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Parachute Stress Analysis during Inflation and at Steady State
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The stresses occurring in the cloth of a parachute during the period of inflation and at steady
state are calculated for a number of instantaneous shapes that are characleristic of the open-

ing process and the steady stale.

The method is general and may be applied Lo any type of
parachute built out of solid cloth, concenlric rings, or ribbons.

The presented analysis is re-

lated to canopies consisting of triangular gores but can be extended to other gore patterns.
A numerical calculation is made for a solid flat circular parachute during the period of open-

ing and atl steady state.

Nomenclature
bo = a length (Figs. 4 and 5)
Cyp = pressure coefficient
D = projected diameter
Dy = canopy nominal diameter
D, = vent diameter
do = alength (Fig. 5)
E = cloth modulus of elasticity, lb/ft
fi = circumferential stress (Fig. 2), Ib/ft
f2 = meridional stress (Fig. 2), lb/ft
F = force between canopy and store (Fig. 4)
Froux = opening force or opening shock
N = number of gores
plane @ = illustrated in Fig. 4
Ap = pressure differential across cloth (Fig. 5)
q = dynamic pressure = 3pV?
5 = bulge radius (Figs. 2 and 5)
S = area
Se = canopy nominal area
$ = a length (Figs. 2 and 6)
t = time
{; = filling time
14 = veloeity
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s = initial velocity

W = store weight

x = a length (Figs. 2 and 4)

y = a length (Fig. 5)

2 = a length (Fig. 4)

« = gore half-angle (Fig. 5)

€ = strain

6 = angle between suspension lines and canopy center-
line (Fig. 4)

A = adimensionless parameter [Eq. (23)]

p = radius of curvature (Fig. 2)

¢ = an angle (Fig. 4)

Superscript

* = 2 dimeusionless quantity

Subscripts

0 = initlal or unstretched condition

¢ = referred to cord line

g = referred to gore centerline

© = freestream conditions

1.

Introduction

HE known analytical studies of parachute stresses are
primarily concerned with the steady-state phase, during
which the drag of the parachute equals the suspended weight.
The earliest studies of the canopy stresses have been sum-
marized by Jones in 1923,' and they consider the canopy
shapes and stresses under the assumption of an infinite num-
ber of gores.
In 1942, Stevens and Johns? introduced into the basic
analysis the concept of a finite number of gores and also
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showed that the stresses in the cloth are only circumferential.
This agrees with the later analysis by Duncan, Stevens, and
Richards* which furthermore utilized the elasticity of the
cloth in order to encompass the stresses at the apex.

Beck? assumed that inflated parachute canopies are sur-
faces of revolution and derived for this case expressions for
the stressex considering constant and varying differential
pressures.  Reagan® also considered parachutes as surfaces
of revolution.

Newer studies by Topping, Marketos, and Costakos® pur-
sue a solution for the eloth stresses of a fully inflated canopy
on the hasiz of a caleulated canopy profile.  This profile is
obtained {rom the so-called Taylor curve! and a correction in
view of actual gore patterns. This method provides the
characteristic bulging of the material bhetween adjacent
suspension lines. Canopy profiles are caleulated in this
manner and agree with experimentally obtained canopy
shapes within 4 to 9955 Stresses are then determined for
the calculated canopy profiles.

The following stress analysis assumes that the canopy pro-
file of the fully inflated parachute is either known or can he
obtained {rom full-size or model experiments. The stresses
can then be caleulated in view of the known profile, the given
gore pattern, and the experimentally determined pressure
distribution.

Furthermore, this method is expended to cover the period
of canopy inflation, and for this phase intermediate eanopy
shapes are assumed, as proposed by O’Hara.” Coupled with
the stress analysis is the caleulation of the parachute opening
force, which provides the instantaneous values of the pres-
sure differential that acts upon the canopy cloth.

II. Canopy Profile

The gores of a parachute during inflation and at steady
state bulge out between adjacent cord lines, and the first
step in the stress analysis in the establishment of the gore and
cord profiles.  In principle, merely one needs to he known,
and the other can be calculated by means of the related gore
pattern.

Adopting for the period of inflation the schematic-canopy
shapes as proposed by O’Hara,” one may establish a number
of characteristic profiles, as shown in Fig. 1. The outline of

Fig. 1 Characteristic shapes representing an inflating
canopy and related pressure distributions.
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Fig. 2 Orientation of a gore element.

these figures may be considered as cord profiles.  Superim-
posed upon these profiles is a pressure distribution that was
obtained through wind-tunnel experiments.® These pres-
sure distributions will be needed later [or the actual caleula-
tion of the canopy stresses. Proceeding in this manner, the
form of the parachute under steady-state descent becomes
merely a special case, which is somewhat identical to model
7, Fig. 1.

The stress in various sections ol the canopy depends now
on the instantaneous shape and the respective pressure dif-
ferential and will be determined in view of the following sim-
plif ying assumptions:

1} At any instant of opening and at steady state, the
pressure loading is constant circumferentially but varies in
the meridional direction.

2) The resultant stress in a gore clement extending be-
tween adjacent suspension lines is primarily eircumferential.

3) The cross-sectional shape in a plane @ (Fig. 2) of any
gore clement is a circular arc because of uniform pressure
distribution over the element and cannot exceed a semicirele.
In case of excess cloth, the particular cross section is treated
as a semicirele with parallel extensions to the cord.

4) Inertial forces and the related stresses in the gore ele-
ment which may occur during inflation are neglected.

5) Details of the canopy geometry are shown in Figs. 2-6.

III. Cord-~Line Profile

One may proceed to determine the eord profile from a
known gore profile or vice versa. Following the traditional
approach, the cord profile will be determined from a known
gore profile.

In the first approximation, the cloth and cords are con-
sidered to be inextensible. All values obtained under this

Fig. 3 Canopy plan view.
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condition are identified by the subseript zero. The clasticity
of the cloth will be introduced later.

As a first step in the analysis, the length by, as shown in
Figs. 4 and 5, will be expressed in terms of known quantities.
This will allow the determination of the cord profile, since
by 1s measured to the gore centerline,

From Fig. 5 follows

Yy = 2ry sinag = 2, a0 — (a®/30) + ...} (L
and
do = 21y, 2
In addition, it may be written that

bo = r5(1 — cosag) =

”'})0[1 — 1 + (a02/2!) - ((x04/4!) + - ] (3)

In Egs. (1) and (3), sinas and cosag have been expanded in
series form. This form is very convenient, and sufficient
aceuracy is maintained with the indicated terms.

A typical flat gore is shown in Fig. 6, for which one sets

dy = 25, tan(w/N) )

where N is the number of gores.
Also, from Figs. 2, 4, and 5 it can be seen that

y = 2z, tan(r/N) (5)

In view of the basic concept, namely, that merely the pro-
file of the gore centerline is known, the term z, in Eq. (5)
is unknown, and a further relation is necessary.

From Figs. 2 and 4 follows

To = Xy — by sing (6)

These six equations contain the six unknowns y, 7, aq,
bo, dy, and x., whereas the quantities N, z,, s,, and ¢ are
known, and the equations can be solved for by and for ry, which
are sufficient to determine the stress.

It has been found, however, that the equation for b, be-
comes very cumbersome when expressed in the known terms
of 2, and s,. The solution in terms of z. and s, is much
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simpler, and, after some algebraic manipulations, one obtains
bo = [tan(m/N)/AI6[1 — (ze/s) V2 (s; + 2)  (7)

This equation includes the unknown term x.. However,
it will be seen that for most practical cases z. =~ z,, and if
this 15 unsatisfactory a certain iteration process can be per-
formed which quickly converges. Details of this matter
will be discussed at the end of this section.

Equation (7) is valid as long as the gore element forms an
are equal to or less than a semicircle.  When the gore bulges
in the shape of a scmicircle with parallel extension, the
geometry of Fig. 5 indicates that

y 1 T\ _
bo:§+§<do_5h/>—

1 ™ o ™
o (- D)) w3 [ (- 3)e]

where the last step results from substitution of Kgs. (4) and
(5). TFinally, expressing by in terms of z, and s, by means
of Iiq. (6) gives

b tan(r/N)is, + [1 — (w/2)]z,} ©)

CT L+ tan(r /N [L — (7/2)] sing

For the practical stress solution, one must determine which

equation for by has to be used. For this purpose, the follow-
ing criterion will be established. Figure 5 shows that an
arc less than a semicircle oceurs if

do < (w/2)y (10}
Substitution of Eqs. (4) and (5) for dp and y gives inequality
(10) as

9s,/m2. < 1 (11)
The term z, may be replaced by Eq. (6) to give

2s,/ [w(x, — bosing)} < 1 (11a)

Thercfore, if the actual conditions satisfy Eq. (11a), by must
be caleulated from Eq. (7).

Equation (11a) indicates that, if the inequality is reversed
to

25,/ {mw(xs — bosing)] > 1 (12)

and the actual conditions satisfy this equation, by should be
calculated from Iiq. (9).

Substituting by by means of Eq. (9) into Eq. (12) gives,
after some manipulation,

(2s,/7) {1 + tan(z/N) sin[¢p!l — (7r/2}Ji (13)
z, — sing tan{(w/N)s, )

This is now an expression of known quantities, and, in
summary, it may be stated that by should be caleulated in

— GORE ELEMENT

Fig. 5 Gore and cord-line element with applied forces.
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accordance with the following criterion:

(2s,/m){1 + tan(z/N) sing[l — (r/2)]}]
z, — sing mn(7r/,\)s,

< 1, apply Eq. (7)
> 1,apply I2q. (9)
(14)

The preceding equations become more universal in dimen-
sionless form by means of the nominal parachute diameter,
Dy, and one obtains

by* = l)O(DOQ) xS = ZL'//U)O/Q) 8* = St/(])O//2)
% =2,/ (Do/2) 8™ = 84/(Do/2) (15)

In these terms, Ygs. (6,7, 9, and 14) assume the form of

/N c* 1/2
be* = m—nir—\) [6 (1 ~ Z%)} (s,* 4+ %) (7a)

g
z.* = x,* — b* sing (6a)
* -
bt = unur ‘Ny{s,* + (1 »£/2ﬂaja_~, (9)

1 4 tan(r/N)[1 — (w/2)] sing
and the criterion 18

2s,*{1 4 tan{r/N) sing|l — (x/2)]}1 < 1, apply Eq. (7a)
2,5 — 8, ¢ing tan(w/N) | > 1, apply Eq. (9a)
(14a)

The actual procedure to find the significant canopy param-
eters that ultimately will lead to the determination of the
stress distribution may now be deseribed as follows:

1) Kstablish from available photographs or by other means
the profile of the gore centerline.

2) Erect at several values of s,* the normal to the gore-
centerline profile, and extend these lines to the canopy center-
line. These lines are the traces of the planes @, as shown in
Figs. 2 and 4.

3) Determine the distances z,* and s,* and the angle ¢
related to each value of s,* on the gore centerline.

4) Determine which cquation for be* applies from in-
equality (14a).

5) Calculate by* from either Eqg. (7a) or kq. (9a). If
I5q. (7a) is used, caleulate a first approximation for be* by
using z,* in place of x.*. The accuracy of this interchange
depends on the included angle of the gore, which in turn is a
function of the parachute diameter and its number of gores.
If better accuracy is needed, the first approximation for
bo* can be used in Eq. (6a) to find z.*. By using Eqs. (6a)
and (7a) in this manner, an iteration process can be applied
until a value for be* is oblained which satisfies both equations.

6) Lay off the final values [or b* in the planes @ and con-
struet the cord-line profiles.

These steps complete the canopy geometry.

IV. Cloth Stresses

The basic equation relating cloth stress to the pressure
differential and the gore bulge is®

fi = Apr (16)

In order to obtain the cord-line profile, the cloth was as-
sumed inextensible. This requirement is now removed,
and it will be assumed that the cloth is perfectly elastic,
obeying Hook’s Law, which provides

f, = Ee a7

It is known, however, that parachute cloth, particularly nylon
material, deviates from this ideal behavior. But for simplic-
ity, £ may be taken in the first approximation as a constant,
equal to the ratio of the failure stress to the related strain.
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Fig. 6 Triangular gore pattern for
a solid flat canopy.

1f it can be assumed that the strain is constant over any
gore element, one may write from the conventional definition
of strain and {rom obscrvation of Figs. 5 and 6 that

€ = Ad//do = (d — do)/do, or
d=(1+ dy (18)

Yquations (16-18), in addition to the previously derived
Ligs. (1) and (2), constitule a system of cquations with the
unknowns fi, 7, «, d, and e. In Eqs. (1) and (2) the sub-
seript zero 1s now removed, since the cloth is assumed to be
clastic.

A solution of the five equations for the stress provides

a1 — /Sg) ) — l g
e ]:6] 1 — (@o/sg) ] — 3E|Aps, tan(w/N)]J? :]fl B

6E2 — |Aps, tan(r/N) |2

[ 315%[Aps, tan (x/N)]* }
6F% — [Apsg tdn(r,/l\v)] hi=

E3|Aps, tan(r/N)] -
|:6F" V[Apsg tdn(ﬂ'/*\?ji]ij] =0 (19)

Equation (19) is valid only as long as « < 90°. If stress
and strain can be caleulated as hoop stress of a semicircle,

hH = Apz, tan(x/N) (20)

In dimensionless form, these cquations are casier to apply.
For this purpose, the stress can be expressed by means of the
strain from Bq. (17), and all length terms can be divided by
Dy Furthermore, by reviewing Eq. (19), one observes a
common group of terms in the coeflicients, and it is useful
at this time to introduce a dimensionless term A*, defined as

N* = Ap[(Do/2)/E] tan(mw/N) (21)

The nominal diameter Dy arises in Eq. (21) because of its
introduction into Kq. (19) in order to nondimensionalize all
lengths.

Substitution of Igs. (15, 17, and 21) into Eqg. (19) and
(20) gives, respectively,

Y] . Q) Fe F)2
€3+[[)@ﬁﬁ i@‘jﬁl:lez_

6 — ()\*. #)2
G B T
[6 _ ()\*3”*) ] € — [6 v T 0 (19a)

€= Nt (200)

Now one observes that the design characteristics of the
parachute appear in Igs. (19a) and (20a) only through the
dimensionless parameter A*. This makes it possible to ob-
tain for any given canopy shape a family of e vs s,* curves
with A* as a parameter. This indicates that for a given
parachute type, such as the solid flat parachute, any combina-
tion of parachute characteristics resulting in the same value of
A will give the same strain-length relationship, e vs s;*.

This statement, however, includes also the requirement
for identical gore centerline profiles, which, for example,
could be altered in spite of identical gore patterns through a
variation of the rclative length of the suspension lines. The
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parameter A¥* includes the pressure differential Ap, and for 5.5 10
the further treatment this term must be determined. [PX
Because of its complexity, the possibility of an analytical N - 28
determination of the flow pattern, particularly during infla-

tion, must be disregarded at this time. Experimentally, the
pressure distribution could be measured by means of trans-
ducers that could be attached at various locations to the
canopy. However, to date no pertinent information is
available.

Another possibility is to find experimentally the pressure
distribution of intermediate shapes that are characteristic
for the opening process. Such shapes were mentioned before
and are shown in Fig. 1. The pressure distribution is given
in the form of the pressure coefficient Cp, which is defined as

Cp = (Plocal = Do)/ Go (22)

where q¢., is the dynamic pressure.

In order to find the magnitude of the pressure differential
of the inflating canopy, it is now necessary to establish the
relationship between freestream velocity and the related
projected diameter. This can be obtained from a simul-
taneously performed opening shock calculation or from an
experimentally established velocity-shape-time relationship.
In this study, experimental data as illustrated in Figs. 7 and
8 will be used for reasons of simplicity.

It should be realized that the method as just described
probably neglects a number of facts that may be connected
with the dynamics of the opening process. However, one
may assume that, even when a more sophisticated method
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Fig. 8 Diameter-time relationship for an opening solid
' flat canopy.

becomes available, the present analysis will be a part of the
general calculation.

After this preparation, \* can be determined. With this
complete, the following steps may be followed to obtain a
numerical solution, first of the strain and then of the stress:

1) It is assumed that the cord-line and the gore-centerline
profiles are known for different stages of opening. The first
step, then, is to determine A* for selected values of z.* and
8.*.

2) From Eq. (14a), determine whether « is less than or
equal to 90°, which determines whether or not the strain
¢ will be calculated from Eq. (19a) or Eq. (20a), respectively.

3) Equation (19a) could be solved by means of methods
for the solution of cubic equations. However, this is cum-
bersome, and an iteration process leads more quickly to
satisfactory results. Equation (20a) indicates the order of
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Fig. 10 Profile shape of rigid model 3.
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magnitude of the strain involved in Eq. (19a), and an itera-
tion process can be performed until Eq. (19a) is satisfied.

4} After e is known, the stress can be calculated from
Fq. (17).

V. Ilustrative Example

In order to illustrate the application of the present method,
the stress distribution of a parachute will be calculated whose
opening characteristics have been determined through wind-
tunnel experiments. This parachute model represents a
solid flat canopy having 28 ¢ores.  The specifications of this
type of parachute are indicated below:

number of gores, N = 28

nominal diameter, Dy = 3 {t

canopy area, Sy = 7.06 {t*

anopy material = 1.1 oz nylon, MIL-C-7020B
modulus of elasticity, f/ = 2180 1b/ft, Ref. &
vent diameter, D,/Dy = 0.10

straight cut gores

The most important opening characteristics of a parachute
are itz instantaneous speed and projected diameter, both
considered with respeet to time.  For this particular model,
these characteristics are represented in Figs. 7 and & Re-
lated to the diameter-time relationship in Fig. 8 are the profile
drawings presented in Figs. 9-12. These are correlated to
the sequence of the O’Hara shapes shown in Fig. [, Thus,
the opening shock experiments in the wind tunnel provided
the correlation between the shape and velocity histories.
With the shape-velocity-time correlation, one can establish
the instantaneous dynamic pressure g =, which provides the
necessary numerical information related to the pressure dis-
tributions as indicated in Fig. 1. With this aerodynamic
background information established, the stress analysis may
proceed as follows.

Figures 9-12 represent the cord profiles from which the
profile of the gore centerline can be caleulated in accordance
with Eqs. (7a, 9a, and 14a).

It should be noticed that this procedure is the reverse of the
one deseribed in Sec. 1V, since here the profiles of the cords
are assumed to be known, and the gore profiles are being
caleulated. All of the cstablished equations are valid, and
one has to find merely the relationship between s,* and s.*
which amounts to

5% = s,*[cos(m/N)] (23)
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With s.* and s,* known, I3q. (7a) or (9a) can be solved,
whichever is applicable.

For further convenience in the caleulation, the pressure
distribution of the various shapes as shown in Ref. 8 has been
replotted as a function of the cord length s,*. The results
are shown in Fig. 13.

Knowing the instantaneous dynamic pressure, the param-
eter A¥ can be caleulated for each shape. This has been
done, and the results are shown in Fig. 14.

In view of the correlation between A* and the strain e as
shown in Eqs. (19a) and {20a), the strain distribution of the
various models can be calculated, the results of which are
shown in Fig. 15.

Under the assumption of perfect elasticity, the stress iz
merely a multiple of the strain, and the strain presentation
may be taken as characteristic for the stress distribution.

The strain curve can now be evaluated for various pur-
poses.  For example, one may want to establish the magni-
tude and location of the maximum stress during the process
of opening. The strain curves also reveal that, particularly
in the early stages, the strain or stress is highest in the central
portion of the canopy. Furthermore, one will notice that
the point of the highest strain moves toward the skirt of the
canopy as the inflation process approaches its completion.
In the case of opening stage no. 1, the strain cven reverses
theoretically to negative values, which is a consequence of
the pressure distribution of this idealized stage showing a
resulting pressure from the outer to the inner surface.®

|
L .
o 2 Vs 3 & 10

Fig. 13 Pressure coeflicient vs canopy location for rigid
models 1-7.
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Fig. 14 The dimensionless parameter \* vs canopy loca-
tion for seven opening stages of the flexible model.

In concluding this discussion, one should realize that the
present method assumes that all of the canopy cloth bulges
outwardly between the suspension lines in circular arcs.
This is certainly a very questionable assumption, particularly
for the skirt region during the early stages of inflation, and
one may consider the calculated 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. For the same reason, the
stress calculation concerning the portions near the skirt be-
come more realistic as the canopy approaches its state of full
inflation.

In view of these facts, one could limit the presented stress
calculations to the more central portions of the canopy,
particularly for the early stages of inflation. As the infla-
tion progresses, one should extend the calculation gradually
toward the skirt portion of the canopy. This method would
save time and would probably be satisfactory.

It is evident that a stress analysis always should be coupled
with information concerning the dvnamies of the parachute
opening. This information can be obtained either experi-
mentally or through an opening shock caleulation. In case
of an experimental approach, one has to record the velocity,
force, and size history. This method was essentially cm-
ployed in the presentation of the illustrative example.

If such suitable experimental data are not available, which
is always the case in the design of a new parachute, a rigorous
opening shock analysis that also incorporates the effect of
apparent mass, apparent moment of inertia, effective porosity,
etc., provides the same background information.

In any case, the opening dynamics and the stress analysis
are intimately coupled, and this part of the total stress
analysis is only as good as the terms and functions repre-
senting the dynamics of the opening parachute.
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Fig. 15 Strain distribution on the canopy at various
stages of inflation.
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