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FOREWORD

The Air Cushion Landing Gear Feasibility Study reporied herein was performed
under United States Air Force Contract No. AF 33(615)3296 from February 1966 to
March 1967. The contract was initiated under Project No. 1369 Task No. 136907.

The work was carried through by Bell Aerosystems Company, P.O. Box 1,
Buffalo, N.Y. 14240 (managed by T.D. Eari - Project Manager, Air Cushion Landing
Gear). The project was directed by the Air Foice Flight Dynamics Laberatory
(Aivars Petersons, Head, Landing Gear Group AFFDL and David J. Perez, Project
Engineer, Landing Gear Group AFFDL).

The project was initiated by an unsolicitcd proposal from Bell Aerosystems
Company (Report No. D7233-953001) and the present report carries the Bell Aero-
systems designation D7233-945001.

A 16 mm sound and color movie film of tests included in the work was produced.

Manuscript released by the author 15 March 1967 for publication as an RTD
Technical Report.

This technical report has been reviewed and is approved.

Aivars Petersons
Acting Branch Chief.

Mechanical Branch
Air Force Flight Dynamics Laboratory
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The svstem concept ie described. It is a scheme to replace aircraft wheel gear
withk an annular jet air cushion. It embodies a iarge pneumatic bag or bags surround-
ing and beneath the fusclage. A continuous air feed from an on-board power source
maintains the bag inflated while producing a distributed jet flow at its base. The
escaping jets create a pressure bencath the aircraft whenever it is close to the take-
off or landing surface, and fliminate friction. Air clearance beneath the bags is
minimal, surface irregularities being tolerated by the resilience of the flexible mate-

rial itself.

The objective is to provide an improved tolerance to the takeoff 2nd landing I

ABSTRACT

maneuver and environment with no compromise of flight performance.

The study considers application to a C-119 twin boom flying boxcar - selected as

main cushion of ;60 {t area being preferred.

i

1

l

a suitable development aircreaft. Alternative configurations are analyzed, a single !
H

The work included tests of a 1/3 scale partial length model and a 1/12 scale
gquasi-static wind tunnel model. The 1/3 scale partial modei was tested on an hydrau-
lically powered whirling arm rig to develop satisfactory retraction and determine

obstacle performance, energy absorption and damping. Neat retraction was achieved
using specially develcped one way stretch elastic material. With representative
powering, the model was able to traverse a 10 inch full scale wall at 10 mph and up,
and cross a series of mounds up (0 22 inches. Drop tests indicated the estimated
design vertical sink rate of over 20 ft/sec without wing lift would be achieved in the

fiat attitude with critical damping.

The wind tunne! was tesied over the moving ground at the NASA Langley '
Research Center uand successfully simulated landing and iakeoff maneuvers in response !
to clevator control. The modei was free in pitch and heave. Free air drag of the

influted bag wae found to be the same as that of the extended whecli gear.

1t i8 concluded that the landing and takeoff mancuver preseants no special pro-
blems to takenff rotation « levator power and that supevior ener;

h b ool
Snerygy ZO0STTRLTH and

damping are available. The retraction method using elastic mater'al appears to be i
most promising. To the extent that this research covers the expected problem areas i

the systein feasibility is established.

11
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I. INTRCDUCTION

A SYSTEM CONCEPT

The Air Cushion Landing Gear is 2 scheme to replace, or in certain cases load
relieve aircruft wheel gear with an annular jet air cushion, As illustrated in Figure 1,
it embedies a pneuniatic bag or bags mounted beneath and surrounding the fuselage.

A continuous air feed from an on-board power socurce maintains the bag inflated while
producing a distributed jet flow at its base. The escaping jets create a pressure in the
cavity contsined hy the bag beneath the aircraft whenever it is close to the takeoff or
landing surface, Air clearance beneath the bags 18 minimal, surface irregularities
being tolerated by the resilience of the flexible material itself. The inflation pressure
is verv low (330 1b/it2). The bags are retractable and the entire system is expected
to be competitive with wheel gear in terms of welght and drag.

The objective is to provide an improved tolerance to the takeoff and landing
mancuver and environment with no compromise of performance and enable aircraft
to operate from any surface consistency, including water. It iz in fact a soft landing
system with footprint pressure in the region of 1 to 3 1b/in.”.

While offering slgnificant other ac vantages associated with takeoff and landing
such as cross-wind capability, kneeling, distributed load, fast retraction, high energy
absorption and damping, and improved overland braking, the system is also expected
to result in improved operating economy. This is because it will tend to allow a long-
er takeoff and landing run to be used in any given situation, due to the less stringent
fleld requizement and the forgiving nature cf the system. Given equivalence of weight
and drag, this will resuit in improved payload /gross weight,

The crucial effect of this factor is well kncwn and it can be shown that a 10%
{ncrease in takeoff speed is likely to provide an economic impact as great as a 20%
tmprovement in load fa:tor. It {3 believed that this improved economy will be ~om~-
bined with increased capability and, therefore, {ndicates a large potential, both military

Ledld Faw dhom Amnlnmad cohos
and civilian, for the doveicpla aysiem,

B. TEST AIRCRAFT

The present study considers the applicatioi of the system to a C-119. This
aircraft was selected as a sultable test bed for tue following reasons:

(a) It is a suitable size, large enough o that prototype application to a front
line logistic alrcraft can follow directly.

(b) Tt ts ideally configured. The wheei arrangement (retracting into twin booms)
is such that no alteration ie necessary for test purposes. The fuselage is
straight sided, fiat bottomed, roomy and structurally convenient, with a
minimum of services and equipment beneath the floor. Equipment relocation
is thus minimal.
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A number of alternative configurations for the air cushion were considered,
and three quite radically different arrangements were tested in the wind tunnel. The
best of these for the C-119 application is considerad to be the: single main cushion
using the elastic bag type trunk shown in Figure 2. Advantages and disadvantages of
the alternatives are discussed in Section II. The effects of varying the detail geometry
for the single main cushion with the reasons for tclecting that illustrated are also
analyzed,

The power system is considered purely as a tetit bed aircraft installation, In an
operational application a compact auxiltary power package will be required such as
that {llustrated Ir Figure 3 which represents a C-130 as a {yplcal operational applt-
cation. In this case, for the C-119 test aircraft, test convenlence is the only criterion

; and no effori was made to design a compact power package. However, alternative
powerpiants were considered using different engines and different types of fans and
these installaticns give an idea of the tradeoff between system weight and size with
cushion performance. The best systein for the test aircraft {¢ considered to be as
shown tn Figure 4, which uses twin T58-10 gas turbines driving backwsard~curved
centrifugal fans. This constitutes overpowering the system in terms of a probable
operational installation, which is a destrable feature for the test alrcrafy, ¢cnabling the
effect of power on gystem performance to b¢ determined fully., However, except for
general deperdability, selection of a particular powerplant and ian 1s not critical to the
development program.

C: WIND TUNNEL MODEL

Tests were conducied on a 1/12 scale quast-dynamic model of the C-119 fitted
with air cushion landing gesr. Figure 5 showe the model in the inow gpeed section of
the NASA Langley 7 ft x 10 ft tunnel where the tests ware run, using the moving ground
{a continuous belt) as the takooff and landing surfuce. The teats congluted of perforn:-
ing actun! takeoffs and landinge with the model, tnto which atr for the air cushion was
plped along the sti.g from an external source., The model was pitched by ite own re-
motely controlled elevator :t was alao free to slide somo elght inchis up the vertical |
mounting post, clear of the ground, but it was fixed in yaw, roll and In the side to sfde |
and fore and afl directivne. Thus, the technique was to start with model reating to the l
ground; inf'ate the alv cushlon, bripging the model up to ubout 30 Inchem full scalo ‘
height In hover and friction free on the surtace; bring the ground belt and tunnel velo- <
city up to the takeoff speed tn a level attitude; and operate tha clevator in rmall tncro- !
ments to ruise the nose, when the model would take vif smootibiy and lenvo the ground
in asimulsted takeoff. For landing, tunnel and bolt spocdy were ruducoed with the !
model at a sultably high angle of attack until the modol sank buck to the ground on the ‘
; rear of the alr bag und the nose was thon lowered by cluvator controi n a simulated !
i landing.

Measurements of 1tit, drag, elovator ar:zle, pitch attitudo, hoight and pressuros *‘
wore made and are analyzod (h a subsequont soction, The tests were nuccesaful, amd
provide proof that the normal takeoff and landing mancuvor will not bo compromlsed
hy the alr cushlon dosplte saome deficloncies in model charactoristics. ‘Takoolls and ‘
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landings were made down te approximately 1,06 timos the powev-off stalling speed,
The (n-flight drag ot tha Inflated bag was found tn be simliar to that of the extended
wheeis. However, the toial of profile and momentum drags (s larger, resulting in a
reduced climb angle with the bag Inflated. This (s offset by the {ast retraction avatll-
able with the bag system, plus the extra thrust available {rom diverting the alr
cushion fiow,

D. WHIRLING ARM MODEL

The objectives of the whirling arm mode) tests wers to dovelop ratisfactory
retraction, detarmine behavior in crossing selectod obntaclos and evaluats vnergy
sbsorption and damping. The model ls shown (n Figure 6 mounted on the whirling arm,
with the trunks {nflatod, whila Figure 7 (e a general view of the whirling arm and
obstacles showing the modal resting on the ground with the trunks deflated,

The modo] represents s wingtip float sultablo for C-119 {nutallution, and alsc
ropresents approximately s 4/10 longth main air cushion at 1/3 scale, Alr for the
oushion 1s provided by a speotal hydreulioslly drivea cuntrifugal fan, hydraulic power
being provided through swivel joints ut the hub of tho rotating arm, The model {u
mounted on paratlel links to be free to risc and fall but {8 othorwise restrained. The
arm in rotated by a smal! hydraullc motor driving » pnenmatic tire fn contnct with
tho ground.

Prior to whirl testing, mosaurements of cushion prossure, trunk pressure, and
fan rpin were med-  and the model performance was reluted to these and to the mode!l
wolght, For drop tests, mensuremonts inoluded a continuous record of height,
cushion prosavre and vertical acceloration versum e,
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. SYSTEM DESIGN AND ANALYSIS

A. AIR CUSHION CONFIGURA'TION

A wide range of air cuskion landing gear configurations is porsible. For the
£-119, which to some extent was chosen for this reason, taey are confined to arrange-
; ments beneath the fuselage, which is considered best because then the system hardly
' " interferes with the aircraft aerodynamics.

The area available baneath the fuselage limits the maximum area of air cushion,
i - There are two excellent reasons why the maximum pussible area should be used:

(a) Cushion pressure wiil be minimized and jet height (to which

" terrsin performance is related for a given type of air cushion)
will be maxiznized for given power. Jet height will be shown to
vary as cushion preasgure to the power of 1.5 so that loading

: has a strong effect on jet height.

(b) Over water wave drag is inversely proportional to area times
length. Since increasing cushion length also increases area,

* for given width drag is proportional to length squared, which is
again a very atrong effect. 1t is desirabie to be able to show an
overwater capability for the C~119 not so much from the view-
point of actual overwater testing as that it should, as a test air-
craft, represent a typical operatiopal gpplication. For an
operational aircraft, an amphibious capability. if not accompanied
by the usual weight and drag penalty, wiil almost certainly be
required,

Froperties required of the air cushion trunk are &s follows:

Retractability
Durability
Ease of Braking

Minimum yreight

Flexibility (for performance)
S8implicity (for low cost)
Stability

Consideration of the above factors has led to the selection of the single maximum area
bag type trunk, using one way stretch elastic retraction as the preferred configuration.
The present study bas shown this configuration to be feasible. However, other con- .
figurations having significant advaptsge have been studied. A comparison is made in
Table 1. . . : :
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Three-view drawings were mude of the first four configurations, drawing num-
bers 57233-099004, D7233-099005 and D7233-099006, reproduced in this report as
Flgures 2, 8, and 9, Figure 61 i{llustrates configuration 5. Configurations 1, 3 and 5
were tested in the wind tunnei,

1t will be seen from these drawings that all the bag trunk configurations are
parallel sided with toroidal ends and have the eame croes section under 1 g load, this
cross section being maintained through any plan radius at the ends. The detail design
of the ‘runk is discussed in the next section. The trunk design 18 a new one, of a type
not previously tried. It is, bowever, derived from the typical annular jet bag trunk
which itself roplsced the carller complex ribbed trunk in air cushion vehicles. These
dilferent approaches are compared ip Figure 10,

The cross-section shape of the bag trunk at 1 g load {s determined by the selec-
ted cushion pressure/jet pressure ratio and by the length and center position of the
outer radius. The way theee variations affect the cross-section shape {8 shown in
Figure 11, The recommended design croes-saction it the top figure in each block.

In thie case the fuselage 18 supported at the same ground cleararce and attitude as it
is on the wheels, The variations shown are all practical. Comments sre a8 {ollows:

In the case of increasing R, the Increased trunk depth provides a longer stroke
for energy absorption without excensive g (!.e. a softer system) at the expense of
material weight. The inflated/deflated ratio tenda to reduce slightly with increasing
depth until tho trunk tnner attachments coincide in tho middle whep it starts to incre~se
sharply. (Figure 11 (8)).

Increasing trunk pressure (Pj) increases static roll stability and cnergy absorp-
tion but reduces terrain capability. Below Pc/Pj = 0.4 strotch increascs markedly
(Figure 11 (b)).

Raising the aircraft out of the trunk as shown in Figure 11 (c) increases trunk
depth in the best way and spreading the trunk as shown in Figure 1 (d) is effective
in increasing roll stiffness and cushion area wnd reducing wave drag. In the former
case if the upper attach point starts around the radius the irflated/deflated ratio in-
CcTeasod very rapidiy,

Analysis and tests diccussed in the following sections indicate that the selected
design point is tho inost snitable compromise for the test installation,

B. TRUNK DESIGN AND ELASTIC ANALYSIC

1. Description

The detafl trunk design is iliustrated on drawing No. D7233-188001 (Figure
12). This cross-eoction is mainiuined arouud the entire bag circumference. The
elastic materjal specified 15 a four-ply sheot of one way stretch, It consists of four
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Figure 8. Three-View of Dual Cushion with Tip Floats
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- Clogely Spaced
Ribs Required y

/ / - To Maintain
/ Saape o
/ d * This Nesign Provided a Well Directed

.. ;Annular Jet in a Flexible
" “ Structure. The Many Ribs
© And Bonded Joints Required

Outer Wall

Inner Wali - Introduced Local Stiffness
o . With Resultant Wear and
7 77Ty . ! ‘Damage
. Diaphragm Neccssary to ‘
; Prevent Straight Side
' ~rzn7 2 - From Billowing .
.7 1) Original USN SKMR - Trunk .
\ Bag Trunk
* This Design Provided Improved
Clearance and Performance
Avoiding the Above Objectlons.
Qamnwuntn Damws Am A Aaba
W AL uw Uﬂob ol L\Dh\rﬂllﬁ“lﬂl
Corners Werz Used.
P
< Chains

Nozzle Structure

(b) Developed SKMR-1 Decsign

Single Bag With
Local Air Feed

The C-119 Air Cushion Landing
Gear Design Avoids a Nozzle 1
Etructure But Has Lower Jet

Nozzle Height. The Ends are Toroidal
Eliminated by " and Local Stiffness Corners
Disgtributed Jet Are Eliminated. 1t is Cleanly

r'r77r77 77 7r 77 7T Retractanle

{c) C-119 Air Cushion Trunk
Figure 10. Comparison of Trunk Designs
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NOTE: For ussembly main sheet i8 siretched
acroas fuselage to deflated p sition.
(Approximately 10 )b/:n. leugth pre-
load.) Body attachments are installed
and center panel is then cut out.

R

thickness between
treads (Ref), position

69,0

Pneumatic manifold to
shuttl valve In cabin
(mee inhoard profile)
10 oz/ 8q yd nylon-
nooprene cloth
vulcanized at joints.

60 in, rad struck from grige
iangent datum (Rel), :

~ Valve tubes - 10 02/34 yd nylon-i
A\ envelope-type ends and manifold

vulcanized to valve flaps in flat (v
oconfiguration,

Valve flaps - 60 durometer neopr

layer of 6 0z/sq yd nylon bonded t
in slaock condition with 3M E,C, 13

o, 178m,
Trerd
{Ref)

View on "A'" of
hole pattern in
tread moldlngs,

‘Mzare 12, Cross Section of C-110 Alr Cushion Design




! Horizortal | Datvm

f

N Body side attachment 2.5 feet above
b~ Deflated (flignt) horieontal dstum similzr to typical
position inner attachment showr,

69.0 in. to A/C ¢ Inflated shape at muximum

- - desigu gross welght,
truck from ground pe—— QUround tangent — 80.0 in, rad, (Ref)
(Ref). datum

sq yd nylon-neoprene cloth, | Mgin trunk sheet ~ make from 3 -

manifold connections lengths of strotch wasterial,center
laps in flat (valve closed) pacel 80 inches wide, outer panels
73 inches wide. Joints to be scarfed,

eter neopreno ou single cold bonded u:d tmv..bed

ylon bonded to matn sheet

th 3M E.C, 1300 or simtilar,
“Bonded -

Rivatad

Joint
Stitoh Lino
_ y

Part section showing valve closed.

\. 8ide and end treade - ursthane/nylon
cord moldings, Paraliel identical
aide sections. Bix special ends,
Molded in deflated shape shown above.
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sheets of nylon fabric (Stern and Stern type A5063) with natural rubber layers sand-
wiched between each sheet. The outside is coated with Neoprene. The purpose of this
construction is to combine the characteristics of the individual components for an
ideal composite. Thus:

(a) The nylon is woven with coiled fill threads and has an elongation
of approximately 300% (4 : 1) before the threads are straightened.
It stretches very easily to this point (a mechanical extension)
after which it has considerable ultimate load capacity. Load capa-
city at full stretch and tear resistance are the properties provided.

(b} The natural rubber provides the best possible elastic behavior,
‘Numerous synthetics heve been considered but comparable elas-
ticity is very haxd to find.

(¢) The neoprene provides environmental protection for the natural
rubbar and being more plastic is better as an outside coat. The
natural rubber has more tenduncy tc develop local high stress
and break into holes. Random breakdown inside the sheet is not
objectionable. In normal stretch bot.h rubber and neoprene will
easily elongate 700%.

The material specified 18 not considered ideal. It is believed that substantial
fmprovements in tear strengih and strength/weight ratio will be made. However, it
is available and suitable for the test aircraft. Its elastic characteristic and ultimate
strength are ahown in Figure 13. The working point is also indicated. This is found
from '

= T = ijI

333
7' mx 30 = 69.3 lb/ln

The trunk shes: 18 made from two pileces of 72 inch wide materijal and ore piece
30 inches wide. 1he complete single sheet is a rectangle measuring 14.5 & 45 ft.
before assembly, The 72 iach wide material ie the coated width. Procurcment of
14.5 ft. wide matertal is not possible. The pylon material is only available 12 inches
wide, (It ia woven wide and contracts after being removed from the loom). Thus
sach nylon ply in ibe 6 fioot material 1s made from 6 widths stitched at the selvedges.
The total cost of the hasic trunk sheet is estimated to be in the order of $5000,

The elastic material is not designed to withstand wear. To provide durability
a tread section {e attached to the sheet. This extends from the ground tangent inwards
and outwards to protect the area where the bag may contact the ground, This i8 a
urothane accordion molding made in sectinias and stitched through the trunk sheet.
The stitch lines lie along the warp of the basic trunk including at the ends; the accor-
dion foide being aligned with the siretch direction st all times. Each hoop of the
molding incorporates a slant orifice so that a distributed toward {acing )et pattern is
established over a wide area. These orifices regisier with boles in the trunk sheet

[
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on inflation, At the edges of the molding a atrong riveted and bonded joint is
made,

The reasous for this jet pattern are as follows:

{a) Discrate holes aTe used tv avoid the need for bridging a slot
with ties. It is not possible to achieve equivalent flexibiiity
with slots whose edges must be stiffened to take bending load.
Furtbermore, at the ends, the slots (which must lie in the
stre!ch direction) would not be paripheral. It is feasible to
consfider a built-up nozzle structure on the cutside of the bag
but this is complex, causes retracted drag and interferes
with retraction. Additionally it must be backed by large holes
in the basic sheet i8 excessive pressure drop is to be avoided,

(b) Razther than a single line of discrete holes at the ground tangent
the jets are spread inwards for two reasons: firat to provide
optimum &ir lubrication; second to avoid local suction forces
leading to dynamic instability and ground resonance.

If the aircraft pitch or roll attitude is changed without alteration of cushion
pressure guch as will deflect the cushion outwardly and maintain an air clearance,
then the trunk will flatten in ground contact. It has been found from tests that this
contact area can be reliably "air lubricated", to avoid friction drag. The trunk pres-
sure is realized on the outside between the sheet and the ground, abrupt pressure drop
occurring at the flattened edges; to the inside to cushion pressure and to the outside
to atmosphere. The membrane is not pressed onto the surface, The most effective
"air-lubrication' is obtaipred with a distributed jet.

In the second place dynam:ic ipstability i rolichly junibited by having the jet
paitern dispersed away from the ground tangent, The reason for thic is further dis-
cussed in Section U F.

For Lraking, cushion pressure ic destroyed and the weight transferred by direct
contact of the tread with the ground over a wide areas. At gross weight the contact
area is approximately 140 ft“ giving an average contact width of about 20 inches,
half the tread width in the inflated condition. To eliminate cushion pressure anc
maintzin the bag inflated the nozzles must be closed. This is accomplished by the
preumatic valve gystcm shown. Each row of norzle holes is blanketed by a long
periphera® strip, bonded to the ingide wall. These are made of natural rubber. On
the inside face of each strip thin-walled tubes of coated material are bonded across
the width of the strip. These tubes are suitably manifolded to £ moderate presaure
air supply - in this case engine blead air aad when inflatec, lift the flaps to open tha
nozzles and form ths air cushion.
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2. 2. Assembly Method

The complete nozzle and tread system is atiached to the trunk sheet before
asgembly. To accomplish assembly the outer edges of the trunk sheet at the sides are
attached to heavy rails which are jacked close to either side of the aircraft. This pro-
vides the required preatretch, which s 10 1b/in. The total lift on each rail is approxi-
mately 5000 pounds. The side snd inner attachments (illustrated in Figure 12) are
then made, The inner attachment line lies outside the center panel of the truuk steet
along the sides. Thus the side portions of the trunk are effectively of one piece con~
struction, After assembly the center panel inside the attachment is cut out and dis~
carded. Seams joining the panels only appear at the ends as showr in the following
sketch of the trunk sheet. :

-a— 45 ft —
- N 7 TTTT TN
/ ‘\ Seams
4:/ ) P L - m——— i~ ‘\
2 r . - - LY
N yi s
“‘-‘\ ' : T - - - P
\ . /
l .\,° P S ______//\
, o , Outer Attach Line
Trunk Sheet

Bezause the material does not stretch in the fore and aft direction, {t must he pulled
towards the center at the ends to provide spare material, beiore making the attach-
ment. This is8 accomplished by wrinkling the sheet laterally before prestretch and
fixing lccal clamps on the wrinkles on the outside. The required longitudinal con-
traction 8 accomplighed by block and tackle convecting the end ciamp and the end
wttachmentg are then made. This coniraction causes the material to lie ip a few
tight lateral folds at the ends outolde the tread section when defiated. The effect can
be seen on the /12 scale modei photograph of Figure 1¢. This shows the C-119
lower fusclage abeii with ar eisstic sheet attached to it adjusted to give a regular in-
flated shape.

Good progress towards the development of the tread and elastic material at
C-~119 acale has beon mads by Bell Aerosysteme in an Independent Rasearch and
Development program. A small poertion of this type of molding roughly bonded to a
four-ply plece i~ shown in Figure 15 slack and in Figure 16 stretched to a load of
70 1b/in. Satisfactory performance from the type of nozzle valve incorporated in the
design has also been obtained in teats,
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Figure 15, Tread Specimen Contracted
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It is seen from Figure 13 that the ultimate strength of the meterial is
greater thaii the two~dimans=ional 255ign isasion by a iactor of 3.5. This is satis-
factory, however three-dimensionally the tension ig not constant, due to the etfect of
hoop strees_at the ends, An analysis of Jocal gtress in the materia! leading to a
method of integrating materiat utrvetch at ul polnte to ﬁnq slack ahgpe {e given in the
following parspraphe. .. .0

3. Stresa Analyeip

The tension at a poiat P anywhere on the surface of a thin torcidal shell
{Figure 17) is considered in two parts; that due to hoop stress which acts in the hori-
gontal plane and thet due to meridional stress whick acts in the vertical plane passing
through the axis of the torus.

Because of the cushjon pressuie the resulting toroidal end is lop-sided, the
inrer radius being double the outer radius. However, the abrupt change in meridional
section radiue ig caumed by an abrupt cheuge in pressure differential across the mem-
brane so that there is no discontinuity in tension at the ground tangent,

The hoop and meridianal tensions have been developed in Reference 1. By
considering an element of the membrane it is shown that hoop tension '

KN
>

p R :
Ng = )

Where R; is the meridional radius, in thia case the outer radius is used so tbat p is
the trunk pressure above ambient,

Meridlonal tension is variable, being modified by the hoop tension

LY

. R (r + b) _,5: o
Ny =P -—?*;——' o it

Note that this expression becomes pR1 (the two-dimensional vealue), when r, = b,

The twa tenalvas both have a component in the lataral direction and can be
resolved and summed t. fird the total lateral tension at p as follows (see Fis'ure 18).

PR +b
'Bﬂ -—-2-}'— , (003 ecos 7'4-!'9—-—- sin ‘9 008[7 = w}) 2
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Maximum stress {8 found to cccur on the inner attachment line at the ends and is
equal to 1.4 timea the two-diinensional value  Thus the ultimate load factor for the
present material is reduced to 2.5 at this local point. Minimum stress occurs at ihe
outer attachment point at the ends, and is approximately half the two-dimensional

value,
4. Determination of Slack Shape

The two-dimensiunal geometry having Leen determined (Station A) a gseries
of latersl zections (Station B, C, D etc.) are drawn, the section at any radius being
the same as A or part of A4 if interrupted by the hody (Figure 18}, Because of the
symmetry these gtation lines are algo buttock linrs save where the hody limits them
differently. For convenience buttock sections may algo be drawn in the side 2levation.
The stations ile generally in the stretch direction. For a seriec of points un each
station, both r. and the angles 2] , 7V and ¥ can be measured; b is constant, Thus
the tension at any point can be calculated. Using the materia! characterigtic (conven-
iently shown in the form of Figure 19)*, the slack/stretched ratio at any noint is then
found and plotied vecsus the inflated staticn length around the contour, (Figure 2(),
Tae area under thig curve ig a first approximation cf station length.

Similarly by partial integration the siack length to any chusen péslt.ion on the
approximate Inflated ieng:h can be drawn for each station (Figure 21).

The inflated station lines will not retract as straight lines at the same lengi-
tudinal positivn on the alack sheet. However, the slack buttnck lines, wnich lie plumb
in the non-stretch direction as straight threads and may be assumed not to change in
lergth can now be drawn on the inflated shape and their junction line with th fuselage
80 determinad. For convenience, the inflated lerngth along any station is plotted
sgainet the puttock distance x (inflated), Figure 22.

Suftable slack buttock lines are laid on Figure 21 and the inflated lengtn
is used to enter Figure 22 and find the inflated buttock distance x  The slack but-
tock line lengins are dewesmined by meagsurement of the surface distance an & three
dimensional mold of the inflated shape. The total length of these lirnes from station
A fore or aft now enables an approximate slack shape to be determined. (Figure 23).
Also the position of =ach poini can be registered with its corresponding point on the
bedy.

Since the slack buttonck lines are assumed not to stretch, the position of
particular stretch threads or slack station lines can now be drawn more accurutely
at chosen intervals from station A along these liner, It will hc seen that an iterative
procedure has now been developed since ihe tension ailong ihe streich thread can now
bo recalculated to reposition the slack buttock lines, etc,

JUSUGRIP T G f i e e e - —— ——— Cemmom e e

* This i3 a two-ply material characteristic, Two-ply was used for the whirlirg arm
model which is 1/3 scale to the C-119,
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Figure 21, Sluck Length versus Inflated Length
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The first approximation of this method was applied {0 fabricate the 1/3
grale model trunk, It was fouid v provide excess material in the diagonal corners of
the sheets ar Indicated on Figure 23. Further analysis including the effect of hoop
tension carried slong the parallel sides, which has an influeace on stretch not con-
aigered here, ie considered to be valuable. An accurate method of shape prediction
is strongly needed, Such analysis also provides considerable understanding of the
elastic retraction mechanisam,

C. POWEPING, AIRFLOW AND JET HEIGHT
1. General

In Air Cushion Vehiclea experience it i8 found that the capability of a par-
ticular design employing = given trunk design is related to the "air clearance" or
"jet height". o

QGeperal observation of tomparative vehicle behavior also indicates that
cushion systems having poor basic jet height efficiency (high cushion exbaust dis-
chearge coefficient) lose performance less rapidly over rough surfaces. Such a case
is the plain plenum chambey configuration, It may be said that as roughness increases
8o that latge local irregular venting passages are formed benoath the bottom of the
skirt or ‘runk, 1l configurations tend to behave like the plenum chamber.

On these grounds it is reason.cte¢ to assume that if a theoretica! jet height
similar to thore currently in use on ACV's is provided, in this case, satisfactory
performance will be achieved, The design jet height to be chosen will be the minimum
at which tolarable performaice to moderate speed hes been achieved on ACV's ~ two
tc three inches, In the case of the air cushion landing gear the jet height will increase
markedly with speed because wing lift will reduce cushion pressure upon which jeot
height depends strongly.

A methodfor calculating jet height will first be presented after which the

IS I

performence of alternative configurations will be anaiyzed.
2. Cushion Flow and Powering at Low Jet Height

At moderate jet height, 1.6., where the jet height is at least twice the annular
nozzle gap it has commonly beer sufficient to assume that nozzle jet velocity from
which mass flow is computed is average between the inside and outside of the jet,

Thus flow is given by

b Fe
QC/T”"J 2N
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Where Q is the volume ﬂow P p_ are jet and cushion nregeure exd S {5 tne
nogele 3T38, - A BN - N ‘

At low jet heigh? the agsumption brerkd dcwn becasse it {s based on a con-
stant jet width, which {8 not realistic. }'or example at zerc jet height where the flow
is cut off aljtogether aml P, = P‘ the sbove formulia gives a flow

————

g P e
2, 2e C e e
%74"2 * Sy

For low jet height calculations it is necegsary t3 huve a more realisiic
performance method, In the present anelysis a simple ftow modei ia usymed whick
provides a ra.aonal metkod of calculating flow down to the ou. off roint. New deriva-
tions of cushlion pressure recovery aa well as flow and powa. parametore sre rxde,
The alternative formula for cushion gressure rec..very agress exacily with the pre-
vious method at 45° jet angle, but a satisfactory app‘oximatton tq flow and horec~.
power at low jet height is ‘not comblned with i,

A geometry which allows for the thickness of the je: escapirg along the

ground to be a decreesing fraction of the 1ezxle gap 18 used. This i8 defined end com- . -

pared with the pwvioua auumpuon in th\. two dimzansions! crogs sections shcwn ir
Figure 24.

"The following assﬁmpthng are made:

t g v R o '
The ground jet has uniform velocity Vj. ' o R
From t?ne geometry:

h= ho +gein8

=R(l+stn9)+to-t
ho+gain8 t o+t

Whence, R =

1+8inf i 5 .

h -t
(] [¢]

J+ein g
Y

Also, Ro =




3

T T

o
1N

...
S e mie o

Y )

ve g e

- .
e Y 0 A o A M MY (st SO MO B S & KA AATY

Y

BILIIGWOED 130 BANRUIYY g J4NB] 4

/ /,,/ ,/.. ,/ N ./,. . ,/ NN ,.,./ AN ,../, .// “ NN . S
R . DO ONN NN NNS O OOON

N
N

. _ '
™ - ! : q
B
™, 1 _ .
' . / {
'
* P TN : i
s e o e, S . i
\:\u\.. N 4
S ;-
A . ;
s j
RN ' PR S
'R 5 b K
4 " Y e —n e
o g - . f
- , Y
- #-. . ..‘ ~ ).‘ .‘4 .
> BN N
; SV G NN N
. -~ A . AN
o J‘.n\... ./ /,. Noos y -
s a.— N
AN
-ﬁ. / 4
%/ ,d
w .
f A
e
@ —
ol q
0
-]
(=]
[%
e
<
AT
i . ?
At ¥ f
.." i..r . . P - S

¢
_
]
!
!
_
|

b

N ,, \
.u...'_m \\ ,/” ..\\\\u\/ /
A T
0 ] \_

/ / \

N
%/,

AN
N

34

e prp————

I-.lxsl
PO
VA )
o~ /
<N ,,/ ,
- |
_
-5
i
_

e e e e e e — e — A o | maprat=t= ey ot

. R B~

..




e

e

- - P e T At - - - - [ s 2 e - - e L4
} R ) Pl s :

SPGB CTR WS T AT TR S AR SURT KINEN SN

—p o

it DI o e v e R, A i
r £
P ¥
AFFDL-TR-67-32
-~ R h -t
o o o
R b +geind +t-t
i
N 1
- - t /g + ain &
L+g( — ) <
- - —— 0 ’
Flow Determination o ] )
From continuity g “
. 80 \’
A Vdg N
o .
.“ )
,: ‘ 80
& v B
; % 7 j ’ v, % - [ - 4
i o ] o R
13 - :
N O dg -
o ; to;‘o + 8in y
© o Vrgl =y )
; N o o
_ . b -t ‘t_ v g sin L]
—-7——« tog, (v )
. YN Bt
5 ) h /go—tol g, e G- t /g sin8 ‘
%, L8, sinf e boh‘o—to’/ N

........ (4)

Thie expression relates the tkicknese of the jel along the ground t to the nozzie

width g and i8 solvey fo- 0 = 45% w produce the vgrialion shown in Figure 25. Flow
mey now be determinc.d iyom  f

-

/e l’

Q"\/-—m—- xt x¢

{c is the perimeter)
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Alternatively a nondimensional flow parameter may be nsed

: P
Q P t
e/, T %, ' %
c C

Since pc/P] is a function of h/g, and t/g i8 given in Figure 25 the RHUS of this equa-
tion {8 known. Using the foiiowing evaluation it is plotted versus h/g in Figure 23,

A p

The flow curve which results from the average assumption Q = -;— x (Pj - -;-:-) X SN
is also ghown for comparison,
Cushion Pressure Recovery
2 - -
d _ _put TR
dg R
~2(P, -p) (1 + stn 8 )
h +gein [4] to+t
Whence,
j‘ Pe 1 dp_f £o -2 _(1+8ind ) dg
o P,-p o G -t)+e (t /g +s8ing )
log ( __Eg) 21 +sin @ log (1+ t EOS!nB)
e P’ to7go + 8in y e ho -
and tberefore -2 (1 + sin 8)
t / t + 8in 6
-_p.‘i.— 1+[0\go+sin9 o/go
Pj \ b,/8g " to/ o /
.......... (5)

which may be compared v-ith the standard expression:

p - . .

1-;;51-=e 2g'h(l - 8ing )

)

and is fourd to give 2 nearly identicui result for = 45° when the t/g relationship

from Figure 25 18 used. Equation (5) i8 also plc-tted for 8§ =45° in Figure 26.
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Jet Horsepower

Neglecting compress!bility, jet horsepower is given by

Q.Pj

P T =550

To show the variation of power with jet height a nondimensiona! power para-
meter is used,

550 hp
e f = 1 (b/g)

3/2
C.8-p,

This is plotted in Figure 27. The variation i{s nearly linear in the range
h/g = 3 to 8. Below and above these heights more horsepower is required for an
equivalent jet height. This effect {8 better illustra.ed by piotting the variation of the
horsepcwer to jet height ratio:

556 hp ] ,\//2 W ©
——%——3 5 = =i/ L

Alsc since the cushion pressure ratio ia the more fundamental design criterfon
particularly for bag trunks where the basic ratio chosen 8o strongly affects trunk
shape, stability, energy absorption, etc., the above horsepower jet height non-
dimensional ratio is preferrably shown versus cusbicn preasure ratioc as in
Figure 28,

3. Basic Configuration Jet Height Analysis

For the basic configuration, the following parsmeters apply (See
Figure 2).

W = 60,000 1b 5 = 360.5 £
c = B0.8ft?

60,000 lb represents a maximum gross weight condition. A minimum test weight

of approximately 47,500 pounds is feasible. The gystem will be designed for 60,000
pounds but to determine static performance at lighter weight and to show the effect
of wing lift on jet ketght, thie will be evaluated over the complete weight range, The
design poini case {8 treated first:
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P, ib/tt 16€.5
pC/Pj ' 0.5
Pj, Ib/tt2 333
3/2 .
19 hpj/hcpc (Figure 28) 0.5
|
g hpj /h , hp/ft 4560
: Q. /P/Z)/(c.g.\/r-)_c (Figure 26) 1.22
Q/g 37,200
h/g (Figure 26) 5.0
! Q/h, fts/sec/ft 7450

Two power units have been considered. One is based on the use of one
T--57 of 1540 bhp and the other on two T-58/10 of 1400 hp each, In both cases an
overal! afficiency of 0.7 to convort brake horsepower is assumed. This factor
accounis for fan adiabatic efficiency, fan entry and diffuser loss and trunk entry port
loss.

Jet height is plotted against horsepower and flow in Figure 29. This is the
J theoretical annular jet daylight clearance (an alternative term) with 45° inward facing
jet siot. In practice the true annular jet with 45° inward facing jet achieves about 85%
jet height efficiency. The present trunk design with distributed jets is not expected

to achieve more than 50% jet height effic’ency. These three jet heighis of interest are
tabulated as follows for the two alternative power systems, together with flow and
equivalent annular rozzle gap and flow crea,

W\ TR

One T-67 Tw; T-58/10
] Theoretical annular hj 2.85 in, 5,20 in.
Prsctical annular jet hj 2.42 in, 4.42 in.
Estimated distributed jet hj 1.425 in, 2.60 in, .
Flow, ft°/sec 1780 3250
Equivaient gap, 0,57 in 1.04 in, l
Net nozzle area, t’t2 3.84 7.0
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Figure 29. C-119 Horsepower, Flow and Jet Helght
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Tte practical annulay jet height o 2,42 inches is considered adequate. However, for
tesi purpcser the ample power arcvidad by the T-58 engines is attractive. It is con-
sidered rhat these two power systems :ffectively illustrate alternative possibilities.
Hosveves, uee of obsuluncent turbines or even piston engines is not ruled out,

“he variztii of jet height with weight will be illustrated =t the lower
rowe leva!. Strieti: the variation at constant engine throitle setting is required but
{or 3mplicity coustanl jet horsepower will be used. The reduction in cushion pressure
with weight {8 medifizd by the change ic bag shape which occurs as pc/Pj changes so
thot fteration four cushion rrea ie required, The bag also changes shape slightly be-
cause the material tension increases uad alters the length. These are minor effects
but are accounted for in the following mid-weight calculation,

Wl 30,000
W/Sc (at 60,600 Ib) lb/ftz o eg
P tb/ge? N
s B - 321
: pc/pi . 0.28
RI/R2 072
Py -- 1,080
Q 2/ gec 1 845
Me 10.6

Nozzle area remains unchanged ai 3.¢4 ft?'_ Cushion area (S;) is assumed to be re-
duced in proportion to the fnward movement of the ground tangent at the sides, The
two cross sections are compared in Figure 30. Notice that tension increase is 10%
resulting in a 6% extension, (See Figure 13.) Alsc as jet height increases there is
= slight {ncrease in cushiun fiow and reduction of pressurc at constant jet horse-
power, :

.

Jet height is plotted over cushion lift in Figure 31.
4. Alternate Configurations
a, Dual Cushion with Tip Floats

The purpose of the dual cushion arrangement is to increase pitch stiff-
ness and easc takeoff rotation, the two cushions effectively periorming the functions of
the airc:aft's main ami nose gear, Since it is found from test that the single cushion
has adequate stiffness cnd does not appear to have a rotation prebiem, the simgles
single cushion is preferred. As is seen from Fignre £, the totai cushiot area is
271 + 87 -- alinost the sane as the basic version. Jet bheight performauace will Le
very similar aad requires no separate evalusation,

47
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(a) 60,000 1b
B,/ Pj = 0.5

o =69.51b/in,

le———— 69 in.

p_=166.5 1b/ft2

1 =157.3 in.

(b) 30,000 1b

pc /Pj = 0,28 1 =167.5 in
o =771b/in.
= 34.5 in.
[ AN 63.5 in. —————pn

iy =610

imn.

B i

TTTITTTTT T T T 77777

Figure 30. C-119 Basic Trunk Sections
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This version Includes ‘he wing tip air cushion floats which were one
ol the bases for the whirling arm modei design. These are no! included o the basic
version because they are now thought to be unnecessary over land and if required
for overwater do not need to be in air cushion form. if required, it is thought they
should he powered to achieve the same type of performance as the main cushjon at
r load equivalent to 8 maximum side gust rolling moment. Rolling moment for &
side gust is estimated subsequently(in Section I1.E.1 (c.f.)), to be 42,500 1b/<t,
The florts are positioned 38,8 ft from the center lire. Thus, the required load =
42 500/38,8 = 1090 Ib. The tip float area is8 16.6 ft2 and perimeter is 14.7 ft
(Figure 8). Cushion pressure ig 1090/16.6 = 65.8 1b/ft2, 1n the case of the tip float
therc i8 no requirement for roll stiffness and little advantage (n having high energy
absorotion. On the other hand a soft bag will give the beet terrain performance,
Since a goft bag can be used the jet height will be arbitrarily reduced from 2.85 to
2.0 inckes, A pc/P’ for optimum power to jet height can be chosen, From Figure 28
&t Fc/Pj =0.,73

19 i:,'-],/l.c Pe 32 _ 444

PPy 044 x14.7 x 540
h i9x1%

= 25,3 hpj/mcb

For 2.0 inch hy, bhp = 40.6 pssuming an cversil efficicncy uf 0.78, A higher evorell
efficiency 18 takon In this caoe gince 1 i8 agnumed the fau will he positioned In tho

flcat with an tdea! dlffuscr, A hyaraniic dvive iy visuntized wild o spe’tsl pumgs on
ench main power unit, - ' o

b. Melf Lengils Main Cusbion with Notic FPlenum

This cenflgursation (Figura 9, 18 cotaparag with ths baslc veialon fivst
to [ind the power reaulred for aquivalent performance and jet helght, The msle
cushion {s centorea at the niatn wiv:ol location ard for the reladively minor support
roquired at the noso wheel location a simpie plenun: - - fodopendently povwered ~- 13
uscd. For load diairitation thn forward c.g, caso e congidared {207 DML, c.i.
posttions 1 amd 3, see Holoronco 2 v. 17¢). 1hen teking roomronte about the 8.
(Flgure 9).

by * By © 60,000
o %308 '-“‘N X124
Thue Ly = 0.123 (60,000 - LN)
Ly = 0360 Ly, = 3,450
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We also have Sc =166.3 (nain)
c = 45,9 (main)

Sc = 20.8 (nose)

c = 15,2 (nose)

The same cushfon trurk pressure ratio will be used,

p W/t = 321
cm

2
Pj 1b/ft = 642
hpj/h = 6160

For the nose plenumn the fan outlet pressure will be taken to be 1,20
timea plenum preesure, Fan sizing will not be considered,

L

P, b/t = 314
N
2
PF 1b/ft = 3717
vl ft/rec = 513 (,\/2 pc/P )

Vg is based on the plarmim preasure. Flow is related to jet height

< BJVJ
Where Cp is a discharge coeflicient for the air exhaust bereath the bottom of the
skirt. This {8 a s'agle-sided shurp edged orifice and an average volue between that
applicable tc a three-dimensional sharp-edged orifice and 1.0 is used., The annular
jot may also bo considered to huve an effective discharge coefficient, varfable with
pc/Py. The above equation conpecting Q and (‘:D may be writton

C,Q/F
D'h._c.ﬁ’c

Fromw Figuro 26 tha function -ci;— \/2—_’:—‘- which is pictled over h/z muy be

C
divided by h/g to obtain an equivalont dischargo coelficlent for the annylur jet, and
exprossed as a function of pc/ P’.

= CDh c VJ . (N

Flgure 32 thon ropresents a comparison of plonum chamboer and
acnulur jot on & discharge cocfiicient basis and it 1g scon that for the cusce in point

hl
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the flexible structure ground clearance ot the plenum chamber is 35% of the annular
jet at the saunce value of flow to perimneter. However, it was pointed out earlier that
over uneven surfaces the annular je! tends to deteriorate to plenum conditions. There-
fore, a jet height of 35% of the zanular jet will be required for the plenum, using
annu!ar jet performance asg the reference datum,

Actual plenum jet height to provide equivaient performance to the
basic configuratinn with 1540 bhp will be 0,35 x 2.85 = 1.0 in, Comparative power
is calculated as follows:

QN = 0.82 x 16.2 x 513 x 0,08323

= 567 ft3/ sec

_ 567 x 3177 , o
hpN ~ 550 x 0.82 (0.82 ie the assumed fan efficiency)

= 474
_ 6160 2.85 _ ,
bpM = o7 X 12 (0.70 ie the overall efficiency)
= 2096
Total hp 2570

Thus 2/3 more power is required for the sauie performance with tais configuration,
c. Three Plenum Chamber Configuration

The gross cushion area for this configuration ig less than half that of
the basic configuration. Its performance will therefore be very poor and it haa no
overwater crpability, and other road-block disadvantages. It was included in tests
from the viewpoint of basic feasibiiity but the jet height =ad powering is not con-

sidered worth detajl examination.

e g Y Y
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D. POWER SYSTEM PERFORMANCE AND PRELIMINARY FAN DESIGN

1. Descripiion of Sysiems

Two alternative power systems applicable to the basic configuration are
shown on the inboard profile drawings D7233-099003 and D7235-099001 reproduced
in this report as Figures 4 and 33. Additionally, a cushion fan flow diverter scheme
designed to match the first power installation Is shown in Figure 34. This is a
desirable opticn, which is recommended for either configuration.

In Figure 34 a single T67 driving au axial flow fan is used. The fan is
centered over the existing floor cut-out ia the forward fuselage aad the cargo drop
doors removed. These are replaced with permanent structure incorporating two
trunk entry ports symmetrically placed about the longitudinal centerline.. Fan air
is diffused in the outlet annulus to a depth of 18 inches below the second stator, feed-
} ing into a plenum box mouated from the floor around the door cut-out. The fan unit
is of welded aluminum counstruction. Tae inner shroud carrying the bearings and re-
duction gearbox is connected to the outer shroud throughthe stator blades. The unit
is mounted to the floor by tubular struts. A fiberglass bellmouth and center fairing
are incorperated above the fan, which draws air from within the fuselage. To allow
the fan to breathe freely the rear paradrop doors will be opened when the system is

“ in operation. '

e e —————

et = e ¢ o o

Figure 4 showa the alternative power plant using two 1'58/10 engines. The
! engines are simlilarly located and In this case are exampled each driving a backward
: curved centrifugal fan of the aquirrel cage type. This configuraiion evidentiy has

better rellability because of the ‘win englue feature. It {8 clear that alternative com-

binations are also feasible, for example, the T67 can drive a similar centrifugal |

k blower or the T58 engines can be coupled to drive an axial fan. 'The cholice of fan

type is not critical. It s probable that the centrifugal has a gomewhat milder stall

, . characteristic and is more rugged. However, the axial fan is probably liguier and

.

has a higher design point efficlency. In both cases the engines awe mounted from the
floor using typical welded strut supports which land on channels attached to existing
tie~down points (of which there are many) on the cabin floor.

Eagine controls and instruments are routed to the cockpit for direct opera-
tion by, aud display to, the crew. An observer/engineer station is visualized, adjacent
to the engine location.

For fuel an existing C-119 LR taak is used. This is designed for tie-down
on the cabin floor and incorporates a booster pump. The capaclty 18 muchk larger
than I8 nev:ded but for the test Installation this is of no consequence. Use of JP2 is
desirable because of its low flash poiat.
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To control the nozzle valving, auxiliary engine bleed air will be used. As
drawrt the layout illustrates a aelector controlling pressure into six maaifolds collec-

tively or differentially. The selectoy is operated hydraulically in parallel with the
wheel brakes by the pilct’s toe pedals.

The flow diverter arrangement, Figure 34, incorporates a set of vanes in
the truok entry poris operated by a hydraulic actuator in parallel with two sete of
cascade vanes in the fuselage aides to which air i8 ducted through tee ducts from the
plenum. The diversion is accomplished in response to an ‘nflate/deflate lever in the
cockpit and provides for immediate trunk retraction and thrust boost on the initial
climb. The vanes in the diverter exit also nrovide additioral reverse thrusi, brakiog
and yaw control at low speeds as further described in Section I1.5.

2. Preliminary Fan Design
a. Axial Flow Fan

(1) Fao Sizing

The design point flow and pressure are taken as the one g static
case at maximum gross weight as follows.

1789 ﬂa/soc (4.24 slug/sec)
1540 11570 - 2% transmission ioss)

Q
bhp

Iz the previous subsection on jet height, horsepower wae consid-
ered to be given by volume flow Q@ multiplied by total pressure P (psig). Thir neglects
comprvsgibility which is a2 minor correction but will be accounted for in fan design.

Fan work input = mgJ cy AT 3)
Where m Is the mass flow and A T is ths fan temperature rise, related to the pres-
sure rise by Y '
I §
. At \?
!’Z/P1 = (1+ ")—,i,—l—) (%)

7] being the fan adiabatic efficiency and T1 the inlet total temperature.
From (8) with 1540 bhp

AT = 1540 x 550
4.24 x 32.2 x 778 x 0.2401

= 33.2°F
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From (8) assuming a fan efficlency of 0.85 and a 60"F day, Y =1.4

o

3.5

2 0.85 x 33.2)
PRy wm ¢ er——— -3 .
(1 ST 1.204

1

*d

he area of the paradrop doors is approximately 36 ft2. An Inlet depresslon ¢qual to
tao dynamic head of the alr as. the velogity Induced through 80% of this area will bo
assumed.

_1780

T 82.2 ft/8sec

0.00119 x 62.2° = 4.6 1b/ft> (0.00119 = P /2)

2]
In meu lovel standard conditions therefore Pl = 2111 1b/ft“. Hence A P, the fan
pressure rise:

AP = 0.268 x 2111 = 430* 1b/t.2

A fan having a mild atall and good cutoff charactertatico is requirod. These will be
obtained with high “ub/tip ratlo oud using flet {mpulse type blading. A hub/tip ratio
of 0.70 will be uoed, and A tip alr lnlet angle B = 25°.

it Iy alao decirable for the design polat to lia well to the high flow
side of the maz:imum efficlonuy polat a0 that when flow Is cut down or cut off the fan
will iraLsiently respond with much highe.: pressure, a6 (n a hard landing. This un-
plies lightly loaded blades and high eoliciiy.

Fiaally, It ic an object to Iuwb the fan outlet velocity low to min!-
mizo system ioes particularly because the uir I dlso'mxged through the trunk entry
port with complete loss cf dynamic head.

~

(*) For comparleon If the fan presmurs rice ig calzulated hy L!vldlog the work output
by the volume flow,

1640 x 660 x 0.86

AP = = 406 lb/ft2

1780
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The requirod pressare rztio of 1.204 ja commonly achlcved by a
slngle stage in axlal flow compressors. However, this requires high tip speed and
through flow velocity. For thie reason and cons idering the other desirable charac-

teristics & two stage degign 18 preferred. The pressure rise ner stage 18 then 215
/12,

Rotational speed will be set by chooslngapressure risc coefficient
] (¥ ) of 0.80 ai the blade root:

2
1/2 p U = 215/0.80 1b/ft
= 38 =1
UR 475 snd UT 679 ft/sec

V, = Uy x tan B = 679tan 25° = 317 ft/scc

Anaulus area = 1780/317 = 5.62 ftz
Thevefore tip dlameter = 45.0 in.

and root dlameter = 31.5 In.

{2) Gearing

Eng/ne output rpm ts8 6600, Fan rpm 13 found to be

3 6
N = .21.5..2‘.._0.3‘_..—12 = 3440
v x 45

T'he required reduction ratio is 1.92:10. . However, for simplicity a ratio of 2:1 can
probably be used with minor adjustment nf the deslgn.

(3) Fan bladiang

A P/stage = PU AVu - 2]5[b/ft2

2
14} AVu ~ 90,200 rtz/sec
Root ' Tip
Diamectar, ft 2.625 3.76
V. ft/sec 317 917
U, ft/sec 476 670
Avy, {t/pec 190 133
U- Avy/2, 1t/sec 360 612.5

Tan B menn = (V- AV/2/V, 1.20 1.93
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Root Tip
H .. (] N o 4
.. B mean N L - b0"12 82° 36
-cos 8 o ' " 0.640 0.460 , :
mean
Vmean = Va/c%88 mean 495 889
crLe = 2 Avyvy, | 0.768 0.34.6
4 1.6 1.0
CL 0.612 0.386
Circumfereace, ft , , 8.25 11.8
cn =OW D - 128 11.8
Chord ¢, ft ' 0.425 0.407
No. of blades, 20 29

Roferonce 7} presonts complete data on ke Mt characteristics of v sullable alrfof?
in cascade. Thia dala le ueed to dotermine a choloos of camber and angle of atteck
which will glve the required Cy, with adequate margin from tho stall. Bc¢o the rolor-
ence for the following:

Deflaction augle & ) B ig: 18’ {;j,’ 10'

Aerofoll 65 - 810 €5 - 819 '
Camber (% chord) 8% 4%

Angle of Attank 10° 40° 4° 30

The first atage (rlangles and bladiag ¢an now he drawn (Flgure 39).

‘I'he ancond atoyo will ba vory similar, probably uetng ldentical bladay and doos nid
raquire dotail av.alysls for the prosent purpoke. Tho ecstimatod cheraoteristio (s
showa {u Figure J6.

L. Contrifugal ¥anus
The contrifugnl fenn arv doubloed sided and of the type In which tho

cuso width |w greater than that of the whool. 8lsu Je determiuod by scaling an asluting
donlgy. Deglga polnt {low und prossure are.

e 8225 [WCnee = 194 slug/woc
P~ 43(11!:/“.‘
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Esseantial characteristics of the known design are

Q = 4000 ft3/min
P = 6 in. water head
rpm = 5000

Where diameter = 10 inches

A twin fan installation is proposed

Q= %2-5— x 60 = 97,000 ft>/min
P = 430/5.2 = 82 8 in. water
For scaling:
.0 ouosi-At constant rpm: QO Dg
A Pa D
At given size: QQ rpm

PU rpm"‘

Using suffix 0 for known condiiions:

2
3
Q. (o), mm 2 (0 femye
. \$g / TP ro \Ud \xpmoj
Q 87000 P 82.8
— = .2 — T em—— = .
Q 2000 24 P 13.8
o o
D D
rPM A ‘\/; o _ , 0
= — X =— = 372 —
) rpm% DPO D b
(Y x 22 x 72 - 242
\"’ol -~
D _ . rpm _
— = 2.54; = 1.46
DO rme

Hence o 25.4 inch wheel is required rotating st 7350 rpm. This implies a tip speed
of 810 ft/sec, which is very higk for a squirrel cage wheel and may introduce diffi-
cult structural design problems. In the alternative design cf the axial fan no such

problems are anticipated
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3. Pressure Lossg
Pressure loss upstreain of the fan is estimaied at 5 lb/ft2 (page 58).

The axlal fan annulus hydravlic diameter is 2.7 ft, and the distance [rom
fan outlet vertically downward to the end of the diffuser ts 1.5 ft. The flow diffuses
at a maximum effectlve angle of 14° so that the hydr: ilic diameter at diffuser exit
{s 3.07 ft and the area is 7.4 ft2, The loss will be the dynamic head at this point which
is 69 1b/ft2. The area of the trunk entry ports is 6.75 ft2 each and the dynamic head
at thie polat will also be lost, a further 21 lb/ft2. Summarizing,

Inlet 5.0
Plenum 69.0
Trunk Entry 21.0

Total 95.0

Thus the trunk pressure is 335 lb/ft2 approximately correspondirg to the 0.7 vverall
efficiency assumed It the preceding work. In praotice it (s found that for systems of
this type (e.g. in ACVs) this efficlency is seldom bettered.

Similar conslderations apply tothe alternative power syatera for which the
same overall efficiency has been aagsumed.

4. Diverter Thrust

Evhaurt area equivalant to the trunk nozzle ares le provided, In order to
keep the fan operating at its design point. Total head at the diverter nozzle will
evidently be 356 Ib/ft? since there {8 no trunk entry port 108s. The flow exhausts
through port and starb.ard louvera at 30° to the fuselage side. Net thrust, buth for-

ward and reverse (8 cu;ulated as a function of speed as follows:

V ft/sec ' : 0 100 200
T67 Engtnes
Q = 1780 fta/'sec

m vj cos 30, 1b 2050 2050 2050

‘m Vo N 1b ‘ C 0 424 848

Net forward thrust, 1b 2060 1626 1202
Net Reverse thrust, b , 2050 2474 2898

‘58 Englnes
Q = 322§ l'ts/sec

m vj cos 30°, 1b 4200 4200 4200

m V0 , 1b 0 770 1640_
Net forward thrust, b 4200 3430 2060
Nei Reverse thrust, (b 4200 4970 6740

These forward and roverse thrusts are plotted {n Figure 37.
64
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E. CUSHION STABILITY AND CON tROL
1. Static Stiffness
a. General

The bag trunk with distributed jets as designed for theC-119 exhibits
very good pitch and roll stiffness end strong heave stability.

In ACV's, lucluding ACV's with bag trunks and annular nozzles it has
been the practice tc incorporate static stabiiity jets, usually in th form of a longitudi-
nal keel trunk, with cr without jet flow from its base and a similar lateral trunk, the
two forming a crose beneath the vehicle.

The purpose of these gtahility truaks s to inkibit the cross flow which
{8 e..ily seen to create an uanstable condition (Figure 38, a, b}. Clearly as scon as
the trunk flattens against the ground a large restoring moment will be initiated. There-
fore, considering roll, it would be expected that without the keel trunk there would be
a small unstable range near ¢> = 0 and that the normal equilibrium would be with a
slight list In elther cirection. No keel trunk Is incorporated in the present design but
no such central (nstability has been encountered in model teste (see Section LI). The
wiand tunnel model was tested with aufficlent jet nozzle area and cushion flow te achieve
an appropriate and fairly uniform jet height at all parts of the trunk. This preveated
a lack of roll stiffness from belug masked either by local bag contact; or by the lower
jet helght avallable with the model jel angle at the scaled flow.

The reason for this satisfactory behavior I8 belleved to be that a differ-
ent pressure distribution on the walls of the cushion cavity - principally consisting
of the inner trunk radius - is induced by the radicaily diifereni { someiry {(Figure 38¢).

The stiffness provided by the trunk itself 18 usable because, as described
in Sectlon H.B above, when {u "contact" it 18 alr-lubricated by the distributed jets.
The trunk lift (urea in contact times trunk pressure) acts directly on the ground without
presaing tho bag matorlal on to it. Low drag rosults. C(losing the nozzle ln this con-
dition restores the drag since the trunk pressure now forces the material Into the
surface.

Because of the cushion uspect ratio (length to breadih of the busic con-
figuration ls 2.85 to 1.0) pitch stiffuess ie expected to be adequate and indeed a problem
in taite-ofi rulativi was auiicipated. Howover, provision of sufllclent roll stiffness may
be a critical factor. The major contribution due Lo trunk contact can be calculated if
the contactl area s determinoed as 2 function of the appropriate parameters.

b. Analysis of Ground Contact

The theoretical ground contact moment can be duveloped graphically
faitly simply using & trial and eri1or method as follows:
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(1) For a given roll angle ( P j assume a value of p‘,/Pj. This will
be below pc,’Pj for ¢ = 0 because the trunk lift will carry some of the weight. De-
termine Ry and Ry oh the high side tc give the correct value of 1, thc material cross
gection length. In the design case 1 = 157 in. The ratio Ry/Ry =1 - pc/Pj. This s
obtained from the continuity of truak tension at the ground tangent.

T—Pj Rl-r(Pj-pc)Bz -

e

Dividing by R2 Pj

RI/RZ =1- pc/Pj

(2) Draw the grounc line al the given 4) at distance hj from the trunk
tangent at this angle.

(3) Determine Rj and Ry on the low slde which wiil give the correct
1 (s8um of 1; 1y and 13. the iast being the contact length).

(4) Find the sum of trunk lift (contact width times effective length
times trunk pressure) and itic cushion lift (cushion width times effective iength times
cushion rressure). The effective length must be assumed.

(5) Corypare the total lift with the weight. Iterate pc/Pj until the total
1'lt 2quals the weight.

For example, at @ = 5°

Assume pc/l’j = 0.44
Then RI/R 0.56

2
1 157 In.

n

On bigh side chovse R, = 31.4 (n.
Thean R, = 56.1

.l

"Yith F.l = 31, 4 61 {8 found to be 180°
8, '8 found to be 59.5"

9] = 88.7

R,

) 62 = 58.3

1 =167.0

Draw the zround line at estimated high side hj = 0,95 x 2h"‘ = 1.9 x1.426 = 2.71 In.
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On low side choose Rl = 26.0 in,
i iRz = 46.5 in.
With R = 26.0 in. 81 is found to be 193°
With 32 = 46.5 In. 92 is found to be 63.5°
Ry 91 = 87.5 in.
R 8. = L1.5 in. *
2
lals scaled = 16.0 in.
1 =157.0 in.
Trunk Lift = P x 1, x effective length
= 333x1.33.x 31.3 = 13900

Cushion Lift = P, X b x effective length

= .146.5 x 10.1 x 31.3 46100

1otal Lift 60000

The sum of cushion aud trunk lift produces ine vector shown on Figure 39.

This was carried through f2i two roll angles and the resulting
crogs gectious and total lift vectors are shown in Figure 39. The righting moment
increasas with angle. Righting mcment about cg 3 and 4 is shown in Figure 40. To
tkis must be added the cushio:. basic stability contribution due to suction on the inner
trunk radius on the higl side. Also the exhausiing cusiion fiow causes a side force
aud rolling momeont. If the no:zles are closed on the contact side this is reacted at
tha ground. To estimnats this contrlbution in the alternative case jet veloclty is cal-
culated from cushlon pressure. ) e

vj = 29 166.7 = 3175 ft/sec

An arbitrary factor verying linearly from 0.4 at 0.6° (initial contact) to 0.95 at 5° will
also be appiied. This is intended to allow for the fore and a;i components of flow at
the ends. Evidently at Initial contact aiong one side a lurge proportion of the cushion
mcmentu'n wiil escape infore and aftdirections. As roll angle incrzases the contact
polnt wil: move around the ends :°atll at large roll angle the majority of the cushicn
moimentum will exhaust lateraliy oa the high side. The above arbitrary factor is intro-
duced to account for this effeci.
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myV, = 4.24 x 376 ~ 1680 b

J
¢ 0.6 2 6 10
Y, Ib 640 920 1510 1510
1.0t 12.0 11.80 117 ¥1.16
Moment,
1/ib 7600 20850 17700 13900

Measured righting moraent from 1/12 acale model test s uluo showe on cthin tigure
for comparisoo. It appeare that s subsatant’al stabiliziag momast s previdod by the
alr cushlon. This stiffnosw at the deaign po/Pj appeara tn be quits satlsfactory.
Btiffoess varies with Pu/ P’ and rieanurements over R Tange of thie panmmeter wore
made an the wiond tunanl modol (fies Brotlon XII). The resulta are nhown in Pigure 41
an a plot of op ¢/ degroe agalaet cusitlon preasuro ratio. It {3 shown tha* at 10" ro1}
the cuvhlon op has moved nuarly & quarter of the beam of 11.6 ft or 2-3/4 1t ¢.g.,

)
. - Qop = 0.338xDat 10° roli angle

op¢ * 0,0236/eg wt pc/P v 0.6

=~ 0.280 x kL.H = 2.1 1t

. Roll Btiffnoas Critoria

Roquired roll atiffncss may be vonsldorod (n reistion te ¢ngitie torque,
ulqo wind gust, ¢r aideollp. '

(1) Engine Torque

Brako horwopower x 53,000

o ‘, “
Lory. 2w xR xpm

fJuasiduring max powor @t tha star? of the tuko-off run:

o L B0 x 8250
1 Y « 10,900 1b /¢

(2) Bide Qunt
A rolling momoent dua to body, Hes end wing will be constderad.
Budy, Cn ~ 3.0

Bids Arey ~ 4771 (t"
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] 1/12 Scale Model Measurements
c.p Rolling Moment/Degree
¢ LTI x Cushion Width
|
! 1.0
'! |
I ¥
C-119 Width = 11.5 ¢
LR K AN o
’ N

R

e
o

/
[

)

Cushion/Trunk Pressure Ratio p /P
v

0 0.01 ' 0.02

Cvnbe ot T e.p. ¢/Degree

. -¥igure 41. Roll Btifthesa Variation with Bag Pressure '/ * b
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Ccp above ground = 9.5 ft
Momenat = 1.0x470x3.5xq = 4460 q Ib/ft
Fins, CD = 1.2

Side area = 75x 2 = 150 ft2

CF above ground = 22 ft

.Moment = 1.2x180x22xq = 6600 q lb/ft
Wing, CL = 0.2 (at a =10°%
; Plan area = 700 ft2 (1/2 wing)

cp from longitudinal centerline = 20 ft

Moment = 0.2x700x 20xq = 2800 q b/t

Total Moment 13860 q 1b/ft
For & side gust of 30 knots q = 3.06 1b/ft2
S wmm T Moment = 42,500 Wb/t

3) Sidesiip

-

The sideslip case with the air cuchion s different to the normal
case with wheels since the former does not react sideforce, ang may be stdeslipped
intentionslly. However, the (presumably empirical) roll-over criterlon of Reference
4 18 in fact met. This states that the angle between wheel contaci point and aircraft
cg In frout elevation must not be less than 25°: It s seen from Figure 39 that a 10°
roll this is 25° us lng the high cg (1 and 2 positions) aud ie greater at larger roll
angles. Actual roil righting moment is considerably greater than shown in ihin
figure, as evidenced by Figure 40.

i

d. Heave Stlifness

As load increases from the des ign condition the invreasing cushlo
pressure causes the trunk to move up and out. Theoretically at the bottom of the
atroke pc/Pj = 1.0, ‘ke inuer trunk radius is infin{te (2 straight line) and ihe static
g i @ maximum. Evideatly the maximum g depcuds on the design pc/PJ. For ex-
ample at Init{al Pe/Pj = 1.0 and coustaat £y the maximum cushlon pressure would be
twice the dosign condition,




, : |
AFFDL-TR-67-32 ' -

Factors which modify the static heave stiffness are (1) the change in
-cughion area due to trunk deflection, (2) the increase in P, provided by the fan. The
latter mayv be considered at constant power or at constant rpm. The latter is probably
the more valuable since transient responsc will be at essentially constant rpm.

It is valuable to determine theoretical two-dimensgional heave stiffness
in order to predict it variation with design pc/Pj. A brief analvsis is made in the
following and values obtained from 1/3 scale model tests are compared with the re-
sults. :

For simplicity constant material length is uaed. Using an iterative
procedurc similar to that described in subsection 1.(b) above, two-dimensional trunk
ghape is calculated to provide the geometry variations shown in Figure 42, Stiffness
at constant rpm is obtai‘ned from the fan characteristic of Figure 356. For the cz2lcu-
lation, Now coefficient and )lgt height for a range of pc/Pj are taken from Figure 26:

1]

pc/Pj ' X 0.5 0.7 0.9
h/g 9.8 5.0 _ 2.95 1.5
(Q/cg) P/2p 1.675 1.22 0.95 0.68

“

since nozzle area ig constant,

@/ Ty QN ' 0.729 1.0 1.283 1.795

h, /h 1.96 1.0 ¢.59 0.3
Jo )

p. may be found by iterating with the fan characteristic, assuming
that duct loss varies as Q2. )

i Q/pc 189.5 138 107.5 77
“Qné/sec 1830 1780 1710 1500
p,,Ib/1t” 93 166.5 252 379
Pi,lb/ftz 310 333 360 421
A p,1b/s? 102 97 90 78
Pran S 412 130 450 199
hj in. 2.8 1.425 0.34 0.43

It will be noticed that although the cushion pressuve nze more than
doupled the fan is still not stalled. These variations of p, and hj are also shown 2
Flgure 42. An estimated stiffness can now be found from
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Figure 42. Trunk Geometry Variunilons
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L . pc <
l"o pc : b0

The ratlo b/bo repregéents the two dimensional increase  {n cushion width at the
ground tangent. Due to the low aspect ratio it {s congidered an accoptable factor for
accounting for the cushton area increase. The arca Innrcages because of increased
trunk distortion as cushion pressure Increases. b,/ b, ls calculated by lteraling to
find the trunk shape as described in subsection 1 (b).

L/LO is plotted againut h, +h, In Figure 43.

J
e. Pitch Btiffness

Prediction of pitch stiffness Is unduly complex t:2cause of the impon-
derable bag contact area at the three dimensional ends. Piltch stiffacss measure-
ments woere made on the 1/12 acale model (sec Section 111) and rcllance lg placed on
these for the rotation arulysis in Hection IIL.F.

2. Dynamic Stability
a. Ground Resonance

Tho plain air bag (without a bullt up nozzle structure such as ts indi-
cated in Flgure 38 (a) and (b) Is subject to ground resonance. Violently divergent
ground resonance was encountered during the development of the 1/12 scale model

gnd some cocillaticn wes uiso found 1n the carly develupment stage on the 1/3 scale
modoel.

The mochunlsm appears to be simple and 18 not much affected vither
by the truak material elasticity or the air cushion chirncteristics. This {8 svidenced
by the (act that ut extreme roll angle (beyond wing tip to grouad contact) the resonance
can bo laduced and it can be induced as readily with an inelastic as an elastic trunk.
(Both worao fitted to the 1/12 gcale model.) It appears to be reliably (nhiblted by the
distributed jot which Is why the oxtreme roll angle is regulred (o indiuce L. The edge
of the Jol pattorn is then on the ground tangent. Whut s thought to happen is shown In
Figure 14. From er cquilibrium position (a) with the escaping jet concentruted at the
ground tangont the edge of the material ie suoked down by the escapling alr. the body
falls, tho vontact pressure cavsces the Lt Lo exceod the weight. the body rises. over-
shnots upwardly und proceeds into a divergen. oscillation. Alteraatively as in (b) the
suction force on the materlal can be prevented by dietsibuting the let flow nad no oscl-
llation ovours. :

b. I'runk Stability

Trunk vibration has also been experleaced In the test models. The
dynamies of trunk vibration arce not clenrly anderstood. Thls phenomena 18 annoving
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40
o Static Btiffness Slope
S From Whiriing Arm
Model Teat P, 7 Pj = 0,58
20 —
N
©
8 20
- Ti.soretical No-Dimenaiona}V
£ Theory p / P, =0.5 -
+ e’}
ot j
Pef \
’ N\
Jo- ;
10 \ |
i
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Figure 43, Static lieave Stiffness
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and noisy but otherwise apparently unobjectionable. In most cases a small amount of
damping, such a8 by placing the palm of the hand on the bag on the whirling arm model,
will stop the vibration. Addition of a small mass at the outer tangent to the bag s
effoctive in reducing it.

3. Conirol

Normal flight controls are not compromlised by the alr cushion. Cushion
controls are brakes, flow diverter and auxillary eugine controls.

The nozzle vaiving will be operated by engine bleed air, and conirolled by
the pilots toe pedals in paralle! with the brakes. Operation of the nozzle valve is
described in Sectlon 1I.B.

The diverter valves In the fuselage side operate collectively simultaneously
with the vanes in the trunk entry ports (Figure 34). The interchange of cushion flow
is controlled by an inflate/deflate lever in the cockpit. Additionally, differential
reverse control of the diverter valves is auperimposed and aiso controlled by the toe
pedals. This provides additional control in ‘he ground run and harmonizes with the
braking valves as follows:

(1) Lever at iuflate, trunk port vanes open, diverter valves clused ready
for landing.

(2) Right brake closes RHS nozzles, opens RHS diverter valves in re-
verse; and vice versa. '

(3) Fuil brake on both closes all jets and opens both side diverters for
reverse thrust.

The diverter vanes are closed In flight by stopping the auxiltary engine and
selecting inflate, ready for landing. Figure 45 i8 a system schematic.

4. Trim

The cushion center of pressure is placed at the forward cg. At af: cg
there will be a small change in ground attitude, the weight moment being reacted by
the air cushioa pitch stiffuess. Forward cg is at 209 MAC and aft ¢g is at 30% MAC.
The weight mmoment is then

168.28

0.10 x 12

x 66,000 = 84,200 b/t
(neglecting the change i(n ground angle.)

This is convenlently expresscd as a change in alr cushion center of
pressure. Uslng an effective cushion length of 31.4 ft
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Figure 45. Control S8ystem Schematic
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cp = 84,200 = 0.046

60,000 x 31.4

Cushion pltch stifiness was obtained from 1/12 acale moqé_l_ test (Sectioe [N}

»,

g = 0.058/deg

Hence the attitude change is apprcximateiy 3/4°.
b. Flight Trim

A major object of the wind tunuel test waa to det:~mine chauge (n ele-
vator aagle to trim through the take-off and landing maneuver. It wag found thai the
nxlsting elovator was capable of accomplishing take-off rotaiivn. Change of trim with
the air bag (n comparison to wheels is small - the drag of the air Lag beirg siinilac te
that of the extended wheels. Momentum drag was not simalated in the wind tunnel.
However, this s oot expected to cause any change, since this drag w'll act at the level
of the air entry which s cloge to the vertical cg. Eilgvator angles to txim are further
discussed In Sectlon [II. ., :-y v ™ Y

o2
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.F. TAKERFF ROTATION ANALYYIS

1. QGererr!

The purrose of the wind tunnel test was to confitm the feasin!lity of the

takeoff and landirg from snd to the air cusnton vsing the existing serodvnanic controls,
~ with measurement of drag. - L

Becruse of the large lengta/hHreadrh of the fuselage mounted air cnshion #nd
the small jet height only ¢ sinall rotation angic {e possible before the rear of the bag
i3 in ground contact. It was feared that 2 )aige moment due (o this contact might
develop betore sufficient serodyanmic 14t wae realized which vouid no beyond the
power ol the elevator to conirol. Also it was thougat thai bag contact cver a large
area might cauce considerable drag. ' R ’

In fact neither of these fuars wers realized, and the wind tunucl teats siowed
po real protlem exists. This assurance is amplifisd by the {n!lewing cornparative
analys!s: '

Z. Takeoil Spced and Angle-of-Attack

Figure 4€ shov's the relevan: dlinenslons. The wovrrt case io 2vidently ¢ .g. 3,
for which the thrust moment 's negative end the welght moment & maximum,

Tekeoff apeed 18 assumed (i, be 1.2 Vg where Vg, 18 the stalling speed in ile
takeoff configuration. CI nax t1-(% I8 doteninined {rom Referance 2 from which

. Figure 47 has beer rlotted, A velue of 2.14 at I'g ~ 0.64 Ip indlguted,

ALEG 000 )b G W,
W/b CX. = 60,000/1497 x &34 -394

qatre VS! = 14t xint = 28

S W, = 155 ft,86c = 50,5 unots : K

L T | ,
Theast 2t 355 K.« 823D Ik /engie )
T, = ......Tf._ (Ralsience 2 Figure J06 aod P, 294)

F ‘. Dlyz .

Wb

e BB,

< f\ L}
D.06433 7 1532 x 16,09 068

83
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CL = 2.1 will be assumed.
max
CL = 2.1/1.4%1 =146
T-O
Ay, = 6.8° in ground effect (Reference 2 Figures 1, 3, 82)

3. Takeoff Rotation on Wheels

Maximum elevator will be required when the main gear reacticn is a
maximum. It will be assumed that nose wheel liftoff occurs at a
mately 6 lnch nose wheel stroke.)

F

LT | aTL -9 aTL=10"
c, | o, 05t 0.65
Lift = C, x 1447 x 28, Ib, 21,850 26,309
Wheel Load, lb. 38,150 . 33,700
Nose wheel load (Figure 46), Ib. ‘ 6,120 S0
Main wheel reaction, R, Ib. 32,030 33,700

Conventtonelly moments are often taken about the wh

better comparison with the air cushion, moments ar
the virtual inertia (T-D), for an ld_entlcal result,

1
a

contact poini. However for
ken about the ¢.g., omitting

t

Forces are as follows:

Rolling frictlon =R = 0.025 x 33,700 = 840 Ib,
Aerodynamic Drag = CpSq = 0.082 x 1447 x 28 = 3320 Ib.
Thrust = 2 x 8260 = 16,500 Ib.

Lift at 0.26 MAC = 2£,300 1%

www s,

€3
Main Wheel Reaction, R = 33,700 lb,

(For Cp see Reference 2, Figures 12, 14, 15, and 16)

The moment equation is:
585 L’r = 840 x 112 - 3320 x 6 + 16,600 x 18 + 26,300 x 10.1 + 33,700 x §)
o L. = 4100 b,

Note that ALT to balance wheel reaction and rolling friction = 3100 b,

OD ¢
=1 {Approxi
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4, Takeoff Rotation orn Air Cushion

On the air cushion It {8 not clear what will be the angle of attack requiring
maximum elevat r angle. Therefore, moments must be evaluated for the angle of
attack range up to the takeoff a TI, of 6.8°, The appropriate trin med lift curve from
Reference Z is shown in Figure 48,

a TL 0 2 4 5 6
C, 0.54 0.8 1.07 1.20 1.34
Wing Lift = 21,900 32,460 43.300 48,500 54,200
C,3q
Cushion Lift 38,106 27,600 16,700 11,560 5,800

Cushion 1ift wili be the sum of cushion pressure times cushion area and bag contact
area times bag pressure if there {s any contact. 'The variation of estimated jet height
with lift is given in Figure 31, Two effects modify this curve in the present instance:

(1} The varlation of jet height with angle at constant lift,
T .. (2) The effect of forward speed on fet height at given angle of attack.

Experience has shown that the former is small. However, It is unfavorable.
The latter is imponderable, but favorable, For present purposes they may be assuined
to cancel, Alternatively the variation of cushicn moineni with 1ft at constant angle may

- he found directly from model tests and the favorable effect of forward speed neglccted,

which 15 couLtrvative.

Using the latter approach; the 1/12 scale morlel pitch stiffness was obtained

. for a range of welght, Moment per degree i8 plotted against weight {n Figure 49,

{
. 6
! 2. 0 2 4 5
Cusldon Momant . ¢ . 110,000 132,000 115,000 69,000
ft/lb.
A L. Ib. 0 2,256 2.700 2,269 1.410

The maxtmum tatl load s lesc than it i8 with wheel gear. Tail loads to trim are
compared in Flgure 60,

G. ZNERGY ABSORPTICN ANALYSIS

Drop teste were carried through cp the whirling arm model to determine gnergy
absorption capability. The inodel was dropped in the flat attitude and a large capacity
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to absorb vertical sink wa. Jemonstrated. This was combined with excellent damping.
In this section the mecharism of energy absorption by the air cushion is examined and
estimates of sink rate are made and compared with test data

Energv absorption canacity i8 provided by the static stiffness of the air cushion
and by the transient increase of pressure in the cushion cavity and trunk system.
Deflection of the air bag under load is such that a considerable increase in cushion area
results, and the .., pressure {s backed up by tha fan. The fan will transiently respond
at constart rpm with increase of pressure as the flow is throttled. '

Estimation of the transient response of the air cushion system is complex and
unreliable  Furthermore the lests show that this tronsient response makes a major
contribution to energy absorption. For the total response, therefore, dependence is
placed on the drov test data, However, the static stiffness contribulion at constant
far rpm gives the minimum condition and is worth considering by itself.

The energy absorption capacity in ft-1b due to static stiffness (at constant rpm)
is represented by the area beneath the heave stiffness curve,Figure 43. For the design
case of p /Pj = 0.5 this is found to be 365,000 ft-Ib. Without wing lift this is equal to
the kinetic energy of the aircraft at its sink rate.

WV2

—

2g

365,000

\% 19.8 ft/sec

This sink rate can theoretically be achieved therefore without the transieni response
but ustng the full stroke in the flat attitude. It {s notable that the maximum g {s below
3.0. A more practical limlt is represented by moving 2/3 of this stroke in which
case

V = 155 ft/gec

The static stiffness on which this is based may now be compured with the dynamic
stiftness determined from drop tests onthe 1/2 scale whirling arm model. In these
tcats a direct record of g versus aeight was obtained. Figure 51 shows the stiffness
comparison. The total response (again uging 2/3 of the stroke) gives a sink rate

V - 20.8 ft/sec

In order to determine the variation of sink rate with p /P, the thecretical statlc
stiffness was evainated for a range of one g trunk preésuz)es, similar to the calcu-
lations shown in Section II.E.1 (d). It may be assurned that the transtent contribution
due to comapressing the air ip the cushlon cavity varies with trunk pressurc. The cavity
volume 18 esrentially unaltered., On this basis the totai sink rate capscity versus pc,P,
{s shown in Figure 52,
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The air cushion is a roft landing systew in that it essentlatiy incorporaies g long
stroke. Thus the sink rate per g tenda to be high. The g load is transferred through
cusiion pressure and trunk atiachments to the fuselsge. Strese unalysis ts verify
structure is bevond the scope of the present program.

Clearly ansorptiun capacity (in the {lat atiitude) well beyonc the present wheel
gear capablity is available. It seems probabie thai adequate reserve 18 available to
tolerate neavy landings at argies of pitch and roll. This may guite simply be handled
with equations of mnotion in two and three degrees of freedom with confirmatory drop
tests but 14 beyond the acnpe of the present work.

The heave damping provided by tue alr cushion i€ analyzed in Section IV.
H. WEIGHT AND BALANCE

The detall weight and balance estimate for the 1'.67 installation (s as follows:

1. Weighis zud Moment T-67 Engine . C.g.
T W _ight F.S. Moment
Ei.;'ae inetallation 933
T-g87-T~1 Contic, Twin T/S_bft Enz. 880 218 176,440
. Res'd. Greass, DIl 6 218 1.308
Gearkou Gl 20 . 6,030
Eagine O 230 PO 6,540
Fagina Mts, 31 219.1 6,792.1
“nrias Exiausta 138 274.8 37,372
Ytacling Systera ' 60 201 12,060
Cosacsrabion Syatem 10 Z18 2,180
Cont¢zole - Englos {Thinttle) 25 31.3 782.5
Insirumants - Erg. {Inci, Panel) £5 46.6 1,165
Fuad Byokes 386
Tarz & Supporto 366 355.44 126,522
Plumtapz, Vi 8ys Venting,Pump 36 355.44 10.662
Fan Installatior 646
Drive Sunit 35 6.328
EREER X134 it TR 045
Fin el
Fro Sir tluese-Cordor Bpinnar Sups. iy
Outes, Bupls AN
V&g - Inlet, Siater .8
94

e o e o bttt o
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e o - ' Weight c.g. Momeat
;] =X - : F.S. :
2 Air Je Controle 127 T
Hyd. rulics : ' 22 58.7 1.201.4
i.4 Air Couirol Valve & Blsed 25 ) 219.84 5.495
B Air Conirol Proeumatic Plumbing 30 and.é 10.508
S Control Panels & Wiring _ 50 214.8 10.74¢
. T1 .aks 1.291
! Attack vo C-119C 323 315.6 101,939
|' Trunk Fabric 358 3a15.3 125,609
i Boot (Tread) 570 315.6 179,892
|
| Flow Diverter, Cushion Faa 35 157.2 $9.000
Toial, Air Cushion Lauding Sys. Dry 3,755 249.5 936,572
2. Airccalt Balance
c.g. ’ c.g.
Codition 9, MAC Woight F.S. Moment
Gross Wt. 23 60,000 327.0 19.620.000
Lega Cargo 27.4 - 3.937 331.0 - 1.170.000
- 1lxuu Fuel 41.8 -15.600 3556.4 - 5.545.000
Orig. Operating
Wt. Empty 18.6 40,863 316.3 12,905.000
Atr Cusk, L/G 3,758 249.5 937.000
Revised Operating )
] Wt. Emply 14.6 44.621 309.5 13.842.000
’ Funl 11.8 15.374 359.4 5.415.900
Reviad Gr., WL 22.3 60.0060 322.5 19.317.000

The c.g. i'. inoved forward by approximitely 3% by the addition of the air cushion
systzm. For :est purposes it may be assumed that crew is equivalent te normal crew.
However, it wi. be preferable to hold th!s c.g. to 18% MAC at a minimum flying weight
wiii 2000 1b, fvel. (Ref. & P. 178, Ballasi is ihen required In the rear fuselage as
' : isliows;
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c.g. Moment
F.S.

355.4 711.000
500 250.006

© . 316.8 14,802,000

(P
W AFFPL-TR-$7-32
- :,‘: . . ; C.g. Weight
& - L« BMAC
s Fuel 41.8 2000
1 Ballast , - 500
R Min. Flylog Wt. 18.0 | 47,121
3. Weigh!s 2 x T-58 Engines, .
Eng. Irst!l,
T-58-GE 10 Eng:(2 req'd.) €82
Resid. Grease Ofl 5.4
’ Gearbox Ol 15.0
Eng. Ofl 30.0
Eng. Mts, 40.0
.. -Eng. Exhausts e 56.0
" Btarting System " T80
Lubrication System 20.0
Controls ~ Eng. (Throttle) 35.0
Instruments - Eng. (Incl, Panel) 30.0
' Fuel Sys.
Tank & Supports 356
Plumbing, Fill Sys, Vent, Pump 50
Fan Installatio:
.- Drive Shafta J 24
Gearboxes 190
~ Fans . 230
y Fan Structure
“*“  Fan Exhausts S 180
' Outer Supts. *~  * 200
v ‘ “ Inleta S 100
g
[ "
) .
) ,
o ARLEIOS 2P e = — W A e ——— o —

Weight

988.4

894




AFFDL-TR-67-32

Wef ht

Air Jet Controls 127
Hydraulica 22
Air Contrcl Valve & Bleed 25
Fneumatic Plumbing 30
Control Panels & Wiring ' 50

Trunks 1261
Attach to C-119C 323
Trunk Fabric 398
Boot (Tread) 570

Total, Air Cushion Landing Sys., Dry 3706
4. Ccmparison

Major groups are compared as follows:

T-67 2 £ T68
Engine Installation 933 988
Fuel Syetem , 386 388
Fan Installation 646 894
Air Jet Controls 127 127
Trunks : 1291 12941
Flow Diverter 375 -
Total 21758 3706

5. Weight Tradeoff

These weights are for the test installations- proposed. In an operational installa-
tion it is prohahle that weight can be somowhat rediiced. For exumpie the fuel system
weight is based on the use of existing long range tanks. Ailowing 10 minutes fuel,
this weight would be reduced to approximately 200 pounds for the T-67 installation,
for a total weight of approximately 3500 pounds (wet).

The weights not proportional to the installed power are the jet controls. trunks
and flow diverter which account for 46.5% of the gross system weight. To examine the
tradeoff of system weight with jet height; rather than compare these alternative instal-
lations in which the fan types and engine specific weights are different, it will be assum-~
ed thai ihe remaining 53.5% varies with pover. A fix2d overall efficiency of 0.7 is com-
kined with the hp /h figure derived in Scction II.C. to produce the tradeoff shown in
Figure 53. } S : R
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Weigit based on.
T-87 Installation

Jet Helghl - Inches
) ow

3600 4600 5600

- ‘; -"'r'l.: | ) Gross System Weight-lb

Figure 563. Jet Height and Syatem Weight Tradeoff
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1. TAKEGFF AND LANDING PERFORMANCE
1. Comparativc Takeoff Distances.

. will be uged. and aiso average forces at 0.7 x unetick

Unstick apeed of 1.2 VSI

speed (Reference 3).
Cround roll distance ia calculated from

. w Var®
3¢ * D

VSI= 163 ft/sec (Bee Section 'L.F.2.)

— 7
0.7 VSI,- 107 ft/sec

Thrust and drag forces are ploited against speed in Figure 54. Thrust ia obtained

directly from Reference 2 and induced drag Gswaid efficiency factor is found from

Figure 12 of Reference 2 as follows. Other drag and thrust ractors are as used in

~ Section I F. 3 and II. D.4., except for overwater wave drag which is derived in para-
- graph d. of thia sectlon. .

2
CDi- CL /M x AR xe

At Cp = 10 Cp=0.081
C, = 0.028
o]
= 0.056
cDi 5 .

109.252
1447
1.0
e = 5056 x7 x8.26 - °-68

= B,

W

19
~

' Agpect ratio =

. =065 . Cp = 0.024
ground run - i ground run '
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AFFDL-TR-67-32

* Thrust
Paragite Drag
Induced Drag
Rolliug friction

~ Air Momentum

Ground roll distunce 8 ft.

Wheels I Air Cushion
18,800 18,8900

1620 1600
473 473
1180 0
0 450

3273 2523

- 19,527 16,2717
1404 1340

Traneition distance is the curved flight path between the unetick point and the
position above the intersection cf the climb-out flight path with the ground plane. (See
Reference 5.) Acceleration to climb-cut speed V5 takes place. Vg is the optimum

climb speed in the takeoff configuration. The distance is given by

. 2 2
R w oo M - V)
8y = Tg - TD
v, ft/sec
T-D,1b.

Transition distance 8y ft.

160

8350

245

160

7800

262

Initial climb i8 at V_. Initial climb to 50 ft distance is obtained from

‘Me of climb. 2

%3~ Tany
T-D 1b.
Y . degrees

Climb distance g 3¢ ft

Time, sec

Climb, rate, ft /min,

Totil 8 +92

s
1 _+ 3,ft

1.

where ainy =

— ot e

-

et

W
8200 7650
7.86 7.31
362 389
2.28 2.45
1315 1220
2017 1991
] = 4
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It i8 seen: that the eliminatior of rolling friction on the ground roll gives the air

cushion a slight advantage. At the higher power level with increased momentum drag
the difference will ba aagligible,

2, Use of Cushion Flow Diverter

It 16 xpec.ad that the cushion flow diverter will allow very fast retraction. Flow
to the cuskinn is completely cut off as soon as''deflate” I8 selected, the elastic material
snaps back iramediately and the volume of air to be exhausted from the air cushion
trunk is small compared with the inflated flow rate, e.g.

Approx. trunk volume = 1250 ft3
Normal volume flow rate = 1900 £t 3 /gec
Time to empty at max flow rate = 0.66 secs

In fact a logarithmic decay will occur. 1t v'ill be arbitrarily assumed that the
trunk is effectively deflated in one second. Thus, if the trunk is retracted on the
initial climb at 180 ft/sec., thrust is increased to 17,600 1b. ( Figure 54). Drag is re-

duced by the momentum drag (included in the net thrust increment) and bag drag, to
7100 1b,

T-D = 10,500 1b,
= 9.9 deg.
Climb rate = 1,660 ft/min.

Thie would reduce the initial climb Adi=tance by about 70 to 370 feet. However, in
the case of engine failure at the critical point in takeoff, the advantage is very signifi-
cant. Inspection of the thrust-drag plot showe this aircraft has no climb rate in the

takeoff configuration on one engine, even omitting the drag of a windmilling propeller,
and the associated asymmetric trim drag.

With cushion flow diverted:

1T = 17,600 - 8100 = 95001}
D, bag inflated = 8050

Deduct bag drag - 770

Add windmilling + 835

Add trim drag + 176

Total drag 8290 1b
T-D 1210 1b

Windmilling and trim drags are found in Reference 2 Figures 127 and 131.

Yy = 0 022
Climb rate = 193 ft/min.
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Singlo engine thrust and drag are plotted In Figure 55. The poor single engine perform-

ance of the C-119 emphasizes the advantage of the thrust divartey,

e T
However, its uae

to back up the single-engine failure case shouid allow for better power matching in

most aircraft designs,

3. Larding Distance

Landing distance will be princlpally dependent on deceleration. Demonstra-
tion of the capabllity of the air cushion scheme to achleve equivalent braking to wheels
in the mamer described in 8ection I1.2 is beyond the acope of thie program. A specimen
landing distance calculation which illustrates performance required from tbhe cushion
braking system (s as follows. (The method given in Reference 5 is used):

For the calculation approach speed is taken as 1.3 V

where VSO is the

stallirg speed in the landing configuration. A norm re with nose wheel
lowered at 95 knots i3 assumed. Also normai reverse thrust application
from 90 to 180 knots with brake application fiuvm 60 knots to rest will be
compared with full reverse thrust to bring the aircreft to rest without
brakes in the sir cushion case, This shows the importance of cushion
braking. Power off approach at 60,000 1b i8 firs. considered:

CL =1.76 (Tc = 0, Reference 2)
max

q = W/scL = 60,000/(1447 x 1.76)

= 23.5 lb/it2

vSO = 140.5 ft/sec = 83.3 kt

1.3 VSO= 183 ft/sec = 108.4 kt

Takeoff configuration drag from Figure 54 1b
Incremental landing flap drag , 1b

(ACD = 0.026)
Total drag, b

D/W
Glide Path - deg.

-

Wheels jAir Cushion
8200 8800
1420 1490
9690 10,29¢

0.1615 0.171

9.26 9.8

For this high weight case, It will be assuined that the approach is made with
power on at 20% thrust to avoid the above steep approach and *.at sligbtly
more power I8 used In the air cushion case to give the same approach angle.
Approach speed will be somewhat reduced because of the slipstream lift of

the flap. At Tc c20.13,
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o O S i
Aozl uh &

o e+ Dead Engine Windmilling
DT O P O St Yaw Trim Dm lncllldﬁ
60,000 b G.W.

: }«‘
20,00
o Normal Takeoff
Flaps 20°, Gear Down 7\

= 15,00 , f —

!él’ Air Cushion Flow - v

(=) ~ Diverted, Flaps20° i

g }

o 10,00 o — !

3 - |

[ﬁ Thrust - - .y ™~

* ~—
5,0
0,0 . £0 100 150 200 250
Forward Speed - ft /sec S
’i:
Figure 55. C-119 Single-Engine Performance :
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AFFDL~TR-67-32
e ‘!:.":1 o 7y
L Gy s
AR max ‘
e 1.8 vso =108.4 x ./1.76/1.93 = 103.8 knots
.. - Takeoff drag from Figure 54 , Ib 8000 8900
. Landing flap drag , ~Ib 1360 1360
. Total drag 9360 9360
B0% Thruet (See Figure 54) , 1b . 3100 3100
D-T , b - 6260 6260
(D-T)/W 0.104
Approach angle,deg. 6.0
- Alrborne distance is calculated using the method of Refe: 2nce 3 Sht EG 6/3.
2 2
0.799 x 103.8" x (0.104)’
h. =
. 1 2
= 46.6 ft

Pe——

The flare Is started below the 50 foot screen height. Hence,

' 2 50-46.6
= 3} ———.
a‘ 0799 x103.8" x 0.104 + 0104

S = 895 + 33

= 928 ft

v, o/ 103.8% - (9.104 x 926 - 50) 2.6

y oo

= 98.5 knots
Forward thrust ig cut off at touchdown.

Ground roll distance Is comsidered in saators.
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(1) Touchdown to level off at 95 kt

2]
Averege q = 32 1b/ft”
Aerodynamic drag CD Sq ,

Momentum drag (Fig wre 37) ,
2 2
oo Vo ™Y W
- 2g D i
(ity 95 kt to 90 kt )
atapy =0T, =0 )
Bag proflle reduced 50%)
on ground )

Aerodynamlic drag
Momeutum drag
Rolling friction st R (R = 33,700 1b) ,

(1i1) 90 kt to €0 kt:
At 80 kt,

Aerodynamic drag* |
Momentem drag

Rolling friction (R = 50,000)*
Reverse thrust (Flgur'e 59) ,

1L
1b
D,1b

ft

D,1b
8, ft

ft

Wheels Alr Cushion
1.32 1.32
0.096 0.056
0.051 | 0.051
0.147 0.147

68C0 6800
- 695
6800 7495
2690 240
0.625
0.0219 ¢.0219
9_-(_)31__ 0.042
0.043 0.064
3060 2690
- 662
840
3900 3352
630 730
1670 1390
537
1250 -
14,700 14,700
17 820 16.627
870 720

———

* Lif: and dreg decrements ACy, = 0.3, ACy, = 0.02 “or reverce thrust are assumed.
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(iv) 60 kt to 50 ki:
At G7 i,
Aerodynamic drag,
Momentum drag
Braking force ( M1 0.Y)
Reverse thrust

D-T

(v) 50 kt to rest
At 35 kt
Aerodynamic drag
Momentum drag
Braking force
Reverse thrust
D-T

8

Total ground roll distance
Afliborne distances
Total distance from 50 ft

Energy absorption distribution:

Aerodynamic drag Alrborne
ft-1b x 10~6 {H

(D)

(i)

(iv)

(v)

Momentum drag (1)
(i)
(iit)
(iv)
v)
Total

Whee! and beaking drag
(tn
()
(tv)
v)

b
1L
1L
b
b

ft

1b
1b
b
ft
ft

ft
ft

Wheels | Alr Cushion! Air Cushion
Rraked Unbhralbad
840 700 700
- 410 410
22,100 22,100 ~
12,300 12,300 12,300
35,240 35,519 14,410
90 90 240
440 380 260
- 250 250
22,500 22,500 -
- = 10l 00
22,940 23,130 10,519
280 290 640
1,940 2,070 2,570
928 928 928
2,868 2,998 3,498
5.80 5.80 5.80
1.77 1.63 1.63
1.93 1.97 .97
112 1.06 1.00
0.8 0.06 0.17
0.13 0.11 0.17
10.83 10.57 10,74
- 0.17 0.17
- G.48 0.48
- 0.39 0.39
- 0.04 0.10
— .97 016
0 1.15 1.30
0.53 - -
0.84 - -
1.99 1.49 -
6.53 6.52 -
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i AFFDL-TR-67--22 .
! | Alr Cushion | Air Cushior. ‘
; Wheels Braked Unbraked

’ i Reverse thrust (i) 9.85 10.59 10.59

| : {iv) 1.1 111 2.95

E (v) - - 6.40

! Total 10.96 11.70 19.95

' -6

; Total ft - 1b x 10 31.68 31.94 31.99

Energy of aircrafi at approach speed, at screen:

103.82 x 2.852

6
W + 50) = 31.65 x 10

2
haw+ WV = 50,000 (
2g

Distance is increased from about 3000 to 3500 feet when reverse thrust is used
as a substitute for braking. In this case reverse thrust (which appears to be very
effective on the C-119)absorbs about 2/3 of the total energy.

4. Overwater Takeofi

The central factor iz overwater takeofi is the wave drag at hump speed. This
' wave i8 caused by the vehicle. As socn as it can climb on to it wave drag decreases

: rapidly (sim!larly to planing boats). it I8 not necessary In theory for the vehicle to

! touch the water, the wave being caused by movement of the water depression. Depth of

depression is dispiacement, or cushion pressure divided by water density. Wave drags,
epeeds and displacements are calculated for contsasting configurations Nos. 1 and 3

as follows: (See Reference 6 Figure D-2)

A DW ) 4 Cw w
é : W Sx1xpW
.‘ ' Configuration 1 3
Cushion area Sc ftz Main 360.5 166.3
,' Noge - 20.8
Cushlon length 1 ft Mailn 33.9 16.9
Nose - 5.15
i Load, 1t Main, 69,000 53,450
I
’ {Section 11.3.d(2)) Nose _ 6,550
’ N
Cush'er Brassure 1b/ft” ain 165.5 321
Nose - 316
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AFFDL-TR-67-32
1 3
Displacement, inchcs 319 52
CW = Main 0.48 0.65
Nose - 0.75
w’]b Main 9,040 42,000
Nose - 19,200
Total 9,040 61,200
D /W 0.1505 1.02
w
Vh, ft/sec 23.5 14

The wave causing the drag is driven up before the bow of the vehicle. The theory is
invalid if this bow wave (s breaking. The wave will "break", i.e., tumble over at its
crest and form a "white-c\p" if it becomes very steep. For configuration 3, the cal-
culated wave drag is probably very pessimistic since a Dw/W in the crder of 0.2 will
causc . sufficiently steep wave for breaking. However, in the case of the short cushion
it is extremely unlikely that with a displacement of nearly 4 1/2 ft, and such an enor-
meus calculated drag, that any overwater capability is available.

5. Cross-Wind Landing Profiie

The air cushion landing gear has no side load capabllity. It behaves like a
frecly castering wheel system at all times. Thus, it is possible to make takeoffs and
landings without the necessity for heading along the track.

Ir cross wind takeoff at maximum thrust any tendency to drift sideways off
the Ltrack is casily countered by yawing through a small angle to provide the necessary
component from the thrust.

Cross wind landings can be made approaching with the wings level and without
kicking for yaw just before touchdown. However, during the landing rollout down to
tax{ speed, the sideways drift tendency is less obviously controlled and use of forward
thrust s not acceptable. Reverse thrust is available, howcver and the following is a
natural control sequence for use in cross wind landing rollout:

(a) Touchdown heading into relative wind. (Yawed off the track, nose toward

the direction from which the wind is coming). After iouchdown increase
this yaw angie ofif track io provide bedy side force baiancing decelerating
aerodynamic drag components normal to track, preparatory to reverse
thrust application.

(by Yaw out of wind to head toward track (possibly by using cushion brakes)

conilnuing the yaw to head off track away from the wind as reverse thrust

is applled. Reverse thrust component then balances body sideload due to
sldeslip as well as decclerating drag compor ent.

139
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AFFDL~-TR-67-32

The forces involved are fllustrated in the diagrams in ¥ lgure 56 (aj and (o).
Unfortunately, no side load due to sideslip data for the C-119 is avellable, Variaticons
in axial and lateral body forces must therefore be estimated. Figure 57 reproduces
scme typicel ACV force variations with stdeslip angle. This type of variation is assumed
in the preser.t instance, the lateral force being assumed o reach a coefficient C, of
; 1.0 at 90° based on body side aria* (corresponding iv the valuc used in Section 11.5.a
i (3} (b) and the axial force decaying with angle from the total level attitude Cé)() In the .
i landing conflguration. The morentum drag will be assumed to vary with V€ for sim- !
plicity, introducing a very small error. This Cp is the same as tnat used in the take-
off calculaticn, plus the incremental diag for landing flap:

Cp=D/sq = 2523/(1447 x 13.65)
= 0.128
ACD flap = 0.026
0.154 ;

The assumed cvefficients are plotted in Flgure 58 based on wing area. (Body side i
area/wing area = 470/1447 = (.325). :

Maximum reverse thrust is yiven «n Reference 2 Figure 129. It {s plotted versus speed
as a coefficlent referred to wing area in Figure 59.

In Figure 56

X = Cx Sq + TR
Y=C
y Sq
' Resolving laterally and reducing to coefficlents
: (C, +Cy)sin Y = cy cos Y
Also Vi Vg =tan (¥ - 8)

Vi/y =em (v -8)
Values of | and /3 were obtained by solving these equations for a range of ground speeds
and the results are plotted in Figure 60 as yaw angle against speed. Relative wind heading
is also shown to i!lustrate sideslip angle, the difference between this and the aircraft
heading. After release of reverse thrust and brakes for tax! the aircraft is turned into
wind and forward ihrust applied for control. To remain stationary without brakes on it
1s of course necessary to head Into wind and apply some thrust.

* It s assumed that the aircraft less tall has neutral directional stabllity. Therefore.
the total tail icad I8 zero for all sideslip angles,
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(a) Sidesliyping into
Wind (Zero Thrust)

V, BRelative Air Speed — —
Vw Wind Speed

{b) Sideslipping out of
Wind With (Reverse
Thrust)

V, Relative Ailr Speed—-—'-""

/

w———Wind Direction

VG » Ground Speed

-——— Wind Direction

\
\ /\

'\

. ©

V- Wind Speed—/’//}—‘

Figure 56. Ground Rol
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G Ground Speed

I Attitude

|

A o Jib %

- — O —— s 4 A D




.C
X Y

Bady Axis Coefficients - C

AFFDL-~TR-67-32

0.5

0.4

0.3
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Figure 57. Typical ACV Sideslip Data
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y

X

Estimated Body Axis Coefficlents -C , C

0.5

0.4

0.3

0.2

0.1

Bised on Wing Area (1447 ft2 \
Cushion Landing Configuration

40° =0
Flaps 40 a TL

N

£

]

0 20 40 60 8¢ 100

B - Degrees

Figure 58. C-119 Sideslip Coefficients
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f
!
| 3.0 I
\
| Total maximum reverse thrus
for two engines referred to
wing area and free stream
dynamic press:are.
& |
1 2.0
[}
[}
&
LY
>
]
e
i s
_ o 1.5
o=
‘ g
(%
3
$ut
£
=~
1.0 —
E \\
5 \
| \
!
0
0 50 100 150 200
, Forwurd Speed - ft/sec
I
Figure 59. C-119 Reverse Thrust Coefficient
’
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|
!
i — 150
i

8¢
LAircraft
\ ~ Head 5z to
Maintgin
\ | Track With
80 \ Reverse
\‘ Thrust
125 \
] 70 -
60 J \
— 100
: $ @ Aircraft—/ \
: =z ] Heading tc
; = < Maintain
i .:, .; Track Zero \
‘ ot ® 50 |Thrust \
X & \
(77} ) \
2l ™32
= € 40
w0 b0
k] £
< ©
= =
[} [
; - =
‘; L 30
50 Relative - \
| Wind N
: Heaaqing \
20
20 Knot
— 25 Crosswind
10
|
i
L o 0
-40 -20 20 40

Figure 60. Crosswind Landing Yaw Angles
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It is wxpected that susblion braking will be desigred to provide some directional
atability. It wiil also be noted that brakes do not provide side force.

Other means of control, snch as the application of cushion momentum to pro-
vide slue force either direc’ly or by rolling the aircraft slightly and the Influence of
gercdynamic wirg lit due tu roll have not been studied. The natural tendency is to roll
fn.o wind, bringing these forces into play.
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IOI. WIND TUNNEL MODFU TESTS AND ANALYSIS

A, MODEL DESCRIPTi(N

Figure Rl is an assembly drawing of the wind tunnel model. The model itself is
made of fiberglass and wood; the wing, flapa, each tail boom and {in, the horizontal
stabilizer, elevator and fueelage being separate components,

The fuselage is made in two pleces, an upper and lower fiberglass shell which
nest together. The air cushlon trunk is mounted to the lower shell which is easily
remcvable as a unit. An air plenum chamber is mounted in the upper shell, scaling
against the iower shell on assembly. Thia plenum has a hollow ball joint mountcad at
the top forming an air scal. The male portion is pinned to the female forming a pitch
pivot. A two-inch inside diameter ball bushing {8 fixed inside the male portion and
through this the hollow mounting shaft slides so that the model {3 free to rise and fall.
The mounting sheft is fixed at 118 top end to a six-compenent strain gage balance on
the end of the tunnel sling. High pressure air 18 piped to the modc] trom an external
source (n a 0.5 Inch steel lane meunt-d beneath the sting. This plpe s ceoiled about a
longitudinal axis 8o as not to introduce additionnl stiffness into the drag balance. It is
then connected across the balance into the roounting shaft with a rigld conncction. The
naountln;, shaft has a cap on its lower end which tncorporates radial holes feediyg air
to the modcl pienum. The cap also serves au a bottom stop s¢ that the model can be
ralscd from the ground (eir off) by elevating the sting. The top stop, against which the
model rests when the Hift is greater than the welght, 8 a pln through the mounting
shaft.

A 24-volt clectric motor s mounted forward inslde the fuselage, and control
wires run paat the air plennm gut through holes in tiwe rear of the upper shell to cen -
nect to lugs above aud heiow the elevator. This provides remote control of celevutor
puslition.

Rotary potentlometern arc fit.ed to the pltch pivot and ¢levator dreive motor shaft
in order o moasurc angle of attuck and clovator angle. A 10-inch Hnear potentiometer
10 clainpod to the mwarunting shatft for u record of helght. Motor control and poteatlo-
meter wichy as well as trunk and cushion pressut e tap tubing sre led out through the
uppor sholl, fised o the mounting shaft falring and then lovped werogs the bulance In -
gidu o aiing fuiring.

Two Jower tusoclage shells were avallable for the tests and sre tnterchungeable.
An olestic trunk was attachod to the first conliguration and the other three conflgura-
tions which wore all {nolastic woro attached Lo the oot one. Vi 18 shuwn disassombled
from tho modol tn Flguro 62, It bhas the bustce Inolustic coafigurailon attachod,
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B. TRUNK CONFIGURATIONS
1. Elestic Trunk

The elastic trunk and the first inelastic teunk simulated the basic configura-
tions. The elastic trunk was madc from 8 single ply material, rubber/stretch-nylon.
The distributed jet was introduced by stitchii.g closely spaced holes with a blunt needle.
Because of the small scale and the material available it was not possible to simulate
the trunk pressure. The air fiow was small.

2. Inelastic Bagic Trunk

The irelastic bagic trunk was made from a lightweight nylen/hypalon. Using
a plaster mold of the inflated shape, a pattern of pieces was cut from the rlat sheet and
bonded to each other on the mold. The jet pattern was then introduced by hand, using a
hole punch. Figure 63 is a photograph of this configuration in the tunnel. Seven rows
of jet holes were cut using 1/8 tach diameter spaced apart 3/8 inch. At the ends the
spacing was maintained on the ground tangent. This hole pattern provided a gross
nozzle area sufficient to simulste the T58 auxiliary power scheme flow using 45° jets
as follows:

Net full scale area = 7.0 ft?
Discharge coefficient = 0.62
(using average pressure
;a..tio })’abs/p Cabs and
jabs’ Poabe)
Jet angle correction factor = 1,707

Gross full scale nozzle area 7.0 x 1.707/0.62 = 19.25 ft2

Gross modc] scaie nozzle 19.25/144 fi2
area = 19.25 in.2

Therefore, 1580 1/8 inch hoies are required.

Air flow was meaaured for the tunnel test. Air flow rather than area is the
factor of importance.

rnaa full enala air flaar
rogg tull gcrle alr .2

Model scale air flow wiil be greater than the similarity scaling (to the power of 2.5)
because the model {8 much Leavier than the shinilarity weight. Hence, air flow iz ob-
tained from model scele p, using

Q P . , !
— —_— = 1. Z, P, = 0.5
gxc 2P 22, for p./ J
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Figure ¢3. 1/12 Scale Model in Wind Tunnel
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I this case, the nozzle ares ie the flow sreg and discharge cocfficient is nol iicluded.

Therefore

_ 7.0x 1,707 -
Q = 1.22x i X 29 /P,
At po/P, = 0.5 the total model air flow in the tunnel was found to be slightly

for a model weight of §5 pounds: !
_ 85 x 144 _ 2 |
Pc = —3@os - 38 lb/ft
Hence Q 18.05 ft3/sec
. 1.38 Ib/sec
in excess of 1.5 ib/sec. Unfortumately, the leak flow wxs considerable, both through the

ball joint and beneath the model plenum so that air fiow could not be determined i
accurately. In runs 2, 3 and 11 total air flow was reduced t> approximately 1.25 Ib/sec.
Little difference in performance could be observed.

3. Half Length Cushion with Nose Plenum

The half-length main cushion cenfiguration was made in a similar fashion.
The same p./Py is required and hence the same nondimensional flow factor applies.
This can be written, for effective gap g, as

- _9Q P _ Q
L WL ’\/2_p—c = 0.0283 ¢ /Pe.

Comparing the two configurations from Section II-C and using the lower jet
height for convenience,

Full Leagth Half Length
Q 1780 1800
Fo 166.5 321
¢ 80.8 46.9
c/?c 1042 840
QL «,/E 1.7 2.14
g 0.57 tn. 0.72 tn.

Thus a 25% Increase {n the nozzle area per foot is required. The hole size was kept
the same and the spacing reduced slightly to accomplish this.




mum dizmeter to {it beneath the fuselage. Air su.ly ports into the three inelastic con-
figurations were arranged as four slots of area 4.25 in.2 each, and a hole for the nose
plenum feed was blanked using the spreader p:ate. The slots were positioned to pro-
vide a common main trunk air suppiy for the other three configuratione {Figurc £4j.
Thus, in ie case of the three-plenum ronfiguration, relative air flow between the mazin
and nose plenums 18 controlled by the spacer depth at the front. This depth was not
changed for this configuration test.

C. STATIC PITCH AND ROLL STIFFNESS TESTS

All configurations were functioned with the model base floating free on a plat-
form, at the appropriate weight, balance and truuk pressure. Static pitch and roll stiff-
ness was observed and behavior compared, The elastic trunk pressure could not be
maintained &t the proper level because the material is too stiff for inflatior at this
level. It was inflated to the proper gize, which required a trunk pressure of 3.5 1b/in.2.
Thus, &t the model p,, of 38 Ib/ft?, p./Pj was 0.075, which is a very stif bag. It was
very stable in pitch and roil and well dainped in roll. Pitch damping was poeor, thougn
to be due to flow attachment at the front or rear tending to excite the model.

Static stiffness measurements were taken from the basic contiguration with the
inelastic trunk. This configuration was also satisfactory, although the pitch damping
wac still rather maiginal. The variation of roll stiffness with trunk pressure is very
noticeable. With a very soft bag the roll oscillatiun frequency is much reduced and the
model belavior could be called ""sloshy'. For this reason stiffncss medBurements
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‘ The nose plenum was made from a sheet of the same material. A cone angie
cf 6° was found satisfacicry. The plenum is rather tall. Initially this gave some
j trouble since it could not ke relied upon to erect. This was overcome by introducing
: a plate Leneath the plenum supply hole to spread the flow radially as shown below:
Lower Sheli
, Tozau RN ‘
Spacer ‘ :
' Plenum Chamber
! The depth of the spacers was calculated to pass the required flow assuming Pj =1.2p,.
4. Three-Plenum Configuration
In thie configuration the 3ame nose plenum was retained but the main cushion
was provided by a pair of circular plenum chambers. similarly constructed but of maxi-
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The nose plenum was made from a sheet of the same material. A cone angle
of 6° was found s: tisfactory. The plenum is rather tall. Iitially this gave some
trouble since it could not be relied upon to erect. This was overcome by introducing
a plate beneath the plenum supply hole to spread the flow radially as shown below:

Flow
{ _. Lower Shell

Plenum Chamber

The depth of the spacers was calculated to pass the required flow arsuming Pj =1.2p,.
4. Three-Plenum Configuration 7

In this configuration the same nose plenuin was retained but the main cushion
was | rovided by a pair of circular plenum chambers, similarly constructed but of maxi~
mum diameter to fit beneath the fuselage. Air supply ports into the three inelastic con-
figurations were arranged as four slots of area 4.25 in.2 each, and a hole for the nose
plenuin feed was blanked using the spreader plate. The slots were positioned to pro-
vide 2 common main trunk air supply for the other three configurations (Figure 64).
Thus, in the case of the three-plenuni configuration, relative air fiow between the main
and nose plenums is conirolled by the spacer depth at the front. This depth was not
changed for this configuration test.

C. STATIC PITCH AND ROLL STIFFNESS TESTS

All configurations were functioned with the model base floating free on a plat-
form, at the appropriate weight, ba'ance and trunk pressure. Static pitch and roll stiff-
ness was observed and behavior comipared, The elsstic trunk pressurc could oot be
mazintained at the proper level because the material is too stiff for inflation at this
leyel. It was inflated to the proper size, which required a trunk pressure of 3.5 1b/in.2.
Thus, at the model Pe of 38 lb/ftz, pc/l’j was 0.075, v-hich is a very stiftf bag. It was
very stable in piich and roll 2and well damped in roll. Pitch damping was poor, though
to be due to flow attachment at the front or rear tending to excite the model.

Static gtiffness measurements were taken from the basic configuration with the
tnelastic trunk. This conflguration wae also satisfactory, although the pitch damping
was 8‘ill rather marginal. The variation of roll stiffness with trunk pressure is very
noticeable. With a very soft bag the roll oscillation frequency is much reduced and the
model behavior could be cailed "s;oshy'. For ihis reason stiffness measurcments
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were taken for several values of pc/l‘,. These are shown in Filgure 65 There was o
tendency for the mode! o find a diicrent teim point at zero moment on the return
curve. These measurcements were taken with an overhead flextble supply line and
aithough the giifinces Introduced by it was small it could account for the obacrved
hystcreais. The averaprs roll atiffness variation with bag presovare ig shown fn Figury
41 which plots roll P VT 8US pc/Pj‘

Pitch stiffnens measurements were taken at o basle p /P of 0.5 (L.¢., with trunk
pressurc equal to 76 1b/1t%) for a mode) welght of 96 pounds. Dlrcct incasurcement of
cushfon pressure confivmed that cffective cushion arca (model weolght divided by
cushion pressure) wag fn fact almost exactly equal w the predicted 360 In.¢ (3€0 fre
full acale) As far as could be ascertained at this smell acale, jet helght waeg 0,20
inch average, (2.45 inch full scule), approximutely In tine with the predioted value at
50% jot helght efficiency allowlng for jet angle. For analysis of tekeoff rointisn stiff-
nces e reyuired as u function of welght. Meesurcements were therefore also takaen
with the model welght variable. In practice it 14 not poessivle to reduce the welpht so
a variable upload was upplied thaough the nouci c.g. A pitch axis pivot was intreduced

at this point and a teoter-tottes Jever arrangement veas incrementally loaded at its
other cud.

Evidently pitching moment at small angles cun dopend importantly on jet heigit.
Tho simulated nozzle avea correoponds (o the high power leve) with an allowance for
jet angle. No problems were unparent as a resvlt of this higher power level. How-
ever, {f pitching moment 18 found to be larger ot lower power level and Jet arca this
will aff~~+ rotation. This was therefore chiect:ued by blarketing heif thz nozzle urca.
% 0e {inner two rows and theouter row of nozzle holes were sealed. The jet hefght was
reduced to approximately 1/8 tnch £t pe/Py = 0.6, Comparative runs were made at
this pc/l’ . Bince the stiffness was found to be substantialiy unaffecled, the variable
welght runs wei'c made In this configuration, These results are ghown in Floure 66
ao full scale pitching moment versus pitch angle. Cross plots of this data are the
c¢asentlal information required for analysis and arce shown in Figure 49 (Scction 1H-FE).

Qualitative observations were made of the other rwo configurations. The half -
lcngth maln cushior is softer in roll and much softer §. pltch (as would be expecled).
The real need for a nose support for such a configuration cannot he decided without
further study, including dynamic conaiderations. Qualitatively, observation oi the
mode! indicated the' the nosc might bob right down to the ground as a result of severe
vitch dlsturbance, such ag (ull cushion brakbig. The three-pienum coniiguraiion was
ruther ungatisfactory; it was unstable in roll. Without lateral support this leads to
nuwesome dynamic behavior in which the plenums partially collapse and reinflate as
roll angle chenges and violent random excuwcslons in heave and roll continue  The
configuration wus wsted in the wind tunne!l to establish basic feasibility and when fixed
in roll, the behavior was quite satisfactory.
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D.  WIND TUNNEL TEST METHOD

Takeoff runs were made at different speedr, for iwo flap angles and two longi~
tudinal c.g positions. The basic nelastic trunk was tested for ali combinations of flap
and c¢.g. The altcrnative configurations were compared {4 selected conditions only in
order to conserve tunnel time.

At the stert of a run the sting was lowered until the model Jg reating on the
ground belt (Figure 63). - There is no lift on the balance then, until the model reaches
the up stop, except for friction transmitted through the ball bushing. Model air is
turned on, inflnting the trunk and lifting the model onto the alr cushion. The grouand
Leolt in atarted. Ae belt epeed 18 incressedtunnel air is turned on and belt andtunnel are
brought up to the prr':dctcrmined talkeoff speed. Elevator angle is then increased in
increments. At wach angle as the model rotates and leaves the ground trim measure-
ments are taken, as an average of 10 data points in a cac~sacond time period. Due to
unateadiness in the air flow and frictlon tn the veriicel slide, the model experienced
random cscillations in pitch and heave. Pitch angle variations of 1 to 2 degrees were
estimated. .

To land, & nosc~-up attitude was maintained and tunnel and belt speeds wern re-
duced together. As lift was reduced and aerodynamic tift decreased the model sank
back on the ground and the elevator was then moved down to lower the nose in a simu-
lutod 'anding. Wnutantancons readings of tunnel velocity as well as other parameters
wero rocorded. The perforimance was cvidently satisfactory and some of the landings
were mudce at large angles of attack involving maximum contact at the rcar of the air
bug.

E. SIMILARITY COBIWWERATION
b Guuuwil'y

Tho model plvot 1y placed at the 20 chord stetion und {8 45 Inches {full
szalo) above the thruat lne (seo Figure 46). The model 18 ballagted with nose weights
po that the ¢.g. 18 clther at 20% or 30% MAC, covering the range (Reference 2. The
vortical ¢.g. position on the icodel correspoands with the lower (or loaded) ¢.g. positions
of the atreraft which arc deslgnated § and 4. The tode! did not fncorporate mesns for
slmulating the high ¢.g.

Jince the model 18 on o vertical slide 1t 18 ¢asily scen that the only load
appliod 1o 1t through the plich pivot fs & thrust cqual and opposlte to the total drag. .
The validity of the simulation can hest be seen by comparing the tafl load with the alr- )
oralt on whools mounted In this way with the tail luad in actual takeoff evaluated In
bocidon H-F. Thue (from H-F.3)
686 ALy = 3320 x 40 - 16,500 x 18

ALy ~ =202 1y
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dzcreasing the tail load required for rotation (4,100 1b) by 6% in this case. Evidently
if the aircraft is considered at a high c.g. the model is simulating something mare
difficult since the thrust moment is nose-up on a 9 inch arm whiie the model memen:
is nosc~dewn cn a 36 inci arm. In this case

ALT = +458 1b

It is clcur that as far as tail load is considered the comgromise is acceptable. The
model simulation is cioge to the worst condition.

2. Pressure and Force Relationships

The model 18 not dynramically similar so thet transient motions are not re-
presentative. For true dynamic similarity weight varies as scale cubed (60,000 1b =
37 1b 1/12 scalej and moments of inertia must be ccrrect so that mass distribution
must be carefully controlled.

To conserve cost and aiso to increase force level and Reynolds Number,
no attempt was made to achieve dynamic similarity. However, this involves no com-

promise of trim conditions {moments, attitudes and angles) which are in correct
relationship.

The criterion for maximum model weight {s maximum tunnel q, which is 12
lb/ftz. A mod.l weight of 95 pourds {forward c.g.) was used, allowing a satisfactory
margin, the highest tunnel g used being 10.4 1b/ft2. The weight of the model is sup~
ported either by the air cushion cr by the wirgs. Thus, cushion pressure and wing lift
are higher in the same proportion as weight and since lift coefficient depends on angle-
of-attack the ratio of cushion pressure, jet pressure etc. tu free stream dyramic head
§s also the same. Thus, the air cushion steady state aerodynamics are unaffected.
Angle-of-attank depends on elevator engle independently of scals and thus elevator

acgle to trim cushion moment as well 28 aircraft moment is correct.
F. -M?7DEL LIFT AND DRAG CHARACTERISTICS
1. Aerodynamic Lift

The recorded model lift charecteristics are shown in Figure 67. These were
reasured with the wing approximately 50 inches from the grow.d plane. The wing gpan
36 105.25 inches. As would be expected the stall peaks occur at lower maximurn lift
coefficient than full scale. However, the indicated lift curve slope is exceedingly low
for a wing of aspect ratio 8.5. This discrepancy is hardly reasonable. On the other
hand it is quite possible that an e¢rror in angle-of-attack is responsible. Angle-of-
attack {s measured by a rotary potentiometer in the model. This instrument gave
trouble in the eartly runs, lending weight to an asswunption of calibration error.
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Figure 68 is8 a comparison of 1ift curves in the takcoff configuration;
measured lift is compared with Refcrence 2 data (T, = 0 and T, = 0.64). A model 1ift
curve adjusted to the same glop= as the covresponding full scale value is alsu shown.
Aircraft lift off at maximum power at 1.2 Ygyoccurs at Cy =1.46 at d gy = 6.2
degrees. The model was lifted off closer to its stalling angle (down to 1.06 Vgyp) but at
a lower a ; about 1° lower according to the recorded Jata but 2.8° lower if the
adjusted datz I8 useu.

At worst, this means that takeoff has only been verified at a higher speed

than 1.2 Vg;: in fact at 240 {t/sec instead of 153 ft/sec. At the higher speed no greater

e TL angle than 3.25° would be required for liftoff full scale. The speed itsclf is sat-
igfactory (see Figure 54). Ho:‘ever, it will be gshown that a favorable situation with
regard to elevator ungle to trim exists: furthermore, no significant discontinuity in
elevatnr angle or drag can bc digcerned. Thus, ronsidered in conjunction with the

rotition analysis in Se¢ction II-F, it is probable that no problem exists at any practical
takeoff speed.

With hindsight it is clear that a morc ideal test procedure would have
io luded runs with variable wing to fuselage incidence angle. However, this feature
was not incorporated in the model and in fact, due to the method of manufacture, the
design waghout (1° root to tip) was not realized in practice, 8o that at @ .y = 0 the lift
coefficient was greater than it should huve been {Figure 68).

Figure 69 i8 2 sim!lar comparison of landing lift curves. At 1.15 Vgo, final
approach Cy 1s 1.28 which occurs at @, = 6.5°. The model was let down at at least
this high an angle on occasion in configurations 1l or 2. (Full length main cushion.)
This can be seen frow the movie records that were made.

2.  Alr Cushion Momentum Lift

In run 13 cushton p /I’ = 0.5 was Ael up with tunmel wir and belt both off.
The sting wae thon raised fn small incremenve, increasing ground clcarance; and
cushion lift was recorded. This dats /s shown in Flgurc 70. The lift to jot helght
variation found {8 compured with the theoreticel varfatior taken from Figurc 20 using
the ostimated static jet height of 2.60 inches a3 a starting point. Grosn cushion
momentum was calculated to be approximately 10 pounds. No Hft at all was obscrved
in frec afv, the suction gencrueted in the air cushion cavity and on the trunk surfuc,
amongst the jet nozzles being suf‘fctent to cancel thly. At a critical helght between 20
and 30 inches full scale there was actually some suck down, This lo thopght to be un
likely to persist with forward speed, but ia the statle condftion to appurently worth
about 8000 1b F.8,

3. Drag in Takeoff and Landing
8mall diffcrences In meusurcd drag at this scale and Reynolds Numbor are

consldered dublous. Comparlsons bovween succossive rups or cocflicieats dete mined
frum test at different ¢ values are therofore avolded.
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The drag in the takecff ground roll was defermined from a run with g
variable in configuration 2 (Run 12). This data i& sb.wv in Figure 71 as a plot of Cp
versus Reynnlds number. A smooth variation of Cpy with q was fouad, the coefficient
decre.sing as q invreased. The reduction in drag coefficient was greater than would
be expected from Reynolds number variation. In Figure 71 the data is compared with
values determined from Reference 2. A typical Reynolds number variation is drawn

‘through these latter values

The variation of drag through the takeoff rotation is typically illustrated by
Figure 72. The position marked "free from ground' is drawn k:tween two points having
jet heights of 0.6 and 4.5 inches at ithe longitudinal c.g. posgition. The absence of any
drag discontinuity due to bag drag at aay sngle-of-attack is notable. In the first instance
the ground belt was brought up to speed before the tuunel air was turped on. No drag ai
all could be detected in configuration No. 2. It is evident that this zero friction condi-
tion was mainiained through the takeoff rotation, duplicating th2 "air-lubrication' found
in static tests.

However, in the case of configuration No. 1, the elastic trunk, a friction drag
due to contact did occur. The force level was again carefu.ly chserved as the belt was
started and was found to be three pounds. It was jnvariant with belt speed but decreares
witu, tunnel speed as would be expected. This 18 a friction coefficient, s , of about
0.63. A takeoff and landing including a high angle approach was successfully donc.
Suhsaquent inspection of the trunk showed some wear in three local areas; on either
side at the rear and on one side In the center. This was due to imperfcet "tailoring”
of the trunk and the failure cof the tiny jets to maintain air Jubrication against the belt
porcesity.

4. Frec Alr Drag of Inflated Aly Cushion

A continuous run at tunnel q = 10.3 1b/ft> was made to determine the drag
increment ot the inflated air cushion. Air to the cushion was turred off midway through
the run to deflate the 2lastic trunk. This is shown in Figure 73. A drag increment of
the same magnitude as the wheel gear i8 inCicated. A wheel gear drag cocfficlent
increment of 0.0173 is quoted in Refercence 2.

G. MODEL PITCHING TRIM
1. Groumid Effect Pitching Moment

The most significant feature of model behavior found In the tests was its
stabic helight benavior. It was caslly trimmed o ride in the middle of the vertical
slide, balanced by the total ground cffect. For this stuble behavior the slope of the
curve of height versus 1ift (or trimmed anglc-cf-etiuck) must be negative, elevator angle
fixed. The oflect 13 well shown by the dain of Run 11 shown in Figere 74 in which the
model was lunded with oleveior angle fixed, reducing tunnel g. As the afreraft ap-
proaches the ground, angle-of-attack fnitlally incremsses. The three upper polnts are
part of & curve having the above negative slopo. Clearly this characteristics produccs
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ar. autumatic flare-out in landing, followed by a nose-down pitch as the rear of cushion
makes contact. This could be observed in the tunnel.

2

2. Elevator Angle to Trim

2. Comparison of Takeoff with Free Air (Out of Ground Effect)

{
An increased nose-up moment as the ground is apnroached indicates
that less up-clevator will be required at 1ifi-off and beyord than in free air. At the

same time close to the ground the elevator becomes less effective in causing pitch !
change. These effects are well tllustrated by Figure 75 which ghows hew the curvature

of the elevator to trim versus o g curve {8 opposite to free afr near the ground, in
tuo region near a 4y = 0. In this figure elevaior to trim flaps 20° is less than to trim
to the same a 7, flaps up in free air for ail values. Che free alr run was made

approximetely 36 inches from the ground whereas in the takeoff run the model reached
a maximuwra base height of 8-3/4 inches,

Y. Elevator Angle to Trim in Free Alr

|
Elezvater angle to trim shown in Figure 75 {8 repeated in Figure 76 for
compayison with defiated bag trim and aircraft data from Reference 2. The {nflated

bag pltching momont i# geen to reguire up to 2-1/2 degrees additional up-elevator to i
trim. The Reference 2 data shows generally much less elevator angle required. This |
is bucause of an error n modol manufacture which resulted in the tailplane incidence
heing sot at 2.3 degreos positive to the thrust line instead of 1.5 degrees negative \
Thus al) clevator angles determined in the tests are 5 to 10 degrees larger in the up

(=ve) nonse than ure really required. Despite thia the required clevator angles do not
appronch the maximum avaflable D ; which fs -24°.

3. Elvvator Angles to Takeoff

Takeoff profiluy arv compured in Figures 77 and 78. Figure 77 gives
vlevator angles versus hase neight for the two basic configurations ~ elastic and in-
olaatis. Batlafactory agroement s shown. Figure 78 compares the 1/2 Jength cushicn
with the basic vorsion and fndicates the expected lower elevator angle required,

4. Elevator Power

Finally Figure 78 plots pitching moment coefficient varsue clevator angle

from runs at four ¢ levols and elevater angles with the model fixed in pitch. The
¢levator ungle W trim to C

taing o lurge drag moment

— e ——
-~

m™ e has no slgnificance because the pltching moment con-

(?\w to tho offsct of the modcel below the bulance center.

The slape Cmd o ol 0.01760 por degroo s In rosmunable agreement with Reforence 2

datu frem which a value of 0.019 por degree is dorived.
] . L.
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Angle of Attack
16 - :
- Configuration No. 1
Run 15, Flaps Up
Out of Ground Effect
—+Reference 2
Defiried- Data
Flaps Up, Tc =0
5 \ P
3
4
A
A 1 g
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3
0 N \‘ \ X
& -
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Figure 76. Eicvator to Trim in Free A'r
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1V. WG FLOAT MODEL TEGTS AND ANALYSIS

A. MODEL AND RIC DESCRIPTION

Figure 80 !'s ar assembly drawing of the wing float model. The modej base con-
alats of u fiberglass shell with piywood ribe to which the rubber trunk sheet is attached.

- The box cross--section is conslant along itz length and flat on the hottom. in.plan, the
_onds gre radiused to match {he trunk design. The trunk attachmcnt is 11 Inches up the

slde-walla from the bage in the center at the outside. The trunk is a single sheet of
two-ply uylon stretch fabric with a natural rubber core and neopreae ooating. The

trunk I8 perforated around the area of ground contact. Two patterns were tested; a
basic pattem, und one with epproximately 200 additional 5/16 inch diameter holes
distributed mainly around the ends. The trunk s mounted cn the baso with the stretch
axls nrianged transversely. The center restraint is a thick light alloy plete with
radiused ends attached ou the outside of the trunk sheet by three through-bolts. The
model is powered by a backward-curved centrifugal fan of welded aluminum construction.
Thoe maximum spaed of the fan is 9,620 rpm. The fan I8 driven by a hydraullc motor
through pulleys and vee belte. The reduction ratie is 3.22:1, giving a maximum motor
speed of 3050 rpm. The fan unit s mounted on a welded aluminum transition duct which
bifurcates the flow into two rectangulur trunk entry ports, one on each side of the botlom
plate,

The unlt {s mounted on the end of the whirling arm by parallel links. These links
allow freedom to move vertically but provide vestraint in pitch, yaw, roll, and the radis!
direction. The whirling ann, which has a 15-foot radius, is driven by a tyred wheel
powercd by an hydraulic motor. The hy:-lraulic motors driving the fan and wheel hava
a common supply which I8 controlled remctely, and fed via swivel joints at the center
of the arm. The Lyd: wlic motor driving the fan {8 connected to the arm witn flexible
hoses, supported on the parallel links. An electrically operated isolating valve controls
the power dellvered to the drive wheel and hence the speed. The model and rig are
shown in Flgures 6 and 7.

B. TEST OUTLINE

The static characteristics of the model were found by varying the weight of the
rig and fan speed, and measuriag the hoighi and pressures cbtalned in the crunk (?y)
and the cushion (p,). Two types of dynaric teets were run. The first, a qualitative
test, was lo evaluate the performance of th.. t:urk at forward speed. The rig wus
driven over a serles pof obstacles at a range of sp: @ds. ‘Yhe seconc series of dynamic
tesla was to evaluate the effects of vertical motion. For these tests the model was
released from presei helghta and continuous records taken of helght, pressure, and
vertical acceleration. Theae tests were conducted for a range of helghts {and heace
[aink rates), welghts, fan speeds, and the two jet patterns.
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-may bs made vsing the above scale faciors and the hydraulic motor periormance curves

5 presaure the vutput powser ifne for 3000 psi mey be factored by the measured Lydraulic
. pressure drop across the roior divided by 300¢ to find the fan input power. The input

AFFDL-TR-67-32
C. TEST RESULTS AND ANALYSIS

1. Static Iuflation Characteristice q

The variation of inflation and cushion prespures are shown for a range of
mosor speeds in Figu» ¢ 81. Mesasuraineuts were taken at three rig weights. Figure 82
iIs a simlilar plot for the second configurs*ion ar a representative scale weight. The
mcdel I8 to a nominal 1/3 ecale, but o7 reduced length. The correspording values of
the main parameters are tabulated in Figure 83.

2. Powering

An assagsment of the power ievel simulated for the full scale landing gear

shown In Figure 84. Hydraullc input pressure was recorded for a range of rpm. Sirn<e
the motor is & fixed dieplacemncnt *ype (zonstant flow), the power absorbed at constant
Tpin varies 'vith pressurz. Assuming that the motor efficiency does not very with

rower ghsorbed by the model far determined in this way 18 showr in Figure B4.

In initial calibrations cf fan flow and pressure the mode! fan efficiency was
determited to be approximately 1.63, well below a realistic full scale vilue In order
to relate the Input power to the full acale brake horsepower required to produre equlv-
alent performance in the modcl configuration (without slant jets), the model inpul power
12 factored by 0.65/0.85. Test conditions are thus related to full scale brake horse-
power as follows, using the relstionships in Figure 83.

¢

Operating rpm 2800 2650
Mcdel fan input povrer 19.25 24

E actored power bhp 14.7 18.35
Full 8cale Fower bhp 12¢0 1590
Nozzle area ' !n.z 81.5 96,9

Static Heave Otiffness

Canfiguration 1

Configuratior 2

Static heave stiffness was measured by loading the model to & maximun
practical welght of 1300 pounds (850 pounds In shot bags) The results of this test are
shown In Figure 85. :




AFFDL-TR-87-52
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Coaflguration No. 2
Modlflod Patiorn of Trunk Perforationu
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Noml:sl Fuii B Actual

Parameter Bcale Muadoel 8cale Scale
Cushlon Prossure 1/3 6:3.6 pef 167 psf 1/3
Tiunk Yressure 1/3 111 pst 333 psf 1/3 B
Prossure Ratlo 1/1 0.5 0.6 1/1
Welght 1/2 895 1b 60,000 1b 1/67
Cushion Aroa 1/9 16.4 12 360 n¢ 1/22.3
Porimaier /3 14.4 ft 80.8 ft 1/5.6
Width 1/3 40 In. 138 in. 1/3
Longth 1/3 6.4 {n. 404 In. 1/6.7
Puwor 1/40.7 14.7 hp 1260 ip 1/87

Tho nominal scalo factor rofors to geometriz similarity to the full scale mhhlon in

T'o oltain the powor ncalo factor, the cominal scale fector of (1 /3)
wan factored by tho ratlo of perimotor gcalo {aclors,this boing the

all respocls,

alfa

Figuvo 83. 8caling Factory
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C: nfiguration No. 2
Motor Speed 2,956 rpm

1500

Stiffness at Teet Weight of 8§95 1b:

6,030 lb/ft

509

T g

0 10 11
P AN . Hard Structure Clearance - Inches

Figure 86. Heave Stiffness Meacurement ' P
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4. Whirling Tests

The rig was driven at a range of speeds up to approximaltely 25 ft/sec i ver
g series oi obsiacies generally without contacting the hard structure. The obstacles
included:

(1} Hard conical mounds 5.5 and 7.5 inches high and two and
three feet in diameter, respectively. These were arranged
in various patterns relative to the path of the model (Figuie
86). The ohject of thegse obstacles was to investigate the
trunk response tu abrupr surface undulations.

(2) A soft foam pad, nine tnches thick, preceded and foiiowed
by gradual wooden ramps. This represents a very soit
terraln such as mud or bog (Figure 87).

{3) A two-inch thick fiber mat to simulate a coarse grass
surface. Some of the hard mounds wer= also positioned
beneath the mat to regcemble bumpy ground (Figure 88).
The fiber mat is a surface of large leak capacity and at the
same time high friction coefficient. It cau therefore be ex-
pected to reduce cushion pressuie and cause drag.

(4) Trausverse bars 2.5 inches by 4 inchcs and 3.5 inches by
4 inches. This wall type obstacle provides fcr the maxi-
mum trunk impact, at the front.

] {5) A three inch by three Inch transverse channel.
The remainder of the circuit between the obstacles is amcoth sealed concrete.

The majority of thes: tests ware conducted at a model weight ol 895

_ pounds, a fan mntor speed of 2.950 rom. and with the second hole pattern, Both
~loseup photographs from a camera rotaling with the arm and distagt shots were
taken. The model negotiates all the obstacles satisfactorily with no noticeable
deceleration except at very low speeds. Some pitching occura in response to the ob-
structiona, pasticularly the higher wall. The model could become hung up on this
wall If stopped on it and would require considerable force to move; in the order of a
D/W = 0.25 t0 0,3. Al about five ft/sec it would cross satisfactorily with drive whezal
on and providiag T/W = 0.08.

1 A D/W of aonroximatsly 0.01 was exnerienced over the concrete surface.
1t 18 notable th * the trunk inflated shape was imperfect, due to the material being

substantially below full stretch for the two-ply used at pc/Pj = 0.5.

D/W was also measured statically onthe mat, in both jet pattern configura-
tions at 2750 rpm. In the first, a value of approximately 6.1 was fouad; In the second,
approximately 0.675. The reduction was caused by the increased flow tending to over-
come the mat porosity.
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In relation to these measuremenis it i8 important to state that the imper-
fect hole pattern on this model led to considerable flow wastage. Far too muck flow
wag exhausted outside the ground tszgent.

On one occesion, at opesd, tae pitching of the model comiag off the mat
{with bumps placed cen’rally) wea such 25 to cause the nose to dip to the maximum
just as the model reached the largs coue. The front of the model base coliided with
the Lop of the cone cutting a five inch gash in the trvak which opened to an cval hole.
Model performance waus not signtfi aotiy affected ana the dumage was aot observad
until another circuit had beer cumpleted.

5. Drop Tests

For drop tests, the model was mounted on long links cn the end of the arm,
hoisted above the ground to a given height with the fan running. It was released
from succcssively increasing heights by & quick release hook and cable. The equip-
ment i3 shown in Figure 89.

Preliminary tests were first conducted for three welghts au shown ln the
following tabulation. During this iritial saries, no hard structure coatact occurred
and behavior was satisfactory.

Modei Cushion Trunk Rrlease

Waoight Fan Presiure p, Preggure v Pc/Pj Height
) (rpm) (Ib/tt2) (v/ee2)y 3 (in.)
452 2750 25 98 : 0.255 15.3
452 2350 214 1% - 0.285 217
452 - 2075 20.3 €61.4 ¢.330 25.5
668 2180 33.3 70.8 0.471 18.5
€68 2725 38.0 g8 2 0.382 25.5
668 2725 38.5 99.0 0.390 32.2
895 2770 91.5 105.5 0.487 18.3

Instrumentation was then added. Recordings were taken of drops from
three heighte at 895 Ib weight and 2770 fan rpm (Figure 8U). The value of peak vertical
acceleration against hard structure clearance ai release 1s plotted in Figure 81. The
values of minimum hard siructuce clearance and maximum slnk rate against release
height are ghown In Figures 92 and %3, respectively. These data apply to the initlal
jet pattern configuration. Similar tests and plots were made with the model after
modification of the trunk and are shown in Figures 94 aad 85. Further analyais of
one of the drop tests (o this series is shown In Figure 96. The lift on the model
(vertical acceleration times weight) is plotted sgalust the hard structure clearaance or
base height of the model. The area beneath the curves io a measure of the work
done or energy absorbed by the trunk/cushion system. The strtic lift agelnst height
curve is also plotted on this same figure, the difference between the two curves de-
noting the rute dependent Lift or danplang force of the system. It can be tuven in Flgure

169
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Hard Structure Clearance
at Release
160 50
1
: ‘ : Weight 895 1b
Motor Speed 2770 rpm
40
106 f-
2 30
v a
| %
213
ey
& =
1] )
@
& % 20 S\
& & \
50 N
AN
~
~
s
\ —_—
10
L )
9 5 10
Inches - Model Scale
L —d | __!
0 10 20 30
', inches - %uli Scaie
Minimum Hard Structure Clearance
Yigure 92. Clearances - Configurationl

163

wehiiiey




- - ve—

PRI A3 3 -

AFFDIL-TR--67-32

Hard Struciute Weignt 895 1b
Clearance at
Release Motor Speed 2,770 rpm
150~ 80
“ ]
100}
‘ 2 J,Z
‘ Q
e g%
3 —
= 3
. %
' 1
.g £ 2 d
5 8 e
s50f" VvV
/
/
-
10 frm e =
LY
ol G Q..
0 5 10
Model Scale
{ — | A i
0 7] 10 15
Full Scale

Figure 83. Sink Rates




-l

v~

____._.—--r—--—rer"‘
T, TR

AFFDL-TR~67-32

Hard Structure
Clearaiice at
Release

150 — 50

Weight 896 1b

Motor Speed 2,950 rpm

2,750 rpm

LR I 4

40

100

30

Inches - Full 8cale
inches - Model Scale

20

Q.

g0 —

10

b

Feak Deceleration - g

4

(Includes 1g ~-Hover or Wing Lift)

1656

Figure 94. Decelerrtions - Configuration No. 2

10

P N




AFFDL-TR-67-52

t

3 Weight 895 1

! Eard Strurture e b

{ Clears ce at Motor Speed 2550 rpm ©

' "Release 2750 rpm  +

‘ 40

F - —_—

r 100 —

30} [0}

! 0]

[ ®

| A

' K
2 ©

: 8 " 26

l & 3 N

: 3 50 IO

) Sl i '

] : '

! $ ' \ |
- 12

{ g @ N |

| 2 10 !

' —

'

4

[ ok 0 -J

]

0 5 10
. Inches - Model Sctie
I | 1 | 3
: 0 10 20 30

Inches - Full Scale
Minimum Hard Structure C:earance

-\
TR XA

Figure 86, Clearance — Configuration No. 2




AFFDL-TR-67-32

Model Lift - 1b

4000
Configuration 2
Motor Speed 2,950 rpm
2000
7
Static
Dynamic
Difference
2000

l~Area Represents

/ Potential Energy
Lost

1030

-Released From
17.05 Inches

20

Model Rard Structure Clearance - Inches

Figure 96. Energy Absorption Breakdown

167

AT lovs SIS =

MR ol o Aol




Yo
S e giE o et ;

-

————— " ——

AFFDL-TR-67-32

97 that the dampling force is not proportional to vertical velocity; i.e., the damplng is

oot a linear function of height. The ideal value ¢f damping ig one that i8 vaulvalent
to the critipa) damping of a linear syste'n, this is where the motion would be non-

oscillatory, or the aircraft would nol bounce in a hard landing. For a linear gystem,
the damping is critical if:

-V

where ¢ is the damplng in 1b/ft/sec
k Is the stiffness in lb/ft
W I8 the welght in 1b
g ls gravity; La., 22.2 fi/sec®

From the static stiffness curve of Figure 85:

k = 6,080 1b/ft, wher W = 895 1b

Therefore,

———

6,080 x 698  _
353 411 1b/ft/sec

This criticel value of damping is shown in Figure 897, where it can be seen to he of
the same order as that measured during the drop tests. The trace recording of
vertical motion shown (n Figure 90 also shows that there is only 2 8mall overshoot
from the static equilibrium condition, allowing considerebic reserve hefore contact
of the hard structure, and ouly 2 amall residuai oscillation.
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V. CONCLUSIONS
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[ ’ The followiag conclusions are drawn trom the preceding work, summarizing the
[ K _ development status of the alr cushion landing gear:

| B

“ (1) Basic system feasibility is es:ablished. It has been shown that a
flexihle ratractable structure can be fitted to an aircraft and
powered to form an air cushion. With the air cushion the aircrsaft
will ke friction free over a smooth surface and using an acceptably
low power level it will traverse soft surfaces ant corsidersble

obstacles with low drag. It has also been showa that an aircraft

t cag be taken off and lanced from this alr cushion in the normal

manner. No compromise of ncrmal controls is required, and the

C-119 is a suitable test aircrali. It has been shown that the air

cushion {8 & soft landing system, capable of abscerbing a very high

sink rate without excessive g and with excellent damping.

ki d

. (2) Suitable methods for the design construction and assemoly of a
L full scale trunk system have been determined. T'he powering system
has heen {nvestigated and presgeal# no problems io a test iastallation.

(3) Design of 2 cushion braking and conlral systeru appears etruight-
forward but the regnired sysitem tas not been devsioped and no
firm data on its characteristice {8 established. Similarly, the re-

lationship between terrmiia erformatce aad power {8 not estab-
) lished.

(4) It appears thai amphibious performance can he provided but capa-
) bility over water has not been eatablishad.

(5) System total weight ts competitive with wheel gear.

The advantages claimed for the system have not been diminiched by the investi-
3 gn!lon.
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