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Preface

The testing and evaluation of air cushion landing system designs
is a vequired step in the development and deployment of an operational
system, The problems encountered in performing the tests on large
scale vehicles, and the ilimitation on the number of designs which can
be tested impose a severe handicap on the widespread development of
this very promising system. This report represents my efforts to
assess the feasibility of utilizing tests on small scale models to
provide information useful to the development of larger scale systems,

The two ma jor efforts of this study were to perform represen-
tative tests on the air cushion landing system of a tenth-scale model
Jindivik RPV, and to compare the results of these tests with similar
tests performed on a fullescale Jindivik air cushion landing system,
The results of these efforts are published herein, Judged on the ]
basis of my personal educétion and satisfaction, the success of thgé
study was enormousj it is my hope that the results will prove
beneficial to those involved with the design and ¢onstruction of
future air cushion landing systems,

I am deeply indebted to the personnel of the AFIT shop whose
efforts in constructing and installing the test hardware made this
report possible, The expert technical advice and assistance of Mr,
Shade Campbell and Mr, David Pool were essential in the performance

of the expeviments of this study. Mr. Jim Steiger provided the
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necessary liason between my program of tests and that of the full-scale
Jindivik,

My special thanks go to Maj, John C. Vaughan, Chief Scientist of
the Mechanical Branch, Vehicle Equipment Division, Air Force Flight
Dynamics laboratory, whose encouragement and guidance are chiefly
responsible for whatever success was achieved in this program,

I would also like to express my appreciation to Dr. Andrew J,
Shine, Prof., Harry R. Bulmer and Capt J. T. Karam, Jr,, my advisors,
for their advice and suggestions and for the many hours, freely given,

to assist me in preparing this report.

Philip M. Parker, Jr,.
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The purpose of this dcudy was to exparimentally devermine the
performanve of an atr cushion l.nding system {natalled on a tenth-scale
modol Jindlvik RPV, The performance of the system was evaluated from
detarmination of the followingt

1. Static stiftnesa of the air cushion landing syatewm in level,

pitch and voll attitudes,

2. Dynamio vesponsge of the syatem to the effect of vertical

valocity during landing,

3, Landing stablility of the aystem at various forwird speeds at

different air flo configurations,

A number of the measuvements of the tenthw-scale system's performance
were compared with similar measureants of an alr cushion landing system
fnastalled on a full-scale model Jindivik. This comparison has provided
some answers to questions concerning the feasibility of using data,
ohtained from tests on a small model (the model of this study welghed

2.5 1b), in designing air cushion landing systems,

Background
The basic ACLS consists of a4 trunk which is shaped, ar shown in

Fig. 1, like an olongated doughnut or torold, and an alr supply system,

The trunk is attached to the bottom of the atrcraft fuselage and s
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inflated by aly fxom the ale supply ayeten, The compresied alv way
he allowed to excape from many emall holes along the battow and tnner
suvfaca of the trank, The ate escaping tvom these holes generutes and
malntalng a preasaure inoveane in the ouahion veglon of 1 to 4 pal above
atmosphavio which forwma an avy cushion upon whioh the vehicle vides.
(Ref 211) Thia aly eushlon supporta the weight of the atvoratt avevr a
velatively large aurvface avea, The light footprint thus oreated allowa
the vehiole to operate on unpraepared suvfaces such as sod, anow, sand
or water, In addition to this flexibility an overall welght savings
oan be vealized in vomparison with conventional landing gear systems,
The many intwracting variables of alr cushion landing asystem
operation make theorvtica, prediction of ACLS perfurmance very difficult,
At the time of this writing there ave no proven analytical mathods toe
predicting the performance of a particular ACLS, and ascale model testing
vemaing the primarcy method for providing information neceasacvy for
design veriftication, A small model could provide ACLS data at a consid-
ecable savings in time and money but the similarity in opervation
between the small scaled model and full=-scale syatem {8 open to Question,
AFFDL {s currently conducting statio and drop tests on the ACLS of a
full-scale model Jindivik RPFV, These tests are being conducted in
preparation for a joint USAF, .aort to perform ground/flight
taests on an ACLS equipped Jindivik drone. It ia the intent of this
report that the comparison between the tenth-scale and full-scale
systems will aid in deternining if small models (on the order of 5 1b)

can be used to develop data useful to tull-scale ACLS design.
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Definition of Texma
Irunk Prassure rt + That presaure, measured {n terns of gage

pressure, which exista within the toroid shaped trunk. This pressure
tends to keep the trunk inflated during all ACLS operations,
) Cushion Pressure Pe + The pressure, measured in tenrs of gage
preasure, vhich exists exterior to the trunk, in the region bounded by
the trunk and the tuaselage as shown in Fig. 2.
Trunk Axes At « That area of the trunk {n contact with the ground
or flatteaned by the effect of the ground at a given time and condition,

Cushion Area Ao + That area enclosed by the interior ground

tangent line of the trunk surface in contact with the ground., In hover

wost of the vohicle weight is supported by P° acting over the cushion

area Ao.
/;_‘—.m.alm.
{ -
) Afr Cushion Trunk
1 Region \\\\\ e
s «—~{Ground

TR ke e Mt 2T

Fig. 2. Cross Section of ACLS Viewed from the Front

.
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Center of Prossure cp « The geomatric centexr of AQ.

Trunk Flow Area A“ « The total area of the ports in the trunk

vhich allow alr to flow out of the trunk and into the air cushion
roglon, The effective trunk flow area is computed by multiplying
the measured area A“ by a discharge coafficlent cd.

Ground Effect, The ground effect is determined by the effect of

the ground on cushion pressure, When Pc i3 equal to the atmospheric
pressure (zero gage pressure), the ACLS is said to be out of ground
effuct OGE, As P0 rises above atliospheric pressure the ACLS is in
ground effect IGE with a nominal dusign point occurring when the
vehicle is at rest on the ground with its weight being supported by the
force of PCAO and PtAc' This latter condition is veferred to as hover.
All tests on the tenth-scale Jindivik, except where noted otherwise,

were conducted in ground effect.

Scope
Tests wore conducted on & tenth-scale model Jindivik RPV equipped

with an air cushion landing system. The experiments conducted did not
yield the data necessary to describe the entire range of performance
of the ACLS but a comparison of the data obtained, with similar results
of AFIFDL tests of the full-scale ACLS, provides a good indication of the
validity of using a small model to provide data for ACLS development,
Static tests to determine the trunk stiffness in heave, pitch and
roll were conducted, Tha determined values were compared against full~

scale stiffness factors to determine the static similarity between

systems.

Ly
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The effects on the ACLS of the vertical velocity of landlhg were
oxamined in a series of drop tests. The drop height was varied to
give a range of vertical velocities to simulate full-scale values from
the noninal landing rate of descent of 7.6 fps to the maximim expected
vate of descent of 14 fps., The effects on the ACLS of varying the roll
and pitch attitude in drop tests, were nut studied,

Forward speed landing tests for a range of forward velocities
from 12 to 30 fps, were accomplished through the use of a catapuit,
The motion of the model immediately after touchdown was studied through
the use of high speed motion pictures. The braking performance of the

ACLS was analyzed and compared with full scale data.
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II. Apparatus

The primary piece of equipment used in this prosran was the tenth-
scale model Jinaivik, The catapult used in the forward speed landing
tests was built and installed by the AFIT shop. Its design is discussed
in Appendix C., The primary instruments for most of the testing were
two water manometers used to measure trunk pressure and cushion pressure,
For the drop tests two pressure transducerz and an accelerometer were
used in record;ng the dynamic response of the ACLS. A high speed movie

camera recorded the launch and touchdown in the catapult tests,

Tenth=Scale Model Jirdivik

The model was designed by Maj John C, Vaughan of AFFDL and Dr Ned
Smith of Centro Aviation of Dayton, Ohio., Centro Aviation was respon-
sible for the construction of the model. It has the correct Froude=-
gcalec valucs of weight, center of gravity and moment of inertia about
all three axes, The air supply system for the ACLS consists of two
Rotron Aximax 2H fans which can supply up to 40 cfm of air at .15 psig
to the trunk and cushion, A dump valve in the belly of the fuselage
pernits venting of the air cushion for tests of braking performance,

A Totron Propimax 2 fan is installed in the aft section of the fuselage
to provide aerodynamic force on a remotely controlled steering vine in
the tail section. This steering vane provides heading control during
taxi and forward speed tests, As shown in Fig., 3, the model dimensions
ares wing-span 25 in., length 26% in., weight 2,5 lb, The fuselage is
constructed of molded fiberglass with magnesium bulkheads, The wings

are made of balsa wood with aluminum attachments, The power system
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Fans in Series
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Digital Servos

Rotron Propimax 2 Fan
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T

= i
‘ —

Trunk Steering Vane

Fig. 3. Tenth~-Scale Model Jindivik
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was designed for a 110 volt 60 cycle electrical source, It provides
150 watts at 115 VAC 400 Hz through an umbilical cord, The power is
ad justable through a voltage range of 105 to 125 VAC and a frequency
v range of 360 to 440 Hz. The control system consists of two digital

proportional feedback servos which allow variable positioning of the
cushion vent valve and steering vane. The trunk of the ACLS is a
toroidal configuration and is scaled from a preliminary design of the
trunk used in the full-scalé ACLS, It is made of latex rubber and can

have any desired hole pattern.

Catapult
The catapult shown in Fig.4 uses two 24 ft, 5 in, channel aluminum

beams as launching rails, The rails are mounted on two height-ad justable
stands which allow the model to be released at the proper attitude and
altitude. The model is suspended from a carriage which rolls freely
along the aluminum rails, The carriage is accelerated to the desired
launching speed by a weight and pulley system; the model is then launched

when the carriage strikes a padded block at the end of the rails,

Test Instrumentation

The test instrumentation for static tests included two water mano-
meters and steel rule, Force measurements in the pull tests were made

. with a spring type load gage connected to the model by a system of

pulleys., The instrumentation for the drop tests consisted of two strain
gage type pressure transducers and a lightweight accelerometer, The
signals from these instruments were conditioned and displayed on an

oscillograph. Appendix D discusses the instrumentation in more detatil,
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III. I~~t Configuration for Tenth-Scale ACLS

The goal in trimming the tenth-scale ACLS was to metch as closely
as possible scaled values from the full-scale system, The Jindiviﬁ ACLS
was the first to be designed with different configuratjons for take off
and 1znding. The system being tested on the full-scale model is a lecw
air flow system which duplicates the designed landing configuration,
This was to be the primary test configuration, however tests were
conducted at a number of configurations to determine the overall perfor-

rance of the system,

Scale Considerations

The size and shape of the tenth-scale trunk were properly propor=
tioned, however the weight and thickness of the latex rubber were far
greater than the correct scaled values, The difficulty in building a
properly scaled trunk is one of the problems in using a small model to
test an ACLS,

The operational parameters which had to be considered in trimming
the ACLS were trunk pressure, cushion pressure, flow rate and trunk
flow arca, Trunk pressure was selected as the basic parameter in
determining the desired test configuration. For a full-scale value
of Pt of 1,7 psig (the pressure used in a series of full-scale tests)
it was determined that the tenth-scale trunk pressure should be 4,75

in, H,0. (See Appendix A for scale factors) The full scale tests

2
cmployed a number of different configurations and ratios of Pc/Pt but

a typical ratio was .38, For Pt = 4,75 in. HZO the value of Pc for

this ratio is 1,8 in, BZO. Trunk and cushion pressures for the model

11
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were aeasured for a number of flow areas at fan powers of 105 VAC 360
Hz, 115 VAC 400 Hz and 125 VAC 440 Hz as showr in Fig., 5. The operating
condition at which the trunk and cushion pressures were closest to their
properly scaled values was selected as the desired landing configuration,
It was found that cushion pressure increased to a maximim value at a
fairly low flow area and then remained essentially constant while trunk
pressure decreased as flow area was increased, The pitch stability of
the system was examined by observing the pitch damping of the system
after bdeing disturbed from equilibrium, It was found that a fairly
large region of undamped or unstable operation exists, but the selected
landing configuration was well removed from the area of unstable oper-

ation.

Air Supply System

The operating characteristics for a single Rotron Aximax 2H fan
indicate an inherently unstable operating region, shown in Fig. 6., The
pressure vs flow rate relation of 2 fans in series, as used in the
model of this study, were found by measuring Pt out of ground effect at
a number of different trunk flow areas and then computing the flow rate.
(See Appendix F for sample computations.) The operating characteristics
of this air supply system, shown in Fig. 6,do not indicate any region

of unstable operation,

Center of Gravity Considerations

On the full-scale Jindivik the center of pressure of the ACLS is

located 8,5 in, forward of the center of gravity. This was done partly

to help counteract a nose down pitching moment encountered in landing,

Since this nose down momeant, due to the friction of the ground on the

12
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bottow of the txunk, does not oeeur tn dyvop teata, the oa belng afv of
the op causes tnoveased piteh onetllations It was declded to move the

og diveoctly ovev the op for the tenth=acale drop tests and static couta,

' This vaa done by placing a welght in the noae of the model whioh

{noveased the total welght of the model to 2,363 1b, This added weight

o E s

was removed for the forward spead teats, moving the ag to 6 in, aft

of the op,

Pul) Teats

Yull teats were conducted on the tenth-scale model to help oheck

tha validity of the landing confiaurvation, It was important in forwavd

apeed teata that the pull torce Fp requiraed to move the model be

.

properly scaled to the force requived to move the full-scale ACLY, ]
The scaled value of the pull force reQuired to move the full-svalae

vehicle is 417 + ,07 lbe The measurad value of Fp for the tenth-scale

% wodel in the landing configuration was .42 * ,02 1b, Additional results

% of the pull tests for the syatem in different configurations are found

in Table VIII of Appendix K,

VRN PO,
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Ve Btatie Tests

Static tests ware conductwd on the tenth-acale ACLS to deterwine

! the heave atiffueas, voll atiffneas and pitoh atiffmess, stittness

tactova weve computed from the data of these teata and compaved agalnat
full scale teat vesults to daterwine the degree of almilavity in atatio
performance of the two aystemd, It was found thar the agreement tn voll
stiftneas wan pood but that the tenthescala ACLS waa conalderably

atiffer in picoh and heave,

Heave Stivfneas

The heave atiffnesa factoy Kh 13 a measure of the amount of

vertical diaplacement of the wehicle as welght on the vehicle {a
invreased, Weight, in 1/4 1b {ncrements, was added to thw cg of the

model, Measuvements weru made of the vertical diaplacement of the wing

voots after each inorement of weight was added, The displacement of

the og was wvatimated by averaging the displacement of the wing roots,
Previous ACLS model tests have shown the fuactional relation between
deflection vy weight to be quite linear (Ref 2:50-31), The graph

of Fig. 7 shows the deflection vs weight relation of the tenth-scale
ACLS to be nearly linear. The slope of the curve of Fig. 7 was computed
by uilng the extended difference method and was used as the heave st!r- -
nesa factor, Kh for the tenth-scale ACLS in tha landing configuration
was found to be 10,97 + 2% 1b per in. When converted to the full scale
value this bacomes 1097 + 2% 1b per in. and compares with K, for the
full-scale model of 700 + 7% 1b per in, The greater stiffness of the

tenth-scale ACLS is due primarily to the improperly scaled weight and

16
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thickness of the trunk material, The heave stiffnass factor was found
to be 8,37 % 2% 1b per in, for the landing configuration with the air
cushion vented, The heave atiftneas in the take off configuration was

. 10,00 + 2% 1b per in, Figure 14 shows the non linear effects of air

leaks around the tyunk and the elasticity of the trunk cause the welght
ve deflection relation to become non linear as the weight added to the
0g becomes larger than 3 1b, Kh for the cushion vented take off config-

uration had two valuea, Over the range where trunk prassure increasaed

as waight was added the stiffness was 12,8 + 2% 1b per in, After Pt
reached a maximum value of 5,45 in, uzo v stiffness becama 6.4 + 2X

_ % 1b pexr in, The change in the valuw of K, 1s shown in Fig. 15 by the
- definite change in slope at a load of 1.7 1lb. The data for these tosts

1 are tabulated in Appondix E,

Pitch Stiffness

The pitch stiffnass factor KG is a measure of the change in pitch
attitude causad by a torque being applied about the center of gravity in
the pitching plane. The necessary information for computation of the
pitch stiffness factor was obtained by applying a torque about the
lateral axis (pitching moment) and determining the angular change in

pitch attitude of the model, The torque was applied by placing a weight

on the nose or tail of the model and removing an equal amount of weight
from the g of the model, The angular deflection was computed from
measurements of the change in height of the tip of the nose and base of

the tail. (See Appendix F for details on the necessary computations,)

The deflection angle vs weight added relation was found to be linear as

shown in Fig, 8, Using the extended difterence method, the slope of the

18
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deflection angle vs weight added curve was computed and multiplied by
the moment atm to find the atiffness factor, Ko for nose down moment
(negative pitch moment) was found to be ,153 + 3% 1b ft per deg. The
value of K° for a positive pitch moment was found to be 130 + 32 1b
ft per deg. These values vhen converted to full-scale are 1350 + 3X
1b ft per deg and 1300 + 3X 1b ft per deg, They are considerably
higher than tha valuas of the pitch stiffness for nose down moment

determined from full-scale tcests of 900 + 6% 1b ft per deg.

Rol) Stiffnesy

The roll stiffness is a measure of the amount of roll caused by a
torqua bheing applied about the ¢g in the roll plane., The value of the
voll gtiffness factor Kﬂ was detormined by comparing the change in roll
angle with torque applied about the longtitudinal axis. The torque
was applied by adding weight to a wing tip while taking an equal amount
of welght off the cg. The change in bank angle was determined from
measurements of the change in height of each wing tip after the weight
was applied, As shown in Fig., 9 the relation of roll angle to weight
added was linear. The same method used in computing the pitch stiffness
factor was used to find the roll stiffness factor. Kﬂ for a positive
rolling moment (weights on the right wing) was .00493 + 3% 1b ft per
deg, and for a negative moment was ,00466 + 3% 1b ft per deg. When
converted to full-scale, these values became 49,3 + 3% 1b ft per deg
and 46.6 +3% 1b ft per deg., The tenth-scale values of Kﬂ show good

agreement with the full-scale ACLS value of 60 + 61 1b ft per deg.

19
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V. Drop Tests

Drop tests were coruucted to determine the dynamic response of the
tenth-scale ACLS toc the vertical forces of iandins. Trunk pressure,
cushion pressure and acceleration of the cg acs were measured as the
tenth-scale model was dropped from specified heights. The tests were
conducted from release heights of 1.0 in., 2% in, and 3% in, These
selected drop heights yield vertical velocities similar to full-scale
descent rates of 7.5 fps, the rominal landing descent rate, 11 fps and

14 fps, the maximim landing descent rate.

Instrumentation

Pressure measurements were taken with strain gage type pressure
transducers from pressure taps located in the trunk region and cushion
région. The acceleration was measured by a strain gage type accelerometer
located 2 in, aft of the cg. The signals were displayed on an cscill=
ograph by a Visacorder. A light-weight piezoelectric accelerometer was
used in some of the tests but the output was less satisfactory as
explained in Appendix D, The pressure transducers were calibrated
before each drop by comparing the static IGE reading of the trunk and
cushion pressures with water manometers reading the same values, The
accelerometer could be checked for each test by comparing the deflection

prior to release (1 g) with that immediately after release,

Results of Drop Tests

It was found that the acceleration forces measured in the tenth-

scale drop tests showed good agreement with measurements taken in the

22
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full-scale tests, The pressure response showed little correlation with
full-scale data, When converted to full scale readings, the peak trunk
pressure for landings at nominal descent rate is 1,95 psig. This
compares to a value for the full-scale tests of 2,5 psig. The converted
value of the peak cushion pressure for the tenth-scale ACLS was .35 psig.
This compares with 1.2 psig for the full-scale ACLS under similar
conditions, The primary reason for lack of agreement between the

systems is the difference in air supply systems. The full-scale system
employs a centrifugal flow fan which has good backflow/recovery character-
istice while the tenth-scale model uses two axial flow fans in series,

a system with poor backflow/recovery characteristecs, Neither pressure
appeared to vary in phase with acg’ instead, trunk pressure quickly
reached a steady state value while cushion pressure rose slowly to the
value for static hover, (See Fig. 10,)

Comparison in the loading at the cg of the two Jindivik models show
them to be similar in this area, The peak load on the cg of the tenth-
scale ACLS for the nominal descent rate landing was 2,2 g's, The value
recorded in full=-scale tests was 2.3 g's. The tenthescale values for
peak acs recorded in tests with the cushion vented were essentially the
same as the values recorded with the vent closed. This indicates that
the air cushion had little effect upon the peak g of landing., This
observation was also made from drop tests of thes full-scale ACLS, It
was found for the tenth-scale system that at the nominal descent rate,
the peak g forces were significantly less for drop tests conducted with
no air flow to the system (1,65 g vs 2,2 g)o This may indicate that a
stiffer trunk with less air flow may be a better energy absorption

system, Tables XI and XII summarize the results of the drop tests.

23
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V1. Catapult Tests

Catapult tests were conducted to simulate the dynamics of a landing.
. High speed films were made of the tests showing the effects of catapult
separation and touchdown upon the model, The tests were conducted at

representative speeds throughout the range of catapult operation,

Launch Velocity

The launch velocity of the model was calculated for a number of
launching conditions. The full travel of the carriage was measured
and timed. These values were used to calculate the acceleration of the
carriage. The launch velocity VL of the model was then computed for
different carriage release points along the catapult rails. Appendix ' |
F shows the details of these calculations,
The catapult tests were conducted at launch velocities of 11,4 fps,
18,7 fps, 26.4 fps and 30,5 fps (velocities are accurate to + 10%).

The final velocity represents the maximum attainable velocity for the

catapult configuration used in these tests,

Separation From the Catapult Carriage

It was determined from the high speed film that the catapult/model
separation was flawless throughout most of the operating speed range but
. that at the maximum attainable speed the carriage pitched forward after
hitting the stop causing the front carriage support to strike the rear
launch mount of the model as it passed underneath. The subsequent
pitch-up of the nose of the model caused the model to touch down with a

nose high pitch argle of approximately 10 deg.

.
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Configuration
The model was configured as closely as possible to the full-scale

Jindivik in the landing configuration, Thg wsight placed in the nose
of the model during static and drop tests was removed, moving the cg
to .6 *+ 20 in. aft of the cp. It was desired to evaluate the pitch
response of the model at two configurations. The normal landing config-
uration was to be compared to the high-drag configuration achieved
with the air cushion vented. The proper positioning of the aircraft
cg and proper balance of drag moment and air cushion moment are critical
at touchdown, If the force created by Pc acting over Ac is large and
if the cg i3 too far from the cp, a nose up pitching moment will result
vwhich can cause the vehicle to pitch up after landing and become air-
born in a near stalled attitude, On the other hand if the moment due to
drag is large compared to that caused by Pc‘c » the nose will pitch down
on landing which is also undesirable, The drag and air cushion moments
about the cg for the two configurations are shown in Fig. 11,

It was determined from the high speed films that at 11,4 £fps and
18,7 fps, the model tended to pitch up after touchdown in the normal
landing configuration, At the same speeds with the air cushion vented,
the model maintained a level pitch attitude after touchdown. The results
of launches at higher spseds were inconclusive because of the narrow

field of view of the high speed camera,

Braking Coefficient

Measurements were made of the slide out distance for the different
launch speeds and configurations. The estimated touchdown apeed and

slide distance vere used to compute the deceleration during slide out,
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An average braking factor was then computed for the cushion vented
configuration, ‘l'h"ef'.yal.ue thus computed for the tenth-scale braking

factor was .33 + 207 which compares with the full-scale value of .35 .

* " Appendix F shows the details of the above calculations,

.
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Air Cushion Vented Landing Configuration

Fig. 11. Adverse Pitch Moments at Touchdown
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VIi. Conclusions and Regommendations

Conglusions

An experimental investigation of the pavformance of an ACLS
installed on a tenth~goale modal Jindivik RFV has heen conducted, The
rasults of cthis investigation have been compared to similavr vesulrs from
tests performed on an ACLS installed on a fullewscale model Jindivik,
Rased on axperimental results and comparigon to full~scale test resultas,
the following conclusions are drawni

l. The dynamic load at the caencer of gravity, rvesulting from drvop
‘p?ats. waos simiiar for the two systems, This cenclusion {8 drawn from
result: of similar drop testrs tonducted on the tenth=-scale and full-scale
systems, At the nominal descent rate for landing, the peak acceleration
force at the «g of the tanth-scale systom was 2.2 g's compared to 2.3 g's
for the full-scale system., The results for both systenms, of tosts
conducted at a particular air flow and truni flow area, showed that the
peak load at the cg was the same for the air cushion vented contiguration
as for the normal landing configuration.

2. The response of trunk and cushion e~sure of the tenth-scale
system, to “he dynamics of drop tests, did not correclate to the pressure
response of the full-s(ale system. The peak cushion pressure for tenth=-
scale tests at the nominal descent rate converted to a full-scale

reading was ,18 + 107 psi. The value of P, recorded in a similar full-

i
1
!
i
i
i
!

scale test was 1,2 + 102, The rise time for the tenth-scale P, to reach

its equilibrium value was an order of magnitude greater than the

comparable full-scale value,
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3. High apead filma of catapule teata showed that for touehdown
speada up to 12 mph (at the pominal descent vate) the alveraft pltoh
oaoillat tone whioh ocourred after touohdown wore atgnificantly smadlen
whon the model waa landed with the afr cushion vented compaved to landinga
in the normal landing confliguration.

4, The positive or none down pitoh atitftness of the tenth-acale
ACLS waa 19X highor than the nugative pitoh stiffness value of ,13 \b
ft per deg. The voll atiffneas of 004X + IY 1b £t pev deg was too low
to operate the model {in taxi and landing teata without a wing vip
cuontaoting the ground,

. The tenth-scale Jindivik ACLS did not acouvately prediot the
stiftfness of the full-scale syatem, but a reasonable ordev-ofe-mnagnitude
approximation of full-acale stiftness was obtalned. A comparvison of the
scaled stiffness factors of the tenthwscale ACLS with the same values
for the full-scale system show the tunth~scale ACLS to have greater
pitch stiffness (1550 + 3% 1b tt per deg vs., 900 + 6Y 1b ft per deg)
and greater heave stiffness (1100 + 2Y¥ 1b per in. vs, 700 + 7% 1b per in,)

and less voll stiffness (48 + 3% 1b ft per deg vas 60 + 63 1b ft per deg).

Recommendat ions

Based on findings of this uxperimental study and on unhexplained
obsorvations raecorded in expeviments conducted in support of this study,
the following recommendations are mades

1. An {mproved method should be developed for the attachment of
the amall scale ACLS tyunk to the model, The attachment system should
minimize leaks around the trunk attachment line and eliminate the added

stiffness caused by the tape and caulk used to prevent these leaks, The
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system ahould be desighed to facilitate the vemoval and veplaocemsn: of
the Lrunk 20 Chat a verfety of teunk deatagns may be tested,

2. The undaaped and unstable pitoh vratllationa which ocourred in
a significant vegion of tha tunth-acale ACLE operation should be
examined expevimentally ov anslytically to explain the occurrance and
pradiot conditions whave unatable aeperation may oococur in other ailr
cushion landing ayatema,

3. The catapult tests should be vepoated uaing a .asavier drop
weight and a longor landing zone, High speed vamera coveraga should
be {ncreased to include more of the landing dynamics, The forward
pltching of the carriage at high speeds can he diminishad by vedesigning
the carriage itop,

4, ‘The poasibility of using a battery to power tha ACLS air
supply system should ba investigated, A battery powered system would

sliminate the extraneous forces cauvsed by the powar umbilical,
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Appendix A

Scale Veritication

Soaling paramater deturmination was based on a conatant Froude
huaber fox the flow beneath the ACLS, a constant density and constant
linear acoeleration hetween systems, These constraints weve used in
comput ing scale factors for the properties of interest, Table I gives
& summaxy of these propurties, their scale factors and the full-scale
and desired tenth-scale values for the Jindivik RFV, The conversion
factors are computed using definitions, dimensional analysis and the
basic equation F » ma,

Table 1

Scaled Values for Tenth-Scale Jindivik Design

Mull- | scale® | Tenth-
Quantity Units Symbol | Scale | Factor | Scale
Trunk Praessure psig b 1,7 S 17
Cushion Pressure psig Pc +61 S 061
Force lbt F - 53 -
Time sec t - | S% -
Density 15 /£t 0825 | 1 .0825
Nominal Descent Rate | ft/sec Vv 7.66 S% 2,43
Landing Weight 1b W, | 2700 s | 2.9
Length ft L 23,31 S 2,33
Span ft b 20,75 S 2,075
Cushion Area tn® A, | 2366 s? | 23.46
Max Structure Load (3 Brax 5 1 5

& For tenth-scale, scale factor $ = 1/10¢
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Appendix B

Small Scale ACLS Trunk Manufacture

Pravious ACLS trunks have baen made from a rubberized fabric cut
in a pattern and sewn together to form the trunks The inside radius of
the tenth-acale Jindivik trunk as shown in Fig. 12 is .3 in. The cross
section of the trunk has two radii of curvature and a section in contact
with the fuselage, The toroidal shape of the trunk, the complex cros:
section and the small ins.de radius at the ends of the toroid made it
difficult to fashion a pattern out of a flat plece of fabric and a
nightmare to make the pattern into a trunk, For this reason a new
technique was developed to make the trunk, A positive mold of the trunk
vas made of wood., The mold was covered with a mixture of talcum powder
in wood alcohol and then dipped for two minutes in a vat of liquid
latex rubber. The thickness of the latex rubher can be varied by
vepeatad dippings or by changing the length of time the mold is dipped.
The trunk was dipped in a liquid coagulant and hung up to dry. After
drying the trunk was cured by baking it for 1 hr in a kiln at 225 F.
A seam was cut around that portion of the trunk which would be against
the model fuselage and the mold was removed. The desired hole pattern
was cut in the trunk then it was taped together and fastened to the
{useiage by two way tape. The interior of the trunk, along the line
vwhere it contacted the fuselage, was calked and taped to prevent air

from escaping from the trunk into the cushion region, The trunk was then

ready for testing.

33
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Appendix C

Catapult Design
t ' | A catapult was designed to launch the model for landing tests,
The catapult used a weight and pulley system to accelerate the model,
The constraints imposed upon the design were that the maximim drop
height for the weight was 14 ft, the area available for catapult instale
lation and landing zone was 90 ft long and the materials available for
the catapult launch rails were two 25 ft aluminum channel beanms,
N In trying to get the highest launch speed, systems having a mechan=
ical advantage of 1, 2 and 4 were compared using a nominal drop weight
of 50 1b and a catapult length of 24 ft. Using the principle of concer-
vation of energy it was determined that the best system was the one
with the mechanical advantage of 2, The equation used in the calcu-
lations sets the maximum potential energy of the drop weight equal to
the kinetic energy at launch of the drop weight plus the carriage and
p model, The launch velocity is solved for from the above relation,

The front and rear catapult supports are height adjustable
allowing the release altitude and the launch velocity vector to be
varied. The front and rear model supports on the catapult carriage

are also height adjustable which allows the pitch attitude of the

model at release to be varied.

Bt
h!
3
4
i
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8 Appendix D

g Instrumentation

The testing of a small scale model required that the insttumentatidh

ﬁ~ provide good resolution with a minimal amount of loading on the system,

The problems encounterad in instrumentation were primarily due to the
fact that sophisticated instruments providing the desired resolution
were too large, too camplex or too expensive, For most of the tests,

a simple test set up employing inexpensive, easy to use, readily avaii-
E able measurement apparatus was found to be satisfactory,

ACLS Operating Characteristics: The diameter of the ports in the

trunk which provided air flow to the cushicn were measured with an
engineers scale to an accuracy of + .02 in. The gagé pressure was

measured with a U-tube water manometer to an accuracy of + ,025 in. H,0.

2
Static Stiffness Letermination: The weights used to provide the

monment on the ACLS for pitch and roll stiffness tests were weighed to
an accuracy of + .5 gm. The weights used to load the cg in the heave
stiffness test were measured to an accuracy of + 2 gm. These weight

f measurements were made with a two arm balance scale with a resolution
and accuracy of .1 gm. The moment arms were measured to an accuracy of
% + .25 in. The deflections of the model were measured to the nearest
32nd of an inch, Trunk and cushion pressures were measured with U=tube
manometers which provided gage pressure readings accurate to + .025

in, H. O,

2
Drop Test Measurementss The drop tests involved dynanic measurements

of pressure response and g loads. The instruments used in these tests

~ep
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were necessarily more sophisticated. The trunk and cushion pressures
were measured by Bell and Howell type 4-312-0050 pressure transducers,
These transducers had a range of 1,2.5 psi and a sensitivity of + 500
mv per psi, The acceleration of the cg was measured by one of two inst~
ruments, The most satisfactory in terms of output ﬁas a Bell and Howell
type 4-202-0001 accelerometer with a range of + 10 g and a sensitivity
of 4.6 mv per g. This accelerometer weighed 80 gr and was located 2 in.
aft of the cg. In this position it provided more lozding on the system
than was desired, The combined nonlinearity and hysteresis error for
the pressure transducers was ,15¢ of full range and for the acceler-
ometer was +11% of full range, The BBN 501 accelerometer weighed 1,8
gm and, located 2 in. aft of the cg, provided a negligible load on the
systen, This pliezoelectric accelerometer measured only the dynamic g's
and during short periods of equilibrium such as during free fall, the
signal from the BBN 501 would decay exponentially. With large acceler-
ations such as the 3 to 5 g signal due to a landing, the zero of the
BBN 501 tended to drift., For these reasons, only the initial peak g
forces of a landing could be satisfactorily measured, By comparing the
peak g sig._21 of the BBN 501 with that of the Bell and Howell acceler-
ometer for simii.u ''-sts, it was detsunined that an accuracy of + 10%
could be expected in the :eak g signal of the BBN 501,

The ;ignals from the pressure transducers and Bell and Howell
accelerometer were fed to Bell and Howell type 8-114 signal conditiouners,
These conditioners provided the necessary excitation voltage to the
instruments, the variable gain provided the desired output level and the

filtering system cut out noise with frequencies of 30 cps and greater,
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The B3N 501 signal was amplified by a Dymec Model 2460A amplifier., The

conditioned signals went to Honeywell M=100-350 galvanometers, These

galvanometers had a sensitivity of 2.32 in. per mv with flat response

' to an input frequency cf up to 60 cps. The galvanometer output was
linear to within + 2% for a peak to peak output range of 8 in., The

output signals of the galvanometers were disrlayed by a Honeywell Visa-

corder, The oscillograph could be read tc an accuracy of + ,05 in. This
corresponded to values for the signals of + .1 in, HZO for trunk pressure,

+ .05 in, H,0 for cushion pressure and * .05 g for the load at the cg.

2
Catapult Testss The tests were filmed with a high speed camera at

.; a rate of 250 frames per sec. The launches at VL max were filmed at
500 frames per sec, The slide out distance was measured to an accuracy
of + 4%,

Pull Testss The device used to measure Fp was a spring deflection
type gage with a resolution of .01 1b. This gage was calibrated and

found to be accurate to + .01 1b and linear throughout its range of

measurement., This gage was fixed to the model by means of a pulley

g : system with a weight counterbalancing the gage weight. Fp was deter=-
mined by subtracting the force required to raise the counterbalance
welight from the force measured to pull the model., In the cases where
F_ was greater than 1 1b the counterbalance weight was not used and the

P
weight of the gage was added to the measurement force to determine Fp.

Ay e ki G e v e e

The system was deemed accurate to + ,02 1b at values of Fp below 1 1b,

and to .05 1b for F_ above 1 1b,
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Appendix E

Summary of Test Data
The data taken in the tests performed in support of this study are
summarized in the figures and tablies of this appendix.

Air Supply System Performance with Changing Flow Rate: The ailr

supply system was tested to determine the pressure rise created by the
two axial flow fans in relation to the flow rate of the system, The
flow rate is dependent upon the pressure rise across the fans and upon
the flow area downstream of the fans, It was assumed that Pt was qu91
to the pressure rise of the system, Pt was measured OGE as the trunk
flow area was varied and the flow rate was computed as shown in Appendix
F. Table II contains the data of this test,

Determination of ACLS Pressure Response to a Change in Trunk Flow

Areas As discussed in Chap, 3 the trunk and cushion pressures and the
pitch stability of the ACLS were checked for a number of flow areas at
different power settings. Table III gives the data from this test.
Pull Test:s The force required to pull the model forward at a slow
speed was measured for a number of configurations. The results are

tabulated in table VIII,

Heave Stiffness Test: Lead shot bags were placed over the cg of

the model and the change in the height of the wing roots was measured
as were the trunk and cushion pressures, From the data an average
deflection per unit weight was computed and used as the heave stiffness
factor. Tests were conducted at a number of different configurations
representing the normal landing configuration, the cushion vented

landing configuration, a take off configuration and an air cushion
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vented take off configuration, Tables 1V -VII give the results.

Roll Stiffness Test: A torque about the longitudinal axis was

applied by placing weights on the wing., The distance from each wingtip
to the surface was measured for each torque applied. The angular
deflection about the longitudinal axis was computed and the average
angular deflection per unit torque was used as the roll stiffness factor.
The data from the roll stiffness tests are found in tables IXa and IXb.

Pitch Stiffness Test: A torque about the lateral axis was applied

by placing weights on the nose or tail of the model. The distance
between the surface and the tip of the nose and the base of the tail was
measured for each torque applied, The angular deflection about the
lateral axis was computed and the average angular deflection per unit
torque was used as the pitch stiffness factor. The data from the pitch
stiffness tests are tabulated in tables Xa and Xb.

Drop Testst Drop tests were conducted to determine the ACLS pressure
response and peak loads imposed upon the cg by the vertical forces of
landing. The tests were conducted from different drop heights in a number
of configurations, Table XI and XII summarize the data taken in the
drnp tests,

Braking Factors The model's slide out distancé for the catapult

tests provided information on the sliding friction coefficient, A
braking factor was computed for the air cushion vented landing config-
uration, As a check for the computed braking factor the cushion area was
computed using the average braking factor of Table XIII and a nominal
cushion pressure of 1.0 in, HZO. The theoretical value wis compared to

the estimated value of the static Ac' The results are shown in Table X1V,
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Table II

Trunk Pressure and Flow Rafe vs Trunk Flow Area

Effective Power Trunk?®
Trunk Flow Area | Frequency (HZ) / Pressure Flow Rate (cfm)
Cgh, (in.?) Voltage (VAC) (in. H,0)

360/105 5.2 0

All ports closed 400/115 6.0 0
440/125 6. 8 0

360/105 5.0 2.13

. 0035 400/115 5.8 2.31
440/125 6. 6 2. 44

360/105 4.90 4,22
. 007 400/115 5.75 4. 56
440/125 6. 40 4. 84

360/105 4, 80 6. 28
. 0105 400/115 5. 65 6. 80
440/125 6. 30 7.17
360/105 4. 80 8. 37

.014 400/115 5. 60 g, 03
440/125 6, 25 9.53

360/105 4. 60 14. 6

. 0165 400/115 5.40 15. 8
440/125 6. 20 16.9

360/105 4. 25 33.8

. 0255 400/115 4,90 36.3
440/125 5.70 39,2

360/105 3.90 51.3

. 0605 400/115 4. 50 55.0
440/125 5,20 59. 2

360/105 3,55 66,7

. 0954 400/115 4, 20 76.3
440/125 4, 80 77. 7

360/105 3.20 80. 6

. 1304 400/115 3.80 87.8
440/125 4, 35 93. 8

8Measurements taken out of ground effect.
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Table LI

ACILS Prasaure Reaponae aa a Function of 1 runk 'low Arvea

) Trunk Flow Area Pawer _'I‘S‘\mk Curhion )
A (8q in) Frequency (HZ)/ Proanure Presuauwre
. n Voltage (VAG) | Stability? | (ins Ha0) (Ine TN
16 3607105 s w60 | w0
400/115% S 5, 40 . &0
— 440/1%4% S .00 1,30
360/105 S 4. 00 1. 84
KT 400/11% s 4. 60 1. 490
440/12% v — UV L.
360/105 S 1, 60 I, RO
.56 400/115% S 4.20 1o 1A
4407185 N 4. 10 N W ) T
360/105 S 3. 40 1. 80
.16 400/115 S 3. B0 1. 80
| 4400125, ~N 4. 30 A1.1h
3607105 S 3. 20 1. 80
.96 400/118 N 3,50 1.75
440/125 N .85 1. 80
360/105 S 3. 00 1. 80
1.16 400/115% N 3. 20 1. 80
440/125 U 1. 54 .80
360/105 S &, 80 1. 8O
1,36 400/115 U 3. Q0 1. 80
440/125 U 3, 20 1. 90
apitch stability was tosted by observing the responsc to a pulse applied
to the tail. S indicates the oscillations damped to rero, N indicatoes
the oscillations were undamped and U indivates the oscillations were
unstable.
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Table (V

Deflaction of ¢ with Inorveaawd Load fov Landing Conflguvation

e — I
)
Weight Aty
(1b) (3dnda tn,)
0 0 ’
1/ |
1/2 1
i/4 A
! 8
1 1/4 1
1/ B
134
& o
2 1/4 1.8
21/2 )
234 1
3 1

Ame\—mmm—untwﬁ-‘ﬁﬂsr"—a;1‘:{-(‘-,‘1‘“-&»--y} ~-—1|—~-.»T-i‘ \\‘\ i:h

Total AL,
{32ada tn,)

jr ey R e e v w T E Yy

D O X
o

-

-

L e
>

oo

I'vaasvre
(v, 1,0)
S S |
1. 84
1. 94
2. 08
1. 40
Q.0
A48
ALY
4. 18
90
Lo 98
3. 0%
AW B
330

Froasiee
(i, Nzt))

4. 18
4. 74
4.
4. 74
4, 74
4, 75
4. 15
4. 18
4, Th
4, 85
4. 90
4. 90
4090

%A l-lc8 ia the vertical deflection of the cg due tu increaned weight

accurate to t

10%.
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Table V

Deflaation of ¢g with mevaeaaed Load oy Tanding Configuration

with Aly Cuahion Vanted

Weaight' Atgg® “TotalAltyg | Tvunk Prewwsure
(1) {3dnda in,) {(3dnda in, ) {in, Ha())
. Vs v f e 4 v ———— Ty Y v - s o 1= oot
0 0 V] 4, 10
1/4 A | b 4, 18
1/2 1 4 4, 80
3/4 L) 4.5 4. 94
1 8 4 5, 00
1174 2 1 5.10
11/2 0 7 5,20
1 3/4 .8 1.8 5,28
] .8 8 8,28
d1/4 2 10 5,24
21/2 1 1n 5,25
i & 13 8,29
jl/2 3 16 5. 485
4 k! 19 5, 2%

a
‘\Hcg ls the vertical deflection of the cg due to increasaed weight,

accurate to 3+ 10%,
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Tabla VI

Doflection of cg with Increased load for Take Off Contiguration

' a T runk Cushion
Woight AH " Total AHGR Pressura Pressurea
(1b) (32:\&:« in.) (32nds in. ) (in. HZO) (in, Hy0)
0 0 0 3,10 1. 90
1/74 .8 .8 3. 18 2.10
1/2 ) 1 3.2% 2. 2%
3/4 .5 1.8 3.3% 2. 40
1 .5 2 3. 40 2,52
11/4 .5 2.5 3.50 2. 66
11/2 .5 3 3,65 2,75
13/4 1 4 3.75 2. 90
2 1 5 3.90 3.0
21/4 5 5.5 4, 00 3.10
21/2 1 6.5 4.10 3. 258
3 2.5 9 4.30 3, 40
31/2 2.5 11.5 4. 40 3.60
4 2.5 14 4. 55 3. 75

aAHc is the vertical deflection of the cg due to increased weight,
accurate to + 10%.
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Table VII

Deflection of cg with Increased Load for Take Off

Configuration, Air Cushion Vented

eight AHc;‘ Total AH/ Trunk Pressure
(1b) (32nda in.) (32nds in.% (in. H,0)
0 0 0 4,30
1/2 1 | 5.15
1 1.5 2.5 5.30
11/2 1 3.5 5.40
2 2 5.5 5.45
21/2 2.5 8 5.45
3 2.5 10.5 5.45
31/2 2 12.5 5.45
4 3 15.5 5.45

a

accurate to + 10%.

Table VIII

Results of Pull Tests

AHC is the vertical deflection of the cg due to increased weight,

P IGE P. IGE Bull Force
Configuration (in. Hy0) (in. H,0) Fp (1b)2
Taxi/ Take Off
{maximum air flow) 2.90 1. 90 .02
Taxi/ Take Off
brakes applied 4.75 .10 1,70-1.75
(air cushion vented) '
Normal Landing 4,75 1. 80 .40-.45
Normal Landing
brakes applied 5.0 .05 1.80-1.85
air cushion vented)

AMeasurements accurate to + .02 1b for Fp less than 1 1b, accurate to
+ .05 1b for Fp greater than ] 1b.
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Roll Angle of ACLS for Positive Torque Applied

Table I1Xa

About the Longitudinal Axis

Note: Positive torque is that torque produced by weight on the right

wing.

H b H__C Trunk Cushion
Number WR WL Roll Angle| Pressure | Pressure
of Weights®  (in.) (in.) ¢ (deg) | (in. H,0) | (in. H,0)

0 3 3 0 7.75 ~1.75

1 2 23/32 39/32 1.47 4,75 1. 85

2 215/32 317/32 2. 77 4,75 1. 80

3 2 6/32 326/32 4.4 4,75 1. 70

4 129/32 41/32 5.55 4.75 1. 60

5 119/32 4 10/32 7.1 4,75 1.40

6 1 8/32 4 19/32 8.75 4,75 1. 30

3Each weight weighed 8.4 x 1073 1b + 3%,
bMeasured height of the right wingtip accurate to 1/32 in.

€Measured height of the left wingtip accurate to 1/32 in.

Roll Angle of ACLS for Negative Torque Applied
About the Longitudinal Axis

Note: Negative torque is that torque produced by weight on the left wing.

Table IXb

b c Trunk Cushion
Number HWR HWL Roll Angle | Pressure | Pressure
of Weights®l  (in.) (in.) ¢ (deg) | (in. H,0) | (in. H20)
0 3 3 0 4. 75 1.75
1 37/32 2 25/32 1.15 4.75 1.790
2 316/32 216/32 2. 60 4. 75 1. 60
3 325/32 2 6/32 4,15 4,75 1. 40
4 4 2/32 1 28/32 5,75 4. 75 1.20
5 4 10/32 118/32 7.18 4. 75 1. 10
6 419/32 1 7/32 8. 82 4, 75 1.0C _|

?{,
q
£

%Each weight weighed 8. 4 x 10-3 + 3%.

bMea,sured height of the right wingtip accurate to 1/32 in.
©Measured height of the left wingtip accurate to 1/32 in.
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Table Xa

Pitch Angle of ACLS for Positive Torque Applied
About the Lateral Axis

Note: Positive torque is that tocrque produced by weight on the tail
causing a nose high attitude

. Trunk Cushion
Number HNb HTC Pitch Angle | Pressure | Pressure

pf Weights® (in. ) (in.) © (deg) (in, H0) | (in. H,0
0 321/32 |2 20/32 2,27 4,75 1. 80
1 323/32 }216/32 2,68 4,75 1. 80
, 2 326/32 | 2112/32 3.15 4,75 1.60
: 3 3 28/32 |2 8/32 3.57 4,75 1.45
: 4 330/32 |2 4/32 3.98 4,75 .25
. 5 4 22/32 4.26 4.75 1.10
} 6 42/32 129/32 4.74 4,75 .80
7 4 4/32 127/32 5.03 4.75 .65
8 46/32 1 24/32 5.37 4, 75 .50

ARach weight weighed 29 gm + 3%
bMeasured distance between tip of nose and surface accurate to 1/32 in.
CMeasured distance between base of tail and surface accurate to 1/32 in.

Table Xb

Pitch Angle of ACLS for Negative Torque Applied
About the Lateral Axis

Note: Negative torque is that torque preduced by weight on the nose
causing a nose low attitude.

L Trunk Cushion

umber HNb HTC - Pitch Angle | Pressure |Pressure

of Weights? (in. ) (in. ) Q (deg) (in. H20) | (in. H,0)
0 320/32 | 222/32 2.07 4.75 1. 80
1 318/32 | 2 24/32 1.78 4.75 1. 80 :
2 316/32 | 2 26/32 1.52 4. 75 1.75
3 313/32 | 2 28/32 1.17 4,75 1. 60 :
4 310/32 | 230/32 .83 4. 75 S i
5 3 8/32 3 .55 4,75 1.35
6 3 6/32 32/32 .27 4,75 1.20 i
7 33/32 3 4/32 -. 07 4,75 1.05
8 3 3 6/32 -. 41 4,75 . 80
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Table XIII

Braking Factor for Landings with Air Cushion Vented

. Launch Velocity Slide Out Braking Factor?
\£? (fps) + 10%- Distance (ft) + 4% pn +20%
11.4 6.7 . 30
18. 7 16.0 .34
26. 4 35.2 . 31
30.5 40.0 . 36

aAverage braking factor found to be .33, Error Analysis in Appendix F.

Table XIV
Theoretical Value of Air Cushion Area
Note: Braking factor was assumed to be the average p computed for

landings with the air cushion vented. P was assumed to be
1.0 in H,0. ¢

Launch Slide Out | Theoretical Static Full Scale A_
Velocity (fps] Distance (ft) AC (sq in) Ac (sq in) (sq in x 10_2)

11.4 13.4 37.5 26 23,46
18.7 26.1 25.8 26 23. 46
26.4 49.1 23 26 23,46

aApproximatﬁ« value of air cushion area computed for static operating
conditions in the normal landing configuration.
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Appendix F

Calculations and Error Analysis

Computation of Volumetric Flow Rate: The volumetric flow rate for

the ACLS air supply system was computed from measurements of the trunk

rlow ar2a and trunk pressure measured out of ground effect, It was

assumed that the flow was steady, one dimensional, incompressible and

obeyed the perfect gas law. The equations use the following symbolss

& is
Pa is
u is
A is
n
Cd is
Q is
Pa is

the
the
the
the
the
the
the

mass flow rate,

density (assumed to be standard ambient density).
flow velocity from ports in the trunk,

actual trunk flow area,

discharge coefficient.

volumetric flow rate,

ambient pressure,

h = %ﬁncdu

It is assumed that the flow velocity in the trunk region is negligible,

Solving Bernoulli's equation for u and using the fact that Pt (gage) equals

Pt (absolute) minus Pa (absolute) gives the expression

th =Ancd /i__x:t_
P

a

The volumetric flow rate is simply the mass flow rate divided by the

density., After performing a dimensional analysis for the measured data

and substituting the value of pa. the expression used to calculate ( was

QCcfm) = 272 CdAn(inz)‘ /Pt(in. H,0)
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The orrors in thae value of § come from orvore in measuving the

T PTETRIRN IS OO A

radit of the ports in tha trvunk and from ervova in the measuvoment of

trunk pressuce, The average eprror in vadius meaauvement was + 3%, Thia
made the average ervor in thy area computation ¥ 102, The erver in r,
l ) is small compared to the ervor in An‘ thetrefore the ervor in § ia taken !

to be the same as the ervor in the valuea of A“v

P T

Computation of Haave Stiffness Factort The relation hetween the

weaight added to the model at the cg and the deflection of the og waa
found to be nearly linear. Thea extended difference mathod was used
to calculate the slope of the lina, Tha value computed for rhe slope
was than used as the heave stiffness factor Kh (1b per In.).

Tha errors in Kh come from exrvors in measuring the welght and the
cg deflaction AHCB. The error in weight measurement is * 1¥, The error
in measuring A”cg was found to be 1,5X%., The heave stitfnesa factor is

equal to the unit weight divided by the daflection of the cg hence

_ y et e e = e
RMS ervoer in Kh 0 (error in weight)”™ + (error in AHCB)2 = + 2X

‘ Computation of the Roll Stifiness Factort The relation between the

# amount of weight applied to a wing and the resulting angular deflection

was found to be linear, The slope was computed using the extended

difference method, This value was multiplied by the moment arm
(distance between the =g of the weights and the cg of the model) to

find the roll stiffness factor Kﬂ'

= Unit weipht

! Kﬂ Toll deflection X "Oment arm

36
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The evter tn the vol)l stiffneas was made up of tha ervors In
measuting the wetghts, the hetlght of the wingtips and the wmoment avw,
The welpht woasurement evron B 1a ¥ 1X. The svror in the weasurement
of the moment avm B s ¥ 2,85, The evver ih measuring tha helght of

the wingtipa 14 + 1%, The angular defleotion 1a computed (vom

g ﬂ“'l(‘lgx> 3 AN

wheret
f s the voll angle,
AHV fa the difference {n tha hetghta of the wingtips.
b 1a the apan,

Since the eyroc in the apan measurement {a less than the evvor in
A“w (5% va, 1,9Y) thu RMS evror of # La taken to be 1.%%, 'The value

of the evror in K” is computed from

RMS Brror in Ky (uu)2 + (Rﬁ)“ + (Em)a AR

Computation of Pitch Stiffness Factort The computation and ervov

analysis of the pitch stiftness faoctor KO i{s oxactly pavrallel to the
compuiation and eryor analysis of the roll stiffness factor., The error

in X, is found to be + 3X,

9

Vertical Descent Rater In computing the vertical descent vate Vv
it was assumed that the modal was in free fall from the release until
the trunk contacted the surface. The computations emploved thae

following relationss

atz

Hd"i" ] Vv"at
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"d e the deap heipht,
& L4 tha agoeleration of avavity,
t L the vime from velease until the tyunk contavts the suvfacae,

The errore thvolved come from the ervor in measuring LA and the evror
trom ansuming a to be equal ta 32,2 frv pay accz. The RNS error in
computing t e + X, The RM3 ervor that vesults for the estimate of
V, 1 lesa than ¢ 2T,

Computation foy Launoh Velocityt The full travel of the catapult
carciape way timed 3 times and the avevage value was taken to he the
time for full cavciage tvavel, It waw assumed that the accelevation of
the carriane waa constant and the same value for any varviage release

point along the catapult vaila, The acceleration of tha carriage waa

cainputed framg

L]

at

A
L » %0 giving a_* L

¢

Y

whorey
‘o 18 the acceleration of the carriage.

tc {s the tima for full carriare travel,

L0 s the distance the carriage travels,

Tha launch velocity Vv, was than computed using the relations:

L
2L .
tzﬁ 2 VL = act i/&ach
‘C

whore t as used above is the time required for the carriage to travel
an arbitrary distance Lc'
The ervor in the launch velocity comes from the error in the

computation of the acceleration and the e¢rror in measuring Lc.
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The acoelepation ervor comes primacily from the evror in measuring to

whioh {a nominally taken to be + 103 glving for the accelevation ervort

RNS accelevation exvor K i \/Ql X oxror in to)a « + 20X,

The erreor {n vL {s due primarily to x. 40 thatt

/s
RMS ervor in V, "\/< q‘) = + 101,
T

Computation of BArake Fagtopr The drag force on the model during

slide out equale the mass of thv model timea the decelevation of the
model, The drag also equals the braking coefflclenc‘§r btraking {actor
p times the velght on the braking surface, It was assumed that the
daceleration of the model was constant. The deceleration a, Mas

|
computed in the following manner:

tfinal velocity ~ 0 = adt + VL

v

d

t > where t is time from touchdown until stop

4
landing distance d vt = ddt
8 L --f...-

solving for a_, L
d d 33

. =
8
The waeight on the braking surface is the weight of the model, minus
the upward force of the air cushion (PCAC) minus the aerodynamic lift,
For the air cushion vented configuration, the last two values were

assuned to be negligible giving the model weight wm to be the weight on

the braking surface, The braking factor u was then computed using:

39
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W
Drag -(f“-il)ad “WM

v{‘_
sudbstituting for 8 B 53; ]

The RNS arror {n u comes primavily from the ervor in VL of + 10X,

RMS ervor in p = \/42 X error in VL)2 » < 20X,

Gheck of the Drakinpg Faotor Computations by Comouting a Theorerical

Yalue of A @+ The averape value of u was used to compute the air cushion
aroa Ao. The weight on the braking surface was assumed to be the weight
of the model minus the upward force from the air cushion POAC. This

was used in the relation for the dvag.

W
m vooa
Drag '(Em) a, ™ p(dm PQAC)
]
W V2
subscituting for iy glves ?CAC = Nm - ( m L )
Epgc ]

P0 was nominally chosen to be 1,0 in. HZO and the theoretical value of

Ao was computed using the relation above,
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YIA

Phidip M. Parker, Jr. was born o: A tat 18, 1843 in Buffalo, New
York, the son of Philip M. and Laura L. rarker, He receivud a Cougres~
sional appointment to the United States Alrx Foroe Academy and graduated
in 1963 with a 2,8, {n Engineering Science and a commiasion as a 2nd
Lt in the U, $. Alr Force. He attended pilot training at laredo AFB
Texas and recelved hls wings in September 1966, He served in tactical
fighters in the 13rd Tactical Fighter Wing at Eglin AFB, Florida and
the 13th Tactical Fighter Squadron at Udorn RTAFB, Thalland, He returned
to Laredo AFB in Aupust 1968 and served there as an instructor pillot
until his assignment to AFIT in June 1972, Capt Parker is married to
the former Lou Cinda Marie Stevenson and has a daughter, Kimberly Anne

age 4 and a son Brian Scott age 3,
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