passe la déscription téchnique des principaux systémes
qui éxistent actuellement car il y a en a de toutes sortes et il semble qu'au moment
actuel chaque Marine ait son propre systéme avec des solutions téchniques souvent trés
différentes entre elles. Mais le probléme est senti surtout pour ce qui concerne le dé-
placement de 1'hélicoptére et la preuve en est que plusieurs Sociétésse sont aventurées
dans 1'étude et la réalisation de ce genre de systdmes. Naturellement ceci ne favorisera
pas 1'intéropérabilité tant souhaitée dans le cadre de 1'OTAN.

SYSTEMES D'APPROCHE

En ce qui concerne enfin la phase d'approche de 1'hélicoptére au navire de nuit les
pilotes utilisent actuellement des systdmes lumineux pour visualiser et suivre le sen-
tier de déscente aussi bien que pour individuer 1'éxact alignement par rapport au navire
mme. Les sentiers lumineux indiquent généralement trois faisceaux lumineux qui sont le
plus souvent de couleur ambre verte et rouge, ils sont stabilisés pour un mouvement du
pont d'envol qui peut aller jusqu'a +/- 10 degrés de roulis et +/- 6 degrés de tangage.
A 1'éxcéption du sentier correct de déscente qui est le plus souvent de couleur verte,
dans certains cas les autres faisceaux lumineux, généralement rouge (position au dessous
du sentier) ou ambre (position au dessus du sentier), peuvent &tre intérmittants indi-
quant ainsi une position de 1'hélicoptdre extrémement &levée ou extrémement basse par
rapport au sentier de descente. La stabilisation a sensiblement diminué 1le probldme qui
se posait auparavant lorsque il était possible, 3 cause du mouvement de la plateforme,
de perdre la vision du sentier lumineux.

Pour 1'approche instrumentale plusieurs Marines utilisent le TACAN toutefois il se
pourrait que dans un futur assez proche des systdmes d'approche du genre MLS soient di-
sponibles & bord des bateaux militaires.

QUALITES REQUISES DES HELICOPTERES

Je voudrais avant de conclure examiner quelles sont les qualités requises ou du moins
souhaitées de la part des pilotes pour faire face aux pobldmes que nous venons d'&xaminer. i

[
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Naturellement, comme Vous pouvez le déduire de ce que nous avons vu auparavant, il
est requis que 1'hélicoptédre ait une bonne stabilité quand soumis aux &fféts de la turbu
lence et aussi une immédiate réaction aux comandes pour ne pas dépasser outre mesure la
charge de travail du pilote. Qu’il ne ressente pas ou du moins de fagon limitée des
éffets du vent et ceci doit se réflecter principalement dans les capacités du rotor de
queue. I1 est souhaité en ocutre que pendant les différentes manoeuvres il ne soit pas né-
césgaire d'éfféctuer des variations sensibles d'attitudes, qui pourraient faire perdre
la vision des points de repére, et que le champ visuel de la cabine de pilotage soit le
plus ample possible.

CONCLUSIONS

En conclusion, nous avons vu que les opérations des aéronefs et en particulier des
hélicoptéres présentent diverses limitations dues au particulier milieu aéronaval et qui
sont en résumé les réduites dimensions de la place & disposition, les mouvements du pont
d'envol, le vent et la turbulence. Une adéquate définition des caractéristiques nécés-
saires dans la phase de définition du projet de 1'aéronef est certainement fondamentale
a fin de reduire l'impact de ces limitations et faciliter ainsi les pilotes. Les é&fforts
qui doivent &tre entrepris pour éfféctuer les opérations de vol 3 bord des navires peu-
vent &tre sensiblement diminués par une profonde préparation qui consiste & obtenir des
informations détaillées sur les capacités aérodynamiques de 1'hélicoptire, de 1'intérac
tion du vent et de la structure du bateau et des résultats qui en dérivent en éffectuant
des tests approfondis et une profonde et detaillée analyse des résultats.
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1. SUMMARY

Some innovative options for future aircraft and a
revolutionary approach to the ships from which they
operate are presented. Some options have been explored
through the preliminary design stage, some are only at the
conceptual design stage, and others are mere speculation.
The limitations of the present fleet are noted, along with
some possible solutions. All options assume the
integration of ships and aircraft in more depth than
previously. The objective of the paper is o create in the
reader a vision of the future surface and air fleet that is
significantly different from today's Navy, and to get the
reader involved in bringing this vision to reality.

2. PREFACE

This paper is intended to stir up your thinking. It poses
some ideas that may be controversial as it takes a new look
at the roles of both ships and aircraft. Whether or not you
agree with the ideas put forward, this paper will have
accomplished its purpose if it results in a broader view of
future possibilities. Because of the lead time in developing
new classes of ships and aircraft, the future is NOW. We
must begin immediately to make the decisions and
accomplish the research for the systems that will be
incorporated into Naval Aviation of the year 2030. We
must address the questions of what aircraft will be needed,
what will their missions be, and therefore what
technologies must be developed.

3, FORCES FOR CHANGE

In Reference 1, the former U.S. Chief of Naval Operations,
Admiral Carlisle Trost, laid out a number of principles
central to the re-evaluation of the nation’s naval strategy.
His first point is that "responding to crises is a traditional
naval mission”. Admiral Trost goes on to say, “Naval
forces enjoy particular advantages which make them ideal
for responding to crisis situations.” Wh form the
future may take, sircraft and ships will continue to be
expected to provide these advantages as tools of national

policy. However, many factors already in operation will
change the size, shape and structure of naval aviation. The
primary forces for change are listed below.

EORCES FOR CHANGE

« CONTINUING SOVIET POWER
« THIRD WORLD POWER

« POLITICS & ECONOMICS

« TECHNOLOGY TRENDS

Table 3-1. Forces for change in the future fleet.

3.1 Conlinuing Soviet Power

Admiral Trost's second point is that "the Soviet Union,
because of her geostrategic dominance of the Eurasian land
mass and latent military power, will remain a power with
which to reckon.” Soviet hardware, the result of decades of
investment of nearly 20% of their gross national product
and half of their R&D money and manpower, will continue
to pose a powerful threat to her neighbors and to the United
States.

3.2 Third-World Power

The third and fourth points which Admiral Trost makes—
that the most likely military engag is "low i ity
conflict”, and that developing countries are armed with
"First World" weapons—expand upon the range of possible
military actions.

Three parallel evolutionary paths are operating to ensure
the lation of technology and lethality of low i ity
conflict, also referred to as Contingency and Limited
Objective Warfare (CALOW). First, the continual drive for
"user friendliness” in computer-based systems means that
high-tech weapons will become easier for third-world
forces to operate. Second, industrial base iderations




and the econumics of defense jobs around the world
practically guarantee the accelerated transfer of ever more
sophisticated weapons to the developing countries. Third,
the export of high-tech manufacturing equipment means
that third-world countries can build their own modern
weapons systems. The reality of this threat is illustrated by
Iraq importing technology from several countries to
produce nuclear and chemical weapons of mass destruction.

33 Political and E ic Possibiliti

In addition to what is ordinarily thought of as political
instability in the “third” world, there is also the instability
being created by major shifts in relative economic power in
the "first” and “"second” worlds. There is always the
possibility that regional or national political and
economic imperatives will drive a wedge between presenily
friendly high technology countries.

4, OLOG! ENDS

Throughout history, the military organizations of the
world have stimulated many technological advances. We
have seen the results of today’s military technology in the
recent Persian Gulf conflict. Even as recently as ten years
ago, few of us would have thought that such weapons would
be so successful on such a wide scale. What have we to
anticipate for the next 40 years?

4.1 Megatrends

Before examining the trends in technology, let us look at a
broader perspective. In his prescient book, Megatrends3,
John Naisbitt wrote of the rapid change away from the
industrial society toward the information society. By this,
he means the trend toward the processing and use of
information, applying the growing capability of computer
systems. In the more recent book, Megatrends 20004,
Naisbitt and Aburdene devote an entire chapter to the
Pacific Rim and its expected growth in economic power,
while expanding further on the information society trend in
other parts of the book. This implies a changing threat for
military systems, as we point out later. With these overall
trends in mind, set us now examine the technologies
applicable to military weapons. Figure 1 indicates the
important technologies we must track for the future fleet.

( MEGATRENDS l

Figure 1. Important trends for future planning
42 Sensors

We have all recently seen news reports of the sensitive
infrared and low light level vision systems used in the
Persian Gulf. By the year 2030, further improvements in
sensors will be available, with higher sensitivity, wider
spectra, lower power requirements, automatic digitizing and
built-in communication devices. Collecting data from
numerous widely-spaced sensors will produce large
apertures for further increasing sensitivity while providing
directional information. Additional data p ing will
increase the ability to discriminate between targets and
provide more information about each target.

One important new addition will be increasingly sensitive
microph and hydroph As future submarines
become quieter, more sensitive hydrophones will be needed
for detection and localization. As hydrophones become
more sensitive, the aircraft designers will be forced to
create much quieter air vehicles.

43 Data Processing

Development of smaller, faster computer chips will
continue. Advanced memory devices will allow us to store
vast amounts of information and access it very quickly.
Detailed maps of virtually every place on Earth could be
available for navigation systems. Already one can purchase
charting chips for some commercial loran sets. These chips
produce a chart on the screen that shows where the boat is
located along with all the normal coastal chart

information, including depth Consider what
could be done by combining aeronautical charts with the
Global Positioning System! How long will it be until one
of the chart makers produces a "You are here” system for
aircraft navigation?

4.4 Dan Integration
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One application of the faster computer chips will be to
combine the data from many sources. This will bring us the
capability to integrate the output from many sensors and
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Missile speeds will continue to increase. Hypersonic
speeds will be necessary to intercept the high performance
aircraft of the future. The future missiles may be able to out- i

put the results into a full color, enh

image. The image would combine al) the information from
all sensors, and could include data from other sources
through high-speed communication. Then using the high-
speed computing capability, we can analyze the total
situation, and indicate favorable options to the viewer.

4, icati

Advanced communication systems will allow us 1o gather
information from many widely-dispersed sensing systems
as inputs to our image integration system. These systems
might use low-power bursts, with wide spectrum
transmission. Security of the information will be enhanced
due to the low probability of intercept of the wide-spectrum
signals as well as the additional encryption that wide-
spectrum transmission offers.

4,6 Total System Integration

Using the above systems and integrating them into a
single entity will permit collect data from a wide variety of
sensors and sources, display the resulting image(s),
analyze the situation, and develop options for success.
With the processor speeds available, these actions can take
place essentially in real time. Furthermore, the built-in
testing features and redundant paths in the computer will
allow self- dlagnosis and repair. Furthermore, vehicle
controls and navigation systems will be integrated into the
total information sy s. The lting sy could
provide continual monitoring of all vehicle subsystems,
diagnosis of problems, and possibly automatic
compensation for failures.

4.7_Airfra;

Integration of aerodynamics and stealth technology
coupled with advances in composite structures is likely to
lead to aircraft with very high performance and very low
observables. The high speed microprocessors applied to
*smart structures” technology will allow us to develop
aircraft str and cc that aut ically adapt to
rapid ch in flight condition and will compensate for
damage or malfunctions.

New aircraft concepts such as the 'I'ipje(5 unmarmed air
vehicle (UAV) and advanced applications of Tiltrotor
technology will provide further opiions for air vehicles
operating from small deck ships. To compensate for the
growth of high performance aircraft, powered lift systems
will be required for operation from aircraft carriers. The
Short Takeoff, Vertical Landing (STOVL), tiltrotor and tilt
wing developments could be very valuable for the future of

er the d aircraft. It is even conceivable that
iles will be developed 1o i pt the air-to-air
missiles, as well as air-to-surface missiles. Advanced
structures and materials will play a strong part in making
this possible.

48 Propulsion

Trends in propulsion systems suggest there will be
continued advances in present systems, but new options
will develop.

Gas turbines will continue to grow in power or thrust per
unit of weight. New high temperature materials and cooling
techniques will make it possible to obtain much higher
performance and longer life from turbine engines.

Liquid hydrogen fuel, already planned for most Aerospace
Planes, will be explored more fully, and offer much lower
fuel weight, but higher volume, than present fuels. The
resulting lower weight will decrease the induced drag of the
aircraft and compensate for the higher fuel volume in many
apphcanons7 Use of hydrogen fuel can contribute to lower
weight carrier aircraft, prolonging the life and utility of the
large carriers. Furthermore, hydrogen fuel is much less
polluting than hydrocarbons, so its increased usage may be
dictated by environmental concems.

Advances in hydrogen-oxygen and hydrogen-air fuel cells
will offer the option of all-electric propulsion. This will be
made more attractive by the efficient, light-weight electric
motors now under development in many countries. This
combination could also yield a system having a much lower
infrared signature. Furthermore, electric propulsion may
offer additional options for configuration design, since the
fuel cell or generator can be located remotely from the
propuisor. This approach has been taken in the design of
the future ships discussed later.

49 Costs

We must be creative in reducing the enormous costs of
military systems. As the military budgets come under
increasing pressure, there may be much less funding for
military research. Flmhcnnorc there will be very few new

developed, hence even less opportunity
for rescm:h to be done i m conjunction with new military
vehicle developments.

One approach is 1o adapt commercial products 10 military
missions. Most of the technology trends di d above
are even more evident in the commercial sector. Also,
eommercml products rarely suffer from the long

Naval Aviation, especially when operating from Il
ships. Other high lift systems such as Circulation Control®
can be used to reduce the speed and hence the kinetic energy
of carrier based aircraft as they approach the landing deck.

High performance fighter and attack aircraft will routinely
cruise at supersonic speeds. Already we see the U.S.
Advanced Tactical Fighter programs where, according to
the Ppress, sup ic cruise speeds are achieved
without using afterburners.

1 cycle typlcal of the military procurement
process If we can find inexpensive ways to militarize the
commercial products, we can obtain many of the benefits at
very low cost.

3. TECHNOLOGY IMPLICATIONS FOR THE FLEET OF
2030,

What are the impli of the technology advances
noted above? The detailed trends are noted in many of the
scientific publications. However, without dwelling on
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quantification of the advances, we can readily see some of
the possibilities.

Air and sea vehicles can be developed to operate with a
great deal of autonomy. Satellite and inertial navigation
systems coupled with map information will allow such
vehicles to go to specified locations using a programmed
route. Onboard intelligence would allow the vehicle to
modify the route, depending on what other events occurred.
ihe sensors will allow a vast amount of data to be obtained.
The communication systems will allow this data to be
quickly transmitted to a base or ship for further processing
and integration with information from other such vehicles.
The computers will analyze the integrated information and
present viable options and recommendations to the
decision makers. Perhaps in that future time, the major
cities will use computer technology to improve control of
traffic!

The trends noted above are echoed in the following
excerpts from the Century 21 panel's vision of the U.S.
Navy 30 to 50 years hence®,

o The Contest for information will dominate
maritime warfare.

o  Surveillance that is global in scope will be a
routine feature of military operations.

o Significant portions of U.S. and opposing forces
will incorporate stealth technology.

o The "battle space” will continue to expand--forces
will cover more area while becoming more
integrated through the information system.

As weapon intelligence and range increases, the problem of
detecting, classifying and targeting threats becomes
greater. Battle damage assessment becomes more difficult.
A stealthy threat multiplies the problem.

A naval task force spread over the ocean will depend upon
communication links and offboard sensors for its overall
effectiveness. As information networks improve, we will
witness what Naisbiu3 calls the collapse of the
"information float,” the lag between the time when an
event occurs and the time when "everyone” knows about it.
In 2030, those to whom it is important will probably know
where every ship, and possibly every aircraft, is at all
times, anywhere in the world. The battle between stealth
and deception versus detection will be intense.

5.1 _Technological Obsolescence

Before discussing the future aircraft, we must consider the
present aviation support ships and how they might evolve
by the ycar 2030. The Forrestal class aircraft carriers have
reached the practical limit of their evolutionary path. The
forces of change may require a fresh start with a clean sheet
of paperg.

In 1955 the USS Forrestal (CV-59) embodied all the
features considered essential in top-of-the-line big-deck
carriers: angled deck, deck-edge elevators, steam catapults,
and four-wire arresting gear. Subsequently. other
supercarriers were designed and built, each one a little
larger. The arrival of the F-14 Tomcat in 1972 began to
push the limits of the old Forrestal/Kitty Hawk design. In
1975, the USS Nimitz (CVN-68) design expanded the
Forrestal concept to its maximum.

1f the future evolution of top-of-the-line fighters continues
along its present path, they will exceed even the
capabilities of the Nimitz and her follow-ons. The problem
is the continual rise of minimum controllable flying speed
linked with increasing aircraft weight. This combination
imposes i ing energy requi ts on the catapulis
and arresting gear.

With catapult and arresting gear lengths essentially
unchanged since 1955, the only way to handle higher
flying speeds and greater weight is to increase acceleration
for launching (and deceleration for landing) and the
resulting forces imposed upon the airframe. The catapult
tries to pull the aircraft's nose off, and the arresting gear
tries to rip off its tail. In between, the airframe has o be
heavily reinforced. So naval aircraft suffer a structural
weight penalty. This limits our range and weapons payload
compared to land-based threat aircraft which do not have to
accommodate the structural abuse of carrier basing.

It is time to re-think the geometry and layout of the big-
deck carrier. As launch and recovery speeds of the aircraft
increase, the aircraft weights are increasing as well. To
handle the resulting higher kinetic energy, we need longer
catapults, or catapults combined with ski-jumps, and
longer run-out for the arresting gear. This means
redesigning the entire flight deck. While we are at it, we
can make significant reductions in signature and in our
ability to cope with ¢ inated envi We can
also change the whole shape of the battle force. However,
this will take some innovative thinking and a willingness
on the part of the naval aviation community to boldly
break new ground.

3.2 Wild Cards

While re-thinking the battle force, here are two wild cards
that further complicate matters:

First, as we conceive of ever more capable, innovative big-

decks, reality reminds us of the "A” word: Affordability.
How can we afford enough decks if the big ones must get
bigger? Later in this paper we exarnine an altemative
carrier battle force structure that allows us to make better
use of our big deck carriers by offloading some of the lcss
demanding missions to ships the size of LHDs. As budgets
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get tighter, we will be forced to take some of the carriers
out of service, so a lower cost alternative becomes
inviting.

Second, there has been an evolution from manned aircraft
to unmanned aircraft and missiles. Missiles do not care how
many "g"s they pull. This will greatly increase the
vulnerability of manned aircraft in the future, especially as
missile speeds increase. In the Iraq campaign, the first
systems that went in were very stealthy aircraft and cruise
missiles and they did an excellent job of opening the skies
for the venerable old B-52s.

Modern anti-aircraft weapons can make the skies too
dangerous for any kind of manned aircraft, “Third world”
weapons can be taken out with with the planes and missiles
we have now. Have we reached the end of the evolutionary
development of manned aircraft? Once the smart missiles
have neutralized the air defense, do we need anything
higher tech than F/A-18s?

& A REVOLUTIONARY APPROACH

By considering the battle force as a system to be designed
as a whole rather than as individual ships and aircraft with
specific missions, large improvements in military
effectiveness and affordability can be achieved. What
follows is a bricf summary of one vision for the 2030 time
period.
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To help focus a vision, the shoricomings of the present
surface Navy must be examined. In a paper presented in
1989 at the SNAME Ship Production Symposiumm. the
most significant shortcomings in the current surface Navy
were noted as:

Highly observable ship signatures

Easily distinguished ship signatures
Logistically demanding fleet
Programmatically inefficient and expensive to
acquire

o © © ©

The ships of the current surface navy are highly observable
by radar, acoustic, infrared, magnetic, and electro-optical
sensors. The result is that the enemy can, in most cascs,
engage our surface forces from outside the battle space of
our own defensive weapon systems. This is shown
graphically in Figure 2.

Target!

Figure 2. Appearance of Current Fleet.

Forty-two classes of surface ships currently operate in our
carrier battle groups, surface action groups and other task
forces and groups. Each of these ship classes has unique
signatures that allow the enemy to discriminate beiween
ships within a surface force. This allows an enemy to focus
fire power on whatever type of ship their strategy identifies
as important. Furthermore, all these specialized ships with
minimum standardization are expensive to support and
maintain. The new approach results in only three major
ship classes.

6.2 The Future Baule Force and Its Ships

Investigations at David Taylor Research Center (DTRC)
under the Technological Strategic Planning banner describe
an altemnative battle force architecture titled Distribute,
Disperse, Disguise and Sustain (D3+8)!1, Figure 3. It
should be noted that alf of these ships are aviation ships,
that is, we believe that aviation will be integrated into the
ships just like other weapon systems, and are equally
important!

THREE SHIP TYPES FOR D3+S

Distribute New CVN+

Di CLO, Carrier of Large
isperse Objects

Disguise Scout Fighter (SF)

+

Sustain = Design for sustainability

Figure 3. The new fleet types.

The D34S alternative battle force is designed to:

o  promote increased force flexibility and mission
survivability through the distribution of warfare
and support functions among the ships of the
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battle force,

o disperse the fleet, making targets harder 10
associate with other ships,

o  be less detectable, less distinguishable and hence
less targetable, through signature reduction and
similarity,

o  be more sustainable by virtue of increased
endurance, force-wide vertical onboard delivery
and reduced parts inventory through extensive
ship system similarity, and

o retain the mobility features of our current force
architecture.

A central feature of this architecture is a multi-function ship
called the Carrier of Large Objects (CLO). One vision of the
D3+8 force architecture has been taken to a feasibility level
of design wherein the CLO concept was expanded into the
Carrier Dock Multimission (CDM). In the CDM adaptation
of D3+§, published in reference 10, there are three basic
ship classes: the Scout Fighter (SF), the Carrier Dock
Multimission (CDM) and a new Big-deck Carrier (CVN+),
as previously noted. Large objects include those listed in
Table 6-1. The goals of this new ship are indicated in
Figure 4.

LARGE OBIECTS FOR CLO

«  AIRCRAFT AND AIRCREWS

« LOGISTICS SUPPLIES

«  AMPHIBIOUS ATTACK GROUPS

+ LARGE COMBAT SYSTEMS

»  AUTONOMOUS VEHICLES

« OTHER (COMMAND, REPAIR, ETC))

Table 6-1. Large objects to be carried by the CLO.

INCREASED EFFECTIVENESS

Shrink battlespace
Negate enemy firepower
Enhance decoy use

REDUCED COST

Figure 4. Goals of CDM.

The primary means of aviation power projection remains a
carrier battle group centered around the big-deck aircraft
carrier, but with CDMs accompanied by scout fighters
instead of the present mix of cruisers, destroyers, frigates
and logistics ships. The sirike mission is supplemented by
cruise missiles and Short Takeoff/Vertical Landing
(STOVL) fighter/attack aircraft staged from aviation CDM
variants. In the alternative battle force, the same number of

heavy strike aircraft are carried by a reduced number of
Nimitz replacement new design big-deck aircraft carriers.
This is possible due 1o the distribution of some aviation
missions (namely long range anti-submarine warfare,
airborne tanker duty and some surveillance) and their
aircraft to the CDMs. Some CDM variants and the SF are
shown in Figure §.

= S,

"

Figure 5. CDM, SF and aircraft.

The result of incorporating this new approach would
transform the signatures and appearance of our navies as
indicated on Figure 6. Not only would all signatures be
reduced, but it would be fairly casy to disguise a Scout
Fighter as a CLO. much to the surprise of an attacker.

To this

IDI‘> o v
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Figure 6. Transformation of the fleet.

From this

6.2.1 The Scout Fighter

The Scout Fighter serves as the eyes and ears of the battle
force. Its size is between that of a frigate and that of a
destroyer--about 150 m (500 ft) long and 5000 tons
displacement. Iis concept is 8 more affordable outgrowth of
the 1989 Batile Force Combatant (BFC). Its functions are
to serve as the outer screen for anti-aircraft warfare (AAW)
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and anti-submarine warfare (ASW). It has a 61 cell vertical
launch missile system (VLS), a 155mm gun and two 30mm
close-in weapons systems (CTWS). It tows a multi-line
acouslic array. Its embarked aviation consists of vertical
takeoff and landing (VTOL) d air vehicles (UAVs).
There is also the capability to refuel and rearm helicopters
and STOVL aircraft. A sketch of the SF is shown in Figure
7.

AR

Figure 7. The Scout Fighter.

6.2.2 The Carrier Dock Multimission

The functions now concentrated on distinctive ships such
as cruisers, amphibious assault ships, and logistics ships
are performed by this one multi-purpose class of ships.
CDMs are intended to carry the following large objects:

o Aircraft, their operating and support equipment, and
their personnel

o Marines and their amphibious equipment

o Logistics material and transfer equipment

o In the future, autonomous vehicles (air, surface and

subsurface)

Each of the CDM variants is extremely similar externally !
10 the others and all variants have the capability of short

takeoff/vertical landing (STOVL) aviation. The variants

differ in internal arrangement as required by the demands of

the large objects carried, but they utilize similar

subsystems such as the propulsion plant, crew quarters,

ship controls, etc. to the maximum extent possible.

The CDM variants have many similarities to an LHD. They
are about 235 m (770 ft) long and generally 30.000 to
40,000 long tons displacement (full load). They have a
well deck aft for Landing Craft Air Cushions (LCACs) or
other modular deployable vehicles for various surface and
subsurface missions. In general appearance, a CDM has an
aft deckhouse with a VTOL pad at the stern. Forwarl o™ e
deckhouse is an unobstructed flight deck for short tuh:cti
vertical landing (STOVL) aircraft. The CDM topside
configuration, although radically different from current air
capable practice, has several advantages. The wpside and
superstructure of the ship would be clean, smooth and
shaped for low signatures. There would be a hangar below
the flight deck big enough to house all embarked aircraft
during transit so there would be minimal clutter on the deck
in order to reduce radar signature. The superstructure also
has hangar space at its base for aircraft and aircraft
handling gear. One variant of the CDM is shown in Figure
8.

Figure 8. One CDM variant.

The typical CDM would operate helicopters and STOVL
aircraft such as the current AV-8 Harrier, future V.22 Osprey
and Advanced STOVL (ASTOVL). One through-deck CDM
variant has been studied which typically operates ASTOVLs
and V-22s but is also capable of landing, refueling,
rearming and launching CTOL aircraft. This version has a

single electromagnetic catapult and three-wire arresting
gear.

23 The New Big-Deck Cari

Conventional takeoff and landing (CTOL) big-deck carriers
will continue to exist, but in smaller numbers, and operate
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only high-performance fighter and attack aircraft. To
permit an all strikefinterceptor airwing, the ASW, utility,
COD and some AEW aircraft are offloaded to the CDMs. The
big-deck carrier is envisioned to be a step beyond the
present Nimitz class CVNs, These ships, which could be
referred to as the CYN+, are designed for high-tempo
operations with four catapults, three centerline aircraft
elevators, and dual recovery decks clear of two of the

catapults. These would be the largest aviation capable
ships and have the highest availability for air operations
due to their good seakeeping. For the fi ble future,
these big-deck carriers will remain the best choice for
large-scale air attack operations. The resulting design is
sketched in Figure 9.

Figure 9. The CVN+ aircraft carrier.

2.4 e 3 te

All ships of the battle force would have related but not
identical combat systems. The entire battle force is
integrated for cooperative engagement. All of the sensors
and all of the weapons in the force participate in the
common information flow. At the heart of the combat
system on each ship is an AEGIS-like combat system
integration network. Each ship has one or more vertical
launch missile magazines (VLS) and CIWS which provides
at Jeast two layers of AAW self defense (short range self
defense gun and short range missiles, four to each VLS
cell). Long range anti-aircraft defense can be added in the
form of long-range missiles in the VLS launcher and an
airborne sensor, currently envisioned as a V-22 tilirotor
and/or a sea-launched High Altitude Long Endurance (HALE)
aircraft.

A fourth AAW layer, that of the outer air battle, can be
provided in several ways: (1) VLS launch of hypersonic
missiles from any ship including the scout fighters; (2)
STOVL aircraft, operable off any CDM; and (3) CTOL
aircraft from the CVN+. ASW would be supported by both
onboard and offboard sensors. ASW aviation is envisioned
as a modularized V-22 to deploy and monitor active and
passive sonobuoys and 1o prosecute contacts. These
modularized V-22s have additional missions in airborne
refueling, carrier onboard delivery, and vertical onboard
delivery.

1. _AVIATION REQUIREMENTS
2.0 Scout Fi ircraft Requi

The Scout Fighters (SF), being small ships, will force their
embarked aviation be able to cope with relatively large
motions of the ship. Unless small waterplane area twin hull
(SWATH) ships are developed for the SF role, seakeeping
will be the governing limitation. VTOL operation will be
ired, probably assisted by a haul-down and
traversing system. Hangar space and suppon facilities will
be sized for a small number of embarked aircraft. It is
conceivable that the SF would be used to extend the range
of STOVL aircraft from the CDMs through refueling and
rearming services plus very limited maintenance support.

Because of their small size, there will be less volume for
hangars, storage and maintenance. On the other hand, the
techinology available may make it possible to operate with
much smaller crews, which may free up some space for
equipment and maintenance. More detailed studies are
needed.

These design factors will impose restrictions on the air
vehicles to operate from these small ships. The restricted
volume available makes the small UAVs discussed earlier
very attractive. If more detailed studies indicate the need for
it, a new LAMPS-type ASW vehicle may be employed on
the SF, too.

7.2 Carrier of Large Obj ircraft Requi

The CDM version of the Carrier of Large Objects (CLO) is
primarily designed to accommodate rotorcraft and STOVL
aircraft. If providing emergency landing facilities for CTOL
aircraft becomes a requirement, the through-deck version
can be pursued. The performance limitations imposed by
the STOVL configuration can be mitigated by including a
ski jump at the forward end of the flight deck. Any other
type of VTOL aircraft can also be operated from the CDM.

A tiltrotor type of aircraft would be one good choice for a
transport and long-range ASW platform. One STOVL is the
AV-8 Harrier, currently in operation. A more advanced

o
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ASTOVL is shown in Figure 10.

Since the CLO is an entirely different concept, its design is
open to influence by the needs imposed by its embarked
aircraft. One interesting example of this would be the
modifications to the ship concept from a decision to sea-
base a type of high altitude long endurance (HALE) AEW
aircraft. A HALE typically has a very wide wingspan, wider
than the beam of the ship. This aircraft would impose the
elimination of the island control center from the flight
deck. This reversion to the very earliest "flat top”
configuration would require considerable ingenuity to find
alternative means of providing the services now located in
the island, especially the Primary Flight Control station
(Pri-Fly).

Figure 10. Advanced Short Takeoff and Landing aircraft
(ASTOVL).

2 V.

The opportunity to redesign the flight deck of the CVN+
opens up new possibilities for aircraft. The major
requirements imposed on aviation would continue to be
those related to the nose gear and tail hook. However, ski-
jump bows and longer catapults and arresting gear would
allow either lower stresses in the airframe or higher launch
and approach speeds.

Another option to be considered for the large-deck carriers
of the future is the use of powered lift to reduce the approach
speeds and increase controllability. Systems like the
ASTOVL designs and use of such techniques as circulation
control could be applied to new fighter and attack aircraft.
Lowering the approach speeds could be very effective in
reducing the loads imposed on the catapults and arresting
gear. The energy requirements of these items are linearly
related to the kinetic energy of the aircraft at launch or
recovery. Kinetic energy is related to the square of the
speed, so small reductions in takeoff and landing speeds
can result in large savings in the catapuits and arresting
gear.

74 Aireraft Missi
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The new fleet we have been discussing will have a wide
variety of missions, and this implies the embarked aircraft
must also be capable of a wide variety of missions. Some of
the aircraft missions might include the following:

o  Air Superiority

o Long Range Antack

o Surveillance
AEW (aircraft and ship targets)
ELINT

IR, visual
o Localization and attack
Aircraft
Surface ships
Submarines
Over-the-horizon targeting (OTHT)
Midcourse guidance of missiles, torpedoes
o  Marine assault
Transport
Ground attack
Air superiority
o Vertical Replenishment (VERTREP)

2 ircrafy Characteristics

The ship features and the variety of aircraft missions
suggests the following characteristics will be desirable for
the aircraft fleet of the year 2030.

Smaller size aircraft (SF, CLO)
Compact folding
Ease of maintenance
Low signatures
Variety of sensors and weapons
Need for hovering
dipping sonar (SF, CLO)
rescue
Autonomous takeoff and landing
Pilot associate functions
Data link to ship
Modular payloads for mission versatility

8. AIRCRAFT OPT]ONS FOR THE YEAR 2030.

We have described the ships envisioned for the year 2030,
the technical trends, the aircraft missions and the aircraft
requirements. Now, what are the options for meeting all
those restraints? A spectrum of several types and sizes of
aircraft will be needed to carry out the complex missions of
the future fleet.

One exciting concept is that of a partnership between
manned and unmanned aircraft. The partners will operate as
a team on many missions, with the manned aircraft
providing instructions overall direction, and occasional
guid to the d vehicle. We will focus on three
types of manned aircraft and two types of unmanned air
vehicle (UAV) to operate from the future CLOs and Scout
Fighters. Long range planning is needed now so we will
have time to identify and carry out the research and
development required to make the fleet operational by the
year 2030.

We believe the future air fleet will be comprised of familics
of integrated aircraft and UAVs designed to operate together
in an effective manner. This includes the high performance
aircraft for operation from aircraft carriers, the light attack
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aircraft and transports designed for the CLO fleet, and the
rotorcraft for operation from the smaller attack ships like
the Scout Fighter.

The basic aircraft types include CTOL fighters and attack
aircraft, new VTOL or STOVL vehicles, tiltrotors,
helicopters, and VTOL UAVs. The tiltrotor concept has
many attributes we need for this future fleet. Tiltrotors are
heavier than helicopters, but fly much faster and farther.
They are much more efficient for very low speed and
hovering than jet-type VTOLs. We see, as noted earlier, the
V-22 or its descendant operating as a modular payload
vehicle, filling many roles, such as ASW, AEW, VOD, and
carrying fuel for the other aircraft.

8.1 Scout Figh ed Air V

First, let us examine the options for aircraft for operation
from the smaller Scout Fighter type ships. Assuming a
manned aircraft is required, we envision a future air vehicle
similar in purpose to the Light Airborne Multipurpose
System Mark III (LAMPS III) of today. Of course, we do not
mean an SH-60 will still be around then, but the approach
to developing that system will be valid for the future fleet.
The approach is to design an air vehicle capable of several
missions, integrated into the ship systems as intimately as
the ship's weapons and sensors. This vehicle will probably
be a rotorcraft, to obtain efficient hovering and low speed
capability and the inherent controllability required for
operating from the small ships.

The primary mission will be ASW, just as in the present
LAMPS vehicle. Because the future submarines will be very
quiet, dipping sonar will probably be required, even with
the more sensitive hydrophones. Thus the LAMPS 2030
will have to hover for dipping sonar as well as for
personnel rescue.

This aircraft will also carry other sensors such as
sonobuoys, infrared sensors, radar, and electronic
intelligence gathering systems. All sensors will be data
linked to the ship for further processing and integration
with other data. Also, sensor processing will take place on
the LAMPS air vehicle, and the processed data will be sent
to the ship as well.

Although the p LAMPS heli s carry torped

the LAMPS 2030 will not. Instead, it will employ missile.
boosted torpedoes from the ship's vertical launch tubes. It
could also call for an anti-air missile or an anti-surface
missile, and provide mid-course guidance to any of them.
Eliminating the requi to carry torpedoes and missil

Figure 11. The Tipjet Unmanned Air Vehicle.

Conversion %
145 knots

R —
Conversaon
145 knots

Figure 12. Tipjet UAV operation.

Other UAV concepts include the tiltrotor, already under
investigation in a small flight test vehicle, tilt wing, or
any VTOL design. However, it should be noted that jet
VTOLs may not be compatible with these small ships.

As mentioned earlier, the SF could also be a temporary base
for other types of VTOL aircraft, including a VTOL
fighter/attack machine. This would give a group of SF
ships an air superiority role in a limited engagement.

8.2 CLO-Based Aircraft

For the CLO, we need several different types of aircraft. For
many of the missions of these ships, we will need a
transport, like the present V-22. The transport missions
would include carrier onboard delivery (COD) and

will allow the vehicle to be smaller, matching the space
requirements of the small Scout Fighter ship on which it is
based.

The companion unmanned air vehicle for the LAMPS 2030
might be the Tipjet concept, shown in Figures 11 and 12,
The Tipjet UAV, described in Reference 5, is a convertible
rotorcraft. It takes off and lands like a helicopter, but
converts to an airplane in flight by stopping the rotor. The
rotor then becomes a high aspect ratio wing having
excellent altitude and endurance capability. If high speed is
desired, the wing may be swept, as in the oblique wing
concept, allowing operation at much higher Mach number
without the wave drag of the straight wing.

lenish duties. The same airframe could be adapted to
the long-range ASW role offloaded from the CVs. Also,
this airframe could be used in an serial tanker configuration
to refuel the fighters and transports.

The CLO will need an air superiority aircraft that will
operate from this smaller flight deck. The ASTOVL designs
now being investigated are good candidates for this
fighter/attack mission. This aircraft can be considered the
replacement of the current AV-8 fleet, with improved high
speed performance and air-to-air missile capability.

A possible companion UAYV for the ASTOVL fighter/attack
aircraft would be a smaller version of the same

One manned aircraft might be accompanied by several of
the UAVs, carrying close-in guns and missiles. This group
of aircraft would be very deadly adversaries to an enemy.
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The UAVs could also be used for long range attack of very
dangerous targets or radar systems, and be controlled from
the manned aircraft. Onboard computers would allow the
UAVs to simply be directed, rather than requiring the
manned vehicle pilot to provide detailed control.

Finally, the CLO will be a base for the future LAMPS 2030
system and its companion UAYV as well, to supplement the
SF based aircraft.

8.3 CVN+ Based Aircraft

For the future CYN+, we will need excellent air superiority
and attack aircraft. The supercarrier will still be the vehicle
for bringing to bear the massive firepower and air
superiority for which current carriers are used. As stated
earlier, we expect many of the missions to be offloaded to
the CLO fleet.

For short range attack and air superiority, we expect to see
the ATF, now under development, for many years. It should
be noted that historically, airframes are typically kept in
service through several generations of avionic equipment.
Examine any example in the current inventory and you will
find the older aircraft are operating their fourth or fifth set
of avionics.

By the year 2030, we expect to see a new replacement for
the A-6, 1o take over the heavy attack role. It is regreutable
that the A-12 was cancelled, because we believe lower radar
signatures are very important for future aircraft. With high-
lift and/or powered 1ift systems, perhaps the catapults and
arresting gear can handle the weight growth trend of future
attack aircraft.

A recent announcement in the aviation press indicated a
joint Navy/NASA program to investigate a Mach 5 carrier
based aircraft.}2 lis projected takeoff weight is 36,300 kg
(80,000 pounds). This Mach 5 vehicle could be used for
numerous purposes. [t might be configured for high altitude
surveillance, air superiority, or other missions. However,
without powered lift systems, it is unlikely that this
aircraft could operate even from the future carriers. Careful
atiention must be paid to launch and takeoff configuration
to reduce the required speeds and keep the kinetic energy
within the limits of the catapults and arresting gear.

2. TRANSITION TO THE FUTURE

We have shown an innovative approach to the future Navy,
and how to inctease its effectiveness. We hope we have
stimulated you to think creatively about that future. Please
note that this effort was very limited, and did not examine
many variations or options. Clearly, there are advantages
1o this approach, but much additional work is necessary to
fully explore the potential of a revolution at sea. Now, how
can we get there from here?
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First, we must recognize that ships and aircrafi take a long
time from when an operational requirement is established
10 when the first few vehicles are out there in the fleet and
fully operational. Based on recent history of actual
procurement of new major weapon systems, this process
takes aboul twenty years, based on an average of numerous
procurement actions by all three of the U.S. Navy sysiems
commands. The official actions required can be performed
much faster, but this number includes the effects of all the
delaying factors such as the budget process.

Second, we must recognize that present vehicles are kept
operating for a long time, typically twenty or more years.
Overhauls, service life extensions, and other such
programs stretch the life of our weapon systems.
Otherwise, they would not be affordable. This means that
we cannot quickly replace all the ships and aircraft at once,
but must use a long, gradual process.

Taken together, these facts make us look forty years ahcad
to define the fleet and the resulting vehicle requirements.
Figure 13 shows the present fleet, the future fleet, and a
transition period. The transition period is where the old
ships are being gradually replaced by the new designs. As
you can see, the transition is long. This is both for
affordability and practical reasons like availability of
shipyards and other manufacturing facilities. Also, training
will be needed, so one must include simulators and other
training systems in the plans.

TODAY'S TRANSITION FUTURE
NAVY NAVY NAVY
Today Near Mid Far

Term Term Term
in tieet —- Today's
fleet

Under retired
Contract

Today's ||| Future Contracts
navy havy

Current | infl near
Archi-  Linfluence || IUENCE | - o ont
tecture

Future
Archi-
tecture

Figure 13. Transition to the future.

The conclusion of this schedule examination is that the
future is NOW! If we are to make an impact, we must begin
now to perform the studies that define the specific concepts
1o be pursued. That in tum defined the research required 1o
bring the technology along, so it will be ready for the
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designers when they need it.
10, CONCLUSIONS

o Re-thinking naval aviation and the Carrier battle
force is clearly a worthwhile effort. Significant
gains are achievable at lower costs than today's
fleet.

o  Many opportunities such as SWATH alternative
hull forms and Super-cruise aircraft remain to be
investigated.

o Computer models are available in both the
aviation and surface communities to do a credible
job of assessing cost and effectiveness of
alternate ships and aircraft.

o System-wide studies integrating ships and aircraft
in a combined force architecture are more difficult
because of the historical separation of the lines of
development.

o  The CDM3 and the FANGS? efforts represent only
a beginning. These approaches should be
expanded upon in the future.

o  Aviation research is needed, targeted toward the
missions and scenarios shown in this paper.
More detailed studies are needed to define the
research requirements.

o Unmanned Air Vehicles are promising, and should
be examined in more detail.

o You are invited to contribute support and ideas.

Acknowledgment: Much of the work on ship design
reported here has been adapted from a paper by LCDR
Michael Bosworth, Aileen G. Kleiman and Steven C. Matz
which w=< presented to the American Society of Naval

Eng’ 1eers ir May of 19913, Several related briefing
packe's an”’ an unpublished FANGS paper‘ by the same
authors were also drawn upon for material. The ASNE source
paper gives technical information on the ships presented
here.
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