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FOREWORD

This work was periormed during the period September 1957 through
Octobe~ 1969 under US Army Natick Centract No, DAAGI7-68-C-0019
for the Department of the Army Project No. 1MI121401DI35 entitlcd
"Low Altitude Airdrop System for Supplics and Equipment'.

The Parachute Retrorocket Airdrop System was selected as one of
the two most promising concepts out of nine that werce studied un-
der a scparate preliminary exploratory development study.

This in depth exploratory investigation of the Parachute Retrorocket
Airdrop System was conducted to determine its potcntial for meect-
ing the techuical, economic and operational requirements of an air-
drop system capable of delivering supplies and cquipment weighing
from 2000 to 35,000 pounds from cargo aircraft flying at an altitude
of 500 feet or less above the terrain.

The work was performed under the direction of Mr. George
Chakcian, the Project Engineer for the U.S. Army Natick
Latoratories.
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ABSTRACT

The Parachute Retrorocket Airdrop System (PRADS) combines
relatively small parachules to lower an airdrop load and rockets
to slow the descent just before tmpact for airdropping loads
from 500 fcet absolute altitude. The system was studied and
demonstrated to be feasible under previous contracts with the

U. S. Army Natick Laboratorics. Testing was then accomplish-
ed under an exploratory development program to demonstrate
capability for the airdropping of loads up to 10, 000 pounds gress
weight,

This report prescuts the results of testing and analysis under
an in-depth exploratory development conlract. Breadboard
hardware was designed or redesigned and manufactured. Test-
ing was then performed which demonstrated system capability
for loads of up to 35,000 pounds. Prototype hardware was

then designed which is expeoccted to perform economically and
reliably. In addition, problems of ground sensing prube swing,
rocket exhaust plume couvergency and somewhat high sling
forces are expectled to be eliminated.

It is concluded that PRADS can be used economically and
reliably to drop loads up to at least 35, 000 pounds from an
absolule altitude of somewhat less than 500 feet onto
unprepared drop zonus. In addition, the load range can be
extended to 50, 000 pound loads at a reasonable cost. PRADS
requires less time to rig and pack parachutes than the present
system. Also, drops can be made inte small drop zones very
accurately or from high altitudes with reasonable accuracy.
Speciat loads can be dropped with very low impact velocity.
¥Fngincert development of PRADS appears to be a logical step

Cering Gey
to advance the state-of-the-art in airdropping.




1.0 INTRODUCTION
1.1 General

The Parachule Retrorocket Airdrop System (acronym PRADS) was
developed to its present state of prototype hardware design by
Stencel Acro Enginecring Corporation, Asheville, North Carolina,
under contract DAAGL7-68-C-0019 with the Airdrop Engincering
Laboratory of the U, S. Army Natick Laboratories, Natick,
Massachusctts. Work cffort under this contract was perf{ormed
during the period September 1967 through October 1969,

System operation consists basically of load extraction by standard
cxtraction parachute(s) as in the presently used all-parachute sys-
tem, standard bag deployment of small main canopies as in the
present systeni, load descent between 55 and 70 feet per second,
and retrorocket firinug just prior to ground impact. The normal
vertical impact velocity is 18 to 28 feet per second.

The intent of this final engineering report is to present the results
of contract effort particularly in the areas of testing and analysis.

1.2 Requirements

It is self evident that modern warfare demands that troops, equip-
ment and supplies be airdropped behind enemy lines or in enemy
held territory with maximum safety to all personnel. In order to
be effective, the delivery operation must contain the element of
surprise. The delivery system must be highly reliable under a
wide variely of atmospheric conditions, combat conditions and
loads.

Further the requirements for maximum surprise and maximum
safety {minimum vunerability) can best be met by an aircraft fly-
ing and delivering from a) low altitude, i.e. 500 feet or below
absolute altitude abouve the terrain or b) high altitude.

While the present airdrop system is probably satisfactory in
many respects, it is lacking in its ability to deliver loads from
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Jc.ow 500 fcei to avoid radar detection and to deliver very large
toads (above 35, 000 pounds). In fact the standard drop elevation %
is 1200 o 1500 feey at the present ti pe.

It is, therefore, necessary to develop a delivery system which
will meet the altitude equirement and at (he same time be com-
patible with the aircraf) and loads. Cost and complexity must be
reasonable. Furthermorc, the new system should be compatible
with the present standard drop System as far as possible,

1.3 Capabilities

e ———

PRADS appears to meet these requirements with the following

1. Low altitude capability (500 feet) over the full range of
load weights from 2000 pounds to 35, 000 pounds with a wide
range of environniental conditions (lower altitudes for loads
under 35, 000 pounds).

2. Hecavy loads up to 50, CO0 pounds with somewhat larger ‘.
pParachutes {anqg potentially above 50, oo pounds with additional
rocket thrust),

3. Very good drop accuracy from low altitudes and acceptable
accuracy from high altitude (above 3000 feet) because of the
relatively high descent rate.

fit into aircraft with crusl. [ cardboard requiring impact below

i
|
4. Flexibility for potential fragile loads or loads too high to ,’

[
10 feet per second. ?

1. 4 Background ,

A study was Froposed tc determine basic hardware requirements
and system performance, This study resulted in the requirement
of a rather complex system which would deliver loads from about
200 feet minimum.

—— .




igin and tusting was ithen performed to veridy study
tests proved that the system was feasible. In

Licliminary de
results. Tl o
addition, certain system simplifications were found poscible
which reduced the overall system complexity appreciably.

Exploratory developimernt was then conducted in the 4000 to 10, 000
pound load range to optimize this configuratior.,

The PRADS program was proposcd to extend the weight of the
drop loads tested to 35,000 pounds and to further optimize the
systeim through studies.

1.5 Scove

The purpose of this contract was to conduct an indepth exploratcry
devcelopment of PRADS. One specific objeclive is to extend the
demonstrated load weight dropable by the previous GROUND
PROXIMITY AIRDROP SYSTEM {rom: 10,000 pounds tc a {full 3£, 000
peunds from 500 feet absolute altitude. A second objective is to
arrive at a prolotype systern design as a result of testing, study

and analysis,

1.6 System Operation and Description

The fcllowing is a step by step description of the furctioning of the
proposed PRADS prototype design. It should be noted that the sys-
tem as tested under this contract was similar except for the

ground seusing device and size of rocket motors. Furthermore,

the svstem as referred to here is 1o be used only from approximately
8000 pounds gross weight and up. Small loads can ve dropped by
parachute. Figure 1.1 illustrates the sequence of operation.

Figurc 1. 2 shows tne PRADS configuration as preposed,

1.6.1 Extraction Parachute Reiease

At the proper time the pilot will relcase the extraction parachute(s)
so it will swing down and out on its pendaulum. Once in the air-
strean it will be carried back. This action is identical with the

cxisting system.

B nwits M

RN

PN,




'S R R e

8

TR D -

11 24n31g

(SO7dd)  WILSAS JOMONY -
ADNOCHOYLIY  ILNHOVEVL

e T e T

i - a—




Z2°1 @an8i g

— e
=Ll yod FLL] _ menemea] T
D T s OO — ] T e we oy

G0¥s) WIS Oy = T e

130CoM 3 3L -
R I e =0l
-

[ Y v R




WIFEY R

1.6.2 Extraction Parachute Deployment

The extraction parachute (s) in its bag gocs back and deploys the
extraction line. When the cxtraction linc becomes taut the bag
strips off the extraction parachute. The extraction parachute

then opens. All steps in Lthis phase are the same as the existing
system,

1.6.3 Load Release

When the extraction parachute opens, the force rapidly builds up
toc 1to11/2 G. The load is released by either 1/2 G or 1 G res-
traint or by a relecase actuated by a cable from the extraction
line as in the existing system.

1.6.4 Load Extraction

The load is extracted by the extraction parachute as in the exist-
ing cystem,

1.6.5 Extraction Force Transfer

The standard cxtraction force transfer device is actuated as in
the existing system: to transfer the extraction force to the maiu
canopy bags as the load leaves the aircraft.

1.6.6 Main Canopy Deployment

The main canopies are deploved from bags extracted frcm the
load by the extraction parachute(s) as in the existing system
except the main canopies are smaller. The main canopies will
be slotted circular canopies 48 feel in diameter, Slotted can-
opies are proposed so that opening shock will be reduced. The
canopie are used in clusters of from 1 to 6. Since the canopies
are smaller than those in the present system, the risers and
suspension lines are shorter, and the load is not left unsuspend-
ed as long as in the conventional system which reduces the
possibility of overturning. The extraction parachute and bags go
free of the load after deployment,
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1.6 7 Canopies_Inflate

After the main canopies are deployed from their containment
bags, the canepics open to their full diameter without reefing.

T N bt e skl tem, - kb -

1.6.8 Rocket Pack Extraction

The rocket pack ts extracted {from the load as the main canopices

arc opcening.

1.6.9 Gas Valve Armed

The gas valve is armed by a lanyard irom the rear of the lcad
just before the suspension slings become taut. The gas valve
cannot be shuttled and the rockeis fired until the safetly is

actualted.

1. 6.10 I.oad Rotation

The load rotates nose up as the front suspension slings take over
the suspension of the load and the canopies inflate.

1.6.11 Ground Sensor Armed

A lanyard from the rocket pack activates the laser ground sensing
circuitry with a four second time delay just before the rear sus-

pension slings become taut.

1.6.12 I.oad Descent

When the main canopics are fully open, the load descends at a
medium velocity of 55 to 70 feet per second just after it goes

over the "knee' of the trajectory curve.

1.6.13 Ground Sensor Actuates Valve

When the load reaches approximately 23 feel above the ground,
the crossed beam from the laser comes in view of the viewing

lens and the solenoid valve is actuated.
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1.6, 14 Rocket Fire

When the gas valve shutties, high pressure gas is ported to the
rtocket motors. Dual primers in the rockel motors are fired by

gas operated pistons. The rocket motor thrust axis is at 35
degrees with the vertical. The vertical component is approximately
12, 900 pounds.

One rocket motor is used for approximately each 3, 000 pounds of
lecad. The load is decelerated with approximately 4 G total or
3G net over a nominal 1/2 second burning time. Figure 1.3

is an actual photograph of the rockets {iring during the early part
of decelcration of the 35,000 pound drop lvad.

1.6.15 Rocket Performance

Each rocket motor produces nominaliy 72EQ pound-seconds tutal
impulse or 940 pound-seconds vertical for acceptable perform-
ance in load vertical velocity at impact.

1.6.16 Rocket Pack Performance i

The rocket pack must be intact and its thrust must be aligned with-
in approximately 10 degreces of the load cg for stable performance.
Its thrust axis must be within approximately 10 degrees of the
vertical for acceptable performance in load horizontal velocity

at impact,

1.6.17 Load Impact

The rockets nominally burn out above the ground, and the load has
a short frec fall. Crushable cardboard is used as in the existing !
system to cushion impant, v

It should be noted that during this in-depth exploratory develop-
ment program that the ground sensor tested was made up of two
probes, brakes and detonating fuse trains. Parachutes were 24,
36 or 46 feet in diameter. The preceeding, then, is proposed

as a result of anal‘ysis‘
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2.0 PROGRANM EFFORT (In-Depth Expioratory Develop-
ment)

2.1 General
The program objectives were to develop a system to deliver loauds:
a. At aircraft altitude below 500 feet above the Lerrain,

b. At aircraft speeds from 110 to 150 knots. Compatibility
with lowcr aircraft speeds down to 40 knots should be invesligated
for possible application to cargo helicopters and VITOL/STOL
aircraft,

C. With horizontal impact velocities not exceeding those of
the present system in ground winds from zero to at least 15
knots.

d. In operations employing mass formations of aircraft air-
dropping single and multiple cargo units. A mass formation is
here defined as thirty (30) aircraft.

e. With the fewest possible restriclions on drop zone character-
istics such as size, unobstructed area and flatness/texture of
terrain.

{. With a nominal vertical cargo impact velocity of 23 feet per
sccond and a maximum of 28, 5 fecet per second at any terrain
altitude between zero and £, 000 feet and simultaneously at any
air temperature between -65°F and 106°F.

Z. Without modification to the cargo being delivered other than
rminor modifications which can be accomplished without special
equiprnent or tools.

h With a reliability of . 995 and an accuracy CEP of 100 meters
from the selected impact point at equal conditions.

1. For unit cargou gross weighis firom 2, 000 io 35, 660 pounds
on a.rdrop platforms using currently standard and developmental
aircraft unloading kits,

10




3 With minimum requirements for special training of using
troops.

k. Without moedification to airdrop aircraft other than those that
can be accomplished as a minor retrofit,

1. Without reduction of the present allowable cargo size
envelope for cach type of aircraft.

n. Without reduction of present aircrafl utilization for airdrop.
n. Without complicating the rigging, loading and derigging

of the airdrop cargo and the evacuation from the drop zone of the

airdrop system components.

o. Without interfering with the concept of paratroopers jump-
ing after the cargo from the same aircrafi.

P Under adverse weather conditions as outlined in AR705-15
incorporated herecin by refercnce and made a part hereof includ-
ing extreme cold and hot weather operating coaditions sgecificd
excep! that the requirement for -80°YF is changed to ~65°F.

The basic program objectives were met including extending the
drop weight to 35,000 pounds from 500 fect altitude. It is pointed
out, however, that the 35,000 pound load was dropped success-
fully with rescrvations. A discussion of the solution of problems
is found under engineering analysis of tests.

Simplification and refinement of hardware was also accomplish-
ed although relatively little redesign was done except in the pro-

totype design.

Finally, considerable study effort was applied to optimize the
system and define its limitations,

2.2 System Hardware

2.2.1 Design
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Basically the system hardware was functional but not reliable
at the onset of this program. The following specific improvements
were made:

A, The probe reclout brake was simplified from both a
manufacturing standpoint and an assembly and maintenance stand-
point over that used in the previous program. This hardware was
uscd for testing only.

B. Stronger mild detonating fuse (MDF) with end primers
crimped in place was purchased for testing only.

C. Slight changes were required in the small rocket pack for
additional strength, A protective dome was added to the large
rocket pack which remained a very heavy vasic design. The
rocket packs were designed for the existing rocket motors.

D The iatermediate parachute, 36 feet in diameter was strength-

encd anc additional units were purchased. Similarly, 46 foot
parachutes were purchased for larger loads and used for test-
mng.

E. The MDF and confined detonating fuse (CDF) clamps were
modified to give more efficient clamping and simpler assembly
and used for testing only.

2.2.2 Fabrication

1ncluded ground sensing signal systems, small rocke
large rocket packs. Kach set of signal systems includ
probes, (wo probe reelout brakes and two probe releases and
housings.

Parachute containment bags were fabricated for 24 foot, 36 foot
and 46 foot parachutes.

All replacement hardware and expendable hardware was manu-

factured to support lesting both at Stencel (Asheville) and 6511ith
Test Group (El Centro).
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2.3 Testing

2 3.1 Model and Bench Testing

Model testing of the rocket pack configuration was accomplished
to determine the plume characteristics desired in the proposed
prototype hardware counfiguration. Appendix A prescnts the
scale model testing.

Bench testing of the ground sensor used in tests was carried out
to a) deternune the strength of the MDF, b) adjust brake rcelout
time, ¢) prove the new MDF insusceptibility to static electricity,
d) vibration test the signal system for testing at E1l Centro, ¢)
cold temperature test the MDF and CDF, and ) determine the
pressure build-up time in the rocket packs. This bench test-
ing was done primarily for hardwarec used in testing since the
propuscd prototype ground sensor will not use MDF. For this
reason details of this bench testing will not be included in this
report.

c.3.2 Static Testing

Four static tests of tethered rocket packs werc conducted at
Stencel to determine stability and structural integrity of the hard-
ware under simulated {iring conditions. Condit.ons and proce-
dure for thesce tests are summarized in Appendix B and analyz-
ed in Section 3, 0,

[ 98]
w
[o¥]

Drop Testing - Stencel

Eight drop tests with 4600 pound loads were performed at Stencel
test facililies Lo deterinine the optimum all parachute contfigura-
tion, to test rodilications particularly in the MDF and to check
system safcty previous to testing at El Centre.  Test procedures
and conditions are summarized in Appendix C with analysis in
Section 3. 0.

2.3.4 Drop Testing - Fl Centro
A scerics of drop tests were conducted at the Naval Air Facility,
Fl Centro, California, by the 6511th Test Group (Parachute).

13




Test support was provided by Stencel Aero Engincering Corporation.
Recovery parachutes, ground sensor signal systems (using MDF),
and rocket packs were provided by Stencel. Extraction systems,
drop loads, slings, instrumeniation, etc. were government furnish-
cd. Conditions and procedure for this series of lests are
summarilzed in Appendix D, Analysis of the tests is found in
Sccotion 3. 0.

2.4 Studies and Analysis

2. 4.1 Performance of the proposed .rototype design is
analyzed in Scction 4. 0. In addition the resuits of sensitivity,
reliability and safety analysis and a discussion of problem areas
arc found in Scction 4. 0. An IBM .130 computer was used to
study performance of the prolotypc systemn.

2.4.2 Human factors and logistics studies are presented in
Scctions 5.0 and 6. 0. Studies were made of cost, maintainability
and manpower requirements. Prices were obtained for the pro-
posed system to fulfill the Technical Integratior and Evaluation
contractor (TIE) requirements. .

2.5 Purchases

2.5.1 Sixty new rocket motors and 240 relvoaded rockets
were purchased from Northrop Carolina, Inc. for use in static
rocket tests and system drep tests. These motors were the
same as those purchased on the previous contract No. DAL9-
129- AMC-502(N). See Section 4,0 for rocket performance. The
proposed rocket motor will have about three times the thrust

of those uscd in testing,

2 52 Parachutes, MDF and CDF were purchased for test-
ing. In addition misccllaneous raw materials and parts were
purchascd under this contract.

2.0 Delivery Items

2.6.1 In addition to this report, information was submitted
to the TIE contractor.
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2.6.2 Four progress rej 2208 were submifted to Natick
Laboratories. "Parachute Retrorocketl Airdrop Systeim 120 Day
Status Reporti, '"240 Day Status Keport' and '"360 Day Status
Report'’, conlain details ef progress throughout the program
except for the majority of tests ai ©1 Ceniro and final study
results corntained 1n this report,

2.6.3 A doucumentary film and a continuous coverage film
were delivered to Natick Laboratories and the TIE contractor.
In addition, prints, charts and test reports were delivered.

3.0 FNGINEERING ANALYSIS OF TESTS AND CON-
CLUSIONS

An attempt will be made here to give 2 comprehensive analysis
of tests for engineering evaluation. This analysis is a summary
discussion of test performance 2ad problem areas. A test by
test analysis is found in Appeundix E in which, at the risk of

being redundant, onc may :ock at performance and problems in
order to better undersiand what happened in each fest and how the
arees interrelate. Sample calculations and metheds are pre-
sented in detatl for tests 195-1 and 202-19 (Appendix E paragraphs
2.0 and 3.90). In addition, test reports summarizing conditions
and results are found in Appendices B, C and D.

3.1 Weight Ranges

To cover the complete weight range from 2000 pounds teo 35, 000
pounds, iwo airdrop configurations v.ere testzd. Parachutes
only, 46 fect in diameter, were used to recover weights of 5000
pounds or less. Loads up to 35, 000 pounds were dropped with
parachotes and retrorockets. Thesc indicate thai PR.ADS can
meet the airdrep reguirement. for the comgplele range of loads
from 500 feet absolute altitude using the proposed prototype hard-
ware.

3.2 Pirachute Opening

In general, telemetry data was complete on testing at El1 Centro.
IHowever, data was lost for test 202-1, The three sizes of para-
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chutes used in testing were 24, 36 and 46 foot diamete . Since
the 46 foot parachutes are clusce to the diameter of the 48 foot
propoused prototype, the performance will be looked at in more
detail for the larger parachule than for the smaller sizes.

3.2.1 Twenty-Four and Thirty-Six Foot Parachutes

Five tests were mmade with four 24 fool diameter pa achutes
{sec Aprendix C) and six tesls were made with six 24 {ool para-
chutes (see tests 202-4, -5, -0, ~10, -1l and -12, Appendix D).
Three tests were made with five 36 foot parachutes (tests 202-7,
-8 and -14), and two tusts were made with seven 36 foot para-
chutes (iests 202-9 and -13). Table 3.1 shows a sumrmary of
times from extraction force transfev to average parachute open-

ing including an average of the times for each cluster size and
parachute size. ~

CLUSTER AVERAGE PARACHUTE DEPLOYMENT AND OPENING

TIMES
Avg. Deployment & g_r
Parachute No. Parachutes No. Opening Time-Sec.

Size in Cluster Tests I

Max. Min, Avg.
24 4 5 2.0 2.27
24 6 6 3.7 2.71 13.19
36 5 3 3.67 3.44 {3.56
36 7 2 4.23 3.77 | 4. 00

]
TABLE 3.1

It is concluded that in general the data shows both the average
cluster opening times and the average opening time spread in-
crease with the uumber of parachutes in the cluster, as is ex-
pected. The avecrage clusier opening time, of course, increases
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for the larger parachutes FPeall sling {urces during parachule
opening resulted from a combination of Jrearward momentum of
the rocket pack, 2) parachute force and 3)load rotational (pitch)
momentum.  In general, slewer canopy opening times resulted in
lower peak sling forces. Comparing tests 2024-6 and 202-10 in the
special live 1¢st analysis in Appendix E, rapid inflation caused
peak forces to exceed somewhat 1.5 G, based upon gross load
weight, in test 202-6, while slightly slower inflation reduced the
pcak forces to well Lelow 1.5 G in test 202-10. Peak forces in
the forimer were caused by light parachute forces anu load
rotational monientum on th front slings, while in the later peak
forces werce caused by rocket pack momentum and a lower level
parachute force on the rear slings.

A similar, if less cicar cut, comparison can be made between tests
195-1 and 195-2 (Appendices C and E). While the average para-
chule opening time was only . 2 sccond shorter in test 195-1 than
in test 185-2, the total of the front sling forces was 2. 39 G in the
former and 2. 24 G in the lattor. There was a much larger
diffcrence in the maxinmum forces. Alcc the totnl peak forces in
the rear slings (icaded last in both cases) showed a larger
difference (2.34 G versus 1. 99 G) than in the slings to be loaded
first. It is concluded, then, that the slings to be loaded last
{nearest to full parachute opening) tend to feel a large increase

in peak forces with a decrease in parachute opening times. Para-
chute opening times and/or parachute opening shock must be
controlled if reefing is not required for smaller parachutes.

No significant damage was inflicted upon any 24 foct or 36 foot
parachute although all tests made with these sizes were unreefed

except tests 202-7 and 202- 8.

5.2.2 Forty-Six Foot Parachutes

Limited testing was done with 46 foot parachuies with the para-
chutes only system  This system used parachutes as in the
conventional system without rockels. See Tests 193-1, -2 and
-3 in Appendix C. Paruochute opening times are somewhat in-
comparable because of the reefing in all parachule only systems
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lest except 193-1 and 193-2. Reefing was required with flat
circular parachutes to limit sling forces in parachute only tests.
In addition, there were center lines in test 193-1 only. On the
other hand few parachutes came out to the reefed diameter before
line cutters operated, hence probably only & small input was
realized by reefing, and that mainly from line drag through the
reefing rings.

Deployment times as seen in Table 3.2 increased with riser ler-
gth and were very consistant except tor test 202-1 where depley-
ment time was very short for no apparent reason. Parachute
opening times varied in a rational fashion except again for test
2C2-1. Minimum opening time was shortest for the first para-
chute in test 193-1, in which there was a center line and no reef-
ing, and longest for the first parachute in test 202-3 where
there was reefing and two more parachutes in the cluster. Aver-
age opening time wasslightly shorter for test 193~-2 where there
were no center lines, over test 193-1; however, there was more
spread in opening times in test 193-1. It is interesting to note
that the average opening time in test 193-3, where reefing was
employed, was again very slightly tess than in test 193-2 and the
spread in opening times was even less. Thec average opeuing
time for the canopies in test 202-3 was significantly longer than
that in test 202-2 in spite of the fact that one parachute lagged
considerably in test 202-2.

18




PARACHUTE DEPLOYMENT AND OQPENING TIMES

46 FOOT PARACHUTES

LOW MASS LOADING

-

Deploy- Opening Time-Sec.
Test No. Total Riser ment Time
No. Chutes} Length-Fect Sec. Min.| Max.j Avg.
193-1 4 28 1. 301 1.47 | 4.44 | 3.16
193-2 4 28 1. 325 1. 83 3.69 | 2.99
193-3 4 28 1. 459 2. 323 3.69 | 2.85
202-1 4 45 1. 212 3.015] 6.015] 4. 265
202-2 4 45 1. 910 1.962] 6.767| 3. 454
202-3 6 6% 2. 380 3.10 5.10 4.230

TABLE 3.2
19
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In general, the opening time spread and the average opening times
are high for these tests becausce of the low terminal velocity and
low mass loading. Although data was lost on test 202-1, it is
cvident from resuits of tests 193-3, 202-2 and 202-3 that the para-
chute reefing limits sling forces to acceptable levels using 46 {ool
flat circular parachutes.

Heavy loads, i. e. 24,000 pounds and 35,000 pounds loads, were
dropped with 46 foot parachutes. Parachutes with 35,000 pounds
were recled; therefore, opening times are somewhat influenced
by the reefing in the largest loads (tests 202-18, -20, -23 and
-26). In addition, 46 foot parachutes were used in the later

tests in the 14, 000 pound and 18, 0U0 pound ranges. The objective
was to simulate the prototype system in which only 48 foot para-
chutes are to be used. Parachute opening data are presented in
Table 3.3

It is 1immediately evident that the opening times for the parachutes
were much longer at the low mass loading than at high mass load-
ing. Comparing tests 202-21 and -25 with tests 193-1, -2, -3,
202-1 and-2, opening times for the low mass loading were 1. 3

to 1. 9 times as long, while the high mass loading was 3.7 to 5.2
times as much and the terminal velocity 1. 9 to 3 times as much

-

as with the low mass loading. Opening times were very consis-
tent for the high mass loading and dispersed for the low mass
loading, indicating that opening is more consistent and reliable
for the PRADS system, even for the same size parachute than
for the presently inservice system. It is conceded that there is
more time for opening for a parachute only drop because of the
low descent velocity.

Comparing heavy drops in Table 3, 3 and Figure 4, 3 Section 4.1,
it can be seen that average parachute opening times go up rea-
sonably predictably with more parachutes in the cluster, and
from Table 3. 3 it can be seen that scatter in opening times tend
to go up with more parachutes in the cluster. There is a limit
to the number of parachutes in a cluster for a low altitude drop
because performance literally is not increased beyond some
number. Sce Section 4.1 for additional discussion.

20




OPENING TIMES - 46 FOOT PARACHUTES

TABLE 3.3

HIGH MASS LOADING

Gross

Load Minimum | Maximum Average
Test Weight- No. Opening Opening Opening
No Lbs Chutces Time-Scc. | Time-Sec.| Time-Sec.
202-16 5, 500 1 1.1892 1.189 1.189
202-191 14, 000 3 1. 999 2.108 2. 041
202-247 14, 000 3 2.018 2.621 2.424
202-21118,000 4 1. 734 2.736 2.235
202-25118,000 4 1. 71¢ 2. 687 2,239
202-22] 24, 000 5 1. 685 3.747 2.251
202-17} 24, 000 6 1.832 2.730 2. 310
202-18} 35,000 7 1.638 4.238 2.7¢5
202-201 25 000 7 2.253 3. 667 2.909
202-23] 35, 000 7 1. 664 3,264 2. 451
202-26] 35,000 8 1. 681 6. 081 3.981
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Poeuk suspension sling forces for all lvads in the upper load range,
i.c. 18,000 pounds through 35, 000 pounds, were acceptable dur-
ing parachute opening based upon 1.5 G of gross weight per sling.
Reefing wae not cinployed in the large toad range (over 5000
pound loads) except for the 35, 000 pound loads, and that was
required primarily because of riser strength. In test 202-19,
forces were excessive where three 46 foot parachutes were used.
Avcerage cluster opening time (2. 041 scvcounds) was less than any

of the heavier tests. In addition forces in test 202-16 were high
where average opening timie was only 1. 189 seconds. (This

weipght will be dropped by parachutes only in the prototype system;
and, thereflore, is of only academic interest here.)

It scems c¢vident, then, that larger loads present no problems as
far as maximum sling fcrces go during parachute opcning. How-
cver, parachutes anud risers do feel high, in fact excessive, opening
shock forces. Therefore, a parachute should be used which will
reduce the opening shocks below those of the flat ¢circular can-
opies now used to avoid excessively heavy parachutes and

risers for large loads and reefing for small loads. See Section
4.1.3 for proposed parachute description. A slight reduction in
opening shock will eliminate force problems in the parachute-
relrorocket system (above 8300 pounds). An appreciable reduction
in opening shock will be required for the parachute only system.

A small but reatl reduction in sling force will be realized in drops,
where the highest forces are realized in the first slings to become
taut, with the prototype system for loads over 10, 000 pounds
because of the rocket pack mass reduction in the prototype sys-

tem which will reduce snatch forces from rocket pack momentum.
1t 1s concluded that parachute performance was gruerally adequate
in tests and that the prototype system can use slotted parachutes
which will reduce peak sling forces and be of lighter construction
than 46 foot parachutes used in testing. In addition, no reefing
will be required.

3.3 LLoad Descent

Once the slings arc taut and the parachutes are open, the toad
still must swing down to approximately a horizontal attitude and
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the descent rate must be witlunh oproximately the linits of 55 to
70 feet per second. As cap be seen from test 202-12 and other
tests in Appendix D, the rate of descent tends to build up and
then dunimish while the horizontal velecity 15 reduced. The rate
o1 descent then, limits the minimum drep altitude (sce

Table 1, Appendix E for dercent velotities at rocket firing in

live teste at El Contro, Califorma). 1n system drop tests, des-
cent velocity would Lave lunited minimum drop altitude in live
tests 202-12, -25 and -26. Load angle was the limiting fac-

tor in other tests. To get acceptable Joad angles and descent
rates trom loew altitudes, the parachutes must be ciose coupled
to the lead (she:t risers). and they must open quickly and consis-
tently and exhibit a high cluster efficiency. Unfortunately, thesc
requitetnents are conflicting; therefore, a compromise is nec-
cesary. The 1iser extension lengths tested (Table 1, Appendix D)
were conservative in that they were longer in proportion to the
paiachute diameters than the riser extensions called for in the
ex1sting rigging manuals for a given number of parachutes in the

cluster.

Some lagping and some cluster interference was still ex-

perienced.

Longer riger extensions would increase deployment

tumes and increase lag angle.

The lag angle is defined, for the

purpose of this repcrt, as that angle between the tangent to the
load trajectory and the parachute cluster resultant force, and it

is the result of the parachutes lagging the load as the load goes
over the "knee' ¢l the trajectory curve. Figure 3.1 illustrates the
lag angle., Obvicusly, the lag angle increases as the distance

i1om the load to the parachutes (total riser length plus slings, etc.)
increases, Also the lag angle soon disappears after a short ver-
t:cal freefall. Lag angle causes the rockets to introduce a re~r-
ward load velocity., Thir can add to rearward velocity caused

by swing or pzrtially cancel residual forward velocity from the
load trajectory. It is 1deal to drop from an altitude sufficient to
almost eliminate the lag angle with the longest geometry used.

The lag angle based upon computer results, is 5,6 degrees at rocket
ignition foxr 35,000 pounds {rom 500 feet with standard atmoespheric
conditions (e= , 00238 slugs per ft7). The lag angle increases to

11. 3 deg:ecs if the drop is made onto 2 5000 foct clevation drop
zone at 100 degrecs F {e= . 00183 slugs per {t7),

23

e ey




1°¢ =andtg
TIONY DVT QVOT NV FINHOYIVS

/
JA0LDAPLYY T
TLOHOVEYE N, !

24

AYOIDILYEL V0T




Load augle versus time data was not obtained at ¥l Centro as
requested, thercfore it was reduced at Stencel for live system
tests conducted at I71 Centro.

3 4 Ground Sensing

Testing was conducted with mild detonaiing fuse (MDF) traus-
mitting a signal from the probes to gas valves. The probes were
reeled out by brakes around whoseo drums tiie MPE was wound.
Two systems were used per system for redundancy.

The first 11 PRADS tests (tests 202-4 throupgh 202-14) had no time
delay in probe release, Scee test 202-6 Appeudix E for a typical
description, Since test 202-14 resulted in excessive probe swing,
a time delay of 2 seconds was introduced into one probe relzase
while the other probe was released instantly when the lanyard was
pulled. While probe swing had not been a critical problem with
previous tests, probe angle was 45 degrees in test 202-14, which
caused rocket ignition to be delayed and firing continued . 36 sec-
onds after ground impact of the load. After the time delay was

( added. no severe oscill ation problems occurred. Longer probe
rcelout time would tend to give the same probe stability as the
time delay.

A firing system such as the proposed crossed beam laser proto-

type system is fixed to the load platform and the sensing height error
from system geomelry with the laser system is dependent on the
platform angie. The error in rocket ignition altitude due to plat-
form angle is determined as follows:

E=nh{l - Cus @

where = programmed signal height
{approximaltely 23 feet)
¢ - platform angle with horizontal

A plaiform angle of 20 degrees would cauce a reduction of 1, 4
fecel in tiring height. No degredation of impact velocity would

[¢) . .
occur except ay at or near 1007F gnd 5000 fcet drup zone condilt-

tons or b) where the load had swung past the vertical with an
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! angle. A platform angie of over 20 degrees is unaccept-
able because of ympact attitude and the horizontal velocity component
added by the rockets. This platforn angle was accepiable in all live
ardrops made from near 500 feet or more as seen in Appendix E.

"t 1s voncluded that: 1) probe swing can be controlled, or at

Jo1st redused, by a ime delayn release, 2) instability of the load
and probes in the 14000 pound live tests was particularly poor;

3! a rehiable system which did not use probes would ciiminate the
probe swing problem and give a more consistant rockei {iving
bewght. (The laser 1s expected to trigger the gas valve within

11 {fout or less, )

L Kecket Viring

——-

After the MDF fired, the gas valves shuitled and gas was ported
te the rocket moicrs, where redundant firing pins struck primers.
Gas pressure then built up and ruptured the nszzic closures.

This process took approximately 20 milliseconds, during whick
time the load descended just over one foot, Mcasured delay
times vatied from . 016 second to . 032 sccoud depending upon
whether one or both signal systems functioned; therefore, no

apprecrable rocket firing altitude error was attributable to the
delay.

3.5.1 Hcat aud Blast

During rocket buraing a potential problem exists from heat and
blast. The extent ol the problem was not recognized in testing
under the previous contract {DA19-129-AMC-502(N)) during which
as many 4s 26 recket motors were used in static tests with a
small amount ¢t heat damage in the form of some discoleration
ind hardening of the unprotected slings. It was believed that
Light protect:ve covers for the larger load slings would be

suffl cient protection for up to 32 to 36 rockets., When static test-
.ng of 32 rocket moturs was performed (test 183-3, Appendix B),
flame from the rocket plumes converged onto the slings and load.
The elings were severely damaged and failed.

26

!
i




Shing covers made from ashestos cloth or foil backed fiberglass
cloth were used 1n a second static test using 32 rockets (test 186-1).
Sling damage agam occurred, but no failure resulted. Drop
testing with 32 rocket motors and 3£, 000 puund loads was perforin-
cd without solving the problem since the scope of the contract did

not include rocket motur redesign. Test 202-23 resulted in poor

purtormance primarily because of parachute risers failing. Tecst
202-20 resulted in good performance except for rocket pluine
convergence which not only damaged the load, but also set the
energy ab.orbing cardboard on fire. Sce Appendix D for test
details.

Fipure 3.2b shows how the plumes converged. It is believed

that this phenomena cccurred hecause air is pumped out of both

the outer cone and the mner cone within the »lumes, causing low
pressurc arcas which 1n turn causcd the plunies Lo converge. The
proposed prototype system includes a single rocket pack with up

to 12 rocket motors. Scale model tests showed that the convergence
problem was climinated or greatly reduced by this arrangercent.

Sec Appendix A fur a repert of the scale model tests.

An additional problem occurred in test 202-25 in which the load
buckled and rocket exhaust weakened the froatl slings so that

theyv failed. Sce discussion on stabitity.

Heat and blast do not appear to be a problea when there is no
plume impingement,

3.8.2 Rocket Motor Reliability

Rocket motors delwvered under subcontract by Northrop Carolina,
Inc wers considered very reliable. Three types of problems
stll developed with the rockets daring testing.  In test 185-1, a
rocket nozzle which had - sharp corner failed on the {ifth usage in
the lucking ring groove  Pressure checking of nozzles for all
reloads above normal operating pressurces was initiated with the
objoct of producing farlures of weak compoenents, A similiar
fairture of a pressure checked nozzle on the {ifth usage occurred
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in test 130~ Basced upon this experience, only newer nozzles
wre used in tests for a short time, after which nozzales were
reinforced with cap screws,  No further problems occirred with
the nozzles.

A nusihire also occurred 1n test 183-1,  Atthouph the primers had
been tnserted with a redesigned tool, damage bad still been in-
flicted on the primers and an additional change was made in the
tool. Later the pruncrs in new and reloaded rockets were X-
raved. No firther problem occurred with misfires.

A head end (losure came off one rocketl motor upon ignition in

the first live test at K1 Cent o, California. (Test 202-6.) This
resulted in a ca.astrophe failure of the rockei pack. Investi-
pation showed that the snap ring holding the head end closure

in place was not scated correctly, although small cap screws were
uscd to keep the ring from coming out completely., A measure-
roent was made on cach snap ring on rockets used subsequently,

and no more {ailures cccurred. :
:
3.5.3 Stability
i

Load stanility during descent was required to allow satisfactory
probe deployment. A time delay was used in the release of une
probe beginning wiln test no. 202-16 at Kl Centro which yiclded
satisfactor, results with the probes mounted on the rcar of the :
lead. However, the proposed crossed beam laser ground sen-
sor will eliminate problems of probe reelcut; therefore, suffic-
ient 1oad stability will be required only for a, elimination of load

tumbling through susnension slings {as happened wiith the pres-

ent standard drop system) and for b) the load platform to be with-
in 15 to 20 degrees of horizontal at rocket ignition. The latter
1s a question of drop altitude and system geomelry.

]

Static testing of frorn 10 to 22 rockel motors gave marginal
stability. Scc Appendix B for conditions and results, Tt is rea-
Lized that the elimination of all restraint forces in the static tests
is a far more difficul!l condition than actual drop tests where

patachuie forces remain appreciable for most of rocket burning.
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Load stability during rocket firing was good in live system tesls
except wherce unusual problems occurred.

Ground mmpact before rocket burnout caused problems in tests
202-14 and 202-23 not related to basic stability. In test 202-25
the load huckled when the rocket motors fired. The front end
of the truck bent up and the front slings became partially slack
n omentarily  The rocket pack tried to correct for this rather
violent disturbance with the result that the rocket plumes on the
iront momentarily impinged upon the slings and caused their
fariure.

It s concluded that rocket pack stabi' 'y is adequate for good
test performance where other perforimance criteria are accept-
able, 1 «¢. rocket burnout by load impact or within about . 040
scecond alter 1mpact and structural integrity of load. slings and
rocket pack.

354 Suspension Shing Forces

Suspension shng forces during rocket burning were high on all

tests except where the loading per rocket motor was low. Air-
drops with 5000 pound loads and 32, 000 pound loads (tests 195-1,
-2, and 202-26) resulted in forces under 1 5 G per attachment
point based upon gross rigged weight, (Test 202-23 resulted in
burning after load mmpact because of a slightly low altitude drop

and the complete less of two parachutes, resulting in snatch forces
on the front shngs.)

High forces 1n other tests were generally caused by "overshoot"
of the rocketl pack mass. Al rocket ignition, the total furce in 3
the shings was approximately one Gfrom the parachutes. After
the rockets {ire, approximately 4 additional G are applied to
the rocket pack. and it 1s accelerated upward with respect to the
lvad. Decausce of parachute drag, most of the parachute force
rematns white the slings stretch. Assuming the rocket pack
weights 100 pounds and the suspensiun shing spring constant is
73. 300 pounds per inch. the force trace can be closely approx-
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imated., The force trace of the rocket motors used 1s close w a
squarce ware, hence overshoot is appreciable.  Prototype rocket
motors are to have a slower force buildup to greatly reduce over-
shoo Sece Section 4.5 for calculations confirming observed

data and required force for negligible overshoot,

3.6 Ground Impact

Load ympact velocity varied considerably even where the system
functioned properly. The variations were the result of 1)
variatiuns in firing height due to probe swing; 2) variations in
toad weight per rocket motor, and 3) maliunctions such as the ioss
of parachutes which caused extreme load angle and/or velocity

at recket firing

Probe swing, discussed previously, will be eliminated by the
laser prototype system and assumed results are given in Appendix
E. Variations in load weight per rockel motor will be necessary,
but they can be partially nullified by adjusting parachute quantities.
Strengta of parachute risers and slings must be increased, or

the forees must be decreased.  The prototype system calls for the :
latter.

Figurc 3.3 shows impact velocity for heights of burnout at :
different velocities at burnout. Consistant impact velocity can
be reatized only with a constant ignition heighi so that descent
velocity will trade off with burnout height.

Thu relationship between impact velocity [Vimp), velocity at
burnonut {(Vh) and height of burnout (h) is:

Vdimp = Vﬁ 1 2gh

"‘!&dﬁ :il“ [EPRET P YY" SO

The maximum allowable freefall height depends upon velocity
at burnout. Zcroe parachute force is assumed after burnout.

s A

Horizontal velocity was acceptable for all live syston. tests where
vertical impact velocity was within 28, 5 feet per sccond except
two  Horizonrtal impact velocity was nargival for tests 202-21
and 22,

31




MR L

S LR R

HEIGHT OF ROCKET BURNOUT

hy,- FT
__LIMIT FOR 25 FT/SFC
» IMPACT VELOCITY
LIMIT FOR 28,5 I'T/SEC
/ IMPACT VELOCITY
(0
"\-
LIMIT FOR 23 FT/SEC
IMPACT VELOCITY
8\"
LIMIT FOR 27
FT/SEC IMPACT
VELOCITY
6
4
2 \
0 10 15 20 25 30

v, - FT/sEC
VELOCITY AT BURNOUT
LOAD VELOCITY VERSUS HEIGHT

Figure 3.3

32

d




Caghbi lid 28 1]

T

L)

TS T L T SR T PR P S | A QR [,
oltelia lul o woueCCoDliuLl Nl k/‘l

(Y]

Basicaliy an acceptable drop s one in which the load 1s recovered
in an upright pusition and urcdamaged with regard to military
cifectiveness. The following criteria are specifically applicable
to PRADS.

1) Vertical hmpact Velocity - maximum 28, & feet per

second,

23 Load angle at inrpact - maximuwn 15 Lo 20 degreces.

3} Load stability during descent - load angle and angular
rates at time of rocket firing must be such thet conditions in 2

above are met.

4) Horizontal Timpact Velocity - maximum 7 to 10 knots not
counting wind drift

5) Heat and DBlast - no damage.
6) Suspension Sling Forces - not to exceed 1.5 G per sling.
While Items 2 and 4 are not defined specifically under this con-

tract, values shown should at least be in the ballpark,

38 Parachute Riscrs

Parachute riscrs failed in tests of larger loads (Appendix E)
because a) of high opening shock of 46 foot flat circular para-
chute, b) of marginal strength of two loop type X webbing when
over age and o) clevises with 5/8 inch diametev bolts were used
witheut sleeves. In addition, riser adapters failed for reasons
a and ¢ above, and because sume were sewn in a box paltern
instead of a "double W', The proposed system, in addition

to having slotted parachutes to reduce opening shock, will have
3 loop type X webbing

(WX}

Y Conclusions

Tt ie conel

rofinements arge

needed in the systen as tested, the capability of atrdropping up
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to 35 000 pounds with acceptable impact conditions has been

demonstrated.

4.0 PRADS PERFORMANCE CHARACTERISTICS

41 Rocket S1ze Trade-Off

A rather inflexible Tt on system forces must be placed on the
PRADS. The patachute decelerative force has to be constant al
about the 1 G level when the rockets 1gnite ard the retardation
forces of parachute and rotrorockel are combined. This total
force s additive into the drop-load suspension slings which are
connccted to attach points stressced to approximataly 1172 times
the pross rigged weight of the drop-load as called out in AR705-
35 and MIL-STD-814. This force of 1 1/2 times the groes rigped
weight 15 the maximum deceleration level seen in any of the pro-
totype wetght ranges. Since steady-state descent cannol be
assumed for low-alhitude airdrops, conservalive analysis pre-
cludes using a total decelerative force of 1 1/2 G time 4 attach-
ment pomts or 6 tinies the gross dropload weight,  Assunwng
approximately 1 G parachute force the rockets could input ancther
5 Gn a stable system. Reduction of the 5 G retrorocket force
W o maximum of 4+ 1/2 G allows some margin for system toler-
ance and dynamic force buildups in the suspension siings. Through-
out the performance tradeoff analysis, the 4 1/2 G rocket force
lev el s not exXeceded by the prototype PRADS configuration, This
rocket force of 4 1/2 G assumes that characteristics of the "'soft”
1iguition curve of the new rocket motors will prevent force over-
sheot as scen in the test program under this contract. Further
analysis of rocket force buildup is presented in Section 4.5,

Efforts were then directed toward the design of a simpiified
rocket pack employing the features of the test hardware, yet
casicr to g and foolproof. The working force level of the rocket
pacl: 1s fixed at a maximum of 5 G rocket force plus 1 G para-
chute force or 6 tunes the 35, 000 peunds maximum dropload
worght requered under this contract. The working force level of
the rocket pack was fixed at 210 thousand pounds maximum with
both parachutes and rocket force and any attendant rocket force

"overshoot’.
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Using the " PRAD3-RKecovery System Trajectory’™ compuler pro-
gram. preliminary families of curves were determined (o

analyze systom tolerance to variatton in rocket thrust/weight
rativo. parachute cluster configuration and parachute terminal
veloceity Fagure 4.1 sunimarizes this preliminary analysis.  The
left srde of the figure shows CpA versus numbers of parachutes
fovr different inflated diameters (approximately 2/3 of the flat
circular diameter). The right side of the curve shows CDA versus
load weight for three descent velocities. Farachute size was
partially decternmined as {ollows. For a 35,000 pound load with

a terminal velocity of 00 feet per sccond, 2 CpA of 8,100 squarce
feet is required, or six parachuies with 32. 5 feel inflated dia-
meter. A flat circular diamecter of 48 feet is equivalent. Based
upon this data. further work was done using a maximum rocket
thrust/weight ratio of 4.5 with a rocket burn time of 0. 5 seconds.
Parachutce steady state velocities wer

re varied holding the rocket
force constant at 155, 000 pounds or 77. 500 peund-seconds impulse.
4 11 Parachute Velocity at Rocket Ignition

Figure 4.2 summarizes the prototype PRADS system sensitivity
over the design weight range for standard day conditions.
Families of curves arce shown for descent velocitics of 60, 65 R
and 70 feet per sccond at rocket ignition, Successful configura-
tions are those impacting at less than 28. 5 feet p2r sccond with
rocket burn-out occurring no more than 50 millis2conds afler
ground 1mpact Systems having a rocket thrust to weight ratio
high enough to introduce vertical velocity reversal were consid-
ercd undependable since the dropload can be lifted high enough to
allow reacceleration to unaczeplably high impact velocities as
the load freetfalls to the ground under little, if any, controlled

Tl v il SR

parachutce decelerative force Such velocity reversal conditions
constitute the lower boundary as shown by dotted line in thesc
graphs. As the sinnlarity of these three grapis wold indicate,
the PRADS is tulerant of variation in velocily at rocket ignition.
This tolerance is present throughout the design range above

10, 000 pounds grouss rigged weight.

For cxample, tweive rocket motors are adequate for loads of

28 000 nounds 1o 23 500 pounds with descent rates from €0 o
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70 feet per cecond at rocket ignition at standard atimospheric
conditions,

Additional comnputer runs v ere made to investigate stmulated
drops under different temperatures. Sec paragraph 4 2.1 for

results,

4.1.2 Parachute Siz¢ Trade- Off

Preliminary sizing of the parachute to be used for the prototype

system was determined by the equation for steady state descent.

\% :\/ 2W
NE

b CI) (’o CD()SO

where

<
|

= terminal velocity, ft/sec

z
7

total number of parachutes in cluster
FCD = cluster factor as determined from Fig, 4.6

€ o = density of air at sea level, 0,00238 s?.ug/fl3
CDo = drag coefficient (0. 75 for all parachutes listed)

DU = nominal diarneter of parachute, ft.

Assuming 8 parachutes to be the maximum cluster configuration
and an air denegity variation from %000 feet altitude at 100°F

(€ = 0.00183 slvg/ﬂ}) to sca level at -65°F {@ = 0.00318 slug/
f17) with terminal velocily held tu 65 feet/sec. established a
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parachute diamueter range of approximately 48 foct 1o 50 {vet, A
niatrix sclution was then obtained through a series of compuier
runs wiith refined nput data to establish a single canopy dia-
meter satisfying the velocity range requirements over the entire
design welght range of 2000 pounds to 35, 00D pounds. The
solution to thig trade-olf is a 48 toot diarneter canopy with a
typical drag arca cocfficient of 0. 75.

nd

4.1, 3 Parachute Performance

Test data on airdrops employing the 46 foot diameter flat cirzular
parachutes was carefully analyzed in order to substantiate
calculated performance factors. Characteristics of cluster
interference were isolated for cach configuration tested and
riser extensioa lengths were enpirically adjusted in an effort to
minimize the degrading performance usually attendant to a short-
coupled cargo airdrop delivery system. The configurations
recommended in this report exhibit repeatable parachute cluster
performance over the system design range.  inflation times
are predicted to Le repeatable with normat drag cfficiency and

( acceptable system oscillation characteristics using from 1 to

) 8 heavy duty 48 foot diameter parachutes. Using the actual infla-

tior. times calculated from high speed mo:ion picture test coverage
on the 46 foot diameter parachutes, an acceptable relationship
was defined for parachuce performance versus number of parachutes
in a cluster. This data indicated a linear trend and a least squares
representation of the PRADS 46 foot diameter parachutes is
presented in Figure 4.3 for 1 up to 8 chutes in clusters. The

!

relationship is defined as:

t
FILL =1.2 4+ 0.3 (No. of Chutes in Cluster)

The average cluster 1nflation time defined by this equation and
shown as the solid line includes actual delays for normal cluster
interference and inflation time variations due to different canopy
mass loadings.

Since inflation times recorded in the test program for the 46 foot
diameter flat circular canopies is limited, yet representative of

system operation requirements, the inflation times for the larger
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48 1ool arameter extended gskir CLaopics were scaled up according
to the increased chute diameter.  Thus the 48 foot diameter para-
chules will inflate approximately 4 percent slower than the tested
system results. The expected inflation times for clusters of the
prutotype system are shown in Figure 4. 4,

Deployment times obtained from tests were compared for the
varioue test configuratiors., Using the extraction force transfer
as the beginning of cluster deployment and parachute container
bag separation {rom the canopy apex as the end of deployment
allowed accurate measurement of this time interval. Tinies were
then smoothed using a mcthod of least squarecs approximation
giving the lincar relationship of deployment time versus number
of parachutes shown in Figurc 4.5, Assuming a linear trend,
this deployment time is represented by the formaula:

TDEPL = 0.6 + 0.2 (No. Chutes Dcployed)

System tests supplied enough raw data to establish trends on both
deployment and canopy inflation. There is, however, insufficient
data to compile a serious reliability study or the parachute
subsystenm.

According to presently accepted statistical methods, a minimum
of 20 sets of data would be required to establish the population
trend and test the values so determined. * It will be necessary
to per. rm a complete reliability study during the engineering
development phase of PRADS development in order to satisfac-
torily determine extremes of performancc and system operational
reliability levels.

Performance graphs presented in this report make adjustments
for varying drag efficiency of the czuopies arranged in a cluster.
The drag decreases as the number of canopies increases up to

*Argentiers, Pecter D. and Tolson, Robert H., A NEW METHOD
OF TESTING SMALL SAMPLIS FOR GOODNESS QF FIT TO
NORMAL PCPULATIONS. NASA TND-4405, Washington, D. C.
March 1968,
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a maximum of 8 parachutes. The drag efficiency reduction fac-
tors are taken from document Engineering Design Handbook,
AMCP 706-130, Page 3-30. A reproduction of Figure 3-30 is
shown abave for refecrence as Figure 4.6

4.2 System Performance Envelope

The prototype PRADS System wili be capable of satisfactory
performance over a wide range of environmental conditions.
Figure 4. 7 shows the Air Density Envelope within which succ-

essful low altitude airdrops can be expected without system

modification or adjustment. This figure indicates that system

operation will be repeatable and saccessful at -65°F sea level :
or 100°F at 5000 fcet above sca level. Further flexibility

could be gaincd by changing the number or parachutes, number

of rockets and the rocket ignition altitude if such extreme

scenarivus were required. Such changes are ruled out of the
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present prototype system to Keep rigging complexity to a min-
mum consistant with the humman factors study. The flexibility
vl PRADS 1s gained through the interrelationship of parachute
velocity at rocket ignition and the distance the load frecfalls

between rocket burnout and ground impa~t. There is some change in
rocket thrust levels and burn tintes of the motors with tempera-
turc. Assuming that the motors will be transported over some
givea distance bgfore they are airdropped and fired, the extreme
cold svak of -65 F will rarely be secun as applied o present air-
drop technulogy. Currently aircraft such as the C-130, C-141

and C-5A are cquipped with air conditioning and heating units
providing a reascnably comfortable cargo bay allowing efficient

crew functioning at all times. Based upon this assumption, the
rocket thrust levels will not vary to a substantial degree in a

typical range of scenarivs involving an airlift of 2 few hundred
miles. The trade off study included performance verification

checks at these temperature extremes and the protolype system

will function within requirements as the computed trajectories
indicate.

4.2.1 Performance Trajectories

Trajcctory comparisons for various PRADS configurations are
presented to subci~ntiate pc “formance over the required en-
vironmental range. This data is taken from the "PRADS Recov-
ery System Trajectory Program'' discussed in Sectior 4. 4.

The input values used are compatible with performance duplica-
ting trajectories for the live system tests conducted under this
contract. Generally, the computed trajectories agree to with-
in plus or minus 5 percent of the test velecity and impact
attitude.

Figure 4. 8 shows the system trajectories for the M-37 vehicle.
This load weighs less than eight thousand pounds and is succ-
essfully recovered with a cluster of eight each 48 foot diameter
parachutes. As shown, the range of impact zones is approx-
imately 100 feet going from 1350 feet under the conditions en-
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conntered af sca lovel and <03 up to 1450 feet for @ drov zone
At 5000 feot aititude with 100°8 tetaperature.  The tess dense
atinosphere decelerates the load with reduced cfficiency, allow-
g the system to fly rarther from the load tipoff position,
Diufferent conditions of systein oscillation introduce a horizontal
nnpect velocity range of from 19 feet per scecond up to 13 tect
per scecond under these extreme enviromneuls  Vertical veloo-
ity ranges are from 27. 1 up to 27,4 feol per second allowing for
only 75 percent cluster drag efficiency.

The primary advantage of PRADS in this load weight range lies
m the pe.furmance of the cluse-coupled parachute subsysicim.
System deceleration is achieved repeatably and with less zltitude
loss than currently possibie with a conventional aivdrop system
using G-11 or G-l parcchutes.

Figurcs 4.9 aud 4. 10 present tice trajectory extremes tor the
M- 5581 vehicle or a similar 35, 000 pound gross droplead weight.
The purpose of showing two different configurations is to em-
phasize the flexibility of the PRADS System ia the heavier locd
ranges. While either of these two systems will meet parform- .
ance requirements, the 6 parachutes, 12 rocket motor system

is sclected because it affords more optimum performance r serv:

and gencrally lower impact velocities over the reguired rauge of
environmental conditions.

R. ferring to Figure 4.9, 3 parachutes and 10 recket motors, the
verlical impact velocity range varies from 25.1 feet per second
up to 28. 0 feet per second. As indicated, by the =:nge of horiz-
ontal velocities, -06.¢€ feet per second to -11. 3 feet per second, the
system is resistani to velocity inputs from excessive ogcillation.
There 1s Little margin for a serious parachute failure in this
configuration. Excessive cluster interference will certainly allow
ground impact at greater than 28. 5 feet per second since full
clyster inflation is programmed to occur about one second before
rocket ignition assuming a 500 fool release altitude.

Figure 4.10 shows predicted trajectories for the seiected 35,000
pound dropload coafiguration. With vertical impact velocities

48 -




A . - 6"t aandtg
A (sa9300g 0T
‘seqnup ,@%~8) XJOIOILVEI TTOTHAA TES-IT
LTI FONVE

00T 00ST 04T O0KT 00¢T 00ZT COTT

£ [ o~ 1 1 i 1 L

0

098/LE HT°Ti~- = A
098/Id 0°82

OF8/4d ¢°TT- = A
09S/Id T°G2 = A
SNOILIANOD TIVONYIS O
u
09S/Id G*9- = A

DAS/Td Groz = i

.59~ CTINET VIS O

i

%G/ = ZONTIOIIIYT wALSNTO

“dT 000°0¢T = ISNEED TEMO0YW

TUIINVIC “od 8% ‘HOVE 8 = Suinrn
TIOTHAA 1SS W CYOT dTHTAODTH aI10 JI5 Vo1

hatd o

= A
d,00T *°Td CO05 V

><:|J1o

~ 00T

- OCC

00t

L 005

TI94 TAAITITY




- - ——— —~——y—

e
0T+ 2an3Tg
(saowo0g 21 ‘se3my)d ,gy-9) Z¥OIOILVIL TIOTHIL 166 W
IT5d  TONVY
0041 0091 0067 00t T 00¢T 0021 00TT
s {— 4 — + 1 ,\ IO
Toot
-4
0ds/dd 70— = A
0HS/3d 7792 = g 1 F
d,00T "I& 000L ¥V 002=
=
0FS/IE 7 TT- = A S
A o3} o
0FS/Id 8°02 A = @
SNOTIITNOD QQEEUO e
T T &
0TS/ T4 §°T = A 100% 5
N
omm\aq T2 = A
69 ¢ TIATT VEI O
u -
i 00+
%3l = FONWIDTEZE FATLSNTID //..71
“ET C0GYGET = ISNYHIL ITWD0M & 004
FELTIYIA CId 2% ‘EOVY 9 = SEINHD !

b 1 1
TIDTETA 146 W CYOT Cr¥IAQDTd 440 did avort




ranging from 20. 8 fest per second up to 26. 4 feet per second a
more controiled system deccleration is achieved with a nominal
impact velocity near 23 feel ner second. The spread of horizon-
tal impact vcelocities varies from 1. 5 feel per second to 11. 4
feet per sceond allowing an impact range of 120 feet variation
over the environmental extremes. This sinall »ariation i1s another
contributor to the overall dvop accuracy of PRAINS. This con-
figuration will opcrate more repceatably and at a higher overals
performance level than the other usable combinations of rocket
and parachutes. For this reason, it is selected as the heavy
load range PRADES system. Figurce 4. 11 illustrates the s.nsit-
ivity of this configuration by comparing irnpact angle and impact
vertical velocity against the release altilude. The lightly cross
hatched arca exceeds 15 at impact. The darkly cross hatched
area exceeds 28.5 fps impact velocity. As shown, system per-
formancc is acceptable from 460 feet absolule and higher for the
required environmental envelope. For this illustration an im-
pact angle greater than t 15 is considered excessive. Similiar
trade-off and performance requirements were placed on each
different load range PRADS configuration and the sy  as
selected exhibit comparable performance over the ¢ :d opera-
tion range.

1.2.2 Drop Zone Of 5000 Feet At 41°F

For a drop zone altitude of 5000 feet at 410F, no changes are
required to any of the rigged configurations. Specifically,

the M-551 vehicle will impact at 20. 2 feet per second with a
velocity vector normal to the assumed ground level. The M-37
vehicle will impact at 28.0 feet per second at an angle of 5% off
the vertical axis. This performance is expected since the drop
zone is well within the contract requirements which extend up
to 5000 feet at L00°F.

O

N

- Fa¥a) P A oA
4.2.3 Drop Zone Cf 10, 000 Feel AU 237F

In order to extend in¢ application of PRADS to higher altitude
drop zones certain changes in system configuration are required.
Thesc changes are minoer in nature and are direct enough to
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permit making the changes at the field rigging level if 2
supervision is available.

In order to utilize the FRADS at 10, 000 fect at 23°F, further
chieniges are required 1o the basic systemy. The M-37 vehicle
will not meet the performi:nce requirements with an all para-
chute recovery system. This 4 x 4 cargo truck requires 3 each
48 foot diamncter parachutes and 2 cach standard rocket motors.
The load will be {alling at about 60 feet per seoncd at rocket
ignition. The rockets apply about 1. 75 g-seconds deceleration
and the load impacts at about 26 feet per second vertical vel-
ocity with less than 1 foot per second horizontal velocity.

Rocket burnout occurs at about 3. £ feet above the ground with
the load in a stable descent condition. A heavier load such as
the M- 551 vehicle requires adjustments in the parachute vel-
ocity at rocket ignition to be used at this drop zone. The
addiiion of one additional parachute, making a cluster of seven
48 foot diameter parachutes and utilizing the 12 rocket motors
as in the standard system allows rocket ignition to occur at a
velocity of about 73 feel per second. Rocket burnout is 2 feet
above the ground and vertical impact velocity 15 20.1 feet 