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1.0 EXECULIVE SUMMARY

The FAA has established an enginecring and development propram to:

e FExamine hazards to alr carrler alrcraft caused by encounters wita
strong low-level wind shears during terminal area flight operations.

e Develop solutions to the wind shear problem.

e Integrate these solutions into the National Airspace System.

The FAA effort has taken a threefold approach:

e Develop and implement improved forecasting techniques and
procedures for predicting and reporting low-level wind shear
in the terminal area.

e Placing wind shear detection equipment on the ground and
transmitting information to the pilot.

e Placing equipment in the aircraft that would provide wind shear
information to the pilot in real time.

The ground system phase has already been completed and the low tevel Wind
Shear Alert System (LLWSAS) is currently being installed at 60 major airports
in the United States.

The airborne portion of the FAA's wind shear program identificd several
alternative systems or techniques that would assist the pilot in coping with
the low-level wind shear problem. This Benefit/Cost Study evaluates those
systems or techniques that are considered by the FAA to be viable alternatives.
Primary emphasis is placed on cost evaluations inasmuch as the bLenefits of th

three primary techniques (1.¢., Airspeed/Groundspeed, Accelervation Marpgin and

Modifi.d Flight Director) have been analyzed and documented in prior FAA
Studies.l

An analysis of the costs of alternative viable airborne wind shear svstems/
techniges reveals that the least expensive equipment that «ill provide an
Independent source of groundspeed i< a two-beam Doppler (approximately thra
thousand dollars to each user in quantity production). The accuracy of this
system, however, has not heen verified and may be less than the desired
standards {(vet to be developed). The second least cxpensive equipment is

the TLS Doppler invented by Mr. Forrest Yetter ($4500 minimum to each user plus

Referen es 1-4.




$9.h9 millicn of FAA costs to modify 603 ground ILS Localizers). 'This system

is less subject to multipath errors than other systems that cooperate

with a ground station. The third least expensive system ($7,000 to each

user) is Safe Flight Instrument Corporation's self contained wind shear system.

This is a reactive system which does not rely on groundspeed. The fourth least

expensive system (i.e., GE's CORAN at $10,000 for each user) requires no

ground station and is thus not subject to multipath. This system is being

tested by the FAA at FAATC and should possess the desired accuracy.

This study provides the costs of:

Eight methods (including the above three) of obtaining groundspeed.
Modified Flight Director

Acceleration Margin

Head-up display

Safe Flight System

SFENA system

Smiths Industries System

Also the study provides a bricf description of each alternative evaluated,

and a very general discussion summarizing the benefits to be derived. With

respect to benefits, those systems which predict or anticipate a wind shear

are considered more safe than those that react to wind shear. This evaluation

is based on the fact that most turboject aircraft do not possess a sufficient

acceleration capability in normal approach configuration to maintain safe

flight through severe wind shears. Predictive and anticipatory systems

permit the pilot to adjust his approach speed, as required, whereas reactive

systems do not. Accordingly, the three self contained Wind Shear Syvstems

currently being marketed by avionics manufacturers are considered to have

lower relative benefits than the airspeed/groundspeed and other viable wind

shear system/techniques being considered by the FAA.
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2.0  BACKGROUND AND STATUS OF THE WIND SHEAR PROGRAM

2.1 BACKGROUND

Since July 1973 there have been efght U. S, alr carrier accidents
attributed to encounters with strong low-level wind shears during terminal
area flight operations. Additiovnally, during the year 1964 through 1975, there
were 23 transport category ailrplane accidents that occurred during takeoft o
approach, in which the involvement of a low-level wind shear was a distinct
possibility.

In May 1977 the FAA adopted an amendment to Part 121 of the Federal
Aviation Regulations which required air carriers to adopt an approved system
for obtaining forecasts and reports of adverse weather conditions, including
low altitude wind shear, that may affect safety of flight on each route to
be flown and at each airport to be used. The FAA also issued Advisory Circular
No. 00-504, Low Level Wind Shear, to provide guidance in recognizing meteoro-
logical conditions that produce wind shear phenomena.

In addition, the FAA has established an engineering and development
program for the purpose¢ of examining the hazards associated with winu shear,
developing solutions to the wind shear problem, and integrating thos.e

solutions into the National Airspace System.

2.2 FAA RESEARCH AND DFVELOPMEN]

The FAA vesearch and development offort has taken a threetfold approach to
the wind shear problem. One approach was te develop and implement improved
forecasting techniques and procedures for predicting and reporting ltow-ievel
wind shear in the terminal area. A second approach has explored the
feasibility of placing wind shear detction cquipment on the ground and trans-
mitting information to the pilot. The approach considered in this repovt
has tried to determine whether equipment could be installed abuvard (in
aircraft that would provide the pilot with wind shear information in "real
time".

Research into the use ol ground-based cquipment has involved various
arravs of anemometors, radar detcctors, acoustic devices and laser sensor:.

The LLWSAS was selected from the pround-base techniques and is being
installed at 60 major airports within the United States. This svstem will
provide a warning transmitted to the pilot by an air traffic controller,
whenever the surface wind vector difference between any remote anemometers
(usually installed in approach and departure corridors) and the centertfield
anemometer oxceeds 15 knots (7.7 mps).  This system is particularlv effective

in detecting wind shear caused by thunderstorm gust fronts at the surface.
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The second part of the FAA research and development approach to the wind
shear problem concentrated on the airborne systems. The FAA, throuph a series
of simulator experiments has identified a number of airborne systems that may
prove effective in warning a pilot of the existence of wind shear. Also, the
avionics industry has developed several systems which they are advocating as
aids to the pilot in coping with severe low-level wind shear.

2.3 COST/BENEFIT STUDY REQUIREMENT

One task of contract DOT-FA79WA-4279 in support of the FAA's wind shear
system implementation plan is a Benefit/Cost Study of alternative techniques
for solving the wind shear problem. Inasmuch as a decision has previously
been made to implement the LLWSAS at 60 major airports, no further analysis
is required with respect to ground-based warning systems. The current FAA
wind shear Research and Development activity is concerned with airborne
systems. Therefore, this study analyzes the benefits and costs of those

candidate systems currently being considered by the FAA.




3.0 CONCLUSIONS AND RECOMMENDATIONS

All airborne techniques currently being evaluated will increase safetv if
adequate safeguards are provided to preclude pilots from flying into hazardous
wind shear conditions that they would otherwise have avoided if a minimum
alert had been provided.

The relative ranking (least costly to most costly) of the airborne
system (techniques) is:

1. Alrspeed/Groundspeed with Miles Phoenix groundspeed
Alrspeed/Groundspeed with Yetter groundspeed
Sale Flight Wind Shear Svstem
Airspeed/Groundspeed with CORAN groundspeed
Alrspeed/Groundspeed with Modified DME
SFENA Avionics
Smiths Industries Avionics
Airspeed/Groundspeed with Marlow (Luneberg Lens) groundspeod

Alrspeed/Croundspeed with TInertial groundspeed

—_ O ® ~N DN W N

0. Airspeed/Groundspeed with Doppler groundspeed
11. Alrspeed/Groundspeed with Precision DME groundspeed
Other systems or techniques such as the head-up displays and data from
previvus airborne measurements are not true systems but enhancements to other
systems and cannot be evaluated separately.
it is concluded that viable cost alternatives are available for aiding the
pilot in coping with hazardous wind shear conditions on the final appreacih.
Tho least costly alternative for obtailning groundspeed data (i.e. thc Miles
Phoenix two beam Doppler) has not been tested to verify that it pussesses
the required accuracy.
Recommendations:
e Use a se¢lf contained airborne wind shear rather than a cocperatijve
air/ground system. Soif contained systems are least expensive, do
not have multipath, and can be implemented more rapidly (i.e. do

not have to wait for FAA to secure funds for ground equipment).




Investigate accuracy of the low-cost Miles Phoenix Doppler if cost
of the FAA sponsored C.FE. CORAN Is not within the acceptable cost
range.

Utilize Yetter groundspeed as most cost effective method contingent
upon FAA implementing appropriate ground facilities.

Utilize G. E. CORAN groundspeed as most cost effective method if

Yetter system ground facilities are not implemented.
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4.0  CANDIDATE ALRBORNE WIND SHEAR SYSTEMS

4.1 P RODUCTION
I'he FAA conducted a series of pitoted flipght simulations Clune 1975
to July 1979) to evaluate and refine pilot alded concepts tor =1 ne

B _ . 1
the wind shear problem. Results of these simulations” demonstrate the

1 !

three most promising candidate wind shear systems ta be: (1. Alropeed,
Groundspeed Procedure, (2) Modified Flight Dircotor, and (3) Acceleration
Margin.

A fourth pilot aided system whicihi has a potential for providing visual
cues to the pilot cf the wind shear hazard i1s Head-Up Displav (HUD).

Also, three equipment manufacturers2 have developed aviconic sy:tems
to assist the pilot 1in coping with wind shear.

An eighth concept suggested more recently is a system which would provide
landing aircraft with wind data from previous airborne measureme: ts.

A summary of the previous FAA flight simulation experiments which jprevide

a basis for defining the most promising wind shear systems is provided i

paragraph 4.2 below followed in paragraph 4.3 by a brief description and statu:

of rhe eight candidate systems, identified above.

4.2 MANNED FLIGHT SIMULATION PROGRAM

A series ¢f manned filght simulation experiments was condu. lew to

identify and refine the most effective pilot-aiding concept=. The exper incats

were grouped into four phases of simulations using both training and enpdnect g

References '.2,3, & and 7.

Safe Flight Instrument Corporation, the French Avionics Firm SFLNA, and
Britain's Smiths Industries




development simulators and modellng short-haul, medium-haul and wide-body Jet
transport aircraft in current airline operations. The simulators were all
equipped with six-degrees-of~freedom movewment, visual systems with variable
weather and visibility, and a full complement of controls for all flight crew
positions. Each was capable of simulating all flight guidance and control
modes available on the aircraft in service use.

a. Phase I

Phase I of the simulation effort was a controlled screening of candidate

systems and techniques. The most effective were selected for in-depth analysis
and further refinement. The bulk of these experiments were conducted in a DC-10
training simulator at the Douglas Aircraft Company Flight Crew Training Center
in Long Beach, California. In this phase of the simulation effort, pilot
performance data and subjective pilot opinions were recorded on highly exper-
ienced pilots, most of whom held DC-10 pilot qualifications. The pilots were
subjected to various flight scenarios and wind shear conditions while being
aided by several discrete concepts. Examples are:

(1) Wind Shear Advisories based on ground-based sensor data;

(2) Panel display of groundspeed versus vertical speed for a 3° glide
slope;

(3) Panel display of wind shear and direction (from INS*);

(4) Panel display of groundspeed integrated with conventional airspeed
indicator (AV);

(5) Panel and simulated head-up display of difference between along-
track wind component at surface and aircraft altitude (AW);

(6) Panel and simulated head-up display of flight path angle and
potential flight path angle;

(7) Panel display of angle-of-attack; and

(8) Panel display of rate-of-airspeed change.

*INS - Inertial Navigation System
4-2
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The results of those experiments indicated that groundspeed/airspeed
comparison (AV) ranked as the best aiding concept by pilot opinions and by
the comparison of recorded landing performance. The second best aiding
concept was found to be the along-track wind component comparisons (AW),
either head-up or head-down, particularly when presented on a head-up display.
There was also an indication that the head-up displayed flight path angle
has some merit. As a continuation of Phase I, the top ranking aiding
concepts were reexamined in the Flight Simulator for Advanced Aircraft
(FSAA) at NASA/Ames Research Center using a Boeing 737 model. The results
of that simulator experiment verified the findings from the previous Phase I
simulation efforts.

b. Phase 1T

The Phase II simulation experiments were conducted in the Moving Base
Development Flight Simulator (MBDFS) at the Douglas Aircraft Company facility
using the DC-10 model. These experiments provided an in-depth evaluation of
improved AV, AW, and flight path angle (both air and ground derived) displavye.
This activity also evaluated a modified flight director system (MFD) developcd
by Collins Radio.

The results of the more detailed evaluations in the Phasc T1 simulations
confirmed that the groundspeed/airspeed comparison (AV) provides snignificant
aid to the pilot and the along-~track wind component comparisor (&W) provides
some aid to the pilot in detecting and coping with wind shear. In «ddition,
it was also shown that the modified control laws (algorithms) for flight
director/thrust commands also significantly increased the pilots ability to
handle wind shear encounters. Pilot acceptance of each of these concepts

was high.




Phase III1 flight simulation experiments were conducted at both the NASA
FSAA, using a Boeing 727 model, and at the Douglas MBDFS, using a DC-10
model. The purpose of this series of experiments was to evaluate several

different methods of displaying the AV concept in the coekpit, to optimize

the MFD control laws/algorithms for wind shear and to investigate the potential

of two concepts to aid the pilot in making the missed approach or go-around
decision. The go-around aids evaluated were:

(1) Panel display of energy rate (a comparison between actual total
energy rate of change and desired rate of change for a 3° glide slope).

(2) Warning indication based on acceleration margin (a comparison
between aircraft acceleration capability and the acceleration that will
be required to overcome the shear (AA).

c. Phase 111

The Phase III simulation results again demonstrated that the AV and

MFD concepts were effective in providing the pilot the information required
to successfully negotlate hazardous wind shear conditions. The AV
concept was successful in all the methods in which 1t was presented:
groundapeed displayed on a digital readout; groundspeed displayed as a
second needle on a conventlonal airspeed indicator (round dial); airspeed
and groundspeed integrated into a special velocity indicator (vertical
scale); or airspeed/groundspeed, command displayed on the fast-slow indicator.

In addition, it was shown that thed A concept provided timely go-round

information for those severe shears that approached or exceeded the performance

capabflity of the aircraft.




The energy rate concept was shown to provide gome aid to the pilot gt
making a go-around decision, but suffered from one serious drawback whi-i. ..
common to several of the unsuccessful concepts (such as angle-of-utiuck,

airspeed rate of change, and flight path angle) which were tested in the

earlier simulations. Although all of these concepts provide a positive
indication of a shear condition and the severity thereof, the indication
is not presented until the shear environment is encountered. In cther words,
the pilot is given an indication that he has entered a hazardous conditic:.
that he did not want to enter. On the other hand, those successful concept:
which use groundspeed were shown to be predictive in nature in that they
provide an indication to the pilot of the shear condition which lies uaheac
of the aircraft so that the pllot may take timely action,

d. Phase IV

Phase IV flight simulation experiments were conducted at the Douul

MBDFS, using a DC~10 model. The purpose of these experiments were to valida
the aA, 4V and MFD concepts under worse case conditions (high gross weigort.
high temperature, high altitude, low cellings and low visibilities) and ¢.:
evaluate the applicable concepts during non-precision approach and missc:
approach conditions. An existing airspeed indicator was modified to pros i
an analog display of airspeed, groundspeed and the acceleration margin
calculation all on the same instrument. This allowed the presentation .
wind shear information within the normal T-Scan of the pilot. The &V, =~
MFD concepts were again proven to be successful, even under marginal pert'...
and weather conditions, in aiding the pilot to safely traverse those shears
which were within the performance capability of the aircraft and to detcct

and avoid those shears which approached or exceeded that capability.

4-5




4.3 SYSTEM DESCRIPTIONS

A brief description,status of development, and projected availability
of each of the eight candidate systems is provided in this section.

a. Airspeed/Groundspeed Comparison (4AV).

(1) The basic concept which has proven most successful in manned

simulation experiments for a wide range of shear conditions on approach is

the groundspeed/airspeed comparison. Basically, it is a simple procedure where-

by the pilot computes a minimum desired groundspeed by subtracting the head-
wind component of the runway wind from the approach true airspeed. He then
flys a normal approach using indicated airspeed, except that he does not
allow the groundspeed to fall below the predetermined value. The procedure
automatically causes the pilot to add additional airspeed to compensatc for
any airspeed loss that will occur when the shear condition is reached. As
such, it is a predictive procedure so that if the amount of correction needed
exceeds the known performance capability of the aircraft, the pilot is given
the indication to perform a missed approach prior to penetrating the shear
conditions.
(2) Status of Development
Airspeed is already available on all aircraft as a primarv
flight instrument. Groundspeed is discussed in paragraph i below following
the individual system descriptions in as much as it is used in several differ-
ocnt systems.
b. Modified Flight Director
(1) Description
Modern Flight Directors are highlv damped for passenger

comfort and are not responsive enough for highly dynamic shear conditions.

4-0




By providing the pilot «ith a selectable scecond et of coantrol laws.
algorithms vhich are quicker, more active, and based upon inputs devived
from groundspeed acoeleration aupmentation and tiphter coupling to the
'lidepatin, the abilitv to traverse wind shear conditions is preacly
increased.
h (1) >tatus ot bevelopment
Lnder lask 5, Project 4364, All-Weatner Landing svstens,
Fngineerin? Sanport \vrvivvs,l Jegivns were developed for fully automatic
ontrol, ter flight direcror coupled te a full 118, and tor flignt diveot o
for non=-precision approaches.  Control laws were designed for four air
v -880), LC-I0, B-727, and the Gultstream 1. The designs were tested b

piloted aimalations and in the case of the Cultfstream, carried to iwmoon

mentation in tlight hardware. Design, tabrication, installation, and
checkont of the molitications required to implement the MFD alyarithme
the flizat Jdirector of the FAN Grumman Gulfstream [, based at NAF o, boep
in Novenher 197R and were completed on 15 Tune 1979, The NAFEC Cultstro

Coand it modiftred flight dlrector were returned to NAFRC 1 bone 20

Projected Avaitability

Moditications

in siv wenths or less. New svstems could

Lo existing aircrart

!

could he acronplistiod

be a production line item.

FAA-RD-79- , "Inertially Augmented Approach Couplers', Final Honort
Tune 19/9.




(4) Cost

Moditicarion of exinting systems: 11K
Replacement plug la flight directors: SoK X I = S1K
¢. Acceleration Margin ("A)
(1) Description

AA, computed as:

i
AA = AC-’IP - [-wWD} H
WD = (TAS-GNS) - WX

gnd

where
Acap = Acceleration capability of the airplane in level flight in
approach configuration (knots/s).
ngnd = Wind component.at ground along runway, with headed

positive (knots)
TAS = True airspeed of airplane (knots)

GNS = Ground speed of airplane (knots)

WD = Wind difference (knots)--difference between along-track wind
at present position and on the runway

H = Altitude of airplane CG above ground, positive up (feet)
H = Rate of change of altitude with time, positive up (feet/s).

Figure 4-1 illustrates a typical system. For those aircraft currently
having inertial navigators, groundspeed mayv be derived from the current

on board equipment. For other aircraft, an alternative means of determining
groundsveed must be provided.

(2j Status of Development

The acceleration margin algorithm was validated durine Phase 111

simulations. During Phase [V, the algorithm was augmented to inhibit the

4-8
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go-around advisory {f the wind difference is less than 25 knots or no more than
8 knots greater than the alrspeed pad. Tlhese inhibit values were determined
Empirically to lower the criterion for advising a go-around so as to reduce
nuisance alarms. A external source of ground speed, altitude, altitude rate
and runway winds is required to compute acceleration margin.
(3) Projected Availability
This is a simulation tool at present but could be
converted to production hardware based on algorithms used in the DC-10
trainer.
(4) Cost
Computer. For aircratt not equipped with a suitable computer

an alrborne computer will cost approximately $1,000.

Ground Speed. ‘The cost of pround speed is discussed in
paragraph i.

Display. An analoy display will usually be a part of an
integrated airspeed/groundspeed/acceleration margin display. A separate
analog accleration margin displav would cost & 2,000, The cost of a
go-around light includes a computer activated dipital switch and 1 panel
light plus the cost of installation. Installation cost is estimited at

$525-$50.

e s © dee e e [V




t. head-Up Display

(1) Description
(ay U.s. Devolupmcntsl

Exploratory trials of a HUD in wind shear were made in the L-10
Phase 1 tests at Douglas. The HUD symbology was generated by the Vital
I11 system and integrated wlith the simulated external visual scene.  The
display eclements werc composed of orange-colored light pulnts spaced
close enough to appear as lines and generated brighter than the light
points used to represent the atrport environments.  The basic HUD format
consisted of an aircraft symbol and horiztn line for attitude reference,

a depressed sight line to indicate the desired plide-slope angle, and a

flight-path marker that showed the air-mass referenced vertical {11ight-
path angle (FPA) of the aircraft. A fast/slow indicator was added to thi-
i basic format for afrspecd management, and a potential FPA element cas

included as an extenston of the FPA information,

The 8-/. ndb tests at Boeiny in 1979 were thorough compreheusive- {
comparison experiments. The test HUD formats werc selected from Bocing
R&D display concepts developed in earlier HUD and Electronic Attitude-
Director Tndicator programs that are now being evaluated for use on
commercial aircraft. The pilot displav unit (PDU), drive electronivs,
and programmable symbol generator supplied by Boeing were used to present
experimental HUD formats that were representative of current HUD tochnoioe.
and to include display elements that might be useful to the pilot in
; detecting and coping with low-level wind shear during approach and

landing operations.

The key elements of the Beeing HUD formats ot Interest for wind-
shear application were the display of flight-path angle and the verci. ol

guidance provided bv a glide-path reference mavker and synthe: jc runway.

The potential value of displaying "flipht-path acceleration” tor mere
effective thrust management during shear encounters was also ol interest.
Accordingly, these display elements were emphasized in the HUD formats

selected for the wind-shear tests.

) N
Reference 7 p. 47-52




Following a preliminarv checkout in the simulator, two basic versions
of the HUD were selected by the FAA for resting:
e An inertial HUD (IHIM), distinguished by the use of ground-

referenced quantities in the computation of flight-path display
¢lements,

® A noninertial HUD (NHBUD) with display-c¢lement computations
based on the assumption that only standard instrumentation
would be available on the aircraft,
The test HUD formats were further distinguished by adapting a VMC mode
for use when adequate external visual reference to the runway was avail-
able, and an IMC mode that added a synthetic runway symbol to the HUD

format as a substitute for the actual runway when visibility was

obscured.

The selected THUD format {s shown in Figure 4-2. The computation of

inertial tlight-path angle, (11) in degrees, was:
) =1 h -
Yy o [Ru] (HNS)] 27003 >

h = Vertical vele-ity of the airerart ot the aireratt
center of gravity in 1t/s in the inertial trame,

where:

Ground speed, derived trom the loncitudinal velocity
at the afrcrart center of gravity in ft/s.

]

GNS

Flight-Path Acceleration, or "potential flight-path angle (jpof) was

also computed in degrees, using

a
X

Ypm =yt (~) 57.3 ,

13

where:
ax = Longitudinal acceleration at the aircratt center of
2
gravity In ft/s-
. o
g = The gravitaticnal constant (32 Vt/s<).

The IHUD was also distinguished by the computation of the lateral
component of the flight-path marze: o displiae the effects of drift

angle. The lateral displacement of the center of this swnbol from the
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The final distinguishing feature of the IHUD was that the
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+
S h
Y, = | Tan (-A-—-—W'J‘-:.z ,
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A TAS XS)
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h = Vertical speed at the aircraft center
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(2) Status of Development.

In the United States, the FAA is currently evaluating the
use of head-up displays v wiud shear as a part of thelr Head-up Display
Evaluation program.
In Britain, British Aerospace has examined ways of using the HUD for Wind
Shear alert HUD, per se, Is not currently available in production aircraft.

(3) Projected Availability.

It 1s likely that cuarrent airliners will utilize other
wind shear systems described herein. llowever, the next generation of air-
liners will probably rely on HUD.

(4) cost.

HUD is a display of wind shear data rather than a system.  For
aircraft initially desiygned with HUD, there will be no increasce in cost for the
display itself for wind shear applications. For add-on systems similar to the
one being installed in the DC-9-80, 4 complete add-on set for one pilot is
projected to cost $75-10)0K exclusive of the cost of certification.

e. Safe Flight Instrument Corporation Wind Shear System.
(1) Description

The Safe Flight Instrument Corporation, which ploneered
the mass production of pre-stall warning indicators for aircraft, has
developed a wind shear mopitor system which will be tested soon by the FAA,
This system does not utlilize & direct measurement 6f ground speed. Instead,
it uses inputs of airspeed, angle of attack, and pitch attitude; these
inputs arc processed along with the outputs from a vertical and a longitu-

dinal accelerometer, to detect the rate of change of headwind, and the

angular displacement of the aircraft due to downdraft. Signals reprecenting

these twn quantities are summed to form the total wind shear output signal,
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obtained by taking the airspeed signal and passing it through a high

pass filter. The inertial acceleration signal is obtained from an
accelerometer built into the wind shear computer. The accelerometer
signal is summed with a pitch attitude signal to cancel the gravity
component of the accelerometer. A wash-out circuit 1is also employed to
cancel errors due to prolonged acceleration. This inertial acceleration
gignal {s summed with the airspeed rate signal producing the horizontal
ghear signal.

The vertical component is obtained from a vertical accelerometer in
the computer. The vertical accelerometer signal is negatively summed
vith a gamma rate signal (amplified by the airspeed signal) to cancel
the effects on the vertical accelerometer due to changes in aircraft

'fligh: path. This sum is integrated then divided by the airspeed,
thereby obtaining a draft angle. This signal is equivalent to the Down-
draft Drift Angle of the flight path.

The Downdraft Drift Angle of the flight path is then combined with
the horizontal shear signal and forms the total wind shear output signal.
This signal is fed to an indicator and a comparator. At a pre-set
level, a warning output 1is activated.

The wind shear indicator displays, in units of acceleration (g's),
the sum of the Downdraft Drift Angle and the rate of change of head wind
component. The wind shear alarm threshold is set to trip at a sus-
tained horizontal shear, or a sustained Downdraft Drift Angle, or any

combination of Downdraft Drift Angle and horizontal shear that would

total an equivalent signal level.




A unique feature in the wind shear system is a cross-over monitor
network. This circuit senses zero cross-overs of the combined wind
shear warning signal and compares them against a time reference. By
doing this, the computer is continually checking the validity of its
vind shear computation. If the wind shear signal does not go through a
band around zero, at least once every 25 seconds, the computer will
provide a flag alerting the pilot that the system {s inoperative.

(2) sStatus of Development

Has previously been developed and tested in NASA - Ames
B-727 simulator. Currently undergoing flight tests at NAFEC.
(3) Availability
Currently available.
(4) Cost

$7K with indicator shown in Figure 4-3; $7,800 with both

voice warning and indicator.




f. Smiths Industries Wind Shear System
(1) Description
In England, British Airways is developing a wind shear

system which measures the rate of change of total energy (kinetic plus
potential energy) of the aircraft. In this system, energy rate is derived
from two outputs from the aircraft's air data computer, those which drive
the airspeed indicator and the vertical speed indicator (VSI). The
information is presented on an extra pointer on the VSI as shown in Figure 4-5.
The normal function of the VSI remains unchanged.

The Vertical Speed Indicator (Figure4-5) is arranged so that a second
concentric pointer (1) is added indicating Energy Rate to the same scale

(2) as Vertical Speed. The original Vertical Speed needle (3) is unchanged.

(z"——-

(1)

Figure 4-5

4=-20




Energy Kate i derived as follows:

Total Energy =  Potentiul Energy 4 Kinetic Encrypy

= mgh +  3mve cee (1)
Encergy Ht = m5tal Fnergy/Unit Maso

= h N 2 eee (2)
Encrgy Rate = dhfae 4 Ve, 9V

= R + Vie. % cee ()

Where h = height, v = airspeed

i.e,

Energy Rate = Vertical Speed + Kinctic Ketc ft/tinr
Energy Rate has units of distance/time, and cun be computed :n fi/min

and indicated to the same cscale: as Vertical Spred.

In speed - stabilised flight the ¥ term of equation (3) ir by d.rf.nmivic-

zeru, i.e. Kinetic Rate is zero ard Energy Rete is equzl to Vertlc:l
Speed. The Energy Rate pointer (1) of (FIG. 1) is therefor. hiides

under the Vertical Speed pointor (3) duriny spred-stabilised fl.~n1.

The Energy Rate pointer mir be tlhcurht of as indicating the p--eres .
Vertical Speed. Hence in (FIG. 1) the actual Rate of Descent oo (0

fi/min, but the potential itate of Descent (i.e. Encrgy hate) :s 1200

ft/min.

Movement of the Energy Retec pointer ma, be either pilet cr ztmnsphere-

induced.
PIIOT ACTIOKRS ATMOSPEENFE
Throttle Windshear
Stick
Configuration Change




(2) Status of Development

Simulations were accomplished in April 1979 with satisfactory
results in a simulated aircraft representative of a BAC 1-11 500 at 80,000 1b.
with mid c.g. It was recommended that the L1011-1 simulator be modified
to provide more and more realistic wind shear test and that flight tests be
conducted of the two-pointer VS1 in an L1011-1 aircraft to permit airborne
evaluation.

(3) Availability
This system could be avallable subsequent to flight evaluations.
g. SFENA Wind Shear System
(1) Description
A system somewhat similar to the British Smiths Industries wind

shear system described in paragraph f above .has been developed by the French

avionics firm SFENA. However, details on its operating principles are consi-
dered proprietary by the manufacturers, and are not available at this time.
The FAA plans to test one of these systems during the next phase of the wind
shear program.

The system comes in two models depending on whether or not the airplane

possesses a intertial navigator. The system consists of 2 indicators (one

for pilot and one for co-pilot) which replace the vertical speed indicators

and a computer to compute energy rate.

(2) Status of Development
The SFENA system was simulated in the NASA Ames B-727 simulators

in 1979. A complete operating system is scheduled for installation in NAFFC's

B-727 in early 1980 for evaluation.




(3) Avatlability
SFENA's Washington representative * estinates that the —oaten
could be available by the end of 1980 if there were a demand,
(4) Cost
Accelerometer package with two indicators which replace the
vertical speed indicators: 12-15k.
h. Data From Previous Airborne Mcasurements
(1) Description
A ground derived hazard evaluation and warning system utilizing
data from previous airborne measurements is illustrated by Figure 4-t. Its
cancepts include:
e Acquiring aund processing atmospheric disturbance data from
other aircraft on final approach, to more accurately assess the environment
e Providing more sophisticated computer capabilitv than available
in airborne systems, since ground facilities cost normally is less constraired
than airborne equipment cost
e Providing a hazard evaluation service to aircraft that are not
equipped for total autonomous evaluations
e Inserting a human controller into the hazard evaluation process,
with both raw data and hazard evaluation displays, to monitor and/cr supplement
the automatic system.
This system would require an air/ground data link to provide the around

station with air derived airspeed, groundspeed, and altitude.

Dr. Roger Phaneus (SFENA Consultant) (202) 296-7650
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(2)

Status of Development

Conceptual. Has not been simutated as a part of the FAA's oilot

simulation program.

3)

(4)

Availability.

Three to five years.

Cost

Engineering estimates for this conceptual system are:

(a) Airborne user
$300-3500 per participating aircraft to modity DARS (o
downlink airspeed, groundspeed, and altitude plu. cost of

a groundspecd source,

(b) Ground Costs (per installation)
Computer -- 51500
Dispiay --~ 51000

(c) Data Links

No~costs. bownlink would be by DABS, uplink

by voice from controller to landing aircratt.




{. Groundspeed
As indicated 1in the previous system descriptions, groundspecd,
or (approximately the same) slant range rate to the plide path inteveept point
on the runway, is a missing state variable nceded to determine longitudinal
wind at the airplane.
(1) Inercial Navigators.
A source of groundspecd is available on those aircraft
which possess an Inertial Navigation System (INS) or a Doppler navigator
but it mast be instrumented and displaved. A significant part of the FAA eftort
has beon devoted to the job of coming up with a system, much less expensive
than the Inertial or Doppler navigator, which would provide an updated
readout of groundspeed at least once every five seconds and preferabiy about
two and to displaving groundspeed/airspeed in a manner most easilv understood.
(2) DME Groundspeed
Off-the-shelf groundspecd {ndicators based on DME are not
satisfactory for measuring groundspeed for use in a wind shear svstem
without improvement.

One such improvement, developed and tested by the FAA réduced MM
avera;ing times to less than 5 seconds by using an accelerometer with Kalman
filtering, with a resulting accuracy of +1.5 knots.

In a concurrent program Sierra Research developed a precision range
tracker which is an add-on to the airborne DME equipment, and whivh vrovides
a groundspeed readout with a 5-second averaging accuracy of + 1.5 knetw,

or a 3-second averaging accurdcy under + 3 knots.
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As discussed In Chapter V) however, DME gccuracy in a smltipath
enviroument is not satisfactory tor proundspeed measurement .
(a) Projected Avaiiability.

Improvements to the airborne DME are development items and

would require 12-18 months lead time to be available in production quantities.

Installation of ground DME transponder would be the pacing item
as they would require normal F & F budgeting planning and would pronably
have to be phased over 5-10 yeuars.
(b) Cost.
The cost of improving a new product DME is estimated to be
$500 per unit additional cost. The cost of an add-on box to an ins: sirod

DME such as the Collin 860-E would be 52000 if the ground transpondor is

located at least 4000 feet beyond threshold and not more than 720 feet off
runwvay centerline. 1f ground transponders are not located within these
limits,an additional $1800 cost will be required to provide offsct coupu-
tational capability to the airborne DME.

Each required new ground DME transponder will cost $45K. Generally, a
grcund transponder will be required for eiach runway end. However, on jong
runways, a centerfield DME could serve both runway ends. (See Appendix F
for siting constraints).

(3) Luneberg Lens.
Another concept tor obtaining proundspeed emplove the airtorne

weather radar, plus a special reflector (Luneberg lens) which wo ild be installeo

on the surface of the airport. The special coded reflector shifts the treguen

of the returned signal which s then processed in the airveraft to provide a

sroundspeed readout. Developed by Stanford Rescarch institute and Marlow

Industries, the concept would require modification to the airborne veather radar
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and the installation of coded r1otating Luneberg lens at cach ground installation.
(a) Projected Availabiiity.
The concept has been tested at speeds up to 55 miles per

hour and found to be technically feasible. Airborne tests would be required

to validate the concept, at approach landing speeds. Projected availability
would he approximately two years after funds are made available for the
production and installation of the ground installations.

(b) Cost.

The cost to the airborne user to modify an RDR 1-E

Bendix airborne radar, the one used in the Marlow Industries developments,
will be S$10-12K. The cost to the government of installing a Lunebery loens
will be S$17K per installation. Siting limitations for the Lunebery lens

should be similar to the DME limitation, i.e., the greater the distance the

lens is located off runway centerline, the greater the groundspeed crror.
(4) 115 Doppler (Yetter Croundspeed Invention).

The FAA has developed and tested an ILS Doppler which super-
imposes a sine-wave subcarrier tone on the signal of a conventional IiS
localizer. Special circuitry added to the airborne receiver picks off the
tone signal and provides a groundspeed readout with very little averaging

time.

(a) Status of Development

Brassboard model successfully flight tested. However,

603 ground ILS localizers would have to be modified to assure full
} ntilization. (See Appendix F).
(b) Projected Availability

l
s
E 3-5 years.,
»
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(¢) (fu_w‘( .

Fach airborne processor is expected to cost £4 0000 i
each ground {nstallation 38K. HRBoth the alrborne and pround element: reguire
a very precise clock. 34K of the above costs of the pround element is o
an atomic clock. The Navy is currently funding a development program t.o
reduce the costs of atomic clocks. If the objectives of the Navy's progran
are realized, the cost of the atomic olock could drop to one half of its
current cost of S$4K. The proposed clock tor airborne .sers in the quart,
clock at a cost of $500. This clock, however, would have to be periodicali
updated.

(5)  CORAN

General Electric's ANirveratt Equipment Division has doev Topeo
an add-on to an oft-the-shelf radar altimeter. This installation, whichi i-
called CORAN (Correlation of Radar Aitimetering for Navigation), inciade.
two receiving antennas mounted a specified distance fore and art orf the
radar altimeter antenna, which transmits pulses in its normal manner. i
radar echos returned from the ground and received at the two receivine
antennas are correlated. As the distance betweon the antennas is Known,
the groundspeed can be calculated.

(a) Projected Availability.

A system has been produced by (e FAA Tor tect 100y

NAFEC Gulfstream airvcraft. General Electric has invested coonsiderablc oony,

development funds to meet the anticipitel necd tor g conpetitive crove ooy




(b) Cost.

The current prototype costs $50K plus considerable
G.E. funds. G.E.'s target price is $10-15K. The lower range would provide
groundspeed only whereas the upper range would provide both groundspeed and
radar altimetry.

(6) Doppler Velocity Sensors.

Marconi Avionics, England, has developed a low cost doppler
velocity sensor, Model AD660DVS which is currently being installed on the new
Boeing 737 Airliners. According to Marconi, the AD660ODVS can be installed
in large or small ailrcraft as a cost effcctive means of obtaining groundspeed
for fuel management, wind shear, etc.

A similar doppler velocity sensor currently utilized for helicopter
has been developed by Decca Corp.

(a) Status of Development.

Doppler velocity seunsors are current off the shelf
hardware.

(b) Projected Avatlability.

No delay.

(c) Cost.

Marconi Avionics has quoted a price of $25K for the
AD660DVS groundspeed sensor. The Decca Corp. helicopter model will cos:

about $20K.

4--30
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J. Dbisplays

Several methods have been tried for displaying groundspeed.

Une is a digital readout directly below the airspeed indicator or directly
above the ADI. Another Is a separate pointer on the airspeed indicator;
this has the advantage of showing the relationship between airspeed and
groundspeed, plus the capability of using a separate "bug'" on the rim

to show Cr Other methods of showing groundspeced include a vertical

ef’
scale, side-by-side with a vertical scale for the airspeed.
(1) Cost.
O{f the shelf displays are not available for concurrentis
displaying airspeed and groundspeed but no development effort is required
to produce such an instrument. The cost is expected to vary trm ine

insignficant cost of a simple two-way sclector switch up to SOF 0 ¢ blace

the airspeed indicators with two needles/tapes or digital displos 00 o1 - aineed.
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5.0 BENEFIT ANALYSIS
5.1 BENEFIT SUMMARY

Table 5-1 summarires the velative benetic o ot Competany b oy
techniques. Systems that provide the most predictive data arc placed oo
on the list (techniques 1-5). Similarly techniques that provide the casient
pilot interpretation of wind shear data are placed highest on the list.
Reactive systems (Systems 6-8) are less effective than predictive systems
inasmuch as most large turbojet aircratt do not have sufficient energy on
an approach at normal approach speed to recover from the most severe wind

shear encounters by reactive procedures.

TABLE 5-1. RELATIVE BENEFITS OF COMPETING WINDSHEAR TECHNIQUES/SYS!iIMS

RANK TECHNIQUE

1 Airspeed/Groundspeed, Accel. Marg., Mod. Flt. Dir. & Leai-Up Disy!

2 Airspeed/Groundspeed, Accel. Marg., Mod. Flt. Dir. & Special Displa «
3 Alrspeed/Groundspeed, Accel. Marg. & Modified Flight Director

4 Airspeed/Groundspeed and Acceleration Margin

5 Airspeed/Groundspeed

) Safe Flight Imstrument Corp W/S System (1)

7 SFENA Wind Shear System (1)

8 Smiths Industries Wind Shear System(l)

(1) The last three reactive systems rank equally below the airspeed/ground-

speed technique.

5.2 BASIS FOR DETERMINING BENEFITS

The objectives of implementing an airborne wind shear LVSLem or
technique are to:

e Warn pilots of potential hazardous wind shear encounters.

® Provide pilots with in flight wind shear detection and aircraft

control guidance for coping with wind shear encounters.




More basically the objective !s increased safety.

All techniques evaluated during the Low-Level Wind Shear Simulation
increase safety. So do the commercial systems being developed.2
It cannot be concluded, however, that the more sophisticated wind shecar
systems are the safest. The safest system may be the system which prevents the
pilot from flying into an unsafe condition.

No recent accidents have been attributed to wind shear. Therefore, the
technique of making pilots aware of the hazards associated with wind shear
may be the safest of all techniques. Similarly, providing pilots with a svste:n
for flying through a hazardous condition may be the least safe unless accompanied
by extensive training and special restrictions to landing.

With respect to the safety of airspeed/groundspeed, the modified flight
director, and the acceleration margin, the results of the Phase 4 piloted flight
simulation study of Low-Level Wind Shear are documented in Reference 4. The
Phagse 4 simulations compared three systems: (1) baseline (unmodified DC-10),
(2) Groundspeed (with a special run evaluation display) and (3) a combination
airspeed/groundspeed display together with modified flight director and
acceleration margin. The simulations did not attempt to evaluate the modificd
flight director and acceleration margin as separate wind shear systems. It is
believed that this is the correct approach and that the acceleration margin
and modified flight directors are options that can be added at additional cost
to a baseline airspeed/groundspeed system (tectinique) for coping with the wind
shear hazard. Although Reference 4 recommends a combination of Airspeed/Cround-
speed, Acceleration Margin, and the Modified Flight Director, it provides
sufficent data to show that an AirspeedGroundspeced system (technique) vrovides
an increase in performance over a baseline technique (no aids) in several of

the wind shear profiles.
1. References 1-4

2. Safe Flight [nstrument Corporation, The French Avionics Firm SFENA, and

Britian's Smiths Industries.

5-2




The greatest variable in analyzing relatlve system benetits i

accuracy and reliability.

However,

sroundspeed

for a wind shear system containing a

given groundspeed source, 1t can be stated that the pllot will be able to cope

with wind shear better if he also has an acceleration margin display; still

better if he has a modified flight director; and best of all if he has both

an acceleration margin display and a modified flight director.

A still

further improvement could be obtained through better displays, one of which

is the head-up display.

5.2

ANALYSIS OF GROUNDSPEED MEASURING TECHNIQUES

The relative ranking of eight airborne techniques for measuring ground-

speed are provided in Table 5-2.

ALRBORNE

TECHNIQUES ¥FOR MEASURING GROUNDSPEED

TABLE 5-2. RELATIVE RANKINC OF
Relative Technique Ground
Ranking 4 Station
1 (1) INERT [AL NONE
2 (1) CONVENTIONAL
DOPPLER
(3-4 Beam) NONE
3 PRECISION DME PDME TEANS-
PONDER
4 YETTER ONE-WAY PRECISION
DOPPLER CLOCK ON
I1LS LOCAL-
I7ER
5 CORAN NONE
6 MILES PHOENIX
DOPPLER
(2 Beam) NONE
7 MOD. NAV. DME
WITH PREDIC~ DME TRANS-
TIVE FILTER PONDER
8 MARLOW RADAR ROTATING LUN

(2)

moved to No.

RANGE RATE (2)

Ranked lowest due to technic:l
7 if technical

BERG LENS

Benign Environment

Accuracy

Multipath Environment

GOOD

GOOD

GOOD
GOoD
GOOD
FALR

GOOD

-
GOon

risk.
teasibili

5-3

Has not been flight
tv is demonstrated

GOOD

? GOOD

GOOD

|
! GOOD

GOOD

FAIR

POOR

FAIR

tested. Will be

at approach airspeed.
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The techniques evaluated are: DME with predictive filtorl. Droecision
(MLS) DME, one way Doppler (Yetter [nventton), Radar Range Rate (Marlow
Industries rotating lLuneberg Lens), inertial, airborne Dappler (3 or more

beams), airborne Doppler (Miles Phoenix 2 beam), and G.E.'s CORAN.

Of these, the first four require cooperating ground stations; the latter four
are self contained. All four techniques which require a cooperating ground
station suffer some degradation when operating in a multipath coviroument. )
Therefore operational benefits of these techniques, all other factors equal,
could be less than the five techniques that do not require a ground station. The
Marlow Radar Range Rate is ranked lowest due to the technical risk. Accuracy
has not been demonstrated in an aircraft. The inertial and 3 beam doppler
techniques all possess the accuracy required for satisfactory groundspeed
measurement. An engineering model of CORAN with the required groundspeed
accuracy has been procured by the FAA for testing at NAFEC. It is ranked
below the previous techniques due to the nonavailability of test data. The
Miles Phoenix 2 beam Doppler theorctically possesses accuracy better than
systems subject to multipath errors but less than the other four self
contained techniques discussed above. However these systems have satisfactory

accuracy in a benign enviromment. Accuracy test data of the Miles Phoeenix

two beam Doppler is not available.

5.3 WIND SHEAR ON TAKE-OFF
It should be noted that all systems or techniques for coping with

wind shear are landing aids. The only safe technique for coping with wind

shear on take-off 1is to delay take~off until the hazardous situation passes.

1
Reference 8 concludes that the non-modified navigational DME has un-
acceptable accuracy. A predictive filter modification is required to
provide the navigational DME with suitable accuracy for measuring range rate.
2

Reference 10, Figure 1

[, ]
I
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6.0 COST ANALYSIS

Table 6-1 presents englneering estimates for the varlous component
elements of alternative techniques for coping with Low Level Wind Shear
on landing. Rationale for these estimates is contained in Appendix B.

Four scenarios are costed. All scenarios are based on a turbojet fleet
of 2500 aircraft landing at 603 runways. The assumptions for ecach :scenario
are contained in Appendix A. The assumptions vary the user/FAA costs and
sophistication of displays. All scenarios assume that FAA ground system
costs would be phased over a 5 year period (FY 1983-1988). The full
operational date of those systems requiring ground transmitters would be
1990.

Investment costs in current dollars for the four scenarios are presented
in Tables 6-2 through 6~5. Operational costs are presented in Tahle 6.6,
On a simple cost basis, the reclative (least costly to most cost'.) ranklug

of techniques are:

e Airspeed/Groundspeed with Miles Phoenix groundspeed

® Airspeed/Groundspeed with Yetter groundspeed

® Safe Flight Wind Shear System

e Airspeed/Groundspeed with CORAN groundspeed

o Airspeed/Groundspeed with Modified DME groundspeed

e SFENA Avionics

e Smiths Industries Avionics

e Alrspeed/Groundspeed with Marlow (Luneburg Lens) groundspeed
e Airspeed/Croundspeed with inertial groundspeed

e Airspeed/Groundspeed with Doppler groundspeed

® Airspeed/Groundspeed with precision DME groundspeed

e Head-Up Displav




TABLE 6-1.

WIND SHEAR SYSTEM COMPONENT COSTS (X $1000)

SYSTEM WIND SHEAR GROUNDSPEED COMPUTER DISPLAY UNIT
AVIONICS AVIONICS SURFACE OPERATING
COST/YEAR
1. AIRSPEED/GROUNDSPEED
WITH INERTIAL NAV NR NR NR NR 0-2
WITH INERTIAL GROUND
SPEED SYSTEM NR 20 NR NR 0-2 .75
WITH DOPPLER
GRUUNDSPEED NR 20-25 NR NR 0-2 .80
WITH YETTER
GROUNDSPEED NR 4.5 8 NR 0-2 .34/.6
WITH MARLOW
GROUNDSPEED NR 10-12 17 NR 0-2 A1/ .2
WITH GE
CORAN NR 10-15 NR NR 0-2 .45
WITH MILES PHOENIX
GROUNDSPEED NR 3 NR NR 0-2 1
WITH MODIFIED NAV
DME GROUNDSPEED NR 2-3.8 46 (1) NR 0-2 .117.45
WITH PRECISION DME
GROUNDSPEED NR 9.1 91 NR 0-2 .34/ .45
2. MODIFIED FLIGHT
DIRECTOR 5-6 (2) NR NR NR 19
3. ACCELERATION
MARGIN NR (2) NR 0-2 0-2
4. HEAD-UP DISPLAY (3) (3) (3) NR 75-100 3.2
5. SAFE FLIGHT
SYSTEM 7 NR NR NR NR .25
6. SFENA
SYSTEM 12-15(4) NR NR NR NR .49
7. SMITHS
INDUSTRIES 12-15(4) NR NR NR NR .49
8. PREVIOUS
MEASUREMENTS 0.5 (3) 0.5 (3) NR .02/.0
(1) Not required if suitable DME Ground Transponder is installed
(2) Requires a source of GS (3) Data may be obtained from any WS sensor
(4) Replaces 2 VS indicators valued at $2500 each
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APPERDEX A

WIND LHEAR SCENARIOS

SCENARIO |

The Commercial Turbojet Fleet consists of 2500 aircraft. 367 ot this
fleet have inertial navigators. The remaining 2133 have no readilv available

airborne source of groundspeed informition.

The commercial Fleet operates from certain runwavs on which LS landing

aids are currently installed or planned (sce Appendix F).

Airborne Wind Shear svstems tall into two genceral categories: (1Y self
contained airborne systems and (2) airborne systoems that are dependent
upon a ground-based source of Jdata. Ground data for the latter svstem arve

provided for 603 TLS runwayvs (Appendix F).

Ground DME transponders are located more than 4000 feet beyound runway

threshold and less than 720 fect from runway centerline.

Displays consist of a single needle or digital displav for groand-pecd

and a go-around light displav for acceleration marnin.

Ground systems (FAA costs) are funded equally over a 5 vear period
beginning in FY 1983 and ending in FY 1987 as foliows: 120 systems, 1983,
120 systems, 1984; 120 systems, 1985; 120 systems, 1986; and 127 systems, 1987.

SCENARLO 2

1
‘
j
Same as Scenaivic T except ol1 DME equipped aircrarc are able to comonte i
]
groundspeed from ground transponders located more than 7.0 feet of 7 orunwav ]

centerline. Under this scenario, {8 fewer ground transponders are renqujred.
SCENARIO 3

Same as Scenario | except a moving tape display compares airspeed and

groundspeed and the real value of acceleration marpin is used i Tien ol




a go-around light.

SCENARLC 4

Same as Scenario I except a single pilot head-up display is used.




SOURCES AND BASIS OF COST DATA

1. Inertial Navigators

APPENDITX B

A listing of inmertially equipped aircraft is contained in Table B-1.

TABLE B-1. U.S. AIK CARRIER FLEET EQUIPPED W/INS*

Airline DC-10
American 28
Braniff

Continental

Flying Tiger

National 16
Northwest 22
TransWorld

Pan American

United 37
Western 9
Delta

Eastern

Seaboard 1
World 3

Air Canada

CP Air

Total 367

116

145

30

34

55

* This data was obtained from the May 1979 issue of Air Transport World

and from Mr. Frank White of ATA.

k.

S

I




Those atrcraft equipped with the Delco Caroussel 4 inertial navigator

or equivalent have groundspeed continuously digsplayed on the Horizontal
Situation Indicator (HSI{). TWA has 21 aircraft so equipped.

The Flying Tiger B-747 possess fewer HST displays than Delco Carroussel
4 (see TWA above) but have been modified to display "goundspeed" on the
"miles to next check point" displav at any time groundspeed drops below 200,

The USAF p3s inertial navigators on all their C-5A and C-141 fleet.
Groundspeed is displayed on the inertial navigator console.

Costs of obtaining groundspeed from an inertial navigator is a display
cost and not a source cost according to current users of the svstem.
Groundspeed is available as a binary coded signal on an external sour. .
or display.

Data was obtained from:

Lt. Col. L. Wood FAA ARD 312 (202) 426-9350

Maj. Tim Hatch USAF Military Airlift Cmd. (618) 256-3610

Capt. Bill Sonnemann Staff ¥Flt. V.P. TWA (212) 557-13862

Capt. Jack Bliss Flying Tiger= (213) 831-1813




2. lInertial Ground Speed

The estimated cost of an inertial ground speed system, designed to provide
ground speed onlv, will cost approximately $20K. This cost is based on an
estimate by Mr. Joe Cox, FAA Consultant.

3. Doppler Ground Speed

The cost of a Marconi AD660DVS is estimated to be $25K, with delivery in
June 1981. This quote was made by Mr. John Carter of the Marconi Atlanta
Georgia Office, (404) 394-7800.

The cost of a Decca of the type currently used in rotary wing aircraft is
estimated to be $20K. This cost was‘quoted by Mr. Hird of the Decca Washington
Office: 587-1161.

4. Yetter Ground Speed

A breadboard Yetter ground speed svstem has been built and is undergeoing
testing. Production costs are estimated by Mr. Yetter as follows:

Ground costs to modulate 5 KHz signal (at each ILS site)
Electronics $4000
Rubidium Clock  $4000

Airborne Costs (each airplane)
Quartz Clock (has to be periodically updated; & "0
Rubidium Clock (alternative to quartz clock) 4000
Electronics 4000

5. Marlow (Lunebuerg Lens) Ground Speed

Costs of $10-12 to modify the airborne radar and $17 K for cach runway
end were obtained from Mr. Ray Marlow (214) 494-2521 bascd on an installed

quantity of 200-400 airborne systems and 700 ground systems.




6. G. E. CORAN Radio Altimetry Ground Speed

Costs were obtained from G. E. Utica, N. Y. CORAN Representative, Mr.
Eisenberg, 315-797-1000, Ext. 7792. ‘The prototype CORAN being tested bv NAFEC.
cost the government $50K. The 50K, however, was not the real cost inasmuch as
most of the development was funded by . E. G. E.'s target price for
production units is $10-15K. The top price would include radar altimetrv data
plus ground speed - the lower price would be an instrument for ground speed onlv.

7. Miles Phoenix Doppler Ground Speed

The estimate of $3000 for a production quantity beam Decca Doppler was
provided by Mr. Harvey Schwartz (602) 994-8770. The unit is 7%" X 14' X 2"
in size and could be mounted in the wheel well and thus presents no special
installation problems.

8. Navigation DME Ground Speed

Cost estimates were obtained from Sierva Research Corp. TR-1798, 28 .an.
1978. The cost estimate of $500 is for a new product DME, $2000 is for an add-
on box to present DME for uncorrected ground transponder offset and $3800 is for
an add-on box to compute along track velocity from an offset ground transponder
where one ground transponder serves more than one runway. Airborne recceivers
that do not have an offset ground transponder computational capability cannot
measure ground speed from ground DME sites more than 720 feet of{ runwav
centerline.

Also the ground transponder must be more than 4000 feet beyond threshold.
This means that most airports would require the installation of a $46K ground
DME transponder on each landing runwav not currently equipped. The S46K
includes the approximate current cost to the FAA but does not include maintenance

and spares. Costs of future production buvs would have to be adjusted for

inflation.




9. Precision DME Groundspeed

Costs of $91,000 for a precision DME transponder and $9,100 for an
airborne receiver are based on the cost estimates contained in the U.S.
Microwave Landing System proposal to ICAO as inflated at 10% per year.

10. Modified Flight Director

Cost data for the modified flight director was obtained from Collins
Cedar Rapids, Towa, who developed the flight director utilized in the FAA's
wind shear tests. Estimated prices are based on a modified flight director
similar to those simulated duriny the FAA/SRT wind shear program as tollows:

a) The flight director system to be modified will include twe »ulti
axis flight director boxes similar to the Collins 562A-5F5. The
modification cost for each of these boxes will be approximately
$4,000.

b) FAA performance requirements will result in modification of all
three axes of flight control. This requirement will result in the
addition of at least one accclerometer in each axis at approximatelv
$1,000 each.

¢) New replacement flight directors will be plug replaceable units,
except for the acclerometer input wiring. These flight dirvectors
will be approximately $6,000 cach.

d) 1Installation costs do not include the possibie requirement ror =

wind shear discrete drive for an instrument pancl displav.

Collins cautioned that actual costs cannot be projected until pertormas

factors are estabhlished.
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1o Acceleration Margin
Acceleratlon margln Is a computed analop quantity designed to fandicate

when the airplane is getting into a hazardcus situation with respect to
longitudinal wind shear. Aircraft with computers can accomplish this function
if properly programmed and provided the following inputs:

Acceleration capability of the airplane

Wind component at ground along the runwav

True airspeed of afrplane

Ground speed of airplane

Altitude

Rate of change of altitude

~
o

Aircraft, which do not possess an airborne computer would have

procure a single general purpose avionic computer at a cost of $1K

12. Head-up Display

The cost of installing a head-up displav for one pilot in the DC-9-50
is estimated to be $75-100 K exclusive of certification.

Source: Jack McDonnel, (213) 5973-5616

13. Size of Commercial Turbojet Fleet

! Fleet consists of 29500 aircvaft. Of these 367 have inevtial ~avigation
(see Appendix B-1). 2132 would require a source of groundspeed for windshear,
Source: Mr. Daniel R. Keenan AFS- 240 426-8096,

14. Mafintsnance and Operating Costs.

Maintenance costs of avionles are roughlv I to 1% cents per [lving hour
per $1,000 of acquisition cost. By assuming the costs of the investment
shown in a given table and assuming 2500 tiving hours per vear the maintenance

cost is computed.

! Rty




15. Initial Spare Units (avionics)

Tn practice major air carriers stouck spare aviounic units at airports
around the country. In practice the number of spare units is 1/3 to 1/2 the
number installed in the alrcraft.

16. Doucmentrtion and Training (Avionics)

If one assumcs that the cost of special documentation, traininy two
technicians, and procurement of special test equipment is $25,000 and the
airline has 250 airplanes, the prorate! unit cosy is $100 per aircrait.

17. ILS Runways

All airports served by tarbojet aircraft ore authorized fLhL.,  OF che current
and planned 844 ILS (AAF-120 report dated June 12, 1979) 603 are a* COLUS
airports served by air carrier aircraft. According te the FAA Terminal Area
Forecast the remaining ILS runways have no current or projected air carrier
operations.

18. DMFE Requirements

0Of the 603 ILS runways Ll are currently equipped wirty DME.  Four DME
groundspeed computation 519 ground transponders would be required (DML 1ocated
more than 4000 feet beyond threshold and less than 720 feet =f{F ru-wavy conter-
line).

19. Yetter Invention Requircment:s

Of th~ 603 1LS runways 603 [LSs would require modif: ation {or the Yerter
Groundspeed.

20. Lunenberg Lens Requirement

0Of the 603 ILS runways all would require Luitenberg Lens tor the Mariow

Groundspeed Technique.




21, Safe Fllght Instrument Corporation Wind “hear system

Cost Information was obtalned from Randv Green (914) 946-9500, ol
safe Flight.
22. SFENA Wind Shear System

Cost information was obtained from Dr. Ropger Phauneuf, SFENA consultant
and Washington contact. Telephone (202) 296-7650.
23. Smiths Industries Wind Shear System

Cost 1is estimated to be competitive with SFENA which uses same principles.




Ground Equipment

1983
1984
1985
: 1986
i 1987
1988
1989
1990
1991
1992
1993

1994

1995

1996

1997

1998

APPENDIX C

Installation

3 Phasing

Scenarto

3, 4

60

180

300

420

540

03

03

6073

AD3

6073

03

(ST

6073

603

603

Scenario

2
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APPENDIN D
COST COMPUTATTONS
Scenario |
I. Inertial

Groundspeed

(XS1,000,000)

2133 acft X Inertial G 8 Source 820,000

2133 acft X displays !t $250

367 acft have inertial navigaters

2. Doppler Groundspeod
2133 acfr X $22,500

367 acft X displays @ $250

3. Yetter Groundspeed
2133 acft X $4,500

367 acft ¥ displays 11250

FAA Costs:
603 1LS X £8,000
4. Mariow Groundspeed
21133 acft X $11,000 (average)
367 acft X display 250
Total User Costs
FAA Costs

603 ILS runways X $17,000

D=1

X displavs @8250
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APPENDIX D COST COMPUTATONS (Cont inued)
G.F. Coran
2133 actr X $10,000

367 acft X displays @$250

Miles Phoenix Groundspeed
2133 acft X $3,000
2133 Displiays @$250

367 inertial acft displavs ©250

Modified Navigation
DME Groundspeed
2133 acfe X 42,000
2500 actt X displays @$250
Fotal user cost
FAA Costs
519 New DME Transponders 546,000
Precision DME Groundspeed
2133 acft X $9,100
2500 displays @ $250
Total User Cost
FAA Costs
(519 +11) runways @ 391,000
Safe Fllght System
2500 X $7,000

SFENA System

2500 X $12,000

n-2
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APPENDLX D COST COMPUTAT HONS

I, Smith Industries
2TONX OS2, ik
12. Previous Measurements
2500 actft X $500 (User
396 Adirports X 5500 (FAA)
13. Modified Flight Director
2500 X $6K
l4. Acceleration Margin

2133 X S1K

Scenario 2:

Same as Scenario 1 excepo DMF Groendooso

2133 acft X $3800
2500 acfu X displays 1 $250
Total user -osts

FaA Costs

cde

501 New DME Transponders @ 536 000

Scenario 3
Satie a8 Sconario 0oercend i
2000 actr X $2004

Scenario 4:

Same as Scerine | oeeoopt diantay
2500 act Noe e
*Average of rhe et ioooo 0

=

Cont inued)




APPENDIX E

PrU5§9m/Prqiqvg Year Discount Factors

PRESENT VALUE OF $1 (Single Amount - To be used when cash-flows acerue in

different amounts each vear).
Project Calender 10,
Year _ Year
1 19¢1 Lot
2 1987 (.t
3 19873 . 78%
4 1984 N
5 1985 e T
6 1986 (SN
7 1987 .o
8 1983 DL
9 1989 A
16 1990 O
11 1991 BRUAS
12 1992 s
13 19913 SO I
14 1994 CLlTe
15 i995 [RIRA
16 1956 G
17 19a7 Lo
18 1998 APRE S
19 1699 nores
20 2000 AR

Fact.rs are based on continuous compounding of dinterest at the stated
effective rave per annum, assuming uniform cash flows throughout
stated one-year periods. These factors are ¢quivalent to an
arltimetic average of hegjivnim: and end ot the vear compound e oo
factors found in standard presoat vilue tables.




APPENDLIX F

AIR CARRIER ATRPORTS WITH TLS

IFE ORI R O
: State/Airport Commi=sioned/Rwy Planned oo o Soens o
30/ 81 1 2z
Alabama
Anniston 05 1 !
Birmingham 05,25 1 )
Dothan 31 1 i
» Huntsville 18R, 361 1 i
' Mobile 14,32 2 2
Montgomery 09,27 :
Musgcle Shods 29 !
Tuscullosa 04 i
Arizona
Chandler UNK i i
Flagstaff 21 !
Grand Canyon 03 ; 1
Phoenix Q8R : s
Tuscon 11L \ E
Ryan UNK . .
Yuma 21R { B
Arkansas
Favetteville 16 1 1
Ft. Smith 25 Qa7 1
Harrison 36 i 1
Hot Springs 05 i
Little Rock 04,22 2 2
Texarkana 22 1 1
California
Arcata-Fureka 31 K
Bakersfield 30R i 1
Burbank 07 L |
Chico 13L 1 1
Cresceont City 11 1 1
Fresnc ?29R 1 !
Long Beach 30 i |
Los Angeles (Intl) 07R, 06R M1y, 071 (DME), 24L 0 :
24R (DME), 251 (DME), 25R 06L
Marysville UNK i i
Modesto 28R 1 1
Monterey 10 28 2 2
Oakland 11, 27R, 29 3 A
Ontari 07,25 1 i
Red Bluff 33 1 1
Redding 14 t 1
* Scenario 1. DME 4000 Ft from threshold and less than 720 Ft from Conte dine

Scenario 2: DME 4000 Ft frow threshold and greater than 720 fe. from conterline.
(Requires airborne computer )
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State/Alrport

California (Continued)
Sacramento (Metro)
San Deigo (Lind.)
San Francisco
Tracy
San Jose (Muni.)

Colorado
Arapahoe
Colorado Spgs.
Denver (Stapleton)
Durango
Grand Junction
Pueblo

Connecticut
New Haven
Windsor Locks

Delaware
Wilmington

District of Columbia
Washington (Dulles)
Washington(Nat'l)

Florida
Daytona Beach
Ft. dyers
Ft. Lauderdale
Gainsville
Jacksonville
Miami (Incl1.)
Orlando (Intl.)
Oriandc (Herndon)
Panama Citv
Pensacola
Sarasota
St. Petersburg
Tampa
Tallahassee

APPENDIX (Continued)

Commiss toned/Ruy

16,34
09 (DME)
191, 28L

30L

34
17R

08R, 361, (DME), 35L, 35

11

071., 25R
02

06, 24, 33
01

niL, O1R, t2, 19L, 19R
18, 36

N6L

05

091,

28
N7,13.25
091, H9R, 271, 27R
361, 36R
07

14

16

31

17

181., 36L

1.8
Plannud
R0/81

27
10R
UNK

35
17L
02

0OSR, 27R

2, 30

18R

18R
27

ST

been
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APPENDIX (Cont inued)

1S DM DM}
§tat€-/}\_l__[29’r~t‘ Commlss !(lr\;;k[/l(_\,:_.\'_ Plann.d S Yoer
Ba/81
Georgia
Atlanta (Hartsfield) 09L, O9R, 08, 26, 271 ?27R K 2
Augusta (Bush) 315, 17 1 1
Columbus 05 ! 1
Macon 05 | i
Savannah 09 18, 27 2 1
Valdosta 35 1 i
Tdaho
Boise 10R 1 1
Idaho Falls 20 ] )
Lewlston 26 1 1
Pocatello 21 1 !
Twin Falls 25 1 1
Tllinois
Bloomington 29 { ;
Carbondale 18 ! i
Champaign 31 1 1
Chicago (Midway) 04R, 13K, 131L ! 3
Chicago (0'Hare) 041, O4R, 091, O09R, 141, 14R (DME)
221, 22R, 271., 27R, 32L, 32R " 4
Decatur 06 ! )
Marion 20 1 i
Moline 27 1 1
. Mt. Vernon 23 1 1
Peoria 30 12 2 2
3 Quincy 03 ; 1
Rockford 36 ] 1
Springfield 04 22 i 1
Indiana
Bloomington 35 ! ]
Evansville 22 (s i 1
Ft. Wayne Q4, 31 ! 1
Gary 30 ! 1
Indianapolis (Muni.) 04l 22R, 31 13 i 1
South Bend 27 09 ' 2
Towa
Ames 31 1 1
Burlington 36 1 1
Cedar Rapids 08 27 N 2
Des Moines 121, 30R i 1
Dubugul 31 1 1




state/Airport

fowa (Continued)
Davennnrt
Fort Dodge
Mason Clty
Sioux City
Waterloo

Kansas
Garden City
Goodland
Great Bend
Hutchinson
Hays
Johnson Co.
[Liberal
Manhattan
McFairrax
salina
Topeka
Witchita

Kentucky
Covington (Grtr. Cin.)
Lexingtoun
London
Louisville (Stand)
Paducah

Louisiana
Alexandria (Esler)
Baton Rouge
Monroe
New Orlans (Moisnt)
Shreveport (Grir.)

Maine
Augusta
Bangor
Portland

Maryland
Baltimore

APPENDIX (Continued)

Commlssioned/Rwy

06
35
31

12,30

30
35
13

35
L3,
OIR,

O9R,
04

01,
04

26
113,
04
01,
13,

17

1]

10,

31
19R

18,

19,

10
31

15R,

271,

29

28

ILs M1
Planned See
80/81
14 1
i
1
13 1
1
35 H
1
1
1
34 1
35 H
35 :
03 1
3% 1
1
1
22 2
15 1
1
1
l
22 o
2 2
2
]
15 1
29 iy
]

IME

seen
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State/Alrport

Massachussetts
Bostoun
Hyannis
Martha's Vineyard
Nantuckett
New Bedfonrd

Michigan
Alpena
Battle Creek
Benton Harbor
Detroit City
Detroit (Willow Run)
Detroit f(Metro)
Fscanaba
Flint
Grand Rapids
Houghton (Hancock)
Iron Mountain
Ironwood
Kalamazoo
Lansing
Marquette
Manistee
Menominee
Muskagon
Pellston
Saginaw
Travise City

Minnesota
Bemidji
Brainerd
Duluth
Hibbing
International Falls
Mpl. St. Paul
Rochester
Thief Rvr. Falls

Mississippil
Columbus
Greenville

APPENDIX (Countinued)

Commissioned/Rwy

04R, 15R, 27, 133L
24
24
24
05

16
22

27

15, 33

I5R

03L, 03R, 21, 21R, 27
09

09

08R, 26L

31

)

35
09, 27
08

32
32
05
28

09, 27
i1

31

04, 11R, 22, 29L (DME), 29R
13, 31

3

s

Planned
80/81

15

33
23

23L

27
17

27
14
23

23
36

M

Scen
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State/Afrport

Mississippi (Continued)
Greenwood

Gulfport

Jackson (Thompson)
Meridian

Tupelo

Missouri

Cape Girardeau
Columbia

Ft. Leonard Wood
Joplin

Kansas City (Intl)
Kansas City (Mid Cont)
St. Louis (lLambert

Montana

Billings

Butte

Bozeman

Great Falls
Helena
Kalispell
Missoula

W. Yellowstone

Nabraska

Grand Island
Hastings
Lincoln
Norfolk
North Platte
Omaha
Scottsbluff

Nevada

Carson City
Elko

Ely

Las Vegas
Reno

New Hampshire
Keene

AIPPENDEX (Cont fnucd)

LS
Commiss foned/Rwy Planned
80/81
18
13
15L, 33L
01 19
18
10
02
14
13 35
01, 09, 19
27
06, 12R, 24, 30L
09 27
15
12
03, 34
26
01
11
01
35
14
350 17R
01
2
14R, 324
19
UNK
23
18
25
16 (DMF)
02

M
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APPENDIX (Continued)
[1.S
State/Alrport Commissioned /Kwy Planncd
80/81
New Hampshire (Continued)
Lebanon 07 18
Manchester 35
New Jersey
Atlantic City (NAFEC) 13
Millville 10
Newark 041.,04R
Titerboro 06
Trenton 06
New Mexicu
Albuquerque 08
Gallup 06
Roswell 21
Silver City 2h
New York
Albany 01, 19
Binghamton 16, 34
Buffalo 05, 23
Elmira 24 06
Islip 06, 24
Ithica 32
New York (JFK) 041, 04R (DME) 13L
221, 27R, 31L, 31R
New Yurk (Laguardia) 13, 04, 22 31
Niagra Falls 28R
Syracuse 10, 14, 28 12
White Plains 16 34
Utica 15, 33
North Carolina
Asheville 16, 34
Charlotte 361, 05 18R, 136R
Fayetteville 03
Greensboro 14, 23 05
Hickory
Jacksonville 05
Kingston 04
New Bern 04
Raleigh 05, 23
Rocky Mount 04
Wilmington 34
Winston Salem 33

st
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State/Alrport

North Dakota
Bismarak
Fargo
Grand Forks
Jamestown
Minot

Dhio
Akron (Canton)
Cleveland (Hop)
Cleveland (LRF)
Columbus
columbus (Post)
Daveton (Gen)
Davton (Main)
Toledo
Teledo (Fxpress)
Youngstown

Oklahoma
Enid
Lawtoun
McAlister

Ok lahoma City (WR)

Ponce Clty
Tulsa

Oregon
Fugene
Kalmath Falls
Medford
Nerth Bend
Pendleton
Portland
Portland (Intl)
Redmond

Pennsylvania
Allentown
Bradford
Erie
Middletown
Meadville
Newcasatle

Philadelphia (Intl)

APPENDIX (Cont inued)

Commiusioned/Rwy

31
35
35
30
31

01,23, 19

05R (bHME) 23R,
24R

09

10L, 10R, KL

061, 18, 241,
25

07

14, 32

16

32

14

04

25

101,

10R, 20, 28R

@
-

06, 13
32
06, 24
13

09R, 271, 27R

284

24R,

iLs
Planncd
80/81

17

18R, 36l

35
01

17

17R, 35L

14

25
04
17

[ENER

Soen
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State/Adrport

Pennsylvania (Continued)

Pittsburg

Pittsbugr (Gtr)

Reedsville
Wilkes-Barre
Williamsport

Rhode Island
Providence

South Carolina
Anderson
Charleston
Columbia
Florence
Greer
Greenville
Myrtle Beach

South Dakota
Aberdeen
Huron
Pierre
Rapid City
Sioux Falls
Watertown
Yankton

Tennessee
Bristol
Chat tanooga
Clarksville
Jacksen
Knoxville
Memphis (Intl)
Nashville

Texas
Abilene
Amarillo
Austin
Beaumont
Brownsville
Corpus Christi
Dallas (l.ove)
Dallas/FTW

APPENDIX (Cont inted)

Commissioned/Rwy

32
10L, 28L
06
04
27

11, 29
09
03
36
23

31
12
31
32
01
35

22
02,20

n2

04L., 22R

092, 171, 1/R, 31,
021, 131

35R
04

12R, 30L

11

13R

13, 35

131, 31L

171, 17k, 31R, 1L,

ILs

Planned

80/81

10R, 28R,

22

05
33

21

21

31

04
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State/Alrport

Texas (Continued)
E1 Paso

Houston {Inter Cont)

Houston (Hobby)
Houston {(Intl)
Killeen

l.aredo
Longvicw
Lubbock
McAllen
Midland

San Angelo

San Antonio
Temple

Tyler
Victoria

Utah
Cedar Clty
Salt Lake City

Vermont
Barre Montpelier
Burlington

Virginia
Charlottesville
Danville
Hot Springs
Lynchburg
Newport News
Norfolk
Richmond
Roanoke
Staunton

Washington
Pasco
Seattle (Boeing)
Seattle (SEA-TAC)
Richland
Spokane
Yakima

APPENDTX (Cont inued)

Commiss i»(m_‘-d‘/iRy‘y

22

03
08, 14, 2b, 32

17C

13

17R

13

10

03

03R, 12K, 30L
15

13

121.

16L, 34L

17
15

03

24

03

06

05, 23(DME)
06, 15, 33
05, 33

04

21R
13R
16R, 34R

03, 21
27

¥~10

IS
Planned
80/81

32

01

26

20
16R

12

34L
18

DAL
Sven
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APPENDIX (Cont Tnned)

11.8 D DM
ﬁEﬂEﬁjAlIRQKF (UWWU””]P““”/RWV Planncd Soen Seen
80/81
West Virginia
Beckley 10, 19 2 2
Bluefield 22 1 1
Charleston 23(DME) 4] 0
Clarksburg 21 1 !
Huntington 12 30 2 2
Lewisburg 08 1 1
Morgantown 18 ] )
Parkersburg 03 1 1
Wheeling 03 1 i
Wisconsin
Appleton 03 1 1
Eau Claire 22 1 1
Greeu Bay 06R 241, 36 2 2
Joneaville 04 i 1
LaCrosse 18 173 2 2
Madison 36, 18 1 1
M1 lwaukee 0lL., 0OJ/R, 19R, 25L 2 2
Manistee 27 1 1
Mosonee 08 1 1 ‘
Nshkosh 36 1 j ‘
Rhinelander 09 1 1 :
Wyoming
Casper 03, 07 1 t
Chevenne 26 ] 1
Jackson 36 1 1
Rock Springs 25 1 X
Sheridan 31 1 L
Total Adrports with 1 or more ILS 346
Total #irports with ILS
Flanned for 1980-81 .Aa6
Total 1L.S equipped/Planned
Afrports with ILS 336
Total ILS Runways 603
Total runways with DME, AT, 115, LOG, 11
Additional DMEs Requlred (Srenarin 1) 519
Additional DMEs Required (Scenario 2) 501







