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formance and structural integrity data. The filling times,
opening shock factors, stability angles, and projected areas of
the nylon and Kevlar parachutes were approximately equal for all
test conditions. The Kevlar parachutes generated approximately
50 percent higher deployment forces, 22 percent lower opening
forces, and 18 percent lower steady state drag forces than the
nylon parachutes. Linear relationships were established between
parachute openind\ forces and the ultimate loads in nylon
suspensi:Z lines and nylon and Kevlar horizontal ribbons. For

approximafely equal strength hemisflo parachutes, the weights of
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FOREWORD

This report describes an in-house program conducted

by the Recovery and Crew Station Branch (FER), Vehicle Fquipment
Division (FE), Air Force Flight Dynamics Laboratory, Air Force
Wright Aeronautical Laboratories, Wright-Patterson Air Force
Base, Ohio, under Projecc 2402, "Vehicle Equipment Technology,"
Task 240203, "Aerospace Vehicle Recovery and Escape Subsystems,"
Work Unit 24020313, "Development and Evaluation of Kevlar-29
Material for Weapon System Parachute Recovery Applications."

The work reported herein was performed during the period
1 June 1967 to 30 June 1977, under the direction of the author,
Mr. Charles A. Babish III (AFFDL/FER), project engineer. The
report was released by the author in November 1977.

The author wishes to express his appreciation to
Mr. J. Pat Brown and Mr. Floyd Amburgey of the 6585th Test Group,
Holloman Air Force Base, New Mexico, for their successful
management of all aspects of the track tests performed under
this program. Special acknowledgment is made to Mr. Philip A.
Graf and other personnel at the University of Dayton Research
Institute, Dayton, Ohio, for their assistance in data reduction
and report preparation. Parachute fabrication, preparation,
and packing were performed at the Air Force Aeronautical
Systems Division Parachute Shop, WPAFB, Ohio, under the direction
of Mr. George Zelinskas and at the M. Steinthal and Co., Inc.,
Roxboro, North Carolina, under the direction of Messrs. Normand
Levesque, Kenneth Smith, and Richard Warren. The support given by
all personnel at these facilities is especially appreciated.
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records - when more than one), 1lb

‘ Ch = Drag coefficient
3 CDO = Parachute drag coefficient
: D = Parachute drag force (average of two force

D = Drag force of the pilot chute (or cone) and
the parachute bag (or pilot chute bag), 1lb

D = Diameter (design projected) of Supersonic
X-3 pilot chute, in,

DF1 = Design factor, defined by Equation (C-5)

DF2 = Design factor, defined by Equation (C-9)

DO = Hemisflo parachute canopy nominal diameter, ft
DP = Projected diameter of Hyperflo pilot chute, in.
E = Horizontal gore coordinate of hemisflo parachute

canopies, in.

F = Parachute drag forr (average of two force
records - when more than one), 1b

FS = Force resisting sled motion, 1b
Fis = Snatch force (parachute force at line stretch), 1b g
FO = Parachute opening force (that peak force which

occurred during canopy inflation or just after
canopy first full-open), 1lb

H = Vertical gore coordinate of hemisflo parachute
canopies, in.

HRS = Nominal rated breaking strengths of the para-
chute canopy horizontal ribbons - also the
ultimate ioad in the horizortal ribbons, 1lb

KEF = Knot efficiency factor, 0.75
M = Mach number
= Freestream Mach number 3

o

MLS = Mach number at line stretch
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m = Parachute mass (used to represent either: (1)
P the instantaneous mass of the pilot chute and
test parachute bag and its contents, or (2)
the instantaneous mass of the deployment cone,
cone riser, and the pilot chute bag and its
contents), slug

m = Sled mass (used to represent the mass of the
track sled), slug

m = Mass that the break tie is holding, slug

n = Number of parachute suspension lines and ;
canopy gores, 12

OF = Overload factor, 1.5 p
P = Air pressure at the Track, in. Hg ;
. {
PSL = Standard air pressure at sea level, 29.92 in.Hg :
Q = Dynamic pressure, psf
QLS = Dynamic pressure at line stretch, psf
R = Resisting force of the parachute ties, 1lb |
RHO = Air density «t the track, slug/cu ft E
rCD = Maximum variation in drag coefficient i
o} q
{
ry = Maximum variation in drag force, 1lb 2
4
RV = Maximum relative variation in sled velocity, |
percent
S = Reference area, sq ft
SBS = Nominal rated strength of the parachute canopy
skirt band, 1lb i
¥
sd = Separation distance between the sled mass, m_, %
S |
and the parachute mass, mp, ft
SF = safety factor, 1.5 i
cLS = Nominal rated breaking strengths of the parachute i
suspension lines =-also the ultimate suspension
line load, 1b. ;
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FO

LS

SL

VBCS

VBS

Nominal rated breaking strength of a snubber, 1b

Design nominal area of the hemisflo parachute
canopy, 19.635 sq ft

Projected area of the parachute canopy (largest
projected area of the spheroid normal to the
centerline of the suspension line -canopy system),
sq ft

Air temperature at the Track, °R

Maximum allowable nominal rated breaking strength
of a break tie, 1b

Minimum allowable nominal rated breaking strength
of a break tie, 1b

Parachute canopy filling time; the difference
between the time of line stretch, tyg, and

the +ime of canopy first full-open, tpg + Sec

The time of parachute canopy first full-open

(where first full-open is that event where the
value of the canopy projected area during inflation
first equals the steady state projected area),

sec

The time of parachute line stretch, sec.
Standard air temperature at sea level, 518.69°

Nominal rated breaking strength of a vent break
cord, 1b

Nominal rated breaking strength of the parachute
canopy vent band, 1lb

Velocity (speed) of the sled, ft/sec
True airspeed, ft/sec
Velocity (speed) of the wind, ft/sec

Parachute opening shock factor, defined by
X = I'O/(CDOSOQLS)
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8,0
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Axial coordinate of Supersonic - X-3 pilot chute
canopy profile, in.

Separation distance between the leading edge of
the parachute bag and the parachute sled attach-
ment point, ft

Separation distance between the leading edge
of the cone and the parachute sled attachment
point, ft

Translation of the parachute mass, ft
Translation of the sled mass, ft

Translation of the mass that the break tie is
holding, ft

Radial coordinate of Supersonic - X-3 pilot chute
canopy profile, in.

Anagle between the headings of the sled and the
wind, rad

Parachute stability or oscillation angle; the
angle between a ray constructed from the focal
point of the lens of one of the on-board cameras
to the center of the parachute vent and the
optical axis of the camera, deg

Parachute quadrant angle; the counterclockwise
angular displacement of the image of the center
of the parachute vent from the positive axis of
the on-board camera film plane, deg

Hemisflo parachute canopy geometric porosity,
percent

Air density at the Track, slug/cu ft

Standard air density at sea level, 0.002378
slug/cu ft

Indicates the second derivative of a function
with respect to time



SECTION I
INTRODUCTION

This report describes, and documents the results of
a long-term track test program conducted to advance those
technologies associated with parachute operation at very high

dynamic pressures.

First stage type ribbon parachutes, which are used
for the recovery of advanced Air Force weapon systems, are
required to be deployed, and to operate at high Mach numbers
and low altitudes; that is, at high dynamic pressures. The
use of rocket powered, track sleds is a valuable and accepted
method of obtaining parachute deployment, structural, and
operational performance characteristics at high dynamic
pressures. When the Arrowhead sled became operational in
1967, it provided the platform necessary to extend the
dynamic pressure limit of parachute track testing from 2900

to 8000 psf.

The initial objective of the test program was to
determine deployment techniques, performance characteristics,
and structural design criteria for nylon hemisflo parachutes
operating at dynamic pressures up to 6900 psf. With the
advent of the new high-strength, high-modulus Kevlar* para-
chute materials, which offer the potential for a 50 percent
reduction in parachute weight, the objective was expanded to
include comparative analyses of the performance and structural

characteristics of nylon and Kevlar hemisflo parachutes.

Determination of satisfactory parachute deployment
techniques requi.2d some departures from accepted practices.

The early tests experienced deployment problems and the

*
Registered trademark of E.I. DuPont de MNemours and
Company, Inc. for their aramid fiber.




program was interrupted to establish a reliable technique.
An analytical method established a new deployment control
break tie design and the Tomahawk sled was used to check-out
deployment system improvements at Mach 1.2.

Parachute performance characteristics were determined
for nominal deployment Mach numbers of 1.5, 1.8, and 2.2
using the Arrowhead sled. These conditions produced nominal
line stretch dynamic pressures of 2500, 3500, and 6000 psf,
respectively. A 16.5 percent porosity, 5 ft nomiral diameter
hemisflo parachute was selected as the test model.

Structural design criteria of the hemisflo parachutes
were determined by subjecting various strength parachute
components to successively greater parachute opening forces
until the material failure thresholds could be established.

To provide the data for the comparative analyses of
the performance and structural characteristics of nylon and
Kevlar hemisflo parachutes, tests at each ncminal deployment
Mach number were made first using nylon parachutes and then
using equal strength (component for component) Kevlar
parachutes.

In this report: the test program is described in
Section II and in the Appendices, and includes a description
of the Arrowhead sled and an estimation of the uncertainty
of the track test data; the results are presented and
discussed in Section III; and in Appendix C, a deployment
control break tie design calculation technique is introduced
which can be used to determine the number, locations, and
strengths of »arachute break ties that will control the
deployment of nylon and Kevlar hemisflo ribbon parachutes at
supersonic speeds and high uynamic pressures.



SECTION 11
DESCRIPTION OF THE TEST PROGRAM

1. TEST FACILITY

a. The Holloman Track

All parachute tests for this program were conducted
at the High Speed Test Track Facility at Holloman Air Force
Base, New Mexico. The Holloman Track, which is organized as a
division under the 6585th Test Group of the Air Force Systems
Command, is an aerospace ground test facility. 1Its function
is to simulate selected portions of flight trajectories under
accurately programmed, closely contrelled and rigorously
monitored conditions. In track testing at Holloman, the pay-
load and instrumentation are moved along a straight line path
by means of rocket sleds which operate on a set of heavy duty
crane rails. These rails span a total linear distance of
50,788 ft. A detailed description of the Holloman Track, its
facilities, its capabilities, and a discussion of all technical
and management aspects of testing at the track are given in
Re ference 1.

b. The Test Vehicles

The vehicles operating at *the Holloman Track are
referred to as sleds because their interface with the rails
consists of steel shoes ("slippers") which are in sliding
contact with the rails. Two dual rail sleds were used for
this parachute test program, the Arrowhead sled and the
Tomahawk sled.

(I)Anon: The Holloman Track, Facilities and Capabilities,
Air Force Special Weapon Center, 6585th Test Group, Track
Test Division, Holloman Air Force Base, New Mexico, Booklet,
1974.




(1) The Arrowhead Sled

The Arrowhead sled is a solid fuel rocket motor
powered test vehicle specifically designed for parachute
testing at high dynamic pressures. The Arrowhead sled is
designated as IDS 6328 by the Holloman Track and operates
either as a single stage vehicle or, with a noncaptive pusher
sled, as a two-stage test vehicle. Carrying up to five Nike
rocket motors on its captive PDS 6328-1 pusher sled, the Arrowhead
sled is capable of developing a total of approximately
245,000 1b of thrust. In this configuration, the initial
weight of 11,700 1b can be accelerated to a speed of Mach
1.89 at rocket motor burnout. Burnout weight is approximately
7,900 1b and the empty weight of the Arrowhead sled is
approximately 4,100 1b. With the addition of the PDS 6328-2
first-stage noncaptive pusher sled containing five Nike rocket
motors, the Arrowhead sled can be accelerated to Mach 2.55 at
motor burnout. A more detailed description of the Arrowhead
sled is given in Appendix A. Figure 1 shows two views of the
Arrowhead sled with both pusher sleds on the track prior to
test. A three-view sketch giving basic overall dimensions of

the Arrowhead sled is shown in Figure 2.
(2) The Tomahawk Sled

The Tomahawk sled is also a solid fuel rocket
powered parachute test vehicle which operates either as a
single-stage or as a two-stage vehicle. 1t is designated as
IDS 6301 by the Holloman Track. For this test program, eight
2.2 KS 11,000 rocket motors, which develop approximately
90,000 1b of thrust for 2.2 sec, were carried on the Toma-
hawk sled and four 2.2 KS 11,000 rocket motors were carried
on the noncaptive IDS 5802-1 pusher sled. 1In this configuration,
the initial weight of 7,800 1b can be accelerated to approxi-
mately Mach 1.3 at rocket motor burnout. The burnout weight is
about 6,200 1b and the empty weight of the Tomahawk sled is



Figure Photographs of the Arrowhead Sled with Pusher Sleds.
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about 5,300 1b. More detailed descriptions of the Tomahawk
sled are found in References 2 and 3. Figure 1 gshows

two vicws of the Tomahawk and pushers sleds on the track priorv
to test and a three-view sketch giving basic overall dimensions

of the Tomahawk slcd is shown in Figure 4.

(2\Pederson, Paul E.: Study of Parachute Performance
at Low Supersonic Deployment Speeds; FEffects of Changlng Scale
and Clustering, Alr Force Aeronautical Systems Division
Technical Report 61-186, (AD 267 502), July 1961.

(3)Pedorson, P.E.: Study of Parachute Performance and
Design Parameters for High Dynamlc Pressurce Opmatmon, ALY
Force Flight Dynamics Laboratory Report AFFDL-TDR-G64-ob,
(AD 607 036), May 1964.
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2. PARACHUTE MODELS

One parachute type was used for all tests conducted in
support of this program, a 5 ft nominal diameter hemisflo
ribbon type parachute. The basic differences among the para-
chute models were the material strengths and material type-
nylon and Kevlar. Sketches of the general arrangement of
the hemisflo parachutes are given in Figure 5. Detailed
descriptions and design of the test parachutes are given in

Appendix B.

a. Configuration Selection

(1) Parachute Type

The hemisflo parachute was selected for study
under this program to provide an extension of the studies with
hemisflo parachutes at lower dynamic pressures (Reference 3)
and to provide supersonic, high-dynamic pressure data on a
nonreefed model of the reefed hemisflo parachute which was
undergoing flight tests for the Air Force Flight Dynamics

Laboratory (Reference 4).

The hemisflo parachute has exhibited satis-
factory performance characteristics at supersonic speeds and
its ribbon construction provides a weight efficient canopy
surface that will withstand the large canopy stresses generated

at high dynamic pressures.
(2) Canopy Size

Selection of the hemisflo canopy size was

based upon estimated parachute performance, maximun sled

(4)Bloetscher, F.: Aecrodynamic Deployable Decelerator
Performance FEvaluation Program, Phase II, Air Force Flight
Dynamics Laboratory Report, AFFDL-TR-67-25, (AD 819 915),
April 1967.
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velocity (M 2.55), maximum parachute load allowed to be

applied to the sled (150,000 1lb), and a safety factor of 1.5).
The 5 ft nominal diameter hemisflo parachute canopy chosen in
this manner for the test program gave a slightly positive

margin of safety.
(3) Canopy Porosity

A hemisflo canopy porosity in the range from
14 to 18 percent was considered desirable for use on this test
program. A 14 percent porosity hemisflo parachute was chosen
for the supersonic flight test program documented in Reference 4
and an 18 percent porosity hemisflo parachute performed
satisfactorily during wind tunnel tests at Mach numbers of 1.8,
2.0, and 2.2 (Reference 5).

A 5 ft diameter hemisflo parachute canopy
with a geometric porosity of 16.5 percent porosity was designed

for this test program; see Appendix B.
(4) Riser Length

Riser lines were used to position the canopy
downstream of the strong shock waves generated by the Arrowu-
head sled. These shock waves for Mach numbers 2.0 and 3.0 are
shown in Figure A-3 of Appendix A. Riser lines 20 ft long
were required for tests at Mach 1.5 and riser lines 30 ft long

were used for tests at Mach 1.8 and 2.2.

b. Hemisflo Design

The designs of all hemisflo parachutes were the same

ana were in accordance with the method outlined on pages

(S)Reichenau, D.E.A.: Aerodynamic Performance of Various
Hyperflo and Hemisflo Parachutes at Mach Numbers from 1.8 to 3.0,
Arnold Engineering Development Center Report, AEDC-TR-65-57,

(AD 358 325), March 1965.
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517 through 522 of the "Parachute Handbook" (Reference 6),

T TR

which gives sample calculations and design equations for

hemispherical canopies.

Physical details and dimensions of the hemisflo
parachutes are given in Table 1 and the gore coordinates are
given in Figure 6. Measurements were taken on the canopy
under nominal (less than 40 1lb) tension within 15 sec after

application of the nominal tension.

E c. Parachute Construction

The parachute canopy gores were assembled using the
continuous ribbon technique. Each ribbon and vent and skirt
band was continuous around the canopy, passing between the
radials of each gore with a single splice between the radials.
The locations of the splices were staggered around the canopy.
Ribbon spacing was maintained by one vertical ribbon on the

centerline of each gore.

An integral suspension line/riser arrangement with
restraining keepers was used. The suspension lines also passed
over the canopy and served as the radials and the vent lines.
Attachment loops were sewn at the end of each of the twelve

riser lines.

Although significant difficulties were expected
during the fabrication of the parachutes made from the new
high strength, low modulus Kevlar materials, none were

experienced.

(G)Anon. (American Power Jet Co.): Performance of and
Design Criteria for Deployable Aerodynamic Decelerators, Ailr
Force Flight Dynamics Laboratory, Technical Report ASD-TR-61-579,
(AD 429 971), December 1963.
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TABLE 1

PHYSTCAL DETAILS AND DIMENSIONS OF THE
NYLON AND KEVLAR HIEMISFLO PARACHUTES

Rk~ o L

E Nominal diameter, D, (ft) 5.0
Canopy area, So (sq ft) 19.635
Geometric porosity, Mg (percent) 16.5
Number of gores 12

; Number of suspension lines 12

g Suspension line length (in.) 100

% Number of horizontal ribbons 11

' Number of vertical ribbons per gore 1

? Separate vent pand _ h Yes

% Separate skirt band Yes

j Number of vent lines 6

4 Finished vent line length (in.) 5.0

% Gore width at vent (in.) 1.62

’ Finished gore width at vent (in.) 1.43
Finished gore height (in.) 31.9
Finished gore width at skirt (in.) 9.3
Finished skirt circumference (in.) 112




— RADIAL CENTERLINE
==—GORE CENTERLINE
/ H tE
= 1 -5.8 | 4.67
T \ 2.90
VENT BAND = ol a9
: 3.19| 4.83
i 25.90 I
I 6.40 | 4.62
' 0.54
HORIZONTAL u I | ¢ r (TYP) 9.60| 4.28
RIBBON ” 'h * [
1 1 12.80 | 3.80 I
I B
3 16.00 | 3.2I
n i +H
19.20 | 247
A —
VERTICAL ! 1 T ‘ -H 22.30 ! 1.75
RIBBON 5.98
: 1 25.80 | 0.95
i
28.80 0
SKIRT BAND E
= 9.34
NOTE : ALL DIMENSIONS IN INCHES 3
i
Figure 6. Gore Coordinates of the Nylon and Kevlar

Hemisflo “arachute Canopies.
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d. Physical Characteristics

The physical characteristics of the nylon and Kevlar
parachutes are listed in Tables 2 and 3, respectively.

(1) Component Strengths

The major structural components were analyzed to
estimate strength requirements and select materials. The
overall strength requirements for the suspension lines, horizontal
ribbons, and skirt and vent bands were estimated by applying
design factors to the expected maximum parachute opening forces.
It was expected that the range of material strengths chosen for
these components (listed in Tables 2 and 3) would be
sufficiently large such that the ultimate loads in these
components could be determined from the tests. That is, the
material strengths were selected such that, for a given opening
force, a material of one strength might be expected to fail
while the next higher strength material would be undamaged.

(2) Material Characteristics

The general characteristics of the materials
selected for the various components of each test parachute
used on this test program are summarized in Tables 2 and 3.
The detailed characteristics of the nylon materials can be
found in the applicable Military Specifications. The con-
struction and characteristics of the Kevlar materials are
summarized in Table B-1 of Appendix B.

(3) Parachute Weights

Since Kevlar materials weigh considerably less
than nylon materials of comparable strength, the weights of
all parachutes were recorded to document the weight savings
for constructed parachutes. These weights are included in
Tables 2 and 3 and are also listed in Table 4.
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Table 4 also presents a tabular comparison
of the weights of nylon and Kevlar parachutes as functions of
canopy ribbon and parachute suspension line strenqgths. This
comparison is also graphically illustrated in Fiqure 7. All
Kevlar parachute canopies weighed less than 56 percent of
comparable strength nylon canopies. For the three stronger
parachutes the weight savings of the overall Kevlar parachutes
were less than the weight savings of the Kevlar canopies. This
indicates that the Kevlar horizontal and vertical ribbons
contribute more to the weight savings than do the Kevlar

suspension and riser lines, for these three stronger parachutes.
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3. TEST TECHNIQUE

The Holloman Track prepared an Operations Plan (OPLAN)
for each test run series; that is, one OPLAN for each sled
configuration and desired parachute deployment Mach number.
The OPLAN included: (1) test administrative information, (2)
track station locations for events, (3) electronic instrumenta-
tion support requirements, (4) electronic data reduction
requirements, (5) photographic instrumentation support require-
ments, (6) sled and track preparation instructions, (7) run

profile data, and (8) a master countdown checklist.

On the day before a test, the track and sled were pre-
pared as specified in the OPLAN and the test parachute was
installed on the sled. On the day of the test, the count-
down proceeded in accordance with the master countdown check-
list. The sled was fired and moved down the track; the required
test data was gathered throughout its run. The test parachute
was deployed and released at prescribed track locations.

After the run, the sled and test parachute were recovered.

a. Track Preparation

Track preparation included: (1) the installation of
full slippers on the sled, (2) the installation of the required
number of water dams for braking the sled, (3) the erection
of a synchronization light stand which provided an event-
time correlation for the on-board cameras, and (4) the
installation of screenboxes which are intercepted by sled-
borne knife blades, and which conduct an electric current
from the ground to the sled as long as the knife blades are
in contact with the screen. Currents from the screenboxes
were used to stage the rocket motors, turn off the on-board
cameras, fire the parachute deployment and releasc

mechanism squibs, and flash the camera syncronization light.
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4 b. Parachute Installation

The packed test parachute was inserted into the
parachute storage compartment of the sled and the riser
lines and cone riser were attached to the parachute attachment/
deployment/release mechanism. The parachute attachment cover
was then fastened in place on top of the storage compartment.
Detailed descriptions of the parachute attachment, deployment,
and release components including parachute packing and
installation instructions and photographs are given in

Appendix C. A photograph of a test parechute installed on

the Arrowhead sled is presented in Fiqure 8.

c. Sled Preparation

The sled, with the parachute and camera box installed,
was positioned onthe track and attached to the slippers.
Then the cameras, rocket motors, ignitors, and pyrotechnic
actuators were installed. All wiring from the knife blades
to the actuators and ignitors, and all other internal sled
instrumentation wiring, was connected. Finally, all sled

access doors were closed and the sled was armed.

d. Parachute Deployment

After ignition of the rocket motors, the sled accel-

crated down the track. Shortly after burnout of the last stage

of rocket motors, the knife blades on the sled intercepted the
parachute deployment screenbox. This screenbox was located

at that track station where it was predicted that the sled
would have the speed desired for parachute deployment initia- ;
tion. Flectrical current from the screenbox fired the drogue :
gun squibs in the parachute deployment mechanism. The resulting
gas pressure sheared the drogue gun mortar pin and propelled

the deployment cone downstream from the sled. Cone drag and
momentum were transferred as tension forces through the cone

riser to the test parachute restraining strap release cables
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Fiqure 8. Photograph of the Test Parachute Installed
on the Arrowhead Sled - Test 6P-Hl.
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and to the pilot chute bag. After the restraining strap was
released, the cone pulled the pilot chute and bag about six
feet downstream from the sled, at which point the pilot chute
exited the bag and inflated. The pilot chute then pulled the
test parachute and bag to line stretch of the parachute, at
which point the canopy exited the bag and inflated. Pilot
chute and test parachute were prevented from prematurely
exiting their deployment bags by line and canopy ties of
appropriate strengths. Detailed descriptions of the deploy-
ment system components used for each test and the calculation
method used for determining the strengths of the ties are given
in Appendix C. A sketch of a typical deployment sequence
showing the major components is presented in Figure 9 and
photographs of an actual deployment sequence are presented

in Figure 10.

e. Parachute Release

After all parachute performance data had been gathered
and before the sled entered the water dams, knife blades on
the sled intercepted the parachute release screenbox. Electric
current from the screenbox fired the parachute release mechanism
squibs. The parachute was released from the sled to prevent
it from being damaged during sled recovery.

f. Sled Recovery

After parachute release, sled-borne knives intercepted
a screenbox which turned off the on-board cameras. The sled
then entered the water dams. Sled deceleration resulting
from its aerodynamic drag and frictional resistance with
the rails then became augmented by water braking. The braking
force was generated by momentum transfer from the moving sled
to water, which was scooped up from the dams and ejected into
the air. The braking force was controlled by adjusting the
number and height of the frangible dams.

as
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s Photographs of the Deplovment Seauence
From Test oP-G1,
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After the sled came to a stop, the screenboxes were
disarmed and the sled, pusher, slippers, screenboxes, and all

parachute components were removed from the track.
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4. INSTRUMENTATION AND DATA GATHERED

a. Meteorological Readings

The Holloman Track is located at elevations above
mean sea level that gradually increase from4,058 ft at track
station zero to 4,099 ft at track station 50,770. The atmos-
pheric conditons which existed just prior toc a test run were
obtained from the Holloman Air Force Base weather station

which is at an elevation cf 4,092 ft above mean sca level.

The meteorological readings recorded for each test
were wind direction, wind speed, temperature, (absolute)

barometric pressure, and relative humidity.

b. Electronic Instrumantation

(1) On-Board Telemetry

Radio frequency telemetry, of the FM/FM type,
was used to transmit sled and parachute performance data.
Two channels were used for the sled Velocity Measuring
System (VMS), two were used for the parachute tensiometer, and

one channel was used to monitor the on-board telemetry battery.

Track-side decommutation, data recording, repro-
duction, and duplicating was done on magnetic tape, direct
writing oscillographs, and stylus recorders at the Midway data

acquisition and recording building.
(2) Sled Performance

An electro-optical VMS determined sled position
as a function of time by means of track-fixed light beam
interrupters. The interrupters consisted of metal plates which
were positioned at 13 ft intervals along the track. Real time
measurements were obtained from a sledborne sensing head which
provided a light beam between a light source and a photo-
transistor. The beam was interrupted each time the sensing

head passed an interrupter. The ouatput was a series of pulses

29
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which was transmitted to Midway by telemetry. The time versus
position data obtained this way was processed by computer to
yield smoothed and unsmoothed sled position, velocity, and
acceleration as functions of time. The smoothed sled velocity
data was then combined with the meteorological data to derive
relative wind true airspeed, Mach number, and dynamic pressure,
also as functions of time.

Two back-up and quick-look type velocity
measuring systems were also used to evaluate sled performance.
Both systems consisted of a series of sensors positioned in
holders along the track and spaced at distances of 208 ft from
each other. 1In one system the sensors were thin balsa wood
"breaksticks" which were coated with aluminum paint to provide
a conductive surface. Fach stick was broken by direct contact
with the sled, generating an electric pulse by interrupting
the current through the stick. In the other system the sensors
were magnetic. After being set, these magnetic sensors pro-
vided a single electric pulse when the first steel slipper of the
sled passed close by. The signals from these sensors were
transmitted to Midway by cables and were recorded as functions
of time. This data was also processed to yield sled position,
velocity, and acceleration versus time.

(3) Parachute Forces

Forces generated by the test parachute were
measured by a tensiometer which formed part of the parachute
attachment and release mechanism. Two conventional strain
gages, connected in bridge configurations, were employed
as the sensing elements on a steel tension link. Outputs
from both sensing elements were transmitted to Midway by
telemetry and recorded on magnetic tape and by a direct print
oscillograph. The rated full-scale range of the tensiometer
was 100,000 1b. The approximate full-scale output of each
sensing element was 25 millivolts.
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During the test program, drag forces were trans-
mitted through various low pass filters whose band widths ranged
from 220 to 2100 Hz. However, on each test there was one drag
force channel with a filter of at least 660 Hz, The maximum
frequency responses of the galvanometers used in the oscillographs
always exceeded the frequencies of the filters. For example,
on Test 6P-E6, the filters were 220 and 2100 Hz and the
galvanometer response frequencies were 1000 and 3000 Hz,
respectively.

c. Optical Instrumentation

A large number of different types of cameras were
used during this program to record sled and parachute perform-
ance characteristics and test operations. These cameras were
used for three basic purposes: (1) to provide backup data of
sled and parachute performance, Metric Optical Instrumentation;
(2) to provide primary data for engineering analysis of para-
chute performance, Engineering Optical Instrumentation; and
(3) to provide Documentary Photography. A listing of the
cameras used during this test program is presented in Table 5.

(1) Metric Optical Instrumentation

Ribbon frame type cameras, operating at 90 frames
per second, were employed at selected permanent metric optical
instrumentation sites alongside the track for this test program.
Each camera image related sled and parachute position to precisely
surveyed target poles, five to seven of which were within the
field of view of each camera site. These cameras were used as
a backup system to determine sled and parachute performance
characteristics.

(2) Engineering Optical Instrumentation

Maximum use was made of the trackside and
sledborne motion picture coverage provided by the Holloman
Track to acquire the primary data for engineering analysis of

parachute performance.
31
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Two on-board cameras, track designations
SX-1 and SX-2 and operating at 1000 and 500 frames per second,
respectively, were used to obtain test parachute oscillation
angle, quadrant angle, and frontal (projected) area as functions
of time. Reference dimensions used to reduce the camera
coverage data to the desired parachute performance parameters
were obtained from photographs taken by these cameras of a

ground-fixed reference target board.

Test parachute deployment events and trajectories
were determined from fixed trackside motion picture cameras
which were located at those track stations where parachute
deployment was expected to occur. Reference dimensions used
to obtain deployment cone and parachute bag separation distances
from the sled as functions of time were determined from a

target grid painted on the sled and from known sled dimensions.

A few tracking cameras were also used to provide

motior picture coverage of the entire sled run.
(3) Documentary Photography

Pre and post test still photography was employed
on each test to provide documentation of the condition of the
deployment aids and test parachute during and after installation

and after the test run.

Documentary tracking motion picture coverage from

on-board the range safety helicopter was obtained on some tests.

d. Timing
Most data collected was correlated by recording time
bases and codes which indicated elapsed time. All time bases

and codes met Inter-Range-Instrumentation Group (IRIG) standards. :

One master clock generated all times. Signal distribution for
event timing was routed to electronic and photo-optical é

instrumentation and recording locations.
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s

The photo-optical data (such as from the on-board)
cameras) which did not have each camera image marked in coded
form was marked with pulses of known frequencies. Events
recorded by these cameras were then correlated to the IRIG
coded time by use of simultaneous recordings of a light flash
from atop the synchronization light stand and an event mark

on the oscillograph record.
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5. DATA REDUCTION AND PRECISION

The estimated maximum uncertainties of all measured and
derived data parameters are listed in Table 6. Discussion
of the methods used for data reduction and uncertainty

ostimations are given below.

a. Time

According to Reference 1, all time bases and codes
which meet TIRIG standards were recorded with an accuracy of
50 microscconds. Photo-optical data which was marked with
pulses of known frequency (usually 1000 Hz) wags ostimated
to have provided times which were accurate within 0.0005 sec.
Times obtained from all photo-optical instrumentation were
corrected for the offset of the location of the timing light

generator from the event frame, where applicable.

b. Mecteorological Data

The estimated maximum uncertainties of the meteoro-
logical readings of temperature, pressure, wind speed, wind
direction, and relative humidity were taken as zl1 of the last
significant fiqure reported for these readings by the Holloman

Air Force Base weather station.

The air density is an indirect measurement which
results from a calculation involving the direct measurements
of temperaturce and barometric pressure and standard values

for sea level temperature, pressure, and density. That 1is,

(1) 1

(v) |

-3
wi
o

=)

3|0

Rl

)
wn
ol

where:
p = Standard air density at sea level, 0.002378
SL
slug/cu ft
T = Standard air temperature at sea level, 518.69°R




k| TABLE 6

} i
E PRECISION OF THE DATA
f Estimated
) Maximum
Typical Uncertainty
Data Parameter, Units Value (+ and -)
TIME
IRIG bases and codes, sec 36.54186 0.00005
From pulses of known frequency, sec 0.1779 0.0005
METEOROLOGICAL DATA
Temperature, °F 67 1
Barometric pressure, in. Hg 25.635 0.001
Wind speed, knots 10 1
Wind direction, deg 210 1
Relative humidity, percent 35 1
Air density, slug/cu ft 0.002037 0.000004
SLED PERFORMANCE DATA
Primary Velocity Measuring System
Distance, ft 7536.75 0.20
Velocity, ft/sec 500.0 3.2
Velocity, ft/sec 1000.0 7.0
Velocity, ft/sec 1500.0 12.3
Velocity, ft/sec 2000.0 19.6
Velocity, ft/sec 2 2500.0 29.7
Acceleration, ft/sec 48.8 110-280
Backup Velocity Measuring System
Distance, ft 7461.0 298
Velocity, ft/sec (percent) 2540. 36 (2.44)
Acceleration, g's 4.8 3.5 - 8.7
Metric Optical Instrumentation System E
Distance, ft 3536.51 88 4
Velocity, ft/sec 500.0 4.7 E
Velocity, ft/sec 1000.0 11.2 |
Velocity, ft/sec 1500.0 21.6 A
Velocity, ft/sec 2000.0 38.1 3
Velocity, ft/sec 2500.0 62.8 A
Acceleration, g's -4.6 6.4-14.7 ;
RELATIVE WIND DATA %
Primary Velocity Measuring System §
True airspeed, ft/sec 500.0 3.4 3
True airspeed, ft/sec 1000.0 7.1 E
True airspeed, ft/sec 1500.0 12.3 3
True airspeed, ft/sec 2000.0 19.6 ﬁ
True airspeed, ft/sec 2500.0 29.7 3
Mach Number 0.500 0.003
Mach Number 1.000 0.007
Mach Number 1.500 0.012
Mach Number 2.000 0.024




TABLE 6 (Concluded)
PRECISION OF THE DATA

Fstimated
Maximum
Typical Uncertainty
Data Parameter, Units Value (+ and -)
RELATIVE WIND DATA (Concluded)
Dynamic Pressure, psf 500.0 10.0
Dynamic Pressure, psf 1000.0 24.0
Dynamic Pressure, psf 3000.0 82.5
Dynamic Pressure, psf 5000.0 190.0
PARACHUTE PERFORMANCE DATA
Event times, sec 0.456 0.002
Cone and bag separation distance, ft 20.2 0.5
Drag forces, 1lb 33,227 2500
Drag coefficient
At a dynamic pressure of 1000 psf 0.163 0.127
At a dynamic pressure of 3000 psf 0.312 0.042
At a dynamic pressure of 5000 psf 0.350 0.025
Projected area, sq ft 8.34 0.35
Oscillation angles
Stability angle, degq 1.3 0.48
Quadrant angle, deg 26 6.0
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P, = standard air pressure at sea level, 29.92 in.iiq

SL

P = Alr density at the Track, slug/cu ft
p = Alr pressure at the Track, in. Hg

T = Air temperature at the 'Track, °R

The maximum uncertainty in air density at the Track was
estimated using the method given by Beers (Reference 7) for
the propagation of error for a function of any number of
independently measured quantities. A maximum uncertainty
in air density of 1$0.000004 slug/cu ft was obtainced using

this method.

. Sled Performance Data

Sled performance data of distance {(from the starting
point), velocity (speed along the track), and acceleration as
functions of time were obtained using primary and backup
velocity measuring systems and the metric optical instrumenta-

tion systom.
(1) Primary Velocity Measuring system

Data reduction under this system began with
values for the "raw" times when the sled passed the inteorvuptoers.
Although the distance between adjacent interrupters was known
with a standard evror of 0.0005 ft, it was tirst assumed
that interrupters were spaced an even number of teet {(for
example, 13 ft) apart and that no interrupter failed to
produce a pulse. Raw velocity and raw acceleration values
were calculated from the differences in the time values and
the assumed interrupter distance. This rav data was then

"smoothed"” by first designating distances from the sled

(”Bcers, Yardley: Introduction to the Theory of Errorv,

Addison-Wesley Publishing Company, Inc., Reading, Massachusctts,
1957.




starting point to each interrupter, rounded to the nearest

1/4 ft. The raw times were then "edited", which involved a
process for eliminating irregularities that were due to either
gaps in the regular sequence of interrupter pulses or to the
presence of pulses which were additional to the regular
sequence of interrupter pulses. The raw times were further
corrected to correlate the computational zero pulse with the
time of sled first motion and to account for energy trans-
mission times. These corrected times were then smoothed.
Smoothing techniques used during this program included a seven-
point moving arc process and a minimum-maximum regression
(similar to least squares) method. Smoothed velocity and
acceleration values and values for the standard deviation of
velocity error were computed from the corrected and smoothed
times using these same smoothing techniques.

The largest relative standard deviation in
velocity recorded for this program was 0.243 percent for a
velocity of 1542 ft/sec. Assuming a normal distribution of the
deviations about the mean value, and in accordance with
Croxton (Reference 8), it was estimated that approximately
99.95 percent of all variations in velocity at that velocity
will fall between $3.5 times the standard deviation. That is,
the maximum relative variation in sled velocity at 1542 ft/sec
was estimated to be +0.85 percent.

Estimation for the maximum variations in sled
distance and in velocities other than 1542 ft/sec were
made using the method suggested by Beers (Reference 7 ), the
value for the maximum relative variation in velocity at 1542
ft/sec, and the known relationship among the quantities of time,

®Xroxton, Frederick, E., Elementary Statistics with
Applications in Medicine and the Biological Sciences. Dover
Publications, Inc., New York, 1959.
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distance, and velocity. The maximum relative variation in
distance was estimated in this way as a constant value of
1$0.61 percent. Based on the 13 ft interrupter intervals and
adding the initial $1/8 ft bias for interrupter distance
designations from the starting point, a maximum variation of
$0.20 ft for distance was estimated. The maximum relative
variations in velocity, R, (in percent) were estimated using
the following equation.
R, = 9.25 x 10°° v* + o0.61 (2)

Maximum variations in acceleration were estimated
from the tabulated differences between raw and smoothed
acceleration values and between successive smoothed accelera-
tion values. Variations of up to 280 ft/sec2 were estimated
for those acceleration values that occur during those portions
of the run where the level of acceleration was changing rapidly
and up to *110 ft/sec2 were estimated for those portions of
the run which were under essentially constant acceleration.

{2) Backup Velocity Measuring System

Data reduction under this system started
with the values for the raw times when the sled passed the
sensors which were positioned 208 ft apart. Distances were
designated from the sled starting point to each interrupter,
rounded to the nearest 1 ft. The raw times were corrected,
and were checked for missing pulses; however, no smoothing
was done.

Accuracies for the velocity values were
estimated from propagations of the primary velocity measuring
system errors over 16 interrupter intervals of 13 ft each (to
account for the 208 ft interval between sensors). That is,
the maximum relative variation in sled velcoity was

estimated to be 12.44 percent. Because of these large
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interrupter intervals, the errors in time were negligible
compared to the errors in distances. Therefore, the relative
variation in sled velocity was estimated as the constant value

of +2.44 percent for all velocity values.

Accuracies of the sled distance and acceleration
values were estimated based upon comparison of the tabulated
values obtained from the backup and primary velocity measuring
systems, for those test runs where the data from both systems

were available.

The standard deviation of distance differences
was calculated and the maximum variation was taken as 3.5
times the standard deviation. The maximum uncertainty in
sled distance, estimated in this manner, was determined to
be £298 ft. While the backup system generally missed the
peak acceleration values which were picked up by the primary
system, the backup acceleration accuracies were estimated to
be on the same order as the primary acceleration accuracics.
That is, the maximum relative variations in acceleration were
estimated to be from £3.5 g's for those portions of the run
which were under essentially constant acceleration, to 8.7
g's {ur those portions of the run where acceleration levels

were changing rapidly.
{3) Metric Optical Instrumentation System

For this system, sled performance data was
obtained from the reduction of the fixed, ribbon frame camera
film. IRIG time and sled position data were referenced to the
target grid painted on the sled. Sled position data were
computed using a single station (camera) technique utilizing
the known position and direction of the track as a constraint
and the reference dimensions associated with the trackside
target poles. Fach value of sled distance, velocity, and
acceleration was obtained by evaluating, at the midpoint,
the first and second derivatives of a sccond degree polynomial

fitted by least squares procedure to successive values.

41

B e A s S

R 0 i e S




Accuracies ot the values of the sled perform-
ance data were estimated based upon comparisons of the
tabulated values obtained from the metric optical instrumenta-
tion and primary velocity measuring systems, for those test
runs where the data from both systems was reduced. Maximum
differences, in all performance data, occurred for those
portions of the test run where the sled was just entering or
just leaving the field of view of one of the trackside
cameras. The standard deviations of differences were cal-
culated, the maximum variations were estimated as 3.5 times
the standard deviations, and the errors were combined using
the method outlined by Beers (Reference 7 ). The estimatea
maximum uncertainties in sled distance, velocity, and accelera-
tion, determined in the above manner, are given in Table
6 and are applicable to the same data ranges as discussed

for the primary velocity measuring system.

d. Relative Wind Data

The smoothed velocity data, obtained from the three
velocity measuring systems, was combined with the meteorological
data to derive indirect measurments of true airspeed, Mach
number, and dynamic pressure. The maximum uncertainties in
these parameters were estimated using the method ,4iven by
Beers (Reference 7) for the propagation of errows for functions
of any number of independently measured quantities. The values
for the estimated uncertainties are given in Table 6
and relationships among the parameters and the direct measure-

ments are given below.
(1) True Airspeed

True airspeed was computed as the absolute value
of the vector difference of the velocities of the wind and

the sled. That is,
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f Vima = Ve Vg €OS a (3)

:

E where:
VTAS = True airspeed, ft/sec

5 VS = Velocity (speed) of the sled, ft/sec

E Vw = Velocity (speed) of the wind, ft/sec
a = Angle between the headings of the

sled and the wind, rad.

‘ For all three velocity measuring systems, the
i errors in wind velocities were negligible compared to the

errors in sled velocities, for sled velocities above 500 ft/sec.

(2) Mach Number

Mach number was computed using the equation:

1/2

M= VTAS/ (49.0192 T ) (4)
where:

M = Mach number

VTAS = True airspeed, ft/sec

T = Alir temperature at the Track, °R.

The errors in temperature provided only small contributions

to the Mach number variations calculated for the primary

velocity measuring system, and were negligible compared to
the velocity errors for the other two velocity measuring

systems.

b A

(3) Dynamic Pressure

Dynamic pressure was computed using the

equation:
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1 2

Q = 50 VTAS (%)
where:
Q = Dynamic pressure, psf
P = Air density at the Track, slug/cu ft
\Y =  True airspeed, ft/seoc

TAS

The errors in density proved to be negligible compared to the
velocity errors for all three velocity measuring systems.

e. Parachute Performance Data

Parachute performance data of event times, cone and
bag separation distances, and parachute drag forces, coefficient,
projected area, and oscillation angles were obtained from
the on-board and track=-side motion picture coverage and from
the tensiometer records.

(1) Event Times

Times for significant events were extracted
from the motion picture coverage and the tensiometer record
and were tabulated for each test run. The timing for the
various instrumentation records was synchronized by identifying
the initiation of deployment squib current and the flash of
the bulb atop the synchronization light stand. These occurrences,
and the fiducial on the oscillograph record, were assumed to
be coincident and were set to “time equal to zero." All
other event times were decoded and timed relative to this
initiation of the deployment sequence.

The maximum variation in event times was
estimated from the largest error agsociated with selecting a
particular film frame for an event. This method gavé‘hﬂ\“
estimated maximum uncertainty in event timed& Qf 10.002 sec.
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(2) Cone and Bag Separation Distances

Deployment cone and parachute bag separation
distances (from the sled attachment point to the leading
edge of the cone or bag) were determined from the motion
picture film provided by the trackside cameras. For each
film, the sled was traced once, and the positions of the
leading edges of the cone and bag were marked and measured
from following frames with sufficient frequency to describe
time-displacement curves. The times were decoded from the
film and the distances were calculated by taking the ratio
of the separation distance image, and the sled overall length
image, and multiplying by the measured length of the sled.

The maximum uncertainties in separation
distances, determined in this manner, were estimated to be
£0.5 ft.

(3) Drag Forces

Parachute drag force-time histories, recorded
on direct print oscillograph records, were reduced by
digitizing the trace displacements from the zero load levels
and applying the conversion factors determined from the pre-
test calibrations. The coincident loads for each test run
were then averaged. The graphic presentations of the force-
time histories, given in this report, were traced from one
oscillogram trace for each test, however, the ordinate
scales were established to reflect the average of both
traces.

A "snatch" force was tabulated for each test,
using as its value, the peak of a force spike that occurred
at, or near, the event time of parachute suspension "line
stretch." A "maximum force" was also tabulated; using as its
value, the peak of a force spike that occurred at, or near,
the event time of parachute "canopy first full open."

45



The accuracy of the drag forces was estimated
based upon the average differences between the two drag
traces and the accuracy with which the drag trace values could
be read and digitized. This gave an estimated maximum un-

certainty in drag forces, r of +2,500 1b. Errors due to

DI
the differences between the 1lines of action of the parachute
forces and the directions of the relative winds were insignifi-

cant compared to the other errors and were neqglected.
(4) Drag Coefficient

Parachute drag coefficient is a derived quantity

that was computed using the equation:

CDO = D/ (QS)) (6)
where CD = Parachute drag coefficient
o
D = Parachute drag force, 1lb
Q = Dynamic pressure, psf
So = Design nominal area of the parachute
canopy, 19.635 ft2,

The maximum variation in drag coefficient, re
was estimated based upon the propagation of errors in drag Do
force and dynamic pressure. The errors in dynamic pressure
did not influence drag coefficient errors for dynamic pressures
below 3000 psf and only increased drag coefficient errors by
less than 2 percent for dynamic pressures above 3000 psf.
Therefore, the errors in dynamic pressure were neglected and
the maximum uncertainties in drag coefficient were estimated

from the following equation.

r = rD/ (Q So) = 127/Q. (7)
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(S5) Projected Area

The parachute canopy projected area-time histories,
which are presented in this report, were reduced from the
film from one of the on-board cameras for each test. Tracings
of the maximum projected area image were periodically taken,
and the area measured with a planimeter. These planimeter
areas were converted to actual areas by using known target
board dimensions and correcting them for the difference in
the distances from the camera to the target board and from
the camera to the projected diameters as determined from the
trackside camera coverage.

The accuracy of the projected areas was deter-
mined by combining estimations for the errors associated with
the planimeter, the tracings, and the derivation of the con-
version factors. This gave an estimated maximum uncertainty
in prcjected area of %0.35 sq ft.

(6) Oscillation Angles

Parachute stability angle, or oscillation angle,
was taken as the angle between a ray constructed from the focal
point of the lens of one of the on-board cameras to the center
of the parachute vent and the optical axis of the camera.
Parachute quadrant angle was taken as the counterclockwise
angular displacement of the image of the center of the para-
chute vent from the positive axis of the on-board camera film
plane (looking downstream, zero degrees displacement axics
parallel to the earth and to the right). Conversion factors
used in the calculations of both these angles were obtained
from film images of the target board and known dimensions.

The maximum uncertainties in parachute stability
angle and parachute quadrant angle were estimated to be

$0.48 deg and +6.0 deg, respectively.
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6. RUN SUMMARY

Twenty track sled test runs were made in support of this
program. Table 7 presents a chronological summary of the
test runs in terms of selected parameters of the test matrix.

Difficulties in obtaining satisfactory parachute deploy-
ments were experienced in the first three tests, and only one
test, 6P-E3, provided usable data. The program was interrupted
to establish a reliable deployment technique. Three test runs
were made using the Tomahawk sled to investigate deployment
system improvements. These were the 6P-F series of tests.

The Tomahawk sled was used because it could accept the 2.2 KS
11,000 type rocket motors which were available at no cost to
the program at that time. The parachutes which were used on
the early 6P-E series of tests were used on the 6P-F series
of runs; the riser line attachment loops were repaired after
each test, which shortened the riser length by about 1 ft
each time they were repaired.

After an acceptable parachute deployment technique was
established, the test program continued to completion with only
one test failure. On test 6P-H5, the parachute was simultan-
eously deployed and released.

The rewults from 14 of the 20 test runs were able to
be used for comparative evaluations of nylon and Kevlar
parachutes at high dynamic pressures.
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SECTION III
RESULTS AND DISCUSSION

l. SLED TEST RUN RESULTS

a. Deployment Problems on Early Tests

Parachute deployment problems occurred on the
first three sled test runs conducted under this program. On
the first test, 6P-E2, parachute deployment was initiated
where programmed but cone deployment did not occur until 13
sec later. It was suspected that a delayed action
blasting cap was inadvertently used in the deployment cone gun.
On the second test, 6P-E3, cone deployment occurred where
programmed; however, the cone collided with the parachute riser
line tie-down trough and with the sled rocket motors. The
parachute bag appeared to hesitate on coming out of its con-
tainer indicating that the force transmitted by the deployment
cone may have been marginal. The parachute riser lines exited
the bag before they reached line stretch. On the third test,
6P-E4, the deployment cone blasting cap fired where programmed
but the shear pin in the mortar body of the deployment cone
gun failed to shear. Therefore, no deployment system components

were deployed.

b. Deployment Method Selection Runs; M_ = 1.3

Three sled test runs were conducted using the
Tomahawk sled to establish a reliable method for accomplishing
parachute deployment; tests 6P-Fl1, 6P-F2, and 6P-F3. All para-
chute storage, attachment, deployment, release,and instrumentation
components, except the tensiometer, were removed from the
Arrowhead sled and mounted on the Tomahawk sled for these tests.
Therefore, no parachute drag force data was obtained. Typical
sled performance and relative wind curves for these tests are

presented in Figure 11.
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T

(1) Test 6P-F1

The first deployment system checkout test,
6P-F1, incorporated those deployment system changes which were
proposed to correct the problems experianced on the first
three sled tests. Pressure relief ports were placed in the
side of the parachute container to facilitate the ease with
which the parachute could be extracted. A cover was placed
over the parachute attachment/deployment/releasc mechanism
and thie deployment cone to protect them from wind blast. Two
blasting caps werec used in the deployment cone drogue gun and
the mortar chamber was redesigned to improve cone deployment.
An 18 inch diameter Hyperflo pilot chute was incorporated into
the deployment system to provide additional extraction force

to the test parachute.

All deployment components functioned satis-
factorily except for the deployment control break ties which
were holding the test parachute lines in the bag. As Fiqure 12
shows, all the lines and the canopy exited the bag after the
bag had separated from the sled a distance of only about 5 ft.
This means that the ties were of insufficient number and/or

strength.

Figure 13 presents the parachute performance curves
for this test. Values for parachute canopy projected area
during the inflation phase could not be presented because
inflation began before the canopy was in the field of view of
the on-board cameras. Also, 1t was not possible to construct
a precise variable area conversion factor for this portion of
the run due to lack of accurate time-distance data from the
track-side cameras. For this reason, projected area data prior

to 0.376 sec was considered unreliable.
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The parachute riser lines were not completely
severed and the parachute was not released. This caused the
parachute to be dragged along the track late in the run,
severely damaging the canopy. The on-board camera coverage
showed no evidence of parachute damage prior to its contact

with the track.
(2) Test 6P-F2

The second deployment system checkout test,
6P-F2, incorporated an increase in the force of the charge
used to sever the parachute riser lines and an increase in the

number of parachute deployment control break ties.

All deployment and release systems components
functioned satisfactorily except for the break ties. As
Figure 14 shows, they were still of insufficient number and/or

strength to keep the parachute in the bag until line stretch.

Figure 15 presents the parachute performance
curve for this test. No stability data was reduced Yecause
the on-board camera film lacked fiducials. The parachute

was undamaged.
(3) Test 6P-F3

The third and final deployment system checkout
test, 6P-F3, incorporated all the deployment system design
features used on all subsequent tests as described in Appendix C.
The final change involved the use of the deployment control
break ties designed utilizing the calculation method described

in Appendix C.

All deployment system components functioned

satisfactorily, including the deployment control break ties,
as shown by the parachute bag trajectory in Figure 16. Also
included in the Figure are the predicted trajectories of 1
the bag as output from the break tie computer program. The }

actual baqg trajectory is closer to the trajectory predicted
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using minimum expected extraction force. This means that there
are large dynamic pressure defects in the wake of the sled
and/or the lower drag coefficient estimates used in the
computer program are more realistic than the higher ones.

Figure 17 presents the parachute performance
curves for this test. The parachute appeared fully inflated
at 0.399 sec, but this occurred on a rebound after line
stretch and the parachute did not attain the average steady
state area until 0.740 sec. The parachute was not released
from the sled because the electrical arming device on the
screenbox which fires the squib and linear shaped charge to
sever the riser lines did not operate. The parachute was
recovered undamaged, however.

¢. Runs at Mach 1.5; Q = 2900 psf

Four sled test runs were made which provided data
for the comparative evaluation of nylon and Kevlar hemisflo
parachutes at Mach 1.5 and at a dynamic pressure of approximately
2900 psf; tests 6P-E3 and 6P-E6, for nylon, and tests 6P-E9
and 6P-El10 for Kevlar. Typical sled performance and relative
wind curves for these tests are presented in Figure 18.

(1) Test 6P-E3; Nylon Parachute

This was one of the early tests which
experienced deployment problems as discussed above. However,
parachute inflation from line stretch to full-open appeared
normal.

Cone and bag separation distance trajectories
could not be obtained because sufficient timing and coverage
were not provided by the trackside cameras.

Figure 19 presents the parachute performance
curves for this test. As the test parachute achieved a full-
open condition and generated approximately 31,000 1b of force,
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almost simultaneously, two gores split from skirt to vent

(including the skirt band but not the vent band) and eleven
of the twelve suspension lines broke betwcen the confluence
keeper and the canopy skirt. Figure 20 shows the condition

of the parachute after the test.
(2) Test 6P-E6; Nylon Parachute

Figure 21 and 22 present the trajectories for
the deployment system components and the parachute performance
curves, respectively, for this test. All systems performed
satisfactorily and the parachute was recovered undamaged;

see the photograph in Ficure 23.
(3) Test 6P-E9; Kevlar Parachute

As Figure 24 helps to show, all deployment
system components functioned satisfactorily. The parachute
achieved line stretch at approximately 0.25 scc after deployment

initiation and began to inflate shortly thereafter.

Figure 25 presents the parachute performance
curves for this test. As the parachute began to inflate,
the stitching failed between the vertical ribbons and the
skirt band. As parachute inflation continued, the vertical
ribbon stitching failure proaressed up the canopy gore toward
the vent. After the vertical ribbons separaced from about
five rows of horizontal ribbons, parachute inflation leveled
off. As the stitching failure progressed further, the parachute
collapsed. TFigure 26 shows the condition of the parachute attor

the test.
(4) Test 6P-FE10: Kevlar Parachute

All deployment system components functioned

satisfactorily. Figure 27 prescents their trajectories.
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Post Test Photograph of the Test Parachute - Test CP-E3.
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The parachute performance curves for this test
are presented in Fiqgure 28. Parachute inflation was normal
and the parachute reached full-open at approximately 0.4 sec
after deployment initiation. The parachute remained fully
inflated with no visible damage for about 0.1 sec, then the
stitching started to fail between the vertical ribbons and the
skirt band. Progressive stitching failure occurred in the
same manner as on test 6P-E9 and the parachute eventually
collapsed. Figure 29 shows the condition of the parachute

after the test.

d. Runs at Mach 1.8; Q = 4000 psf

Five sled runs were made which provided data for the
comparative evaluation of nylon and Kevlar hemisflo para-
chutes at Mach 1.8 and at a dynamic pressure of approximately
4000 psf; tests 6P-Gl, 6P-G2, and 6P-G3 for nylon, and tests
6P-G4 and 6P-G5 for Kevlar. Typical sled performance and
relative wind curves for these tests are presented in

Figure 30.
(1) Test 6P-G1l; Nylon Parachute

411 deployment system components functioned

satisfactorily, Fiqure 31 presents their trajectories.

Figure 32 presents the parachute performance

curves for this test. Parachute inflation was normal and a
peak force of 38,650 lb was produced near the time that the
canopy first achieved a full-open condition. The canopy %
remained fully inflated and produced drag forces in excess of ;
30,000 1b for about 0.1 sec. Then, the skirt band broke g
in two places, ten of the twelve suspension lines broke near

the skirt, and onc gore split from the skirt to the vent band.
Figure 33 shows the failure sequence and Figure 34 shows the ;

condition of the parachute after the test.
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Figure 32. Parachute Performance Curves - Test 6P-Gl.




¢. TIME FROM DEPLOYMENT = 043 sec

Figure 33 Photographs of the Sequence of Parachute Failure -

Test 6P-Gl. (Photos retouched for clarity.)



*19-d9 3S3L - 2a3nyodeaed 3s3l ay3z 3o ydeaxbojoyd 3saL 3ISOd “pf 2InbBTJI

o » =y T
4 BT

79



(2) Test 6P-G2; Nylon Parachute

All deployment system components functioned
satisfactorily. Deployment cone and bag separation distance
trajectories could not be determined because of the inability
to discriminate between images of the test items and the
background terrain.

Figure 36 presents the parachute performance
curves for this test. Parachute performance for this
test was similar to that observed for the previous test.
Parachute inflation was normal and a peak force of 38,854 1b
was produced near the time of canopy first full-open. The
canopy remained full-open for about 0.09 sec, at which
time the skirt band broke, eight of the twelve suspension
lines broke near the skirt, and the canopy collapsed. Figure
36 shows the condition of the parachute after the test.

(3) Test 6P-G3, Nylon Parachute

All deployment system components functioned
satisfactorily; Figure 37 presents their trajectories. The
deployment cone and bag separation distance had to be scaled
from the back-up ribbon frame cameras because the trackside
cameras of the primary engineering optical instrumentation
system missed the deployment sequence. Deployment event times
usually included with the trajectories are not presented in the
Figure because they could not be determined with adequate
accuracy from the ribbon frame cameras.

Figure 38 presents the parachute performance
curves for this test. Parachute inflation to full-open was
normal and a peak opening force of 45,869 1b was produced.

At approximately the time of the canopy full-open, the
confluence keeper broke in four places and the parachute con-
fluence transferred to the first riser line keeper. Figure
39 presents two photographs; one which shows the parachute
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a. *Location of Parachute Confluence During Test

b. Location of Keeper Breaks

Figure 39. Photographs Showing the Damaged Confluence Keeper
on Test 6P-G3. (Photo retouched for clarity.)
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with its confluence at the first riser line keeper as it trails
the Arrowhead sled, and one which shows the locations of the
breaks in the confluence keeper. No other damage was sus-
tained by the parachute; Figure 40 shows its condition after
the test.

(4) Test 6P-G4; Kevlar Parachute

All deployment system components functioned
satisfactorily; Figqure 41 presents their trajectories.

Figure 42 presents the parachute performance
curves for this test. Parachute inflation was not normal.
As the parachute began to inflate, vertical ribbon stitching
failure occurred in a manner similar to that which occurred
on test 6P-E9. The canopy never did reach a fully inflated
shape (Figure 43 shows the maximum stage of inflation) and
became severely damaged during the run. Figure 44 shows the
condition of the canopy after the test.

(5) Test 6P-G5; Kevlar Parachute

All deployment system components functioned
satisfactorily; Figure 45 presents their trajectories.

Figure 46 presents the parachute performance
curves for this test. Parachute inflation was normal and
the parachute reached full-open at approximately 0.45 sec
after deployment initiation. The parachute remained fully
inflated, as shown in Figure 47, with no visible damage
for about 10 sec. Vertical ribbon stitching failure began
to occur just prior to parachute release and progressed from
the skirt band to the fifth row of ribbons. Figure 48 shows
the condition of the parachute after the test.

e. Runs at Mach 2.2; Q = 6500 psf

Five sled runs were made which provided data for the
comparative evaluation of nylon and Kevlar hemisflo parachutes
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at Mach 2.2 and at a dynamic pressure of approximately 6500 psf;
tests 6P-H1l, 6P-H2, and 6P-H3 for nylon, and tests 6P-H6 and
6P-H7 for Kevlar. Typical sled performance and relative wind
curves for these tests are presented in Figure 49.

(1) Test 6P-Hl; Nylon Parachute

All deployment system components functioned
satisfactorily. No separation trajectories are presented
because only the trajectory for the deployment cone was
obtained. The trackside cameras were positioned incorrectly
and missed most of the deployment and inflation processes.

Figure 50 presents the parachute performance
curves for this test. The parachute reached line stretch at
approximately 0.22 sec after deployment initiation where
it generated a snatch {orce of 55,692 1lb. The lines became
slack as the parachute rebounded from line stretch. The canopy
started to inflate during the rebound and reached approximately
80 percent of its full-open area when the lines were stretched
for the second time and a force of over 70,000 1b was
generated. At the time of the second line stretch, nine of the
twelve parachute suspension lines broke between the confluence
keeper and the canopy skirt, three vertical ribbons broke,
and the stitching between the vent band and six radials broke.
Figure 51 shows the condition of the parachute after the test.

(2) Test 6P-H2; Nylon Parachute

All deployment system components functioned
satisfactorily; Figure 52 presents their trajectories.

Figure 53 presents the parachute performance
curves for this test. The parachute produced a snatch force
of 41,867 1b at line stretch and started to inflate approximately
0.02 sec later. Inflation was not normal, however. The canopy
inflated to only approximately 30 percent of its full open area
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and remained in this "squidded" condition for about 0.93 sec.
During this period the canopy exhibited considerable breathing,
pulsing, and ribbon flutter. (This parachute had horizontal
ribbons whose widths were found to be outside the allowable
specification of 2 + 1/16in. They were, in fact, 1 7/8 in.
wide, which gave a canopy porosity of 19.9 percent. This

higher porosity may have contributed to canopy squidding.)

After the sled had slowed below Mach 1.9, the canopy inflated

to a full open condition. Some damage to the horizontal ribbons
near the skirt was observed after the canopy inflated and the
damage increased during the test to the amount shown in Figure 54.

(3) Test 6P-H3; Nylon Parachute

All deployment system components functioned
satisfactorily; Figure 55 presents their trajectories.

Figure 56 presents the parachute performance curves
for this test. The parachute began to inflate at approximately
0.25 sec after deployment initiation and produced the maximum
opening force of 57,067 1b only 0.03 sec later. At 0.32 sec
after deployment initiation and before the canopy achieved 80
percent of its full-open area, considerable canopy damage was
sustained. One ribbon was broken near the vent of one gore; two
ribbons were broken near the center of another gore; and, two
or three ribbons were broken near the skirt across two other
gores. Three of the six vent lines were also broken. This
damage probably contributed to the slow opening of the canopy;
canopy first full-open occurred at 0.54 sec after deployment
initiation.

The parachute failed to release from the sled and
was dragged along the track, sustaining considerable additional
damage as shown in Figure 57.
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(4) Test 6P-H6; Kevlar Parachute

Parachute deployment was not normal. The cone
riser broke at the pin link of the deployment cone immediately
after the riser became stretched. Pilot chute deployment and
inflation were normal, however. As the test parachute was
separating from the sled, the baag turned sideways and exposed
a group of lines to the airstream. This aroup of lines exited
the bag prematurely and initiated deployment of the remaining
lines and canopy before the bag could fully separate from the
sled.  Figure 58 shows that all the lines and canopy were out
of the bag before the bag had completed 50 percent of its

required separation distance from the sled.

Figure 59 presents the parachute performance
curves for this test. The parachute rcached line stretch with
the canopy inflated to approximately 20 percent of its full-open
area. A snatch force of 53,674 1b was produced and the canopy
was scverely damaged. The on-board camera coverage showed that,
immediately after line stretch, a number of horizontal ribbons
were broken and most of the vertical ribbons were pulled away
from the horizontal ribbons. The canopy remained only partially
inflated throughout the test run, sustaining considerable

additional damage as shown in Fiqure 60.
{5) Test 6P-117; Kevlar Parachute

All deployment system components functioned

satisfactorily; Figure 61 presents their trajectories.

Parachute operation after line strotch was not
normal, however. TImmediately upon line stretch, the canopy
generated 62,000 1b of snatch force and the confluence keeper
broke in two places separating the suspension lines into two
groups. Immediately after line stretch, the canopy rebounded

toward the sled and the lines went slack. Four more line stretch

and rebound cycles followed before the canopy started to inflate.
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Figure 62 presents the parachute performance
curves for this test. Once the parachute became fully inflated,
major damage to the vertical ribbons near the canopy skirt
could be observed. The canopy remained fully inflated for
about 0.25 sec before it collapsed. During this period, the
vertical ribbons pulled away from the first four or five rows
of horizontal ribbons. This apparently increased canopy porosity
an amount sufficient to cause its collapse at a speed of about
Mach 1.3. After the sled slowed to about Mach 0.9, the canopy
reinflated to full-open. The canopy remained inflated until
just before it was released. Canopy damage continued during
this period, to the amount shown in Figure 63, and the canopy
eventually collapsed.
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X PERFORMANCE OF THE DEPLOYMENT SYSTEM COMPONENTS

All sled test runs after 6P-F2 (runs 6 through 20)
incorporated the deployment system compoaents described in
Appendix €.  These components functioned satisfactorily on all
but two of the tests. On test 6I'-i15, the parachute attach-
ment /deployment /release mechanism malfunctioned and releasoed
the parachute immediately upon deployment initiation. On
test 6P-116, the deployment control break ties did not hold
the parachute in the bag for the full separation distance of

the bag from the sled.

For all tests that provided data and where the deployment
system components tunctioned satistactorily, the actual
soparation distance-time histories of the bag fell within the
band of trajectories predicted by the calculation technique
used to select the strengths of the deployment control break
ties. This means that, although little was Kknown about the
acrodynamic performance characteristics of the deployment
components in the wake of the Arrowhead sled, estimation of
minimum and maximum expected performance levels can be used

to obtain reasonable results.

Therefore, the deployment control break tie design
calculation technique described in Appendix C has been
shown to be a satisfactory method which can be used to
determine the number, locations, and strengths of parachute
break ties that will control the deployment of nylon and
Kevlar hemisflo ribbon pavachutes at supersonic speeds and

high dynamic pressures.
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3. PERFORMANCE OF THE TEST PARACHUTES

Values for the important pertormance paramecters of the
nylon and Kevlar 5 ft diameter hemisflo parachutes are
summarized in Table 8. At each of the three nominal deployment
Mach numbers, Mach 1.5, 1.8, and 2.2, sufficient data was
obtained to allow ‘or comparative evaluations of the
deployment forces, canopy inflation characteristics, steady
state performance, and material structural inteqrity of the

nylon and Kevliar parachutes.

a.  Deployment Forces

During the period from parachute deployment initiation
until the parachute canopy started to inflate, a number of
force spikes were recorded on the oscilloqraph record for cach
test.  The largest force spike usually occurred just before the
canopy started to inflate when the lines and canopy were all
strotched out and were "snatched" up to the velocity of the
sled; that is, at line stretch. This force was called the
snatch torce. However, on three of the tests the largest
force spike occurred prior to line stretch. Values tor the
maximum torce spikes which occurred during deployment were
plotted as functions of the freestream dynamic pressure at
deployment initiation and are presented in Fiqure 64. The
maximum deployment force increased almost linearly with
dynamic pressure for both the nylon and Kevlar parachutes.
The Kevliar parachutes exhibited considerably higher deploy-
nent forces than the nylon parachutes for dynamic pressures

above 3,000 pst.

b. Canopy Inflation Characteristics

(1) Filling Time

£ was taken as the difterence

between the time ot line stretch, t
That

The tilling time, t

LS and the time of
n
is

canopy first full-open, tFO'
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t, =t -t (8)

where canopy first full-open was defined as that event where
the value of the canopy projected area during inflation first

equaled the steady state projected area.

Filling times are tabulated in Table 8 only for
those tests where canopy inflation was considered normal. All
filling times were relatively short, less than 0.23 seconds,
and did not appcar to be influenced by deployment conditions

or parachute material type.
(2) Opening Force

The opening force, Fo’ was defined as that
peak force which occurred during canopy inflation or just
after canopy first full-open. Values for the opening force
are plotted as functions of dynamic pressure in Figure 65,
For given line stretch dynamic pressures, the opening forces
for the Kevlar parachutes were lower than the opening forces

for the nylon parachutes.

Also plotted on Figure 65 are the straight lines
obtained using ti.¢ equation on page 164 of the "Parachute
Handbook" (Refer :nce 6) which is recommended for calculating
opening forces. This equation was written as:

Fo=C S5 Qs X (9)

where: (1) CD was the average value of the steady state
drag cocfficiegts, 0.468 for the nylon parachute and 0.383
for the Kevlar parachutes; (2) S, was the nominal canopy

area, 19.635 sq ft for both parachute types; (3) Q was

LS
the independent parameter of dynamic pressure at line stretch;
and (4) X was the average value of the opening shock factors,
1.17 for the nylon parachute and 1.15 for the Kevlar para-

chutes. Because the data groups closely around the straight
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lines, it is apparent that Equation 9 can be used

to yield reasonable approximations of the peak forces
generated during canopy inflation of nylon and Kevlar
hemisflo :ribbon parachutes at supersonic speeds and high

dynamic pressures.
(3) Opening Shock Factor

An opening shock factor, X, was defined as
the ratio of the opening force, FO, and the product of the
average steady state drag coefficient, CD , the nominal
canopy area, SO, and the dynamic prossurooat line stretch,
D is:

QLS' That is:

{ = R s .
X ro/(CDO o s

). (10)
A value for opening shock factor was calculated only for
those tests which had normal canopy inflation and from

which a steady state drag coefficient was obtained.

The average opening shock factors for the
nylon and Kevlar hemisflo ribbon parachutes were approxi-

mately the same, 1.17 for nylon and 1.15 for Kevlar.

c. Steady State Performance

(1) Drag Coefficient

The steady state drag coefficient, CD , wWas

defined as the ratic of the instantaneous parachute 8raq force,

D, and the product of the instantaneous dynamic pressurc, Q,

and the nominal canopy area, So' That is:
CDO = D/ (Q So) (2 JF)

An averaqge value for the steady state drag coefficient over

approximately 1 scc of parachute operation is tabulated

o S 8T TP
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in Table 8 for each test that had normal steady state parachute
operation. These were the values used in the openina shock
factor equation. Averages of these values were used in the
opening force eauation. The overall average steady state drag
coecfficient for the nylon parachutes of 0.468 was 22 percent

higher than the average value of 0.383 for the Kevlar parachutes.

Steady state drag coefficients were also plotted
ae functions of Mach number and dynamic pressure and are
presented in Fiqures 66 and 67 The draq coefficients for the
nylon parachutes were higher than for the Kevlar parachutes

for all Mach numbers and dynamic pressures.

Various suspected causes for these differences
in drag coefficients were analyzed, including differences in
canopy projected area, increased canopy porosity due to verti-
cal ribbon damage on some of the Kevlar parachutes, and
parachute stability. No explanation was found for the fact
that the nylon hemisflo ribbon parachutes exhibited higher

steady state drag coefficients than their Kevlar counterparts.
(2) Stability Angle

After the parachute became full-open, the
oscillation angles for all parachute types were very small,
usually less than 2 deg. Therefore, the oscillatory stability
for both nylon and Kevlar hemisflo ribbon parachutes operating
at supersonic speeds and high dynamic pressures can be considered

excellent.
(3) Projected Area

The average full-open projected area (for
approximately 1 sec after first full-open) of the undamaged
nylon parachutes ranged from 7.6 to 9.0 sq ft, with an overall

average value of 8.4 sq ft. The projected area of the Kevlar
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parachutes ranged from 7.6 to 8.4 sq ft, with an overall

average value of 7.9 sq ft. The average projected area of the
nylon parachutes, then, was 6 percent higher than *“he aver.ge

projected area of the Kevlar parachutes.

The average projected areas yield average

inflated diameters of 3.3 and 3.2 ft, respectively, for the

i B

nylon and Kevlar parachutes.

e

d. Material Structural Irtegrity

Since one of the basic objectives of the test
‘ program was to determine design criteria for the strength
5 of the material components of the nylon and Kevlar parachutes,
the test conditions and material strengths were chosen such
that ultimate loads might be determin>d for the suspension
lines, horizontal ribbons, and the skirt band. Assessment
of the damaage incurred during specific portions of the test %
run has yielded some measure of the structural integrity of %
certain material components of nylon and Kevlar hemisflo
ripbon parachutes operating at supersonic speeds and high %

dynamic pressures,
(1) Suspension Lines

The nominal rated breaking strengths of the
suspension lines, SLS, are plotted as functions of the peak
openina force, or snatch force wherc appropriate, in Figure
68. Also plotted in the Figure is the straight line
described by the equation which is recommended on page 378
of the "Parachute Handbook" (Reference 6) for selecting the ?

strength of the suspension lines for deceleration (drogue)

parachutes of aerospace vehicle recovery systems.

For the nylon parachutes, all but one of the

parachutes which had suspension line strengths below the
design line exhibited major structural damage to the lines.

And, all but one of the nylon parachutes which had suspension

i R
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line strengths above the design line exhibited no structural
damage to the suspension lines. This means that the line
described by the Handbook Equation is a better approximation

of the ultimate suspension line load rather than a design

line to be used for selecting adequate suspension line strengths
for nylon henisflo parachutes which operate at supersonic

speeds and high dynamic pressures.

No Kevlar suspension lines failed during this
test program and no Kevlar parachute produced opening or snatch
forces sufficiently large enough to yield suspension line
strengths below the design line. Therefore, no design criteria
could be established for the suspension lines of the Kevlar
parachutes.

(2) Horizontal Ribbons

The nominal rated breaking strengths of the
horizontal ribbons, HRS, are plotted as functions of the peak
opening force in Figure 69. Also plotted in the Figure is a
line through the data which is described by the equation

HRS = 0.12 Fo (12)

Because none of the nylon or Kevlar parachutes
which had ribbon strengths above the line exhibited any
structural damage to the horizontal ribbons, while some of
those below the line did show major ribbon damage, Equation 12
can be used as a first approximation of the ultimate load
in the horizontal ribbons of nylon and Kevlar hemisflo para-
chutes operating at supersonic speeds and high dynamic
pressures.

(3) Vertical Ribbons

While the vertical ribbons are not generally
considered a major structural load-carrying component of
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ribbon parachutes, the amount of damage sustained by these

ribbons during this test program may justify a reapraisal of

that philosophy; especially for Kevlar ribbon hemisflo para-

chutes operating at supersonic speeds
Five out of the six Kevlar parachutes
program sustained major damage to the
three of the tests they were the only

major damage.

(4) Other Components

and high dynamic pressures.
tested during this
vertical ribbons; on

components to sustain

Structural damage to other parachute material

components such as skirt and vent bands, radial webbings,

and vent lines did not occur over a wide enough range of test

and performance parameters to permit the establishment of any

structural desiqn criteria for them.




SECTION IV
CONCLUSIONS

A total of 20 sled test runs were made during this
test program; 3 tests provided no parachute performance data
because of deployment system malfunctions, 3 tests were made
at Mach 1.2 to establish a high speed, high dynamic pressure
deployment technique, and 14 tests provided sufficient data
at each of three nominal deployment Mach numbers, Mach 1.5,
1.8, and 2.2, to allow for the comparative evaluations of
the performance characteristics of 5 ft diameter nylon and
Kevlar hemisflo parachutes operating at dynamic pressures up
to 6000 psf.

(1) The maximum deployment forces increcased almost
linearly with deployment dynamic pressures for both the nylon
and Kevlar parachutes. The Kevlar parachutes exhibited
approximately 50 percent higher deployment forces than the
nylon parachutes for dynamic pressures from 4000 to 6500 psf;
at 3000 psf, the deployment forces for the nvlon and RKevlar

parachutes were approximately equal.

(2) The filling times for both parachutes were
relatively short, less than 0.23 sec, and did not appcar to

be influenced by deployment conditions or parachute material
type.
(3) For line stretch dynamic pressures from 2600 to

6400 psf, the opening forces for the Kevlar parachutes were

approximately 22 percent lower than for the nylon parachutes.

(4) The average opening shock factors for the nylon
and Kevlar hemisflo ribbon parachutes were approximately the

same, 1.17 for nylon and 1.15 for Kevlar.

(5) The overall average steady-state drag cocfficient
for the Kevlar parachutes of 0.383 was 18 percent lower than

the average value of 0.468 for the nylon parachutes.
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(6) The steady-state oscillatory stability for both

nylon and Kevlar hemisflo parachutes was considered excellent;
stability angles were 2.0 degrees or less.

(7) The average, full-open projected area of the
nylon parachutes of 8.4 sq ft was 6 percent higher than the

average projected arca of the Kevlar parachutes of 7.9 sq ft.

Assessment of the damage incurred during specific

| portions of the test runs has yielded some measure of the

structural integrity of certain material components of nylon

ool

and Kevlar parachutes operating at supersonic speceds and high

k| dynamic pressures.

{1) The "Parachute Handbook" Fquation of SLS =

| 2.91 Fo/n (Reference 6), which has been used in the past to

e

select suspension line strengths, SLS, tor droque type para-
chutes in terms of parachute opening force, Fo’ and the

number of suspension lines, n, has been shown to give a good
approximation of the ultimate load in the suspension lines

of nylon hemisflo parachutes operating at line stretch dynamic

1 pressures from 2400 to 6400 psf.

(2) The ultimate load in the horizontal ribbons, HRS,
of nylon and Kevlar hemisflo parachutes operating at line
1 stretch dynamic pressures from 2400 to 6400 psf can be

approximated by the Equation HRS = 0.12 FO.

(3) The considerable amount of damage sustained
by the vertical ribbons, especially on the Kevlar parachutes,
during this test program indicates that the generally accepted
practice of assuming that the vertical ribbons are not a

major load-carrying component may have to be revised.

For approximately ecqual strength hemisflo parachutes,
1 the weights of the Kevlar canopies were between 38 and 55
percent of the weights of the nylon canopies. Thus, the

results from this test program have shown the realization
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of the potential weight savings of Kevlar substitution for

nylon in hemisflo ribbon parachutes.

There were no significant difficulties associated
with the fabrication of the parachutes made from the new

high-strength, low-modulus Kevlar materials.

The deployment control break tie design calculation
technique presented in this report has been shown to be a
satisfactory method which can be used to determine the
number, locations, and strengths of parachute break ties
that will control the deployment of nylon and Kevlar hemisflo
ribbon parachutes at supersonic speeds and high dynamic
pressures. This calculation technique also provides satis-
factory predictions of separation distance- time histories
of the parachute bag during deployments from the Arrowhead

and Tomahawk sleds.

The Supersonic-X-3 parachute performed well as a pilot
chute on all tests during this program; for deployment Mach
numbers from 1.2 to 2.2 and deployment dynamic pressures
from 2110 to 6678 pst.
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APPENDIX A
DESCRIPTION OF THE ARROWHEAD SLED

1 PRELIMINARY DESIGN

= a. Design Requirements for a Mach 3 Sled j

In June 1960, what is now the Recovery and Crew
Station Branch of the Air Force Flight Dynamics Laboratory
awarded a contract to the Cook Research Laboratories (CRL),

1 a division of the Cook Electric Company, Chicago, Illinois,

to develop, design, construct, and test a parachute ground-
borne rocket propelled test vehicle capable of deploying

deceleration devices at a sea level speed of Mach 3.

Specifically: the test vehicle was to be suitable

for operation on the (then) 20,000 ft track at Edwards Air
) Force Base, California; a pusher type sled vehicle was to
% be considered; the maximum sled weight, not including the solid-
\ fuel rocket motors, was not to exceed 5,000 lb; a minimum
i? speed of 3,300 ft/scc was to be obtained at the time of para-
1 chute deployment; the minimum distance between fore and aft
slipper pairs was to be 18 ft; the minimum height of attach-
ment point for the acrodynamic deceleration device was to be

7 ft above the top of the rails; the subsonic drag area of the

sled was to be less than 12 sq ft; the structure of the test
vehicle was to be designed to accommodate a maximum horizontal
draqg load of 200,000 1b, and a lateral load up to 30,000 1lb,
to be applied at the parachute attachment point; a rectangular ;
container with a clear storaqge volume of 2.5 cu tt for

storina the parachute was to be provided; and, the vehicle
was to be capable of withstanding all forces and accelerations

itmposed upon it during operation.




b. Basic Configuration

The sled configuration selected by CRL to meet the
above requirements had as its primary member a swept vertical
fin whose plan form described a half-delta section. This fin
member positioned the parachute attachment point seven feet
above the track rail and transferred loads developed by the
parachute to fore and intermediate cross members. These struc-
tural cross members distributed the loads through the slippers
equally to each of the track rails. Power to drive the sled
was to be provided by five rocket motors positioned in-line in
a horizontal plane and mounted to the aft face of the inter-
mediate cross member at the base of the vertical fin. Fairings
were provided ahead of each of the sled cross members to
minimize drag and flow field interferences. A third cross
nmember supported the nozzle end of the rocket motors. Spacers
were provided at the head end of the rocket motors to permit
installation of the motor ignitors.

The CRL sled design called for the use of the
slippers, the water brake, and the pusher sled which were
available at the Edwards Track and would be adaptable for use
with either Genie or Nike rocket motors.

Several innovations, unique for parachute sleds,
were incorporated in the CRL design to minimize weight and
insure structural integrity. A large portion of the water
brake was to be buried within the sled structure. Honeycomb
panels were to be used in place of sheet metal skin over most
of the external surface. And, the leading edge fairing of
the swept vertical fin would also serve as part of the main
parachute load tension member.

The sled control system and instrumentation elec-
tronics were to be packaged in a compartment in the horizontal
structure forward of the intermediate cross member. The movie
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cameras were to be mounted in a compartment below the parachute
storage compartment on the aft face of the vertical fin.

A sketch of the Mach 3 sled configuration selected
by the Cook Research Laboratories is shown in Figure A-1l.

C. Wind Tunnel Tests

Wind tunnel tests were performed at the CRL wind
tunnel to compare characteristics of two basic sled shapes
and to confirm performance predictions. The test program
investigated the variation of drag area, normal force, and
wake interference effects for the candidate configurations.
The Mach number range covered was from 1.84 to 2.00. Figure A-2
shows a photograph of the wind tunnel models tested.

The wind tunnel test results indicated that the
in-line configuration results in higher performance than the
up-swept configuration and that the up-loads for both configura-
tions were within maximum allowable track limits. Analysis of
schlieren photographs indicated that both configurations
exhibit similar flow field characteristics. The results from
analyses of the schlieren photographs and wake survey pressure
measurements are presented in Figure A-3.

The above information on the preliminary design
of the Arrowhead sled was obtained from Reference 9.

(9)Broderick, Milan A.: Study, Design and Fabrication
of a Supersonic Parachute Sled Test Vehicle, Contract No.
AF 53!3535-73575, Cook Research Laboratories Design Analysis
Report P-2019, November 1960, and Progress Reports P-2019,
1 through 5, August 1960 through April 1961.
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2. INTERMEDIATE DESIGN

a. Design Requirements for the Arrowhead Sled

In 1961, Air Force track testing was transferred
from the Edwards Track to the (then) 35,000 ft Folloman Track
and the Mach 3 sled contract with Cook Research Laboratories
was terminated. The Holloman Track then undertook the in-
house redesign and fabrication of the Mach 3 sled for operation
on the wider track gage at the Holloman Track. In an effort
to reduce the design sophistication and the projected high
operating costs, the operational and physical design require-
ments for the supersonic aerodynamic decelerator sled test
vehicle were modified by the Air Force Flight Dynamics

Laboratory.

Specifically, the new sled was to provide a deceler-
ator deployment speed regime from 1500 to 2750 ft/sec. This
reduction in maximum sled velocity also resulted in lowering
the maximum longitudinal and lateral forces applied to the
sled to 150,000 and 15,000 1lb,respectively. As required for
the Mach 3 sled, the redesigned sled was to incorporate a
2.5 cu ft storage compartment for the test item, a test
item deployment system, test item disconnect, and the necessary
on-board instrumentation to sense, telemeter, and photograph
the test item performance data. An aerodynamically clean and
faired sled superstructure was desired to minimize sled wake

effects on decelerator performance.

b. Candidate Configurations

The Holloman Track considered two basic sled con-
figurations. Both incorporated the basic characteristics of
the Cook Research Laboratores Mach 3 sled design and con-
sisted of two stages; the foresled and booster package and

the pusher sled.
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The foresled was composed of a vertical fin, forward
wedge, and aft wedge. The vertical fin was made up of a leading
edge structure, a diagonal tension member, a vertical column,

a longitudinal column, vertical bulkheads, a nose cone fairing
and skin panels. The forward wedge consisted of a forward
slipper beam and fairing and necessary lugs and provisions for
attaching the wedge to the vertical fin. The aft wedge consisted
of an aft slipper beam, aft fairing, instrumentation compart-
ments, and necessary access doors and fairing attachment pro-
visions. The foresled design also incorporated the test item
container, camera container, and release mechanism in the
manners designed by CRL, except for slight modifications. The
booster package consisted of a nozzle support beam, motor
adapters, thrust beam, probe brake, and latch mechanism.

The pusher sled consisted of a nozzle support beam,
motor adapters, forward beam, pusher adapters, and probe

brake.

The major differences between the two basic sled
configurations were in the slope and shape of the bottom
surface. The bottom surface was flat and parallel to the rails
on one sled design, whereas on the other, the cross section
at the aft slipper wedge had a bottom surface shape of an
inverted "V" and the sled bottom was at a slight angle to
the rails.

C. Wind Tunnel Tests

wind tunnel tests were performed at the Arnold
Engineering Development Center, von Karman Gas Dynamics
Facility to determine the static aerodynamic force character-
istics and the bottom surface pressure distributions for the
two configurations in the Mach number range from 1.42 to 3.00.
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Descriptions of the test set-up, instrumentation, procedure,
models, hardware, and selected results from these tests can
be found in References 10, 11, and 12.

In the first wind tunnel test series (Reference 10)
several modifications of the two basic sled designs were tested
with the models mounted in the presence of a ground plane and
at zero angle of attack with rails designed to simulate the
Holloman track and trough. On the V-bottom sled, the leading
edge of the aft slipper wedge was sharp, and both sharp and
blunt leading edges were tested on the flat-bottom sled. On
both basic sled models the vertical fin leading edge could be
either sharp or blunt. Two booster configurations were tested
with each sled model: a cluster of five Genie motors and a
cluster of five Nike motors. In addition, two V-bottom con-
figurations were tested with and without model parachutes
deployed at various distances aft of the sled. During the
force phase, 17 sled configurations were tested and 10 con-
figurations were tested during the pressure phase, at Mach
numbers of 1.47, 1.75, 2, 2.5, and 3. Regular and schlieren
photographs from three tests of the V-bottom sled model with
Genie boosters and a trailing model parachute are presented
in Figure A-4.

(lo)Jenke L.M.: Supersonic Wind Tunnel Tests of the
IDS-6328 Parachute Test Sled, Arnold Engineering Development
Center Report AEDC-TDR-64-38, (AD 431 849), March 1964.

(11) yenke, L.M. and Lucus, E.J.: g_ggrsonic Wind Tunnel
Tests of a Parachute Test Sled, Arnold Engineering Development
Center Report AEDC-TDR-64-203, (AD 448 066), October 1964.

(12)Lucus E.J. and Jenke, L.M.: Supersonxc Wind Tunnel
Tests of an Outrxgggr Rocket Sled and T Two Dnal Rail Sleds,
Arnold Engineering Development Center Report AEDC TR-65-168,
(AD 468 970), August 1965.
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a. Regular Photograph; V-Bottom Model with Genie
Boosters and Hyperflo Parachute.

b. Schlieren Photograph; V-Bottom Model with Genie
Boosters and Hyperflo Parachute.

Figure A-4. Regular and Schlieren Photographs of the Intermediate
Design Arrowhead Sled Wind Tunnel Model During a
Mach 1.5 Test (From Reference 10).

142



In the second wind tunnel test series (Reference 11)
two sled configurations were investigated which were identical
except for the rear slipper wedge design. For both configurations,
the lateral cross section of the aft wedge had a bottom surface
of an inverted "V". The differences in the two were in the
leading edge droop angle and the planform area. Both configura-
tions used a booster model of five Nike rocket motors. Force
data was obtained at Mach numbers 1.42, 1.72, 2, 2.49, and
2.97.

The most promising sled configuration from these
two test series was selected for the third series of tests
(Reference 12). The details of the selected model are presented
in Figure A-5. The results from the second series tests of
this model indicated that significant changes in the aero-
dynamic forces occurred between Mach 1.5 and 2.0. The third
series of tests was made to determine the sled forces at
intermediate Mach numbers within this range. Data was obtained
at Mach numbers 1.5, 1.62, 1.75, 1.87, 2.0, 2.5, and 3.0.

A schlieren photograph from these tests is presented in
Figure A-6.

3 FINAL DESIGN

A three-veiw sketch of the Arrowhead sled configuration
which was selected by the Holloman Track for detail desigu
and fabrication is presented in Figure A-7. The swept vertical
fin slopes upward along the bottom from front to rear, the
shape of the intermediate and aft wedges is an inverted "V",
and all leading edges are sharp. The captive booster package
will accommodate up to five Nike rocket motors and incorporates
the probe brake. The test parachute attachment point is
located 7 ft above the rails as required. The parachute
attachment, attachment cover, and box, and camera box assemblies
all attach to the vertical column of the swept fin and are
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b. Details of the Booster Package.
Final Design Arrowhead Sled Wind Tunnel Model

Figure A-5.
(From Reference 12).

144



Figure A-6. Schlieren Photograph of the Final Design Arrowhead
Sled wind Tunnel Model; V-Bottom Model with Nike
Roosters at Mach 1.5 (From Reference 12).
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readily removable. The storage volume of the parachute box
N is the required 2.5 cu ft and parachute restraining/release !

mechamisms are provided on the parachute box.

4. SLED FABRICATION

, Fabrication of the Arrowhead sled began early in 1964
and was accomplished almost entirely at the Holloman Track.
Some stecl and aluminum materials procured under the Mach 3

sled contract with Cook Research Laboratories were used and

some machining was done at the Air Force Flight Dynamics

Laboratory (AFFDL). The Holloman Track and the AFFDL shared

the cost of the instrumentation and the AFFDL supplied the
Nike rocket motors. Fabrication was completed in mid 1965, |

and the Holloman Track designated the Arrowhead sled as IDS 6328.

SLED CHECKOUT RUNS

[8;]

The first checkout run, 6P-Al, was conducted on !
2 September 1965 to verify sled performance and establish
sled acceleration and structural loadings. Photographs ot the
Arrowhead sled which were taken just prior to launch are
presented in Figure A-8., The captive pusher sled was loaded
with three live and two inevt Nike rocket motors. Tmmediately
after initiation of rocket ignition; one motor ignited and
burned normally, one motor failed to ignite due to a faulty
ignitor, and the third motor blew the ignitor out of the {
case. The resultant release of flame and hot gases from the
head end of the booster extensively damaged the sled structure
and destroyed the telemetry system except for the transmitter
and four amplifiers. The photograph presented in Fiqure A-9

shows the damage area.

T
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Figure A-8. Photographs of the IDS 6328 Arrowhead Sled
Taken Just Prior to Its First Launch.
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The Holloman Track repaired the damage, replaced the
telemetry system, and conducted the second checkout run,
6P-Cl, on 14 April 1966. The booster configuration was the
same as for the first checkout run. All motors ignited and
burned properly. The Arrowhead sled and captive pusher were

accelerated to Mach 0.95.

The third checkout run, 6P-BlA, was conducted on
26 April 1966 and was also a success. Five Nike motors

accelerated the sled to Mach 1.89.

The fourth checkout run, 6P-Dl, was conducted on
17 June 1966. The Arrowhead sled for this run was the "full-
up" confiquration. A full complement of 10 Nikes were loaded
on the pusher sleds, all test parachute attachment, restraining,
deployment, and releasing components were installed and a
sample test parachute was packaged in the parachute box. The
second stage Nike cluster failed to ignite and a maximum
speed of only Mach 1.11 was obtained. Parachute deployment

occurred at Mach 0.56.

The fifth and final checkout run, 6P-D2, was con-
ducted on 22 July 1966. This was also a full-up Arrowhead
sled configuration. All Nike motors operated as planned
and a maximum speed of 2886 ft/sec, or Mach 2.55, was
achieved. Minor damage and structural overloads were
sustained by the booster packages and parachute deployment

occurred prematurely.

Holloman redesigned and rebuilt the lower aft
slipper beam of the noncaptive pusher sled, reinforced the aft
slipper beam of the captive pusher sled, installed a channel
on top of the parachute box to provide additional parachute
tie-down locations, and declared the IDS 6328 Arrowhead sled

fully operational in early 1967.
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APPENDIX B

DESCRIPTION AND DESIGN OF THE 5 FT
NOMINAL DIAMETER HEMISFLO PARACHUTES

1. GENERAL DESCRIPTION

' The hemisflo parachute has a canopy which is designed as

a hemisphere with a truncated cone extension beainning at the

periphery of the hemisphere. The slant height of the truncated
cone is equal to one-twentieth of the circumference of a great
circle of the hemisphere. The included angle of the cone is
equal to the angle between two diametric suspension lines.

The suspension lines have a free lengti (from the canopy skirt

P T P N T

to the confluence) equal to the circumference of a great circle
of the hemisphere. The hemisphere and truncated cone actually
have a lateral cross section of a regular polygon of n sides

: because the canopy is constructed using n gores, where n also

F equals the number of suspension lines. The entire canopy 1is

of ribbon construction. Riser lines are used to position the

canopy at the proper location downstream of the test vehicle.

2. MAJOR COMPONENTS
a. Canogz

The hemisflo canopy was desianed in accordance with
the method outlined on pages 517 through 522 of the "Parachute

Handbook" (Reference 6) which gives sample calculations and

design equations for hemispherical canopies. The input para- 3
meters were a nominal diameter of 5 ft (or a nominal total
surface area, SO, of 19.635 sq ft) and 12 gores. The results ;
of the calculations yielded the dimensions and coordinates of
a canopy gore and the effective length and confluence angle of

the suspension lines.
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b. Suspension Lines

An integral two-ply suspension line, riser line,
radial, and vent line arrangement was chosen for use with the
parachutes. For this type arrangement: the two-ply lines
proceed from an attachment point as riser lines, passing
through riser keepers, to a confluence keeper; from the con-
fluence keeper to the canopy skirt the lines serve as two-
ply suspension lines; at the skirt, the lines divide, with one
ply passing outside the canopy and the other inside the
canopy, thus forming radial pairs; the lines meet again at
the vent becoming two-ply vent lines; they divide again on the
diametric side of the canopy, forming another pair of radials,
and meet at the skirt; from the skirt, the two-ply suspension
lines pass through the confluence keeper, become radial lines,
and terminate in a second attachment point.

With this arrangement, the suspension lines are
brought together at a circular confluence keeper and do not
meet at a confluence. This means that_the actual suspension
line length must be shorter than the cﬁlculated length to
waintain the required confluence angle. Since the confluence
keeper holds the suspension lines in a circle with a radius
of 3.1 in., a suspension line length from canopy skirt to
confluence keeper of 100 in. was required to be used. Each
parachute had 12, two-ply, 100 in. long suspension lines.

C. Riser Lines

The 12, two-ply riser lines were continuous from
the attachmeni point to the confluence keeper for each parachute.
Riser keepers helped maintain the position of the riser lines
and were located every 10 ft from the confluence keeper.

The risers were used to position the canopy down-
stream of the strong shock waves generated by the Arrowhead
test sled. These shock waves for two freestream Mach numbers
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are shown in Figure A-3 of Appendix A. Risers 20 ft long
were used for the parachutes tested up to Mach 1.5 and risers
30 ft long were used for the tests at higher Mach numbers.

d. Confluence and Riser Keepers

Fixed line circular keepers were used for the con-
fluence keeper and the one or two riser keepers used on each
test parachute. The design of all keepers was the same except
for the strengths of the keeper webbing band and sewing thread.
A sketch of the confluence and riser keepers is presented
in Figure B-1.

e. Attachment Loops

Each of the 12, two-ply riser lines terminated in a
loop which was used to mate with the attachment/deployment/
release mechanism on-board the test sleds. A sketch showing
the design details of the attachment loops which were used on
each parachute is presented in Figure B-2,

3. CANOPY COMPONENTS

a. Horizontal Ribbons

Eleven, 2 in.wide horizontal ribbons were equally
spaced between the vent and skirt bands of each canopy. Each
ribbon was continuous around the canopy with one lap splice
per ribbon made between the radials. The locations of the
splices were staggered around the canopy.

On parachutes with horizontal ribbons of two-ply,
the ribbons were sewn together with four or six rows or
stitching prior to assembly on the canopy.

b. Vertical Ribbon

One, 5/8 in. wide tape served as a vertical
ribbon on each canopy gore to help control the spacing of the
horizontal ribbons. The vertical ribbon was located in the
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. ‘ —=F5 -
OUTER RISER LINE INNER RISER LINE

L

5CORD NYLON OR SIZE F
KEVLAR 3POINT CROSS
STITCH 6 TO 8 STITCHES F-F NYLON THREAD

PER INCH

Filgure B=2,

4 25 —, 0.3

SEW THROUGH AROUND
/ LOOP AS SHOWN - USE
B KEVLAR THREAD OR

' 8 TO 10 STITCHES
PER INCH

¢« RISERLINE BUFFER MIL-W-4088D

TYPE XVII, 1", 250018

B-B > COTTON CLOTH
: CCC C 419
S ki FPER WEB KEVLAR A 19,
IYPE VI Y 1000 L8 8 25 0Z/YD

OR NYLON TAPE
MIL W 5038 T1YPE 1V,
o IH00 1R

NOTE ALL DIMENSIONS IN INCHES

Design Details of the Riser Line Attachment
Loops.




center of the gore and extended from the vent band to the

skirt band. Each vertical ribbon was either two or four ply,
with half the plies on the inside of the canopy and half on

the outside; thus, the horizontal ribbons were sandwiched
between the vertical ribbon plies. Three rows of straight
stitching, which extended from the canopy skirt to the vent,
were used to fasten the vertical ribbons to the horizontal
ribbons and to the skirt and vent bands. The length of each
vertical ribbon was equal to the finished gore height of 31.9 in.

Ca Radials and Radial Tapes

The radials were formed by the separated suspension
lines where they passed over the canopy. Four rows of straight
stitching, which extended from the canopy skirt to the vent,
were used to fasten the radials to the horizontal ribbons and to
the skirt and vent bands. Horizontal ribbon and skirt band
lengths between the centerlines of adjacent radials were
determined from the gore coordinate calculations.

For those test parachutes which had 3/4 in. wide
radials, a 1 in. wide radial tape was placed between the radials
to provide a canopy porosity equal to that of the canopies with
1l in. wide radials.

d. Skirt Band

A separate 1 3/4 in.wide skirt band was used on
each test parachute. The band was continuous around the canopy
with one lap splice each inside a radial pair. When two-ply
skirt bands were used, one ply was placed inside the radial
pair and the other ply was placed on top of a radial on the
outside of the canopy. Four rows of straight stitching were
used to join the plies and fasten the skirt band to the radials
and vertical ribbons.

The skirt band provided a skirt circumference of
112 in., which is equal to the finished gore width at the skirt,
9.3 in., times the number of gores, n = 12.
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e. Vent Band

A separate 1 3/4 in. wide, multiple ply vent band,
was used on each test parachute. The band was continuous
around the canopy, passing inside the radial pairs and outside
the canopy for two-ply vent bands and passing inside the
radial pairs and both inside and outside the canopy for three-
ply vent bands. Four rows of straight stitching were used to
join the plies and fasten the vent band to the radials and
vertical ribbons.

The length of the vent band was determined based
upon the number of plies used, the length of the splice or
splices (usually 6 in. each), and the requirement for main-
taining a finished dimension of 1.43 in. between the center-
lines of adjacent radials at the vent. This dimension is
0.19 in. shorter than the calculated gore width at the vent.
This take-up was incorporated to increase the share of canopy
stress loads taken by the vent band and decrease the share
taken by adjacent ribbons.

£, Vent Lines

The vent lines were formed where the 12, two-ply
radials crossed over the vent. This gave six, two-ply vent
lines for each parachute. The finished length of each vent
line (measured under 40 1lb tension) was 5.0 in. This length
is 0.8 in. shorter than the calculated gore length across the
vent and was also used to carry canopy stress loads away from
the ribbons near the vent and into the vent band and vent lines.

4. CANOPY POROSITY

Graphical layouts and calculations such as given on
pages 520 through 522 of the Parachute Handbook (Reference 6)
were used to determine the horizontal ribbon arrangement which
would provide the desired 14 to 18 percent geometric porosity.
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Eleven, 2 in.wide horizontal ribbons spaced equally between
1 3/4 in. wide vent and skirt bands gave a canopy qeometric
porosity of 16.47 percent. The 12 spaces between the ribbons

and the bands were all 0.537 in. wide.

_ One test parachute, FERR-1-3-1, which was used on test
% 6P-1H2, had horizontal ribbons with widths outside the allowable
specification of 2 £ 1/16 in. The ribbons measured 1 7/8 in.

in width. This means that the parachute had a canopy porosity

of 19.9 percent and a ribbon spacing of 0.651 in.

PARACHUTE MATFEFRIALS

(@2}

The major structural components were analyzed to estimate

strength requirements and select materials.

a. Strength Requirements

(1) Parachute Opening Force
As pointed out on page 369 of the Parachute
llandbook (Reference 6) the overall strength requirements for
parachute components are usually established by applying a
design factor to the expected maximum parachute opening force,
FO. Pages 163 and 164 of Reference 6 present a method for

estimating Es which is applicable to this test program; that ;

is,
= S . -
Fo CD (o) OLS X (R-1)
O 5
1
where g
FO =  Opening force, 1b ]
CD = Parachute drag coefficient i
© !
SO = Design nominal area of the parachute canopy, 1
19.635 sq ft :
H
QIS = Dynamic pressure at parachute line stretch, i
! psf 1
X = Opening shock factor.

4
4
i
¥
i
1
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Average performance data from previous sled
tests of hemisflo parachutes (Reference 3) were used to estimate

values for CD and X. From Reference 3,

o
CDo = 0.42 (B=2)
X = 1.3 (B=3)
For the three nominal test Mach numbers of interest, M = 1.5,

w

1.8, and 2.2, the track dynamic pressures at line stretch,
QLS’ were expected to be approximately 2900, 4000, and 6500 psf,
respectively.

Input of the known and estimated values into
Equation B-1 gave the following expected maximum parachute

opening forces for the three test conditions:

iy fo 1P
1.5 31,090
¥ 8 42,883
) 69,685

(2) Suspension Lines, Riser Lines, Vent Lines,
and Radials
The strength requirements for these components
were estimated based upon the method established for suspension
lines, since all these components are to be the same material
ac, and continuations of, the suspension lines. The method
used is presented on page 378 of the Parachute Handbook

(Reference 6) and can be expressed as

SLS = (2.91) (FO)/n (R-4)

161

o PO s




where
SLS = Suspension line strength, 1lb

2.91

Design factor for deceleration
parachutes of aerospace vehicle
recovery systems, given on page 370
of Reference 6

FO = Maximum opening force, 1lb
n = Number of suspension lines, 12, |
This expression gave the following suspension line strength ?
requirements for the three test conditions:
Mo SLS (1b) i
5 7,540 i
1.8 10,400 ]
2.2 16,900 ﬁ
Suspension lines with these strengths were expected to survive,
undamaged, when subjected to the expected maximum opening 3
forces at the three test Mach numbers. This is illustrated on %
Figure B-3.
Also shown on Figure B-3 are the suspe~sion line
strengths chosen for use on this program. They are plotted at i

each of the three test Mach numbers. It was expected that a
sufficiently large range of strengths would be available for
testing such that the ultimate suspension line load could be

determined as a function of opening force.
(3) Horizontal Ribbons

The strength requirements for the horizontal
ribbons were estimated by averaging the requirements specified
in Table 7-5 on page 376 of the Parachute Handbook (Reference 6)
and the strengths used on actual hemisflo parachutes tested
previously on a high-speed sled (Reference 3). The required
horizontal ribbon strength, HRS, for 2 in. ribbons, was

estimated in terms of the suspension line strength, SLS, to be
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HRS = (1/3) SLS (R-5)

or, 1in terms of the maximum parachute opening force, FO,

HRS = (0.08) Fo (B-6)

Horizontal ribbons with strengths determined from Equation B-6
were expected to survive undamaged when subjected to the expected
maximum opening forces at the three test Mach numbers. This is

illustrated in Figure B-4.

Also shown in Fiqure B-4 are the horizontal
ribbon strengths chosen for use on this program. They are
plotted at each of the three test Mach numbers. It was expected
that a sufficiently large range of strengths would be available
for testing such that the ultimate horizontal ribbon load could

be determined as a function of opening force.
(4) Skirt Band

The requirements for the skirt band strength,
SBS, of each parachute were determined using the following

expression:

SBS = (0.72) SLS (B=-7)
Or, in terms of the maximum parachute opening force, FO,
SBS = (0.175) Fo (B~8)

(5) Vent Band

The requirements for the vent band strengths,

VBS, of each parachute were determined using the expression
VBS = (1.11) SLS (B-9)
or, in terms of the maximum parachute opening force, FO,

VBS = (0.27) FO (B-10)
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(6) Confluence Keeper

No strength requirements were originally
estimated for the confluence keeper bands. The confluence
and riser keepers were initially identical, each incorporating
a two-ply, 1 3/4 in. wide, 3600 1lb webbing as the band material.
After a structural failure of the confluence keeper band on test
6P-G3, all subsequent confluence keeper band strengths were made

approximately equal to the vent band strengths.
(7) Other Components

Strength requirements for other parachute
components such as the riser keeper bands and the vertical
ribbons were not established. The strengths of these components
were selected somewhat arbitrarily but with consideration of
strengths previously used on other parachutes tested at high

dynamic pressures.

b. Material Characteristics

General characteristics of the materials selected
for the various components of each test parachute used on this

program are summarized in Tables 2 and 3 of Section II.
(1) Nylon Materials

Detailed construction descriptions and
other characteristics of the nylon materials used in the
fabrication of the test parachutes can be found in the
applicable Military and Federal specifications which were in

effect at the time of parachute manufacture.
(?) Kevlar Materials

The Kevlar parachute materials used in the
fabrication of the test parachutes were in various stages of

development by the Fabric Research Laboratories (FRL) under
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contract to the Air Force Flight Dynamics Laboratory and the
Air Force Materials Laboratory (Reference 13). Design details,
construction descriptions, weaving requirements, and material
characteristics for the final Kevlar materials developed under
the FRL program are documented in References 14 and 15. The
construction and characteristics of the Kevlar materials used

in the fabrication of the test parachutes are summarized in

Table B-L.
6. PARACHUTE FABRICATION
a. Manufacturing Technique

All test parachutes were manufactured in accordance
with the Military Specification for continuous ribbon, heavy
duty type parachute systems (Reference 16). This Specification
includes descriptions of the manufacturing techniques associated
with stitching, seaming, splicing, measuring, finishing, marking,

and inspecting the test parachutes.

(13)Babish, C.A.: Development and Evaluation of Kevlar 29
Materials for Air Force Weapon System Parachute Applications,
paper presented at the Workshop on Superstrength Fiber
Applications, Dayton, Ohio, April 20 and 21, 1977.

(14)Abbott. N.J., et al., Design of Parachute Component
Materials from Kevlar 29 and 49, Air Force Materials Laboratory
Peport, AFML-TR-74-65, Part Iv, July 1976.

(IS)United States Air Force Draft Tentative Military
Specifications for: Webbing, Textile, Kevlar; Tubular Webbing,
Textile, Kevlar; Tape, Textile Kevlar; Coreless Cord, Kevlar;
and Thread, Kevlar, October 1976.

(lG)Military Specification: MIL-P-25716, Parachute System,
Heavy Duty, Genera:t Specification For,
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b. Major Scams and Joints

Because the test parachutes were manufactured
using the continuous ribbon technique, very few major scam and
joint types were required during fabrication. Continuous rows
of straight stitching along the radials and vertical ribbons
were used to join them to the horizontal ribbons and to the
skirt and vent bands. Continuous rows of straight stitching
along the multiple ply skirt and vent bands were used to join

the plies and fasten the bands to the radials and vertical ribbons.

Details of the ribbon splice and the skirt band
splice and the suspension line to skirt reinforcement joint
are given in Figures B-5 and B-6. While the construction of
the splices were the same for the nylon and Kevlar parachutes,
the number of stitches per inch and the thread type were different.
The nylon parachutes were stitched in accordance with Reference 16
to provide splices that would withstand ultimate loads of at
least 90 percent of the ultimate strengths of the component
materials (joint efficiencies of 90 percent or greater). The
Kevlar parachutes provided joint efficiencies of: (1) from
69 to 87 percent for the ribbon splices; (2) from 70 to 94
percent for the skirt band splices; and, (3) from 76 to 87

percent for the suspension line to skirt reinforcement joints.

7 PARACHUTE WEIGHTS

All test parachutes were weighed prior to packing.
Total parachute weights included the weights of all major
parachute components; the canopy, suspension lines, and riser
lines. Canopy weights were estimated as an average of two
weighings. The first weighing involved placing the canopy
portion on the scale and supporting the remainder of the
parachute in such a manner that little weight was added to,
or subtracted from, the canopy weight by the support of the rest

of the parachute. The second weighing involved placing all
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Figure B-5. Design Details for a Typical
Horizontal Ribbon Splice.
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of the parachute except the canopy on the scale and supporting
the canopy in the same manner as the rest of the parachute

was supported in the first weighing. The weight determined
from the second weighing was subtracted from the total parachute
weight to give a second canopy weight. The average of the two

canopy weights was used.

The total parachute and canopy weights established in
this manner for each test parachute are tabulated in Tables
2 and 3 of Section II. The weights of the nylon parachutes
ranged from 20.0 to 62.0 1lb and the weights of comparable
strength Kevlar parachutes ranged from 8.2 to 35.6 1b.
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APPENDIX C
DESCRIPTION AND DESIGN OF THE
PARACHUTE ATTACHMENT, DEPLOYMENT, AND RELEASE COMPONENTS

A number of components were used during this test program
to provide for parachute attachment to, and deployment and
release from, the Arrowhead and Tomahawk sleds. Photographs
of the major components are presented in Figure C-1 and a
sketch showing their sequence of operation is presented in
Figure C=2.

1. PARACHUTE ATTACHMENT/DEPLOYMENT/RELEASE MECHANISMS

The parachute attachment/deployment/release mechanisms
provided for: (1) attachment of the riser lines of the test
parachute to the sled, through the drag force tensiometer;

(2) initiation of the parachute deployment process; and, (3)
release of the parachute after a test run. Two mechanisms were
used during the test program; sketches of both are presented

in Figures C-3 and C-4. Each mechanism consisted of: (1) a
threaded adapter for fastening the tensiometer to the sled;

(2) a tensiometer; (3) a shear pin to protect the tensiometer;
(4) a parachute attachment/release fitting; and, (5) a drogue
gun assembly for launching the deployment cone. Differences
between the two mechanisms were in the design of the parachute
attachment/release fitting. The first fitting used, Figure C-3,
provided for the attachment of 12 parachute riser lines of
widths up to 1 in. Parachute release was effected by cutting
the riser lines with a linear shaped charge. The second fitting
used, Figure C-4, provided for the attachment of 12 parachute
riser lines of widths up to 1-1/8 in. Parachute release was
effected by driving a release ring upstream with the explosive
charge from four, 4 gram, S$S-68 squibs. The only malfunction of
either mechanism occurred on test 6P-H5 when the reaction from
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DEPLOYMENT
CONE

RISER
TIE-DOWN
RISER TROUGH
LINES

CONE

RISER TEST

" PARACHUTE
\ (PACKED)
“\
- PILOT

RELEASE
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COMPARTMENT
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b. Parachute Compartment.

Figure C-1 (concluded). Photographs Showing the Major

Parachute Attachment, Deployment, and Release
Components.
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cone deployment sheared the pins in the release ring allowing
the parachute to be released prematurely. The strengths of the
shear pins were increased and nc further malfunctions were
experienced.

- 1 DEPLOYMENT CONE, CONE RISER, AND RELEASE CABLES

An 8 in, diameter, 60 deg included angle, aluminum
deployment cone was used as the inertia slug and first stage
drag device to initiate parachute deployment for all tests
conducted under this proagram. Two M6 special (blasting) caps
provided the energy in the drogue gun to drive the deployment
cone mortar out of the gun with a muzzle velocity of approxi-
mately 85 ft/sec.

A cone riser was attached to the bucket handle type pin
link of the deployment cone mortar. The riser transferred
cone momentum and drag to the parachute restraining strap
release cables and to the pilot chute bag. A sketch of the
cone riser is presented in Figure C-5. The cone riscer was
basically a 40 in. long piece of 2 ply nylon webbing with
attachment loops for connecting the riser to the deployment
cone, pilot chute bag, release cables, and the ties in the riser
tie-down trough.

The release cables consisted of 1/4 in, steel aircraft
cable, copper nicro press fittings, and steel release pins.
The length of cable between the pins was 24 in.

3. PILOT CHUTES

A number of different pilot chutes were used during this
program; they are listed in Table C-1l.

a. Early Sled Tests

Test parachute deployments for the first two runs
conducted under this program were designed to be accomplished
without the aid of a pilot chute. On the first test, 6P-E2,
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the deployment cone deployed so late in the test run that it
generated insufficient force to extract the test parachute

from its compartment. On the second test, 6P-E3, the deploy-
ment cone deployed as programmed and extracted the parachute

as desired. However, analysis of the trackside motion picture
coverage showed that the test parachute hesitated on coming

out of its compartment, indicating that the force transmitted
from the deployment cone to the parachute bag may have been
marginal. An existing 18 in. projected diameter, nomex, ribbon
roof, Hyperflo type pilot chute was added to the deployment
system for the third test, 6F-E4., The deployment cone failed
to deploy on this test and the program was interrupted to
establish a reliable deployment technique. The 18 in. diameter
Hyperflo pilot chute was included in the first deployment
system checkout test, 6P-Fl, and it operated satisfactorily.
All subsequent tests incorporated a pilot chute as a deploy-
ment aid.

b. Supersonic-X-3 Pilot Chute Design

The parachute type selected as the pilot chute for
test runs 5 through 20 was the Supersonic-X-3 parachute as
described in Reference 17. The Supersonic-X-3 parachute is
one of a family of continuous surface of revolution parachutes
designed for operation at supersonic and hypersonic speeds
(Reference 18). The Supersonic-X parachute was selected because
of its excellent performance characteristics at supersonic
speeds (i.e., rapid inflation, excellent oscillatory stability,

(lv)GaIighor. L.L.: Aerodynamic Characteristics of

Supersonic-X Parachutes at Mach Numbers of 2.1 and 4.0,
Arnold Engineering Development Center Report AEDC-TR-69-8
(AD-846-695) , January 1969.

(18)Babish, C.A. IIl: A Continuous Surface of Revolution
Parachute for Supersonic/Hypersonic Speeds, AIAA Paper No.
70-1173, presented at the A Aerodynamic Deceleration
Systems Conference, September 1970.
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average dray coefficient, and fair inflation stability) and
because it is easily fabricated. Design details of the
Supersonic-X-3 pilot chutes used on this program are given
in Figure C-6.

C. Pilot Chute Bags

All pilot chutes were hand packed into their own
split flap type deployment bags (see Figures C-11-g through
C-11-i). The design shapes of the bags were parallelepipeds.
Loops were sewn into the bags to accept vent break cords and
pilot chute line break ties.

4. DEPLOYMENT CONTROL BREAK TIES

a. Deployment Problems at High Dynamic Pressures

Parachute deployment at high dynamic pressures
introduces many critical constraints into the design of the
deployment aids. This was especially evident during this
test program.

Sufficient force had to be generated by a deploy-
ment aid to extract the test parachute from its compartment
on-board the decelerating track sled. The deployment aid
itself had to be deployed to a position behind the test para-
chute where it could generate the required force. These
design constraints were not sufficiently satisfied during
the first three tests on this program and the program was
interrupted to develop a reliable deployment system.

Modi fication to the cone deployment mechanism and the intro-
duction of a pilot chute provided for satisfactory extraction
of the test parachute.

The deployment aids were also required to separate
the test parachute from the sled to a position downstream
where parachute inflation was desired. For this program,
the separation distance was as large as 40 ft. Parachute
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separation from the sled was to proceed orderly and parachute
inflation was not to begin until all lines were stretched out.
On the first two deployment system checkout tests, 6P-Fl1 and
6P-F2, the pilot chute extracted the test parachute from its
compartment satisfactorily, but then proceeded to strip the
bag from the parachute, leaving the parachute to deploy on
its own and to begin inflation before line stretch. For the
first five tests on this program, the test parachutes were
constrained inside their bags using a more-or-less standard
method for heavy duty ribbon parachutes. Three 23 1b nylon
"quilting" ribbons were used to maintain the shape of the bag
and from 10 to 17 ties were used tc hold the lines to the bag;
2 ply, 90 1b nylon tape for the first 8 or 9 ties and 1 ply,
33 or 90 1b nylon tape for the remaining ties.

b. Break Tie Design Criteria

The results from the first two deployment system
checkout tests pointed out the need for better control of the
deployment process by the ties between the parachute and its
bag. This need, and the nature of the deployment problems
encountered during the first five tests on this program,
established the criteria used for the design of the break
ties for all subsequent tests.

The break ties were required to be of sufficient
number and strength so that, without breaking prematurely,
each tie would accelerate that portion of the parachute it
was holding an amount equal to the acceleration the bag and
parachute would have when acted upon by the maximum
extraction force expected at any time during a test. Each
break tie was also required to be broken by a steady pull of the
minimum extraction force expected at that time during a test
when the velocity of that portion of the parachute the tie
was holding was brought up to the velocity of the sled.
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c. Analytical Simulation of Deployment Dynamics

(1) Calculation Method

The locations and strengths of the break ties
which would satisfy the design criteria were determined using
a calculation method which provided analytical simulation of
the behavior ~f the track sled and the components of the
deployment system during the deployment process.

(2) Physical System

As shown in Figure C-2, components of the

deployment system included the following:

deployment cone
cone riser

pilot chute bag
pilot chute

test parachute bag

test parachute

The period of interest for design of the break ties was during
the time the extraction force acted on the component being
deployed. For the case of break ties for the pilot chute,

it was from the time of stretch of the cone riser until strip-
off of the pilot chute bag; for the case of the break ties

for the test parachute, it was from the time when the pilot

chute opened until strip-off of the test parachute bag.
(3) Dynamic Model

One dynamic model was constructed which was
applicable to both periods of interest. The physical system
was separated into two point masses. One mass represented
the track sled; the sled mass, ms. The other mass was
called the parachute mass, mp, and was used to represent
either: (1) the instantaneous mass of the pilot chute and
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the test parachute bag and its contents, or (2) the
instantancous mass »f the deployment cone, cone riser, and

the pilot chute bag and its contents.

Each mass had only one deqree of freedom,
translation along the axis of deployment. The translations
and forces considered in the analysis are defined in

Figure C-7.
(4) Fquations of Motion

The basic equations of motion for the sled

and parachute masses were as follows:

d® (\q)
———y— = - FS/nE (C-1)
dt” =

a(x)

g = (R—D)/m) (5=1)
dt - 3

where:
'S = Force resisting sled motion, taken as

that value such that the ratio FS/mS had the same value as
the sled deceleration which was predicted for the time of
deployment by the Holloman Track, and was assumed constant

throughout the period of deployment, 1b.

R = Resisting tforce of the parachute ties, 1b.
(Although included in the analytical simulation, this torce

was so small that it had nealigible effect on system motions,)

D = Drag force of the pilot chute (or cone)

and the parachute bag (or pilot chute baqg), 1b.
(5) 1Initial Conditions

Integration of the equations of motion pro-

vided velocities and displacements as functions of time.
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Evaluation of the constants of integration required values
for the initial conditions. The displacements of the sled
and parachute masses were taken as zero at the time of
initiation of extraction of the parachute (or pilot chute)
from the sled. The velocities of these two masses at this
time were taken as the sled velocity which was predicted by

the Holloman Track for the time of deployment initiation.
(6) Maximum Allowable Tie Strength

The design criteria for the maximum allowable
break tie strength, (TS)max, specified that the tie should
break under the minimum expected drag force of the pilot

chute and parachute bag. That is,

PES) sl Dl (E=3)

To ensure that the tie would break under the minimum expected

drag force a design factor, DF1l, was applied as follows:
(TS)max = (D)min/DFl (C-4)
where,

DF1 = (SF) (KEF) (OF) (C-5)

and,

SF = Safety factor, 1.5

KEF = Knot efficiency factor, 0.75

OF = Overload factor, 1.5 (to account for
the tie breaking at loads above its

rated strength).
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E (7) Minimum Allowable Tie Strength

f . The design criteria for the minimum allowable
break tie strength, (Ts)min' specified that the tie must
accelerate the mass it was holding an amount equal to the
acceleration the parachute mass would have when acted upon
by the maximum expected drag force of the pilot chute and

parachute bag. That is,

2 2
d (xt) B d”(x ) (625
—— = =l )
dt dt
where
dz(x )
—k = [R - (D) __ 1/m (c-7)
dt max p
and
a® (x,)
—5—7—— = -(Ts)min/(DF2)mt (C-8)
t
where
xt = Translation of the mass that the tie was
holding, ft
m, = Mass that the tie was holding, slug,

and where the design factor, DF2, was
DF2 = (SF)/(KEF) (C-9)

Solving the above equations for the minimum allowable tie

strength gave:

(TS)min = (DF2) (mt) [(D)max = R]/mp (C-10)
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{ (8) Other Functional Relationships
Solving EFquations C-4 and C-10 for the required
tie strengths required functional relationships to be developed

] for the independent parameters of parachute mass, mp, drag

force, D, tie resistance, R, and tie mass, my in terms of
known quantities,

The parachute mass, mp, as a tunction of
1 separation distance, sd, was determined by welighing all
3 appropriate components, such as lines, canopy, bag, pilot i
3 . . _ ]
E chute, cone riser, eto., and measurinag appropriate parachute
3 lengths before and after packina and installation on the sled.

Draa forces were calculated using the following :

£ aeneral equation: 3

D = (Cy) (8) (0.5) (RHO) [ (C-11) ;1

where

CD = Drag coeftficiont,

S = Reoference area, sg tt

Alr Density at the Track, slua cu tt,

i

RHO

Expressions were assumed for the drag coetfticients of the

deployment cone, pilot chute baa, pilot chute, and parachute
bag as rfunctions of freestream Mach number ana separation
distance.

The resistance force of the parachute ties,
R, was expressed as a tunction of separation distance to
account for the number, location, and elongation of the ties,
and as a function of the length, elongation at break, and

the strenath ot the ties.
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The mass that the ties was holding, m , was
expressed in terms of the parachute mass distribution and

the number and location o! the ties.
(9) Computer Program

The analvtical simulation of deployment

dynamics was programmed for computer solution using the

Alr Force Aeronautical Systems Division MIMIC Computer
Program (Reference 19) on the IBM 7090 (7094) computer and
using the Control Data Corporation (CDC) MIMIC Digital
Simulation Lanquage (Reference 20) on the CDC 6600 and CYBER
series computers. MIMIC provided digital solutions of the
ordinary differential equations through an iteration process

in accordance with the Runge-Kutta method.

Input values for a total of twenty quantities
were required tfor each computer program run: the weight of
the pilot chute and the weights of the parachute lines, canopy
and bag; five lengths associated with the parachute before and
after packing and installation; the percent of elongation at
break of the ties; the lengths and number of bag, line, and
canopy ties; the predicted velocity and acceleration of the
track sled at deplovment; and the reference areas for the

pilot chute and parachute bag.

Computer program output was a listina of all

program parameters as functions of time, including the

(lg)Sanson, F.J. and Peterson, H.E., MIMIC Programming
Manual, Ailr Force Aeronautical Systems Division Report,
SEG-TR-67-31, July 1967.

=

(“O)Anon., Control Data 6000 Computer Systems MIMIC
Digital Simulation Lanwuage Roference Manual, Control Data
Corporation Publication 44610400, January 1972,
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maximum and minimum allowable break tie strengths and the
translations, velocities, and accelerations of the point masses
which represented the sled and the deployment system components,

(10) Band of Allowable Break Tie Strengths

Because the design criteria for the break ties
required the use of both minimum and maximum expected drag
forces, all computer proagram equations of mocion and functional
relationships appeared twice in the program; once accounting
for all expected variations in parameters acting in the
direction that would produce the minimum drag, and once
acting to produce the maximum drag. This means, for example,
that a maximum tie strength value output from the program
specified the breaking strength of a tie that would break
when the pilot chute was operating in the lowest expected
wake dynamic pressure and acting on the parachute bag which
was moving at the lowest expected absolute velocity (that
which it would have if acted upon by a pilot chute with the
maximum expected draqg).

Figure C-8 presents typical plots of minimum
and maximum allowable tie strengths as functions of separation
distance. The upper curve (upper for the first 38 ft of
separation distance) represents the maximum allowable tie
strength. That is, the strengths of selected ties must be
below this curve to ensure that they will break. The lower
curve represents the minimum allowable tie strength, and the
strengths of selected ties must be above this curve to
ensure that they will be able to accelerate the mass of the
parachute they are ho'ding an amount equal to the acceleration
of the parachute. The amount of separation of the two curves,
in the proper manner (maximum allowable above the minimum
allowable), was a function of the number and location of
the ties which were input into the program and which were
varied parametrically for each computer run.
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(11) Trajectories of Deployment System Components

Because the equations of motion appeared twice
in the computer program to account for both minimum and
maximum drag forces, two trajectories of the deployment system
components were output from the program.

Figure C-9 presents typical plots of the band
of expected separation distance histories for the pilot chute
and the test parachute. It was expected that the actual
separation distances would fall within these bands.

d. Selection of Break Tie Locations and Strenqths

The selection of break tie locations and strengths
was based upon the computer program output band of allowable
break tie strengths. For each sled test run, the number of
ties in each of three parachute sections =-lines on the bag,
lines in the bag, and canopy in the bag, was varied until
the curves of allowable tie strengths were separated in the
proper manner. An increase in the number of ties increased
the band width. However, in all cases the curves could
not be separated in the proper manner for the full separation
distance of the parachute. This was because it was impractical
to place more than six ties in the parachute canopy section.

Figure C-8 also shows a typical selection of break
tie locations and strengths. The location of each tie was
determined by equally spacing, as nearly as practical, the
number of ties in each parachute section. The tie strengths
were determined by selecting available nylon materials with
rated breaking strengths which fell within the allowable
band. Nylon materials with rated breaking strengths below
the maximum allowable breaking strength curve were selected
for the canopy section of the parachute -that separation dis-
tance where the allowable tie strength curves were improperly
separated. This means, that although the canopy ties were
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expected to break, they were not expected to provide sufficient
force to accelerate the canopy an amount equal to the acceleration
of the bag. That is, it was expected that the bag would be
stripped from the canopy before the canopy was stretched out.

e. Design of the Break Ties

The analytical simulation method used to determine
break tie strengths required that each tie hold a portion of
the parachute mass, be of known length, and have a rated
breaking strength. This requirement led to the development
of a new design for the break ties.

The design of the break ties for the first five
tests followed standard practices used for heavy duty ribbon
parachutes. One end of a tie was fastened to a bag loop and
the other end was passed around a "bight", or loop, in a group
of lines and fastened to the same bag loop after pulling the
bight tight. As the lines exited the bag, the bight tried to
slip out of the break tie loop (and sometimes did) as it
pulled on the tie. This break tie design was difficult to
model in the computer program and estimations of the variations
in the force at which a tie was expected to break were large
and unreliable.

The design for the break ties used on this test
program for the last 15 tests is illustrated in Figure C-10.
Two line tie loops were sewn to opposing lines at each tie
location. One end of each break tie was knotted to the first
line tie loop. The other end was routed around the lines,
through the second line tie loop, back through the first line
tie loop, and finally tied to a bag loop. With this design:
(1) the length of the tie was known; (2) the tie securely
held its portion of the parachute - the more the lines pulled
out of the bag, the more tightly the tie held the lines; (3)
only a single ply of nylon material was required to break;
and, (4) after the tie broke, the lines (or canopy) were free
to deploy.
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: o Vent Break Cords

Two break cords connected the vents (apexes) of
both the test parachute and the pilot chute to their bags.
One cord was called the vent break cord and the other the
"snubber." For the test parachute, the vent break cord
was a single ply of nylon webbing with a free length of
30 in. The snubber was a single ply of nylon cord about
6 in-long. For the pilot chute, single ply nylon cord was
used for both the vent break cord (12 in,long) and the
snubber (about 4 in.long).

The required strength of the vent break cord, VBCS,
was taken as the minimum expected drag force of the extraction
devices at the time when the last of the parachute (or pilot
chute) just exited the bag. That is,

VBCS = D (C-12)

min

where Dmin was obtained from the computer program output.

The required strength of the snubber, SS, was
taken as:

Ss = (1/3) (VBCS) (C-13)

Available nylon materials with rated breaking
strengths closest to the required strengths were selected
for use as vent break cords and snubbers.

S. PARACHUTE PACKING

All parachutes were packed in a similar manner. Differ-
ences were in the design, number, locations, and strengths
of the break ties and vent break cords. Photographs taken
during a typical packing are presented in Figure C-11 and
Table C-2 1lists the materials used for the break ties and
vent break cords for each test run.
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a. Test Parachute Preparation

Prior to parachute packing, each test parachute
was prepared to accept the packing aids. A 24 in. long vent
line loop of 6000 1b webbing was placed around the vent lines to
accept the vent break cords. Two cut knives were fastened
18 in. below the canopy skirt on suspension lines numbers 6
and 12 to accept and cut the canopy compartment closure tie.
One cut knife was fastened 66 in. from the riser line attach-
ment loop on suspension line number 12 to accept and cut the
parachute bag closure tie. Loops of 1 in. wide webbing were
sewn to the lines and canopy at those locations selected for
placement of the deployment control break ties. Two loops
were placed at each location on opposing lines, but not on
the same two lines. For example, for test 6P-H7, 6 loops
each were placed on lines 1 and 7, 9 and 3, and 11 and 5, and
5 loops each were placed on lines 2 and 8 and 10 and 4. Loops
of 1/2 in. wide tape were sewn to one pilot chute line to
accept the break ties.

All materials used to prepare the parachutes, with
the exception of the steel knives, were of the same type as
the parachute. That is, nylon thread, tape, and webbing were
used with the nylon parachutes and Kevlar thread, tape, and
webbing were used with the Kevlar parachutes.

b. Parachute Bags

All parachutes were hand packed into their own
nylon, split flap type deployment bags (see Figure C-11-b
through C-11-f). The design shapes of the bags were
parallelepipeds. Loops were sewn into the bags to accept
vent break cords and parachute line and canopy ties. Flaps
were sewn to the outside of the bags to provide a storage
compartment for the pilot chutes (see Figure C-1l1-i and
C-11-j).

206



C. Packing Procedure

The following instructions were given for packing
the parachute for test 6P-H7. Similar instructions were
followed for the other tests (the designs of the break ties
were different for the first five tests, see Paragraph 4.e
above; the thread type underlined below was nylon for
the nylon parachute and Kevlar for the Kevlar parachutes; and,
when not specified, the packer could use any type knot).

X. (Refer to Figure C-1ll-a.) Stretch out the
canopy and suspension and riser lines on the vacking table.
Arrange the lines in sequence, with line number 1 on top (in
the middle). Tie a loop of nylon cord, MIL-C-5040, Type III,
550 1b, through the 12 riser line attachment loops so that
the lines form a circle with all line numbers in sequence.
Straighten the lines, arrange into one group, and hand tack
with FF nylon or 3 cord cotton thread every 24 in. From the
riser line attachment loops to the first cut knife, tack every
6 in.

2. (Refer to Figure C-11-b.) Lay out the test
parachute bag and fit with nylon quilting ribbons, MIL-T-5608,
Class B, 5/8 in, Type III, 70 1b, through the grommets. Tie
the vent break cord to the vent and bag loops with a free
length of 30 in. Tie a snubber to the vent and bag loops with
a free length of approximately 6 in. Tack the vent loop with
3 cord Kevlar thread at the break cords and at the vent lines.

. ¥ (Refer to Figure C-1ll-c.) Make an "S" fold
in the canopy and bring the quilting ribbons from the first
row of grommets through the canopy. Tie cne end of the first
canopy break tie to the first canopy tie loop with a bowline
and locking knot. Route the other end of the first canopy
break tie around the canopy, through the second canopy tie
loop, and tie to a bag loop using three half-hitches and a
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locking knot. (Sketches and photographs of this break tie
design are presented in Figure C-10.) Tie the remaining
canopy break ties.

4. (Refer to Figure C-11-d.) Loosely lace bag
with nylon webbing, MIL-W-5625, 1/2 in., 1000 1b. Pass the
quilting‘ribbons through the grommets in the canopy compart-
ment and tie. Close and lock the canopy compartment with
nylon webbing, MIL-W-5625, 1/2 in., 1000 1b, through the
knives. (Maintain bag width - do not pull tight.) Safety
tack each knife to the compartment closure webbing with two
single turns of 3 cord nylon thread.

5. (Refer to Figure C-ll-e.) Fold suspension
and riser lines in an "S" curve and fasten the line break
ties to the bag in the manner described above and shown in
Figure C-10. Lace up the remainder of the bag and tie off
the lacing. Tuck in the bag closure flaps and close the bag
with nylon cord, MIL-C-5040, Type III, 550 1b, through one
knife. Safety tack the knife with two single turns of 3 cord
nylon thread. Hand tack the bag closure flaps with 3 cord
nylon thread as required. Pull all quilting ribbons tight
and tie.

6. (Refer to Figure C-11-f.,) Tie the remaining
riser lines to the outside bag loops using the bag break
ties. Hand tack the riser lines to the outside of the bag
with FF nylon or 3 cord cotton thread as required to prevent
movement during handling and shipment. Hand sew two turns of
5 cord cotton thread through all twelve riser lines in 5
places. Leave 12 in. of thread free on each side and loosely
tie the free ends. The first tie is 9 in. from the riser line
attachment loop stitching and the remainihg ties are spaced
at 3 in. intervals. (These 5 cord cotton thread ties are shown
in Figure C-12-d.)
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U (Refer to Figures C-11-g through C-11-j.)

Pack the pilot chute. Stretch out the pilot chute on the pack-
ing table. Tie the vent break cord and snubber to the vent
and bag loops with free lengths of 12 and 4 in. respectively.
Tie the pilot chute lines to the bag using the pilot chute
break ties. Fold the canopy over the lines. Close the bag
over the lines just before the bridle with nylon cord,
MIL-C-5040, Type II, 400 1b, through the 33 in. lanyard/
knife. Safety tack the knife with three single turns of 3
cord nylon thread. Lace the bag with nylon cord, MIL-C-5040,
Type III, 550 1b. Attach the pilot chute line bridle to

the test parachute bag bridle with a connector 1link and

safety tack the bridles to the link with 3 cord nylon thread.
Fold the bag bridle, lanyard, and pilot chute line bridle

into the pilot chute compartment and hand tack with single
turns of 3 cord nylon thread as required. Arrange bridles
such that the pilot chute bag opening is toward the bottom

of the test parachute bag. Place the pilot chute in the
compartment and hold in place with single turns of 3 cord
nylon tnread as required. Attach the cone riser to the

nilot chute bag bridle with a connector link and safety tack
the riser and bridle to the link with 3 cord nylon thread.
Close the end flaps over the pilot chute and lock with a single
turn of 3 cord nylon thread through the connector link. Close
the outer flaps and lock with single turns of 5 cord nylon

thread through the cone riser in three places.

8. (Refer to Figure C-11-k.) Tie nylon cord,
MIL-C-5040, Type I, 100 1b, to each cut knife loop of the
cone riser. Leave two free ends, one 6 in. and the other
24 in. long. Tie single turns of 3 cord cotton thread through
two holes in each cone riser cut knife. Leave 24 in. free
on each of the four ties. Wrap all cord and thread with

masking tape for shipment.
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6. PARACHUTE INSTALLATION ON THE SLEDS

The test parachute and the attachment, deployment,
and release components were installed on the sleds in a
manner which would ensure deployment of all items in the
proper sequence and at the proper time. The packed test
parachute and pilot chute were held in the parachute com-
partment by restraining straps. Those portions of the para-
chute riser lines and the cone riser which were not fastened
to the parachute bag were tied to a trough on top of the sled.
These lines and riser and the deployment cone were protected
from windblast by a cover.

The following instructions were given for installing the
parachutes on the sleds:

1. (Refer to Figure C-12-a.) Attach the parachute
attachment/deployment /release mechanism to the sled and insert
the tensiometer shear pin.

2. (Refer to Figure C-12-b.) Attach the parachute
riser line loops to the parachute attachment/release fitting
or to the release fitting lugs (depending upon which attach-
ment /deployment /release mechanism was used).

3. (Refer to Figure C-12-c.) Insert the packed test
parachute and pilot chute into the sled parachute compartment
with the parachute riser lines on top and the pilot chute
compartment facing aft. Lay the parachute riser lines in the
tie-down trough and attach the parachute attachment/release
fitting or lugs to the parachute attachment/deployment/
release mechanism with parachute line number 1 on top. Split
the parachute riser lines into two groups and tie off the
groups with two turns of 5 cord cotton thread as required
to allow for clear cone deployment and room for the cone
riser to loop forward fromthe deployment cone link (see also
Figure C-12-f).

210



P T T T v e e

4, (Refer to Figure C-12-d.) Route the free ends
of the 5 cord cotton thread ties, which are on the parachute
riser lines, through holes on either side of the tie-down

trough, pull tight, and tie. Cut off excess thread.

5. (Refer to Fiqure C-12-e.) Route one end of each
of the two 100 1b nylon cord ties, which are on the cone
riser, from a riser loop, out through a hole in one side of
the tie-down trough which is forward of the knife, back
through another hole which is even with the knife, through
the knife, out through a hole in the other side of the trough,
back through another hole, and tie to the other end of the
100 1b cord tie after pulling the tie tight. Safety tack the
knife by tying the two 3 cord cotton ties, which are on the
knife, through holes in the tie-down trough which are forward
of the knife and back through a third hole in the knife. Cut

oft all excess thread.

6. {(Refer to Figure C-12-f.) Attach the cone riser
to the pin link on the deployment cone mortar. Inscrt the
deployment cone into the drogue gun assembly of the parachute
attachment/deployment /release mechanism. Insert and safety
wire its shear pin. The stitching of the cone riser loop

must be forward of the cone pin link.

i (Refer to Fiqure C-12-g.) Route the parachute
restraining strap release cable (or cables) through the loop
in the cone riser. Place the parachute restraining strap
between the cone riser and the pilot chute compartment. Hold
the onds of the restraining strap in the cylinders located on
the edge of the parachute compartment and insert the cable
release pins into the cylinders. Safety wire the pins. Install

the cover on top of the sled.
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a. Packing Step 1.

Figure C-11. Photographs Taken During the Packing of the
Parachute for Test 6P-Gl.
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b. Packing Step 2.

Figure C-11 (Continued). Photographs Taken Dm'in\l the
Packing of the Parachute for Test 6P-CGl.
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c. Packing Step 3.

Figure C-11 (Continued). Photographs Taken During the
Packing of the Parachute for Test 6P-Gl.
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d. Packing Step 4.

1

Figure C-11 (Continued). Photographs Taken During the
Packing of the Parachute for Test 6P-Gl.
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d. Installation Step 4.

Figure C-12 (Continued). Photographs Taken During Parachute
Installation on the Arrowhead Sled.
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g. Installation Step 7.

Figure C-12 (Concluded). Photographs Taken During
Parachute Installation on the Arrowhead Sled.
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