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FOREWORD

This report describes a series of wind-tumnel tests on the cross-type
parachute to investigate the effects of cloth permeability, number of suspension
lines, and suspension line length in the fully opened and reefed conditions.
Forty~-inch-diameter models with a canopy arm width-to-length ratio (W/L) of 0.3
were teasted at various velocities from 50 fps to 293 fps in the fully inflated
state. Results of these tests demonstrate that the parachute geometry and cloth
permeability do have an effect on the drag capability of the cross parachute.
Additional tests of reefed configurations for several reefing line
lengths~to-canopy~diameter ratioe from 0.6 to 1.6 at a constant velocity of 293
fps eatablished the reefed characteristics of this parachute. The steady state
forces in the reefing line were measured by use of strain g links. Data are
presented ia tabular and graphical format. Photographs of representative canocpy
shapee are included for illustration.

These tests were conducted in the University of Maryland Subsomic Wind
Tunpel at College Park, Maryland.

The iaveatigation presented in this report is rela*wd to the lmprovesmgnt of
parachute technology.

The effort vas accepted uunder an Independent Explovstory Developrent
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INTRODUCTION

The Naval Surface Weapons Center has pursued Cross type parachutes in a
nunber of low altitude weapons systems in the subsonic through transonic
velocity range, and also for meteorological high altitude (100,000 to 318,000
feet) probea. Cross type parachutes have demonstrated excellent reliability,
parachute stability and two body stability, and have resulted im a unit cost
reduction. Drag coefficient and canopy hem reefed data were published in
reference 1 for a canopy W/Lw0.264.

During developments we have, upon occasion, encountered a “critical
velocity” effect with a 0.264 ratio canopy. The canopy would not completely
inflate or would finish the inflation process very glowly. One approach to this
problem was to modify the W/L ratio to 0.3. Our flight test experience has
demoustrated that the 0.3 ratio improved the inflation chavacteristics, but at
the expense of apparently degraded two body stability.

Skirt hem reefed Cross parachutes complete inflation rapidly at disveef. A
purpose of this teat geries is to ascertain vhether a veefiug line located at
some place along the reinforcement tape other thauw the hem will provide a mote
favorable reefed canopy inflated shape.

1Ludtke. We, "Bffects of Canopy Geowetry on the Drag Cocfficlent of a Cross
Parachute in the Fully Open and Reefed Conditious for a ﬁIL Ratio of 0.264,"

NOLTR 71-111, 20 dug 1971.

9/10
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APPROACH

PARACHUTE MODELS. Three serles of Cross Parachute models were designed
using a canopy cloth of different air permeability for each series. All models
consisted of two panels 40 inches in length with a W/L«0.3. The two panels were
arranged to form the configurations illustrated in Fipure 1. Each model series
conaisted of a total of nine parachutes for the same .aunopy cloth. The canopies
were configured for 12, 16, or 24 guspension lires, oxd esch canopy suspension
line configuration was completed with suspension line levgths of 1.0, 1.4, or
1.6 canupy diameters. The actual suspension lines were shortemed a specified
length so that the apparent line length in the fully inflated configuration was
1.0, 1.4, or 1.6 diameters when mounted on the parachute mounting ring. This
approach provided 27 possible geometrie configurations for drag coefficient
studies. The materials used in the model parachute constructions are listed in
Table 1 and construction details are shoun in Figure 2. Reefing rings ware
installed at two locations on the canopy tape reinforcements as shown in Figuves
2 and 3, These locations placed the reefing rings st 253 and 50¥ of the
distance from the canopy hem to the edge of the adjacent parachute panel. Doe
to limited wivd tunnel testing time initial tests wvere conducted on each veefiog
ring location. The reefing ving neavest the canopy hem appeared to best waet
the test objective and vas gelected for further tests. Tweniy=-seven reefed
parachute coufigurations were tested.

13
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REEFING RING TiC CORD }D
‘ '

REEFING RING ’
1/4 0.D. x 3/16 1.D. x 1/8 LONG

TYPICAL TAPE — CANOPY CROSS SECTION

=
‘

SKIKT HEM — SUSPENSION LINE ASS'Y

FIGURE 2 MODEL PARACHUTE CONSTRUCTION DETAILS
SEE TABLE 1 FOR MATERIALS IDENTIFICATION
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CANOPY
HEM

REEFING RINGS

FIGURE 3 LOCATION OF REEFING RINGS ON CANOPY RADIAL TAPE
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The air permeability of each canopy cloth was measured by means of a
Frazier Fabric Permeability Machine (No. 79A). Ten determinations of the rate
of air flow were made at 1/2 inch water pressure differential across the cloth.
The average value and statistical one sigma variation are listed below.

CFM/FT2
Nominal 1 o variation
98.3 Ze7
225.0 7.3
351.2 1.8

INSTRUMENTATION. The Wind Tunnel support system, Figure 4 was designed to
position the model parachutes. Parachute oscillations were controlled by a
support rod along the wind~tumnel centerline which passed through the center of
the canopy. Guy wires were used to stabilize the support rod and maintain a
relatively uncluttered test section. In all tests the parachute suspension
lines were attached to the parachute mounting ring which was machined so that it
was connected to the support rod by four beams. Strain gages were secured to
two of these beams in such a manner that they could be used to measure the total
drag load. See Figures 5, 6, and 7. The strain gage bridge is composed of four
active gages. Bending of the beams by the parachute force causes gages 1l and 2
to be in compression, and gages 3 and 4 to be in tension.

Prior to installation of the mounting ring the sensitivity and linearity of
the gages were verified by loading the suspended assembly with weights. The
entire system was recalibrated after installation in the wind tunnel. The
strain gage bridges were connected to an amplifier which was in turn connected
te a Hewlett Packard (HP) computer through an analog to digital converter. Oace
the amplifiex gain was adjusted it was not changed throughout the test, See
Figure 8. The bridges were very stable with esseutially no zero shift
throughout the test prograuw.

During calibration the repeatability of gage number 2 was somewhat better
than gage nuwber 1. Therefore, bridge number 2 was uged as the true drag
reading and gage nwumber 1 was a backup. The entire test utilized gage number 2.

The computer 1s capable of detecting + 0.005 volts, which from the
calibration ls approximately + 0.25 lbs. Durdng test runs the computer recorded
test data at 500 samples per second for 1.54 seconds and calculated the average
value and the standard variation. Prior to each test run a wind off zero was
recorded which was then subtracted €rom subsequent wind on data. The voltages
recorded during test runs were converted to pounds of drag i4n the computer,
recorded on maganetic tape, and viguvally displayed for ecach data point. The drag
data repeatability was within 0.5% for wmost of the parachutes tested.

Reefing line forces were measured by spectal load cells designed for this
test. Five guge bodies were machined in the configuration of Figure 9. Some of
these were gaged with twe active gages and some with four. The eell uged for
the majority of the reefing line tests had {our active gages. These cells were
all calibrated to check the sensitivity and linearity outside of the tunnel,
prior to testing, in the same manner as the total force bridges. Then they were
calibrated through the system prior to being installed in the parachute. The

16
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ATTACHMENT
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GAGE
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sensitivity of these cells was such that the minimum resolution was
approximately + .02 pounds. No reefing point rums were repeated in order to
determine the repeatibility of the force reading so there is nothing definite
that can be said about this point. If the confidence level is assumed to be ten
times the minimum resolution, this results in a value of + 0.2 pounds. Since
the data were averaged over 1.54 seconds, it seems reasonable to assume the data
is accurate within this range.

A 1/32 inch diameter flexible steel cable was used for the reefing line.
The load cell was installed directly in the reefing line so that the force in
the reefing line put the cell in tension. The electrical leads from the cell
were taped to the reefing line where the cell was mounted to minimize the
flexing of the instrumentation wiring at this point. See Figures 10 and 1l.
The leads were then attached to the support rod with sufficient length to allow
the cable to flex freely between the reefing line and the support rod.

Two 35mm still cameras were used to record canopy shapes. One camera was
installed upstream in the wind tumnel to record canopy mouth shapes (not
published) and the other camera was located outside the wind tunnel to record
the canopy profiles.

TEST PROCEDURE. Each parachute was subjected to two series of tests to
determine (1) the fully inflated aerodynamic drag at varicus wind tunpel
velocities, and (2) the percent veefed as a function of veefing line length.
Flexible steel cable 1/32 inch in diameter was used as a reefing line to
mininize elongation under sustained use, and because a known length could be
¢ ickly, easily, and repeatably removed. Nico-press fittings were used to join
the cuds of the reefing line.

All parachutes were mounted on the suppert vod and the suspension lines
were connected in sequence to the mounting ring. Aerodynamic drag of fully open
parachutes wag recorded at wind tunnel velocities of 5u, 60, 70, 80, 100, 130,
200, 250, and 293 feet pex second. The reefing line was then installed with the
calibrated reefing line foree gage and the reefed drag and veefing line forxces
were umeasured at a velocity of 293 feet per second for five reefir line leagths.

Speciel reefiug tests were conducted on the first pavachute. The veefed
drag was measured with the reefing line installed in the forward set of reefing
rings, (0.0875L) and ropeated with the reefing line fustalled in the aft set of
veofing vings, (0.175L). Reefed parachute performance, Figure 12, was similar
for efther reefing line location. Figure 13 {llustrates the inflated reefed
canopy shapes. It was decided to eonduct the veefing tosts using the forvard
set of reefing rings on the bagis that the lavger mouth area would likely cause
the parvachute to inflate more rapidly when disxeefed.
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FIGURE 13 EFFECT OF REEFING LINE LOCATION ON THE INFLATED REEFED CANOPY
SHAPE

DATA REDUCTION. The test data were veduced to coefficieant form by use of
the following formulae: _ '

qQui/pve b/l
SomLW-We fed
g - D
D 4S5,

2 reefed = Parachute drag in reefed condition at velocity V < 100
‘BDrag of fully opened parachute at game veloesity

% recfing = Force in xeefing line at velocity V % 100
line losd Drag of fully opeued parachute at same velocity

The reference area of all parachutes used io this test is 5.667
ft“c
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RESULTS

Test results are presented in tabular and graphical format together with
selected photographs of fully inflated and reefed canopy profiles. Some
generalized observations from the test data are presented. The user should
refer to the test data in order to assure himself that the generalized results
are applicable to the particular configuration under consideration.

DRAG COEFFICIENTS. The parachute total drag force was measured by the
gages on the parachute mounting ring. The same total drag gages were used
throughout the entire test program and had negligible zexo shift. The
statistical average drag force and the one sigma drag force variation were
reduced from data collected at the rate of 500 samples per second {or 1.34
seconds (770 data samples). The drag coefficient data is presented in Tables 2,
3, and 4 and, graphical drag coefficient representation is illustrated in
Figures 14, 15, and 16. Generally the drag coefficients tend to increase as:
a) cloth permeability decreases, b) suspension line lengths ave increased, ¢)
the test veloeity is reduced below 60 fps. For some unknown reason the data
taken at 70 fps is not generally consistent with other data of the same
configuration.

The waxivun (0.53) and v uioun (0.000) one sigea drag coefficient values
oceur at the lowest dynamic pressures. The average one sigma value for the
entive test is 0.016.

Example: From Table 2 the dvag coeffieient for a 12 suspensieon line
parachiute with line lengths of 1.0L aud a canopy cloth peracability of 98
CFH/FT2 at 250 fps is:

Cp=Cptl
Cp = 0.645 + 0.014

Photographs of a few typical fully inflated pavachute profiles at various
veloeitios ave proesented fn Figures 17, 18, and 19. At wind tvonel velocities
of 50 £ps the WL=0.3 pavachute canopies are more fully iuflated than
geometrically similar W/L=0.264 parachutes of referenve 1 as evideuwced by the
abscence of wrinkles ia the canopy cloth.

CANOPY REEFING. A 1732 inch flexible steel reefing line of known length
was installed in the pavachute at the reefing ring set located at 0.0875 L. The
steady state recfed drag force was weasured at a velocity of 293 fps for each of
the five reefing line lengths. The recfing line length was normalized te the
canopy diameter, and the percent reefed determined by ratiofng the reefed drag
force to the fully inflated drag force at the same velocity. Table 5 iists the
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percent reefed as a function of normalized reefing line lemgth (2/L) and cloth
permeability. Figures 20, 21, and 22 graphically illustrate the data. Reefed
canopy shapes are shown in Figures 23 through 49.

The photographs in Figures 23 through 49 show that the canopy cloth in the
area adjacent to the reefing line is pressurized rather than the desired
uninflated conical zone. This condition indicates a rapid inflation at
disreef. There does not appear to be any inflation time advantage in reefing a
cross parachute at locations other than at the canopy heu.

REEFING LINE FORCES The forcee in the reefing line were measured in the
same manner as the total drag forces using the gages of Figure 10. 3Several
gages were used in the various tests. Each gage was calibrated mounted ia the
wind tunnel through the data measuring system and had negligible zero shift
during the tests. The force in the reefing line is presented, in Table 6 as a
percent of the parachute fully inflated drag force for normalized reefing line
lengtha and cloth permeability. One sigma variations are presented in Table 7.
Graphical representation of the data is shown in Figures 50, 51, and 52.

Example: From Table 6 for a 12 suspension line parachute with a line
length of 1.0L, cloth permeability of 225CFM/FT2 and £/L=0.85. The reefing
line force is 2.67 percent, and from Table 7 the one sigma variation for the
same configuration is 0.19 percent.

Therefore  Reefing line foxce , 100 = 2.67 + 0,19
fully open drag

Reefing line force w 2:67% 0,19 x fully open drag
100

The following genavalized observations of the reefing line force data are:
a. The neximum reefiug line force occurs between 1.0 <2/%L < lib.

b. The maximum reefing line force decreases as cloth permeability
increases,

¢. The wininum reefing line force iec associated with 1.0L suspension
"~ Lipe parachutes.
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FIGURE 24 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY =
98 CFIvi/FTZ; 12 SUSPENSION LINE PARACHUTE;
SUSPENSION LINE LENGTH = 1.4 L; TEST VELOCITY = 293 FP§.
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FIGURE 25 HEEFED CANOPY INFLATER SHAPES; CLOTH PERMEABILITY «
98 CFM/FT?; 12 SUSPENSION LINE PARACHUTE:
SUSPENSION LINE LENGTH = 1.6 L; TEST VELOCITY « 203 FP§
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FIGURE 27 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY =
98 CFM/FT2; 16 SUSPENSION LINE PARACHUTE;
SUSPENSION LINE LENGTH = 14 L; TEST VELOCITY » 293 FPS
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FIGURE 28 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY =
98 CEM/FT2; 16 SUSPENSION LINE PARACHUTE;
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FIGURE 29 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY =

98 CFM/FT?; 24 SUSPENSION LINE PARACHUTE:
SUSPENSION LINE LENGTH = 1.0 L: TEST VELOCITY = 293 FpS




100% REEFED

61.0% REEFED

9
L 1.35

33.0% REEFED
_”':. 0.85

NSWC TR 81-441

45.9% REEFED

{
L 1.0

23.1% REEFED
&
L 0‘6

FIGURE 30 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY =
98 CFM/FT?; 24 SUSPENSION LINE PARAGHUTE;
SUSPENSION LINE LENGTH » 1.4 L; YVEST VELOCITY = 293 #PS




feiss Akt

. ‘lk

NSWC TR 81-441

100% REEFED 74.5% REEFED
L
L = 1.60

60.9% REEFED 47.4% REEFED

L ¢ )

L= 1.3 = 110

99.1% REEFED 26.7% REEFED

" .

L aoss Luo6

L L

FIGURE 31 REEFED CANOPY INFLATED SHAPES: CLOTH PERMEABILITY =
98 CFM/ET2; 24 SUSPENSION LINE PARAGHUTE;
SUSPENSION LINE LENGTH = 1.6 L; TEST VELOCITY = 293 FPS
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FIGURE 32 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY =
225 CFM/ET2; 12 SUSPENSION LINE PARACHUTE;
SUSPENSION LINE LENGTH = 1.0 L; TEST VELOCITY = 293 FPS
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FIGURE 33 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY =
225 CFMIFYT2; 12 SUSPENSION LINE PARACHUTE
SUSPENSION LINE LENGTH » 1.4 L; TEST VELOCITY = 293 EPS
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FIGURE 34 REEFED CANOPY INFLATED SHAPES. CLOTH PERMEABILITY ¢
225 CEAFT? 12 SUSPENSION LINE PARACHUTE
SUSPENSION LINE LENGTH = 16 L; TEST VELOCITY ~ 293 FPS
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FIGURE 35 REEFED CANDPY INFLATED SHAPES: CLOTH PERMEABILITY =
225 CFMFT?; 16 SUSPENSION LINE PARACHUYE;
SUSPENSION LINE LENGTH = 1.0 L; TEST VELOCITY = 283 FPS
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FIGURE 36 QREEFED CANOPY INFLATED SHAPES,; CLOTH PERMEABILITY =
225 CFAYFT?; 16 SUSPENSION LINE PARACHUTE,;
SUSPENSION LINE LENGTH = 1.4 L; YESY VELOCITY = 203 FPS
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FIGURE 37 REEFED CARODPY INFLATED SHAPES; CLOTH PERMEABILITY »
225 CFAVETZ, 16 SUSPED 10N LINE PARACHUTE,
SUSPENSION LINE LENGTH ¢ 1.5 L; TEST VELOCITY = 293 FPS
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FIGUI.. 38 REEFED CANOPY INFLATED SHAPES; CLOTH FERMEABILITY =
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FIGURE 40 HEEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY =
225 CFM/FTY; 24 SUSPENSION LINE PARRACHUTE,
' SUSC”?:NSIDN LINE LENGTH » 1.6 L; TEST VELOCITY = 203 FPS
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FIGURE 41 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY =
351 CFM/FY2; 12 SUSPENSION LINE PARACHUYTE;
SUSPENSION LINE LENGTH = V.0 L.; TEST VELOCITY = 293 FPS
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FIGURE 42 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY =
~ g : 351 CFM/FT2; 12 SUSPENSION LINE PARACHUTE;
L SUSPENSION LINE LENGTH » 14 1.; TEST VELOCITY » 293 FPS

39

K., el e et e 0 W e Y




NSWC TR 81-441

100% REEFED 90.5% REEFED
! 2
= 1.60
70.5% REEFED 46.7% REEFED
¢, ¢
T35 - 110
12
i )
T 27 9% REEFED 15.6% REEFED
- 9 ‘b
. s %9 —u (),
L G 8o L 0.6

FIGURE 43 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY »
351 CFM/FTZ; 12 SUSPENSION LINE PARACHUTE;
i SUSPENSION LINE LENGTH = 1.6 L; TESY VELOCITY = 203 FPS
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FIGURE 44 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY =
» 351 CEM/RT?; 16 SUSPENSION LINE PARACHUTE;
i SUSPENSION LINE LENGTH = 1.0 L; TEST VELOCITY = 293 FPS
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FIGURE 45 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY »
351 CFM/ET?; 16 SUSPENSION LINE PARACHUTE;
SUSPENSION LINE LENGTH = 1.4 L; TESY VELOCITY « 203 FPS
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FIGURE 46 REEFED CANDPY INFLATED SHAPES: CLOTH PERMEARBILITY =
351 CFM/FY?: 16 SUSPENSION LINE PARACHUTE;
SUSPENSION LINE LENGTH = 16 L; TEST VELOCITY » 293 FP§
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FIGURE 47 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY =
351 CFM/FT; 24 SUSPENSION LINE PARACHUTE,
SUSPENSION LINE LENGTH = 1.0 L: TEST VELOCITY « 293 FPS
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FIGURE 48 REEFED TANDPY INFLATED SHAPES: CLOTH PERMEABILITY =
351 CFAVETY 24 SUSPENSION LINE PARACHUTE;
SUSPENSION LINE LENGTH = 1.4 L; TEST VELOCITY = 293 FPS
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FIGURE 48 REEFED CANOPY INFLATED SHAPES; CLOTH PERMEABILITY »
. 351 CFAYFT?; 24 SUSPENSION LINE PARACHUTE;
SUSPENSION LINE LENGTH = 1.6 L; TEST VELOCITY = 203 FpPs
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TERMS
drag force, lbs
coefficient of drag
velocity, ft/sec
density of air, slugs/ft3
dynamic pressure, lbs/ft2
canopy reference area, £t
length of canopy arm
width of canopy arm
length of reefing line
canopy arm width-to-length ratilo
reefing line length-to-canopy=diameter ratio
rate of alrflow through cloth in CFM/ft? when
measured under a pressure differential of 1/2 inch
of water
4 restriction of a drag producing surface to a
dianeter less than its diameter when it 1s fully
1nflat‘.(§d » )
ratio of the drag force produced in the reefed
condition to the drag force of the fully inflated
parachute at the sawe velocity x 100,
vatio of force in the reefing line in the reefed

condition to the drag force of the fully iuflated
parachute at the same veloeity x 100.
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