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1 .0 EXECUI IVE S UMMARY

'1the FAA has established an engineering and development progr.m to;

" Examine hazards to air carrier aircraft caused by eni ',m tv.r \..ti

strong low-level wind shears during terminal area flight opernt ion.s.

" Develop solutions to the wind shear problem.

* Integrate theseo solutions into the National Airspace System.

The FAA effort has taken a threefold approach:

* Develop and implement improved forecasting techniques and

procedures for predicting and reporting low-level wind shear

in the terminal area.

o Placing wind shear detection equipment on the ground and

transmitting information to the pilot.

* 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 Level Li !

Shear Alert System (LLWSAS) is currently being installed at 60 inn jz ailp',rts

In the United States.

The airborne portion of the FAA's wind shear program identified several

alternative systems or techniques that would assist the pilot in copinL with

the 1(,w-le-vel wind shear problem. This Benefit/Cost Study evaluates th,,se

systems or techniques that are considered by the FAA to be viable alternatives.

Primary emphasis is placed on cost evaluations inasmuch as the benefits of the

three primary techniques (i.e., Airspeed/Groundspeed, Acceleration Mir'i, i and

Modifid Flight Director) have been analyzed and documented in prir FAA

studies.

An analysis of the costs of alternative viable airborn wind ,heir -',stems/

techirilq'i( reveals that the least expensive equipment that -'III proide an

Independent soircc of groundspeed is a two-beam Doppler (approximatelv thri.

thousand dollars to each user In quantity production). Th, accuray oft thi,

svt(,-, however, has not been verified and may be less than the , I;ired

.tandards (vet to be developed). The second least cxpensive equulpment is

the ILS Doppler invented by Mr. Forrest Yetter ($4500 minimum to each user zilus

Refertn, es 1-4.
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$9.69 million 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 brief dscriptlon 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 Systems

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 BACK(;ROUND AND STATUS OF Tile WIND SHEAR PROGRAM

2.1 BACKGROUND

Since July 1973 there hve been eight U. S. air carrier ic idelts

attributed to encounters with strong low-level wind shears during terminal

area flight operations. Additionally, during the year 1964 through 1975, there

were 23 transport category airplane 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. OO-50A, 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 wino, shear,

developing solutions to the wind shear problem, and integrating thos,,

solutions into the National Airspace System.

2.2 FAA RESEARC{ AND I'iVEIOPMEN1

The FAA research ni d development ffort has taken a threefold appro,,ch to

the vind sh#ear problem. Ore. approach was to develop and i, plcment imiproved

forecasting techniques and procedures for predicting and reporting low,,:-level

wind shear in tie terminal area. A second approach has explored the

feas;iflitv of placing wind shear detction ,1quipment on the groumd and t rans-

mitting Information to the pilot. The approach considered in this report

has tried to determine wheth r equipment couid be installed aboard i .

aircraft- that would provide tIe pilot with wind shear inform-ti on i, ",re:t

time".

gwi'ear'h into the 't;e ol grund--a'ed ,.quipment has i;; volvod various

,,rr;ivs of anemometers, radar deteclors, acoustic device. and laser seisor,.

The Li.WSAS was selected from the ground-base techniques and i; being

Installed at 60 major airports within the United States. This system will

provide a warning transmitted to the pilot by an air traffic controller,

whenever the stirface wind vector difterenc,- between any remote aiiemomete.-

(usually installed In ipproach and depart,,re corridors) and the ceterfield

aneT7o1(,ter exceeds 15 kn,,rs (7.7 nips). This system is particul t 1 %\ effective

in detecting wind sheair cause-d b\N thunderstorm gust fronts at the ;Vlrface.

..... .-u



The second part of the FAA research and development approach to the wind

shear problem concentrated on the airborne systems. The FAA, through 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.
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3.0 CONCLUSIONS AND RECOMMENDATIONS

All airborne techniques currently being evaluated will increase safetv it

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:

I. Alrspeed/Groundspeed with Miles Phoenix groundspeed

2. Airspeed/Groundspeed with Yetter groundspeed

3. Safe Flight Wind Shear System

4. Airspeed/Groundspeed with CORAN groundspeed

5. Airspeed/Groundspeed with Modified DME

6. SFENA Avionics

7. Smiths Industries Avionics

8. Airspeed/Groundspeed with 1'larlow (Luneberg Lens) groundspkt.d

9. Airspeed/Groundspeed with Inertial groundspeed

10. Airspeed/Groundspeed with Doppler groundspeed

11. Airspeed/,roundspeed with Precision DME groundspeed

Other systems or techniques such as the head-up displays and data from

previous 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 fin.al Ipprach.

Tht- least costly alternative for obtaining groundspeed data (i.e. the. Miles

Ph,)enix two beam Doppler) has not been tested to verify that it pssee

the required accuracy.

RecomImendat ions:

V ,!e a self contained airborne wind shear rather than a coperative

air/ground system. Self 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).
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* Investigate accuracy of the low-cost Miles Phoenix Doppler if cost

of the FAA sponsored (i.E.. CORAN is tiot within the acceptable cost

range.

" Utilize Yetter groundspeed as most cost effective method conting~ent

upon FAA implementing appropriate ground facilities.

" Utilize G. E. CORAN grounidspeed as most cost effective method if

Yetter system ground facilities are not implemented.
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4.0 CiNDIDATE A1RBORN'. WIND SHEt.AR Y .. S

4. 1 ' , i TC'' I(IN

lie FAA conducted a series of pilotcd Iiight simul,,ti,,s 11i;, P),"

to Jlul' 1979) to evaluate and refinc 1 pilot a i,ld con,cipt., *.- 1 11,,

the wind shear problem. Results of LhCs simtltiOlls I deoljw' tr lt the

three most promising candidate wind shear sys-ems to b h: (I A r , /

;round-peed Procedure, (2) Modified Flight Director , and (3) Ac (C ora t ino

,a Mrgin.

A fourth pilot aided system which has a potential for providing visual

cues to the pilot of the wind shear hazard is ttead-Up Display (HiD).

2
Also, three equipment manufacturers have developed avionic syntoems

to assist the pilot in coping with wind shear.

An eighth concept suggested more recently is a system which w,,uld provide

landing aircraft with wind data from previous airborne measureme t'c.

A suimmry of the previous FAA flight simulation experiments which prcvide

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

paragraph 4.2 below followed in paragraph 4.3 by a brief description tan statu

of the eight candidate systems, identified above.

4.2 MANNED FLIGHT SIMULATION PROGRAM

A series (- manned flight simulation experiments wa ... t . t,

identify and refine the most effective pilot-aiding concepts . 11( expel 11!

were grouped into four pha.;es of slmu lations uislng both training an d iu.iu' ,

References , , 3. in.l 7
2 Safe Flight Instrument Corporation, the French Avionics Firm 5Fi-NA, and

Britain's Smiths Industries
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development simulators and iimdvI.np ihort-haul, medium-haul and wide-body let

transport aircraft in current airline operations. The simulators were all

equipped with six-degrees-of-freedom movement, 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 30 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
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The results of those experiments indicated that groundspeed/airspeed

comparison (&V) 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 I

The Phase II simulation experiments were conducted in the Moving Basc

Development Flight Simulator (MBDFS) at the Douglas Aircraft Company facility

using the DC-10 model. These experiments provided an in-depth eva!atlon of

improvedAV, AW, and flight path angle (both air and ground derived) displavF-

This activity also evaluated a modified flight director system (MFD) devloped

by Collins Radio.

The results of the more detailed evaluations in the Phase TI .inmulatlons

ronfirmed that the groundspeed/airspeed comparison (AV) provides .iJnificant

aid to the pilot and the along-track wind component comparison (AV) prv'ide.

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 coticepts

was high.
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Phase III flight simulation experiments were conducted at both the ;,ASA

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 &V concept in the cockpit, 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 III

The Phase III simulation results again demonstrated that the A~V and

KFD concepts were effective in providing the pilot the information required

to successfully negotiate hazardous wind shear conditions. The A~V

concept was successful in all the methods in which it was presented:

groundapeed displayed on a digital readout; groundspeed displayed as a

second needle on a conventional airspeed Indicator (round dial); airspeed

and groundspeed integrated into a special velocity indicator (vertical

scale); or airspeed/groundspeed, coimmand displayed on the fast-slow indicator.

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

information for those severe shears that approached or exceeded the performance

capability of the aircraft.
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The energy rate c ocept was showi to provide some aid to the pilot it.

making a go-around dec13ion, but suffered from one serious drawback whi 1.

'onk fn to several of the unsucressful concepts (such as angle-of-it .Ick,

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

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 wo..ik

the pilot is given an indication that he has entered a hazardous conditi-.

that he did not want to enter. On the other hand, those successful conci:j,

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 aheac

of the aircraft so that the pilot may take timely action.

d. Phase IV

Phase IV flight simulation experiments were conducted at the DoutH_

MBDFS, using a DC-10 model. The purpose of these experiments were to validi

the AA, LV and MFD concepts under worse case conditions (high gross weig.11.

high temperature, high altitude, low ceilings and low visibilities) and L,

evaluate the applicable concepts during non-precision approach and ml ssc;'

approach conditions. An existing airspeed indicator was modified to prc'

an analog display of airspeed, groundspeed and the acceleration m .rgin

calculation all on the same instrument. This allowed the presentation

win(, shear information within the normal T-Scan of the pilot. The 6V,

MFD concepts were again proven to be successful, even under marginal pc'l

and weather conditions, in aiding the pilot to safely traverse those shv,-1r-.

which were within the performance capability of the aircraft and to detect

and avoid those shears which approached or exceeded that capability.
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4.3 SYSTEM DESCRIPTIONS

A brief descriptionstatus of development, and projected avallabilttv

of each of the eight candidate systems is provided In this section.

a. Airspeed/Groundspeed Comparison (,&.

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

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

the groundapeed/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 compensate 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 primary

flight instrument. Groundspeed is discussed in paragraph i below following

the individual system descriptions in as much as it is used in .,everal differ-

ent systems.

b. Modified Fligh tDirector

(1) Descrit4ion

Modern Flight Directors are highly damped for passenger

comfort and are not responsive enough for highly dynamic shear conditions.
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(4) Cost

4od tI i cat ho of rex i ho, s'stems : :I;lK

Replacement plug in f I [lht directors: ',6K X 2 $ 1.'K

c. Acceleration Margin '.(A)

(l) Desc-rip tion

AA, computed as:

AA = - [-WDj

WD = (TAS-GNS) - WXgnd

where

Acap = Acceleration capability of the airplane in level flight in
approach configuration (knots/s).

WXgnd Wind component at ground along runway, with headedpositive (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 currentlv

having inertial navigators, groundspeed may be derived from the current

on board equipment. For other aircraft, an alternative means of determining

grouind#Deed must be provided.

(2) Statug- of_ l)eelopmnent

The acceleration margin algorithm was validated dtirine Phase IlI

simulat ions. During Phase IV, the algorithm was atigmented to inhibit the

4-8



0 00

Z- a a

+ 4

4-9



go-around advisory If the wind dif ferecc i, less than 25 knot s or no more than

8 knots greater than the aI rspeed pad I hese Inhibit valie.s were determinel

Empirically to lower the criterion for advising a go-around so as to reduck,

nuisance alarms. A external source of ground speed, altitude, altitude rate

and runway winds is required to compute acceleration margin.

(3) Projcted Avai lability

This is a simulation tool at present but could be

converted to production hardware based on algorithms used in the DC-lO

trainer.

(4) Cost

',utoaer. For aircral t not equipped with a suitable computer

an airborne computer will cost approximately $1,000.

Gro-und Speed. The cost ;,I ground speed is discussed in

paragraph i.

Disjlay. An analo, display will usually be a part of an

Integrated airspeed/groundspeed/ackeleration margin display. A sepnrate

analog accleration margin display would cost S 2,000. The cost of a

go-around light includes a computer act ivated dit*;ital switch and A piAne1

light plus the cost of instil latiou. Installation cost is estilm;:tied At

$25-$50.
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I. iiead-I!p fispla

( ) )escrip toll

(i ) U.. I)evelopm&?nts

Exploratory trials of a HUI) in wind shear wcre made in the bA-10

Phase I tests at Douglas. The HUD symbology was generated by the Vital

III system and integrated with the simulated external visual scene. The

display elements were composed of orange-colored light pt, utnr spaced

close enough to appear as lines and generated brighter than the light

points used to represent the A lt ,rt t r nviroilvn t s. 'li t. basi, iHUI) fol-,it

consisted of an aircraft symbol and horizhn line for attitude reference,

a depressed sight line to indicate the desi red glide-slope angle, and a

flight-path marker that showed the air-mass referen(ed vertical flight--

path angle (FPA) of the aircraft. A fast/slow indicator was added to tlii,

basic format for airspeed minagemnt, and a potentiail FPA eleiment ,;as

Included as ,n ,,xt etis :i of the FPA Information.

1he -i. t;Di tests at boein iij 1979 were th,,rough comprLtlls ive-

comparison experiments. The test HUT) formats were selected fron Bflcizig

R&D display concepts developed in earlier HUD and Electronic Attitkide-

Director Indicator programs that are now being evaluated for uq. ,7,

commercial aircraft. The pilot display unit (PI1w), drive elec~tronICs,

and programmable symbol generator supplied by Boeing were used tue present

experimental HUD formats that were representative of current HUD) te, hno,,",

and to include display elements that might be. useful to the pilot in

detecting and coping with low-level wind shear during approadh and

landing operations.

The key elements (,f the BcHeing HtUD formats ot interest for wii-

shear application were the display of f ight-path angle and the ,,tri..i

guidance provided b:., a glide-path reference marker and synth: ,.

The potential value of di .playing "f li ht-path acceleration" loi more

effective thrust mat.agemtent during ;hear encouaters was also ol. interest.

Accordingly, these display elements were em,hasized in the iill) forrat s

selected for the wind-shear tests.

Reference 7 p. 47-52
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Following a preliminary checkout in t h, imultor , two basic ver,;ions

of the |tUD were selected by the FAA for teust Ing:

" An inertial 1 HIM (I1:'")), dist igui :-,li d by the usC of ground-
referenced quant it ies in tI,. :oiputat ioi of f 1 ight-pat 1 d i splay
e'lements.

" A noninertial HUD (NHUD) with dtlsplay-element computations
based on the assumption that only standard instrumentation
would be available on the aircraft.

The test HUD formats wel I u t[h r dist ilg uish-ld Dy adapting a VMC mode

for use when adoquate external visual refrtnc to the runway was avail-

able, and an IMC mode that addrd t synthctic runway symbol to the HUI)

format as a substitute for th actual runway when visibility was

obscured.

The selected It1ljD forniat 1:; ;h%ow'i in Fii,,ure 4-2. The computation of

Inertial ilight-path angle, ( in degrees , was:

where:

h Vertical vel t-'1tv o! i- i rcral , t the air,'ra'.t
center of grivit,' in t '!> in tIct i nert il ftrim',

GNS Ground speed, derived trOM tlf. 10:"itudinal vel city
at the aircraift center of gravity in ft/s.

Flight-Path Acceleration, or "potential f1iIlit-.a th angl e" ( pot) was

also computed in degrees, using

yp +1+ (-x) 57.3

where:

a = Longitudinal Iclerat on at the aircraft center of
X gravtty in ft/s 2

g = The gravitatti(-:.il constant (3:' t is-).

The IHUD was also dIistin !'Ild b the c',e ;;utation of the lateral

component of the flight-Vath :,ir, t d 1i; l, ' 0 he c. fcc ts of drift

angle. The lateral dio!pacmt ol th, 'nt l of this s yrol frum the
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values indicating that: L aireru It heCt! ing U1,e [i ' the Le-ft 0! Lhe rtinw-

heading.

The final distinguishing feature of the IHUPt was that the at'.e

error symbol on the left wing of the refer(-n(c airplane qymbol way.

driven by the ground-speed nartagement algorftut,

It combined a sele( ted ijr undi-speid ielec (e )W i L11 r-u t (dL
ret

Large L-appruach speed ( Vpp) is re fe;L.j:ice V1 esft tj, jii S ep I uf pced

error on the approach.

,wa~~t S jr theNHLUD Iik!1- 't' 5.1 t r(-'rt 5e SLj il:*'eaa

Lhe di stin ,ui shiny~ :tt< k e t the NI I I I~ I 'j

* The display o f a r , or i~ Ie !'C T1 C o '

1'.0 include the groMe-10 APPa~i

* TilI com~~it -J lo ofl ' Lipl4it 11 arp' t11. -i a-I. I

* Tlie [ IiightJ-path, iviSlt ct inL - 3:t I

remained colt er-ed i: t he t -- dii, n t r, 'ri i

* T'ho conmputat ion of flIi gi pi t 1, 'At 2QTl 4,11 .~V-.~

referenced.

& Barometric altitude wa. dislkrye] ra't ( : :tW 'i i*.

The computa ti on for al r-r~ss fli ght-;iatit A I

TATS- [FnS(

where:

h=Vertical. 'spved at th,, iircraft toitor .

in ftL/s , de r I vuc I rn h. 'i~ raM I- i-111 t I

TAS -True airspeed Itt f! /

W - Tabulatod valtio of t Iie I i S i i

on t i Li s tir f;ic e f or t hei -trt e Sid v .

Al r-mniss flIight-path iccel eraj t In (y Ai 'ti

pot-A A \g

where
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(2) Status of DevelonIoe)t.

In the United Statcs, the FAA is currently evaluating the

use of head-up displays f.,r ,,i,d -hr ;is a part of their Head-up Display

Evaluation program.

In Britain, British Aerospace has oxamined ways of using the IflJD for Wind

Shear alert HUD, per se, Is not currently available in production aircraft.

(3) Projected Availability.

It is likely that crrent airliners will utilize other

wind shear systems described herein. However, the next generation of air-

liners will probably rely on HUD.

HtUD is ,i display )f i,,id ;htcir ita rather than a .system. For

aircraft initially designed with HlUD, tLir,, wi I t be no increase in c,,4t for the

display itself fo~r wind ;hear app] i -;iti ,,ns. F'hr idd-ton systems similar to the

one being in.sLii led in the DC-9-80, ;] -'omplete add-on set for one pilot is

projected to cnst S75-1)OK exclh i,, V ,t the cost of certification.

e. Safe Flight Instrument Corporation Wind Shear System.

(1) Description

The Safe Flight Instrument Corporation, which pioneered

the mass production of pro-stall warning indicators for aircraft, has

developed a wind shear moitor system which will be tested soon by the FAA.

This system does nut utilize a direct measurement of ground speed. Tnstead,

it uses inputs of airspeed, angle of attack, and pitch attitude; these

inputs are. 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 repre:Enting

these two quantities are summed to form the total wind shear output signal,

_____ ____ _____ __ _i.
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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 is also employed to

cancel errors due to prolonged acceleration. This inertial acceleration

aignal is summed with the airspeed rate signal producing the horizontal

shear 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

flight 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 is 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.
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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 his, the computer is continually checking the validity of its

win 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 is inoperative.

(2) Status of Develop ment

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.
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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 (Figure 4 -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.

%

(3) 0 .

1 FPM

Figure 4-5
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Energy hate i.' derived as fW ]olz:

Total Energy Potential rrwirY -t Kinetic 1:,cxL-y

= mgh • .inv (i

Energy Ht - "'tal Friercgy/Unijt M.mS..

= 1r ... (2)

Energy Rate dh/dt 4 v/,. dv/dt
A r + v/,,,. ... ( )

Where h = height, v = airspoed

i.e.

Energy hate = Vertical Speed - Kinctic Rtate ft/tI::.

Energy Rate has units of distanec/time, and c i be computes wj ft/z..n

and indicated to the same zeal, as Vertical Speed.

In s'eed - stabilised flight the term of equition (3) i.- 1' f.i-

zero, i.e. Kinetic Rate is zero ard Energy iLte is equdl to ,

Speed. The Energy Rate pointer (1) of (FIG. 1) is therefor-- hi'

under the Vertical Speed pointr (3) durin. speed--tabiii4 cdf

The Energy Rate poir, ter c]y be thc-uht of as ir.2icating the r.

Vertical Speed. Hence in (FIC. 1) the act-u,1 hat( of be.

ft/min, but the potential ate of Devcent (i.e. Energy Eate Ir 15.

ft/min.

Movement of the Energy Rate pointer ma- be either pilot Cr atmsphcrr-

induced.

PILOT ACTIONS ATMOSPP EYE

Throttle Windshear

Stick

Configuration Change
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(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 lb.

with mid c.g. It was recommended that the LI011-1 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 LlOll-1 aircraft to permit airborne

evaluation.

(3) Availability

This system could be available 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 indicator-; (one

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

and a computer to compute energy rate.

(2) Status of Developm e n t

The SFENA system was simulated in the NASA Ames B-727 simulators

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

B-727 in early 1980 for evaluation.
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(3) Aval Iabi I i i

SFENA's WasIi Iit, tn it rsL, L jivn. * ; ( t 1i ttltk- thlat I -.i

could be available by the end of 1981 if there wtI e a demaind

(4) Cost

Accelerometer package with two indicators which replaice the

vertical speed indicators: 12-51,1.

h. Data From Previous Airborne Measurements

(1) Description

A ground derived hazard evaluation and warning system utilizing

data from previous airborne measurements is illustrated by Figure 4-0. Its

concepts include:

* Acquiring and processing atmespheric disturbance data from

other aircraft on final approach, to more accurately assess the environment

o Providing more sophisticated computer capability than available

in airborne systems, since ground facilities cost normally is less constraired

than airborne equipment cost

" Providing a hazard evaluation service to aircraft that arc not

equipped for total autonomous evaluations

" Inserting a human controller into the hazard evaluat ion. 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 gr ,uild

station with air derived airspeed, groundspeed, and altitude.

1 lr. Roger Phaneus (SFENA Consltant) (202) 296-7650

f-
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(2) Status of Developmlent

Conceptual. Has not been stmulatcd .is a part of , F..'' it

simulation program.

(3) Availabl ity.

Three to five years.

(4) Cost

Engineering estimates for this conceptual system are:

(a) Airborne user

$ 500-50() per participating aircraft to modiy DAP tU

downlin, air peed, grounds peed, and altitidt I)!,, coit ,' .

a groundspeed sourco.

(b) Ground Costs (per Installation)

Computer -- I'(

Dlspiav --- ' (VO)

(c) Data Links

No - costs . Down ink would be by DABS, up] it4

by voJc v from control Icr t, la ndi ng a ircx ,it.
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. ;round:speed

As indicated In the previous system descriptions, groundse,,.J,

or (approximately the same) slant range rat( t, the .lide path iliti.el pt point

on the runway, is a missing state variable needed to determine longitudinal

wind at the airplane.

(1) Inert-I-al Navigators-.

A source of groundspeed is available on those aircraft

which possesq an Inertial Navig.tion System (INS) or a Doppler navigator

but it mist be instrumented and di.splayod. A si gnificant part. of the FAA eflort

has beon devoted to the job of coming IIp With i a system, much less expcr.-nive

than the Inertial or l)opPler navigato t, which would provide an updateol

readout of groundspeed at least once every five seconds and preferabv about

two and to displaving groundspoed/airspeed in a manner most easily under-toed.

(2) DME. Groundspeed

Off-the-shelf groundqpek'd Indicators based on DYE are not

satisfactory for measuring groundspeed for use in a wind shear svt,1

without improvement.

One such improvement, developed and tested by the FAA reduced DY>

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 Rsearch developed a precisoion il ilge

tracker which is an add-on to the airborne DME equipment , and whi, ' r,, idc

a groundspeed readout with a 5-second averaging accuracy of + 1.5 knot<,

or a 3-second averaging accuracy under + 3 knots.
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As dis .us. d s I (li;ip I r V I iowtvr , )N!' ;i( c iev in a nu I I p.i t]

LItI"V I r tiflmeT t is tit) at . I t l I I i,, Ifac I r- ground. ['peed measure lent

(a) lrojected Availabilitv.

Improvements to the airborne I)ME aret development items And0

would require 12-18 months lead time to be a ailable ini production q it ,. .

Installation of ground DME transponder would be tihe piicinK item

as they would require normal F & F budetuing planning and woiuld pronlh Iv

have to be phased over 5-1.0 years.

(b) Co st.

The cost ot improving a itw priditct I)J is cstimiltc to C,

$500 per unit additional cost. I'h- ioat it an add-on box to an i I' d

DME suich as the Collin 860-E would tbe .,'2000 if the ground traispnon]d r is

located at least 4000 feet beyond threshold and not more than 720 ut-t o f

runway centerline. If ground tramsponders are not located within these

limits,an additional S1800 cost will be required to provide offsu, co:pt,-

tational capability to the airbrne DME.

Each required new ground DUMF transponder will cost $45K. Central Ily, a

gr( md transponder will be required for each runway end. However, -n long

runways, a centerfield DME could serve both runway ends. (See Appendix F

for siting constraints).

(i) lDineberg Lens_.

Another concept I or obtaining groundspeed emplov,, t o :,, :i , r

weather radar, plus a special reflector (Lunebrg lens) which wo ild be instill

on the surface of the airport. The special coded reflector shilts the Irecqiuenlk

of tihe returned signal which i.- then proce.ssed in the aircraft to pi o vide a

groundspeed readout. Deve loped by 1t1 t 0,rd Research I sti tte t~O] 1,a to',,

Industries, the concept would require rm tlificati,mt to the airborne taithr r,.



and the installation oI cod ed io.t ,j ltuneberg lens at 0ach ground iI-,'tl at iO.

(a) PrOj.ec t.cd Av.a i la-bi Il t y

The concept has been tested at speeds up to 55 miles per

hour and found to be technically feasible. Airborne tests would be rtquir(ed

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-F

Bendix airborne radar, the one used in the Marlow industries developments,

will be $10-12K. The cost to the government of installing a Luneber,,, !Qn:In

will be $17K per installation. Siting limitations for the Luneberg iens

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

lens is located off runway centerline, the greater the groundspeed error.

(/,) ILS Dopp er (Yetter Groundspeed Invention).

The FAA has developed and tested an ILS Doppler which super-

imposes a sine-wave subcarrier tone on the signal of a conventional EiS

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 [LS localizers would have to be modified to assure full

Itilization. (See Appendix F).

(b) Projec t-e-d. _Avalabi i ty

3-5 years.
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I icii a i rhtic pi I )rc -c( Is expcteUd Io c0 c t * 4 )! .iiI

each ground lntil"l tat lou 38K. Dth Ili air1bornle and~ )-round e lernent reyl it

a very precise clock . 3 41 of the abovc costs of the ground element I,- , i

an atomic clock. The Navy is currently fundi ng a development programt,

reduce the costs of atomic c be ks . I f thec objectives of the Navy 's poy.

arc realized, the cost ot the ;itomii clock could drop to one half of~ its

current cost of $4K. 'The proposed ci S k for atirboirn, .sers in the oiart,

cluck at a cost of $500. T'his t lock, howe,:ver, would have to be periOdical1

updated.

(5) CL)RAN

General 11cri -\i rural t FliliplacUllt I)DiiS ionl liou< dec' I -

an add-on to an oft- the-she if radar a It meter . Tiiis ilustala I n io, W

called CORAN (Corre lationi of Radar Al timete ring for Navigat loph , u

two receiving antennas mounted a specified (1i ,tlite fore lid aft 0 :

radar altimeter antenna, whic t transmits pul ses In i LS norm1al mannel

radar echos returned from the ground and ree Ci ved at1 the Lwo rucmi v ii

antennas are correlated. As the distancC between the antenna., is 511 ii,

the groundspeed can be calculated.

(a) Prje L cted _Ava ilabi I -y.

A system has been produced b\ te 1),.FA ft,! t t

NAFFC (;ulfstream aircraftt. General1 11 ectri c licc: invr eul 011 Yr

development funds to meet the anticipitt nect(I 1(ot 3u 5i I



(b) Cost.

The current prototype co!-:ts $50K plus considerable

G.E. funds. G.E.'s target price is $10-15K. The lower range wotl d pr(1v ide

groundspeed only whereas the upper range would provide both groundspeed and

radar altimetry.

(6) pjplerVelocity 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 AD660DVS can be installed

in large or small aircraft as a cost effective means of obtaining groundspeed

for fuel management, wind shear, etc.

A similar doppler velocity sensor currently utilized for lielicopter

has been developed by Decca Corp.

(a) Status of Development.

Doppler velocity sensor-, are current off the shelf

hardware.

(b) Projected Avallability.

No delay.

(c) Cost.

Marconi Avionics has quoted a price of $25K for lhe

AD660DVS groundspeed sensor. The Decca Corp. helicopter model will ,os"

about $20K.
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. . Ds~ a y s_

Several methods have been tried for displaying groundspeed.

One is a digital readmut directly bel ox: 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 G re f  Other methods of showing groundspeed include a vertical

scale, side-by-side with a vertical scale for the airspeed.

(1) Cost.

Off the shelf displays are not available for cmnjrrtiii,

displaying airspeed and groundspeed but no development effort is required

to produce such an instrtunent. The cost is expected to vary ti !e

insignficant cost of a simple two-way selector switch up to tF, .i-

the airspeed indicators with two needles/tapes or digital dispi , .

4.-.31



5.0 BENEFIT ANALYSIS

5.1 BENEFIT SUIMARY

Table 5-1 summari.-e-, th, rclit ivt b, , io ,,': ',n,, . - ,

techniques. Systems that provide the mos.t pre, di i%',, :it.- ;ir, pl:. ,,

on the list (techniques 1-5). Similarly techniques that provide t he;'i

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 TECHINIQUES/SYSIE;Is

RANK TECHNIQUE

1 Airspeed/Groundspeed, Acce1. Marg., MId . [It. Dir. L& 2j.,: -I'Io Ii."!

2 Airspeed/Groundspeed, Accel . N.arg., Mod. Fit. Dir. 6 Spec ia i

3 Airspeed/Groundspeed, Accel. Marg. & M1odified Flight Direct,,

4 Airspeed/Groundspeed and Acceleration Margin

5 Airspeed/Groundspeed

6 Safe Flight Instrument 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 shea, or

technique are to:

* Warn pilots of potential hazardous wind shear encounters.

v Provide pilots with in flight wind shear detection and aircraft

control guidance for coping with wind shear encounters.
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More basically the obijective !s increased safety.

1
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 shear

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 syste;-m

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

Phase 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 modified

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 (technique) for coping with the wind

shear hazard. Although Reference 4 recommends a combination of Airspeed/Ground-

speed, Acceleration Margin, and the Modified Flight Director, it provides

sufficent data to show that an Airspeee/Groundspced system (technioue) provides

an increase in performance over a baseline technique (no aids) in several of

the wind shear profiles.

1. References 1-4

2. Safe Flight Instrument Corporation, The French Avionics Firm SFFNA, and

Britian's Smiths Industries.

5-2



The greatest var at) I e in anal y? ing re Iat Ive s ys ten benet It s I.ro,, rtinds ptcd

accuracy and reliability. However, for a wind shear system (ontainlnr' a

given groundspeed source, it can be ;tated that the pilot 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 'JECIINIQUES

The relative ranking of eight airborne techniques for measuring ground-

speed are provided in Table 5-2.

TABLE 5-2. RELATIVE RANKING OF AIRBORNE

TECHNIQUES FOR MEASURING GROUNDSPEED

Relative Technique -- Accu

Ranking Station Benign Environment Hultipatli Env.ironment

(1) INERTIAL NONE GOOD GOOD

2 (1) CONVENTIONAL

DOPPLER

(3-4 Beam) NONE GOOD GOOD

3 PRECISION DME PDME TFANS- GOOD GOOD
PONDER

YETTER ONE-WAY PRECISION GOOD GOOD

DOPPLER CLOCK ON
ILS LOCAL-

IZER

5 CORAN NONE (XOD GOOD

6 MILES PHOENIX

DOPPLER

(2 Beam) NONE FAIR FA IR

7 MOD. NAV. DME

WITH PREDIC- DME IRANS-

TIVE FILTER PONDER GOOD POOR

8 MARLOW RADAR ROTATIN(; ,UNE-
RANGE RATE (2) BERC LFNS (oo) FAIR

(I)--Rank equally as a source of groundspeed.
(2) Ranked lowest due to technic.: rtik. Has not been f1igli.t tested. Wil be

moved to No. 7 if technical taIsIbilitv is demonstrated at approach air.,peed.
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The techniques evaluated are: hME with predictive filter I
, 0 ,

(MLS) DME, one way Doppler (Yettvr InventIon), Radar Range Rat. (N.ti ],,U'

Industries rotating Lneberg Lens), inertial, airborne Doppler ( , 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 Ralf cnntatnpd. All four techniques which require a cooperating ground

station suffer some degradation when operating in a multipath nviroriment.

Therefore operational benefits of these techniques, all o-ther 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 d tta. 'lhe

Miles Phoenix 2 beam Doppler theoretically 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 environment. Accuracy test data of the Miles Phoenix

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 is to delay take-off until the hazardous situation passes.

Reference 8 concludes that the non-modified navigational DME has un-

acceptable accuracy. A predict ive filter modification is required to
provide the navigational DME with suitable accuracy for measuring range rate.

2 Reference 10, Figure I
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6.0 COST ANALYSIS

Table 6-I presents englneering estimates for the various co val,',(

elements of alternative techniques for coping with Low Level Wind Shear

on landing. Rationale for these estimates is contained in Appendi: B.

Four scenarios are costed. All scenarios are based on a turbojet fieet

of 2500 aircraft landing at 603 runways. The assumptions for each :;cenario

are contained in Appendix A. The assumptions vary the user/FAA costs and

sophistication of displays. All scenarios assume that FAA ground systent

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 prented

in Tables 6-2 through 6-5. Operational costs are presented in Tahti 6.6.

On a simple cost basis, the relative (least costly to most cost! ) rankfn ,,

of techniques are:

" Airspeed/Groundspeed with Miles Phoenix groundspeed

" Airspeed/Groundspeed with Yetter groundspeed

" Safe Flight Wind Shear System

* Airspeed/Groundspeed with CORAN groundspeed

" Airspeed/Groundspeed with Modified DME groundspeed

* SFENA Avionics

" Smiths Industries Avionics

* Airspeed/Groundspeed with Marlow (Luneburg Lens) groundsp(,-

" Airspeed/Groundspeed with inertial groundspeed

" Airspeed/Groundspeed with Doppler groundspeed

" Alrspeed/Groundspeed with precision DME groundspeed

" Head-Up Display

6-1



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 0

WITH INERTIAL GROUND
SPEED SYSTEM NR 20 NR NR 0-2 .75

WITH DOPPLER
GRUUNUSPEED 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 .41/1.2

WITH GE
CORAN NR 10-15 NR NR 0-2 .45

WITH MILES PHOENIX
GROUNDSPEED NR 3 NR NR 0-2 .II

WITH MODIFIED NAV
DME GROUNDSPEED NR 2-3.9 46 (1) NR 0-2 .11/.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 0

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/.01

(1) Not required if suitable DME Ground Transponder is installed

(2) Requires a source of GS (3) Data may he obtained from any WS sensor

(4) Replaces 2 VS indicators valued at $2500 each
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SCENARLo _I

the Commercial Turbojet Fleet its of 2500 aircraft. 367 ,1 this

fleet have inertial navigators. The romaining 2133 h-ave no readilv available

airborne source of groundspeed intormat ion.

The cozrunercial Fleet operates frti': certain runwavs on which I,S landing

aids are currently installed or planned (sue Appendi.: 1").

Airborne Wind Shear s'stoms fall into two gotenr.,tI categor[us: ( I self

contained airborne systems and (2) 1irhornote sy.et:s tiat are depondont

upon a ground-based source of ,ta. (;round dnt:a for the latter svstcnm aio

provided for 603 ILS runways (Appendix F).

Ground DME transponders ;ire located more than "4000 feet beyood runx'av

threshold and less than 720 feet from runway centerline.

Displays consist of a ,ci ;p v nwedle or digital di sp1av for pr' i;:,e.c

and a go-around light di;pl y for aceleration marcin.

Ground systems (FAA costs) are funded equall% over a 5 year peri d

beginning in FY 1983 and ending in P" 1987 a, folws: 120 S'.- teLs 19TI 3;

120 systems, 1984; 120 systems, 1985; 120 systems, 1986; and 121 systens, 1987.

SCENARIO 2

Same as Sceuarlo r cxcept '1I IE equipped aircr'l, A1 able t(' c.,"

groundspe-d from ground Lr:n- ponders, located more t -ian 720 ft t i, i - ,tav

centerline. Under this scenario, 18 fewer ground t ransponders are rotq i i-.

SCENARIO 3

Sanrre as Sccotirio) I except A jmwnlog t apc di, spkisv com1pactLs iir.,,,ecd ind

groindspeed and the real valitie of ,ee lertii n mar ',in is tiLsd fi fl" i

A- I



a go-arotind lighit.

SCENARLO 4

Same as Scenario I except a singlo pilot head-up display is uised.



APPE.NDIX B

SOURCES AND BASIS OF COST I)ATA

1. Inertial Navigators

A listing of inertially equipped aircraft is contained in Table B-I.

TABLE B-I. U.S. AIR CARRIER FLEET EQUIPPED W/INS*

Airline DC-10 747 LI011 A300

American 28 1U

Braniff 3

Continental 15

Flying Tiger 6

National 16

Northwest 22 21

TransWor Id I 30

Pan American 43

United 37 18

Western 9

Delta 28

Eastern 34

Seaboard 1 3

World 3 4

Air Canada 6 7

CP Air 4

Total 367
1.16 145 997

* This data was obtained from the Mziy 1979 isstue of Air Transport World

and from Mr. Frank White of ATA.
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Those aircraft equt1ppo-d with 1he Dolco Car,,uslse1 4 inertia] navigator

or equivalent have groundspeed continuously displayed on the Horizontal

Situation Indicator (HSI). TWA has; 21 aircraft so equipped.

The Flying Tiger B-747 possess fewer HSI displays than Delco Carroussel

4 (see TWA above) but have been modified to display "goundspeed" on the

"miles to next check point" display at any time groundspeed drops below 200.

The USAF has 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 -vstem.

Groundspeed is available as a binary coded signal on an external saur,t,

or display.

Data was obtained from:

Lt. Col. L. Wood FAA ARD il2 (202) 426-9350

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

Capt. Bill Sonnemann Staff Fit. V.P. TWA (212) 557-3862

Capt. Jack Bliss Flying liger (213) 831-1813



2. inertial Ground Speed

The estimated cost of an inertial ground speed system, designed to provide

ground speed only, 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 dcliverv 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 ai rcrft is

estimated to be $20K. This cost was quoted by Mr. Hird of the T)ecc , Washington

Office: 587-1161.

4. Yetter Ground Speed

A breadboard Yetter ground speed svstem iis been bujilt and is underzoin'

testing. Production costs are estimated by Mr. Yetter as follow:i:

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) $ ,

Rubidium Clock (alternative to quartz cloLk) 400O

Electronics 4000

5. Marlow (Lunebuerg Lens) Ground Speed

Costs of $10-12 to modify the airborne radar and $17 K for each 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.
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6. G. E. CORAN Radio Altlmetry Ground jpeed

Costs were obtained from G. E. Utica, N. Y. CORAN Representatix'e, Mr.

Eisenberg, 315-797-1000, Ext. 7792. The prototype CORAN being tested by NAFEC.

cost the government $50K. The 50K, however, was not the real cost inasmuch as

most of the development was funded by i;.E. G. E.'s target price for

production units is $10-15K. The top price would include radar altimetry data

plus ground speed - tile lower price would be an instrument for ground speed only.

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 71Y'' 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 Sierra Research Corp. TR-1798, 28 Jan.

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 S'1800 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 receivers

that do not have an offset ground transponder computational capability cannot

measure ground speed from ground DME sites more than 720 feet ofF runway

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 runway not currently equipped. The S46K

Includes the approximate current coqt to the FAA but does not include maintenance

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

inflation.
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9. Precision DME Croundspeed -

Costs of $91,000 for a precision DME transponder and $9,100 or an

airborne receiver are based on the cost estimates contained in the I17..

Microwave Landing System proposal to IC(AO as inflated at 10% per year.

10. Modifled Flight Director

Cost data for the modified flight director was obtained from Collins

Cedar Rapids, Iowa, who developed the flight director utilized in the FAA's

wind she ir tests. Estimated prices are based on a modified flight director

similar to those simulated during the FAA/SRI wind shear program as lollow -:

a) The flight director system to he modified will include two ,uiti

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 -'I

three axes of flight control. This requirement will result in ,ho

addition of at least one acccleropieter in each axis at approxirmtelv

$1,000 each.

c) New replacement flight directors will be plug replaceable units.,

except for the accl,,rom tf-r input wiring. These fliicLt d irtctors

will be approxlmato-lv $6,0)00 t,,<'ll.

d) Installation costs do not inc,ide t i po(ssible requirement or

wind she;ir discrete di iv,, or i instrument panel dispLiv.

Collins cautioned that actual costs cannot I( projec ted until pcrtor,,...

factors are established.
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;I A cce I e-ra LjeuI i Ma1r1, )

Acre lerat [ocn iI. irg In Is a 3 Mpti * d alog qLUML i t,,- des igned to i nd ;-it(,

when the ai rplane Is gut t lng i nto a hazardcus ,,it uat !on wi th resp~ect to

longitudinal wind shear. Aircraft with cOmpiter:; can accomplish this function

if properly programmnc and provided tihe following inputs:

Acceleration capahilIity olt Hit a irpla-n(.

Wind component at grounid along the runway

True airspeed of airplane

Ground speed of airplane

Al ti tude

Rate of change of altitude

Aircraft, which do not possess an airborne computer would havc e

procure a single general purpose ivionic computer at a cost of SIK

12. Head-up Dis "IV

The cost of InstalLng a head-up display for one pilot in the DC-9-hC,

is estimated to be $75-100 K exclusive of certification.

Source: Jac k McDonae 1, 213) 593-56 16

13. Size of Commercial Turbpjet Fleet

Fleet -onsi- ts of 2501' aircraift . of thicso 367 have inert i I -ac i gat icn

(see Appendix B-1). 2133 wouild requ ire a source of grouIndsp('Cd Fo'r Win-i'

Source: Mr. Daniel R. Keenan AES- _'.'4 426-8096.

14. Maint' nance and Operating Css

Maintenance costs of avionics -ire rouigh lv I to l'- cents per F vin dug our

per $1,000 of acquisition eu t . Bv nssumi ri t li costs of the i nvvstmvvn

shown inagvntbeadasi ~2 I t i ours per yen r the ma int enance

cost is computed.



15. Initial -Spare Unit.s (avionic -s)

In practice major air carriers stook spare avionic units at airports

around the country. In practice the number of spare anits is 1/3 to 1i1 the

number installed in the aircraft.

16. Doucmentitio, and Training(Avionics)

If one assum( that the cost of special documentation, tranin, ,wt)

technicians, and procurement of special test equipment is S? ,,O( and the

airline has 250 alrpl;ines, the pr,-atf.:.' unit -os: i-; $100 pt-r airciait.

17. ILS Runways

All airports served b\ !-irbojet airrraft ,,? , ; bLor 7ed IL,. I rh. current

and planned 844 ILS (AAF-120 report dated June 1., 1979) 603 are a, _:O'jUS

airports served by air carrier aircraft. According to the FAA Terminal Area

Forecast the remaining ILS runways have no current )r projected air carrier

operatlons.

18. DME Reqirements

Of the 603 IS runways ii are currently equipped witi, 1.DME. 1ej PME

groundspeed computation 519 ground trarispiiders would be rc,,uired tIML 1 cared

more than 4000 feet beyond threshold and less than 720 feet -fl: 'av c,21"t*r-

line).

19. Yetter Invention Requir,,jnen-t!; -

Of thu 603 IUS runways 60"1 ILSs would i T ,-(1 F atil IC tie Ycrltic-

Groundstpeed.

20. Lunenberg Lens Requirement

Of the 603 ILS runways all would r equi c 1.unenherg Lens lor the Mailow

Groundspeed Technique.

i;-



21. Saf.0 F.) rh I Inst rurIln'tI rIt orq.dt io. Wllnd ."lid ,"ar Sys ItII

(Cost I it Iormiat I i was Ibt I) O1 I ron, R;andy~ Green (9141) 946-9 ~(

Safe Flight.

22. SFENA Wind Shear system

Cost information was obtained from Dr. Roetr- Plhaneuf , SFENA cnsul Lanit

and Washington contact. Telephone (202) 296-7650.

23. Smiths Industries Wind Shear Sy stem

Cost is estimated to be competitive with SFENA which uses same principle-.
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Cround Equ Ltpmen t lI,;t ;I lIIt iii

Phas ing

Sc im r io Scena r o
[q '13 4"[ C IZ1 (

1983 0

1984 60

1985 1 RO

1986 00 f

1987 :42(0

1988 r4( )"0

1989 603 8

1990 (,()3 585

1991 01 i3 5

1992 0 38 

1993 t-55 

1994 6() 1

1995 '

1996 603 5,

1997 603

1998 603
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Scenario I (X i ,O0 (),O00)

1. Inertial

Groundspeed

2133 acft X Inertial ; S S,,urc. ',20,000 4.(,t,

2133 tcft X displays $250 0. 5i

367 acft have inerti l navigatc.rs X diplavs (d$250 U. '

$!. 3. '

2. Doppler Grundsped

2133 acft X $22,500

367 acft X displays §" $25C,

3. Yetter Groundspeed

2133 acft X $4,500 .

367 acft X disp I ays25. '19-

9.69

FAA Costs:

603 ILS X $8,000 . 2

4. Marlow Groundspeed

2133 aeft X $11,000 (averae) .

367 aeft X display '250 (1. U9

Total User Costs $23. 5

FAA Costs

603 JI.S runways X $17,00) S . 5

I)-I



APPENI)IX 1) (ST tOM('HITI MttNS ((m, (nited)

5. (G. F. ,r

21 13 ,acf! X $10,)000

367 acft X displays rd$25() ').I

Si I . .2

6. Miles Phoenix Groundspeed

2133 ,,-ft X $3,000 6 ( ,J

2133 D)isplays @$250 (1.5

367 inertial acft disp!:ivsi "50 0.1)Q

7. Mod ified Navi:.tat ion

DME (;roUndspeed

213 ' f' X : X2, 000

2500 atI t X displays (dS250 0.,

I'ot41 user 'ot- t

FAA co.-ts

519 New DME Transponders 0t540,000 3. S

8. Precision DME Groundspeed

2133 acft X $9,100 )

25(30 displays n $250

Total User Cost

FAA Cost s

519 +11) runways :791 ,000

9. Safe Flight System

2500 X $7,000 $I.-.0

10. SFENA System

2500 X $12,000 .

0 -?



APPENDIX 1) COSI ((T M'VlVI IONS (':oNut ifued)

11. Smith hidustrie.c

- W) X i2

L2. Previous Measurements

2500 ac-ft X S5hU (Use"

39f Airports X $500 (FAA)

I 3. Modifiod Flight DI rector

2500 X $6K - 0*

14. Acceleration Margin

2133 X $lK

Scunario 2:

Same ;s S en.irio 1 exopI l)MF Cr,,l *d' ,d'

2133 acft X $380SM

2500 a-ft X displays J'2 1

Tota] user nsts -

FAA Cost s

501 New DME 'tr, ns p -'id r 5 , 000

Scenrr, 3:

21)0 -,-ft X %0)i

Scenario 4:

Same a!s Scerin,' . " ,

*Avt~r vc f) I

I -'



A\fI'! Ni) 1X I.

PRESENT VALUE OF $1 (Single Amount - T b(-. used when cash-flows arcrue in

diffcrnt amounts each ,ear).

Project Ca I id-r (Y)
Year Year

1 1981 -
2 198:.
3 1983 i. 8
4 984 71
5 1985
6 1986 0.
7 1987
8 1988
9 1989 '

"

10 1990
11 1991
12 1992
13 1993
14 1994
15 1995 .
16 19) .
17 1997 V.

18 i 9'a ; (). ! ,w')

19 L999 ,.'"'
20 2000 1 ]o

Fact.'rs are ba ied on ont iiuoul. ; Ih IIoioi ot interest , th st, i'
effective raLC per annum, assuning uniform cat;ii flows throughlIut
stated one-year periods. Th,,so factors are c.juiv;aJent to, in

arithmetic average of hegi. lic ,no! cd '1I t ,'' o, r Corr." , ;nd :it-
factors found in s::n.dair, pre t vr,., oiblIi



APPFNDIX F

AIR CARRIER AIRPORTS WITl I1.

S tate/AIa, ort Comisi ?wd_/RWy Pl insS , o I. I v
80/' 6: 1 1 2

Al abamaa
Anniston 051
Birmingham 05,2 1

Dothan 31 1
Hunt sv iI e 18R, 361, 1
Mobile 14, 32
Montgomery )9,21
Muscle Sheds 29
Tuscul I osa 04

Ar i zona
Chandler UNK
Flagstaff 21

Grand Canyon 03

Phoenix 08R
Tuscon ilL
Ryan UNK
Yuma 21R

Arkansas
Fayet tevi lI e 16 1
Ft. Smith 25 07 1
Harriqon 36
Hot Springs; (5

Little Rock 04,2:' '2

Texarkana 22

Cal ifornia
Arca ta-Eureka 3
Bakersfield 30R

Burbank (17 L

Chico 131 1

Creoc,-rt City ]l 1

Fresno ?9R
Long Beach 30
Los Angeles (Intl) 07R, 06R (,.), 071, (DME), 24L

24R (DME), 251, (DME), 25R 06L

Marysville UNK 1

Modes to 28R 1

Monterey 10 28

Oakland ]1, 27R, 29 3 2

Ontari 07,25 1

Red Bluff 33 1

Redding 14 1

,Scenario I DME 4000 F from t.hrt,;1ho t and 1 ,ss th in 720 FL tro m n : , I!,,

Scenario 2: DME 4000 Ft frw t hr, ;hjold and greater than 720 f. fr: -it rli ii,

(Requires airborne comput or

F- I



APPIENI) iX ((nt inu,d

1I, .h DME,

State/Al r¢prt Comm i ss Ilned/RwY Planned ';cen Sen
80 /81

California (Continued)
Sacraimento (Metro) 16, 34 1

San Deigo ([And.) 09 (DME:) 21 1 ]

San Francisco 191, 281 AOR 2 2

Tracy IJNK 1 1

San Jose (Muni.) 301. 1 1

Colorado
Arapahoe 34 1 1

Colorado Spgs. 17R 35 1 1

Denver (Stapleton) ORR, 361, (DME), 35L, 35R 171, 2 2

Durango 02 1 1

Grand Junction 11 1 1

Pueblo 071., 25R ! j

Connec t icut
New Haven 02 1 1

Windsor Locks 06, 24, 33 2 1

Delaware
Wilmington 01

District of Columbia
Washington (Dulles) 01I, OIR, 12, 19L, 19R

Washington(Nat'1) 18, 36 1

Florida
Daytona Beach 06L

Ft. Ayers 05 1

Ft. Lauderdale 091, 09R, 27R 2

cainsvilIe 28 1

.lacksonvl I l-e 07, 13,25 2

Miami (Intl.) 091,, 09R, 271,, 27R 12, 3 4 3

Orlando (Intl.) 361., 6R [8R 2 2

Orlando (Herndon) 07 1 1

Panama Citv J4 1 1

Pensacola !6 1

Sarasota 31 13 1 1

St. Petersburg 17 1 1

Tampa 18., 36L 18R 2 1

Ta llahassee 27 1 1

F-2



APPENDIX ((oit inued)

State/A tport CMn I_ Iined/(w/ !W ;ann .,n
830/t I

Georgia
Atlanta (Hartsfield) 09L, 09R, 08, 26, 271, ?7R 2
Augusta (Bush) 35, 17 1 1
Columbus 05 1
Macon 05 l 1
Savannah 09 18, 27 2 1
Valdosta 35 1

Idaho
Boise fOR
Idaho Falls 20 I
Lewiston 26
Pocatello 21 1
Twin Falls 25 1

Illinois
Bloomington 29

Carbondale 18
Champaign 31
Chicago (Midway) 04R, 13R, 311.
Chicago (O'Hare) 04L, 04R, 09L, 09R, 141., 14R (DME)

22L, 22R, 271., 27R, 32L, 32R 4
Decatur 06
Marion 20 1
Mol ine 27 1 1
Mt. Vernon 23 1
Peoria 30 12 2 2
Quincy 03
Rockford i6 
Springfield 04 22

Indiana
Bloomington 35
Evansville 22 0.
Ft. Wayne 04, 31 
Gary 30 1
Indianapolis (Muni.) 04L. 22R, 31 13 1
South Bend 27 09 2

Iowa
Ames 31 I 1
Burlington 36 1
Cedar Rapids 08 27 2
Des Moines 121., 30R I I
Dubugul 31 1 1

F-3



APPENI)IX (Continued)

I !L.S SM1 1 1'P

80/81

Iowa (COntinued)

D a v' n,)r t 14 1 1
Fort Dodge 0, 1
Mason City 35 1
Sioux City 31 13 1 1
Waterloo 12,30 1

Kansas
Garden Citv 35 1 1
Good I 111d 30 1 1
f;r,att Bend 351
Hutchinson 1334 1
Havs 34 1

Johnson Co. 35
[.iIcr 11 3 1 1
Manha t t an 03 1
McFa i r fax 3'
Sal ina 3 1
Topeka [3, 31l

Witchita OIR, 19R

Ken tucky
Covlngton (Grtr. Cin.) 09R, 18. 271., 36
Lexington 04 22 2 2
London 15 1

Louisville (Stand) 01, 19, 29
Paducah 04 1 1

Lou I s i ana
Alexandria (Esler) 26 1
Baton Rouge 13, 22 1
Monroe 04 22

New Orlans (Moisnt) 01, !0 28 2 2

ShrEveport (GrLr.) 13, 31 2

Maine
Augusta 17 1
Bangor 1 15 1 l

Portland 11 29 2 2

Maryland
Baltimore 10, 15R, 28

F-4



APPENDIX (C(otinued)

DM1 IIM-
Stato/Airport Coiin ssiont.d/Rwv Planned c" iI

80/81

Massachusset ts

Boston 04R, 15R, 27, 331. 22L 2

Hyannis 24 15 1 1

Martha's Vineyard 24
Nantuckett 24 33 1
New Bedford 05 23 2 2

MIch igan

Alpena 36
Battle Creek 22 1 1

Benton Harbor 27 2]
Detroit City 15, 33 "22

Detroit (Willow Run) 15R 23L2

Detroit (Metro) 03L, 03R, 21L, 21R, 27

Escanaba 09

Flint 09 27 2

Grand Rapids 08R, 261,

Houghton (Hancock) 31 i 1
Iron Mountain 01 1

Ironwood 27 1

Kalamazoo 35 17 2
Lansing 09, 27

Marquette 08

Manistee 27 1

Menomi nee 14 1 1

Muskagon 32 23 2

Pel iston 32 1 1

Saginaw 05 23 1
Travise City 28 36

Minnesota

Bernidj i 3] 1 1

Brainerd 22 1 1
Duluth 09, 27

Hibbing 3!

International Falls 31 1

Mpl. St. Paul 0/, 11R, 22, 29L (DME), 29R

Rochester 13, 31

thief Rvr. Falls 31 1 1

Mississippi

Columbus 18 1 1
Greenville 171, 1

F-5



1l ,S DIMF I)MI
State/Afrpo r t Crlumi ij s1, r)d/Rwy Planned Scen Scen-

80/8]

Mississippi (Continued)
Greenwood 18 1 ]
Gulfport 13 1
Jackson (Thompson) 15L, 33L 1 1
Meridian 01 19 1 
Tupelo 18 1 1

Missouri
Cape Girardeau 10 1 1
Columbia 02 1 1
Ft. Leonard Wood 14 1 1
Joplin 13 35 1
Kansas City (Intl) 01, 09, 19 2 1
Kansas City (Mid Cont) 27 1 1
St. Louts (Lambert 06, 12R, 24, 30L 3 2

Montana
Billings 09 27 1
Butte 15 1
Bozeman 12 1 1
Great Falls 03, 34 1 1
Helena 26 ] 1
Kalispell 01 1 1
Missoula 11 1 1
W. Yellowstone 01 1 1

Nebraska
Grand Island '35 1
Hastings 14 1 1
Lincoln 35L 17R 1 1
Norfolk 01 1 1
North Platte 29 1
Omaha 14R, 12. 1 1
Scottsbluff 10 1 1

Nevada
Carson City UNK 1 1
Elko 23 1 1
Ely 18 1 1
Las Vegas 25 1 2
Reno 16 (DME) 0 0

Now Hampshire
Keene 02

f -6



AIIF-NI) X ((> it in 'd)

11.5l! " I

State/Airport (nom m s i,,i d /yw t' Inncd s. kw), .:
80/81

New Hampshire (Continued)

Lebanon 07 18 1

Manchester i5

New Jersey
Atlintic City (NAFEC) 13
Millville 10

Newark 041j., 04P
Titerboro 06
Trenton 06

New Mexici,

Albuquerque 08
;a I Itp 06
Roswell 21
Silver City 26

New York

Albany 01, 19
Binghamton 16, 34
Buffalo 05, 23
Elmira 24 06
Islip 06, 24
Ithica 32
New York (JFK) 041,, OZiR (DME) 131,

221., 22R, 311, 31R 4
New Yjrk (Laguardla) 13, (4, 22 31 3

Niagra Falls 28R I
Syracuse 10, 14, 28 32 2. 1
White Plains 16 34 2
Utica 15, 33 2

North Carolina
Asheville 16, 3'4

Charlotte 361.., 05 18R, 36R 2
Fayetteville 03 1
Greensboro 14, 23 05 3
I f." kory
Jacksonville 05 1
Kingston 04 1

New Bern 04 1
Raleigh 05, 23 2 2
Rocky Mount 04 1
Wilmington 34 1
Winston Salem 33 1

F- 7



APPIiNlI) X (',,n iuli-,li

1 l,S n1, 1 I)ME

S lt _nmi l ' Iin'l/Rwy l'1ann d S, n <-; en

North Dakota

Bt smarak 31 I
Fargo 35 17 1
Grand Forks 35 I
Jamestown 30 1 1
Minot 31 1 1

Ohio
Akron (Canton) 01 ,23, 19 2 2
Cleveland (Hop) 09R (10F) 23R, 28L 18R, 361. 3 2
Clevelaind (LRF) 24R 1 1
Columbus 13 I 1
Columbus (Post) [I1, 10)R, -81, 3 1
Dayton (Gen) 20 1 1
Davton (Main) 06L., 18, 2AI., 24R, 3 2
To I edo 2
Toledo (Fxpress) 07 1

Youngstown 2, 2 2

Oklahoma
Enid 35 1 1
Lawton 35 1 1
McA1 ister 01 1 1
Oklahoma City (WR) 171L, 17R, 35R 3 1

Ponce City 17 1 1
Tulsa 171, 35R 17R, 351, 3 3

Oregon
Eugene .16 1 1
Kalmath Falls 32 1

Medford 14 1 1
North Bend 04 1 1

Pendleton 2R ]
Portland 101, 1 1
Portland (Intl) IOR, 20, 28R I
Redmond 22 1

Penn-Sy Ivania

Allentown Of, 13 1
Bradford 32 14 2 2

Erie 06, 24 2 2

Middletown 13 1 1
MeadvIlie 25 1 1

Newcastle 04 I I

Philadelphia (Intl) 09R, 271, 27R 17 2 2

F-8 .
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11' S DM [IML

State/Al rpor t (U fmlhl i ''Oty! / i w v P med SV S
80/81

Pennsylvania (Continued)

Pittsburg 32 1
Pittsbugr (Gtr) 1OL, 281, IOR, 28R, 32 3 2
Reedsville 06 1 -.

Wilkes-Barre 04 22 2

Williamsport 27 1

Rhode Is land

Providence 231., 05R, 34 3

South Carolina
Ander on 05 '
Charleston 15 33 1 1

Columbia 11, 29 2
Florence 09 1
Creer 03 21 2
greenville 36 1
Myrtle Beach 23 t

South Dakota

Aberdeen 31

Huron 12 11

Pierre 31 11

Rapid City 32 3

Sioux Falls 03 21

Watertown 35 1
Yankton 31 1

Tennessee

Bristol 22 04 2
Chattanooga 02,20 2

Clarksville 34

.1ackson 02 1

Knoxvi lle 04L., 221k
Memphis (Intl) 09, 171, 1 iR, V) 1, 3'R 27

Nashville 021., 31 20R

Texas
Abilene 35R
Amarillo 04 i

Austin 12R, 30, 1
Beaumont 11

Brownsville 13R 1

Corpus Christi 13, 35

Dallas (love) 131., 311, 1 !

Dallas/FTW 17L, 17k, il, 11L, 35R 3 1

F-9
"F'-



API'IN)1 X ((ii! I ned)

ILSq DM1 -i DMF

State/Air-ort CM)mI I -oId /R y Planned en S 'e

80/81

Texas (Continued) I 1

El Paso 22

Houston (Inter Cont) 32 1

Houston (Hobby) 03 1 2

Houston (Intl) 08, 14, 2, 32 0101 1 3

Ki leen

L.aredo 17C I 1

Longview 13 26

Lubbock 17R 26 1 1

McAllen 13 1

Midland 10

San Angelo 03 3

San Antonio 03R, 12R, 301 2

Temple 15 ]

Tyler 13 1 1

Victoria 121, 1 1

Utah 20 1

Cedar City 
20R 2

Salt Lake City 
16L, 341R2

Vermont

Barre Montpelier 17 1 I

Burlington 
15

Virginia

Charlottesville 03 12 1

Danville 1 1

Hot Springs 24 I 1

Lynchburg 03 1 1

Newport News 
06

Norfolk 05, 23(DME) 1 i

Richmond 06, 15, 33 1 1

Roanoke 05, 33

Staunton 04 1 1

Washington

Pasco 21R

Seattle (Boeing) 13R 34L

Seattle (SEA-TAC) 16R, 34R 34L 1 1

Richland 
1 1

Spokane 03, 21 1 1

Yakima 
27

F-0
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ate]; A-1 u " l

West Virginia
Beckley 10, 19
Bluef leld 2? 1 1
Char leston 23 (DME) 0 ()
Clarksburg 21 1
Huntington L2 30 2 2
Lewisburg 08 1 1
Morgantown 18 J ]
Parkersburg 03 1 1
Wheeling 03 1

Wisconsin
Appleton 03 1 1
Eau Claire 22 1 1
Green Bay 06J? 24L, 36 2 2
Jonesvi lie 0"I
LaCrosse 18 13
Madison 36, 18
Milwaukee 0IL, 07R, 19R, 2L
Manistee 27
Mosonee 08 1 1
Oshkosh 36
Rhinelander 09 1

Wyoming
Casper 03, 07 1 1
Cheyenne 26 1 1
Jackson 36 t 1
Rock Springs 25 1
Sheridan 31 L

Total Airports with 1 or more ILS 346
Total ) trports with ILS

flanned for 1980-81 50
Total IUS equipped/Planned

Airports with ILS 596

Total. ILS Runways 60 1
Total runways with DME, AT, USS, LOCI, 11
Additional DMEs Required (Sronario 1) 519
Additional DMEs Required (Scenirio 2) 501

F-l
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