AD/A-000 101

SURFACE EFFLECT TAKEOFEF AND LLANDING
SYSTEN (SETOLS)

Elmer T. Burgan., ct al

Johns Hopkins University

Prepared for:

Defense Advancoed Rescarch Projects Agencey

April 1974

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE




T
|

iy .

Vi, A

ARPA/TI0-74-21
APRIL 1974

ADAOOO101

_____

-------

ARPA Program Report

SURFACE EFFECT TAKEQFF
AND LANDING SYSTEM (SETOLS)

ELMER BURGAN

Naval Ship Research and Development Center

FLETCHER C. PADDISON

Applied Physics Laboratory, The Johns Hopkins University

.\ .
3

For the Defense Advanced Research Projects Agency

%%3%54

THE JOHNS HOPKINS UNIVERSITY e APPLIED PHYSICS LABORATORY
8621 Georgia Avenue o Silver Spring, Maryland o 20910
Operating under Contract NOO017.72-C-4401 with the Department of the Navy

Approved for pubiic refease; distribution unlimited. Best Ava”able Copy




TR




Unelassilicd
SECUHETS CUASSIHEICATION OF 108 BAGE

REPORT DOCUMENTATION PAGE

ap/a- 000 10/

VOHEPORT NUMIEE R !

ARPA ‘T10-74-21

GOVI ACCESSION NO

3OHECIPHENT S CATAL (G NUMHBFR

4 1Lt Subne)
ARPA Program Report
Surface Effect Takeoff and Landing System
(SETOLS)

hOTYRE OF IEPOIRT & PERIOD COVERED

ARPA Program Report 69-73

6 PLRAFORBMING ORE HEPOHT NUMBER

Flmer T. Burgan
Fletcher C, Paddison

ARPA/TI0-74-21
fOALTHORI) B CONTRAGT O GHHANT NUMBE Ris}
ARPA Order No. 798

1 PEHEORMING ORGANIZATION NAME & ADDRESS
The Johns Hopkins University Applicd Physics Laboratory
BT Georgia Avenue
Silver Spring, Maryland 20010

10 PROGRAM EL EMENT PROIFCT, TASK
ARFA & WOHK UNIT NUMBERS

N/A

11 CONTHOLLING OF FICE NAME & ADDRESS 11X ecC tOI: ’
Defense Advanced Research Projects Agency

1400 Wilson Boulevard, Arlington, Va, 22209

1?2 REPORY DATE

April 1974

Approved for public release:; distribution

unlimited

~

DISTRIBUTION STATEMENT (of tha ahstract sntered .1 Block 20 1f different from Report)

N/A

18 SUPPLEMENTARY NOTES

N/A

) . 13 NUMBER OF PAGES i-iii

Attn: Dr. F, W, Niedenfuhr 45
14 MONIIORING AGENCY NAME & ADDHESS 15 SECURITY CLASS (nf thi raport)

Same as 11 Unclassified

1h DECLASSIFICATION/DOWNGRADING
SCHEDULE
16 DISTRIBUTION STATEMENT lof this B )
STRIB S of this Report N/IA

19 XKEY WORDS (Continue on reverse side +f necessary and ident:fy by Block number!

ACLS - Air cushion landing system

SETOLS -~ Surface effect takeoff and landing system

20 ABSTRACT (Continue on revarse side +f necessary and dentify by block number)

caryier-based aircraft.
ground and technical need,
demonstrate the technique,
levels,

An ARPA Program Report on its program to develop the surface
effect takeoff and land system (SETOLS) for high performance naval
The report discusses the program's back-
the detailed plan to develop and
the program results,
the contractor's performance and the program's impact.

allocated resource

Best Available Gopy

fFORM
1 JAN I3

DD 1473- |

Unclassified

SECURITY CLASSIFICATION OF THIS PAGE




The views and conclusions contamed in this document are those of the
authors and should not be interpreted as necessarily representing the
official policies, either exprissed or implied of the Advanced Research
Projects Agency ot the U_S. Government.

e




TABLE OF CONTENTS

SUMMARY

BACKGROUND AND TECHNICAL NEED

1.

5.

Introduction

Defense Problem Addressed

State-of~the-Art Before ARPA Program

Technical Problems Investigated

A. Design of a SETOLS for a High Density, High
Performance Carrier Aircraft

B. Performance Analysis of the Performance of
a Carrier-based, High Density, High
Performance Aircraft Equipped with SETOLS

C. Assessment of Effects on Utility and
Vulnerability of Aircraft System due
to Addition of SETOLS

Coordination with the Military Services

PROGRAM PLAN

1.
2,

Initial Plan

Revised Program Plan

PROGRAM RESULTS

1,

Composite Design and Performance Analysis, SETOLS
A. The Boeing Company

B. The Bell Aerospace Company

C. The San Diego Aircraft Engineering, Inc,

(SANDAIRE)

A e NW

10
11
11
12
13
13




b, Other Studies
® The Goodyear Tire and Rubbeyr Company

2. The Naval Ship Research and Development Center
A. Wwind Tunnel Tests
B. Testing of SETOLS Aircraft Landing Dynamics
C. Impact on Cushion of Arresting Cable
D. Trunk Flutter
E. Scale Model Tests of SETOLS on Water

3. Follow-on Plans

RESOURCE LEVELS

CONTRACTOR PERFORMANCE

1. The Composite besign of a SETOLS-equipped
Carrier-based Aircraft

2. The Amphibious Capabilities of a SETOLS-
equipped Carricer Aircraf.

3. Analysis of the Pertformance of a SETOLS-
equipped Carrier Aircraftt

4, Assessment of Effects on Utility and Vulnerability
of an Aircraft due to Addition of SETOLS

PROGRAM IMPACT

1. Actual Impact on Other Programs

2. Potential Impact on Other Programs

19

24
24
25
25

217

28

32
32
33

i vt e e




P

- T R TR N SN S e Nl TR Sa ) ST oER e e

3. Impact on the State-of-the-Art

4. Program Transfer

5, Future Research

6, Current Organizational Contacts and Jdentification

REFERENCES

1i1

33
J4
34
36
37




GNE O oY W oy s SEnd e s gl CENY W WP EEN O GEE e e

DEFENSE ADVANCED RESEARCH PROJECTS AGENCY PROGRAM REPORT
SURFACE EFFECT TAKEOFF AND LANDING SYSTEM (SETOLS)

SUMMARY

The British success with hovercraft stimulated in the
United States and Canada studies of the further application
of surface effect techniques to military problems. The sur-
face effect ship (SES) and the advanced assault landing craft
programs are two rather direct results, However, the appli-
cation of these same techniques to alrcraft, the subject cof
this Defense Advanced Research Projects Agency (ARPA) program
report, was not obvious and had no similar precedent. ARPA,
in an experimental and theoretical study from 1970 to 1973,
assessed many of the technical prohblems related 1o applying
surface effect techniques to the A-4 and F-8 carrier-based
fighter aircraft, ARPA's involvement and program objectives
resulted from a 1970 ARPA-IDA Workshop. At that time an
existing joint Air Force/Canadian program to demonstrate the
application of the surface effect landing system to the CC-115
Buffalo aircraft was reviewed, and an ARPA program to demon-
strate the application to the higher density naval carrier
aircraft was recommended.

The Naval Air Systems Command (NASC) acted as Con-
tracting Office and the Naval Ship Research and Development

Center (NSRDC) as Technical Director. Three industrial
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contractors studied which of the two aircraft should be
selected: two chose the F-~8 and one the A-4. A committee
evaluated the studies and concurred with the A-4 selection,
Concurrently, studies of trunk materjials, trunk flutter,
arresting cable impact with trunk material, wind tunnel
tests of the proposed configurations, and the dynamics of
SETOLS landing were conducted. The program, which cost

$995,000, was terminated when it became obvious that the

Navy and Marine Corps were not then interested in having

the program transierred.

BACKGROUND AND TECHNICAL NEED

1. Iatroduction

Near the end of the 1960°'s the anphibious hover-
craft was viewed with considerable interest as a possible
ship of the future because of low drag and resulting
higher speeds., From this interest came the programs to
apply the surface effect principle to other military prob-
lems, i.e, the advanced assault la-ding ship and the Arctic
surface effect vehicle (SEV). During this time period
1968-69, the Bell Aerospace Company outfitted a small air-
craft, the TOGW 2600-pound LA-4 amphibian, with the first
SETOLS installation, The peripheral trunk configuration

used was similar in design and operational characteristics




to then-curvent SEV installations, including the cushion
and trunk pressures (80 and 120 psf, respectively) and
materials used, Retraction of the trunk was accomplished
by utilizing elastic irunk material that hugged the fuse-~
lage surface when deflated. Ground and flight tests by
Bell, later supported by the Air Force, demonstrated
lgnding and takeoff operations from hard surfaced runways,
turf, water, snow, and fine sand, The aircraft also
demonstrated the ability to taxi over water, mud, low tree
stumps, and empty and water-filled ditches, The flight
tests indicated no significant changes in the aerodynamic
stability and control characteristics of the LA-4 aircraft
with trunk infiated or deilated. The etftectiveness of
inflatable pillow brake pads incorporated in the trunk was
at least as good as a conventional wheel brake system,

The cushion power was supplied by an auxiliary power unit
in the aircraft driving a two-stage axial fan assembly.
Subsequently, the Air Force, in a joint program with the
Canadian Government, initiated a program to apply the Air
Cushion Landing System (ACLS) tn a low density aircraft.
An ARPA-IDA Workshop in 1870 recommended that ARPA
develop and demonstrate the feasibility ot a s:.rface
effect takeoff and landing system (SETOLS) applied

to a high density, high performance, tactical aircraft,
including naval carrier takeoff and landing. NASC served
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as centracting agent and NSRIC servoed as technical agent

for the ARPA SETOLS program. The program was initiated

on 12 March 1971 when ARPA committed the first incre-

meent ot tunding in the aajount of S495, 000, The follow-~

Ins paragraphs provide an assessment! of the program, which
was vompleted in becember 1973, This paper and the attachoed
st of retercences represent the documentation of the program,

2. hwlense Probilem Addressced

Mter the demonstration by Bell derospace Company
al the amphibious capability o: the ACLS on the LA-4 arwr-
plane, the .8, M Force formulated a joint program with tne
Canadian Goverament as equal partner to apply the tecanology
ta an sntermediate density (41,000 pounds gross weight) ©C-
IS adrevalt, Betlore sclecting the €CC-115 aarcraft, the
=140 was considered,  The much heavier “Hercules' =140
t150,000 pounds’ represented a considerable step from the
FA-4 and was of no inteprest to the Canadians., Conscquently
the =110, Bulltalo, judifed to be rather a straighttorward
development with low 1o modest technical risk. was scliooted,

Applicatrion ol SETOLS to Navy high performance,
hroh density, tactieal aireraft posed considerably different
technieal problems [rom those being addressed by the joint
.5, \ar Foree Canadian program: Could erther existing or
new-design aireralt be equipped with a SETOLS without
adversely alfectang erther low or high speed pertformance?

4
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Further, {f the SETOLS replaces normal wheels, can this new
type of aircraft be made compatible with catapult launch,
carrier arresting system landing, and carrier flight deck
handling without undue complexity? Fipnally, can the SETOLS
trunk system hive sufficient depth and area so that landing
on moderately rough terrain is feasible? (Just the opposite
characteristic of the design is required to mininize the
effects on aercdynamic performance), The problem of operating
a SETOLS-equipped aircraft on the surface of the open ocean was
listed in the IDA-ARPA Summer Study but was ranked as
a problem of low priority. This is because the requirement for
i size and type of skirt design tor landing, takeoif, or flota-
u tion of the aircraft in the open ocean appeared unreconcilable
with the size and aerodynamic consideration for a high perform-
ance comhat aircraft. Also, the problems of jet engine iages-
tion of water and the pgeneral composite design of the airvcraft
tmplied by the open ocean requirement necessitated a complete

new aircraft design, Accordingly, in this study the very

limited water capability of the A-4 was outlined, and scale

model landing dynamics tests were conducted,

The aircraft of primary interest in the SETOLS study
are the tactical mission aircraft of the Air Force, the
Marine Corps and the Navy, which have far different charac-
teristics and requirements than the carygo planes, The Marine

Corps and NAVAIR aircraft have the added unique und difficult
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problems of carrier landing and were, therefore, the aircraft
sclected for SETOLS program study,

The broad spectirum of military requirements involved
irn the application of SETOLS to high performance aircraft,
together with the attendant technical risks made the program
appropriate for AKPA sponsorship,

3., State-of-the-Art before ARPA Program

The LA-4 aircraft equipped with the ACLS, was flight
tested from hard-surface runways, turf, water, snaw, and fine
sand, The aircraft also demonstrated the ability to taxi
across mud, low tree stumps, and empty and water-filled
ditches, and to take off from water, In November 1970,
therefore, the Ailr Force hegan an effart to develop and
install an ACLS on a low density CC-115 aircraft, In May
1971, the ACLS program became an International Cooperative
Developmeni Project between the Air Force and the Canadian
Department of Industry, Trade and Commerce, The flight
testing of the CC-115 aircraft thatl began in the spring of
1974 was expected to demonstrate the unctional capabilitices
of the gystem, provide required design criteria, and establish
guidelines in the areas of special maintenance, ground equip-
ment, crew training, and logistical requirements, This program
is vstimated to cost approximatelv 14 million dollars.

We shall discuss in the next section the technical
problems that will be investigaied in the Air Force/Canadian

6




progrram that are/were indicative of the state-of-the-art at
the beginning of the ARPA program,

The Alr Force/Canadian ACLS program is applying
ACLSs to a cargo aircraft that has sufficient stability
margins to accommodate the destabilizing ACLS cushion with-
out requiring aerodynamic redesign, A second significant
point about the selection of a cRrgo-type aircraft for
SETOLS application is that it represents a simpler desien
task since it is built around & cargo volume and thus has
a large fuselage sectiion with sufficient area to canven-
iently locate a cushion system. Also, if local stiffening
is added to the fuselage structure, trunk loads can easily
be carried into the aircrafi*s other structure. Finally,
the low sink rate requirements, together with the large
cushion area available,enable the program to usc conven-
tional hovercraft skirt materials, This ACLS program, is,
however, developing a variant of these materials that is

stretchabhle when pressurized; accordingly, when not in use,

the material collapses, holding itselsr close to the fuselage.

4., Technical Problems lnvestigatod

The ARPA SETOLS program considered many probloms
that, for convenience in this report, are divided into
three phases: (a) design of a SETOLS for a current, high

performance, high density, carrier-based aircraft;




(b) performance analysis of a SETOLS-equipped aircraft: and
(c) general assessment of the effect on aircraft utility
and vulnerability, etc., due to SETOLS addition,

: A. Design of a SETOLS for a High Density, High

Per formance Carrier .ircraft

(1) 1Is there a compromise possible between the
aerodynamic stability problem with a large-area cushion
using conventional fabric materials and a small-area
cushion using higher strength materials? What are the
properties of materials that could be developed for this
application?

(2) 1s the SETOLS-equipped aircraft compatible
- with the carrier catapult launch, arresting gear landing,

flight deck, and general carrier landing of aircraft?

(3) 1Is the SETOLS-equipped aircraft capable 'of
landing on an unprepared landing area? 1Is it amphibious?

(4) Can SETOLS be stowed so that when the air-
craft is airborne its performance is not compromised?

(5) What are the detailed designs of the SETOLS
trunk system, its attachment to the aircraft structure,
and the air supply system and its detailed design

characteristics?




B. Performance Analysis of a Carrier-based, High Density,

High Performance Aircraft Equipped with SETOLS

(1) Are structural loads from high landing sink
rates, f.e. 21 ft’sec, reduced with SETOLS?

(2) Wwhat terrain topography can a SETOLS-equipped
aircraft land or take off from?

(3) Js flotation such that the aircraft can taxi,
take off and land on soft gurfaces, snow, ice, and water?
what size and shape of obstacles can be negotiated as a
functinon of speed?

(4) Wwhat are the dynamic probleﬁs of any ot the
vomponents of cushion sysiem durirg parking, taxiing, as
a result of ground effects, and at flight speeds?

(5) Does SETOLS increase oy decrease capability to
lund and take off in crosswinds?

(6) Are there tochniques applicable to a SETOLS
cquipped aireraft whiech will provide both longitudinal rorces
used for braking and transverse farces used for aircralti
handling®?

U, Assessment of Eftects on Utility and Vulnerability

of Aircraft System Due to Addition of SETOLS

(1) s the less positive steerinyg of a SETOLS-
eguipped atrceraft at intermediate and low speeds critical
tor carrier operation? For noncarrier operation?

(2) Docs SETOLS addition to the aircratt decrease

2]




its vulnerability?

(3) Dboes SETOLS addition reduce aircraft weight or must
wheels be retained for ground handling and safety, thereby
increasing weight?

5. (oordination with the Military Sorvices

The Navy and Marine Corps, from the outset of the
SETOLS program, have been fully aware of the objectives and
status of the program. The initisl proposal for the program
was submitted by NASC, which was selocted by ARPA to be the
agent for the program, NSRDC conducted many of the prograuw
tasks for NASC, NASC, through NADC, awurded and monitored
sceveral contracts to private industry, The Marine Corps was
kept abreast of program developments through a Marine Corps
officer (NAVAIR Code AIR-03M), who participated in the 170
ARPA-1IDA Workshop and whoe thereafter became a member
ol the tachnical management team at NASC, Coordination
with the Air Foree, while informal, has been very extensive,
The Arr Forcee, as aell as thoe Navy and Marine Corps, wis
heavily represented at an ARPA-sponsored review of the SRETOLS
progeram held o January 1972 (Ret, 1), A hriceling on the Ay

Force ACLS Program was also presented to this review conmiirec,

Finally, many af the ARPA-sponsored efforis were roported al
the Sixth Canadian Symposium on Air Cushion Techneology, June
1972, (Reis. 2 and 3) and at the First American ACLS Contecence

in Miami, bDecember 1972, and later published 1n the Procecdinys

10
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(Re't. 4). The Atr rForce, having their own program, has not
contributed to the suppart of the SETOLS program; however,

they have usaed the results of the SETOLS program, e.g. the
technique to stop trunk flutter, as they ftound them appropriate.
The Navy and the Marines, although interested, have not centribe
uted fainanctal support to the SETOLS program,

PROGRAM PLAN

1, Initial Plan

The initial program was divided into the followirny
dQureit phases:

A, The sclection, by each of three auvrospace contractors,
of efther the F-8 or A-4 atrcraft forr SETOLS application, prej-
aration ot a preliminary composite design of the aircraft with
SETOLS, analysis of the systems pertormance, ard development ol
a program plan tor fabrication and test,

Concurrent with the preliminary dusign eftort, a
tourth contractor was sclected to (a) explore alternate
trunk cushion designs using surtace effects phenomena, anca
(h) examiie new materials for SETOLS application,

B. To accompany the compositie design and pertormance
analysis, a »erles of wind tunnel tests of the SETOLS uir-
ciait was planned, prosressing an detarl and accuracy as
the destpn progtessed, Simtlarly, static and dynamic drop
tests ol the cuslison system were also plannod,

v'. Upon comp:deetion of the above (wo phases, a roequest

11
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for proposal was to be 1ssued lor the detailed desiga and

installation of SETOLS. The concept to be bhid on would either

be the best of the three or the best combination {rom the three,
D. Flight demonsiration of the SEIOLS eguipped airplane,

2. Revised Program Plan

Midway in the above program the Navy (Ref, 35) recom-
mended a revision to the ARPA SETOLS program. lHowever, because
the Ref. 5 plan did not retflect the recommendations of the ARPA
review (Ref. 1) the program was directed to bhe consistent with
Rei. 1., A formal revised program plan was never issuced, but
in summary the major c¢lements of the plan are as [ollows,

A, Aldrcraft Cushion Dyramices =- Determination of aircraft’/

SETCLS dyvnamics duriag and afier landing impact by guantifying
the motions of three dynamically scaled 1 3-scale trunk models
dropped from a moving earviave at the Landing Loads Facility
at NASA Lanpleyv.

B. Avresting (able Impact -- Determination of the

behavior on impact oif a trunk system with an arresting cable,
considering matervial strength and model motions (to bhe
conducted in conjunction with dvnamic model tests),

C. Trunk Flurier -« ietermination of the nature of

trunk flutter when in proximity to the ground. The
analytical apuroach will define the important structural and
fluid paramcters involved, and two-dimensional model trunk

tests will support and verity the analytical results.

12
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I, Verodvaamie characterisites == iwtoerminalion ol

tie aerodyvnamic characteristices of the V-4 Boeing twin

trunk combipation in wind tunnel tlests, The twan trunk

tont uration developed by Boeing Lo the At avveraft was

chosen because 1t promiscd advantaces over a sinsle troeai
T terns of stabi bty o an o ground eftect cespecially around
the roll axis)y, edse of 1niertacaine with the aireca it
tharoust hard porats on the wings, and e anherent sg ety
o! relarinse the test atreral t's normal landing vear.

. Over-Zater capabaility -~ betermination ot toe dre

aad ~tabiliny characteristies ol a pernrpheral trunk systen
O ey (h'l‘]\ hat leeg,
CL s vevised phase of the progran wias  fudded for
Mg O Thirau st becenber 1970 Fhoses fands were 1n adui-
ton to ot X195 000 funding tor the tairvial progran,
U RESULES
e resalis to data of e gt il e thie sebreguent

e cased procsram plans are as tollows:

1. Gupospie hiesy o and Pertormdnec Ynalasaes, SE Lol

e b —— ——- v = i m——

Tne el Aerospace Company, ibice can oo Arora
P dneerang, dne, INANDBATHREY, and the Baeanp tompany wepro
eirac bed to contirm the feasability ol Lodiivaing e tner
o s or the A=t aareratt to ancorporaie o SETOLS. TR PO
cor oy wits asked 1o select one or the otder gareratt oand
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I, Avrodvnamie cCharacteristicos == hetermination ol

the aerodynamie characteristices of the A-4 Boeing twan
trank combination ain wind tunnel tests,  The twin trunk
contiuration developed by Boeing tor the A= arreraft was
chosen because 11 promised advantages over a siogle troenk
1o terms ol stability an ground offect (especially around
The roll axaisy, case ol intertacing with the ajrerat
throuch hard pornts on the wings, and the anbheren: sajiety
ol retarning the lest amreralt's normal landing wear,

oo Over-Water Capability == Determtnation ol the drayg

. - ——

ared o stabai ity characteristices ol a perhipheral terunk syston
over deep wi e,
L Thas rovased phase of the program was tunded Tor
S5O0, 000, Throush beecember 1970, Thoese funds were an addi-
Caon o ahee SAAO5,000 tunding for the mnirtial prograw,
ViR ESULIS
The results tao data of the dinritaal and the subsegueat

tecased procsram plans are as follows:

L. s omposate bhesgen and Poertormance Analvesrs, SETOLS

Thne el Acrospace Company, the San fnaevro Arreratd
Prnotneerimes, Ine, CSANDAIREDY . and the Boeiny company were
comiracted to contirm the leasibility of onlitying oather
e TN or the A1 agreratt to o incorporatie a SETOLS. LA
cargany wits asked to select o one or o the other aareratt and

13




then complete a4 preliminary (i(-s:il_:'lx ol the required moditica-
tron and analvze the resultant pertformance.  These two air-
cratt woere selected since they represented awrceraft that
were currently operational and available for use as an
experimental platiorm, The choice as to whether 1o keep

thee Tanding rear or not was left to the individual study.,
Vosummnoey o the results of cach follows,

V. The Boeang Company sclected the Sebonnell bouglas

Ve aarerati o to outlit with the SETOLS, on the basis tnat
the enwine inlets ore located above the waings, thereby

sy Zin ensine ngestion of water spray and debris, P
additron, the existine Tanding ccar attachuent 1s convenlonl
fooattach SEFTOLS support pods ol sullicient size 10 housc
vl lated sizn'is‘. solvins possible bar flutter and unwantod
sarasitire dray problems, The resultant contircuration
resulted an two tranks, one ounder o each o wiap, oin o contrast
toothe Budla lo 51:1;:]-- runk, In preparation ior lancrag,
e pods would open, and lh(‘ arr-a1nf lated SETOLS trank
would protrude, This desion retarned the normal Tanainawe
cear and was so desiened that capability ol wheels-down
tandrnes was jpareserved, solving satety and sround-~handl i
problems hut adding to the werehtl of the aarrceratt, The two
separaied pods leave clear aceess o the undevrbody ol thoe
arreratt o Jor attachment of weapon stores, catapult

11
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attachment, and normal arrcesting hook; in addition, the
wide footprint of the two trunks provides considerable
lateral pground stability not available in & single trunk,
Slight changes were required to the horaizontal tail to
cnapensate for reduced low-speed-aerodynamic directional
stability caused by the added pods, Performance aspects
are discussed later in this report, The Boeing study is
documented in Ref. 6.

B. The Bell Aerospace Company selected the F-8 air-

craft to equip with SETOLS, This aircraft, having greater
thrust-over-drag margin and greater volume available for
equipment, suggested a cushion design and material require-
ment very similar to that ot the CC-115 SETOLS system, i.e.
lower cushion pressure, and operation at lower angles of
attack at takeoff, It did not, therefore, require a dynamic
nose pop-up mechanism to provide the requived angle-of-
attack for takeoff. The Bell SETOLS design removed the
landing gear and placed a contiguous trunk below the
fuselage. The cushion system extended aft, termipnating
just fourward of the carrier arresting cable hook, The

trunk materials recommended were stretch-type materials

that would retract against the fuselage when not pressurized,

A separate air supply sysiem was added, The catapult attach

was extended slightly and located forward in the cushion

15
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cavity, During catapult a portion of the trunk was deflated
to permit attachment to the catapult, A larger vertical
stabilizer was required ‘o compensate for decrecased low
speed directional stability, Becausoc the design had no
wheels, flight deck handling was done -ither by taxiing or
the use o tractors, keeping the cushion inflated, or, by
use of a parking bladder, the aircraft would be parked on
a wheeled dolly it it were desirable to move the aircraft
without operating the jet engine and cushion auxiliary
power unit, Its performance s discussed later in this
report,  The Bell study is documented in Ref, 7,

C., The San bicgo Aircraft Eng;ueeriqgirlnc. (SANDAIRE)

selected the F-8 for SETOLS because of (a) the aircraft's
low ground clearance, (b) low angle of attack because of
its variable incidence wing, (¢) no center-line bhody stores,
and (dj) the high wing that has minimum ettect on general
stores and on the SETOLS when deployed. The SANDAIRE
desiygn incorporated ground handling gear and brakes as
necessary for safe, efficient handling of the aircsaft on
a carrier., The handling wheels were of -onventional
design; however, they were smaller and lighter in weight
than those of the F-8 since they were designed only for
taxi and takeof!, The question as to whether the aircraft

can be safely catapulted with SETOLS was not resolved in

16




this limited study,

This SETOLS desipgn houses in the center fuselage
a racetrack-shaped contiguous trunk cushion., After takcoft
the cushion s tracted into the fuselage and doors close
over the detlated cushion material to protect it from the
windstream,  The gross werght of this SETOLS F-8 airceratt
1~ shivhitly less Hmn. standard the F=-811, The stability of
Phe apreralt wos lound to be affected by the SETOLS addi-
tron: however, the extent of n.m'ml,vnumig'h platiorm revisions
reguitred Lo o compensate was nqt determined, The SANDAIRE
~turly 1S documented 1n Ret, 8

b, Qther Studies., In addition to the three spoecitae

4

aireralt desions for a;’»plyiﬁ'gz SETOLS, an analyvtic study of
sErrd o systemns and materials for SETOLS application was
rerlormed by the Goodvear Tire and Rubber Company. NSRbC
cirther conducied, or were technical monitors lor, a series
ol theorctreal and 4-xp<-|’i‘.||u-nlnl studices, The Goodvear is
~ummarized as lollows, the NSRDC work in the next sociion,
°

The toodyear Tire and Rubboer Company evaluited

promsin atr-cushiron concepts, estabiished nower, antila-
Lion pressures, and carrier tmpact load requirements,
cvaluated catapult teasibility and evaluated and reviewed
mivterial requirements and (olding characteristics.,

17




toodvear, in 1ts report (Ret, 9, concluded that;:

(1) Flexible-skirt ailr cusions are lfeasible
tor carrier-based aireraft,

(2) Peripheral jet designs arce preferred, wheiheyp
stnele lobe or multilobe, providing sultfreient lubricating
arowith nominal 1o low power requirements,

(3)Y  besiens are relatively simple and can use
conventainpal materials and fabrication techniques,  The
svstoems can be o retreacted and enclosed an o compartment,
Conventional, nonestreteh naterials are more el ficien
and ares pretoerred over the pliable materaials,

In swmmary, the four studies did not agree on ail
poinis, Some ol Lhe aoreas ol disasreoment were portinend
Coo SETOLS wnile others were qot, Howoever, tne 1'0]‘.1()\1.111.:
Pechnreal issues :u‘r-.(-\r'i«ivnl.

e Neew hiiorh pressure trunk materials, whether ot toe
conventional tvpe or stretehable, were not constidered.

® i Poeant study brictly considered landing e
fakeot !l on o winter, It coneluded that Tor take ot oven
ou aosmooth e, thrust for the A=d was mareinal 1o aceelor-
dte the aarerali thea hiamp speed, Accordainuely, they cone tu-
el that o tor the wrreralt considered, 1takeott and landin. on

protected water was Lhe only practical possabelity and that 1

18



aircraft would have to exceed hump speed, i,e,, B knots
before reaching the water,

e The handling of a SETOLS- 2quipned aircraft on a
carrier» remains a problem,

2, The Naval Ship Research and Development Center

NSRDC served as the technical steward of the
SETOLS program. Their interim and final reports are Refs.
10 and 11, respectively. The following summary, drawn

from Refs, 10 and 12, is consistent with but briefer in

detail than Ref. 11,

One-tenth scale models of each of the

contractor's proposals, with their versions of SETOLS
installed on the F-8 or A-4 aircraft, were tested initially
at NSRDC to obtain the effect of SETOLS on the aircraft's
static longitudinal and lateral aerodynamic stability and
control characteristics, The deployed trunks were not
suppiied with airflow, nor were ground effects simulated,
The results of these preliminary tests are documented in

Refs, 13 and 14 and were used by the contreactors to update

their propossls,

ipon selection of the A-4 Boeing SETOLS con-
figuration as the suggested ARPA demonstration confignra-

tion, another more meaningful test was made with simulated
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trunk airflow both in and out of ground effect conditions,
This was a 22 percent scale model test conducted at the LTV
Lerospace Corporation low speed wind tunnel, Briefly the
results of this test can be summarized as follows.

(1) No abrupt changes are introduced into 1lift
and pitching moment characteristics -f the A-4 with the
SETOLS configuration, and the dat» a:> quite linear to an
angle-of-attack of 18 degrees, whicu shovld be sufficient

for most landings or takeoffs,

(2) While there is a slight loss in control

effective over the range of angles-of-attack for takeoff
and landing, with sufficient stabilizer control for

trimming the aircraft,

(3) The SETOLS-equipped A-4 aircraft shows a

reduction in the total in-ground-effact drag with cushion
air flow compared to the conventional A-4 aircraft.
(4) The lateral stability was improved for the

in-ground-effect concdition; however, a loss occurs for the

out-of-ground effect condition (landing approach). The

addition of vertical s*‘abilizers on the horizontal tail

%111 recover much of this loss.
(5) There was a loss in directional or weather-

cock stability; however, acdition of the auxiliary vertical

en e B poremmrepvc PR IR B
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stabilizers resulted in a configuration with more direc-
tionally stability than the conventional A-4 aircraft,.

It should be noted that these results are
based on the reference center-of-gravity (cg) for the
stability and control data fixed at the A~4 wing quarter
mean-aerodynamic-chord point. Additional testing would be
required to define aerodynamic performance should the cg
history for the A-4 with SETOLS over its mission profile
be significantly different than for the unmodified A-4. The

full results of thes> tests are given in Refs. 15 and 16.

B, Testing of SETOLS Aircraft Landing Dynamics

The analysis of the energy absorption capabili- 2
ty of the air cushion attached to a high density sirplane

had had little or no verification., Consequently, scale

models of the various trunk configurations on the F-B and
A-4 aircraft were tested with static drop tests., Also, one
of the Goodyear designs was tested on the F-8 model., All

cushion designs decelerated the vertical velocity of the

models with ample margin, so small-area, moderate pressure
cushion systems are considered feasible in this respect, 1

In addition to the static tests, the Boeing
design is planned to be dynamically scaled and towed, to

be released at landing speed and normal sink rates. Air-

craft surface damping due to wings and tails will not be
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represented in these tests, These tests are to be con-
ducted at the Landing Loads Facility, NASA, Langley,

at their convenience--currently scheduled in late CY 1974,
Although these tests and simulator tests conducted in
support of the Air Force program are, in effect, two
dimensional, they will indicate whether or not there are
dynamic problems, which will most surely be aggravated
when a third degree of freedom is added and with a carrier
landing,

C. Impact on Cushion and Arresting Cable

The Landing loads Facility, NASA, Langley,
also tested the effect of the impact of arresting cables on
cushions, using simulated carrier landings. The Bell F-8

trunk model showed no adverse dynemic behavior after

impacting the cable arresting system. No damage was evident

to the trunk material after repeated impacts, the trunks
being stiff enough that the fabric does not wrap itself
around and capture cables; tuiis was a predicted problem of
some concern.

D, Trunk Flutter

Flutter exists in the trunk material when the
trunk is close to the ground surface, This was observed
in all the dynamic tests. Two-dimensional flutter charac-

teristics as functions of trunk and cushion pressure, air
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flow, peripheral jet air velocity, arnd ground clearance
were measured for correlation with an analytic model (see
Ref. 17). The analytic model has been developed by NSRDC,
but has not yet been published., A series of fixes were
evaluated experimentally that damped the flutter suffi-
ciently for the dyinamic tests, and many of these techniques
are being applied in the Air Force program., Until full-
scale dynamic landing and takeoff tests are conducted, it
is difficult to tell whether flutter is a severe problem
or merely a transient phenomenon that is passed through so
rapidly that it can be ignored except in static tests,
This is an area demanding further effort, which it will
most probably receive under the Air Force program,

E. Scale Model Tests of SETOLS on Water

In order to investigate the operation of

SETOLS over water, powered scale model tests of peripheral
inelastic trunks with a range of length-to-beam ratios

(2:1, 4:1 and 6:1) were conducted in the low speed tank
facility of the Lockheed Ocean Laboratories, San Diego,
California, Tests were compleied in August 1973, and data
show that pitch stability is very sensitive to length-to-
beam ratios, the 2:1 being unstable for all test conditions.
This is an area that requires considerable additional work

and most probably will not be encompassed in the joint
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Air Force/Canadian program. This work is documented in

l Ret, 18,

‘ J. Follow-on Plans

Nc¢ither the Navy nor the Marine Corps, in assessing the
l transfer and possible use of the SETOLS technique, could corre-
late a mission with high enough priority, with the proposcd demo.-
stration on the A-4 and accordingly could not justify traasfer,

1t was ut this point that ARPA decided to terminate the program,

RESOURCE LEVELS

The SETOLS nrogram was initiated in FY 1971 with thc

commitment of 495,000 under ARPA Order No, 1755, to NASC,
The program was continued in FY 1872, with the same agent, 3

with the commitment of $500,000 under ARPA Order No, 2121,

The tunding distribution by task and organtzation is shown ]

in Table 1, which reflects the fiscal year in which funds

were obligated,
TABLE 1
TABLE OF PHOGRAM FUNDING (THOUSANDS OF DOLLARS)

TasK/Organization FY 71 FYy 72 Total

Feasibility Studies: 360 i

NSRDC
Bell
Boeing
Sandaire
Gioodycar
NADC
NASC

L B R Y

*

*Indicates year in which performer's activity was funded.
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Table I (contd.)

Task Organization FYy 71 FY 72 Total
Airaratt Trunk Dynamics: 251
: NSRDC * .
A Bell . .
uondycar *
Beoing *
l Arresting Cable jmpact: 20
NSaRDOC »
l Trunk Acrodynamics: 126
NSRBC »
LIV *
1 Trunk Flutier: 42
NSRDEC . ]
SW Researen *
- Water (haractoristios: 196 1
NSKIX =
3 lockheod -
tentro Corp, -
NADe »
TOTAL 195 300 995

CONTRACTOR  PER FORMANCE

iscussi1on of the results of the studies ol perforn-
ance of the SETOLS-equipped aircratt is best accomplished
against a backpground of the techafcal issues,  The AitPA

program addressed vhe following paints.

1. The Composite Design of a SETOLS-equipped Carrier-
]

hiased Alreraft !

The composite design studies did not stress the :

doevelopment ol orr show what was possible in advanced

25
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State-ol=the=art, small, high-strength cushions, and as a
result, all dosicens showed that current conventional cushions
could be adapted to the carrier airceraft, Implicit with the
use ol conventional cushions, therce are compromises in the
low speced acrodvnamic and overall pertformance ol the aircratt,
The redesian of the aircraft to minimize the effects 15, of
course, o substantial task and, accordingly, was only ad-
aressoed tleetinegly with the Boeirng desion,

The aireralt with state-otf-the-art large cushions ocan
bee doestzned to be compatible with carrier catapults and arrestoea
Tandings: however, handling the SETOLS aiteralt on a carrier
Fiieht deck remains a potential problem.  The ARPA study con-
centrated perhaps (oo much on the carrier problem and neglected
the more sicniticant and challenging problem, i, ¢. can the
SETOLS aareratt land nn‘_a‘n unprepared runway.  The requirements
tor obstacle clearance, (runk depih, and tlexibility for a
tanding or iakeoll from. a rotgh, unprepared runway lead 1o oo
larcee trunk desaon, m)lillu-lival to the roeguirement to Keop
cushion arca and extension rom the areralt as small as
possible 1o minimize the acrodvnamic destabhilizing etloct,

AMso necessary i1s a detinition ol an unpreparcd
Proaway ., Here the allowable size and spacing of undulations
as o lunction of cushion size were not! detined, although
these are important as they aporoacn the dimensions of the
SETOLS cushion herght and length, and, consequently . must

26
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by quantified jor cach specifie crreratt and cushion aes. o
Obviously the custhhiion can be desioned 1o operate over a
constderable rance of obstacle topologies al the expensce of
voar, cushiron degatn and si1ze, and oftect an arrceraft
~~abrlivy and control, Frnally, the porosity o, the
Sardace IS anportant and mnust be considered,

5 e Ymphnbhirous Capabirli ties ot o e 7GLs-cqulpped

e _Mireradd

Phee YR SETOLS study andrec ety s lluntnaied hee
qurestion of whether a haeh pertormiancee garreral s cqulbdped
Wy tn SEIOLS can operdte from the sueface of  the opeln occal,
P auswer appears to be that, ot SETOLS s added to an
existine sich pertformance atreraltl . the auaytron adyverscely
attecis stability and control of the atroratt anless 1ne
volume ol the teank svsten and 11s projection fror the aar-
Crail s misipnal, The requirements jor ojeralang Gao §ae
e o eusn, L e tlatiatron, takeol !, ana o tariing, aro e
P oxactly 1the opposite, that as, o Jdeep, darze tounk
syeten that allows operation 1n hiish sea states and
prtorl et enoines aarnst o water pndestion, o wliiren i~ the
current aemesis ol et enpsipes workains close 1o the water
St iiee, Notnaing an the studiles s G Tiwosile about Ui
potentanl abilaity of currentl types ol carrier=-hased. hiazh
portortance aproralt o equapped with SETOLS 1o operate
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takcoff, or land in the open ocean,

Finally therc is the question: Can the SETOLS be
stowed so that when the aircraft is airborne, its perform-
ance is not compromised? The SETOLS can be built with
(a) conventional, rigid materials that can be folded into
a closed compartment during flight, or (b) with elastic
materials that can be used to withdraw the material into
the same compartment., The current Air Force program will
evaluate the effectiveness of elastic materials being
drawn against the c¢ratt superstructure yet exposed to the

air stream. At high speeds, tais is not judged practical,

3. Analysis of the Performance of SETOLS-equipped Carrier

Aircraft
The SETOLE desiygn studies concluded that it appears
feasible to catapult the aircraft with SETOLS active; how- :
ever, there are differing points of view as to whether it
is practicable. This is an area where further study and
a test would be helpful.
Arrested landings are entirely feasible, and
SEJOLS ofters eventually a more benign environment jor
pilot and aircraft during deceleration than does a coaven-

tional landing gear. Interaction ot the cushion and the

arresting cable does not appear to be a problem. The impact

attenuation, using SETOLS with current large-area deep

28




T e e B

cushions, appears Ze¢: i .e and practicable; however, the
detailed design of : .2 method of energy dissipation,
whether in t.. air supply and/or vents on the trunks,
requires further study. Addition of SETOLS to an A-4 ajir-
craft reduces the positive braking of the aircraft on
landing and increases the run-out upon landing on a con-
ventional hard-surfaced concrete runway from 2750 to

3250 feet. This is a subject that demands additional
study; and most surely it will be considered in the Air
Force program.

The ARPA and Air Force test program progressed
far enough to identify that there are three-dimensional
damping problems associated with landing with a SETOLS-
equipped aircraft on a hard surface. Also a transient
trunk flutter problem was found, though it may not be a
problem in the changing dynamic situation of landing or
take off or over soft surfaces. The Air Force program
will of necessity resolve both of these problems, A
third dynamic problem is that associated with operation
over water,

Finally, there is considerable increase in air-
craft crosswind landing and takeoff ability; however, ARPA

studies did not quantify the increase,
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4. Assessment of Effects on Utility and Vulnerability of

an Aircraft due to Addition of SETOLS

In general, the addition of SETOLS brings mixed
blessings. The SETOLS-equipped aircraft is not as sensitive
to the roughness or hardness of the runway as is the wheeled
aircraft; yvet it must pay for this by an increase in air-
craft total drag when SETOLS configuration and auxiliary
ajir supply system are included, The performance of the
aircraft accordingly suffers slower speed, requiring longer
runways to vecome airborne or to stop. The impact on air-
craft performance due 1o the addition of SETOLS is depend-
ent upon whether the aircraft is designed with SETOLS from
the beginning or whether SETOLS is added as an after
thought., Ground handling, particularly on a carrier,
requires wheels, which probably have to be comparable to
today's wheels so that emergency landings are possible.

So there probably is a weight penalty; however, the
redundancy of landing capability is desirable,

SETOLS provides the ability to traverse small
obstacles and steps; however, this ability must be
qualified as to the number, spacing, and location of such
obstacles in relation to the dynamics of either landing or

takeoff,
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SETOLS may afford the capability to operate from
a battle damaged but not cratered runway, but so may an
spircraft with conventional landing gear. However, a SETOLS
aircraft has a considerable advantage in that it can land
in areas adjacent to a hard-surface runway or run off the
end of a runway with some impunity, which is difficult with
high density aircraft with conventional gear.

The addition of SETOLS, together with wheels,
should decrease aircraft losses since the two systems avail-
able for landing would increase aircraft reliability and
life expectancy. A further point is that the air cushion is
provided with holes for releasing air, so, additional holes
or rips will not critically degrade performance too
rapidly.

At this time it appears that the addition of
SETOLS to existing craft will increase the aircraftt weight,
whether or not the wheels are retained for safety and
handling; therefore, performance will suffer, However,
for new designs, there is a potential for reducing aircraft
weight.

Finally, the lack of positive steering of a
SETOLS-equipped aircraft at intermediate and low speeds
on a2 wind~swept rolling carrier deck is considered a

ceritical problem and may dictate the retention of some
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forms of wheels or alterpates such as tractor lift ‘tow/
skid system,

PROGHAM TMPACT

1, Actual Impact on Other Programs

The Air Force ‘Canadian ACLS program has used a
solution developed by Bell and NSRDC in the carly stages
of the ARPA SETOLS program to allevaate trunk flutter
problems experienced in model tests, This solution includes
installing a stirake to provide flow separation and adding
concentrated massces at appropriate locations on the tiruak.
The detailed measurements by Southwest Rescarch Institute
{(Ref, 17), and their recommencations, will allow desipgn of
a cushion system where flutter is either eliminated or
minimized. Anotiner program that has used data generated in
the SETOLS program is the Air Forcve program to apply SETOLS
to a Jindivik RPV. Two tnnovative features that emerped
from the initial SETOLS fecasibility studies are the concept
of the inelastic trunk and the use of a tan emploving a tip
turbine doiven by propulsion-engine bleed air to supply
ACLS air; both of these have been used in this program,
The Jindivik program began with feasibility studies in
FY 1972 and is scheduled to end with flight tests in

Fy 1975,
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2. Potential Impact on Other Programs

Program results may be useful in developing new
concepts of operation (i.e. from unprepared runways, eic.),
the definition of new missions (not requiring prepared
landing fields), and the turther comparison of the SETOLS
concept with more conventional systems., As the Air Force
and the Canadians look past the medium density CC-115 air-
craft to higher density and higher performance aircraft,
the ARPA efforts on composite design, materials, and the
dynamics effort completed by ARPA will be directly appli-
cable,

3. impact on the State-of-the-Art

Specific advancements in the state-ot -the-art that
did occur included:

® Desiygy techniques and matcerial tabrication
procedures developed throupgh preliminary design for a
retractable air-cushion landing gear system;

e The dynamics oi a SETOLS-equipped aircraft
during high speed, high-sink-rate landing operations
characteristic of naval aircraft determined and demonstrated
experimentally in dynamically scaled tests;

e Flight-rated, auxiliary power systems to supply
cushion air flow defined;

® Parametcers of trunk flutter determined
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experimentally and trunk flutter minimized;

® Operation of high performance, high density air-
craft on soft unprepared runwoy over an obsiacle of moderate
size;

e The ability of a SETOLS cushion to withstand
repeated impacts with carrier arresting gear demonstrated
in dynamically scaled tests;

e The ARPA program, taking essentially the same
cushion pressures used in the Air Force and Canadian CC-115
cushion system and with conventional materials, showed
they could be applied to much higher-density and higher-
performance zircraft,

4, DProgram Transter

Other than the interchange of SETOLS program
technology already mentioned, there are no present Navy
mission requirements for the results of the program. On
the other hand, shiould a future requirement for SETOLS
effort materialize, much of the SETOLS program output can
be directly carried out into the next design phase,

5. Future Research

The Air Force and Canadians will continue the
development of materials, auxiliary systems, and analysis
of the dynamics of air-cushion landing sy emnns as part of

their CC-113 program. Tne tollowing are areas recommended
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for future development in the event ¢ ftuture ACLS program
is initiated:

A. How to minimize the ingestion of water and debris
during takeoff and landing,

B. How to design a jet engine to withstand ingesting
water and debris,

C. How to augment directional stability and control
during lcw speed operation of SETOLS aircraft,

D. How to improve SETOLS aircraft handling on the
ground, flight deck and hangar deck.

L. How to optimize energy dissipation during landing-
the-trade-off between fan characteristics and trunk
pressure relief valves,

F. How to increase braking of SETOLS aircrait,

G. Estabiish etffects of dynamics of vehicle motion on
flutter dynamics and threshold,

H. E:tablish the effects of surface roughness of both
the ground and cushion i{runk design on flutter.

I. Test three-dimensional models of trunks and
correlate with theory.

v. Determine the limits oif sirength characteristics of
cushion systems, consistent with delamination and flexibili-
ty requirements if higher strength fibers or metals are

used.
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6. Current Organizational Contacts and ldentification

Following ic a brief list of organizations and
specific individuals' names where inquiries for information
or assistance regarding SETOLS or ACLS can be addressed.

A, Defense Advanced Research Projects Agency (ARPA):

Mr, A, J. Tachmindji, Deputy Director or Dr. F. W, Niedeafuhr

B. Naval Ship Research and Development Center (NSRDC
Code 161): Mr. Elmer Burgan

C. Naval Air Systems Command (NAVAIR 03P31): Mr. John
C. Vaughan

D, U. S. Air Force Flight Dynamics Laboratory, W-PAFB:
Dr. K, Digges or Mr, William Lamar

E., The Boeing Company, Seattle: Mr. Lloyd Gardnrer

F. The Bell Aerospace Company, Buffalo: Mr., Colin
Faulkner

G. Goodyear Tire and Rubber Company, Aviaticn
Division: Mr. L. Peelman or Mr. F, M, Milhoan

H. San Diego Aircraft Engineering, Inc.: Mr. George
Lutz

1. Southwest Research Institute, San Antonio: Mr. R.
L, Bass or Mr. J, E. Johnson

J. Lockheed Missiles and Space Company, Ocean Labora-

tory, San Diego: Mr. R. G. Wright
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