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Theme

The noise emission from combat aircraft is increasingly perceived sy the public as a nuisance. particularly in the densely
populated areas of Central Europe. Besides procedural measures with respect to military flight missions, it will be necessary in
the future to take other steps towards the reduction of military flight noise at the sources of the noise emission themseives. This
is also dictated by the unintervupted trends to higher military flight performance of combat aircraft. which is inevitably
connected with still higher noise.

Other than for civil aircraft the physics of noise gep=ration and reduction of military aircraft and propulsion systems is not well
understood. and one has to admit the existence of in.portant gaps in our basic understanding.

Despite this situation one can think of conceivable technical measurss towards noise reduction which concern on the 2ne hand
the propulsion system itself such as low noise nozzle concepts or noise-reduced turbomachine and afterbumner d=signs. and on
the other hand possibilities for reduced noise emissicn on a system design level, such as non-afterburning variable cycle
propuision systems, aircraft with reduced drag by intemal weapon stores or aircraft with shielded noise s~urces.

The purpose of this meeting was to report the present state of knowledge on fixed wing aircraft noise emission and its remedies.

Identification of the main noise sources and mechanisms of noise generation and propagation. particularly arising in the
propulsion system, and the possibilities for noise reduction was the main focus of the meeting.

Théeme

L’émission de bruit par les avions de combat est de plus en plus considérée par le public commie une nuisance, en particulier
dans ls zones de I'Europe centrale a forte densité de population. En plus des procédures quil conviendrzit d’adopter pour les
missions aériennes militaires a I'avenir. il faudra réduire le niveau de bruit a 1a source. Le probléme est du reste agg.avé par les
efforts soutenus pour 'amélioration des performances de vol des avions de combat, amélioration qt i engendre. inévitablement,
des niveaux de bruit toujours pius élevés.

Le cas des avions civils mis a part. la physique de 1a génération et de la réduction du bruit des propulseurs n'est pas encore bien
comprise et il existe d'importantes lacunes dans nos connaissances de base dans ce domaine.

Certaines mesures techniques ont pourtant été envisagés dans le sens de la réduction du bruit: d'une part en ce qui concerne le
systeme de propulsion lui-méme avce les études de tuyéres a dispositifs atténuateurs de bruit, ainsi que les turbomachines et les
récnauffes a bruit réduit: et d'autre part 'examen des possibilités de réduction du bruit au niveau de la conception des systemes.
avec des propulseurs sans réchauffe a cycle variable, la réduction de la trainée par I'intégration de la soute d’'armes et le blindage
des sources de bruit.

La réunion avait pour objet de présenter I'etat de l'art sur les connaissances en matiere de bruit émis par ies aéronefs a voilure
fixe et d'examiner les remeédes envisageables.

L'accent €tait mis sur l'identification des principales sources de bruit, les mécanismes de génération et de propagation du bruit.
en particulier au sein des systemes de propulsion, et les différentes possibilités en ce qui concerne la réduction du bruit.
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TECHNICAL EVALUATION REPORY
W.B. de Wolf
National Aerospace Laboratory NLR,
P.0. Box 90502, 1006 BM Amsterde.

SUMMARY

A technical evaluation is presented of the AGARD-
PEP Specialists’ Meeting on Combat Aircraft Noise
at Bonn, October 1991. The meeting concentrated on
the noise from combat aircraft on low-altitude
high-speed training missions.

Considerable improvement was reported on the
understanding and prediction of various noise
components. One of the main conclusions was that
the overall effectiveness of reduction of engine
based noise criticaily depends on the airframe
noise level at high flight speeds and more work is
required {n this area to clarify the situation.

1__INTRODUCTION

The annoyance of aircraft noise in the vicinity of
military airfields nas been reduced by operational
nmeasures and by sound insulation of dwellings where
certain noise levels still are exceeded. The noise
situation around those airfields is still of
concern but seems to be more or less accepted.

In contrast, the noise from combat aircraft on low-
altitude, Thigh-speed training missions over
populated areas has led to massive complaints,
particularly in Germany. This, and a few accidents,
led to the decision that from September 1990 all
flying below 1000 ft (300 m) above ground level
over Germany became forbidden. The Luftwaffe is now
carrying out its training for low-altitude flight
missions in Canada. In other European countries and
in the U.S. the noise from low flying combat

- aircraft has not led so far to similar massive

public reactions.

In a number of NATO countries studies were
performed during the last few years specifically on
the noise from low flying combat aircraft. These
studies related to the character of the noise
impact, including the ‘’startle’ effect, the
identification and prediction of the various
contributing noise sources and their possible
reduction by technical measures.

-The purpose of this meeting on Combat Aircraft

Noise was "to report the present state of knowledge
on fixed-wing aircraft noise emissions and its
remedies”. This scope 1s wider than the noise from
low flying combat aircraft only and is reflected in
tte variety of presented papers, about 8 of the 26
papers -being of a more general character.




Topics of these more general papers were on the
noise from an ouctdoor engine test facilicty (6),
airframe noise from ctranspcrt aircraft (7),
pressure fluctuations in cavities (7), the sonic
boem from supersonic aircraft (12), fan noise
generation and reducrfon (15), combustion noise
(18), theory of noise generation {n subsonic jet=s
' (24) and supersonic elliptic jets (20), experiments
on jet screech related to acoustic fatigue problems
of the airframe (20) and the prospects of reducing
propeller noise by active control (29). Most of the
papers were of good to outstanding quality However
the praesent technical evaluation will be confined
to the noise from low flying combat aircraft at
high speed.

2 THE NOISE FROM LOW FLYING COMBAT AIRCRAFT

From the meeting it emerged that:

1) The noise from 1low flying combat aircrafc
tends to be no longer accepred by the public.

2) 1Its annoyance is not only caused by the high
noise levels but also by its unexpected sudden
occurrence ('startle’ effect).

3) Analysis of recent flight test data has
considerably improved our wunderstanding and
prediction of the various noise components.

4) Prospects for the reduction of overall noise
levels by treatment of the engine based
sources critically depend on the airframe
noise levels and may thus range from a few to
more than 10 decibels.

5) More work is required on the contribution and
reduction of the airframe noise levels at high
flight speeds and their possible reduction and
on the weight and performance penalties of jet
noise silencer systems together with their
consequences for operational flexibility and
cost of implementation.

These five items will be elucidated briefly in the
following sections, each ending with a concluding
remark. Numbers between parentheses refer to the
numbers cf the papers in the proceedings.

3 ACCEPTABILITY

The effectiveness of air forces heavily depends on
their ability to penetrate through hostile air
defence environments. Under these conditions flying
extremely low and very fast, combined with
additional measures is the best way to maximize
operational effectiveness and survivability (1). To
be useful, training for these conditions requires
flying below 500 ft (3). In fact an actual military
operation would require a penetration at 100 ft
altitude and as fast as possible, typically 480-600
kts. The present training in Europe 1is already
compromising this situation by mostly flying at 250




ft altitude and 420 kts, with no effective training
possibilities in Germany, see the introduction. In
three NATO countries, Canada, UK and US, training
down to 100 ft is allowed in specially designated
arsas (3).

The philosophy in the UK Is to allow training at
" 250 ft throughout the country, except over densely
popnlated areas, in order to spread the noise
burden as widely as practicable. It was suggested
that concentration of the noise in a few areas has
been at the heart of the problems in Germany (3).

Flight simulators could help to a limited extent to
compensate for the decrease in actual flight
training hours which tends ¢to be imposed by
budgetary reasons. However for low altitude flights
the technology for realistic simulation is still
not available and the absence of physical danger
strongly influences the training results (2).

It was stressed that further limitations of the
possibilities for low altitude training will
significantly degrade the capability and
survivability of the NATO szir forces in an actual
wartime situation (1). The operation "Desert Storm"
where penetrations at night below 100 ft were
performed with remarkably low losses of aircraft
owed a great deal of its success to the skill and
professionalism of the pilots, acquired on low
altitude training missfons in peace time (3).

It is concluded that operatioral measures to
significantly reduce the noise from low flying
combat aircraft now have virtually come to an end
and technical measures at the source are desired.

4__  ANNOYANCE

For many combat aircraft noise level data are now
available relating to the high-speed fly-over
situation at low altitude between 250 ft,75 m and
1000 £ft/300 m. These measurements were performed in
" Germany (9,27), France (10), the UK (22,23) and the
Usa (&4).

As an example, one configuration of a Tornado
aircraft flying at an altitude of 250 ft and 420
kts generates a maximum level on the ground of
around 110 dBA and this increased at a rate of 1
dBA per 10 kts.

However it is nat only the high noise level that
matters, but also the onset rate ac defined in (&)
and expressed in dBA per second. When the Tornado
flies over at 250 ft altitude and 420 kts the dBA
level increases from the background to the peak at
a rate of about 30 dB/sec (27). At lower flight
altitudes and higher flight speeds onset rates of




up to 90 dBA/sec are possible (23) with potentially
very strong ’'startle’ effects.

The USAF is presently ccnducting various laboratory
studias to determine the key psychoacoustic
parameters associated with the noise exposure from
low-flying combat aircraft (4). These suggest that
ongset rates below 15 dBA/sec do not increase the
annoyance while at 30 dBA/sec the penalty to be
added to the Sound Exposure Level {s 5 dB. For
higher onset rates more study is required to
determine the penalty. The onset rates quickly
diminish with lateral offset. ’

Concerning the width of the annoyed area, in case
of the Tornado (250 ft/75 m) altitude, 460 kts) the
corridor vwhere 80 dB(A) is exceeded is about 900 m
wide (27). If the aircraft increases its flighe
alricude from 250 £ft/75 m to 1500 ft/450 m the
widzh of this corridor is the same due to the loss
in ground attenuation. However ths peak level below
the aircraft is reduced by about 1l¢ dB.

The noise from low flying aircraft further differs
from the airfield environment situation by its
single event character. In a typical case 90 dBA
may be exceeded every 4 hours while 105 dBA is only
exceeded evary 60 hours (9). Still a 10 log N event
factor seems to apply for a few hundred or a few
events per day to calculate the Sound Exposure
Levels (4). Additional work on prediction of
reactions to individual overflights at some
distance to the flight track is wunderway (19)
together with how the audibility is affected by the
terrain.

With respect to possible hearing damage it {s not
the maximum dBA level that counts but again the
Sound Exposure Level, which takes also the exposure
time into account. Even under cthe most severe
conditions with regular overflights of say 50 per
day, of combat aircraft at 250 ft/75 m saltitude,
hearing damage 1is very unlikely even after many
years of exposure (4).

It is concluded that the sound levels from low

flying combat aircraft are now well documented. The
effect of the onset rate (’'startle’ effect) and the
effect of the sparse events on human response is
under study and good progress is being made.

3. SOURCE ANALYSIS AND PREDICTION

Until recently far field diagnostic measurements
and research on aircraft noise have been limited to
relatively low forward speeds, say Mach 0.35
tecause these were aimed at take-off and climb-out
situations (5,7,14) through the need to comply with
civil noise certification requirements,.
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For combat afircraft flying at high subsonic flight
speeds no meaningful diagnostic measurements weve
available so far. The structured experimental
program of high spee! .light tests in the UK (22)
has provided new understanding. For a Tornado
aircraft steady flights were performed at different
power settings by allowing the aircraft to ascend

‘ or descend. The aircraft was flown with a full

stores complement and a 45 degree wing sweep. The
measurements revealed the importance of the noise
generated by the air flowing past the airframe.
This airframe noise yields a significant
contribution to the dBA level in the time before
overhead and to the peak dBA 1level and it {s
sometimes the dominant component. This was
concluded after adjusting the data to typical
conditions for horizontal steady flight. Diagnostic
measurements of this type are mandatory to predict
the effect of reductions in the engine noise based
on the overall noise of a particular aircraft and
configuration.

Significant improvement was also reported on the
prediction of jet noise at high subsonic flight
speeds (21) wusing fly-over noise data of four
differenc military aircraft (8). Here it was
assumed that the noise was dominated by the jet,
producing mixing noise and broadband shock
associated noise. The latter occurs if the jet is
supersonic and different from the nozzle design
Mach number, see also (16). No conclusive
indication for the importance of airframe or
combustion noise was observed from the frequency
spectra in the high flight speed cases examined in
(8) and (21). One of the aircraft was a Tornado,
but in a cleaner configuration than the
configuration measured in the UK (22). It |is
suggested however in (22) that the measured
airframe noise of the Tornado is possibly dominated
by the wing trailing edge noise which should be the
same for both configurations.

Based on the noise data of (8) an improvement to
the clacsical SAE jet noise prediction method was
developed (21). This should considerably improve
the prediction accuracy for high speed flight
conditions, the difference with the measured fly-
over levels being generally less than 2 dB.
Differences with the earlier SAE method amount up
to 10 dB. -

The method contains an empirical factor o, which
describes the increase of the turbulence in the jet
due to flight, for instance due to the effect of
the boundary layer from the rear fuselage. The
measurements cf (22) showed some 10 dB difference
between the "installed" jet noise 1level and a
prediction which includes the effect of forward
speed (ESDU-method). This may be attributed to the
same phenomenon. More analysis is required to sort
out the role of o0, and the mixing process in the
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jet as affected by the flow around the afterbedy.
In addition, the twin nozzle configuration of the
Tornado may show additional phenomena compared to a
single jet and could possibly also affect the
airframe noise phenomena in that area (22).

. It is concluded that targetted research is required
- to establish the level of airframe noise in a
specific situation. This question remains a /
critical issue as henefits from jet noise reduction
may wall bottom on the airframe noise floor at high
speed flight conditions. A considerable improvesent
of the prediction of iat noise at high speed flight
conditions was presented uviut questions concerning
installation effects still remszin.

6 __ PROSPECTS FOP. NOISE SOURCE REDUCTION

A number of papers (5.14,15,28) reviewed the
various options for jet ncise silencing. Most of
these referred to techniques developed for the
earlier subsonic jet transport aircraft with low
bypass ratio engines and the Concorde supersonic
transport. The best suppressor nozzles at that
time, offering significant reductions, shov a
trade-off of about 0,5 percent loss in gross thrust
for each dB jet noise reduction (l4) together with
an increase in all-up weight.

The Concorde aircraft has engine exhaust conditions
similar to combat aircraft. In spite of an
extensive research programme no simple universal
jet noise silencer was found. Some silencers
developed on static ground test rigs were found to
be ineffective in flight and were discarded (4).
For reduction of the fly-over noise increasing the ' .-
area of the primary nozzle combined with the power
cut-back procedure proved to be effective in
reducing the jet noise by some 5 EPNdB (5).

Squeezing of the jet in one direction as used by
Concorda (5) (14) or by using elliptic nozzles (16)
may reduce the noise from supersonic jets in the
region around the major axis. For elliptic nczzles
static tests showed reductions of 6 to 7 PNdB along
the major axis with little impact on performance
(16).

All this work however related to the reduction of
jet noise at take-off and climb conditions and not
to high subsonic cruise flight. For the latter
conditions the trade-off Dbetween jet noise
reduction and performance losses is not yet known.

For the present problem of jet noise reduction for
low-altitude high-speed combat aircraft missions,
the simplest option seems to be to open up the
engine exhaust nozzle, providing the same thirust
with 1increased mass flow but with lower jet
velocity and noise. This procedure 1is likely to
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increase the specific fuel consumption and cause
the engine to operate closer to its limits (e.g.
shaft speed, choking of bypass duct).

For the Tornado aircraft details were presented how
this option might work out (26,27). For the low
weight, clean configuration a reduction in the jet

‘noise of about 5 dBA is predicted at Mach 0.7 by

opening up the nozzle. It is estimated that the
aircraft fuel consumption will hardly be affected
in this case because the increase in specific fuel
consumption will be compensated by lower intake and
afterbody drag. However for the heavy weight
aircraft, a higher power setting is required and
the nozzle cannot be opened very much without
exceeding the engine limits.

This has led to a proposal for flying low altitude
training flights of the Tornado in a clean low-
weight configuration only. Combined with an open
nozzle this might lead to a noise reduction of 8
dBA compared to the standard configuration (27),
assuming that the jet noise reduction doces not
bottom on the airframe noise floor of the clean
configuration. Modification of the nozzle control
schedule requires only a software change in the
engine control unit. More drastic measures like a
proposal for a low noise training version of the
Tornado with an ejector silencer nozzle (27), need
to be considered very cautiously, with all the
issues addressed.

Besides, for low-altitude high-speed overflights
not only the maximum dB(A) level is important but
also the ’'startle’ effect, caused by the high ons-t
rates. An interesting, but maybe fancy, possibility
for reducing this ‘startle’ effect was identified
in (22). It was suggested to decrease the onset
rate by adding a powerful sound source, radiating
in the forward arc and serving as a warning device.

It is concluded that for the reduction of the noise
from the present combat aircraft, flying low-
altitude training missions, opening up of the
exhaust nozzle and a clean configuration whenever
possible is the first thing to consider. For more
drastic measures 1like suppressor nozzles the
effects on weight, performance and operational
flexibility should be evaluated carefully. The
airframe noise floor is likely to be of critical
importance.

Xxv




Z___CONCLUDING REMARKS

Very useful work has been done recently to get a
better picture on the possibilities for reduction
of the noise from low flying combat aircraft. More
work is required on the assessment of the airframe
noise levels and their possible source reductions.
Furthermore, not only mors information is required
on the welight and performance penalties of jet
noise silencer systems at these high flight speeds,
but also their effects on multi-mission
flexibilicy, logistics and cost as these aspects
have been identified as possible show stoppers.

For moderate noise reductions by changing the
nozzle schedule, discussions with the operators
should be contiaued.

For gignificant reductions of the noise from low
flying combat aircraft at high speed, while
retaining their mission capability, the prospects
are presently unclear.

In response to the public concern and the need for
military alertness, further work should be
performed along the lincs 1identified by this
specialists’ meeting. Then it can justifiably be
argued that all reasonable measures have been
pursued to the end, in order to minimize the noise
from low flying, high performance combat aircraft,
without sacrificing their operational capabilities.
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COMBAT AIRCRAPT OPERATIONS: TRAINING REQUIREMENTS FOR THE GERMAN
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Summarz

Deterrence potential of Air Porces and by
that the capability to fulfil their mis~
sion in times of war, rests to a high
degree with a threat oriented training in
peacetinme.

Low level flying 1s a major tactical meana
to help aircrews reduce the anticipated
threat imposed to them by enemy air Jefen-
ce systems to an acceptable degree. The
demand for this capability applies also to
alr defence tasks against attacking figh-
ter bombers.

Military low level flying requires a high
degree of proficiency, only to be reached
and maintained by constant training. A
high performance leval is then the key “o
air power.

The possibilities for tals xind of neces-
sary training are reatricted by superior
demands concerning, amongst others, flying
safety and environmental reasons.

Too intensive restrictions might reduce
the fighting capability of the wings to
such an extent, that mission fulfilment
could be seriously endangered.

1 Introduction

In all political endeavors to prevent war
such as

- disarmament,

- relaxation of tensions,

- improvement of econsmic relations,

- reduction of confrontation and

- confidence building meagures,

armed forces Jdo continue to play an impor-
tant role. This is in acocordance with the
strategy of NATO alllance directed to
prevent war by deterrence and by the
capablility to defend against aggression.

Because of their special characteristics,
such as range, speed and by their capabi-
141ty to concentrate fire power, air forces
are particularly sulted to prevent surpri-
se and to respond rapidly and effectively.
Deterrence potential of Alr Forces, i.e.
theipr capability to fulfil their missions
in times of tension and war, rests to a
high degree with an efficient, threat
oriented training in peacetime.

The density of air defence systems likely
to be expected anywhere in well armed
countries do pose significant potential
threats and must be considered in any risk
assessment.
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The effectiveness of air forces heavily

depends cn thelir penetration abllity

through hostile air defence environment.

Despite the improvement of ground based

air defense weapon and the rising number

of aircraft with look-down/shoot-down

capabilities, air to ground weapon/systems

must be able to fly very fast and very low

in order to shorten reaction time availab-

le to enemy air defence as well as to

escape detection and engagement.

For the near future many air-delivered

weapons will continue to be limited to

line-of-sight operations. Weapons which do

meet key parameters like

- stand off capability

- adaptabllity

- versatility

- precision (to minimise collateral
damage)

- reliability

~ maintainabillty

are all very costly. Therefore present

air-to-ground weapons held in stock will

continue to influence delivery tactics for

the immediate future.

FPlying extremely low and very fast com-
bined with additional measures like
Jinking, cerrain masking, dropping charf
and flares and using the onboard electro-
nic counter measure equipment results in
a high degree of survivability and opera-
tional effectiness which 1s unattainable
by any other manner of operation under
oresent conditions.

In other terms, flight crews must be
enabled not only to fly aircraft at alti-
tudes of 100 feet but alac to perform
their wartime mission.

In order to meet the standard alrcrews
require a high degree of proficiency, only
to be reached and maintained by continued
training. The amount and frequency of low-
level flying training 1s dependent on a
number of important factors, such as
aircrew experience level, aircraft type,
role and operating area and topographical
conditions.

Complete confidence in all aspects of low
level flying and a high level of competen-
ce in tactical operations can only be
achieved 1f aircrews have enough opportu-
nitlies to train their wartime misstions
already in peacetime,

Restrictions on low flying training oppor-
tunities at realistic heights and speeds
have already resulted in a decline in the
abllity of flying personnel, Thus, 1f NATO
air forces are to meet the operational
demands, it is essential that each nation
{evelops training programmes which
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ensure a8 high degree of compe.ence and
comdbat effectiveness for ailrcrews. Based

* on current ACE FORCES STANDARDS the Luft-
waffe has designed a threat orientated
TACTICAL COMBAT TRAINING PROGRAM (TCTP) to
achieve the required operational readiness
and effectiveness of their aircrews within
its operational wings. It contains guide-
lines and annual minimum requirements for
the tactical training-of alircrews, having
sugeessfully completed the initial weapon
system training. I. can be used to assess
the training/combat capabilities of the
individual alircrew as well as the combat
status of whole squadrons or wings.

At the same time the TCTP serves as an
administrative vehicle for data collection
and reporting tc facilitate effective con-
trol over the training standards within
the wings and by superior Headquarters,

Type and number of the required tactical
missions and events reflect the national
ideas on how to optimize cperational
training within the limitations and re-
strictions imposed by material, money and
environment..

2 Structure of the Tactical Training
Program (TCTP)

Basically, the TCTP for flying units ias
structured into the following areas:

A General

General requirementa for flying units
like flying hour calculations and areas
of special emphasis or interest.

B  Tactical

Governs the tactical training require-
ments in terms of missions, events and
runs according to weapon system and role.

C Theory

Lays out the required lessons, which have
to be covered during each year. The
lessons encompass areas like

~ aerial tactics

weapons and sensors

ground tactilcs

intelligenc=

aircraft compontents and procedures
flying safety and

electronic warfare.

D Qualifications

Describes the weapons qualification
criteria for all types of aircraft and
roles .

E Combat Status

Contains detailed instructions, how each
specific operational status of the indi-
vidual crew members have to be achleved,
tested and maintained.

[¢] Reporting

Covers in detall the upline reporting.
Basically quarterly results are to be
forwarded to the headquarters containing
all pertinent information on flying
hours, percentage of missions and events
flown, and special problems encountered.

3___General Plying Program

The annual minimum flying time per squadron
crew members {s set at 180 hours, for crew
member assigned to stalf positions

90 hours, and crews in currency status (war
reserve crews) 70 hours, which 1s as well
the minimum for any pilot holding an in-
strument rating. Within this program mini-
mum requirements are set to ensuro safe
aireraft handling in Visual and Instrument
Meteorological Conditlons at day and at
night; e.g. simulator training, instrument
and formation flying, flights at aerodyna-
mical and atructurel limits of the aircraft
such as high performance maneuvers, air-
craft handling characteriatics and confi-
dence maneuvers, as well as long range
navigation flights.

4 Tactical Training Program

The tactical training program 1s structured
as close as possible to the operational
requirements deducted from the threat po-
tential posed by countries ontside NATO
territory. Nevertheless, the program always
had to be a compromise bocause of the
numerous peacetime limitations caused by
flying safety, financial and environmental
constraints including noise abatement
procedures.

Despite these limitatlions the Luftwaffe
considers the tactical training progranm to
be sufficient realistically structured to
enhance mission orientated training.

To get the best efficiency out of the
available sorties, several tactical events
have to be combined in one operational
training misslon, which - whenever possib-
le - should be embedded in a tactical sce-
nario. The training program puts special
emphasis on this aspect and reflects this
requirement for combat-oriented training in
a high number of equivalent combat missions
t0 be flown per year.

The Luftwaffe seeked for different ways in
minimizing this nolse burden:

5 Training outside Germany

Permanent tactical training facilities are
established at DECIMOMANNU/Italy, BEJA/
Portugal and GOOSE BAY/Canada.

At these facilities we conduct an essen-
tial part of our tactical training.

5.1 DECIMOMANNY

The training facility in DECIMOMANNU which
is mainly shared by Germany, Italy, U-itrd
Kingdom and USA, 13 primarily used for air/
ground gunnery, life air-to-air-firing and
for air combat training in the Air Combat
Maneouvering Installation (ACMI), &
computerized instrumented range, which
allows replay and assessment of all tacti-
cal movements and simulated weapons delive-




ries. All our TORNADO and P-4F wings are
detached with about 22 aircraft for an

) average of 6 weeks/year.

+2  BEJA

At BEJA we have a permanent detachment
equipped with own ALPHA JETs, so that
training is done there on a personnel-
exchange basis by the ALPHA JET wingsa,
Additional deployments to Beja are con-
ducted by reconnaissance wings.

The main training embraces air-to~ground
weapons delivery and tactical low level
flying down to 250 feet Above Ground
Level (AGL).

5. GOOSE BAY

Moat important for our tactical training
is the training center at GOOSE BAY,
because there our crews can extensively
be trained in lowest level flying down to
100 feet¢ AGL. Attacks on tactical targets
with delivery of training weapons are
also included. Another big advantage is
the fact, that there are always two
different tactical aircraft types (e.g.
TORNADO and P-4 or Royal Netherland Air
Force F-16) in GOOSE BAY at the same
time. This facilitates extensive combined
training, either together in combined air
operations or against each other in
attacker/defender roles.

Our wings deploy to GOOSE BAY either by
air-to-air-refuelling direct or, as
generally for the ALPHA JET, with "island
hopping" via Scotland - Iceland - Green-
land.

5.8 Assesament

All together, the external training faci-

lities contribute essentially to the

fulfilment of the tactical training pro-

gram:

- About 50 % of the weapons qualification
and

- 25 % of the low flying program is
achieved there, but - more important

- 100 % of the easential lowest level
flying and

- 100 % of the high quality air combat
training in the ACMI 1s conducted at
these facilities.

We know, that this training would be more
beneficlal if done in a probable combat
area, but with todays peacetime reatric-
tions all over in Europe we wouldn't be
able to conduct these essential training
parts at all.

Besides the transfer of tactical flying
to unpopulated or rare populated areas =~
which 18 not a new subject for the Serman
Alr Porce, since almost from the very
beginning, parts of the gunnery training
vwas shiftea to DECIMOMANNU ~ some other
ways for further nolse rellef of the
environment and socliety were called into
being at home,

6 _ Environmental Constraints in Germany

The airspace overhead Germany 1s very

crowded looking at the following figures

(1990): -

. Annually a total number of about

5.200.000 flights

83 £ associated to civil aviation

. 17 % (875.000) to military aviation

From these 17 % or 875.000 military

flights a total number of about 42.000

hours were flown as low-level-flights

. 13.500 hours of these by the Luftwaffe
and

. 28.500 hours by the Allies.

6.1 Annual Noon Break

From May until October low-level flying 1is
prohibited between 12,30 and 13.30 local
time, not to mention the fact that the
low=level flying is generally restricted
to a certain time frame which lasts from

7 o'elock a.m. to 5 o'clock p.m.

6.2 Night Low Level

Nite~low-level flying is restricted to a
minimum altitude of 1000' AGL up to

12 o'clock p.m.

All nite-flying~-route-~-systems are posi-
tioned so, as to avoid dense populated
areas, This fact holds also true for low-
level flying in general.

6.3 Avoidance of Dense Populated Areas

Dense populated areas, e.g. towns with
more than 100.000 inhabitanta are to be
avoided or overflown at an altitude of
minimum 1.500' AGL.

6.4 Maximum Low Level Speed

In general the maximum flying speed over
Germany 1s restricted to subsonic (.96
Mach) between 10.000' - 38.000', whereas
supersoni. flights have to be flown ahove
38.000 feet. The maximum low level flying
spead was recently reduced to 420 KIAS
(540 KIAS only during the attack phasa),
and the use of afterburner 1s prohibited
at altitudes below 3000' AGL unless for
take-off and landing (go arounds) or
dictated by flying safety.

The report of the assembly of the WEU on
"The future of low flying" published in
April 1991 states:

"The reduction to 420 KIAS means where

noise 1is concerned:

- the lower engine apeed greatly reduces
the noise emitted -~ by up %o 25 %, de-
pending on the type of aircraft. Peak
noise levels consldered critical in
research on aircraft nolse .are not as a
rule reached at this speed.

- owing to 1its lower speed, the aircraft's
appearance {3 less ~f a surprise. The
shock 13 greatly reduced, and the audi-
tory system 13 better able to adjust to
the volume of noise."
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This measure undoubtedly having some
positive effects on the environmantal
impact of low flying Jjet operations has
considerably degraded the operational
capablility/flexibility of combat aircraft
operating in the low level environment.
Any further restriction in the operating
speed would adversely effect flying
safety.

6.5 Alr-to=-Air Training

Low altitude interception training is
carried out at sltitudes of 1.000-1.500'
AGL. As several high powered airecraft
are normally simultaneously present in a
small area for a fairly long time in this
type of training, the noise level and
stress are particularly high because of
frequency of overflighta at high air-
speeds. With the advance of pulse doppler
radar this training can be increasingly
carried out at altitudes above 1.500°',
weather conditions permitting. Installa-
tion of pulse-doppler~radar in Luftwaffe
aircraft will begin in 1992.

Unlike low altitude interceptions, areal
combat training over land is alwars
carried out at altitudes above 10.000'
AGL. In the future 86 % of German alr
Porce training of this kind will be per-
formed over the sea or abroad, leaving
only 14 % over Germany.

6.6  Low Level Attack Profile

In the sixties and seventies low level
flying was timewise not restricted.
About 1980 the maximum low-level~-flying-
time was restricted to 50 minutes per
sortie. Then some years later the attack
phase, when flown in the 250' low-level-
areas was limited to about 90 seconds;
this is between 1initial attack point and
target.

Effective 17 September 1990 all low
flying below 1.000' AGL over Germany was
banned. This contributed on one side to a
noticeable reduction of the environmen-
tal impact caused by fast flying jet air-
cralft, but as well changed the training
capabilities in Germany to an extent,
that realistic low level combat training
nearly became impossible. This develop-
ment was further aggrevated by the fact,
that all neighbouring allies as well
prohibited low level flying beloy 1.000'
for Luftwaffe jet aircraft.

However, now as before low level flying
is the most effective possibility, to
secure survivability and fighting capa-
bility to a satisfactory extent.

In the meantime, some exemptions have
been authorized in Germany for flights
below 1.000' AGL, providing some oppor-
tunities on a case by case basis at or
above 500' AGL for the NATO Tactical
Leadership Programme stationed at
Plorennes, Belgium and down to 250' AGL
for our ALFHA JET squadron holding an ACE
Mobile Force assignment.

7 Low Level Flying Manamgenet Systems

The Luftwaffe 1s presently testing a
computer assisted Low Level Flying Mana-
gement System for all low level flight
operations of its units. At present this
system 1is capable of recording and de-
picting low aititude movements with the
ald of the flight plan data inputs by the
operational squadrons. Concentrations both
on individual days and over longer periods
can be analysed and recommendations for
mission planning can be issued. Weekly
"LOW FLYING DIRECTIVES" are dissiminated
to all units concerned at present.

As soon as this syatem is fully operatio-
nal timely adjustments to the daily low
flying operations can be achieved to avoid
areas of high traffic density and by this
lower the noise level and reduce the risk
of collisions, thus further improving air
safety.

The aim is to incorporate all airspace
users in this system.

A further step ahead would be a NATO-wide
airspace coordination system to provide
sufficient training airspace by minimizing
environmental inpacts.

8  Summary

As you are well aware, all these selfim-
posed restrictions, their disciplined
utilization by our aircrews and last but
not least the use of the technical im-
proved simulators could not prevent, that
military flying and especially the noise
intensive low level flying has become in
the past a leading i1ssue n public and
political discusaions.

However, no current developments indicate
that low-altitude operations can be
completely abandoned in the near or even
distant future, unless roles are reallo-
cated.

Operational measures to reduce the noise
caused by low-altitude flying in the short
term may, however, be joined in the medium
term by a number of technical measures
that can be taken on equipment already in
use. For the most part they consist of
modifications to the source of noise it~
self, e.g. the aircraft or its engines.

Specifically, they may consist of changes
in configuration leading to reduced air
resistance and thus to reduced engine
thrust requirements, or changes to the
engine 1tself, ranging from the removal of
the afterburner through the use of sound
absorbers to the development of new jet
designs.

As the political situation in Central
Europe has changed, the reunion of Germany
being executed and the Warszawa Pact being
cracked, the increase of low level flying
minimum altitude of military jJet to a
height of 1000' AGL the TCTP had to be re=-
tailored, to try to maintain the required
skills and fullfil the requirements for
the necessary states of readiness in the
future, However, substitus for the low
level parts are presently not in sight.
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All the mentioned limitations in Europe There are signs of technological and
definitely decrease the noise problem conceptual developments which are likely
caused by low level fast flying jet air- to have positive implications in the

oraft but as well dramatically degrade the future on tactical operational concepts
combat training of the aircrews to an and overall strategy and so not least on
extent, that the required combat capabilil- the nature and scale of low-altitude

ty is at stake. flying with the assoclated noise problem.

Discussion

QUESTION BY: G. Winterfeld, DLR, Germany

The figures on low-level flying hours executed by the NATO
Alr Force given in your paper concern the former western part
of Germany. Since one year we have to worry also about its
eastern part. Can you give some figures for the low-level
flying hours executed by the Russian or Warsaw Pact Air Force
over Eastern Germany?

Are there similar altitude limitations for low level flying
in Eastern-Germany?

AUTHOR’S RESPONSE:
Presently only the 1990 figures are available. USSR aircraft

did fly approximately a total number of 168.000 hours. Round
about 42.000 hours were flown in lower altitude (min.’
altitude 2000 feet Above Ground Level)

In 1991 only very limited low level flying was done by USSR
militery aircraft. Since 02 Sept. 1991 Luftwaffe also flies
low level sorties in the new Bundeslinder with 10 sorties per
day at altitudes of 1000 feet AGL

QUESTION BY: W.B. de Wolf, NLR, The Netherlands
Could you comment on the difference between the training
environment in Goose Bay and in a highly populated
industrialized area with e.g. chimneys and electricity lines?

AUTHOR’S RESPONSE:
At 100 feet there is not much difference between high trees

and industry chimneys. Topographically the northern training
area of Goose Bay has a lot of valleys which do allow good
training for terrain masking flights. In a4 broad sense
wherever we can fly lower than 1000 feet (present restriction
in most European countries) it increases combat efficiency of
our aircrews.

QUESTION BY: G. Krishnappa, National Research Council, Canada

' You showed in your diagram the peak noise complaint during
1990 and also a steady increase of noise complaints over the
years., Is it because of the increase in the number of flights
or due to higher sensitivity to noise among the population?

AUTHOR’'S RESPONSE:
‘ Fact is, already briefed, that the amount of military low

level flying was already decreasing in the mentioned time
frame. My personal opinion {s that the rise in noise
. complaints is a result of an increased sensitivity of the
German population. Another reason could be seen in the fact
that in the time prior to GE government election (02 Dec. 90)
noise -created by low flying military jet aircraft- was one
of the important preelection topics.

3-8 B 74‘—‘_—_————_—_—_—_.__——_._—
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Summary

Training is the most important task of
our Air Force in peacetime and simula-
tion must be seen as an integral part
‘of it.

‘Tho rapid progress made in improving

and advancing simulation techniques
leads to a broader use of simulation
in combat aircrew training.

Pilots concern about reduction in fly-
ing hours in exchange for simulation
missions has changed somewhat due to
‘the fact that the total annual flying
‘hours were reduced anyway and low
‘level flying was restricted to 300
imaters AGL without having any adequate
;substitute.

iSimulators are therefore more and more
‘accepted as a necessary add-on for
joptimum combat proficiency training
in which the simulator training por-
tion will have to grow to approximate-
.1y 30 to 35 percent of the future live
fiying training program.

t

'The German Air Force has used simula-
|tors for all types of aircraft for
‘many years and managed to install one
‘special~to-aircraft type simulator in
‘every wing. The experience gained
iwith those systems should be investi-
igated thoroughly to improve our know-
{ledge of the possible application of
simulators in combat training.

But before we identify the principle
interrelationships and longterm per-
‘spectives in a new training and simu-
lation concept, we should collect all
available data and analyse the finding
from the evaluation and flight testing
of the ongoing TORNADO simulator up-
grade program.

We should identify the shortfalls and
initiate the neccessary follow on
program and improve first the proto-
type simulator befores we come to any
decision for the simulators in ocur
TORNADO wings.

Urged by our politicians we have pro-
bably asked for too much too early.
Let me finally quote a NATO papzr on
lessons learned from the Golf War:
"Pilot training must be carried out
in peacetime under severe conditions:
night, bad weather, high sreed, low
level, crew fatique etc. Simulation
can provide a little but not enough.

92-17416
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POSSIBILITIES AND LIMITATIONS OF FLYING
TRAINING IN THE GERMAN AIR FORCE
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Introducticn

The public pressure to cut the jet
noise of low flying aircraft still
exists and the associated problems
were just discussed in our defence
committee last veek.

You will still find noise complaints
about low flying military jet air-
craft in our newspapers, and not too
many people took note of the result
of a very recent study summarizing,
that noise emission from yet air-
craft flying as high as 300 meters

.is unlikely to hurt anybody =~ the

study was presented in Berlin during
a symposium on "Noise and Health” a
few weeks ago -,

Nevertheless we have to avoid or at
least reduce the environmental
impact of operational flying as
much as possible and I think there
is no doubt that simulation is an
important tool in noise reduction
besides other possibilities you are
going to talk about during the next
days.

The ability of piloted simulators
and their contribution to a wide
range of tasks - including the use
and potential of gsimulation in full
mission training for military roles -
was presented in Brusgsels last week
during a symposium of the "Flight
Mechanics Panel” on “Piloted Simu=-
lation Effectiveness”, I could not
attend that meeting but I am afraid

~'that one of the results was that we

/

/

/

/ still have to wait for modern simu=

lation techniques to become part of
a fully integrated approach to
training and combine optimum combat
readiness with crew motivation and
minimum environmental impact.

. . ~
Simulation in flying training is T~
constantly gaining in importance
but.whatever requirements or im-
prov€3‘q4mu1ator features we come

up with wi build on systems we
have in use tt .




III.

I shall therefore start my presenta-
tion with a definition of todays con-
ditions and influencing factors and
go on to describe the status of simu-
lation capabiliities in the German Air
force. From this I will deduce our
objectives with regard to future re~
quirements, give a short presentation
on our simulator improvement programs
and describe the Air Force planning
concept and assess its feasibility.

Definition

Computer assisted reproduction
of technical, physical,
economic and tactical
processes by means of real
or abstract models

It's the artificial duplication of na-
tural situations with adequate fide-
1ity.

Although simulatoras are used in al-
most all Air Force elements for a
wide variety of purposes, my paper
will focus on simulation for pilot
training as a result of the dramatic
changaes in our political environment
and the associated diminished public
acceptance of low level flights with
there environmental and safety risks.
The resulting question is not any
longer: “can flying hours be substi-
tuted?” Our major problem today is how
to compensate for the decrease in
flying hours per pilot per year and
the restricted training opportunities
eapecially at low level and not let
practical flying experience become a
variable.

Conditions and Influencing Factors
Training is the most important task of
Armed Forces in peacetime and must be
oriented along its operational mis-
sions. To exploit the capacities and
capabilities of command, control, re-
connaissance and weapon systems com-
pletely, continuous realistic training
with the operating equipment is nece-
ssary. But safety regulations, environ-
mental restrictions and limited avai-
lability of training areas and funds
more and more limit the capability to
provide training in a near-realistic
war scenario and thus tha use of sgi-
mulators is of paricular importance.

The mission of the Air Force Flying
Units is to train aircrews for the
fighter weapons systems TORNADO and
F~4F PHANTOM, for transport aircraft
l1ike the C-160 TRANSALL and for heli-
copters.

This initial and proficiency aircrew
training is subject to parameters
which are primarily derived from the
political situation, the changing
public perception of defence con-
straints and the demographic develop-
ment in the Federal Republic of Ger-
many. The following factors and trends
to be deduced from these parameters
will have a restrictive effect on
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training.

1. Reduced Personal Strength
Due to the demographic development
and the force reduction already
agreed upon, the personnel strength
in the Air Porce will be reduced
decisively and in consequence, ad-
ditional flying hours can hardly
be provided.

2. Limited Funds
Under the current defence budget
expectations the limitation of
operating costs will become one of
the most important criteria of
future planning. In regard to the
selection of training aids, person-
nel and operating cost savings
must therefore be considered more
strongly.

3. Lack of Realistic Training Condi~-
tions
A number of training objectives
cannot be achieved due to the lack
of realistic training prerequisi-
tes. Because of security and costs,
certain tactical migsions may be
trained only to a limited extend
and for peacetime flying opera-
tions, safety is another very im=-
portant limiting factor. This
training deficits will be further
aggravated by the technological
developments and introduction of
more sophisticated aircraft and
ordnance.

4. Growing Environmeatal Conscious-
ness
A growing public interest in the
preservation of the natural envi-
ronment, crater awarness of risks,
greater sensitivity and the need
to reduce the noise strain was al-
ready mentioned and they cause
additional limitations to training
programs.
Any major tranasfer of training to
the neighbouring Furopean coun=-
tries or overseas beyond the extent
currently planned appears hardly
practicable in view of the reduced
operational readiness, the high
absence rate of aircrews and the
problem of future acceptance of
such transfers by host nations.

5. Availability of Weapon Systems
Finally, and in view 2f the high
development and procurement costs,
advanced weapon systems must be
designed for long in-service live.
As a matter of principle, training
missions with operational equip-
ment contribute to material fati-
que and should therefore be re-
stricted to an extent to be defined
on a case~-by-case basis.

In summary, beside the general reduc-
tion in actual tactical flight trai-
ning, incre#sinqu restrictive condi-
tions demand a permanent revision of




the training concept of the Air Force
for their flight crews and the need to
consider more and more advanced simula-
tion facilities as training support and
not as live flying replacement tool.

Iv. Status of Flight Simulation
Apart from the fact that simulation
provides both reiief from environmen-
tal strain and the necessary protec-
tion of the real system against rate-
rial fatique, it has a number of fur-
ther advantages to offer

~ Operating costs of simulators are
lower than those of weapon systems.
Thus, the average flying-hour-to-
simulator-nour cost ratio is about
10 to 1.

~ Simulators make it possible to re-
cord and reproduce the training
sequence and offer means for a quan-
titative control of the training
success.

- Simulators make it possible to train
the behaviour required in hazardous
situations without endangering man
and material.

- Simulators premet training of weapon
employment even in cases where the
limited availability of training
areas, weapons or funds rule out
live firing.

© = Simulators shorten the training time
during initial and proficiency
training. Investigations made in the
US revealed a time saving factor of
between 10 and 20 % in comparison
with conventional training without
simulators.

On the other hand, simulatocrs have

basic disadvantages

- the limited reproduction of reality
and the resulting regervations our
pilots have and

- the adsense of physical and psychi-
cal stress of our aircrews.

Simulator Training Requirements

The requirements for simulator training
for aircrews are laid down in the
"Simulatnr-based Flying and Tactical
Training Program" within the Tactical
Combat Training Program (TCTP}.

Tactical Combat Trainiig Program
TCTP

Weapon Flying Simulator
System Hours Mission
TORNADO 150 12
r-4r 150 10
Cc~160 200 -
UH-1D 150 20

According to this program, the annual
requirement for flying hours and simu-
lator missions per aircrew is 10 to 1
as an average. Simulator hours are to
be seen in addition to the maximum pos-
sible flying hours a pilot can fly per
year.
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This will change with the increasing
complexity of simulators and their abi-
1ity to include cnvironmental effects
and a close to full realism technique
particularly with advances in visual
systems.

Wae have three simulatov generations in
use in our Air Force, each having been
up t> the latest standard of technolo-
gy when introduced. But with every new
weapon system higher quality simulator
training will be required. For example,
important mission elements of the ECR-
TORNADO in the area of electronic war-~
fare and suppressicn of enemy air de-

fence cannot be trained life for secu-
rity and cost reasons and have to be

carried out primarily in a simulator.

Evaluation of Simulators

Our C-160 TRANSALL ~'mulator is a
first-generation device. Due to its
analogous technology, it is no longer
suited to meet the present or future
training requirements. It's a proce=-
dure and instrument £light simulator
and tactical procedures can only be
trained to a very limited extent. We
will procure a new simulat_.> for the
training of our transport crews next
year.

A 2nd-generation system is our F-4F
PHANTOM simulator. It will be consi-.
dered a good training aid once i1t is
retrofitted with a fiber-optics helmed
mounted display for an texternal visual
system and modified and equipped with
electronic warfare components. I am
going to talk more about our ongoing
simulator improvement programs in a
minute.

We hope, that the F-4F simulator will
provide an environment closer to
reality and may be used to train li-
mited air combat maneuvers against
computer generated targets.

The TORNADO simulator is a third gene-

ration full mission simulator with

still considerable limitations

- it is equipped with a visual system
whose ground resolution and topo-
graphic display capabilities are un-
satisfactory. Therefore, visual low=-
level flying is not possible

- due to its limited field of view in
battlefield nissions and ground
attack operations, it allows for
visuai final attacks only and

- finally, it has no external visual
aerial target display so that eva-
sive maneuvers to escape fighter
atitacks cannot be trained.
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Simulators

ist Generation
C~160 TRANSALL
{analog)

2nd Generation
P-4 PHANTOM
(Aixr Combat-FOHMD)

3rd Generation
(visual System-
FOLMD)

6-DoPf Motion
System)

PA-200 TORMADO

What we need is a full-mission sisula-

tor capable of providing

~ air-to~-air combat

- electronic warfara

- high speed, low level visual and
radar missions and

- air-to-ground attack

training capabilities.

TORNADO Simulator Improvement Program

The Air Force therefore initiated a

TORNADO simulator improvement program

in 1990 which mainly consits of

- a visual system upgrade with a Fibre-
Optic Helmet Mounted Display (FOHMD)
and

~ a 8ix degrees of freedom (DOF) motion
gystem.

Since the basic simulator had to be
change2 to support the new elements CAE
built a prototype simulator in Stolberg
including the FOHMD, the Evans & Suther-
land ESIG 1000 image generator, a motion
and a recording and air target system.

The evaluation program was scheduled
from the 8th of July until! the 11th
of October this year and more than 250
low=level sorties were flown.

The Air Force is going to flight-test
the improved system between the 5th of
November and the 17th of December.

Although it's to early to draw final
conclusions from the results already
in hand, we have today a better under-
standing of the interaction of the se-
veral elements and some indications in
what direction further developments
should go.

With the present simulator configuration
three TORNADO missions per day can be
flown. This is sufficient to meet to-
days annual requirements per pilot. We
managed to get full-time instructor
personnel in our training facilities in
every wing and the employment of former
combat ready pilots as civilian instruc-
tors proved to be succesgsful.

In summary, it may be stated that, for
the time being, simulator training of

aircrews still has limitations prima-

rily due to the fact that

~ the technology for realistic simula-
tion is still not available and the
absense of physical danger influen-
ces the training results and

- simulation systems available do not
allow to train combined air combat
and tactical formation.

Objectivies of the German Air Force
What objectives may be derived from
the above statements for the future
employment of simulators in the Air
Force?

Objectives

Support of Training
High Degree of Reality
Acceptance

Overall Training Concept

In view of the limiting and unfavou-
rable conditions under which life
flying training has to be conducted,
the improved performance characteris-
tics that are emerging in future simu-
lation systems must consistently be
utilized.

The aim of simulation must be the
support of the reduced actual flying
training of fully qualified aircrews
with a detectable contribution to
their proficiency.

With in the interrelationship between-
theoretical knowledge, simulation and
practical flying, simulation has to
fulfil a supplementary function to
prepare aircrews for their missions,
and to maintain and, if possible, to
increase their proficiency in.a safe,
comprehensive, fast and cost effective
manner.

Combined air operations involving
several trainees in a tactical sce-
nario can only be established by
netting simulators and transier a 1ot
of data or by setting up a centrali-
zed tactical simulation center for
the training of highvalue missions
only.

As the effectiveness of simulation is
primarily determined by the degree of
reality and the subconscious acceptance
by the aircrews and since most low
level high speed missions are flown
under visual conditions, the develop~-
ment of a high-quality visual system
must be given first priority.

A realistic aircrew training corres-~
ponding to the performance characte=-
ristics of the weapon system and de-
signated to improve or optimise the
interaction of tactics and technology
requires a continuous improvement of
in-gservice simulators. A still open
question is to what extent such an im-
provement program should be executed.

The investment in an advanced simulator
is substantial and a simulator can

cost more than the aircraft itself,
With the growing complexity of simula~
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tors with their high~tech subsystems,
it may become impossible to have a
full-missjion simulator available i
every wing due to the enourmous high
cost of procuring, operating and main-
taining these systems.

Potential and Trends

New technologies and many possibilities
of computer based training and realis-
tic simulation of view, movement, acce-
leration noise and of environmental
scenarios are available and will be
further improved and with the modern
computer-generatied display, a very
nearly realistic visual system has al-
ready been achieved.

We think that the advantages of the
fiber-optic helmet - mounted display
in comparison to the dome projection
are to be found in a greater bright-~
ness and better resolution of that
display. Moreover, the infrastructure
requirements and procuremant costs are
lower. Problems causes the relatively
hoavy helmet and the limited freedom
of head movement.

A further attractive application of
simulation is offered for the future
by the so-called embedded training,

a simulation capability integrated in
the original equipment, which is being
srudied at present.

Simulation technology is undergoing a
dynamic process and it will be important
for the services to follow up closely
and actively all technological trends.

VII. Rﬁguirements
What are the Air Force requirements

derived from the overall training
concept?

Requirements

Interactive, Computer-Baged Instruction
Improvement of In-Service Simulators
Interlinking

Tactical Simulator Center

Configuration of Puture Weapon Systems

1. Interactive, computer-based in-
struction methodes should be intro-
duced at schools and in units,
where they serve to improve
«raining to gain command over com=-
plex systems.

They are available on the market
and have been tested in practice
with great success.

2. For the-in-gservice fighter simula-
tors, ctactical and technical impro-
vements will be necessary which
must include the changes out of our
combat aiggraft performance pro-

grams. ~

The evaluation resulte from the up-
graded TORNADO simulator will be
the basis for further improvement

decisions towards air combat and

high speed low level simulation.

Our national training concept is

not yet completed but for new

systems a demand exists for

- a part-task trainer to train

. specific and limited functions

- operational flight trainer to
train general procedures

- full-mission simulator with
weapon employment and mizsicn
specific threat ccenarios.

3. In the long term, the technically
feasible linking of flight and
tactics simulation systems including
command headquarters has to be ana-
lysed. Such linking would allow to
conduct large scale exercises pre~
planned on a case-by-case basis.

4. A tactical simulation center offers
the best possiblz conditions for
the training of high value missions
and missions involving several par-
ticipants in a tactical scenario.
The operational employment of all
types of weapon system in air war-
fare can be trained realistically
and it is the only way to pemmit
the training of combined air opera-
tions.

In view of the cor.tinuously ¢rowing
sigrificance of simulation we are
just in a process of analysing the
possibility of comparing develop-
ment, evaluation and tactical gimu-
lation in such a center.

5. In the planning and configquration
phase for new weapon systems, the
potential for a weapon system in-
tegrated simulation capacity should
be assessed and taken into conside-
ration, so that simulation of exer-
cises, partial or full missions

. would be possible with or including
the original system.

Conclusions

Convert the Simulator Experiences
validate the Evaluation and Flight Teost
Data

Consider the Possibilities and Limita-
tions

Davelop and Oerall Training Concept
Aim for Adequate and Costeffective
Solutions




Discussion

QUESTION BY: C.S. Beers, NLR, The Netherlands
Approximates training in peace time the combat situation

enough?

AUTHOR'S RESPONSE:
Not our restrictad normal peace tize flight training. The

approximation 1is somewhat better when flying tactical
training missions at Goose Bay. The best trainirzs are
exercises like Red Flag.
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COMBAT AIRCRAFT NOISE

THE OPERATOR'S PERSPECTIVE

Group Captain R Bogg RAF
Deputy Dircctor Navigation Scrvices (RAF)
Ministry of Defence
Whitehall
London SW1A 2HB
United Kingdom

L ____SUMMARY

1.1  Combat aircraft are not subject
lo the same noise rcduction
regulaticns as civil aircraft and are
operated closer 1o their performance
limits and at high power scttings for
extended periods. There is general
pressure to reduce noise of all kinds,
but particularly that from low {lying
aircraft.  Although there is little that
can be done to quicten in-service
engines, operational patliatives. such
as noise abatement proccdurcs and
restrictions on low flying, have bcen
introduced.  Morcover, there has
been a concented education and
public relations campaign, and
numerous airspace management
changes have been introduced to
reduce the impact of low flying on
the population. These subjects were
considered during a Pilot Study into
aircraft noise under the auspices of
the NATO Committee on the
Challenges of Modem Society; the
findings of the Study are discussed.
giving both the international
viewpoint and the UK perspective in
particular. Some options for the
reduction of low flying are also
considered, but so long as military
aircraft need to fly low to evade
enemy air defences. low flying will
remain a principal tactic of NATO air
forces, and peacetime training will
remain an essential military
requirement. Thus, noise from low
flying combat aircraft will remain a
sensitive issue, and ways of rcducing
it will continue 10 be of importance
for many years to come.
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" typically at 480-600kts.

2 INTRODUCTION

2.1 In a world which has become
increasingly environmentally aware,
noise of all forms has its critics,
particularly aircraft nsise. As civil
aircraft have become quieter,
military flying has faced increased
criticism, Althcugh many aspects of
military aircraft noise from all
classes of aircraft and helicopters
have come in for rridcism, including
noise around airficlds, it is the
combat aircraft, particuiarly in its
low flying role, which has been the
centre of most attention. and this
paper concentrates on this element
of military flying by fixed-wing
aircraft.

2.2 Operationally, NATQ has
concentrated on flying at low level as
a key tactic to reduce attrition in the
face of sophisticatcd and

incrcasingly potent air defences.
Low lcvel in this context means
penctrating cnemy airspace at
around 100ft, and as fast as possible,
However, air
forces have recognised for a long
time that a peacetime training
balance has to bec struck between
value of training, acceptable
peacctime training risk, and the

.impact of such training on the

population.  The casing of East-West
tension has led to a call for

reductions in low flying, particularly
in Germany, and significant airspace
restrictions have alrcady been
applicd in some countries to limit the
opportunitics for such low flying
training.

23 For its part, the Military has
recognised and fully understands the
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desire to minimise the impact of low
flying on the gcneral population and
which has provoked political interest
in several countries. Recently, for
example, the UK House of Commons
Select Committce on Defencc and the
Western European Union have both
carried out investigations into low
flying, the former concluding that °‘a
requirement for low flying training
will remain as long as military
aircraft need to fly low to evade air
defences’ (Reference 1), and the
latter recommended, inter alia, that
nations ‘should take suitable
measures in the future to reduce the
noise to which the public arc
exposed’ (Reference 2). In parallcl.
NATO has noted the increasing
concern about low flying,
commissioning its own study of the
problem of aircraft noise through
the auspices of its Committce on
Challenges of a Modern Society
(CCMS), and, in 1991, both AAFCE and
AGARD embarked on scparate studics
which, for the former, rc-examincd
the military rcquirement for low
flying in the light of revised forcc
postures and rcadiness statcs, whilc
the Jatter is examining the
requirement for low flying training
in an attempt to reduce the
environmental impact of such (lying.
While efforts continue to find
solutions, it is a declicate balancing act
to reconcile these conflicting
considerations.

i____ REGULATION

31 Within the civil aviation
sector, there has been legislation for
many years aimed at controlling
engine noise, and manufacturers
have been obliged to cater for such
legislation in the design of their
-engines. However, many military
aircraft, including passenger and
transport aircraft which operate into
civil airfields, arc not bound by such
regulations, but this immunity may
not last and. inevitably, therc will be
impact on some areas of military
operations. The military position is
lessened in this respect through
equipment rcplacement programmes
which, for transport and passcnger

.

flying, often make use of aircraft or
engines alrcady in commercial use
and, therefore, subject to
international regulation. Current
legislation excludes combat aircraft,
defined as those which fall into the

fighter and bomber categories; these -

aircraft have been built for
performance and survivability and,
hitherto, it has not been necessary to
devote significant cffort to the
quietening of these aircraft.

3.2  Parliamentarians and
members of thc public are aware of
the existence of civil legislation and
the broad tcchnological measures
which have been taken to quicten
airliner cngines, and they have some
difficulty in appreciating why
similar mcasurcs cannot be taken to
reduce noise Icvels from combat
aircraft. To the layman, the solution
is simple; all that is needed is the
modification of engines already in-
service. '~ The reality, of course, is
quite diffcrent, and while some
measures might be possible, there are
compelling counter considerations
which confront not only the military
but thcir government paymasters
also. With the easing of East-West
tension, there has bcen a

concomitant call for an cvident peace
dividend, not only in a reduction of
armed forces but, more importantly, a
reduction in the amount of
government money required to meet
defence nceds.  In the specific
context of cngine noise
modifications, the inevitable result is
an cven greater difficulty to find
funds for both the rcsearch and for
the modifications themsclves.  Thus,
there is conflict facing governments:;
they have to decide whether such
modification is cither necessary or
indeced worth the investment. The
other considcration is the timescale
for such modification, assuming that
the will is there to invest in the work.
In-servicc cngines are notoriously
difficult to modify in any significant
way, and. for most current military
aircraft, it is doubtful whether
cvaluation and development of the
appropriatc modifications and their
subscquent introduction into service




could be achieved in the rcmaining
life of the aircraft. In reality, there
is probably little that can be done to
significantly quicten in-scrvice
combat aircraft and this aspect of the
debate is somewhat academic.
Significant reductions are likely only
from future cngines, probably 15-20

years hcnce, and, in the meantime, it

is necessary to consider other
alternatives.

4.___THE ONUS PLACED ON THE
QPERATORS

4.1 Since any measures to quicten
engines in combat aircraft arc both
long term and expensive, aircraft
operators have to live with the
problem from day to day, for it is they
who have to face the political and
public criticism of low flying. The
most vociferous opponents of low
flying suggest that the military has
neither concern for the amount of
noise they make. nor for the fcclings
of those who have to listen to military
aircraft ecither on the ground or in
the air. Such a view does not rcflect
the thinking of any military
commander or crew, cither now or
for many years past, and the gencerat
swing towards greater
environmental awareness has bcean
reflected in military training and
operating philosophies. It is
important to recognisec that low
flying military training has bcen
based for many ycars on a
compromise between what the
operators would like to do. first to
attain, and then to sustain,
operational proficiency, balanced
against what is a reasonable burden
to impose on the general public.

42 In operational terms. the
principal aim of combat aircraft is to
reach their target safely, to rclcase
weapons accurately, and to rcturn
home, also in one piece. and to repeat
the operation if nccessary. Combat
aircraft need engine power. both for
performance and for survival, in the
former category, there is an
increasing demand for shorier take-
off runs and high transit spced. and.

lor the latter, power is nceded to
cvadc cither ground dcfences or any
lurking fighters.  Operators
rccognise that, gencrally speaking,
power cquals noise. On the one hand,
it does not matter how much noise is
made in combat provided it means
survival, although acoustic signature
in a stealth sense is of concemn.
However, on the other hand, crews
are concemed about noise made in
peacetime, but, as long as
Governments have defence policies
which require an air capability, then
an air force's task is to train for war.
Nevertheless, normal modus operandi
are conditioned by the compromise of
realistic training and environmental
impact as has already been
mentioned.  Until recently, 250ft has
been the generally accepted
minimum hcight overland for
training throughout NATO, althougi
three countries, Canada, UK and US.
have allowed some training down ©
100ft in specially designated areas.
However, cnvironmental pressures
have threatened this compromise
and, recently, have led to the
imposition of additional restrictions
on minimum height in some
countries with knock-on effects
clsewhere which threaten training
standards across NATO as a whole.

4.3 Commanders, supervisors, and
aircrews all have to be aware of the
impact of their peacetime activity on
the population, and this awareness
and concern starts on the ground.
Base Commanders, in particular, are
in no doubt about the impact of
flying operations on those who live
near their airfields, and recognise
the nced to establish a good rapport
with local communities, discussion
with whom often inciudes the vexed
question of aircraft noise. However,
it is often forgotten that the military
and their families, too, are part of the
same local community and have to
live with the noise also.  There is
thus some incentive to pay close
attention to the reduction of airfield
noisc wherever it is practicable.

4.4  Good relations start with good
housckeceping, and, as a principle,
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tight controls are imposed on the
ground running of engines, a
regular cause of complaint. At most
bases, running is not permitted
before 7am or after 1lpm unless
absolutely necessary, and then only
on the express authorisation of
senior officers. Most ground
running of engines is allied to
maintenance and involves high
power secttings and slam
accelerations;  incvitably, this is very
noisy and often prolonged. To some
extent, running in hardened aircraft
shelters has heiped to attenuate the
noise, but greatest reduction has
come from the introduction of cngine
running hush houses. With
advances in technology, a long term
objective should be the development
of engines which do not requirc
extensive giound running; rather. a
comprehensive electronic set-up
procedure should be evolved,
although most combat aircrew would
need considerable reassurance of the
efficacy of such an approach bcfore
— feeling comfortable with it

4.5 In the vicinity of many
military airfields in the UK. the
Government has provided grants for
the installation of acoustic. secondary
glazing for civilian homes, and this
has proved to be very popular with
the local population.  The noisc
criteriun used has been 70dB(A)

- or more properly LA, eq. 12h 70dB
and provided homes lie within the
measured average 70dB(A) noise
contour in the vicinity of the sclected
military airfield, they qualify.

4.6 Arguably, most noise from
combat aircraft is generated on take-
off and departure, and noise

abatement procedures are generally

adopted at military airfliclds, similar
10 those used within the civil
community for many years.
Generally, engines are not run at full
reheat prior to take-off; rather. the
military tend towards rolling take-
offs, with minimum rcheat at first,
then full reheat once on the move.
Where all-up-weight considerations
permit, to obviate the need for
reheat, and provided overall combai

performance is not compromised, an
alternative would be to build bigger
and more powerful engines.
However, residual thrust represents a
higher investment in development
and production, but the premium has
not been acceptable for many
military aircraft engine designs,
although governments may have to
give greater prominence to this
consideration in the future.

4.7 A successful mission in the air
is crucially dependent upon

thorough mission planning on the
ground, and there are many route
constraints which are dctermined by
noise considerations. Ideally,

aircrew would like to fly as low .nd as
fast as possible to practisc for

survival at 100ft and 600kts, but,
because of the previously mentioned
compromise, the military limit their
peacctime training to 250ft and
around 420kts. except for simulated
attack profiles where higher speeds )
are sometimes used for short periods. /

4.8 In terms of the impact of
routine flying on the population,
every cffort is made to avoid
overflying centres of population, and
power scttings are limited, with use y
of reheat being specifically
preciuded overland. Nor is
supersonic flying permitted at low
level overland in most countries;
such flying is allowed only in the
most remote pants of the world !
Avoidance areas are established
around major conurbations, civil and
military airfields, some hospitals,
nuclear power stations, and so on.

In consequence, there is a
comprehensive set of restrictions
with which the aircrew must be
ihoroughly familiar. Crews go to
great lengths to avoid overflying
smaller towns, villages, even isolated
communities, manoeuvring around
or climbing well above those that are
seen. But it is impossibie to avoid
overflying cvery single house or _
person, and this is sometimes difficult
for the -public to comprechend;
inevitably, therefore, the military
does cause annoyance to some people,
and, dcspite all of the safeguards, the




operator docs get accused from time
to time of being irresponsiblc. of
frightening people, and of causing
hearing damage.

4.9  While not underestimating the
impact of overflight on people on the
ground, particularly the startle
effect, a comprehensive literature
search carried out in the UK has
failed to unearth conclusive cvidence
of permanent hearing loss due to low
flying aircraft, and best cvidencc
suggests that the likelihood of
permanent heering damage is
infinitesimally small at levels up to
125 dB(A); at worst, there might be a
temporary shift in hearing threshold
for a few highly sensitive people, bui
the risk of permanent damagc is
negligible (Reference 3).
Nevertheless, following flight irials
in the UK (Reference 4), steps have
been taken as a precaution to control
low flying so that not more than
125dB(A) of noise is received on the
ground; at typical low flying hcighis
and speeds, combat aircraft arc
considerably quieter than this.

4.10 Significant effort is devoted to
explaining the need for low flying
and its careful conduct to the general
public and on educating aircrew,
supervisors and commanders at all
levels of the impact of their day-to-
day operations. Experience has
shown that such explanation rcduces
some of the emotive reaction and
gives a better understanding of the
issues involved, making acceptance
of low flying and of its restrictions
more palatable. Briefings to aircrew
are given at regular intervals, and
questions of low flying are addressed
on national and NATO flying
supervisors' courses. In terms of
briefing the public, pains are taken.
certainly in the UK, to include
reference to low flying as part of a
nationwide public relations
campaign, and the Ministry of
Defence has a special briefing tcam
which faces the public at open
meetings particularly in areas in
which there are perceived to be
particular problems with low flying.

3-5

S AIRSPACE FOR LOW FLYING

5.1 Most NATO nations provide ¥
airspace for low flying, and although

the dcfinition of low [(lying differs

from nation to nation, for example it

is below 2000ft in UK and below ‘

1500ft in Germany, the acknowledged i
upper limit for useful training is

500ft. In addition, the amount of

airspace open for such flying varies

from nation to nation, both in terms

of arca and altitude limits. There is a -
significant difference between that

available in, say, Holland, which has

two 250ft narrow routes along the

fength of the country, with a

restriction of 1000ft eclsewhere;

Germany, uatil 1990, had a system of

seven 250ft arcas of varying sizes and

a 500ft limit clsewhere, but, recently,

a 1000ft limit has been imposed

everywhere; and the UK has a

general 250ft minimum height ,

(except over densely populated

areas), with three 100ft arcas for

restricted training under special

conditions, Clearly, crews plan to fly

in the 250ft arcas, and the smaller

these are, the more concentrated the

noise in those arcas; this has been at

. the heart of the problem in Germany.

The principle applied in the UK is to
spread the noise burden as widely as
practicabie by opening as much

airspace as possible to 250ft flying.

52 Management of low flying
needs to be both proactive and
reactive to make most efficient use of
airspace, restrict flying where safety
or other considerations apply, and
provide a quick and efficient
information dissemination system to
inform aircrew of changes, hazards,
and navigation data. In the current
debate, a key issue remains the
availability of airspace and the need
for burden sharing. Many people
argue that, in an Alliance, every
nation should provide facilities for
low flying, ideaily at 250ft.
Restrictions placed by one nation are
naturally reflected in equivalent
restrictions  in  another, and while
NATO co-operation remains crucial,
there are understandable political
constraints which limit flying by



g T e e S o e

36

foreign air forces to conditions no
more favourable than made available
to Alliance partuers in their home
country.

5.3  Consideration has been given
to the role of computers in the
management of low flying, and hcre
too there are differences in
approach. The Germans are
cxamining a system which will
collect data retrospectively on
patterns of low flying, information
from which will allow redistribution
of flying to avoid over-saturation of
one particular area. In the UK, a
reactive system is being introduccd
which will ailow operators to make
their low flying booking and rcccive
both clearance and up-to-the-minutc
data on other aircraft in the vicinity.
local wamings and hazards: in
addition, the system will easc the
considerable burden of statistical data
gathering.

6. ALTERNATIVES TO CURRENT
LOW FLYING PATTERNS

6.1 To ease the impact of low
lying, the military have been sought
to examine several alternative
approaches; many are not practical,
but are discussed nevertheless.  First
and foremost, there is the question of
The Threat which determines the
military need for low flying. Some
people consider that the threat no
longer demands either qualification
or currency to be able to fly at low
level. It remains a political dccision
to define the readiness state rcquircd
for air forces, and, to meet that
political directive, air forces must be
provided with appropriate flying
training. Some work has becn
carried out to determine the timc
-required to qualify crews for
competency at low level, and while
there are many arguments and
considerations, the required timc is
principally a function of warning
time and availability of suitably
qualified flying instructors. the
latter being essential to underpin
operational training. While NATO
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can boast an extensive availability, at
present, of both experience and
instructors. the longer an air force is
not exposed to low flying, the longer
it will itake to regain competency; in
the process of acquiring such
competency, there would probably be
a higher accident rate during the
transition since low flying would
represent an unfamiliar training
regime and, in war, higher attrition
levels would have to be expected.

6.2 Next, some suggest that low
flying could be undertaken over the
sea where disturbance to the public
would not be a factor. Although
many air forces already carry out
some training over water, the option
has limited utihity since the most
demanding aspect of low flying is
learning to contend with the
undulations of the ground and
avoidance of obstructions, and, very
quickly, the demands of flying over
the sea and the tactical value of such
flying tcaches its peak and there
would be very limited equivalence to
the perspective of overland flying.
Further, performance and use of
many avionic systems are severely
limited over the water, for example,
terrain | following radars.

|
6.3.  Alternatively, the necessity
for peacetime training to be carried
out at such low altitude is questioned,
and some wonder whether the same
training could be carried out at a
higher lcvel. However, there are
several skills needed to be safe and
proficient at low altitude, and these
have to be first acquired and then
sustained through regular practice.
Skill at aircraft handling, navigation,
tactics, target acquisition and radar
handling, weapon aiming and use of
clectro-optical devices all need to be
developed, and the demands on the

_aircrew above 500ft, where the flight

regime can be considered benign, are
quite different and much less
demanding than at heights of 100-
250ft. The differences between visual
cucs and work rate at the various
levels are not linear, and, at the
lower lcvels, terrain avoidance
assumes greater importance, and low
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level navigation becomes morc
difficult as aspects change from
planform to eclevation. Thus, [lying
higher leads to a non-represcnlative
training regime, and in terms of
noise there is not a significant
reduction between 250ft and cven
1000ft., and, the higher an aircraft is
flown, the longer its noise is hcard
on the ground and over a widcr
footprint.

6.4  Finally, many people believe
that modem simulators could bec used,
thereby negating the need for actual
flying. While simulators have been
used extensively for many ycars,
they have their limitations. Not only
are they expensive, but they have
been urable to provide realistic
tactical low flying; indeed. many do
not have visual flight attachments to
allow low flying to be replicatced.
Simulators have an important part to
play in conversion and cmergency
training, and in the tcaching of
procedures.  Nevertheless. rccent
advances in digital landmass
databases and visual scene
generation are allowing morc
extensive usc to be made of simulators
and this may provide for morc
representative training than is
possible at present, for instrument
training, night flying, use of clectro-
optical devices, and limited tactical
flying; however, whatever is said
about their advantages and
capabilities, simulators cannot
replicate the pressure of actual
flying and crews will always bc
aware that they cannot be killed as a
result of mistakes they make. There
is no substitute for actual flying and.
as at present, in the low flying
regime, simulators are likely to
complement flying training rather
than replace it.

L____NATO CCMS STUDY

7.1 Many of the issues discussed so
far were considered during the
recent NATO CCMS study (Refcrence
5). The study itsclf was wide ranging.
with detailed consideration of
aircraft source noise, methods of
mitigating the nuisance on the

ground. and operational
considcrations to reduce the
concentration of aircraft in time and
space. The latter arca has been
discussed extensively in this paper
and brief reference is made now to
the work in the other areas.

7.2  The Source Noise Sub-Group
concluded that significant reductions
in jet exhaust noise were not possible
without major performance
penalties; since the majority of our
aircraft do not have excessive spare
power, reduction in performance is
not an acceptable military option.
Howcver, the group suggested that
improvements in acrodynamics of
the aircraft would allow lower power
seitings to bc employed. While this is
irue, there is only limited scope for
such acrodynamic streamlining since
many current aircraft need to carry
fuel tanks and practice weapons
dispensers on many occasions;
nevertheless flying supervisors
should consider operating their
aircraft as acrodynamically clean as
possible. Perhaps the design of
future fighter-bomber aircraft
should include bomb-bays, like some
of thcir predecessors, rather than
have to resort to the external
carriage of weapons.” The group
noted that there was a paucity of
information on source noise data for
aircraft operating at high speed and
at low altitude, and collection of such
information would allow a better
understanding of the mechanics of
noisc generation to assist future
rescarch into quieter aircraft. The
CCMS study provided the spur for
work to be undcrtaken in this area in
the UK (Rcferences 6 and 7).

7.3 A sccond sub-group
concentrated on aspects of receiver
technology, concluding that
acceptance of noise on the ground
through consideration of its effects,
abatement, community and land use
planning and their interactions
would be difficult te achieve. At the
time of the study, therc was no clear
cvidence that aircraft could produce
noise induced hearing loss on
humans and it was not possible to
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assess the effects and risks on
hearing, communications, slecp.
the associated physiologicai/
psychological impact. In follow-up
work, Canada, UK and US may carry
out a collaborative research
programme into these subjects. The
original work e¢xamined abatement
techniques and the complicated
congiderations of community and
land use techniques. Modelling was
identified as a useful tool, but thc
study established that there was not a
standard set of noise indices
recognised internationally and
useful work was undertaken to
produce conversion factors to
transpose data from one nation to the
indices adopted in another.

and

7.4. The work of the CCMS was
timely given the sharp public and
political interest in environmentai
matters generally and  aircraft noisc
in particular. The CCMS rcport has
been noted by the NATO Council and
the work is being continued through
a Follow-on Group which is
prcgressing the recommendations of
the original study. Clearly, paper
studies have their limitations. and
while many of the conclusions and
recommendations are important.
many would require extensive .
changes in training patterns or
expenditure to overcome the
problems addressed. The difficully is
to maintain thc internationatl
momentum and to put the scale of the
noise problem into perspective,
particularly now that some nations
have placed significant restrictions
on the extent and altitude of low
flying training.

8.__CONCLUSIONS

8.1 It is not always casy (o
quantify the true extent of the
combat aircraft noise problem. for
there is much emotion gcneratcd
which has clouded the issue to some
extent.  Nevertheless, and rightly.
close attention has becen paid to the
concerns of the public and many
measures have been taken to reducc
the impact of low flying on the

population., Hitherto, it has not been
necessary o introduce noise
reduction measures on combat
aircraft and while marginal noise
reductions might be possible,
significant reductions could only be
made to take-off noise with massive
investment, but any measure which
reduced available thrust and
performance would not meet military
requirecments.  The technical
difficultics and timescale for
modification of in-service engines is
such that this approach is unlikely to
prove cost effective, and the only
alternative is to await new engines
designed with lower noise output and
maximum thrust in mind. However,
governments must be prepared to pay
the price for meeting such
conflicting goals.

8.2 In the meantime, aircraft
operators will continue to restrict
noise nuisance as far as is
practicable, through restrictions on
their activity both on the ground and
in the air.  The call for a peace
dividend in response to the welcome
casing of East-West tension and as a
result of CFE Treaty measures, will
leave most air forces with fewer
aircraft. The total noise on the
population will, therefore, reduce
over the next few years. However,
the world and politics are notoriously
fickle, and while everyone would
wish to believe the world is a more
stable place, nations are a long way
from bcing able to discard defence
forces compietely. Governments will
need to be prepared to counter
aggression wherever it may arise
and, while air forces require an
offensive capability, the low flying
tactic will remain an essential
clement of military strategy. In tum,
this will require regular training in
peacetime, and thus low flying
aircraft noise will remain a topical
issuc for many ycars to come.
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SUMMARY

This paper provides an overview of
interpretive criteria for nnise exposure
conditions associated with (ow altitude
tiying operations in the United States.
It includes description of singie event
and cumuiative noise characteristics
unique to such flying activity and
discussion of rationale for using the
messure, onset rated adjusted Day-Night
Average Sound Leve!. for predicting
popuiation snnoyance.

AMIBOQUCT 10N

The U.S. Ailr Force (USAF) currentiy has
about 600 training routes in the
continental United States that invoive in
some cases low sltitude overtlights of
popuiated civillian eroas by military
alroraft. Most of the mesjor Air Force
commands use the routes reguiariy tor
training and proficlency exercises
producing retetively high levels of noise
for short durations scattered sporsdicaily
over time. The USAF flies & wide variety
of salrcratt over these routes from the
high spesed F-156 to the siow tlying A-10,
from the smaill F-18 to the large B8-1. The
total Iimpact from at! operations Iin a
route must be descr ibsd by an
Environments! Assassment process beforas
they csn be used. Evaluation of the
effects of the noise produced from these
sircraft operations cn the exposed
populations Invoives two ma)or dimensiaons.
The first dimension is the definition of
the physical parsmeters of the noiss auch
a® ievel, duration, frequency content,
onset rate of the event, and numbers of
operations and their locstion reiative to
noise sensitive aress. The other
dimension is 8 description of the
potentisl effects this noise has on people
such as annoyance, activity interference,
and sisep disturbence.

The USAF uses the energy equivalent
continuous sound level, Leq(24) and its
associate Ldn (24-hour Leq with a 10 d8
nighttime penalty) for describing the
noise sround its air bases. The Percent
Highly Annoyed (XHA) s then used to
messure the effect on the community,
has been a very effective tool for the
USAF and many others for evaiuating the
effects of aircratt noise arcund air bases
and alrports. Indeed In attitude studies,
conducted woridwide, the percentage of
people who feel highly snnoyed when
exposed to equael Ldns of aircratt noise is
in remarkadbie agresment. Studies have
alno showr. this same result for mitlitery

This

aircratt tiown at USAF bases. But there
are several factors that make noise from
military alrcraft operating on training
routes substantially different from
aircratt noise srocund airports or military
air bases.

1. NOISE MEASUREMENTS

To define the differences in the acoustic
signatures between aircraft operating
under Military Training Route (MTR)
conditions and typical air base opsrating
conditions, » series of noise measursments
were made at Wright-Patterson AFB In Ohic
and Edwards AFB In California. These
messurements were made on saveral types of
military aircraft at typical MTR speads
(up to 680 Knots), current MTR ailtitudes
(down to 150 m Above Ground Level, AGL),
and proposed flight altitudes (down to 30
m AGL)., Figure | is a comparison of the
acoustic signatures 'or an F-4 aircraft of
8 typics! MTR tiight operation versus
noise from an operation near asn sirbase
(abbreviated in the following “airbase
noise”). The maximum noise level for the
MTR operation is considerably higher than
for the airfield operation and has a
dramatic increase in the onset rate. Not
only are these leveis higher, but they
usuasl ly occur in areas where the
background noise is less than that In
which typical airfield tiights operats.
Theretfore, the alrcratt signal to
background noise ratio or intrusion level
for the MTR noise exposure will be
substantial!ly greater and pasrhaps |ead to
a grester annoyance response than for
conventional airport/airbase noise
exposure.

Because of the reiatively low altlitudes
flown sliong MTRs, the higher level noise
may have a major !mpact on communities.
Tabie |V is a comparison of measured noise
jeveis from these low aititude-high speed
studies that shows the d!fference between
typical asirbase and MTR operations. These
ajreraft noise leveis often excesd 100 dB8
which is sufficient to induce some
structural vibrations in residences.
Occasionatily these can be perceived
directly as visual or tactual stimuil, or
indirectty as rattiing of toose objects.
Studiecs have indicated that nolise i(nduced
ratties have a significant effect in
increasing the annoyance reaction. Also
the increased noise levels, rapid onset of
the signail and relatively large
signal-to-noise ratios can, depending on
circumstances, contribute to startie
which, in turn, contributes to increased
annoyance.

92-17418
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Table '. MTR vs Airbasa Operation Noise Levelse
AIRBASE OPERATION
Alrcratt Power Altitudes Ajrspeed Max A-Level SEL Ona. . Mate
(m) (Ktse) 1dBA) (a8} (dBA/ 9ac)
F-4 100 XRPM 500 250 104 112 4
F=-18 90 ARPM 500 250 96 104 3
a-1 98 %RPM $00 250 100 108 3
8-820 1.5 EPA- 500 200 109 1e 2
MTR OPERAT ION
Alrcratt Power Altitude Airspeed Max A-Level SEL Onset Rate
(m) (Kts) (dBA) (d8) (dBA/sec)
F-4 89 XRAPM 60 500 120 118 [ 1]
F=-18 84 %XRPM 80 6500 112 108 Se
B-1 98 XRPWM 60 580 121 17 80
8-620 t.6 EPR 80 340 13 12 29

# Onset Rate computed from the

1/8 sec

integration time history

8 dBA sbove ambient to 5 dBA from Maximum A-weightod tevel.

* Al

2. JRAINING ROUTE YSE

The primary users of USAF MTRg are
Tacticatl Alr Command (TAC) and Strategic
Alr Command (SAC). TAC besically utilizes

the routes with Its high performance
aircratt, !ike the F-15 and F-16 for
treining in low sltitude Terraln Avoidance
(TA) and Terrsin Foilowing (TF) exercises.

their routes primarity for low
penetration runs with bomber
(B-52 & B~1) to » preseiected

Al though TAC and SAC sre the
primary users, the Military Airlife
Command (MAC), Air Force Reserve (AFRES),
Alr National Guard (ANG), and the Alaskan
Alr Conmand (AAC) use the routes devaloped
by TAC snd SAC and are beginning to
develop routes for their own use.

SAC uses
slt)tude
ailrcrate
target.

The USAF under contract to Wyle
Laborator ies has conducted several! studieas
to better define the type of operations
and track dispersicns aiong MTRes (ref | &
2). Figure 2 shows a typical SAC low
altitude TF operation with a stage length
of 240 to 400 kilometers with minimum
heights of dbetween 100 and 300 meters
above the ground (AGL). SAC has four
major routes simiiar to this that are
flown by the B-562 aircraft between 1000
snd 1500 times par year. MTRs are asbout
eight killometers wide for SAC routes and
20 kilometers wide for TAC routes.
Alrcratt tiy these routes In the same
direction creating a seriai stream of
noiae exposures. The sircraft wiil be at
the same sititude and sirspeed for
relatively long periods of time batfore
changing to & new condition at a
navigational point. Therefore to evsiuate
the tota) impact of a particuiar route ona
nmad oniy evaluate a cross section of each
of these segments. This approach assumes
that the alrcraft noise s propagated over
e relstively flat terrain and shielding
effects are not considerad.

The SAC pilots and navigators are scored
by thetr abllity to fly very precise
bombing runs. Therefore they tend to fiy
very close to the route centeriine.
Converse!y TAC pitots try to svoid

values are for exposures directliy under the flight track.

detsotion, conssquently they have a more
aven distribution over the entire route
width (Figure 3). Messurements of
dispersion from the track center! ine were
made for spproximately one month each at
one SAC route and two TAC routes. The
measurements on thess SAC and TAC routes
shows that the laterat dispersion of the
aircraftt relative to the route center| ine
is & Gaussian distridution. For the SAC
routes the standard deviation is sbout 800
meters (.5 statute mite). For the TAC
routes whare the aircraft foliow a single
dominant track the standard deviation is
adout 2000 meters (1.28 statute miles).
For the TAC rouvtes where the aircraft
follow severail tracks the distribution (s
the sum of the dispersion about each of
these tracks. |f muitipie tracks are used
but the iocation of the tracks are not
known, the laters! dispersion can be
estimated as Gaussisn about the routs
cantert!ine with a standard deviation of
sl ightly over 4000 meters (2.5 statute
mites).

MTR
Exposure

Figure 4 is a cross section of an
segment showing the sverage Sound
Level (SEL) values from a typical TAC MTR
operation. This figure shows that although
directly under the flight *rack there are
very high SEL leveis, these drop off
rather quickliy st ground locations off to
the side of the fiight track. In 300 ~
600 meters (1000 - 2000 ft) offtrack, the
noise levels can drop oft by 20 to 30 trom
the maximum noise ievei for a single
tiight directiy overhead. This rapid drop
ottt is attributadbie to two factors.

First, the siant distance to the aircraft
incresses rapidly for otftrack ground
locations due to the low altitude ot the
flight., Second, the sievation angie to
the tlight track from low aititude flignhte
causes a rapid transition from
Air-to-Ground propagat:on to
Ground=-to-Ground propagation conditions.
This attenuvates the 3ound levels more as
Excess Scund Attenuation josses in
addition to those from mpherical sprcading
and atmospheric absorption effects comse
into play. Along with the leveis dropping
oft rapidiy, the onset rate also falis otf




rapidly with increasing lasteral distance
(Figure B). This decreases the potential
for startie and wili cause iess annoyance
st these offtrack sites.

3. MIR MUMAN RESPONSE STUDIES

The USAF has conducted several experiments
inhouse and under contract to examine the
response of peopls to MTA noise exposures
(references 4 &4 6). One of the most

impor tant factors seems to be the onset
rate of the fiyovers. in & series of
in-nouse studies USAF researchers examined
the question of whether high onset fiyover
noise, typical of MTRs, contributes more
annoyence than squal snergy (ow onset rate
noise. Forty-nine subjects were tested In
four iaboratory axper iments. Tha subjects
in exper iment | were voiunteers, militaiy
and cliviltian, ranging In age trom 22 to
65. The remaining 3 studies were
conducted using paid subjects consisting
of mainily coliege students and housewives.
Each subject experienced sill conditions
within a particular study. Al

exper imants ware designed to compars 24 hr
equal energy exposure of 1ow onset rate
fiyovers with high onset rate tiyovers.

in these exper iments the subject sat
between two banks 0. speakers snd the
fiyovers seemnd to pass over his head in &
tront to back dirsction. The noise scurce
consiated of recordings of fiyovers
measured at Wright-Patterson AFB. A
background noise level of 48 dJdBA was used
for all experiments.

The snnoyance reported by subjects after
each simulated airoraft fiyover was the
most sensitive measurs of iow versus high
onset rate. The resuits indicate that
anset rate contributes annoyance that adds
to tne annoyance produced by the acoustic
leve! of the fiyover. A serial sserch
task performed during the last threse

exper iments enhancad the snnovance
reaction to high onset rate fiyovers. The
annoyance measures showed a statistically
signiticant difference beatween high and
iow onset rate conditions across all

exper iments. This difference was shown at
the highest 78 dB Leq level In experiment
1 and at both the 72 and 68 dB Lsg levelis
of experiment 2. Figure 6 shows the
resuits of these exper iments. In

exper iment 1 the greatest difference
betwaen conditions with equal Leqs was
obtained for the highest level of 76 dB.
In expariment 2 it can be seen that both
high onset rate conditions were rated
higher then their esquivalent energy low
onset rate condition. In experiment 3,
all four conditions had sn Leq of 67 d8
and the diffesrenca between conditions was
onset rate. For the mean annoyvance bssed
on exposure to the four flyovers during a
16 minute period, the three highest onset
rate conditions ware ail! significantly
different from the loweat onset rate. tn
exper imant 4, a paired compar ison test was
used to compsre onset rates within s SEL
veive., The highest onset rate within a
SEL level was rated as more snnoying, In
most cases It was rated significantiy more
annoying than at least one of the |ower
onset rates jevel. However, no

4-3

signiticant differsnces in annoyance
ratings were obtained for the difference
betwesn the two lowar onset rate values.

The overail results provided support for
an interim metric propossd eariier; that
the Sound Exposure Level be corrected dy
186.6 iog (onset rate/16 dBA per second)
for onset rates detwesen 15 and 30 dBA per
second. The resulta of the most recent
study suggest that the penaity is needed
but it may be necessary to extend the
penalty beyond 3C dBA per second. More
research is needed to determine exactly
how & final metric for high onset rate
noise is to be applied.

The USAF under contract to Wyle
Lasborator ies conducted and Is currently
conducting various Laboratory studies to
determine the key psychoaocoustlic
parameters associsted with MTR fiyover
noise exposure. The parsmeters that are
being studied sre Onset rate, Decay rate,
Ouration, Level, Direction of sound
source, Expectation, and indoor/Outdoor
exposures. A basic set of tweive stareo
sound recordings was prepared, consisting
of four types of miiitary sircratt with
ver ious onset rates plus cne civili
aircratt., These aircraftt f|iyby sounds
were presented st four sound leveis to
subjects in an indoor |istening faclllty
and at an outdoor facility. Indoor sounds
(from 96 to 65 d8 SEL) were f!|tered
according to & typical outdoor/indoor
residential noise reduction curve. Sounds
were presented in random order, at random
time Interveis, and random approach from
either in front of or beshind the subjects.
Subjects rated sach souncd on a seven-point
word annoyance scale with two
out-of-bounds seiections available for a
total nine-po.nt scale. Two companion
exper imants ware performed at the outdoor
tacitity (ftrom 118 to 85 dB SEL). These
exper imants used modiflied military
aircrat: sounds with particular onset
rates from 6 to 100 dBA/second and decay
rates from 2 to 30 dBA/second.

Participants Iin these exper iments were
drewn from the {ocal area around Langley,
Virginia, Thirty-six subjects
participated Iin the Kernel experiment that
consisted of 2 sessions each, iIndoors and
outdoors. Twenty-four subjects
participated Iin an onmet rate specitlc
study that consisted of 2 sessions
outdoors. Another 24 subjects
participsted In the independant variable
sxper iment that also consisted ot 2
outdoor studies. Each session had six
participants per session that lasted two
hours and had 48 to €2 flyover exposures
with a ten minute break between sessions.
The participants were instructed to read
magazines for their tasking. An analysis
was made to see which methodological and
psychoacousti|c effects showed a
significant variance. Al! tests for
significance were at the aipha = 0.08
jevel. For the methodologica! effects, no
significance was found for repetition ! ve
2, front vs back spproach, or interactions
of etfects. Significant variance was found

N
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. Table 2.
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MTR annovance effects

EFFECY R® SLOPE
Sound Level (SEL, ¢8) .613 . 186
Onset Rate (dB/eec) .079 . 009
Decay Rate (dB/sec) . 081 .027
Tota! Duration (sac) .023 -.010
Slopes are ANNOYANCE SCORE PER: dB for SEL

. Log(rate) for rates

Seconds for duration
All variables sre signiticant at 0.05 fuvel.

for outdoors vs indoors. groups of 6
participants, and for indlviduais.
Signifticant variance was round for all the
psychoacoustic effects of Sound Level,
Onset Rate, Decay Rate, Total duration,
10-d8 down duration, and intersctions.
Table 2 shows the preliminary resu ts of
the |inesr regressions for these dats.
This table shows that sound level accounts
for the majori:y of the annoyance responss
but onset and decay rates do have a
measursblie sffect. Although in the
‘aboratory studies the onset and decay
rates have the same level of effect, in
the MTR environmant a typicail noise
signature will always have a steeper onset
than decay rate. Althouqn not compiete,
these studies show that annoyance response
to MTR noise Is significantiy different
from response to most airbsse type
aircratt noise. 1

4. LDN METRIC

The typical use of MTR routes leads to
anorher Iimportant differance from airbase
operaicions. MTRA operations have a
refatively iow occurrence on a dally basis
and can have stream missions with seria)
exposures of five to ten aircratt flyovers
with gpproximately 16-minute spacing
betwaen fiyovers. Sporadic noise sxposure
of this type has not been reprasented in
any previous studies conducted on response
to aircratt fiyover noise. The Ldn - XH2
approach sssumes at least 8 certain number
of flights on a daiily basis. Some suggest
that, at & minimum, thsre must be one to
three dailly noise events for the Ldn - XHA
reistionship to be valid. This
relationship currantly has no provision to
cover flights that occur esvery third day,
weekly, monthly, or generally with a
sporadic pattern.

In & review (ret 3) of the origin and
domain of the Ldn metric, Wyle Labs
examined severs! major socioacoustic
studies and found that fundamentally al)
tended to support a 10 LogioN event factor
(s range of 8 to 12 times LogioN could be
supported by these studies). In the
United Kingdom airports study, this is of
significance since it supersedes the
eariier studies which had supported the 15
LogioN adjustment. Figure 7 shows the
range of number of events and leveis that
these studies covered. Aithough no
community response studies hsve been done
in the renge of typica! MIR exposures
(uppar 1eftt of Figure 7), there are
credibie studies at comperabie sound
leveis and higher numhers, and st

cemparable nurbdbers and lower levels.
Theretore, it seems reascnabie to
extre.jiate into the MTR domain from
either sound level or nurber cf events.
Because of the sporadic nature of an MTR
exposure the USAF has suggested computing
the Ldn over the busiest (caiendar) month
within any given yesr. This is because
training phases or exercises can exist for
par iods of weeks or months and then quit.
This crestes s situstion wheare ths annual
ave/age wiil underestimate the impasct of
thess operations. These two factors,
onse: rate and monthly oparations, are the
only deviation from a pure Ldn that the
USAF Ix using for predicting the community
annoyance from MTR operations.

8. HEARING DAMAGE

Aside from snnoyance, the other major
factor to be considered in evaluaring the
impact of the noise from combat aircraft
training areas is potentiel hearing
darmage. The USAF position with regard to
assessing the risk of heering damage is to
use the 1SO Standard 1999 (1990) (ref 8).
This stanzard provides guidance for the
prediction of potential hearing impairment
from daily exposure tc steady,
fluctuating, or impuisive type noise. It
was approved by the overwheiming major ity
of all countries voting on i%2. The
standard aliowa the caiculation of the
statistical cistribution of the

no ise-induced permant hearing loss to be
sxpected in a population experiencing
exposure to various sound pressurs levels
over per.ods from zero to forty years.
The re:ommendations of this standard are
extensivns of & very largs dato base of
the effacts of noise on human hesring.

Figurs 8 shows an eight hour Leq piotted
against the iog number of svents for SELs
of 115, 110, 108, and 100 dB8. The actuasl
numoer of events are shown above each data
point. Twenty-nins events st a4 SEL of 116
dB gives an Leq(8h) ot 88 dB while 911
events are necessary at s SEL of 100.

This 86 dB Leq(Ah) ievel! is the level
where less than & 10 d8 Noise !nducad
Permanent Threshold Shift (NIPTS) would be
expected in the t sansitive 10X of the
popuilation for the frequencies of 0.6, 1,
2, 3, 4, and 6 kHz atter a 40 year daily
exposure asccording to 1SO Standard 1999,
Al though not inc!uds n Figure 8, It can
be shown that 3 flights with a SEL ot 128
d8 wouid be needed to produce an Leq(8h)
ot 85 db. It would take.an F-4 ftlying at
100 ft AGL directiy overhaid®wto obtain an
SEL of 125 dB which wouid be an




exposure. It is important to recognize
that these vaiues are for levels directly
Impinging on the human sar. It & person
were inside @ building these leveis would
be attenuated by 10 to 30 dB depending on
the structure. Ailso in order to reasch
these high noise levels ai! of the
overtlights woul!d have to fly directly
over the individuai. Although these
higher SEL leveis have been recorded for
single fow teve! passes, these leveis of
exposure (to obtain an 85 dB Laq(8)) have
never bsen observed or documented on »
continuing basis from any MTR operations.
It is s#iso important to realize that
according to 1SO 1999, this 856 dB Leq/8h)
can occur for at lsast § days a veek (the
work week), every week for 40 years before
this rather tow level of parmanent hearing
damage |Is reached.

To turther examine the potential for

hear ing damage from MTR operations, the
USAF is currentiy conducting an inhouse
study to look for Temporary Threshoid
Shiftas (TTS) caused by MTR noise
exposures. The same recordings used !n the
previous studies will be used with
programmeble attenuators to control the
exposure leval at the ear. Current plans
sre for 30 subjects to be exposed to MTR
tiyover noise signatures at leveis up to
128 JdBA maximum level. Audiograms for
esach subject wiil be coillected batore and
after esch of these tests looking for TTS,
It no TTS is found in any of the 30
subjects the test will be expanded to
inciude more subjects and muitipie
exposures. These tests are currently
scheduled to be completed in December
‘1991,

SUMMARY AND CONCLUSION

In conclusion, we belleve that MTR type
noise exposures are different from typical
sirbase noise exposures asnd require a
modification of the procedure to relate
annoyance to Ldn. This ailteration Is
needed to account for the Increased
annoyance caused by the rapid onset rate
of MTR noise. Although these differences
are most pronounced directiy under the

vl o A e
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aircratt, it should be noted that this
onset rate decreases very quickly as the
lateral offsat distance to the flight
track is increased. The preliminary
tindings of our studies show that although
a penalty for high onset rates ie
warranted, it is not clear what the exact
level or range of the penalty should be.
Oue to the sporatic nature of the MTR
operations, wae believe that the Ldn metric
needs to be integrated over s calander
month of the MTRs busiest operations. To
evaluate any potential hezard to hearing
we believe that the recommendations of IS0
atandard 1999 are the best data svaiiable
to descr ibe the impact from MTR
operstions. Even though we do not think,
based on this standard, that hearing loss
is or will be 8 problem trom present day
numbers and levels of overt!lights, we are
conducting studies to further address this
question.
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FIGURE 7. SQUND EXPOSURE LEVEL AND NUMBER-OF-EVENTS DOMAIN
OF SOCIOACOUSTIC STUDIES SUPPORTING Lpy

(TAKEN FROM WYLE LABORATORIES TECHNICAL REPORT,
AAMRL-TR-87-001, APr 87)
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Discussion

QUESTION BY: R.A. Pinker, RAE Pyestock, UK
Please could you define your metric "onset rate®?

AUTHOR’S RESPONSE:

’ Onset rate is a measure of the suddenness of the acoustic
signal from an approaching aircraft measured in dBA per
second, Specifically, we calculate the onset rate from the
acoustic time history by measuring the time when the signal
is 5dB above the background level to the time of the peak A-
level. The difference in these two levels is then divided by
this time difference to obtain the slope of the rising
signal. This is the onset rate. We only compute an onset rate
if the background to peak difference is greater than 15dBA.
If the peak is not on the uprising slope then the computation
is made from a point 5dBA below the peak.
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BRUIT DES AVIONS DS COMBAT A PROXIMITE DES BASES AKRIENNES
-Revué des possibilités de réduction du bruit i la source-

par

D.COLLIN,J.JULLIARD et G.RIOU
(SNECMA,Villaroche, 77550, France)

Leas opérations effectuder par les avions de
combat sont source de niv.i.sances pour las
populations situées & p.oximité des bases
aériannes.Il apparait Jque le bruit de jet
constitus la source de bruit doaminante au
cours de la quasi totalité des opérations
concerndas

Las suteurs proposent d'aborder la question
de la réduction des nuisances sonores
correspondantes en utilisant 1l'expérience
acquise par la SNECMA au cours de plus de
vingt années de recaerches sur le bruit des
turboréacteurs civils,et notamment du
prograsme de transport supersonique
Concorde. L'importante base de données
expérimentale résultant de ces études a
pernis de développer et d'évaluer séthodes
de prévision et solutions de réduction du
bruit. Les différents mécanismes et sources
de bruit significatifs seront donc passés
en revue sinsi que les possibilités de
réduction et d'amélioration actuelles ocu
futures.

1.0 INTRODUCTION

81 on assiste 4 1l'émergance de nouveaux
problémes,1iés au carsctére particulier des
opérations propres aux avions de combat
(vol & basse altitude et grande vitesse),
et qui concernent principalement les
populations de sones non urbaines en
général peu habituées aux nuisances
sonores,il n'en reste pas moins que les
contraintes de voisinage associées & une
urbanisation sans cesse grandissante ne
peuvent plus dtre considérées comme
1'apanage exclusif des aéroports civils.
Dans cette optique,l'axamen du bruit généré
par les simples opérations de décollage et
d'atterrissage des avions de combat semble
présenter un intérét certain.

8i 1l'on compare,d titre ¢'exesmple,
1'empreinte au sol(Fig.l) d'un avion de
combat au décollage, & cella d'un avion
civil de 150 places ainsi qu'd celle d'un
autre type d'avion militaire (ravitailleur
lére et 2&ms génération),il apparait en
affet que malgré des performances
supérieures entrainant une trajectoire plus
favorable ,la nuisance reste identifiable,
quoique nattement réduite par rapport &
celle d'un quadriréacteur de premiére
génération.

L'essentiel des recherches acoustiques
effectudes dans l1l'industrie ayant été
consacré,pour raison de certification des
avions civils,au bruit émis lors des phases
de décollage et d'approche,il convient
d'sxaminer dans quelle mesurs ces
enseignements sont applicables aux avions
de combat.

Aprés avoir identifié les sourxces de bruit
dominantes sur deux types de moteur
d'avions de combat,on passera donc en revue
les solutions possibles de reduction du
bruit du point de vue de la technologie des
moteurs civils et principalement du
programme Olympus ainsi que des recherches
associées qui furent mendes & la Snecma.

2.0 IDENTIFICATION DES SOURCES DX BRUIT
DOMINANTES

Une étude a été conduite sur deux moteurs
&quipant respectivement un chasseur
sonomoteur (Mirage 2000/M53) et un bimoteur
d'attaque au sol (Alphajet/Laxzac).

Elle s consisté en une caractérisation
acoustique détaillée effectuée sur banc
d'essais au sol.

Bien qu'étant de nature et de conception
fort différentes,ces deux moteurs
présentent certaines similitudes dans leur
comportemant acoustique (Fig.2).

L'émission du M53,monocorps double flux
avec rechauffe,ast dominée par le bruit de
jet dés les conditions d'approche.La bruit
interne at le bruit de soufflante méritent
cependant une certaine attention A& faible
poussée.

L'émission du Larzac,doubla corps double
flux sans rechauffe,posséde en revanche la
caractéristique d'étre légdrement dominée
par le bruit interne dans la plage de
poussée correspondant & 1l'approche avant
que le bruit de jet ne reprenns la
prépondérance.

81 1l'on estime que ces cbservations
s'appliquent vraisemblablement 4 l1'ismense
majorité des moteurs actuellement utilisés
sur les avions de combat,il s'agit donc
bien de considérer en priorité le bruit de
jet et ses moyens de réduction.
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Il sera toutefois sage de ne pas négliger
. pour autant l'importance des sources de
bruit généralement regroupées sous le
qualificatif un peu vague de "bruit
interna”.

3.0 SOLUTIONS ELABOREES DANS LE CADRE DES
RECHERCHES SUR TURBOREMNCTEURS CIVILS

On rappellera dans un preamier temps que la
prépondérance du bruit des parties
tournantes sur les machines civiles
actuelles a conduit & l'élaboration d'une
technologie de pointe dans le domaine des
structures absorbantes que ce soit sur le
plan des méthodes ocu calui de la
fabrication autorisant désormais la
réalisation de structures complexes 3
plusisurs degrés de liberté fort efficaces
et de faible poids griace 3 1l'introduction
de matériaux composites.

Ceci s'accompag de es ¢ vatoires
prises lors des phasess de conception du
moteur afin de limiter son émission sonore.

Toutefois,en ce qui concerne les sources de
bruit évoquées plus haut pour les moteurs
militaires,ce sont les études effectuées au
début des années 70 dans le cadre du
programme Concorde ainsi que les recherches
ef fectuées dans son prolongement qui sont
les plus A mémes de fournir des éléments de
réponse quant aux possibilités réelles de
réduire le bruit des avions de combat.

3.1 Etudes Sur La Réduction Du Bruit De Jet

La premiére lecon 4 tirer des études senédes
dans le cadre du programme Concorda est
désormais bien connue.Il s'agit de
1'influence importante des effats de vol
sur la cosmportesment des sources de bruit
(Fig.3).Cette observation a conduit la
Snecma 4 seaner ses études postérieures sur
des moyens d'essais simulant les conditions
d'écoulement du vol,soit dans un premier
temps le véhicule expérimental Aérotrain,
puis actuellement la soufflerie anéchoique
CEPRA19.D'une manidre plus générale, cette
expérience a contribué 3 forger une
philosophie de prudence vis A vig des
performances de tout systéme réducteur
démontrées sur le papier ou lors d'un essai
en condition statique, lorsque le bruit de
Jot eut implique.

Pour cette raison ,seules seront présentées
ici les solutions ayant effectivement fait
1'objet d'une démonstration en vol sur
Concorde, trois principales directions ayant
4té arplorées jusqu'd cette étape décisive.

Soit:
- » optimisation dynamique de la
géométrie de la tuyére secondaire
en fonction des phases de vol

- la fonctionnement du moteur avec des
sections de tuyéres maximales

- 1'introduction de dispositifs
silencieux dans le jet

3.1.1 Effet De La Tuyére A Paupidres
(dite "28")

La réduction saximale du bruit iu point de
contrdle latéral a été obtenue en
positionnant en phase initiale de montée
les paupiéres de la tuyére variable i un
angle de 30° avant repositionnement a 10°
lors de la phase de réduction da poussée.

La braquage de paupiéres permet en effat de
jouer sur la directivité de l'émission
sonore du jet par pincement de celui-ci
(rig.4). Schématiquement,on note que le
pincement réduit 1l'énergie acoustique
rayonnée dans le plan horizontal pour
lt'accroitre toutefois dans wne moindre
mesure dans le plan vertical.

La gain obtenu par ce dispositif sur le
niveau de bruit au point de controlas
latéral a pu étre évalué & 2.5 EPNAB.

3.1.2 2ffet De La Section De Tuyére
Primaire Variable

L'adoption d'une cunfiguration de tuyére
primaire 4 section variable a permis une
réduction de bruit trés significative en
autorisant le fonctionnement du moteur avec
des sections d'éjection agrandies pour
réduire la vitesse du jet & poussée
constante,3 l'exception bien sir de la
phase de montée initiale.

Las mesures sffectuéss sur banc volant at
plus tard sur Concorda(Fig.5) ont montré

les bénéfices importants & tirer d'un tel
procédé,ceci s'accompagnant évideument de
modifications également importantes de la
régulation du moteur.

3.1.3 ¥tudas Sur Las Concepts De
Dispositifs Silencieux

Les inconvénients des dispositifs
silencieux surajoutés sont bien connus.
Généralement pesants et volumineux,ils
contribuent 3 augsenter de facon
significative la consommation.Ils sont en
outre générateurs de pertes de poussée
importantes et la compensation nécéssaire
les ampute de tout ou partie de leur
efficacite.

Afin d'éviter toute pénalisation de trainée
supplémentaire en croisiére supersonique,on
s'est orienté das le début du programme
Concorda vers le développement de systémes
interr.as escamotables en croisiére et le
systéme retenu aprés une multitude d'essais
au sol fut le systéme dit "A pelles”
pouvant fournir un gain estimé alors a 4
EPNAB tout en limitant les pertes de
poussée 3 environ 5%,ce que l'on pensait
suffisant pour obtenir un gain appréciable
en vol.




Les essais en vol de ce dispositif se sont
hélas révélés moins prosatteurs.En effet
pour les deux gradients de montée
envisageables dans la phase de réduction de
poussée, aucune amnélioration significative
n'a pu 4tre obaservée (Fig.6) et le systéme
fut donc purement et simplement abandonné.

Cependant un vaste progranme d'études fut
entrepris consécutivement afin d'étudier
plus finement le comportement du bruit de
jet en vol et d'approfondir d'autre part
les connaissances en termes de bruit at
poussée sur divers types de silencieux dans
l'optique d'un éventuel transport
supersonique de deuxiéme génération.

L'utilisation pour ce faire du véhicule
expérimental Aérotrain(Fig.7) a permis de
s'affranchir des problémes causés,lors du
prograzme Concorde,par l'évaluation en
condition statique des dispositifs
réducteurs de bruit.

L'étude et 1l'4valuation expérimentale de
plusieurs concepts a permis en finale la
réalisation d'un silencieux dit "41 Tubes”
d'encombremsent minisum(rapport de la
section du culot sur section efficace
d'éjection égal A 2), fournissant un gain
&gal 4 10 EPNdB et pouvant atteindre 15
EPNdB lorsqu'associé 4 un éjecteur traité
(rig.8).

La perte de poussée associée,estinée 3
8%,situe ce type de silencieux dans un
rapport de 2dB d'atténuation par % de perte
de poussée,ce qui semble &tre désorsmais la
tendance générale si 1l'on se référe sux
informations publiées sur le sujet.

Il sera utile de mentionner enfin que,
parsllélement,ce programme Aérotrain aura
conduit A poser les bases de la .
quantification de l'effet de la vitesse de
vol relative sur le bruit de mélange telle
que formulée dans 1'ARP 876C,ainsi qu’'a
établir une base de données expérimentale
utilisée postérieurement pour la validation
de la soufflerie CEPRA19.

3.2 Etudes Sur La Réduction Du Bruit
Interne

Las caractéristiques particuliéres du
moteur Olympus ont également é6té A
l'origine d'enseignements sur la génération
de ce que l'con a voulu définir par la
notion large de "bruit interne”.

En effet si 1l'on observe le comportement du
moteur Olympus & régime partiel(Fig.9),on
constzte que le bruit interna exerce une
influence grandissante jusqu'ad devenir
prépondérant dans les conditions
d'approche.

Le bruit interne fut alors défini comme la
différence sur tout le domaine de
fréquences entre le bruit total émis par le
motaur et le bruit d'un jet pur qui
correspondrait aux conditions d'éjection
équivalentes,posant par 13 méme le bruit de
soufflante ou de compresseur comme
négligeable.
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Cette définition résultait du fait que les
différents mecanismes générateurs et
surtout leur interdépendance étaient alors
trés mal connus.

Un simple exemple illustrera cette notion
d'interdépendance des mécanismes
générateurs.Il traduit l'effet produit sur
l'émission sonore de 1'Olympus 593 par la
substitution d'une chambre annulaire 3 la
chambre de combustion d'origine(rig.10).
Alors qu'a priori on se serait attendu a
des modifications caractéristiques dans la
partie basses fréquences du spectre,
généralement attribuée au bruit de
combustion,on observe é&galement des
modifications notables du domaine hautes
fréquences.

Une tentative de classification des
différents mécanismes fut effectuée 2 la
méme époque.Elle mattait en évidence trois
familles distinctes(rig.11):

- les sources internes,c'est i dire
toutes les sources naissant A
1'intérieur du moteur entre un plan
situé au voisinage de la chambre de
combustion et une position située
approximativement & une longueur
d'onde caractéristique en amont du
plan d'éjection de la tuyére.

- las sources de tuyéres qui résultent
des phénoménes d'interaction des
hétérogénéités da 1'écoulement et
des instabilités de la couche de
cisaillement initiale du jet avec
la tuyére.

- Une amplification paramétrique des
sources internes par la couche de
cisaillement du jet.

Dans le but d'améliorer la compréhension de
certains de ces points et particuliédrement
des mécanismes 3 l'origine des sources
internes,uns série d'expériences
complémentaires fut réalisée 4 l'aide d'un
dispositif spécifique élaboré sur la base
d'un moteur Larzac,et permettant de
s'affranchir de toute source autre que le
bruit interne(Fig.12).

Grace & ce dispositif,on a pu dans un
premier temps cerner les caractéristiques
des différentes composantes des sources
internes et distinguer ainsi trois domaines
de fréquences distincts(Fig.13):

- Bassas fréquences(< 400 Hz) dans
laquel apparait une bosse bien
marquée aux faibles régimes avec une
fréquence de pointe au voisinage de
125-160 Hz. Cette bosse subsiste
plus estompée aux régimes plus
élevés et 4 une fréquence supérieure
(200 & 250 Hz).Catte émission est
directement imputable aux effats de
la combustion.

- Moyennes fréquences{entre 500 et
3000 Hz) dont la fréquencs de pointe
ne varie pratiquement pas avec le
régime et dont l'origine est a
rechercher au niveau des
interactions de 1'écoulement




turbulent avec des obstacles fixes
ou mobiles du moteur.

~ Hautes fréquencas(>3000 Hz) dans
lequel coexistent raies
caractéristiques issues des turbines
et bruit large bande y prenant
naissance tant par des mécanismses
directs que par des phénoménes plus

complexes.

Ces caractéristiquas pour spécifiques
qu'elles soient du moteur Larzac utilisé
présentent un fort lien de parentéd avec les
observations effectuées sur 1'Olympus.

Un deuxi¢me type d'expérience,réalisé
1l'aide du méme dispositif, a permis
d'évaluer diverses solutions de réduction
du bruit interne dans sa partie basses et

moyennes fréquences.

Les différentes solutions essayées ont
consisté d'une part en 1l'insertion d'écran
entre source et observateur et d'autre part
en la mise en ceuvre de structurss
absorbantes dans le canal d'éjection
primaire.La conception volontairesent
simplifiée de ces structurcs a peruis
d'apprécier aisément l'influence de l'effet
d'épaisseur.

Tenant compte de ces conditions ,les
résultats présentés(Fig.l4) pour la
combinaison la plus efficace peuvent étre
considérés comme représentatifs de l'ordre
de grandeur de ce qu'il est possible
d'stteindre en matiére de réduction du
bruit interne par des dispositifs de ce
genre.

On rappelera pour mémoire que l'application
d'une solution voisine (canal primaire
traité) fut un moment envisagés sur
1'0lympus avant d'étre abandonnée en raison
de la persistance d'une résonance
acoustique de 1l'ensemble secondaire qui en
masquait les effats positifs.

4.0 APPLICABILITE DES SOLUTIONS AUX AVIONS
DE COMBAT

L'eaxpérience de Concorde et les études
associées présentées plus haut ont certes
mis en évidence i1a possibilité de réduire
d'une dizaine de décibels le bruit des
sources prépondérantes 3 l'aidea de
dispositifs réducteurs essentiellement
externes.Mais elles ont également souligné
la caractére rapidement illusoire de telles
mesures lorsqu'elles sont appliquées 3 des
moteurs dont la conception a é&té figée
préalablement. Importantes pertes de
performances, excédents de poids plus que
significatifs, sans oublier les problémes de
maintenance générés par la complexité
mécanique de ces dispositifs,ce sont 13 des
inconvénients majeurs dont un avion de
combat peut a priori difficilement

s 'accomodex .

X1 est donc raisonnable de considérer que
seul un objectif de réduction limiteé
pourrait tirer. profit de la technologie
existante, ™~

De fait,l'idantification de solutions
adaptées aux nuisances générées par les
avions de combat sux abords des b
aériennss réside en premier lieu dans un
affort de définition du probléme:

la disparité des missions confiées & ces
avions constituant,d cet égard, un élésent
important du débat.

8i une telle phase de clasrification
s'avérait nécessaire du point de vue de
1l'environnesent, {1 serait alors essentiel
de dégager les facteurs spécifiques aux
nuisances scoustiques des avions de combat,
quelle qu'en soit leur nature(opérationels,
technologiques, psycho-acoustiques, socio-
économiques,..), non sans avoir au
préalable déterminé dans quelle meaure la
situation présente des similitudas avec les
contraintes imposées asux avions de
~ansport civils.

Ainsi seulexent pourrait-on parvenir 3
définir ce qui est acceptable et ce qui ne
l'est pas.

S'il est en effet difficilement admissible
de sea voir confronté sans préavis 4 une
réglementation dont la sévérité ne repose
sur aucun fondement technologique,il est en
revanche important de pouvoir anticiper sur
des objectifs de réduction de. bruit futurs,
da maniére A& permettre l'identification et
le développesent des technologies les mieux
adaptées.

Dans un tel contexte.das solutions

intégrées dés le premier stade de la

conception d'un soteur,cu mieux encure S
faisant intégralesent partie, tel la cycle . ,
variable,du concept lui-méme mériteraient :
d'édtre considérées.
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NOISE STUDIES FOR ENVIRONMENTAL IMPACT ASSESSMENT
OF AN OUTDOOR ENGINE TEST FACILITY

G. Krishnappa

Institute for Mechanical Engueering
National Research Council
Ottawa, Ontario, Canada KI1A OR6

1. SUMMARY

The potential impact of noise in the community surrounding a
proposed outdoor test facility in the Ottawa area was evaluated.,
The test stand was planred for the testing of high performance
gas turbine engines. Theoretical predictions based on the
outdooe sound ion model were made for the noise
generated from a General Electric F404 engine. The resuits
were verified by carrying out measurements of noise generated
from a single engine of a parked CF-18 aircraft. The
measured results qualitatively confirmed the validity of
theoretical predictions. However, the tests clearly
demonstrated the strong influence of the atmospheric conditions
in the observed noise levels in the surrounding community.
The usefulness of the theoretical predictions in devising noise
control measures in the test area and for the scheduling of tests
in favourable weather conditions to minimize noise impact in
the surrounding area have been discussed.

2. INTRODUCTION

The Engine Laboratory of the NRCC Institute for Mechanical
Engineering has provided unique national facilities for gas
turbine engine testing and development for many years. These
facilities have been used by the Canadian engine and equipment
manufacturers, and Canadian Armed Forces (CAF) and their
engine maintenance and overhaul contractors. One of the
NRCC test cells is a national calibrated reference cell used by
the CAF. All CAF test cells in Canada and abroad, and the
cells of their prime contractors can be referenced against the
NRC calibrated test cell.

When the test cells were built at the present site on the NRCC
Montreal Rcad Campus, they were situated in a sparsely
populated neighbourhood, considerably beyond the densely
populated residential area and the Ottawa City limits. No
serious consideration was given 1w the reduction of noise from
the test cells. With the gradual development of residential
areas around the campus and subsequent noise complaints,
some silencing was provided for the cells. Despite substantial
investment in improved silencing and increasingly stringent
environmental constraints, operational capability became more
limited. Large engine operation, particularly military engines
with afterbuming capability, can cause unacceptable noise
levels in residential areas under certain weather conditions.
Operation of the NRCC cells is currently restricted to normal
working hours. This limits their usefulness, as winter night
operation is desirable for testing cold weather performance. In
addition, the extensive silencing and restrictions on cell
configuration prevent certain kinds of acoustic tests, necessary
for the development of more environmentally acceptable
commercial engines.

92-17419
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With more emphasis being placed on measuring the absolute
performance, the requirement for a free air engine facility has

become very important. The increased demand to investigate

performance of engines installed in aircraft, and the pressure

from environmental agencies to reduce engine noise emissions

have made an improved facility a high priority.

Therefote, it was proposed to develop an outdoor test facility
in the Ottawa area for the following objectives: to provide a
reference standard for all test ceils in Canada, to study the
performance of engines installed in aircraft, and to perform
noise measurements. The new complex was to include an
outdoor test stand, and an indoor test cell and support area, for
testing high performance and high airflow gas turbine engines.

The site selected for this facility was next to the Ottawa
International Airport in the Uplands area. The main
considerations in selecting this location was that the
surrounding residential area was exposed to the airport noise
and that the noise problem would not be as severe as in the
other areas in the city. The site was close to runways,
facilitating transport of aircraft to the test site, Major fuel
handling facilities were also in the immediate vicinity.

The proposed site was evaluated for the potential impact of
noise generated by testing hig™ performance engines in the
facility. This paper presents the results obtained from
theoretical predictions, based on the sound propagation model
of the noise generated from a F404 engine, and confirmation
of these results by static engine run tests.

The studies were also intended to determine the extent of noise
control measures required at the test location and the
requirements for scheduling of tests, based on favourable
weather conditions to minimize noise impact in the community.
The theoretical predictions of ncise levels were developed by
Davis Engineering Limited (Ref. 1) under contract to NRCC.
To confirm the predictions, noise tests using static engine runs
were made by the NRCC Engine Laboratory Staff.

3. ENGINE SELECTION - NOISE IMPACT STUDIES

The proposed outdoor facility was intended for testing a wide
range of gas turbine engines. These include turboprops such
as the Allison T56, high bypass commercial aircraft engines,
and fighter aircraft engines like the GE F404-400 engines used
in the CF-18 aircraft. It was not possible to study the noise
impact of all these engines because of cost restrictions. The
worst case among the types of test engines was considered to
be the afterbuming military engines. In addition, detailed
noise data for the F404 engine were readily available to
calculate the noise contours surrounding the proposed test site.
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The noise spectra for a typical turbofan engine at several
. ranges from the source are shown in Figure 1. The spectra

clearly demonstrate the attenuation of high frequency
componients at distances greater than 2000 metres. The higher
attenuation for these components is mainly due to molecular
absorption of sound energy.

4. OUTDOOR SOUND PROPAGATION

Outdoor sound propagation is 2 complex phenomena because
a larg= number of wave propagation and meteorological factors
affect the results. Sound propagation under various ground
surface and meteorological conditions are discussed in
References 2 to 4.

. Sound propagates under free-field conditions, spreading
spherically at large propagation distances. Sound levels fall 6
dB each time the range doubles. Additional attenuation occurs
because of molecular absorption of sound as it propagates
through the air. At normal temperatures, the attenuation is
directly proportional to the distance and square of the
frequency, and inversely proportional to the relative humidity.
At normal temperature and humidity, oxygen relaxation causes
strong absorption of sound at frequencies above 2000 Hz.

For a source and receiver near the ground, interference occurs
between the direct sound from the source and that reflected at
the ground surface. Most ground surfaces, apart from concrete
and asphalt, are not acoustically hard. The reflection
drastically changes the distribution of sound levels as a
function of height and distance from the source and of
frequency. Figure 2 shows the interference of direct and
reflected waves from the ground surface of impedance Z,.
The sound pressure p at the receiver point is given by the
equation!:

-, -
Z..E_I.R’S:.(l-g’)i..p, (1))
Py kry vy

where r, and r, are the lengths of direct and ground reflected
ray paths respectively, and k is the wave number of the sound
in air. is the plane wave reflection coefficient at the
appropriate angle of incidence; it can be described by the
grazing angle of incidence and the ratio of surface normal
impedances. The function F describes interaction of a curved
wave front with the surface of finite impedance, and is a
function of several variables having compiex argument.

The first term on the right hand side of Eq. (1) is the direct
wave, showing sound pressure decreasing inversely as the
distance ry increases. The numerator is merely a phase term.
The second and the third terms on the right hand side of the
equation together constitute the sound field reflected from the
ground. The second term corrects for the reflected sound
wave. The third term compensates for the fact that R, is the
plane wave reflection coefficient, and is not independent of the
angle of incidence. The sound field is usually incident on
different areas of the ground at different angles. The third
term is known as the ground wave, and includes the trapped
surface wave component which relates to low frequency sound
at large distances from the source. This wave propagates in
the air, spreading cylindrically over the surface of the ground.
Because it decreases less rapidly with distance as the other
components of the sound field, the surface wave tends to be
more significant at long range. The contribution, apart from
the direct wave under finite ground impedance, is known as

excess attenuaiion. This excess attenuation always exists, but
is often partialty nullified at various frequencies and distances,
or under specific circumstances by various phenomena. The
shadow region is penetrated by a ground wave at low
frequencies to an extent that depends principally on distance
and ground impedance. At high frequencies, it is partially
dependant on interference between direct and reflected waves
and is determined by the source and receiver heights.

At larger distances meteorological conditions play an important
role. The finite impedance of the ground surface can produce
a shadow region near the surface in a neutral atmosphere,
where sound levels could be as much as 40 dB lower than
predicted by geometrical spreading and molecular absorption.
Under most weather conditions both wind and temperature vary
with height above the ground. These vertical gradients cause
the speed of sound to vary with height, forcing the sound
waves to travel along curved paths. The speed of sound
relative to wind increases with height for downwind
propagation, and produces ray paths that are concave
downwards. The sound ray path for the upwind propagation
is concave upwards, producing a shadow zone near the ground
beyond a certain distance from the source. In a temperature
inversion, most common at night and early morning hours, the
sound speed increuses with height up to a few tens or hundreds
of metres dépending on the temperature gradient, and the ray
paths are concave downwards. Under temperature lapse
conditions, which are 2 common daytime occurrence during
most of the year, the ray paths curve upwards. This produces
a refractive shadow zone near the ground beyond a certain
distance, which depends on the height of source above the
ground. The ray paths for temperature lapse and inversion
conditions are shown in Figure 3.

The sound levels at large distances, normally reduced under
neutral weather conditions by distance, molecular absorption,
and destructive ground interference, are further reduced by
daytime temperature lapse conditions. During the night
however, temperature iaversion usuaily prevails and refractive
effects allow sound to propagate via paths that are not near the
ground. This effectively eliminates sound levels reductions
normally provided by ground effects. Sound levels then rise
to values determined by distance and molecular absorption,
plus one or two decibels if additional refractive paths exist.
Upwind and downwind propagation are similar to the
temperature {apse and temperature inversion conditions.

Some typical calculations on favourable daytime attenuation
and realistic night attenuations made by Davis Engineering
Limited! are shown in Tables | and 2.

5. SOUND LEVEL CONTOURS

The attenuation data summarized in Tables 1 and 2 were
combined with typical generic turbofan and turbojet aero-
engine spectra for calculating the noise contours. A constant
spectrum o a frequency of S00 Hz was assumed for simplicity.
Octave band levels range from 100 dB to 140 dB, depending
on the engine type. For frequencies higher than 500 Hz, a 3
dB attenuation per octave decay was assumed. -

Sound level contours based on F404 data for the mean summer
wind and mean winter prevailing wind are shown in Figures 4
and 5. The contours are superimposed on an area map with
the centre at the proposed facility site. The sound pressure
levels are in dBA and assume no attenuation for ground cover
or acoustical treatment at the site. Under favourable




propagation conditions, the 50 dBA contours in both the
figures extend to 12 km in the direction of the wind. At the
time this report was prepared, the City of Gloucester Noise
By-law limited noise levels to 55 dBA during the day and 50
dBA during the night. Noise generated by the engines at the
residential site should be 3 dBA (10 dBA desirable) below
these levels to prevent test activities from adding significantly
to the day/night sound levels.

Notise levels may be reduced by providing a favourable ground
cover and inserting an acoustical barrier close (o the test area.
The barriers should be cunstructed close to the source to be
effective, and must be sufficiently high to prevent any direct
transmission from the source to the observer., The barrier
height should be of the order of the wavelength of the sound
that is to be controlled. A preliminary evaluation of the
possible sound level reductions was made incorporating an
exhaust silencer as part of the outdoor facility. The silencer
was not supposed to physically contact the engine and would
facilitate handling and positioning. The numbers circled in the
figures are the levels under favourable attenuations from
ground cover and exhaust silencer at the site.

6. NOISE PROPAGATION TESTS OF A CF-i$ AIR-
CRAFT AT OTTAWA INTERNATIONAL ARRPORT

The noise radiation from a CF-18 aircraft during static engine
run ups at Ottawa International Airport was measured to asses
the noise impact from the proposed outdoor facility. The
primary purpose was to confirm the theoretical predictions of
the noise levels in the surrounding community made by Davis
Engineering Limited. A secondary purpose of the test was to
note the community response to the noise of these tests.

The CF-18 aircraft was parked on the wxiway of the Uplands
Airport as shown in Figure 6. The nose of the aircraft was
pointing to the west wind and the aircraft was aligned within
approximately 20 degrees of the taxiway. The tests were
designed to measure the noise radiation from a single engine at
two power levels: military power and full afterbumer.
Although operational procedures for the aircraft required that
the second engine remain at idle power at all times, the smail
addition to the total noise from the idling second engine was
not considered to be significant.

The far-field noise levels were monitored at eight locations
equally spaced around a circle of 2 km radius during the first
engine run up sequence. The radius was increased to 4 km for
the second sequence. The measurement sites were on flat,
open, grass covered terrain with the microphones set at 1.8
metres above the ground. Near-field measurements were made
to ensure that the sound power of the engine during the tests
wag the same as that used in the theoretical predictions. The
overall sound pressure levels were measured along a line
normal to the jet axis in the plane of the exhaust nozzle, at
height of approximately 1.8 metres.

The instrumentation used stored the average sound pressure
levels for one minute time intervals. By coordinating the

starting time of the data acquisition and engine running times,
the noise levels for each of the engine power settings were
determined. During the tests the temperature was 23° C with
winds from the west at 22 kph, gusting to 44 kph. The
humidity varied between 57% and 44%, and the weather office
reported a *normal’ temperature profile (adiabatic lapse rate).
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7. RESULTS AND DISCUSSIONS

The rear-field sound pressure levels of the engine measured
close to the aircraft are shown in Figure 7 and are compared
with the data supplied by the engine manufacturer. While it is
recognized that sound pressure levels change with the measure-
ment angle, the good agreement at this one angle indicates that
the sound power of the engines during the tests was close to
that stated by the manufacturer.

Table 3 shows the average A-weighted noise levels based on
one minute equivalent sound level readings for military and
afterburner power settings. The observed levels were as high
as 70 dBA at 2 km and 61 dBA at 4 km, Figure 8 shows a
sample of the output from noise monitors. Each value is a one
minute average of the A-weighted noise at the site. A clear
correlation is evident between the engine power setting and the
noise level at the site. At some of the locations, the engine
noise was inaudible oc below the background noise levels. For
these sites no estimate of the engine noise was possib’e.

Table 4 shows a comperison of noise levels observed at the
military power setting with the predicted levels, taking into
consideration the ground propagation effects. The predicted
values include only the effects of geometrical spreading and
molecular absorption and do not include the effects of wind,
ground impedance, or temperature gradients. These values
were interpolated from the noise level contours shown in
Figure 4. The far-field levels were generally 15 to 20 dBA
below theoretical predictions, considering molecular absorption
and geometrical spreading only. This difference is reasonable
when allowance is made for the effects of wind and thermatl
y'adients. The normal vertical temperature profile causes the
sound rays to be refracted upwards, away from the ground
surface. This effect reduces the sound pressure levels observed
close to the ground. Similarly, sound rays propagating upwind
tend to be refracted upwards and away from the ground by the
velocity gradients near the surface. Both of these effects tend
to create an acoustic shadow region near the surface of the
ground where the sound levels are much lower than that would
be expected in calm air with no temperature gradients. The
only locations where these differences were not observed are
at the sites downwind of the aircraft. At two of these sites, the
observed levels were only 1 or 2 dBA below the theoretical
predictions. Sound rays propagating downwind tend to be
refracted downward toward the ground surface. The down-
wind effect would negate the favourable efiects of a normal
temperature profile.

The large differences between the theoretical and experimental
values show the importance of atmospheric effects on sound
propagation and the difficulty of outdoor predictions. The
theoretical predictions were developed for propagation under
mean prevailing wind conditions, without any consideration of
temperature gradients. Similar effects are encountered under
upwind sound propagation and temperature lapse conditions.
The theoretically predicted noise contours are helpful in
determining the extent of noise impact on the neighbouring
residential areas under different weather conditions. Measures
can then be taken to minimize this impact by devising noise
control methods on site. The studies will also be useful for
engine test scheduling under varying weather conditions so as
to comply with local noise by-laws.
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8. CONCLUSIONS

" The teats with the CF-18 aircraft qualitatively confirmed the

validity of the theoretical mode! for the noise predictions at the
proposed outdoor test faciiity. The predictions for noise
propagation into the community were valid under the assumed
atmospheric conditions. However, the tests clearly showed the
strong influence of atmospheric conditions on observed noise
levels in the surrounding community. The studies carried out
are helpfl in determining the extent of on-site noise control
measures and in test scheduling based on weather conditions.

‘The 70 dBA noise levels, observed in the downwind direction
at 2 km, are well above the background noise levels. With
less favourable atmospheric conditions, the leveis observed in
other directions could have been as much as 10 to 20 dBA
above the measured levels. Outdoor tests with an engine
equivalent to the GE F404-400 will generate noise levels in
excess of the existing background levels. While no complaints
were received from the n: sidential communities at the time of
the study, elevated noise le els during prolonged running could
casily generate complaints, especially during adverse environ-
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Table !. Favourable daytime attenuation.

Distance . Frequency (Hz)

(m) Mechanism — 63 125 250 500 1000 2000 4000
GS 0 0 0 0 0 0 0 0
Air 0 0 0 0 0 0 1 4

150 Excess .5 R 7 0 15 8 0 3
Total 5 K] -7 0 15 3 1 1
GS 6 6 6 6 6 6 6 6
Air 0 0 0 0 0 1 3 8

300 Excess 5 6 6 3 15 10 3 0
Total 1 0 0 9 21 17 12 14
GS 12 12 12 12 12 12 12 12
Air 0 0 0 0 1 3 6 17

600 Excess 5 5 0 13 12 6 3 3
Total 7 7 12 25 25 21 21 26




Tatle 2. Realistic nighttime attenuation.

Frequency (Hz)

Distancs .
my ~ Mechanism — 63 125 250 50 1000 2000 4000
GS, 0 0 0 0 0 0 0 0
156 Air 0 0 0 0 0 0 1 4
Total 0 0 0 0 0 0 1 4
GS 6 ’ 6 [ [ 6 6 6
300 Air 0 0 0 0 0 1 3 8
Total 6 6 6 6 6 7 9 14
GS 12 12 12 12 12 12 12 12
600 Alr 0 0 0 0 i 3 6 17
Total 12 12 12 12 13 15 18 29
GS 18 18 18 18 13 18 18 18
1200 Alr 0 0 0 1 3 6 12 34
Total 18 18 18 19 21 24 30 52
GS 24 24 24 24 24 2 24 4
2400 Air 0 0 1 3 7 12 24 68
Total 24 24 25 27 3 36 48 7]
GS 30 30 30 30 30 30 30 30
4000 Air 0 0 2 6 13 24 44 136
Total 30 30 32 36 43 54 74 166
P GS 36 36 36 36 36 36 36 36
- 9600 Air 0 0 4 12 27 48 92 272
Total 36 36 40 48 63 84 123 308
/
Table 3. Far-field A-weighted sound pressure levels (dBA).
2 km Distance A0 A4S A0 Al3S Al80 A22S A270 A3lS
Military Power - - 55 66 69 70 68 58
Afierburner - 57 58 76" n 70 77 62
4 km Distance BO B45 B90 B135 B180 B22S B270 B315
Military Power - - - 55 53 61 S5 -
Afterburner - - 50 63 5 65 64 -
Table 4. Comparison of theoretical and observed sound pressure levels at military power.
.2 km Distance A0 A4S A0 Al3S Al80 A228 A270 A3lS
Observation - - 55 66 69 70 €8 58
Theory 82 77 81 85 70 80 87 78
Difference - - -16 -19 -1 -10 -19 -20
4 km Distance BO B4S5 B9O B13§ B180 B225 B270 B315
Observation - . - 55 53 61 55 -
Theory 64 64 60 7 5 70 72 57

Difference

- -18 -2

9

-17

6-3
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Figure 2. Interference of direct and reflected waves at the
ground surface (source S and receiver R).

Contribution to dBA Level
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Figure 1. Noise spectra for a typical turbofan engine.
Figure 3. Sound ray paths for temperature lapse and
temperature inversion conditions.

s

Figure 4. Sound level contours for mean summer prevailing wind.




P W= aT= - 0 =%
T LB T SN

f Test Site ' /
L —

Figure 6. Measurement sites and aircraft location. e




_—— e

Overall 8PL (dB)
0 B At on 2 o o ]
'”. -
140 b P
104 p
' >
10 A — NPT e,
1 2 [ 10 0 [
Perpendiculer Side Distancs from

Nozzie Centre-Line (m)

® A Milary Power
Q4 Aerbumer

Figure 7. Near-field sound pressure levels adjacent to
aircraft.

Discussion

QUESTION BY: P. Artaz, SNECMA, France
D’aprés quelles donneés avez vous validé vos modédles
d’attenuation atmospherique et ceux d’impédance de sol?

AUTHOR'’S RESPONSE:

The sound level contours presented in the paper are for the
summer and winter average prevailing wind conditions. At wind
flow conditions, the sound waves, due to refraction propagate
in curved paths above the ground after a short distance from
the source. Tables are given for day and night time
propagation when different vertical temperature gradients
exist. The model includes excess attenuation, which is for
grass covered ground,
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SUMMARY R unit Reynolds number, per foot (per

meter)

In the first part of the paper, the contribution of air- u free-stream flow ft/sec (m/sec)
frame noise to total aircraft noise on approach is . typica lmmﬂomi(y

assessed for a large current technology transport and for
the same airframe powered with bypass ratio 10
engines with an additional 5 dB noise suppression
applied to the fan and turbine noise sources. The air-
frame noise of the envisioned advanced subsonic trans-
port is 2 EPNdB less than the largest contributor o the
total aircraft noise, the fan inlet The noise impact of
the airframe noise, as measured by noise contour area,
is 1/4 that of fan noise. Further fan noise reduction
efforts should not view airframe noise as an absolute
noise floor.

In the second part of the paper, the results from one
recent cavity noise wind tunnel experiment is reported.
A cavity of dimensions 11.25 in. (28.58 cm) long,
2.5 in. (6.35 cm) wide, and variable depth was tested in
the Mach number range of .20 through .90. Reynolds
number varied from 5 to 100 million per foot (16 o
328 million per meter). The I/d ratio was varied from
4.4 10 20.0. The model was tested at yaw angles from
010 15 degrees. In general, the deeper the cavity, the
greater the amplitude of the acoustic tones. Reynolds
number appeared to have little effect on acoustic tone
amplitdes. Tone amplitude and bandwidth changed
with Mach number. The effect of yaw on acoustic
tones varied with Reynolds number, Mach number,
I/, and mode number. At Mach number 0.90,
increased yaw shifted the tone frequencies of the higher
modal frequencies to lower frequencies. As cavity
depth decreased, the effect of yaw decreased.

LIST.Ok SYMBOLS

f frequency, Hz

fm acoustical tonal frequencies, Hz

h cavity depth, inches (cm)

k(M)  empirical ratio of shear layer and free-
stream velocities

l cavity length, inches (cm)

M. free-stream Mach number

m acoustic tone order number

P acoustic pressure, psf (N/m2)

<p2> mean-square far-field acoustic pressure

Goe free-stream dynamic pressure, psf (N/mz)

distance along cavity floor, in. (cm)
o{l/d)  empirical parame.r giving the phase lag

between instabilities in the shear layer

and acoustic waves in the cavity

polar directivity angle, zero in

downstream direction
C azimuthal directivity angle, zero in
Y ratio of specific heats of air at constant
pressure and constant
volume
a frequency, radians/sec
Abbreviati
BPR bypass ratio
EPNL effective perceived noise level, EPNdB
FPL fluctuating pressure level, db (re J=)
L0 INTRODUCTION

Non-propulsive aerodynamic noise concems for mili-
tary aircraft may be divided into the two areas of air-
frame noise and cavity noise. Airframe noise is impor-
tant to the operational acceptability of all aircraft,
while on armed aircraft, the particular issue of cavity
noise-induced vibration is critical to store integrity and
separation.

With current engine technology, airframe noisc is a
contributing source for large commercial aircraft on
approach, but not the major contributor. With the
promise of much quieter jet engines with the planned
new generation of high-by-pass turbofan engines, air-
frame noise has become a research topic of interest for
the next generation of commercial airliners. Questions
being raised include: Will airframe noise be the domi-
nant noise source on approach? How well can it be
predicted? Is airframe ncise an absolute noise floor to
which other noise sources should be reduced, or can air-
frame noise be reduced? The concerns raised in these
questions ultimately are connected to the noise accept-
ability of the aircraft, and are applicable to large mili-
tary cargo aircraft, as well as commercial aircraft,
operating near population centers. -
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This paper is divided into two parts. The first part of
. the paper includes a summary of the current airframe

noise prediction capability. Total aircraft noise ,
including airframe noise, is predicted for approach for a
current technology transport and for an envisioned
advanced technology transport. The relative contribu-
tion of airframe noise to each type of transport total
noise is assessed. In the second part of this paper, the
results from a recent cavity noise experiment is

reported.
4.0 __ARFRAME NOISE
2.1 Backeround

Airframe noise arises from the interactions of unsteady
air flow on the aircraft structure exposed to the flow.
The unsteadiness of the air flow may be natural or a
consequence of flight, for instance the turbulent bound-
ary layer of a wing or the impingent of a turbulent
wake of an up-stream aircraft component on a down-
stream aircraft component. The primary airframe. noise
sources are usually considered to be trailing edges,
landing gear, cavities, flaps, and slats. These sources
are not, in general, independent and may interact. The
air flow around an aircraft is highly energized and
dynamic, making airframe noise a significant and com-
plex aircraft noise source. Airframe noise is expected
to contribute the most to overall aircraft noise during
approach when the engines are throttled and the aircraft
is in a dirty (high lift devices and landing gear
deployed) configuration.

Much airframe noise research has been done. Both
experimental and theoretical investigations have been
extensive, much of the work being performed over a
decade ago. Experimental investigations have included
full scale flight experiments, complete model and
component wind tunnel testing, and free flight glider
and model experiments. Theoretical investigations
have been concerned with the fundamental physics of
individual airframe noise sources. Many excellent
summaries of airframe noise research are available
(refs. 1-4). The state of airframe noise understanding
will be briefly addressed and then applied to the case of
the approach noise of an envisioned advanced subsonic
aircraft equipped with the next gencration of high-by-
pass ratio engines. The objective will be to assess the
contribution of airframe noise relative to the other air-
craft noise sources on approach. These findings will
be compared to similar results for a current technology
aircraft.

Interest in the area of airframe noise was stimulated in
the early 1970s by the desire for an ultra quiet military
surveillance aircraft (ref. 5). Interest soor: tumed to
commercial aircraft when it was discovered that air-
frame noise on approach was approximately 10 EPNdB
less than the more dominant aircraft noise sources, typ-
ically fan noise. Initially, airframe noise modelling
was aimed at whole aircraft Overall Sound Pressure
Level (OASPL) prediction which was empirically
based with pertinent parameters identified from analyti-
cal insight. These methods soon were extended to pre-

dict 1/3 octave band spectra, These empirical methods

worked reasonably well when applied to the same or
similar class of aircraft,

Whole aircraft airframe noise prediction, valid for its
intended purpose of first cut airframe noise prediction,
was soon surpassed by component noise prediction
models in which th2 airframe noise of particular aircraft
components is predicted. Component prediction mod-
els followed two different paths. One method of com-
ponent prediction is very similar to the whole aircraft
models in that the individual component prediction
models are fargely empirical; however, much greater
use of analytical insight, where available, was used.
The component prediction method of Fink (ref. 6). is
an example of this prediction method. The other com-
ponent prediction method is the drag element method
developed by Revell (ref. 7). In the drag element
method, airframe noise is viewed as a by-product of
mechanical energy dissipated by drag (ref. 2).

Fundamental principle acrodynamic and aeroacoustic
models were developed for many airframe noise
sources. In particular, models for predicting trailing
edge noise are well founded and complete for many
flow environments (ref. 4). Trailing edge airframe
noise is caused by unsteady flow passing over or near
the trailing edge of a wing or flap and is considered the
dominant airframe source in the cruise condition.
Trailing edge airframe noise models have established
that the functional dependence of this noise source is

20

< pz >eus” sin -z-coso

m

where <p2> is the mean-square far-field acoustic pres-
sure, u is a typical mean flow velocity, 0 is the
polar directivity angle, zero in the downstream direc-
tion, and o is the azimuthal directivity angle, zero in
the downward direction. The directionality of eq. 1 is
not that of a simple dipole and has been referred to as
that of a half baffled dipole (ref. 8). Theoretical aspects
of trailing edge noise have been extended to include the
correlation of trailing cdge pressure fluctuations with
far ficld radiated acoustic pressures and the ability to
predict the acoustic pressures based on the measured
trailing edge surface pressures (refs. 9-10).

Another airframe noise component which in principle
is well understood and predictable is that due to landing
gear. The airframe noise generated by the components
of landing gear, the wheels, struts, and axles, is con-
sidered to be caused by bluff bodies and is dipole in
nature with the axes of the dipoles parallel to the lift
and drag elements . The amplitude , <p2>, depen-
dence of this airframe component is on velocity to the
sixth power. Cavities associated with landing gear are
sources of low frequency , less than 100 Hz, airframe
noise which are excited most easily in depth modes.
Evidence indicates that such cavities radiate fess intense
airframe noise than expected due most probably to their
complex internal shapes (ref. 11).




During approach, dominant airframe noise sources
other than landing gear are those caused by the
deployment of high lift devices, such as flaps and
slats, The increase in airframe noise with flap and slat
deployment over that of a clean wing is on the order of
10 EPN(B (ref. 1). Flap and slat airframe noise is
associated with the physical gaps or slots between slat
and wing, or wing and flap, and with the edges of the
flaps. These conclusions are based on flight and wind
tunnel data where the various stages of flaps and slats
were incrementally deployed (refs. 12-13).

Other sources of airframc noise which are not currently
in the component prediction models are flap edge,
panel vibration, and nacelle. Flap edge has alrcady
been mentioned and appears to be an important source
of airframe noise (refs. 13-14), Panel vibrations,
caused again by the unsteady air flow, have been identi-
fied as an important airframe noise source for wing
panels on a DC-10 (ref. 15) and for landing gear doors
leRt in the air stream (ref. 16). The nacelles of the
advanced engines which are to power the next genera-
tion transports are expected 1o be very large in diameter
andneedtobemmga.zdassoumofmrfmme
noise. These sources of airframe noise need also to be
mcapaawd into the component airframe noise predic-
tion models.

An advantage of a semi-empirical prediction method
based to some cxtent on full-scale and realistic model
data is that noise components that are not explicitly
addressed in the method, like flap side edge noise in the
Fink method, are to some degree accounted for in the
method. If the sources are important, their influence is
in the measured data and are reflected in the empirical
best fit curves. The other side of this is that errors are
generated if the data are forced to be fit by a fundamen-
tally incorrect parameter dependence. This is why ana-
lytical insight is so important in empirical modelling.

For example, the azimuthal directivity attributed to
trailing edge noise in the Fink method is the dipole
directivity or

<p2>"m20 (V2

The correct azimuthal dependence for trailing edge
noise, as given previously, is the square root of this
dependence . Another example of ap incorrectly
assumed parameter dependence is the reflection from
the underside of aircraft fuselages and wings of vertical
dipoles caused by horizontal landing gear elements.
The reflection lkeads 1o longitudinal quadrupole-like
behavior which has a narrower directivity than the
assumed dipole directivity in the Fink method. The
impact of these discrepancies, noted in reference 1,
should be minimum in the downward direction where
airframe noise is known to be the greatest.

Continued analytical work is needed so that new air-
frame noise sources can be incorporated in future com-
ponent prediction schemes either by parametrically
correct empirical methods or by first principle meth-
ods. First principle methods are preferred over empiri-
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cal methods; however, it is often difficult to obtain
sufficient input to use the first principle methods.
This is the case for both trailing edge and landing gear
airframe noise prediction for complcte aircraft. The air
flow around a complete aircraft is in general not known
sufficiently to predict either of these two airframe noise
sources from analytical expressions. Parametrically
coerect empirical prediction methods are then the next
best methods to predict airframe noise for complete air-
craft.

2.2 Predicted Tosad Aircrafi Noi

The Fink component method is recommended in
reference 1 to make whole aircraft airframe noise pre-
dictions, and was used to make the airframe noise
predictions in this paper. NASA Langiey Research
Center's Aircraft Noise Prediction Program, ANOPP,
(ref. 17) was used 0 make the total aircraft noise pre-
dictions (ref. 18). The Fink airframe noise method is
incorporated in ANOPP. The airframe noise prediction
method in ANOPP was validated in reference (ref. 19)
with a variety of measured data not incorporated into
the Fink method. The result of the validation showed
that the Fink method agreed within +2 EPNdB to the
measured results.

ANOPP, and programs similar to it, requires detailed
information in order to make an aircraft noise predic-
tion. For example, one of the needed categories of
information is engine operating parameters, often
referred to as the engine operating deck. The engine

--data are critical to the prediction of the fan, core, tur-

bine, and jet noise. It typically is very difficult to
obxain the required engine parameters, particularly for
an engine in the current flect or an engine in develop-
ment. The required input to make airframe noise pre-
dictious is relatively easily obtained from published
descriptions (ref. 20). One of the carly ANOPP valida-
tion studies involved 2 DC-10 (ref. 21). The ANOPP
input parameters listed in reference 21, although
somewhat different from the current required input,
were used as the basis to make ANOPP predictions for
a DC-10 on approach. These predictions were used to
verify the numbers being predicted by ANOPP o
15 years after the DC-10 validation and to serve as a
baseline for comparison (0 the projected advanced
subsonic transport noise predictions. Noise sources
included in the total aircraft ANOPP predictions are fan
inlet, fan discharge, core, turbine, and jet; along with
main landing gear, flap, slat, nose (anding gear, wing,
horizontal tail, and vertical tail airframe noise sources.

Another important calegory of input to ANOPP which
is difficult to obtain is the amount of suppression to
apply to the fan and wrbine noise sources. ANOPP
does not predict the noise suppression to be applied to
the fan and turbine noise sources. Noise suppression
is supplied by the user of ANOPP. Noise suppression
technology is very competitive sensitive. To make the
baseline cumrent technology DC-10 noise predictions
with ANOPP, the following values of noise suppres-
sion 0, 10, and 10 dB were applied to the fan inlet, fan
discharge, and turbine noise sources, respectively,
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Figure 1. EPNL noise contour for current technology tofal landing noise.
These values of ion were sclected based on contributions of each of the predicted noise sources are

available published informztion (refs. 24-25), engi-
neering insight into known suppression technology,
and known behavior of the noise sources of current
technology transports on approach. Suppression of fan
and turbine noise is achieved by the placement of
absorbing material (Liners) in and the design of the fan
and turbine ducts. The selection process for the noise
suppression amounts to a calibration of ANOPP
necessitated by a lack of detailed information for cur-
rent technology engines.

An example of the result of the noise prediction
process is given in figure 1 for the baseline DC-10 in
the form of an Effective Perceived Noise Level (EPNL)
contour plot of the total aircraft noise. This result and
all the results to be given are for an aircraft flying an
approach consisting of a 3 degree glideslope. The
maximum approach EPNL value is given in the upper
right portion of the plot for the approach position.
The approach position is the one specified in the FAR
36 (ref. 22) noise certification regulations which is
1.5 mileg (2.4 km) from the end of the runway. The
3-degree approach glideslope results in the aircraft pass-
ing approximately 120 m above the approach position.
In figure 1, the circle symbol undemeath the flight
track is the location of the approach position. Similar
noise contour results were predicted for individual noise
sources. All noise predictions were made for a micro-
phone positioned 1.2 m above the ground. The results
for the baseline DC-10 ANOPP noise predictions are
summarized in Table 1 in the form of approach EPNL
values and areas of the 103 EPNL noise contours. In
Table 1, results are given for the total aircraft noise,
and the noise contributions of fan discharge, fan inlet,
turbine, airframe, core, and jet noise sources.
The/tmal aircraft noise approach EPNL value which
corresponds to the FAA approach certification position
js compatible with published values for a DC-10-40
/powered with JT9D-59A engines. The predicted total
“level of 107 dB is one EPNdB above the largest
certificaiion level in reference 23 for a DE-10.
decibel is within the accuracy of the predictions
which is believed to be on the order of 2 EPNAB. The
™~

~ .

presented in Table 1 in increasing order of importance.
The largest contributor to the total noise on approach
is fan noise with airframe noise, on the basis of
approach position EPNL values, the fourth largest con-
tributor, 10 EPNdB less than fan noise.

Table 1. Noise Predictions for Baseline DC-10

Noise Source EPNL.dB mi2 km?)
Core 86 —

Jet 9 003 (.008)
Airframe 92 003 (.008)
Turbine 100 064 (.166)
Fan Inlet 101 134 (347)
Fan Discharge 102 .108 (280)
Totat 107 .531 (1.375)

The frequency content of the various noise sources is
given in figure 2 for the sound emitted when the air-
craft was over the approach centerline microphone
position. At frequencies less than 300 Hz, airframe
and jet noise sources are comparable in level and domi-
nate. Turbine noise dominates in the frequency range
of 300 Hz to 1500 Hz. At frequencies greater than
1600 Hz, the turbine and fan discharge noise levels are
similar and dominate.

To make total aircraft noise predictions for an advanced
subsonic transport, the engines on the baseline DC-10
were replaced with engines having a by-pass-ratio
(BPR) of 10 and an additional 5 dB of suppression was
applied to both the fan (inlet and discharge) and turbine
noise sources. This ‘rubber’ cngine was obtained by
using the Navy/NASA Engine Program, NNEP,

(ref. 26) 10 extrapolate the engine deck of a smaller
(approximately 40,000 Ibs thrust), BPR 6 engine. The
resulting engine geaerated 53,000 Ibs of thrust at full
(100%) throttle. The same airframe and approach
flight profile were used in ANOPP to make the noise
predictions. A BPR of 10 and an additional 5 dB sup-
pression represent modest assumptions for an advanced

R g e ey e



subsonic transport. BPRs in the range of 20 and
additional fan noise suppression in the range of 10 dB
have been discussed as goals for advanced subsonic
transports. The additional suppression would be
obtained through the use of advanced technology liners
which might include bulk absorbers, muiti-layered
honeycomb reactive liners, and possibly, active noise
control. .
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Figure 2. Current technology overhead noise
SOUrce spectra.

‘The noise prediction results for the advanced technol-
ogy transport are summarized in Table 2 in the form of
approach EPNL values and areas of the 103 EPNL
noise contours. Results are given for the total aircraft
noise, the fan inlet, the fan discharge, the airframe,
turbine, and core noise sources. The predicted jet noise
was 30 small that it is not presented in Table 2. The
higher BPR engines have resulted in less jet noise and
the additional noise suppression is evident in the
results. For this realization of an advanced technology
transport, the airframe noise is the second largest (tied
with fan discharge noise) noise contributor on the basis
of approach microphone EPNL levels behind fan inlet
noise. The airframe noise is 2 EPNdB less than the
largest contributor to the total aircraft noise predicted
for the advanced technology transport.

Table 2. Noise Predictions for Advanced Technology

Transport

Noise Source EPNL.dB miZ km*)
Cove 86 —
Turbine 91 2001 (.003)
Airframe 92 003 (.008)
Fan Discharge 92 .003 (.008)
Fan Inlet X 014 (.036)
Total 9 060 (.155)
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For the advanced technology transport, a large reduc-
tion in total noise impact is evident when comparing
the size of the noise contours for the current technol-
ogy (Table 1) and the advanced technology (Table 2)
transports. An approximate nine-fold reduction is
observed in the area of the total aircraft noise 103
EPNdB noise contour arca for the two transports.

The spectra of the various noise sources for the
advanced technology transport are given in figure 3 for
the noise emitied when the aircraft was above the
approach cemterline microphone. At frequencies less
than 200 Hz, airframe noise is the dominant noise
source. From approximately 200 Hz to 800 Hz, air-
frame and combustor noise dominant. From 800 F'z to
4 kHz, fan discharge noise is dominant. Above

4 kHz, turbine noise becomes dominant. Jet noise is
seen 1o be very low and not a contributing noise
source.
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Figure 3. Advanced technology overhead noise
source spectra.

Within the accuracy of the noise predictions, on the
order of 2 EPNdB, the contribution of airframe noise
in terms of EPNL is comparable to the contribution of
fan noise to the total noise of this advanced technology
transport. Additional reductions in fan noise alone will
ultimately result in airframe noise becoming the domi-
nant noise source on approach. From a noise impact
point of view, as measured by the area of the

103 EPNL noise contour, fan inlet noise of the
advanced technology transport has an impact over four
times that of airframe noise. Further reductions in fan
noise need 1o be done with consideration of airframe
noise. However, the higher frequency content of fan
noise over that of airframe noise and the larger noise
impact (larger contour area) make reductions in fan
noise more attractive to further increase the noise
acceptability of the next generation uf transport
aircraft.
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The airframe noise predictions were the same for both
- the baseline and the advanced technology transpost due
to the fact that the same airframe and approach flight
path were used $© make the noise predictions. The
approach noise levels and the area of the 103 EPNL
noise contours are given for the major airframe noise
sources in Table 3. A finer grid was used to generate
the individual airframe noise source contours. The
total airframe noise contour area in Table 3 is slightly
different and more accurate than the total airframe noise
contour area given previously. On the basis of
approach ZPNL, main landing gear noise is the largest
contributor, followed by trailing cdge flap noise and
slat edge noise. The approach EPNL levels of these
three airframe noise sources are comparable, falling in
the range of 85 to 87 EPNdB. On the basis of noise
impact, as measured by the area of the 103 EPNL
noise contour, main landing gear and trailing edge flap
noise are comparable, having a lile less than twice
the noise impact of leading edge slat noise.

Table 3. Airframe Noise Predictions

NoiscSource = EPNL.dBE  Contour Area,

Further systematic rescarch is needed to identify ways
10 reduce airframe noise.

2.3 __Summary

Total aircraft noise, including airframe noise, for
approach was predicted for a current technology large
transport and for an envisioned advanced technology

An objective of the research was to assess
the relative importance of airframe noise o the other
noise sources on approach for the two aircraft types.
Airframe noise for the current technology transport was
10 EPNdB less than the more dominant {an and turbine
noise sources. The advanced technology transport was
modelled as having engines with a BPR of 10 with an
additional 5 dB suppression on fan and turbine noise.
On approach, the airframe noise for this envisioned air-
craft was 2 EPNdB below the largest contributing
noise source, the fan inlet. This level difference was
within the prediction accuracy; therefore, a conclusion
is that airframe noise is comparable in amplitude to fan
noise sources on approach for the studied advanced
technology transport. The noise impact of fan noise,
as measured by noise contour area, was greater by more
than a factor of four over airframe noise. Further
reduction in fan noise needs to be done with considera-

mz ‘kmz) tion of airframe npise. Airframe noise should not,
Nose ing Gear 7 - however, be considered an absolute noise floor.
Landing Airframe noise can be reduced by good design practice.

Leading Edge Slat 8s 00015 (.00039) Many ai noise reduction ideas have been identi-
— Trailing Edge Flap 86 00024 (.00062) fied andm needﬁm"e(o be vali identi

Main Landing Gear 87 00024 (.00062) dated.

Total /] 00195 (.00505) 3.0 _CAVITY NOISE

Airframe noise should not be considered an absolute .1 Inroduction

noise floor. Many ideas to reduce airframe noise have
been published (ref. 1). Lower approach speeds would
lessen airframe noise, but great reductions in landing
speed are not likely. A move toward simpler high lift
systems with fewer slat and flap segments with
thought given to downstream wake impingement
would tend to minimize airframe noise. Porous, ser-
rated, swept, sucking, and blowing leading and trailing
edges have been propesed to reduce the intensity of the
interaction between the unsteady flow and trailing
edges. In the case of flap edge noise, the above listed
surface changes or an edge plate might be used to
reduce the noise. Interactions between airframe noise
components have been shown to be either adverse,
causing an increase in airframe noise or favorable,
causing a decrease in total airframe noise. In a model
experiment involving an Advanced Supersonic
Transport (ref. 27), the airframe noise with the flaps
and main landing gear deployed was greater than the
sum of the noise from each component deployed indi-
vidually. In another model study (ref. 13) the total
noise of a wing with a particular combination of
deployed slats and flaps was less than the sum of the
noise generated separately by each component. These
results indicate that the interactions between airframe
noise components are complex but once understood
should be able to be exploited to yield lower airframe
noise aircraft designs. Poor designs can increase air-
frame noise; good designs can reduce airframe noise.

The second area of non-propulsive aerodynamic noise
that is of concern for military aircraft is cavity noise.
This issue arises from the current interest in internal
carriage of weapons in high speed aircraft. Although
internal carriage provides acrodynamic advantages in
flight, flow disturbances can occur when the weapons
bay is open to an otherwise undisturbed flow.
Suggestions that intense acoustic pressure fluctuations
could arise that could cause structural and functional
degradation of a store have led to studies of the acoustic
characteristics of cavities and documentation of the
conditions under which acoustic tones are generated.
(refs. 28- 42)

Of the four types of flow field observed for cavities in
supersonic flows (refs. 43 and 44), one, open cavity
flow, consistently supports the generation of acoustic
tones. Open cavity flow, in which the shear layer
bridges the cavity, is typically seen for cavities with
length-to-depth ratios (I/h) less than 10. The mecha-
nism that produces the acoustic tones is understood to
be a reinforcement between instabilities in the shear
layer that bridges the cavity and pressure waves gener-
ated in the cavity when the shear layer impinges on the
aft wall. Acoustic tones occur at discrete frequencies
which correspond to charactenstic pressure pattems, or
modes, in the cavity.
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To date, there is no satisfactory method 1o predict the
amplitades of tones or under what conditions specific
tones will occur. A semi-empirical equation was
obtained by Rossiter (ref. 28) to predict the frequencies
at which tones would occur. Rossiter theorized, based
on observations of rectangular czvities in subsonic and
transonic flows, that the tones resuited from a coupling
between vortex shedding and acoustical waves in the
cavity. Heller, Holmes, and Covert in ieference 29
made 2 modification to Rossiter's equation to accom-
modate supersonic cases in which the difference
between the free-stream static and cavity intemnal tem-
peratures is significant. The fact that cavity internal
temperature is approximately equal to the free-stream
stagnation temperature rather than the free-stream static
temperature has been shown experimentally by
Kaufman, Maciulaitis, and Clark (ref. 33). The modi-
fied Rossiter equation from reference 29 is:

U [m-a(l/4)]

fm=
M.

+1/KM..)
;’L+J—;-1—'Mf

(©)]

The wind tunnel experiment was performed at NASA
Langley Research Center in the 0.3-m Transonic
Cryogemc Tunnel (0.3-m TCT) at subsonic and tran-
sonic speeds using a cavity model that was

11.25 inches (28.58 cm) long by 2.5 inches (6.35 cm)
wide (ref. 45). The objective of this «st was to charac-
terize the intemal acoustic field generated by cavities in
flow and determine its dependence on Reynolds number
(at nearly constant boundary layer thickness) and yaw
angle.

3.2 Effects of Reynolds Number and Yaw Angle on
Cati T ic H

The experimental study was performed in the 13-in. by
13-in. (33 by 33 cm) test section of the 0.3-m TCT, a
contiiuous, fan-driven, cryogenic pressure tunncl
which used nitrogen as a test gas. (References 46-48
describe the facility and operation in detail.)

A rectangular cavity model was mounted on a tumtable
which was installed in the sidewall of the 0.3-m TCT.
The cavity was 11.25 in. (28.58 cm) lor g by 2.5 in.
(6.35 cm) wide and had a depth that cou/ t be varied to
obtain I/ ratios of 4.40 (h = 2.56 in.) (.50 cm),

6.70 (h = 1.68 in.) (4.27 cm), 12.67 (h = 0.89 in.)
(2.26 cm), and 20.00 (h = 0.56 in.) (142 cm). The
tumtable could be rotated with respect to the flow, to
position the cavity with yaw angles of 0 and 15

degrees.

A total pressure rake was used to measure the boundary
layer thickness at the leading edge of the cavity with
the cavity floor positioned flush with the turntable

(h = 0.0). For Mach 0.6, the boundary layer thick-
ness ranged from 0.58 in. (1.47 cm) at a Reynolds
number of 5 million per foot (16 million per meter) to
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0.47 in. (1.19 cm) at the Reynolds number of 85 mil-
lion per foot (279 million per meter). For Mach 0.9,
it ranged from 0.51 in. (1.30 cm) at a Reynolds num-
ber of 13 million per foot (43 million per meter) to
0.49 in. (1.24 cm) at the Reynolds number

100 million per foot (328 million per meter).

‘The model was instrumented with 18 (16 along the
centerline) differential dynamic pressure transducers .
The reference pressure was local static and a calibration
at 1000 Hz verified that the temperature compensation
was within the manufacturer’s specifications.

3.2.1 D istion, reduction and analysis -

Data were obtained for the Mach number range .20
through 0.90, the Reynolds number range 4 through
100 million per foot (328 million per meter) and
model yaw angles of 0 and 15 degrees. Data were
sampled at 12.5 kHz (with an antialiasing filter applied
at § kHz), divided into 50 blocks of 4096 points each,
Fourier analyzed and the resulting spectra averaged.
This produced spectra with a frequency resolution of

3 Hz with a 95 percent confidence that the spectral
estimate was within +1 dB of the true spectra based on
a chi-square distribution.

Since the data were obtained for a wide range of
temperature and freestream dynamic pressure, the data
were nondimensionalized using freestream parameters.
The pressure is presented in decibels (dB) with pressure
referenced to free-stream dynamic pressure.

FPL=20.log-£-
Goe o)

The frequency is nondimensionalized using cavity
length, 1, and the free-stream flow speed, Ue,

3.2.2 Results and discussi

An illustration of an acoustic mode shape in the cavity
can be obtained by plotting the amplitude of a tone, at
a given frequency, measured at positions along the
length of the cavity. Figure 4 presents three different

mode shapes (corresponding to f1/ U« approximately
equal to 0.7, 1.1, and 1.5) in a cavity with Vh= 6.7,
Mach = 0.80, yaw = 0 degrees, and R = 99 million per
foot (325 million per meter). Subsequent data will be
presented as acoustic spectra. Data from the transducer
that was located furthest upstream will be used in this
report because the least amount of brmadband noise was
measured at that location. Except where indicated, all
data are presented for yaw of 0 degrees.

One of the objectives of this study was to determine if
acoustic tones are generated by cavities with the same
I/ ratios at transonic speeds as they are at supersonic
speeds. Figures 5 and 6 present plots comparing FPL
spectra for the four Ih configurations at Mach equal to
0.90 and 0.60. Data are presented for the highest
Reynolds number obtained (100, and 85 million per
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foot (328 and 279 million per meter), respectively). A
. first observation is that the deeper the cavity (or greater
the volume), the greater the acoustic pressures. Tones
are observed for cavities with In equal to 4.4 and 6.7
and not 20.0 which agrees with data obtained previ-
ously under supersonic conditions. An unanticipated
result is, while no tones occur at Mach = 0.90 for a

cavity with /h = 12.67, they do occur at Mach = 0.60.

Data for M = 0.20 was only available for Ih equal to
4.4 and 6.7. There were no tones apparent and no
notable differences between the spectra.

Flow = Transducer

OBl il ol B,

Figure 4. Acoustic mode shape in cavity.
/h=6.70, M=0.80, R=99 miilion per foot
(325 million per meter).

Figure 5. Effect of length-to-depth ratio.
M=0.90, R=100 million per foot
(325 million per meter).

Figure 6. Effect of length-to-depth ratio,
M=0.60, R=85 million per foot
(279 million per meter).

Reynolds number appeared to have little effect on the
FPL spectra measured. Figure 7 gives typical resuits
for a cavity with U/h = 6.70 at Mach = 0.80.

Retumning to figures § and 7, it is possible to observe
the effects of Mach number variation. Tone amplitude
and bandwidth changed with Mach number as well as
which tones dominated the spectra. Again it is impor-
tant to note the change in FPL spectra for h = 12.67,
It appears that a change in flow field may have occurred
as the Mach number decreased from 0.9 to 0.6. Static
pressure distributions (sce ref, 49) are expected to aid in
identifying the flow field type at each Mach number.

RX105m
.30 ————g
— 30
0 —— 99
FPL 50
(B req -0
70
L i L J
%05 5 10 15 20 25 30
Mg

Figure 7. Effect of Reynolds number.
M=0.80, /1h=6.70.

Mo 5 10 15 20 25 30
Figure 8. Effect of yaw.
R=90 million per foot (295 million per meter),
1/h=4.40.

Changes in the cavity fluctuating pressures with yaw
angle varied with Mach number, Reynolds number, Ih
and mode order. There was no case in which the tones
were eliminated altogether indicating a change from
open to closed cavity type flow. Figure 8 gives spec-
tra comparing data for yaw of 0 degrees with

15 degrees, for /h = 4.4, R = 90 million per foot
(295 million per meter) and Mach = 0.60. Figure 8
gives the corresponding plot for Mach=0.90. It is also
apparent that some tones increase in amplitude while
others decrease with an increase in yaw. An example
of a tone increasing in amplitude is the third mode

(f1/Uee approximately equal w0 1.1) at Mach = 0.60.
The opposite effect is seen for the first, second and




forth modes at Mach = 0.90. An interesting
phenomenon is observed at Mach = 0.90. Beginning
with the third mode (f1/ U approximately equal to
1.1), there is a shift down in the higher modal
frequencies with increased yaw. This may result from
the cavity appearing longer to the shorter wavelength
modes when it is in the yawed position. As the cavity
becomes more shallow, these effects become less
dramatic. There was no effect of yaw in the h = 20.0
configuration. The effect of yaw at Mach = 0.20 was
minimal.

3.2.3 Summary

Reynolds number appears to have little effect on the
acoustic spectra generated by rectangular cavities at
yaw = () degrees for Mach numbers 0.20 though 0.90.
Results for cavities with L/h ratios of 4.40 and 6.70
were consistent with supersonic resuits, For a cavity
with Vh equal w, 12.67 {transitional at supersonic
speeds), there appears to be a change in flow field type
as the Mach number decrease to 0.60 and tones appear.
Mode amplitude and band width depended on Mach
number. There were no tones apparent at

Mach = 0.20. The effect of yaw on cavity acoustics
varied with Reynolds number, Mach number, I, and
mode number. Higher order modes shified down in fre-
quency with yaw at Mach equals 0.90.

4.0 CONCLUSIONS

In the first part of the paper, the contribution of air-
frame noise to total aircraft noise on approach was
accessed for a large current technology transport and for
the same airframe powered with BPR 10 engines with
an additional S dB noise suppression applied to the fan

" and turbine noise sources. For the current technology

transport, airframe noise was found to be 10 EPNdB
smaller than the dominant noise source, fan discharge.
This result was in agreement with the known behavior
of current technology aircraft. The airframe noise of
the envisioned advanced subsonic transport was 2 EPN
dB less than the largest contributor to the total ircraft
noise, the fan inlet. It was concluded that airframe
noise is comparable to other noise sources on
approach, and further reductions of approach noise
would have to be made with consideration of airframe
noise. Airframe noise was not viewed as an absolute
noise floor. Further research is nceded to investigate
ways to reduce it.

In the second part of the paper, the rzsults from two
recent cavity noise wind tunnel experiments are
reported. A cavity of dimensions 11.25 in. (28.58 cm)
long, 2.5 in. (6.35 cm) wide, and variable depth was
tested in the Mach number range of .20 through .90.
Reynolds number varied from 5 to 100 million per
foot (16 to 328 million per meter). The Vd ratio was
varied from 4.4 10 20.0. The model was tested at yaw
angles from O 10 15 degrees. In general, the deeper the
cavity, the greater the amplitude of the acoustic tones.
Reynolds number appeared 1o have little effect on
acoustic tone amplitudes when they existed. Tone am-
plitude and bandwidth changed with Mach number.
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The effect of yaw on acoustic tones varied with
Reynoids number, Mach number, I/, and mode num-
ber. At Mach number 0.90, incrcased yaw shifted the
tone frequencies of the higher modal frequencies to
lower frequencies. As cavity depth decreased, the effect
of yaw decreased.
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QUESTION BY: L. Fottner, Universitdt der Bundeswehr, Germany
Could you please comment on the ratio of airframe/engine
noise propagation for combat aircraft?

AUTHOR’S RESPONSE:

It is the co-authors understanding that the predictions made

for the DC10 would be identical for the KC10 military ,
transport and that the projected enhancements to the
propulser would apply for an advanced military transport.

(Since the "advanced technology transport"” exists only on
paper, it is possible to call it an advanced technology
military transport.) The characteristics of the advanced
propulser were obtained usiag the NAVY/NASA Engine Program as
described in the paper.

QUESTION BY: H. Kdrner, DLR Braunschweig, Germany »
Engines with large bypass-ratio will be installed very near
to the wing. This may result in a high-lift flap
configuration, where you have externally blown flaps. Do you
have an estimate or results how much this influences the
~ airframe noise level?

AUTHOR’S RESPONSE:
Unfortunately, I can not answer this question. It would be

better addressed to the first author.

QUESTION BY: H. Kdrner, DLR, Germany : 0
You did your investigations in a cryogenic wind tunnel. Did :
you have difficulties with the pressure transducer working in
N a cryogenic surrounding?

AUTHOR’S RESPONSE:
The transducers contained a temperature compensation module
-~ and we had them calibrated for rthe test range of
™. temperatures. The calibration indicated that the sensitivity
" of the transducers did not deviate from reference sensitivity
by more than 10 X (manufacturers specifications). The
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QUESTION BY:

majority of the data obtained while varying Reynolds number
(temperature) did not change in a way that would indicate a
change in sensitivicty.

(Unfortunately the calibration was done at a single frequency
so I can not say definitively that there was no change in
sensitivity for the entire frequency range.)

H. Kérner, DLR, Germany

Your investigations show that there is small influence of
Reynolds number. This indicates that viscous effects are not
dominating this problem. It should therefore be possible to
have an appropriate CFD approach using Euler-equations. Could
you comment on this?

AUTHOR'S RESPONSE:

QUESTION BY:

There is ongoing work with both Navier-Stokes codes and Euler
codes. Although we do not have direct comparisons with our
experimental data we are pleased with what we see from the
Euler calculations.

P. Artaz, SNECMA, France

Est-il possible, avec votre modele, d'évaleur la calibration
parametrique de chacune des regions de la cellule (voilure,
volets, trains,....)?

With your model, is it possible to evaluate the respective
contribution of each part of the airframe (wings, flaps,
gear,...)?

AUTHOR’S RESPONSE:

QUESTION BY:

Yes - Table 3 in the paper gives the results calculated for
nose landing gear, leading edge slat, trailing edge flap,
main landing gear.

R.E. Smith, jr. Consultant, U.S.

What is the state of the boundary layer on the tunnel wall at
the leading edge of the cavity? What is the influence of this
boundary layer on the cavity results?

AUTHOR’S RESPONSE:

Of course boundary layer thickness/cavity depth has been
determined to be an important parameter in the generation of
cavity tones. That is why it was important to maintain a
boundary 1layer of (approximately) constant thickness
throughout the study. We believe that the boundary layer that
had developed on the side wall of the tunnel approaching the
cavity did not vary significantly for the Reynolds number
range tested. (The paper includes the measured values.)

Also there was fully developed turbulence (a laminar boundary
layer approaching the cavity would produce much more intense
tones).

Although we had flight Reynolds numbers (bssed on cavity
length) we cannot say that we had boundary layer
thickness/cavity depth matching full scale aircraft. We are
currently working with a larger model in the Langley 8 foot
Transonic Pressure Tunnel.
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COMPARISON OF FLYOVER NOISE DATA FROM AIRCRAFT

AT HIGH SUBSONIC SPEEDS WITH PREDICTION
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SUMMARY

Flyover noise measurements are evaluated
for four different military jet aircraft
types flying at low altitudes. Flight Mach
numbers ranged from 0.5 to 0.%. The ana-
lysis shows that noise immission is caused
by jet mixing and broadband shock associ-
ated noise. Based on the exper.mental re-
sults existing noise prediction schemes
are extended toward higher subsonic flighk*
Mach numbers. The novel prediction schemes
describe the observed acoustic signatures
quite accurately. This holds for the over-
all sound pressure level in dependerce of
the emission angle, for sound-pressure
level time histories and for one-third-
octave spectra.

1. INTRODUCTION

In recent years military jet aircraft
noise became a major community noisa prob-
lem. In addition to the sound immission
near airfields caused from starting and
landing airplanes the noise from military
jet aircraft flying with high subsonic
speeds a* low altitudes constitutes a par~
ticular problem. The latter one is the
concern of the present investigation.

The in-flight sound emiszion of a jet air-
craft in general is created in the jet en-
gine itself and in the downstream free
jet. At certain flight conditions, for ex-
ample approach, airframe noise may also
contribute to the total sound emission. In
Figure 1 the jet engine and the jet are
shown schematically. Significant internal
noise sources are the fan and the turbine,
while external sound is generated by the
jet as jet mixing noise and also, under
certain circumstances, as shock noise. Jet
mixing noise is caused by the turbulent
mixing process of the hot core, the cold
by-pass, and the ambient stream. A prereq-
uigsite for the occcurrence of shock noise
is that the Mach number of the fully ex-
panded jet becomes larger than one and
that the nozzle lip pressure differs from
the ambient pressure. Then the free jet
consists of a supersonic jet plume with a
regular, quasi-stationary shock cell
structure and an outer subsonis region
(see Figure 1). Inside the supersonic core
interaction of convecting disturbances and
the shock cells may lead to broadband
shock associated noise. For more details

concerning development and characteristics
of jet mixing and shock noise the reader
may refer e.g. te Smith /1/ and Seiner
/2/.

Turbulent
mixing region

Combustion
Fan System

Turdine Nozzie
74

Shock noise  Jet mixing noise

Figure l.- Schematic illustration of a jet

engine and the jet
1

|

An important objective of this study about
noise immission of jet aircraft! flying
with high subsonic flight speeds: at low
altitudes 1s the 1dent1£1catxon, of the
dominating noise sources. For that! purpose
extended flyover measurements ared evalu-
ated (Section 2) and analyzed in detail
(Section 3). Based on these experimental
results, existing noise prediction schemes
will be extended to high subsonic flight
speeds in Section 4. Finally, the flyover
noise data will be compared with predic-
tion in Section S.

2. EXPERIMENTAL PROCEDURES AND DATA
EVALUATION

The DLR was not involved in the flyover
measurements themselves, however, the ex-
perimental data were made available to the
authors as microphone signals stored on
tape. Figure 2 shows the experimental test
set~up. The aircraft's nominal altitude
above ground during the flight tests was
75 m. The flight speed was determined from
the airspeed indicator in the cockpit. The
jet conditions had to be computed from the
aircraft-engine flight data by assuming
the aircraft's drag condition. Sound im-

mission was measured by using an array of
microphones positioned on an axis vertical
to the flight path. The acoustic signals




a2

of three microphones with distances y =
0m, +#100 m, and -100 m to the flight path
' were utilized. The microphone height was
given as 1.5 m above a grass surface. In
Figqure 2 the emission angle 8 is defined
as the angle relative to the flight direc~
tion.

Microphone Microphone Microphone
y=-100m ys Om ys+100m
e
L
S =N X
¥ '.
!
75m
. . ‘
Micropnone r,"sl J'

Figure 2.- Flight test set-up

By utilizing twc goniometers, the altitude
and sideline deviation from the defined
flight path were determined for later cor-
rection. The goniometer in prolongation of
the microphone axis was also used to de-
termine the time when the plane crossed
the microphone axis. At that moment a
sounding 1mpulse wa:s released by hand.
This impulse was recorded on magnetic tape
in addition to the mi-crophone signals.
Thia procedure and the rnowledge of the
aircraft's flight speed permit the corre=~
lation of the acoustical data and the po-
sition of the aircraft at any t.me during
the flight test.

It :hould be mentioned here that for the
purpose of this study it would have been
better to place the microphones on the
ground, to determine aircraft position and
airspeed more accurately, and to record
the jet exhaust conditions with an instru-
mented aircraft.

Flyover noise data were available for four
different military jet aircraft. For every
plane noise data were evaluated for 2 or 3
Ji1fferent fl:ght speeds or Mach numpbers.
Altogether, flight Mach numbers ranged
from M. = 0.5 to 0.9, aprroximately. In
order to obtain more reliable results, be-
tween four and eight flight tests f~r each
aircraft and Mach number were included 1in
tne iata acquisition.

The microphone data were digitized and
then evaluated utilizing the Fast Foturier
Transformation (FFT) in order to obtain
frequency spectra and overall sound pres-
sure levels. The FFT was carried out for
“de-Dopplerized” time series. This proce-
dure eliminates the Doppler frequency
shift which would otherwise have obscured
the frequency spectra and smeared out
tonal contributions in the spectra. Using
the International Standard ISO 3891 /3/,
attenuation due to atmospheric absorption
war corrected separately for every micro~-
phone. Ground reflection and attenuation
effects could only be corrected in a fre-
quency independent manner (see Bottcher
and Michel /4/).

Noise signais were evaluated for the emis-
sion angle range 8 = 30 to 150 degrees.
The results for all emission angles were
normalized to a wave norral distance of
75 m which leads to the so-called polar
presentation. With exception of the
sound-pressure level time histories all
results will be shown in wind-tunnel coor-
dinates, i.e. in a coordinate s‘'stem where
“de-Dopplerized” data are plotted. By this
means the results for different emission
angles and different flight Mach nunbers
can be compared more easily. All sound
pressure levels are plotted with no
weighting in order to show the physical
aspects more clearly. For further descrip-~
tion and discussion of the data acquisie
tion and evaluation process one should re-
fer to /4/.

3. DATA ANALYSIS

3.1 pata Accuracy

The objective of this section is to demon-
strate the accuracy of the measurements.
For that purpose, first results for the
three different microphones positioned at
y =0m, #4100 m, and -100 m will be com-
par2d. In Figure 3 the overall sound pres-
sure level ({OASPL) 1is plotted in polar
presentation for a single flight test for
the different microphones versus the emis-
si1on angle, Flight Mach number is M. =
0.73. One can observe from the figure at
the OASPL for the microphone positioned
directly below the flight path (at y =
0 m) is on average slightly above the
OASPL for the microphones in the sideline
positions,

Figure 4 shows one-third-octave spectra of
the three microphones for the same flight
test as in Figure 3. The emission angle is
90 degrees. Again the sound pressure level
{SPL) for the microphone at y = 0 m is
tendentiously above the SPL for the side-
line microphones. :

The difierences between the three micro-
phone positions in Figure 3 and 4 can be
explained with ground reflection and
gqround attenuation effects and in addi-
tion, with lateral attenuation effects.
These effects could not be currected in a
frequency dependent manner (see /4/). Hev-
ertheless, the sound pressure level dif-
ferences for microphonex placed at differ-
ent positions can be accepted in this
study considering the overall accuracy of




measurements. This holds especially since
the averaging of results over three micro-
phone positions and up to eight flights
tests leads to a "smoothing” of the ob-
served effects and therefore, to a minimi-
zation of the absolute error.

T 1 . ¥ v 13
d8
L o ~
g _1;)‘d8
< L Microphone position: ~
° O y=-100m
| OysO m .
, A y=¢100m ,

0* 30° 60° 90* 120° 150° 130°
Emission angle

Figure 3.- Measured overall sound pressure
level versus emission angle
(relative to flight direction)
for a single flight test at
flight Mach number M, = 0.73
for three microphones at dif-
ferent positions. The results
are plotted in polar presenta-

tion
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Figure 4.~ Measured one-third-octave spec-
tra for a single flight test at
flight Mach number M, = 0.73
for three microphones at dif-
ferent positions. Emission
angle is 90 degrees

In order to demonstrate the typical scat-
ter between results for nominally identi-
cal test conditions, acoustical signals
for different flight tests conducted with
the same aircraft type are compared next.
Flight Mach number 1s M, = 0.73 again.
Figure 5 shows the OASPL 'versus the emis-
si1on angle in polar presentation. For
every flight test, averaging was carried
out for the acoustical signals of all
three evaluated microphones. With excep~-
tion of flight test No. 5 one can observe
from Figure 5 that the scatter of measured
OASPL between the different flyover tests
is negligible, i.e. the variation is smal-
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ler than £1.5 dB. For flight test No. §
the figure indicates an OASPL systemati-
cally up to 2 dB below average in the
emission angle range 90 to 150 degrees.
Nevertheless, again this variation can be
accepted, if the study's overall accuracy
is taken into consideration, i.e. also the
acoustic signals from flight test No. 5§
can be included in the averaging process.

dB

[ Fiight Test No:© & 98— 88

=

OASPL

‘qOp OO
(Y. X I™E N E 4

0 1 4 | T
0* 30* 60° 90* 120° 1S0* 180°

Emission angle

Figure 5.- Measured overall sound pressure
level versus emission angle
(relative to flight direction)
for five flight teats performed
with the same aircraft type un-
der nominally identical test
condition. Flight Mach number
18 M, = 0.73. For every test
the scouscic signals of all
three microphones are averaged

Figure 6 shows time histories of the sound
pressure level for the five flyover tests
already utilized in the previous figure.
Here only the acoustical signals for the
microphone positioned at y = 0 m are uti~
lized. At the x-axis of Figure 6 the time
t = 0 s marks the moment the aircrafe
crossed the microphone axis. One can ob-
serve that the noise leve! time histories
for all flight tests are quite similar.
Especially, the peak value for all tests
appears nearly at the same time. One
should note the steep ascent prior to the
maximum which will be discussed in Sec-
tion S.

Finally, Ffigure 7 shows one-~third-octave
spectra for five flight tests at flight
Mach number M, = 0.73. Emission angle is
90 degrees. Hé}e again - ‘as in Figure 5 =
the acoustical signals of all three evalu-
ated microphones are averaged for every
flight test. Figure 7 again demonstrates
that the scatter in general is small
between results of different flyover tests
at nominally identical test conditions.
This holds for both the shape of the
spectra and the absolute values of the
measured sound pressure levels.

3.2 Source ldentification

An important objective of this study is
the identification of the dominating noise
sources. For that purpose frequency spec-
tra for different flight Mach numbers and
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Figure 6.- Measured sound-pressure level

time histories for five flight
tests performed with the same
aircraft type under nominally
identical test conditions for
the microphone positioned at y
= 0 m. Flight Mach number is
0.73. Time t = 0 s denotes the
flyover moment
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Figure 7.- Measured cne-third-octave spec-
tra for five flight tests per-
formed with the same aircraft
type under nominally identical
test conditions. Flight Mach
number is M, = 0.73, and emis-
sion angle ﬁs 90 degrees. For
every test the acoustic signals
of all three microphones are
averaged

emission angles will now be analyzed. Fig-
ures 8 a-d in each case show nine one-
third~octave spectra for emission angles
from 30 to 150 degrees in steps of 15
degrees. Results for flight Mach number M

= 0.64 are plotted in Figure 8 a, for M H
0.73, 0.80, and 0.87
and d, respectively.

in Figures 8 b, c,

As a first result from the figures it can
be stated that no distinct sound pressure
level peaks can be identified in the one-
third-octave spectra. This finding is con-
firmed by the corresponding narrowband
spectra (bandwidth 25 Hz). On the other
hand, internal noise sources such as the
fan, the compressor, and the turbine will
always contribute tonal comgonents which
should appear as distinct peaks in the
narrowband spectra, Therefore, it is con-
cluded that internal noise sources of this
kind are not important for the sound emis-~
sion.

On the other hand sound pressure level
peaks (marked with an arrow) which mostly
cover two one-third-octave bands can be
seen in the frequency spectra of Figures 8
a-d. At lower flight Mach numbers the
peaks only appear at small emission angles
(see Figures 8 a and b). At higher flight
Mach numbers or correspondingly higher jet
Mach numbers (the latter one is of more
importance for the discussion, see below)
the peaks also can be observed at higher
emission angles (see Figures 8 c and d).
At a constant Mach number the peak's fre-
quency increases with increasing emission
angle. However, the peaks vanish for
angles of about 120 degrees and above,
i.e. towards the rear radiation arc.

According e.g. to Seiner /2/ sound pres-
sure level peaks with the stated charac-
teristics are caused most likely by broad-
band shock associated noise. As mentioned
before, shock noise is generated by the
interaction of convecting disturbances and
the reqular shock cell structure. The lat-
ter one appears if the supersonic jet Mach
number differs from the nozzle design Mach
number. In the present examples of Fig-
ures 8 a-d the jet Mach number increases
from M. = 1.09 to 1.47 (compare the cap-
tions of Figures 8 a-d), while the design
Mach number of the nozzle is constant at
M, = 1.0. In these cases the shock cells
age still quite weak. Since the distinct
characteristics of shock noise are most
easily observed at small angles to the
flight direction (after /2/), it seems
reasonable that they are visible at small
emission angles but not at large ones.

Apart from these "broadband" peaks it is
very likely that jet mixing noise is re-
sponsible for the noise immission at high
subsonic flight Mach numbers. This conclu-
sion is based on the characteristic shape
of the frequency spectra and their varia-
tion with shifting emission angle (e.g.
compare the frequency spectra presented by
Drevet et al. /5/). Airframe and combus~
tion noise will certainly be a component
of the total flyover sound immission. How-
ever, from the frequency spectra there is
no conclusive indication for the impor-

tance of airframe or combustion noise in
the high speed cases discussed here.
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4. PREDICTION SCHEMES FOR JET NOISE

To date, prediction schemes lare available
for jet mixing noise up to a flight Mach
number of approximately M. = 0.4 (e.g. SAE
/6/ and Michalke and Mlcﬁel}/?/) and for
broadband shock associated noise up to ap-
proximately M, = 0.5 (e.qg. Tam /8/). In
order to enabfe a comparison with the ex-
perimental results both schemes had to be
extended towards higher subsonic flight
Mach numbers up to approximately M. = 0,9
and the thereto attached higher jSt tem-
peratures. In this chapter the necessary
extensions will be discussed.

4.1 Jet Mixing Noise

The empirical SAE method /6/ is a fairly
reliable scheme to predict the jet mixing
noise of single stream jets at take-off
and approach. The SAE overall sound pres-
sure level in flight is given as

(1) OASPL, = OASPLB'ilo

+ 10w 100(03/90)

- 10 m 10g{U,/(Uy~Up))

- 10 log(1-M, cos o).

Here OASPL_ . designates the overall
sound pressaté’7evel of the static jet at
constant density. U. and U, are the jet
and the flight speed, respectively, and a
is the ambient speed of sound. p. and p
denote the jet and the ambient 3density?
respectively. The second line of (1) de-
scribes the density influence expressed
with the density exponent w. In the third
line the influence of the relative veloc-
ity variation is considered in terms of
the velocity exponent m. w ahd m were de-
termined utilizing experimental results.

For an extension towards hiéher subsonic
flight Mach numbers Michel and B&ttcher
/9/ suggest the following equation tn cal-
culate the overall sound pressure level:

(2} OASPLf = OASPLs,isO

(l-oj/oo)(l-ntcose)]2
(Uy-U )73, ]

+ 10log {(o,/o°)2+[

- 10 m log lUj/(Uj-Ut)l
- 30 log (I-Htcose)

+ 20 log o.
Here o denotes the stretching factor which
accounts for the stretching of the jet
plume in flight. According to /7/
(3) o=1+ 1.4 Uf/(uj-uf).

A detailed discussion of the extended pre-

H
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diction scheme for jet mixing noise can be
found in /9/. In this paper only the most
important aspects will be mentioned:

o The second line of equation (2) re-
places the SAE method density term. The
density influence now consists of a
quadrupole and a dipole term similar to
the theory presented in /7/. The first
term in braces describes the quadrupole
portion, the second term the dipole
portion.

o The third line of equation (2) - as in
the SAE method ~- describes the influ-
ence of the relative velocity variation
to the noise. The exponent m was deter-
mined empirically by utilizing the ex-
perimental results available for this
study.

o The fourth lLine describes the convec-
tive amplification due to the flight
speed. In contrast to the SAE method
the Doppler factor now is used as third
order term to improve the agreement
with the measured results.

o The last line of equation (2) describes
the amplification due to the stretching

of source and coherence volume in
flight.
o The relative one-third-octave sound

pressure level of the SAE method was

calculated utilizing the Strouhal
number

(4) st = (f oj)/[ E‘Uj‘Ug’]-

Here f is the frequency, D. the fully

expanded jet diameter, andg’) the Strou-
hal frequency adjustment factor of the
SAE method determined as a function of
U.. Including the stretching factor one
now obtains

(5) st = (¢ Dj)/[ o g(Uj-UE)]

for the Strouhal number in the wind-
tunnel coordinate system.

4.2 Broadband Shock Associated Noise

In order to calculate the broadband shock
associated noise, a theoretical approach
of Tam /8/ was utilized. As mentioned be-
fore, Tam's prediction scheme includes the
flyover case with flight Mach numbers up
to M, = 0.5, whereas several correction
factg;s were determined by comparison with
experimental results of Norum and Shearin
/10/. For extension towards Mé = 0.9 the
following modifications are "racommended

here:

o According to Tam (Eqﬂ?{‘on (3.4) in
/8/) the convection speed of the dis-~
turbances ‘s : ////,

(6) U_ = Ug + 0.7 (UJ-UfD

After Tam the broadband shock‘aga;:i-
ated noise is generated far downst m
at the end of the

potential core.

There, a lower convection speed can be

e R I L )



justified which better describes the
peak's Doppler shift in the measured
frequency spectra. Therefore, hera the
relationship

is used. This formula also considers an
influence of jet density p. and ambient
density ©, on convection s eed.

The governing parameter influencing the
shock noise peakr frequency 1is the
Doppler shift. In contrast to Tam's
Doppler factor (see the denominator of
his ‘equetion (3.8)) the interaction be-
tween convecting disturbances and the
shock cells here leads to the Doppler
factor

1

(8) DP = .
[1-(Mc-nt)co-e](l-chosO)

for the wind=-tunnel coordinate system.
In thic equation M_ = U /a° is the con-
vective Mach numbef.

The broadband shock associated noise
frequency peaks are also influenced by
the wave number of the shock wave modes
in flight. Tam uses the following ap-
proximation (see equation (3.7) in /8/)
for the influence of flight Mach num=-
ber:

(9) k (flight) = 1/{1 + 0.625 Mgl

In the present case of higher Mach num-
bers on. gets a better agreement with
the measured frequencies by using the
approximation

(10) k (flight) < 1 + 0.1 M.,

While k_(flight) is reduced with in-
creasing flight Mach number in Tam's
approximation, it now increases with
increasing Mach number after equation
(13). Higher k_(flight) corrosponds to
shorter longitudinal structures in the
supersonic jet plume (see Fiyure 1).

Tam's amplitude factor (his egquation
(3.7)) contains the proportionality

- 2 M ? PR
(11) P (Uj Do) /(1 Hf sia’*@).

In comparison to the theory of Tam a
different convective amplification is
assumed here for the same reasons which
already have lea to equation (8). In
addition, the influence of speed and
density changed because broadband shock
associated noise depends on the turbu-
lence intensity. This leads to the fol-
lowing proportionality:

{12) F = [(uj-u.) oj]’/(l—Mfcﬁse)’

The factor U./U_, in Tam's equation
(3.7) is elimihatéd. By t!is means the
spectral width of the sinale modes in
the frequency spectra is slightly en-
larged.

To further improve the agreement with
the measured sound pressure levels the
proportionality factor ¢ (see equation

7

(3.7) in /8/) is alterea from
4

c = 2,65 10 So (So ® 0.35) to
-4
c=1.,10 10 so'

S. COMPARISON OF MEASURED AND CALCULATED
RESULTS

The comparison of experimental and calcu-
lated results will be demonstrated for the
overall sound pressure level in dependence
of the emission angle, for sound-pressure
level time histories and for one-third-
octave spectra. Altogether, the comparison
was carried out for results in the flight
Mach number range M. = 0,54 to 0.87. As in
Section 3, all soufd pressure levels are
plotted with no weighting. With exception
of noise level time histories the results
will be presented in the wind-tunrel
coordinate system,

Figures 9 a,b show the OASPL versus the
emission angle in polar presentation for
flight Mach numbers M, = 0.64 (Figure
9 a)and 0.80 (Figure 9 é). Calculated jet
mixing and broadband shock associated
noise yield the total jet noise. A good
agreement between experimental results and
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Figure 9a.- Measured and calculated over-
ail sound pressure level ver-
sus emissicn angle (relative
to flight direction) in polar
presentation at flight Mach
number Mf = 0.64
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calculated total jet noise with deviaticas
of typically less then or equal to $1.5 dB
at most is observed.

The figures make it clear that the shock
noise influence may be neglected at small
flight Mach numbers (see Figure 9 a for M
= 0.64). The reason is a jet Mach numbef
only slightly larger than 1.0 (compare
with the discussioir in Section 3). At
larger fiight Mach number (and larger jet
Mach numper, respectively) the shock noise
becomes more important. Nevertheless, it
may be concluded from figure 9 b that the
OASPL at Mg = 0.80 ia. still dominated by
jet mixing noise.

One can see from Figure 9 a,b that tha
OASPL of the calculated jet mixing noise
has its maximum at small angles to the
flight direction. This result is in con-
trast both to the stationary case and to
the results at low flight Mach numbers
where the maximum is observed at high
emission angles. However, the present re-
sult can be explained with the Doppler am-
plification of the noise level towards
small angles due to the relatively high
flight Mach number.

In Fiqures 10 a,b experimentally obtained
time histories of the sound pressure level
are compared with the calculated total jet
noise. Here only the acoustical signals
for the microphone positioned directly be=
low the flight path (position y = 0 m) are
plotted. Figure 10 a shows time histories
for M, = 0.64, Figure 10 b results for M
- 0.85. On the x-axis of the figures, ths
time t = 0 s marks the moment where the
sircraft is in the overhead position.

In the figures, the steep sound pressure
level ascent prior to the maximum peak is
particularly remarkable. As expected, the
ascent rate increases with increasing
flight Mach number {at M. = 0.64 the meas-
ured gradient is 19 dB/sy at M, = 0.80 the
gradient is 33 dB/s, approxi&ately). In
the present examples the measured ascent
rates are slightly steeper than the calcu-
lated ones. However, a good agreement be-
tween experimental and calculated time
histories can be stated. This can also be
concluded from the peaks which are pre-
dicted with an accuracy of $1.5 dB.

For comparison of measured and calculated
one-third-octave spectra Figures 11 a-d
and 12 a-d will be utilizeg. In Fig-
ures IT a-d frequency spectra for flight
Mach number M, = 0.64 and in Figures
12 a-d spectra %or M. = 0.80 are plotted.
In each case results are shown for emis-
sion angles 30, 60, 90 and 135 degrees in
the wind-tunnel coordinate system.

In correspondence with the preceding re-
sults one can again conclude that the
sound pressure level at the low flight
Mach number M. = 0.64 is dominated by jet
mixing noise. Only at M, = 0.80 broadband
shock associated noise %ecomes more sig-
nificant. For a given jet Mach number the
influence of shock noise is greatest at
small emission angles and continuously de-
creases with increasing angle (see Fig-
ures 12 a-d and compare also with Fig-
ures 8 a-d of Section 3).
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Figure l0a.- Measured sound pressure level
and calculated total jet
noise time historics for the
microphone positioned at y =
0 m. Flight Mach number is M
= 0.64. Time t = 0 s denote;
the flyover moment
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Figure 10b.- As Figure 1l0a, only for
flight Mach number Mf = 0.80

Utilizing the prediction scheme for
broadband shock associated noise, the
sound pressure level peaks particularly
noticeable in the forward arc can now be
calculated. In Figure 13 measured and cal-
culated frequencies of the first "broad-
band" peak, f , are compared for three
of the four af?@ghft {aircraft No. 4 shows
no shock noise because the jet Mach number
is smaller than one). One can observe from
Figure 13 that in general good agreement
between measured and calculated frequen-
cies is achieved. The corresponding sound
pressure level for the first “broadband"
peak generally is predicted slightly too
low (in the presented examples about 1 dB,
see Figures 12 a and b).

6. CONCLUDING REMARKS

The noise immission from miltary jet air-
craft flying with high subsonic flight
speeds at low altitudes was analyzed and
discussed in this paper. Data from four
different ajircraft types flying with
flight Mach numbers in the range of ap-
proximately Mf = 0.5 to 0.9 were used to

B D o SR e S e Al
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improve existing schemes for the predic-
tion of jet mixing and of broadband shock
associated noise.

T T RS T T 17 TFT
O Aircraft A
10} O Aiecraft B . .
F 4 Aireraft € 8 )
kHz{” y
9 } a] 4
S osf :
g :
: | A2 '
- } A 4
i A
(=
0.1 L I D W N B S
0.1 05 kMz 10

fmax 1 {calculated)

Figure 13.- Comparison of measured and
calculated frequencies of the
first sound pressure level
peak, f , for three differ-

ent air@§§§t types

Significant tonal contributions to the
measured noise were not found in the
study. Therefore, it 18 concluded that
fan, compressor, and turbine noise do not
play a major role. Broadband shock associ-
ated noise was identified especially in
the forward arc in all cases in which the
jet Mach number was sufficiently different
from the design Mach number of the nozzle.
It is shown that broadband shock associ-
ated noise can be calculated quite accu-
rately with the newly presented scheme
which required significant, albeit physi-
cally realistic, changes to the scheme of
Tam /8/.

After the subtraction of broadband shock
noise, the remaining noise can be very
well described by the new jet mixing noise
scheme /9/ that is based on the SAE method
/6/ after incorporating important results
of Michalke and Michel /7/. The most im-
portant change is a consideration of the
increase of the frequency of jet mixing
noise proportional to the lengthening of
the jet plume. This change results in a
very good agreement between measured and
calculated frequency spectra. Since the
agreement between predictions and measured
spectra is so good it is concluded that
other noise sources play only a minor role
in the total noise immission of the high
speed cages discussed here. It seems quite
unlikely that airframe or combustion noise
would generate the same fregquency spectra
as jet mixing noise in all the measured
cases.

If other noise sources do only play a mi~
nor role, it must be concluded that the
observed forward arc amplification with
increasing flight speed is caused by iet
mixing noise. The physical possibility of
such an amplitication was discussed con-
trovergially over a long period and was
rejected in earlier jet noise papers. How=-
ever, the amplification was shown to be
theoretically realistic by /7/. The re-
sults of this paper are a further support
of their result.

The prediction schemes presented in this
paper can now be used to demonstrate and
quantify the noise reauction potential
achievable by varying operational param=-
eters such as flight Mach number,
rate-of-climb or =-descent or the flight
altitude. The new schemes can also be used
to study the influence of engine cycle de-
sign on the flyover noise.

The prediction schemes are applicable to
single stream or "almost single" stream
jets exhausting from a circular nozzle. No
consideration was Jiven to the effects of
non-circular nozzles. The noise reduction
potential of such nozzles is sometimes ag-
sumed to be considerable, opening a much
needed noise attenuation concept for fu-
ture supersonic transport aircraft.
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Discussion

S QUESTION BY: Berry, B.F., National Physical Lab, U.K.
Those of us involved in considering environmental impact of
— low-altitude noise are primarily interested in A-weighted
Lo levels and not in overall, linear levels. For the purposes of
inter-comparison with similar measurements such as ours at
NPL and American data, do you plan to publish any A-weighted

data? .

AUTHOR'’S RESPONSE:
Since it was our goal to investigate the basic physical

phenomena, it was more reasonable not to include any
weighting during the data analysis. Therefore, we did not
N\ plan to publish any A-weighted data. On the other hand,
-7 utilizing our computer program it is not a great problem to
' introduce any weighting. :

QUESTION BY: W.D. Bryce, W.D., RAE Pyestock, UK

Our research in this area, which I will describe in a paper
- tomorrow, leads us to a very different conclusion to yours.
e We find that airframe noise makes an important contribution
to the overall aircraft noise and that jet mixing noise does
not play the dominant role that you describe. We two have had
DR several discussions on this issue recently, and I hope that
. they will continue, but perhaps you would respond here to the
criticism that you have not actually shown that airframe
noise is not important but that you have simply obtained a
plausible fit to the measured aircraft noise by adjusting the

constants in your jet mixed noise equations?

AUTHOR'S RESPONSE:
With our measurements (fl.ght tests at a constant altitude,

T no glide data with low pcwer setting) we were not able to
investigate the influence of airframe noise. Similarity to
some extent in the frequency spectra of jet mixing and
airframe noise increases the difficulty to distinguish
between both noise sources. However, from the general
experience on aircraft noise it 1is known that jet mixing
noise 1is very important for low bypass ratio engines with

- high jet speeds and temperatures. Airframe noise, on the

/, T other hand, plays only a major role during landing (low power

) setting, low jet speed). If we proceed from this general




QUESTION BY:

knowledge it can be concluded that in the present case (high
power setting, high jet speed) jet mixing noise (and in
addition shock noise) is responsible for the sound emission
and that airframe noise is of no importance.

Now familiar with your results, we can not totally exclude
that one portion of our "jet mixing noise” is airframe noise.
However, section 9.2 of your paper No. 22 shows that you also
have some doubts whether the noise measured from the aircraft
glides is all generated by the airframe. In addition it
shculd be mentioned that the aircraft configuration during
your flight condition was different from our configuration.
Therefore, results can probably not be compared directly. We
hope that further discussions and data analysis will lead to
a clear result concerning the noise source identification.

F.R. Grosche, DLR Gdttingen, Germany

Referring to Fig. 3 and Fig. 5 of the written version Why do
the curves showing OASPL as function of emission angle, end
before reaching their maximum (at 6 < 30°), although the
scatter at the last given point is still quite small?

AUTHOR'’S RESPONSE:

QUESTION BY:

Wa also evaluated results for the emission angle 6 = 15
degrees. In that case the distance between the aircraft and
the microphone position is 290 m and larger. The correction
of the atmospheric absorption then leads to an over-
amplification in the higher frequency range. Alse background
noise becomes very important. Therefore, it seemed not
reasonable to include results for 8 < 30° in the data
analysis.

J.M. Seiner, NASA Langley, USA

Many F-15 aircraft missions involve engagement at M, = 5.4
and disengagement with afterburner. On this case, jet noise
would be dominant, not shock noise. You did not mention what
power settings were used in your study. Could you comment on
this, and how different power secttings may change your
conclusions regarding the importance of jet, shock, airframe,
and internal noise source?

AUTHOR’S RESPONSE:

The power setting in each case was acjusted just to reach the
wanted flight Mach number during the level flight. Specifying
the power settings together with the flight Mach numbers in
our opinion would mean to publish restricted data.

In the present study all tested aircraft flew in a typical
training configuration with no additional weapons. That means
that the measurements were carried out with a "standard"
configuration with a "standard" power setting at a certain
Mach number.

Different power settings due to different drag coefficients
at the same flight Mach number may indeed change the
importance of the different noise sources to some extent.
However, with our present knowledge it is not reasonable to
speculate on these changes.
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. NOISE EMISSION OF LOW FLYING MILITARY AIRPLANES

H.-D.
Federal Environmental Agency
Bismarckplatz 1
D - 1000 Berlin 33
Federal Republic of Germany

Amw

Until the end of 1990 a great amount of
low altitude flying of military air-
planes was done in the Federal Republic
of Germany. Up to then approximately 80
000 low altitude flights were performed
annually. Many of these flights took
place at a height from 500 ft to 1500
£t. Nearly 2/3 of the whole area of the
Federal Republic of Germany was used
for low altitude flights between 500 ft
and 1500 f£t. In seven distinct low fly-
ing areas flights even down to a height
of 250 ft above ground were allowed. In
a relative densely populated country
these low altitude flights caused a
great amount of disturbance and
annoyance.

In order to have some information on
noise emission of military airplanes
flying at subsonic speeds at low altitu-
de a measurement campaign was ione in
the vicinity of the shooting range in
Meppen. A special aim of the campaign
was to obtain insight into the influen-
ce of operational parameters on the
noise emission during low altitude
flights. The results of these measure-
ments, for instance noise emission as a
function of speed and height above
ground, will be presented.

In general, people affected by low alti-
tude flights would not often receive
extremely high noise levels because
only a part of the population was ex-
posed to direct overflights. It was
therefore of interest to determine the
number of occurrence and the statisti-
cal distribution of noise levels ex-
perienced by people living in low
flying areas of Germany. PFor this pur-
pose a research activity was performed
in Germany in the years 1986 and 1990.
During six weeks at 16 locations within
four low flying areas continous noise
measurements were made. The results,
for instance relative frequency of

noise levels and noise duration. are to.

be presented.

/

7

! INTRODUCTION ‘/

In the Federal Republic of Germany up- /////
proximately 80 000 low altitude!
flights with military jet aircraft nore
performed annually. A great deal of
these flights are taking place at a

AThe dess?
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height ranging from 500 ft to 1500 ft.
Nearly 2/3 of the whole area of the
Federal Republic of Germany can be used
tor low altitude flights between 500 ft
and 1500 ft.

In seven distinct “"low-level areas"?
£lights even down to a height of 250 ft
above ground were allowed. These "low-
level creas” are shown in figure 1. In
our relatively densely populated coun-
try - the Federal Republic of Germany
as other European countries is approxi-
mately 10 times as densely populated as
for instance the United States cf Ameri-
ca - these low altitude flights were
causing a great amount of disturbances
and annoyance.

In order to find out methods for the
possible reductiorn. of noise emission
during low altitude aircraft missions
the Federal Minister of Environment, Na-
ture Conservation and Nuclear Safety

and the Federal Minister of Defence per-
formed noise measurements. A special

aim of the campaign was to obtain in-
sight into the influence of operational
parameters on the noise emission during
low altitude flights. The measurements
were conducted in autumn 1984 in Meppen
by the Bundeswehr Test Station 91.
During the measurements it was reques-
ted that all military aircraft types
which will conduct low altitude flights
over the territory of Germany should
participate. To reach this goal the

full cooperation of the Allied Air For-
ces was grateful acknowledged.

'In this paper the term "low altitude
£flight” is used instead of the com-
mon term “"low-level flight"” mostly
used by airmen. This is done in or-
der to avoid confusion between "low
noise level™ and "low flight level”.

~

-3 Throughout this paper these areas

“¥wq _called "low-level areas” in

accdriizs:\:izj\iefonuutical charts
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4 MEASUREMENT OF NOISE EMISSIONS

Figure 2 shows the lay-out of the

flight track and the five microphones
and two theodolites for these measure-
ments. The theodolites were used to mea-
sure the exact altitude above the micro-
phones and the deviation of the flight
track. The track itself was made vi-
sible for the pilots by huga markers
plate. In some cases the help of a
forward air controller was necessary to
aligne the aircraft to the centerline.
Flights were performed at altitudes of
250 £t and 500 ft, respectively.

During the measurements two aircraft of
each type used a “"race track" traftic
pattern (approximately 6 NM in langth
and 4 NM wide). In order to keep the
noise level contribution from the other
aircratt on the microphones at a mini-
mum the two aircraft ware flown with a
halt cycle ditference, i.e., on opposi-
te parts of the "race track”.

For each aircraft type noise measurents
were performed at speeds typical for
low altitude flights. The F-4 Phantom,
for instance, was flown at 420 kts, 450
kts, 480 kts, 575 kts and 0.8 M. This
includes all speeds from low altitude
cruise to IP-to-target speed which is
normally used only during a very short
period of the flight.

AS an example figure 3 shows the noise
emissions of all fighter aircraft usad
by the German Air Force as a function
of speed. (By the way the famous F-104
starfighter is no longer in use in the
German Air Force). Figure 4 shows the
influence of height on noise level re-
ceived on the ground for an F-4 air-
craft. Doubling the height above ground
decreases the noise level by approxima-
tely 5.2 dB at a speed of 420 kts, and
by 6.6 dB at a speed of 0.8 M. The next
tigure 5 shows the influence of air-
craft speed on noise emission for a F-¢
Phantom flying at 250 ft. In Figure 6,
a summary of all measured noise emis-
sion levels is shown for all aircraft
types measured in the campaign. For com-
parison in the diagram, the aircraft
speeds in each case are the lowest ope-
rating speeds for low altitude flights.

3 MEASUREMENT OF NOISE IMMISSION
LEVELS

The ubove mentioned measurements indica-
te the maximum noise levels which oc-
cure during a direct low aslticude over-
flight with military aircraft. But in
general, people affected by low altitu-
de flights would not receive such high
noise levels very often because only a
part of the population is exposed to
direct overflights. It is, therefore,

of interest to determine the number of
occurrence and the statistical distribu-
tion of noise levels experienced by peo-
ple living in low altitude flying

areas. For this purpose, a research
activity was started with the German
company Messerschmitt-BSlkow-Blohm

(MBB) as & contractor. During this re-
search program MBB developed and con-

structed a low-cost automatic noise mea-~

surement unit especially used for the
detection of low-tlying military air-
craft. This unit uses a small pocket
calculator with encugh internal storage
capacity to store the time-history of
the noise events above s certain thres-
hold during a whole day Each day the
content cof the memory was transfered
and stored on a transportable floppy
disk unit.

During the yeafs 1986 and 1990 four mea-

surement campaigns were conducted. One

around a miltary airfield with low alti-

tude training activities mostly with
Alpha Jets, two campaigns within “low-
level areas” and one cutside the "low-~
level areas” but with military flights
between 500 ft and 1500 ft.

Figure 7 to 10 show measured noise le-
vels versus time duration (10 dB-down-
time) for all four measurement cam-
paigns and all microphons during the
whole campaign.

Figure 11 to 14 give the relative
distribution of noise levels for one
measurement position for each measure~
ment campaign.

Figure 15 gives an impression of the
distribution of aircraft noise as s
function of time of day measured within
“Area 5",

Figure 16 and 17 show the noise events
per month at the microphon positions in
"Area 7" and outside the "low-lavel
areas”. In this picture it is distin-
guished between ajircraft noise and
noise from other sources.

Finally figure 18 and 19 give the time
between two aircraft noise events as a
function of noise level for “"Area 7"
and outside the "low-level areas” based
on statistical considerations.

A
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BRULT DES AVIONS DE COMBAT

. M. SGAR30ZZA
CASSAULT AVIATION
OIRECTION GENERALE TECHNIQUE
DIVISION ACOUSTIQUE
78, QUAL MARCEL DASSAULT 92214 - ST CLOUD - FRANCE

A. DEPITRE
DIRECTION GENERALE DE L'AVIATION CIVILE
SERVICE TECHNIQUE DE LA NAVIGATION AERIENNE
CHEF DE LA DIVISION NUISANCE
245, RUE LECOURBE - 75732 PARLS - FRANCE

Aprés un exposé des caractéristiques et des
niveAux de bruit des principaux avions de combat
et d'un avion d'entrainement
décollage et 1} 1'atterrissage,
quelques moyens de réduction du bruit :
- différentes procédures

anti-bruit,
- conception des futurs moteurs (post-combustion

silencieuse ? cycle variable, etc...).

frangais au
on présentera

opérationnelles

On examinera également quelques résultats de
mesure concernant le bruit généré en vol i grande
vitesse et 3 basse altitude.

Enfin, la protection contre le bruit de
1'environnement des bases aériennes francaises
sers décrite et les possibilités de
réglementation examirdes.

1 - INTRODUCTION

Le bruit des avions militaires n'est devenu
une géne pour la population que depuis quelques
années avec la prise de conscience écologique des
années 70.

Pendant longtemps le bruit a été considéré
‘comme un facteur psychologique important qui a
méme conduit dans le passé i
‘dispositifs spéciaux 3 bord des avions de combat

installer des

.pour 1'augmenter pendant 1a phase d‘'attaque.
;D'autrc part les missions dévolues aux avions
imodernes ayant conduit 3 augmenter régulidrement
‘les poussées des réacteurs (les premiers ATAR
Tavaicnt une poussée d'environ 3000 daN et le
3H53-P2 9500 daN), cette augmentation a conduit
:on contre partie & un acroissement progressif et
sensible des niveaux de bruit.

Dans la conjoncture actuelle les avions de
combat sont, en Europe, utilisés principalement
pour des vols d'entrainement ou de surveillance
et la gqine ressentie au sol est d'autant plus
mal supportée.

D'sutre part le concept actuel de furtivité
appliqué en électromagnétisme et en infra- rouge
devrait pouvoir s'appliquer sussi au bruit émis.

On peut ainsi distinguer deux phases
bruyantes percues au sol lors de ces vols : les
phases de décollage et d'atterrissage d'une part
et de survol & basse sltitude d'autr