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Stress Analysis of Parachutes Using Finite Elements

Wiriam M. MuLLins* aNp DonaLp T. REYNoLDST
Northrop Corporation, Newbury Park, Calif.

An analytical method has been developed for determining the unique shape and internal
load distribution that satisfies equilibrium and boundary conditions for a parachute under
the influence of known riser and aerodynamic forces. The parachute is treated as a deform-
able membrane, using finite elements with nonlinear elastic properties to represent the struc-
ture. An iterative procedure, performed by a digital computer, is used to find the equilibrium
shape. The methed is applicable to polysymmetric parachutes which have meridional mem-
bers (cords or radial tapes) that can be assumed to carry all meridional forces in the canopy.
Reefed and nonreefed configurations can be analyzed, and the canopy may be fully or partially
inflated. Predicted canopy shapes and failure loads are shown to agree with aerial drop test

results.
Nomenclature
a = angle between suspension line and canopy axis (conver-
gence angle) deg
k, = differential pressure curve integration factor
L = length, in.
M = number of gores
N = unit load, 1b/in.
Nr = component of Ny normal to meridian, lb/in.
P = load, Ib
p = differential pressure, 1b/in.2
p’ = differential pressure coefficient
R = radius of curvature, in.
r = local projected radius of canopy, in.
8 = length of horizontal member, in.
V = axial load at confluence of suspension lines, 1b
a = projection of gore half angle in plane normal to meridian,
radian
A = incremental change
AS = length of model meridional segment, in.
e = unit strain, in./in.
¢ = angle between line perpendicular to meridian and canopy
axis, radian
¢ = lobe included half angle, radian
Subscripts
H = horizontal member
M = manufactured
o = skirt
R = meridional member (radial tape)
s = suspension line
8 = circumferential direction
¢ = meridional direction
¢ = direction of horizontal member

Introduction

HE stresses in a parachute canopy are dependent on the

inflated shape, which in turn depends on the stress distri-
bution. This interaction requires that the solutions of
stresses and shape be obtained simultaneously. It is under-
standable, therefore, that much of the effort in parachute
stress analysis is concerned with canopy shapes.
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The earliest analytical studies of parachute shapes and
stresses were performed at the Royal Aircraft Establishment
between 1919 and 1923 by a number of investigators including
G. I. Taylor and R. A. Jones.® The theoretical canopy shape
(known as the Taylor zero-hoop stress shape) that was de-
rived has served as the basis for most theoretical work until
recent times. Taylor formulated the equations of equilibrium
and continuity in a lobed gore, and showed that his equation
in general form is equivalent to the general membrane equa-
tion.

In 1942, Stevens and Johns* considered the case of a para-
chute with a finite number of suspension lines extending over
the canopy. The cords were made shorter than the gore
panels so that the cloth carried only hoop stress.

Jagers developed a method in 1952 for estimating the maxi-
mum horizontal ribbon and radial tape stresses in conical rib-
bon parachutes. The upper portion of the canopy was as-
sumed to be a cone with zero meridional stress and the lower
portion was assumed to be an ellipsoid, with zero hoop tension.
Further effort was directed by Topping® in 1955 toward fitting
functional curves to observed canopy shapes. Modifications
of the Taylor shape resulted in improved correlation with the
canopy profiles observed in photographs of parachutes in
steady descent. Heinrich? developed a method for computing
canopy cloth stresses for a known profile and pressure distri-
bution. 'This is the method given in the parachute Hand-
book.8 In 1968, Ross? set up and solved a set of differential
equations to determine the shape and stress distribution in a
flat, circular parachute in steady descent.

Roberts®—1t developed a theoretical aeroelastic model for
an inflating parachute and obtained a numerieal solution for
the shape and stress distribution of a flat circular parachute
with uniform pressure distribution. In the stress analysis of
an early version of the Apollo main parachute, Ranes'? used
a method which accounted for the relationship between the
membrane stresses and the meridional radius of curvature.
"The pressure distribution data obtained by Melzig!? in wind-
tunnel tests of inflating parachutes was utilized, and the radial
tape profile was assumed to be elliptical. Strain compati-
bility, based on laboratory load-strain data, was used to select
a best-fit ellipse.

During the development of the latest Apollo Earth Landing
System, ! a computational algorithm was evolved which gives
a rational method for determining the stress distribution in a
parachute canopy. This method, which is the subject of th_e
present paper, determines the unique shape and stress distri-
bution that satisfies equilibrium and boundary conditions for
a given parachute and applied loading. The method was
further extended by use of the Apollo test data in a one year
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Theory

As a parachute inflates, it deforms to a shape that resultsin
force equilibrium in all members. The summation of the
aerodynamic forces acting on the canopy is reacted by the
riser foree, and the aerodynamic force on each canopy mem-
ber is reacted by forces from adjacent members. At any time
during the inflation process the parachute may be treated as a
static problem by use of D’Alembert’s principle, as is cus-
tomary in structural analysis. The first step in the structural
analysis of a parachute is to determine the equilibrium shape
and stress distribution for the condition and state of inflation
being investigated. The analysis derived here provides a
method for achieving this end.

Much effort has been directed toward predicting riser forces
(for example, Ref. 1) and this is the easiest quantity to mea-
sure in tests. Much less is known about the aerodynamic
forces acting on the parachute canopy. The approach taken
in this analysis is to specify the riser load and adjust the
magnitude of the aerodynamic forees, in accordance with a
specified pressure distribution curve, to give equilibrium.
Only the component normal to the surface of the canopy ma-
terial is considered, with skin friction being neglected. It is
the same for the D’Alembert forces; only the normal com-
ponent is considered, so that these two forces can be combined
algebraically. The net resultant is used instead of differen-
tial pressure for dynamic conditions.

The parachute is represented by a structural model made
up of simple members capable of carrying uniaxial tension
only. Each gore of the canopy is divided into a number of
segments, conveniently spaced along the meridians, from the
skirt to the vent as shown in Fig. 1.

Each segment is defined by its length along the meridional
member, the length of the horizontal member connecting
adjacent meridional members, and the load strain curves for
these members as determined from laboratory tests. Loads

A

Fig.2 Parachute
profile geometry.
L
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Fig. 3 Lobe geometry and
loads.

VIEW A-A

and geometry are computed at reference stations located on
the meridional members at the midpoints of the segments.

The following simplifying assumptions are made. 1) All
meridional forces are in the meridional members. 2) Meridi-
onal curvature is constant over each segment and the curva-
tures of adjacent segments of the meridian are tangent at their
junctions. 3) Horizontal members have no meridional curva-
ture, but each has a constant radius of curvature which is
normal to the meridional member at the reference station.
4) Differential pressure acts normal to the surface of the hori-
zontal member only. With these assumptions, each hori-
zontal member may be treated as a free body to determine its
end reactions. The computed end reaction is resolved into
three mutually perpendicular forces, tangent and normal to
the meridional member, from which the loading and radius of
curvature of that segment of the meridional member can be
computed.

The variation of differential pressure along the meridional
member is represented by a nondimensional distribution
curve. A solution is obtained for a trial skirt diameter and
pressure by establishing equilibrium geometry, first at the
skirt then at each successive station to the vent. This trial
solution is then examined for compatibility with boundary
conditions at the vent. This process is repeated with cor-
rected trial skirt diameters and pressures until the boundary
conditions at the vent are satisfied and an over-all force
balance is achieved.

A solution begins by establishing equilibrium of the suspen-
sion lines and canopy skirt for the trial skirt radius. The
equilibrium geometry for an unreefed parachute is shown in
Fig. 2. The suspension line convergence angle and the sus-
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Fig. 5 Drogue

SKIRT BAND chute assembly.
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pension line loads are given by

a = sin~ry /L, + €,)} 1)
P, = V/M cosa 2)

The local differential pressure is expressed by
p=7p/k &)

where p’ is the pressure coefficient from a pressure distribution
curve and k, is an integration factor.

Force equilibrium of the skirt is established by considering
the forces and geometry of the segment shown in Fig. 3.
From a summation of forces in direction R’

Ny = (pr sinvr/M)/sim/z (4)
The arc length S is given by
8 = 2yr sinw/M)/siny )]

The arc length can also be expressed in terms of the manufac-
tured length of the horizontal member and the unit strain

8" = Su(l + en) ©

A value for the angle ¥ is found by iteration to give S = 8.
This establishes the equilibrium geometry and stress at the
skirt for the assumed skirt radius and pressure.

In order to proceed from the skirt segment to the next hori-
zontal member, the loading and geometry of the connecting
meridional member must be established. At the skirt, the
axial load in the meridional member is equal to the suspension
line load Prexiry = Ps.  Resolution of the edge force Ny in a
horizontal member, results in three mutually perpendicular
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forces, 1) APz tangent to the meridional member
APy = Ny sin(w/M) cos¢p(cosy + siny sina/cosa) (7)
where o = sin™? [sin(n/M) sing]
2) Nz normal to the meridional member in a plane which
includes the central axis
Ng = Ny[siny/cosa — sina(cosy + siny sine/cosa)} (8)
3) Ny a circumferential force
Ng = Ny cosw/M{cosy + siny sina)/cosa]) 9

The edge forces from the two adjacent horizontal members
act on each meridional segment. Equilibrium of the meridi-
onal member results in the loading shown in Fig. 4.

Tt is assumed that A¢ is sufficiently small to make APzAS
negligible compared to Pr. Summation of forces in direction
R results in

R¢ = PR/ZNR (10)

Equation (10) defines the meridional radius of curvature
R, in terms of the meridional member loading. The meridi-
onal load at any station j is given by

P)ej = PR(]'__l) - (2APRAS/2)(j—1) - (ZAPRAS/2), (11)

Length of segment j is determined from its initial length and
unit strain under load Pz

AS,' = ASjl(l + 6}2);‘ (12)
The change in angle ¢ over segment j is given by
Ag; = AS;/Ry, (13)

Since it is assumed that the meridional radius of curvature Ry,
is constant over a segment and that the arcs of adjacent seg-
ments are tangent at their junction, the geometry of the me-
ridional member is established.

A value of R, that gives equilibrium for the second segment
is established by iteration of Eqs. (3-13). This procedure is
repeated for each segment, in turn, from skirt to vent. At the
vent, over-all axial force balance and boundary conditions are
checked and if necessary the skirt radius, 7o, and the pressure
integration factor k, are revised for a new trial solution.
This process is continued until axial force balance and
boundary conditions are satisfied. A reefed parachute is
analyzed in a similar manner except that reefing line forces are
included in establishing equilibrium geometry at the skirt.

This analysis has been programmed for solution by digital
computer in a Fortran program called CANO. A complete
solution for a typical parachute and loading condition requires
less than two minutes of execution time on an IBM 360/65
computer. Input consists of parachute constructed geome-
try, riser load, pressure distribution curve, and material load-
strain curves in tabular form. Output includes complete
geometric definition of the inflated canopy and load and strain
values for each element.
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test data obtained in the Apollo Earth Landing System de-
velopment and qualification programs. _

The types of data available include: 1) motion picture
coverage from onboard the test vehicle, from chase aircraft,
and from test range ground cameras; 2) load-time traces mea-
sured at the parachute riser; and 3) failure analyses of drop
tests in which parachutes were damaged or destroyed.

Two methods were used to check the analytical results.
First, drop test photographs were compared with analytically
predicted shapes for the test loading conditions. Since a
unique shape is predicted for a given pressure distribution,
riser load, and parachute construction, correlation of the pre-
dicted and actual canopy shapes is evidence that the internal
load and pressure distribution are correct. The second
method used to corroborate the analysis is comparison of pre-
dicted ultimate strength and failure modes with the results of
tests in which failures occurred.

Shape Analysis of the Apollo Drogue Parachute

A comparison of the analytically predicted canopy shape
with drop test photographs of the Apollo drogue parachute is
presented as the first step in verification of the analysis
method.

Structural model

Structural details of the Apollo drogue parachute, a conical
ribbon parachute, and the corresponding structurhl model are
given in Figs. 5 and 6. Each model segment includes one
horizontal ribbon. Computer input for each segment in-
cludes the horizontal ribbon length, a load-strain curve for the
ribbon material, meridional length of the segment, and a load-
strain curve for the meridional member. Additional model
input for the parachute includes suspension line, overinflation
line, and vent line lengths and load-strain curves. Canopy
pressure distribution is entered in tabular form as a function
of location along the meridional member.

Pressure distribution

In order to show the sensitivity of internal loads to pressure
distribution, solutions are presented for the three arbitrary
distributions shown in Fig. 7. In distribution A, pressure
varies linearly from a value of 2 units at the skirt to 1 at the
vent. In distribution C this variation is reversed, with peak
pressure at the vent. Distribution B is uniform pressure
throughout the canopy. Figure 8 shows the variations in
canopy profile for the three pressure distributions. Peak
pressure at the skirt gives the largest canopy diameter, while
peak pressure at the vent gives the largest profile height.

Fig. 9 Horizontal and radial tape loads in drogue chute
for various pressure distributions.

The variation in horizontal ribbon loading is shown in Fig. 9a.
It is seen that distribution A (peak pressure at the skirt) gives
ribbon loads 119 higher than distribution C (peak pressure
at the vent). In Fig. 9b radial tape loadings for the three
pressure distributions are shown. Distribution A produces
the highest loading at the skirt, while distribution C gives
higher loads in the crown. This study suggests that profile
photographs or strain measurements might be used to infer
pressure distribution. Curve D of Fig. 7 is based on data ob-
tained by Melzig!® in wind-tunnel tests of inflating ribbon
parachutes. This distribution is used in the shape analysis
that follows.

Shape comparison

Of the three types of photographic coverages available from
Apollo drop tests—onboard, air-to-air, and ground-to-air—
only the onboard film was adequate to allow shape measure-
ments. Since height data is not obtainable from these plan-
view photographs, shape comparisons are based on diameters
only, as shown in the plot of Fig. 10. The comparison is in-
tended to show only that the analysis correctly predicts the
shape of the canopy since accuracy of the photographic
analysis is not sufficient to determine the elongation and re-
sulting stress in the horizontal ribbons. In the lower portion
of the canopy, a significant difference exists between predicted
and measured diameters. This discrepancy might be at-
tributed to the overinflation line which causes a large canopy
development angle (25 deg) at the skirt. This would tend to
reduce the pressure differential in the vicinity of the skirt.
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Fig. 10 Comparison of measured and predicted canopy
diameters for the drogue chute.
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Stress Analysis of the Apollo Main Parachute

Structural model

The following discussion is concerned with three versions
of the Apollo main parachute that were tested during the de-
velopment of the Apollo Landing System. Figure 11 shows
the complete assembly of the 83.5 ft ringsail parachute and
Fig. 12 shows construction details of two typical gores. Such
features as sail leading-edge fullness and reinforcing bands
are represented in the model by horizontal elements with
appropriate geometry and stiffness. The width over which a
heavy reinforcing band acts must be estimated, but sensitivity
studies show that this is important only locally, since the over-
all solution is not sensitive to this modeling. The three ver-
sions being considered differ significantly only in the number
and strength of reinforcing bands on the sails, as indicated by
the coding in Fig. 12. Version 507 is the baseline for this
comparison. Version 513 has additional reinforecing tapes
added to sails 49, and version 519 has additional reinforce-
ments at the trailing edges of sails 5, 9, and 10. Solutions ob-
tained for the three versions under identical external loading
give an insight into the effect of the reinforcing bands on the
internal load distribution. This difference in construction
would, of course, also affect the aerodynamic loading on the
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Fig. 12 Structural details of the main parachute canopy.
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Fig. 13 Fully inflated main parachute pressure distribu~
tion.

parachute, but knowledge of the pressure distributions on
parachute canopies is not sufficient to evaluate this effect.
Slots are accounted for in the solution by traversing the slot
segment with no change in meridional member load or slope.
Here again, local aerodynamic effects must be neglected since
only the gross effect of the porosity provided by the slots can
be accounted for aerodynamically. TFor this analysis, the
pressure distribution shown in Fig. 13 for a fully inflated para-
chute is used. This distribution is based on the data taken
from Ref. 13.

Internal load distribution

Separate internal load distributions were computed for each
of the three canopy versions, with a riser load of 32,8001b. A
comparison of sail loadings for this condition is shown in Fig,.
14. These plots show the variation of the ratio of hoop stress
to rated strength. This figure shows the peaking of stresses
at the trailing edges of the lower sails, which have fullness in
the leading edges. The effects of the heavy reinforcing bands
also can be seen. In addition to providing additional strength
locally, the bands reduce the stress in adjacent unreinforced
areas by reducing the over-all diameter of the canopy. The
trailing edges of sails 7-10 are the critically loaded horizontal
members. Sail 8 has a load-to-strength ratio of 0.55. The
additional reinforcing tapes of the 513 version reduce this
ratio to 0.45. In the 513 version the trailing edge of sail 9 is
critical, with a load-to-strength ratio of 0.51. Addition of
two 1200 b tapes in the 519 version reduced this ratio to 0.24.
The critical area of this canopy is the trailing edge of sail 8,
but the load-to-strength ratio is further reduced by the rein-
forcement of sail 9.

Failure analysis

The prediction of load capability given in Fig. 14 is borne
out by failure analyses of parachutes that were damaged in
aerial drop tests. Results of the drop tests in which the
Apollo main parachutes were subjected to ultimate load tests
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Fig. 14 Sail load—strength ratio for main parachute.
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Table 1. Main parachute failure analysis

Predicted
Parachute Measured ultimate
version load Test damage load Predicted failure mode
Group 1
—501 27,660 Gore split beginning at Sail 7 radial seam 31,100 Gore split at Sail 8 radial seam
—501 35,050 Gore split beginning at Sail 8 centerline 31,100 Gore split at Sail 8 radial seam
Group 2
—509 32,350 No major damage 33,400 Gore split at Sail 9 radial seam
—509 35,060 Gore split beginning at Sail 7 radial seam 33,400 Gore split at Sail 9 radial seam
Group 3
—515 32,840 No major damage 33,700 Suspension line failure
—515 34,350 Suspension line failure 33,700 Suspension line failure
—519 32,200 Suspension line failure 33,700 Suspension line failure

are given in Table 1. The grouping in this table corresponds
in essential structural details to the three structural models
discussed previously. The predicted ultimate loads are de-
termined by the stress ratios given in Fig. 14, together with
appropriate joint efficiencies and design factors.
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