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Officer.
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SUMMARY

This reporti is the result of a 9-month study covering the applicaticn
of inflatable structures to the Ground Effect Machine (GEM) with par-
ticular reference to the 13-ton paylcad LOTS carrier mission de-
scribed in QMR (reference 24). Consequently, the scope of study has
been somewhat fimited to the investigation of suitable infiation pres-
sures, fabrics and bindings consistent with the structural and environ-
mentzl criteria considered mandatory for this mission.

A review of the environmental conditions associated with the operatio=z
of Ground Effect Machines, foliowed by 2 discussion of the capabilities
and construction of practical and projected GEM projects, provides
the background material for the problem of inflatable structures. A
review of the materials available for construction of infiatable struc-
wures indicates those that are of mosi value; @ similar study of infla-
tion systems indicates the acvantages and disadvantages of several
possibie systems.

A simple fl2t cross-section with round ends is chosen as the example
section for the anaiytical development of the required inflation pres-
sure, during which the development of pressure, bending ard torsion
stresses in an inflated stiucture are discussed, and other aspects of
the structure are reviewed, including deflection and collapse. In
order to provide a realistic basis for evaiuating an inflaiabie structure
for GEMs, a preliminary design study is conducted for a 15-tor pay-
load machine, resulting in critical bending moment values for the de-
sign. Using ine geometrical characteristics of the design and the
critical berding moments evaluated, the inflation pressure required to
prevent structure wrinkling is determined. Changes in the structurai
geometry are investigaied to determine quaniitatively their effect on
the required inflation pressure, and the utility of such structures for
primary structure application in GEMs. Farther analysis investigates
their utility in .*her applications in GEMs.

As the final steps in the study, a parametric analysis is made of a
range of GEM sizes and associated primary structures to show how
change in CEM size and vasic characteristi~s 2i°- - < the required in-
flation pressure and structural deptis. The pctential of primary, sec-
ondary and auxiliary structures is reviewed, and an example auxiliary
structure is developed. The inflation systems reviewed in the first
part of the study are discussed further in the light of the several struc-
tural applications.




INTRODUCTION

One area of iechnology that has been used but not fuliy exploited in
recent years is that of infiatable structures. Although muci research
and deveiopment needs to be carried out before inflatable structures
for vehicles could be acceptable in miiitary transportation, there are
sufficient promising features in this type of siructure to warrant fur-
ther investigation into the feasibility and application to militarv ground
effect machines (GEMs).

Among the characteristics of inflatable structures that are attractive
to potential users and designers of transport vehicles are:

(1) Inherent transportability

(2) Easy repair

(3) Shock-abscrbing capability

(4) Overioad capabilities

(5) High strength-to-weight ratio, while inflated.

When compared with conventional structures thers are, however, a
nmumbér of potential disadvantages that must be examined beiore the

use of inflated structures can be recommended ior any appiication.
Among these are:

{1) The eiic:t of one or several punctures;

(2) The explosive failure of the structure while pressurized:

(3) The deterioration of the structural fibers and bonding
agents under extreme service conditions;

(4) The strength of bonded joints in the structure;
(5) Tearing of the structural {abric;
(6) Abrasion of the structural fabric.

The characteristics of GEMs that have been proposed for use as trans-
portation equipment in the near future give rise to problems in tae de-
velopment of such vehicles. Two such characteristics that affect the
area of structural design are:
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{1) Size

Such GEMs will be ilarge i: order to Le able to operate
with world-wide, year-‘rcund capability with acceptable
economy.

(2) Ogperating Economy

The economics of such GEMs are particularly sensitive to
the structure weight and power plant unit of the system, sin~e
pow~er and associated ducting and conirols are directly utilized
in the production of 1ift, in addition 5 the structure utilized for
the distribution of 1ift forces and the power required for forward
motion. In other vehicles, lift is developed as a rzsult cf either
forward m.tion or environment, and additional power and struc-
ture for lift is very small. The major problems that arise in
consequence are concerned witn:

(1) The transportability of these GEMs over intercontinental
distances or to inland areas where operation is desired.

(2) The development of means for reducing structure weight
aud power plant weight to the minirmum comimensurate
with the desired performance capability.

lution of the second probiem will provide the most satisfactory means
for alleviating the first problem, since reduction in structural and
power plant weight is a continuing effect, which ultimately will reduce
vehicle size and gross weight for a given desired maximum payload,
and ease the transporability problem.

Since the advantages basically inherent in inflatable siructural tech-
nology evidently woula be of particular benefit in GEMs, this study
examines the specific advamages and disadvantages in the application
of inflatable structures to the GEM; highlights those applications,
methods, and materials that appear to have sufficiert merit to warrant
furiher research and development; and outlines the research and devel-
opment required to permit operationz2l use of inflatable siructures. In
particular, inis study examines the following:




Where and to whati extent infiatable structures can be
utiiized in GEMs.

What types of inflatable structure and material are most
suitable for each application.

What effect the use of inflatable structures has on GEM
performance.

What infiuence operating environment has on the use of
infiatable structures.

What effect variation in GEM size has on the utilization
of inflatable structures, and what other applications there
are in the ground effect field.

{6) What developments are required to improve the utilization
of inflatable structures ia relatively large GEMs.

In keeping with the contractual work statement, this study is limited

to consideration of CEAls suitable for amphibious support and resupply
operations in the range of 5 to 30-ton payioads, except where the study
development indicates extension of this range to be useful. The major
emphasis is given to a 15-ton payload machine, which has been sug-
gested as being close to the size of GEM that will be most usefui in
such operations.




CHAPTER I

BACKGROUND DATA

1.1 INTRODUCTION

In common with many other technological areas, the deveiopment of
inflatabie structures over the past 150 yea:s has been very gradual.
The {easibility of utilizing a form of inflated structure for ifting men
into the air was demonstrated as long ago as 1783, but serious applica-
tion was not developed until the wzars of the 19th century when balloons
were used for aerial spotting. Up until the last ten years, serious
development of this type of structvre for vehicles has concentrated al-
most entirely on airship applications for military and civil use.

In the last ten years, the search for lightweight structures that could
be packaged in smail volume for applicaticns in the aircraft and space
fields has led to intensive invesiigation of more sophisticated forms of
inflated structures. Several such structures have been built or pro-
posed, ranging from: complete lightweight aircraft, through a passive
satellite, to proposals for complete space stations in orbit around the
earih. Althougn the feasibility of using inflated structures has been
demonstrated by these developments, the state of ihe art in structural

design has not yet advanced suificiently to make possibie formulation
of design criteria that weuld permit immediate application of such
structures in military vehicles. The problems of environment, com-
bat damage, maintenance, aud repair are of such magnitude that devel-
opment of requirements for the application of such structures in mili-
tary situatious is imperative, if such structures are to be successfvlly
utilized

In order to develop a rational understanding of the problems inherent
in inflaiable structures as applied to GEMs, the environmental ccnsid-
erations of GEM operation, the current range cf GEM sizes and per-
formance of interest, the materials avaiiable for the fabrication of
GEM inflatable structures, and the sysiems required to maintain infia-
tion pressure under operational conditions must be critically reviewed.

This chapter, drawing neavily upon the work of reference 1, attempts

tc lay a solid quantitative foundation for the subsequent analyses re-
ported in Chapters II, Il and IV. The chapter is in iive main sections

I-1
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covering environmentai considerations, materials selection, review

of current and prujected GEMs with respect to their structural charac-
teristics, infiatable materials and their characteristics, and inflastion
systems review.

i.2 ENVIRONMENTAL CONSIDERATICNS IN GEM
DESIGN AND MATERIALS SELECTION

The design and operation of military Ground Effect Machines are sig-
nificantly influenced by all the elements of the t{otal environment sur-
rounding the operations. Mililary GEMs are significantly influenced
by the following three types of environment:

(1) Natural environment, such as climate, terrain,
vegetation, sea states, bezch slopes and condition,
sea approaches tc coast, and natural and man-made
obstacles.

Induced environment, such as component generated
temperatures, noise, vibration, shock, explosive
vapors, dust, spray, and exhaust gases.

(3) Combat environment, including detection, vulnerability,
protection against damage, and field repairs.

An analysis of the total environmental picture surrounding thc Grouad
Effect Machine on a world-wide operational basis is reported in ref-
erence 1. This section has been based on this work and relies oa the
data collecied at that time.

Since the Ground Effect Machine has apparent capability for opera* .s
over water, overland, and across the land-water transition, the study
referenced was divided into tkese thrae regimes of operation. At this
time it is believed that the Army's interest is primarily in application
of the Ground Effect Mzchine to the logistical over-the-shore cargo
transfer operation. Greatest attention has therefore been given to the
amphibious role and mission. Used in this context, the term "ampnib-
icus operations" covers land-water operations in the coastal areas of
the world. Generally, the inland penetration is considered to be no
more than 20 to 30 miles, but in areas of stream valley approackes
this is not a strict limit. The over-water portion is limited to ranges
less than 200 miles. This may include an unloading operation from a

I-2




ship a: sea, a traverse of a small body oi water from another land
area, or a jand-based sea paltol. The total development of the onvi-
ronmental influences in amphibious GEM operations provides nearly

tie complete range of elements significant to Army application of GEMs,

In addition to the generzlized world-wide onerational environment of
reference 1 which covers the Ground Effect Machine on a mobiliiy
basis, the GEM must also meet the Army*s requirements for operation
under extreme environmental conditions. Trese regulations are set
down in refereiice 2, aad have been incorporzted in the report by ref-

erence. Significant elements are discussed in detail.

Other regulations and specifications of the Army and other servi:es
have been reviewed for applicable information. These inciude elements
cf environment in which Ground Effect Machine amphibious operations
have analogs in other military systems including aircraft, ground
support equipment, and tactical vehicles.

1.2.1 OCperational Environment

For application to the LLOTS operation, the development of paramcters
for amphibious GEMs is particularly appropriate. Such a cevelopment
is summarized below:

(1) Vehicle Size

Limited by lateral clearance for eperation in stream
valleys and by widths of beaches, but not as severely as in
Zeneral over-land operatiocns:

30-foot width usable on 80-90 per ceunt of coastal
stream valleys,

40-foot width usable cn 70 per cent,
50-60-foot width usable on 50 per cent,
56-foot width (for end-loading GEMs) satisfactory for

unloading above high water iine on 70 per cent of
beaches,




100-foot width satisfactory for unloading above high water
iine on 25 pe: ceiil uf beacues,

20-foot width about maximum for coperation in forest
clearings other than waterways.

It is important to ncte that vehicle size may also be severely limited
by t1 ansportability requirements which, although an operational con-
sideration rather than environmental, must be considered.

(2) Operaiing Height

Determined by the necessity to traverse the surf zone and
overland obstacles.

1. Normal Operating Height Gverland

1 foot for operations to beaches only;

2 feet for limited inland penetration.

Jump Capability

4-foct minimum for crossing walls, dikes,
embankments;

6 feet for wider area usability across walls, dikes,
embankments;

5-foot vertical bank up and dewn for access from
stream valleys.

Maximum Sustained Operating Height Over Water

2.5 feet for clearance of surf in 19 per cent of
coastal areas;

4 feet for surf ciearance in 70 per cent;

6 feet fcr surf clearance in 95 per cent.




(3) Slope Capabiiity

i0 per cent siope capability for operations over 80 per cent of
beaches;

15 per cent slope capability for operations over 90 per cent of
beaches, and for most near-coast terrains;

5C-i00 per cent slope on 10-foot banks for access from many
stream valleys.

(4) Cperating Speeds

Limited to about 30 knots for operations in tropical coastal
swamps; also limited by obstacles in the overland phase; no
specific numbers can be determined without further experi-
mental work.

A suggested classification of amphibious GEMs based on these factors
is given in Table I-1.

The vehicles classified in Tabie I-1 range in size from 20 x 40 feet to
75 x 150 feet. The normal cperating heights given are the cruising
heights overland; the maximum height is the operating height at about
hali normat cruise speed, and is intended primarily for operation
through the surf zone. Jump capabiiity represents the maximum
attainable short duration height for clearance of obstacles. The slope
capabiiity listed corresponds to the slopes within the area having the
given height ranges. The columns headed "Access to Beaches" and
"Access Inland"” represent the percentage of the world's coastline
{cxcluding Antarctica, Greenland, and Arctic islends north of 77°)
which are accessible to amphibious GEMs of each class. This access-
ibility index is intended to include operatiuns throughout all seasons of
the vear, but not during stormy weather., On Arctic coasts the occur-
rence of hummocked ice may restrict operations during a large part
of the year,

The most signiiicant elements of induced and combat environments
are summarized in Tables I-2 and I-3; an over-all summary of mili-
tary GEM characteristics and typical equipment requirements is given
in Tables I-4 and I-5.
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TABLE 1-2
INDUCED EXVIRONMENTS
SUMMARY DATA

Noise
Maximum Over-All Noise Level, Relative to .0062 Millibar
Specizi

Accepiable Eguipment
Location (Air Force) Experienced Expected Needed

Inside 13 90 to 120 80 to 95 Ear protcction

Vehicle for continuous
use. Telephony
for adequate
operational
functioning.

Close 90 to 120 90 t0120

te Out-

Side of See Combat Environment Summary on Noise
Vehicle (Table 19)

Vibrations

Acceptable limits for Crew Stations

Frequency (cycles/sec.} Amplitude (iz.) Experience io Date

.02<h< 2 No indications that
these values will be
.0002<h <.02 exceeded. No
vibratior problems
.00002< h <.0005 so far,




TABLE I-2 {continued

Temperatures {AMaximum Values)

Eagine  Combustion Chamber Arez Exhaust Area
Piston 240°C to 200°C 1000°C to 600°C

Jet 200°C to 250°C 800°C to 850°C

Exha:ist Gases

Inert Toxic Water and Oxygen

77 per cent] 6 to 18 per cent {17 to 5 per cent

77 per ceni (1.5 to 4.6 rer cent {21.5 to 18 .4 per cent

Static Electricity

Typical Accumalated Stored Energy Energy Level for Spark
Charge Levels Ignition of JP-4
(Volts) (Millijoules) (Miliijoules)

300 to 400 2x107% to
2 x 1072

Effect on Personnel Bridging Gap

Initial current level --1lethal
Drops below lethal ievel within 2 millionths of a sec.

Solution to all Problems of Static Charge

A trailing grcund-contacting conductor, and good vehicle
bondiag throughout.




TABLE 1-Z {continued}

Visibility Reduction

Due to: Comments

Configeration No worse than a ship, better than
an aircraft

Night and Bad Weather Usual solutions applicable
Surface Disturbance

1. Forward Speed No problem forward, upwards, or
sideways. Some obstructions by sur-
face material towards rear.

2. Hover Severe loss of visibility. Nc major
problem, s GEM basically stable and
<an move irom hover location under
full control, to regain visibility.

Acceleration and Shock

Acceierations at CG.

Longitudinal + .2g, to -.3g

Lateral + .4g

Vertical (approx.) t+ .3gto + .4g
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TABLE I-2 (continued)

Shock

Operating height .02 (vehicle leangth)

Wave length 2.0 x {vehicle length}
“'Sinusoidal" wave height 1.5 x (operziing height)
Equivalent "Random Sea"” wave height 3.0 x (operating Leight)
Normal Twice Normal
Operating Conditions COperating Speed Operatiag Speed
At Bow - no immersion 9.0 t012.0g 18 to 20g
with immersion 6.0tc 8.0g 12 to 15¢

At Center of Gravity 3.0t0 6.0g 6 to 12g




TABLE i-2 (continued)

Ingestion

Material

Concentrations
and
Particle Sizes

Eifect on Lift Sys-
tem & Projpulsion

Engines

Dirt ana
Sand

Large
Particles
& OYjects

0-80n

40-105p,
105-200:.

0.0i gms/cu.ft,

From 2001
through 1/4
diam. bolt to
4 1b, birds

ll2" to 3::
diam.
hailstones,
shaved ice

2 to 5001
>1i0 c.c./min/
engine

"'Solid" or
llgl_eenll

Roter blade and in-
take erosion, with
i >s in efficiency

Blade and intake
damage, followed
by biade fatlure

Intake damage,
little or no blade
damage

Salt incrustarion
with loss in power

Destruction of fan
biading, bendirz of
prop blading

Compressor blade
erosion, up to 10
per cent power
loss, reduction of
surge margin, high
turbine inlet tem-
peratures

Wicked, dented,
twisted compressor
blades, damaged
inlet screen facing.
Stripped compres-
sor stages, com-
riete faiiure. Sub-
sequent failure due

to damage.

Damaged intake
screens. No com-
pressor damage,
occasional ilame-
out

Slight erosion,
salt build-up,
power loss, SFC

rise

Flamc out, inlet
damage, compres-
sor damage
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TABLE I-2 (continued)

Ingestion {(cont.)

Methods for Combating Effects GEM Industry Comments

Deflectors
Coatings

Debris
Guards

Debris
Guards

No mndication of
major problems
as yet

Deflectors, Coatings, Indications of appreciable salt
Washcown, Inhibitors build-up in 1lift system intake

and ducting

Snow and Ice Accumulation

Chzracteristic

Problem Severity

Accumulation on
static vehicle in
snow storm

Icing at fcrward
speeds in srow
storms

Removal As for existing
transportation
vehicles and
aircraft

As for existing
transportaticn
vehicles and
aircraft

More severe
than (1) or (2)
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TABLE I-3
COMBAT ENVIRONMENTS
SUMMARY DATA

Noise
Major sound pressure levels at source
Engines {turbine and piston) (2 log (HP) + 95) + 10 db

Fans 4 io 6 blade, 50 to 150 HP
per fan. HP speed < 100 fps 130 to 150 db

Over-all sound pressure }Jevels, approx-
imately 1 yard from complete vehicie

in line with intakes (propulsion,

1ift, etc.) 110 to 139 db
In line with exhaust 10 to 130 db
Elsewhere 90 to 110 db

Approximate spherical spreading
attenuation with distance from vehicie

At 160 yds.
1000 yds.
10,000 yds.

Ambient noise levels

Jungle 40 to 50 db
Coast 50 to 60 db
Quiet residential 70 to 8C db
Noisy commercial 85 t0 95 éb
Heavy tratiic 90 to 1080 db
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TABLE 1-3 (continued)

Noise

Approximate atmospheric

alienuation with distance 10 100
.69x1073
6.9x10°3
69 x1073

100 yds.
1006  yds.
10,000 yds.

37.8x10°

3.78x1073  312.7x1073

378 xi0~3

Frequency (cycles per second)

1000 10,000
31.2
312
3i29

3127x10°3

31,270x10 3

Sand and Dast

Lightly loaded GEM
30 1bs/ =sq. foot

Heavily loaded GEM
20 1bs/ sq. foot

Particle Size
{Inches Diameter)

Max.
Height

Max,
Distance

.005
.01
.050
.10
.50

300h
100h
25h
15h
4h

i40h
70h
20-32h
27-32h
11-22h

Max,
Height

600h
300h
60h
35h
15h

Max,
Distance

310h
150h
42-60h
34-56h
30-60h

Note: h = Vehicle operating height - feet.

smeenn

Spray and Mist

Lightly loaded GEM
30 1bs/ sq. foot

Heavily loaded GEM
80 Ibs/ sq. foot

Particle Size
(lnches Diameter)

Max.

Max X
Distance

Height

500h
25¢h
50h
25h

.00,
.010
.050
.10

250h
120h
30-38h
21-32h

Max.
Height

Max,
Distance

1000k
550h
100h
60h

600h
270h
66-80h
44-60h

-

Note: h= Vehicle operating height - feet.

s ——————
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TABLE I-3 (continued)

Radar Reflectivity
Likely Cross-Sections for CEMs
Vehicle Sizes Radar Cross -Section (sq .ft.)
3 ton 5-10
100 ton 50-100
Requirements w:ill be that vehicie racar cross-section be minimized.
This is achieved by careful atteniion to configuration detaiis, shaping,

aspect; by shrouding propeiiers a»> much oS possible; by utilizing
coating media capable of high absorption at radar frequencics.

Infrared Emanation
IR radiation - Less than 1079 wotts/ sq. cm. at 100 yds. in wave-
length range 3 to 14 microns and less than 10~ 0 watts
per sq. cm. at 100 yds. in wavelength range between
1.8 and 2.7 microns.

Typical requirements are thos2 for Light Observation Aircraft.
Maximum likely radiation: intensity at vehicle is 60 watts/sq. cm. at
2xhaust or jet pipe - rzpidly reduced and dispersed by insulation,
structure and atmosphere.

Vulnerability (Relative)

Alost Vulnerable Least Vulneralie

Ship
ll/////.-'/l

724
¢,

Y.
KRR
O 0‘0 0.9.9.9.%
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S
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TABLE I-3 (continued)

Damage Protection

Normal (aircraft or any vehicle) plus additional for 1ift system.

Field Repairs

Same as for current Army vehicies, facilitated by modular

consiruction.

Mine Field Operations

Mine Type GEM Characteristic

30 lbs/sq. ft.

' 80 ins/sq. ft.

90 db 100 db

Effect of Explosion on GEM

If explosion is under center
of vehicle - instantaneous
increase of cushion pres-
sure underside damzged by
shrapnel - probably OK to
continue. K explosion near
edge - damage to acnular
jet ducting, reduction in
efficient operation, damage
tc underside.




TABLE I-3 {(continued)

Nuclear Environment

Environment Effect on Personnel* Vehicle*

Radiation In hover - In hover -

Iniensified radioactive As for persoimnel--

field- -more protec- more careful

tion required. choice of materials
or more frequent
inspections.

At forward speed - At {.rrward speed -

As for other vehicles As for personnel.
of comparable speed.

Blast pressure Severe pressure fluctua- Uncontrollable vehicle

wave tions inside vehicle, un- motions if near ex-
less adequate sealing and plosion, may result
strength designed into in complete destruc-
cabin. tion of vehicle.

Temperature Skin burns, blindness, Flash--littie effect.
and flash unless protected from Temperatures--
high burst intensities. engine stalling, fuel
fires.

* Tnese are predicated on vehicle being near enough to expiosion for
the quoted effects to occur.

Loadability at Sea

GEM limited to design operating heights of 4.5 to 6 feet, until safe
unloadirg capabilities of cargo ships are extended to greater sea

states.
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1,2.2 Materials Environment

Forther consideration is now given to the elements of the total

en rironment as they affect the special materials used in the inflatable
GEM. Indeed, these elements of environment miist be considered for
the system as a whole, as well as for its materials. Inasmauch as in-
flatable construction utilizes materials having properties differing
f-om those of steel and aluminum--the normal military vebicle mate-
rials--environmental considerations which may affect these materiais
must be emphasized.

As discussed in reference 1, the total operational environment inciudes
natural environments, induced environments, and conibat eaviron-
ments, All three of these may be present during vehicle operations.
In addition, natural environments also may have significant effects on
the methods, procedures, and problems associated with the erection,
storage and transportation of inflatable GEMs, both inflated and de-
flated, including packaging.

Again, reference is made to the generalized environmesatal analysis
reported in reference 1. In particular, Chapter III of that study, cover-
ing induced and combat envirvnments. should be reviewed. Other im-
portant source materials are reference 2, and reference 3 which pro-
vides further information in some of the areas defined in reference 2.
Areas of environmental influences unique to the GEM or to inflatable
structures require the application of some additicral data, including

special studies of surface conditions and materials, static electricity
and downwash disturbances, and application of standards and specifica-
tions developed for the cther services.

The order of presentation is as follows: first, the effects of natural
environment and the probable extreme concitions which may be en-
countered in operational sarvice and in stcrage and transportation;

and secondly, a brief review of the pertin :nt elements of induced and
combat environments emphasizing effects on inflatable structures and
their materials, All of this material, inciuding the extreme conditions
mentioned, are applicable to the materials of construction, and to the
assembled vehicie.




1.2.3 Natural Environment

The natural environment affecting inflatable GEMs is nearly the same
as that for ail military vehicles (more specifically, for amphibious
military vehicles), and is primarily dependent on the gecgraphical
area of intended operations. Because of the world-wide commitments
of the U. S, Army, 21l initial design paramet=rs must be based on
world-wide operations to the extent feasible, and this material is
developed on that basis. The application of inflatable structures to a
specialized GEM designed for a specific operational mission only
would change the reiative importance of some of ihe extreme condi-
tions found in world-wide operations.

1.2.3.1 Important Environmental Factors

The following elements of natural environment are considered to be
most significant in respect to the use of inflatable structures in GEMs:

- Temperature ranges and extremes.

- Absolute and relative humidity.

- Precipitation intensity and duration.

* Accumulated snow loads and icing rates.

- Wind speeds, including gusts.

- Atmospheric pressure.

- Soiar radiation, including infrared, visible, and ultraviolet.
- Blowing snow.

- Blowing sand and dust, including particle sizes.
* Salt spray.

- Ozone concentrations.

Fangus growth.

» Hailstorm duration and particle sizes,

- Abrasive qualities of surface materials.

- Abrasive qualities of vegetation.

- Other environmental considerations.

1-21




Temperature. The basic temperature range for world-wide operations
is -250F to + L5°F. For operatlona in hot desert regions the maxi-
mum temperature wiil be 125°F, For operations in arctic areas mini-
mum temperatures will range down to -65°F (-73°F in Greenland aid
the Antarctic). The temperature range for shipboard operations 1s
somewhat more limited, from -20°F to a maximum cf about+ 100°F.
The temperature range chosen should correspond to all areas of poten-
tial operation. For a vehicle such as the LOTS carrier, the range of
-25 F to+ 115°F covers most of the areas of potential operation, inas-
mucii as the LAOTS carrier will be able to operate only in areas open

to ship navigaticn., Siorage environments for ail materials require con-
sideration of high temperatures, as high as 155°F, for a period of up

to four hours daily without solar radiation, and to 185°F with solar radi-
ation of 360 BTUs per square fcct por hcur. Low temperature limits
for storage should be -65°F for periods up tc three days. These limits
appiy io packaged materials and components in transportation and
long-term storage.

Hum 1d1tz *szolute humidity / ranges for world wxde operaiion are from
1Sic foot at 85°F
where 7,000 grains equal ong Dound This corresponds to relative
humidities as low as 5% at 135°F and as high as 100% throughout the
range -25°F to : 85°F. For cperations in arctic areas absoclute humic-
ity will be very low (approximately 0.1 grains per cubic foot}, although
relative humidities to 100% are very common. For desert gperations

relative humidities will be as low as .5 grains per ~ubic foot at 125°F,
\et still as high as 95% in the temperature range from 80° to 85°F .

Precipitation. Equipment must be designed to withstand the effects

oi two types of precipitation--both steady, wind-driven rain, and brief
torreniial downpours. Steady rain may nave intensity of as mucih as
12 inches in 12 hours with a drop size of 2.25 milimeters predominant.
These rains will be accompanied by winds up to 40 miles per hour.
Torrential downpours such as are common ir. the tropics and in the
temperate region thundersterms range up to 7 inches in one hour with
a drop size of approximaiely 3.2 millimeters. The peak rate is up to
2 inches in 3 minutes with a drop size of 4.0 millimeters. These
downpours generally occur during periods of calm to light winds.

Snow Loads and Icing Rates. Heavy loadings of snow and ice on the
vehicle will not only decrease performance but will also tend to clog
engine and fan intakes, ducts, and vundstuelds. AGEMin operauonm
use should pe considered equivalent to "portable equipment” by
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AR 705-15 definition. For this type of egquipment the maximum snow
load will be approx:mately 10 pounds per square foot with 2 dersity of
about 6 pounds per cubic foot. GEMs which are stored in the open may
receive >uow ioads up to 0 pounds per sguare fcot--again at a. ..ens’ty
of 6 pounds per cubic fooi. Iasmuch as mast GEMs now being con-
sidered for venicle applicaticn have large flal areas, the provision
for snow loads may be a significant structural problem. Superstruc-
ture icing will occur in the arctic and sub-arctic (and antarctic)
regions. World areas in which superstructure icing is prevalent are
tabulated in the {irst chapier of reference 1. Naximum superstructure
icing rates may be as high as 6 inches per hour.
Wind. For determinaticn of the effects of wind, consideration must
be given both to the maximum anticipoted steady winds and to instan-
taneous gusts of higher velocity. Standard wind measurements taken
at ift feet above ground level appear to be directly applicable to 2
vehicle such as the GEAL, without modification for height effects. In-
zsmuch as tire GEM is significantly affected by wind lcads, particular
attenticn mus* dbe given to contrul system requiremernts for handling
these loads. XNormal operation conditions in land areas generaily in-
lude maximum winds (highest 3-minute wind) cf 4% miies per hour
with gusts up to 60 miles per hour. In shipboard cperations, wind
speeds range up 0 75 miles per hour with gusts of 100 miles per hour.
It is presumed that during reriods of such winds 211 operations in
which CERls could be involved wiil cease; therefore, these limits
would apply to vehicles which are tied down sboard ship. In storage
sreas and depots, maximum winds may range up to 20 miles per
bour--agein assuniing all mate: ial will be well secured.

Pressure. Atmospheric pressure ranges for GEM operaticns rorm-
ally will be guite limited, excep! for air transportation. A range of
1,060 millibars to 887 miiiibars, corresponding to normai conditions
froi sea level to 3,700 fect aititude, is suitable for amphibicus oper-
ations--in fact, for 80% of all overiand operations i which GEMs
could be used. For air transport, possible range of pressure is down
to 16 miilibars, corresponding to a flight altitude of 50,000 feet. The
combinec efiects of low temperature and low pressure orn 2 packaged
infiatable GERMl in unpressurized air transport may be severe.

Solar Radiation. Maximum solar radiation cerresponds to tempera-
tures of :25°F in the deseri and approximately 115°F i the moist
wropics. In ti» desert areas, solar radiation intensity will be as high
as 105 watts per square foot (360 BTUs per square foot per hour).
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This radiation is made up as follows: 350 per cent izfrared, 44 per cent
visible, and 6 per cent uitraviolet. For the moist tropics and shipboard
operations, some of the radiation is absorbed by water vapor in the air
so that a maximum of 96 watts per square foot inay be anticipated.

This includes 51 per cent infrared. 44.5 per cent visible, and 4.5 cer
cent ultraviolet. Al materials wiii be subjected to long-wave radiation
lcsses in extreme cold areas in which material surface may be cocled
t.elow the ambient air temperature. These radiation losses can be sig-
rificant for long-term siorage.

Blowing Snow. Blowing snow can clog intakes and elecirical mackinery
as well as reduce visibility to zero-zero conditions. Ever in the

United States the =ffects of fine blowing snow have caused significant
disrugtion in transport operations, including a recent storm in vhich a
rzilroad's entire fieet of electric locomotives was immobilized. Design
conditions for blowing snow should consider particles of one to three
mililimeters in diameter accompanied by wind speeds up to 40 miles per
hour. The velocity of the GEM over the surface iray increase the rela-
tive velocity of blowing snow, and sand and dust.

Bicwing Sand and Dust. Blowing sand in thc desert regions is a signii-
icant environmental consideraiion because the sand ran clog sinali
openings and cause breakdewn of lubricated surfaces. Blowing sand is
normally limited to heights of less than 5 feet above the ground.
Approximately one-half oi the sand remains within one inch of the
ground. For GEM aperations the disturbance of this sand by the down-
wash from the jets may be an important consideration. The maximum
intensity of blowing sand may range up to 10 pounds per foot cross-
section. Particle sizes will range from .18 ¢ .20 millimeters diam-
eter, with very few pariicles less than .08 millimeters. Wind speeds
up to 4C miles per hour at 5 feet may accompany the blowing sand.
Composition of the sand is mostly quariz. Blowing dust is distributed
much more evenly throughout the atmosphere. inieiisity of blowing
dust wiil range up to 6 x 10”° grams per cubic centimeter. Particle
sizes will range from 0.1 micron to 10 microns, where one micron
eguals 0.001 millimeter. Again, winds up to 40 miles per hour may
accompany the blowing dust, although winds lower than 15 milcs per
hour will be most common.

Sait Spray. Sait spray is a sigaificant environmental element ir. nrean
arzas and in coastal areas. Cosrosion due io deposits of salt cn
vehicle structure and on the engine _ terior will greatly reduce the
power plant output and structural life. Corrosion must be considered
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for ccastal operations up to about 1,000 fect inland. In general,
salinity of .ire occans is approximately 3.5 per cent; that is, 35 parts
dissolved materials per 1,000 parts water. Salt spray over the oceans
is dependent on the wind, The intensity ranges from 4 micrograms
per square meter at 10 miles per hcur wind to 30 micrograms at 35
miles per hour winds, and up to 100 micrograms at 60 miles per hour
winds, In surf areas salt spray intensity may be as much as 100
times as great as over the open ocean, Salt spray in rai. over water
areas and near the coast may range {rom 2 to 20 milligrams per liter,
M:ilitary experience to date has shown that the results of even the most
carefully designed szlt chamber tests can be very misleading, The
only satisfactory method of testing has been exposure of the test item
to the actual environment in which use is intended.

Ozone. Ozone is the strong absorbent of ultraviolet radiation and
causes degradation of rubber and other organic materials, Generally
ozone is formed by the photo chemical reduction or organic pollutants.,
Natural concentrations of ozone near the surface range up to 3 x 10~
parts per million, while in intense smog the concentration may exceed
5 x 107 “ parts per million. (Reference 4)

Fungus Growth. For all operations in the moist tropics and other
high humidity areas, the growiih of fungus on nonmetallic surfaces
must be considered. The standards given in reference 5 or reference
6 (applicable to aircraft ground support equipment) should be used.
Inasmuch as materials likely to be used for inflatable structures are
normally considered to be subject to fungus growth, it is presumcd
that thesc materials will be tested to determine solutions to this prob-
lem early in their development cycle,

Hail. While hail is not a common occurrence in any part of the

world, the effects of a heavy hail:istorm can be catastrophic for mili-
tary equipment, pariicularly that of aircraft-type construction, Maxi-
mum concentration of hailstorms is in the mid-latitude mountains and
adjacent areas, e.g., a range of 5 - 10 hailstorms annually in Colorado,
Wyoming, and Nebraska, Sizes of hailstones range from 0,5 inches

to C.7 inches in the Uni.ed States and Western Europe, but up to 1.2
inches in India. Rare occurrences of larger hail may be encountered.

Abrasive Qualities of Surface Materials. Although a GEM is designed
to operate without contact with the surface, occasionally during land-
wmyg operations, or when encountering an obstacle, or in the event of
power failure, the vehicle may scuff or slide along the surface,.
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Abrasion of the under surface of the vehicle due to sliding on heaches,
deser: dunes, and other surfaces, will be dependent primariiy on the
hardness and sharpness oi the surface materials. On a worid-wide
basis, beach materials are predomiiantly sand with rounded-to-
angular particles ranging up to 2 millimeters in size. Onu as much as
45 per cent of coastal beaches, larger particles such as gravel and
pebbles range up to 2 inches in size {m>stly rounded) and will be mixed
with sand. In about only 5 per cent of the beaches will particles larger
than 2 inches b¢ encountered. For most GEM operations, mud flats
will be 2 common environmental elemeni; however, the abrasion oi
vehicle under-surface in occasional contact with mud surfaces is no:
considered to be serious. For operation over snow, hardness of 100
to 20,000 grams per square centimeter may be encountered for parti-
cies of 1 to 8 miliimeters in diameter. Hardness of wet snow is much
iess. Abrasive gualities of cther surface materials, including coral,
bare rock, and pavement materials must 2150 te considered. K is
known that coral in its growing state (below the water surface) is very
hard, angular, and may easily tear the bottom of 2 GEM which is oper-
ating as a displacement vessel.

Abrasive Qualities of Vegetation. Contact with coarse grasses,
thorny underbrusn, and rough trunks of trees and swamp vegetation
may also scrape or tear the su:face of the GEM. in this case damage
wiil be due more to puncturing by sharp points than to abrasicn by the
vegetation material. Care must Le taken in operaticn in maugrove

swamps and other marshy areas where exposed roots, tree "'breathers”,
and other sharp items pierce the water surface.

Other Environmental Considerations. For specific missions or
specific geographical areas of operation there may be other elements

of natural environraent which must be considered in relation to the
materials used in inflatable-type GEMs. It is possible, {5 example,
that in some areas insects may create hazards, either by clogging in-
take screens and ducts or by chewing on materials used in construction,
In mast cases the specification for a particular vehicle application

wiil include applicable environmentai consideraiions peculiar to it
usSe or area of cperations.

Table I-6 presents = Summary of Envircnmentai Concitions for
Inflatabie GEM Strucmures.




ABLE I-6

SUMMARY OF ENVIRONMENTAL CONDITIONS
FOR INFLATABLE GEMS

§Temperature
t COF.)

i

:

Region

Arctic
Temperate
Desert

' Operational

Storage

-40 to+113
-25 to+115
-25 t0+125

-65 to + 145
-30 to + 165
-30 to + 185

:Humidity
§ {Absolute)

Arctic
Temperaie
D=zsert

> .1 grains/ cu. ft.
.01 at -25°F to 13 at 85°F
> .5 grains pear cu. ft.

iPrecipitation

Steady

12 inches in 12 hours
2.25 mm. diameter drops
40 mph winds

Torrential

7 inches in 1 hr. to 2 inches in
5 min.

3.2 mm. to 44 mm. diameter
drops

Light winds

Snow Luads
& Icing Rates

Snow Load

3
i0 1bs.[s5q.ft] 20 lbs./sq.ft.at
2t § Ibs.fcu.! € Ibs./cu.ft.

ft.

Max.Icing Rate

6 inches per hour

Sea

Max. 5 min.cont.
Max. gust
Max. 5 min.cont.
Max. gust

40 mph
60 mch
73 mph
10U 1uHn

80 mph

g
rressure

Sea level to
3,700 ft. altitude

887 to 1,060
miliibars

116 to 1,060
miliibars

Solzr Radiation

H
i
i
H
H
!

D2sert

Moist Tropics

125°F with 360 BTU per sq.ft.
per hr.

115°F with 310 BTU per sq.ft.
per hr.




TABLE I-6 (con*inued)

Blowing
Snow

Most severe
character-
istics

1 to 3 :nm diameters blown at 40 mph

Blowing
Sand and
Dust

Sand

10 lbs. per sq. ft. of .18 to .30 mm.
diam. with 40 mph winds at 3 it.

Dust

sx107? grams/cc. of .1 to 10 microns
diam. with 15 to 40 mph winds

S=1t Spray

Open

QOcean

4 micrograms per s, meter 10 mph wind
30 micrograms per sq.meter 35 mph wind
100 micregrams per sq.meter 100 mph wind

Surf Areas

Up 1o 120 times open ocean quantities

In Rain
Near Sea

2 o 20 milligrams per liter

Czone

Nateral

3x10°2 parts per million

Industrial

5x 1072 parts per millisz i: intense smog

Hail

Max. fregq.
Size

5 to 10 hailstorms per year .5 to .7 inches
i diam. normally, up to 1.2 inches
cccasionally

Abrasive
Qualities

Surface
Material
Size &
Character

Bezches - up t0 2 mm in diam. | world-
rounded to angular particles wide
Gravel and pebbles up to 2 in. } 45% of
rounded in form coastal
beaches

1 <5% of

Particles larger than 2 in.
J beaches

Snow - hardness to 100 to 20,000 grains
ner sq. cm. Particles 1 to 8 mm. in diam.

Coral - very hard and angular.

Abrasive
Qualities

Vegetation

Most damage caused by direct puncturing
by sharp points.

Insects

Clogging intake screens
Possible attack on materials.




1.3 REVIEW OF CURREXNT AND PROJECTED GEMS WITH
PARTICULAR RESPECT TO THEIR STRUCTURAL DESIGN

1.3.1 Introducti&n

The vehicles reviewed and categorized in this section are drawn from
those that 2re in operation or have been recently proposed, aud are
+: esented in order to indicate the probable characteristics a2nd per-
formance that may be expected froim third generaticn vehicles. This
performance growth has been borne in mind when reviewing the
utility of inflatable structures and developing recommendations ior

iuture research and develcpment in this area.

1.3.2 General Design Characteristics

1.3.2.1 Saunders-Roe SK X2

General Description

The SR X2 is a 25-tcr. 10 35-ton vehicle, designed primarily to obtain
cperational experience, which will assist in the development of fulure
commercial craft. The general layout is designed round a central
load-carrying arez (o permit easy control of the C.G. regardless of
the size and shape of the payioad.

The buoyancy tank is incorporated so that the vehicle may float on
water, and the bow shape has been determined from model tests
carried out in towing tanks, to provide satisfactory hump behavior
and acceptabie impact forces while at sea.

Structural Aspects

Typical aircraft construction has been used in order to meet the neces-
sary unloaded hover criteria. Materials used are high strength
cladded aluminum sheets with protective coatings in keeping with
normal flying boat practice.

Use of foam-filled light alloy parels in areas subjected o high noise
levels is being made.




The basic structure is a composite bean: ‘ormed by the boat-shaped
buoyancy chamber, the deck above the air duct, and the main cargo
area. Built in conforinance with time-Lonored practice, thris layout
provides a rigid beam in bending and torsion.

The buoyancy chamber itself is dividec into 15 waiertight bilges and
also contains two 425-gellon (imperial) fuel tanks laterally located and
two 100-galicn water baliast t=nks for fore and aft trimming.

Cargo Compartment

A 20 foot x 16 oot cargo area has been designed to accommodate 60
seated passengers or 100 standing troops, fully equipped. Alternate
loads such as two jeeps or 2 3-1jZ tan truck can be accommodated.
Removable side and top panels facilitaie lcading.

Engines an¢ Transmissicn Details

Four Blackburn Al29 (NIMBUS) {ree turbine engines, rated at 815
horsepower (maxim:m control) are housed in pairs in an aft engine
room and drive two fans and iwo reversible-pitch propellers. The
fans suppiy piessurized air for lift and the propeliers supply propul-
sive and maneuvering thrust. Each pair of engines is coupled to one
fanf propeller unit. The shafting for the foi-ward units passes through
the cargo area roof beam.

Controls

The vehicle is completely controlled at all tirues by the propellers.
\i>vement in the desiread direction is achieveg by pitch changes and
swivelling of the propeller pylons through 30 on either side of the

center line.

Ground Handling

Ail normal maintenance, loading and fueling may H¢ 2ccomplished in
and out of the water. On iand, six steel pads «re built into the base
structure to provide a level and equally-distributed loading pattern.

Maintenance

Removal and instaliation of the fans is carried out by removal of the
structure above the fans. This structure has been designed as a
single assembly to facilitate this operation.
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Engine room cowlings are also removable for “in situ” servicing and
engine-changing as required.

Principal Characteristics

Over-all length 60 feet, 3 inches
Over-all width 29 ieet, 6 inches
Power plants 4 x 815 BHP

Fuel 850 Imperial gallons
Typical cruise speed 70 knots

Cruise hover height 1.9 10 1.5 feet
Maximum hever height 2-1/2 feet

Comments on Design and Operation

Although GEMis are unlikely to be commercially competitive with con-
ventional vehicles at gross weights less than 50 tons, Saunders-Roe
consider that insufficient operational experience has been accumulated
to justily going from the relatively crude SR N1 to a 50-ton gross
weight machine. Consequently, the SR Nz has been desigued pri-
marily a5 an operational research <rzaft for use by both military and
civil operators, to obtain operationai experience and to cetermine the
limitations over water. One interesting facet cf the design is the
selection of fan/propeller/ engine sizes based on their direct applica-
tion to machines in the 50- to 100-ion gross weight size.

Experimental model tests carried out by Saunders-Roe on annmular
flexible trunks have now been coniirmed to scme degree by tests
carried out on the SR N1. These trunks serve the dual purpose of re-
ducing spray, thus increasing visibility at low speeds and increasing
the maximum hover height for the same power. It can be expected
that this development will be proven onrt on the SR N2 during 1962.
When developed, Seunders-Roe see no problems te operating both
ways, through breaking surf 6-8 feet high.

With the cargo floor des.gned to withstand loadings up to 300 pounds
per square foot, a full range of military payloads can be tclerated.
There are indications that the structural weights achkieved on the SR N2
are close enough to provide a firm basis for projects specifically
aimed at the miliiary logistics application. However, in the LOTS
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carvizr role with its high demand for cxtreme ruggedness, the SR N2

would have to b« regarded as a minimal design. On this basis, one
could es-imzce that to meet all of the design require.nents for this
mission, som2 5 per cent tc 10 per cent of the empty weight 1n
additional "beefing up" material would be necessary.

From a transpertability standpoint, the SR N2s configuration limits
it to shipbcard carriage, inasmuch as the structure has been designed
as a homogeneous unit with no major unit breakdown.

At a seliing price of some 400,000 pounds sterling {$1,120,000), a
figure based on one to five guaniities, the SR N2 yields a price per
long ton of empty weight of $80,000, fully-equipped and ready to go.

1.3.2.2 vaA 2 (Vickers-Armstro::g - South Marston)

General Description

It is recognized that at this stage in GEM +development, practical
demonstration, particularly overseas, is essential with such a new
type of vehicle. The difficulties attendant un iransporting a large
vchicle overseas have prompted Vickers to construct a vehicle small
enough to be airfreighted and sufficiently developed to prove thc cngi-
neering design and the practicability of application. It is probably the
only GEM at this time being developed, from the start. to be air
transportabie. The vehicle readily breaks down into the main body
unit and six separate ducting assembiies. The two vertical stabilizers
and the pronulsion powerplant are also capable of rapid breakdown.
This is a utility venicle, capable of carrying four or five people, with
a speed oi 40 knots and an endurance of 1-1/2 hours. The vehicle has
immediate application as a fast, executive transport over sheltered
and inland waters and for the transport of personnel over difficuit
terrain where existing vehicles cannot operate.

Structure

In keeping with the Vickers aircraft background, this machine maizes
full use, th-oughout, of aircraft materials properly designed and
treated against the corrosive actions of salt-water operation. The
basic design comprises a primary structure in the form of a stiff
platform, taking the distributed pressure of the air cushion va the
bottom surface. Fans, lift engines, and distribution ducts for the
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peripheral jets are mounted on this platform, with the remaining area
prov.ding carge space or passenger cabin structure. Double curva-
ture is reduced to the minimum and constructional details such as
machired fittings are conspicuous by their absence. The primary
structure is of the box beam ‘ype with bays *pproximately two feet
apart. Transport joinis are of the simple male and female spar type.
Fuli use is made of treated, corrugated cardboard sandwiches for
floorings and side panels. Simple truss mountings for the propulsion
unit facilitate rapid breakdown, and the vertical stabilizers are
attached with female and male union fittings of the simplest kind.

Cargo Compartment

A five-passenger seating arrangement is situated aft of the forward
intake duct. Total payload is 1,00¢ psuads.

Engines and Tratsinission Details

Three Continental engines, using aviation gasoiine, drive the two iiit
fans and separatc propulsion system.

1.3.2.3 VA 3 (Vickers-Armstrong - South Marston)

General Description

The VA 3 has been designed as a true amphibian with a speed range of
over 30 to 150 knots. As such, it will fit the transportation system in
the role of an over-water passenger/ gocds carrier operating from
land bascs or terminals, or for use in areas presently inaccessible

to otrer vehicles. At a cruise height of 8 inches, a 70-knot cruise
speed is anticipoted.

Structure

The primary structure comprises a buoyancy tank and a ducting sys-
tem which form 2 load-carrying platiorm supporting the power units
and the super-structure. The materials are mainly of aluminum alioy
selected from a range of aircraft type gages.

The buoyancy tank is positioned low in the structure and provides 100

per cent reserve buoyancy and stability for the vehicle when operated
over water in rough weather or in the event or = breakdown.
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Pacssenger/ Freight Compartment

The passenger or freight compartment measures approximately 17-1/2
feet long by 1i-1/2 feet wide and can accommodate 24 passengers or
4,260 pounds ol freignt.

Engine and Transmission

Four Blackburn Turbo 603 engines, using kerosene, supply 1ift and
propulsive power. The pronulsive system employs twe reversible,
variable pitch, four-bladed propellers. The fuel tank is a single deep
tank divided to make two compartments. Unpressurized refuelling is
used. Submerged pumps and cross-feeds are inccrporated.

Controis
In addiiion to the direciional control provided by the propulsive engine
and the propeller sysiem, cabie-uvperated ccntrol surfaces on the port

and starboarc coamings provide effective "keel" area to prevent drift
and to assist turning.

1.3.2.4 VA 4123-Ton Amphibious Ferry {Type 3032)

General Description

The VA 4 is a 123-ton ground eifect machine designed as a medium
size passenger and car ferry, operating over economic ranges of 50
to 200 nautical miles. Used in this way, the machine can carry 200 to
400 passengers with a car deck large enough to hold 14 large cars.
The operational hover height of three feet allows the machine to nego-
tiate six-foot waves. Cruise speed is 70 knots. Buoyancy tanks are
incorporated for flotation and the bow has been shaped for over-water
operation.

Structure

The main structure comprises a load-bearing platform and a rigid box
section enclosing the freight decks. This design enables the machinc
to weather rough seas and tc proceed as a displacement vessel in the
event of 1lift system component failures.




Buuyancy tanks and the peripheral ducting system are integral with
the platform. The tanks situated low in the siructure provide a large
reserve buoyancy and stability. Stroag, heavily-plated bows are
fitted to withstand the impact of heavy seas and surface debris.

The superstructure is comprised of cargo holds, passenger accommo-
dations and facilities. The upper deck, which inciudes the navigating
cabins, is mounted over the length and breadth of the main carge and
car deck.

Fuel tanks are accommodated adjacent to the engine rooms in the
buoyancy chamber,

Engines and Transmissioiis

Lift and propulsion engines are aircrait-type gas turbines. The liit
system comprises nine 1,000 SHP DeHavilland "Gnomes'’; the propul-
sion system, two Rolls Royce "Tyres" (TY 12) of 4,400 SHP each:

The lift engines drive centrifugal ians and the propulsion engines drive
fully reversible, variable-pitch, aircraft-type propeller systems
through conventional aircraft-type transmission systems.

Controls

Directional control is achieved by air rudders and propulsion system
engines with 60 of lateral rotation.

Roll stahility is achieved by a central secondary duct running the
length of the machine.

1.3.2.5 Design A (Detaiied Project Study - Now in Construction)

General Description

v’
This design is a 22-1/2 -ton machine designed for researcth , :r Jses.
The basic configuration consists of two propulsive units ir, ..-.em,
mouniad on 2 boat-shaped hull. Two vertical fins are loca..d at the
stern. The air cushion is produced by four fans which pump air out of
the bottom through a peripheral jet nozzle. Stabilizing jets div'de the
base in both directions.




The pilot and copilet are located forward; the flight engineer, the
passengers, and the equipment are located aft. Cargo space is cen-
trally locaied and measures 5-1/2 feet high b, 10 feet long and i8 feet
wide. The hull bottom «usiain: 12 buoyancy chambers. RBuil lines
have been developed in : ~ordance with the over-water performance
in a Sea Staic 3 conditivi.

Stiuctural Aspects

The hull consists of aiuminum alloy frames, :ongitudinais, and strin-
gent stiffered skirts. The structure is welded where water tightness
is required ane riveted in other cases. In nonstructural areas, max-
imum use is made of low cost materials such as waterproofed plywood
and hard-molded, reinforced Fiberglas laminate. With the exception
of the bow structure, which incorporates irame spaces of 15 inches,
frames are located at 30 inches. Sizes vary {rem 2ow to stem as re-
guired for sirength. The top of the air duct is considered as an

inner deck, the top of the hull being used as the shelter deck. Com-
partment between decks is designed to provide buoyancy in the event
of éamage and flooding of compartments below the air-duct deck.

Fuel tanks occupy the space directly under the cargo area and run to
half of the widith of the buoyancy compartment. A companicn way runs
fore and aft on the center line of the machine. Each ducted propelier
consists of an annular duct with an engine, gearbox, propeller, and
cowiing mounted to a center support structure.

Cargo Compartment

A 10-foot by 18-foot cargo area has been designed to accommodate
10,000 puunds of carge at a designed overlosd gross weight of 27 1/2
tons. Total disposable load for both versions is 3.86 tons and 8.86
tons, respectively. A 3-foot by 2-foot hatch provides access through
the upper deck.

Eagines and Transmission Details

Four Sclar Saturn free-shaft gas turbine engines, rated at 1,120 SHP
(m2ximum control) are housed on top of the hult, Two units are
mounted aft and drive all four fans through a mechanical transmission
system. Twu units are mounted in the propulsicn ducts and swivel
with the duct. All shafting is contained in the upper deck structure.
A cross-over shaft links the two lift engines.




Controls
The vehicle is controlled as foliows:

Side {orce is normally produced by rolling. Cushion fan speed is used
to vary heighi. Fore and aft motion is produced Ly the tandem pro-
peller pitcn-power. Pitch and roll control are effected by differen-
tially varying the fan inlet vane angles. Yaw is produced by a rudder
on the rear duct. High-speed turns over water can be achieved by
foils extending into the water.

Ground ilandling

All maintencnce, loading, and fueling may be carried out on iand.
Longitudinal skegs provide a level and equally-distributed lecading
pattern.

Principal Characteristics

Over-ali length 67.5 feet
Over-all width 26.0 feet

Power planis 4 x1,12¢ BHP
Fuel 1,715 U.S. gallons
Light gross weight 43,000 pounds
Heavy gross weight 55,000 pounds
Range 225 nautical miles
Typical cruise speed 70 knots

Typical cruise hover
y!;;:ighf 6 inches

Typical maximum hover 9 v.ches

height

There can be little doubt that this design is the most advanced U.S.
project at the present time. As a research vehicle, it will embody
the latest "state-of-the-art" know-how with contributions coming
directly from research programs in the U.K. and the U.S. As a
prototype, it will aiso be capabie of growth within and without the
present null dimensions. It is anticipated that this vehicle will
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systematically evaluate handling qualiiies of GERis, loading factors
and other structural criteria. controllability, air cushion flow_ duct
iosses, noise measuremants, spray patterns, stakility, and powering
requirements.

It is aiso possible that a large number of appropriate missicns suitable
for the armed forces witl pe 2ttempted ang proven out.

While the design, pariicuiarly the design of the structure, is perhaps
based on exiremely conserivative values, as a research machine re-
quired to cperate in rough seas and othcr rugged environments it is
probably the most realistic GEM to ve configured at tize present time
and is in complete agreemant with ihe S2unde-s-Roe series of iest
vehicles.

it is anticipated tire over-all cost of the prototype vehicle, which is
scheduled for completion in 1963, will not exceed $2.5 million.

1.3.2.6 Design B {Detailed Prcject Study)

General Description

This GEM study, recently proposed, is a four-fan, annular jet
achine with mixed propulsion systems. The machine has a gross
weight range of 33-1/2 tons to 42-1/2 tons overloaded. It has beer dc-
signed to meet rigorous military specifications as an assault and

support craift.

The cargo compartment siaris immediately aft of the forward fans and
extends tc the stern. Clearance dimensions of this compartment are
43 feet long, 20-1/2 feet wide and 10-3/4 feet high.

To facilitate over-water operation, the design is built around a twin
hull concept, the hulls being designed to flying boat practice with bow
shape and dead-rise. Retractabie landing pads are located at the ex-
tremities of each side huil.

Welded bottom plating on each hull is incorporated to insure an ex-
cess of buoyancy.




From a detailed analysis of materiats and methods of constructijon,
the designers de« ided to utilize 7075-T 6 as the basic structur-al
material, and aircrati-iype enstruction utilizing roiled hais for
stifiness.

The major load-carryiug hiuil structure is formed by the cargo deck,
a2 forward torque box, side bcams, and a twin hull bow.

External skin is stiifened by roll-formed hat sections in the jongitud-
inal directions, on the sid2s, and athwartships on the center bow,
where ilat or single curvature panels fazilit: ‘e economical fabrication
on zutomatic riveting and spot-welding machines. This skin-stiffener
combination provides axial and shear strength for primary loading and
distributes local pressure loads io frames spaced on 20-inch centers.

The cargo deck and its substructure cousist of thin skins riveted to
athwartship beams on 20-inch centerz. Plywocod panels cover the en-
tire cargo area and sre 3/8 of an inch thick. Longitudinal stiffezers
on the bottom skini, which is welded, combplete tite structure.

The major longitudinal bending structure is made up of two side beams,
the bottom skins, aid siiiieners. The beams consist of the cargo
compartment side walls the suter decks over the side internal air
ducts, the hull sides, and the longitudinal members 1 the region of

the side nozzles.

The twin hull bow structure is similar to flying boat desiga in all
respects.

Cargo Compartment

A cargo compartment 43 feet by 20-1/2 ieet has beenr designed to pro-
vide space for large, low-density items. A full width aft-loading door
and ramp and full area overhead loading doors are incorporated. A
20-inch tie down grid paitern accessible through cutouts in the plywood
flcoring provides a flush tie down system. ™he deck is slightly con-
vex to permit drainage.




Engine and Transmission Detzails

Two T64-GE-6 (normal rated power 2,680 ESHP) engines are
mounied below the cargo floor with inie engines facing aft, providing
access from inside the machine for servicing, eic. In this location,
one gearbox receives the power from both engines before distributing
iirough shafting and gearboxes to the fans and propellers.

Controls

Two reversible, variable-pitch propellers are located behind the
vertical stabilizers. Power is supplied as above. A twin annular jet
curtain system incorporaies propulsicn louvers along the sides. An
engine exhaust s:ability system divides ihe veaicle athwartships on
the center line. This jet arrangement, together with the variable-
pitch prepellers and a horizontal stabilizer, is considered adegquate
for all desig: cperaticns. Control functions are mechanically inte-
grated into conventional operaiion cunitrovis.

Comments on the Desigm

The most important facets of this detai’ -1 design study are:
Comgatibility with the LOTS carrier roie.

Component breakdown s:ggests a high degree of
transportability.

Structural design is representative ol an cpen sea

operational GERMi.

1.3.3 Materials and Structural Concepts Now in Common
Uszge and Projected for Future Machines

1.3.3.1 Basic Structural Characteristics of GEMs

‘1 ne preceding review of current and projected hardware in the GEMl
ficld indicates that no hard ana fast rule kas yet been laicé down that
would characterize these vehicles in the same way that other trans-
poriation devices are recognized. Aircraft, trains, ships, and trucks
all fit into well-defined patierns where no doubt exists a3 1o whai ithe
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vehicie 1s intended i1c be. Consequenily, jvading criteria and general
structural arrangements arc consiant or nearly so for each type of
vehicle. A case in point is the ship with its central keel, hoop frames,
bulkheads, and shear decks, a design unchanged frem the earliest
shipping times to the present day.

The Ground Eiifect Machine anc its structure have yst 1o be finally
evolved, iu ierms of shape, size, and loading criteria, although sev-
eral relatively large vehicles have been built to {it the transportation
of passengers and freight over water. The widely differing philoscphy
varies irom the Loat-shaped SR N2 to the rectangular barge shape of
ihe VA 4. However, without exception, all first and second gereration
machines have utilized aircraft type, iight alicy-clad sheets and »ox
beam strucrures, z natural choice since their manufacturers have
ticen largely airirame companies. It is also apparent that future
machines now in the drawing board pnase will follcw the same design
piilosopny.

At this point it is well to note why the manufacture of GEMs has and
will be in the hands of aircraft manufacturers for seme time tc come,
certainly until a breakthrough in recirculation or power plant design
is achieved.

From an aerodynamic point of view the GEM is inefiicient. The best
L/D that can be cbtained at the present time at speeds close to 80
knots is of the order of 4 to 7. Tompared with the average transport

aircraft L/D of i6 to 22 or the ship L{D of 100 and up, it is evident
that the GEM wili be extremely high-powered, with 2 resulting poor
operational economy, uniess it is possible to operate at high payload
to gross weight ratios.

Consequently, the GEM's economics are more dependent upon the
eificiency of the structural layout than on any other single parameter.
it is for this reason that it becomes necessary to use aircraft mate-
rials and design techniques for most GEMs. Perhaps the latest de-
velopments in the {icld are some indication of where the final selec-
tion of materials and structural layouts can be founcd in a cusrent
vehicle. The average skin thickness in the construction of the SR N2
is only .028 inch and the over-all structural weight is of the order of
17 pounds per square foot of cushion area (28% of the gross weight).
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Stressing Ranges of G
g g

At the present time there 13 considerable speculation on what loading
criteria should be used in the design of GERls. This is particularly
true n the Ul S., where iittie experience has been obtained on
vehicles except as the resault ci extensive model iesi daia. In the

U. K., the general feelinyg is that loading criteria should be derived
from existing aircraft practices in order to provide a {irm basis for
voguirements which are now being considered by bodies such as the
Air Registration Board and the Alinisury of Aviaiion. A review of
various cowmnpanies' approzches foilews.

1.2.2.2.1 Vickers-Armstrong (South Marston Lid.)

General Consideraiions

For oves-21) strength assessment, the vehicle is considered in 2 num-
ber of representative conditions and placed in equilibriumn under
applied loads and reactive gravity and inertia loads. Normal, unaccel-
erated cperating conditions provide no basis for strengiih, with factors
oi the order under consideratio.

For over-water operation, it is envisaged that, in adverse operating
coaditions, a variety of impacts with appropriate reactive forces will
occur.

in the cushion or zirborne regime, this system of forces will e
additive to the steady unit air and gravity lvads. These combinred con-
ditions are deemed to cover emergency conditions due to engine or
contrnl failuire since it is statistically improbable that adverse waier
«oadilons and engine or controi failure would arise simultaneously.

It is normal practice io design to lower factors in emergency con-
ditions.

The proof and ultimate factors stated assume that 21l material used
for stressed parts is produced to a recognized standard specification.




Strength Factors

in conformity with aircrsft practice, the cases for strength
assessment are based, on limit conditions, thai is, conditions whicih
zre considered te be of sucn severily that they rarely occur.

The choice of sucl: conditions must necessariiy be hat arbi-
trary at the presem siage oi GEM experience and ccuid imply speed
andf or water rougihness limitations if the behavior of tiie craft shows
this to be necessary.

‘The factors provicded on "LIMIT" conditions are:

Proof factor
Ultimate facior

The ultimate factor of 1.5 is useu in all cases except crash cases.

Loading Cases Considered For Current GEMs

Wave impact
Crash
Beaching, jacking, anc towing
Slinging
Mocring
Local and general water pressures on the crait's plating
Centrol system loads.
For wave impact cases, a trochoidal wave of heigit to iength ratio of

1 in 20 is used. It is assumed that the GEM <an operate in waves of
twice the design hover heighz.

Crash cases considered are the c: aft hitting quays. jetties, or ob-
stacles at sea at high soeed, or crash-landing on the shore. In all of
these instances the safety of the crew and payload were considered.
The inertia forces given beiow are used in the design of support struc-
iures for the crew and payload and for objects in the craft that could
affert passenger or crew safety if they broke loose in a crash landing.




The inertia forces in terms of GLTIMATE acceieration are:

4g down tc 3g vp
6g ferward to 3g aft
zero to 3g sideways

MAXIMGM RESULTANT - 6g.

Tha loczl water nressures on the bow of & GEM diie iv wave impact
depend in a critical manner on the bow angle and dead-rise angle as
well as the relative speed at impact. These pressures may be readily
determined when the above angles are optimized and the speed of the
GEM is known.

For mtial siressing cases, the local water pressures on the bow are
1aken as 30 pounds per square inch uniactored.

All other areas of the GEM =xposed to water impact are designed to
withstand a waier pressure of 5 pounds per squure inch unfacic.ed.
This pressure can act or cz=fficient area of the buoyancy platform to
give the acceleration reguired in the wave impact cases.

From a fatigue standpoint, an operational life of 20,000 hours is used.

1.3.3.2.2 Saunders-Roe Ltd. (A Division of
Westiland Aircraft Co. Ltd.)

Detailed design work on GEMs started at this company in October 1958,
the resclt of which was the SR Ni. When the design was laid down,
there was very little information upon which to base the design stress-
ing conditions. Hcwever, since the machine was primarily intended
for operation over water, it was assumed that the engine failure case
would provide a suitably severe design criterion. The assumntions
made were that there would be a sudden engine failure when the
machine wi's operating over waves of critical length and twc feet high
from trougl. to crest, leading iv two main conditions.

The first case is the condition where the machine has been rotated by
striking a wase with its stern in such a way that the maximum siam-
ming load con es onto the bow. This leads to about an 8g acceleration
on the pilot which is equivalent to a load approximately equal to i.25
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times the weight of the machine acting on the bow. Furthermore, it
was assumed thati this could apply to angles ci yaw up to 45 degrees.
This virtually siresses the attachment peint of the outer rims, the
engine mounting and determines such things as the fan clearance.

The second case is the condition where the machine just dives over
one wave and ploughs into the next, so ihat a maximum loagitudinal
deceleration of about 1-1/2g is obtained.

From a crash standpoint, such 2s ii the machine hits a piece of wood
so that the front structure is crumpled, this gives a maximum acceler-
ation of about 2g.

Water pressure acting on the machine is considered to be at 2 maxi-
mum pressure of 10 pounds per square inch on the bottom plating.

These criteria were based on models with no cushion, so that when
the engine failed, the accompanying descent did not illustrate the de-
cay effecis of a cushion; consequently. the vertical rate of descent of
the izert moael was much greater than would otherwise be the case.

When allowance is made for the cushion, the maximum acceleration
on the bow is only of the order of 1/2g instead of 8g, indicating that the
critericn is more appropriate to speeds of 90 knots than to the speeds
of 30 tc 40 knots consistent with the SR N1 performance characteris-
tics. It was thereiore logical that these design criteria should be used
for the development of the SR N2, resalting in a primary stressing
case of 12g at the bow. This acceleration is approximately equivalent
to a force equal to the gross weight of the machine distributed over
the bow area. As pointed out by Saunders-Roe (reference §., this is
in keeping with all forms of transports where the design stressing
condition is equal tc the gross weight applied at its exiremities.

1.3.3.2.3 Ryan Aeronautical

A structural criterion using 2 minimum number of design conditions
constituting reasonable maximum values for the critical loading condi-
tions has been developed (reference 9) by this company. This crite-
rion has been used across the board in comparing GEMs of all kinds
and sizes.




uring 1961 this company analyzed the machine developed by
i:. Coi. d. L. Wosser and Lt. Cmdr. Van Tuyi in some detail from
a structural standpoint. The specifications and performance data
available on this machine were utilized.

in the development of structural criieria, Ryan assuined thai the pri-
juary structure would be designed in accordance with accepted air-
craft design practices.

All ioads and load factors in ihiese criteria are limit loads unless
otherwise specified. An ultimate safety factor of 1.2 is applied to all
limit loads.

The primary siructure was desiged to prevent permanent deforma-
tion at ultimate loads. The secondary structure is designed tc pre-
vent deformation at iimit leads and to prevent failure at ultimate loads.

A summary of load factors used for the Ryan structural design and
analysis is shown in Table I-7.

1.3.3.2.4 Company Design A (Now in Construction)

General Considerations

Thnree cushion-borne conditions have been assumed o be of major
importance as far as the design of basic structure is concerned. The
first of these simulates an impact with the wake of another craft at
the maximum speed. The second condition correspunds to a wave im-
pact in rough water. The third condition simulates an unsymmetrical
wave impact in rough water during a turn.

The maximum bow and stern impact loadings for the second condition
were established in order to produce a load factor of approximately
8g's at the crew compartment and is in general accord with the
Saunders-Roe data for the loads that can be resisted by crew members.
The bow impact 103 s of the first condition are arbitrarily half of

those for the second condition since it is intended that high-speed
operation would take place only over smooth calm water with the ex~
cepiiun of a possible impact with the wake of another craft. The bow
and stern loads of condition three have again been arbitrarily estab-
lished as three-quarters of those given by the second condition.
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TABLE I-7

KRYAXN DESIGN LOADING CONDITIONS

Component

Primary Structure
{Basic Framework
Including Bow)

Engine Pods &
Supports

Secondary Struc-
iure (Enclosu =5,
etc.)

Crew andé Perscn-
aei Safety Struc-
ture

Ducting, Nozzles
& Air Pressure

Loaded Stricture

Flotation Hull

Exposed Deck

Design Condition
Gross Weigit, Flight
G:oss Weight, Landing
Gross Weight, Collision

Maximum Loads
Acting Simaltaneously

Alsximum Leads

Aciing Separately

Minor Crash Loads
Acting Simultaneously

Maximum Calculated
gressure

Landing Pressure

Water Pressure

Limit Load Factor

n, n,

+ 1.00
-0
+ 1.33

+1.33

+1.33

+1.00

1.33 x Calculated
Pressure

No factor applied to
calculated pressure

No factor applied to
calculated pressure

Both the second and third conditions have been fixed as general condi-
tions; in other words, they are applicable to all speeds but the bow and

stern loads are maintained constant.

me specific case that the sec-

ond condition will cover is a 50-knot speed in a Sea State 3. Ina
simiiar way, the third case will encompass the situation where the
to 24 craft lengths at a speed of 50 knots.

radius cf turn is equal




Dedck Loads

To Specification MIL-A-8865 (ASG). Limit floor leads for perscnnel
floors - 300 pounds per square fost.

Propeller Support Loads

The inertia load facior requirements were established at one-half the
inertia load requirements outlined under General Design information
of MIL-E-17341A. (= 14.0 vertical, + 1 athwartships, * 7.5 fore auad
aft) |

Docking Loads

A load factor of 1.0 at an impact velccity of 3 feet per second covers
impacts between the craft and a dock.

Crash Loads

The ultimate crash load factors are based on MIL-A-9965 (ASG).
(Longitudinal load factor shall be 20.0 and shall act anywhere within
20 degrees of the longitudinal axis. The vertical load factor shall be
directed dewnward, ncrmal to the longitudinal axis, and shall be equal
t0 10.8. The load factcrs shall act separately.;

Hoxstixglg Loads

The zertical lvad factor of 2 % is taken from the aircrait hoisting re-
quiremenis of MIL-A-8862 (ASG).

Ground Contact Loads

Two conditions when the craft is supported by irregular surfaces dur-
ing ground handling are considered. The fi. -. condition is an unsym-
metrical two-point contact across the corners of the craft causing a
2g vertical resultant. The second condition is a symmetrical two-
point contact across the center line of the craft causing a 2g vertical
resultant.

Repeated Wave Impact Loads

A total life of 2,500 hours has been snacified, assuming two hours of
operaticn per day, five days per week, fifty weeks per year, for five
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years. In addition, 2 particular distribution of houss of operation in
variudas speed ranges has been assuraed which provides for cne-half
the service life being spent in the 40- to 60-knot speed range.

In the determination of the total zumber of potential wave impacts. an
average wave length (crest to crest) of 62.5 feet has been assumed,
E'Jrrespondingzto a Sea State resulting from a 15-knot wind based on
Aoy =0.278V7,

1.3.3.2.5 Company Desigi ""B" (Dctailed Preliminary Design)

General Considerations

In this design. five loading conditions were considered, based on
empirical considerations which conservatively cover the infinite
variety of possible operating loads. They were wave impact, f'otation
in rough seas, ground landing, crash, and hoisting conditions.

Wave Impact

It vas considered that there was sufficient evidence that a GEM would
«ither deflect a wave crest or be deflected by momentarily increased
cushion pressures as the wave was approached. Once 2gain, the ex-
perience of Saunders-Roe was utilized and calculations were carried
out to check the transient cushioning effects. To snme exient the
selection of wave height and GEM speeds have been governed by this
work. A Sea State 3 (3 to 5 feet trough to crest}, used in conjunction
with MIL-A-8864 and the above work, resulted in the assumptions

that the design wave impact condition would consider a 10-foot wave
with a length to height ratio of 20, and that the GEM would be in a
level steady flight altitude prior to contact with the water slope follow-
ing the characteristic sine-shaped wave. GEM hover height at 60
knots was established at three feet. Operations at higher speeds would
be restricted to calmer water.

Rough Sea Flotation

Due to the compiexity of estimating hogging and sagging loads, a
simplified condition was assumed, leading to a 1.25g load factor.




Ground Landing

Specification MIL-A-8862 specified a jacking load factor of 1.35. A
lateral load factor due to smalil velocities during landing was used in
addition to the jacking load.

Crash Loads

It was cons:idered that the fully loaded GEM should be designed to
withstand crash load factors, to prevent injury of crew or passengers.
Specification MIL-A-8865 was used (8g furward, 1.5g aft, 1.5g side,
4.5g down and 2g up). These factors govern the design of the major
iterns such as the cargo floor, eugine and fuel tank structure, etz.

Haisting

Hoist fittings and carry-titrough structures were designed 12 a limit
lvad facior of 2g in accordance with MiL.-A-8862.

1.3.3.3 Discussion and Summary

The Vickers, Saunders-Roe. and Ryan data on the sirength require-
ments for GEAls are the only published statements on this subjcct at
the present time. The first two companies are both builders of re-
search craft that have {sr some time been exposed to over-water and
over-land operations. In the case of Saunders-Roe, the SR N1 has
shown general agreement of the estimated loads with model tests and
has already accumulated several hundred hours of operation over
water.

However, it would be unwise, at the present stage c¢f development, to
place toc much emphasis on any one approach, regardless of the fact
that operational suitability has been demonstrated to the satisfaction
of the designer. With this in mind, a number of unpublished repcrts
were examined with respect te design phiiosephy, structural criteria,
and general stressing aspects. It has been necersary to refer to them
as Design A or B in order to protect proprietary interests. Tabile 1-8
has been drawn to summarize the leading particulars and to provide
some guidance on the transporisbility aspects. Modular and inflatable
possibilities have been examined for each design and the likelihood of
utilizing these techniques has been indicated in a qualitative fashion.
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that ‘.11 GE M35 are usmg madified aircraft techmques for constructi

and powering. The predomanant philosophy appears to utilize
Saunder;-Roe design criteria or mcdifications of the main loading con-
ditious where greater hover heights relieve the frequency of encounter

=€ 3ty Ay sl sseme- R R R L P R o }5 1 crvrr Y- ' ~VRn o~ els.i‘ 1C
Ui e Gesign WAVT HTIganL 3YSICIN. LW Ivern, N SCme cascee inere

iitile or no provision ior drop leads from maximum bover heights, a2
condition resulting in maximum bending of the siructure. The remain-
ing philosophy is hard to substantiate fo: a military vehicie, which
must be rugged, dependable, and capable of long service life. Inan
attempt to correlate these variztions, three methods of comparison
have been used. The iurst, shewn in Fig i-1, piots the gross weight
of the machine against the percentage of the gross weight required
for siructure; structure in this case includes all primary, secondary
strictures, as well as the ducting where ducting consiitutes an iniegrai
part cf the tctad structure. From this figure, the differing design
chilosophies are evident with variaticzs =5 wide 3s 14 per cent to 45
per cent over the size range. Over the 30- to 49-ton gross weignt
range. however, the range narrows from 28 per cent to 35 per cent
with perhaps a reasonably good mean of 33 per cent.

In terms of the structural weight per square foot of cushion area,

over the same size range the same wide variety of design philosophy is
evident. Figure I-2 has been drawn for a size range in keeping with
the LOTS mission. It will be seen that for five vehicies, roughly i

conformance with this mission characteristic, the variation in struc-
ture weight per square foot of cushion pressure is between 10 pounds
per square foot and 25 pouuds per square foot.

nc other atiemnt his been m'ide to correlate meaningfully the various
designs, using the well known " Driggs" paramezter for aircraft fuse-
lages and hulls (shown in Fig. I-3), where the total surface area of
the enclosed structure is used to obtain preliminary weight estimates.
From 2 mean line drawn through the Vickers data, no satbfactory
correlation can be expressed except to say tiat above the line, the
vehicies may be characterized as rugged, heavy-duty type vehicles
while, below the line, vehicles must be scomewhat suspect, dependent
upon the operationai condition expressed by the designer to relieve
frequency and size cf load applications.

At this time, it would appear that, until service reguirements are
agreed to by industry, no reliable weight estimates or suitability for

operations criteria can be formed.
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1.3.3.4.1 Conciusions

1. XNe firm structural criteria exist for Ground Effect hiachines.

2. Lcading cases and load faciors being used at present vary
according 16 the particular design philosophy, viz; low hover
heights - high loading cases and factors; high hover heights - low load-
ing cases and factors.

3. Shepe of cushion area and ratio of planform area to cushion
area are major considerations in assessing structural and

pavicad area efficiency, viz., the becw-shaped hull of the SR N2, and
1ts low cushion a2rea iv planform arez resuli in a dense structure lead-
ing to high unit weights per square foot of cushior area. The rectang-
ular pianform and high ratio of cushior area to planform area of Design
B lead to low unit weights per square foot of cushion area. However,
in both cases, the percentages of structure weight to gross weight are
appiroximately equal.

1.3.3.4.2 Recommendations

1. Studies are required to make a detailed annlyeis of existing
designs and projects with respect to the interchange oi power
plant weight for greater hover heights and reduced structure weight.

2. Flexible base components such as annular trunks reguire
further c..alytical and experimental work to verify current
claims. A better understanding of the azrodynamic and structaral
problems associated ~ith flexible structures is required.

3. A means for evaluating the correct choice of structural
criteria for a particular GEM is required. In this respect,
current and projected environmental conditions must piay an important
part.




1.3.4 The Probable Utility of fmfiatabie Siructures
Reviewed and in Future Desvelopments

The economy of GEMs is vitally depeadent on the vehicle struciure
weight, which jtself is vitally dependent upon the loading conditions
utilized. To date, the correct loadings for GEM designs, particularly
over-water, have not been determined. Consegu-=ntly  the designer
has to rely on his own intuition, experience, and ingenuity in deciding
what loading conditions he shall use. The results so far have been,

2s indicated, very widely varied; the heavy structures arising because
the critical loading conditions comprise impact conditions during which
the precise loads are unknown, but undoubtedly large, and the light
structurcs developing as a resuit of discounting the probability of im-
pact, with consequently lighter structure.

One very immediate applicaiion of inflatable structures consists in
providing 2n outer structure capable of absorbing impact loading and
smoothing out the extreme transient loads, thus enabling the heavy
rrimary structure to be assigned to carry relatively steady loads of
anpreciably reduced magniiude compared to the impaci loads them-
selves. A direct parallel to this situation in the past history cf irans-
portation was the introduction of the pneumatic tire. As anyone who
nas tried to drive a car with solid tires over rough roads can verify,
the pneumatic tire extended the vehicie service life and speed capability
immensely; the samme can be anticipated for GEMs.

The development of purely inflatable GEM structures is a possibility ,
probably more remocte than the above application since the previous
section has indicated the severity of the basic vehicle loading, and this
would terd to demand pressures weli beyond present practice, or sizes
that would not be compatible with current thinking in GEM configurations.
The possibilities in this area are the subject cf Chapter III of this study.

As GEMs develop in the future, improvements in lift efficiency, me-
chanical efficieiicy, fuel consumption, and structural techniques, wiil
tend to expand the range of practical GEMs from those currently under
development for commercial and military use to much iarger GEMs
and for some specialized applications, much smaller GEMs.

In the case of the larger GEMs, soine consideration should be given to
enabling appreciable power reduction for a given lift, in order to offset
the rapid increase in vehicle weight with size. The most probabie road
to success in this direction is to reduce the mass flow required in
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supporting the vehicle, and this in turn requires relatively smail
cicarances belween the vehicle zir-jet system and the surface at ali
times. In these larger vehicles, the obvious need for flexible ducting
of some kind to sazusiy this requirement can probably best be met by
inflatable construciion, since soine measu."e of bending stiffness would
be desirable in the ducts, and it would be difficul! to provide this with-
out going to a great deal of material if approaches other than infiatable
structures were used.

For smailer GEMs in the future, there may pussibly be a casc {oi
developing a compleie vehicle of inflotable structure, making the whole
vehicic take the loads imposed, rather than a singie beam or plate.
Such an approach may be perfectly {easibie structurally for small one
or two-man runabouts, carriers, fast snort-range assault vehicles,
and s on. From the viewpoint of both structural efficiency and per-
jormance, such an approach could be saiisfactory; however, the en-
vironmental conditions for its operation would most likely determine
the success of its application.

1.4 MATERIALS AND THEIR CHARACTERISTICS
FOR INFLATABLE STRUCTURES

1.4.1 General Considerations

Since inflatable structures may be constructed of any flexible pressure-
tight material, a wide range of possible materiais and material con-
structions can be projecied. This section outlines those materials

that have been considered, indicates those that may warrant investiga-
tion, and summarizes the characteristics that have been establisned
for those materials suitable for inflatable structures.

The materials from which the skin of an inflated structure is composed
generally have two major components: the fiber from which the cioth

is woven and the elastomer that is used to seal and protect the fiber.

Fibers that have been considered range from cotton through a wide
range of man-made fibers. The choice of fiber is determined from
two basic requirements, plus other important considerations. First,
it must have adequate strength, and second, it must possess a suific-
iently long operational life.




The elastomer is chosen 10 provide adeguate piressure seai capabilities
and satisfacivry resiswance o environment. ‘lhe combination of the
iwo provides an effective structural material, as indicated by relative
strengtihf weights in Figure 1-4. This figure shows the ratic ot the
material ultimate tensile strength in pounds per square inch to the
effective material density for a wide variety of materials suitabie for
use in sheet form, The ratio for the fiber structures is shown for
both the fiber alone and for typical, practical, cloth construction, pro-
viding adequate air-retention and environmenrtal capabilities. The
values indicate that, for ultima:e strength, ihe fiber materials can be
comparable to metal sheets. Thus, adequate vehicle life can be en-
sured when strength factors are taken into account.

i.4.2 TFibers

The most desirable characteristics of fibers for inflatable construc-
tion, are high strength-to-weight, ease of manufacture and subsequent
working, low cost, compatibility with easily available coatings, and
good energy abscrption characteristics. Some of the se characteristics
are shown in Table I-9 for a wide range of fibers that are in usz in the
textile industry today. Thc work of reference 10 was used extensively
in the construction of this table.

It can be seen from the table that many fibers in common use today
possess high stiffness and high strength, and would appear to be suit-
able for inflated structures. The experience of fiber manufacturers,
cloth weavers, cloth coaters, and inflatable structure designers and
constructors has been that nylon and Dacron fibers are, in general,
the most acceptable materials to use, with some preference ior nylon
mainly because of its lower cost and ti:e greater experience in handiing
and manufacturing available for design and construction. It should be
notcd that mest manufacturers® final products have nct been weight
critical .;o that a greater weight of lower strength materials have been
acceptable thaa would be dssirable in a weight-sensitive item such as
a CEM.

Nylon and Dacron in fabric form can be satisfactorily bonded, coated,
and used to provide design swrength in the final article. The life of
both fibers is well established as a function of appiied load, so that a
firm design study can be undertaken with guaranteed results, for a
specified vehicle life. Typical fiber life as a function of load is shown
in Figure I-3%, which clearly illustrates why nylon and Dacron are pre-
ferred to many other fikers. It should be noted that Fortisan, which

*Goodyear Aircraft Corporation.
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TABLE i-$

TYPICAL CHARACTERISTICS OF A RANGE OF FIBERS

Family Fiber

Average
Specific
Gravity

Average
Stiffness
ksi

‘I'ensile
Strength
ksi

] Viscose
Rayon

r Foriisan

Acetate -
Nylon
Acrylic Zefran

Mod- -
acrylic

Poly- Dacron

ester

Olefin Poly-

etnylene
Saran -
Glass

Cotton

490 to 559
2,240
93
51C to 720

167

990 to 1120

244 to 610

175 to 262
10,500

1,126 to
1,180

65 to 105

i36

22 t0 28

86 to 134

53

50

i 10 138

50 to 30

44

200 to 224

44 to 108

23 to 34
16 to 28
33

39

10to 14

10 to 20

15 to 25

3.0

14 to 30

6

30 to 45

13 to 32

33

39

10i0 14

10 to 20

10 42 25

2.5

Reference 10: "Man-Made Fibre Table", "Textile Worid", McGraw-Hill.




Family Fiver

TABLE 1-9 (continued)

Hysteresis

Elastic
Recovery % % Strain

Wet Strengin
% Dry Strength

l Viscose
Rayon {

7

Acetate

Nylon

Acrylic

Mod-
acryiic

Poly-
ester

Olefin Poly-

ethylene
Saran
Giass

Coticn

70 to 100 2

inn

-

60

48 to 65
100

a9¢

72

c8

63 to 72

2

62 to 80

87 t¢ &5

as

i00

100 (65)

110 to 130




Absorbency

Pty 2
Wz

oo S a.-ia%e
i CTS3 NG dni¥in,

strength at 30C F

J Fortisan 1i020 Does not melr, loses Attacked
strength at 300°F

Acetaie 6 to i4 Loses strength be-  Aitacked
fere 350°F

Nylon 4109 Loses stirength Bgoiling or
before 350°F cons erstrated
acids will
attack

Acrylic Zofran Loses strength Resistant
before 490°F

Alod- ioses streggth Resistant
acrylic before 250 ' F

Poiy - Loses strcé':gth Concentrated
ester before 480°F acids wili
attack

Otlefin  Poss- Negiigible Loses strength Resistant
ethylene before 240°F

Saran ioses sié-cngth hr - Generally
fcre 240°F resistant

. Glass Negligible Lose% strength by Resists most
1,300°F

7 to 27 Loses strength by Attacked
250°F




Fiber

Acetate

Nxlexn

Acrylic

Mod
acrylic

Poiy-
ester

Olefin

Viscose

Fortisan

Zeiran

Pacron

Poly-
ethylene

TABLE 1-9 (

Alkalis

captinued)

Chemicals

Organic
Solution

Alldew

Sirength
reducton

Strength
reduction

Saponifica-
ilon

inert
Attacked by
strong solu-
tions

Resistant

Attacked by
boiling strong
solutions

Resistant
Generally
resistant

Resi
most

Undamaged

atiacked

Attacked

Good re-
sistcnce

Gocd re-
sistance

Gosd ro-

sistance

Good
iesistance

Good re-
sistance

Gcod
resistance

Good
resistance

Good
resistance

Reacts

Cenerzlly
iiisoluble

Resis:ant

Soluble in
some

Gencerally
insoluble

Generally

insoluble

Soluble in
some

Generally
insoluble
Soluble in

some

Generally
insoiuble

No change

Resistant

Attacked

Attacked
High
resistance

Xot
attacked

Not
attacked
Not
attacked
Not

attacked

Not
attacked

Not
attacked

Attacked
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is a very high-streagth fabric, has very poor life under load which
renders it unsu:table for vehicular structures.

1.4.3 Coatings and Bondings

The choice of coating and bonding muterial is related to the environ-
mental conditions, and must be compatible with the base fabric maie-
rial. Such gquosiicns as resistance te mechanical working (involved
in packaging and storing), creep characteristics, temperature suit-
abitity, resisiance io fuels, vaone, fungus, €ase of application, ¢ic-,
must all ke answered satisiactorily before a material can be finally
accepted.

Materials meeting the above fzli inte the family pattern of rubber anua
have the general characteristics shown in Table I-10 from reference
1}; of these, oniy a few are generzlly suitabie for use in infiarabie
struciures. Present practice has indicated a strong preference for
necprene as a bond material and hypalon for abrasion and ozone re-
sistance under ordinary handiing conditicas. Other :naterials such as
viton and adiprene are under investigatica for increased abrasion re-
sistance.

The following information {rom reference 1l shows that rubber is
idealiy suited for the purpose of coating other materials. It is elastic,
flexible, airtight, adhesive, and a gocd nonconductor of electricity.
Different types of rubber have varying degrees of electrical resistivity.
Rubber also ahsorhe shitk and vibration. Because of the unique com-
binaticn of these properties, rubber is constantly finding new areas of
ase

While each type of rabber has its cwn outstanding characteristics that
distinguish it from the others, prcper compounding, processing, and
vulcanization are fetcssary to bring out the optisnum qualities desired
(e.g-, high tensile strength and elongation, low compression and
permanent set, good zbrasion resistance).

1.4.2.1 Naturai Rubber

The outstanding characteristics of natural rubver are its high gum
tensile strength, low heat build-up or hysieresis, and low compres-

sion and permanent s€t. Gum stock natural rubber has a tensile
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strength of uboat 4,000 pounds per square inch and elongation at
sreak of 800 ner ceont, Natural rubber compounds are not resistont

to tuel and vil. “These compounds swell and lose tensile strength when
il coatact with gasoline, iso-octanc, benzene, toluene, and other
hvdrocarbons,

As an insulating material, natural rubber compounds have good elec-
trical resistance. Being hygroscopic, natural rubber gradually loses
its elecirical etliciency under high humidity over an extended perioc.
Rubber can be made to adhere to metals. The most effective adhesion
to ferrous . :tals can be obtained by brass plating the adhesion area.

1.4.3.2 Synthetic Rubbers

1.4.3.2.1 Stvrene Butadiene Rubber (SBR)

Styrene Butadiene Rubber (SBR) is made by the copolymerization of
butadiene and styrene monomers. It was formerly called GR-S (also
known as Buna-S) meaning "'government rubber-styrene'; however,
since the government-owned synthetic rubber plants were sold to in-
dustry last year, the term SBR has been more or less unofficially
adopted. Like natural rubber, SBR is not resistant to oils and hydro-
carbon fuels, SBR is the workhorse of the rubber industry and is most
commonly substituted for natural rubber. Enough tonnage of this
rubber was produced by this country during World War II to save us
from the critical rubber situation. Unlike natural rubber, SBR re-
quires reinforcing fillers such as carbon blacks, clay, and other pig-

cents for the needed tensile strength, Gum stocks of SBR have ten-
sxle strength of about 300 pounds per square inch, On the other hand,
tensile str engths of 3,500 pounds per square inch are obtained in
stocks loaded with carbon blacks.

There are several types of SBR. One type, known as Cold Rubber,
which was polymerized at 41" F instead of 122 °F for the common types,
possesses better abrasion resistance and tensile strength than the
regular SBR, although it is not so flexible at extremely low tempera-
tures. It is thc one most commonly used for passenger tires,
Another type, known as the Lcw Styrene Rubbers is flexible and
serviceable at temperatures down to -65 °F. Highly plasticized or
oil-masterbatched SBR are also used for low temperature service.
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i¢ rub
ts (1) re-

eneric name for chioroprene-base synthe

F ‘eoprene valuatle are

: solvents, (2) resistance io hez

and oxvgen, {3) resistance 1o ozone and weathering, and {4} ilame:
retardance.

1
i

Its ozone and weathering resisiane qualities have made it the stand-
ard in many ciecwronic applications. It can be compounded and proc-
essed as readily as natural rubber and in a similar fashion. The end
itemns made from this chlorinated rubber possess the good quatities
ol aaiural rubb2r plus its own desirabie properties previously men-
tioned. However, its fleaibilily =i sub-zZero ton zeraiures is not as
good as that of natural rutber. Neoprene -an be made :0 adhere ex-
ceptionally well to 2ll metals.

1.4.3.2.3 Nitrile

XNitrile, like Neoprene, is a specialty rubber. Resistance to fueis
and oils is the most important property of nitrile rubbker, and is th-
main reason {or its extensive use, even though it costs substantially
meore. Nitrile rubber, coriginally known as Buna X, is a copolymer
of butadiene znd acrylonitrile. The proportion =f acrylenitrile in the
polymer determines the degree of fuzl resistance. Generallr-, nitrile
rubber 15 mare oil-resisiant than neoprene, but it does not srave 2
good ozone and weathering resistance. It has better low temperature
flexibility. Nitrile rubber is processed and vuicanized in a fashion
similariy to natural rubber and SBR.

i.4.3.2.24 Butyl Rubber

The mosi striking property of butyl rubber is i1s high impermeability
to gases, including air. It has been shown that butyl rubber is aboui

7 t0 16 times as impermeable to air as natsral rubber. Butyl rubber
has a very good resistance to deterioration by ozone and heat. It
possesses excellent tear resistance. It is also resisiant tc acide,
alkalies, and a2romatic kydrocarbons. Butyl rubber has very good
electrical properties. The largest outlet for butyl rubber in non-
transport items is in the preduction of insulated wires and power
cables. Good electrical properi:es are retzined even after immersion
in boiling water for varying pericds.

I-72




Buiyl rubber is made by copolyrerizing iscibutylene with a small
amount of isuprene 4.5 to 4.5 per cent). Several grades of butyl
rubber representing varying degrees of unsaturaticn (depending on the
cmount cf isoprene) and different ranges of molecular weights are
commercially avajlable. Butyl rubber vulcanizes more slowly than
natural rubber due to its limited unsaturation.

i.4.3.2.5 Polysulfide Rubber

The polysuifide rubber, commercially called Thickol, is known for
its resistancc to fueis, oils, and crganic secivents. & aiso hac the
best low temperature fiexibiiily of ail comuuerciaily availabie fuei-
resistant rebbers. It may be mentioned that some unpublished data
show ThLiokol to be as good as butyl rubber with regard to air im-
permeability; however, Thiokol has nruch lower tensile strength and
abrasion resiswance than natural rubber or SBR.

Thioke! is prepared by a condensatior reactisn of aiiphatic dihalide

and sodium polysuliide, Various types of polysuifide rubber, both in
ligquid and iu solid forms, are commercially avzilable.

1.4.3.2.6 Silicone Rubber

Silicone is unique in many ways. No other rubber surpasses silicone
rubber in the range of temperature over which the usefui rubbery
property is retained. Silicones are flexible dewn to -80°F and stable
at temperatures as high as :‘;OGOF. In addition, it is resistert o0
ozone and weathering, and to lubricating oils. It possesses good
electrical properties. Severzal types of siliccre rubber, voth in com-
pounded and in gum stocks, are commercially available. Each type
possesses a particular set of properties.

Silicone rubber is compounded and vulcanized differently from naturai
rubter sr SBR. A short press cure followed by a long oven cure is
required. The curing agents are usually organic peroxides. In the
firished products where close tolerance in dimensions, particularly
in: electronic applications, is important, care mus: be taken to con-
sider the shrinkage of silicone rubber during vulcznization.




.4.3.2.7 Polyvurethane Rubber

Polyurethane rubber, known as Vulkollanes, was originally made in
Germany by von Bayer and s co-workers. Various iypes and grades
of polyurethane rubber are presently neing produced in thie United
States. The ouis:anding properties of this rubber are: (1) superior
tensiie sirangin up 10 7,000 pounds per sgquare inch; (2) high abrasion
resisiance {several :imes thai of natural subber); and (3) ozone and

weathering resisiance. I is aiso flame-retardan: and fuel resisian:,

Although one of the newest commercial rubbers or: the market, it is
finding uscs in the elecironics iield, since it can be used in compres-
sion molding. liquid cast.ng, or injection molding (iransier). Intri-
vaie cores and shapes can be mouldea. Polyureihare rubber has good
eiecirical properiies wiuilow loss factor at high trequencies.

1.£.3.2.8 Hypelon

lon is a chlorinate sulionated polvethylene rubber. lis outstand-
ng properties are stabiity ai high iemperatwres and resistance o
1zmicals, oxidizing agents, and 10 ozone. It is used in hose,
gaskeis. diaphragms, O-rings, tank linings, ete., where resistance
to oxidizing chemicals is desired. It also has gocd resistance to
hydrocarbon fuels.

-

Hypalon processes well in ordinary rubber equipmeni. Ik is not
vuicanized by sulfur like natural rubber. Mletallic oxides are used as
cruss-linking agents. Magnesia has some advaniages over litharge as
2 curing agent for Hypaion.

1.4.3.2.2 Fluorinated Rubbers

Fluorinated rubbers are recent developments. Two fluorinzted
rubbers on the market today are known as KEL -F Elastomers and
Fluoro-Rubber 1F4, recognized {or their resistance t¢ sirong oxidiz-
ing chemicals, acids, hydrocarbon fuels, lubricating oils, hydrazine,
etc. They are flame-retardant and thermally stable at high tempera-
tures. They also possess good electrical properties and excelient
ozone resistance. However, they become stiff and brittle at sub-
Zero temperatures.




1.4.2.2.19 Polyacrylate Elastomers

Polyacryiate eiastomers such as Acrylon EA-5, Acrylon BA-12, and
Hycar 40621, are on the market today. They are copoiymers of
acrylic acid ¢siers. They are oil and fuel resistant. Polyacrylate
rubbers are of special interest because of their abilily to withstand
the deterisrating effects of sustained high temperature (up to 409°F)
in air and in many nonaqueous irnmersion media. They alsc nossess
good ozone resistance and electrical properties. They become stiff,
however, at sub-zero temperatures.

1.4.3.2.1 Synthetic Cis-Polyisoprene

Syathetic cis-polyisoprene on most cournts is a duplicate of natural
rubber in every respect, including the low heat build-up character-
istics. The significant application of this new rubber will be as a
replacement to natural rubber in big track and aircraft tires in times
when natural rubber is not available.

1.4.4 Fabrics

i.4.4.} DBonded Plied Fibers

The fibers may be used directly as fibers laid up in the required direc-
tion to take the load and bonded together. By this means practically
the full tensile strength of the individual fibers can be realized, with
poor tensile strength at right angles io the fibers (directly due to the
bond strength). Tais process is particularly useful where unidirec-~
tional stresses are encountered; a2 moi ¢ eificient load-carrying sec-
ticn cun be develcped with lower bond weights and coating weigh:s, hut
witn low strength normal to the fibers.

1.£,4.2 Woven Fibers

Whnen woven as a cloth, the fibers are much mor« readily handled and
utilized in manufacturing a product; however, the fuli strength of the
fibers is not reaiized, except perhaps when a load is apnlied in the
direction of only cne set of fibers. Sev~ral weaves are possible; how-
ever, the simple weave is most widely used. Its performance is easier
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io predict, and it is much cheaper to make, When loads of roughly
equsl magniiude are applied in the warp and {ill direction the fiber
stresses are higher tian the applied loads, due to fiber crimping., A
reasonable assessment can be made of the fabric sirength as a func-
tion of fiber strength, by considering fabric geometry.

Consider a simple weave with the same fibers for warp and fill, woven
with even teasion on bcth warp and fill so that the two direciions are
indistinguishable from each other. Assume that the {abric is so made
that the {ibers are packed together in both directions, as far as they
can go, yet still resuit in a symmetrical warp and fill as shown in the
following sketches:

Unclosed Fabric Closed Fabric

I T,is maximum fiber tension, the longitudinai load supported by

each fibes is




Load per inch of fabric load per fiber x fibersj/inch.

Fiber lcad = Fiber siress,f x cross-sectionail
area

therefore

Lcad per inch

Hence, for a fiber with an ultimate strength of 150,000 pounds per
square inch, Ior example, woven into a fiber with equal warp and {ii1
threads of .015 inches diameter and equally loaded along all :our sides,

the load per inch at breaking will be approximately % x 150,000 x .015

or 884 pounds per inch. Such a fiber, if made from Dacron, would be
of approximately 1,400 denier. This example agrees reasonably well
with a particular "hot stretch"” Dacron of 1,100 denier, which has a
base fabric strengin of approximately 800 pounds per inch.

When woven, the fabric can be utilized either for exterior cloth with
very low permeability, or for interior structural material. The in-
ternal structure can be made of the cloth as woven, wherexzs the ex-
terior cloth has to be treated in order to provide good air retention
capabilities and good resistance to the environmental conditions re-
ferred to in the previous section.

1.4.4.3 Exterior Cloth Construction

The following sketch is typical of cloth construction designed to pro-
vide good air retention and good environmental resistan.e.




Envircenment Resistance Outer Coating

Bond

Air Retention Fabric Laysr

Bond
Base Load Carrying Fabric

Bond or Inner Coat, where required

Thie base fabric may consist of one or more plies bonded to the
straight weave, or several layers of straight weave, depending on the
complexity of the loading requirements.

Other configurations are quite possible--the way in whica the fabric
skin is made up Is dependent on the loading and environmental require-
ments and the method of construction--but the arrangement outlined
above is typical of most areas that are not subjected to hishly complex
loadings.

1.4.4.3.1 Tynical Practical Fabrics

A typical deveiopment of a practical cloth having a construction very
simiiar to that described has resuited in the fcllowing detailed weight-
breakdown, enabling strength and weight relationships to be outlired
for use in preliminary design work and structural comparisons,

Basc Fabric Strength (Ibs/ inch) 325 800
Component Weights {0zs]/sq.yd.)
Abrasion Coat - Hypalon

Bond - Neopnrene

Air Retention Fabric - Nylon or Dacron
Bond - Neoprene

Base Fabric - Nylon or Dacron
Coating - Neoprene

Total Weight ozs{sq.yd.




Utilizing these data, the characteristics of typical practizal fabrics
airé as ouilined i Fiy. I-6. Sireagiiis nigher than 300 pounds per mich
have been achieved by bonding together two or more layers of base
fabrics. with a corresponding increase in weight. From the tabulated
data the approximate weight at any strength of practical outer fabric
can be estimated. The lower line on the figure shows the plzin base
fabric weight, in which higher strengths are obtained by adding more
fabrics. Bonding may be undesirable for internal siructure where
permeability is required to permit inflation zir fiow. When bonding
is necessary, the weight may be increased by approximately six
ounces per square yvard per additional fabric layer. I is considered
that these data are typical of fabrics required for heavy duty outdoor
applications such as in the consiruction of parts for a GEM structure.

i.4.4.3.2 Eavironmental Test Data on Fabrics

A limited amount of environmental test data on fabrics and coated
fabrics has been published. The foilowing data have been compiled
from reference 12 and appily directly to GEM inflatable structures.

1.4.4.3.2.1 Salt Water Environmental Test Frogram for Fabrics

A two-phase program, established with the Materials Division of the
Bureau of Ships, was adcpted on & February 1960 tc explore the
effects of sea water on fabric specimens continuously submerged in
the Miam: area. Tests compieted 10 date demonstrate that sea water
operations cf GEMs will not materially reduce fabric life.

Phase I consists of an evaluation of the basic available cloth ar:3
elastomer materials {Dacron, Nylen, Rayen, Cotion, Neoprene,
Chemigum, Chemiqum-Vinyl, Hypalon and Nzaiural Rubber).

Phase II consists of a lisnited iiierature s. vev to determine what
work has been dune with regard to inhibitior -f 1culing organisms on
structures. Based on this survey and the Phase I test results, a
limited number of test specimens using improved materials contain-
ing and/or coated with anti-fouling niaterials will be evaluated.

Eleven specimens of each of eleven Phase I materials were delivered

to the Miami Marine Research Test Station, Miami Beach, Florida,
on 1 March 1960. One of each type of the eleven materials will be
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marked for weight. tensile (strip and grab) elongation. tear and
burst tesis¥,

BuShips' monthly reports on marine fouling of these specimens not
only cover the fouling of the specimens and glass reference suriaces,
but also provide pertinent atmespheric data. In addition to Phase i,
a program was 1nitiated to determine the effects of the ocean environ-
ment on the seam strength of various c¢cated fabric seam coastruc-
tions which might be used in the iabricztion of underwater fabric de-
vices. To accomplish this, ten seam sambles each of four different
censtructions were prepared for exposure purposes. These speci-
mens were sent to the Miami Marine Research and Test Station on

2 May 1960. These specimens will be given seam strength tests.
The rasuilts of the tests to date on these specimens are published by
BuShips along with the fouling reports on these particular saccimens.

As part of the Phase II effort, specimens have been preparad of an
elastomer which has been impregnated with various concentrations of
either a Vanderbilt anti-fouling compound or a chloradane compound.
These specimens were shipped to the Miami Marine Research and
Test Station on 22 August 1960 and will be exposed, inspected, and
shipped back for test on the same schedule as the Phase I specimens.

Two other special specimens have also been prepared by using an
elastomer sheet material that could be metal plated. One of these
specimens was plated with copper and the other with nickel. These
specimens were shipped to the M_ami Marine Research and Test
Station on 22 August 1960. They were exposed and observed for foul-
ing like the Phase I specimens and returned for observation and
physicai tests after several months exposure.

The initial program was started by submerging samples of cotton,
rayon, nylon, and selected materials from this group coated with
various elastomers into an ocean environment to determine the

effects of such an environment on the anti-fouling and physical
properties of the materials. Additional specimens of elastomers com-
pounded with anti-fouling agents have also been subsequently sub-
merged at the Miami Marine Research and Test Station.

*For explanation of tests, see Federal Textile Specification 5512,
CC-T-19lb.
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At the end of three months! imriersijon, the cotton cloth completaly
deteriorated. A similar situation occurred with the rayon cioin at
the end of four months! immersion.

O the basis of the test results obtained thus far, of the uncoated
cloths, aylon 263N is exhibiting the best tensile strength and elonga-
tion properties, while the Dacron cloth is Tunning 10-15% below the
nyion.

Examination of the datz coliected over an eight-month neriod reveals
tizat no single coated nylon specimen in the group covering coated
fabrics using muivaliy similar cloth (nylon) exhibits superior physical
properties in all categories when comgpared to the other costed speci-
Inens in the group.

On the basis of strip tensiles, the chemigum/ vinyl-nylon fabric shows
the most favorable results thus far, The hypalon-nyion, neoprene-
nylon, and chemigum-nylon fabrics are closely grouped in second
place while the crude rubker-nylon fabric falls into thira place.

In the grab category, the tensile values fall into two distinct groups.
The chemigum/ vinyl-nylon and chemigum-nylon fabrics show the
best results, while the neoprene-nylon, hyvalon-nylon and crude
rubber-nylon fabrics exhibit lower values and fall into the second
group.

The elongation res:=:lts reveal about a 12% spread thus far with no one
material clearly showing superior characteristics. A teniarive rank-

ing based on eiongation would put the materials in the following {min-
imum or maximur:) order:

(1) Crude rubber - nylon fabric

(2) Hypalon - nylon fabric

(3) Chemigum - nylon fabric

(4) Neoprene - nylon fabric

(5) Chemigum/vinyl - nylon fabric
From a tear standpoint, the material values once more fall into
three distinct groups with about a 20% spread. In order of their
superiority, they are hypalor-nylon fabric in group 1; the crude

rubber-nylon, chemigum/ vinyl-nylon, and reoprene-nylon fabrics in
group 2; and the chemigum-nylon fabric in group 3.
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The evidence collected in the hydrostatic (Mullens burst test) category
to date reveals thai, for ali practical purposes, the materials are
equal.

One interesting characteristic that ail five of these materizals have ex-
hibiied, at various times thus {ar in the exposure cycle, is the tend-
ency to shew increasss in tesi values over the original unexposed con-
trol specimens in all categories. The appearance of this phenomenon
is erratic hoth in time and Liagnitude. Conseguently, it is difficult to
conclude at this time whether the cause is due to variation in the
materials, aging, accuracy of tests or some yet to be determined fac-
tor. Future observ«tions of test data will include an effort to pin-
point the origin of this pheromenon and determine ine exteai ol iis
importance.

In the coated fabt -s with mutually similar elastomer (neoprene) cate-
gory, neoprene-cotton and neoprene-Dacron fabrics, are those mate-
rials being considered. Examination of the test data collected on the
necprene-cotton fabric, over an eight-month period, reveals that, for
all practical purposes, this material had over-extended its useful life
in an ocean envirenment, This is iliustrated in the following summary
of test results:

Strip Tensile Warp - 33 ibsfin. Fiii= 4.5 Ibs/in
#(370 1bsj in) {339 lbs/ in)

Grab Tensile Fill =0
(268 1bs/ in) (244 1bs/ in)

Eiongation Warp= 33% Fill =13.4%
(19%) (15.5%)

Tear Warp - 1.2 1bs. Fill =1.5 1bs.
(9 lbs) {9 1bs)

Hydrostatic (]
(1,000 PSR

#Figures in parentheses indicate original control specimen values.




The neoprene-acron fabric when ccmpared with neoprene-nylon
fabric exhibits equal or better characteristics in all caieguries. Whnen
compared with oiier materiais, the neoprene-Dacron fabric appears
to possess the best over-all physical characteris:ics at this stage of
the exposure cycle.

At the end of six months expousure, the four types of seams fabricated
from neoprene-nylon fabric show the following over -all percentage
drops from original strengths:

Cemented1 - Air Cure 25.6%

Cememed1 - Open Steam Cur 32.6%

2
Taped - Air Cure 19.6%

T:—lped2 - Open Steam Cure 27.1%

1 . . R
Piain lapged vemented joint.

2 Lapped cemented joint with tapes applied
along edges of joint.

The spread in the results thus far is 13% but not conclusive enough to
indicate any marked advantage being held by 2 particular seam type.

Initial test specimens of elastomer compounds for coated fabrics con-
taining anti-fouling compounds are in the process of being tested.

On the basis of the test data accumulated through eight months from
cloth and fabric specimens submerged in an ocean environment, the
following conclusions are drawn:

Cotton and rayon cloths deteriorate after 3-4 months exposure to sea
water; therefore, these materials would be satisfactory for short-term
applications only .

Cotton and rayor: cloths coated with elastomers extend the lifetime of
these materials to about eight months. This would be satisfactory for
short-term applications.

Nylon and Dacron fabrics exhibit the best physical characteristics thus
far.

Gt e o Rt b e




At the end of ten months® exposure, no single elastomer coa.:ng shows
an over-all advaniage in physical characteristics over the other coat-
ings in the group.

The coated Dacren fabric compares quite favorably with the coated
nyion fabrics with respect to all physical characteristics.

At the end of eignt exposures, the neoprene-nylon seam specimens do
not indicate any decided advantages among the four types being tested.

1.4.4.3.3 Strength - Temperature Properties of Materials

The strength of fabric materials and the coating compounds are
affected by the ambient temperature at which they are used; neoprene-
coated nylon and Dacron, for instance, show a pronounc-"d strength
reduction as the temperatures increase to 300° to 400° F, respecfnely.
In the case of fabric made of metal threads and coated with silicone
compounds, relatively high temperatures exceeding 1,100°F will re-
duce the strength of the material only about 50%.

in the case of low ambient temperatures the synthetic fabric shows im-
proved siructural qualities. At -60°F the tensile strength increases
25% and e &ongahon decreases from 35 to 25%. At temperatures
from -60 to -100°F, little data are available but no damage is ex-
pected uniess the material is saubjected to severe folding, packagmg,
or buckling. In general however, at temperatures below -40°F , the
coating compcund becomes very brittle, hence limiting fabric utz_ity

at low temperatures.

Strength-temperature properties of fabrics are shown in Fig. I-10.

0t S ———— ———————————
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Neoprene-Nylon Fabric
Hypalen-Mylon Fabric
Strip Chemigum /Vinyl-Nyvlon Fabric
Tensiles | Chemigum-Nylon Fabric
Crude Rubber-Nylon Fabric
Neoprene-Dacron Fabric

Neoprene-Nylon Fabric
Hypalon-Nylon Fabric

Grab Chemigum /Vinyl-Nylon Fabric
Tensiles § Chemigum-Nylon Fabsic
Crude Rubber-Nvlon Fabric ——

Neoprene-Dacraon Fabric

“eoprene-Nylon Fabric
Hypalon-Nylon Fabric
Chemigum [Vinyl-Nylon Fabri
Chemigum-Nylon Fabric
Crude Rubber-Nylon Fabric
Neoprene-Dacron Fabric

Elongation

Neoprene-iiylon Fabric
Hypalon-Nyiou Fabric

Physical Fropertics

Neoprene-Dacron Fabric

Neoprene-Nylon Fabric
Hypalon-Nylon Fabric
Chemigum /Vinyl-Nylon Fabric
Chemigum-Nylon Fabric
Crude Rubber-Nyion Fabric
Neoprene-Dacron Fabric

Hydrostatic

Note:
Averaged Through 8-Month Data

1 a1 2 | I i
-100 -80 -60 40 -20 ]

% Loss Or Gain From Original Control Specimen Values

Fig. 1-7. Variation In Physical Properties Gf Fabrics
Under Environmental Test
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1.5 INFLATION SYSTEMS REVIEW

i.5.1 Inflation System

Tie Inflation system is dependent or. the followisng primary parameters:

1. Inflation pressure
2. Inflation volume

Rate of inflation
g secondary paraimelers:

Number of compartments
Inflation sequenrce

Maximumn damage capability fpressure maintained
vs. leakage area)

0,

topping-up" reguirements.

Regular

1.5.2 Components of the System

Required typical components of the inflation system ore:

Compressed air source
Distributicn system
Sequencing valves
Shut-off valves
Pressure relief valves

Damp vaives

1.5.3 Inflation Pressure

Inflation pressures will vary in accordance with the design require-
ments. Pressures from 10 to 20 pounds per square inch for primary
structures and up to 40 pounds per square inch for secondary struc-
tures are considered maximum practical values from a safety
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standpcint, although inflatable structures have been subjected to
pressures as hiigh as 150 pounds per square inch,

1.5.4 Inflation Volume

This parameter is a tixed figure dictated by the size and design of
the crait.

1.5.5 Rate oi Iniiation

Rate of inflation will be diciaied by the desired assembty time of the
machine and must be controlled at proper rates consistent with han-
dling vehicle components.

1.5.6 Number of Compartments

Design considerations such as inflation pressures, and buoyancy com-
partmentation to maintain the flo.ability of the machine in case of a
oadly damaged structure, will dictate the number, positions and size
of compartmenis.

1.5.7 Inflation Sequence

This will be dependent upon the different pressures used and the
appropriate erection sequence of the different parts of the structure.

1.5.8 Maximum Damage Capability

it is expected that during the normal operating life of the vehicle, the
inflatable structure will be subject to diiferent kinds of damage depend-
ent on the operating environment or due to battle damage. Since it is
vitai to maintain the inflation pressure for structural integrity, the
~rmpressed air system must be designed with encugh capacity to cope
»ith the maximuin leakage anticipated. A system designed to take
care of this kind of damage willi have more than enough capacity to

take care of the normal leakages associated with this kind of structure.
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the requirements of extensive damage, it is suggesied that internal
sealanis or automatic foam injection systems be studied o stabilize

the damaged part of the structure.

1.5.9 Cocmpressed Air Sources

There 2ie three periods during which an inflatable structure requires
a source of compressed air. They are:

1. Inflation of the structure during assembly.
2. Inflation of the structure during actual onerations
for compensating the losses due to leakages or in

the event of damage.

3. In the event that there is an "increased strength"
requirement, for sho:t periods of operaticn.

The prime source of compressed air can be divided in two categories:

1. Ground suppoit equipment.
2. Craft-borne equipment.
Tie first category does not require any special treatment since by
definiticn, its capacity and delivery pressure characteristics wiil be
adequate for the inflaticn requirements.
The second category can be of several difierent types such as:
Independent compressor units.

Compressed air storage cylinders.

Air compressors driven from the auxiliary power
outputs of the main engines.

Compressed Lleed air from the main power turbines.

Rani air intakes at high speed.




The first two may be called independent since they do not require tiie
operation oi the main engines. The independent air compressor can
be used for inflation, operaticnal leakages, and pressure changes,

since the total volume pumped is unlimited and only dependent on time
cf operation,.

Figure I-1 presents the power requirements versus C.F .M. and in-
flation pressure. Table I-11, covers a range of representative air
compressors, showing their weights and prices.

1.5.10 Compressed Air Storage Cylinders

These are 1..t considered a practical solution either for inflation or
emergency, due to the limited capacity of air and the big penalty in
weight to be paid, plus the need of special charging facilities.

1.5.11 Bleed Air fror: Main Turbine

This system, aithough it provides an approoriate capacity for infla-
tion purposes, requires special cooling installation in order to bring
the temperature from the levegs depicted in Table I-12 to a tempera-
ture appreciably less than 180 F.

From Figure I-12, for a capacity of 10 C_.F M. at 150 pounds per
square inch, or approximately 100 C.F .M. at 15 pounds per square
inch the percentage of power lost is 1 per cent or 26.9 SHP. This
figure does not comgpare favoratly with the power of 5 to 10 HP re-
quired by an independent compressor, either in terms of power, or in
weight of fuel necessary to compress the same amount of air.

1.5.12 Ram Air Intakes

A ram air intake system is not considered practical since the speed
necessary to compress air to 10 pounds per square inch is far beyond
ne range of anticipated operating speeds of the GEM.
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Cubic Feet Per Minute

Fig. 1 -il. Horsepower Vs Capacity and Pressure
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% Of Power Loss

25 50 75 100 125 150
Volume Flow (C.F.M.)

Fig.1 -12. Volume Flow Vs. Power Loss At Constant Bleed Pressure
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CHAPYER I

BASIC STUDIES

2.1 STRUCTURAL CBARACTERISTICS OF
INFLATABLT STRUCTURES

2.1.1 Introduction

The basic differences between the behavior of infiatable structures
znd conventional structures are:

(i) ‘7he strength of the infiatable structure cza be

FYN I FPs S . o e 2
varicd by Chignglig the inflation pressure,

(2) Suesr loads in the infiated structures are taken largely
by components of {iber tension, which >rimarily arisc
{rom either iniiial {iber orientation or deflection of the
fibers under load, rather than by the shear stiffness of
the structural material.

The fibers of the constructior mater ~. c:..~ bz selected
and oriented to carry the maximum principai
stresses at any point in the structure.

Elastic limit loads on the infiated structure in general
arise when the fabric buckies initially; reduction of
the load immediaieiy restores the structure toits
original configuration and strength.

There are many possible forms that an inflated structure member can
take depending on the selection of basic skin material and cn the method
of construction. A structure may be fabricated at one extreme irom

a large number of simple components, connected by noninflated joints,
or at the other extreme by one complex but complete structure, utiliz-
ing sophisticated and exact selection and distributicts of material and
fibers to provide the desired strength and ro more, and to maintain

an accurate coniour.
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In ihc first case, simplicity of construction, ease of maintenance, and
inhereni sufeiy in the event of the failure of one section are obtained
at the expense of a smooth accurate contour and 2 multiplicity of con-
nections to provide inflation air. In the second case, smooth accurate
contour and structural eificiency are obtained at tiie expense of com-
piexity and cost of construction, need for careful maintenance and
careful repair, and the vulnerability inherent in having only one in-
flatable compartment. The decision to utilize one form or the other,
or some comgromise between them, can oiily be made after a thorough
analysis of the advantages and disadvantages of each type in terms of
weight, cost, maintenance, and vulnerability.

Several investigaters have published analytical works on infiaiabie
structures that provide a good base for future investigations, and some
experimental data has been published to verify the theories, with mod-
ifications. In particuiar, for GEM configurations, the analyses on air
mat beams and plates in references 13, 14, 15, and 16 are of interest.
No attempt has been made here to utilize the results of these analyses,
excest where they develop fundamentzl relationships, or present basic
data. Additicnal data is available in references 17, 18, 19, 20 and 21.

Basically, an inflated structure exhibits behavior very similar to that
of a rigid structure. With proper design, it can take bending loads,
torsion loads, tension loads, and shear loads; the load-deflection re-
laticnchips are essentially the same for both types of structures, ex-
cept for shear loads. Except iz those cases where the structural mate-
rial is thick as » result of small physical dimensions and high infla-
tion oressw -1ear loads are essentially taken by components of
fiber tension introduced either by initial orientation of the fiber, or by
change of the fiber orientation due tc the appilied load, or both. This
means that shear deflectioa of the structure may be a greater propor-
tion of the total deflection than would be the case for a rigid structure.

2.1.2 Technical Analyses

2.1.2.1 Definitions of Symbols Used in the Analysis

A area enclosed by the periphery of a cross-section,

A area enclosed by the periphery above a line drawn
y distance y from, and paxaliei to, the neutral axis,

n-2




cross-sectional area of the material at a cross-section,
A for an inflated cross section,

surface area of inflated zection,

width of the flat sides of the example section,

a constant,

a constant,

mndulug of ridiagitv
Rl -2

longitudinal ctrain at x, assumed uniform,
modulus of elasticity,
E for inflatable structure material,

E for rigid structure material,

two stresses normal to each other,

principal stress resulting from fj , fygo and g,

hoop pressure stress,
longitudinal pressure stress,
longitudinal bending stress,
a longitudinai {ibre stress
depth of the example section,

second moment of inertia of cross-sectional materiai,
about the neutral axis,

I for an inflatable cross-section,

fepentikitedigh Ll Pt




ffor a ri ion,

polar moment of inertia of cross-sectional material
about the torsion axis,

J for an inflatable cross-section,
J for a rigid cross-section,

factor allowing for non-uniformity of shear stress
due to bending across beam section,

nath of

bending moment at a section in the beam,

normal from 0 to the tangent to a point on the
periphery cf the section,

a datum point within the enclosed area A,
perimeter of the inflaiable cross-section,
inflation pressure,

a general shear stiress,

q at distance y abGve neutral axis,

q due to torsion,

radius of curvature in bending of the beam,
radius of curved part of inflated cross-section,
distance around the periphery from a datum,
shear force at a section,

material thickness,

torsion in the inflatable skin,




+
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i @ section,

total strain energy,

material thickness at y from the neutral axis,
coordinate distance along the beam,

distance of centroid of Ay from the neutral axis,
coordinate distance from neutral axis,

deflection of the neutral axis

coordinate distance normal to x and y,

angle between principal stress and f, direction,

angle used in developing expression for hoop stress,
Poisson's ratio,
shear strain,

angle of twist under torsional load.

2.1.2.2 Design Inflation Pressure

The first step in developing an inflatabie structure to withstand a
given loading situation is to deterinine the inflation pressure neces-
sary to prevent wrinkling of the structure under the :naximum oper-
ating loads, and to prevent collapse of the structure under design
ultimate loads.

2.1.2.3 Loading Conditions at Which Wrinkling Starts

Consider that the fabric is homogenous a2nd isotropic ior the purposes
of analysis. In an element of the materiai under load, the stresses
applied are as shown in the sketch, and comprise tensiie siresses,
L fH in mutuaily perpendicular directions, and shear siresses q 2s
shown in sketch.
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The resultant principal stresses of this stress system are

fL+

P
p 2

+

so oriented that

or

-q -
xp-iL

Waen wrinkling occurs, one value of the principal stress approaches
zero, from a tensile direction; i.e., fp: 0. For this to occur,

qz-iLfH=Oorq=V_fI?- ond ian =-i£:l ]
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2.1.2.4 ‘the Stresses, i, fﬂ, and q

L

The stresses at a location in the structure derive from the applied
loads and are dependent upon the cross-sectional gecmetry of the
structure at the location in question. The applied loads comprise;
tension, compression, bending, shear, and torsion. Probably in any
combination, together with the basic inflation loads required to pro-
vide structural integrity.

In evaluating the wrinkling loads for a given loading situation, the air
is to relate inflation pressure to the applied load as a function of sec-
i{ion geometry. The total values of f , f_, and q, will be the algebraic
sum of ali stresses inthe L, H, and shelr directicns induced by the

applied loadings.

For simplicity in the analytical examples, 2 simple air mat beam,
closed along the side with semi-cylindrical sections, will be utilized
wherever analytically feasible; otherwise. a cylindrical section will
be used. Using these sections the individual contributions due to the
applied loads that go to make up the total strescses at any poiat in the
structure will be examined.

b

Pt

[TIII T
AR MAT THREADS
0” DIAPHRAGIS

Tae Example Section

The example section is composed of a parallel-faced zir mat type
secuion, consisting of two fabric load-carrying skins separated by
drop-cords cr woven diaphragms tc which have Leen added sides of
semi-cylindrical section.
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The over-all dimensions are as shown in the sketch. It is assumed
that ihe malerial ihickness ol the section is constaut around the
periphery and has the value t.

2.1.2.5 Geometric Characteristics of the Section

The geornetric characteristics of the section are:
perimeter,
area of enclosed section,

second moment of area of load carrying material,
about the horizontal plane of symmetry,

first moment of area of load~carrying material
between y and y h/2, taken about the horizontal
plane of symmetry,

materizl thickness at plane y, = constant 2t.

The expressions for the above ciiaracteristics are:

Perimeter (P

- = xh
P=2b+ xh 2b‘l+2b,

_ 2b
- xhll+xh)

Area (A)

a-= bh+—-bh(x+% :(u%)
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1st Moment of Arez A , (A -y)
y By Y

(Ay-}) tb ( %) + th’V(hlz)z-y2
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2.1.2.6 Stresses in the Inflated Beam

Let the y axis be normal to the neutral axis of the inflated Leam,
positive downwards. Let the x direction be along the beam, coincident
with the L direction and the s direction he transverse at any point in
the skin, coincident with the H directicn (Sketch under 2.1.2.3)
Hence, stresses in the x direction comurise longitudinal pressure
stresses, bending stresses, compression and tension stresses.
Stresses in the s directions are entirely hoop pressure stresses.
Shear or q stresses arise {rom tne sh2ar associated with a varying
bending moment and the shear due to torsioa.
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2.1.2.6.1 The Pressure Stresses in th

2.1.2.6.1.1 Hoop Stress

The hoop stresses in the curved part of the secticvn are defined by the
balance of forces acting on an element of the curved section.

Consider an element of unit width and length S along the curved por-
tion. As indicated in the sketch, let x be the radius of curvature, let
the angle formed between

the radii at each end be 28,

and let the skin tension be

Tg, reacting the load due to

pressure p. For equilibrium ? \/

of the element,

2T_ sin B -p-2r sinB = 0.
Therefore,
TS s p°r,

Now,




Since the drop cords, or diaphragm, take the pressure stresses
between tie two parallel sides of the section, it can be seen that this
value of fy holds irue for the whole perichery of the section.

2.1.2,6.1.2 Longitudinal Stress, f.

The longitudinal stress developed is dependent on the end conditions
of the tube or beam, whether it be constant siress across the section
or constant strain throughout the length of the beam. Because of the
appreciable values of Poisson's ratic ;; that have been established for
seme woven-coated fabrics, reference 12, the assumption of nnifarm
stress cannot be fully justified 2 pricri. However, uniform strain
does seem a practical condition ana is used here.

For uniform strain ex, and constant Young's modulus, E.

=fx TRt
p

Now for longitudinal equilibrium at any cross-section,

pA = fi:fx .ds
P

where ds is an elemental length of the perimeter. Therefore,
s -1
pA=§t‘Eex+Ez-l:—n l ds
and since e, is assumed constant

- uph
PA=1t Eex + >t P

uph ph
2t *"5] P
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This same result is arrived at in this case by assuming uniform stress
distributions. Thercfore,

2.1.2.6.2 The Bending Stresses ir the Section

With the same assumptions that govern the conveutional bending
thesry, the same expressions appiy “in toto™.

2
Bending moment M= i. -9—-;—

3
X
.2_1. = = yB » from conventional theory.

Therefore, since

£ = My
X5 ghS [1 41;]
—_— $ —
8 =

2 :.2.6.3 The Shear Stresses in the Section

2.1.2.6.3.1 Vertical Shear, S, Accompanying Bending

The shear stress distribution in a beam subject to both bending and
shear from a given applied load is

s AyT .
qy: E i mhl from conventionai theory.




Ay
where the expression for _Y°~  from the previous section charac-

teristic summary, becomes

ALy
S AR
I

therefore

a =

2.1.2.5.3.2 Rotational Shear Due to Torsion

Again from thin-walled tube analysis, withk the same assumptions, the
following applies:

ap = T. _T ,
2At ‘hz,.. 1+4—b
2 zh

2.1.2.7 Evaluatior of inflation Pressure p Required
to Prevent Wrinkling

At each _oint in the section, wrinkling commences when g= 1w,

as developed earlier. The required inflation pressure is that value
which, if used, will prevent wrinkling anywhere in the section; heace,

H-13




it must be =qual to or greater than the maximum value derived from
the above ewvnreg

o]
S22 8SGACHh.

The expression, when appropriate substitutions are made, becomes

From this

(3)2 [l>+ 4b /xh 7
2t 1+ 2b/xhj

Solving the quadratic gives

-3V (B) e




decreases
increases
until at y = 0 iB|= (]

C is 2 maximam.

2

Hence, the maximum value of + p between y=+ b and y = 0 gccurs
= v h B
when y =0. However, as y decreases from zero to - 3 ,(-3 )

increases and C decreases, until at y = h/2

B
=+~=+ ==Bor{.
P=i3 or

In order to determine whether tais is the maximum value of p re-
quired in the section, the value of p needs to be determined as a func-
tion of y; a railier complex analysis is required in order to determine
the precise location that gives the value of the maximum required in-
flation pressure, aad is considered too involved for the purpose of
this study.

In a practical thin-walled structure, and particularly in the section
under consideration, the shear stress in the compression and tension
faces of the section is quite substantial, becoming more so as the

sectic-n( g) parameter increases. Under these conditions it is

aeg e

rezlistic to consider the maximum pressure coidition as arising at
the compression face, with full shear taken into consideraiion.

For many beam probleins, where the loading can be considered
equivalent to that on a simply supported beam, the maximum bending
moment coincides very closely with zero shear, and except for very
short beams the bending stresses are the dominant stresses in the
beam. Under these conditions. the inflation pressure can be esti-
mated purely from ine maximum applied bendicg moment (and the
applied torsion if it exists) and the maximum pressure condition taken
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to orcur on the compression face. Consequently, for the purposes of
this analysis, it will be assumed that p does not reach a maximum be-

tween y = - ;- and +-l-l-, bur has its highest value at y = - .12’. ., i.e., on

the compression face, at which point the contribution of the shear
stresses tn the siress disiribution is minimized.

L both T and S are zero, ther the shear stresses are zero, and the
principal stresses depend entirely on the bending and pressure
stresses.

Under these circumstances, fy B* f, = 0 at wrinkling, i.e.
Hd

My
xth

8

Therefore,

~
142
- a2 t-:Ty) xh

S a? (14-1'3)7}'

- xh

Clearly the maximum vaiue of the pressure occurs for lyl =-l21 and

when (-My) is positive; or, in other words, when the pressure stress
counterbalances the compression stress due to bending, to give zero
stress in the outer fibers on the compression face of the beam. There-
fore. the desired result is

2
s M| 't

p=— . —
3
© e R)




2.1.2.8 Inflated Column in Compression

Another loading condition of interest is that of the column in
compression -- here, the requirements that govern columns with
shear flexibility are satisfactory, when modified to allow for tne
effective shear modulus of ine infiated column.

2.1.2.9 Discussion of Inflation Pressure p
to Prevent Collapse

Having discussed the applied pressure loads required to prevent
wrinkling of the structure, some consiieration must be given io
collapse of the structure, i.e., the load at which the structure will
completely collapse at sorzz critical section. The collapsing load is
equivalent to the ultimate load for conventional structures, whereas
the wrinkling load is equivalent to the elastic limit load of such struc-
tures.

The collapse load is reached when the structure has wrinkled ali the
way around until only the outside fibers remain in tension. At this
point, theze fibers carry all of the presst “e load (pA). X it can be
assumed that:

(1) The neutral axis of the section does not change
during wrinkling,

(2) The outer fibers can cariy the total tensile pressure
load, then collapse moment can be taken as

&

an°
P-—3

and this is equal to

(M wrinkling) . 2




With these assumptions, collapse mument divided by the wrinkling

moment lies betwzen 1 ars 2.

Note, nowever, that it 15 doubtful that these assumpt:cns can be
rigorously held, since the neutral axis must move toward the tensicn
side, and the strengtn of the outer fibers will be limited. If the
assumptions were true, the stress in the outer fisers would tend to
infinity. Since no available materials can withstand such stresses,
such conditions should result in failure of the fabric; however, many
tesis have been carried out without fabric failure, indicating the
assumptions cannot hold.

More sophisticated hypotheses have been developed indicating collapse
values that lie In between the simple value and ihe first wrinkling
moment. Muach work remains to accurately determin_ and verify the
collapse conditions; for preliminary design work, "collapse" and "first
wrinkling" can be considered as coincident, 2nd the structure can be
designed to its ultimate strength at "first wrinkiing."

2.1.2.i10 Stru-tural Deflection

The basic structural streagth having been determined hy the collapse
and wrinkling loads on the structure, the structural stiffness can now
be determined by choice of material properties and thickness.

The total structural deflection in any given direction is composed of
translation and rotation in that di—ection. For a beam, the total de-
flection is made up of deflection due to bending and deflection due to
shear. For a torque tube the deflection is due purely to the torsion
loads.
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2.1.2.10.1.1 Deflection Due to Bending

From canventional beading theory:

This is true, as long as the basic assumptions for bending hold true,
which are:

(1) Plane sections normal to the beam longitudinal
axis remain plane.

(2) Sectior depth is small compared to the radius of
curvature.

(3) Neutral axis of the beam coincides with the line
ioining the centroid of area of every cress-section.

(4) Beam cross-section is constant.

(3) Bea:: material is uniform.

2.1.2.10.1.2 Deflection Dae to Shear

The over-all shear moduius of a portion of structure in the elastic
region is:

Over-all Shear Stress .
Shear Strain

The over-all shear stress :is:

Shear Force
Material Cross-Sectional Area, Am

dnote e A sty v b s EER SER S A1




Shear force = (Net tensile force x ¢)

and since the tensiie iorces due to bending cancel cut aiong the beam
axis

Net Tensile Force = Pressure Force {p x A)
where A is the enclosed area oi the beam. Therefore,

PXAX

A
m

Shear Stress =

-pxAXx 9%
Shear Modulus Am X o

A% gy A0 d Wer? b9 s Lk ] fraomsnns e ks & Tt v <t

Shear Deflection

Again,
» Shear Modulus - Shear Stress Stre_ss
Shear Strain

where K allows for non-uniformity of shear stress across sccticn
and is greater than 1

6 s
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therefore,

Hence

__K
dy—pA . dM,

K ;
g i = — - M
Snear Deiflection pA (M2 i
where subscripts 1 and 2 rafer to the points between which deflection

is desired. The equivalent formmnia for a rigid beam with the same
cross-sectional area is

Shear Deflection = .(%I My - Mi)

where C is the modulus of rigidity of the material. Hence, an
equivalent 1-. 1ulus o1 rigidity in this case appears to be the pressure
P, when comparing inflatable and rigid beams of the same external
form.

Note: K is obtained from a *‘-ain energy analysis of the beam with
unit loading. For exampic, a cantilever with the desired
cross-section, loaded with unit load at the free end gives rise to

we=__ U
N F———
( L
2AnC .
where L is the beam length and U is the total strain energy absorbed
due to unit load. A typical value for K is & , for a rectangular cross-

section
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Torsion.1 Deflections

As discussed earlier, the material of the inflated structure possesses
virtually no shear stiffness cn its own account. However, inflated
tubes have demonstrated torsional rigidity; therefore the iorsional
rigidity must arise primarily by virtue of the inflation pressure.

Consider a perigheral length ds of the cross-section of an inflated
tube of length L (see sketch). Let the angle of twist on the surface,
measured by 2 straight line generator on the surface of the tube, be

é . Let the longitudinal pressure stress be f PE and let transverse
plane sections remain plane.

Then the component of iongiiudinal pressure siress in the plane of the

cross-section = fz sin @ .

Zence, the torque developed by element ds, about some point 0 within
ine section, is [(f, sin® . tds)n] and the total torque on the
sectionis =§ (f, sin ® . tds)n, integrating around the complete
periphery.

In this expression, f, is constant for uniform longitudinal strain,

t is constant, ¢ ——, therefore,

ffl sin ® tnds

ffl t nds




wherc J is the polar moment of inertia of the section material.

A . . -
f’_ * Bt where P is the section perimeter

-8 3 pA

e Pt
Conventional torsion theory gives.

= L
T C. i J.

/pA’)
Hence, C s\%—t-/ as found for the bending case. The torsional

deflection @ is obtained from

2.1.2.10.1.3 Deflection Comparison Between kigid
and Inflatable Structure

The ratios between corresponding rigid and inflatable structure deflec-
tions, for beams of the same applied loading, are as follows:

Bendin _ Rigid Deflection _ _ °rI7
Zencng Tnflatable Deflection ~ Bl

Rigid Deflection _ "1~ A[° P
Inflatable Deflection ’JR. Am. C

Shear and
Torsion

Note:

The appropriate material geomeiry in each case must be used in
evaluating geometric quantities Il’ IR' Am' JI’ and JR’ while AI

is purely the inflated cross-sectional area.
n-23
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2.1.3 INFLATABLE STRUCTURE STRENGTH
ESTinIATION AND STRESSING

The maximum values of bending inoment, shear for:e, torsion, otc.,
that wiil be met with, first in normal operaticn, and secondly in emergency
icrashj operations are first deiermined for each portion of the structure.

A safety factor is applied to these values to account for estimating
discrepancies, and then the resulting loads utilized to determine

{1} the infiation pressure required io prevent wrinkling
under normal lcad conditions, and

(2} the inflation pressure required to prevent collapse
under emergency load conditions

at each point in tiie structure for which loading data is availabie. At

this stage in design, it will be advisable to check the structure geometry,
to provide a common required infiation pressure for as much of the
structure as possible so that reascnable structural efficiency is main-
tained. The choice of inflation pressure will generalily tend towards the
highest that is acceptable from construction and environmental c~sid-
erations. Further investigation may be necessary to optimize structure
weight after the design has progressed into the material selection stage.

Having decided on the required inflation pressure, and modiiied the
structural geometry where necessary, the detailed stressing analysis is
conducted to determine the required cloth strengths and orientations

for maximum effectiveress. In selecting or specifying cloth or fibers to
meetl the strengin requirements, an allowance iuust be made to ensure
that the fiber stress level is sufficiently below the “quick break" strength
to ensure adequate service life for the vehicle. {Typical variations of
fiber strength with duration of 1.24 were shown cn Fig. 2 in Chapter I).
Accepted factors on the "quick break™ sirength of nrlon and Dacron fibers
are of the order of .25 to .75 (reference 22) depending on the required
vehicle life, the method of determining the "quick break” strength, aad
the probable frequency and duration of the designing load conditicn during
the vehicle iife.
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Because of the flexible nature of the structurzi material of inflatable
structures, conventional techniques for loaa transfer from one rem-
ber to another, o:r fren: an infiated member to a rigid member, must
be carefully examined fo: validity in this type cf structure.

2.2.1 JOINTS BETWEEN INFLATED SECTIONS

If an inflated structure can support a given loading condition, and is then
divided into two or more sections, the joints betwee.: the sections 1au

be capable of providing the same strength as the material that was
originally present. Hence, if the joint is so constructed as to operate
essentially with the same loading as the original material as satisfactory
solution will have Leen reached.

One approach that has been used in practice is illustrated below, and

can be used in areas subject to any loading condition for which an inflatable
structure can be evolved; sketch (a) indicates the basic structure. Sketch
(b) shows the structure divided into two inflated sections. Skeich (c)

shows how the stressing conditions of (a) are essentiaily reproduced in
joining (a) and (b). The jciat is provided by two strips (i) and (ii) on

each face, joined at (iii). These strips are sized to take the tension load

&)
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in the skins, and to provide adequale bond strength between themselves and
the skins. 7The location of the sirips is the important factor for adequate
joint performance. The joint line is located at the end of the straight
surface on each inflated section, and the joint is made prior to full
inflation. When fully inflated, the mating hemispherical surfaces become
redundant, and do not carry any appreciable load, merely serving as
pressure seals. As long as the tensions that are present in both faces

of the inflated section are substantially normal to the joint line, the

joint will be satisfactory, regardless of the loading condition that gives

rise to the skin tensions,

2.2.2 JOINT BETWEEN FABRIC AND METAL COMPONENTS -

Because of the uncertainties attendant upon bonding metal to nonmetallic
surfaces in this field, it would be wise at the present time to provide these
joints without such bonding. This means that an intermediate jointing
device must be used between the fabric and the hardware. Such inter-
mediate devices are lacing flaps bonded to the fabric, load speading

nets, cables looped into fabric load spreading plates, continuous joints
comparable tc zippers.

2.2.5 JOINT DESIGN

No complex analysec are required to design joints of the types indicated
in 2. 2.1 and 2. 2. 2; these will constitute the majority of joints in an
inflated structure. It is wise to distribute the loads as much as possible
to prevent stress concentrations in the structui2; the provision of
adequate material with the right orientation, together with careful load-
ing techniques, is all that is required thereafter to ensure an adequate

joint strength.
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CHAPTER I1II

CONCEPTUAL STUDIES

3.1 DISCUSSION OF LOTS CARRIER ROLE
AND MISSION REQUIREMENTS

3.1.1 ROLE OF THE LOTS CARRIER

In this program a particular GEM is considered whose requirements
are relatively well defined, notably an amphibian primarily for the
logistic-over-the-shore (LOTS) operaticns capable of transporting 15
tons of cargo. A vehicle of this type can 1easonably be expected to
make a real contribution to mobility of forces. Much of the material
developed in other GEAM studies and already published bears this out
and it is not within the scope of this program to further develop this
particular aspect of the GEM. This study dees, in any event, derive
its importance largely frem considerations of strategic mobility--the
ability to move signiiicant forces to any point in the world with minimum
delay.

The 15-ton carrier, while primarily an amphibian for LOTS operations,
will be capable of use on inland waterways and across country. In
addition, 1t is expected to permit operations in remote and otherwise
inaccessible areas. The speed of the vehicle under adverse conditicns
could be sustained at between 25 and 40 miles per hour, although, from
technical considerations, the optimum speed is much higher for a GEM.

A more complete impression of LOTS operations can be obtained by
reference to current staif manuals of the Army. There are also technical
studies (reference 23 is represeniative) from which the developing trends
can be irferred. One point stznds out: supply movements across beaches
can be expected io a greater cxtent with increasing pori vulnerability to
nuciear weapons. A lighter or amphibious craft for unloading ships
standing off shore will therefore play a greater role than it would if it
were intended exclusively for suppo:t of aimnphibious assauit operations.

it will handle bulk cargo, containerized cargo, vehicles and major
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equipmcnt items, and personnel. In short, each craft could handle the
major resupply for an active overseas theater of operations.

Some of the characteristics of L.OTS operations are rot precisely deter-
minable and this is what cne weild expect. The disiance cff shore at
which the shkips wili orbit depends on size of the operation, weather,
enemy activity, etc. The distance iniand at which the amphibians will
unload will depend on terrain, progress of operatiorns, and availability

of all types of transport. The time for the lighter to perform one full
cycle of operaticn deperds on the above twe factors, plus unloading

rates from the ship’s cargo hatches, unloading of the lighter at the inland
resupply point, queueing operation, and other sources of iost time. The
ranges being contemplated to as high a3 39 miles off shore distance and
12 miles inland distance. If GEMs are selected for the role of LOTS
carrier, it will most likely be for the advantage of spgeed they offer; and
the speed would be no real asset unless distances toward the high end
were contemplated. For planning purposes, in this study, it was assumed
that 2 combined over water- overland distance of 20 miles would be
representative.

The environment under which LOTS operations take place must, in the
over-all view, be regarded as unfavorable. The major equipment item
in the system--the deep draft, ocean going vessel--has evolved slowly
over the years and is geared to cargo transfer at dockside or in sheltered
harbors. Major changes in this characteristic are not envisicned withiz
the next 10-year period. The exigencies of war mean operations in un-
favorahle weather {and the sea can multiply the effect of weather) at poor
locations, and with incompletely trained personnel. The consequence of
all this is that equipment needs to be adequately rugged to perform a
mission of the kind under consideration. A fuli develcpment of this sub-
ject appear~ later in this report.

3.1.2 SUMMARY MISSION DATA

It is necessary to define the kiad of operatioas intended for the vehicle(s).
A primary mission takes first pricrity, but it is often possible to incor-
porate design features to make a vehicle flexible and versatile. Hence,

a numter of secondary or alternate missions are postulated.
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Primary Missions of a 15-ton Cargs Amphibicus
GEM LOTS Carrier

LOTS carrier normally arrives at locale of
amphibious operation aboard ocean-going transports.

Carrier is lowered to water, fully assembled.

Cargo is transferred to LOTS carrier by booms
of transport.

Reach cf boom with 5-10 tons is adeguate without

reversing carricr if beam does noct exceed 26 fect.

Handling lines and low propulsive power are used
for steadying carrier during loadings.

Fuel for hovering during loading is not contemplated.

Typical range without refueling is 60 miles, i.e.,
one round trip from ship to over shore and return.

Low density cargo down to 75 pounds per square foot
to be accommodated.

High density cargo up to 300 pounds per square foot
to be accommodated

Containerized cargo to be sized: 6 feet 3 inches wide,
6 feet 10-1/2 inches high, 8 feet 6 inches long.

Off-loading is to be accomplis.ied gen-rally by fork lift.

A ramp will facilitate off-loading by fork 1u.: or by
manual effort.

Typical passage might be in range 10 per cent to 60
per cent over land and remainder over water, depending
or: nature of operaticn.

Surf up te five feet in height must be negotiated but a

cargo reduction for extreme heights does not compromise
essential characteristics.
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Alternate use in lightering unit personnel and iight
unit equipment ashore.

Maintenance operations to be mini:nized with probable
absence of third and fourth echelon.

Speeds in the range 25-40 miles per nour are consisten:
with LOTS operations.

Movement of LOTS carriers by air transport (Phase I
airborne operations), either inter-theater or intra-iheater
is a possibility.

i9. Carrier shall be capable of sustaining and operating with
a threcofold overload.

3.1.2.2 Sccondary Missions for a 15-ton Amphibious GEM
LOTS Carrier

1. Types of Operations:

Over iniand waterways

Movement from off-shore bases
Penetration into land areas prohibitive to
conventional equipment.

Movement of tactical units on the carrier may be equal to
or greater than movements of buik or packaged supplies.

Maximum diversity of palletized lczds and vehicles to
be accommodated.

To expedite vehicle handling, ramps fo.-. and aft are
desirable.

Personnel may also be carried muse frequently.

Provisions for fueling to increased ranges up to 200
miles shall be included.

Higher echeion maintenance may be possible.
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Operation for extended per
clearances is likely.

Benefits of lIower operation may be iaken either as
reduced {uel consumption, greater paylozd capacity

or greater range.

Carriers may be frequently knocked down and transported
overland by truck and/or train.

11. Transport by air is a necessity.

3.1.3 THE SEQUENCE OF GEA VERICLE EMPLOYMENT

There are other phases in tine empioyment of the vehicles besides actual
accompiishment of missions as defined in the foregoing sections. It is
well to list the entire sequence of uses to zssure that any factors which
might influence the design are not overlooked; they are:

1. Depot storage— adcquate preservation and protection from
environmental extremes is probabie.

Training use--considerable numbers of vehicles must be
assigned to new operator training; also unit training will be
necessary and may take place under deliberately rigorous
conditions.

Inactive periods--these periods often are a hazard to
mecnanical equipment.

Maintenance operations--the design must be conducive
to simplified maintenance.

Deployment--idministrative moves of this size vehicle are
mast probabiy by rail and watar: oartial bneckdown.

Tactical moves--these invoke maximum transportasility
featu: :z of design, inciuding rapid reassembly.

Tactical employment--mission summaries give the details.




3.1.4 DEVELOPMENT OF TYPICAL GEM LOTS CARRIER
FOR STRESSING PURPOSES

For the dual purposes of ikis anaiysis and reference 24, a crelic:izory
design study has been coupleted to estaklish the gecmetry and power
requirements of a GEM suited to the QMR (reference 25).

3.1.4.1 Ground Rules

The ground rules established for this study are limited to the framework
of the QMR ‘reierence 23) and the earlier discussions of this chapter;
they are:

Normal Operation

15-ton payload.

2-1/2 foot maximum operating height.

25 knots continuous cruise speed.

40 knots maxinum cruise speed (still air).

(Payle:_dgi-;—t Fuel) weight approximately equal to empty equipped
wei

Overload Operation

Overioad {Payload + Fuel) equal to 3 x normal (Payload +
Fuel) capacity.

3.1.4.1.1 Definitions of Symbols used i the Analvsis

louver area per louver
cushion perimeter
hub diameter
equivalent diameter of cushion
~ptimum fan diameter

h operating height

AHD head loss in duct between fan and jet exit
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wtai nead ai jei exii, normal operaiing height
totzl head al jet exil, reduced operating height
total head at louver exit

approximate cushion length, for 2:1 planform

! ive Li i
(L'D)I-ZFF effective Lift/Drag ratio

N

Pe

number of fans

cushion pressure

atmospheric pressure

volume flow through fan, at normeal operating height
volume flow through fan, at reduced operzting height
volume flow through louver, per iouver

cushion area

specific fuel consumption

jet thickness

jet thickness at exit

iouver thrust per louver

vehicle speed

flow velocity through each louver

=ehicle weight

equipment weight

fuel weight




W G B&ross weignt

(WG)o overload gross weight

wPL payload weight

w po total power plant mnstalled weight

(WPP)L lifting system power plant installed weight

(WPP)P propulsion system power plant installed weight

n, augmentation efficiency

np propulsion efficiency
atmospheric density
fan characteristic parameter

fan revelutions per second

iouver efficiency

3.1.4.2 Vehicle Layout

A preliminary assessment of vehicle size can be made from consideration
of cargo-deck regquireinents for typical LOTS carr*~= cargo loads. The
loads considered include Conex containers and z wide .~viety of

vehicuiar cargo. Table 3. 1 shows a typical cargo composilicn for the
normal paylcad of 13 tons, the data having been derived from Army hand-
booic Fal i01-10.

2.1.4.2.1 Carge Area
The QMR requires a maximum overlsad capability of three times tne
normal {(payload plus fuel) load, whkich in turn is about equal to the

empty weight of the vehicle. Hence, gross wcight of the vehicle
in the overload condition wiii be:
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- (wPL + wF) + 12w .

Assuming that all of the addition is taken in payload, the over-
load toial payload

= 2W_ -iiZW,, -
G G

.\ i
i % = 3/2- Yr
w W

G G

therefore

o]

In order to size the cargo area, an estimate must be made of the
number and suitable disposition of the Conex containers in the
loaded condition. Conex containers are chesen as being the most
likely cargo to be generally used in the overload case, since they
are very widely utilized for delivering all forms of supplies.

By consideration of a suitable raagce of gross weights from two to
three times the design payload of 15 ions, the expression above
gives a range of Conex container=, from 7 to i1, as being
probably usable in the overload case.

It is necessary to match the cargo capability ¢i~.~l;r between the
overload and normal load cases in order to er.ure ti.> maximum
utilization of cargo area with the minimum of wasted space. A
study of the probable cargo listed in Table 3-1 reveals that a

cargo deck length of at least 46 feet will permit the loading of
several vehiculir cargo combinations of close to 15 tons, and still
leave sufficient “e¢ck space to load additional cargo to make up a
total of 15 tons. With this in mind, a layout of Conex containers
was examined, and the layout chosen that will provide the maximum
number of containers between 7 and 11, in a cargo length not much




Table 3-1
Typicul Cargo Composition for 15-Ton Payload

Loading Number of Men & Materiel
Vehicle Condition Vehicles Additional Cargo

2 1/2-T LWB truck Empty 2 2.4 Tons

2 1/2-T XLWBS truck Full 1 4.7

D3 vnen
~eo NG 2

Howitzer
155 mm Howitzer
1/4-T Otility

1 1/2-T Trailer or Water
Carrier

2 1/2-T Dump truck
5-T Cargo Carrier

7 1/2-T Prime mover

Vehicle Combinations

1+6
2+6
2+3
1+4 Fuil

1+7 Empty

1+60of5 Empty

Conex Contair.«:rs Full

5-T Capacity 2€5-T \l
5.5 T Gross Wt. Full 1@ 3-1/2T
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greater than 46 feet. Figure 3-1 shows that the condition is
achieved for !0 containers, in a cargo area at ieast 47 fect
long by 22 i; -t wide.

Note that 13 Cunex containers, to meet the overload reguirement,
correspond 10 a normal gross weight of more than 37 tons, and
probably as much as 49 tons.

3.1.4.2.2 Over-all Dimensions and Possible Cushion Area

The proposed vehicle layout is as follows:

i. A main cargo deck, flanked un either side by lift power
modutes, with ramps at each end.

The annular jet is, where possible, located close to the
axis of the lift fans to minimize iosses.

Forward bow suctions are located in front of the two module
groups, and provide locations for control cabins.

4. Propulsion is provided by separate variable-pitch air
propellers mounted st the rear of the vehicle.

With the above arrangement, further dimensions car: be determined.
Mogdule width will be on the order cf 7 feet, giving an ever-all width of
about 34 feet, and a width of the cushion of approximately 27 feet.

Further definition of dimensions is dependent on the desired range and
speed characteristics of the venicie, and the rrzulting optimum cushion
pressure.

3.1.4.2.2.1 Cushion Pressure, Installed Power and Gross Weight
Relationships

The following erpressions are used, based on simple annular jet theory,
conservative st icture and power estimations, for a 2:1 planform ratio

design:
Total Lift HP

At 2-1/2 feet operating height, including an allowance of 15 per cent
for stability:

ni-11




UOTIN I8 I ouhdU paziiaujsition .T—E.m«&
1994 - WIpIM waay ofau)

g3 ¢ g2 2
. S S SR N S A
, 4
'll.h sw 'ON
got'rr L'8'¢
...mc.“‘.u OAN_?«F s ——— T S——
y3duarg ottt
ojlae)) 1eulIoN
U] atanog
., - 09
— 8
- 08
— 8
8.13UTTHOY) JO daquIny = 01
1710, 0], 19J0Y SxaquInN 930N auy| a1suls 001

1234 - PBuIT vaay odxe)

mi-12




LHP = 15.62pc "WG .

Total Propulsion HP at 40 Knots (stiil air)

With 45 per cent propulsion efficiency, at 2-1/2 feet operating height,

ocg 163
p 1/2 G

Ye

C

wkere WG is Gross Weight in tons and P, is cushion pressure in

pounds per square foot.

Structure Weight--Ws

Ws = [20 x cushion area {sq. ft.) ] 1bs.
“l’

therefore, W

G P,

HPR -7
Power Plant Weight “PP

WPP = (1. 25 pounds per installed HP){installed HP)

Wpp _ 1.25x(LHP + PHP)
Vg W x 2000

Equipment Weight--WE

Including crew, communications, furnishings, systems, emergency
and auxiliary equipment,

WE = .05 WG

Vebhicle Performance
w

_ 375 _1_,) G
Range = 5= -\ D Jerr 198 W, - W

¥
m-13




where SFC = .8 pounds Per BHP per hour (lower figures are
Guoted by manuiacturers, bu: since at this tage in the study it is
not certain that the desired power will coingide with the optirmiim
power of an availabie engine. a conservative SFC is chesen)
2000 W, x V kts
/LY G

w

—_—} = . = 246 G
leff X 325 _G

\D ver: Total HP x 325 THP

thereiore

w
G
THP

Range NA = 469 x 246 |

\

loge

Evaluation of these expressions resulis in the ralationships that
are shown in Figures 3-2, 3-3, 3-4, and 3-5.

3.1.4.2.2.2 Cauashion Area

Witk some of the vehicle dimersions determined, together with an
approximate vaiue for the vehicle gross weight, the layout can be further
advanced by conside:-ations of range and cushion pre: sare.

From the mission discussed at the beginning of this chapter, a range o

60 nautical miles (including an overland portion, which would be conducted
at a iower altitude, particularly if prepared surfaces are available) would
appear to be about adequate for the vehicle under consideration.

A range of 60 nautical miles could be ackieved, depending on cushion
pressure and weight carried, 55 a vehicle whose » 7S weight lies some-
where between 35 tons and 45 tons. A prelimit.ry es."mate of the width
was 27 feet, aad a minimum value of the length of the cargo deck was

46 feet. From previcus studies, cushion pressure of 60 pounds per square
foot seems to be near optimum for this type of GEM; with this cushion
pressure, the selected range is achieved with a gross weight of 39 tons and
a cushion area of 1. 220 square feet. This results in a cushion perimeter
27 feet by 48 feet (150 feet in length), which is close to that required by
preliminary analysis.

3.1.4.2.2.3 Power Plants

From Figures 3-2, 3-3, 3-4, and 3-5 using the cushion pressure and gross
weight determined, 5, $50 horse power for lift and 1, 220 horse power for

m-14
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propulsion will be required. It is considered that a satisfactory iayout
will utilize six lift engines and two propulsion engines.

In the overload condition, whexn ihe airjets and fans are operating "off
design”, the gross weight will be 78 tons, at a cushion pressure of 120
pounds per sauare foot. Under these conditions, for the same power
supplied to the fans the operating height will Le approximately six inches,
ascsuming ofi-design fan operation and increased duct losses.

3.1.4.2.2.4 Fan Size

Fan size is determined by utilizing the optimization methods of reference
26; efiects of ram recovery will be ignored. Using the previcusly
determined values of

cushion area S 1,300
cushion perimeter C 2(48 + 27) = 150
operating height h 2.5

Ch _ 150x2.5 _
s - dxi 300 9722

from refereace 25, jet thickness = .25 h;

Ct
€
= .01805 .
45 Cte
For this vzlue of 2 2 d P, = 60, and augmentation efficiency n, =
.8and S = 1,300, the volume {low Q 1is obtained from

1/2
na) (@)

= 2.13,
p, 1/2

Q = 24, 600 cubic feet per second.

Similarily the total head at the jet exit, e . 1is obtained from:

(nn)

pc




He - P, = 113 pounds per square {Guvi.

HFi, is obtained from:
03
i

The idea! horsepower,
(5 312 HPi

1
¥ fip)
C

2

therefore
- 04460.

For a range of @ ({rotational speed in revoiutions per second), the follow-
ing total lift HP's are obtained:

®© 10 30 50 70
HP 5,650 5,940 6,150 6,320

-

Of the engines examined in reference 22, the "a-<lle Junior” comes
closesti to meeting this requirement, since i has a~ output speed of 50
revolutions per second and a continuous HP rating or 300. Hence, six
"Gazelle Junior" engines are considercd in this design. Although at their
current state of development they would result in a slightly underpowered
vehicle, it is considered that future development would make up this
deficiency.

Having selected the revolutions per second at which the fan is tc operate,
the optimum fan diamcter is selected from:




-5 7%

\ opt/

where DH = hub diameter 1/3 Dopt

This results in Dopt = 3.D feet for this veliicie. As the details of the fan
design are not important te this study, they are not developed here.

3.1.4.2.5 Over-all Dimensions

Having decided on the cargo area dimensions, the cushion dimensions, the
jet thickness and angle, the power plant requirements. and the fan size,
the over-aii vehicle jzyout is determinable. A preliminary sketch of the
vehicle plan is shown in Figure 3-6.

3.1.4.3 Maueuvering Capability

3.1.4.3.1 Side Forces

All available side thrust on one side will provide the maximum maneuver
g's in the lateral direction, neglecting aerodynamic side forces when
the vehicle is sideslipping.

On the assumption that all modules will prod. <o the same thrust, the front
and rear modules may have different louve.- geown:~iry when comgared to
the center modules.

Total maneuver g's total side thrust
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Louver thrust,

= - H 'p
Ty =g Q. Vi = 0, pQL/\/L o

1 /29l -
I ’\, ‘HL p)

i— 1/2p
suver area A= QL e

‘_ Lo
where QL volume fivw through louver

VL velocity of flow through louver

HL = total head of flow throvgh louver

ny, = louver efficiency factor.

) 72 »

(24, 000-Q) 'HE -p, t1/2 8Hy
T n, P 6 \]

where QE and HE are the values requircd to maintain the desired

operating height, A Hy) is the loss in tctas head in duct between the fan
and the annular jet.

Therefore,

& 1/2
T, =3 1’ (24,000 - [¥] x 1300 x (s€) ) ‘[ 60 .
L LVE ‘fl_s) 72 Eﬂ x5t ij2 aH; oy

where V , ° are the volume flow and total head pzrameters from
reference 24.

Therefore, T, =n, (2430 - 1140 v ][n]

_15.68 - 7.34 [V]

L~ m

and A




The resulis of this analysis are developed in Table 3-2, and show that this
version will have poor lateral maneuverability by virt:e of its low installed
power.

3.1.4.3.2 Braking and Accelerating Forces

Maximum accelerating force will be at zero forward speed; with the
coniemplated propeller design this will be approximately .0€5 g's.

Maximum braking force will be at maximum forward speed of 40 knots
and will be approximately .095 g's.

In actual practice it may be necessary, to supplement both of these
capabilities by deflecting the thrust from the side louvers in a fore and aft
direction. Average values over the speed range are:

.04 g acceleration
.06 g deceleration.

3.1.3 FINAL STUDY CONFIGURATION

The considerations outlined here and in reference 24 have led to the
configuration shown in Figs. 3-7 and 3-8 consisting of a2 minimum per-
formance vehicle suited to the basic LOTS mission, utilizing modular power
plants and interchangeabile units as far as possible. Flush intakes to the
lift system power plants are utilized to facilitate loading and unloading
while alongside a ship or dock in heavy weather. It is considered that
the low-speed and short range requirements for the LOTS carrier make
more sophisticaied intakes unnecessary. The complexity of an integrated
iift-propulsion system cannot be justified withcut ¢ nsiderable design re-
finement, so a simple separate propulsion s :si ™% is chosen in which the
thrust may be oriented as desired for firm and add::’onal control.

An attempt has been made to provide maneuver control with the aid of side
tiirusiing contrcllable louvers, but maneuvering can be conductad satisfactorily
oniy at low speeds, or with ine aid of the differentially controllable pro-
pulsion: propellers. hence, this vehicle is restricted to over-water missions
in most cases.

To offset the limited maneuvering capabilitv »f thke vehicle, ramps have
been provided at both ends for loading and unloading purposes. Twin bow
cabins accommodate a crew with dual controis to facilitate close hauled

1mn-24




Table II-2
Maneuverability Analysis

.35

1.788

iVi
L <

r =
2430-1149 | v}

Thy

15.68-7 24 |v

AL sq. ft.

Total Sideforce

lbs. (qL = .8)

Lat. acc g's

Turaing radius
feet
3 kts
15 kts
25 kts

Percent insta® .3
LHP used for
maneuver

I [ L P
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handling. Bow sections have been designed to absorb most of the shock
of wave impact, and contsin the necessary mooring gear. The stern
seciions contain auxiliary power units for water maneuverability.

The lift power modules, a typical section of which is shown in Figure 3-9
utilizes the simpiest possibie "straight-through" flow sysiem with engine
cooling taking place automatically. The choice of the "Gazelle Junior™

3.1.6 PRELIMINARY WEIGHT AND BALANCE ESTIMATE
FOR INFLATABLE STRUCTURE

By definiticn it is assumed ibai ceriain prime componernis are attached
as hargdware to the inflated structure; they are:

1. All six lift modules;
2. The propulsion units;
3. The eauipment and systems.

The remainder of the machine is constructed, in convenient sections, as a
series of inflatable structures. The weights for the hardware items zare
known from the 2nalysis ia reference 23. Axn approximate estimatior of
the inflatea structure weight follows.

3.1.6.1 Infiaied Siruciure Weigiiis ior Siressing Purposes

3.1.6.1.1. Basic Assumptions for Preliminary Estimates

It will be assumed that, since an inflation pressure of 10 poundsper square
inch for a 3-fool deep bezm {40 feet long by 20 feet wide) requires a skin
strength cf approximately 220 pounds per inch, and the same beam loaded
with 2 50-pounds per square foot uniformly distribuied load requires a
skin strei._.h of 30 pounds per inch {witr a 3g ->ad factor), then a skin
strength of th.ee (30 + 220)--i.e., 750 to 800 pou~ls per inch--will be
typical of the major part of the siructure, allowing for adequate structural
life.

Tne weight of this -%in is in the region of 30 ounces per sguare yard, when
fully coated and protected for air retention and environment. When no
coatings or protection are necessary, as in internal wekts and shape re-
tention members, the weight reduces to 12 ounces per square yard. This
gives anproximately 0. 2 pounds per square foot for the uncoated fabric.
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3.1.6.1.2 The Air-Jet Secticns

Assuming that the air-jet sections are made up of double-walled ducts,
with webs in the walls to provide shape retention, the approximate
coaied fabric area is 59 square feet per foot of air-jet, and with one web
every foot the uncoated area is 25 squaie feet. Total fabric weight per
foot then is

(50x.2) + (23x 08) = 12 pounds per square oot of jet;

ailowing for additional cement and fastenings, this wiil result in an
app oximaie weigni of 25 pounds per foot of jet.

3.1.6.1.3 The Cargo Deck

With top and bottom skins ai .2 pounds per square foot, the total skin
weight is approximately two (320 x . 2) = 328 pounds for a cargv deck
of 20 feet by 41 feet.

With 4-foot decp webs at 1-ioot intervails, the uncoated fabric weight will
be 20 (42 x 4 x . 08) = 280 pounds. e

Total weight, including additional cement and fastenings, etc., = 1,2C0
pounds, or about one pound per square foot.

Since tke cargo deck will be highly susceptible to defiections, more mate-
rial will be reguired to maintain a reasonable stiffness; it is assumed
that four pounds par square foot will be adequate for this purpose.

3.1.6.1.4 The Front Hulls

The hull bottoms must be designed to withirta1d the maximum impact
pressures and be highly abrasion resist-at. ™ e szriace area for each
hull is approximately eight square yards.

The internal structure for each hull will use about 25 square yaras of nor-
mal coated materiil, since it will be infiuted to support the outer skin.




Over-ail fuil structire weight becomes

8 x (30 = 70) £ 25z230 _
16 15
using a 70-ounce per square yard abrasion coat on th: bottom skin.

100 pounds approximately per hull,

2181

Tetal weight of everything cther than structure is taken from reference

23 to be about 1, 840 pounds, including crew. communication eguipment,
instruments. controls, furnishings, and glazirg. In the inflatable vers;ion,
the glazing wiil be replaced by 2 transparent flevihie niactic of much
lower weight. The additional structure weight will be approximately 100
pounds, so that total cockpit weight should be approximateiy 1, 140 pounds

per side.

3.1.6.1.6 The Propulsion Platforms

These can be adequateiy constructed of inflatable fabric of 800 pounds per
inch strength, and require approximately 13 square yards of material, for
a weight of 30 pounds each.

Hence, total propulsion platfcrm weight, including propulsicn units, fuel
tanks and supports will be not more thar 2, 100 pounds each, again utilizing
the weighis from reference 23.

3.1.6.1.7 Forward and Rear Ramps

Using the same strength fabrics as the propulsion platforms, approximately
90 square yards each of coated material with 40 square yards of uncoated
material is required for a total weight of 2nproximately 230 pounds for
each ramp.

3.1.6.1.8 Weight and Balance Summary

Utilizing th2 weight and balance of the rigid vehicle of reference 22, in
combination with t-= infiatable structure weights estimated sbove, 2 sum-
mary is drawn up for the vehicle in Table 3-3, following this page.

-=e 5




Table HI-3
Preliminary Weight and Balance for Inflatable Vehicie

! wx/10° wx>/10°

H
iCabi!z 1
!Bow 1

iCabin 2
Bow 2

1
{Front End R +.0315 -012
lRamp 1 + .0865 -030

+ .336 -103

+.336 -103

|
; .1395
|

-0345

Main Structur=> (equilavent b ]
to Cargo Deck and Air-jet
seciions)

N

Power Plant (lift) Mod
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Table NI-3 (Contd. }

wx2/ 109

Tower 1
Tower 2

Power Plant (prop) 1
2

Ramp 2

GEM Empty
Weight Empty
Crew 1

Crew 2
Fuel

Cargo (niormal)

Normal Useful Load
Normal Gross Weig: -

.041
-041

.138
.138

.030
1.5202
1.5202

.0466

e aite
Vv

o

1, 800

W0 =) U ha WD

1, 800 254

7%. - 365
750 oSS

10,000 + 108
10, 000 (1]
10, 006 108

37,580 - .296
63, 960 9.76 - .6234




3.1.7 DESIGN LOADING CASES AND I OADS ANAI VSIC

3.1.7.1 Basic Assumptions

Based ¢a the vehicle characteristics, size, and weight distribution developed,
the structural design of the vehicle can be determined. In this respect the
work of refierence 24, which has reviewed a wide variety of loading cases
on projected and existing GEMs, is used to develop major loading cases

for the purposes of this study. The most severe cases may not have bee
tovered, but the character of the inflatable structure can be establishec
quite adequately without recourse {o a detaiied analysis, such as would

be reqguired in any thorougi examination for a specific vehicle.

3.1.7.2 Loading Cases

The loads imp2osed o GEM structures as a result of these loading cases
are examined and the greaiest values utilized in further analysis of inflat-
able stractures for z rangz of GENM sizes.

The icading cases examined, together with the magnitudes of the maximum
bending moments, shear forces, and torsions determined from them, are
quoted in the following summary. The unit bending moment and shear force
diagrams with which they are associated are shown in Figs. 3-10 and 3-11.

3.1.7.2.1 Summary of Un-Factored Design Cases
For Main Structure

3.1.7.2.1.1 Bending--Longitudinal

8g vertical acceleration at the bow;
8g vertical impact at opposite corners of the cushion.

The worst case of these two is i 3g landing cas. reacted at opposite
corners of the cushion. Maximum bending moment = 4, 240, 000 pounds
feel; with impact points located approximately 28 feet forward and aft of
the cushion centroid.

3.1.7.2.1.2 Bendix.é--l_ateral

8g impact at opposite coraers of the cushion gives rise to
Maximum positive bending moment = 560, 000 pounds feet
Maximum negative bending moment = 360, 000 pounds feet

m-34
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reactions are included, thus enehii:s bernding moments to be minimized by
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Note: the negative cace arices hecauce the lift system modules

extend beyond the cushion area, causing negative bending
moments.

3.1.7.2.1.3 Torsion
Lateral and lengitudinal torsion cases are determined from appropriate
components of the diagonal torsior arising from the 8g landing case
reacted at diagenaily opposite corners, and are concurrent with the
abuve bending cases.
Tcrsion component about longitudinai axis = + 5, 120, 000 1bs. feet
Torsion component about lateral axis = + 14,400,000 lbs. feet
3.1.7.2.1.4 Buckling

Arising from vehicle weight applied uniformly over the front or the side of
the vehicle:

Longitudinal buckling loads 64, 600 1bs. at ends of vehicle
40, 750 1bs. at center of vehicle

Lateral buckling loads 64, 00C lbs. at sides of vehicle
37,000 lbs. at center of vehicle

3.1.7.2.2 Application of Design Loads to Strength and
Vehicle Life Estimation

The primary structure must be capable of withstanding the factored design
loads without permanent deformation. In other words, the factcred design
loads must not stress the primary struc‘.. - Leyond the elastic limit.

A factor of 1. 3 will be utilized on the design loads to allow for inaccuracies
in estimation.

To provide the reqrired vehicle life, a factor is applied to the material
strength utilized i1. sirength estimations. This factor is determined by the
estimated utilization of any one vehicle. Due to the potential usefulness of
inilatable GRMs, it is expected that they will incur much greater year-
rourd utilization than will rigid construction machines. Utilization for an
inflatable machine might be 3, 000 hours per year, with a desirable service
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life of three years, giving a tctal life of 3, 000 hours or approximately one
year. For Dacron or nylon materials, the design material strength is
taken as one-fourth of the quick-break sirength for inflation stresses,

and ocne-third of the quick break strength for design load stresses applied
to the inflated structure.

3.1.8 EVALUATION OF INFLATABLE STRUCTURE
TO MEET DESIGN LOADING CONDITIONS

3.i.8.1 Approach

The applicability of inflatable structures in the primary structure role can
be reasonably evaluated by utilizing the critical leading conditions to
determine the necessary inflation pressures, geometry, and material size
for such lecading conditions.

It is assumed ihat for this structure, wrinkling and collapse occur very
close together; therefore, ihe criiical lvading conditicns are utilized to

determine the inflation pressure necessary to prevent wrinkling at these
ioads.

¥rom Chapter II, ore value for the inflation pressure is given by the
solution. of

—————————

3 AL
xh (\ E’ J

16 M
W
P =

where Mw is the maximum bending moment, =nd torsion is negligible.

Hence, for a given Mw and % p can be found as a functica of h.

3.1.8.2 Varia:ion of Inflation Pressure wiin Depth of Structure

The pure bending case is used here for simplicity because it provides con-
servative answers, and the compiexity invoived in an analysis of a:t ci.ses
where shear and bending, and possibly even torsion, occur togetrer puts
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sach an anaiysis beyond the scope of thmis study. 7The purposes of the siudy
are considered met with the simpler expression.

For the vehicle under examination:
M'v 6, 360, 000 pounds feet - factored

21 feet
21

() ()
1+ .636({— - l)

32.4x 106 l h

K 2 2
| (;., 1.272 Tl' ))

— —

r-
i
I
1

Figure 3-12 is the solution tc thic expressicn. It shows that this vehicle
cannot be built to withstand the design load with an inflation pressure of
less than about 25 pounds per square inch. To be able to utiiize seven
pounds per square inch, the loading weuld have to be reduced to about

1, 820, 000 pounds per foot, factored.

For a vehicie with a 4-foot beam depth, the requiredinflation pressure is
about 320 pounds per square inck; if the vehicle is required to react the
applied load on opposite corness, the torsion introduced increases ths
necesszry inflation pressure to about 440 pounds per square inch, an
increase of 37 per cent.

In order to accom .odaie boih seven pound= ner ---uare inch and a 4-ioot
depth, the applied loading would have t- be 1o-vwced to 139, 000 pounds

per ioot without torsion, or to 100, 0G0 pounds pc: foot with torsion. This
is equivalent to a 97. 8 to 98. 5 per cent reduction in design load applied

to the inflatable structure.

This indicates that "> majority of the vehicle structure under consideration
must be of rigid construction, the remainder being constructed of inflatable
material. It is therefore clear that the predominant use of inflatable con-

struction for the primary structure of vehicies of this configuration and size

is not feasible until it has been demonstrated that high inflation pressures

HI-33
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can Y o B2 fully evaluated
hefore this application is practicable.

To demonstirate the kind of loads that are feasible or nearly so for
different configurations ind sizes, Figure 3-13 presen:s the parameter

Al . . . -
3 plotted against a section thickness parameter. For a typical current

ph

range of inflation pressures, 1, G00 to 2, 000 pournds per square {eet, M

h3

increases from a minimum of 200 to 400 for a circular section, and to

5.000 to 1C. 000 for a section having Zeometric characteristics similar to
- - . < . M =

an aeroioil section. }ence, where denth is a constrain, —3 of 3,000 to

h

iU, GGU is probabiy typicai; but where weight 1s lim:ting, 500 to 1, 500 is

probably a better compromise. Note that in inflatable aircrait these two

construction requirements conflict, since the low thickness/chord ratios

inherent in aerofoil design result in low strength/weight ratios.

3.1.9 APPLICATION OF INFLATABLE STRUCTURES
TO OTHER STRUCTUPE COMPONENTS ’

A study of Figure 3-14, showing the change in the design bending moment
with section size and configuration for the simple beam section under
consideration, permits assessment of the utility of these structures in
other areas.

The total GEM structure can be subdivided into typicai areas of structural
importance, as foliows:

Primary Structure, inciuding

Cargo Deck

Air-jet Assembly

Power Niodule Assemblies
Rampgs

Prop: :sion Assemblies
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Secondzry Sivacture, inciuding

Carge Superstructure

Cabins

Personnel Seats and Benches
Aerodyramic Surface

Auxiliarv Structures, including

¥enders

Landing Gear
Flotation lnits
Intakes

Skirts or Trunks

Each of the above areas can be considered as inflatable structures.

In the Primary Structure area, the previous 2nalysis has indicated that,
in this size vehicie, inflatable structures are not at present applicable.

In the Secondary Structure area, it may be that the lower loads reguired
will permit inflatable structures. A probable appiication, in which several
functions may be combined, is in the construction of the peripheral jet
ducting and extended skiris or ducis. These uniis couid be 50 consirucied
2s to provide adequate shock absorbing cuczlities, laterally and vectically,
in the event of impact with the surface o- other objects. In so doing, the
severity of the desizn loading conditions can be reducad and some design
refinements considered as a consequence.

In the Auxiliary Structure area, many possible applications come to minc.
The main characteristics of auxiliary structures are that they are not
organic to the operation of the craft : nc +: 2 ess .ally detachable items.
Any auxiliary structure that can be added t¢ “he craft and that will enhance
its performance is worthy of consideration.

Some of the items cited earlier fall into this category, although just how
good an exchange -2n be made will depend cn the particular design. Inflat-
able siructure is the natursl choice for:

Fenders, wkich can pay for their weight in the reduced vehicle
stressing requirements and better shipside and dockside handling
capabilities.




Londing bags. which can claim the sarie trade-off, conpled with
—_— . o °
iower grour.d pressures in the power off condition.

Skirts or trunks, extensias to the annular jet, wkich can provide
an eifective operating hciglt at much lower instslleé power than a
conventicnal GEAM.

Intakes, which can provide efficieni inlet conditions for the 1ift
fan system at forwarg specsds. and yet can be retracted (o a safe

Aercdynamic surfsces, which provide directional stability at
high speed but are unwieldy, ineffecrive, and in the way in the
hover or iuw-speod regime.

Collapsible seating accemmodaticn for transporting personnel cver
long distances.

Exvironmental protection for spesction in severe weather conditions,
utilizing infiatapie walls or an infiatabic roef cver the requirsd
areg; this can be coafigired to suit any desired streasniine form.

As an example of the type of auxiliary structare ihat could be used, the
foilowing data have been developed for a bumper along each side of the

L OTS carricr considered in this study. [t is considered that the energy
that would be preSent at impact between the GEA ancé a iarge cargo ship,
if the GEM: were oz the waier In = Sea State 4. woutid ¢ an the order of
503, 00D feet pounds, and that this energy must be aisorved by the bags.
Further, currently acceptable initial inflatics pressurcs have been
utiiized and perfect damping assumed.

The independent variable chosen for thi= agaivsic s the vulume ratic he-
tvreen the initial air bag volunie and lag v .l-one when the GEA hzs been
trough: to rest. The following air bag param:.2ra are shown in Fig. 3-15.

The bag diameter, D feet.

Deceleratisn distance, x fces.

Deceleratic-, g's.

Maximam princigai stress in bgg, poundsfineh

Approximate weight for twe bags, one each side, for ihe full
iength of the vessal.




Discussion of Iniialicn Systems ior Each
Application

The range of available and usable systems for inflation has been dis-
cussed in Chapter 1, indicaling the current trends in weight, capacity,
and power requirements for desirable inflation pressures. The choice
of 2 particuler system for a specific gpplication is best made during the
pretimirasry design stage for that ::p;_\licatio-x. In ihis study, it is
suificient that all inflated structures are designed for a specific pur-
pose, and thai means for mainizining the pressure must be inciuded

in the design even though the structure may be suxiliary rather than
primary.

The daia in Chapter I show that a wide range of air supply require-
ments can be met ai the present time with acceptabie weight penaities,
by small engine-driven pumps. The use of g2s turbine bleed 2ir may
be fezsibie, but is probably oniy suitabie for large vehicies, where the
2535t of cooling the bieed air can be offset in deicing equipment, or
cabin heating egcuipment that utilizes the heat extracted.

Where there is o mix between primary, secondary, and auxilizry
structures, it will wndoubtedly prove efficiert and feasible, in some
cases, ic ctilize higher inflatica pressures for scme secondary and

auxifiary structures than are used in the primary siructure. Tnis
might be nossibie in high performance vehicies that require thin aero-
dynarm:ic w-ia-..es. the design of which couid be most eificiently con-
ducted at higher than usual pressures.

Under these circumsiances, a system of reliei valves in the inflaticn
sei-up would provide ihc necessary centrol, togetiier with cutoif valves
where needed.




CHAPTER IV

RESULTS, DISCUSSIONS, AND SCCONDARY APPIICATIONS

4 1 EFFECT OF GEM SIZE OX THE UTILITY CF INFLATAPLE
PRIMARY STRUCTURE

Since some doubt was raised in the previous chapier concerning the suit-
ability of infiatable siructure for primary struciures in GEMs, this section
atcmapts o deiimeate the effect of GEM size {iaking iypicai GEW charac-
teristics) on the utiiity of such structure, at the same time indicating the
eifect of changing some of &~ primary parameters of a GEML

It has been necessary to choose a single loading ccndition, one that was
found severe in the previous work. and apply it throughout the range for
a typ:cal practical deveioped GEM. The result is qualitative rather
thaa guantitative; the trends indicated area ratioral guide to the eifect
cf GEM size on primary inflatabie structures.

4.1.1 VEHICLE CRITICAL LOADINGS AS A FUNCTION
OF VEHICLE TYPE

From the analysis of the 15-ton vehicle, the critical bending loading occurs
on vortical impact with the surface, when the support or crntact points are
taken o be near the ends of the vehicle, and no cushicn pressure exists.
This critical bending moment is a function of the mass distribation of the
vehicle, which in turm depends on the power regjuirements and operating
conditions.

A generalized analysis is made .1 1« magnitude o1 the critical bending
moment as a function of the following v-hicle parimeters:

- Cushion pgressure
- Operati~g height
. Forwar" speed

. Gross weight

To simplify the computaticnal problem a typical utility vehicle of good
design, having the following characteristics, is cocsidered:

V-1




Structure weight - i3 pouads per sguare foot of cushion area
Power plant weight - 1.0 pounds per insta2lled HP

Cushion area proportions - 2.1

Over-ali lift system efificienty - . 60

Propulsion system <fiiciency - .45 .65
at V feet per second - 50 108G

Drag coefficient - . 09 based on cushion area

Eguipment weight - 5 per cent of gross weight.

Wilk:in these limitations, the following expressions are used.

4.1.1.1 Lift Horse Power, Including Stability AMlowance

LHP
W,

= .191

4.1.1.2 Propulsion HP

PHP _ !.195
A
Ye 10°

4.1.1.3 The Vehicle Loading is developed a< follows:

The vehicle size is determ:. =3, assum.nga 2:1 cushisn plan-
form.

Hence, cushion length,

ST $63 LA I
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t is assumed that:

The structure weight is uniformiy distributed over length £ .
The lift power plant weight is divided into ihree equal
parts, iccated at the center and eithes end of the cushion.
The equipment weight is <ivided inic- *wC equal parts which
are concentrated at two points, each 3 feei bevond the
cushion at each end of the vehicle.

The fuel and payload are concenirated essentially at

the center of the cushica.

The prepulsion power plant weight is located 2t a

point 5 feet behind the rear of the cushiorn.

The impact ic reacted at each end of the cushion. This
arrangement is iilustrated in the sketch.

W

E w
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The following maximum bending moments resulit:
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bending moment that a GEM structure should experience.

4.1.1.&2 Load Factors

These being lg bending moment values, it is necessary to know the order
of magnitude of load factor that can be anticipated in the case considered.
in ihe i5-ion machine, ii was considered that a maximum of 8 ¥5s not
unreasonable for impact icto typicai beach suriaces, wiiii « rigid machine.
These impact values may be apprecizbiy less for an inflated machine,
except close to the impact points, as a direct result of the flexibility of
the machine.

4.1.1.5 iWrinkling L oad of the Inilatable GEM

In order to establish the order of magnitude of inflated vehicle dimensions
required to withstand the typicai loads indicated in the previous secticn,

a simple form of ixflaied structure is considered. Treating the longitudinal
directior of a GEAi as a beam, loaded accerding io the previous sectioa,
then the cross-section of the beam is determined from the requirement
that the vehicle be abie to take at least the critical load without collapsing.
The collapse ioad is less determinate than the =rinkling load, it can be,

at most. 2 x the wrinkling load. but never less than the wrinklin load.
Therefore, for preliminary analysis, it is assumed that the vehicie must
carrcy the critical icad without wrinkiing; thus a factor of safety of between
1.0 and 2.0 at coilapse is mandatory.

For a typical inflated beam of Jepth v iformed .” flat top and bottom
sections, separated and restrained by 1..~mbra.es or threads, and sealed
at int ends by circular secticns, the wrink.® .g Jead is derived from the
expression for inflation pressure cbtained ir section 2.1.2.7.

2
. . 33 (1+ 4b/mh)
My = 16 S Y L

inflation pressure
width of flat part of section
depth of section.
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Note, however that this is true only where shear and torsion are
negalimible ot the socticn. As & 6 Chapter II for simple be.aa
structures, the maxiinum bending noment. whicl coincides with zero
shear, designs the inflation pressure ir the absencz of torsicn. With
torsion present, the inflation pressure has to be increased. For the
GEAI structures considered here, having a iength-to-beam ratio of Z:1,
the inflaiicn pressure is incrased approximately 40 per cent by the
torsion cre4ted as a result of impacting on diamelrically uvpposite
corners of the machine.

3.1.1.6 Variation of inflation Pressure with Vehicie Size
and Type

The anaiysis outiined in: the previous section results in the relationship
iliustrated in Fig. 4-1. This shows "p”, the required inflation pressure
{icr pure bending moment) per "g" of applied vertical ioading, and "h",
ihe depth of the infizied section, piotted a2gzinst the vehicle length to
depth ratio —:— for a range of cushion pressure, gross weights, speeds,
and operating height ratios. The inflation pressure is divided by the
number of “g's” applied ir the critical loading case, simply because it
has not yet teea decided just what does congtitute the critical loadings ifor

2 range of GEM sizes.

Examination of the fig_n"-g clearly indicates the areag in which current
tedmolﬁg;iwﬂl permit coustruction of the simple types of GEX! structure
discussed in this study.

- 2
The closer the section comes t6 be circular in cross-section, 'y = 2,

the lower ‘he inflation pressure required per g of loading: this is to be
expected from a structural standpoint. From the point of view of CEM
configurations, the vehicles that can most quickly profit from inflatable
structure as a primary structur : a. = those utili .”2g low cushion pressures.
As far as physical dimensions are conu-rned, ‘he smallest vehicies are
those utilizing high cushion pressures, bu: of low gross weight.

Note that to a first order, the inflation pressure depends only on the “g"
loading, the cushir— pressure, and the (length/depth) ratio, for the 2:1
lengin-to-breadth ratio vehicle example.
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4.1.2 PRIMARY STRKUCTU

From a study of ine structural capabilities of irflatable structures as applied
to GENMIs, it is evident that, with inflaticn pressures that are currently
practiced and accepted, too great a primary structure depth, in proporticn
to vehicle length, is required for vehicles designed to withstand operational
loadings.

To enable practical use of infiztable ctructures for the configuration of
GEM considered in this report, several aiternatives must be considered;
they are to:

Increase inflation pressures iuv 100 to 140 pounds per square inch.
Decrease permissible load faciors to about 1.2 to 1. 5g.

Mix inflatable and rigid construction such that at least 80 per
cen: of the maximum benrnding moment is taken by the rigid
structure- -in which case the inflatable part serves the purpose

of a flexibie skin that will absorb impact loading and provide
flotation capability. This will probzbly require a simple form
rigid framework to be designed, thus providing adequate

strength with rapid assembiy capability.

The capability of an inflatable structure is radically altered by the presence
of a germeable rigid foam core. Tests conducted at NASA-Langley with
foam-cored fabric cylinders show an appreciable increase in structural
stifiness--the increase in stiffness being on the order of 1, 000 per cent

in torsion and 1, 000 to 5, 000 per cent in bending.

The characteristics of rigid foam-filled inflated structures are appreciably
difierent from those of a simple inflated structure. The presence of the
core will permi: a given geometry of structure to maintein a much higher
load before wrinkle or cc'lapse or . smaller s... cture for a given loag;
thus the unsupported i ilatable structur. A trirce very practical possibility
is the use of iower inflztion oressures to permit the structure to hold a
given load. The penaity invelved of cours-: is twofold; first, a weight
increase, and secead, complete loss of the unique transportability aspects
and packaging cap—iiitiec of inflatzble design. However the application may
have fairly immediate practicability in short-life vehicles where high
materiai stresses are ioierable, and where foaming-in-place is practical--
as in small, one-piece vehicies. Foaming-in-place has rmet with indifferent
success where large amounts of foaming are necessary due to the difficulty




of developing a good structural bond hetween the fozm and the gkin dcof

Ca) ~on P
Qamn =2 2o pA— 2 =2 el wrdesar, QI WV
o

obtaining = uniform density core. Such a development in a2 small-gcale
application suitable ior transporting one or two soldiers could be worth
while and feasible, but would require further research and development.

2.1.3 SECONDARY APPLICATIONS FOR INFLATABLE
STRUCTURES IN GEMS

4.1.3.! Secondary Structure

Such items as aerodynzmic suriaces, cabin structres, roofs, seats, and
benches are all amenable to inflatable construciion, many examples being

in exisieace today. Consideratiens of safety in the event of a crash or
failure to a main structural component wil. impose a more severe require-
ment on these structures in a GEN than has been the case in most applica-
tions to daie. This in turn means that the structural walis of the componenis
have to be thicker than current practice requires to cater for the increased
load. cr higher inflation pressures must be utilized.

4.1.3.2 Auxiliary Structures

The items under this category may be fabricated and attached to existing
hardware in order to improve their utility of performance. They constitute
the most immediate and direct application of inflatable structures to GEAis.

By deiinitioa these are neither primary nor secondary structures, and by
this tcken are relatively lightly loaded, or are lcaded ir some (ransient
fashion that will permit much lower design loads to be considered.

As discussed in the previous chapter, these items inclu , but are not
necessarily limited to,

Peripheral bumpers, to 1oelice the pea lvadings on impact
vetween GEM and ship or sho 2.

At ek et

Extendable landing mats or pads to provide a lightly loaded
support capable cf adapting itself to the ground variations,
and aic . capatlic of providing adequate flotation on the water.

L T

Retractable intakes to permit greater intake efficiency during
normal cperation and yet to provide fiush intakes for use during
overhead loading and unloading operations, thus eliminrating
inlet damage.

o $a e 2 e
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Skiris or truuks around the periphcral jet. This use of inflatabie
structures has premise of the greatest returr on its investment
in terms of vehicle performance improvems=nts. The use of

the skiris will mean either an increase in vehicle operating
height or a reduction in vehicle power required, and he:ce a
greater operational utility. The skirts or trunks themselves

are operating in a region of siatic pressure on the order of

I3 to 30 pourds per sguare foot for many vehicles, and they

may be just the order of pressure required for normal operation.
However, in the 2vent that an increase in operating heignt is
desired, inflation of the skirt or trunk will make it rigid, thus
effectively extending the annular jet the full length of the trunk
beicre the curtain air issues and curves in reaction to the cushion
pressure. In any evernt, high inflation pressures are unnecessary
since the skirt or trunk will be required to deflect under ioad

and to offer little resistaace to obstacles, and yet to maintain its
shape in the presence of the cushion pressure of 30 to 90 pounds
per square foct.

4.1.4 SELECTION OF MATERIALS

The selection of materials that go to make up an inflated structure skin or
web is based on:

Strength in tension

Life under load

Pressure-hoiding capabiiity

Environmental consideration {including temperature, humidity,
ultraviolet, ozone, abrasion, eic.)

4.1.4.1 Basic Fiber

From the strength aspect, Foriisan, >acron, a 1 nylon are far superior to
all other man-made fibers except glass, «nd zotton is the natural fiber

that approaches these. When the crecp characteristics of these fibers are
examined, Fortisan is demonstrably poor, and cotton is poor by comparison
to nylon and Dacrua.

Examination of glass, Dacron, and nylon for resistance to other conditions
indicates that they are generally not attacked by acids, alkalis, organic
solvents, or mildew. Effect of heat is such that strength 12duces approx-
imately linearly to zero at abuvut 300° to 4509 F for nylon and Dacseon,
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with Dacron being r, while slagg ip i per cent of its
streagth at 5:Q°F los‘"g it by 1, 350°F.

4.1.4.2 Coating or Bonding

This must be selected to provide the desired pressure seal, and at the same
time to withstard the conditions imposed by the natural and operational
envircnment, including abrasion, ozone, temperature extremes, and

solar radiation.

Practicaiiy all useful coatings or bondings are members cf the family of
natural and Synihciic - ~ik2t icouire ircatinent during or after
application to develop their full capabilities. Among the fotal family, some
of those most suited 2s bonds through a wide temperature range are neoprene,
buiyi, thiokol, and siiicone rubbers, while for abrasion resistance, ozone
resisiance, general weather resistance, fuel resistance, etc., neoprene

butyl, hyoalon, polyurethane, and fluorocarbon rubbers are Sest.

Neoprene and buty} appear to combine the required properties except insofar
as very low temperzture flexibility and high abrasion resistance are coen-
cerned. This question of the right combinatio: of desired qaalities has led
mamufacturers of inflatable products to utilize several coats of difierent
materials to provide the desired properties. Typical of this is the use of
neoprene as 2 pressure seai followed by a thin ccat of hypaion to add to the
abrasiova resistance of the cloth. One of the least satisfactory charachristics
of mest currently used inflatable fabrics is their low temperature flexibility--
o Substances are curreatly available that are suitable in their other
characteristics and yet can retain their flexibility dewn tc -659F.

4.1.4.3 Fabric Weave

Generally speaking, the simple, corii. .rcially av~’labic Tnlain weave" is
quite adequate where a wover. fabric is de-irable. .he only purpose of a
woven fabric is for ease of manuizcture, except ln the case where a
special weave may be desirable in coastruétion, such as a "rip-stop™ fabric
to minimize the length of a punciure. A cloih. iz general, loses strength
by comparison to the individual fabrics, zlthough several sets of individual
bers bonded togethe: in layers may also suffer from delamination due
to porosity in the material bend. Tkis may also hapnen to Scven izbrics,
where severzl layers are required to carry the load. Boading or coating
a isbric to provide adequate strength and sealing is an area that needs con-
sideratle attention. primarily in the actuai techaique of bonding.




4.1.4.4 Inflation System Power Requirements

Fror the discussions in Chapter II, it appears that the use of an independent
air pump system is most suitabie for inflatable structures, either driven
from the engin: accessory system, or independenily by some other means.
The use of the separate pumping system will provide the least cost in both
power and weight in supplying the low pressure, high velume flow air at

the ambient temperatures that are currently required.

The power reguirements depend on the desired inflation time, but the
approximate HP required can be estimated by taking a figure of 0.3 HP
per cubic foot per minute of average infiaiion raie, i.e.,

Inflation Volume {(cubic icet)
Inflation Time (minutes)

The pumping sysiem should have an emergency capability for operation at
high flow rates for short pericds to maintain structural integrity, regard-
less of damage inflicted by enemy action. Since this has to be a2 continuous
capability, emergency bottles of compressed air would not te satisfactory.
Alixing engine bleed air at high pressure, and temperature znd low volumetric
rate with normal inflation system air at low pressure znd temperature and
high volume could provide the desired emergency czapability.

4.1.4.5 Range of Weigkis and Comparison with Semi-Rigid and
tigid Struciures

In order to provide a feeling for the relative weight of an inflatable structure
and corresponding coaventional structure, the following estimate is made

of the weight per square foct of cushion area of the infictable primary
structure developed in the early part of this chapter, exciuding the weight

of air at the necessary inflation ~ress *re.

The weight estimate is based on the fabric sirength required at the section
governing the required inflation pressure, and on an approximation tc
the weight per unit 2rea of suitable fabrics discussed in Chapter 1.

(Surface Area) x (Weight per Unit Are2)
Pian Area

Weight per square foot =

where the weight per unit corresponds to the fabric strength.
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4.1.4.5.1 Weight per Unit Area

From Chapter 1, ar approximation to the weight-strength relatioaship for
suitabie fabrics is as follows:

4
. [0 \
Wt {ozs. per sq. yd.) 10 + [Strength, (lbs per inchj x(———, 300 ]
240077

1 8

{ 10 Strength {lbs.per ft. ) ‘
480

I

) . Strength (lbs. per it.} :
.”.Wt. (lbs.per =g, ft.) {104 480 * 1

4800 + S {Ibs per t.)
69,120

4.1.4.5.2 Surface Area Perimeter x Length (negiecting end caps)

(=h + 2bt)2

ixh + £ - 2k)2

&
bosfil




4.1.4.5.3 Plaa Area

4 i.4.3 4 Stresses

TG a close approximatien. the maximurm stress wiili occur when the

£
max

Now ihe required fabric sirength, pounds per foot

(f x$)
m

43 xt)
max

The maximum bending stress that can occur will just cause wrinkling at
the compression face of the section, i.e., at ¥ = + k2.

Sc, from Chapter II, the magnitude of maximum bending stress

¢ < Mnj2

xB 1
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The maximum pressure stress, from Chapter 1, is

4.1.4.53.53 VWeigh!s

Hence, irflated structure weight per square foot of pianform area is:

2 .
Fl (E) {10 + Fz
£y 1
Fl(z)‘ 142




This results in the following data for lg bending moments. covering a
range of cushion pressures from 30 to 60 pounds per square foot, vehicle
gross weight from ! ton to 105 tons, height-to-effective diameter ratios
from .21 to . 10, and speeds from 50 to 1590 ieet per second. The
structure weights lie close together, varying mainly with cushion pressure.
¥or this reason the tabulation is given in average values, with variations;
tie figures are also plotted on Fig. 4-2, indicating the efiecis of ihe
various parameters.

! zfh 318 6 2% 36 | &0

22l .20 300

PR3 S S
STre S

per sq.ft. . ot .ol .gs| .oz -081.305£151.255

It is clear from these data that the weigit of such structurai envelopes
will not be 2 limiting factor; in fact, such structure has an excellent
weight-saving poteniial. ‘“hether this potential can be reacned in an
actual design is a question for further study, and in the iong run depends,
as in rigid structures, on the careful and efficient design of isints,
atiachments, etc. Note that, although the above figures are evalusted
for lg bending moment data, even very severe "g" loadings require
weights that are still low by comparison to rigid structures. Almost no

[ §
ciange is required for -!;— from 2.9 to 10. 0; when —:1_ is in the regica of

50 to 100 or more, the weight increase is 2pproximately in progsriion o
the increase in “g" loading. In the most heavily loaded case in the table,
the weight increases to approximately 12 pounds per square foo:, which

is still not heavy by conventional! structure standards.

Note that the analysis does not takeinto account the additiond weightduete
bonding or to drop threads or diap>: -3ms. The increasc in weight duz
t0 these should be on the order of 1) to “J per cent, since no air-sealing
or environmental protection is generaliy rvuuircl.

4.1.4.6 Packaging and Storing
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4.1.4.6.1 Packgged Volumes

The packaged velume of an inflated structure is dependent on a large number
of factiors, the most important being:

inflated size

Cornfiguration

iaterial characteristics

Lmount and location of fixed rarsware

Xumber of moduies of whick structure is composed.

very difficult to generalize on this subject, :lthough sorce guidance is
ilable from past structures that have been buiit. Some exampies are:

Storage Voiume {cubic feet)

infiated Packaged

iinflated plane 42

Inflated boat

In the development of any particular item of infiatalle construction where
packaging is imaportan:, a carcful study #ill be necessary ic determine the
best means for packaging: this requirement can quite coiceivat:ly diciate

the choice of config-.ation anc the degree of breakdown in the end prvduct,
which deserves thorough investigation. The ease with which the item may

be packaged wiil determin2 to 2 large degree iis utility in the fieid and iis
service; poor packaging may result in rapid fabric and elastomer
deterioration. Reference 27 discusses an analytical approach to this prcblem
for fairly simple shapes.
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torage Environn:eni

Practicai materials of the nylon or Dacron family, when combined with a
selected elzstsmner and pos - ibly an additional coaiing, are guite cspable
of withstanding most storage environmests. The conditions that give rise
ip some concern for the utility of such structurce are mairly at very low
temperatures, -40VF to -63°F, when tihc elastomer may become briiiie
and crack when flexed. The material wili lose its air-retaining qualities
as a result even when normal temperztares are required. If the vehicle
is storeda st these temperatures, and is packed and unpacked at tem-
peratures higher than -30°F, no particular problems should arise.
Proper treatmeni and additives to the ciasiomer wili prevent dvizsricratior
due to sunlight, ozone, mildew. fungus, in

struciure and appropriate elastomers at temperatures on the order of
180°F to 1900F should provide adequate protection against loss of streagth
in the tropics.

sects, etc. ., and cure of the

$.:.4.7 Eiffecis of Operational Environments

Operations Over Water

Cperations over water, as far as the structural material is conce rec
defines operations in a humid envirenment, probably with a high sz “-=
content, through 2 wide range of temperatures.

As far as current environmental information on fabrics is concerned, all
indications are that, again, the nylon and Dacron fabrics show to advantage,
with a fairly wide range of elactomer materials that can be married to
these fabrics. The actual iife of thesc fabrics under load kos not yet been
established, although it is known to be well ir excess cf eight months of
complete immersion in salt water, which will corrcspond to a considerable
number of operational hours it a ~.line spra_ ‘nvironmen:--a number
appreciably in excess of 10, 0v0 hou=s.

4.1.4.5.2 OQOperations Over Land

The most importa-* material aspect consideration resulting from operation
over land {or cver ~ny exposed hard surface, such as coral) is the ability
of the infiated material to withstand applied forces teading to damage the
fabric loczily, thus creating weak spots susceptible to “"blow-out”,
punciure, and tearing. Such forces can arise easily during passage
through unprepared areas, due io impact with sticks, roots, fence posts,
damaged buildings, coral heads, and SO on.

Iv-18
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Althougn iniis problem cannot be {inally resolved without recourse to
tesis, at least it can be argued that ir many such impact ioadings, an
infizied structure will show {o advantage when comparing flexible

structures to rigid. If the energy absorbed on impact is the same for

the initial conditicas of essentially identical vehicles, then the energy
abscrbed depends first on the distribution of lcad at the impact point

and then on the energy-absorbing capabilities of the structure. The skin

of 2 metal structure can gbsarb energy in the form of strain energy,

until a physical limit is reached, dependent on the éGimensions and material
oi the regicn in which the load is appiied. This region, generally speaking,
is smgll by comparican to the size of the structere, in contrast to an
inflatzble structure, in which the effect of the irad is transmitted through-
out the structure by the air under pressure inside. In an inflatable
structure, the local skin at the impact poini has very little chear or bending
stiffness; consequentiy. the energy cf the impact is absorbed in tensile
strain energy in the skin and presswr e strai: energy in the interior. The
distributionr between tensile and pressure stirain energy wiil depend very
much on the intensity of the impact load. A very high intensity load will
cause a dezp local indentation and high tensile stresses; this in turn means
relatively high tensile strain energy and the tensile strength of the skin
may quickly be exceeded. A low intensity load, well disiributed, will
give risc tc low tensile stresses, high pressure strain energy, and no
rupture, since the reservoir for nressurc <train energy is very large.

Hence, except for high intcncity impact lcadings where t2aring may result
ir loss of pressure for inflated structure, bui reiatively no loss in strength
for the metal struciure, the infiated structure will show a bettes capacity

for absorbing the impact loads without damage and with reduced acceler-tions
during impact.

4.1.4.8 Effects of Combat Env":_'_":xents

The primary question in combat become.. "how much Lattle damage can the
structure withstand before the vehicle is useless?” This question poses
the biggest problem when the utility of inflatable structures in military
vehicles has to be extablished. No satisfactory arguments have yet been
developed to show how a simple inflated structure is totier than a rigid
structure in a battiefizld. More sophistication can be introduced for limited
applications that may very wcll provide a militarily useiul vehicle, such
as foaming the inflated interior with a rigid foam to provide some measure
of structural strength if the pressure cannot be maintained, but such
methods tend to deieat the purpose of an inflatable structure in most
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Cther aspects of 2 combat theatre, "radar reflectivity”, "infrared
mainter.aﬁce, repair, and so on, are mainly functions
A few comments should suffice to point out any important

Radar Reflectliviiy

A normai inflated st material is radar transparent, so that the
radar target that r epends mainly on the gower plante, fang, and
propeliers. However, 1t is well known that a large part of the radar
image of a propeller airplane is due to the return from: the exposed

. - .u - - pe_ o ww. - - F 7o -0 4 . 2 -,
propeiier. I ihie case of an infiaiubie siructure {GERE:, ine 1ift system
fans are, in eifect, exposed and wiii quiie propadiy give rise t¢ 2 sut-
stantial radzr return; if nropulsicn propellers are used, an evec wirse
situation may exist.

4.1.4.8.2 Infrared Radiation

This should be about the same as for ordinary vehicles with similar
owwcv- o\! lant.

4.1.4.8.3 Maintenance and Repair

Cold repairs in the field should be feasible and rapid, somewhat similar
tG cold repairs to aircraft and trusk tires, but with diiferent types oi
equipment. Vulcanizing may also be quite feasible, for field repair to
small areas. Large areas of dzamage may have to be dealt with at a
repair depot, where adequate fioor space should be available. Littie
maintenance will be required; r~g *'»r ¢! »: s tc inspect for deterioration
will be esscatial, as will fairl; regul-r v-ashings tc remove accumulations
oi grit, oil, fuel, etc.
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CONCILUSIONS AND RECOMMENDATICNS

5.1 CONCLUSIONS

5.1.1 USE OF INFILATABLE STRUCTURES It
GEMis

The present utility of inflatable structures in GEMs is primarily confined
to appiication in add-on or auxiliary structures, where lecading conditions
ar: ot tdo severe, and where GEM utility would be appreciably increased.

5.1.2 MATERIAL TYPE AND STRUCTURAL

5.1.2.1 Materials

From a strength point of view, creep-rupture characteristics and inertness
of Dacror: and nylon fibers are most suitable. They are workable, reliatie,
and much experience has Leen gained in handling them.

These fibers can be woven preferatly in a simple weave for ease of
handling. Plied {ibers cr fabrics are essential in some heavily stressed
areas, and are satisfactory, provided adequate bonding techniques are
utilized to prevent delamination. Such techniques have been developed in
specific applications.

5.1.2.2 Structural Form and Ciia. o teristics

The structural forrm may be adiusted to st almost any shape provided the
lcading conditions are such as to aliow the desired dimensions for ¢+ -ently
acceptable inflation nressures. The most efficient forms are the same

as for normal struct..res--tubes for torsion, deep beams for bending, large
cross-sections for compression. The notable difference in behavior for

a given loading and geometry, assuming the inflation pressure is acceptable,
is the increase in structural defiecticn.




Where enclo € are r_iesirab!o ag in cahinc ot ~f 4~
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wall str"cuxreb ma) be satisfac developed, tut uniess the wail
inickness is appreciable, such s ctures provide crly chelter.

5.1.3 EFFECT OF INFLATABLE STRUCTURES ON
GEX PERFORMANCE

5.1.3.1 Eifect of Structure ‘x\’eigh’!

W¥here an inflatzble strucizre is usable in place of an equivalent rigid
Structure, an appreciable weight saving should result, which can be

rofloctod cither in incroazed ranse increasged onR--Mnno. or roduced

3 rawze,
gross weight.

Auxiliary Structures

The use of inflatabie structures as items that do not directly provide the
vehicle streagth, but are responsitie to a iarge degree for determining
the strength that must be provided in the main structure is apparent.
Such items as bumpers, landing mats, inflatable skirts and trunks,
imgact-attenuations or “shock-absorber”™, and so on, all provide ior &
more efficient vehicle at 2 low weignt peaaity.

5.1.4 INFLUENCE OF OPERATI}:G ENVIRONMENT
ON INFLATABLE STRUCTURE UTILIZATION
IN GEnis

With currenily developed fabric constructional methods and coatings there
aced be very few restrictions imposed by the operat:ng envirenment. Some
unknown factors still exist, notably the effect of sudder punctures by enemy
action or by obstacies, the likelihood of snow and ice accretion, susceptibility
to fire, and the resistance to pin~tare in. tearing. Aside from these, ihe
only rezl restriction that appewss to <xi:t is in the elastomer embrittlement
at very low temperatures, below -400k

5.1.5 EFFECT OF VARIATION IN GEM: SiZE ON
UTILIZATION OF INFLATABLE STRUCTURES
AND OTHE .. APPLICATIONS

5.1.5.1 Primary Structuares




Increase in GEXNi size, without change in gross weight, implying as it
does, a2 reduccd cushion pressure, is beneficiai for utility of inflatable
siraciures,

since it reduces the inflation pressure required on the
structure.

if GEM size implies an increase in gross weight, as well as physical

dimensions, no adwantzcec 5Cliues. and a higher inflation pressure inay
well be demanded.

Chrange in GE® cunfigus ation has a marked effect on the utilization of
inflatable structures, and s about twice as powerful as a change in

uchion presgsure,

n approximately one-iifth of the inflation pressure, whereas, doubling
the size will require approximately two-fifths. Note that a huadredfold
increase in gress weight at constant cushion pressure only reguires
approximately 3 15 per cent increase in inflation pressure.

5.1.5.2 Secordary Structures

Insofar as secondary structures carry load continously but at a lower
level than the primary stiucture, and the loads and size of structure will
vary in accordance with the loads and size of the main structure, the
affect of GEM size on infiatable secondary structures will be similar to

that in primary structures, but less critical or demanding--lower inflation
pressures may be possible with desired contigurations, or more reasonable
configurations with acceptable pressures.

5.1.3.3 Auxiliary Structures

These structures are desigried to loading criteria that do not reflect the
inajor ddsign cascs for the primary GEM struciure, and hence are
relatively independen! of GEM si~2. TF 5 _s 3 very useful aspect of such
structures, since their utility is enha.. :2¢ by the iact that for each auxiliary
application, a range of modular units woL:’ be developed to cater all

GEM sizes.

5.2 RECOMMENDATIONS
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5.2 1 FUTURE DEVELOPMENTS REQUIRED TO IMPROVE
THE UTILIZATION OF INFLATABLE STRUCTURES IN
GEXis

First and foremost, an increase in accestable inflation pressures, by

a factor of 10 or more, will enavié construction of inflatable primary
structures to withsiand the most severe load@ing conditions, while still ze-
taining an acceptably siim configuration. In general, the ability to
confidentiy design tc higher iaflation pressures is an all arcund gain.

Development of higher strengih-weight materisis with high Young's modules,
and high ultimate streagih.

Development of strongly abrasion resistant 2oatings of light weight, io
grovide the environmental protection required for cverland and amphibious
use.

Development of elastomers that wiii meei more completely all of the
environmentai conditions discussed in Chapter !, in particular the low
temperature condition discussed.

5.2.2. SPECIFIC AREAS OF INVESTIGATION
REQUIRED

Investigatior of the application of currently acceptable inflatable structures
in the auxiliary GEM structure area, and allied applications, including the
foilowing:

infiatable fenders for mounting on GEMs along the side, at
the bow or underneath to reduce the iritial loading conditions
to which GEMs need be designed.

Inflatable irunks ~- salr’s, to permit GEMs to operate over
rough terrain or in heavy -:as with iow 1ift power and greater
maneuverability.

Infiatatle bumper pads ior use alongside or inside LSDs or
LPDs_ .o minimize the impact loading on GEMs and cther
amphibious craft inheren: in operations in heavy seas.

Inilatable landing pads a< an aiternative to metal plates, enabling
satisfactory operation in much softer terrain for a given weight
peaaity.

A
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roughness cf ihe operating terrain and the vehicie speed.

This is of particular value in overwater operation when lightly
damped GEMs wili be severely iimited in speed due tc
resonance in heave and pitch.

Iritataiis. air intakes to orovide efficient operation at high
speed, while still providing eificient operation 2t iow spead
with no intakes to obstruct ioading and unlo=i.z.

=

Infiatable stabilizing surfaces that may be deployed at will.

inflatable bow sections to reduce water impact loads trans-
mitted to the GENMI structure.

A combined burmper_ skirt or trunk, bow, and landing pad
assembly that can be constructed in modular form for a2ttzch-
ment te various sizes and types of vehicles.

Several minecr appiications, such as seats, benches, canopies,
eic.

Investigation of the application of curreatly inflatable structure in the
primary structure role, in vehicles of appreciable depth (of the same order
as vehicle width). Pcssibiz applications are in the drone vehicle field, the

tretcher carrying field, equipment carriers, aand possibiy one-man
vehicies.

5.2.3 GENERAL RECCOMMENDATIONS

As zoen 25 the utlitity of inflatable structures in the GEM is established,
it is sirongly recommended that » ~™ng s.a be initizted to coliate all avail-
able data on materials, materi..s te;tin3, structural testing, for use in
the formulation of criteria for the desig: -f infiatable structures for GElls.
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