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FOREWORD

This manual for ground-mounted, air-supported single- and double-
wall structures has been prepared by Haves Int=rnaticnal Corporation,
Birmingham, Alabams. The manual presents information on wind tunnel
tests conducted in support of design dats and an analysis of tent fabric
stresses. Configurations investigated include spherical and cylindrical
tingle-wall tents and cylindrical double-wall tents with flat ends. Wind
tunnel tests were conducted ian the six-foot by six-foot stability tunnel
at Virginia Polytechnic Institute, Blacksburg, Virginia., Initial work
was conducted for the U, S. Army Natick Laboratories, Natick, Msssachu-
setts under Contract DA19-129-AMC-129(N), during the period of July 1963
to October 1966, Additional analyses and tests were conducted under
Contract DA19-129-AMC~953(N) from May 1966 to May 1968, Data presented
supplements and supersedes information shown in U. S. Army Natick Labora-
tories Technical Report 67-36-ME, "Wind Tunnel Tests and Analyses for
Ground Mounted Air-Supported Structures', dated October 1966,

Mr. Constantin J. Monego, of the Genesral Equipment & Packaging
Laboratory at the Natick Laboratories, was the Army Project Engineer for
this program. Mr. A. E. Dietz was the Program Manager, and Messrs. R. B.
Proffitt, R. 8. Chabot, and E, L. Moak were the principal investigators
for the Hayes Intarnationsl Corporation. The assistance provided by Mr.
C. J. Monego of the Natick Laboratories, Ur. R, T. Keefe and Prof. F. G.
Maher of the Virginia Polytschnic Institute, and the personnel of the
Technical Engineering Department of Hayes Internaticnal Corporation are
gratefully acknowledged. In particular, many thanke are due Mr. Joseph
I. Blulm, Chief, Applisd Machanics Research Laboratory, and his staff
at the Watertown Arsenal, Watertown, Massachusetts, for review and anal-
ysis of this report, vhich resulted in many valuable comments and recon-
mendations, and to Messrs. J. H, Flanagan, W. C. Whittlesey, ané C. W.
Weikert for their encouragement snd support of this work.
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ABSTRACT

“The objective of this program is to provide tentage information
baseu on wind tunnel test data that can be applied either to the evalu-
=t -

atizn and improvemeént of exisiing ground-wounted, air-supported tents
or to the design of such future structuras.

The program consisted of two study, test and analytical investi-
gation phases, the first from July 1963 to October 1966, and the second
from May 1966 to May 1968, This second report is a revised and expanded
edition of a prior study entitled "Wind Tunnel Tests and Analysis of
Ground Mounted Air-Supported Structures’. During the study phase a
review was made on pertinent literature on experimental techniques, data
and analyses applicable to determining maximum aerodynamic force and
stresses in fabric structures.

The first wind tunnel investigation consisted of detailed investi-
gations of basic single-wall tent configurations constructed of porous
and nonporous fabrics and double-wall tents. The tent configurations
tested included shelter shapes such as spheres, cylinders with spherical
ends, and cylinders with flat ends. This study was made to expand the
scope of the report to include data on cylindrical shelters with ellip-
tical ends, the bending stiffness of an inflated beam, vibration charac-
teristics of single-wall and double-wall shelters, the effect ¢f wind
skizts on the ground anchors, and a study of factors to improve the
stabiliry of double-wall shelters.

Tests were conducted at stabilized wind speeds up to 110 miles per
hour.in the Virginia Polytechnic Institute's six-foot by six-foot
stability tunnel. In the analytical phaze, test data were used to

develop fabric stress and aerodynamic coefficient data variation with
tent parameters.

Results of the wind tunnel investigations and stress analyses have
been incorporated and include comprehensive, practical design data suit-
able for engineering reliable, stable, single~ and double-wall, air-
supported shelters. Data, in general, are presented in nondimensional
coefficient form, and, therefore, are applicable to full-scale shelters
within the range of the parameters iavestigated. Design information is
presented as charts and tables on shelter aerodynamic force and moment
coefficleats, anchor and guy line coefficients, structural deflection,
vibration, and material stresses.

xxii
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WIND TUNNEL TESTS AND ANALYSES FOR GROUND-MOUNTED, AIR-SUPPORTED STRUCTURES
(Revised)

SECTION 1
INTRODUCT JON

In March 1956, a revised edition of the Design Manual for Spher- :
ical Air Supported Radomes was published by Cornell Aeronautical Labora-
tory, Since its publication, ailr-supported structures of other than
spherical ghapes have been adopted by the Army. Design and fabrication of .
these tents have generally been limited to the gemi-empirical methods out-
lined in the revised Deaign Manual for Spherical Air-Supported Tents and -
data estimated to cover other basic configurations,

In order to assist the tentage engineer to more accurately define
the criteria for design of air supported structures, the U. S. Army Natick
Laborateories contracted with Hayes International Corporation to formulate
practical design criteria for single-and double-wall air supported struc-
tures, The program included a comprehensive analytical study and model
wind tunnel tests resulting in a Design Manual for ground mounted air
supported tents. A more rigorous solution to the analytical determination
of fabric stresses 1s included in this investigation which, combined with
the latest materials and accessory equipment information furaished by the
Army, has produced more precise tentage design criteria than has hereto-
fore been available to the Army designer.

The Design Manual has been prepared in two parts for the con-
venlence of the user., Wind Tunnel Tests and Analyses for Ground-Mounted,
Air-Supported Structures contains a detailled description of the wiud tunnel
test investigations and data reduction techniques, together with a com-
prehensive analytical determination of maximum fabric stresses through
use of measured tent pressure distributioms. Design Manual for Ground-
Mounted Air-Supported Structures (Single-and Double-Wall) presents the
results of the tests and analyses in a concise form of design tables and
curves for both single-and double-wall tents together with sample problems
illustrating the use of the data.
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SECTION 2

GENERAL DISCUSSION .

BACRGROUND

'The art of tent making is thousande of years old. For centuries,
through trial and error, man has constructed affective shelters for habit-
ation end the housing of equipment. The evolution of this art has covered
a myriad of configurations, but only recently has a way been found to
eliminate the cumbersome weight of the supports through the use of inflation
techniques., The forerunner of air-eupported tcits dates back to early
World War II days when an external enclosure over a radar antenna was
found degirable. This use was motivated by the necessity for protection of
the radar installation from high winds. These early installations were
omall in size and the material used ranged from single sheets to molded
plexiglas or plywood to multiple layers of sandwich-type construction. The
first reported use of a resinimpregnated glass fabric as a radome material
stemmed from an attempt to reduce the moisture absorption properties of ply-
wood on the earlier models through the application of a thin protective
overlay on the external surface of the radome,

Larger radcmes were dictated for use orn later World War II radar
installations., The advent of radomes ranging in diameter from 35 to 55
feet arose from the necessity to extend the Urited States Air Defense after
World War II to include radar detection systems located in arctic zones '
of operation, Operational radars of that time were designed to withstand
only the wind loads and weather conditions encountered in temperate zones.
Wind conditione in the Arctic were known to impose greater loads upon an
antenna system and upon its pedestal than those for which the structure
was designed. Thercfore, it was decided to utilire radomes for environ-
mental protection., Up until this time, the larg: radomes had been used
only as expedient alternative to modification and strengthening of existing
radar antenna structures, With the advent of arctic usage, the intrinsic
merits of the light weight radome soon became obvious; 1.e., enviirnrental
protection, reduction in power required to rotate large artenus systems in
high winds,and reduction in size and weight of structural -mbere 4t the
cost of a small degradation in system performance due to t % fesnge of
the radome,

Modern scientific and technological developments meds La military
equipment and in support of a mobile army have resulted in tiw need for
advanced tentage structures, The need for new tentage varies from highly
specialized items for the missile program to large maintenance tents for
ground vehicles and aircraft.

The use of air-supported tents, other than radome, represents ome
approach taken by the Army to provide shelters of reduced weight, cost,
and cubage which can be ceasily transported, erected and struck for more
mobile army operations. With the development of these air-supported
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shelters, the technology of tent making is developing, step by step, from

a tvadldedanal awmas
S

....... cnal $ralt 6 & bianch ui scieniiiic engineering.

Cornell Aeronauticsl Laboratories and Massachusetts Institute of
Technology have performed several scale tests on radome and migsile shelter
models, Cornell has produced a Radome Design Manual for spherical radomes
based on these tests. Design and fabrication of other than spherical tents
has been accomplished largely by extrapclation of the design data contained
in the Radome Design Manual ard the individual desigrer's parsonal "feel" for
the problem. A wind tunnel program was initiated to investigate a wide
variety of models, both gpherical and cylindrical, single-and double-wall.

The data obtained from these tests have been reduced and put in parametric
form to facilitate future tent design.

GENERAL CHARACTERISTICS

Air-supported structures present the modern mobile army with many

advantages over rigid structures, Some of the more important advantages
are listed below:

R _F Transmissibility - The air-supported structure, as used to house radar
antenna, due to its thin-walled construction, very nearly approaches the
ideal shelter, i.e, a thin-walled homogeneous sphere. For thie reason the
same radome can be used for several systems of different frequencies,

Lightweight, Low Bulk and Cubage - The inherent characteriatics of an air-
supported structure provides a high structural efficiency, which results in
very low package weight. Use of thin flexible material for the envelope
permits the entire unit to be folded into a small package which facilitates
shipment and storage.

Ease of Hundling and Logistic Support - Due to its low weight and compact-
ness, the air-supported structure is one of the most portable of all
prasently available shelters. The durability of the material used for the
envelope minimized logistic requirements and maintenance. . Standardization
of the basic tent sizes reduces the inventory requirement and makes the
dr-supported structure adaptable to nearly all shelter requirements.
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SECTION 3

WIND TUNNEL TESTS AND ANALYSIS

TEST FACILITY

A series of wind tunnel teste was conducted in the Virginia Poly-
technic Institute's 6mfoot by 6-foot Wind Tunnel (Figure 1) under the
direction of the Hayes Internaticmal Corporation. The VPI tunnel was de-
signed and originally constructed at the Langley Aeronautical Laboratory of
the National Aeronautics and Space Administration. The facility is class~
ified as a continuous, ulcsed jet, single return, subsonic wind tunnel
with interchangeable round and square test sections. The tunnel is powered
by & 600-hp d. c, motor driving a l4-foot propeller. Due to.the prasence
of seven gtainless steel turbulence screens in the settling chamber, the
tunnel is capable of operating at a turbulence factor as low as 1,08.
Effects of turbulence in the air flow are seen as an increase in test
Reynolds number as compared to & similar test in free air.

The tunnel is equipped with a six-component, automatic null-
balancing, mechanical system for measuring forces and moments associated
with models mounted through the floor or sidewall of the tunnel, during
static model tests, The output from this balance is fed into a readout
printing system which allows the operator to read the six outputs as printed
tabulation,

TEST ARTICLES

Model Configurations

A series of air-inflatable, single-and double-wall tents of various
shapes were tested, The fabric used in the constructicn of the models was
the lighest fabric available and corresponded to approximately 1/10 exist-
ing full scale values, while model scales varied from approximately 1/20th
to 1/40th full size.

Internal pressure was maintained within the models for support. A
remote alr supply, regulated in the tumnnel control room, was used to provide
these pressures within the cells and enclosure as shown in Figure 2, The
enclosure pressure, P_, for single-wall models was varied from 4/5 q to
5/4 q. Cell pressure, P, for the double-wall models was varied 5" to 30"

H O, Free stream total and static pressures were measured and referenced

to cell and enclosure pressures as shown in Figure 3. Enclosure pressure
for double-wall models was maintained at free stream static values.

Single-wall models tested ranged in shape from spherical to
cyiindrical with spherical or elliptical ends, and width—to-length ratios of
1:1, 1:2 and l:4. The height-to-diameter ratios varied from 3/8 to 7/8.
Envelope material variled in porosity frow 0 to 15 cu. ft,/min, /ft.2 as
shown on Table I,
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1 models iesited were all cylindrically shaped. Height-to-
diameter ratios varied from 3/8 to 3/4 for the cylindrical models and width-
to-length ratios varied from l:1 to 1l:4. All douhle-wall modsls wars cou—
structed of non-porous material.

Tables I and II summarize &ll model configuration variables., Photo-
grapha of typical models are shown in Figures 4 through 9. A clearer illus-
tration of the curtain arrangement is shown as Figure 10,

Model Parameters

In the design of wind tunnel test models it is of paramount im=-
portance to insure that all principal non~dimensional paramsters are scaled
relative to one another in the model as they are found in the full-scale
tenta, Wind tunnel models are also generally made toc as large a scale as
the teast section of the tunnel will sllow without inducing adverse tunnel
blockage. In selecting tha model designs for this program it was agreed
that since the size of the full-ecale tent is wvariable, each model con~-
figuration ghould be designed to the tunnel blockage factor and made as
large as possible without regard to scale. To accomplish this prier to
the design of the ground plane, an arbitrary figure of one square foot was
assuned for the projected frontal area of the ground plane, Assuming a
tunnel blockage factor of 10 percent, as recommended by Virginia Poly-
technic Institute, and knowing the assumed ground plane frontal area, tach

nodel was designed to have maximum projecred frontal area of 374 square
inches.

The geometry of all existing pruposed full-scale tents baing un-
known, the models were designed allowing engineering judgement and ax~
perience to relax the requirements for some parameters known or felt to
be unimportant and provide a wide variety of tent shapes of interest to
the Ammy for present and future application.

The design of a flexible model for wind tunnel testing is consider-
ably more complicated than a normal rigid model, whose shape essentially
does not change. To obtain aerodynamic and dynamic similarity the fzlilowing'
parameters had to be kept the game for scale as for the full-gize models.

Geometric Shape - For no wind conditions
Inflation Parameter- Ratio of inflation pressure to free system
dynamic pressure

Reynold's Number - Ratio of inertia forces to viscous forces

Mach Number ~ Ratio of inertia forces to elastic forces

Froude Number - Ratio of inertia forces to gravity forces

Aercelastic Parameter - Ratio of model diameter, fabric elongation
and dynamic pressure to fabric straes

Dynamic Parameter - Ratio of model wmass to air density and model

diameter cubed
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A model under conditions such that it has the same Reynolds and
Mach numbers as its full gcale counterpart will hava fornes and momzgnis
on it that can be directly scaled and flow patterns that are exactly
the same, If the body in question is reacting to gravity, the model should

also he meintained gt tha sanc Fioude number s its fuli-scale counterpart,

The inflation paremeter is of importance because it governs tent
stability, This parameter was investigated, wherever possible, to determine
the limits of tent stability, The dynamic parameter was allowed to vary
with model sizing as the fabric ussd was the lightest fabric available of
sufficient strength to construct the models and the model size was dictated
by the maximum allowable for the test section used, Based on the limited
observations of the effects of this parameter during these tests, it is
recommended that the inflation parameter be maintained at a minimum of amity.

The aeroelastic parameter is important in matching the model de~
flections with those of the full-scale tents, Based on the fabric stress
data computed from the pressure distributions, this paramater can be com-
pared. However, no attempt was made to do so because of the overriding
considerations of fabric weight and model sizing as cited above. However,
since the bending stiffness of the model fabric is negligible, deflections
noted in the models are considered similar to those of full-scale tents.

The Mach number parameter was irrelevant because of the low velo-
cities used for this test series. Based on past experience, below a Mach
number of 0,25, the elastic forces of air are at a minimum and can be
neglected,

Therefore, the gimilarity parameters considered to be of major im-
portance were the infiation parameter and Reynolds number.

The values selected for the inflation parameter were 4/5 q, 1.0 q
and 5/4 q. In some cases, an estimate was made as to the value of P_/q
that was required to stabilize the tent, It was found that this determin-
ation was an individual estimate and therefore only the more severe cases
of tent instsbillty were evaluated, The single-wall non-porous tents were
tested at all three values of the inflaticn parameter, The single-wall,
porous teuts were, in general, tested only at a value of 1.0 q. The
double-wall tents were teasted at values of Pc equal to 3q, 4q, and 5q.

The Reynolds number parameter determines the flow pattern as it is
influenced by viscous effects, As major variation in flow usually occurs
below certain critical values of this parameter, it wag desirable to test
the scale models asbove this critical value in order to provide moras accurate
extrapolation of test data to full gcale, At the lower test velocity of
35 mph, several models fall below this critical value of Reynolds number,
hence the test data does not lend itself to extrapolation as readily as the
data obtained from rhe other models. These conditions were adjusted to
bring model Reynolds number above the critical value and thereby enabie the
data from all models to be scaled to full-sise tents, The Reynold's number
for these tents was based on the model diameter. Based on that reference
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number establighes the lower values of test conditions in that major varis-
tions of flow occur below the test conditions specified by the critical
Reynold's number. Test data below the critical Reynold's number have little
or no potential for extrapolation to full scale tents and therefore were
eliminated from conaideration in the design curves.

The model fabric chosen was the lightest gage pnasible considering
fabric flexibility requirements and fabrication, The fabric chosen may be
scaled to full-size and is representative of those tents in service today.
Fabric porosity was also varied in the construction of the tents to provide
data of the influence of porosity on aerodynamic flow characteristics over
the tent.

MODEL INSTALLATION

It was determined that more reliable data would be obtained by
sting mounting the tent models on a ground plane and turntable arrangement
suspended between the walls of the tunnel rather than by mounting them
directly on the flocr of the tunnel.

The optimum size of the ground plane for thls particular tunnel is
three times that of the longest model tu be tasted, The dimensions of the
ground plane are, therefore, 72 inches wide by 195 inches long. The models,
turntable etc., are mounted in the center of the ground plane within a 70
inch diameter circle, The boundary layer bleed flap was asized and located
on the basis of the calculated boundary layer alcng the ground plane.

In order to better simulate the full scale tents, provision was inade
to enable the test conductor to exercise a limited amouat of control,
through adjustment of s bleed flap, over the boundary layer thickness in
front of the model, To determine the desired setting for the bleed flap
that best simulated actual conditions over the ground, a boundary layer
survey was made. This survey investigeied dynamic pressures at heights
varying from the ground plane surface to approximately two inches above the
surface for varying bleed flap settings, Thase dynamic pressures were
plotted versus the height above the surface. The height at which the
dynamic pressure reccovers to 90 percent of the free stream is defined to
be the upper limit of the boundary layer. The results of this survey are
presented in Figure 11. The curve corresponding to slot openings of 1.0"
and 1.5" was chosen for subseguent use as it was felt that this produced
a flow profile which more closely approximated actual free air conditions.
Therefore, the data from these tests are restricted to ground-mounted
structures only.

The bases of the models were attached to the ground plane by means
of cantilevered anchor springs fabricated from 17-4 PH steel heat treated
to the TH1050 condition., Figure 12 shows typical strain gage inatallations
at the anchor point and guy line positiens. These anchors were spaced about
the periphery of each model as shown ic Figures 13 and 14. Double-wall
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models were secured by guy linee in addition to the anchor springs. Also,
one double-wall model was tested with wind aprons installed instead of
fuy lines.

The wind tunnel installation effects on aerodynamic loads ware
measurad on the warlier tente by removing the tent and mounting base, cover-
ing the turn table and measuring the loads as the tunnel spe‘* was varied
through the test range. On the later models a dummy tent was comstructed
of plywood and fiberboard and suspended above the model ba_.e, Both methods
were used at all test yaw angles and gave equally reliable regults, Thesge
data were used to correct measured total forces and moments to tent alone
measuxed data.

DATA RECORDING

Aerodynamic Forces and Moments

The tent model aerodynamic forces and moments were racorded in
pounds and foot/pounds respectively in the wind axis system, The wind axis
system has three orthogonal axes, one oriented in the direction of the wind
with drag positive in the downstream direction, another oriented in the
vertical direction with 1ift positive in the upward dire..t’on, and a& third
oriented in the lateral direction normal to the former ._wo with side force
positive to the right when looking upstream, These axes are fixed in the
wind tunnel and do not vary with yaw angle, Wind tunnel balance data sign
convention 1s presented in Figures 15 and 16,

Pressure Data

Pressure instrumentation was used to sense model test conditioms,
tent inflation, and tent pressure distribution. Ground plane pressure taps,
boundary layer pressure measuring devices (rakes), tunnel wall static pres-
sure taps and a pitot-static tube were used to establish tunnel stream flow
conditions ahead of and around the ten. wodels during model tests.

All models were instrumented with controllable inflation pressure
provisions to provide enclosure and/or cell inflatlon pressure. Separate
pressure lines were installed in the tents to sense tent enclosure and cell
pressures,

Model surface pressure distribution was measured at selected points
on the tent surface by installing small, flexible tubing within the model
from many surface taps and routing them externally to manometer display
boards. Due to the large number of pressure measurements made at each test
condition and the requirement for instantaneous reading, the manometer tubes
with test run information affixed thereto were photographed for each test
condition for subsequent data reduction, Typical pressure tap locations are
presented in Figures 17,18 and 19,




Teant Deflections

Tent deflection due to wind load was measured through use of fixed-

position, still cameras located axternsl to the test section. One camera

provided instantaneous tent glavation filw, the other plan view film, Film

negatives of no-wind and test-wind conditions having the same enclosure
(and cell) pressures were superimposed to provide accurate deflection measure-
ment. Data were measured using a background grid and recorded to maximum

deflection points at the front, top and rear of each tent using the symbols
and sign conventions of Figure 20,

Tent Vibrations

In order to investlgate horizontal vibratory motion of double-wall
tents, very small, "Grain of Wheat" lamps were installed on the top center~
line of four tents., Tent vibration and amplitude were recorded on movie
film by photographing light traces made by the illuminated lamps operating
in a dark field. A 70-mm streak-mode camera mounted above and external to
the wind tunnel test section was used to photograph the motion, A timing
light, actuated by a strobclux, provided a time reference on the film,

DATA PROCESSING

Processing the various type data from the uncorrected, as recorded,
to the final corrected data stage required numerous hand and automatic com~
putation steps., The major correction factors applied to the wind tunnel
data along with the data reduction procedures are presented in this section.

DATA CORRECTIONS

Mechanical Balance

The results of the overall calibration of the wind tunnel installa-
tion at VPI indicated that there were several manufacturing and installation
errors present in the mechanical linkage of the balance system. These
errors were evaluated as interaction corrections and were applied to the
various balance readings to give the true aerodynamic force and moment values.

Factor x Balance Readings
1,000 Lift Reading

= True Readings

= Lift
0.996 Drag Reading w» Drag
0,996 S. F., Reading + 0.004 Drag Reading = Side Force

0.958 R. M. Reading + (0.015 Lift Reading
+ 0.054 S, F. Reading

0.953 P, M, Reading - 0.010 Lift Reading
+ 0.028 Drag Reading - 0.019 R. M. Reading

0.939 Y. M, Reading - 0.018 (Drag Reading -
S. F. Reading) '

'Rolling Moment

Pitching Moment

Yawing Moment




These equations are presented in order to show that for the test
runs where one or more of the balance units were inoperative, the other
féadiigs were noi appreciubly affected.

Horizontal Buoyancy

The models tested were scaled only to the extent that the largest
model permissible in the test section for each configuration considered was
used,

The conditions imposed on the tent models tested in a wind tunnel
are not the same as those found on full-scale tents in free air. This test
program had the models mounted tc a fixed ground plane with the air moving
past the model. The longitudinal static pressure gradient usually present
in the test section produced extranecus forces that were corrected,

Nearly all wind tunnels with closed test sections have a static
pressure variation along the axis of the test section due to the thickening
of the boundary layer as it progresses toward the exit cone. This pressure
gradient is usually negative and hence there is a tendency for the model to
be "drawn" downstream. This tendency of the model to be 'drawn" downstream
is known as "horizontal buoyancy" and is usually insignificant for wings
and other relatively thin objects but may be a significant value for more
blunt objects. In this test program, several pressure taps were installed
along the tunnel walls adjacent to the model. For this specilal case, the
longitudinal pressure gradient was a straight line (Figure 21) and the
equation for this correction becomes:

Dp = IS, (dp/ds) dg (1

where S_ 18 the model cross-section area at station x, £ is the distance
from the model nose and dp/d& is the slope of the longitudinal static pres-
sure curve., Since the summation of the model area times the incremental
distances IS,d4 1is the body voluwe, this equation reduces to:

Dy = - (dp/d!%) (Body Volume) (2)

Figure 21 presents the longitudinal static pressure gradient for a repre-
sentative model tested in the VPI 6-foot by 6-foot tunnel. Taking the slope
of this curve and using the volume of a representative test model, it was
found that Dp should be approximately 3.6 pounds for this model installationm.

Blockage

The other correction required to be made to the test data is due to
the presence of a model in the test section which effectively reduces the
area through which the air must flow, and hence in accordance with
Bernoulli's law, incresses the velocity of the air as it flows around the
model. This increase of velocity in the viéinity of the model affects the

10
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vnomis piéhoure, Keynalds number, pitching moment covefficient, 1lift coef-
ficlent and drag coefficient. A gimple form of this blockage correction is:

K
P {model vnlume) (3
S 3/2

where K = 0.96 for a body of revolutior and §, is the wind tunnel section
area. Again uaing the mame representative test model as was used for the
"horizontal buoyancy' correction, it was determined that a representative
value of Egp Would be approximately 0.012.

The equations to be used for correction of the wall effects en-
countered in this program are summed below. The data with subsczipt "u"
are uncorrected data bagsed on free-stream dynamic pressure, with the ex-

ception of drag which must have the buoyancy correction applied before
final correction due to "solid blockage'.

U= U, (¥ eg,) (%)

9~ q, (1+2eg) (5)

Ry = Ry, (b + egp) 6)

C, = CLu (1~ 0~ 2egg) 7)
% = G, (- 2egp) * f’% (8)
€p = Cp, (& - 3e5p) )

2
e

d
where o = 3 'Y is a wode) wake correction and "d" is the diameter of the
model used.

DATA REDUCTION

The data reduction program was divided into five categories: aero-
dynawic balance data, anchor load datu, external pressure distribution, tent
deflection, and tent vibration. Data amunsbla. to automatic data reduction
was transferred to a prepared computer load sheet for data reduction on the
IBM 360 model 30 computer located at Hayes International Corporation,

Birmingham, Alabama. The equations used for this reduction are presented
in the folloving asctions, R

11
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Aerodynamic Coefficients

Tne aerodynam'c torce and anchor load data were reduced to dimen-
sionleas coefficient form by dividing the force in pounds by the product of
dynamic oressure times the referenca area. The aerodynamic moment data
were similarly reduced to coefficient form by dividing by the product of
dynamic pressure times the reference area times a reference lengtin. These
coefficients are defined as follows:

Coefficient Equation

Lift Cp = L/qh, (10)
Drag Cp = D/aA, (11
Sideforce Cy = Py/qu (12)
Pitching Moment ‘ Cy ™ M/qud (13)
Rolling Moment Cp = My/qud (14)
Yawing Moment Cy = Mp/aAyy (15)

The aerodynamic loads and moments used for computing the abtove
corfficients are as follows:

Component Equation

Lift L - Lr - Lp - Lj (16)

Drag D= Dr - Dp - Dj (17)

!

Sideforce Py= Pyp - Pyo - Pyj (18)

Pitching Moment M=M. - Mp - M-1 (19)

Rolling M t - -M -

olling Momen . My Myr vp Myj (20) )

Yawing Moment M=M_ - Mmp - Mmj(Zl)

12




where the subscripts are defined below. These subscripts are not repeated
elsewhere or in list of symbols,

Subscript "r" values are the total readings including contributions
due to plate loads and jet flow loads, subscript "p" values are the plate
losding contributions only, Subsciipt "j" values are ihe reaciions due to
the additional &ir flow into the tent enclosure during porous model tests.
Thege values are slopes calculated from the data points in lbs, (or foot /
lbs,) per in HZO.

This program also computes the actual velocity from the tunnel
indicated velocity, corrected for pressure, temperature, and Reynolds
number as follows:

U -/-—%9-— Velocity (22)
RN - ggg Reynolds Number (23)

Additional corrvections were made to the data for the effects of the
wind tunnel boundary conditions, The boundary corrections required for
the special case of a model mounted on a ground plane were reduced to two.
These were solid blockage and horizontal buoyancy. The equations used
are as follows:

U‘..° - Uu (1 + CSB) (24)
9% =9, (1+ 2sSB) (25)
RNm - RNU (1 + FSB) (26)
cL - cLu (l =g = 2538) {27
. o’
= 1 - 2 [—
cM c;Mu ( CSB) + 7 (28)

C =¢ (1 ~3 )
D bu SB (29)

where

subscript "u" terms are the uncorrected data based on wind tumnel
upstream conditions,
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8B a)3/2
-
2 2
il d
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vhere
K = constant 0.96 for bodies of revolution
V =« tent enclosed volume
Ac wind tunnel crose section area
d = dlameter of model
h = height of wind tunnel test section

The drag coefficient, C. , based on free stream conditions includes
a correction for horiztontal buoyancy. This correction was made as follows:

D~ DB

C., = 32
mT (32)
where
D = net drag
D, .-..%%_ v
Q - free stream dynamic pressure

A = reference ares, maximum planform

4
d?
Model volume for single wall models was computed as follows:

= glope of tunnel longitudinal static pressure curve

h > d/2,
— T . i
Ve d3- 7:-'8- dd + 3 rBz (h-4d/2) +n rz(zh- 2r)

2—-2 (6 - sin6) (5 - 2r) (33)

h < d/z',_
v =

wine
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vhere

!B = v (d=h)

h.= d/2

Ve T"g‘ d3 +';‘ (r)2 (& - 2¢r) (35)

whera

r = tent radius

h = tent height, feet
d = diameter, feet

6 = base angle

Eh = length

The maximum planform area for single-wall models was computed as follows:

henispharical ends,

‘P wgrde 2 (l-h-ZI‘.') (36)

elliptical ends,
A =1 ab (37)
P
vhere
a = elliptical-end semi-major axis length
b = elliptical-end semi-minor axis length

r = tent radius, feet

Eh = tent length, feat

Planform area, aquare feet

In the squations for veclume and the equations for planform area,
m.del redius and dismeter divided by 2 were considered independent numbers

in order to mske the equations apply to both upherical and cylindrical
models.
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The final correction made to the aerodynamic balance data was to

transform from wind axes to body axes for models vriented at yaw angles of
o= 4R Tha vn‘l.r{nnnh{n hatwaan wind awia and hndw avia {a nrnnnnrnd in

Figure 16 . For y = 0° and 90° , NO correction was necessary.

The cquaticns transformed to the body axes are

Coefficient Equation
Lift CLB = CL
Drag Cop = Cp cosy - CY sin U
Sideforce CYB - CY cosy = CD sin ¥
Pitching Moment CMB - CM cosV - CR gin ¥
Rollirg Moment CRB - CR cosy - CM sin ¥
Yawing Moment. . CNB = CN

Pressure Coefficients

The static pressure distribution data were reduced to coefficient
form in like manner to the aerodynamic data using the following equation:

P =P
C --—&_—L
P L™

where

C = pressure coefficient

g
[ ]

Local static pressure at model surface
P = tunnel static pressure

tunnel dynamic pressure

¥-]
[}

Pressure distribution over the model and the base mounting plate
was measured at many points. The relative locations of these points varied
from model to model, Typical locations are presented in Figures 17 through

Anchor, Guy Line and Curtain Load Coefficients

Using measured anchor, guy line or curtain loads, load coefficient
were computed for each active gage used. The corrected loads were computed
by first calibrating each active gage with four known loads of 1 1b., 6 1b,

16

(38)
(39)
(40)
(41)
(42)

(43)

(44)
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11 1b., and 16 lb, The slope of the calibrat!cn rurve obtained was then
computed in 1lb./micro-inches per inch load and multiplied times the strain
recorded by that gage under consideration to obtain the applied load. The
load coefficients were then computed as follows:

= CL

CCL E (45 (a,b,c))

- 8L,
AL T A TS

whiere
AL, = anchor load, lbs,

GL

guyline load, 1bs,

CL = curtain load, 1lbs.

q dynamic pressure, lbs./ft,2

A

o planform area, ft,?2

The computed loads were summed for each test condition and printed as total
aerodynamic and inflation load. These loads were then corrected for in-
flation loads and printed out as aerodynamic loads. The aerodynamic loads
shown include a correction for the fact that not all anchors were "active'
or measured strain, This correction was a multiplication factor composed
of a ratio of total to active anchor points employed.

The inflation loads used were computed by recording the strain for

each gage corresponding to tent inflation pressures of 2 in,, 4 in., and

6 in, of water for the single-wall tents and tent cell pressures of 5 in.,

6 in., and 30 in, for double-wall tents, Gage readings were convertaed to
anchor loads by multiplying recorded strain values by the slope of the
calibration curve for each gage. These individual loads were then summed

to give total inflation loads for all test conditions., Figures 13 and 14
present the planform lay-out of the gage locations for two typical models.,

Tent Deflections

Using the measured data extracted from superimposed cut-film
negatives of the no wind and test condition, corrections were applied to
correct for camera position relative to the tent and grid locations. Max-
imum tent deflection data were then computed and plotted as a ratio of
tent deflection to tent radius, §/r, versus the ratio of tent height to
diameter, h/d, for all models tested. These data are usable in determin-
ing maximum usable cubage inside the tent structure,

Tent Vibration

Teant vibration data were recorded for two double-wall tent
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configurations, Each configuration was investigated for two different cell !
s8izes. Tent frequency and amplitude were photographically recorded by a

70-mm streak mode camera mounted above and external of the wind tunnel test

seciivn, Tne film records were enliarged and manualliy read to obtain tent

frequency and amplitude of oscillation. A timing light actuated by a

strobolux provided a time reference on the 70-mm film. Dara, as nresented,

shows double amplitude (peak to peak) values versus cell pressure for hori-

zontal motion in a direction perpendlicular to the long axis of the tent.

Motion along the long axis of the tent (end to end) was intermittent and

small compared with the fore and aft movement,

Data Presentation

Upon completion of the wind tunnel data reduction, results were
prepared in tabular and graphical form for both single and double-wall
tents., A discussion of the data as presented herein follows:

Tent Lift

From the lift coefficient data for single wall spheres, it can be
seen in Figure 22 that C; increases almost linearly with the ratio of height-
to-diameter for single-wall spheres. Increased fabric porecsity resulted in
increased Cp for this shape.

Cylindrical single-wall tents exhibit a minimum 1lift coefficient
at a height-to-diameter ratio of 0.5, as shown in Figures 23 and 24 . Also,
for a W/&y of 1:2, the C; at h/d £ 0.5 for a non-porous tent is more moder-
ate than for a W/, = 1: The reverse is true when h/d > 0.5,

Figure 25 shows the effect of using @lliptical ends instead of
hemispherical ends on single-wall tents. Due to a more efficient aero~
dynamic shape, the 1lift coefficient is increased considerably.

Double-wall, cylindrical shapes alsc show an increase in 1ift
coefficient as h/d and W/iL increases, as can be seen from Figure 26 . A
width=-to-length ratio of 1:4 results in a much higher C, than that of W/ip
= 1:1 or 1:2.

Figure 26 illustrates the effect of guy lines on tent 1lift coeffi-
cient. Benefits of guy lines become more pronounced with increased teant N
h/d. ' )

Figure 27 presents a comparison of 1lift coefficient data for a non-
porous double-wall tent (1:2 W/%,, 1/2 h/d) equipped with guy lines, cur-
tains (in lieu of guy lines), ang with base anchors only. The 1ift coeffi~-
clent (based on basic tent Ap) for the curtain equipped tent 1s seen to
double for the tent with side and end curtains and triple for the side-
curtain equipped tent. The additional 1lift coefficient i1s due primarily to
the increased surface area; however, the end curtain design could not be,
maintained taut and spoiled some of the additional 1ift generated.
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Tent Drag

Siuglu-wall, spheiical shapos show an incroase in drag coefficiant
with increasing h/d as presented in Figure 28 . Slight fabric porosity
reduces C_, whereas further increase in porosity increases C_ back to non-
porous D values. D

Single-wall cylindrical shapes of 1:2 width-to~length ratios
(Figure 29 ) 1indicate an increase in C, with increasing h/d, but have Cp
values lower than shapes of W/2) = 1:4 ?Figure 30). Increasing fabric
porosity increases the Cp for cylindrical shapes.

The effects of tent end shape and direction of prevailing wind on
the drag coefficient of single-wall cylinders of 1:2 W/2, are seen in
Figures 31 and 32, A quartering wind generally produces the highest drag
coefficient. Elliptical end tent design creates a small increase in drag
coefficient when compared with the standard hemispherical end tents. This
design feature was investigated to eliminate non-usable end space and
reduce weight while maintaining acceptable loading characteristics during
high winds.

Double-wall shapes, as shown in Figure 33, with an h/d less than
0.5 exhibited lower drag coafficients than did the single-wall shapes.
However, an increase in h/d above 0.7 resulted in higher CD's for the
double-wall shapes. Use of guy lines provides some reduction in drag
coefficient. Variation in width to length ratio caused a moderate increase
in €y with an increase in w/zh.

Figure 34 presents the drag coefficient increase due to use of
curtains instead of guy lines. A comparison of tent anchored, anchored and
guyed, and anchored with curtains is ghown for double-wall tents of 1:2
W/Qh.

In summary, 1t appears that spherical single-~wall tents exhibit the
lowest drag coefficient with h/d., Use of elliptical ends or wind curtains
on tents cause an increase in drag coefficlent. An increase in W/2, or h/d
results in an increase in drag coefficient for cylindrical medels.

Tent Pitching Moments

Moment coefficients for single wall gpherical tents are quite low
at low h/d values, and increase to a fairly constant value at h/d 0.5,
Increasing porosity to 0-5 resulted in the lowest values of Cy while a
further increase in porosity increased Cy to near the non-porous values
(Figure 33.

Single-wall cylindrical shapes show an increase in Cy with in-
creasing h/d values. Increasing W/%y ratios raise Cy values markedly.
Fabric porosity values of 0-5 and 10-15 reduce the Cy considerably in W/2h
ratios of 1:2 and cause a moderate dacrease in Cy at w/zl ratlios of 1l:4
(Figures 36and 37 )., Figure 38 presents a comparison oé non-porous single-
wall tent moment coefficient variation with W/lh and h/d.

19




T e ST T T R

Double-wall shapes have a moderate, linear increase in Cy with
increasing h/d ratios (Figure 39). The moment coefficients decreased
slightly with a change in W/lhlratio from 1:1 to 1:2, but showed a marked
deeTease witii "’”h ratio of l:4. Figure 40 shows the decrease in C
brought about through the use of guy lines, Figure 41 shows the increased
Cy produced when curtains replace guy linea as tie downs,

Teat Anchor, Guy Line and Curtain Loads

Base anchor loads of a fabric shelter are the result of aerodynamic
forces acting on the tent external surface and the pressure within the
enclosure and/or cell., Data is presented as anchor load coefficient, Fig-
ure 42 1llustrates the typical effect of wind direction on anchor load
coefficient and shows some independence of orientation. Figure 43 presents
a comparison of maximum anchor load coefficient for 1/2 cylindrical 1:7
single~wall tents, wi*h elliptical and hemispherical ends, considering all
wind orientations. Yigure 44 presents the anchor load coefficient varia-
tion for a double-wall tent. Ancher load coefficient data variation with
tent gshape is shown in Figures 45, 46 and 47.

Tent guy line coefficient is used to determine guy line loads and
guy line vertical anchor loads for double-wall tents. These data are pre-
sented in Figure 48 and represent maximum aerodynamic loading with inflation
pressure effects eliminated. Enclosure pressure is another variable which

influences guy line loads and must be considered jointly when determining
total guy line loading.

Figure 49 presents the effect of using curtains in lieu of guy
lines on double-wall tents. Data indicated no measurable change with side
curteins only but an astronomical load increase due to increased aerodynamic
efficiency and size when compared with a tent tied down with guy lines,

Tent Deflection

Maximum tent deflection data are shown as a ratio of tent deflec=-
tion-to- tent radius, §/r, versus the ratio of tent height-to-tent diameter,
Deflection data is presented for areas at the front, top and rear of each
tent using the symbols and sign convention of Figure 20,

Figure 50 ghows the effect of tent shape and fabric porosity on
tent deflection for single-wall spheres. Tent deflection increases with
tent h/d and reduces with increased fabric porosity, Figures 51, 52, and 53
presents similar data for single-wall cylindrical tents of 1:2 and 1l:4 W/2
regpectively., Generally, tents with a h/d of approximately 0.5 have the

smallest deflections. Spherical single-wall tents have smaller overall
deflections than the cylindrical tents.

The effect of porous fabric on reducing tent deflection was in-
vestigated only with single-wall tents. Non-porous fabric was used only in
the construction of the double-wall tents. The independent effects of cell .
siza, cell pressure and enclosure pressure on tent deflection for a 3/4
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cylindrical, double-wall tent of 1:1 W/4 were investigated to determine
their effeciiveness, u

Figure 54 shows the effect of cell size and pressure on deflectivn
for a constant dynamic pressure of 6" w.g., for a 3/4 cylinder, 1:1 W/%
having guy lines attached at 0,8 tent height., Tent frontal deflection 1is
improved slightly with increased cell size and conslderably with cell
pressure, Figure 55 shows the effect of additional guying (0,8 and 0.4 tent
height) on reducing tent deflection for the same tent size., Figure 56 shows
the additional reduction in tent deflection produced by pressurizing the
enclosure volume as well as the tent cells,

Figure 57 presents data for double-wall tents tested in the
anchored only and in the anchored and best guy configurations. A more
comprehensive number of tent shapes and slzes of single-wall tents were
tested than for the double-wall case. Hence, it is felt that the double-
wall data is not as well established, so the curves appear as straight
lines connecting a minimum of data points. Additiomal double-wall tent
configurations are required to better define curve variation. Due to the
general concave curve shape for the single-wall tents; however, it is
believed that the double-wall data 1s conservative in the h/d range of 0.5
to 0.6, and possibly less conservative at higher h/d values.

Figure 58 presents a comparison of deflection data for the various
methods of tent restraint; i ,e,, base anchor only, base anchors and guy
lines, and base anchors and wind curtains., Data i1s presented for a double-
wall cylinder 1:2 W/%2, . The data indicates mandatory use of either guys
or curtains under wind conditions. The anchor and guy line combination pro-
vides the best restraint combination.

Tent Stability

As part of the test program, tent stability was qualitatively in-
vestigated by defining instability as any set of conditions producing tent
deflection and vibration which, when coupled together, provided objection-
able tent motion. Degree of motion was determined visually during wind
tunnel tests. In addition, motion pictures were examined of prior wind
tunnel tests. For selected double-wall tents, 70-mm streak mode camera
dynamic test data was taken. The effects of changes of fabric porosity,
enclosure pressure, cell size and pressure, and guy line location were eval-
uated where applicable. The following general conclusions may Le made rela-
tive to tent stability and vibration characteristics.

The single tent configurations, with the exception of the
7/8 sphere and all 1:4 width-to-length ratio cylindrical teants, were
found to be very stable. For the cylindrical single.-wall tents, motion
is more pronounced with a .ind at 45 degrees attitude. Other spherical
and the 1:2 width-to-length ratio cylindrical configurations exhibited
very stable properties at all test conditions, The elliptical end tent
appeared to be more stable than the hemispherical end tents.
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The double-wall tents had flat ends which contributed to flow
separation and less stability than the aingle-wall tents with hemigpherical
ends. The 3/4 cylindrical, 1l:l1 width-to-length tents were not 'true'
cvlindrical tanta hot, rathar. had fiar aidan which mav have ecantrihutad
to this configuration's exceptionally low stability,

To minimize doublie wall tent cormer deflection and motion, which
occur primarily when the tent i1s oriented 45 degrees to the wind (corner
into the wind), guy lines should be attached to each corner of the tent at
a point 0.8 tent height to make an angle of approximately 45 degrees with
the ground. Corner and end deflections were more pronounced on the double-
wall tents and is believed to be aggravated by the flat ends of the double-
wall tents, The best guy line configuration consists of a combination
high (0.8 tent height) and low (0.4 tent height) line arrangement, with the
upper guy lines angled 45 degrees to the tent side and the lower guy lines
perpendicular to the tent side when viewed from the top of the tent. When
some deflection and vibration is acceptable, the tent shapes tested with-
stood hurricane force winds without the use 'of guy lines.

Cell pressure (enclosure pressure for single-wall tents) is an
important factor in controlling tent motion. Although permissible tent
deflection, as required by tent usage, could establish pressure reauire-
ments, tests indicated that only for cell pressures equal to,or in excess
of, the tent dynamic pressure did both good stability and deflection
characteristics exist. From a stability standpoint, at 110 miles per hour,
no significant gains were achieved beyond an inflation pressure of 16
inches water gage; since, insignificant deflection reductionu occurred for
cell pressures between 16 inches water gage and 30 inches water gage.

Tent cell size was also observed to be a factor in providing
better tent stability since an increase in cell size was more rigid for
the game cell inflation pressure. A prime consideration in increasing
cell size 1s that, for the same enclosure volume, the tent overall size
and weight increase rapidly.

Double-wall tent enclosure pressure should be maintained at
ambient or low pusitive pressure to preclude cell buckling, Test with
enclosure pressure less than amblent exhibited a critical buckling ten-
dency on the windward (forward) side of the tent,

Amplitude and frequency of double-wall tent motion were investi-
gated to provide base line data for future evaluastion of fabric fatigue.
Figures 59 through 61 show natural frequency and deflection of the hori-
zontal tent motion in the direction perpendicular to the long axis of the
tent. Deflection data on these curves represent peak to peak amplitude,
superimposed on basic tent deflection values. Figure 59 shows tent dynamic
motion variation with cell pressure for two tent configurations with two
cell sizes, each without guy lines installad, Figure 60 presents similar
data with guy lines installed and Figure 61 presents a comparison plot for
a cell size of 0.082. Tent natural frequencies as high as 59 cps were re-
corded and appear independent of guy line configuration for tents with
W/2j, > 1:2, Amplitude of the vibration was greater for the unguyed tents.
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SECTION 4

STRUCTURAL DESIGN

SINGLE-WALL TENTS

Introduction

The analytical determination of strese distribution in any membrane
under nonuniform pressure loading raquires a satisfactory analytical repre-
gentation of the pressure distribution which can then be applisd to a suit-
able ghell theory. Expressions for wind loading on spherical, ellipaoidal,
and cylindrical surfaces were ubtained which are considered to be reason-
able approximationg, relative to the aexperimental pressure data, for the
purposes of this analysis,

In the pasi, the tent designer has had to use a crude strese analysis
and a large factor of safety to convenilently provide structursa capable of
carrying a given wind load. However, the need to optimize tent structures
has created the desire for a more refined analysis of strasses. Although
the present analyals is approximate, 1t is a significant step in refining
the structural enalysis of air-supported tents.

Application of the Membrane Theory of Shells to Inflated Tents

Although this unslysels uses the membrane theory of shells to
determine .internal loads in the fabric structure of inflated tents under
wind load, there are soue chvious eriovs in 1its application. Whereas the
membrane theory of shelils is predicated on a homogeneous, elastic material
having inherent shear resistance and an equilibriurw condition which assumes
no dietortion of the membrane, a single-ply fabric is inherently capable of
resisting only blaxial tension loads in the directions of the weave fibers,
However, in tha case of an inflated fabric struccure, wheun tensile stresses
are present due to internal premsure, axternal compressive loads may be
tuken by a reduction 1n tencila stress, If tensile stress 1g relieved to
the point where the material fibers try to go Into compression, the fabric
in this area will develop wrinkles nurial Lo the direction of zero stress.

Although typlcal past design criteria have required the inflation
pressure to be maintained at a swfficiently high level to keep the fabric
in tengion in all areas in order to prevent such wrinkles, such a require-
ment may be unnecessarily severe., The relief of tensile stress in one
principal directiovn of the fabric weave, due to external compressive load,
may cause some Increase in tensiie strass in the other weave direction from
load redistribution; bu’. this increased stress will be uo greater, and
probably considerably lass, than the additionsl striss induced by increas-
ing the inflatlon pressure to eliminate wrirkles, It is further noted that
local buckling of this type may be readily tolérated, especially under
extreme operating conditiovns, since the deflections can not constitute fail-
ure and would be expected to brimg about reduction in peak stress values.




To accommodate shear load as a component of diagonal tension without
the excessive distortion caused by reorientation of the weave fibers, the
usual practice in tentag: design 1is to select a fabric of two-ply construc-
ioh wiili the bias ply oriented at an angle ot 45 degrees with respect to
the other ply, Although this appreciably reduces the distortion, the
fabric does not follow the linear membrane theory. A nenlinear rheory has
been initiated, but much work remains to be done to make it a practical
analyels technique. Despite the inadequacies of the linear membrane theory
ia its application to inflated fabric structures, it 1s the best analysis
technique presently available.

Pressure Distribution

The fabric loads analysis which follows was based on measured ex-
ternal pressure distributions obtained during the wind tunnel test series,
The method of measurement chosen was to gection the tent off by rows and
columns. At the intersection of each row and column, a lightweight tube
was attached to the fabric on the inside of the envelope. A small orifice
was then drilled through the fabric and into the tube theceby forming a
surface static pressure tap. The number of pressure taps per tent model
was determined primarily by the model size with some consideration being
given to areas of constant pressure distribution., The locations of the
pressure taps for two models are presented in Figures 17 and 18,

The method of measurement of the test pressures and the details of
data reduction are discussed in SECTION 3., These tests indicate somewhat
different pressure distributions than thosc around tower mounted radomes
due to the presence of the ground plane, The boundary layer associated
with the ground plane is discussed in SECTION 3; however, it is noted that
the boundary layer thickness was adjustable and was set at values deemed
reasonable for ground-mounted structures. A discussion of model simiiarity
and data extrapolations is also discussed in SECTION 3.

Past work on spherical radomes has approximated wind load distri-
bution with a three-term trigonometric series, assuming symmetry about the
wind axis., Comparison with higher degree series utilizing wind tunnel data
shows that a considerably better approximation can be obtained with an eight
term expansion,

Spherical Tents

To express the pressure distribution analrtically, it is necessary
to determine the angles ¢ and 8, See Figure 62(a). They werc determined
from the models as follows.

¢ = Sp/r

(46)
0 = 27N




o T e s < oa e e &

where S, 15 the arc langth from vertical axis of rotation to angle 4 in a
meridiogal plane containing vertical axis of rotarinn, and N fa tha avata-

s W 4

of columns around the spherical mcdel, Columns are the grid linas in the
merid{onal direction,

AY

sin ¢g = vV I - [(d=2h)/z) 2.

(47)
cos ¢p = (d~2h)/d

For the purpose of spherical shell membrane analysis, the wind load can be
expressed as a trigonometric series in the angles ¢ and 6 (agsuming symmetry
about the plane § = 0, 1)

N N
Pext/q = g Ap 81n "¢ cos Bg = g Pn (¢) cos no (48)

where Payy 15 the pressure on shell surface minus free-stream static
pressure and q is the dynamic pressure Through a computerized curve-fit
program using the principle of least squares, it was determined that N = 7
ylelds best results with regard to accurmcy of fit and time expended. The
computer program uses polynominal curves of the form

N

Paxt/q = g Ay x® (49)

Setting X" = sin® ¢ cos® 6, N = 7,

X9 - 1
X = gin ¢ cos 8
X2 = % sin? ¢ (1 + cos 26)
X3 » % gin3 ¢ (3 cos 6 + cos 3 8) >(50)
X* =~ 1/8 sin" ¢ (3 +4zos 2 0 + cos 4 8)
X5 = 1/16 81n% ¢ (10 cos 8 + 5 cos 3 6 + cos 5 8)
X® = 1/32 81n® ¢ (10 + 15 cos 2¢+ 6 cas 4 © + cos 6 8)
X7 = 1/64 s1n7 ¢ (35 cos 6 + 21 cos 3 6 + 7 cos 5 6 + cos 7 6)
Collecting like terms of cos n 9, \
Py At 1/2 A2 8inZ ¢ + 3/8 A“ sin" ¢ + 5/166A sin®
(51)

P = A aing+ 3/4 Aa ind ¢ + 5/8 A, sin’ ¢ + 35/64 A sin? ¢
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1/2 A2 gin? ¢ + 1/2 AI+ ein" ¢ + 15/32 AG sin® ¢ W

o
[}

1/4 AS sind ¢ + 5/16 As sind ¢ + 21/64 A sin” ¢

o
]

1/8 Ah sin® ¢ + 3/16 A6 sin® ¢

(51

o
[ ]

1/16 As siad ¢ + 7/64 A7 sin? ¢

~
[ ]

1/32 AG sin® ¢

o
1

1/64 A7 sin’ ¢

A typical pressure distribution is shbown in Figure 63.

Cylindrical Portion of Cylindrical Tents

The broadside wind load is considered to be the most critical for
the cylindrical portion of a tent, There is assumed to be no variation in
the wind load to x (the distance along the axis of the cylinder) so that
the pressure coefficient expression takes the form (see Figure 64)

N
Pext/q = I A, sind ¢ (52)
0

As was done for the spherical shell distribution, the assumed curve is
fitted to the wind tunnel data through a least aquares analysis,

Spherical Ends of Cylindrical Tents

To express the pressure distribution on the spherical ends of the
cylindrical models, it was necessary first to determine the angles o and B
and then convert to ¢, 6 coordinates, See Figure 62(b). The angles o and 8
were found from the wnodels as follows.

o= S, /r
(53)
B w SB/r

where § 18 the arc length from stagration axis for yaw angle equals 90°
[»)
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to angle o in a meridional plane containing stagnation axis, and S 1s the
aic length from vertical amic of rotation to englecin tha nlane nBrmal to

the stagnation axis and containing vertical axis.

The conversion from o, g to ¢, © coordinates takes the following
form, See Figure 62().Note that y and 6 are positive counter~clockwise
from wind direction,

cos o = sin ¢ cos (F -y + 6) (54(a))
| sin o sin B = sin ¢ sdn (& - y + 0) (54(b)) |
I cos? ( % -y +8) =1 =sin? ( g -y + 0) = cos?a/sin? ¢ (54(c))
L sin 2 ( I-y+ 8) = sin? o sin?B/sin? ¢ (54(d))

Adding Equations 54(c) and 54(d) gives
cos? a + 8in? o sin? B -1
oi? g (55(a))
sin?¢ = 1 - cos? ¢ = cos? a + sin? o sin? B (55(b))
) cos? § =1 =cos?a -sinZa sin? g = sin? o (1 = 8in? B ) (55(c))
% cos ¢ = sin a cos B (55(d))
» ¢ =cos "} ( sina cos B) (55(e))

Equation 54(c) by identity is
cos 2 (& - ¢+ 06)m cos? a/(1 - cos? ¢) (56) .

By substitution of Equation 55(d) cos 2 a
cos? ( T-y+0)= (57)

1 - 8in? o cos 2 B
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! v 1-28in? q cos 2 B
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L/' 1 -9inacos 8 J J

Now the pressure data can ba expressed in terms of ¢ and 6, and the
solution obtained as it was for the spherical models,

Ellipgoidal Ends of Cylindrical Tents

It was decided to analyze the ellipsoidal ends by affine transform-
ation to a fictitious spherical shell. To facilitate analysis after the
transformation, it was desirable to obtain the wind load on the sphere in
the form previously given for the spherical tents, i.e.,

N

N
P - n % na¥® ® *
q I sin @ ¢~ coB"0 w g I ($™) cos n 0 (58)
ext o Aq i 9 o P

Here, the asterisk superscript denotes the fictitious spherical coordinates
{See Reference 10 , pp. 191=-203), To determine the required function for
the wind load acting normal to the ellipsoidal shell, then, the following
develupment was made, Pertinent coordinates systems are shown in Figure 65.

tan 0% = y'/x* a G/ *2) (x/ Al) - (kl / kz) (y/x) = ( A](/Az) tan ew

6% = tan~l¢ A /1) tan e:|- cos™! (17 T+ ( A/ AZ)T tan? o)

>(59)

cos ® w1/ V14 ( kll AZZ) tan< = Azcos 8 /v kl sin2 8 + xzz cos? 8

gin ¢*/etn ¢ = (dz Y48 ")/ (dz /ag ) = ds /ds *
¢ ¢ o ¢
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From Reference 10, p. 202,

sin ¢*/|1n

¢ = w » * L
"'(A 2 cos2 8" + A 2 #1n2 6")cos? § + min2 4
1 2

(60(a))

»® ’ % . * *
sin? ¢ /ein® ¢ w= (Alz cos? 8" + A22 sin® 6 ) (L - 8in® ¢ ) + 8in? ¢ (60 (b))

* "
(Alz cos? 8 + Azz 8in? 9 )sint ¢

2 4%
sta ¢ L -sin? ¢ + (1 ? cos? 6 + 2,2 oin? 8%) stn 2 ¢ (60¢e))
*
\ (% 2tan? 6") cos? 8 sin? ¢
sin2 4 = (60(d))
cos? ¢ + (Alz + xzz tan? 6") cos2 8* sin? ¢
Alz (1 + tan? e)‘A22 cos? 6 gin? ¢
~ *
sin? ¢ = (60(e))
(Alz sin?p + kzzcos2 8)cosd + Alz(l + tan?g) ) 2cos? 9 sin? ¢
2
A A2 sin? ¢
2 1 2
sin® ¢ = (60(£))
(A 2 sin? 6 + A 2cos? §) co82 ¢ + A 2% 2 sin? ¢
1 2 12
A A sin ¢
1 ¢* 1 2
sin -
: (A % s1n? 8 + 2 % cos® 6) cos? ¢ + A 2 1 2 gin?¢ 60(g) )
\ 1 2 1 2
A A2 gin ¢ cos O

* " 1 2

sing coad =/ {60 (h))

A 2x 28in?p (A 2sin?p + ) 2c082g) + cos2¢ () 2sin2g + ) Zos2g)2
1 2 1 2 1 2
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Hence the function that was used to fit the experimental pressure distri-
butions by the method of least squares is

ext = 9 (61)

o=
>
>

where

A Azz gin ¢ cos @

X.M‘ 1
A 20 2 gin2p(n 2
1 2 1

sin?e + A22 cos26) + c052¢(X12 sin%s + A22cosze)2j

62)

This pressure is normal to the ellipsoidal surface at all points, and is
positive when directed toward the center of curvature, Figures 66 and
67 1llustrate the experimental loads and polynomial representations,

Stress Analysis

The analysis of stress resultants as presented here is not entirely
original. The governing system of differential equations and their general
solutions can be found in many texts on the theory of shells, They are
reviewed here, in anticipation that not every designer has his literature
readily available, nor is proficient in the mathematics involved,

Spherical Tents and Spherical Ends of Cylindrical Tents

The equations of equilibrium for a spherical shell element with a
distributed radial load are (see Figure 68):

9 3 - -
T (N¢ sin ¢) + 5 (N¢e) Ne cos¢ 0 (63(a))

3%__(N¢e sin ¢) + 3%‘ ) + N, cos ¢ =0 (63(b))

¢ 2] ext (63(0))




From Equation 63(c),

N, ==-N, =P r (64)
v ¥ exc

Substicuting Equation 64 1into Equations 63(a) and 63(b) Ny is eliminated,
yielding

3 9
3¢ (N$ sing) + 35— (N¢e) + (N’P + Pext r) cos 4 = 0 (65¢a))

—a—;— (N¢e sind ) + —5% (N = Poye™) + Ny cosd = 0 (65(b))

For a wind load, which is symmetric with respect to the plane 6 = 0°_

§ = 180°, the general solution of Equations 65(a) and 65(b) may be repre-
sented by

N
Nd> =rgq g S¢n (¢) coe n 6 (66 (a))
N
N¢e = r q Zi S¢9n (4)) sin n o (Gﬁ(b))

Substituting the n-th general term from Equations 66(a), 66(b), and 48
into the Differential Equations 65(a) and 65(b), and simplifying,

d
rry (S¢ L) sin ¢+ 28 én °8 ¢ +n S¢en+ p, cos $p =0 €67 (b))
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d
a8 (s¢9n) sin ¢ + 2 8 cos ¢ +n s¢n +np =0 (67(b))

¢6n n

Adding Equations 67(e) and 67(b),

d
rrg (sw + s“n) + (2 cosg + m) (SM + S¢en)/ sin o
(68)
= - (cosy + n) pn/ sin ¢
Subtracting Equation 67(b) from Equation 67(a) ylelds
d
3 (S¢n - S¢an) + (2 cos = mn) (S¢n “.S¢6n>/ sin ¢
©9)
« ~ (cos$ - n) pn/ sin ¢
Substituting
. \
U " 5,0t s¢elu
}70)
" S -
U2 n ¢n S¢6n
/

into Equations 68 _and 69 results in two ordinary linesr d{fferemtisl __ _.
equations of first order,

—cdﬁ- (Ul;) + (2 cos ¢ + 1) Ul.lnin ¢ =~ (cos ¢ + n)p /ein ¢ (71(a))
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Tas U +(2 cosd - n) i 7
A Tn 2n

n
[

>
| ]
™

-{sGe ¢ = n) P./sin ¢ {71(b))

From ordinary differential equations, the general solution of
Equation 71(a) ig

Jﬂ msg+n ds

2 cos $ +n
sin ¢ 4o

aln ¢ (72)
'f"(%“’n‘ ds + ¢,

where Cin 18 the n-th general constant of in

tegration, Performing the indi-
cated operations in Equation 72

Ujp =1 + cos ¢)" (I1n + Cyp)/(sdn ¢)® * 2

(73)
where
n " fpn (cos ¢ + n) (1 = cos $)® (sen O a4, (5
The general solution of Equation 71(b) is
2 cos - n 2 8 ¢ «n
JQ $ = ) d¢ J} co
sin 3 cos ¢ - o Tein ¢ (75
. -J'- S P, e dp+c
33
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From Equation 75
: + 2
: U, o = (- cos (1, L +C )/(stn &) (76)

where
g I, -jpn (n - cos ¢) (1+ cos )™ (sdn ¢) 1™ 4 ¢ (77)
E Finally from Equations 70{a) and 70(b),
i .
:
g 1 78(a) )
;e - 2 8(a
f S¢n 2(U1n+U2n) ¢

or

= _ 1 n n+ 2
Syn= -3l +cs O @ +c ) /e
; - (1 -~ cos ¢)n ( 12 o + 02 a )y /(ein ¢) " + 2] (78(b))
'-*' -l -
: 81)en 3 (Ul n U2 n) (79(a))

or -

o 1 n n+ 2
0039!1 -3 [(1 + cos ¢) (I1 ot c1 x.‘)/(sz:l.n ¢)
(79(b))

. : a n +:
, : + (1 - cos §) (I2 atC, u)/(ain ) ]
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The stresses are

N
N, =ar 3 D¢n cud n @ (80(a))
N
Ny = - N¢ “qr g ¥ cosn 6 (80(b))
N - q i S inn 9
40 g - 8 (80(c)y

The above results represent the general solution of the Equilibrium
Equations 63(a), 63(b), and 63(c) . Evaluation «f the integration constants
in Uln and U2n was accomplished by exsmining eech load term independently

and defining boundaries to assure finite stress values and strain com=-
patibility at the tent base (¢ = ¢B)'

- .

2 n

In each load term there exist two arbitrary constents, £ a and C
We can determine Cln for all values of n from Equation 73 by requiring

that stress resultants, hence U1 ,be finite at the apex (¢ = 0), 1In
n

Equation 73, there is a zero of order n + 2 in the dencminator. As can
be verified by repeated application of L'Hospital's Rule, a finite value of
Uln 1s given at the apex by setting

¢ =~ -~ T (), 0 £n (81)
1 0 ln

Similarly for U? 0 from LEquation 76,

C D ¢ (), n=20,1 (82)
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knowmn,

;i
When n 2 2, the above relation becomes indeterminats and C. remains un- , |
For evaluation of constants 02 (2 < n),strain compatibility was l

n

requivad at the hase ( 4= 4 ) wheva hnop etrsin ie revn,

The hoop strain is

Ne N¢
€y = = -V & (83(a))
N9 B
Om }:— -y £ (Bs(b))
Hence,
Ng =v N | (84)
From Equations 48 and 64,
N
N =N -
¢ 8 qr g Pn (¢) cos n @ (85)

;!'_honjquation 84 becomes for each load term

1

8, ot = = gg—arp (4) cosne (86(a))
Seal®p) _ .
qr 1+ pu(¢ p) cos n 6 (8B6(b))




O —— g -t e eme L

From Equations 80(a) for each ioad term evaluated at fgs

T Y ¢n(¢B) cos n 0 (87)

Substituting Equation 86(b) into Equation 87

1

Ty Py (e) =5, Gp) (88(a))
1 .

S¢ 11(¢B) - 1l 4+ v Pn (¢B) (88(!)))

Evaluating Equation 78(b) at p

1 . n n+?2
S0 = 3 [ W+ om0 (1 Gty /e Gy

1

(89)
- (1 -cos ¢.)" (I (o) + C )/(sin¢)n+2]
B 2n. B 2 n . B
Substituting wyuations 88(b) and 89 and solving, when 2 < a,
(1 + cos ¢B)“
- e—— (I ¢¢)+c H)-1 ()
2 (1 - cos ¢p)" 1n B 1 n 2 n B
(sin ¢ )n + 2 (90)
- 2 B G )
(1 + \)) (1 - cos ¢ ) n p n ¢B
B
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All constants of integration are thus svalusted and the solution 1s com-
plete, Integrated values for Ii n(¢) for N = 7 are as follows:

11

I -
12

-k

+ A

1 2 1 i
AO (-Esin ¢)+A2 (-é-nin <i’)-+-A‘= (

( -i-%i sin® ¢)

(-cosd + -% cos’ )

3

(- —cos¢s1n“¢-_cos¢+.§cog3 ¢)

20

-3 ¢ gin®
( 5% cos. gin

1
+ 5 cos?d ¢)

_ U35 8
{ mcoc¢51n

sinb ¢)

ol

(91 (a))

3 1

5

¢ -3 ¢ gqn" ¢ -3 ¢
T cos sin 7t:oni

¢ --_’_g cos¢sin5 ¢ -.11_2. cos ¢ sin" ¢

-%w.¢+%uﬂ¢) (91(b))

(-~ cos ¢ = -;— win?

(-con¢+%cou3

wlggny
¢ aain ¢)

¢-71.-sin"¢--1-1?sin6 $)

(-%cos¢+%c0l3¢-%cos¢sin"’¢-%2- 8inb ¢

1
- 3?2- sind 4)

(-%cou&-%co

(-.;.co|¢+%co

(91(e))

83 ¢ - wir? ¢ +.i.é;con¢ sin 44)

. 4
$ 4 o5 agt ¢ 417 n
s® ¢ ¥ sin' ¢ 5z cos ¢ sin* )
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1
+ .2 6
112 o8 ¢ sinb o)

+A7 (-coa¢+%co|3¢~%cos¢sin“¢-.?_lin ¢

ik
aw

11
* 75 c08 ¢ s1nb § - é cos ¢ sin® ¢) (91(d))
; |
I”-Al+ (—-;—conqa-%coaa¢-7a1n2¢+%sin“¢
: +

4—;- 8in® ¢)

3 1 3
+A6 (--z-cos¢1+-2-cos~¢-%ain“¢+%cog¢gin“¢
+ L 3 in8
E . G 816 ¢ + o7 sind ¢) (91(a))

1 9 3 2 5 4
1 - A - - - L4
15 5 ( 7 cos ¢ 7 cos” ¢ - 2 gin“ ¢ + asin ¢

9
= 5g ¢cos ¢ sin"* ¢ --1-%-2- cos ¢ s:l.n6 $)

5 5 X
+ A, (-Ecos¢+§cosa¢-%ﬂin“¢+%¢°8¢liﬂ“¢

35 29
+ 78 51n® ¢ = 777 cos ¢ sin ¢ - 5_;6 cos ¢ sin® ¢} (91(£))

. 1 7 5 I
] I =A - A 32 2 Z b
2 | 16 6 (4 cos ¢ 7 cos ] 2 sin ¢+B sin” ¢

‘ , - 3 1
. ‘ ' 16 cos ¢ sin* ¢ - 35 sin®. ¢ - - 35¢ of n® ¢) (91(g))




I
17

20

2]

22

23 -

- A
)

1

= A
2

+ A
I

+ A

+ A
S

2 290
(-scoac-_g'coaa¢

)
'Tcou¢-inl’¢-_7
v 24

1
+ 8
55 08 ¢ einf ¢)

10

0

(-cos¢+-§—sin2¢+

-3 linz

sinb ¢ +

1 L
F sin*¢)

7 Y

¢+7‘-ain ¢

L cou 4 8inb 4
18

(=cos ¢ +% cosd ¢ + 1 gint ¢ +'T!'2—sin6 $)

(-%co|?+%c013¢--I%coa¢ﬂin'*¢+£ﬂine $

+
5%% sin8 )

(-icoa¢-£co-3¢+sin2 ¢ + 2= cos ¢ sin" ¢)

5 5

(--;-cos ¢+ 2 cosd ¢+ 32 sin" ¢ +

7

+ Ti? cos ¢ sin ¢)

40

4

1
20

l7. cos sin*
3 $ ¢

(91(h))

(92(a))

(92(v))

®2(c))
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_ 1 3, .1 4 7 6
+A7 ( cos¢+.§con¢ acond’ain qb+n-s1n¢

11 e -
* 4g cos ¢ sin® ¢ < T:T cos ¢ sin® ¢) (92(d))
1 5
- A ("'icos ¢ -3-c01!3 ¢+%sin2 ¢ --i-sinL+ ¢ -Z%sine $)
+ A6 (-%cos ¢+%coa‘:3 ¢+%siu" ¢+%cos ¢ sin* ¢
1 oiné 3 8
- 7 8in® ¢ - == 8ind ¢) 92(e))

128

5
- As (-—;-cog¢--§-cosa¢+23in2¢—'§sinl‘¢

-3‘2‘ cos ¢ sin* ¢ - T%f cos ¢ sin® 4)

+ A (--s-cos¢+§C°la¢+131n“¢+£coa¢ﬂinl'¢
’ 3 9 4 3

35 )
- 75 5106 ¢ - Toz cos ¢ sinb 4 - iz cos ¢ sin® ¢) (92(5))

-Ae (%cos¢—%coss¢+%sin2 ¢--98-sin"¢
-1 y 3 a6 1 8
Tg co8 ¢ sin* ¢ + x> #in® ¢ + 357 o1n® ¢) . (92(g))

% 20 5
-A7 (Fcos p -5 cos3¢+331n2¢-%|1n‘+¢.-3-col¢ sin* ¢

7 1 '
+ 7% 8in® ¢ + 5 cos ¢ sinb +-§-;—6- cos ¢ sind ¢) (92(h))

e -

B P Alsssiisly 11 =
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Cylindrical Portion of Cylindrical Tents

The cylindrical portion of the tent fs considered to be lcaded by
three separate loade; 1) internal pressure, 2) external pressure from wind
load and 3) equilibrium membrane force of the hemispherical section at each
and of the cylindar, The forces resulting from the three separate loads are

- N &4 o -
then supsrimpessd to find the maximum mambrane stress in cach dirgctien, It

is theorized that the rasulting stresses are conservative because, at lines
of force dimcontinuity, the maximum stress values would be relieved if dis-
placement compatibility ware attained between adjoining free bodies.

Radial loads on the cylindrical portion of the tent include internal

pressure, P‘. and wind loads, cht°

P w=mgqA (93(a))

. N -
P wqcri A _sin™y (93(b) )
0

The radial loads are combined as indicated giving a resultant radial load,
Pe - Plxt’ Scu Figure 09(a).

The cylindrical membrane when subjected to & radial load varying with
¢ should distort freely such that the circumferential force is constant.
This is becauss we have assumed that there are no tangential loads and that
the fabric has sero bending stiffness, It must then follow that the radius
would be variable with ¢ in order that equilibrium be maintained through the
relation
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The regulting deformation would inversely simuleie the load magnitude as
shown in Figure 69(b) Toevaluate Ny we will consider equilibrium of a cy-
iindrical body of unit length radial load varying with ¢,

Summation of vertical forces (see Figurs 69(c):

43
2 Ncp sin¢B : ¢fr pcos ¢do (96)
B
where>
p= Pe = Pext 97)
therefore
N r 8 X
o "Tam ) F malA eta ) cmede  6B@)

since N¢ is constant. Then

c b} ¢B N
Ny = 3In ¢g j (Pe -qZA gin"¢) cos b d ¢ ©8(b))
o n
)
which reduces to

N P N a+1
b _ 1 g Ay 8o ‘g (98(c))
qr q sin ¢ 0 n+1
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Let

P

E

Cwt - (99¢{a))
q qr ,
N A ein“¢B
c=: R (99(b))
0 n+ ]
nA cosé sint "2
8 _ 4.0 B ¢
TR 0 m—_— — (100)
' co B=lg,m0
PR » @B gin. B (101) \

¢B -+%; n=20,1, 2, . « N (maximum)

Since flexibility is apparent and distortion conforms to minimum energy
principles, utilization of maximum ¢p =T in the calculation of all n values
in the expression for C is reasonable and conservative,

n : (102)

and

A
e (103)

n+1

N P
S R S
qr q

cmME

Axial loads on the cylinder are taken as the loads necessary for
equilibrium of the hemispherical ends and sre determined by use of the
spherical tent solution, The spherical snds are assumed to be joined to-
gether to form a sphera with load distribution .as determined by the actual
test data, The resulting N, sat6= O gnd 6 = v must then ba applied to each
end of the cylinder, The only additiocual axial load on the cylinder 1s
that due to internal pressure or




Te 2 (104)

Total axial stress for body equilibrium is given by

P T
€
Nx - NG (¢, 9 0, ) + -—2—— (105(a))
or
N N P
—2 w8 (¢, 00, 7))+ 2 (105(t))
x qr . 2q

It is recognized that the above analysis does not provide for dis-
placement compatibility at the sphere~cylinder junciion. It 18 quite
apparent that a compatibility solution should provide a reduction in the
calculated peak value becaguse of the edge flexibility of the supjporting
cylinder. It is alsc noted that the peak stress values for N, (necessary
fur end equilibrium)are consequently regarded ss slightly conservative.

It 18 also recognize& that no evaluation of shear (N¢¥) is ettempted
in the cylindrical shell section, The analysls of shear 18 not consildered
critical nince the material can buckle in shear without consequent failura

(rupture) of the fabric, The critical stress components are taken to be
tensile membrane forces,

Ellipsocidal Ends of Cylindrical Tents

The ghort radius tents consist of cylindrical single-wall sectioms
with ellipsoidal ends in lieu of the spherical ends commonly used now., A
membrane stresa analysis of the ellipsoidal enda from thin ashall theory was
accomplished through an affine transformation tc a fictitious spherical
shell, as presented in Referemce 10, pp. 191~205, Stress resultants were

then found for the sphere with tie sclution in Reference 10, pp. 48~50, and
transformed back to the cllipsoid.

To obtain the sphere, the affine tranaformation ylelds

L . * *
XWX, y=\y, z=z (106)
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where ), = a/r and A2 = b/r as shown in Figure 65,

The total load on the allipsoid consists of two parts, the internal
picssuze rwquired for initial intlation, and the external wind loads. The
total load is the sum of these two,

p = Pe - Pext (107)

The expression for P . 1s given in the pressure distribution sectlon, and
is negative here because a positive load in this analysis acts outward as
opposed to the positive inward sign convention for wind tunnel data re-

duction which was used in the derivation of Pext'

P, 18 given by

P =qA (108)

Transformation of the normal load on the ellipsoid to the sphere yields a

load with components along all of the spherical coordinate directions, as
given by

* ®
pe* - ( % L, sin ¢ sin 26 ) p (109(a) )

" * 1 * * *
p¢* = ( %-Lg sin ¢ cos ¢ -~ L, sin¢ cos 4 cos 28 ) P (L09(b))

* * * :
Pre o, + 3Ly sin? ¢* - 21y sin? " cos 29) p (109(c))
Al A A
shere L, = — - —2-~, "L, =A; A, andL = ez -2 A, (1106(a,b,c))
A2 M 3 A N
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Substituting Equation 107 into Equation 10§ and with the relations
"
sin 2 e* cosn 6* - %.sin (2+mn) 8 + %-sin (2 - n) e*, and

O '
cos 2 e* cogn 8 = %,cos (2+n) 8" + & cos (2~n) 6 , the loads bacome

2

*
Py =q L P (¢*) sinn ¢
*
p. =q [ P a (¢ ) cosn o¥

2
* N +

* *
P, =g g Pon (¢) cosnep

where

-l * o -
P 3 L1 sin ¢ (p3 p.)

81 1
1 X
- o L i - 2 + 2A
Pez &0 o ¢ (pu Po e
P _= 1 L sin * ( ), n 23
o AL ¢ (p, , ,~Py )02
1 1 7 % *
P =L (A ~- + =1L sin cos
0 2[3 e pJ‘ 2 pg ¢ ¢
P,. = 111y (p. +p)-L_p —sin ¢* cos ¢*
¢ 212 1 3 3 IJ

Ly o +2p -24) -1 in o *
P Y P p - - P 8in o8
$2 . 2(2 7, 4 0 e 3 é] ¢ ¢

p=

11 * *
P me}|=0L ( + - >
on 27N Pn + 2 Pn _2) L3 p é]nin ¢ cos ¢ ,n= 3
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(112(c))

(113(a))

(113(b))

(113(c))

(113(d))
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x 1 1 *
I EL2 cse? ¢+ gL, ) (A =) +gL Pz}‘iﬂz ¢ (114(a))

e mr i S e . Lo

‘: N +p) = (L 2 oh & 2

? P, 175 (p1 DB) ( , 982 0% 7 Ls) P, 8in® ¢ (114(b))
P = {}-L (p +2p = 2A) - (. cse2 ¢* +1i ) p |&in * (114C(c))
r2 4 1 Ty 0 e 2 2 3" "2

1 » 1 *
P u | =~ =
T [:4 L, (Pn N 2"’ Pooy) = XL, c802 4 +7L,) pnl sin? ¢ , n 2 3Q14(d))

*With the loads expressed in Equationlll the stress resultants for the sphere
are given by the following relations.

* N +2 « *
j N¢ =qx g N¢n cos n § (115(a))
i !
i
i ¢ * N + 2 * *
. Ne sqr 3 (4 o N¢ n) cos n 9 (115(b))
. ® N+2 . *
N¢e-qr I Nyggsinn o (115(c))
1
N L@ a+v) (116(a))
¢ 2 n n 2
L}
* 1
| Non™7 (nn - vn) (116(b))
i
S “. k" :
R ¢ Un = cseZ ¢ cot’ - ('Xn - Iln) (117(¢a))
{3 |
ok .
; . * n -
Viomcsc?o tan £ @ -1 ) (117(b))




* * g K n ot .
1 -j (¢ +P ~-(n+coséd)cecd P |sin? ¢ tan & d¢ (118(a))
ln én on m 2
r v ) " * " n o4k
1 -LS % ~? +(n-cos$)csco F ]uing ¢ ot %d¢* (118(b))
. 2n ¢n gn rn

and 3; are constants of integration. To dstermine these constants, finite
stress resultants at ¢ = 0 and ¢™ = 7 were required. This yialds

An - Iln (0), n 20 (115 (a))
B - Izn (), ne=0,1 (119(b))
B =1 (n) n 22 , ©(119(c))
n 2n

To obtain the stress resultants in the ellipsoidal shell from those
in the sphere, the following relations were used.

x 48 dse* \
N¢ - N —f. —

Y e aed

% dg ds *
g "By Tt ) 26y
dse ds¢

40 ¢$ 6

where .
* - F——— ——
dey = ds , JAIZCOBZ ¢ cosls + A22c0|2 ¢ sin? 8 + sin® o (121(a))
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ds

*
= ds L -
4 8 ’ﬁﬂlz sin2 ¢ + A22 cos? 8 (121(6))

L R LI
bout the x - z A

¥ic &
plane, By varying A) and Az, solutions for broadside or head-on winds may
be obtained: for the broadside wind, A1 = 1l and Az = b/r; for the head-on
wind, A; = b/r and X2 = 1, See Figure 70.

This solution is valid for = load which {5 symmatric

To effect an analysis of this tent end, N = 3 was selected. This
gives us a third degree polynomial representation in X of the wind load.

Introducing N = 3 throughout the analysis yields the following relations
necessary to obtain the solution,

1 *
% A+ E:Az sin? ¢

(122¢a))
L] 3 3 * -
P, = A, 8in ¢ + Z-Aa si ¢, (122(b))
--LA 12 * ) ‘
P,=734,8in2 4 (112(c))
1 3 %
Py - Z-Aa sin’ ¢ . (112(d))

1 2 * 1 2 ¥l , X 1
P =( -A)@L,+3L,;eln ¢) +5A,8in ¢ 17810’ ¢ (FL, -1, -1, (123(a))
) e _0 .

- *IL g2l - 3 3 ‘E 2 2% 1y 1y
Pn Al sin ¢[2a1n ¢ (le La) LJ+4A3 sin® ¢ pin ¢(.3_L1 La) L2(123(b))

P, = (A -4 )’l'L. tn2 "+ LA stn2 ¢ |1 etn2 o
r2™ B = 4,) 2L, sinZ g + 354, 8in2 ¢ |5 810" ¢ (L) - L) =L, (123(c))




. 3 0% 1 3 #) 2 * 3

[ ]
P =xA L osinty (123(a))
rv B
i 5
Prs = L4y L stad o Q23(6)
I 11 (A-4)etn? ¢ + L1 A stn* ¢" (124(a))
10 Tag= g LolA = Adein® ¢ + 5L, & a

I,, = i_ Ay(L = Ly)sin® o ; Ay(L,- Lysin® ¢ + A 3(L =2 ,=Lg) ain" g*coad'+ (124 (b) )
* ]
(% Al + -11_0- A3j) (L1-2L2- La)cos ¢ (sin? ¢ + 2)

! - 6 ¢% LA (L-L)sin® ¢* 3 A (L-2LL)an%s cos ¢*- (124(e))
121 1_6A3(L1 Lsin ¢+8A1(1 3)8 ¢ = 3(?f..l 23 ) ¢ )

(L)= 2L,- La)(""‘ +-—A3)cos ¢ (sin ¢ + 2)

' I, -B_ Ll (Ae- A°)+ % L, AZJ(I - cosd 3+%12A2Eg- cos ¢*(1 -éos ¢*f (124(d))

1 ", '
+q97 (1 - cos ¢ )“J"' -;-(La' % H)Az% stn® (1 - cos ¢"7- %— cow‘ll-cos‘ﬁ“

- % (1 = cos ¢*§J

1 o 3
Izz-& Li(A - A )+ % LZA;](l+cos o+ —;- LzAaE % cos ¢*(1+¢9' ¢*)3 + (124(e))
* *3
-1-;- (1+cce ¢*ﬂ "(La 3 Ipa [ sin? ¢ (1 + cos ¢ H% cos ¢*(1+°°' ¢*§ - )
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3
+§A3(L3- 21.1 )[-‘1‘- sin? ¢*(1 - cos t{)l’- ILO cos ¢*(1 - cos ¢*i

- 'Elb'(l - cos :)ﬂ

1
I,.=%C zAa L A )(1 - cos ¢) +L L a Eos ¢*lt1-cos;)“+% (1= cos :)E](lzz,(f))

1 * *
Ly= g G ALy LA+ cos ¢ )om Lo L A Eos $ (1 + cos §3- . 4ccm ¢*)5},.(124(8))

8A3 (1-3 2L )[ sin 2 $(1+cos¢ ) ....acos¢ (1+cos¢)5+ (1+cm¢)]

I, - -%Ll A (17- cos ¢*)5

-%LI A (1+¢.‘.oa4**)5

Loy

1 ) 6
L,=-15L A (1- cos $

1
- 16LA(1+cos¢)5

-~
]
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Results

Spherical Tents

Avsilable pressure data from all teats on spherical tcnt models have
been analyzed, Stress coefficients were calculated on Hayes' IEM 1620 Com-
puter, Stresses were calculated at 15 intervals, from ¢ = 15° to ¢=¢, and

from 0 = 0 to 6 = 180°, Typical stress coefficients ara illustrated in
Figures 71, 72 and 73,

Peak stress coefficients for the non-porous spherical model tents
are plotted in Figures 74,75 and 76, Peak stress values o8%e the maximum
occurring iu the tent. Peak N uaunlly occurs at ¢ = 15° and 6 = 759,

Peak N, usually occurs at ¢ = 15 and 0 = 0 (see Figures 71 and 72),

is eviaent on Figures74 through 76, the stress cosfficient curves are drlvn
above the plotted points and represent maximum peak stress values where in-
ternal pressure is varied from 5/4q. No pattern of streas coefficients is
discernible due to varying internal pressure within the selscted range,

The curves of pesk stress coefficients are utilized to prepare design
curves as shown in Figures 77, 78, and 79, These design curves provide a
direct reading of peak stress coefficients for any given h/d and design

dynamic, or impact, pressure, q, whare internal tent pressurs is approxi-
mately equal to q.

Since wind loading can be from any direction, stress variations with
§ becomes inconsequential in the sphericsal design, However it may be advan-
tageous or desirable that the designer be able to determine atress variations
with apex angle, ¢. FiguresB80 through83 have baen derivad from teat data
maximum values and provide a ratio of N (¢) to N {peak) for use in design
calculations, No comparable curve is prepnred for N¢(e)bec¢uln the variation

in Ny with ¢ is slight (see Figure71 at & = 75°),

In the boundary condition requiring strain compatibility at the tent
base (¢ "QBX Poisson's ratio (v) is inherent, Because no information is
available on Poisson effects in tent fabrics and also because different
weaves and fabric compositions would affect the atrain characteristics, the
analys:r ..va employed a somewhat arbitrary Poisson's ratio equal to ona,
Since 2= .rue value of Poisson's ratio may be significantly less than the
agsumed vulue, stress coefficients wers rscalculated with v = 0, 5, The

maximum resulting deviation being less than six percent, it was falt that
corractions ware not justified,

Cylindrical Tents with Spherical Ends

All tests on cylindrical tent models hava baen analysed., The effects
of internal pressure were inherently accountsed for in these analyses, The
internal tent model prussure was set at &/5 q, 1 q, end 5/4 q for each wind
velocity used, Broadside wind dirsction, normal to the cylindrical section
centerline, creates the most sevars loading condition and tha largest fabric
stresses. The serodynamit pressure data gathered from thess tests indicated
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much lower values for any wind direction other than broadside which sub-
stantiates what may be deduced from observation.

The waiiwuw resuliiug siress wueilicienis were calculacted on Hayes®
IBM 1620 computer and are listed in tabular form in Table IIL Typical
values of stress coefficients versus the angle 6 are presented in Figures
84, B5and 86 These results are typical of all models tested and thus
present all the necessary information required to develope design curves
for tents that exist within the set, {. e.,, h/d ranging from 3/B to 3/4
and w/4, ranging from 1/4 to 1/1,

The calculated results of N¢/q r versus q are plotted in Figure 87

for both the cylindrical section and the spherical ends. The scatter of all
results are included within the shaded area and a line of maximuw bounding
the upper limits describesthe maximum stress level for any wind velocity up
to 105 mph.

The calculated results of Ne/q r versus q are plotted in Figure 88

for the spherical ends. These results are interpreted as above, with one
addition: the cylindrical section peak values are assumed constant longi-
tudinally (in the direction of x) except at the interface.

The calculated results of N¢9/q r versus q are plotted in Figure89
for the spherical ends. These results are interpreted as before except the
shear 1s assumed to be zero at the interface and anywhere on the cylindrical
section away from the base,

Figure 90 presents an illustration of all maximum values of N,/q r
stress coefficients as typically presented in Figure 84 combined witg the
maximum calculated value for the cylindrical section for all tests at all
wind velocities for every ¢ from 15° to 75°,  The abscissa is divided as
a function of d, the basic tent diameter, and the radius projection of
various positions of 6 in 15° intervals from 0° reference point to & = 18G°,
The purpose of this division is to allow a plot of maximum.stress coef=
ficients showing the distribution around an end, through the discontinuity
region at the interface, and continuity in the cylindrical section., The
rear side 1s split out and rotated 180° in order to better show the dis-
tribution, Only one~half of the model 1s presented because of symmetric
loading and results,

Figure 9l presents an illustration of all maximum values of N./q r
stress coefficlents as typically presented in Figure 84 combined witg the
extension assumption that the c¢ylindrical equilibrium forces are constant
in the cylindrical sectiom for all tests at all wind velacities for every

¢ from 159 to ¢,. The remaining explanation of the figure is stated in the
preceding paragraph,’

Figure S2presents a cross plot of maximum N¢/ q r stress coefficient
as a function of the angular poasition from ¢ = 0° ¥ to t 35+ These values

are representative of maeximum interface stress coefficients considering
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discontinuity effects at the junction of the cylindrical section and the

s nno
aphavicsl ands ohars © = 02 aud 18G5,

Figure93 presents a cross plot of maximum Hy/q v atress coefficient
as a tunction of the angular position from ¢ = 0° to i ¢5. These values are
again rep.eaentative of maximum interface stress coefficients combined with
the extension aasumption thu.t the cylindrical equilibrium forces are con~
stant in the cylindrical section for all tests at all wind velocities at the
junction of the eylindrical section and the spherical ends where 8 = 0° and
180°,

The purpose of this presentation, as outlined previously,K is tn
develop design data curves from which the design of a cylindrically shaped
tent with spherical ends cean be made without undue labor or theoretical
analysis of stresses, The figures presented in this part enable the design-
€r to predict maximum stress coefficilents for various cylindrically shaped
spherfical ended tent sizes for wind velocities up to 110 mph,

Figures 94 thru96 present a typlcal plot of stress noefficients for
specific dynamic pressures for W/R.h equal to 1/2, These results represent

an attempt to present design data to use as & means to arrive at inter-
polated values of the stress coefficientg for various wind velocities, The
curves thus presented represent a minimum of data points and cannot be re-
lied upon to give accurate results, The final design curves described in
the following paragraphs constitute the evaluation of data herein presented
and should be used in any design problem,

Maximum stress coefficients presented in Table III represent all
maximums for all combinations of sizes and wind velocities., The mcatter of
results ag illustrated in Figures 87 thrcugh'89. proved that the maximum
stress at any point can be predicted for any wind velocity by using a line
of maximums which bound the scatter region for any specific model,

The resulting design curves, Figures 97 throughlO035, utilize this
method to predict maximum stress coefficients. The calculdted stress
coefficient maximuns of all tests on all models include all of the specific
results within its set and therefore the scatter of the maximumg represent
all of the rasults for any specific veriation in proportional gize.

Resulting stress coefficients in any portion of a cylindrically
shaped spherical ended tent can be obtained by using the design atress
coefficient curves presented in Figures 97 through 105, To uwe these curves,
the designer would decide upon the proportions of size of the tent to be
designed, either by aerodynamic considerations or other requirements, and
choose the figure for the specific h/d ratio which applied to the given
problem, After this the designer would then enter the graph upon the
abscissa at the predetermined W/{, and read upward to either the curve
labled cylindrical sectlon or spherical cidndeds and determine the corre-
sponding stress coefficient by reading across to the ordinate index.
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Figure 94 presents the varistion of maximum stress coefficient,
(N¢/q r) maximum, versus h/d for a constant W/J?,h = 1/2, for any specific
dynamic pressure, in the spherical andaard tha cvlindrinal szotics,
Figure 95 presents the variation of maximum stress coefficient,
(Ns/q r) mavimem, versus h/d foi s constanc W/Eh = 1/2, for any specific .
dynamic pressure, in the gpherical endes and the cylindrical section, assum-
ing the extension of equilibrium forces to be constant.

Figure 96 presents the variation of maximum stress coefficient,
(N¢e/q r) maximum, versus h/d for a constant W/JLh = 1/2, for any specific

dynamic pressure, in the spharical ends, The shear stress coefficients
in the cylindrical section are assumed to be zero and their calculation has
herein been naglected,

Figures 97,98 and 99 present maximum stress coefficients, (N, /q 1)

maximum, versus W/lh w 1/4 to 1/1 for both spharical ends and the cylindrical
section of the tents for all broadside wind loads for h/d ratios of 3/8,

1/2 and 3/4,respectively, These design data curves will provide accurate
results of stress coefficients for any tent with these patrticular pro-
portional aizes for all load conditions. It must be remembered that the
stress coefficients depicted from these curves do not represent the total
stress condition, The effects of internal pressure must be added to these
results,

Figures 10Q 101, and 102present maximum stress coefficient. (Nelq r)
maxioum, versus w/zh ratios as stated in the preceding paragraph with the
equilibrium extension applying throughout the cylindrical section.

Figures 103, 104 end 105 present maximum stress coefficient, (N e/q T)

maximum, versus W/L,_ ratios as stated above except in the cylindrical
section where the assumed shear stress is zero.

Cylindrical Tents with Ellipsoidal Ends

The short radius tents were analyzed for a broadside wind loading on
the Hayes' IBM 360 computer, Figures 106 through 10% show typical stress
coefficients for the model tested as a function of the fictitilous spherical
coordinates wvhich were usad in the analysise. This is a more regular system
in which to deal, but if it is desirable, Teble IV gives the values of the
ellipsoidal coordinates corresponding to several of the sphericel ones used
in the analysis. Results of the analysias of the one model tested{b/r = 1/2,
h/d = 1/2, and W/L_ = 1/2) were extrapolated to yleld peak stress coef-
ficients for othcrh configurations,

As may bs sesn from Figurss 110 :thidigh <112, st¥ess 'resulsants in thd short
radius ends are higher than in the spherical ends. The stress ratios ara
nearly proportional to the inverse of b/r; hence, the more eccentric the
ellipsodial ends are, the higher the stress resultants. .

LY
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Stress Profiles

Stress profiles (lines of constant stress) were prepared for spheri-
cal single~wall tents with h/d ratios of 3/8, 1/2 and 3/4; und for cylindri-
cal single-wall tents with spherical ends with W/&, = i/2 and h/d ratios
of 1/2 and 3/4., These streas profileeg are critical for all combinations of
internal pressure and wind velocity tested - P = 4/5 q, q, 5/4 q, and
q= 0,6, 3.0, 6,0 inches of water gage. e

These stress profiles were prepared to visualize areas of maximum
stress, Since the wind may come from uny direction, the variation of strass
with the € coordinate can be ignored. Considering, then, only the variations
with respect to ¢, the stress resultant N, 1g constant in the cylindrical
portion and nearly constant in the spherignl ends. Ny and N_, however,
both pesk near the apex, showing a definite separation at about ¢ = 40°,

This may be seen easily in Figures ll13through 124,

Design Curve Summary and Application

Spherical Tents

The design curves generated in this study &nd analysis are presented
az Figures 77 through 83, Utilization of the design curves is as follows:

1) From design requirements determine tent size and shape
and design value for dynamic (or impact) preseure,

2) Enter Figures 77, 78, or 79 with required h/d on the appropriate
curve for dynamic pressure and read stress coefficients,

Jg M
Qr’ gqr

‘gz

o,
=

3) Multiply stress coefficlents by design dynamic pressure,
q, in p. 8. 1. and tent radius, r, in inches, Products
are stress resultants N¢, NG’ N¢6 in pounds per inch.

4) If variation in Ne with apex angle, ¢, i3 desired, determine
stress ratilo,

Ny (¢)
Ne (peak)

from Figures 80, 81, 82 or 83 depending on appropriate h/d.
Multiply stress ratios (from 4) by Ng (from 3) to get variable

values of Ne versus apex, ¢,
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5) Total stress resultants are:

N =N (from 3) + Pe T l
¢ ) 2 .
P r
Ny = N, (from 3) + g
f N&e = N¢9 (from 3)

Cylindrical Tents with Spherical Ends

The design curves presented in this study and analysis are included
as Figures 97 through 10). Utilization of the design curves 1s as follows:

1) From design requirements determine tent size and shape and
dynawnic (or impact) pressure design value,

2) Enter Figures 97 throughl92(choosing the appropriate figure
by &nowing the h/d ratio) with the required W/Qh and read

stress coefficients, N,/ q r, Ng/ q r, and Nyg/ q v for
both the cylindrical section and the spherical ends. For
stress coefficient values which would exist for other sizes
than those presented, linear interpolation within the range
given will yield corresponding results,

3) Multiply streas coefficients by design dynamic pressure, q,
in p. s. 1. and teant radius, r, in inches. Products are
stress resultants N¢, Ne' N¢e in pounds per inch.

4) Total streas resultants are:

N =P r+ N (from 3) Cylinder
¢ e ¢
N; = Per/2 + N¢ (from 3) Spherical Ends

- N «N =P r/2+N (from 3) Both
: 9 X e ]

‘ﬁ;e = Nyg (from 3) Spherical Ends
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Cylindrical Tenta with Ellipaoidal Ends

The design rurves raesulting fiou ihis study and analysig are pre-
sented as Figures 109 through 112, Utilization of the deaign curves 1s as

follows:

"

2)

3)

4)

From design requirements determine tent size and shape
and dynamic (or impact) pressure design value.

Eanter Figure 109 and read the baaic stress coef~-
ficients (N¢/q r and Ne/q r, and N¢é/q r) for the design

dynamic pressure, q,

Enter Figures 110 through 112 and read the correction factoxs
b/t (Cb¢’ Cbs) for the cylindrical portion and ellipsoidal
end,

Multiply corresponding corraction factors with the basic
stress coefficients and the dynamic pressure and tent
radius to get the total stress resultant,

Ends} using the correction factors for the ends:

N¢ - cq¢ ch¢ CW¢ cb¢ (N¢/q r) q ¢

Ng = Cqo Cng Gwg Sbg Wg/a ¥ ax

J

k¢e = cq¢e °h¢e CW¢6 Cb¢e (N¢8/q r) qr

Centerj using the correction factors for the
cylindrical portion:

ﬁ; = g4 Ch¢ Swe Cbo (N¢/q r)qr

Ny = cqe Cho Cyo Cpe My/a ¥) q ¢
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CELLULAR BEAM TESTS

— e i

Introduction

Tn order to enginaar air-aupportad atructuras, it in nacasaary to hae
able to tailor designs for sppcific raquirements thereby placing the
strength whare it is needed without penalizing other areas with unnecessary
weight., To accomplish this, accurate methods of analysis are required,
methods which do not unduly restrict the designer or analyst to certain
shapes or aizes which have been used in the past. Only a cursory glance,
however, is nesded to realize the vast complexities which arise in analyz-
ing fabric, air supported cellular structures., Rather than attack the
problem from a completely analytical standpoint, then, it was decided to
empirically correct a relatively simpla deflection theory using data
gathered from tests of fabric, air inflated cellular beams.

Because of the importance of wind loads in the design of double-wall
tents, the mauner of loading chosen for the tests was air pressure, uniform-
ly distributed over one side of the baam. The deflections of the beams were
measured and recorded as a function of beam position, load, and cell pressure,
This procedure was repeated several times, for twelve models, to assure
valid results,

Test Spacimens

The models tested consisted of twelve inflated fabric beams, approxi-
mately three feet wide and four feet long (along the cell axis), There
were basically three different cell sizes, one of each size for the straight
beams and three of each for the nine curved models, All beams were fabri-
cated of a Lincoln Fabric, Style Number 9199, which weighs 2.5 oz/sq yd.
Care was taken during fabrication to keep the warp direction along the beam
axis, This necessitated, in the curved beams, splicing several short pieces
of fabric together tc make the webs, Such a technique yields a nearly uni-
form modulus of elasticity along the beam axis.

Prior to testing, the models were measured and averagc (or typical)
dimensions recordsd, These dimausions, and otherscalculated from these,
are tabulated in Table V., Direct measurement was made of d, w, n, Wys and .
2pe The beam rndiuu‘r. base angle ‘B' and cell angle a . had to be calcu- '

lated. The cell argle, being particularly sensitive to measurement, was
calculated through the following relation, which averages the cell width
and beam width usasurements.

a, =sta (3w +[0m)-1]/@- DD (126)

The beam radius and base angls of the curved model: were found from an
iterative solution of the following relations.
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These quantities are pictured in Figure 125,
Test Fixture

To statically load the modelu with a uniform air load, it was de-
cided to use & test chamber with one side open, The model itself was
employed as the remaining side to form a closed air chanber, Figure 126
is a schematic of the test fixture with a beam installed, and Figure 127
is a photograph of the test chamber without the beam. As may be seen in
these figures, the end conditions were a pin and a roller, The beam models
were supplied with extra material on all four sides. The ends were fasten-
ed to the chamber and roller as shown in the achematic of Figure 126, The
fabric along the sides was then taped to the sides of the chamber as shown
in Figuregl28and 124 This was necessary tc completely seal the chamber,
Thire was approximately an inch gap between the beam edge and the chamber
wall., The additional load due to this gap, since beam width was 34 inches,
is less than 3 percent (4 1/34), Furthermore, its cffect dimingtshes with
distance from the beam edge, being & minimum at the uenter of the beam
where deflections were measured., Hence, net effact of the side curtains
was negligible.

Inflation pressure of the beams was measured on & vertical water
manometer board. The pressure tube supplying this manometer originated on
the underside of the beam, several cclls removed from the beam pressure
inlet. This was done to account for pressure reduction from leskage
through beam febric and seamg., The chamber pressure was measured on an
inclined water manometer board with & 1021 slope (horizontal : vertical),
This approach was necessary to accurately record the very small loads im-
posed on the beams. These manometer boards can be seen on the right hand
side of Figure 127,

Test Procedure

The general procedure followed to statically test the beams was as
follows:

1. Install beam in test fixture

2, Iustall deflection measuring devices,

3, Inflate beam to tagt inflation prassure.
4, Record zero deflections.

5. Pressurize test chsmber to initial test pressure and
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record beam deflection readings.

S Initeass test Chamuer pressuie incremeintaily, nolding thé Leam
pressure constant. Record the deflection readings at each
chamber pressure until the maximum deflection is reached,

‘7. Decrease chamber pressure to zero.

8. Repeat steps 4 through 7 for confirmation.

9, Increase beam inflation pressure incrementally, repeating

steps 4 through 8 at each pressure until these steps have

been completed for the maximum beam pressure,

10. Remove beam from test fixture.

This procedure was followed until tests of all twelve beams were completed
and data repeatability obtained.

Results

Basic data collected from the tests consisted of horizontal beam
deflection at the roller end vertical deflection of the movable beams
support plate, vertical deflections at several points between the end and
the center of each beam, applied load at initial wrinkle, and cell pressure.
The basic data was reduced to yield deflections relative to the ends of the
beams; i.e., the deflection of the plate which was used to obtain the roller
boundary condition is accounted for in the final data reduction.

Load-deflection curves were plotted for all beams and compared with
theoretical predictions generated from techniques described in DOUBLE WALL
TENTS Stress Analysis. Discrepancies between the data were eliminated by
reduction of the wrinkling value of M/P.r and the section moment of iner-
tia. Through trial and error, these vaIuss were reduced to graphical form,
dependent on the cell pressure and the beam to cell radius ratio, Figure 130
is the final product of this phase of the effort. Figures 13l and 132 show
the agreement between theoretical and experimental results after empirical
adjustment of the theory.

DOUBLE-WALIL TENTS
Introduction

Double-wall tents provide inexpensive, easily portable environmental
protection without the need to completely enclose the working area. Further-
more, by providing for independent cell inflation, & tear or hole in one
portion of the tent will not initiate collapse .of the entire structure,
Obviously, the overall strength of the tent wlll be reduced, but under ordi-
nary circumstances, the tent will continue to perform with little or no

noticeable sffect.
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In the design of a double-wall tent. weight. narkage cuke, and on
closed volume are of prime importance. For this reason, a weight-to-volume
ratio is theoretically minimized in the following study. Results of the
study provide a relaticnship between tlie uumber of celis in a tent and the
cell angle.

Streas analysis of double-wall tents is extended into the nonlinear,
post-wrinkling stage. Nonlinear load-deformation relations are derived, and
after piece-wise linearization, are used to derive transfer matrices for the
basic beam elements. With empirical data gained from inflated beam tests,

these transfer matrices are used to analyze double-wall tents subjected to
broadside wind loads,

Weight Study

To effect a least-weight analysis, it is necessary to derive approxi-
mate relations for the weight and enclosed volume of a tent, The cross-
sectional area inside the tent shown 1n Figure 133 is approximately

Ap = r (r ¢ + 2h, csc‘¢B) + (2 4 h?) cet ¢p. (128)
The enclosed volume ig Atzh or
V=2nr, sin o, [f (r g + 2h csc ¢B) + (#2 +‘h§§'cou.¢B] (129)
The weight of the fabric used to form n cells is
Wt = 49[:C 2n ac+ {(n + 1) cos ac][(r + r.)(¢g + cot $g) + h, esc ¢B](130)
where Q1 = fabric weight per unit surface area. The other parameters are

shown in Figure 133,

To obtain a least-weight design requires the maximum volume-to-
weight ratio. Dividing Equation 129 by Equation 130 , and defining
Y = V/Wt,

n sin g [rc(r ¢p + 2h, csc ¢B) + (r2 + hi) cot ¢BJ

‘Y-
2 [} na+ (n+ 1) cos uc][(r + 1. )(ép + cot ¢p) + h, csc ¢B] (131)

The intended uge of the tent would set certain of the parameters, r, ¢,, h_,
and n, which would be a function of the length; and strength requirements
would determine 2. The two remaining independent vartables, 9, and z,
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determine the cell configuration directly, To establish whether or not Yy
obtains a finite maximum with regard to &, and r,, take the partial deriva-

tdvae Af v with vaanant +A n anAd » -nrlc--f rham amiinl A sarn

tives of ¥ with vespect to 8 2nd z,, 2nd =2t them eguel to zove,
9

From 3;_.'0. no maximum exigts; so for minimum weight, the smallest radius
T,

practical should be used, The radius will therefore be dictated by strength
and stability criteria.

Taking the partial derivative of Y with respect to u., and defining

Elr (r ¢5 + ., csc ¢p) + (r? + h%) cot ¢B]

- (132)
2$2Er + 1 )(¢p + cot ¢gp) + . csc ¢B]
we obtain
3y 2n (ac cos a~ sin a.) +n+1
3 = C (133)
Bac 2 n at+ (n+1) coszac
Setting Equation 133 equal to zero,
n+1l
sin a.= G COB g = —y—— (134

The maximum (if it is a maximum) value of y is, then, dependent only upon
the number of cells, n. As a limiting value,

limit n + 1

=12 (135)

so that for large values of n,

sin a,- a, cos a, = 1/2 (136)

A trial and error solution ylelds o, = 68° - s54', Obviously, for n = 1,
o, = 90°,
e
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Since there is only one root of Pquation 136 for O < a < N0 ta Aarar-
mine if this 1s a maximum value, examine the sign of ay/ac on both sides of
the solved value of a,. Setting n = 10, from Equation 133

3 “
a“c [(20 °c+7 11 cos &232] {20 a, cos a, - 20 sin e, + 11) (137)

Since the brackets in Equation 137 will alvays be positive, and only the
magnitude of Equation 137 is of intersst, examine only

20 (o, cos a.- sin ac) + 11 (138)

Setting Equation 138 equal te zero, 4.71,5° for n = 10, Now setting

« 50° in Equstion 138 yields a politive sign, and o, = 85° results in
a negative sign. Similar results are obtained for all values of n, 8o the
result is the desired maximum volume-to=weight ratio in terms of G, a8 a
function of n. Figure 134 1llustrates the variance of o, and n for maximum
Y.

As an illustration, consider an existing tent which shall be referred
to as Tent 1. It has the following parameters: n = 12, Q = 15 oz/8q yd,
r=9'-¢6", h =2'-6", = 819, = 10", and a, = 35° - 48', Using
Equations 129" and 130 .V = 2234.% cu f and W= 166.5 1b, Tha temt
is 140.4" long. The weight, as given in the above reference, is 264 lbs for
the shelter section. This extra 97.5 1b is comprised of such items as
carrying handles, zippers, weather seal flaps, local reinforcement,
stitching, etc.

Now redesign Tent 1, varying only a. and n and call it Tent 2,
Approximately the same volume will be rctained, and the weight will be re-
duced, The cell width will be approximately 2 r_. sin 70° = 18,8". Require
then, that n 2 140,0/18.8 = 7.5, From Figure 135 for n = 8, a,.» 729,
Again using Equations 129 and 130 , V = 2421, 6 cu ft, and We = 149.3 1b.
The length of Tent 2 is 152.5", Since the weight of the miscellameous items
on Tent 1 will be approximately the same for Tent 2, the final shelter
section weight is 246.8 1b. These changes are tabulated in Table VI for
easy comparison, and Figure 135 shows the relative sizes of the tent cells.

This comparison shows a 7% reduction in weight assuming the fabric
weight remains the same. Because the beam stiffness 1s reduced, though, it
is likely that a higher internal pressure will be required to provide the
necessary stiffness, and possibly that a heavier fabric will be required to
withstand the higher strasses. These and other considerations could over-
ride th: previously prudictcd weight savings.
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Pressure Distribution ' i

d Fur analysis vi doubie-wall tents, the pressure distribution from a .
broadside wind load is taken to be a series of constant loads on short beam

elements. The pressure distributions were taken from available wind tunnel :
data, and extrapolated to include any shapes for which data was not avail- :
| able, 'These experimental distributions were plotted, a curve placed through
these points, and a representative constant load found for every five~degree
K increment along the tent. Typical pressure distributions for various tents
' are shown in Figures 136 and 137, A separate distribution was obtained

i for every combination of tent shape and wind velocity, for both guyed and

i unguyed conditions, to assure accuracy in the calculations of design curves.

Strength Study

I It 18 apparent that geometric optimization alone is insufficient for
! complete weight control. Selection of fabric must be made with full con-

' sideration of material strength-to-weight ratio. While no formal procedure
, is developed herein for fabric selection, it 1s recognized that proper

i fabric design and/or selection can have paramount effect on the attempts to
i minimize weight, Study of physical properties of fabric is a significant

1 and separate endeavor which should merit additional research and develop-
ment outside the scope of this contract. Principal criteria for fabric
weight optimization should require high strength-to~weight ratio and mini-
mum safety margin.

Assuming a linear strain variation in a wrinkled fabric beam, and
zero stress in the wrinkled portion, nonlinear moment-curvature and tension-
straln relations are derived., After piece~wise linearization of these re- . .
lations, they are substituted into the differential equations governing the .
deflections of a beam with a constant distributed load, and the resulting
. equations are solved subject to general boundary conditions at one end. In
' addition to the boundary conditions, the solutions are also made to yileld a
zero deflection state when the beam 1s subjected only to internal pressure,
Hence the resulting solution 1s a function only of applied loads.

To analyze a structure with varying distributed load, the structure i
is broken into finite elements, each with constant load to approximate the
true loading condition. The deflections and conditiong of equilibrium for
each element are placed in an extended transfer matrix, and the matrices
for the entire structure assembled. Boundary condition. will apjpear as
knowns in the appropriate state vectors. !

Static Stability

Static instability of an "m" times redundant structure will occur '
when (m + 1) points have buckled. Since the tent fabric cannot carry ol
compression load, static instability 1s aiso assumed to occur when the axial N
compression load equals the axial tension load due to u.flation pressure,

—

66

Tt st =

“f“ (.#:"'v"'-‘u;- R 1




Shear Deformaticn

Shear deformation 1s &h 1mportant part of the derlection of air-
supported cellular fabric beams (Referance 27). In this analysis, as
in Refarence 23. shear deformation is supserimposad upon flexural defor-
mation to obtain the total thaoretical deformations of the structure.
In Reference 27, the manner in which internal pressure influencas
shearing deflections, and how this 3ffect is cowbined with the beam
edge ghearing stiffness, is clearly defined. Utilizing this approach,
and assuming a constant shsar strain on the beam cross-section, the
shear strain is

vy = V/ (P g + GA) o (139

This is Equation (15) in Reference 27, with A, = kt.

In Reference 28, an approximate shear modulus is derived for
uncoated single-ply fabrics based on the state of blaxial stress. A com-
parison of this derivation with the coordinate system of the tent beams
reveals that o, in Reference 28 ig the web stress Ny. The shear modulus
is, then

G =N, =2Pcr, sina, | (140)
Substituting tkis into Equation 139
Yp = V/Po(Ag + 2 A, r. 8in ag) (141)

Hence, the usual shear rigidity, AG, is replaced by the corresponding
quantity in Equation 14] , dependent not only upon the physical character~
istics of the beam, but also on the internal pressure.

Fabric Modulus of Elasticity

The modulus of elasticity which was used in this study is a linear
approximation to the warp stress—strain curve at a warp filling stress ratio
of 1:2. This is approximately the stress ratio which exists at inflation,
It was used to empirically correct the theory which follows, so should be
used in any future analyses.

Deflection curves, however, are a rc¢iult of aerodynamic tests, so
the modulus of elasticity as used in stresu calculations was not critical.

]
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The modulus of elasticity that was used for the model fabric was

E = 200 1b/in

as obtained from stress-strain data for this fabric.

Nonlinear Load-Deformation Relations

It 18 assumed that the state of strain in a fabric beam is

€y = E¢NA + yx (142)

where « is the change in curvature caused by the bending moment. Assuming
Hooke's Law holds in the unwrinkled region, and a state of zero stress re-
sults in the wrinkled portion, the state of stress is (see Figure 138)

Ny = 0 y2c (143(a))
Ny = Eey = E€¢NA + Eyk y 3¢ (143(b))
The axial load and bending moment are given by

Py -fncb dA (144 (a))

M 1IN¢ ydA (144(b))

A fabric beam cross section 1s pictured in Figure 139. Cross-
section properties are

A, = 2rc[n + (0-1) (20, + cos ac)] (145Ca))

A, = rz ETT + 2(n=1)(a, + sin a, cos ac)] (145(b))

I = r: [n + 2(n-1) (o, + sin a, cos a, + é-cos3 uc)] (145(c)H)
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Prior to wrinkling, Equations 144 yleld the usual relations,

P. NWAAU (146(a))

v = L g s

M= ; [, q;max -~ N¢NA) (146(1)))
c

At initial wrinkle, when ¢ = r, Nygpay = 2 Nynp 80 that

PTt

5 (147 )
¢ rc(N¢NA Acrc) Acrc

After wrinkling begins, there are three explicit sets of relations
between the gtresses and stress resultants, depending on how far wrinkling
has progressed through the cross gection, When wrinkling has begun, but
has not reached the web, Equation 144 yields the following:

re cos o, S ¢ S r,, 6 = cos”! -(%;) (148¢a))
Pp = Grg_(:zgmlxc) {n con 8, [tan 0y -8, +2a, +cos “c]
¢ . a48())
+ cos Glt‘n‘ - 20, ~ cos ac]},
2 3(N [ +.£ 3 \
M= rc( pmex ) {n o, + 8in g, cos a, ¥ 5 cos’ ay
X, +c
1
- = (6 ~8in 6y cos O
> (81 - sin &y cos V] Yadsce))

+ 1T ~ o - eslna cos a -lcosauc]\
:  © € 3 J
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After wrinkling progresses into the web:

-1 ,C
- r, cos a, e s ¥, cos a_, 62 = cog™! (r_,:) (142 (a))
- 2 /N ; e 1 sc 2
P'l' 2rc( dmax ) {n [sin a, + - % + I (?" + cos ac) ]
rc + c c c
+ [('n - 8,) cos 8y - min a, + sin 0, Q49(b))

1 ,e
~ 7 (i + cos uc)Q]}

/
. N 1 \
M = 2rc (rgmixc) [n -i-(ac + sin ac cos °‘c) + sin a. cos 8,
J
3
+i(f.3_ + cog?3 ac>-.l..c_<9_§ —cosza)]
6 ‘rc 4 r re
+lE€ (c - cos? a ) -1_(°_3_+ cossa) 49(c))
4 Fe ‘72 6 rg ¢ ?(1
C =

- sin a cosez-lsina cos o
c 3 c [

+_1.sin62 cos 6, +l(n-ac-62)]} J
2 2

And finally, after wrinkling has gone completely through the web:

- e s - r cosa,, 63 = cos -l (' -;-:-;-) (150(a))
Py = 2nr? (_:%x_cxsin 63 - 63 cos 03) (150 (b))
Cc
M = nrd (f_ﬂm_ix_c? (63 - sin 83 cos, 83) (150 (c))
c
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Figurel40 1llustrates the physical significance of the parameters defining

the waxtent of wrinkling.

Defining

D1-2ncosel [_tane - 6, + cos a +2ac]
1 1 c

+ 2 cos 6 ET - 2.a, - cos ac]

+ + 1 3
-2 .
D2 n [ac sin 8, cos o, + = co8” G

3 c

+2|T-~a -gina cosa -Lcosdu
2 [ c 4 [

3

c l ¢
D3 = 2 n [s:ln a, + T, o, * 7 (iﬁ+ cos ac)]

+ 21{(11 -a, - 85) cos 03 -~ ain @,

+ gin 6, - (.‘:__.+ cos ac)z‘

I

>

2

r

1 1fe 3 \)
Dy = 2 n [_ (ac+sin e, cos qc)+ain a, cos 62 +-é-((._+cos ac)

3
[

le (e | g2 ) L (e _ o0
% T (rz cos” a, + 2 T (—E cos “c)
c Ye

1 /c3 3 1 1
3 (:_'é‘+ cos” a, sin a, cos 65 3 sin a, cos a,

c

+_1.sin 8, cos 02 +l(n-—a -62)]
2 2 ¢

Dg = 2 n (sin 9§3-- &, cos 03)

De = n (63 - sin 65 cos 03)
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- _;.(e1 - sin 8] cos 8,

51(a)) ;‘j
i'
{
51(b)) ;
\
&@51(C)) ‘

/

(151(4))

R SR ROV

(151(e))

(151(£))




Equations 148 - 150 may be written more concisely as

r cos O c r,
r2 (Sémax ) D1 (152(a))
. T¢ +c
( Qmax (152(b))

‘ Py =z ( Yomax )03 (153(a))

M= (EM) Dy (153(6))

N
Pp = r2 (J"_nﬁ_) Ds (154(a))

LN (_L_max ) De BERTURS
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The extent of wrinkling 1is controlled by the dimensionless ratio
H/Ppi,. Equacion i47 detines this ratio for initial wrinkle in terms of
the pﬁysical characteristics of the beam. As M/Ppr. increases, the extent
of wrinkling increases. From equatinne 152 thrnngﬁ 154 this ratioc
is

r, K6 cos ac £ CcCsr

¢ c

"D, (155)

- rc cos ¢

Pyf,  Ds (157)
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Now the equation of stress in the wrinkled beam which was used in the
the integration of Equation 144 1is:

Ny oo N, N, .
N = MEX - - Quuus o oypmax .
¢ r,+ec (c =y rc+cc r,+c y (158)

: N
Comparison of Equations 143 and 158 yields two expressions for :i-“l_%iL

¢ C
Nomax  E€ona
T +c"™ m (159(a))
[]
NQN&X
r +c - "B (159(b))
c T ¢

Substituting Equations 159 1into Equations 152, 153, and 154

tc CcoB8 Q. S ¢cs rc

Pp = EE¢NA r, (D1/cos 8;) (160(a))
M = Ex rg D, (160(b))

-Tr
c cos Gc s$cs rc cos Gc

Pp = Ee, ., T, D3 (r/e) (161(a))
M= - BcrdDy (161(p))
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r, - (I r, cos a,
BPp = EE¢NA r. (- Dg/ces 63) (i62¢a) )
M= - Ecrl De (162(b) )

where ¢ = r cos 01 was ugsed in Equation 160 and ¢ = - r cos 93 was used
in Equation 162,

Equations 160 through 162 yield the nonlinear relations
between the moment and curvature and the axial load and strain at the
neutral axis in terms of M/PTr + The curves will be as shown in Figure 141,
By plece-wise linearization, tﬁese equations may be written

Pnr
Elk T c
AcEeona M (
=== = C3 + G 3= 163(b) )

T %

where the constants, C,, assume different values as M/P r, varies. The

upper limit of M/Ppr, = is obtained from Equation 157 by letting

L ]
= =1 (03+0)

limit _M limit Dg _ limit n(B3 ~ sin 93 cos 83)
84+0 PTrc " 93+0 Ds 63+*0 2n(asin 83 - 63 cos 63) w

limit 1 - cog? 63 + sin? 63 _ limit sin 63
" 640 2 83 ain 63 6340 93 >(164)

v

. limit cos 83 _ 1
8320 1

This limit is shown in Figure 14l,
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With Equations 142 and 163 , the relation between strain and

atrege rasultante ie

p— — =

1 1
€ = homr, - (O3 Prfe * O M) +yEp €1 M4 G Bpr) 465)

Transfer Matrix for Straight Beams
Consider the beam element shown in Figure 142,The neutral axis strain is

P
! c'p!? Prdw - dx (166) !
| ‘ ‘A" e T dx

The strailn at a distance y above the neutral axis is

_A'B' - aB_ (b -¥) dw -y Yy +y {¥p + dYp) - dx

! E

i AB : tx

!

: 167) . .
ppdw - dx dyyp dyp : '

| ax Y ax  fma Y T
\ ? To evaluate the radius of curvature and rotation in terms of displacements,
: write

—f  e— e ) )

cc' + Cc'0' »CD + DD' +D'O'

168
uf +vi + pbén = dxi + (u+dwi+ (v+dv)] + e’
The normal unit vectors are
[l
én = - gin i + cos w5
(169 (a))
f ‘ é'n = - gin (w + dm)i + cos (w + dw)i
b, : A o
L or e' - -[Qin w cos dw + cos w sin dw]i .
B {169 (b))

+[cos w co8 dw - 8in w sin dw]j
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For small deformations, com w = cos dw % 1, sin w = w , and sin du 4 duw.

with chess, the normaj unit vectors are

aL

8, =- wi + 3

Y

& w- @+ ddl + (- wdo)]
Substituting Equation 170 {nto Equation 168
(u - pbw)i + (v + pb)j « (u + du + dx - Ppl- pbdu)i
+ (v+dv+oy - ppbw)i
The scalar equations thus formed are
0 = du + dx - ppdw

0 - dv_pbdm

Substituting Equation 172{a) into Equation. 166 yields

d

123
-

EA

a
%

)

70)

(171>

(172¢a))

(172(b))

§73)

Substituting dbdw = du + dx from Equation 172(a)into Equationl72(b) yields

dv = w(du + dx) = wdu + wdx

dv

dv du o
dx-w+wdx-(ﬂ+(l)$mﬁ|)

neglecting wey,. Substituting Equation 173 into Equation 167

L4 O
dx = ¥ dx
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Comparing Ezuations 165 and 175 , and substituting w = y
Equation 178b yields the following three differential equati

the dianlareamant nf tha straiohe besm 2lazzae.
R wont nf tha otrndioht hasm

oS- Revrr ety euiy

au L

dx ~ A_Ef_ (C3 Ppry + CuM)
dv o _ 1 \

ax Er €M+ C) Ppr.)

dv
a-wb'f'Yb

where
u is the longitudinal displacement,
v is the transverse displacement,

¥y is the rotation of a fiber originally perpendicular
axis, and

Yp 18 the shear strain.

LA |

E
b YB in
ons gbverning

(176(a))
(176(b))

(176(c))

to the neutral

The equations of equilibrium for a straight beam element loaded by a

uniform load are

Vo V) - PogeX
M=M -Ve+lp x2
i i 7 Text
where
1 "
Paxt ™ Paxt * Poye

positive as shown in Figuee 2143,
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Substituting Equation 177 into Equation 176 (a)

du o1 1 .
dx " ReEr, Cs Prfc ¥ Culy = Cy Vix + 5 Cu Pegex?) (178)

Integration yields

1 1
u AEr @31’11“*3““1""2‘%"1" +2 Gy Pogex) +a  (179)

The constant of integration, a, is evaluated with the boundary condition,
u(o) = uy. Hence,

1
(RO 1 2 1 3
u=uy+ AcErc (C,x My - Carx Ppy - 7 Cux Vy +_E Cyx” P..) ( 180)

Substituting Equation 177 into Equation 176(b),

dvp
dx

1 1 ;
- - = 2

gf (C1My - Gy Vyx + 3 Cy Poyex? + C, Ppyr) (181)
Integrating,

1 1 2 1 3
wb - ~Ff (CiMyx --E Cy Vyx +-€ C1 Peyex + C2 PTirx) +a (182)

The conatant of integration, a, is evaluated with the boundary condition,
¥y (0) = W Hence,

: 1,..2 1.3
by by - i; (C;x My +Cp LR PTi - E-Clx vy +-g Cx Pext) ( 183)

Substituting Equation 177 into Equation 176(c) and with yy = V/A G,

€ 0 _ L A
x " Bus - BT O Mg+ 6T Pryx - 7 C V2

OIH

€ Pext® )

g (V- Pagpx)  (184)

1
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B ek
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' 1 1 1
' v =i x--—-(lﬂM 2+lc P wl2 o3 3 - 4
i 1 " bl ElL - 21 . 2 2eTi o cl le * ‘4 cx Pextx )
| [ 1 1
:L ! +Z—G(v1x _EPextxz) + a (185)
| c
t
|

' The constant of rintagution, a, is evaluated from the boundary conditiom,
1‘ V(0) = V., Hence

i 1

: VeV + oy, ~L (Lcy? 1 2p _ L3 R

i 1t Wy g (g Cx M+ C T X Py — e OV 4 CxXT P )
! 1 1

L + e -

L . ,Ac'.G(x Vi =7 x%P,) (186)

To yield a zero displacement condition when the beam segment is
subjected only to internal pressurizstion (PT - Po). substitute PA - P,r— Po

. for P.. in Equations 177 thru 186 B, is the axial load resulting from external
' loading., With this substitution,”than, Equations 177 thru 186 yield the
following extended transfer matrix equation,

— | 3 =/ \
R T S LA L e ,
. | 2EI 2EI ‘ GEI AG| 28EI  TAgQ 1
}' —— . = —) - —
‘ ’ ; ‘ Cyx | Cax | Cyx2 E Cux? P
! ufloi1]o0 | = | u
|I | : AEr, | AL | 2AcEr, 6 A Er, i
, i ! H
H ) 1 i
l oiol -_Cl: . Cz x C, x2 ) cx* P .
' Yl |7 EI CEL 2E1 6EI ¥bi
v
| ﬁ x | | | 2P { &137(.))
! ext
D Mi[f0o[O] O 1 0 -X 2 Mi
| Pfloo]o 0 1 0 0 Pay
Co !
P vilo o] o 0 0 1 ! -x P v
. | axt i
1{lo oo 0 0 0 | 1 1 .
\ ) — =\
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In shorthand notatica, this is written
{z} = [F] {z}, (187(b))

Transfer Matrix for Circular Beams

Congider the beam element in 'Figure 144,
The middle surface strain 1s given by

¢'D'- ¢ D pb(d¢ - dw) = r d¢
€4NA CD rdé

1 aw
S by -r-eygp)  (188)

The strain at a distance y from the middle surface is

£'F'- E F (b + y) (o = dw) + y(y+ dv,)-y(y,)=(x + y) d¢

£, = )

1 1
" TFy P -TPy, [V LG “wy “ona” ¥ ad (189(6) )

P (190)

. for y < r. Iatroducing Equation 1% into EquationiB9(b)

% nww

n-
e = € Dy S o oy® (191¢
¢ ¢NA nwo T * db qnmo ( r) a)

2 dy 2
€ ™ %o a-% +>’;,+-—-)-E$h§<1- %+Yr-z+—--) 191 (b))

- - Y ¢ Y ¥ -
€4 €¢NA - E¢NA + .—.h.% ) + 1;7 (€¢NA + " ) + {91¢c))
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1 L <« 1, then

r
ar d!!h
- - -+ —_—
0T e T Tty (192)

To determine the strain~digplacement relationa, write

-+ +* o~ + -+ -+

OC+ CC'+ C'0' = 0D + DD' + D' (193(a))

~ ..6 ~ - -~ A' A' A' - A'
8 +ve + ue, = pye, = T8 + (v+dv) @ e T (u+du) e o T Ppe, (193(0))

The unit vectors are, in terms of &' and &' ,

r
ér w cos d¢ 3'r~- sin d¢ §'¢ (194(a))
8 = cos b &', + sin do & (194(b))

e . e' -
cos (w+ dé) e ¢ = sin (w + d¢) é'¢ (194(c))

én = {cos w cos d¢ ~ gin w sin d¢) &' ~(sin w cos d¢ + cos W sin d¢)é;(194(d))

&' w cog (u+ duw) a'r - sin (0 + dw)a'¢ (194(e))

é'n = (c08 w cos duw ~ sin w gin dw)&'r— (sin w cos dw + cos w sin dw)é$(194(f))

For small deformations, cos w = cos dy & cos dp & 1, sin w * w, sin du = dy,
and sin d¢ 4 d¢. With these substitutions, Equations 194are written

=R - @ (195(a))

g m R, dp B (195(b))

sn = (1 - yd¢) a'r - (w + d¢) a‘¢ (195(c))

¥ = - wdw) &' - (w0 + du) LI (195(d))
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Substituting Equations 195 into Equation 193(bk),

“py (1L -wdg) & +p (w+dd) @ ,=
T b

¢ 5
?(196(a))
r&' 4+ (v+dv) &' + (u+ du) @' !
. r ¢ .
¥
- - Ap Ay i
pp (1 udm)er+pb(w+dw)e¢ )
(udg + pbwd ) e'r + (- d¢ -vdg + pbd¢) E'¢-
196(b))
ot} ~p
E (dv + pbmdw) e c + (du + pbdw) e 6
f The scalar equations thus formed are
r
i . udd + wad¢ - dv =~ ppwdw = 0 (197(a)) o
f =~ rd4 = vd¢ + pbd¢ - du - ppw =0 197(b))
:
E From Equation 197(a),
-
|
v dv _ - dw
g de TP TR gy (198(a))
|
!
i du '
; — - dw 6y
A N T @98(b)) B
| Rearranging Equation 198(b), ‘5
Jw
- = 1+ ¢
Py T Py G r ( F¢NA) 199)
Substituting Equation 199 into Equation 198(a)
dv'
w -u = m’(l + E¢NA) (200)

83




Neglecting the product we in Equation 200,
$NA

av
;U

v

Substituting Equation 1991into Equation 198(b),
du
—_— P -
46 v re¢NA
Substituting Equation 202irto Equation 192,

ol du - 1 ,d dyy,
SEERE BERE R R

Comparison of Equations 165 and 203 yilelds

du r
@ +v -ACT"C (Cap.rl'c + Cy M)

dy
l(du U 5
Y (dfb tv) o+ ) El M+ OZPTrc)

Substitutinug for (%;j'- + v) from Equation 204 into Equation 205 yields

dll)b Cl o Cu Cz rr Ca

(<]
.- (5 + M- (- +-——) P
ds (g A Er ) T ACE) T

Substituting & = ‘J‘b + Y, into Equation 201yields

dv 3
—~———-Uu®mr, +Ty ®ry +e=—YV
a9 L R A W&

(201)

(202)

(203)

(204)

(205)

(206)

(207)

Solution of Equation 206 and substitution of the solution into Equation 207
ylelds an equation which with Equation 204 forms the system of equations

governing the displacement of the circular beam.
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The equations of equilibrium for the circular beam segment shown
in Figurs U5 a»e

P =P cogd =V sing + P r (1 - cos¢) (208(a))
T T4 i ext

- + - P b
v Pu sing v1 cosd ext” sin ¢ (208(b))

M= M:I. - PTir (1l - cos¢) -~ Vir sing + Pe“rz(l - cos¢) (208(c)_)

where

T r
- P - ep a+=°
Pext Pext (1 r ) ext ( T )

: : positive as shown in Figure 145

| ' Substituting Equation 208 into Equation 206,

dwb ( Clr (o '
a;—- =g+ K:ﬁ?: ) l:Mi - Pnr (1 - cosp) - v,r sin ¢+ Pexttz (l—cos(bﬂ
Czr:rc C3
- ( = + :\:E) [PTi cos$ = Vi sind + Pextr (1 - cosy )]' (209)
) Integrating,
Gr Cy
| N el T ) 'E11¢ - Pp,r (4= sing) + V,r cosd +P__ v (4 -siw?l
F - ¢ % T +E—3-)'P sin ¢+ V cosd +P r (¢ - sin ¢)]'+ a (210)
P EI AE [n i ext

. The constant of integration, a, 18 evaluated from the boundary conditionm,
| wb(o) - wbi' Hence :

Clr C

Iy
= - — ! - - - -
v b Vg ( - * Ackr, ) [Mi¢ P,Hr (¢ - sind) Vir (1-cost)
2 e S
1 . + Pextr ( ¢~ sitﬁ)] - ¢ I + AcE ) [P'I‘i sind - Vi(l ~ cosd)
+P ¢ -sln ¢):l @11)
T | 8s

"e
|
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Substitution of Equations 08 and211 into Equation 207 yields
dv (Cliz qu.
wou" Ty T —-E—+Z~E;—>E{i¢-?,rir (¢ - sing) —Vir (1 - cosg)

~ [ad
-

. C rip Cr
+ P trz (- sin¢)] - (__a_c+_1_ P ain &
ex

EL AE
¢
x
- - + - sl +-lp
Vi (1 - cos¢) Pextr (9 - s n¢)-] Y [ 1 sin ¢
+ V:l cos ¢ - Pextr sin ¢J . (212(a))

Substitution of Equation 208 into Equation 204 yields

C3r
du
a Y

'|EPT1 cosd =~ Vi sind + Pex

"*E LT (- cosdb):l
c
Ckr
+ AcErcE{i - PR cos¢) - V,r sinds-l-Pextrz(l- cos¢§]'(212(b))

Equations 212 are solved by Laplace transform with the initial (or boundary
in this case) conditions that u (o) = u, and v(g) = vy Equations 212 are
first rearranged to give

dv

d—¢-u-a+b¢+csin¢+dcos¢ (213(a))
% +veme+fsing+g cos ¢ (213(b))
Qhere
a-rq;m+SrV:l_+'I'Vi ©14(a))
- - 2 - P
b=S§ Hi +5S5r PTi Sr Pext Tt ext % (214(b))
r
= =SSP +—— P _ 2 - ext
e r 1T ie o T Ppy +Sr2P b TrP - G (214(c))
c
- - - X (214(d))
d SrVi Tvi+AG Vi
c

= - g ' + 8§t 2 + 8"
e S'r PTi + T'r Pe.xt ] r Pext 5 IE"li (14(e))
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£fm~3§'r vi -7V (2140£))

i
«=S'"P +7T'P_.  -8'r?P -T'rP 214(g))
8 1 oy = 8 et LI {214(g))
Cr
1
S'a -“-—AcErc (214(h))
C.x .
T'e <= (214(1))
AE
c ¢2
S w gt 4 b (214(4))
El
c 2
T =T + _2:_22 i (214(k))
EI
Denoting L(u) = U and L{v) = V, transformation of Equation 213 yields
a b c ~ds__
SV~v, ~U=T+ I+ 52 + 14,2
(215)

e £ 8
sl - uy +Vs=~ 3 + 1+ s2 + IBI—;Z

This is written

]
1
P
<
@ |w
o+
o
0
a.
w

[]
~
[N
-
(=,
A

The solution is

v 8 +1|(8 4+ b 4 c + ds +
8 Y 1+ g% 1+ 8% Vi
- 1 (217)
1+ 82
' e f s, ]
U 1 8_ -s— + ) _——Tl e -+ -—&—T—l + 5 + U.i
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Multiplication and inverse transformation yields

va= (a+ ui) ging + v, cos¢ + (b + e)(1l - cos¢) +—;~ f(sing - cos¢)

(c + g)¢ sind + % d (sin¢ + 4 cosd)

=

u= (e vi) sing + u, cosp - a {1l - cos¢) =~ b (¢ - sing)

i

c (8in ¢- ¢ cosg) +% (£ - d) ¢ sing + % g (sin¢ + ¢ cosy)

1
|-

Substituting Equation 2l4into Equation 218, and after some manipulation,

Clrz
- e - -
v A cosd =+ u, sing + r wbi sin =T (1 cos¢) Mi
Cyr3 1 1 C,rlr
. - - e — .
+ B (1 ces¢d 2 ¢ sing) + 3 AcG BT ¢ sing PTi
-Ei (Cr+ C r)(sing ¢ cos¢) + L (sing + ¢ cosp)tV
2E1 1 2 2Acb i
- -i (Cr+Crx)(l - cos¢ —-1-¢ sinq>)+-£- ¢ sing(P
EI 1 2 2 ZACG ext
(Clr2 Cyr
u= = v:L sing + ui cos¢ = r ‘pbi (1~ cos¢)+ - < + AcErc) ¢
c r? Cyr? ( 3 1
-—d sind (M + = sing - - cos
- 1 2 ¢ ~ ¢ 2 ¢ $)
C2r2r r 1 1 Cyr
| —* = = -= + —
( EL e ( > sin¢ 5 ¢ cos¢) AE gin ¢
Cgrz

T
AcErc

r .
(Cgr_ + Cyr) (1 - cosy) - ?AF ¢ sin (p} A

88

2
Al -l x_ L -
+ A Ex (sin¢ ¢i| PTi + l:EI (Clr + Czrc) ( 2 ¢ ging - 1 + cosp)

>(218(a))

X218(b))

F@19)

$(220)




LN TR S B )
+LEI 'Cl! + -Z:c, (- 2 ¢ wway — 2 sin @)
2 £20)
L i 1 i
+ A Er (G, +C,r) (p - aing) + v (5 8in ¢ =3 ¢ cose) PextJ
2
' i
To yleld a zero displacement condition when the beam segment is i
subjected only to internal pressurilzation (PT - Po), substitute PA - PT-Po }
for P, in Equations 208 thru 220. N 1s the axial load resulting from external i
loadifig. With this substitution, then, Equations 208 thru 220 yield the |
following extended transfer matrix equation. :,
/v\ Fcoscp l sing | r sing F F I F o -(v ) :
! 14 15 16 17 1 '
ad
. I
u =-ging cosy |-r(l-cosé) FZ& ‘ F25 F26 ! F27 u
1 H
b |0 0 I R ¥y .
M &2 0 0 0 1 —r(lmcoscd-rsinﬂ P r(l-cos¢) |\ M &(221(&))
l ext i
i
PA 0 0 0 0 cos ¢ ;-sin¢ Pextr(l—coact) PAi
Y 0 0 0 V] ein ¢ cos¢ ,-Pextr sind vi
1| Lo 0 0 0 0 0 1 1
/ =\ /
In shorthand notation, this is written
- 221(b
{z} [F] {z}i (221(b))
where 2
Clr
Fiy = = =g~ (1 - cosd) (222(a))
Cir3 : C,r2r
1 _ 1 1 _r 2" ¢
- - -= 2 — I C (222(b))
F15 = (1 - cos¢ 7 ¢ sing) 2 he A ¢ sing
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= 2
o F = —g-ﬂ- (clr + Czr;) (sing ~- ¢ cosp) + ~= (sinp + ¢ cos¢) (222(c))

; i6 ‘ACG ) ) l
; P rd i P 2
f F17 - -_“LEI . (Clr + Czr) (1 - cosp -~ 5 ¢ sing) + —-ﬁx:—ZACG ¢ sin ¢ (222¢d))
| C,r? C,r c, r?
[ F = + - sin .
S 2 " B T Agrg | EL ¢ (222(e))
3 i
{
3 C,x3 C,r2r
! 3 L 2 g L L
Ii 1'-‘25 B (G eing - ¢ - 2 0 cos$) + I e (2 sin ¢ - 5 ¢ cos )
S Cyr cyx? (222(£))
. | + = sgin ¢ + (sing - ¢}
| AE AT,
|
. r2 (Cr+ 1 1+ X 1
E : er - e Clr Czrc) (3- ¢ sing - cosd) - Y Erc (Car:c + C“r) (1 - cosp)
‘. ! c
] r (222(g))
L T e
i P = (Cr4cr)(ets ¢ cos o 3i¢)+Pextr2<Cx+c )($ -8ing)
' - T r = 8 ¢ - sin —ext r -
27 EI 1 2'e 2 2 AEr_  3c 4 ¢ ~sing).
. (222(h))
~ Paxt®. 1 1
;. + " 7ein ¢ -3 ¢ cosd)
] X
\ | Cir Cy
34 EI Akt !
. c c
:' F = .(ir- - _.c_'i_ r (¢ - sing) - Cznis 4 C_3_ 4 ( )
35~ EL ~ AEr ¢ - sine Bl ARE ¢ 222(3)
‘~ c,r ¢, C,rr  Cy
36 - -E-i— -+ A Er r ( 1- COB¢) <+ EL + 'A—CE (l - C°s¢) (222<k))

%0
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i T T e e =

(Clr C“ \ (Czrr 03 \

F_==P  Agmt+t7olr?2 (¢p-sing) =P  [|E-L+ 21 (g - 91“4’)1 (222(1) -
37 oy e “e=te ! RN oL ncu . l

Emp 2l Corrections

From the beam tests described in CELLULAR BEAM TESTS come two em-
pirical corrections to the theoretical development just concluded. They
consist of A, which must be multiplied with the geometric moment of inertia
to glve an effective moment of inertia to be used in the expression for the
flexural rigidity, and the ratio of M/P,rrc at initial wrinkle, to be used

in place of the theoretical value previously derived. These corrections
are functions of the beam size and curvature, w/d , and the internal pres~
sure, Pc' They are shown in Figure 130,

Stress Analysis

e R A N L

Application of the foregoing developments to the analysis of tents
subject to wind loads is covered in three parts: Unguyed Tents, Guyed
Tents, and Nonlinear Solution, The purpose of developing the analysis in
this manner is to first develop the equations and logic necessary for their
solution for the most straightforward case, and to then introduce special
capplexities which are not always present. The boundary conditions for all
tents will be taken as zero displacements (not rotation) and zero bending
moment at the ground support, which are the boundary conditinns for a
hinged end.

It is convenient here to introduce the notation necessary for
analysis of complex structures., Locate & Carteslan coordinate system,
X, y, arbitrarily with respect to the system to be analyzed. Number the-
elements consecutively, beginning with (l1). Place an element of infini-
tesimal dimensions between each beam element, numbered as shown in Figure
146, This infinitesimal element will be called a point, and it will
possess no elastic properties, Denote the angle batween the vertical and
the uormal to the center line of element (i) at point i-~1 as (1) positive

in the counterclockwise sense. Point i will be located by xi, and yi, so
that the coordinates of the ends of element (i) will be xi X yi ) and
X, 9,

i? 74

Now the state vector at point i associated with element (1) is {z}(i)
and the one at point i associated with element (i 4+ 1) is t }(1+1), Withi
z
this nomenclature, Equations 187 and 22t are written

O g Wy @

{z} 2hi1 (229

i

1
where [F]( )is the transfer matrix for the i-th element,
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Unguyed Tents

ine analysis ot unguyed tents composed only ot curved elements is

accomplished with Equation 22, Consider the tent shown in Figure 147, 1In ) '

general, the wind load wili be as shown by the continuous line. The tent

will be broken into N elements, each assumed to have a constant load and

radius. The radius for each element mey be determined through the con~

: dition that the element for analysis must pass through the end points and

[;- ) another point (usually chosen near the center) as shown in Figure 148,
Temporarily - denote the i-th element by the curved line segment ABC,

The points A, B, C, and D are located by Cartesian coordinates xA, y s xB,

y . xc, yc, and xD, y respectively. The point D is the center of

curvature of the lnalytical beam element, From Figure 148,

r sin BA =%, - xD (224(a))
: I
: r cos eA - YA - yD (224(b))
g i
i r sin c xc xD (224(c))
¥ . . _
i r cos 6, YE -7 (224(d))
- % )2 4+ (3 - T )2y 2
&, - X)) (g YD> r (224(e))
a system of five equations in the five unknowns, r, GA, 0 , Xb, and ?b.
Solution of Equation 224 results in ¢
]
x_= B/K ' (225(a))
y D
; }5 = C/A (225(b))
\

! TG -0+ G, - TR? (225(e))
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where

T

= G ATIIGE - w) ¢ GE A& =X+ G YIOGR, - Rpezs(e)

6
A

e
c

Aw2 [xA(yC -

= tan

= tan

-1 L(;A -

L&, -

4

E/K)/GA - C/B) ]

E/I)/(S/'C - T/ ]

) + xB(yA =¥+ Xo (yg - yA)]

(225(d})
(225(e))

(226(a))

+ ?i)(?h - yg) + (§§ + ;ﬁz)(;k -y 4+ (Ig + ;g ) (g =¥, ) @6(b)) -

The amount of work involved in calculating the quantities in Equation 225 is
obviously prohibitive for an individual if there are many elements to be
calculated, even though symmetry may reduce the number of elements in half.
These equations are easlly programmed for solution on a digital computer,
however, with the ¥ and ¥ coordinates for ea

use in the transfer matrix ¢ =

Iec_ eAI

or ¢

)

notation adopted for analysis (see Figure 149,

to those at the corresponding end of the bordering element,
will not be the same unless 84

point as the input,
= oy (- 5, (D]

For

in the

Once these quantities have been computed for each element, it is
necessary to relate the forces and displacements at one end of an element

1)- ei(i +

1) (s

ee Figure 149).

These quantities
The relstion-

ship between the corresponding state vectors of elements (i) and(i + 1) are

.

L AT W

B T PN

most easily visualized by examination of the point between the two, From
Figure 150, the state vectors are related by
/ \(i+1)__ ) - (1)

v cos Aei sin Aei 0 0 0 0 0 v
u ain Aei cos Aei 0 o0 0 0 0 u
Yy 0 0 1 0 0 0 0 Yy

(M % - 0 0 0 1 0 0 0 ﬂ M?(ZZ?)
PA 0 0 G 0 ©cos Aqi -sinAei 0 PA
v 0 0 0 0 sin Aei -cospp, O v
1)1 0 0 0 o 0 0 1 1

/ - — "‘ik /1
93
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where

- 4D (1) (228)
by =Yy %
Equation 227 is written
1+ 1) (1)
tzly =[], (=) (229)
1+ 1)
where [P]i is the zxtended point matrix of point 1, {z} { is the ex-

tended state vector at point 1 associated with element (1 + 1), and {z}i(i)

is the extended state vector at point i associated with element (i),

Synthesis of the transfer and point matrices is accomplished by
multiplication. For example, consider the beam shown in Figure 151. It has
fiv?iglements, ?g 1s hinged at both ends, The state vectors at the ends,

{z}o and {z}, are given by
@ ®e 0 o 4 o oz v p® (230(a))
[o]
(2} () {0 0 b0 PV 1}§5) (230 (b))

The set of equations describing the beam in Figure 151 is

@O - @S EY {EY L EY EEY Y e

which is six equations in the six unknown boundary state vector elements,

There 1s another method of specifying element dimensions which will
eliminate the need for the point matrices, TP]i. Its use, however, requires

a careful and judicious choice of elements to obtain good representation of
the true beam, Instead of requiring the analytical element to pass through
three points on the true element, require the analytical element to pass
through the end points of the true element, and to match the terminal slope
of the preceding analytical element, From Figure 152, with the quantities
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r sin GA - xA - xD (232(a))
roosd =Y - STD (232(b)) ;I
¥ sin §, = 'J?C - ;D (232(c)) f
T cos BC - '}TC - VD (232(d))

which are four equations in the four unknowns, r, eC, 'k'D, and ;D' Solution -
of Equations 232 ylelds

':ED ~ IA - D sin eA/E (233(a))
Yp =¥, -Deoso,/E (233(b)) 3
r = D/E (233(c))
- lx -% + D sin g /E
% = ten '|E__A (233(d))
Vo = ¥, + D cos eA/E'
where
oo L2 = =2
D = + + + 234
(xA xc) (yA yc) (234(a))
E =2 [(;A - ;C) sin BA + (;A - ;c) cos BA] (234(b)) -

By using Equation 233 to specify element geometry, Equation 23l may be
written without the point matrices as

{2}5(5) - [F] (s [F] () [—](3) [F_] (2) EF](I) {z}:l) (235)
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Also, the two methods can be used in combination to yleld good beam repre-
sentation with fewer point matrices. Of course, for circular tents. there
is no need for the point matrices,

Consider now tents with curved and straight sertions. Assume for
clarity that no point matrices are required. Since there is no difference
in the point matrix between curved and straight elements, nothing will be
lost from their exclusion, It will be necessary to distinguish between
state vectors and transfer matrices for curved and straight elements. To
that end, denote the state vectors and transfer matrices for the straight

8 S c ¢
elements by {2z} und [F], and for the curved elements by {z} and [F].
Now the solution of the tent in Figure 133 is given simply by

s s s ¢ c c c
{Z}ZS) - [F](S) [F](") [F]<3) (¥] (2)[F](l){z}§1) (236)
2.03) 5.(5)
where {z}s and {z}5 are given by Equation 187,

Denote in Equation 236,
S 5 8 y C 3 C 2 c
W] - B} BYEOEHOEnO (237)

This alsc represents Equations 231 and 23X Applying tie boundary conditionms,

(%) (n
. - -
J v 0 Yis Uis Upe | (Y U
1‘; - 0)= | Uy, Uys Uy N +( Uy (238)
M 5 0 Ul&3 UkS U‘+6 \V J o Uu’/
The unknowns, wél), PAgl), and Vo(l), can be found after inversion of the '

5 x 3 coefficlent matrix. The other state vectors are then found from

{Z}fl) - Y . b (239(a))
2) 2 1 :.
{z}:' - [F]( )[F] m é ) (239(b))

etc,
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Guyed Tents

in many cases, tents are guyed to increase stability in high winds,
Guy wires are attached to the tents through patches, usually spaced so that
deformation ascrnrs the tent iz nearly unifoiu along the line ot guy attach-
ment.

ol A

The guy line tension T*, is another redundant and is introduced into
an enlarged extended state vector as an eighth element. The assumptions
governing deformation of guyed tents are: guy lines are inextensible and
accept only tensile loads; and deflection of the tent at the point of guy
line attachment is perpendicular to the guy line if the guy line 1is loaded.
Figure 154 illustrates the phyasical significance of these assumptions. With
these assumptions, the limiting state vector at point j + 1 assoclated with
element (j) 1s (see Figure 159

€)) * *. (1)
{z}j 1 ={v -v tan Aej+1 Y M P, v 1 T }‘1 + 1 (240)
where s
*(3) - e(j) o*
541 J41 4+ (241)

A special enlarged extended field matrix is also necessary at this
point, It ia, for element (j) (see Figure 156),

_ &)
0
| 1
I 0
|
[ 0
|
i -r ccsAe* 1
f
_ﬁ'*](j) - . [F](J) i cosAe;+1 (242)
1
i *
i sinABj +1
i
| 0
000000 GO0 | 1 ]
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where [F](j) is the usual field matrix for element (j). Enlarged field
matrices for elements to which there are no guy lines attached, or leeward
elements with guy lines, as shown here,

)

I
I
|
I
I
e o E @9
I
!
I
I
|
!

—— v — o e . —— tw— m— — r— -

Congider the circular tent shown in Figure 157(a. The boundary con-
ditions at the ends are applied through

(7}, = [_F_I H® ®m® e o () (244)

Here the superscript on the state vector has been dropped because for
circular beams, or whenever point matrices are unnecessary, the superscript
1s redundant. The other boundary condition for this tent comes from

- (P14 1P oy 205)
As 1n Equation 237, denote
M = H FO HS e e
'] - F1® @

(246)

From Equation 244,
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[
Uzs  Uzg  Uzg Uy 4*’}.‘ + JUZ?'L (247)
M), o) vy Uy Uy U“J v lUH7J
L3
T
[o]
From Equation 245,
U* ¢ + U* P + U* vV + U* T* + U* 48 )
-
v2 13 bo 15 Ao 16 © 18 17 248(a)
tanpg = U R A SR B R U T ©48(b) )
- v_tanpg, = )
2 27 )3 Yo T T, Ao ¢ o 28 27

*
A subscrﬁpt on T is unnecessary. Multiplying the first of Equations
by tanib ané adding the two gives

* L} , * * * L] ]
(U* tandd + U ) o, + (U tanae* +U JYP + (U tamag + U )V
b
13 23 ° 25 Ao 16 26 ©

. (249)
+ (UIB tant8®

% %
+ 0" )1+ (U0 tense™ +U" ) =0
28 17 27

This combinad with Equation 247 to give

U U U u ( -U
13 15 16 18 i wb ( ' 17\
U u u 0f P - U
23 25 26 28 A 27
U u u i - U
43 45 46 48 < ? 47 ?(250)
* * * ® ® ® * * * *
u canié U tanAo u tandf U tandé =U tanad
13 15 _ 18 o 17
* ® *
+ U +U + U +U - \ L -
L 23 25 26 28 27
. - Q
*
Solution of the vnknowns, wb N PA s Vo, and T , 1s accomplished through .
o o
inversion of the & % 4 coefficient matrix, The other state vectors are
then found from
~ -~ (1) ~
{z}1 - [F] {z}o (251(a))
w, = 10 M @ (251(h)
etc. °
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To illustrate the solution of a tent with guy lines at two heights,
consider Figure 157(), Ror two guy lines, twice enlarged extended field

A "o - meam L mammad Ly o U R P ' L
matrizes and stats vesters are fommed.  The state vector is given Ly I

w 3’
* o +
tz}i {v u wb M PA v 1 1T T }1 (252)

The field matrix for element (1) is

= ' 0 o a)
: 0 0
l 0 0
| *
. | -« cosdd 0]
[;%](1) - [E](l) : cosAB* 0 (253)
| - sin AB* 0
Lo o
—_o_o-'é"B—o_o_B_:__—l___o_
00000OO0 O I 0 1
The field matrix for element (2) is
[ :o o 19
| o 0
X ; |
- (2) (1) 0 ~ 1t cos 8T
Dﬂj Dq : 0 cos ag" (258
: 0 - sinAé+
l
———————— ; 0 o
0000000_1_1—_—_—_6‘—
0000000 | 4 1




vhere

et 2 =6, - e;

as shown in Figure 157(b).The other field matrices are given by

—_ — (1)
o 0
l
0 0
|
| o o
[F] FY o o
o o
:o,o
_________ 120
o o o0 o0 o0 o0 |1 o
|
L0 0 0 0 0 0 0 | O 1

A procedure gimilar to that for a siungle guy lina leads to

U U U U U )
13 15 16 18 19 b
U U U U ] P
23 25 26 28 29 A
u N U U qu UM3 v
PR A L VRN SO B
v tanhd U tankd U tanas - U tanhd |U tanAb g
13 15 16 .19 '1‘*
* * " * ]
+ U + U + U + U + U
25 26 28 29 .
vt tanaet | Ut canse Ut canae® | Ut canset (vt tanaet
13 15 16 18 19 h
+ut + ut + yt + ut + ut
L 23 25 26 28 29 )
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Again, the unknowns can be found after inversion of the coefficient matrix,
and the othar state vectors are then found by

{5}1 - D G

[

atc,

Nenlinear Solution

It is not recommended that tents be designed to operate in the post
wrinkling range, even for extreme operating condfrions, because the deflec-
tions incurred after wrinkling begins are axcessive., An iterative technique
is included in this report, however, to illustrate how the effects of wrin-
kling could be determined on unguyed tents.

Partition an element transfer matrix so that, for unguyed tents,

% 1 3%33xy 3 x 1
d A 1 B 11 []i
{’} B mmee VB (e e e e - - - F {z} (259)
1+1 7Y, box3luxu | Yuxt 1
B 0 | ¢ B
f

i

where the matrices, A, B, and C, are defined by Equation 187 for straight
elements and by Equation 221 for circular elements, The state vectors are
partitioned as follows.

( 21\ ( v }

z, u
i} z
{z}# - 1 - ﬁ--.-“—s-{__ub} (260)
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Referencing Figure 158.

—_—

=TI

z g
I .
O " >
-
(o' INN-- |
!
- TR

(261(a))
0
where -
cosd sigil__r sins g
(8] = | - stns | coss|- £l ~ coso) (261(b))

-r(l - cosd) =-rseint C

0 cos -sing¢ C
[c] = 24 (261(d))
c sin ¢ cos 9

Lo 0 : 0 1

The boundary conditions are

B B 0B B

B] «|3 B B F

- 21 22 23 24 (261(c))
B B B B :
31 32 33 34

Vo = %y, =0 . zl' 0 ]
u, = z =0 u = z = (0 (262)
° 200 N 2, N
Mo =z, =0 MN - zu, N~ 0
From Equation 261,
(3} = [€]ip} (263)

N o )
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Applying the zero moment boundary conditions.

0=-1r (1l - cosd) =z - rsind z + T (264(a))
5,0 650 14

Since (1 - cosd) ¥ 0 for 0 < ¢ <« 3600, write

z = 1 ( L C-sind z )
5,0 Ll =cos ¢ r u 6,0 (264 (1N
{L}N = [A] {C;U + [8] (p), (265(a))
In c:npanded form, this is (wlth Equation 2061),
\ : B } B 0
0 cos? sind  r sine 0 F ¥ BT B 1
11 12 12 14 ; Clll_ sing z
0 )= |~-sind cosd ~r(l-cos¢) |{) \+(F T i) T ENQ65(L))
21 22 23 2 b = cos g
z 0 0 1 2 )i F T ¥ Zg
: N 3 31 32 33 34 B |

3] - O

The first two equations yield, after some manipulation,

23 6,0 24 22 14

z - ' (266(a))
3,0 r (1 - cosg)

‘:B‘ - T sinp/(l - cosp)| z + % + T T /r(l - cos¢)
22

r sin ¢ 2z +p3 +L5 C /r (1 - cosy)
3.0 14 12 14 _
z = — - (266 (b))
6,0 B3 - By, sind /(1 - cosd)

The iterative procedure is:

1) Extract C_ from
14 no= 1

€] = ™ (267)

n =N

2)  Assume 2 = - D
6,0
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3)
&)
5)
. 6)
§
» : 7)

8)

Calculate 2z from Equation 264(b),

Calculaie » 4 , and = fram
o1’ 5,1 6,1)
2 Q1 ~
(p) [c] ™7 (Bl (268)
Calculate
M/Px) =z ’ /rc (Po + zs.o) (269 (a))
(M/PTr ) = 2 ‘ /rc (Po + 25, ) (269(b))
Calculate
Mayg = | LOUEZ )+ (M/PTrc)ljh | 270)
With the proper value of-(M/PTrc) from Figure 130 choose
the-constant, Ci. from the follow¥§g=
a) 0 Mgy < M/Px)
C =-1.00,C =0, C =1.00,C =0
1 2 3 b
+ L]
b) (M/PTrc)wr < Mavg s.(M/PTrc)wr i

C =-1,70,C = 0.42, C = 1.48, C = 0.80
1 2 3 b4

c) (M/P,rrc)wr + .1 < Mavg = (M/PTrc)wt + ,2

C = ~4,62, C = 2,46, C = 3,86, C = - 4.20
1 2 3 4

4 (M/PTrc)w: * .2« Mavg s (M/PTrc)ur + .3

C1 = - 18,46, C = 13,54, C = 19,70, CI =~24,00
? 3 4

e) M/P_r ) + .3 <5< M
T ¢ wr avg

C, =-274.83, C = 244,29, C_ = 340.10, C_= -380.00

With the proper set of constants, form the first field matrix,

R
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4) Repeat stepd 4) through 3), incrementing the gubscript- and
superscripts by one cach time, until the rast fleld matrix,

[F](N), ia formed.

10) Calculate

o =1
Fl = 0 [m® (271)
n =
11) Extract ﬁﬂ from
AlB
— i
Fl w |- ~-
[ ] o : T (272)

12) Calculate z, from Equation 266(a).

e

13) Calculate z from Equation 266(b).

6 o
H

14) Compare the values of Ze o from steps 2) and 13),

b4

15) If the values of z6 are not in reasonable agreement, repeat
0

>
steps 3) through 14) using the value of zg o from step 13),
stopping when good agreement between these’ two values is reached.

Results

The double-wall tent was analyzed for stresses as an arch structure
comprised of a series of connecting beam elements of arbitrary lengths
chosen to fit the load pattern and also to provide a smooth pattern of
discrete valves of internal forces, meridional moment, meridional force, and
radial shear. Analysis utilized the theorem of least work and was pro-—
grammed on the Hayes IBM 1620 computer. The tent was first analyzed with
ne buckled section. When analysis indicated that a buckled section existed,
a new flexibility coefficient was inserted at the buckled section and
computer analysis was continued. The new flexibility coefficient allows a
near-pinned conditior at that point.

Results were then printed out in keeping with the following re-
lations: ’

Meridional stress resultant,

Ny = + (273)

106




Hoop stress resultant,

‘ - -—
Ny= (B - P )T, (274)

Web stress resvltant, from equilibrium of the skin-web junction,

Nw - Nh (2 sin ac)
(275)

Nw = (Pc - Pext) 2 rC sin ac

Three arbitrary tent sizes were used as analytical models to
determine stresses, They are identified as:

Tent #1 - h/d = ,5, d = 238 inches

Tent #2 — h/d = ,75, d = 194 inches

Tent #3 — h = 163 inches, d = 266 inches; this tent has flat sides
9° from vertical

Pressure coefficients were taken from wind tunnel data and conver-
ted into a two-dimensional pressure distribution around the tents for
qg= .6, 3, and 6 inches of water (gage). It was assumed that the wind load
did not vary along the length uf the tent, and average values of the pres-
sures along the tent length were used in the analysis. Shear, moment and
meridional forces were obtained for each loading. When the meridional com=-
pression force exceeded the tension force due to inflation pressure Pos the
tent was assumed unstable.

For all stable conditions, the maximum fabric stress resultants were
computed and graphed vs. q in inches of water (gage). Fabric web and hoop
stress resultants calculated and graphed as a function of cell radius, ine
ternal pressure, and cell angle, o

In addition, using the latest pressure distribution data and the
results of the beam tests, values of internal pressures which prevent
wrinkling for various wind velocities and tent configurations were computed
through an iterative process on the Hayes IBM 360 computer. Beam scgments
of 5° were used to assure accurate representation of the pressure distri-
bution. Results are presented as design curves, Figures 159 through 17Q, for
guyed and unguyed tents.

Design Curve Summary and Applicaticn

The design curves for double-wall tents with flat ends are presented
as Figures 159 throughl70. The necessary internal pressure to safely with-
stand various wind velocities were calculated and graphed for a full range
of tent parameters, The meridional stress resultantsg were computed and
plotted versus the dynamic pressure, The fabric web and hoop stresses were
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plotted as a function of cell radius, internal pressure, and cell angle.

The design rurves are utilized in the deaign of double wall tents

(both guyed and unguyed) as follows: I

i) From the design requirements, determine the teni size and
shape and the dynamic pressure design value.

|

L

| 2) Determine cell width to tent diameter ratio; w/d = 0,123
' was found to be the best of the modcls tested in the wind
i tunnel from a stability and weight standpoint.

r

3) Enter Figure 159 with h/d and w/d and find the basile
pressure coefficient, Pc/q. Find the correction factors,

Cq and Cyps for the design values of q and W/Eh. The

required cell pressure is given by
P =(P/q) C C g
c o q W
Pr should never be under 7 in. w.g.
4) Enter Figure 160 to obtain web stress in pounds per inch.
5) Enter Figure 161 to obtain hoop stress in pounds per inch,

6) Find the meridional stress in pounds per inch from Figures 162
through 170,
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SECTION 5

FABRIL MALLKIALS

SELECTION

The increasing use of fabrics for engineering materials in air-sup~
ported structures where weight, durability, and reliability are important
has emphasized the need for, first, the careful selection of fabrics for
mechanical strength, and second, the selection of coatings for seam strength,
cold weather flexibility, and increased durability. In addition, good
quality contrcl is essential to insure uniformity of product. The struc~-
tural data presented in this design manual show that each structure and its
intended use presents special and unique engineering problems. The full
potential cf lightness in weight, durability, and rellability of a structure
can only be realized by engineering a fabric to match the exacting mechan-
ical and environmental conditions of use specified for the tent.

The selection of a fabric meeting the exacting end use conditions
for a tent must be based on a critical evaluation of all fiber and fabric
properties, A comprehensive review of even the most essentlial fabric
characteristics is beyond the scope of this manual. The information
relative to fabric properties can best be obtained from fiber and fabric
manufacturers, military specifications,and from literature (11, 12, 13, 14),
However, fabric engineering can be only as effective as the extent that
information relative to the desired characteristics of a fabric 1s known.
Since this manual provides the necessary information to determine the
strength of fabric required for a given structure, the stress/strain be-
havior of fibers and fabrics 1s considered pertinent and is included for
ready reference. The relationship between tensile strength and weight of
fabrics is also given. The strength-weight relationship is necessary to
establish the weight of fabric required for the tent, and to estimate the
welght of the final structure. Two other fabric properties which can
restrict the selection of coated fabrics for air-supported tents are
mentioned briefly because of their interest to the Military and the satellite
and communications industry. The two fabric properties are low temperature
flexibility and dielectric constant.

Fiber Type

The Army and Air Force have to date found nylon and polyester fibers
more satisfactory for air-supported tent fabrics than fiberglas, acrylic,
medacrylic and cellulose type fabrics. Both fibers have a high strength to
weight ratio. The two fibers can be used to produce thin, flat fabrics of
high strength. Thin, relatively flat fabrics are essential for light weight
coated fabric, since the thickness of fabric controls the amount and there-
fore the weight of coating compound required to f£ill the interstices and
protect the fabrics. Nylon and polyester fibers are still considered the
more acceptable fibers to use for air-supported tents. However, fiber
producers are continually improving their fibers, and the three other fiber

types which show promise for future use are included.: The additional fibers
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are glass fiber, acrylic, and polypropylene. Of these, glass fiber 1s not
new., It is a high strength, low elongation fiber. It has better weather-
ing and chemical resistance properties than either nylon or polyester. It
h&5 bYeen used aw 4 radome fabric, but was tound to crack on sharp creases
which occurred in the fabric as a result of folding the tent for storage.
Glass fiber technology has improved, and modern gliarR fahrics show an im-
proved resistance to cracking in folds, Acrylic fibers are included he-
cause of thelr better weathering resistance and radioc frequency trans-
mission characteristics when compared to nylon and polyester. The potential
field of applications for acrylic fibers is in the realwm of extremely low
porosity, uncoated fabrics for single-wall air-gupported tents. High
tenacity polypropylene is included because of its high resistance to ab-
rasion and good mechanical properties. For a plain weave polypropylene
fabric, the strength~to-weight ratiuv was found to be higher than that of
nylon and polyester fabrics. However, its strength degrades rapidly on
weathering and the fabric can only be used with a protective coating. To
date, difficulty 1s experienced in attaining a satisfactory adhesion of
coatings to polypropylene. As soon as a gsatisfactory solution can be
found for coating polypropylene fabrics, its high strength-to-weight ratio
will make possible still lighter welght fabrics than can be attained with
present day nylon and polyester fibers.

CHARACTERISTICS

Fiber Strength Characteristics

The load-elongation behavior of the five fiber types 1s shown in
Figure 171. The unit for load in both figures is fiber tenacity in grams
per denier. To convert the load-elongatlon curves to the standard engineer-
ing stress-strain curves, it is necessary to convert fiber tenacity in
grams per denier to tensile strength in pounds per square inch. The con-
version factor for this is shown in the Wellington Sears Handbook, Refer-
ence 11, 1s as follows:

Tensile Strength (psi) = 12,800 x sp gr x Tenacity (gpd)

It 18 readily apparent from the load-elongation curves that, except
for glass fibers, the fiber elongation is not linearly proportional to the
applied load. Each curve shows an initial elastic reglon at low elongation
followed by a complex flow and stiffening characteristic as the fiber is
elongated to rupture, To obtain an appreciation for fibers with non-linear
load elongation characteristics, reference is made to Dr. Susich's work on
the mechanical conditioning of fibers. In his paperl¥ Dr. Susich compares
the load~elongation characteristics of fibers after repeated loading at
several predetermined = -tensions. The results are reported in terms of
the length recovered after the load is removed.. The results are given in
percent of initial length. Dr. Susich uses three terms to describe the
load recovery properties of fibers, the first is percent of length re-
covered immediately after removal of the load, Immediate Elastic Recovery,

(IER); the second term represents the contraction of fiber length at some
time after the removal of load, Delayed Recovery, (DR); the thlird term
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represents a4 permanent extension of the fiber after the load 18 removed,
Permanent Set (PS). The results Dr. Susich found for the fibers considered
in this manual were extracted from his report and presented In Table VIIL.

Tt ghould be noted that the iclalive prupuridon ol each type of defor-
mation varies with percent of elongation, the higher the percent of elong-
ation, the lower the elastic recovery and the higher the permanent set.

This 18 characteristic of viscoelastic material. A detailed interpretation
of the fiber load elongation curve is heyond the scope of this manual.

This information i1s summarized in the Wellingtcn Sears Handbcok and

in selected individual papers, References 11, 18, 19, 21, 22, 24, 27, and 28.

The information provided by the fiber load-elongation curve is use-
ful for predicting, as a first approximation, the strength and energy
absorbing characteristics of the fabric., Hence these can be used to select
the fiber type which will best fulfill the particular engineering applic-
ation.

Fabric Strength Characteristics

The load elongation characteristics of a fabric differ from that
of its component fiber. The load elongation curve for nylon fiber and
fabric is shown in Figure 172and that for Polyester in Figure 173, The unit
for load 1is given as a percent of rupture load for convenience in comparing
fiber and fabric curves, In order to obtain a better understanding of the
difference in fiber and fabric curves, a brief review of the behavior of
fabrics under stress is in order,

Dr. Haas considered the deformation of a plain weave fabiic to Le
the result of three distinct but mutually interacting mechanisms 21, The
first of these is thread shear, where the mutually perpendicular warp and
filling yarn rotate, changing the angles between the yarns; the second
mechanism is termed thread straightening and results from the over and
under characteristics of the plain weave, each set of yarns bending over
the other set. This bending is also known as crimp. When the loads are
applied to the two yarn systems, the system under the highest stress will
tend to straighten, transferring part of its crimp to the other set of yarns.
This mechanism is termed crimp interchange. The third mechanism is that of
yarn extenaion within the weave. Plerce and others have identified a
fourth mechanism which will influence the load elongation behavior of a
plain weave fabric, This is concerned with the compresaive properties and
the bending stiffness of the yarn. Each yarn is subjected to both lateral
compression and bending at every thread crossing. Lateral compression
cauges the yarn to flatten under load and allows the weave to extend, and
bending rigidity in increased resistance to extension of the weave.

The sequence with which the interacting mechanism operates is
agsumed to be as follows: when the load is firat applied, the mechanisms
of shear and crimp interchange predominate. These two mechanisms operate
by a geometric rearrangement of the yarns in the weave rather than by yarn
extension., Thus, the results of initial fabric deformation under load is
independent of the theological properties of the fiber. This mechanism is
indicated in Figures 172 and 173 by the fabric exhibiting a greater extension
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at break than the fiber. This !g due primarily to the crimp in the yarms.
Filling yarns having a greater inlilal crimp will show a greater extension
2t 21l loads. 45 thé loads wiv lucreased, ihe strain due to shear and crimp
interchange reaches 4 limiting value which is governed by the limiting ex-
tension of the febric, The limiting extension 1s reached sooner in a densely
woven fabrie, such as the polyestcr of Flgurel?3 than in fabrics of a looser
construction such as the nylon fabric of Flgurel’2, This phenomenon is best
illustrated by examining the filling yarn extension for both fabrics., The
polyester filling yarn curve shows a steeper slope at low loads than the
nylon filling curve, Increasing the load at this point will lead to yarn
extensior and yarn flattening, The latt:r two mechanisms predominate as

the applied stress approaches the rupture load. Also tensile fibers are
viscoelastic. Hence, where fabric leoads reach a level when yarn extension
occurs within the fabric, the results of strain becomes time dependent and
thus extension results can vary with the rate of loading of the material.
This 1is particularly important when rupture strain is considered., If the
rate of increase of loading is slow, there 1s more time for crecp to occur
and the breaking extension can be reached at a lower load. '

From the above, 1t is evident that the load elongation response of
a fabric can be highly influenced by the modes with which the loads are
applied and the time rate of loading. Further, the mechanical behavior of
fabrics in air-supported structures, where the fabrics are simultaneously
stressed in all directions, cannot be fully predicted on the basis of
uniaxial stress data shown above., It is in this area of study, relative
to the mechanical behavior of fabrics under biaxial stress condition,
that much work remeiuns to he done. A more comprehensive and accurate
theory of the mechanism of fabric stress behavior at low loads, and at
increasing loads to rupture, would be of considerable value in developing
fabrics of minimum weight for a given structural application. Studies
in this area are underway and will be included in this section as results
becume available.

To provide the fabric weight ralationships required for this
manual, it is necessary to evaluate the rupture load of a series of plain
weave fabrics for each of the fiber types listed below. The rupture load
for each fabric is divided by the fabric weight. Therefore the units of
the weight-strength relationahip developed are pounds-square yard per
inch-ounce.

In this manual gafety factors will be introduced which will enable
the use of the full fabric values shown in Table VII,

It should be recognized that the strength in pounds per inch per
ounce of fabric represents the fabric rupture loads. The percent of
rupture load which can be fully utilized in order to reduce the weight
of the fabric cannot at this time be accurately determined. Experience
with radome construction has indicated that base fabric leads, as
determined from the radome manual and before the additicn of a safety factor,
can be as high as 20% of the rupture load of the fabric., At this level
of rupture load, fabric extensions are easily obtained and found to vary
considerably even with fabrics produced according to a given Military
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specification. Hence, It is difficult to determine the percent of yarn
fitéusivn frum fabric lvad elongation curves alone. With the development
of an accurate theory of the mechanism of fabric deformation it may be
ponsible for the designer to exercise his engineering judgement and use

a higher percentage ol the breaking load, leading to lighter weight fabrics,
However, each of these problems becomes an individual determination relying
fully upon the load elongation characteristic of the fabrics and the fiber.

Low Temperature Flexibility

The military requirement for tents to be operational at -65°T is a
difficult one to meet for coated fabrics. MIL~C-43086 is the specific-
ation for vimyl-coated nylon fabric developed for air-supported tents for
use in the temperate zone. It is recommended for use with temperatures no
lower than -10CF, The weight of thermoplastic vinyl coating for both
durability and seam strength is 8 ounces per square yard for light weight
fubrics and 15 ounces for heavier fabrics as shown in Figure 174, The
solid line shows the estimated amount of vinyl coating required as a
function of base fabric welght for single-ply fabrics. The dashed line
shows the estimated amount of coating required for two-ply fabrics.

MIL-C-43285 1s the specification for chloroprene=chorosulfonated
polyethylene coated nylon or polyester fabric developed for tents designed
for arctic use., The weight of thermosetting chloroprene base coating and
chlorosulfonated polyethylene top coating was found to be 10 ounces per
square yard as shown in Figure 174. The small dash line represents a single
fabric, the dash dot line represents the 2 ply fabric.

It should be pointed out that the coating weights as shown in
Figure 174 represent an estimated average weight. The actual amount and
the distribution of coating face-to-back of the fabric depends on end use
conditions. Each problem becomes a matter for individual deteimination
relying fully on durability and seam strength data, which must be obtained
to insure integrity of the tent.

It should be noted that while the chloroprene- chorosulfonated
polyethylene coating is considered by the Army to be the best cold weather
coating for air-supported tents, the flexing of this coated fabric is
restricted to temperatures uo lower than —4(0C°r, There is an urgent need
for a durable low temperature coating compound which will remain flexible
at-65°F and which can be joined with a seam strong enough to withstand the
tension loads developed by air supperted tents.

Dielectric Constant

A low dielectric constant is necessary for good radic frequency (RF)
transmission, an essential requirement for air-supported radomes housing
operating radar equipment. In the past the rough rule-of-thumb guide to
good RF transmission was to keep the thickness of the fabric small in com=-
parison to the wavelength and to use fabrics and coatings with low die-
lectric constants. Roference is made to the publication '"Studies cf
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Guantitative Correlation between Bulk Density aud Thickuess of Fabrics
and theilr Radar Transmicsion Characteristics" for a more complete
coverage of the electrical characteristics of fabrics.
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SECTION 6

CONCLUSIONS

Az a result ol ihe wind tunnel tests and analyses represented here-

in, certain conclusions relative to ground-mounted alr-supported tent design
and operation may be made. These conclusions arc listed below in very brief

form,

1.

2l

Stable single-and double-wall air—supported temt configurations
have been successfully tested up to wind velocities of 110 miles
per hour,

0f the majcr design varinbles investigated (other than type and
shape factors), which included fabric porosity, operating pressures,

cell gize and guy line arrangement, the operating pressures are
most important,

The use of porous fabric in single~wull tent construction produced
the following general tent characteristics:

a, Tent lift increcased with an increase in fabric porosity for

gpherical and cylindrical tents with a 1l:2 W/Qh and decreased
for tents with a 1:4 w/nh.

b, Tent drag increased with increased porosity for spherical and
¢ylindrical tents,

. Low porosity fabric reduced tent deflection slightly with no
marked improvement {n tent stability,

d. Aerodynamic rorces exerted ¢gn a tent with elliptical ends are
greater than with hemispherical ends; however, the tent with
elliptical ends had improved stability characterxistics.

The following tent deflection characteristics prevailed:
a. Minimum tent deflections for single-wall tents occurred at &
height-to~diameter ratio of one-half for all tent configur-

ations,

b. As would be expected, tent deflection was greatest in the
frontal, windward sector of the tent,

¢. Spherical single-wall tents have smaller overall deflections
than the cylindrical tents,

d. For the double-~wall tents, an increase in cell size; i.e., cell

width to enclosure diameter ratio, increased tent rigidity
and resulted in less tent deflectiunm,
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7.

&6,

€. Wind tunnel tests on double wall tents without guy lines have
indicated that guy lines are mandatory to prevent excessive
deformation in high winds.

f. For the double wall tents, a guy line configuration wherein
lines aie attaciied at 0,80 and 0,40 tent heoight and have
angled corner lines produced smallest deflections,

Tent enclosure and cell preasures and cell size are all important
factors affecting tent stability. Stability test concluded that:

a, For satisfactory tent stability characteristics, single wall
enclosure and double wall cell nressures of at least free
stream dynamic pressure are required,

b. Enclosure pressure equal to ambient static, or greater, must
be maintained in double-wall tents to preclude early tent
buckling., )

c. The stability of cylindrical double-wall tents was found to be
less than for cylindrical single-wall tents and is belileved to
result from flow conditions around the double-wall tent flat
ends,

d. No significant gains in double-wall tent stability were
achleved beyond a cell pressure of sixteen inches water gage.

e. Proper guy line arrangement provides some additional stability
at recommended operating pressures., The best guy line con-
figuration tested consisted of a combination high (0.8 teat
height) and a low (0.4 tent height) side line arrangement
and angled corner lines,

f, The use of wind aprons around a tent reduces its motion in a
steady wind stream, However, at critical wind attitude
(quartering winds) the loading is greater than with guylines,

Additional information is required to determine the effect of
tent vibration on fabric properties befoure useful information can
be supplied to the tent designer,

Double~wall tent vibrational frequencles as high as 59 cycles per
second were measured during testing for both the guyed and un~
guyed configurations. Vibration amplitude was, as expected,
greater for the unguyed than for the guyed tent,

Stress analyses of spherical and cylindrical singie-wall tents
within proportions tested can be accomplished using the design
curves developed in this study for the Design Manual for Ground-
Mounted Air-Supported Structures (single-and double-wall), Stress
variation with apex angle, ¢, can be determined for spherical
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10,

11,

shaped tents. Additional theory development and analysls 18 needed
to refine stress profiles on cylindrical models.

In the strength study of the double-wall tent, the maximum stress
resultanta were found in cithcor the houp ur web stresses. Hoop

streases were greatest when nell angle, a., was greater than 30°
and when o, was less than 300, the web stress is greatest, Merid-

ional stress resultants were smaller than the other components in

both cases. Fabric stresgses were found to increase with an in-
crease in cell pressure,

In the cellular beam tests, it was found that the value of M/P.r
at which initial wrinkle occurs varies with the cell width-to-
tent diameter ratio and the internal pressure, and is lower than
generally believed, The flexural rigidity, too, was found to vary
with regard to the same parameters, Curves are included in this
document to show the variation of the quantities, ‘

Comparison of theoretical pressures calculated to prevent wrinkling
at various dynamic pressures with wind tunnel tests indicates that

the pressures actually required are 1/5 of those calculated,
curves reflect this fact.

Design
The design of double-wall tents should not allow wrinkling, even
for the severest of the design loads. The tests and the theoretical

studies both show that deformation becomes excessive almost immedi-
ately after wrinkling begins.
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SECTION 7

RECUMMENDATIONS

The following areas of investigation warrant further study and test-

ing as a result of the information obtained from this program in order to
increase the utility and accuracy of the design presented herein,

1.
2.

3.

Additional double-wall tent tests are required to firmly
establish the data variation with tent shape parameters as for the
single-wall case,

The effects of adjacent tents or structures on tent loads and
gtability characteristics were not measured during these tests and
possibly should be evaluated in future tests.

Additional wind tunnel tests should be performed on selécted
single-and double-wall tent configurations to obtain sufficient
vibrational data to evaluate tent shape and material fabric fatigue,

Further analyses and tests are required to fully evaluate the use
of wind aprons to improve tent stasility and anchor loads.

Analyses and static beam tests should be accomplished to determine
the effect of concentrated loads on inflated beams.

Fabric studies should be made to investigate fabric orientation
or skew on stiffness of inflated beams.

Full-scale tentage tests should be made to evaluate Reynold's
number effects on tentage data presented in the Design Manual,
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SECTION 8

SUMMARY 1

~ The objective of this program is to provide information based on
wind tunnel test data that can be applied either to the evaluation and im~
provement of existing ground-mounted air-supported tents or tu the design
of such future structures, The data presented are the results of a program
conducted by the Hayes Internatlonal Corporation of Birmingham, Alabama
under Contracts DA 19-129-AMC-129(N) and DA 19-129-AMC-953(N) for the U. S.
Army Natick Laboratories, Natick, Massachusetts.

The program conslsted of study, test and analytical investigation
phases which began in July 1963 and concluded in May 1968. During the
study phase, a review was made of pertinent literature on experimental
techniques, data and analyses applicable to determining maximum aerodynamic
force on and stresses in fabric structures, The wind tunnel investigations
consisted of detalled testing of thirty-six tent models to include seven-
teen single~wall tents (eleven with non-porous and six with porous fabric)
and nineteen double-wall tents., Tests were conducted at stabilized wind
speeds up to 110 miles per hour in the Virginia Polytechnic Institute's
6' x 6' stability tunnel. In the analytical phase, test data were used
to develop fabric stress and aerodynamic coefficient data variation with
tent parameters.

The results of the wind tunnel investigations and the stress analyses
have been incorporated into this manual and includes comprehensive, practical
design data suitable for engineering reliable, stable, single-and double=-wall
air-supported tents of minimum weight and cubage. Data, in general, are
presented in non-dimensional coefficient form, and therefore, are applicable
to full-scale tents within the range of parameters investigated., Design
information is presented as charts and tables on such items as tent aero-~
dynamic force and moment coefficients, anchor and guy line coefficients,
suzface deflection, material stresses and specifications, usable volume,
and weight.’
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GLOSSARY OF TERMS

Reynold's Number - A dimensionless parametric ratio of the inertia forces
and the viscous forces acilug vn 4 body immersed in a moving tiuiu. The
mathematicel expression for Reynold's Number is

- pUd
RN H

Critical Reynold's Number ~ The Reynold's Number at which the boundary layer
upatream of a point of separation changes from laminar to turbulent flow,
The critical Reynold's Number for both spheres and cylinder is approximately
500,000,

Dynamic Pressure - Also referred to as impact pressure or velocity pressure '

and 1s that portion of the stagnation pressure which results from the motion
of the fluid, The mathematical expression for dynamic pressure is

~

1 rs
q i'pU

Potential Flow -~ A theoretical treatment of fluid flow which assumes the
fluid to be inviscid. Consequently, a body in motion with potential flow
has a symmetrical pressure distribution which results in zero drag forces.

Horizontal Buoyancy - The general tendency for the model in a closed jet
wind tunnel to be "drawn' downstream due to the longitudinal static pres-
gure gradient that exists in the test section.

Solid Blocking - The increase in air velocity due to the presence of a model
in a wind tunnel test section caused by the reduction in the area through
which the air is allowed to flow.

Planform Area - Maximum projected area in horizontal plane,

ils W.g. - Gage pressure expressed in inches of water.
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SYMBOLS

Croga-secticnal area (1)

Cell Cress(Sectional area (14)

Floor area (1%)

Orifice area (1%)

Planform area (12)

Surface area (12)

Tent enclosed cross-sectional area (12)
Ellipsoidal semimajor axis (1)

Anchor load (f)

Ellipsoidal semiminor axis (1)

Anchor load coefficient, single-wall tent
Base anchor load coefficient, double-wall tent
Coefficient of contraction

Drag coefficient

Guy line coefficient

Lift ccefficient

Pitching moment coefficient

Yawing moment coefficient

Orifice coefficieﬁt

Rolling moment coefficient

Side force coefficient

Constants in pilece~wige linear deflection solution
Linear measure of wrinkling (1)

Curtain Load (f)

Dreg (f)
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Drag correction due to horizontal bucyancy (f)

Modulus of elasticity (£1-1)

Shear modulus (f1°')

Cuyline load (f)

Tent height (1)

Distance from ground plane to center of curvature (1)
Moment of inertla about centroldal axis (173)
Tent model shape factor

Impact pressure correction factor

Lift (f)

Lift along body axis (f)

Beam length (1)

Tent length (1)

Distance from model nose

Bending moment (£1)

Yawing moment (f1)

Rolling moment (f1)

Hoop stress resultant (f1-!)

Web stress resultant (f17!)
Longitudinal stress resultant (f17!)
Circumferential stress resultant (f17!)
Meridional stress resultant (f171)
Shear stress resultants (f1~1)

Number of cells

n th term of general equation
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p Static pressure (f172)

P, Applied axial load (f)
P Cell pressure (f172)
P, Tent enclosure pressure (f1~2)
Pt External load (f171)
P Initial axial load (f)
By Total axial load (f)
P Stagnation pressure (f172)
Py Side force (f)
Pyr Side force in body coordinate system (f)
P Static pressure ‘
Q Volume flow (13t™1)
q Dynamic (impact) pressure (£172)
R Universal gas constant
Ry Reynolds number
T Tent radius (1)
r, Cell Radius (1)
Ty Inside tent radius (1)
T, Outside tent radius (1)
S, Wind tunnel test 'section cross sectional area
Sy Model cross sectional area
Sy Sg» S¢ Arc lengths in at B¢ directions (1)
T Absolute temperature (1)
T*, 7+ Guy wire tension (f)
U Velocity (1t™!)
u, v Displacements (1)
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v Shear (f)

v Cell voiume (1°)

¢ |

1

v Tent enclosed volume (13) '
W Tent width (1)
w Cell width (1)

X, ¥, Z, X, ¥, Z Cartesian coordinates (1)
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GREEK SYMBOLS

a,R Tent reference angles
a, : Cell angle
Y Ratio of tent volume to weight (laf-l)
Yy Shear strain
§g . Rear tent deflection (1)
GF Front tent deflection (1)
8y Top tent deflection (1)
€gB Correction factor for solid blocking of
wind tunnel due to model presence
Ee Circumferential sErain
s¢ Meridional strain
4 Correction factor for wake gradients
8,9 L, Curvilinear coordinates
81, 62, 63 Angular measure of wrinkling
K Curvature (1~')
A Ratioc of effective. to geometricimoment of inertia
A1gA2 Eccentricity perameters
u Vigcosity of air
v Poissons ratilo
&, T, X . Unit vectors
p Density of air (fl‘s)
Ph Radius of curvature (1)
@ Angle subtended by curvad beam
17 Tent yaw angle
Yy Flexural rotayion of face of beam-
128




) Fabric unit weight (f1°¢)

. w Kotation of beam centerline }
MATRIX SYMBOLS
{s} Extended stress resultant vector
{u} Displacement vector
{z} Extended state vector '
(a) Rigid body transfer matrix
(8 Element flexibility matrix
6 Extended equilibriun matrix _
13 Extended field matrix
1}3) Extended point matrix
i3] Extended accumulated matyix

f denotes units of force
1 denotes units of length

t denotes units of time

t denotes units of temperature
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Table I
Wind Tunnel Model Dimensional Data
Single-Wall Tents

width ) Fabric Porosity
Configpration Length Width Length Helght cu.ft./min. ft,2
7/8 Sphere 1:1 23,4 23.4 20,5 0
3/4 Sphere 1:1 27.0 27.0 20.3 0
1/2 Sphere 1:1. 30.8 30.8 15.4 0
1/2 Sphere 1:1 30.8 30.8 15.4 0-5
1/2 Sphere 1:1 30.8 30.8 15.4 10-15
3/8 Sphere 1:1 37.2 37.2 13.9 © 0
3/4 Cylinder 1:2 15,8 34.9 11.9 0
l3/4 Cylinder 1:4 11,2 46.1 8.4 0
| 3/4 Cylinder 1:4 11,2 46.1 8.4 10-15
'1/2 Cylinder 1:2 19.4 42,8 9.7 0
'1/2 Cylinder® | 1:2 19,4 38.8 9.7 0
!1/2 Cylinder 1:2 19.4 42.8 9.7 0-5
|1/2 Cylinder 1:2 19.4 42,8 9,7 10-15
'1/2 Cylinder 1:4 13.8 57.1 6.9 0
3/8 Cylinder 1:2 22,0 49.6 8.6 0
|3/8 Cylindes 134 15.4 66.5 6.0 0
13/8 Cylinder 114 15.4 | 66.5 | 6.0 0-5

Notes:

All dimensions are in inches.

All models had hemispherical ends with the
exception of the model configuration indicated
with an asterisk (*), 'This model was equipped
with an elliptical end at semi-axes 4,8" and
9.7,
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Table II

Wind Tunnel Model Dimensional Data

Dauvhla-Wall Tentc

Width Cell Width
Configuration Length Width Length Height Encl. Diam.
3/4 Cylinder 1:1 22.4 22,4 16.8 0,082
3/4 Gylinder 1:1 22,4 22.4 16.8 0.123
3/4 Cylinder 1:1 22,4 22,4 16.8 0.164
3/4 Cylinder 1:2 15,8 31.6 11,9 0.123
1/2 Cylinder 1:1 27,4 27.4 13.7 0.082
1/2 Cyliuder 1:1 27.4 27.4 13,7 0.123
1/2 Cylinder" 1:2 19.4 38,8 9.7 0.123
1/2 Cylinder 1:4 13.8 57.8 6.9 0.123
3/8 Cylinder 1:1 3.1 31.1 12.1 0.123
3/8 Cylinder 1:2 21.8 43,5 8.6 0.082
3/8 Cylinder 1:2 21,8 43.5 8.6 0.1?3‘ __
Notes:
1. All dimensions are in inches.
2, (%) model tested with and without wind

curtain installed.
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Table 1V

Spherical-Ellipanidal Coordinzs:s
Al - ] AZ - 1/2

¢* o* ¢ 8

15 0 5.000 0.000
15 30 5.544 16.102
15 60 7.535 40,893
15 920 9.925 90,000
15 120 7.535 139,107
15 150 5.544 163.898
15 180 5.000 180.000
45 0 45,000 0.000
45 30 47.969 16,102
45 60 56.518 40.893
45 90 63.435 90,000
45 120 56.518 139.107
45 150 47.969 163.898
45 180 45,000 180,000
90 0 90.000 0.000
90 30 90.000 16.102
90 60 90,000 40,893
90 %0 90.000 90.000
90 120 90.000 139,107
90 150 90.000 163,898
90 180 90.000 180.000
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Effect of

Table VI

ag,n On Double-Wall Tent Weight

t E . o Tent Tent Abgolute Percent
E Parameter 1 2 Difference Difference
Ej n 12 8 Down 4 33
| [ o, 35° - 48! 72° -~ 00' Up 36° - 12' 101
B Volume 2234.1 ££.%] 2421.6 £t.3 | Up 187,5 f£t.3 8
\
f Weight 264,0 1b 246.8 1b Down 17.2 1b 7
| Length 140.4 1in. 152.2 1n. Up 11.8 in. 8
|
| )
i
i
i
|
*, .
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¥
a
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Table VII

Load Recovery Properties of Fibers

From Susich & Backer l
, iber Spun Filament Glass**
! Cond. Polyester | Nylon | Acrylic [ Acrylick Fiber Polypropylene*

At 5% Strain

P R R

LER*** K1) 38 42 NA - NA
DR* %% 52 59 30 NA - NA
PSAk% 10 3 28 NA - NA

At 107% Strain

S LER 27 28 27 NA - NA
S DR 46 67 43 NA - NA
PS 27 5 30 NA - NA

At 50% Elongation at Break

DL+ o ol S S et i At T A

LER 28 27 30 NA 78 NA
DR 50 67 45 NA 19 NA
‘ PS 22 ) 25 NA 3 NA

At 50% of Breaking Tenacity

AT T TS T e T e T

IER 33 29 33 . NA 78 NA
DR 52 67 52 NA 19 NA '
3 PS 15 4 15 NA 3 NA
|
:
i *Data not available )

**Breaking extension 5%

*#%*JER: Immediate Elastic Recovery; DR: Dela, .d Recovery; PS: Permanent Set

: 136
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r—Air From Shop Supply

-

Regulator (2) for
Enclosure Inflation

st

@ ? 1/4v 1D
Plastic Line
w~ s

- “Regulator (1)
For Cell Inflation

1/4" 1D

Air Hose

Enclosure Cell Structure

AN e VAN AR RN

Figure 2. Tent Inflation Schematic
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Figure 3 Pressure Instrumentation Schematic
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3/4 Sphere 3/8 Sphere

[ 1/2 Sphere 7/8 Sphere

l : Figure 4. Single-Wall Spherical Tents
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3/4 Cylinder 1/2 Cylinder
Hemispherical Ends Hemispherical Ends

. 3/8 Cylinder

1/2 Cylinder
Hemispherical Ends Elliptical Ends

Figure 5. Single~Wall Cylindrical Tents, W/lh = 1/2
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3/4 Cylinder
Hemispherical Ends

1/2 Cylinder
Hemispherical Ends

3/B Cylinder
Hemispherical Ends

Figure 6. Single-Wall Cylindrical Tents, W/Zh = 1/4
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3/4 Cylinder 3/4 Cylinder
Cel) Width/Enclosure Dia, = 0,082 Cell Width/Enclosure Dia. = 0,123

Vertical Sides Sloping Sides

3/4 Cylinder 3/4 Cylinder

Cell Width/Enclosure Dia, = 0.164 Cell Width/Enclosure Dia. = 0, 082
Sloping Sides Sloping Sides

Figure 7, Double-Wall Cylindrical Tents, W/Rh = 1/1
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3/8 Cylinder 3/4 Cylinder
Wi, = 1/1 Wig=1/2

rJ
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ﬂ“ﬁg . I
. i P ‘ »h,
1/2 Cylinder 1/2 Cylinder
Win=1/2 Win=1/4

Figure 8. Double-Wall Cylindrical Tents, W/zh- 1/1, 1/2 & 1/4
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S8ide and End Curtains

Flvure 9, Curtain Configurations for
: : Double-Wall Tents, 1/2 Cylinder, W/2y, = 1/2
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Side Curtain

Figure 10.

WIND CURTAIN CONFIGURATIONS

Side and End Curtains

Illustration of Curtain Configurations for
Double-Wall Tents, 1/2 Cylinder, W/Rh = 1/2
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Boundary Layer Thickness - Inches
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Figure 11, Boundary Layer Thickness Above the Ground Plane
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. Anchor Positions Indicated by
Squares on Base Plate,

. Active Instruments Indicated
by Numbers.

Figure 13. Single-Wall Tent Strain Gage Locations, 3/4 Sphere
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Maximum Lift Coefficient, C

MAXIMUM LIFT COEFFICIENT
SINGI KE-WALT. SPHERES

Note:
{(*) Fabric poiusily, cu.tt, /min./sq, ft, @ 6 in. w, g
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MAXIMITM LIFT COREFFICIENT
SINGLE-WALL 1:2 CYLINDERS
(Hemispherical Ends)
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Note:
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MAXIMUM LIFT CONFFICIENT
SINGLE-WALI 1:4 CYLINDERS
(Hemispherical Ends)
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Maximum Lift Coeificient, CL

MAXIMUM LIFT COEFFICIENT
SINGLE-WALL SPHERES AND CYLINDERS
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Maximmum Drag Coefficient, C
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Maximum Drag Coefficient, Cp
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Maximum Moment Coefficient, Cpy
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Figure 67, Wind Load on Ellipsoidal End
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Double~Wall Cylinders, w/d = 0,12, h/d = .5
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13. ABSTRACT {(cont'd)

Tests were conducted at stabilized wind speeds up to 110 miles per hour in /
the Virginia Polytechndc Iusiiiuie's six-foot by six-foot stability tunnel. In
/ the analytical phase, test data were used to develop fabric stress and aerodynamic
coefficient data variation with tent parameters.

Results of the wind tunnel investigations and stress analyses have been
incorporated and include comprehensive, practical design data suitable for engin-
earing reliable, stable, single- and double-wall, air-supported shelters. Data,
in general, are presented i.. nondimensional coefficient form, and, therefore, are
applicable to full-scale shelters within the range of the parameters investigated.
Design information is presented as charts and tables on shelter aerodynamic force
and moment coefficients, anchor and guy line coefficients, structural deflecticn,
vibration, and material stresses.
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