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ABSTRACT

The stresseg cccurring in the cloth of an opening parachute
and at steady state are calculated, The method is based on
aggumed ingbtantanecus and steady state shapes and related pressure
digtributions. It 13 general anl may be applied to any type and
gsize of canopy bullt out of solid cloth. The presented analysis
is limited to canopies constructed of triangular gores, but can
be extended to other gore patterns. A numerical caleulation is
made for the 3So0lid Flat, Circular Parachute during the opening

and at steady staste,
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SYMBOLS

o a length (see Figs 2 and 5)
Cp drag coefficient
)N drag cocefficient based on canopy nominal area

(cpS)a drag area of store

Cp pressure ccefficient

D diameter

De cord-line profile projected diameter

Do canopy nominal diameter

Dy vent dlameter

d, a length (see Fig 5)

E cloth modulus of elasticity (1b/ft)

el circumferential stress (1bs/ft; see Fig 3)
fo meridiocnal stress (lbs/ft; see Fig 3)

g2 acceleration of gravity (ft/sec?)

F force between canopy and store (see Fig 2)
Frnax opening force or opening shock

N number of gores

plane @ (illustrated in Fig 3)

Ap pressure differential across cloth (see Fig 5)
q dynamic pressure = %pV2

ry bulge radius (see Figs 3 and 5)

S area
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SYMBOLS (cont.)}

canopy nomlnal area

a length (see Figs 2, 3 and 6)
time

filling time

velocity

launch velcecity

store welght

a length (see Figs 2 and 3)
a length (see Fig 5)

a length (see Fig 2)

gore half-angle (see Fig 5)
an angle (see Fig 4)

strain

angle of suspension lines from canopy centerline
(see Fig 2)

a dimenslonless parameter (see Egn 23)
radius of curvature (see Figs 3 and 4)

an angle (see Fig 2)

SUPERSCRIPTS

a dimensionless quantity
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SYMBOLS (cont.)
SUBSCRIPTS

initial or unstretched condition
referred to cord line
referred to gore centerline

free stream conditions
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1. INTRODUCTION

A review of the avallable literature on the para-
chute cancopy stresses reveals that all previous attempts
have been limited to treating the steady descent case.

The earliest analytical studies of the parachute
stress problem, which were summarized by Jones in 1923
(Ref 1), seem to have been made by the British investigators
Taylor, Southwell, Griffiths, Jones and Williams. This early
work was limited to a study of canopy shapes assuming an
infinite number of gores In which the stresses thus approach
a limit of zero.

In 1942 Stevens and Jones re-examined the basic
analysis and studlied the case where the number of lines 1s
finite (Ref 2). This study is primarily concerned with cancpy
shapes, but alsc concludes that cloth stresses should be
only circumferentlal., They also predicted, unlike the ori-
ginal work, that the gstresses at the canopy apex should not
be infinite. This agreed with another analysis made by
Duncan, Stevens and Richards (Ref 3) which showed that the
stresses at the apex of the parachute are not infinite 1if
the elasticity of the fabric is taken into account.

German work on parachute stresses has dealt with
surfaces of revolution. Beck (Ref U4) derived expressions
for the membrane stresses in a variety of shells of revoclu-
tion for pressures both constant and linearly varylng. Reagen
(Ref 5) in the United States also considered parachutes as
surfaces of revolution.

Finally, Topping, Marketos and Costakos at Goodyear
Aircraft Corporation (Ref 6) studied parachute stresses as
part of a larger investigation of canopy shapes. Thelr
method of apprcoach was to apply a modified form of membrane
theory to canopy shapes obtained from photographs. This
method requires an exact knowledge of the distance between the
cord lines over the canopy and the centerline of the inflated
gores. Unfortunately, a photograph gives a profile view cof
the inflated gore centerlines, but reveals little about the
positicn cf the cord lines. The required dlstance may be
measured from the photograph only at the skirt where the
suspenslon lines join the canopy. Thus, in Ref 6 only the
gtresses in the skirt region were calculated. The authors

Manuscript released by authors August 1964 for publicatilon
a3 an ASD Technlcal Documentary Report.
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then made the assumption that the stresses over most of the
remaining portion of the canopy are constant and equal tc the
cne at the skirt. This, by the admission of the authors, left
much to be desired but was the begt approximation they felt
could be made at that time. The method presented in Ref 6

igs also limited fo the steady state or fully inflated para-
chute condition.

The approach chosen in the following study 1s based
onn the profile picture of a fully 1inflated parachute for
the steady state case and on intermediate forms during the
period of 1inflation. From the profile pleture which represents
the curvature of the gore centerline, the cord profile can
be calculated if the flat gore patfern is known. From the
gore centerline and cord profile, in combination with the
flat gore pattern, the free span between the suspension lines
and the bulge radlusg of the gore can be calculated., With
span and radius known, the stress 1in the cloth depends merely
on the pressure differential and the materlial's elasticity.
Since the prcfile under steady state condition i1sg well known
for ccnventional parachutes, or can easily be obtained for
any type, this method shcould provide very realistic values
of the stress distribution over the entire canopy.

The same concept is also utilized to calculate the
stress durling the opening. However, for this period inter-
mediate canopy shapes are assumed identical to those which
are used 1In the parachute opening theo based on the mass
balance first proposed by O'Hara (Ref 7). This has the
advantage that these intermediate forms are vrelatively simple,
can be described mathematically, and also that the stress
analysils can be coupled with an opening shock calculation
which provides the required 1nstantaneous pressure differential.
In this manner a reallstic stress calculation can be performed
on an analytical basis. The process can also be reversed by
assuming a cord line profile and calculating the profile of
the gore centerline. The detalls of this general method
will be shown in the following chapters.

Finally, The authors wish to express thelr appre-
clation to the students of Aero-Space Engineering at the
University of Minnesota who particlpated 1n this research
project, and in particular to Mr, Daryl J. Monson (Ref 8).



2. THE CANOPY PROFILE

The gores of a parachute durlng inflation and
at steady descent bulge out between adjacent cord lines
as shown in Fig 1. The profile view of a typlcal canopy
shape at some instant is shown 1n Fig 2. Related to these
profiles, one can deflne an lncremental element of an inflated
gore as shown In Figs 2 and 3. The element lies in a plane
Q which is normal to the gore centerline.

The following simplifying assumptions shall now
be made:

1. At any instant of cpenling and at steady state,
the pressure difference may vary over the cancpy
in the meridional direction, but is constant
clrcumferentially, i.e., axisymmetric. This
assumption was also made in Ref 6

2. The stresses 1n the cloth occur in the circum-
ferential direction only. These are shown as f3

in Fig 3. The meridional stresses, fo, are negligibly
small. Reference 1 and other sources also made

this assumption for the steady-state case. This
assumption also appears reasonable for the perilcd

of inflation and the functioning of Ribbon and
Ringslot parachutes may be considered as exper-
lmental prcof.

3. The crogss-sectional shape in a plane Q of

any gore element is a circular arc becauge of
uniform pressure distribution over the element
(Ref 9). The arc cannot exceed a semiclrcle,
since adjacent gores would then interfere with
each other as 1is observed from Fig 1. When the
calculations indicate excess cloth, the cross
gectlon 1s treated as a semicirele with parallel
extension to the cords. This concept is particu-
larly important for the parachute during the early
stages of inflation,

4, 1Inertial forces and related stresses of the
gore element whiech may occur during the inflatlon
are neglected because 1t would be very difficult
to represent these realistically and there i3 no
experlmental evidence of thelr significance.

In view of these basic assumptions, Figs 4 and 5
show an enlarged gore and cord-line element: with and without
the cord lines, respectively.
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FIG1 - TOP VIEW OF AN INFLATING
CANOPY AT SOME INSTANT
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FIG 2 PROFILE VIEW OF A CANOPY
AT SOME INSTANT OF OPENING
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FIG 3. DETAIL VIEW OF A TYPICAL
GORE  DURING INFLATION
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GORE  ELEMENT

CORD \
LINE \ Js)
ELEMENT

FIG 4. DETAIL VIEW OF A TYPICAL GORE
AND CORD-LINE ELEMENT SHOWING
THE APPLUED FORCES
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GORE ELEMENT

FIG 5 DETAL VIEW OF A TYPICAL
GORE ELEMENT SHOWING

THE APPLIED FORCES
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3. DETERMINATION OF THE CORD-LINE PROFILE

The bulge radius, rpy, and the pressure differential,
A p, determine in principle the local stress. Unfortunately,
the opacity of the parachute canopy hides tle cord lines
in a photograph, revealing only the gore centerline profile.
Therefore, an attempt shall be made to obtain the cord-line
proflle for a parachute with triangular gore pattern from
a known or reasonably assumed gore centerline profile. In
the first approximation, the cloth and cord lines are considered
to be 1nextensible for the purpose of obtaining the cord-
line profile. (This is indicated by the subscript "o".)
Later, in the sfress equation, the elasticlity of the cleth
will be considered, but for this case 1t may he neglected
since 1t 1s usually small and affects the cord-line peosition
only to a minor degree. This method is general and the
fully inflated canopy 18 merely a speclal case.

In Figs 2 and 5, the length b,, lying in plane Q,
1s the distance between the gore centerline and the midpoint
of the line connecting the adjacent cord lines. As a first
step, the length by shall be expressed in terms of known
quantities, which allows the determination of the cord-llne
profile by simply measuring off be inward from the gore
centerline,

From Flg 5 follcws:

0(03'
¥ = 2rp, sin Qg = 2rp { &g - Tt ) (1)
and
dg = Erbo a, . (2)
In addition, 1t may be written that
(102 (104
Do = Tp_ (1-cos &) = ry_ (1-1+ 57— = g te - o). (3)

In Egns 1 and 3, sln &, and cos (X5 have been expanded

in series form. It will later be seen that this form 1is

a very convenient one and sufficient accuracy is maintalned
with the indicated terms.



A typical flat gore 1s shown in Fig 6, for which
one sets: :

Tr
dO = 2 Sg tan -'-I'\-].— A (Ll-)
where N 1s the number of gores.

Also, from Pige 2, 3 and 5 1t can be seen that

vy = 2x, tan %; . (5)

In view of the basic concept, namely that merely
the profile cf the gore centerline 1s known, the term x,
in Egqn 5 is unknown and a further relation is necessary.

From Figs 2 and 3 follows:

Xo = ZXg - by 8in ¢ . (6)

These six equations contalin six unknowns—-y,rbo,
X o, by, dp and xe. Since the remaining gquantities, N,
Xg, 8g, and are known, it is possible to solve the aystem
o% equations for by, whilch is sufficient toc determine the
cord-line profile. ‘

It has been found, however, that the equation for
bo bhecomes very cumbersome when expressed in the known terms
of Xp and sg. The solution in terms of X, and sz is much
simp%er, and after conslderable algebrailc manipulations one
obtains:

Jg-tan I

b = N

o 4\/3—{%

The detailed steps of this derivation are shown Iin Appendix I.

(sg - xc)% (55 + xo). (7)

This equation includes the so-far unknown fterm x..
However, 1t will be seen that for most practical cases x, = Xgs
and if this is unsatisfactory a certain lteration process can
be performed which quickly converges. Details of this matter
will be discussed at the end of thig chapter.

In accordance with Assumption 3, p. 9, Egn 7 will
be valid as long as the gore element forms an arc equal to
or less than a semiclrcle. When the gore is bulged out in

10
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the shape of a semicircle with parsllel extenslon, the
geometry of Filg 5 indicates that in such a case

bo =} + 3 GomFw) =% [do + =P w]m wan F [ox ¢ (- D] L (®)

where the last step results from substitution of Eqns 4
and 5. Finally, expressing b, in terms of Xg and sg by means

of Eqn 6, gives: 77
tan ﬁ-[Sg + (1 - §J xg]

by = (9)
© 1+tan117}r(l -—g) sin @

For the practical sclution of the problem it is
necessary to determine which equation has to be uged for the
calculation of bg. For thls purpose, the following criterion
shall be establlished. Figure 5 shows that an arc less than
a semlcircle occurs if

dg < v . (10)

ol

Substitution of Egns 4 and 5 for dg and y gilves the above
inequality as
ESg

R < 1 . (11)
The term x, may be replaced by Eqn 6 to glve
2 8o
7Kg ~ b s g T < 1, (11a)

and under this condition b, must be calculated from Egn 7.
From Egn 11a 1t can be seen that 1f the inequality
is reversed to
2 sg

{xg - bg sIn P ) Z 1, (12)

then, for thils case, Eqn 9 should he used to calculate bg.
Substituting bo by means of Eqn 9 into Eqn 12 glves, after
some manipulation,

° % [1 + tan = sin¢) (1 - —-]

ar
Xg -s:mﬁs tan—

> 1. (13)
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Now Egqn 13 1s expressed Iin terms of known gquantities
and, in summary, 1t may be stated that by should be calculated
in accordance with the followilng criterion:

2s

—755@_+-tan'%:sin o (1 - g)] < 1, apply Egn 7
if = (14)
xg - 8in ¢ tan N Sg 2 1, apply Egn 9.

In order to make the preceding equations more
universal, they can be made dimensionless by means of the
nominal parachute diameter, D,, and one cbtains:

b X 3

o c c
b¥ = x* = s* =
© Do/@ ’ D0/’2 Toe Do/? ’
(15)
X 8
x5 =5 £, and s* = ﬁ_&“
& 0/2 & o/2

In dimensionless form, Egqn 7, 6, 9 and 14 become,
regspectively:

V6 tan 7—1;1-( 1
¥ = ——— * *1l2 *® 'S
b Mdgé (Sg xc) (sg + XC) (7a)
x¥ = XE - b¥ sin.¢ (6a)
gl T
. tan g [s—g + (1 - %) XE] (9a)

°© 1+tan T (1-0) sing

and if
2 s% [1 + tan%fsin D (1 - %r)] < 1, apply Egqn Ta (14a)
14a
xé - sé sin @ tandgr 2 1, apply Eqn 9a.

13



The actual procedure to find the significant cancpy
parameters which ultimately will lead to the determination
of the stress distribution may now be described as follows.

1. Establish from avallable pheotogravhs or by
other means fthe prcfile of the gore centerline.

2. Erect at several values of g, the normal

to the gore centerline profile an% extend these
lines to the cancopy centerline. These lines are
the traces of the planes Q, as shown in Figs 2

and 3.

3. Determine the distances x% and g% and the
angle @ related to each value of sy ornl the gore
centerline.

4, Determine which equation for by applies
from inequality 14a.

5. Calculate b% from either Egn 7a cr Eqn 9a.
If Egn 7a 1s used, calculate a first agproximation
for bf by using xé in place of x%¥. 1In many cases

where % 18 large, for example N/Dy 2 1.0, this
o}

glves sufflcient accuracy. If %— is small or
0

if better accuracy 18 needed, the flrst approximation
for b¥ can be used 1n Egn 6a to find x%. By

using Egns 6a and T7a in this manner, an iteration
process can be applied until a value for bE 1s
obtalned that satisfles both equations.

6. Lay off the final values for b} 1n the planes Q
and construct the cord-line profiles.

These steps complete the canopy geometry.

14



4, THE EQUATION FOR CLOTH STRESSES

The baslc eguation relating cloth stress to the
pressure differential and the gore bulge is (Ref 10):

fi = A p ry (16)

In order to obtain the cord-line profile, the
cloth was assumed inextensible. This requirement 1is now
dropped and it shall be assumed instead that the cloth is
perfectly elastic, cbeying Hook's Law. It follows that

£y = EE . (17)

It is known, however, that parachute cloth, particularly
nylon material, deviates from this ideal behavior. But

to keep the analysis simple, E may be taken in the first
approximation as a ccnstant, equal to the ratio of the
failure stress to the failure strain. This approximation
appears to be acceptable, particularly if the cloth is not
gtressed up te its ultimate strength.

Mention should be made of the effect of using
cloth cut as blas weave as compared to straight weave.
Bias weave has approximately the same fallure stress as
straight weave but approximately twice the failure strain.
Thug, E for biag weave can be sesen to be about one-half
of the E for straight weave. Use of blas weave leads to
better energy absorption, tc a reduction of stress due to
larger cloth extension which may result in a reducticn of
the bulge radius, rp, and to a certain egqualization of
the stresses in case of seams and other discontinuities.

If it can be assumed that the strain 1s constant
over any Bore element, one may write from the conventlonal
definition of strain and from observation of Figs 5 and 6
that

_Ad  _ d-do
6 - dO — dO 3
or
a = (1+€)d, . (18)

Equations 16, 17 and 18, in addition to the pre-
viously derived Egns 1 and 2, constitute a gystem of filve

15



equations involving the five unknowns f1, ry, &, d, and &
In Egns 1 and 2, the subscript "o" is now removed since

the cloth 1s assumed to be extensible.

Notlce that once agaln sin X 1is expanded 1in series
form in Eqn 1., The serles 1s terminated after two terms,
since this has been found to glve sufficient accuracy in
21l cases, A maximum error of 7.5% 1s Introduced 1f
achieves 90°. Since X is considerably less than 90°
over most of the canopy, the actual errcr is also much less
than 7.5%. Furthermore, any error overestimates the stress
which is desirable from a design and safety standpoint.

A solution of the given system of eguations for
the stress provides

X

6E° (l-—-ég-) - 3E (Ap Sy talﬂ_,{q—-—f)2

£+ = e £° -
EE- - (Alasg tan ﬁ)

(19)

3B~ (ap s, tan ’II\T—.‘V)2 B> (Aap s, tan %)2
f = 0,

68° - (Ap s, tan %jg 1 6E° - (ap s, tan‘%jg

Detalls of this derivation are presented in the appendix.

Equation 1S is valld only as long as O < 90°,
If = 90°, by must be calculated from Egn 9a and the
resulting stresg and strain can be calculated as hoop stress
of a semiclrcle:

7
f, = Apx, tang . (20)

More useful and workable equatlons for calculating
the sfress will result 1f they are made dimensionless.

Reviewing Egqn 19, one observes a common group of
terms in the coefficlents of & . Therefore, it is useful
at this time to introduce a dimensilonless term, A¥, defined
as

D
A¥ = Ap —%ZE- tan.%? s (21)

16



which abbreviates the equation, Finally, all lengths are
made dimensionless, as shown previously by Eqn 15.

Substitution of Egns 15, 17 and 21 intc Egns 19
and 20 gives, respectively

x ¥
NS -9 - 30 sp)? 2 [30rep)” .
(a* s8)° [6-( A*st)?
(A* 8%)?
NS AR I (192)
€ = axxx . (202)

Notice that the only way in which the design
parameters of the parachute appear in Eqns 19a and 20a
is thrcough the dimenslonless parameter, A¥*¥. This makes
it possible toc obtain for any given canopy shape a family
of & versus sg curves with A¥* as a parameter. In other
words, for the~Solid Flat Parachute type, any combination
of parachute. characteristics resulting in the same value
of A* will give the same strain, £ . This statement,
however, includes also the requirement for identical gore
centerline profiles which, fcr example, could be altered
in spite of identical gore patterns through a variation
of the relative length of the guspension lines.

The parameter A * includes the pressure differen-
tial Ap and for the further treatment this term must be
determined.

Because of its complexity, the possibility of an
analytical determination of the flow pattern, particularly
during inflation, must be disregarded at this time. Exper-
imentally, the pressure distribution could be measured by
means of transducers which could be attached at various
leccations to the canopy. However, to date no pertinent
information is available,

Another possibility is the experimental pressure
determination by means of fixed shapes whiech are character-
igtic for the opening process. These shapes can be repre-

17



sented through rigid models suitable for conventional
wind tunnel tests. These tesgts will yield a pressure
coelficlent, Cp, over the surfaces, which 1s defined as:

. LD
CD g eo ? (22)

where Qe 18 the dynamic pressure. Detalls of these forms
and pressure distribution are gilven in Ref 10.

In order to find the magnitude of the pressure
differential cf the inflating cancpy, 1t is now merely
necegsary to know the free stream velocity and the related
projected diameter. This information can be obtailned
from a simultaneously performed opening shock calculation
or from an experimentally established veloclty-shape-time
relationship.

In this study experimental data as i1llustrated
in Figs 16 and 17 will be used, for reasons of simplicity.

It must be realized that this method neglects a
number of conditions whiech are connected with the dynamics
of the opening process., However, 1t 18 safe tc azssume
that at least 1n subsonic flow and excluding conditions
of extremely fast inflation, this method should provide
a geood first order approximation.

After fthls preparation, A¥ can be determined,
With this completed, the following outlined steps should
be followed to obtain a complete numerical solution, first
of the strain and then of the stress.

1. It 1s assumed that fthe cord-line and the gore
centerline profiles are known for different stages
of opening. The first step, then, 1is to determine
A * for selected values of Xg and sé.
2. From Egn 1l4a determine whether & is less
than or equal to 90°, which determines whether
or not the strain, € , shall be calculated from
Egn 19a or Eqn 20a, respectively.

3. Equation 19a could be solved by means of
methods for the solution of cublc equations.
However, this is cumbersome and an literation
process leads more quickly to satisfactory
results. Equation 20a indicates the order of

18



magnitude of the strain involved in Egn 19a

and an iteration process can be performed until

Hgn 192 is gatigfied. A form sheet is shown in

Fig 7, which may be used in the suggested 1teration
process.

L, After € is known, the stress can be calculated
from Egqn 17.

19
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5. ILLUSTRATIVE EXAMPIE

The theory of the precedling sections will now be
illustrated through the stress calculatlon for the case of
the opening process and the steady state of a sollid flat
circular parachute canopy. For this purpose a parachute
model was chosen which was also used 1n opening studies
in the subsonic wind tunnel of the University of Minnescta.
The characteristics of this model are as follows:

Number of gores, N = 28

Nominal diameter, Do = 3 't

Canopy area, S, = 7.06 sq ft

Canopy material = 1.1 oz nylon, MIL-C-7020B
Modulus of elastlcity, E = 2,180 1b/ft

Vent diameter D, /D, = 0.10.

It may now be assumed that this parachute goes,
during the period of inflation, through fthe intermediate
stages as shown in Figs 8 through 14, These shapes are
chosen because their respective pressure distribution
is known (Ref 10). The Figs 8 through 14 indlcate the cord-
line profile as well as the gore centerline profile.

The cord lines were given by the existing wind tunnel
moedels, whereas the gore centerlines were calculated in
accordance with the preceding Section 3, under the asgumption
that the illustrated cord lines are representative for a
golid flat circular parachute with 28 gores.

It should be noticed that this procedure differs
from the previously described method, since here the profiles
of the cord lines are assumed to be known and the gore
centerlines are calculated. For this case, x, 1s known.
However, to solve either Egn 7a or Eqn 9a, whichever is
applicable, the gore centerline length, sf, must be known.
For the case of triangular gores, and referring again to
Fig 6, SE can be determined easily from

sg = 8% cos (%3. (23)

In Section 3 the process was reversed, Reviewlng
fhe theory and this illustrative example, however, 1t is
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evident that in principle both methods are identical.
It 1 merely a matter of convenlence which method one
chooses to pursue.

For further convenlence in the caleulation, the
pressure distributicn of the varicus shapes as shown in
Ref 10 have been replotted as a functlcon of the length
of the cord lines, s?. The results are shown in Fig 15.

The described parachute model was then used to
obtain veloclity-diameter-time relatlionships which are
necessary to calculate the parameter A*. For this purpose
the parachute model was suspended in the subscnic wind
ftunnel of the University of Minnesota and was free to move
downstream along & centrally suspended guide wire., The
model was connected to a weight of 1.71 1lbs which by means
of a pulley arrangement was pulled horizontally along a
track mounted on top of the wind tunnel. The cancpy

loading amounted to WS/DO = 0.242 1b/Tt2. In this exper-

imental setup, the instantanecus values of veloclty, size
and force were recorded by means of a high speed camera
coupled with force gensing elements and a Century oscillo-
graph.

The results of the veloclty and the size measure-
ments are shown in Figs 16 and 17 in which the symbols V
and D represent, respectively, the instantaneous values
of velocity and projected diameter. With this information
available one can calculate A¥ from

D
A¥ = & pvgc _o/2 tan &

b & N (24)

This process has been carried through and A* is shown as
a function of the lengths of the cord line in Fig 18.

The strain, & , versus the length of the cord
line, s¥, can be determlned ag shown in Filgs 19 through 25,
Under the assumption of perfect elasticlity the stress is
merely a multiple of the strain and the strain presentations
may be taken as characteristle for the stress digtribution.

The straln curves can now be evaluated for various
purposes. For example, one may want to establish the
magnitude and location of the maximum stress during the
process of opening. The strain curves alsc reveal that,
rarticularly in the early stages, the straln or stress is
highest in the central portion of the canopy. Further, one
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will notice that the point of the highest sftrain moves
toward the skirt of the cancpy as the inflation process
approaches its completion., In the case of opening stage
Nc., 1, the straln even reverses thecretically to negative
values which 18 a consequence of the pressure distribution
of this ideallized stage showing a resulting pressure from
the outer to the inner surface (Ref 10).

In concluding this discussion, one should realize
that the presented methcd assumes that all of the canopy
cloth bulges outwardly in between the suspension lines 1n
circular arcs. This 1s certalnly a very guestiocnable
agsumption, particularly for the skirt regicn during the
early stages of inflation, and one may consider the cal-
culated stresses near the skirt as somewhat unrealistic.
However, in the center portions of the canopy where one
may assume a regular bulging of cloth, this assumption
is quite good and the stress calculation may be consildered
to be a good approximation. These stresses are alsc the
more important ones since they are higher than the theoreti-
cally possible stresses near the skirt.

For the same reason the gtress calculatlion con-
cerning the portions near the skirt become more realistic
as the canopy approaches 1ts state of full inflation.

In view of these facts one could 1imit the pre-
sented stress calculations to the more central portions of
the canopy, particularly for the early stages of inflation.
As the inflation progresses, one should extend the cal-
culation gradually toward the skirt portion of the canopy.
This method would be less time consuming than a complete
stregs snalysis and would probably be just as useful.

by
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APPENDIX T
DERIVATIONS OF EQUATICNS 7 AND 19

1. Derivation of Equation 7 for the Length, by
It is given that:
Q3
y=2rbo(0‘o‘ 3!): (1)
o
%2 GOL‘-
o = T (=57 ) (3)
- gil ,

d, = 25, tan (4)

and
i

Introduce Egqns 5 and 2 into Eqn 1 to give:

2
2 x, tan/%r— a (1 - 51%— Y . (1-4)

- Yo

Into this, introduce Eqn 4 to give:

o2
Xc—sg(l_"—%')J
or,
X, 1
a, = V6 (- < )? (2-A)
g

Combining Egn 2 with Egn 2 provides:

d o .3
8] @] @]
by =5 ( 2 - Ton ) - ‘ (3-4)
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Equation 4 makes this

@ ag3
b, = 5 tan § (5> - ) - (14-)

Substitute Egqn 2-A into Egn 4-A to eliminate o g
There results:

tan T X 1 X
o, = (B——) V6 (1 - 23 [1--;_-(1—59)]
g g
or
8 _ tan X, 1 X
b, Ve E—" (1 - 23 [-S-E +1J
g g
or
Jg.tanf%f %
T Tiye e el ern) (7
2. Derivatibn of Equation 19 for the Stress,
It is given that:
‘ o3
y=2]f"b(a"_6"‘) E] (1)
fy =Ap T (16)
- gl
d, = 2 Bg tan § o %)
vy =2x, tan‘%{ , | ‘ (5)
£ =EE, . {(17)
d = (l+ E)do. (18)



Introduce Egns 2 and 5 intc Egn 1 to give

3

T d d

X tan & = = . (5-A)
] N 2 48Pb2

From Eqns 4, 17 and 18 1t is seen that

f

(1 + —2) . (6-4)

d = 2 3_ tan =

g N

Introducing Egns 16 and 6-A into Egn 5-A to eliminate ry
and d, respectively, provides:

T g 3
1 1 2 I7 2 f
xg =8, (1+ ) -gtan® T (8p) f§(1+—El)3 (7-8)
1
Expanding the terms makes this
2 _ 2 Bz .3 1 247 2 3 [
chl = ngl + B fl -5 tan i (A p) Sg 1 +
(8-4)
3 3 2 1 3 ]
+5 . +=f "+ =T
E 17 5271 g3 1
Combining common terms provides:
3 3
1 .. 27 2 g 3 1,217 2 5g 2
z tan® g (ap) 3 £7 0+ [ég-xc— 3 tan ﬁ'(A D) —z £17 -
2 Y 2 B : 1 = o 3
- i L 2 v 2
[2 tan” § (A p) = ] £, - [6 tan® & (ap) Sg },= 0,
ar
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é e Tr 2
[6E (1-5—;) - 38 (tan § ap s ) }

£.3 4 £ 2
! 6 B° - (tan T Ap s )° .
N P Z
(19)
3E° (ban T A p s )@ B3 (tan T A p s )2
- 5 , S | 1 - 5 2 | = o.
6E- - (tan 'I'\I-—T—'Ap sg) 6B - (tan‘%d P Sg)
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