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A Method of Load Prediction for Parachutes in Cluster

Jorx H. MorLLER*
Northrop Corporation, Ventura Division, Newbury Park, Calif.

Minimum weight and volume requirements for spacecraft recovery systems dictate the need
for accurate load-prediction methods for the parachutes employed. The use of clustered
parachutes presents a particular problem, because of the wide variation in individual para-
chute peak loads which can occur during the opening sequence. Nonuniform opening of
Ringsail parachutes in cluster has been observed and analyzed. Major factors affecting non-
uniform opening and the associated variations between individual parachute peak loads have
been identified. A method is presented for predicting peak disreef loads for individual para-
chutes in cluster using opening-shock-factor data, together with other measured operational
characteristics of the parachute and its associated hardware. .

Nomenclature

Cp8S = parachute “drag area,”” equal to the instantaneous
measured foree divided by the instantaneous
measured dynamic pressure, ft2

CpS. = parachute drag area during the reefed interval or
at the instant of disreef, {2

CpSy = parachute drag area at the instant of peak disreef
force on the lead (or highest loaded) parachute
in cluster, ft2

Co,S, = fully opened, steady-state drag area, ft?

(CpA), = vehicle drag area, ft2

Fc = {¢r CDoSD, b

m = mass rate of inflow, equal to pVC5nS, measured at
the instant of disreef of the individual parachute,
slugs/sec

g = dynamic pressure, pV?/2, psf

tr = disreef filling time, measured from disreef to peak
force, sec

14 = true alr speed, fps or knots

Ve = equivalent air speed, equal to V' X (p/p0)¥'2, fps or
knots

114 = recoverable weight, 1b

Ww* = portion of recoverable weight carried by the in-
dividual parachute, b

W*/Cp,S, = unit canopy loading, psf

X = opening shock factor, equal to Fr/F.

Al, = differential disreef time, equal to the disreef time
of the parachute in question minus the disreef
time of the lead (highest loaded) parachute in
cluster, sec

P = air density, slugs/ft?

00 = standard, sea-level air density, slugs/ft3

Subscr?pts

r = measured during the reefed interval or at the in-

stant of disreef for the individual parachute

F = measured at the instant of peak disreef load on the
lead (or highest loaded) parachute in cluster

L = lead parachute, i.e., parachute taking highest dis-

reef load

i = first lag parachute, i.e., parachute taking next high-
est load

174 = second lag parachute, i.e., parachute taking lowest

load in a 3-parachute cluster
1. Introduction

N the design of recovery systems for spacecraft, minimum
weight and bulk are necessarily important constraints.
To meet these requirements, maximum loads for the re-
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covery-system components, including the parachutes, must
be accurately predicted. The use of clustered parachutes as
the main landing system for the spacecraft presents a special
problem in load evaluation. Individual parachutes operating
in cluster generally do not provide identical performance
during the parachute deployment and inflation process.
Large peak load variations occur between individual para-
chutes in cluster in apparently random fashion, particularly
following disreef. However, detailed analysis of the deploy-
ment and inflation sequence shows that load inequality be-
tween parachutes following disreef of a cluster is due to two
primary factors: 1) aerodynamic interference (or blanketing)
between individual ecanopies during the reefed interval, and
2) nonsynchronous disreefing (i.e., the severing of the reefing
lines) of the clustered parachutes.

For applications where weight and bulk are not critical,
the parachutes might simply be designed with sufficient
strength to meet the most severe load conditions conceivahle.
(For most parachute-cluster applications this would be the
case of one parachute taking nearly the entire opening load
following disreef.) For the recovery system discussed herein,
this was not feasible because of space and weight constraints.
As a result, the primary factors affecting cluster nonuni-
formity were identified and suitable improvements incor-
porated in the system to minimize nonuniformity. Parallel
to this, improved load-prediction techniques were developed
to permit more accurate evaluation of the peak loads imposed
on the individual parachutes in cluster for all the various
modes of recovery-system operation.

2. Parachute Test Specimen

The parachute discussed in this paper is an 83.5-ft D,
Ringsail parachute. The parachute has 68 gores and 12
rings, the top four rings of which are ringslot design. The
parachute dimensions and gore layout are shown in Fig. 1.
Distinctive features of this parachute are a wide annular slot
produced by removal of 75% of the material from the fifth
ring, and unusually long (1.49 D,) suspension lines.

As the main landing system for the spacecraft, three para-
chutes are deployed in cluster, with each parachute initially
reefed to 949 midgore skirt, and disreefed after a nominal
8 sec. The system is designed to safely land the spacecraft
with only two of the three main parachutes functioning,

3. Factors Affecting Parachute-Cluster
Disreef Uniformity

Analysis of numerous 2- and 3-parachute-cluster drop tests
has identified the primary factors affecting uniformity of
parachute cluster disreef inflation to be 1) aerodynamic
blanketing during the reefed interval and 2) nonsynchronous
disreefing. Kach of these factors is discussed below.
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Fig.1 83.5-ft D, Ringsail parachute canopy configuration.

3.1 Reefed Aerodynamic Blanketing

Reefed blanketing is simply a reduction in the nominal
reefed drag area of one or more of the individual canopies by

an adjacent canopy. Figure 2 shows the appearance of a 2-

Ringsail-parachute cluster in which one parachute is blank-
eted. The unblanketed (or “lead”’) parachute inflates to its
tull reefed shape, presenting a generally rounded, taut canopy.
The blanketed (or “lag”) parachute inflates to a lesser degree,
tending to be flattened and flaccid in appearance. Knowing
that the Ringsail parachute fills through its peripheral, scoop-
like sails as well as through its mouth, the phenomenon of
reefed blanketing might be thought of as a condition in which
the lead parachute tends to hog the air in the flowfield be-
tween adjacent canopies to the detriment of the blanketed or
lag parachute(s). However, the actual mechanics of reefed
blanketing are not currently understood. This discussion is
thus limited to known factors affecting the occurrence and
degree of reefed blanketing. These factors are 1) the planform
shape of the reefed canopy and 2) the relative orientation of
the canopies to the flightpath for ballistic trajectories.
Canopies that inflate in the reefed condition to a bulbous
shape tend to promote blanketing when deployed in cluster.
This is in contrast to canopies that, because of their canopy

design, canopy porosity, or degree of reefing, inflate to a more.

slender, cylindrical reefed shape. For the 83.5-ft D, Ringsail
parachute shown in Fig. 1, removal of 759, of the fifth ring
was a design modification introduced to reduce the bulbous
reefed shape and the associated reefed blanketing.

Fig.2 Aerodynamic blanketing during the reefed interval
for a 2-Ringsail-parachute cluster.
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For cases in which clustered parachutes are deployed reefed
on a curving or ballistic flightpath, orientation of the para-
chutes to the flightpath appears to significantly affect the de-
gree of reefed blanketing which ean occur. Orientation of the
parachutes in an over-under arrangement promotes reefed
blanketing of the lower parachute. Orientation of the
parachutes in a side-by-side arrangement tends to provide uni-
formity of individual canopy-reefed operation. These obser-
vations suggest the possibility of an angle-of-attack effect,
tending to partially collapse the lower parachute canopy.

3.2 Nonsynchronous Disreefing

Use of mechanically actuated, pyrotechnic-time-delay,
reefing line cutters results in nonsynchronous disreefing of the
individual parachutes in cluster. The magnitude of the dis-
reef time differential that can occur between individual para-
chutes is a function of 1) the tolerance of the reefing cutter
pyrotechnic time delay, 2) the temperature uniformity be-
tween reefing cutters on separate parachutes as it affects the
burning time of the pyrotechnic time delays, and 3) the de-
gree of uniformity with which the individual parachutes
reach line stretch—the instant at which the reefing cutter
time delays are initiated in each parachute. In evaluating
the importance of nonsynchronous disreefing on peak disreef
loads for the individual parachutes in cluster, the significant
parameter to be considered is the ratio of the disreef time
differential to the time from disreef to peak load for the lead
(or highest loaded) parachute.

4. Parachute-Cluster Disreef Loads Analysis

Use of opening shock factors for predicting peak parachute
loads, particularly for infinite mass applications, is well-
established.! For applications where the mass cannot be
considered infinite (i.e., where pronounced deceleration
oceurs during the parachute opening event), the variation of
opening shock factor X with unit canopy loading W/Cp,S,
must currently be established experimentally. Figure 3, for
example, presents curves of opening shock factor vs unit
canopy loading, based on experimental test data for a variety -
of single-Ringsail parachutes. As seen in Fig. 3, opening shock
factor varies with equivalent air speed as well as unit canopy
loading for a given altitude range.

The primary difficulty in utilizing opening-shock-factor
data for clustered parachutes is one of establishing the effec-
tive unit canopy loading of each parachute in the cluster.
In the method of load prediction subsequently discussed, a
means is described for evaluating the unit canopy loading of
each parachute in cluster during disreef opening. Further,
a procedure is outlined for computing the individual lead-
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Fig. 3 Opening-shock-factor curves for various single-
Ringsail parachutes.
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Fig. 4 Opening-shock-factor data for 83.5-ft D, Ringsail
parachute, single and clusters.

parachute peak disreef load under any set of known or as-
sumed cluster operational nonuniformities.

4.1 Technique for Evaluating Disreef Opening Shock
Factors for Clustered Parachutes

Analysis of drop test data for the 83.5-ft D, Ringsail para-
chute in cluster shows that correlation of the measured shock
factors occurs when the individual parachute unit canopy
loading is evaluated at the instant of peak load following dis-
reef on the lead parachute in cluster. The method consists
of apportioning the total recoverable weight W by the ratio of
each parachute’s C»S to the total CpS of all parachutes in
cluster, measured at the instant of peak disreef load on the
lead parachute. Thatis,

Wi* = [(CoSr1/(CoSr)iota] X W (@}
Wao* = [(CoSr)e/(CoSr)wa] X W, ete. 2)

and

(CoS¥)totar = (Co8r)i + (CoSr)a ... + (CoS¥)n  (3)

Having evaluated W* for each parachute in the cluster, the
unit canopy loading for each parachute is simply W*/Cp,S..
The opening shock factor X for each parachute is computed
from the relation

X = Fp/F, = Fr/g,Cp,S, “)

where the peak opening load on each parachute, Fr, and the
dynamic pressure at disreef, ¢,, are measured in test. The
results of this evaluation for the 83.5-ft D, Ringsail parachute
are shown in Fig. 4. Figure 4 presents individual parachute
opening shock factor vs unit canopy loading from both 2- and
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Fig. 5 Drag area at lead-parachute peak disreef load for
83.5-ft D, Ringsail.
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Fig. 6 Disreef inflation time for 83.5-ft D, Ringsail
parachute.

3-parachute-cluster tests. The 50- to 100-knots equivalent
air speed (KEAS) and 75~ to 125-KEAS curves from Fig. 3
are reproduced in Fig. 4 to substantiate the trend of the faired
curves.

Establishing the previous correlation immediately provides
a means for predicting the individual parachute peak disreef
load under any set of known or assumed parachute cluster
operational nonuniformities. The only requirement is to be
able to predict the drag area of each parachute at the instant
of peak disreef load on the lead parachute in cluster. Figures
5-7 present data that permit this evaluation for the 83.5-ft.
D, Ringsail parachute in either a 2- or 3-parachute cluster.

Figure 5 presents a plot of lead-parachute drag area at
peak load (CpSr) vs unit canopy loading. Figure 6 provides
the lead-parachute time from disreef to peak load, t;,, vs
mass rate of inflow at disreef, 7, and unit canopy loading.

Figure 7 presents a plot of the lag-parachute(s) disreef
inflation characteristics. The data are presented in terms of
the ratio of lag-parachute drag area at the instant of lead-
parachute peak disreef load CpSr to the average reefed drag
area C'pS, vs the nondimensionalized disreef time differential
At,/t;p. 1t may be noted that the quantity Af./t;;, can be
either positive or negative, depending on the sign of A, If
the lag parachute disreefs before the lead parachute disreefs,
Af, is negative. If the lag parachute disreefs after the lead
parachute disreefs, At is positive. As seen from Fig. 7, nega-
tive values of At./t;, promote cluster uniformity by allowing
the lag parachute to ‘“‘catch up” with the lead parachute during
the disreef inflation process. In contrast, positive values of
At./t;;, promote cluster nonuniformity by inhibiting disreef
inflation of the lag parachute. Maximum individual para-
chute load nonuniformity occurs when the lag parachute(s)
disreefs at or after the instant when the peak disreef load is
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Fig. 7 Lag-parachutes’ disreef inflation characteristics
for 83.5-ft D, Ringsail in 2- and 3-parachute clusters.
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imposed on the lead parachute. For this condition the value
of CpSr/CpoS. for the lag parachute is equal to 1.0; i.e.,
C'pSrequals CpS,.

4.2 Procedure for Predicting Lead-Parachute
Peak Disreef Load

Predicting the lead-parachute peak disreef load is an itera-
tive process in which the unit canopy loading for the lead
parachute is initially estimated, a set of computations carried
out, and the unit canopy loading of the lead parachute calcu-
lated. The calculated value of (W*/Cp,S,)r is then com-
pared with the initial estimate and the computation repeated
until the initial and computed values agree. Convergence is
quite rapid, so that with practice only one or two iterations
are normally required.

To make a load calculation, the conditions at disreef of the
lead parachute must be established, together with the de-
gree of reefed blanketing and the disreef time differential.
Conditions at disreef can be determined from the conditions
at parachute-cluster deployment either by machine trajectory
calculations or by assuming near-terminal reefed conditions
at lead-parachute disreef. Drop test data are normally re-
guired to establish the degree of reefed blanketing. Knowl-
edge of reefing cutter tolerance and the arrangement of cut-
ters in terms of redundancy provides the probable (or possi-
ble) disreef time differential between parachutes. An ex-
ample calculation will serve to illustrate some of these con-
siderations.

Example calculation

Given: a cluster of two 83.5-ft D, Ringsail parachutes de-
ployed at 10,000 ft altitude and a dynamic pressure of 75 psf
to recover an 11,000-Ib spacecraft. The drag area of the
spacecraft is 100 ft2. The parachutes are initially reefed to
919%,, which provides a nominal reefed drag area (CpnS,) on
each parachute of 350 ft2. Each parachute is rigged with a
single, nominal 8-sec reefing line cutter whose pyrotechnic-
time-delay tolerance is =739%. Previous drop test data have
established the worst reefed blanketing for these conditions
to be 20%; i.e., (CpS.)1/(CpS,)r = 0.80.

Find: the peak individual parachute disreef load for these
conditions.

Solution: for the worst conditions of reefing cutter opera-
tion, the lead parachute could disreef at the low end of the
reefing cutter nominal time delay, or 7.40 sec after line
stretch. Similarly, the lag parachute could disreef at the
high end of the reefing cutter nominal time time delay, or
8.60 sec after line stretch.

Thus: (Af)mx = 8.60 — 7.40 = 1.20 sec.

Based on a reefed blanketing of 209,
(CoSr = 350 ft?
(CnS.): = (0.8)(350) = 280 ft2 (Cpd), = 100 ft2

Using the foregoing reefed drag data in a point-mass trajectory
computation, the conditions at disreef of the lead parachute
are calculated to be: ¢, = 15.8 psf, h, = 8300 ft, V, = 130.6
fps, V.. = 68 KEAS. If the total recovery weight were car-
ried by the lead parachute, the unit canopy loading would be

W 11,000 T W
= = 2, i
(CDOS) L 2000 ft2 <CDOSD> , = 2T5ps

Therefore, the actual lead-parachute unit canopy loading is
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some value less than 2.75 psf. Try
(W*/Cp,80)1 = 2.42 psf
From Fig. 5, for a unit canopy loading of 2.42,
(CpSyp)r = 6400 ft2

The mass rate of inflow on the lead parachute at disreef is

mr = (pVCoS),
= (1852 X 107* slugs/ft*)(130.6 fps) (350 ft?)
mr = 85 slugs/sec

From Fig. 6 for m; = 85 slugs/sec and W*/Cp,S, = 2.42 psf,
t;z = 1.8 sec. Then, At,/t;;, = 1.20/1.8 = 0.66. From Fig.
7 for At,/t;;, = 0.66, (CpSr/CoS,): = 3.05. Summarizing,

(CpSr)L = 6400 ft?
(CoSr): = (3.05)(280 ft2) = 855
(CoSp) o = 7255 ft?
Recomputing,
w* 8422 X 11,000 1b
Co,Se )i 4000 ft2

(W*/Cp,S;)r = 2.42 (compares with 2.42 initially assumed)

Entering Fig. 4 with the foregoing value and a V. of 68
KEAS,

X, = 041
Finally,
Fey, = Xz g Cp,8, = (0.41)(15.8 psf) (4000 ft2)
Fr, = 25900 1b

If redundant reefing lines and reefing cutters are used, the
maximum disreef time differential can be reduced to ap-
proximately 0.5 sec with a corresponding peak disreef load
of 24,000 1Ib. Use of advanced-design reefing cutters to pro-
vide truly synchronous disreefing would further reduce the
peak disreef load to 22,300 lb, all other factors remaining the
same.

5. Conclusions

The method of shock-factor load analysis provides a con-
venient method for predicting peak disreef loads for individual
parachutes in cluster. Comparison of predicted loads with
actual peak loads measured in numerous drop tests with the
83.5-ft D, Ringsail parachute in cluster shows that the
average accuracy of the predicted loads is =+109,. The
method has proven itself to be a useful tool, not only in
establishing peak parachute disreef loads for a variety of dif-
ferent recovery-system deployment conditions, but also in
providing additional insight as to the relative importance of
the various factors affecting individual parachute peak loads.
It is, of course, apparent that use of this method requires a
considerable amount of test data in order to establish the
shock-factor curves and other operational characteristics for
the specific parachutes employed. These data are tradi-
tionally expensive and time-consuming to obtain.
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