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FOREWORD

This work was initiated in an effort toward the design
and fabrication of a prototype recovery parachute assembly
to enable the airdrop. by use of parachutes in a cluster,
of a 50000-lb unit load. The first phase of this study
was concerned solely with the design aspects; the second
phase dealt with fabrication.

Volume I contains the results of a study to deteri~ne
the most suitable parachute assembly design. This study,
i.e. Volume !I. establishes the basis for the direct design
effort.

This work was conducted unde- U.S. Ar-my Project

IF162203D-195, Exploratory Development of Airdrop Systems,
by Pioneer Parachute Company, Manchester. Connectivitt,
under contrac-, No. DA.G-7, 68- 02l

The project engineer was Mr. Royce A. Toni of the
contracting agency. The work was perfomned under the
direction of Mr. Arthur W. C]nridge, the project engineer
for the U.S. Army Natick Laburatories.
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ABSTRACT

This report covy- a two-phase, 7-month research and
development program to design and fabricate a prototype
cargo-recovery parachute assembly for airdropping heavy
unit loads in the order of 50,000-lb. The design study
covers the trade-off analysis and cost effectiveness aspects
for a complete parachute assembly. From these studies,
a design analysis and a complete detailed design were made
based on the specified performance and design requirements.

Use of data reduction on full-scale cargo drops with
G-11A parachutes with vent-pull down configuration, scale
model wind tunnel tests and parametric studies determined
that it is feasible to use a cargo parachute of 135 ft. diam.
with a vent-pull down in a cluster of six to recover a
load unit of 50,000-lb.
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1. INTRODUCTION

With the advent of super-cargo aircraft, such as the
Air Force's C-5A, there is a need for developing an
operational 50,000-lb-capacity airdrop system. Owing to
the relatively high payload weight, it is obvious that
such a system must be comprised of a group of parachutes
forming a cluster.

The problems associated with clustered-parachute
operation are reviewed extensively (2, 3, 4). The
primary problem of cluster-parachute operation can be
attributed to the fact that they do not follow a
synchronous and repeatable inflation pattern. As a result,
one or more parachutes carry excessive loads and, therefore,
all must be designed stronger and heavier. In addition,
the possibility exists that the lagging parachutes may be
blanketed so severely that one or more eit'ier fail to in-
flate at all, or are so tardy in inflating that steady-
state descent is attained only after an- excessive loss in
altitude.

In general, the problems in the heavy-supply drop of
a 50,000-lb payload are those common to the performance ofclusters of large parachutes, except that in this particular

case they are accentuated by the extremely high payload
weight which directly affects the size and number of para-
chutes.

The intent here is to optimize state-of-the-art
techniques to enhance the cluster-parachute performance,
thereby enabling its design to be as efficient as possible
in terms of weight, volume, and cost. The purpose of this
report is to present the results of a study conducted to
determine the most suitable design for a prototype recovery
parachute assembly to enable the airdrop, by use of para-
chutes in a cluster, of a 50,000-lb unit load.

2. SYM4BOLS

c Factor related to suspension-line convergence angle,
Sdimensionless

C Drag coefficient, dimensionless

D Diameter, ft

e Factor related to strength loss by abrasion,
dimensionless
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F Force, lb

H Altitude above terrain, ft

h Bag-strip distance, ft

J Safety factor, dimensionless

k Factor related to strength loss by fatigue,
dimensionless

L Length, ft

M Mass, slugs

N Number of gores, dimensionless

o Factor related to strength loss in material from
water and water-vapor absorption, dimensionless

q Aerodynamic pressure, lb/ft 2

R Radius, ft

r Range, ft

R/D Rate of descent associated with El Centro drop
data, ft/sec

S Total cloth area of canopy, ft 2

t Time, sec

u Factor involving strength loss at connection of
the suspension line and the drag-producing surface
of riser, dimensionless

: V Velocity, ft/sec

t •W Payload weight, lb

Sy Path angle, deg

• p Atmospheric density, slugs/ft 3

Subcri~ts

A/C Aircraft

• b Bag containing folded parachute

2



C Center line

c Conveying body or payload

CL Cluster

ext Extraction system

g Gore

i-n ith chute of cluster comprised of n chutes

o Att=0

R Reefed state

S Suspension line

s Stripped material from containing bag

ST Standard or unmodified

3. SYSTEM REQUIREMENTS

A program was initiated to design a complete parachute
recovery assembly consisting of parachute canopy, reefing
system, risers, riser extensions, deployment system, and
other necessary components and related hardware to enable
the airdrop, by use of parachutes in a cluster, of a 50,000-
lb unit load. Since the purpose is to determine the most
suitable design for the parachute recovery system, it is
important that the final design meet the following require-
ments:

(a) Performance
(1) Gross rigged weight: 50,000 lb.
(2) Deployment speed: 130 to 150 KEAS.
(3) Vertical impact velocity: not to exceed 28.5

ft/sec from sea level to 5000 ft for temperatures between
-65 and +1000 F.

(4) Drop altitude: minimum attainable, but not
to exceed 1500 ft above the drop-zone terrain.

(5) Maximum force applied to cargo-parachute
release assembly: not to exceed 2.5 times gross rigged
weight.

* •(b) Physical

(1) Type of canopy: solid-flat circular.
(2) Cluster: comprised of not fewer than four nor

more than eight parachute recovery systems.
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(3) ReefLing: skirt reefing to control parachute
forces ;:ithin acceptable limits.

(4) Opening and performance aids: a permanent
vent-control center line to be attached between the apex
of the canopy and the confluence point of the canopy-
suspension system to effect a permanent pulldown of the
vent of the canopy to the vicinity of the canopy skirt.

(5) Deployrment system: a full deployment bag
similar to that employed with the G-11A cargo parachute.

(6) Risers and riser extensions: appropriate
length so as to attain optimum parachute-cluster per-S• forniance.

(7) Canopy color: olive green, shade no. 106.
(8) Safety factors: 2.0 for the textile components

of the parachute recovery system; 1.75 for its metal com-
ponents.

14. DESIGN-STUDY OBJECTIVES

The primary objectives of this design study, in pursuit
of the most suitable design for the parachute recovery
system, are listed as follows.

(a) To determine the size of the parachute assembly.

(b) To determine the number of parachute assemblies in
the cluster.

(c) To determine the lengths and strength requirements
of

(1) the suspension lines,
(2) the risers,
(3) the riser extensions, and
(4) the center line.

(d) To determine opening characteristics associated
with the cluster.

(e) To determine the maximum load imposed upon a para-
chute assembly.

(f) To determine allowable reefling-cutter tolerances,

(g) To determine the strength requirements of the main
seam.

The attainment of these objectives was aided corsiderably
by data from the U.S. Army Natick Laboratories concerning
full-scale drop test of 100-ft-diam. G-11A kargo parachutes.
These drops ranged from single parachutes to clusters of
five, and all the cluster drops utilized the vent-pulldown
technique. The data from these drops proved most beneficia7.
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since the drops were conducted in the operational environment
nearly identical to that expected of the system under study;
the parachutes used in these drops were of a size on the
order of those under study; and finally, since the para-
chutes were a solid-flat circular type with vent pull-down
as are those expected in this system.

To better achieve the previously cltvd objectives,
a limited wind tunnel program was conducted by Dr. H. G.
Heinrich of the University of Minnesota. The primary pur-
pose of this tunnel effort was to determine the effect of
certain parameters (such as suspension-line lengths, center-
line lengths, and number of chutes in clusters) on the
aerodynamic characteristics of clustered, vent-pulldown
parachutes.

5. STEADY-STATE DRAG

a. El Centro, Calif., Full-scale Drop Tests

Preliminary indications of extensiqe full-scale drop
tests conducted at El Centro, Calif., point toward an in-
crease in drag efficiency obtainable by modifying the para-
chute to use a vent pulldown. Table 1 lists a few of these
drops which produced the available data. Figures 1 through
25 present the reduced data from which -an average steady-
state vertical rate of descent can be derived. Use of this
vertical rate of descent enables the calculation of the drag
coefficient of a parachute cluster during its steady-state
mode of operation.

Scrutiny of Figs. I through 25 discloses certain
relationships, primarily the effect of vent pulldown on
drag and the effect of the number of parachutes in a cluster
on the cluster drag. These relationships are clearly
illustrated in Figs. 26 and 27.

Figure 26 reveals the ratio of the steady-state drag
coefficient of a modified (vent pulldown or use of a center
line) single G-11A cargo parachute to the drag coefficient
of a standard configuration as a function of the ratio of
center-line length to parachute diameter. Although this
figure is limited to only one suspension-line length (that
is, 0 .95D ), it does show that the drag increase of the
modified Sonfiguration is of the order of 20% over that of
standard, and that this 20% increase occurs when the vent is
pulled down at or immediately above the vicinity of the skirt.

5



TABLE 1
EL CENTRO DROP TESTS OF VARIOUS G-11A CONFIGURATIONS

Drop no. Le, V, %
& ft n W, lb ft/sec D Comments

date

2421F67 None 1 5,41-0 25.6 0.91 Standard
18 Nov 67
2422F67 None 1 5,410 26.1 0.88 Standard
22 Nov 67

2181F67 None 1 5,410 23.9 1.05 Standard
30 Nov 67 High (CD )CL

0

0622F67 76 1 5,000 21.9 1.15 not known
6 Apr 67

0051F67 90 1 4,580 20.8 1.17 Lc not known
20 Jan 67

1208F67 96 1 4,980 19.7 1.42 High
3 Jul 67

1619F67 95 1 5,410 23.5 1.08 Good data
12 Sep 67
0404F67 94 1 4,580 20.4 1.22 Lc not known
7 Mar 67

0405F67 96 1 4,580 22.0 1.05 Good data
*9 Mar 67

0520F67 94 1 6,000 16.5 2.44 L not known
30 Mar 67 High (CD )CL

2431F66 102 1 4,580 25.5 0.78 Lc rot known
18 Oct 66

2464F66 102 1 4,580 24.1 0.87 -Lc not known
24 Oct 66
1781F67 95 2 10,650 24.6 0.97
4 Oct 67

1783F67 95 2 10,650 21.9 1.23 High
6 Oct 67

S1782F67 95 2 10,650 24.7 0.97
9 Oct 67
1990F67 95 2 10,650 24.9 0.95
11 Oct 67

(continued)
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TABLE 1 (cont'd)

Drop no. Lc, V, (C
t n W, lb ft/sec Do0 CL Commentsdate& tCmet

2005F67 95 2 101650 24.5 0.98
13 Oct 67
2014F67 95 3 16,000 24.2 1.01
23 Oct 67

2015F67 95 3 16,000 21.3 1.30 High
27 Oct 67
2139F67 95 3 16,000 22.3 i.19 High
1 Nov 67
2013F67 95 3 16,000 24.2 1.01

16 Nov 67

2140F67 95 3 16.000 24.6 0.98
20 Nov 67
2401F67 95 5 26,2400 25.9 0.87
5 Jan 68
2490F67 95 5 26,400 25.2 0.92
l0 Jan 68
0078F68 95 5 263400 27.1 0.80 Low
19 Jan 68
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Figure 27 reveals the ratio of the steady-state
drag coefficient of a cluster comprised of modified G-11A
cargo parachutes to the drag coefficient of a single,
standard configuration as a function of the number of
chutes in the cluster. Again, this figure is limited to
only one suspension-line length, namely 0.95D ; however,
it does show that, for a cluster of six chute? employing a
vent pulldown at the skirt, the parachute-cluster steady-
state drag becomes of the o:.der of 9=r_,% of that of a
single, standard cunfiguration. Hence, the loss in drag
for a parachute cluster comprised of vent-pulldown para-
chutes is limited when compared with the drag of the same
parachute used in its standard configuration in a single
mode of operation.

Normally it becomes extremely difficult to analyze
the deviations (from drop to drop) in the vertical rates
of descent that are associated with a parachute recovery
system. it is felt that, with a cluster-parachute system,
the deviations are somewhat reduced because, primarily,
the system's motion is relatively more perpendicular to the
horizon than that of a single chute. Figure 28 expresses
(for a series of drops) the approximate ratio of the
deviation in the steady-state vertical rates of descent
(from drop to drop) to the deviation of a single, standard
configuration as a function of the number of chutes in a
cluster. From this curve, it can be seen that the deviation
in rates of descent of the single modified chute is double
that of the single standard chute. For a cluster of six
modified chutes (vent pulled down to skirt), the curve re-
veals that the deviation in vertical rates of descent is
reduced to about 35% greater than that of a single standard
chute.

b. Wind-tunnel Tests

Figures 29 and 30 are part of the wind-tunnel test-
ing whose purpose was to establish the effect of suspension-
line and center-line lengths on the steady-state drag of a
vent-puildown parachute. This information is based on
wind-tunnel studies of single-canopy-configuration model
parachutes representative of the G-11A cargo parachute.

Figure 29 shows that, for a parachute with the vent
pulled down to the skirt, the drag increases as the
suspension-line length ircreases. This figure indicates
a maximum 20% increase in drag for the modified parachute
over that of the s'nd• '^"r
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Figure 30 reveals the effect of center-line length
(location of the vent uwith respect to the skirt) on drag for
three parachute configurations each having different suspen-
sion-line lengths. This figure shows that, for each
suspension-line length; the maximum Increase -in drag
occurred when the vent was pulled down to a point immediately
above the skirt.

It can be concluded from Fig. 30 that for a
suspension-line length of 1,5Do and a center-line length of
1.6Do, the increase in drag is some 25% over that of the
same parachute in a standard configuration. For a suspen-
sion-line length of !.15D and a center-line length of I 25D_
this increase in drag is seduced to about 14/0%. It should
be noted that, for the latter case, the reduction of the E1
Centro data indicates a 19% increase in drag (Fig. 26).
Hence, the indications resulting from full-scale dron tests

and wind-tunnel model tests are consistent.

Wind-tunne! tests are currently being carried out on
cluster groupings to determine the variation in steady-
state cluster drag with riser-extension length (riser-
extension length being defined as the length of the portion
of the riser between the individual parachute confluence
and the confluence of the cluster). The models being used
are representative of the G-11Ao As of this writing, no
data are available. However, indications are that the drag
is maximized for a riser-length-to-paracnute-diameter ratio
of approximately 1.0.

6. DEPLOYMENT

Although this study is not responsible for the extraction
system, it was believed Important to have an idea as to the
dynamics of the parachute recovery system from the time it
left the aircraft (on board the payload) to the time of line
stretch. This period of time is referred to as "bag strip,"
and the entire operation of bag strip is a direct function
of the size of the extraction-parachute system.

Figure 31 illustrates the assumed dynamic behavior of
the bag-stripping process at some time, t. The following
occurs, leading up to t. The extraction system (cluster
comprised of three 28- or 35-ft-diam. ringslots) pulls the
50,000-lb-gross rigged weight from the aircraft. Once
this payload leaves the aircraft, the force of the extraction
system is transferred to the bags containing the main recov-
-ry system. This force causes the bags to separate from the
ayload, whence the bag-stripping process gets under way.
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Figures 32 through 55 and Figs. 56 through 79 are the
results of a parametric computer study of the system's
trajectory during the bag-strip process. The first group
of figures is for an extraction system comprised of three
28-ft-diam. ringslot parachutes; the second group is for an
extraction system of three 35-ft-diam. ringslot chutes.
In each case, it can be seen that the primary parameters are
the mass of the main recovery system and the velocicy at
which the aircraft is moving at the time the payload leaves
it.

For illustrative purposes, assume that the extraction
system is comprised of three 28-ft-diam. ringslots. Also
assume that the speed of the aircraft is 150 knots upon
release of the 50,000-lb-gross rigged payload weight at an
altitude of 15C0 ft above the terrain. Conclude that the
main recovery system, when stretched out but not inflated,
measures some 314 ft from the payload to the top of the
canopies. In addition, the weight of the main recovery
system plus the weight of the bags is approximately 1850 lb.
Reference to Fig, 34 reveals that the time for complete bag
strip is approximately 1.65 sec after the payload leaves the
aircraft. This is also shown in Fig. 42. Reference to
Fig. 48 reveals that, at 1.65 sec, the bags (which have
just emptied themselves completely of their contents) are at
an altitude of 1477 ft. At the same time, the payload is at
an altitude of 2457 ft. This means that, during the bag-
stripping process, the bags lost come 23 ft in altitude and
the payload lost some 43 ft in altitude. This information
is now taken to describe initial conditicns for computing
trajectories for the main recovery system.

The deployment or "bag-strip" dynamic study, then,
should provide some basis for an indication of the system's
altitude loss between the time it exists the aircraft and the
time it inflates.

7. INFLATION

Wind-tunnel tests were conducted on the vent-pulldown
parachute (using small models representative of the G-11A
parachute) to determine whether an internal parachute assists
inflation, The data indicate that the internal parachute
is of no help.

8. WEIGHT, STRENGTH, AND COST OF CANDIDATE MATERIALS FOR
PARACHUTE--AS-EMBL-Y

This section presenzt.,: ,ne weight, strength, and relative
cost of various candidate materials for use in the parachute

41
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assembly. This information becomes extremely important when,
in the next section, the parachute assembly must be sized
and, in Section 11, the materials selected. Naturally, the
selection of materials will be based on the required material
strength, its weight, and its cost. Since a number of
choices are available, optimization of selection becomes
critical.

At the outset of this study, it was decided that so far
as the canopy material was concerned, the choice would beI limited to 1.6-oz/yd 2 MIL-C-7020, Ty. II, or l.l-oz/yd2

MIL-C-7020, Ty. I. The differences in these two canopy
materials can be seen in Figs. 80 and 81. Reference to the
former shows that, for any given condition, the weight
saving in using l.l-oz/yd2 cloth is substantial. However,
Fig. 81 reveals that the strength of l.l-oz/yd2 cloth is
only 66% that of the 1.6-oz/ydz. The same figure shows
that the strength-to-weight ratios of both materials are
approximately equal, as are the costs. Hence, on the basis
of what is depicted in Figs. 80 and 81, it appears that the
l.l-oz/yd2 material is the better choice of the two.

Figures 82 through 86 depict various candidate materials
that may be used for suspension lines for the parachute
a-ssembly. Reference to Fig. 82 shows the two most efficient,
in terms of strength to weight, to be Pioneer Specs. EI-4142
and EI-4151. Reference to Fig. 83 shows that, for any given
suspension-line length, these materials weigh considerably
less than the others. Finally, Fig. 84 reveals that these
same two materials cost considerably less than any of the
other candidate suspension-line materials. From Figs. 82
through 84, it can be concluded that Pioneer Spec. EI-4151
competes most favorably with either MIL-C-5040, Ty. II, or
MIL-C-7515, Ty. I.

Figures 85 through 87 illustrate various candidate
webbing materials that may be used as the riser for the
parachute assembly. Finally, Figs. 88 through 90 and Ftgs.
91 and 92 respectively illustrate various candidate single-
and multi-ply webbing materials that may be used for the cen-
ter line and riser extension for the parachute assembly.

9. SIZING THE PARACHUTE ASSEMBLY

Figure 93 denicts the total canopy area needed (cal-
culated from ,.q. 9-1) to touch down a 50,000-lb gross rigged
weight at 24 ft/sec STP:

(SO)CL 2w (9-1)
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I

where the cluster steady-state drag coefficient, (CD )CL' is

a parameter of considerable significance. Section 5 presents
the results of an appreciable effort to determine within a
fair degree of accuracy the magnitude of this parameter.

With regard to the number of parachutes selected to
comprise the cluster, it was felt that six is the maximum.
This is based primarily on the premise that a smal2er number
of parachutes would require assemblies of larger diameter,
making them extremely unwieldy, therefore most undesirable.
Using more than six parachutes to comprise the cluster
would lead to a condition conducive to a high degree of
cluster interference. In addition, using more than six
parachutes would mean that the individual assemblies were
relatively smaller in diameter, which would limit their over-
all efficiency.

For a cluster of six parachutes and a cluster steady-
state drag coefficient of 0.85 (see Fig. 27), Fig. 93 shows
the total canopy area of the cluster to be 85,000 ft 2 .
Figure 93 also shows the diameter of each individual para-
chute to be 135 ft,

10. PERFORMANCE

In Section 9, it was shown that a cluster of six 135-
ft-diam. parachutes is required. This section will now
attempt to establish the maximum load that any one of these
parachutes experiencps while in its operational mode.

a. Effective Drag History

All the numerous views concerning the drag history
of a parachute system during its inflation process are pre-
mised on empirical studies; none is founded on established
theory. The problem of inflation dynamics becomes even more
acutely complex for clustered parachutes. Hence, it is felt
that a study of the drag histories (Figs, 94 through 108)
associated with the drops listed in Table 1 will lead to an
envelope from which a drag history can be selected for the
135-ft-diam. parachute, Hence, it is with regard to Figs.
94 through 108 that the drag coefficient for a single chute
and for a cluster of chutes can be calculated by the follow-
ing formulae, respectively:

C (t) = F (10-1)
D o qs0

and
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(CoD CL = q~l , (10-2)

where the force F and the aerodynamic pressure q are known
for any t.

Shown in Figs. 107 and 108 are the drag histories
for two drops, each cf a five-parachute cluster deployed at
130 KEAS. A comparison of these histories reveals them to
be fairly consistent. Since the drop associated with Fig.
108 had the highest cluster load (Fig. 108f) its drag his-
tory was selected for use in determining the maximum loads
tmposed on the six-chute 135-ft-diam. cluster. Because
there was no way to differentiate the drag histories of the
five chutes, the drag of the cluster had to be used.

Figure 109 illustrates how this cluster drag was
simplified by linearizing. The necessary zero reference time
is chosen as the time at which the payload leaves the
aircraft and is concurrent with event 5 as shown in Fig.
108. In this figure, the time difference between even 5
(force transfer) and line stretch is 1.5 sec. Hence, the
cluster drag history can be replotted as that shown in Fig.
110.

b. Maximum Cluster Loads

With a drag history for the 3!x-chute 135-ft-diam.
cluster, it is now possible to determine the total force
that this system experiences in its operational mode. The
operational mode is defined by a deployment speed of 150
KEAS and a release altitude of 1500 ft above the terrain.
The payload is defined by a gross rigged weight of 50,000
lb.

Five computer trajectory runs we-re made, one each
for cutter delays of 2 through 6 sec. From studies of the
El Centro drops contained within this report and from the
results of Section 6, it is permissible to assume that the
skirt exits the bag at about 1.4 sec after the payload
leaves the aircraft. It is at this time that the cutter is
actuated. In addition, it is permissible to assume that
line stretch occurs at about 1.5 sec after the payload leaves
"the aircraft and that it takes approximately 1.8 sec after
line stretch to reach the reefed state. Table 2 lists the
cluster's drag history for the different cutter delays.
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Pigure 111 depicts the maximum forces experienced
by the cluster for the various cuttsr delays. As can be
seen, the maximum cluster load is associated with the 2-see-
delay cutter. This 144,000 lb exceeds the maximum allowqble
2.5-g requirement, that iri the maximum allowable 125,000
lb. For this reason, it is necessary to consider the 3-sec-
delay cutter. The maximum force is reduced by 31%; and the
a.ktituce at which the cluster attains a perpendicular
attitude t. the horizon is very near that for the 2-sec
cutter. Hence, for reasons both of force and of altitude,
the 3-sec cutter appears desirable. It becomes necessary,
however, to consider the selection of a cutter on the basis
of how it can contribute to uniform inflation of the in-
dividual chutes comprising the cluster.

Classically, the cutter is used to reduce the Icads
imposed on a parachuce during its opening. For large-
diameter parachutes dropped singly, a brief cutter delay,
such aa 2 see, contributes very little in this respect;
however, it does tend to assist in making the opening more
uniform. But for a cluster of large parachutes, the proper
cutter delay can reduce the maximum cluster load, both for
reef and disreef. During reefed inflation, the cutter
enables the individual parachutes to catch up to one
another and disreef at nearly the same time. This reduces
the peak disreef force experienced by any one parachute.
For this reason, it appears that a 4-sec cutter delay is the
most desirable. Although the al*;itude at which the -900
path angle (first vertical) is attained is some 100 ft
lower than that for either the 2- or 3-sec delay, the lower
reefed force in the cluster and the potential for a lower
maximum disreef force in the individual parachute are
significant reasons to incur the altitude loss.

With regard to reefing ratio, available data are
Insufficient to incorporate the effects of reefing ratios
into the computer trajectory runs. Since the drag-history
data are based on full-scale drops utilizing reefing-line
lengths of 19.1% of the G-11A reference circumference, it
is logical to apply this ratio to the 135-ft-diam. parachute.
Henoe, all computer runs for the 135-ft-diam. parachute
cluster were premised on use of an 80-ft reefing line.

c. Maximum Load Experienced by Any Single Parachute

Section b (of Section 10) dealt with arriving at
tha maximum cluster load. This section attempts to arrive
at some idea as to the magnitude of the maximum lead
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experienced by any one chute comprising the cluster. This
load will then provide the basis for the design of the
six 135-ft-diam. parachutes so far as material strength is
concerned.

Reference to Fig. 108(f) reveals that, for this
particular full-scale drop, the maximum cluster load of
173,000 lb occurred at approximately 2.9 sec after line
stretch (event 5). The force traces for this drop show the
load to bc cistribted among the five parachutes as
follow.,

F1 -5  24,500 2b,

F2 5  23,900 ib,

F3 5  10,200 lb, (10-3)

F11 5  9.000 lb,

F5 5  5,500 lb.

From the pattern of the load magnitudes, it
appeared that two chutes led the opening process, two chutes
lagged somewhat, and the fifth chute lagged even more.

The question now arises as to whether the maximum
individual parachute load would be higher if only one chute
led the inflation process. Reference to Fig. 107(f)
reveals that, for this particular drop, the maximum cluster
load experienced was 62,900 lb and occurred 2.5 sec after
line stretch. This load was distributed among the five
chutes as follows.

F1-5 = 22,000 lb, (l0-4a)

F2 - 5 = 13,100 lb, (lO-4b)

F3-5 12,500 Ib, (10-4c)

F 4 5  9,600 lb, (10-4d)

F5 - 5 = 5,700 lb. (10-4e)
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From this pattern, it can be seen that one chute
led the inflation process, two chutes lagged somewhat,
and the remaining two lagged even more.

A comparison between the distributions of the
maximum clu'iter loads in these two drops among their
respective parachutes indicates that, regardless of whether
one chute or two lead the inflation process, the maximum
load experienced by any one chute will be of the order of
24,000 lb. This reasoning implies that, for any drop, it
appears that at least two chutes will be opening approx-
imately together. if these two chutes lead the inflation
process, they share the major portion of the cluster load;
if they are behind the lead chute, then together they share
a portion of the cluster load approximating the load of
the lead chute; finally, if the two chutes lag, then the
major portion of the cluster load is distributed among the
remaining three chutes, and in no way can it be expected
that the load of any one of these three chutes will be
greater than the above 24,500 lb.

If, for the drop that experienced a cluster load
of 73,100 lb, it was assumed that the inflation of the five
chutes was completely uniform, then the maximum load seen
by any one chute would have been

F 7 = 14,606 lb. (10-5)
1-5 5

This means then that, because of nonuniformity of inflation
of the five chutes, the lead opening chute experienced a
load 68% greater than if the opening had been completely
uniform. It must be realized that this drop, utilizing only
a 2-second-delay cutter, was for all practical purposes a
nc-cutter recovery system. Hence, nonuniformity in the
inflation of the five chutes was at its worst'

In the system arrived at, that is the 135-ft-diam.
six-chute cluster, a 4-sec-delay cutter was judiciously
chosen on the basis of its effect in reducing the maximum
cluster load. Reference to Fig. 112 reveals that the
maximum cluster load is predicted to occur at or near the
init'al stageE of the reefed configuration. Assuming that,
prior to reef, the nonuniformity factor for cluster in-
flation is 1.68, then the maximum load felt by the lead
opening chute during this stage of inflation is

F 1.68 x 101335 28,300 lb. (10-6)
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Figure 112 also reveals that the maximum disreef
load is approximately the same as the reefed load.
However, owing to the 4-sec cutter delay, It is felt that
the nonuniformity of inflation after disreef will not be
so severe as prior to reef.

d. Reliability with Regard to Maximum Rate of Descent

As was seen in Section 9, the requirement that the
rate of descent not exceed 28.5 ft/sec under various
conditions of altitude and temperature determined the
effective drag area required of the cluster. The para-
chutes were sized on the basis of careful analysis of
existing full-scale drop-test data concerning large-
diameter, vent-pulldown, clustered parachutes and on the
basis of a nominal descent rate of 24 ft/sec STP; this
corresponds to a descent rate of 27.3 ft/sec at the
worst-case condition of 5000 ft altitude and +100 0 F, which
is sti:L 1.2 ft/sec under the maximum allowable.

Extensive analysis of clustered parachute drops on
the Project Apollo program indicated the standard
deviation (a) for the rate of descent during a xiven drop
and over a series of drops at about 30 ft/sec is al'ot
0.8 ft/sec (ref. 6). Analysis of the drops listed in '"ble
1 shows that, for these drops, the standard deviation of the
average rates of descent varied from more than 1.0 ft/sec
for drops of single chutes to about 0.63 ft/sec for
clusters of five. This latter information is illustrated
in Fig. 28, where it can be seen that, for a six-chute
cluster, the deviation in rate of descent is projected to
0.63 ft/sec. Hence, the 1.2-ft/sec design margin indicated
in the previous paragraph corresponds to the i.9a-value; this
means that the impact velocity would be expected to exceed
maximum in only one drop out of 19 under worst-case
conditions. Therefore, the reliability for worst-case
operations (such operations are rarely likely to occur) is
approximately 95%.

11. PRELIMINARY DESIGN

The purpose of the preliminary design is to establish
an order-of-magnitude strength requirement for the material
that is to be selected for use in thp nartchute assembly. It
must be pointed out that the establishment of parachute
,theory is extremely difficult owing to the very nature of
the structure. It is a flexible device, constructed from a
fabric, and operates in a highly dynamic mode. .So far as
stress analysis is concerned, It is not necessary for Pioneer
to attempt to conduct a b 'h-or•'•1 ;•n•] cl study. Rather,
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some basic assumptions are used that, when coupled with
experience and intuition, lead to "ball-park" results.

a. Maximum Canopy Stress for a Vent-pulldown Parachute

Use of the vent pulldown leads to opening-shape
characteristics somewhat deviate from those normally
associated with the standard parachute. This is indicated
in a study of movie film depicting deployments of single
and clustered G-11A vent pulldowns from an above-terrain
altitude of 1500 ft and a release velocity of 150 knots.
The general opening shape for all the canopies in these drops
is depicted in Fig. 113. This shape is most definitive
at or Just following full reef, the point at which the para-
chute loads are at a maximum.

Figure 113 shows that, at full reef, the canopy
exhibits prominent domes ("false vents"). The true vent
is, of course, pulled down to the skirt area. Hence there
is no physical means for the canopy to bleed off pressure.
This accounts for the relatively quick opening and resulting
high loads associated with the vent-pulldown parachute.

(1) G--lA Cargo Parachute

The G-I1A cargo parachute under study herein
has a reefing ratio of 20%; that is D= 02D . This then
implies that, at reefed state, the parachute 8 iameter is
20 ft. Figure 114 shows the results of scaling from the
frames of the previously mentioned movie film. As can be
observed, the scaling was reasonably accurate. Hence, from
this figure it can be established that the high-pressure
area of the canopy is located approximately 40 ft from the
skirt of the canopj.. Figure 115(a) shows that the width
of any individual gore at this location is simply

1 10 x 3225 = 6.5 in. (1i-1)
23-0 2

Since the canopy has 120 gores, this means
that, at the location of the high-oressure areas, the
circumference can be calculated to be

120 x 6.5 = 780 in. = 65 ft. (11-2)

From scaling the film, it was determined
that the false vents lie on a circumference of a cirole
whose diameter is approximately 18 ft [see Fig. 115(b)].
Hence, the circumference is
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18-7 56 ft. (11-3)

The difference between the above two

circumferences is 9 ft. This means that, at the reefed
st&te, there is some 9 ft of fullness, or-, for the case of
four "false vents," 2.25 ft per false vent. This amounts
to some four gores per high-pressure area that have not yet
unfolded.

The stress in the canopy is now determined
by assLming that each oZ the high-pressure areas lies on
the dome of a hemisphere of 18 ft diameter. Viewed this
way, the maximum stress simply becomes the hoop stress;
hence,

qR = 30 x 9 = 270 lb/ft = 22.4 lb/in., (11-4)

where q is the aerodynamic pressure, which El Centro drop-
test data reveal to be approximately 30 lb/ft 2 at attain-
ment of full reef.

Figure 81 shows that the strength of 1.6-oz
cloth (used for the G-11A canopy) is approximately 70 lb/In.;
however, use of a 1-in. main seam with the canopy gores sewn
on the bias increases this strength to approximately 106
lb/in. [refer to P-31?l (revised Feb. 1968), Appendix A, p.
3--Pioneer's response to Natick's RFQ DAA G17-68-Q-0113-
012]. The ultimate margin of safety for the maximum
canopy stress (accounting for a safety factor of 2.0 and

L a design factor of 1.5) is

106
22.5 x 2.0 x 1.5 - 1 = +0.57. (11-5)

It can be concluded that the above approach
to the maximum canopy stress present in the deployment of aIvent-pulldown parachute is conservative because, in
practice, the main seams carry a significant portion of the
parachute load and consequently cut into the smooth hemi-
sphere. From Fig. 115(c) it becomes obvious that, since Rg<'R,, the pr-oduct of q and R is reduced.

(2) Prototype Parachute Assembly (D0 = 135 ft)

For a cluster of six 135-ft-diam. vent-
pulldown parachutes, it must be assumed that the high-
pressure areas each lie on the dome of a hemisphere of
diameter equal to

i 160
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0.18 x 135 = 24.3 ft. (11-6)

The aerodynamic pressure at .ne time of maximum cluster
load (at or following attainment of full reef) is approx-
imately 35 lb/ft 2 (arrived at through trajectory study).
Hence the maximum canopy stress is

R = 35 x 12.15 = 425 lb/ft = 35.4 lb/in. (11-7)q

To apply the safety factor of 2.0 and the
design factor of 1.5 means that the required strength of
the canopy is

35.4 x 2.0 x 1.5 = 106 lb/in. (11-8)

b. Selection of Material for the Prototype Parachute
Assembly (Do = 135 ft)

(1) CanopY

The canonv material, on the basis of the above
calculations, must be 1.6-oz cloth. Use of a 1-in. main
seam with the canopy gores sewn on the bias is necessary.
Hence, the ultimate margin of safety for the maximum canopy
stress (accounting for a safety factor of 2.0 and a
design factor of 1.5) becomes

106

106"- 1 = oo (11-9)

Figure 80 shows that, for a 1.6-oz cloth using
a 1-in. main seam, the weight of the canopy of a 135-ft-diam.
parachute can vary from 165 to 180 lb, depending on the
number of gores used in the canopy. The G-11A, a 100-ft-
diam. parachute, uses 120 gores, therefore its D /N is 0.83.
Applying this ratio to the 135-ft-diam. parachutS results
in a maximum canopy weight. On the other hand, a minimum
canopy weight is associated with a D /N of 1.18; however,
this means that the suspension-line 2trength requirement
will be increased considerably. Hence, for the 135-ft-diam.
parachute, it appears that a ratio of D IN = 1.0 is the most
efficient from the point of view of can8 py weight and
suspension-line strength. This means that the 135-ft-diam,
prototype parachute will have 136 gores.

(2) Suspension Lines

Equation (10-6) yields 28,300 lb as the
maximum load expected to be experienced by any one parachute

* assembly in a cluster of six. Reference 8, p. 378,
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expresses the strergth requirement for each suspension line

in a parachute as

strength F , (11-10)

where F and Z are the maximum force and nunber of suspension
lines, respectively. The terms J, c, u, o, e., and k are
all factors to account for safety and design. They are
defined in Section 2.

From Eq. (11-10) the suspension-line strength
requirement is found to be

28•300 x 2.0 x 1.055.
S... • • ! •-0---T- .;= 64o it.. (11-11)

Figures 82 through 84 show that Pioneer Spec. EI-4137 is
the most efficient suspensior.-line material. Figure 84
shows its cost to be about d0% that of MIL-.C-5040, Ty. III.
Hence, the ultimate margin of safety, accounting for the
above safety and design factors, becomes

• 650"650- 1 = +0.02. (11-12)

Using 136 suspension lines means that the
135-ft-diam. prototype parachute assembly will have to have
114 groups of suspension lines. There will be 10 suspension
lines in each of all but four groups, spaced 9 0c apart,
which will have nine suspension lines.

(3) Riser, Riser Extension; an, d T'enfter Line

Since there are, at most, 10 suspension lines
pner group, the strength requirement for the riser becomes

640 x 1o = 6400 lb. (11-13)

Figures 85 and 86 show that MIL-W-27657, Ty. III, is the
most efficient selection. The ultimate margin of safety,
accounting for a safety factor of 2.0 anC a design factor of
1.5, Ise calculated to be

S~6500 6500 -1 = +0.02. (11-14)

Since there are 136 suspension lines and the
strength requirement for each is 640 lb, the strength
requirement for the riser extension becc.nes
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640 x 136 = 87,000 lb. (11-15)

Figure 91 shows 4-ply webbing of Phoenix WN 1811 to be
sufficient. The ultimate margin of safety, accounting for
the usual safety and design factors, becomes

87,000 - 1 = 0.0. (11-16)

From the results of El Centro drop tests, it
has been ascertained that the center line experiences a
maximum load approximately 40% of that of the parachute
maximum load. On this basis, the center-line strength
requirement, accounting for a safety factor of 2 .0 and a
design factor of 1.5, becomes

28,300 x 0.40 x 2.0 x 1.5 = 31,600 lb. (11-17)

Figures 88 and 89 show Pioneer Spec. EI-4148 webbing, when
used in the double ply, to be the most efficient. The
ultimate margin of safety, accounting for safety and design
factors, is

31 6 - I = 0.0. (11-18)

c. Consideration of Center Line as ?rimary Load-
carrying Member

There is one point in the preliminary design that
has not been made; that is, if the center line experiences
40% of tl'e maximum individual parachute load, then the
suspension lines experience only 60% of this load. Equation
(11-11), when the maximum force is now 17,000 lb shows
the suspension-line strength requirement to be 384 lb.
Figures 82 through 85 show Pioneer Spec. EI-4151 to be the
most efficient selection for the suspension line. The
ultimate margin of safety for this selection is

460 -9
460- 1 = +0.20. (11-19)

This margin accounts for a safety factor of 2.0 and a design
factor of approximately 1.5.

To continue the above reasoning, the required
strength for the riser becomes

384 x 10 = 3840 lb. (11-20)
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Figures 85 through 87 show MIL-W-27657, Ty. II, to be the
most efficient selection of webbing for the riser. The
ultimate margin of safety, accounting for a safety factor
of 2.0 and a design factor of 1.5, becomes

l1.00
S1 = +0.07. (11-21)

With regard to the riser extension, its strength
requirement remains that indicated irn Section ll.b.(3)
since it must withstand approximately the total load
experienced by the individual parachute.

12. CONCLUSIONS AND RECOMMENDATIONS

On the basis of this study to determine the most
suitable design for a prototype cluster-parachute recovery
system for a 50,000-lb unit load, it can be concluded
that with respect to:

Steady-state Drag

(a) the vent-pulldown technique improves drag character-
istics by at least some 20% over the same parachute with no
vent pulldown,

(b) the increase in drag owing to the vent pulldown
cancels the loss of drag owing to clustering when comparing
the drag of a cluster of Ax vent-pulldown parachutes to the
drag of the same single parachute with no vent-pulldown,

(c) the maximum drag (fficiency occurs for a vent-
pulldown parachute system Vhen the ratio of suspension-line
length to parachute diameter (L /D ) is between 1.15 and
1.5 and when the vent is locate2 asove the skirt so that the
ratio of the center-line length to the parachute diameter
(Lc/Do) is approximately equal to Ls/D 0 + 0.10, and

(d) the minimum steady-state drag coefficient for a
cluster of six vent-pulldown parachutes is approximately
0.85;

Design

(a) six parachutes represents the most efficient
number to comprise the cluster,
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(b) the vent-pulldown technique is currently the only
practical means available for touching down a 50,000-lb
payload using a reasonable-size cluster and reasonable-size
parachutes,

(c) a cutter delay of 4 sec is necessary to keep the
maximum force experienced by the cluster within reasonable
tolerances without incurring severe altitude losses,

(d) each chute requires four cutters,

(e) the maximum force experienced by any one chute in
the six-chute cluster is approximately 28,300 lb,

(f) the aerodynamic pressure at the time of maximum
force is approximately 35 lb/ft 2 ,

(g) the time required for the parachute canopy skirt
to leave the bag is 1.4 to 1.6 sec following payload
separation from the aircraft, and

',h) the time required for the parachute assembly to
becorte completely stripped from the bag is 1.5 tc 1.8 sec
following payload separation from the aircraft.

On the basis of these conclusions, the following is
recommended:

(a) six 135-ft-diam. vent-pulldown parachutes,

(b) 1.6-oz/yd 2 cloth for the, canopy,

(c) 1-In. main seams with gores sewn on the bias,

(d) a suspension-line-to-parachute-diameter ratio of
1.25, and a centerline-to-parachute-diameter ratio of 1.35,

(:) a riser-length-to-parachute-diameter ratio of
approximately 1.0,

(f) 4-ply webbing of Phoenix WN 1811 for the riser,

(g) 2-ply Pioneer Spec. EI-4148 webbing for the center
line,

and

(h) one of the four systems shown in Table 3.
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ABSTRACT

Wind tunnel experiments at subsonic speeds were
performed to measure the drag coefficient of solid flat
parachutes of the type of the G-11A cargo narachute with
vent sections pulled down by means of a so-called centerline.
This investigation covered also parachute configuration
with varying suspension line length with various ratios of
suspension to centerline length. A configuration with
centerline was identified which is considered to be a nearly
optimum solution in view of drag, canopy bulk, weight and
simplicity. The drag coefficient of this configuration is
CD 0.78.

The inflation characteristic from reefed to fully
opened stage of the optimum configuration was studied with-
out and with two different internal canopies. These
experiments did not yield conclusive results, because the
reefed stage was somewhat artifically reproduced by means
of a rigid ring holding the canopy inlet open. This is
usually the effect caused by an internal canopy, which
beneficial action in other studies has been shown to exist
during the very early phase of inflation. A further
examination of this phenomena was beyond the scope of this
study.

Optimum configuration parachutes were assembled to
clusters of three and five canopies with varying total
distances from canopy skirt to the confluence point at the
load. Contrary to common experience, the drag coefficients
of these clusters decreased with increasing characteristic
distance. It was furthermore observed that clusters with
longer characteristic distances performed random motion
with a lower frequency than the same arrangement with
shorter distances. Therefore, one may speculate that the
fast moving clusters experienced an increase of drag due to
interference of mass effects as they occur on rotating blade
aerodynamic decelerators. The reason for this uncommon
behavior may be a so far unknown effect of the centerline.
It was also observed that the decrease of drag efficiency
with these clusters was less than previously recorded. This
fact may also stem from the postulated rotating blade
effect. A further investigation of this observation was
beyond the scope of this study.
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LIST OF SYMBOLS

C D drag coefficient based on canopy surface area
0 S 0

CD drag coefficient of the standard configuration
Std G-11A

D 0 nominal canopy diameter

D Std drag of the standard configuration, G-l1A

Lc Length of parachute centerline

L length of parachute suspension lines

a statistical deviation from an average
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DRAG COEFFICIENT, INFLATION CHARACTERISTIC
AND CLUSTER PERFORMANCE OF MODIFIED

G-11A PARACHUTE MODELS

I. INTRODUCTION

The subject of this project is to study the drag
and the opening characteristics of the G-iIA parachute with
various length centerlines and varying suspension line
length with the objective to find the maximum drag under

consideration of practically possible line configurations.
In inflation studies the effect of internal canopies was
also studied.

Parachutes representing the optimum configuration
found in this phase were then combined to clusters of three
and five canopies and the cluster riser length was varied
from 0.5 to 1.5 and 2.5 D . The objective of this study
was again determination o? an optimum solution in
view of drag and simplicity of the configuration.
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II. PARACHUTE DRAG AND VARYING SUSPENSION

AND CENTERLINE LENGTHS

A. Approach

Exploratory tests for the determination of the optimum
drag configuration of the G-11A were made on a model
parachute in the open section of the horizontal return wind
tunnel at the University of Minnesota (Fig. 1). 3ince
the dynamic press",re in this section varies slightly, the
drag coefficients were not calculated directly from the
measured drag, but a ratio of drag obtained for each con-
figuration to the drag of the standard G-11A configuration
was determined. In order to convert this into realistic
drag information ., the drag coefficient of the standard G-11A
was obtained by means of a smaller model placed In the more
precise closed section of the wind tunnel. Introducing
this drag coefficient into the previously obtained ratio
should provide results with acceptable accuracy..

B. Models

For the exploratory tests in the open section of the
wind tunnel, models with 120 gores and a nominal diameter of
140 inches were used. The suspension lines from the canopy

f were gathered into twelve groups of ten lines. Each of these
suspension lines was 14 inches long or 35% of the nominal
diameter (Fig. 2). From the group confluence point, a single
line leads to the main confluence point of the parachute,
The length of the twelve single lines was varied to form the
different suspension line lengths required in this study; in
the following, the sum of a single line length and the length
of the individual suspension lines are simply called the
suspension line length.

The small model of the G-11A was a 64 gore parachute
with a nominal diameter of 12.75 inches. To form the
standard configuration of the G-IIA, the suspension line
lengths were 12.11 inches or 95% of the nominal diameter.
These suspension lines were not grouped, but ran directly
from the canopy skirt to the main confluence point.

C. Test Apparatus and Experimental Procedure

The 120 gore model of the G-11A was supported in the
open test section of the wind tunnel by a guide wire suspend-
ed between two struts in the wind tunnel. The confluence
point of the G-ilA suspension lines .-s fastened to a force
measuring cantilever beam attached to the upstream strut.
The cantilever beam and the support wire were positioned so

174



E

Iw

6 0

z
0-L9L

20 LoN
Z 0 ::P

00 0

q CV 3

>Z C

4q4

LL

175



L

Vet Lines)

12 Groups of 'fen
"--"uspension Lines

Oý 35 Do

\• ~ , .-Centerh ne

-- ,-.-A2 Single Suspension
Lines

060 -1.15 Do

FIG 2 Suspension Line Arrangement for the
120 Gore Miodel of the G-11A

176



0

so-

Cm

.2

I 177



: --STING

/ v

•. 45*

OTRNTA2LE
LOWER P•.ATE

BRACING WRES PARACHUTE
MODEL DREAG

~'~A ~SENSING

SUPPORT
NORMAL FORCE

REAR SOAG.St..T/
318" 9EARNG L

SUSPENSION L.ES VEMICAL STIN
___ _ d_ M, SUPPORT

S29 314"

FIG 4 Three compone, Sting used to

Measure. the Drag on the 64

Gore Mvioel of the Standard
Configuration, G-11A

178



179



that the G-!IA was allowed to stay at its stable angle of
attack, trim angle, while the canopy still remained in the
test section (Fig. 3). The centerline, which varies the
position of the vent, was attached to the vent and the
main confluence Doint. The lengths of the centerline and
the suspension lines were changed, and the drag measured
to f~nd the optimum combination which would produce
maximum drag.

The small 64 gore model of the standard 0-11A
configuration was supported in the closed section of the
wind tunnel by a three component electric balance (Fig. 4).
The angle of attack of the parachute was changed until the
normal force vanished, at which point the drag was mpasured.
This represents the drag at the trim angle. Figure 5 showr
the 64 gore model in the closed section of the wind tunnel
during testing.

D. Results

1. Drag Coefficient of the Standard G-1A Configuration

The standard configuration of the G-11A has a
suspension line length of L /D = 0.95. The drag co-
efficient, Cn, for the stanaarS G-IIA was measured at three
different dyanamic pressures. Table 1 shows the C values
obtained at each dynamic pressure. The standard Palue of
C obtained and to be used in the determination of all other
dpag coefficients was CDn = 0.64. The drag on the

standard configuration of the G-11A parachute was also
measured on the 120 gore model in the open section of the
wind tunnel. This drag was measured three times as a check
at a dynamic pressure of 0.5 inches of water, and the average
value, determined in this manner, ib shown in Table 1. The
drag of the stpndard parachute, used in all further cal-
culations, is Dtandard m 15.32 lbs.

2. Drag coefficient of the G-11A pa'rachute with L s/Do
L /A°0 0 95 was found, in three independent tests
with q 0.5 in HO. to be CD = 0.71 (Table 2).

0

3. Different line lengths, but L = L , caused a
significant variation of the drag coefficient. Table 3
lists the results of tests with five different lengths while
Fig. 6 is a graphical presentation of the draR coefficient
as a function of suspension line and centeriine length. It
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Table H

Drag Coefficient of G-11A Parachute
with Centerline and Suspension Line
Length Equal

L sDo = Lc/Do DMa; (1in) DiDSwd Do

C0.9 11 . Y !. 11 G.-71

0O ." 91-,. 13 1. iC C.7C

A Dsara= 15.321 bs
Cq = 0.64

SCD=( -D x CDs,,)

DSt d.
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Table M

Drag Coefficient of G-11A Parachute
with Varying Suspension Line Lengths
but Centerline Equal to Suspension
Line Length (Ls=Lc)

Ls/DI= LC/D. Drag (lbs) D/DStd* CDo

0.75 16.3 1.c6 0.68

0.95 17.0 1.11 0.71

1.15 17.9 1.17 0.75

1.35 17.98 i.17 0.75

1.50 18.4o 1.20 0.77

* DS:mo =15.32 Ibs

Cc =g 0.64

" ÷C (D, X CDs,,,.
Dstd.
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Table M
Drag Coefficient of G-11A Parachute
with Varying Centerline Length but with
Suspension Line Length Constant (L"/I=1.5)

1j,/Do Drag (lbs) D/Dstd CDo

i * 46- 16.8o 1.097 0.70
1.40 16.61 1.080 0.69
1.45 18.0o 1.170 0.75
1.45 18.18 1.190 0.76
1.45 18.03 1.177 0.75
1.50 18.90 1.23 0.79
1.50 18.44 1.20 0.77
1.50 18,!51 1.21 0.77
1.55 18.5o 1.2i 0.77
1.55 18.70 1.22 0.78* 1.55 18.90 1.23 0.79
1.55 18.70 1.22 0.78
1.6o 18.6o 1.21 0.77
1.60 18.90 1.23 0.79
1.60 18.70 1.22 0.78
1.60 18.86 1.225 0.78
1.65 18.95 1.24 0.79
1.65 18.72 1.22 0.78
1.65 18.90 1.23 0.79I 1.65 18.42 1.20 0.77
1.70 17.90 1.17 0.75
1.70 17.70 1,16 0,74
1.75 16.95 1.11 0.71
1.75 , 17.35 1.13 0 .72

Ds,,,u:.- =15.32 ibs.
j lCs•'d 0.64

*CDo ( X Dsw)
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Table Y
Drag Coefficient of G-11A Parachute
with Varying Centerline Length but with
Suspension Line Length Constant (Ls/DE=1.15)

Ic/Do Drag (Ibs) D/DStd* C D0

1.00 10.60 0.692 0.44

1.0O) 13.90 0.907 O.-)6
1.0-5 14.3 0,950 .6

1. I0 1 .3:) 1.068 .8

1.10 16.3-, 1. 068 C.c8

1. 1-. 17, u. 1.1)2 G0.74

1. i', 17. )2 1.144 0.73

1.20 18.59 1.211 C.77

1.20 17.80 1.162 C.Th

1.2) 17.90 1.170 0.75

1.2,- 17.9: 1.172 C.7n

1. 30 179 . 171 0.71-)

1.30 17.7 !. 1769 0.74

1.3-, 1,(.. o1 ,113 0.71

1.3n 16.60 1.083 0.69

1.40 1613 i. Oo9 0.68

Dstanla 15.32 lbs

CD , 0.64
D X CDsId)
Dstd
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Table M
Drag Coefficient of G-11A Parachute
with Varying Centerline Length but with
Suspension Line Length Constant (LI/D-0.95)

L /D Dta,. ( l , ) DI/D)s rd* CDo

0.4

0.-49
So8 ,13 .2(. ( .A rt . ;

0.9t 2.,:1C.820.52

C'.90 1. .40 L.OC c.64

(.9, 17.C C 1.L 0.71

1.i ,. 070

1i.417 .3 1.14 0.73

I. I.28 1.11 (0.72
Si., , I/.0'I~i!C. 71

17. 2C 1.12 -.-72

1,.1.4 I.1 ! 0.71
1 . h it,. 8C,).I O . 7"C

1. !• Is, iC I to. 67

1. I.9C r.C4 0.66

1.2( 1,.32 1.C0 o.o-

1 .2. CC,.41 1.0 0.64

"Dsanda,= 15.32 lbs
C = 0.64

* CD(-• x CDSo•,)

88DStd.
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can be seen that an optimum drag coefficient 'or this
configuration occurs when L /D = Ls !Do = i.5

C 0

4. The maximum drag coefficient with varying
centerline lengths but constant length of the suspension
lines, namely, L /D = 1.5, ras found through respective
.aisurements. THe _esults are listed in Table 4 and

prusented in Fig. 1. It can be seen that the maximun
coefficient for L /D = 1.5 occurs when the centerline is
slightly longer, Ramxly, L /D = 1.6. With this con-
figuration, the average drag Soefficient amounts to CD =

0.78.

5. Additional tests with varying centerline length
but constant L /D = 0.95 and 1.15 were performed because
the long suspefsi 8 n lines with L /D = 1.5 are practically
not acceptable. The results of Ehege measurements are
shown in Tables 5 and 6 and in Fig. 7.

In conclusion it can be stated that a configuration
S of the G-11A parachute with suspension lines somewhat longer
than the standard length, and the centerline from 6 - 10%

* again longer than the suspension lines may be considered
to be an optimum solution in view of drag, bulk, and
simplicity of construction. Figure 8, which shows drag
coefficients as a function of L /L with suspension line
lengths as parameters, indicates this fact quite clearly.
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III, INFLATION CHARACTERISTICS

A. Approach

T41he phase of infl'-atL-icn from reefed to fully inflated
had been identified as the most important one, and an
attcmpt was made to investigate this phase in detail. A
parachute configuration was selected which appeared to
be the optimum solution in view of the preceding studies,
namely L /D = 1.5 and L /D = 1.6. The inflation
characte•isics were stuaiea with the centerline alone as
well as with a centerline and an internal parachute. Tvo
sizes of internal parachutes were used. Both internal
parachutes were positioned such that the distance between
planes of the inflated parachute skirts was 0.05 D of the
main parachute. This position was selected in vies of pre-
vious work.as being the position at which the strongest
effect of the internal canopy was observed (Ref. 1).

B. Models

The parachute used was the 120 gore 40 inch parachute
used in the drag tests, The two internal canopies were solid
flat parachutes with suspension line lengths equal to their
nominal diameters. The diameter of the internal parachutes
was 22.5% and 15.0% of the nominal diameter of the main
parachute.

C. Ap2aratus and Experimental Procedure

The parachute was supported in the wind tunnel in the
same manner as in the exploratory drag tests. However, in
order to hold the parachute in the ree.7ed open position,, a
ring was constructed of a 1/44' x 1/811 steel band with a
diameter equal to 15% of the projectetd diameter of the G-11A
parachute model. The ring was mounted on a strut so that it
could be positioned in front of the skirt of the parachute.
To hold the parachute in the reefed position, the skirt was
laid on the ring and helt. in place with two spring steel
straps (Fig. 9). The straps were removed by an electrical
iir.pulse, allowing the parachute to inflate. Figure 10 shows
the parachute fully inflated with the mounting ring visible.
The opening time of the parachute was defined as the time
from disreefing to the maximum force. At this time, the
internal canopy is collapsed which is also shown in Fig.
10. Figure 11. is a copy of a typical recording taken by
means of an oscillograph. The disreef point is indicated by

Sthe electrical impulse sent to the reefing ring straps while a
force versus time trace is plotted by the osci1.Logi'apn.
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FIG 10 Fully Inflated Model o f they 1-7111 A
during Reefed Open to Full Oýpen Studiles
Ntith a 0.225 D, Internal Parachu.te
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Table M

Opening Times of G-11A Parachute with
Suspension Lines of 1,5D.,Centerline of
1.6�~Je4 D and ra r'' 11-1 , t I.-1 ItI 1%,.•i i• IIC'i I '-A .•. % .•x 8% ..

Confignration Time (see)

0.058
0.058

G-11A with 0.060
Lc/Do = 1.6 0.057

LB/Do = 1.5 0.061
and no internal 0.057

parachute 0.058

0.057
0.057
0.061

0.052

0.055
S~0,053

t = 0.057

-C = 0.002
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Table=_Ill

Opening Times of the G-11A ParachutE.
with Suspension Lines of 1.51, Centerline
"tLenth of 1.6Do and a o151U and 0.225U1
Diameter Internal Parachutes

Configuration Time (sec)

0.066
G-11A with 0.067

L,/Do = 1.6 o.066
L8/Do = 1.5 0. 062
and a 0.15 DO 0.O61

internal para- taeve 0.0o64
chute CO= 0.003

0.061
I O. 060

G-11A with 0.060

Le/Do - 1.6 0.060
Ls/Do = 1.- 0.063
and a 0.225 Do 0.060

internal para- c.062

chute 0.059
o.o6o

0.055

0.055
tave = 0.0,59

Q"= 0.002

196

4-



D. Results

1. Wlthcut internal parachute, the opening time of the
parachute from the reefed stage to maximum force was
measured several times to obtain a good average value. ;no
average opening time obtained in this manner amounted to
t = 0.057 see and a = ± 0.002 sec with a being the
sHistical deviation.

2. Opening timr with centerline and a 0.15 D and a
0.225 D internal prrachute was measured in the same manner.
The intgrna:l paracitates were positioned as mentioned before,
0.05 D behind the skirt of the main parachute and held in
place 8y attaching its confluence point to the centerline.
The opening time cf the G-ilA parachute model with center-
line and 0.15 Di 0nterna-1 parachute was t = 0.643 sec
and a = ± 0,003 sec; while the opening tIM•ewith the 0.225
D internal parachute was [ a 0.059 sec and a
±°0.002- s-c. The values ofa ening times without and with
an inte-nal paramhute are listed in Tables 7 and 8 respect-
ively.

These tasts indicate that an internal parachute
would not aid in the opening time of the G-11A parachute
from the reefed position to the fully opened position. These
results are not conclusive however, since the reefing ring
probably acts like an interns.l parachute in the early stages
of opening. The advantageous effeck of the internal para-
chute as observed in other studies, occurs during the open-
ing phase from the snatch to the reefed position. In these
studies the internal canopy may have choked the air inflow
while the ring held the canopy open. Time and fund
limitations p2:evented further study of this condition.
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IV. CLJSTER PERFORMANCE

AA. Approach

The drag coefficient of three and five clustered para-
chutes was calculated and compared with actual measure-
ments. In these studies each parachute was adjusted tG the
optimum.configuration as established above, namely L /Do
1.5, LcDo = 1.6.

B. Models

Each parachute had 64 gores and a diameter " 12.75
inches as used for the determination of the dr&g co-
efficient of the s'tandard G-11A parachute. Each parachute
was attached to a riser and the confluence point of the
risers ;.as attached to the force measurement beam (Fig. 12).
Three different riser lengths of 0.5 D0 , 1.5 D. and 2.5 Do
were used.

C. Test Apparatus and Experimenta) Procedure

The cluster riser was attached to the force mcasuring
device on the upstream strut. As before, the canopies
assume their stable angle of attack and still remain in the
test section. Figure 13 shows the three and five canopy
clusters in the wind tunnel during testing. The riser
length was set at the three positions mentioned, and the
drag coefficient of the three and five canopy clusters
determined at each riser length.

D. Results

When exposed to the air flow, it was observed that the
canopies do not stay at any particular location, but move
at random and sometimes very rapidly bacx and forth across
the test section. Clusters with shorter risers move faster
"than those with longer risers. The measured drag of the
various configurations is indicated in Table 9 and Fig. 14.
As can be seen, the drag of cluster combinations decreases
"slightly with cluster riser length and is in general higher
than usually reported from full size tests, The drag
coefficient of the clusters is expressed as ratio of
SCnCD , where n is the number of the individual

cluster o
canopies.
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a) Custer of Three 64 Gore Model of
the G-11A

b) Cluster of Five 64 Gore Model of
the C-11A

F*G13 COuster Studies of 3- & 5 Canopy Clusters,
ot G-1A *With Susperon Lns i.5D

and Cer,'Ierline of 1.6 D6~
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Table MX
Drag Coefficient of 3 and 5 Clustered
Parachute Canopies with Varying Cluster
Riser Lengths

Riaer Length Canopies, n CDo 0 Do Av0rae8
II

0.83

3 0.96 0.86

0.780.u DO...
0 0.74

0. 7 4€ 0.78
0.83
0.82

0.74

3o0 0.79
0.82
0.86

0 . 76 O. 74

S 0,72

i 0.67

30.78 0.80
F 0.89
• 0.85

2.5 DO 0.53

o.62 0.58

CD~n
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Reviewing the results, it is surprising that longer
ri.sers cause lower drag coefficients. A possible
explanation of this observation may be that clusters
with shorter risers, which move faster, cause more inter-
ference drag than slower moving configuration with longer
risers. In this respect, fast moving clusters may
reproduce to a certain extent the conditions of rotating
blade decelerators.

The drag coefficient of a cluster of five parachutes
is generally lower as the one of a cluster of three

canopies. This observation has also been made in full size
tests. The fact that the model clusters have shown higher
drag coefficients than full size configurations may be
caused by the relatively faster motion of the models.
Larger parachutes are better damped probably because of
their larger included and apparent masses. However, the
modified form of the canopies involved, due to the action
of the centerline, may also cause so far unknown effects.
From the standpoint of general knowledge, it would be very
interesting to compare the results of these model tests with
those of related full size experiments, whereby the motion
of the entire cluster with respect to the load and the
relative motion of the individual canopies may be a prime
point of interest in the observation and recording of the
test results.
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