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ABSTRACT

The Aerodynamic Deployable Decelerator Perfor'.ance- Evaluation Program
(ADDP'EP) aims to advance the state of the art by developing the moist effec-
tive analytical and empirical techniques fur designic, aerudnamic deployable

-eler.-ots ar 4 f,-- -valuating these envineering techniques through wind-
tiinnet and free-tlight tests. During ADDL' . ,L tw,. t pb ,
erators were investigated: large reefed supersonic parachutes and ram-
irlated balloon-type BALLUTEs. The areas investigated included analytical
and engineering design, material capabilities, fabrication techniques, and
wind-tunnel and free-flight tests. In general, efforts were successful in
developing engineering techniques for the design of decelerators capable of
performing in severe environments. More specifically: (1) Free-flight tests
were performed on a hemisflo parachute having a nominal 16-ft-diameter
canopy, a 10-percent extended skirt, and a 14 -percent porosity. This iesign
was tested for 200, 000-lb opening loads; deployment Mach numbers were
1.50, 1.63, and 1.84 at altitudes of 13,7( ), 15,500, and 10,500 ft, respec-
tively. The r -sults confirmed that this j .rachute has excellent aerodynamic
characteristics and adequate strength. (.) Five-foot-diai.eter BALLUTEs,
both textile and metal, were fabricated. These were designed for a broad
spectrum of deployment conditions ranging from Mach 2. 7 at 73, 000 ft to
Mach 10 at Z25, 000 ft. The textile BAL.IUTEs were wind-tunnel and free-
flight tested; the metal BALLUTEs were wind-tunnel tested only. Flight tests
were lirmited to Mach 9.7, and wind-tunnel tests to Mach 3. The flight test
data supported wind-tunnel data, which indicated that excellent stability and
structurally adequate designs can be attained with five-foot-diameter BAL-
LUTEs.

(Revorse is blank)
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SECTION I

INTRODUCTION AND SUMMARY

BACKGROUND

As part of the United States Air Force's investigation into the problemns
associated with the development of supersonic and hypersonic decelera-,
tore. the Air Force Flight Dynamics Laboratory (AFFDL) has authorized
a three-phase applied research program known as ADDPEP (A6erodynamnic
2eployable Decelerator Performance -Evaluation Program). The overall
objective of this program is to advance the state ofi the art by developing
the most effective analytical and empirical techniques for (1) designing
aerodynamic doployable decelerators and (2) evaluating these engineering
techniques through wind-tunnel and free-flight tests. Three types of de-
colerators are assigned for investigation. These decelerators and their
respective goals are:

I. Small supersonic parachute camopy - The goal is 0
establish the configuration, loadings, design, and
structural materials for attaining a stable perform-
ance for fight speeds up to Mach 5 and for dynamic
prisoures to 500 pof.

2. Large roefed supersonic parachute canopy - The
goal is to establish the configuration, loadings. de-
sign, and structural materials for attaining an i-
tW~ load of 200, 000 lb at supersonic speeds by ap-
propri~:ly roofing the canopyo The performance
range of intterost extends from transonic speeds to
Mach 3, with a diynamilc pressure of. 10, 000 psi.

3. L'.m -inflated balloon-type decelvtrator known as a
BA-LLUTE 1 - The go~al is to osta4:1sh.-the configu-
rat1on, loading&,, design, and structural miterials
for flight spoods to Mach 10 and for dynam~ic pre*
sure* to 500 pof.

The areas of, investigation for the#* three decelerator types include Ana-
lytical and eng&nering design, mnaterial capahllitio*, fabrication ta-ch-
rdiquoes and wind-wnz*s1and free -flight tests.

2. ADDPEP PH(ASE I

Go*&ea eroopace conducted ADDPEP Phase I uvAer Contract AF33(J5 1)-
10955. Anal ytica ad. empirlea! tacbsniques were u&sed to design end buidd
tho three typis oi dcelerators and to evaluate them through wind-tunnol

adsftoo ht toe an the basis of the &foremenntioned goal#. Moreover, 1
to provide a fre* Ught basis for eval~stizng the analytical arsd empirical
techn~quae, it w"a ncessary to design, develop, buWl, and evaluate two

aye of tes*L VeliC).a eht were adapted to be launched by combinatieons of

M Gooys~zAerospace Corporation, Akreon. OML43.

7t



SECTION I -INTRODUCTION AND SUMMARY AFFDL-T1 -67-Z5

existing boosters. This work has been documented in Technical Report

AF2FDL -TR-65 -27 (Reference 1).

3. ADDPEP PHASE UI

Goodyear Aerospace has conducted ADDPEP Phase 11 under Contract
AF33(615)-1513. Essentially, Phase II has consisted of a continued evalu-
ation of the design techniques for two decelerator type: (1) large reefedI supersonic parachute t. id (2) B ALLUTE. Thes areas lnvestigated for these
decelerator typ-s have included analytical and enginieering, design, material
capabilities, fabrication techniques, and wind-tunnel and free -flight tests.
The laborato)ry tests were conducted at Goodyear Aerospace, 5kkron. Ohio;
and the free-flight tests, at Eglin Air Force Base, Fla. , Holloman Air
Force Base, 'N. M., and White Sands Missile Range, N. M. In addition,
Goodyear Aerospace provided a consultant for wind-tunnei tests conducted
by AFFDL personnel at Arnold Engineering Development Center, Tenn.

This report details the work conducted during ADDPEP Phase II. Sec-
tion II. dealing with the free-flight test capability for the decelerator types
considered, describes work in modifying and evaluating the two types of
test vehicle/booster systems that were developed previously as part of
Phase I. Section III deals with the evaluation of the large parachute (LP)
design techniques. Sections IV and V deal, respectively, with the evalu-
ation of the textile-cloth and metal-cloth BALLUTE (TB and MB) design
techniques that were considered during Phase Iii. Section V1 presents
overall Phase UI conclusions.

Each section of this report concludes with a surtmniary and. a statement of
conclusions. Table I summarizes the characteristicts of the LI'. TB, and

AMB decelerator designs. as well as the tests ta eecnutd
For the. large parachute deceleratora tests were -pedrortuod on a 'henia-
flo parachute design having a nominal 16-ft-diawneter ca&-fopyt a 10-percent4. extended skirt. and -a 14-percent porosity. Thtw desig was. tested for
10O, 000 -l opening loads; deployment Mach numberi-we re 1.. 50. 1. 61.
and I1*84 at attitudes of 13, 700, 15, 500,. anA 0,SJ t epciey h
behavior durinp the tests confirmed that thispaaht aexlen
aerodynamic haracteristies and adequats strenth. Th anparachute

A w~~~ll be dieloyod Att incr4easin Mach ubrdLjngA.D,; :lis W

fabricatod fo'both coated t~ieand metal clothe. Irs~atiat te-
ttiques frtetextile designs were eva iated by wind-tu nnerl and/car fre*e
fkighttests. The rmeta cloth design$ veto vlae t~b idtne
tests. fulit tests were 111mited ,tu Mach 9. 7.* ad wind'ttunniiteits t
Mach!._ The viind tunnel tests indicated that 0oxcellen -stability 0 tic-
tuwrally edquate dosila cat he atseid with five-foot da~tr uits
within the liwaitd of the. testing capbL~ty.'I e~il b (r.fittd
stappotA those findiags.. Howeveri the aight test date atth ibs.
Mawbeiw (9.?7) *ore too limited for drag siod stabiltyt cpvrnpavivorol.

-777777.7
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DynDemign teat point data

Decelerator Principal Test * Mach Altitude pressure of air
type material Coating method no. (10 ft) (pef) (F)

Large para-
chute (LP) Vehicle A

LP-1 Nylon None Airdrop 1.20 14.4 1240 170

LP-2 Nylon None Airdrop 1.20 14.4 1240 170

LP-2 Nylon None N-N 1.60 17.0 Z600 233A

LP-3 Nomex None N-N 1.48 13.9 1900 214.

LP-4 Nomex None N-N 1-L64 12.4 2, 0 0 268

LP-5 Nornex None N-N 1.80 10.8 3300 331

Textile
BALLUTE
(TB) Vehicle C

TB-I Nylon Necrerexe 1-13-N 2. 47 j 5.0 195 400

TB-IA Nylon Neoprene 143-N 2.40 814. 0 2C0 440

TB-lB Nylon Pot-urethane HJ1-N 2.78 71. 484 513
CUR 71A1.

TB-2e Silastic 13.1 HJL-N-N 3.80 104-0 19 1,13
TB-3 Nme. Silastic. 131 HJ-N-N 3.70 98.0 1 50 10084

TB-4 Nomnex Dynathern XM-33/2XM- 9.95 200.0 20 ,2
D-65 1-

TB-5S Nomex Dynatherm HI -L-L1 6.IQ 131 .0 zoo 4,03C

TB-6 Nomex D nthermn -N--L 5.66 1?2.0 1 198.284
D3-6511

Metal
BALLt;TE
(MB)

MB- 1 304 stain- CS-!05 HJ-N-L 5. 70 iz.0 Z0Z 9

MBZ Rent 41 CS-105 HJ-L-L 7.00 130.0 Z-543311

M. 3 Rene 41 CS-105 XM-33/A.XM- 11.00 220.0 is 10. 040 f

B d e fftnitions: N N ike; HJ aHonest John; L a Lance. j. .



SECTION I - INTRODUCTION AND SUMMARY AFFDL-TR-67-?S

OF DECELERATOR DESIGNS AND TESTS

t point data -

-TotalCanopy

Dynarr.c temperature T'irface Load Drag
de pressure of air I area Porositv factor area

ft) (psf) (,) Remarks (sq ft) (per cernt) (g) (sq ft)

1240 170 Not tested 201.1 29 62.40 100.0

A 1240 170 Premature release 20 1. 1 15 62.40 100.0

2600 233 Vehicle :heckout 201. 1 5 6Z.40 100.0
190211 201.. 14 100.00 100.0

4 100 263 Good test, obtained 20i1 14 100 100.0

3300 required data 201, I4 100.00 100.0

3300 331 01.1 14 100.00 100.0

195 41- Not deployed, Phase I 86.5 Negligible 9.70 19.6
effort

200 440- 8Q.5 Negligible 9.90 19.6

484 513 Good test, obtained 86. 5 Negligible 23.80 19.6

I required data
197 1,134 86.5 Negligible 6.80 13.7

250 I,008) 86.5 Negligible 8.50 13.5

1 20 8,627 Good $eat, obtaii. ed 86.5 Negligible 0.68 13.5
L,-,!.ted 1at,.

zoo 4,0301 86.5 Negligible 6.80 13.5
Available for test

1 198 2,784 86.5 Negligible 6.75 13.5

220 2,794 :uccessfully tested in ?WT 86.5 Neg!igible Z.40 13. 5
at AEDC, q = 120 at M
2. 8, using alcohol/wate
partial inflation technique

215 1,380 Substitution of Nomex 86.5 Negligible Y. 80 1.o 5
units precluded fabri-,

15 10,040) cation and test of Rene 86.5 Negligible 0.34 13.5
units

(Reverse is blank)
3
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AFFDL-TR-67-25

SECTION U1

FREE-FLIGHT TEST CAPA~c!.WTY

1.TEST VEHICLE A/BOOSTER SYSTEM

a . General

A basic goal of ADDPEP Phase II (Acrodynaintc D1,eployable Decelerator
Performance- Evaluiation Program) was to cor.tin,~ advancing the si-ate of

Me art of large supersonic parachute design methods at high dynamic
predsure s. Parachutes with 16-ft diameters (DO) wore subjected to a Mach -

1.regime; ultimate objectives approached Mach 3 at 1,3w altitudes - The
requirements for subjecting the large parachutes to the Phatae 11 test re-

gime were adequately fulfilled by Test Vehicle A, launched by a Nike-I Nike (N-N) booster combination to Mach 1. 8.

b.Desigr, and Configuaration

For the ADDPE P Phase HI requirements, the ovtirall configuration and
design of Test Vehicle A remained basically the same zv the design es-
tablished frr Phase I (Reference 1). A photograph -A Test Vehicle A ana
the general configuration are shown in Figure 1.

c. Vehicle Integrity Tests

Stat.C tests were w~ere ccnducted on thie first A vehicle (Reference 2). Ex-
cept for an actual test decelera..or2 the vehicle was complete. The en-
tire sequence of operationis normally accomplished in flight was demon-
~etrated successtully. Criteria for quality of the static test were based
on vehicular instrumentatioii data, external shock data, and photographic
results.

Vibration testa were :-onductted on another I- vehicie to ascertain the re-
liitbilit-y of the event programmaing system in a vibratory environent
similar to that expected in free-flight. The vehicle wis subJected to vi-
bration; the forcing input was along its longitudinal axis. Simulated elec-
troexplosive devices were wired to the event programming system. Dur-
ing vibration, the vehicle time~rs were cycled, resulting in' the detonation,
in sequence, of the simulated electroexplasive devices to evaluate the
nlight event signal generatiag systern. Teleinetering instrimentation was

functional for the monitoring of test and recovery tinding sequences.

The performance of Test Vehicle A and its structural integrity were itc-
ceptable.

d. Free.-Fli ht Performance

Table II summarizes the Test Vehicle A performance as a test point de.-
ployment control for large parachute 1,11P) ests_ with the booaters utilized.
Table Mlsumm-Arizes the Test Vehicle A data acquisition (instrumentation)
system ?erf ormanc ..

Ap
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TABLE II - PERFORMANCE-DEPLOYMENT CONDIT IONS FOR

TEST VEHICLE A

D ynamic
QEAltitude. (ft) Mach no. pressure (psi)

Test (deg) Boosters Calculated Actual Calculated1 Actual Calculat~ed Actual'

LPI + B-52 14,400 + 1.2 + 1240 +

airdrop 1.

LP-2 0 B-52' 14,400 121240J airdrop
LP-3 40 N-N 13, 900 13,660 1.48 1.50 1900 1988

LP-4 40 N-N kZ, 400 15,5391 1.64 1.63 2600 2118
LP-S5 40 1N-N I10,800 10,5381 1.80 1 84 3300 3383

Quadrant elevation angle

+
Not tested

*-Premature release, data not useful

TABLE 1Ul - INSTRUMENTATION PERFORMA.NCE FOR

TEST VEHICLE A

Telemetry instrumentation

Test monitor press press IPAM*Ace Drag Shock C(5 er fpe (10tfps
Ace 50fs) 10is

.LPl 1+ 1 1 1 111

iLP-2 2 2 2 a 2- 2 2 2 2

LP-3 3 3 4

LP-4 3 3 33

LP-5 ±L I 3f3iI 3 ____
'Pule-amplitude modulation

Notes:
I., Not tested
Z. Data not useful or not obtained during test period
3. Satisfactory data obtained for test period
4. Data obtained for -only portion of test period

67r H
~ ~ ~ 4
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SECTION n - FREE-FLIGHT TEST CAPABILITY AFFDL-TR-67-25

Z~. TEST VEHICLE C/BOOSTER SYSTEM

a. General

Required under ADDPEP Phase II was a series of BALLUTE deployments
at spejeds to Mach 10, altitudes to 225, 000 ft, and dynamic pressures to
500 puf. The testing of BALLUTEs was accomplished utilizing, capability
C test vehicles launched by Honest John-Nike (H3-N), Honest John-Nike-
Nike (HJ-N-N), Honest John- Nike- Lance (H3-N-L), aild XM-33/ZXM-19-
Lance bocater combinations.

b. Design and Configuration

For ADDPEP Phase Uirequirements, the overall design and configuration
of Test Vehicle C remained basically the same as Test Vehicle B/C es-
tablished for Phaiae I (Reference 1). However, the Test Vehicle C de-
sign was modified, to enhance vehicle performance, decelerator data ac-
quisition, and vehicle refurbishment. A photograph of Test Vehicle C
and the general configuration are shown in Figure 2.

Vehicle performance design changes included addition of an auxiliary
flotation BALLUTE, increase in pyrotechnic sequence voltage, addition
of provisions for use of retrorocketo when required for high altitude
booster separation, incorporation of a larger container for testing of
more bulky test items, and flotation system improvements (References
4- 8).

From. the standpoint. of decelerator data acquisition, the Test Vehicle C
telemetering system was modified to permit use of more BALLUTE tem-
perature thermocouples, and provisions were incorporated to current
limit the chock, drag, and BALLUTE pressure sensor electrical circuits
(References 6. 9, 0O).

To decrease the com~plexity of refurbishment and to decrease refurbish-
ment time, pyrotechnic switches were installed on plug-in boards, and
provisions were incorpo rated to permit external monitoring and charg-
ing of the flotation restrvo~: (References 5, 6).

~.Free-Fliht Performnanca

Table IV summarizes the Test Vehicle C performance as a test point do-

ployentcontrol, for BALLUTE testing with the boosters utilized. Both
texile-coated andt metal coatedBALLUIEs are considered (TS and W4)
Table V sunmarzes the Test Vehicle C data act'utition. (instrumentation),
Systern performance. Predicted aiad demonstrated capabilities are presenited.

3., OROUND SUPPORtT

a. ai-ral

ADDPEP Phase 11 free-fllgbttest 0wppot was'required in two test areas,
(a. listed on, palg. 13):

LK



8!ECTI(W It - -FREE-FLIGHT TEST CAPABILITY AFFDL-TR-67-25

TABLE IV - PERFORMANCE- DEPLOYMENT CONDITIONS FOR

TEST VEHICLE C

Altitude Dri..amic pressure

* Tout fdog) ftesters- caiculete Actual Calculated Actual Calculaed Acta

TB-I 93 WIt 85000 561950 2.47 2.42 i95 172. 0
TN- IA 83 HI-K 50.000 51000 2.5 Z. 40 255 4?4. 0
TZ-lB a, HI-N 73,000 74,700 2.71 Z.17 415 360.0

T3-3 64 HI-N-N 94,200 98,500 3.62 4.00 250 279.0

TB-f TO XMd-33-L# 210,000 226,700 .4:9s 9.70 20 9.4
TB-5* 6b HJ-L-L 131.000 . . . 6.7 ... 200

85-6 $ IL?-N-L 122, 000 . . . 5.66 . . . 198 ...

us-lI 85 HAJ-N-L, 120.000 . . . 5. ? . . . 220 ...

MNSt 65 HJ-L-L t30, 000 *. 7.0 . . . Z15 .

0 T XM-33-L 220, 000 . . 11.0 1Is .4

+C6imat 4ept.Mmont S ii4

TABLX V -POITRUMENTArITON PERFORMANCE FOR TEST VEHICLE C4

Cam~era
Telemetrwy Iittruftentation to

BALLUTt E l wr 0o and
Test pe IpVo P,!eos, PA~* *coal Dvag Shock 700 too)

T13.IS a a a a

25-33 1 a I ' ~ 2 3

J1.4 a

s*~:

I. -~ mef *w aftbsie4 I re~totped

Ito tossed

t 1,
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SXTOX . FRIE-FULGHT; TEST CAPAUITY, AFFDL-TR-67-25

I. Loori prachuto (2LaP) free-nlight tour, and data re-
ductions were accomplished at Holiorman Air Force
Baee, N.MA, and White sand$ Missile Range, N. M.
The first test was a mtissile qualification air drop
conducted at White Sand3. The B-52 aircraft for
conducting the drop operated from Kirtland Air
Force Base, N. M.

Z. BALLUTE free-flight teat. and data, reductions
were accomplished at Eglin Air Force Base, Flia.

b. Field Cte rationas

Field testaperations followed the pattern shown in Figure i~. During the
free-flight tests, the Goodyear Aerospace field test crew assumed re-
sponsibility for the test. and checkout of all vehicle systems, as well as
for vehicle refurbishment. The range agency, Holloman or Eglin AF.B,
assumed responsibiiity for storage, use, and check out of the boi~e
vehicie; range safety; radar tracklug; ground acquisiticn of the telemetered
and pbotometric test data; and data reduction of vehicle flight and test
decelerator deployment data.

E. Film Peroonnel

The fiold-test crew consisted of three engineers and two technicians. In
additionj a pyritechnics engineer was assigned part time. Basically the
respwtsibilitits were as listed on page 14-

X&ASPOR PtSLO ~~~~ ARAR SSI
.0 ?U? .AQ*5 ?STV .AN) £RU

0.1" 4tJtCV6jac

~* PS

Ylp" 3. 04*14 COpntL.. W



SP-CT1ON 11- FREE-PLIGHT TEST CAPABlILITY AFFDL-TR-67-25

-1 Project engineer - program management

2. Instrumentation engineer - onboard data acquisition

3. Development engineer -vehicle systems and as
sembly

4. Electronics technician assistance for instrumen-$
tation

5. Electric ' tecnnician - assistance for vehicle as-
sembly

6. Pyrote~chnics eng-,neer - loading and assembly for
explosive devices (acc-3mplished on a Deriodic
visit basis)

4, SUMMARY AND CONCLUSIONS

The evaluation of the test vehicle- systems is summ arized as follows:

1. Teic- Vehicle A/Booster - The test results indicated
that vehicle performance can be oredicted with con-
fidence and that the 4.ata system is adequate. Re-
covery and rousability met design goals.

2. Test Vehicle C/booste' - Tht test results indicated
that vehicle perrmance can be predicted with con-
fidence. The data transmittal range was excellent.
Beacon dropout, ccur red on some occasions. When
recovered. the vehicle met design goals for reus
abiiity.
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AFFDL-TR-67-25

SLCTION MI

LARGE PARACHUTE DECELERATOR

I GENERAL

a. History,

The goal of the large supersonic parachute effort under ADDPEP (Aero-
dynamic Derloyable De celerator Performance -Eval'!ation Progr am) is to
establish the parachute configuraton, loadings9, desaign, and structural
materialm for attaining an initial load of ZOO, 000 lb at supersonic speeds
and low altitudes. The performance range t.-t be investigated extends from
transonic speeds to Mach 3. with & dynamic pressure .(q) of 10, 000 pif.

The work on a large supersonic high-q parac' to decelerator was initiated
diuring ADDPEP Phase I and continued during PAse U. This large para-
chute (LP) effort has been concentrated ofl two basic design types-

1. Conical

2. Hernlsilo

Twvo conical parachute tort items, LP-l and LP-2, were designed and
fabricated during ADDPEP Phase, X. Throe hemiuflo Parachute test items,
LP-3, LP-4, and LP-5, were designed and fabricated during ADDPEP
Phase 1U. The final canopy size chosen was a l6--ft nominal diameter,
D.

0

The design and fabrication oi LP-l "nd LP-Z are detailed in Section V of
the ADDPEP Phase I technical report (Reference 1, AFF)L-TR-65-27).,
The test results for LPZ2 (ZO-deg conical ribbo:k) are included in this
Phase II report. Since LP-1 was delivered to AFTDL-RTD for drop-
testing to prove the parachute opealag characteristics, no test dat for
LP-l are in this report.

Theconitinfor toot- points of LP-Z thrvugh L.P'5 we~eetbihdb
-trojectory analysis and concurrence by,:AFFDL.-RTD# The desired do-

pymeat valuss to be achieved by Test V~ehicle A and boost r omiAtin
av-, shown in lible Vt.

A. areay idied, the "asis. for design, -tbe fabrication detaila, and a

physical deecription of large parachut. teat item LP-2 are given in 1Ref-
etac . With respet to - 14 LA3-4, ahe LO-5., published data from

wrind unueltestv (Roe.reacos A1 I, 20 13). a* well at the results tf
AI"TL4ID programs.. were reviewod, analyzed, aP4 used as a bas is
for sislecttag tk,% parschute type and poroisity for a family of reefing di

*mtors. Psrt)htr eiuaiyis of sna:Ll- and large model tests indicated
04at the. p hty r'%ut b* redoced for rvnfed (he i sfio or conical)

1IVI
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SECTION III LARGE AACtTEDCL ATR AFFDi,-TR-67-25

TABLE VI -DESIRED TEST POINTS OF HIGH-Q PARACHUTE

________- Initial conditions ___

Flight path
Design Mach Altitudei Dynamic angle (deg Reynolds Booster

configuration no. (ft) press (pef) from horin) no0. comb

LP-2, ilt 1 1.20 14, 400 120 I -70.0 5.70

LP-2, flt 2 1.60 17,000 2600 I 18.0 7.00 -
LP-3 1.48 !3,900 1900 14.2 7.10 -

LP-4 1.64 12,400 2600 j 18.0 3.20 N-Nt

LP-5 1.80 j 19,800 j 3300 4-. 3 9.45 -

B-52 airdrop

+Ni-ke -Nike booster combination

parachutes at iupersonic Mach numbers. The wind-tunnel tests also in-

dicated that an improvement in inflation stability was obtained by usingI rnidgore reefing that doubled the restraining points for the skirt band.
The steady-state data frorn References 11 and 12 are shown in Figure 4.
The CDA 1constant drag area) values for Z00, 000 lb at sea level are pre-
sented a_. a solid line for reference.

More recent wind-tunnel test results are pr*esento-d in Reference 13. For
these tests, the reefing ratio ()was varied at four different Mach num-
bers (reefing ratio defined as ratio between reefed canopy inlet area and
fully inflated inl t area). The parachute dispiaying the best performancce
war a 14. 14-percent total porosity and 10 -percent extended skirt herria -
flo, with 2 Do lines, The wind-tunnel test results are shown in Figure 5.

Based on those data and test observations, a nemieflo type was chosen
over the conical parachute design for continued decelerator investigation
under ADDPEP Phase Il. The 16-ft Do size was' selected to investigate
reefing necessary throughout the test spec .rurn, to achieve the desired
peak opening load of 200, 000l 1b, and to permit storage of the parachute

within the test vehicle.

The heminflo general dimensions are shown in Figure 6, anid the configu-
ration details are summarized as follows (lidt -!ontinued on page 18);

1. Nominal diameter of canopy: D = 16 ft 01
2. Shape: heniisflo ribbon with 10-percent extended

skirt

3. Number of gores: 32

4. Porosity: 14-percent nominal evenly distributed

16



SECTION~ III LARGE PARACH'JTE DECELERATOR AFFDL-TR-67-25

EQUIVALENT TO A 1S-FT 0 0PARAeUTE BASE, %;N TISTSOF SMALL ANiOLAROE MODELS

TYPE LINE 0, ReEICAG portoma1 y
LENGTH RH.) (PERCENT) (PERCENT) RFERfr.*

o HEISF'LO 200 19.3 20,7 14 1

0 CCLNICAL- 0% 19.31 20.7 14 11

HPMISLO 20 0 19.1 219.3 14 4

A ONWCAL 2 00 120.0 15.0' Is 12

CONICAL 2 oc, 120.0 1S.0 it 1

SHEMISPLO 10 0 120.0 20.0. Is 12

CONSTANT
DRAG 200.00,1 LB AT SEP L-Evc-

100 - - - -

I 40

-_

MAH ubIt

Fiue4-DCg_,ea-eso ahN-rbr(~n-funirsig



SECTION MI LARGE PARACHUTE DECELERATOR AFFDL-TR-67-25

.04

10.

I z
0

-1 0.00.98 __ _

'It ~- - 40.60

0.3 0. 0.2 0.6 1.0 1.3(RzarP§ 1"LeT AREA
rAtOOPY INLEKT REEFING AATCO. )~kuAm, M.

Figure 5 - Nominal Drag Coefficient versus inlet
R eefing Rati- 4Wind-Tunnel Testing)

5. Suspension Line length (effective) 2 D ft

6. Attac rment: R points, I - "n. di amete r by 2 -5/8 in.
wide, pin clearance

7. Weiga-t.: 130 lb

2. EXPLORATORY FREE-FLIGHT TESTS

a-. Conical Large Parachute L?-1

Ce~nical parachute LP-2 was subjected to two. free-flight tests. In theIfire t WdL the LP-l unit was air-dropped onboard Test Vehicle A. The
desired deployment test points are noted earlier in Table VI (page 16).
1' est Vehicie A, was released f rom a B -5Z aircraft at a 49, 4 15 -ft altitude4-and ;:,.as very stable during free -fall to 17, 200 ft (mean sea level1). At
17, M0Z ft. premature baroswitch actuation caused neparation of the for -
ward test item container and prevented depi oyment of LP-Z. A completej case history o~f t~he LP-2 drop test is given in Reference 14.

The pu~rposes of the second LP-Z free-flight test was to test (1) the Vehicle
A launc',er capability for operational support of the vehicle with its boost-
ers, and (2) the parachute deployment capability of Test Vehicle A (Ref-
erence 15). The desired deployment test points are noted in Table VI.] Telerinetry instrumentation was not used. The ground launch, of Test

18
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SECTION 111 -LARGE PARACHUTE DECELERATOR AFFDL-TR-67-Z5

Vehicle A by a Pike -Nike (N-N) booster combination was catisfactory;
based on data obtained from White Sands Missile Range (WSMR, Refer -
once 16), the LP-Z deployment was close to the desired test points. As
a result of this free-flight test, the Test Vehicle A and booster combina-

i_; tion operation was considered satisfactory for fully configured boosted
flight.

b, Hemisflo Large Parachutes LP-3, LP-4, LP-5

* (1) General

Free-flight tests were conducted on hemisflo parachutes LP-3, LP-4,
and LP-5. In each flight, the teat item was deployed by Test Vehicle A,
which was air-launched by a Nike-Nike (N-N) booster combination. Data
obtained from the flights showed that the 16-ft DO hemieflo parachute per-
formed we'l in the reefed conditions to Mach 1. 8, the limit of testing.
PAvchute behavior in the tests confirmed wind-tunnel results.

Table VII summarizes the test point conditionx achieved for the LP-3,
LP-4, , nd LP-5 testz.; the conditions at ,he time of test-item container
separafion, initial full-line stretch, and maximum load are presented.
The inflation time for LP canopies is presented in Table VII.

(2) LP-3 Free-Flight Summary

The LP-3 hemiaflo test parachute was deployed near a calculated test
ioading dynamic pressure, q, of 1900 psf. The reefing line was 20 ft
6 in. long after sewing and consisted of two webs rated at 6000 lb tacked
together. The test parachute was extracted and deployed by a 4-ft Do
hemisflo pilot parachute positioned 69 -in. aft of the test item deployment
bag.

Prcmature disreefing occurred approximately one-tenth of a second after
inflation to the reefed shape due to reefing line failure. Maximum infla-
tion g's were approximataly 100 for the reefed shape and 8C for the dis-
reefed shape. Supersonic and subsonic stability were excellent. The test
item was. recovered undamaged.

Figure 7A sliows the performance curves of LP-3, beginning at test item
container separation and continuing for three seconds, the period of most
significant change. A performance summary is given in Table VII. Data
for the performance curves were obtained from WSMR data reduction re-
ports (References 17, 18) or the test vehicle telemetry signal plots.

Figure 7B shows the LP-3 inlet area variation with respect to time on a
selective scale. Data for the inlet area plot were generated from the on-
bodrd motion picture coverage.

A (3) LP-4 Free-Flight Summary

The LP-4 hemisflo parachute was tested near the calculated test loading
q of 2600 psi. The reefing line was 14 ft 10 in. long after sewing and con-
sisted of a 6000- and a 12, 000-lb web sewn together. Extraction and de-
ployment of LP-4 were accomplished by a 4-ft D hemisflo pilot parachute

0
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TABLE VII SUMMARY OF LARGE PARA4CHUTE TEST CONDITIONS

Test Range time Load C *dtin -- __

item Event (hr: min: gec) (103 ib) Mach no. q (psi) Alt (it)

LP-3 Test item container 16: 10: 28. 64 . . . 1. 502 1988 1,3, 660
separation

Initial line tretch 16: 10: 28.97 50.0 ).341 1590 13,770

Maximum load 16: 10: 29.10 154.5 1.24 1350 13,815

LP-4 Test item container 23: 15: 13.75 . . . 1.631 2118 15,539
separationI

Initial line stretch 23: 15: 14.12 30.0 1.531 1920 15,842

Maximum load 23: 15:, 14.28 )08.85 1.40 164Z 15,934

LP-5 Test item container 17: 00. 10.30 . . . 1.837 3383 10,538
separation

Initial line stretch 17: 00: 10.61 40.0 1.725 2950 10,710

Maximum load 17: 00: 10..81 152. 6 1.560 Z410 10,948

Dyniamic pressure

TABLE VIII - INFLATION TIME OF

LARGE PARACH1UTE CANiOPIES

1 * jInflation

Configuration Mach no. (psi) I tei)

LP-3 1.34 150 01

LP -4 1.53 1920 0.16
LP451. i' 2950 0. z0

Dyamc resutat line~ -tec

STime from line stretch to maximum- loadjI

permanently tooied to art Inlet diameter of Z ft. positioned 120 in. aft of
the test item deployment bag; at the end of a 2-sec programmed delay
period, th~e reeflnqt line was severed cleanly by the, 2 cutters. Maximum
inflation g' were approxiniately 61 fo the reefed -shape and 9 for the dis-
reefed shape.

The parac1buts was recovered with the canopy in an undamaged condition;
however, three suspenaiion lines were broken one to four feet from the

7217
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canopy, and one of the same broken lines was broken four feet from the
test vehicle. Onboard motion picture films indicated that thje deployment
followed the planned sequence. Further excamination of the film footage
indicated a much higher than planned missile spin velocity at a deployment
of approximately four to six revolutions per second. The spin velocity
resulted in a 1. 5-turn twist in the suspension lines 4 to 6 ft from the test
vehicle. This same region of the lines had one of the broken suspension
lines welded to another line. The parachute despun thie missile ,n 1 -1/2
revolutions and damped the spin oscillations to low values prior to die; -
reef. The effect of the twist was determined to be limited, as the lines
were approximately 30 ft long, and the twist was 24 to 26 ft from the dkirt.
The diameter of the twist was also limited by the die-meter of the suspen-
sion line attachment ring. The approximate geometry is presented in the
following sketch:

Figure SA shows the performance curves of LP-4. beginning at teat item
container separation and continuing for three seconds. A performance

obtained from WSMR. data reduction reports (References 19, 20) or the

telemetry signal plot (Reference 9).

Figure 8B shows the LP-4 inlet area variation with respect to time on a
selective time scale. Data from the onboard motion picture footage were
used as a basis for the inlet area plot.

(4). L.P-5 Free -Flight Summary

The 16P-S hemiaflo test parachute was deployed very ne-Ar the calculated
te.st loading q of 3300 psi. The canopy exhibited good inflation antk eta-
bility. The reeling line was 14 ft 10 in. long after sewing and consisted
of a 6(00- and 12, 000-lb web sewn together. The test parachu&te was .x
tracttdand doployad by a 4-ft Do hemisifin pilot parachute permanent'y
reefed to an inlet diameter of 15 Ii. This inlet diameter was five inches
I,*&* than tho pilot parachute inlet diameter used for deploying PP-4. The
srualler diameter was chosen tc reduce the deployment rate. The pilot
chaft inlet was located 120 in, %ft of the test iteiM deployment bag. The,
reeling line cutters were not initiatied because the lariyards failed and did
not pull out the firing pin mechanisms; as a reexlt, diereefing did aot take
place. Maximum infilation gle were approxirritely $5 for the reefedl shape.

ic parachute was rcovered with the canopy in. general unJ 'inaged eitheor
hy loadings or boating. .Detail examination revealed seve ral ve rtica Is
wave damag~ed or broken at or near their attachinent to the inlet webbing.
Suopeasion line numbers 8, 29, and 32 were broken S. 6. and 7 ft, re-

apely, front the skirt. , Unes 8/9. and 28/32 wer a fused into pairs
Approxisnately 8 ft from the test vehicle. Examination of the onboard

..... ....
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SECTION III LAtRGE PARACHUTE~ DECELERATOR AFFDL-TR-67-25

motion picture film footage indicated that test item LP-5 had spun in a

manner similar to LP-4, with resultant twisting of the lines.

It was determnineda that the test vehicle introduced the spin torque to pro-
duce the line twist. The remedy was relocation of the outboard camera

(described in Appendix C of Reference 9). 1
FWsure 9A shows the performance curves of LP-5, beginning at test item
CGc4tainer separation and continuing for three seconds. Data for the per - I
formance curves were obtained from WSMR reduction reports (References
21, 22) or the test vehicle telemetering signal plots (Reference 4).

Figure 9B shows the LP-5 inlet area variation with respect to time. Data
from the onboard motion picture footage were used as a babis for the in-
let area plot.

3. AERODYNAMIC ANALYSIS

a. General

Since the configuration and dimensions for the large high-q parach-utes
were~ established by previous AFFDL-RTD wind-tunnel tests (References
11, 12, 13), the principle aerodynamic task for ADDPEP Phase 11 was to
determine the reefing line length necessary to keep the paratchute peak
opening load near 200, 000 lb for Pach deployment. Three approachec to

solving the reefing problem were invebtigated; these were based on wird-
turinel tests, free-flight tests, and analytical methods.

b. Reefing Based on Wind-Tunnel Teats

The AFFDL-RTD wind-tunnel results in References 11, 12, and 1.3 in-

clude deployment load values for the large-model parachutes (10-ft DO)
and steady-state values for both the large- and smail-mod..l parachutesI
(3 - and 19. 3 -in. Do). The opening shock Yvalues are higher in th wind.

tunnel than in free flight, as would be expected. The wind -tunrnel steady-
state drag coefficient values for the large and am-all parachute models
vary more than would be anticipated, based cn the design diifeei,-s be-
tween the models (see Figure 4).

Figure 10 compares the win4 -tunnel model data with the flight data ex -
cluding the opening shock period. This figure was made by adding I ight
valus for nominal stirface_ drag coefficient marsuo r-te'ng jr. o to the
data given earlier in Figure 5. It ts apparent that the drag coefficient
values for flight test zre above those for small-scale wind-tunnel1 models3
at the same reel1:,t rtio (RWerence 13). Baset.' on- the comparison of
small-scale wind-tunnel data and thim free-flilght data, it ailppears that the
correlation is not sufficiently accurate for direct use of small -scalti data.
Insufficient large-scale, directly apolicable wind-tuntnel data are available
for establishing reefing-linet lt'-gths with confidence.

SReefing Based on- Free -FliLabt Data

Free -flight data frorn one thst can be used. to calculate or predit- i reefin~g

req~tirements for other test conditions. Hece, in Phase 1I, each test'
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*Figure 10 -Comparison ofSmall-Scale and Free -Flight Data

*aided in predicting the reefing requirements for the next tsa. Three
tests of the heavy-outy hcmisflo parachu'ep wert made from Mach 1,.5
through 1. 84. -with accoumpanying d%:ployment dlynamic pressure- trom

1988 to ':A383 paf. Table VUI (shown earlier) summarizes tl,, tea? condi-

Figure It IA show-4 the. Mach nurribez value* versxe tirtne c Lovved by the
L-'P3,~ LP-4. and LP-5 large parachute t-wits for a selective itcper~od
Itime starts at container separation -arnd. cntinie5 for three seconds). th
figure illustrate* the practice of extending the envelope of dern-*nstrated
Parachute -operating capability inragukar Aircreinens 'iura 1 11 pre -
a ents the corresponding range of dynamic pressures versaa tirnie.

Figures I? and 13 show the resulting l ~ia~ue~v ah sr. link
and load,/dYnamijc pressure versus tifli5 fui' parachut.- LP-3 LPIF-4, and

is produced by line stretch. 7he'large, twin peaks - i th-4 LP--3 correspond

to the opening loads reefed and diareeied. ,The die reefled load of. LP-4

occurs within three **condo. CompariSon o' f the curVes demonstrateI
that the reefing line is an tfective nmeants of rentrolling the peak loads.
The reefirig line Lcir imferences. measured under 40,-lb tension, are
20.5, 4-83 and i4. 0,3 ft., res~pectiveivy, for L.P-3. LP-4. and LP-S.
Thec measured load dynam-ic pressure divided by Mach- number ia shpwn
in Figure 14.L The initial usmall peaks are pro' duced by line stre-tch loads.
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Figure 14 -LP-3, LP-4, LP-5: Load/Dynamic Pressure and Nominal
Surface Drag Coefficient versus Mach Number
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Table IX given the dimcnsional and loading parameters; the loading
parameters are based on conditions at maximum loading. The valuex
presented in Columns 4 through 7 are reduced from the digitized range
data. Column 8 values are based on the values plotted in Figure 14.
Nearly conaitant load/dyttamic presinure (L/q) values for LP-4 and LP-5
are evident after the parachutes have opened to the reefed shape. H1ow -

ever, the value for LP"'3 required extrapolation considering the values
of LP-4-and LP-5. lolumn 9 is an opening shock factor, K, defined as
Column 7 divided by Columin 8. Because only two nearly cons tant .1,q
values for the reefed shape are directly evident compared to three L/q
values at maximum load, the three values were selected for extrapolating
to correspond with the shorter reefing line lengths required for higher
Mach numbers and dynamic pressure tests.

TABLE; IX - LARGE PARACHUTE DIMENSIONAL AND

-. ______LOADING, PARAMETERS

2 T 4 5 6 7 8 9_

Reefing Reefed Tet Test Test L/qq Test
line inlet L/q Test es
±engthaltitude Mach q at at afe shc

ae, at L at L L
itin (ft) (sq ft) (ft) Lmax (psf) (sq ft) (sq ft) K*

LP3 ?0. 5 33.60 13,815 1.24 1350 114 77 1,480

LP-4 14.83 17.55 15,934 1.40 1642 67 57 1.175

LP-5A 1.83 17.55 10,948 1.56 2410 63 50 1,260

Coluiin 7/Column 8

Past 'Practices have presented the effect of reefing as drag coefficient
(CD) or drag area (CDA) versus reefing line length (RLL). Another4
parameter to consider is the reefed inlet area (RIA). The two coefficients,
KRLI,, and KRIA, are shown in Columns 4 and 6 of Table X. The value
is equal to:

K RLL (ft? RL (ft)(1

The value of K RIA is equal to:

L/q at L (f t2 )
K max (2)

RIA RIA(it 2)

Both coefficient values are plotted in Figure 15 and extrapolated to other
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reefing sizes. The constructing of the curves was aided by the fact that
the values of both coefficients should be equal when the values of the other
paramete are equal. This occurs at a reefing line length of 4W, where
the value of the reefed inlet area is also 4:. 1 hose curves can be used to
calcu late values of L/q at maximum load for other reefing sizes.

TABLE X - LARGE PARACHUTE MAXIMUM-

LOADING COEFFICIENTS
1 2 3 4 5 6

Test
L/q Reefing Reefed

q line inlet
Llength. Kreaat Cofiint ra Coefficient,Test max RLL RLL RIA K +

item (sq ft) (ft) (ft) (sq ft) RIA

LP-3 114 ?0.5 5.56 33.60 3.4

LP-4 67 14.83 4.51 17.55 3.82

LP5 63 14.83 4. Z5 17.55 3.59
Coun*Clm

Column 4/Column 3

7

K RLL X IA o

6 0 LP-S

A

-j A

IL

U a 1 t $4 i s 2 22 24
RE~FING O .NE LIENG-. , LL IF4MT

1.07 ;19 tf.40 IS,.= s.bl 21.70 317 SO" 4.
RZEEFIED INLET AREA. RIA #SQUAR'E FEET)

Figure 15 -Reefing Line Length (RLL) andl Reofed Inlet
Area (RIA) veneus Coefficients (K)
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d. Reefing Based on Analytical Methods

(1) Approach

In the analytical approach used to obtain an opening load near 200, 000 lb

for each deployment, the parachute-opening loads are considered as con-
sisting of two principal parts. The first part is the aerodynamic drag of
the shape itself, which is treated as being generated by a drag coefficient
(CD) times the area (A) and dynamic pressure (q). The area is based on
the canopy-inle: area at the time considered. The other part of the open- I
ing load is caused by acceleration of the net air mass that is being acquired
by the canopy during filling, as contrasted to a low or zero net gain of
mass after opening. The force generated by the net-acquired mass is a
function of the acquisition time or opening time.

To determine the acquisition time, a step calculation is used based on an
assumed canopy-suspension-line geometry. It is assumed that the canopy
is formed by the opening loads into a shape consisting of a cone coincident
with a hemisphere (see Figure 16).

The degree of inflation establishes the size of the hemisphere. The radial
Z member length is divided into X and Y components, and the inlet diameter f

is established. The leakage area is considered to be only in the hemi-
spherical portion of the ranopy and is based on the nominal geometric~porosity (X).

Because the canopy can be expected to open at .ifferent rates during its
opening, the opening sequence is calculated in steps. To simplify the
mathematics, the canopy geometry is made the basit of Lhe steps; the
hemispherical radius is increased by regular increments. The mean di-
mensions between increments are used in calculating flow values. An
increment is defined in the following sketch:

MEAN-

[. PtlF4NIT|AL - .

i4

RINNAL

/
I.

I
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THEORETIC AL JUNCTLIRE

32 IFI

Figure 16 -Geometric Nomenclature

The aerodynamic shape-drag throughout one increment consists of the
reefed shape-drag coefficient times the mean dynamic pressure and the
mnean projected inlet area during the increment. The net mass acquired
during the increment consists of the mass-in minus the mass-out during
the increment. The mass per second is considered to be in at the flight
velocity at the beginning of the increment times the mean inlet area times
the ambient mass density, as illustrated in the following aketch:

MEAN

INETi

FLIGHT

t I a E

341
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Incoming masgo per second Vflgt A) (a b(3b)~c

The exciting mass per second i3 considered to be out at the flight velocity
times the meau, exit area ti- ,ies the ambient mass density, as illustrated
in the followirg sketch:

AAREA

exiingmaie pr sco~d =(Vfjgh s~c)(amb ~ (Aeit*£tZ (4

Extingmaonh hsninrmn. lilyn h e as per second byt( l e A f 4

the increment initial velocity yieluds the force that is applied to the canopy
in decelerating mass at this rate. Adding the shape-drag force yields the
total force.

Forty-six steps were involved in calculating the loads during opening of
LP-3. LP-4, and LP-5 for a range of inlet sizes at actual test conditions.
Table Xl shows the geometric considerations involved in Steps 1 through
23, ir~d Table XII ahows the erivirunmental consic'erations involved in
Stept 24 th~rough 46. Figures 17, 18, and 19 show the calculaed values
from the tables and the meaoured torce valuets. The values in Figure 17
are b~ased zan au~ assumed si.ape-drag coefficient used in Reference 23 and
on shape-drag valoes calculated from early flight data after the parachute
opened to the reefed shape. The values for Figures 18 and 19 use the
shape-drag coeffici#.nt values from the early flight data only.

(Z) Shape -Drag Calculations

A shape-drag calcuaLtion was made at the 12. 622-sec point of the LP-5
trajectory. ahi point was selec tmd for the trajectory because the canopy
had opened to the reefed ehape an'i the mea-sured force is neither increas-
ing or decreaving (Figure 20). Energy is not accumulating or -being re -
leased from tho suspension lines, and the canopy's velocity and accelera-
tion match those of the vehicle. The top force line of Figuro 20 shows
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TABLE X - OPENING LOAD CALCULATIONS FOR

LP-3, LP-4, LP-5 (GEOMETRIC)

C Iculation step Radius increment (it)

No. Description Source* 1to I toZ 2 to3 3 to4 4 to 5

0 Mean hemisphere radius (it) Increment average 0.5 1. 5 2. 5 3. 5 4. 5

Mean great circle are& (:q it) r X () (Fig 16) 0.785 7.06 19.65 38.5 63. 6

Mean hemisphere aft (sq It) z X(D 1.57 14. 12 39.30 77.0 127.2

MeOn cylinder area (dq ft) 0 X@ 0.0 0,0 0.0 0.0 0.0

Mean tot leakage area (s ft) () +(D 1. 37 14. 12 39.30 77.0 127.2

Effective leakage opening (s(I ft) ®X \ :g; = 0. 14 0.2199 1.979 5.50 l. 79 17.82

Half mean hemisphere perimeter (DX 0. S = Y of 0. 785 2.36 3.93 5.50 7.06
Fi& 16

Mean straight line dist&nce (it) 41. -:4 40. 52 38.94 37.37 35.80 34.24
(41.3 . + Y + 2Do

Fig 16) 0

9 Mean skirt line distance (It) 9. 1k -(Fg 16) 8.52 6,94 5, 37 3.80 .24

Ratio, suspension lne to straight
Ine ZD/® 0789 0_1. 0. 855 0.894 0.934

0 Mean inlet radiu. (It) QDx 0 0. 395 1. 232 ? o40 3. lZ5 4. 204

Mean inlet area (sq it) 2 X 0. 490 4.775 14.40 30. 75 55.5

Maximum hemisphere radius (ftt Increment limit 1.0 2.0 3.0 4.0 5. 0

6 Maximum hemisphere volume
(sq it) 0 X 2.0944 Z.094 16 56.5 134. 261.6

Half maximum hemisphere
perimeter (it) (0 X 0. Sir 1.571 3. 146 4. '1 6.29 7 85

6 Maximum straight line distance

(it) 41.3 - 0 39.73 31. 15 36.59 35.01 33. 45

Maximum skirt line istance (it) 9.3 - 7.73 6. 15 4.59 3.01 1.45

7 atio, suspension Lime to stiglht
Una)/ 2 0. 805 0.839 0. 8?5 0.914 0, Q56

8 Maximum inlet radius (it) 6 x 6 0. 805 1.678 2. 625 3.656 4.78

Average maximum truncated 0Z 3
cone radius (ft) + -- Cf 0.911 I. 858 2.840 .. 864 4.94

O Ma~ximum truncated cone volume
(cufit) 4'1i '~.R 6. 16.2 141.4 111.0

Maximum total volume (cu t) 3 a 22.7 83.45 t7Z. 7 275. 4 37Z. 6

Maximum total volame change 63 Of 22. V? 61.1 89, 3 102.7 97.2
(.., It) previouF-increment

Circled numbers in this column roftr to stop numbers in first c@lumn of table.

symbol C is an empirical fact2r to corrtAL tht average radus to s value th*. providas v eraCe crose -

sectional a:.f C o .
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TABLE XII - OPENING LOAD CALCULATIONS FOR LP-3, LP-4, LP-5 (EN

Caiculation step LP-3 radius increment flt, LP-4 radius incrov

oescriptien Source'n to , to ot oo3 t .,4 to to o oj2 2t

Altitude (ft) WSMR data 13. 750 13, 750 13. 750 113, 750, 13. 70 1S, 817 11,817 11,88 Ambient density (lb see /it4) W3MR data 0.001575 0. 001575 0.001575 0. 00157S 0.001575 ii.0014S3 00.001453 0.00
Ambient pressure jpsf) WSMR data 1,252 1,252 1,252 1,252 1,252 I, 175 1,175 1.17

O Ambient temperature (R) WSMR data 464.0 464,0 464.0 464.0 464.0 471.2 471.2 471.

Ambient specific volume (ft3/1)) WSIMIR data 19.70 ?9.70 19.70 19.70 19.70 2z1.4' i. 43 21.4

V Velocilq(fps)* 0 " §o@ 1,44( 1.437 1,42q 1,417 . . 1,632 1, 69 1,62
prev incremf- t . . . 1,437.6 1,431.5 1,432.6 1,'414.3 . . .

6 Velocity squared (It2/sec2)
*  (a 2,075,000 2,063,000 2,040,000 2.004.000 2,000,244 2,664,000 2,650,000 2,62

. . . . . . 2,049. 19 2. 026,651 . . .

W et flow (ft
3
/sec) 6 0 705 6,850 20.580 43,500 78,500 800 7,760 23,3

. . . 20,630 44,000 . . . ..

6 Exit flow (ft 3/sec)* Dx 316.4 2,840 7,850 1, 280 Z5, 200 359 3.220 I8,90
. . . 7.880 15,500

No,,t flow-in (it 3/ " 389 4.010 12.730 28, 220 53,300 441 4,40 14,4
13,730 28,500 .. ...

6 Net mass rate-in(1b sec 2ft sec)6 x 6 0.612 6, 31- 20.04 44.45 83.90 0.641 6.590 21.0
. . . 21.65 44.90 . ..

6 Fill time (sac)' " 6,/6 0.0574 0. 1527 0.00700 0.00364 0.001281 0. 005i 0.0135 0.00
(0.574) (0. 0727) (0. 0797) (0.0833) (0,0841) (0.0905) (0 0640) (0 071

. . . .. 0. 00649 0. 00359 -. .. _
... ... (0.0794) (0.0828) ' " I

Fill mas rate (lb seett stc)* G x3I. 111 10.80 3240 68. 50 123.8 1.163 11.30 3 .9
32. 6o.40 .6.9..

63 Fill mass (lb sc 2/ft) 6 x 0.0636 0. 1648 10.2270 0.2402 0. Itll 1IC 0',46, 0. M5s 012
. . . . . 0.2i 0.2490 . . . .. .

Fill force (lb)* (D X X (a 1.600 15,500 46.300 4,0. 900 174.900 1,930 18.400 S4.9

Dynani z proessure (nsf)# C 5 x 3 (9 1, ,6!2 1.625 1, 60b ;560 1,576 1.939 1,924 1

Aerodynamic shaip-drag (Ib) 2.8 x 63 2,064 20, 000 59,600 12-6,00 119. 000 .

1.31 X X 1.081 10.490 31<420 66. I00.. ... --

Z.56 x . ... Z,43o 3.30 70 .

Ah Total force (1b0 ) 6 664 So 105.lO,900 a22, 160 1Z92. 900 4.300 41, 930 1.5
2.681 2S,900 78.020 164,900 ....A' Velocity dec,ylilsl 0"0isex oX 0 l 6.1 as9 4.44 A1. t ......

'5 05 10. 55 1 6. S 2Q .97 z .21 6.

~scay~f~..).32 6.44 11-74.2 5. 1.I I..s 1, 1S , IC so .2 0963 1ocircuiafe-ence 2wt at 42 .1 j790 .3505 10.5s

Uleeed diameter (in. I x 3. 1 .30 40.3 0 43 0 1 ? . [ - 1,30 40 o 61.o

3 Reefindino e d  t ar(- Z
a  a 7.0 W.30 #6Z.0 NS7 . 10 1$ 10 . -t.1

A Reliline circunmfoft c. Z60X . 4. 1 0. 531 S , i .43 4,53 10.03 i. 9

-1koas Lotmie from Twbi X1. licro.ont values based on origially ilmat%
*Ciec . numbrs in he. colnu refer to titop nimbete ia first colun of tahko, pre5nt* bV S. F. Hot*rne (I. 3S billw on e

4Dovitl* s (luo* for LP-3, whore git.*0 sa tbae. oi , 2. S Oi. 1. 3S shsa .- dreg toil.ttltls In 
5 i*crioineut values based on 1. 5 h % re-d-Ag.

40, ale lues for LiP-4 a LP-Satt bod ov Z. %4 shape-drag c-il cleat ofstp 40. tilt dt's %2 56 baed on noin" inlwt area).I l l i gld e &Iplitljut. ~q l tol :Il. 2 Iii;t/s l)/I Itlb.

5Total oaad Ue' in parootheso. qa tCII-4 11"IIb

I lcremeut ralut Itaed on 1. 58 ob&pe-orag coodIlcivet calcWlateO from eaIly LP-) cluick-1obm 'Valu 01 to I( 12 o. /ti)i,

teat , te it.5 bs o Wet r ,ec 4 equal to WAan I in. /t),

I



SECTION IIl - LARGE PARACHUTE DECELERATOR AFFDL-TR-67-25

LCULATIONS FOR LP-3, LP-4, LP-5 (ENVIRONMENTAL)

radius increment (it) LP-4 radi.is inc erzent (f') LP-5 radiu* increment (ft)

,J to 3 3T-T4- ?, Oi t2 to 3 3 tol Ilko 4 02 2 w 3

13,7S0 13,750 13, 750 IS, q17 15,817 15,817 15,8V 10.805 10.805 0, 805

0, .-01575 0.00i575 0.00157S 0.0014i3 0.001453 0.001453 0.001453 0.00172/ 0.001722 0.0017722

1.252 1,252 1,252 . 175 1, 173 1,175 1.175 1,418 1,418 1,418

464.0 464.0 464.(, 471. 2 471.2 171.2 47.2 480. S 30.8 480. 8

19.70 19.70 19.70 Z1.43 21.43 21. 41 21.43 18, 1 . 10 18. 10

1,429 1,417 ._. 11.632 'z9 1,620 1.60 1,80 i,801 1. 8011, 1A .5 1,432.6 1.414. ... ... .... .

2,040,000 2,034.0002,0065 , 2442664,000 2,650,000 2,623,000 2,580,000 ?,243.0001 ,224,700 3, 182,0007.,049, 192 Z, Z6, 6S I .. .... .. . ..

20,580 43, S00 78,500 1800 7,760 23, 38. 49,400 32 3 560
0,630 4, 001 . . 3 .

1. ... ..

7.850 15, ;.80 25,200 359 3,220 8,900 17,320 396 .,554 9,8007,860 is, 300 .. . . .

12 730 2d. Zo 53, 300 441 4,540 14. 450 32, 080 456 *, 06 P 900
13. T30 -.8. 500 ...... .

20.04 44.45 183.90 0.641 6 590 121. N 46.60 0. 837 8 360 21 40
21.65 44.90 . . . . . . . . .

0.00700 0.90364 0.001281 0 0505 0.0135 0.00618 0 00 - 46 0. 045 1 0 (,121 0.00561
(0. 079", (0, 033) (0. 084.' (0. 0505) (0. 0640) (0 070 .07 14) (0. 045f) ,3. 0581) (0. 0,L 17)
0. 0060", 0. MM59.
(0.07921 (0.0428) .

32.40 68.50 113.8 (. !61 1o 1,( 7' #, 10
3 -. 50 69.30 .I 0

0. Z270 0.4491 0. 1585 0,04'8 1 0. ms 0. O" 0. 2zz 
'  

006 o6 v. 18t 0, 403
0.'- 1 0. 14q0 . . . . . . . . i

46,100 46".400 174,900 1. 400 13.400 '4,Zct0 115.200 z . to

1,609 3, 5.0 1, S76 1, q. 1A,44 1, 908 1. ,74 Z' 79% 4, 7-
.1615 j ,9 . ..

59, 6, 15. 200 18, 000 . ... j .

3A. 420 66, 1oo .

.12.410 1, 21-3510 70. 30 147,500 3. 503 4.009 101 O0

'1051900 ZZ.,, 140 192,900 4,300 41.930 Z 0 2'. Too 6.24- .50 180, 000
7. " 164. 9002 .

11, 7 1? .6 2 8 ,2 1 4 1 8 " 1 1 .- 0 8 1 3 ,10 C 4.4 S' I . 15 .I 77

7 90 9. 1..,

16.50 2..97 5 oss 10.5s 1650 11, 15.055 tA

.6j6 8 g.0 4039 fi 8?. 7 j39. to 10. nIb 0

63.0 Its.7 As XG 38 10 .0 .5. 1 0

_--,-_____ 1-03 .1 --.l -2 4_.__ . .. 1 2 II

446croeat valua~ based o originally ea1imated i. 35 sSp*-drag co,0fitce..t int simlr sap Y.
prosa.tod 'y S. F. Hporner (1. 15 Used on moan inlet area).

i¢ia fix in r1icfonmn waolw based on a. 56 0. apo-dral cevfi( tent cilciated fr.rin Aarly $,P-1 quit:-louk
t do#* (R. 56 booad on nten tnlnt ar). .

94qul v (U 'dft/ieoc )/19l lb.

Value equal io 112 In. /lit)/ViAg a.liihlo/iook . Ii

(,Reverse is blankIl)I
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SECTION III - LARGE PARACHUTE DECELERATOR AFFDL-TR-67-25

the total longitudinal force acting on the vehicle, based on the accelerome-
ter indication; this line, labeled "calculated total force, " is ubtained by
multiplying the total vehicle weight acting ahead of the strain link by the
measured acceleration (expressed in g). The lower force line of Figure
20 shews the average drag link load plus the longitudinal weight component I
of the 1795-lb weight; this line is labeled "modified indicated force."

Computation of the vehicle weight acting ahead of the strain link follows:

Net weight
Item __b

Total vehicle weight with tes item 2062 (Reference I)

Less test-container aft end (60 lb) 2002 (Reference 1)

Less test item (152 1b) 1850 (Reference 1)

Less attachment ring, aft of strain
link (55 lb) 1795 (Reference 24)

For the k2. 622-sec point, the acceleration is 68. 57 g (from Reference
271 The. tntal force. frnm this valuo is 123: 100 lb (1795 lb times 68.57
g). From Reference 2Z, the average of two drag link readings (116, 540
lb) and the trajectory angle (20 deg) can be seen. The forces are sum- I
marized in the free-body diagram of the vehicle forward of the strain
link, as shown in the following sketch:

610 LBS

i!6.540-L STRAIN LINK FORCE

U50-1.1 ORAC

1195 LB

The vehicle dra; is the difference between the modified indicated force
and the total force. An average value for the period from 12.562 to
12. 7F2 sec is 5600 lb. Using this value, 5900 lb becomes 5600 ib, and
missile g chanves from 68. 57 to 68. 3, for t a IZ. 62Z sec.

Next, that portion of the parachute attachment hardware aft of the strain
link is considered. This aft hardware is assumed to be entirely immersed
In the vehicle'and its wake.; thus, it does not experience aerodynamic
drag. The parachute suspension line weights are assumed to be distri-
buted one-half to the attachment hardware and one-half to the canopy.
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SECTION III - LARGE PARACHUTE DECELERATOR AFFDL-TR-b7-25

The weight of one-half the parachute suspension lines is.

2 webs 1. 6 5 oz JIlb(32 suspension lines) supesin--n (15 ft/web) t 1-6 3 3lb (5)

Where:

(15 it,'web) is one-half the suspension line length
plus o' allowance for the loop

1. 65 oz is from MIL-W-27657A (USAF) (Refer-
ence Z5)

The effective weight of the rear attachment hardware, then, is 55 lb (from
Reference 24) plus 33 lb of lines, or 88 lb. The free-body diagram of the
rear member for the time t =12. 622 sec is shown in the following sketch:

30 Le116,54-LO STRAIN LINK FOR~CE

122,.00O1L8 CANOPY LINE FORCE

' 11e net unbalanced force acting on the 88-lb inap.. using 68. 3 as the ac-
ce_--~~~ding, is 61010 lb (CS times 68. 3 g). The IZZ, 500 -lb cinopy

line force equals strain link force plus the unbalanced force from mi-ssile
accelerations minus the longitudinal force component due to gravity. The
canopy line force in this case consists of canopy dri.g less the force re -
quired to accelerate the canopy mass rearward (absolute values). In the
following paragraphs. the canopy acceleration force is determined.

The parachute's total weight is 141 lb. The ranopy's portion of the weight
is 141 minus 33 or 108 Il. In addition to the canopy material weight., the
associated air mass iso also accelt-ated., Thili trass car be con~sidered
as a sphere of air at stagnation pressure.

From Reference 4, the reefing-line circumference is 178 in. The cor-
responding diameter i3.56. 6 in., The reeling rings place the sitapoi
mately I in. outsidif the reefing line. Thus, the skcirt diameter'is 58. 6
in., and the skirt radius is 2,. 445 ft. The other dimer #ions are obtained
from Rtfer nce,24 and are shown esirlior iii Figure 16.
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The geometrical radius, R, was found as follows:

32 -32+ X(6
2.445 -R

X -~13. 09R -3Z (7)

Y 1. l572R (8)

X +Y = 9.3 (9)

13. 09R -32+ 1. 57 1R = 9. 3 (10)

14. 66R = 41.3 011)

R = 2. 818 ft (12)

3
The corresponding spherical volume is (4. 189)(Z. 8 18 it) 93. 5 cu ft.
Th- density of the air volume was next established. Reference 22 allows
the altitude above mean sea level at the 12. 622 -sec point to be 10,99b ft.
From the Reference 22 air data, the conditions at this altitude were es-
tablished. (Appendix I shaws, these calculations.)

The speed of sound is 1070 fps, and the ambient dens ity is9 0. 00 1715 lb
Pec 2 /ft 4 . True- air speed is 1557 fps, and Mach equals 1. 454 (1557 fps
divided by 1070 fps). Adsuming the air is accelerated in a reversible
adiabatic process to the canopy air speed and using values from Refer-
ence 26, the ratio of ambient to stagnatiun air density at Mach 1. 454 is
0.4141.

ue2 /f1 /0 411
Thus, the stagn~tio. density is (0. 001715 lbseItf)/.,1)
0. 004 14t) lb Sec2/lit. The local acceleration of gravity is 32. 11 ft./ sec2
The resultant specific weight is (0. 004145 lb gecZ/ft 4 )(32. I1I ft/sec2 )
0. 1,331 pci, and the weight of the si-here of air is (93. 5 cu ft) (0. 1331 pc:)
a 12. 45 lb.

The total canopy weight, assuming the virtual air weight is 12. 4 5 1b, be -
comes 108 1lbus 12. 45 lb, or 1I0 lb. The force on the canopy used to
produce the canopy acceleration is (120 lb)(68. 3) =8190 lb. The_ cianapy
free-body diagram is given in the following sketch:,

CAOtLINE PORC9

4190, L?-MAI

'is
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The canopy drag coefficient, based on he cross-sectional area of the
canopy inlet can be calculated as followb Dynamic pressure was ob-
tained from Referen~e 22. Inlet cross bectionai area is (2. 445 ft)2 (T)
18.82 sq ft. Based on the inlet area, the drag coelficie.it bec. ies:

130, 690 lib 23( 1
(206 . 6psf)18.OZ q It)

This value is higher than any of the canopy-shape drag coefticiernt values
(i. e. , 1. 35, 2. 56, and 2. 58) usedl to calculate the loads in Table X11. Use
of this value in the calculations will in~crease the canopy-shape portion
of the drag by 3. 35/2. 56 or 1. 3.

(3) Canopy Openiiag Load Determination

.An example of ho%* the 'LP-5 canopy opening lorces were determined fol-
lo',.s: The opening time increment extends from 12. 467 sec to 12. 477 sec.
This 0. 01 -sec interval is divided in half b a 12. .472 -sec point.

For the 1Z. 472-sec point, the acceleration is 33. 20 g (obtained from Ref-
erence 22). The total force from this value oi that portion of the vehicle
ahead of the strain link is ( 1795 ib)(33. 20) or 59, 500 lb. The average ff
two drag readings (56, 310 lb) and the trajectory angle (20. Z deg) can also
be obtained, *A free-body diagramn of the vehicle ahead of the strdin link
is showni in the followi-Xg sketch.

2-70-LM DRAG

620 LS

!M_310-Lb S'R-1N LtNK 90.CIE

20 2 EG

~ tue ~hcle4r~g S onsider4vd 56-0 lb instead of the apparznt 2570 lb.
L ause the ie zc 1o i dra.g changet ak tegl gible amount between 12.. 472 sec
anid Mhe prt viokidly <or4*deze4 IZ 622 bec. The error ts c-onuidered due
to d 7celerorneter responsee- since the vtceltrometer reading is L.cy to
1.a1 tiie true valbae and the drag link valwe jo unlikely to lead its true v~lue
when the forces acking ou the !qystern are changing rapidly. Thus, the

dragvalu geefro Z57 lb o 560 l. nd the g value goes from the
indicated4 value of 33. 20 to 4. 84. Figure ZO presents these values.

That portion of the tDArathuta attacJiment hardware aft of the strain link
is next conoidered. kepeatiag the shape -drag approach, it is assumed
no drag forcei are actin; on the attachiment hardwre. As before, one-
hAlf of the parachute susension line Weght is iisaignsd to the attachment

K. .
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SECTION III - LARGE PARACHUTE DECELERATOR AFFDL-TR-67-25

hardware and one-half to the canopy. The total weight of the attachment
hardware plus one-half of the suspension lines weight is 88 lb. A free-
body diagram of the attachment hardware is shown in the following sketch:

56,30-19 STRAIN LINK FORCE

30 LS

59,350-LB i
CANOPY LINE
FORCE

The net unbalanced force acting, based on the revised accelerometer

reading, is (88 lb)(34. 84) = 3067 lb. The 59, 350-lb canopy line force
equals the strain link force, plus the 3067-lb unbalanced force, less the
30-lb longitudinal component of the gravity force.

The canopy line force consists of the canopy-shape drag force, added to
the canopy mass acquisition force, less the force required to accelerate
the canopy itself. Because the canopy force increases rapidly with time,
the canopy moves rearward relative to the vehicle. This rearward ve-

locity, which affects the canopy drag, opening force, and inertia force,
is calculated in the following ma ner.

Because the velocity depends un force change, the force level is required
at different times. Following the above procedure, the canopy forces at
the 12. 462- and 12. 482-sec points are established to be 48,950 and 72, 100
lb, respectively. Thus, the force change in the 0.02-sec interval cen-
tered on the 12. 472-sec point is 23, 150 lb. This load is distributed over
32 suspension lines oi 2 webs per line. Hence, the load change per web
is 23, 150 lb/64 = 362 lb. Reference 1 shows that the effective web length
subjected to this load is ?.9 ft. Figure 21 shows the load-strain relation-
ship of this webbing. The total load at the 12. 472 -sec point was previ-
ously determined as 59, 350 lb. The corresponu, ng load per web is
59, 350 lb/64 = 126 lb. Examination of the Figure 21 curve shows that
the stress-strain relationtnip is linear up to the 1000-lb load point. At
the '000-lb load point, thc strain is 0.051 ft/ft. From the foregoing, the
differentiAl displacement can be calculated as (0. 051 ft/ft)(362 16000 lb)
(, ft) = 0, 535 ft. The resultant rearward velocity of the canopy relative
to the ,-ehcie is 0. 535 ft/0. 02 sec a 26. 8 fps.

From R#-fereiiee 22, the vehicle air speed at the 12. 472-aec point is 1727
fps. The corresponding canopy air speed is 1727 - 27 fps a 1700 fps.
From Reftrence 22, the vehicle dynamic pressure at the 12. 472 -sec poiat

47
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(ONE INCH-PER MINUTE)

0

z

0

A
0

010 Is

ELONGTION PEMCE NT)

Figure 2 1 -Stress -Strain Relationships of Suspension
Line Webbing (6000-Lb Rating)

is 2550 psf. The corresponding canopy dynamic pressure is:

(2550 Rsf)(1700 fps 2474 psf (4

(1727 fps) 2

To calculate the canopy shape-drag, the inlet area of the canopy must be
known, since the canopy shape-drag coefficient is based on this area.-
The canopy inlet area at the 12. 47Z -sec instant was considered 6. 75 sq
ft based on the LP-5 onboard camnera films. Thus, ('rag wqC A
(2. 474 psf)(3. 350)(6. 75 sq ft) = 56, 000 lb.

The shape -drag coefficient (3. 350) is based on the valge at i2. 622 see

calculated earlier. The drag coefficient cha ,,ge betwee*n corditions at
12. 472 iiec and 12. 622 sect-is assumed to be- mall.

Next, the canopy inertia iffect is calculated. The first, portion of this
calculat ion parallels the corresponding steady-stat. ciaculations. The
spherical volume corresponding to the 1. 769-ft R Zs 21. 11 cu ft. The
deasity of this gas volume is baseA on Reference 2Z data. The altitude
at the 12. 472 -sac point is 10, 090 ft.2

From Appendix Ui of this rejo, tho- spetd- of solund i. 1070 fps. The true
-4airspeed was previously calculated to be 1700 fps. The Mach number is

(1700 fps)/(1070 fps) a 1.189. Assumng the air is a celerated ill a re-
versible a~iabatic process to the c.,nopy-, airspeed. then from Reference 26
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jthe ratio of ambient to stagnation air density at Mach 1. 589 is 0. 3599.

From Appendix I1, the ambient density 4i 0. 001719 lb sec-/ft4 . Thus,
the sta ination density is (0. 00! 719 - 0. 3599 lb secZ/ft4 =0. 00477 lb
sec 2 /ft . Appendix Il shows the local acceleration of gravity to be 32. I11

ft/secZ-. The resultant ap-3ci..ic weight is (0. 0047 7 lb sec 2/ft 4 ) timeSl
(32. 11 ft/sec?) = 0. 1532 pcf, and the weight of the sphere of air is
(23. U1 cu ft)(0. 1532 pcf) = 3. 54 lb. The total canopy weight, With the
virtual air weiaht included, becomes (1108 4- 4) lb = 112 lb.

The canopy acceleration is different somewhat from the vehicle aceler-_
ation because of suspension -line elasticity. The acceleration of the
canopy relative to the vehicle is calculated as follows. The calculated
canopy loads at the 12. 461 -, 12. 471-, and 12. 482-sec points of Figure 20
a:! 48, 950, 59, 350, and 71, 130 lb, respectively. thus, the force changes
in the two 0. 01 -sec intervals represented are 10, 400 and 12, 750 lb. As
in previous pracetice, the corresponding load changev per web are 1-0, 400
lb/64 = 162. 6 lb and 12, 750 lb/64 = 199 1b. The corresponding displace-

mets are (0. 051 ft/ft) 16Z. 6 lb/10O-O lb)(Z9 ft) =0. 2403 ft arnd (0. 051 ft/ft)
(1Q9. 0 lb/l 00 lb)(29 ft) =0. 2940 ft. T he re&Ultant - earward. velocities
are 0. 2403 ft/0. 01 sec = 24. 03 fps and 0. 2940 ft/O. 01 sec = 29, 40 fps.
The velocity rate of change is (5. 37 fps)/(0. 01 .ec) = 537 -ft/sec2 . With
the local acce~eration of gravity 32. 11 ft/secZ, the vi-'locity rate of change
is 16. 75 g. The total canopy acceleration is the vehicle acceleration. plus
the canopy accelexration relative to the vehicle; or (14. 8-1 + 16. 75 )g
51. 59 g. The force on the canopy required to produce this acceleration
is (112 lb)(5l. 59) = 5790 lb.

The canopy mass acquisition -force is the remaining factor to be calculated
that contributes to the suspension line force. This mass acquisition force
results frcm acquiring air mass as the canopy opens. To avoid consid-
ering various airspeeds in the calculations, al.1-the virtual mass air is
treated as stagnant. The stagnant air volume is increased to the spheri-
cal shape to -allow for the slow-moving air. An incramental volume change
is shown in th-e following sketch:

INITIAL VOLUME

VOLUME INCREASE

494
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As e~viouslyroentioned, thie increment being used extends from !2. 467
-A to 12. 477 sec. -The canop.y inlet areas from.Reference 6 are plotted in

Figuire 20. From the curves of Figure 20, the inlet areas for, the incre-LI ment end points are 6. 04- and 7, 66 sq ft. The corresponding radii are
I1.388 'and L:~ 588 ft. As in the previous procedure, the R dimensions are
1,.'678 and 1,.867 ft. respectivetly. The correspondifig sphe-rical volumes

0r 19. 75--and 27.22 cu ft. Thus, the volume of air accumulated in the
J increment is 4,7.22 - 19. 75 cu ft =7. 47 cu ft. in determining the den-

sity of this Air mass, 'It. Is assumed that the air is brought to the canopy

velocity in a reversible adiabatic process. The air h,- q the same density

the foregoing information, mass accumulation is calculated to be
(7. 47c'f)0 07 bsc/)= 0. 03565 lb secZ/ft.

the force required to accelerate this mass to the canopy speed iis (dv)
(M)/d0.-Thevelocity .change (dv) is the canopy speed at 12. 472 sec,

whih hs pevousy bendetermined to be 1700 fps. The mass acqui-
sition force, then, is (1700 fps)(0. 0356 lb sec2/ft)/(0. 01 sec) = 6050 lb,

acigto accelerate the canopy rearward. The canopy forces calculated
in the preceding paragraphs are ehown in the following free-body sketch:

CANOPY ACCELERATION FORCE

ti 56,000-L8 SHAPIM.
DRAG FORCE

W .3$(0.LO CANOPY 0-LMS

LINE FORCEACUSTO

By equating these forces, then 59, 350 + 5790 -56, 000 -6050 should equal
zero. However, a difference of 3090 lb occurs when either of the drag
terms is low or either of the force terms is high.

An evaluation can be made of the methods used in Tables XI and XII for
calculating inlet and exit flow rates. The mass -accurnulated was calcu-
lated from flight conditions to be 0. 0356 lb s.e'Z/ft. The mass -entering
can be calculated from the mass -accumulated plus the, masse-exiting.
The mass -exiting can be calculated from the geometry and the environ-
mental conditions.

The nominal geometric porosity is 14 percent. The porosity 'J -the rib-
bons and webs is assumed to raise the total effective porosity to 15 per-
cent. -The gross leakiigo area is considered the sarface area of the hemi-
sphere atl12.472 sec. The. leakge flow 13 considered iseptropic -and
critical. The R dimension at thes I2% 472 -**c nt is 1. 769 ft. roto core
responding -hemispherical area, is Zv( I. 769 f)19. 65 &q ft. Thi Ita~ng
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area is (19.65 sq ft)(0. 15) = 2. 946 sq ft. From Reference 26, the ratio

of ambient to stagnation pressure at the previously determined canopy
Mach number of 1. 589 is 0.2391 for an isentropic compression. From
Appendix 11, the ambient pressure is 1412 pef. Thus, the stagnation pres-
sure (Ps) is (1412 psf)/(0. 2391) = 5900 pof. From Reference 27, the
critical pressure (Pc) is (0.53)(5900 psf) = 3132 psf. Also from Refer-
ence 27, the critical specific volume (vc) may be found from the following
relationship for isentropic flow: (vc)l. 4 = (ps/pc)(vs)l. 4. From the
previously determined w s of 0. 1532 pcf, ve is determined. The vc value
is calculated to be 10. 35 cu ft/lb.

The resultant air density is (1)/(10. 35 cu ft/lb)(32. 11 ft/sec2 ) = 0. 003014
lb sec? /ft 4 . From Reference 27, the speed of sound (c) is (kPc/ c)I/2.
Thus, the speed of sound at the orifices is:

- 1
~4)3132 Rsf)

2L = 1208 fps (15)
The mass flow rate out can now be calculated: (1208 fps)(2.946 sq ft)/
(0. 003014 lb sec2/ft4 ) = 10. 71 lb sec /ft sec. In the 0.01-sec increment,
0. 1071 lb sec 2 /ft will exit. Since mass-in equals mass -accunrr~lated plus
mass-exiting, the mass -in is 0. 0356 + 0. 1071 = 0. 1427 lb sec-/ft in 0.01
sec or 14. 27 lb sec ? /ft sec.

Another approach for calculating mass-in is to use free stream conditions
and the inlet area. This wars done in the calculations shown in Tables XI
and XII. By" i.sing this apprcach, the inlet flow rate is 19. 71 lb sec 2 /ftI sec, as compared with 14. 27 lb secZ/ft sec. It is apparent either that

the calculated exit rate values used to calculate the 14. 27-lb sec 2 /ft sec
rate-in are low; or that the inlet flow rate values using free ,tream con-
ditions are too high. The latter seems to be the more obvious, since
wake and suspensinn line effects are not considered using free-stream
conditions. Zuture efforts should consider these factors.

4. LARGE PARACHUTE GEOMETRY

a. Parachute Dinensions 4

The basic configuration selected for Large Parachutes LP-3, LP-4, and
LP-5 was a 16 foot Do hemieflo ribbon type with 10-percent extenued
skirt and a 14-percent porosity. The parachute detailed profile dimen-
sions were derived by geometric computation:

D= 16ft

19. in. (16)

S 1(192)2
F SO

0 4

a 28, 953 sq in. (17)

0 7..
i+ ++++++++ + +++ :+ ++++ + +ii~i ++• + ++++-



SECTION III -LARGE PARACHUTE DECELERATOR AFFDL-TR-67-25

With a spherical 10-percent skirt extension, the geometry is shown in the
followinig sketch:

0,617R

0. 4 ITR

0~ 1 2Rm

The canopy surface area (So) ia equal to the total 3pherical ar.:ta minus
the open spherical area:

S iTD -Z7TP'(R -X)
0 C c c

7iTD -21rR (Rc R cos 72 deg)
C C c

~TDC -T ~ ( I -co 72 deg,'

c

c o

D~ 1G. 487~T~

4 -= 118.5 in. (9

Thenw,

4 quator-to-efteuatorL perimeiter I R~ 10 I64 in. (ZL)

S1,t-height %0 Q10 R 0. 10 x I$6.4 16 164. In. (22,)

citerc 1eef*ea at- ma*nnum diamater I IS8 5-9-.372fn

szK

k",-
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Circumference at inlet = 118.5 cos 18 deg X 27T = 355 in. (24)
2!

Inlet diameter = 35 = I113 in. (25)

Suspension line length 2D - 2 X 16 = 32 ft. (26)

The parachute dimensions are shown in Figure 22.

b. Ribbon Arrangement for Desired Porosit,

Layouts and calculationx Ap.t.rmined the ribbon arrangement and provided
the desired 14-percent porosity. The ribbon arrangement is shown in
Figure 23, and the ribbon dimensions and locations for a typical gore are
presented in Table XIII. The space-area total between the ribbons, in-
cluding the area blocked by the verticals and radials, is obtained by sum-
ming up the ribbon length and multiplying it by the gap. The length of
Spaces 1 through 20 equals the sum of Ribbon Lengths 1 through 20; that
is, the sum of lengths 73.87 through 310.07 = 4035. 15-in. length. The
area of space = length X gap = 4033. 15(0. 465) = 1876. 35 sq in.

The length.of Spaces Zi through 41 equals the sum of Ribbon Lengths 21
through 41; that is, the sum of lengths 319.34 through 358.68 = 7521.79-
in. length. The area of space = length X gap = 7521, 79(0. 430) =
3234. 37 sq in.

The total space areas, including the blocked area, are 1876. '5 + 3234. 37S5110.72 sq in.
The area blocked by the verticals is the number of spaces times the tape
width times the gap length times the number of tapes: j

'spaces x G. 56 X 0. 465 x 64 =216. 5 (Z27)

21 spaces X 0.56 X 0.430 x 64 =323.0 (28)

Total 539.5 sq in. (29).
The area blocked by the radials is the, number of spaces times the radial' .

width, times the gap lngth times the number of radials:•..

20 spaces x 1. 00 X 0.465 X 32 =298. 00 (30)

21 spaces x 1. 00 X 0.430 × 32 =289. 00 (3 1'

Total =587. 00 sq in. (32)

Thu vent's open area is the total area of the triangles between the radials:

Q = 73.00 sq i. (33)

553

,
,
, .,,
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#140,4

ATTACHMENT RING

A 2 ef

Figure 22 -Sixteen-Foot D Hemieflo Profile Dimensiona

0.410.L TYCA /
Sp~ww6 I&AC11 21

_ _ _ __41ONY

r~jWk. 106PACA
FigurES I3 *WDA Rib O uNLYa orTpia Or
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TABLE XIII -RIBBON AND WEB DIMENSIONS FOR TYPICAL GORE

Circurn- jCi rcumn-
* ference * ference*

Ribbon Z (32 x) X Ribbon Z (32 x) X

1 10. 95 73.67 '021 226 ~ 36. 70 10.21

2 13.42 8.0 2.75 23 I65.08 333.68 10.43
3 15.88 103. 00 3.22 24 67.51 340.30 I10.63

F4 18.34 117.77 3.68 25 69.94 346.42 10.83

5 20.81 132.32 4.14 26 72.37 351.65 I10.99
6 23.28 146.50 4.58 27 74.80 356.40 11.14f

7 25.74 160.47 5.01 28 77.23 360.65 11.27

8 28.20 i74.45 5.45 29 79.66 364.00 11.38f

9 30.67 187.50 5.86 30 82.09 366.90 11.47

10 3 33.1'4 200.92 6.28 31 84.52 369.38 11.54I
11 35.60 Z13.62 6.68 3Z 86.95 371.13 11.60

12 3E.07 226.134 7.07 33 89.38 372.25 11.63

13 40.53 238.18 7.46 34 91.81 372.73 11.65
14 43.00 250.78 7.84 35 94.24 372.62 11.64

15 45.46 261.03 8.16 36 96.67 371.84 11.62

16 47.93 271.80 8.49 37 99.10 370.46 11. 58

17 50.39 282.41 8.83 38 101. 54 368.41 11.514
18 52.86 292.95 9.15 39 .03.98 365.80 11.43

19 55. 32 30?00 9.44 40 1106.43 36Z.48 11.33

20 57. 79 310.67 9.71 41 I108.87 358.68 11.21

21 60.22 319.34 9.98 4Z
inner 111.07 354.45 11.08

'42
outoe rJj11107 33_ _ -

Canopy gor*-shaping coordinates.

557-
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Thus:

Total open area 5110. 72 - 539. 50 - 587. 00 + 73. 00 =4057. 2Z sq in.

(34)

The porosity = (4057. 22)/(Z8, 953) = 14. 0 percent.

The following spot checks were made to determine local pornsity (open
space/total area):

For Space 6:

(146.50 - 32)0. 465 -114.50(0.465) _ 14. 7 pret(5
(146. 50)2. 465 - 361.5 .pret(5

For Space 12:

[226.34 - (32 X2. 12)0. 465 -(158.54)0. 465 1~Zpret (6
(226. 34)2. 465 557.5 52 ecet (6

For Space 16:

2 .80-J 32 X 2. 12)10. 46 5 (24 00LQ90. 465=145ernt (7
(271.80)Z.-465 670.00

For Space 20:

L30 67-(2X22I)0 6 4Z. 8 7). 465 14. 72 pe'rcent (38)
(310.67)2. 46576

F~or Space 24:

i134030- 32 X.PAJ430 =14.2 percent (9
(340. 30)2. 43 8 .

For Space 2M:

(32. X 1)0.3 14. 35 percent (iv)
(360. 65)Z. 43 876

For Space 34:.

L32f 3X . 210 43 _ (0 .3 14. 50 percent (41)
(372.0-3)2. 43 95

The porosities derived ina the above ctalcujations, fromn conter line of rib-
J bon to cefter line of ribbon, abow an incrtease in porosity from~ Spact 12'

(menr the top of the verticals) goiing forward to Space 20. At this -pin.
the opag dimension to changed from* 0. 46S to 0. 430. resulting in a

w o wr porosity# from wbich po'nt. It again increasees -toward the
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5. STRUCTURAL LOADS AND MATERIAL SELECTIONS

a. General

Parachute structural elements, such as suspension lines, skirt band, rib-
bone, and reefing lines, were analysed to determine the loads and select
the materials.

b. Suspension Line

The parachute is reefed to limit the op -ning shock force or peak load
(F 0 ) to a -aximnum oi 200, 000 lb. Th~en, assuming all lines are equally
loaded:

Where:'5

F a Sudpension -line strength

F ZOO, 000 lb
0

j safety factor 1. 5

C tLonfluence factor co Y.r 0. 98

Y confluence naif angle

U iwaam efficiency factor =0. 80

Z ~.number of gores 32

S12, 0.00 lb peor lineI

Consid.ring the size of these lines anti the rapid decay of vehicle velocityp
heatin.3 934c* -s will occut after the initial critical loading& Joe* Item 6 of
this bertw~n). Thus, 12, 000 -lb - usponsion .ines are required.

No, ribbon strength data were available for the Mach 3 aad 10. 0O-ps!
dy~mie presnur. conditions. However, relationships between ribbons
and linesa are preseinted in Table 7-S of Reerence 20~ (A3D-tT-61l?9).

In histabe. 01 -lb strength ribbon material to recom " ade4 for ust
with 11, 000-lbO I Isponsion lines. Twice fthi tlbboAi strength was, chosen
te avoid ribbon (am~age. The ribbon strengthwwee ureduced from apex
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to1 skirt locations, as described in Reference 28. The strengths were re-
duced successively from 6000. to 4000, to 3000, and to 2000 lb. The lo-I

cation of the rear -most graduated step in strength, from 6000 lb to 4000
lb, is based on the canop 's inflated size at Mach 3. Similarly, the sec-

at Mach 2. 2.

The canopy size at opening shock is based on that portion of the canopy
inflated to the constructed contour. The contour matches the design open-

ing hockforce (F0 ) of Z00, 000 lb, F'rom the circumference of the bubble
thus determined, the ribbon location is selected by using Table XIII (shown
in Item 4, b of this. section). To estabiish the constructed contour limits,
note the following sketch:

/ CONSTRUCTED 5HAPE

20C,000 LB

From this sketch:

F 0 XC DS pq(44)

Where,

X opening shock factor

fC 0  1 (assumned value for design)
ID

p 4

Thon:

sp 3 K



SECTION II LARGEh PA~RACHUTE DECEiLERATCR AFFD1-TF.-67-Z15

At Mach 3.

-Z0O 000
Sp 1.51)18 5* s q ft (46)

D =J 4. 3 ft. (47)

Circumference = 4. 3(12)a = 16Z in. (48)

Last 6000-lb ribbon (Table XIII) = Ribbon 8 (49)

At Mach 2. 2:

S 200, 000 27sft(0
p 1.5(1)4940=2

P D =X- 2 =5. 87ft (51)
p

Circumierance =5.87(12)7 =222 in. (52)ILast 4000-lb ribbon = Ribbon 14. (53)

Ribbon 28 is the last 3000-lb ribbon.

d. Reefing System: Static Loads

Based on geometry, the reefing line and the reefing ring static loads can
be '-alculated for a 200, 000-lb peak parachute drag load.

For the maximum reefing diameter, the static load solution is identical
to the skirt-band strength. The calculation follows the mnethod of the ex-
ample for the minirrum reefing diameter below. The angl.es based on
constructed geometr-y are 18 deg for the skirt and 8. 45 deg for the lines.
The tension value calculated is FRL ;: 5580 lb.

For the arnallest reefing diameter (Mach 3 and the highest condition), the
suspension-line angle at the skirt is assumed to be 10 deg (note the sketch
at the top of the next page).

From this sketch:

nt 3,0T =Static hoop tension 3- 70 50 o(4

Where:

n x number of line

t Bradial force/line

59
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32 S 3r '3 V

3.28 FT ! 3AM

t = 200.000 (TAN 13 DG -TANS DEG)

at ZA!(TN1 - TA DG
=35,700 L a

Considering the dynamic loads as being several times more severe than
tbe static loads, greater reefing line strength was chosen.

A 12, OO-lb and a 6000-lb webbing were used together for LP-4 and LP-5
reefing lines. The reefing-line layout and construction are shown in Fig-
aire 24. The 6000-lb Type 4088 web was stitched to the larger web's in-
ner surface and serves as a buffer by bearing against the reefing rings.
The web's overall contribution to the reefing line's tensile strength was
less than 100 percent because of the different elongations of the two webs.

The ultimate reefing ring load, based on an 18, 000-lb reefing line, is
calculated as follows:

T nt (55)

2t T u = 3540 lb (ultimate) (56)n 32

6. THERMODYNAMIC ANALYSIS

A thermal analysis was made for the conditions following parachute de-
ployment at Mach 3 and 10, 000 ft. Calculated trajectory results indicated
that a large velocity decay occurs. Thermal analysis results indicate
that, during the first 0. Z of a second, the edges of ribbons and the skirt
band eKperience a temperature rise to about 500 F. The greater portion
of a typical ribbon's mass is relatively unaffected during this 0.2 of a
second. After this period of time, the adiabatic wall temperature falls
to below 500 F.

A calculated trajectory for deploying this parachute is shown in Figure 25.

' "-60
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FigureZ4 X.fing LUna Layout and Cons'truction for
LP-4 and Subsequent LP45
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I I JALTITUOCI

6,

1 2 3 4 8 0 7 9 to1

TIM (SECONOSI

:4Figure 25 -Calculated LP-9 Trajectory from Deployment-

Deploymnent conditions at time zero are (1) velocity = 3230 fps and (2)

about 1000 fps, accompanied by a slight rise in altitude. Subsequent do-
celeration reduces the velocity to a low value at an almost constant alti-
tude.

A ceatco aree hemnisflo prcueand its roof elements are
shown in Figure Z6. The roof elements are verLic.&'s and horizontal rib-
bons., h horizontal ribbons are beaded, while the vertical* have a
rectangular cross section. In the roof structure, the ribbons and verti-
cals cross and are normal to each other. Rectangular openings are
forms e by these elements. Assuming that upon deployment the Para-
chute envelope fills out as shown in Figure 26. then the flow through the
parachute envelope is governed by the dimensions and by the number of
these individual roof openings. When the flow in supersonic and the en-
velope is filled, a strong shock can be assumed to stand forward of theI
skirt inlet. The prosiaure inside the envelope approaches stagnation
pressure. The ratio of envelope pressure to the pressure around the

parachute envelope is gr'eter than critical, and sonic flow exists at the

Une hoec~dtos tehatn fa roof opening's edges can be 1
base-**the lowthrogh n ortim The heat transfer coefficient cat

then b suatdas follows (see List of, Symbol$ in preliminarly pagles
of this report:

6Z
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WONIZONLVAL RIBBON

VERTICAL RIBBON

FLOW

/ FLOW

FLOW SKIRT BAND LEADING EDGE

Figure 26 -Reefed 16-Ft D 0 H-errisilo Parachute

0.026 )P ((5 ]7)O~

t \)rC

This equation. obtained from Reference 29. reproesents the~ convective
heat tra.nsfer coefficient for turbulent nlow through a notallo Since the
equation is derived for nozzle flow, the roof openings can be represented
40 circular orifi-es by using the hydraulic diameter of the rectangular
openings and by treating the flow as tl~At through an orifice. The radius.
of curvature (re) Can be assumed to be the radius of curvature on the
horiaontal -ribbon boad.

Assjuming the beads shown in Figure 27are cylinders of infinite length,
surrounded by a gas at stream temper~ature at. Tzw, a transient one -
dimens, 1n"I equation forL surface -heat conduction can be Written. Fo~r
such a cylinder,, the condition of heat input at the surface, neglecting any
out radiation, is L

hfawTr 07)i FTr.)

An approximate solution of the previous equation IS avaJiable * Refer-1
MOe 30, assuming an ave rage adiabatic wall temperature during a given

63
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FLOW

SHOCK

FLOW TLOW

01 T

II
Figure 27 -Thermal 14dolS

time interval exists. Sirce Figure 25 shows the critical deceleration
time to be aPProxiwately one zacoa4 Z-~ .hermal environne"
for small increments of time during this period should be a good approxi -j mtion, Jor determining t.thermal response of tho bead- material.

A sinilar approach cani be described for the Lskirt basid ftha forms -the
TU. o te esjr to, as mno a strong shock 0exists 4 th

Tht sch a sho'ck is' present in ~the immediate, VIein~ty f
tbean 4100 be d*#can by-looking w the srt-b&d Uip.' Anj

tue sit 10 tompfte"e ienco.nj h h and thegn 4xpaods av'ouid[

Pe a.CP+O*I 
-49)

Tbh# SMkt,*o.tW4u frr,) R000elwoc 31., Zept itheha-tase

Poor L ~~ Ito s Or teegre af bimmog. Di
e'l~e*~~ado lclI o onam a h~~~7777

IrIII MAN
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Temperature response is calculated in a manner analogous to thiat used
for the bead. However, a semi-infinite slab is assiumed to be heated in
the cylinder's place. The heat-input condition at the surface from a fluid
at the adiabatic wall temperature (T w) is:

h[T -T(0O)J -k -LT(0, -) (60)

An approximate solution of this equation is also available in Reference 30
if the same assumptions are made regarding the external thermal ernviron-
ment.

Thermal analysis results are shown in Figure 28. The adiabatic wall
temperature assumes a turbulent toundary layer flow and i* shown as a
function of time. At the instant of deployment, the adiabatic wall temn-
peratu.re is about 800 F. In 0. 2 of a second, the adiabatic wall tempera-
ture crops to about 450 F; in one second, the adiabatic wall temperature
decreases to 100 F. Figure 28 also shows the teraperature rise on the
surface of a bead element fabricated from 90-rnil diameter nylon yarn.
The weight per unit area of the ?.000-lb strength beaded nylon ribbon was
established at 0.92 lb/sq yd. The thermal conductivity value was 1.7
Btu/hr-sc, ft-F/in., and the specific heat value was 0. 5 Btu/lb-F. The
latter is an average value. The average heat transfer coefficient over
the first 0. 2-sec time Interval was calculated to be 563 Etu/hr.-sq ft-F.
These values were used to evaluate the temperature rise in the bead using
the temperature response charts contained in Reference 30. The surface
temperature. was calculated to rise very rapidly in the first 0. 1 sec until
it equaled the adiabatic wall temperature at about 0. I5 sec after deploy-
mnent. The temperature rise at the center of the 'bead was calculated to
be zero over the same time intlrval. Since deceleration continues. the
surface temperature will decline to the amLient level.

The temperature rise on the. skirt band's leading edge is also shown in
Figure Z& as a function of time after deploymeont. The surface -tempo ra -
ture rise at the sonic point o-teskrand's leading edge is calculated
on the basis oi a semi -infinite slab solution. The temperature -gradient
inoide a slab solution is practically ntonexistent. except ftr the first few

-miles of depth from the leading edge. The, surface temperature ripes. to
about 540 F in the first, 0. 15 sec fromi doployment, thou cools during fur-
ther derelarration.

The thiermral analysis of parachute materials indicate-* that the surfaces
at the edg. of the ribb*" and at the skirt band's leading edge experience .
an initial rapid temperoture rise. However, the velocity decays so rap-
idly thet aerodynamic heating bec.omos nonexistent after the first itecond.
Beeau"- of this, rapid velocity decay. the Interior of the Matertals e*rir-
oince littl temperature rise. Nylon-eodge surfacea o: y experience our-
fce fust,4ig 4uring the first 0. 1 a" following deployment, The tei Pera-

tote rise on, the flat surface areas of the ribbons -will be substan*aly
Ies& than the temperature of "thde isurface& due, to a muchi lower 4
transfer cobffiCient. B*Cauoe of the extremely abort time Interval AW-
hbigh heating, rate$ and tbe predctd absence ofL 1hewuaa dam.&" W' ,4 ,I,

1 for measuring free -flight the imal ccuuditioms was not*--

65 .
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F ROOF PANEL

SKIRT SAND

z

x

0 0.4 0.9 1.2 1.6

Tiue 2CO6 - Temperatuare versus Time fromn Deployment

7.0 UATERIAL, SEAM, AND JOINT TESTING

I The basit material strengths of all webbing. sap ribk-on types aed in
the, design and construction of the vaaopts were dotenav oed by tests, in
aeordamce ith Federal Sptecification CCC-19 (Refirence Z) Criti-

sAw 48tad seams were also tested in "COW aden with this, spcica-,
tiem. Thel toot results given ita Table XOV indicate the actuaal emtrength of
thebeats material used in te canopy consim~Ia Th eai40

Wei diecu *Viola 4446: witb seam~ end joint tomtingq

At am AMA" tset.

Tho rferee for tboi sklt b"Ad io Detail N of D*Vaia 310A065 -0.16
brsew#mc s).Tisb cese~t Of to turns of MI-1'?457,Rf

ereace *5s', 'Tyr. V ,0b"n with three thickboteas stee~e h
spike oiw. pas wo Spltte-ttbes, each 1.7$ In. long. ~~
bet~~~~~ 4 s* susWr 5t sices pr inch. .3eweealt. cv"*

- ~~asldesin bda ingl tw .iWebbing %imed by a~a.~ .

Of ulI1um1. etsengt tdi 6000 Z1b.
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TABLE ICVMATERIAL TESTS*

Rat"d Ultimate
Widt airent Specimen load

Spcmn t a .) 17 h Applicatin No. (lb) Failure typo

iU.-W-27657 Nylon 1 6,000 Reinforced ribbon. 1 6230 Jaw failure
Type III retiforced web, ouar- 2 63S0 Jaw failure
Gae length 6 in. pes lin 3 1960 Jaw failure

I o*di rte * I in/in 
4 6060 Jaw failure
S S840 3~ failure

W4L.W-276!k7 Nylon 1-3/4 8,700 Vent loop, ring r*- I 42110 Jaw failure
Type IV tainer, vest band 2 3700 Jaw failure
Gage length 4 Lai. 3 3600 Jaw failure
Lovding rat* a I in./min 4 4480 Jaw failure

S 4120 Jaw failure

MI.L.W.37*57 Nylon 1-3/4 10. 000 Skirt band 1 4260 Jaw failure
Tye I2 4140 law failure

Gage length 6 s 3 4770 Jaw failure
Lading rate i./w n 4 4510 Jaw failure

5 44900 Jaw failure

14L-T-1034 Nylon 1 1,000 Tie loope 1 1130 Jaw failure

ToypeNlo /1 0 VetiV a 12)0 Webbing failure

Gas101 n 1 Z00 Webbing failure
&UL v-43 a2 L/i 11 Jaw failure

TyeV2 134 Jaw failu.'.
Gage length *6 is. 3 430 Jaw failurv
Leadi" tate aI i/ma4 Sol law failure

S S14 Jaw failure

IOL.T-140S Nylon 2 400 Reinforced web 62 Webnfale
TyA j 930 Webting failure
Gag lngt *4i3 817 Webbing Wahirs
Laair at ~ lamm4 444 Webbing failure4

S 842 W"e (sfilure
Ty" 1746 "*WeS 2 4. 000 fNoraontAl 'bben I 900 Jaw faiure

Gagelenth 4 ~. a "93 Jaw failure

.e4ifg Irafte a 1410j" 3 Mo3 Jaw failare
4 1870 Ribbon failre

"I 390 ibbisn UAIure
Type 174T , 06 Nariesba P ,4 b t l bom a:"0 Rob". gallo

6 300 Rtbeiailiare

1.140 RAU*o failure

4.p Wog, it""# UWj g VLbu
lae~g turn ;A bow*im

L~a~4m 3 "is Jaw failur

euq
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(2) Horizontal RibnSeams

The reference for the horizontal ribbon seams is Detail J of Drawing
530A005-016. These seams are designed to approach the strength of the
parent material. The sewing pattern for all the horizontal ribbons in a
3 -in. -long, 5 -point cross stitch. using Nomex Size FF thread with 7 to
9 stitches per inch. Static test results are presented in Table XV.

TA13LE XV -RIBBON SPLICE TEST RESULTS

Ribbon
type Rated Ultimate

Nomex strength load*
no. (lb) (1b) Failure type

176 4000 3500 Ribbon at atitchirig

1746 4000 33830 Ribbon -at loop end

1746 4000 3550 Ribbon at loop end

1747 3000 2650 Ribbon at stitching

1747 3000 Z 800 Ribbon at stitching

1747 -_3000 j 2700 Ribbon at stitching

Loading rate I in. /min

(3) Vent Band

The reference for the Vent band is Detail. A of Drawing M30AOAS-016. To
ach~ieve. a Seam strength approaching the 17. 400-lb strength p4 MIL-W-
27657, Type IV webbing doubled,,the (allowing procedur, cis used. Two
three-point cross-stitch patterns, using Number 3 cord wit4 6 -to 8 stitches-
per 1nch. are sewn across. the webbing. These two pattern& are aeparve~d
by a suspension line whose sewing alao goes thirough the vont band. Thisu
configuration replAced. a 6-in. -long, 4-point erase-stth 3eam of 6 -orde,Whick teasted at 4S. ,50 and IS, 60 lb for ft-o sa&mp4es.

(4) Suspension Line t~lpe

The scastee for the aspoitsion line Io'opt is S&Cibu P-Pof Drawing
53A005-41.6, For these -bxops. M*1L W'?6S7A.: tYP 9 IM webbing 'with
a raftd #strength of 64)00 lWit u*ed in pairs to forthr the SUspninLn,
A 6-Win., 3poift ;x 's -stilk-h ofF NuJtnb*' _6 c.wd -t used' to form 'theen

lop. wo se~mani uw ~s" to join eiacia susn Aino peJ..Tec ~.
fit~ration tested is .OWWA in. flgiare 29 - Thtsuts of the tests ar. pr. .

(5) Itff Lin Test Valuce

g",4Aksiady idicated, TOW,. tb sows th.a too et values of -,P pal r of

................. g. .
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FIgure 29 -S!uspension Line Loops Test Specimen~

TABLX XVI - SUSPENSION LINE LOOP TEST RESULTS

*ultimate
Rated stren~gth loadt

Webbing tp(lb) (lb) Failure type.
Nylon. MIL-W- 24. A,00 Z 1. 400 Webbing at stitching
276S7. Type M! Z4, 000 19, 700 Webbing at pin

24. 000 Z11206 Webbing at stitching

L~ioading ra I~ iii/Miii

M!L-*4Z7657 Type III webbinga on top of each ohr. Thea. values a"0
typicail of tbe reefing )A** -test v'alues using I.25-in. -diAmer loading
Pinse The urefift line teni on capability would be one -half of thee. values
or, 21 200/2 10. 600 lb.

Loop tests were made ofaWLW408 Typo X=,I webbing. on kop of
one WIL-W-276S7. -yeU.webbing. using 1. 25 -1A. -diamete rlodn
plus. Aft ultit lOOP Vwb* Of 25. 200 lb was Measured, iwit), failuare

'9
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occurring at the pins. Reefing line tension cap.ability will be at least one-

half of this value or 25. 200/2 12, 600 lb.

(6) Suspension Line/Skirt Band Joint

The reference for the suspension line/skirt band joint is Detail L of Draw-
Ing 530A005-016. This specimen, which was fabricated according to thb-
drawing, was tested by initially applying a 2000 skirt band load and then
loading the suspension line in a 30-dog direction. Figure 30 depicts the
basic specim~en configuration. The .esults are as follows:

I1. In Test 1, the stitching failed at a 2870-lb skirt
load and a 3800-lb line load.

2. In Test 2, the stitching failed at a Z960-skirt load
and a 4900-lb line load.

(7) Reefing Ring Attachnment

The reference for the reefing ring attachment is Detail L of Drawing
530A005-0 16. Direct attachment of the reefing ring to the skirt band is
made by means of. (1) a MIL-W-Z765-1, Type IV, nylon web (-35 of draw -
ing) and (2) a keeper of MIL-W-5625 (Reference 34. -41 of drawing) of
4000-1b stren;-h placed around each end of the -35 web. Each of these
member' -s so%.,' to the skirt with a box-stitch pattern of Number 6 cord,
with 5 to 7 attC~es per inch. The test setu.p is shown in Figure 31. The
test results are as followi:

I . For Specimen 1, the stitches pulled out at a 6685-
lb load

2. For Specimen Z, the stitches pulled out a 6260-lb
load

8.DESIGN AND FABRICATION

The test iteni parachute packed in its deployment bag, and the pilot paira-
chute packed in Its deployment bag form the teit decelerator package as
it it. stoweod into the test Vehicle A test container. The stowage arrange-
meat is shown in Figure 2 (Section UI).

b., Test Elrachut. Rd Deploymnt Se

Drawing 530A005-016, Rev E (Reference 33), presents the test 16-ft
herniallo parachute asambly. The ea.~p coits of 3Z shaped gores
bo produce a&hemispherical contour. with a 10-pretstne skirt.
The skirt ts a cortinuation of the spherical ciuntour. and -it ha~s an arc
leVth equa to 10) pir-nt of the meridional perimeter of the hemisphere.
Each of ;he 4Z horisontal ribbons is a continuous hoop with a single splice
and a beaded edge. Mi hoisonta ribbons are graded, and the. stringast

* ribbons are near the top of the canopy. The splices of the ribbona are
staggered from gore -to Sore in a spiral to minimir.* asyrmetry of
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SrIRT MANO KRTBN

7LIME LOAD
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-ure 30 -Suspenhion Line Skirt EBand Joint

120 DEG.---

LOAO

Fliauro 31 -Roofing Riag Attachment Teot Configuration
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material plac'ement. The suspension lines consist of pairs of webbing

that become the radials at the canooy, with the ribbons sandwiched be-
tween the lines. The 32 muspension lines are formed ty placing across
ihe canopy 16 continuous pair!, of webbing frog aAachment loop to at- -

tachment loop.

The skirt bznd consists of tw , turns of webbing. The first turn of the
band is Ribbon No. 42; the skirt band/suspensio.2 hrie joint is reinforced
by a doubler wcb (-17 web) plus a butterfly arrangem t oi the -15 web.
The second acd outer turn of the skirt band webbing' is not attached at the
suapension lines but at midgore in conjunction wl'.1 attaching the reefing
rings; this turn is I in. shorter than the first turn and forms the pocke-
bant4 across- alternate suspe ision lines.

Wcobing loops are attached to the suspension lines (see Detail W of draw-
ing) for tying the deployment break ties. Leather cuffs are added to pro-
tect the lines against scuffing damage from the rear edge of the test item
Zontainer.

The reefing line strengths and lengths are determined by computation with
respect to the desired test point deployment conditions. The reefing line
is inserted into the reeling rings and then sewn together to final dimen-
sions. Two Sandia heavy duty line cutters are used for disreefing. The
canopy is folded in a conventional manner and placed in the aft end of the
deployment bag (Drawing 530A005-017, Reference 35). Eight i0-lbbreak
ties of MIL-T-5038, Type V. tape attach the canopy to the bag (Reference
36). Four ties are made at each of two levels en the canopy; each tie is
made by gathering alternate susFensior, lines over a quarter of the canopy
(4 lines) and passing the tie tape under these webs at a point immediately
forward of the two intermediate reinforcing webs (-19 and -21 webs).
The canopy is locked in position by a separate locking loop (Drawing
530A005-017-33), which is released only by extracting the last fold of
the suspension lines. The suspension lines are gathexed into two bundles,
and each bundle is attached to its respective bag panel. Each fold is tied
to the panel with a 250-lb break tie of MIL-T-5038. Type 1I1, 0. 5-in, -wide
tape.

c. Pilot Parachute and Deployment Bag 4
The pilot chute (Drawing 50A005-303, Reference 37), a 48-in. -diameter
hemisflo, is packed in its own deployment bag (Drawing 530A005-019,
Reference 38). It is stowed on the back end of the main chute deployment
bag, and its suspension lines are attached to eight points on the main
chute bag. Two knives are employed for pilot chute deployment. One
knife is actuated by the pilot chute bag bridle; it releases th. pilot chute
pack from the main chute deployment bag. The second knife cuts the
locking cord at the front of the pilot chute bag; it is actuated by a lanyard
to the back of the main chute bag. 4
All fabrication procedures requiring dimensional measurements and
marking were accomplished in a room with ambient conditions maintained
at a tempetature ef 75 F and a relative humidity of 50 percent. All layout
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and marking of webs and ribbons were acconpllshed in the same room.
Prior - o mark ng, the webs 4nd materials were unrol1 d from the raw
.rnaterial stocks and left "relaxed" for a minimum period oA, 24 hotirs.

tA . a guarantee of. final dimensional assurance once assembly was started,
the material was kept in the controlled atmospnere except for btief p2-ri-
Gd- as requirod for sewing operations. Templates were used for the
la ge parachute vent band and gore layout to aesure uniformity of para-

chute layout and fabrication.

_9. DEPLOYMENT SYSTEM AND PACKING PROCEDURE 0

a.Deoloyment -Sytem

The sequence of the teat item deployment system (Reference 39) is shown
in Figure 32. In Sequence 1, a timer-actuated shaped charge begins final-
sage booster separation. Its cutting action allows the opening of the
spring loaded drag plates. The booster case is decelerated by the drag
force acting on these drag plates and on the booster case. A small metal
drag cone. is attached to the rear half of the test item container by a riser
line and to the booster assembly by three Number 10 screws.

h Sequence 2, drag cone riser line stretch has occurred, breaking theI three Number 10 screws and freeing the cone from the booster assembly.

Sequence 3 is initiated by a shaped charge that cuts the cylindrical test
item container at midsection. The drag cone then removes the rear half
of the test item container.

In Sequence 4, the movement of the rear half of the test item container -

las caused the first knife to release the pilot chute bag. This movement
extracts the pilot chute. The position shown is at partial extension of the
pilot chute suspension liaes and where the second knife will cut the lock
cord on the pilot chute bag, thus releasing the remainder of the suspen-
sion lines and the canopy.
In Sequence 5, several events have occurred. The pilot chute has been

deployed, and the canopy-to-deployment bag break line is broken. The
pilot chute is ext cting the test item deployment bag. The bag lacings IC-
have been cut, a.. che test item suspension lines are being extracted.
Break ties of 250-lb tape are broken at regular spacings along the lines
to ensure orderly line deployment.

In Sequence 6, the lines are at full extension, and the canopy lock is un-
locked. Eight 500-lb break ties (4 each at 2 levels along the canopy) be-
tween the canopy and the bag will be broken to stretch the canopy and ar-
range it for filling.

In Sequence 7, the test item is shown at line stretch, following breaking
the two apex-to-bag lines. The first 4000-lb line is 4 ft long, and the
second 4000-lb line is 8 ft long.

Sequence 8 shows the tst parachute inflated in the reefed condition.
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Vr

The final sequence, not shown in Figure 32, consists of disreefing the
test parachute. Disieflng is initiated after a 2- to 3-sec interval.

-- .. CXng Prgced1ure

()Folding Canopy

The canopy is foided in pleats as shown in Figure 33. Temporary ties
are made in eight places. Each tie is around four suspension lines in
each quadrant as shown. Four ties are just forward of each ribbon rein-

- forcing web (R~bbons 15 and 29). MvIL-T-5038, Type V, ribbon (500 lb)
is used for the ties. Temporary bow knots are tied.

(2) Tacking and Arranging the Suspension Lines in Bag

Lines are tacked into four-line groups, one four-lirte group to each of the
eight attachment loops, as follows:

1.A Sroup of 4 adjacenat lines are laid on a long table.
and a light tension to applied (approximately 20 lb)
to the group, keeping the skirt ends lineo6 up.

2?. The first tack is made 66 in. from the skirt. Ad-
dinlonal tacks are made, to the loop end at 20-in.
spacings.

?EMPONARVYg ;

I-4

AU # .4"s I*.

............
?t~se33.oldbW C.Ap
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3.- BlAck nylon size FF thread is used, making a sin-
gle turn through the four lines, as shown in the fol-
lowing sketch:

4. The above steps are repeated-on each of the seven
remaining line groups of four suspension lines:

Attachunert loops are arranged as follows: -

i. The eight loops are laid in line as shown in Petail W
(13*-D) on Drawing 530A005-016.

2. A one -inch -diameter metal tub*, is inserted 1through
the first four -loops (No.,4, 3. . 1), and anothr
tube is inserted through.-opsI'l6 8 7, 6.ns 5*

3. The first, foir loops are -'6'ed (No. 4. 13, 2, 1),
* ~~~and th eodgopof~ loops (No. .8, 7, 6, 5) 1

irotated'into the position showh in Figuret 34A.f A temporary tie is made in this position with heavy
cord. ..

4.- The line groups are stacked as shown in Figure 34A.,.
Temporary ties are made around. each of the 16 -line
stacka with colored cord or ribbon.: :The ties are
spaceA at approxima~tely three-foot intervals along
tho, lin~ea

(3) 'Instaling Reefing L61e

*The reefing llise Is lA.' out ifs shi~wn earlior in'Figure Z4A and stit ched
togethe using tw rw o ad. Ring locatioeadln nuumbers

areon he tenile iiii#eb Th. lne s iseredinto the canopy rsef-
Ong insad eplc4 ie shw Fiar 24B.; The line., are tacked to -

O ath.tn usi#ng tW0 si -eor-ltack* throuagh the lin, and around the ring.,

(4) Prvptrf hg. anpy Vent

* A. temnporary 44 lnth of 400-l cotd isi tied to the Vent loop, ard to the .

b~ck ed o* ine deui insn bag. The vnt ls*tce oehrna
canopy ?~rxlmattly one &iao,

":4 ~ (5 AsitCanop iato 0*01'ynmst -SAS

T h. 
.. .L

z 4'
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isp'e attebto ftebgIh anp sfle otefrtfu

caoyties, Itm() bv.The temporary bows are ?emoved, and each
brek rbbo toinstalled into its respective loop in the first tier of tie

lop~nthe bepanels. The canopy is folded to the second group of four
.4~oyties, repeating the above steps, then tying into the second tier of '
lo see oa Figure 35A). Folding of the canopy into the bag is continued
uutl theskrtis in a circular bundle with the skirt plane perpendicular to
tebScenterline and the cutter pockets folded 90 deg inward.

(6)'AringReeingCutter

hehax pini charge, firing mehochanism, and arming lanyard are i-
staledinepch cutter. The lanyard is MIL-W-5625, 9/16-in. -wide-web

(1500 lb). 'A very short bowline loop is tied in each end to make its total
length 5. 5 in. 'he fold lr. the corresponding suspension line is placed
over the, cutter pocket.and tacked to the cutter pocket Mn two places withI
trix-cord a* that the lanyard is slack.

(7) Installing Canopy Lock

The Drawing 53OA005-017-13 locking loop is positioned in one of the l~trge
via lops n te dplomen ba byhand-stliching with a minimumi~ of six

t stitieo Q six -cord. The reofing cutters. are positioned axially in the
* skirt bundle and'approximately midway between the center and the out -

side of the bundle. A short length of, the, suspension lines is laid over the
skirt. bundle anoi toward the open side of the bag. The canopy locking loop

* is installed through the remaining three large web loops in the bag and
through itself to form a secozud loop thr~ough which the bundle of suspien-
sion lines is to be inserted. Note'that-the first (cinching) turn of the lock-

j ing lop is laced ver the suspension lines and not'aronthm Te
loop of suspe~ision' lines is thon inserted through the *econd loo, of the
c-anocy locking loop and adjusted so that the lines are ail aligned.Th
upper portion of the locking loop-is visible in Figure 35B.

Tlb* *'egroups are divided so, Lines I through 16 go to one bag panel and
4 _s7 hrought 32 go to the other. Linw bundles are folded into the bag

(With" -1 titim) formn iOi. ops ah bundle loop iste t h
- ... '$a1i tlo;pa soni Figure 355. A single turn of MIL-T-

Ou0, TreVtae(500 Ib),,is used for each tie," and each tit is pasoed
thirough xi~ loops. provided 6i the suspension lines. A surgeon's knot is

()Tucking Attachmet Loops

Th~~t~hmet. o~psiplices are tucked between the bag and the line loops
4# Omown I igre 35C. Each loop tas tacked tth agwitte os
jol(ad ol.4uid,.: Doubled b Sa U -lcord to used.,

Out" &MIWepal". u ecesv1** Using a hoist.

44
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(11) Installing Vent Bit iak Cords and End Panel

Two break cores are installe4, one with a finished length of eight feet andi
the other with a finished length of four feet. Both cords are of MIL-W-
5625 1-in. -wide webbing t0,000-1b rated strength). The ends of each cord
are tied separately into the vent loop and into the bag end panel with bow -
line loops. The vent loops are tacked in the same manner as in Iterr. (4),
above. Cords are folded in~to place, and the end panel ia laced into the
bag r~sing the 1500-lb web for lacing.

(1)Installing Knife Lanyard*

IThe bag lacing is rernovt* down to Grommet I1. The kni ves of the la r.-
yard (Drawing 530A005-Ol7-107) are tacked at Grommets 1 and 10 on each
panel in the fold of the :!_t** White six-cord 'As used. The excessi length
of the lanyard is tuckeX over the eard of the flap aaid into tha pack. The
loop* of the lanyarda are placed over the nearest attachment loorp and
tacked in place with FF thread (see Figure 36A).

(13) Installing Spreader loope,

(1500 1b) throughGornt-2a 1 oric a piewt cr

eigt MZ453 - hnka..,bbag -opening knife lanyard is at ached to the

c~nter of the main be~ia bwielo.Th,,rge'a

Pa5 loops, of the Main, b~i, asaftni Figure
368. Te c' d aee4od*oub the

(14) hisan witht Pakn Alt

The. ront ckiw h4~~~ is #*kUru 48 ** ftIA*,jr* 36C,.tusinr dIoumbed
.6"Crd.Irtod 'd* pate s, e* d rAg tabtallation 0_1 the tet

10. SUMMARY AND CftCj-Wiow

~oodut~ed osi eep pathute. (LPdeel
&fr*W~t. h*, 1C e1oiflRjur t~ b"10d ed pe)~sy

Del co~lisu .. sability needed.1

fo as''.e'
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associated with the flight tests. The flight teuts also disclosed excellent
system and inflation stability when the parachutes were diareefed in the

b.transonic and subsonic regimes.

b.Aero~dyranic: Loadinia

Three approaches were considered for determining the roefing dimensions
needed5 to attain a maximum opening load of 200, 000 lb:

X. Using wince-t'rnnel steady-satet drag values andI
j applying an anticipated opening shock factor

Z. Using an analytical approach consisting of a dragJ
term based only on shape and a mass -acquiriton

3. Using flight test data as they become available for
empirical predictions

The first approach could not be used with confidence because the steady-
stat - drag values varied markedly between different size wind-tunnel
models of the same configuration. Therefore. the second approach was
-ndertaken to calculate the reefing line lengtho (Item 3, d of this section).
This uimiplified Approach included only two basic terms. The first termi
used an estimated shape -drag coefficient based r.n inlet area, and the sec -
ond term -vas based on the rate of mass acquired by the parachute during

opening.

As flight teat data became available, reefing line lengths were predicted
empirically. Those values were used in conjunction with the values pro -
dicted by the analytical approach to ',lect the reefing line length for the
next test.

Evaluation of the simple analytical approach using the flight test data in-
dicates a go~d opening drag for':. correlation (F~igures 17, 18, and 19).
Howevvr, inspection of the two basic tern's making up the predicted drag
force irdicates the shape draS term value -is low. and the Pras* acquisition
force value is high compared to the, correspcnding, flight test, .'aluiss.
T1 '* fliaht data indicatid a shape drag value of app' oximately 3.35 based
on tho inlot area, -compared W.~ Z. 56 or Z. 58 used in the analytical ap-
preach. The predicted mass acquisition force vaine was high t'cause

.. -.- the predicted ALlAS* time WAS WOo high - Approximately one-tenth of the,
.actual fiui: tie Sinceeraass acqubitiott force is directly reiated to
fillitig timeo, the prodlc *d twass jcquisitlon force was an e.rdor of magat-j

This high filling resuls froum tho differenct between'~he calculated inlet
rate ndtecalculated wrtrate.Tenlt7LIsbedofrttea

vles. Correction to ths, values should consider Ow- vehicle wake ef-
fects and the pirachute suspensioni lines. The exit calculations corsider

*sl gorn~ricporosity and the surf&,*. of the hamniopherical portion of
t~h taiop. Teseasuptions reqaai-. further consideration.

A phenomenon not considered in the analytical oppircacb to ths stretch of

r s 4 t ~ ..- - -' - - - ,-. .- . .'--ai.l
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the reefing line at peak load. This was most apparent from the LP-3 re -
suits, where the reefing line parted near peak load. An inlet area in-
crease of approximately 12 percent is apparent from inspection of Fig-
ure 7B.

Based on these ev.!uations a more complete analysip is required to pre-
dict with accuracy the values cf the terms that make up the opening load
equation. Such an analysis should consider;

.. More accurate drag coefficient for the shape of a
reefed parachute based on its inlet area

2. Reductions in inlet flow rates due to the forebody
wake and the parachute iuepension lines

3. increases ir load due to t stretching of the reef-
ing line under load

0 The empirical approach (Item 3, cof this section) indicated a reasonable
correlation for opening load coeff4-lients based on either refing line lergth
or inlet area (Figure 15). The values based on inlet area remained ap-
proximately constant despite increasing Mach number and smaller inlet
sizes.

c. Geometry

Review of the free-flight films indicated a firm shape of the reefed skirt
and the canopy "ibbons. Based on ihese observations, no change is rec-
onimended for changing the canopy porosity, distribution of porosity, or
configuration.

d. Structure

Inspection of 'he pare-.hute after each test confirmed the lack of thermal I
effects on the str'icture (Item 6, above, of this section) and the adequacy
of the canopy to withstend the loadings (Item 5), Failures were associ-
ated only with some suspension. lines during deployment of LP-4 and LP-
5 and the reefing line on LP-3. The Nomex ribbon@ and verticals with-
stood the opening shock loadings without apparent damage. Where the
light verticals were attached to the heavy skirt band, some fraying had
begun locally. The nylon skirt band, reefing ring attachments, and butter-
flies were undamaged. The reefing line, which was broken on LP-3, was
increased in strength for LP-4 and LP-5 and sulfereci no damage in the
tests.

o. Deployment System and PAcking Procedure

The deployment system and packing procedurt, (Iteni 9 of this section)
was satisfactory with two exceptions: (1) in tht. last 2 tests, 4 of the 32
lines were broken during deployment; (2)in tna LP-5 test, the packing
position prevented the lanyards from initiathg the cutters prior to lan-
yard failure.

Based on these results, the following steps are recommended to reduce
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lif 4nage: increase the length of suspension line folded on thd canopy
side of the locking loop, and locally add Teflon sleeves to the lines. Re -
Positioning of the packed cutters to produce a stiaight pull for Initiation
of the cutters is also recommyended.

The drogue design and the approach of reefing the drogue for similar de-
ployment acceleration in each test provided smooth deployments with a
constant set of line and canopy ties.
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SECTION IV

TEXTILE BALLUTE DECELERATOR

1. GENERAL

a. History

The objective of the BALLUTE effort under ADDPEP (Aerodynamic
Deployable Decelerator Performance-Evaluation Program) is to establish
the configxrat on, 'oadings, design, and structural materials for an as-
cend1ng 400-lb -ayload, for an application domain ranging from Mach 2.7

at 73,000 ft to Mach 10 at 210,000 ft, and for dynamic pressures to 56n -

psi. The textile BALLUTE (TB) #i-,celerator effort discussed in this sec-
tion encompasses work involving TB-I, TB-lA, TB-IB, TB-2, TB-3,
TB-4, TB-5, and TB-6.

Textile BALLUTEs TB-i, TB-lA, TB-IB, and TB-2 were designed and
fabricated during ADDPEP Phase I (described in Reference 1, Technical I
Report AFFDL-TR-65-27). The TB-3, TB-4, TB-5, and TB-6 test

items were designed and fabricated during Phase II. A Phase II attempt
to deploy TB-I was unsuccessful. However, TB-lA, TB-IB, TB-Z,TB-3, and TB-4 were deployed and performance-evaluated during Phase II,

The design, fabrication, and free-flight tc,%ts of BALLUTEs were inves-
tigated in Mach number increments to Mach 9.7. Problems involving
inlet basic design and location were resolved and proved by data obtained
from wind-tunnel and free-flight tests. Exctllent results were obtained
in investigating the use of liquids to cool Nomex BALLUTEs so as to ex-
tend their performance capability.

b. Test Point Conditions

The anticipated test environment was established by trajectory analysis
within the capabilities of the test BALLUTEs and the test vehi.cle/booster
combinations (see Figures 1 and 2, Section II). Each traiectory consid-
ered the aerodynamic, thermodynamic, and structural flight envircnment
required for validation of theoretical design techniques and for compari-
son with wind-tunnel test data. The desired initial deployment conditions

to be achieved by Test Vehicle C and its booster combinations are pre-
sented in Table XVII. The parameters after deployment are shown in
Figures 37, 38, and 39.

c. BALLUTE Configurations

During ADDPEP Phase I, two textile BALLUTE shapes, TB-I and TB-2,
were generated based on the results of wind-tunnel tests and isotensoid
requirements. The basic shapes of TB-i and TB-Z are described and
defined in Section IV of Reference 1, the ADDPEP Phase I report. While
these basic shapes r, mained unchanged for Phase I, the inlet and fence
geometries and positions were changed for higher Mach number operation.
Essentially, the flight test textile DALLUTEs have had four different con-
figurations (list starts next page),
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TABLE XVII -TEXTILE BALLUTE: DESIGN TEST POINTS BASED ON

PREDICTED TRAJECTORIES

Flight Ballistic
. IZIDynamic path coeffi- Reynolds Booster

Config- Mach Altitude pressure angle clent no. conibi-
uration no. (it X 103) (psi) (deg)* (pai)4  (X 166) nation§

TB-IA .40 84 200 70.,0 20 2. 80 NJ-N

Ta- IB ~8 71 484 70.0 20 5. 00 NJ-N

TB-Z 3,80 104 197 72. 0 30 1. 60 NJ-N-N

TB-3 3. 70 918 250 73. 0 30 2. S0 HJ-N-N
TB-4, p95 200 20 48.5 30 0.08 U I
TB-5 6.70 '31 200 71.1 30 0.80 N3-N-L

TB-6 j5.66 122 198 75. 0 30 10.08 HJ-N-L

Degraes ascent from horizontal

Bllistic coefficient of missile and booster combination

+For Reynolds numoer, I=five -foot diameter.

Booster definitions: NJ =Honest John; N = Nike; L = Lance.

"XM-33/ZXM- i9-L.

1. Configuration One - TB-1, TB-lA, T.i'.-IB, and
TB-lWT - is a five -foot nylon BALLUTF with a
fence that increases its projected diameter, (see
Figure 40A). The dimensions are detailed in Fig-
ure 82 of Reference 1. A modification of TB-i was
made for wind tunnel tests; the dimensions for this
item, designated TB-1WT, are shown later in this
section (Figure 5ID).

2. Configuration Two - TB-2 - is described in Refer-
ences 1 and 40 and is shown in Figure 40B. It was
designed for higher Mach numbers than the config-
uration one series. rhe inlets were located further
aft than for TB -I in an attempt to reduce the values
of the inlet pressure and, thus, strength and weight
requirements. To accomnplish the inlet [ocation
chiange, the burble fence was removed rearward,
Also the sine was reduced to prevent the fence from
affecting flow approaching the inlets. The B-Z
(list continues page 91)
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Nomox BALILUTE has a five -foot diameter and a
fence that does not increase its projected diameter.
Dimensions sre presented later in this section (rig -
u.re 51A).

3. Configuration Three - TB-3, TB-3WT - is a five-
foot diameter BALLIJTE without a fence (described
in Reference 41 and shown in Figure 40C). It was
generated during Ph~ase UI to represent the conifig-
uration of the metal BALLUTE designs. The TB-3
configuration resembles TB-2 except that the burble
fence is removed and a liquid pressuriz~ing system
is added for attaining initial shape. Two Notnex
test items were fabricated to the TB-3 design: the
first, a modification of TB-Z for wind-tunnaI teat-I ingwas designated TB-3WT; and the second was a
new TB-3 free-flight test unit. The TB-3 and Tfl-
.3WT dimensions are pres~ated later in this section
(Figures SIB and SIE).

4~Configuraticn Four - TB-4. TB-S, TB-6, and TB-
4WT - is a five -foot diam~eter BALLUTE without a
fence (described in Reference 42 and shown in Fig.-
uxe 40OD). It was generated during Phase UI to vali-
date inlet frame and location design changea from
T.'-3 and the liquid initial pressurizing -system.
Four Nornex test items were generated to the C4"on-
figuration Four design: the first, TB-4WT, was a
modifica~tion of TB-3; and the other three were new
flight test items. Dimensions are presented later
in th.-s xection (Figure 5IC).

Z. 'hiND-TUNNEL AND FREE-FLIGHT TESTS

a. General

The wind-tunnel and free -flight tests of BALLUTE decelerators supported
three basic disciplines: aerodynrinaics, thermody.aamics, and structures.
These-tests were used to obtain decelerator performance data to validate
the design of a specific d~ecelerator.

b. Winda-Tunnel Tests

()TB-3WT

The TB-3WT wind-tunnel test model was created by modification of re-

covered flig.at. test item TB4Z (Reference 43). The burble fenrve was re-
moved and one set of inlets was mmAd taller a" ralocated to the rear.I
Pressure tubes were installed in each Inlet and in the envelope to mea-
sureL inlet pressuze recovery and envelope flow losses. Tha objective ofthe windtmnei test was to obtain daU for thes final design of 1 is-3.

Ate 13-3WT was i~ssted at the Arenold Eastiewin$ Development Centqr
tA"PC) oft 3 1 D~elober 1,964. Deployrment wse at Much 3. 0 and a q of
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120 psf (Reference 44). Observation of the test and analysis of the data
indicated that the BALLUTE inflated fully and had a final internal pres -
sure coefficient of approximstely 3. 74. Observations also indicated that
the lower set of inlets was fully erected and that the taller set of inlets
was not completely erected. The wire used for the inlets and springs
was piano wire for the shorter set and work hardened stainless steel for
the taller set. Steady state drag measured 1620 lb. Wind-tunnel data
were reflected in the approval package for TB-3 (Reference 41).

(2) TB-1BWT and TB-4WT

The inlet frame failures and resulting softness of TB-2 and TB-3 during
flight test indicated a low probability of full inflation for TB-4, TB-5,
and TB-6 unless the inlet structural design was improved. Therefore,
it was desirable to prove the structural capability of the new inlet design.
Two BALLUTEa, recovered from previous flights, were modified to in-
vestigate this factor and other design change3 including liquid partial in-
flation under wind-tunnel conditions.

Recovered flight test item TB-IB, a 60-in. BALLUTE with fence, was
modified by incorporating the TB-4 inlets and liquid inflation-aid system;
it was designated TB-IBWT. Item TB-3, a 60-in. BALLUTE without a
fence, was modified by incorporating the TB-4 inlets and liquid inflation-
aid system; it was designated TB-4WT.

The TB-IBWT and TB-4WT BALLUTEs were tested at AEDC in May
1966, with excellent results. The test parameters and results are docu-
mented in Reference 45. Deployment for both decelerators was at Mach
2. 8 and at a 120-psf dynamic pressure. Item TB- IBWT attained full in-
flation in approximately 0. 77 sec after full line stretch. Figuze 41A plots
drag force and internal pressure coefficient versus time. Item Tn-4WT
attained full inflation in 0.69 sec after full line stretch and had excellent 4
stability. Figure 41B plots the drag force versus time. The performance
of both wind-tunnel models was excellent, with no sign of constructacn
failures.

c. Free-Flight Tests

(I) General

Free-flight tests of BALLUTE decelerators were made with Test Vehicle
C and various booster combinations. Table XVIII sunmarizes key con-
ditions for each decelerator. The deployment details of each flight test
are presented in a flight summary manner.

(2) TB-1A

The oblective of the TB- IA flight test was to demonst-tte the accuracy of
the analytial design for a neoprene-coated nylon BA t LUTE decelerator,
A design factor was chosen for a test point dynamic pressure of twice the
predicted nominal value for this first BALLUTE test.

BALLUTI 1-lA was flight tested on 3 June 1964 (Re'erences 46, 47).
All flight events occurred as programmed. The test item was deployed
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-- FILUN TIMU - 0.0 WC

100 .- y

FRO CENTER.L jfem O ?C

Fiur 41 BOD WJn-unlDpointQaaV rs
(A)t TB-BWT (B) ATB1t WT

0aifcoiya eincniin n t~yar~ reue')ta

ThegAre 41on WrondCner (pGC) supie hragarsts addii

sasfdacorily ata Testg vehditioe anad caera pressu foq)g tert
loing a af bZ7i pforTh otin dleoeilatedrm perormed cas anci-

theshok relati, Maccenleron static presure, altd and ae-r
eortion@o the into tierz oft were aot parovided aftr Tflm oberlo-

lation, was 1. 06 sec after line stretch.

Figure QZ shows the performance curves oi TB-lA beoginning a.t con-
tainer separation for 30 sec. Information for the ye rformauce rve.
was obtained from tho APOC-supplied digitised data. which art records
of the vehicle tritimetry and ground tracking radar outputs (Referenices
3, 46. 47). The test results established the stability, deployment and
"infation cbaracteristics of the BALLUTE system An~ inspetetiou of the
test item after recovery, as well as data films, indicated that w ou~-
ing or structural damag* occuirre.,under tho load. Alma evidence
Of seam raking could be found,
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TABLE XvIII - TEXTILE BALLUTFS: SUMMARY OF TEST CONDITIONS

Load Dynamic Attd
Testite E~cnt Range tir.' 3 1 Mach pressure Alitd

TB- IA: 5-ft nylon Test item in___

with 10-percent containerfence separation 13:54:35. 00 . . . 12.50 270.0 J84.0
Initial line
stretch 13:54:36. 29 1.75 2.30 230.0 86.0
Maximum
load 13:54:37. 35 3. 96 2. 10 160.0 87.5

TB -IB: 5 -ft nylon Test item
with IO-percent contai. - r

fence separation 14:3 0:3Z. 68 -.. 2.20 355.0 75.0

stretch 14:30:33. 08 1,70 2.10 330.0 I75.5
Maximum
load 14:30:34. 18 5. 10 1.88 215.0 77.5

TB-Z: 5--. Nomex Test item
with fenc, zero Icontainer
projected area se pa ration 118:39:34. 0S 3 2S'5 248. 0 96.o

Initial line
s tretch 18:19:34. 33 0.70 3. 20 230. 0 97.0

load~m 18:39:3S. 00 2. 05' 3. 12 196.0 9,
TB-3.5-ftNomex Test item
Wit.a no fence container

separation IS: 17:33. 30 .. 4.05 287.0 0

Initial line
stretch. 15: 17:33. 623 0 4. 1 8 0
maximurn
toad 15:17:33B 1 3.4* 4 13 Z79. 0 0,

TB-4: 5-ft Norn-e~ Test itn
with J0 fentce conta iner

separation 15:00;56.ZC .2. 227.0

4-rih 1:05,141 1. 9.75 8.3 230.0
?4&ximnum I

TO S 1id' Tim-6: JIf. . Not flight tested j
Test ai i:t fullI inflated,
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(3) TB-IB

The objective of the TB-lB flight test was to demonstrate the analytical
design of a high-pressure, high-temperature Polyurethane CUR7 lA-
coated nylon BALLUTE decelerator. The overload design factors were
reduced to increase the probability of obtaining data relative to the i.m-
posed loading for comparison with TB 1A f ree-flight, wind-tunnel, and
TB-lB design calculations.

BALLUTE TB-1B was flight-tested on 29 July 1964 (Reference 48). All
flight events occurred as programmed. The test i,em was deployed sat-
isfactorily near the design conditions at a 355-pe dynamic pressure (q).
Both onbcard cameras provided complct2 coverage of the test item during
and after the irlation period. Deployment, inflation, and stability of
TB-IB was shown to be very good. Inflation required approximately 1. 1
sec for completion. A sound telemetry signal was obtained, and record-
ing provided complete information for data reduction.

Figure 43 shows the performance curves of TB-lB beginning at container
separation for 30 sec. The data from which the plots were formed were
taken directly from the APGC-supplied digitized output sheets, which
were records of the telemetry and radar outputs. The decelerator was
recovered in excellent condition.

(4) TB-2

''he objectives of the TB-Z test were to obtain data to evaluate the validity
of the design methods for a BALLUTE at a high Mach number and at aero-
dynamic heating conditions compatible with Silastic 131-coated Nomex
materials. Data were also required for the results of a change in inlet
location incorporated into the TB-Z design to limit the internal pressure
to a more optimum value.

13ALLUTE'TB-2 was flight-tested on 17 August 1964 (Reference 49). Ra-
dar data indicated that the trajectory up to the test point was very close
to the predicted flight path even though all events occurred about three
seconds early. The test item was deployed aatisfactorily at a 248-psi A
dynamic pressure (9). Both onboard cameras functioned very well and
provided excellent coverage of the BALLUTE's performance. Telemetry
performance was satisfactory, although decelerator internal pressure
data were not obtained due to a faulty transducer.

Examination of onboard camera film-footage indicated that the BALLUTE
never inflated fully. Inspection of the fabric after the tests indicated
(1) the coating had changed state under the test environment and (2) the
material porosity increased beyond acceptable limits. Investigat.ons of
the coating indicated it had not been cured completely prior to the test.
Methods were established in conjunction with the manufacturer to assure
obtaining a cure with higher reliability. These included more exact en-
vironmental control than originally indicated and the addition ol a chemi-
cal. wash.

Figure 44 shows the performance curves of TB-2 beginning at containe-
separation for 30 sec. The data from t the plots were formed were
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taken from the APGD-supplied digitized output sheets, whichwere rec-
ords of telemetry and radar outputs. The decelerator was recovered in
excellent condition.

S() TB-3

The main objective of the TB-3 flight test was to obtain data for the tech-
nique for early envelope pressurization by means of a low vapor pressure
liquid approach. The BALLUTE was fabricated from Nomex materials
and coated with Silastic 131 elastomer.

BALLUTE TB-3 was flight-tested on 18 June 1965 (Reference 50). All
flight events occurred as programmed. The BALLUTE was deployed
satisfactorily near the test conditions at a 287-psi dynamic pressure (q).
both onboard cameras provided excellent coverage of the BALLUTE's
performance before and after the inflation period.

Telemetry performance was satisfactory, although static and differential
pressure data wer-o not obtained. Examination of the onboard camera
film-footage indicated that the early pressurization technique functioned
properly and provided the initial inflation to one-third to one-half size.
However, based on the onboard Films, failure of the metal inlet frames
began approximately one-fourth of a second after line stretch, and all
the metal frames were failed within one-half second after line stretch.
The BALLUTE configuration remained in this partially inflated shape.
The forward portion of the metal frames and the first gore of the inlet
fabric were lost within two to five seconds after deployment. Postflight
inspection revealed that the gore fabric seams and webbing were undam- I
aged; there was no evidence of heating. Examination of the inlets indi-
cated gross failure of the metal inlet springs and frames. Examination
of the coating indicated it petformed satisfactorily.

Figure 45 shows the perfk rrnance curves of TB-3 beginning at container

separation for a 30-second period.

(6) TB-4

The main objective of the TB-4 flight test was to obtain thermodynamic
and aerodynamic data for a textile BALLUTE at hypersonic speeds. The
BALLUTE was made of Nomex materials and coated with Dyna-Therm
D-65 elastomer. Partial inflation/cooling aids were incorporated to de-
termine their elfects in cooling textilep and in aiding the inflation of the
metal BALLUTEs.

BALLUTE TB-4 was flight tested on 22 August 1966 (Reference 51). All
decelerator test events occurred as programmed. The BALLUTE was
deployed near the test conditions, at a 9. '-pef dynamic pressure (q).
Telemetry performance was excellent over Lhe long flight path. Strain
age drag data and BALLUTE internal pressures were not obtained.
elemetry data covered not only the exiting tst point as anticipated, but

also the re-entry flight down to 30, 000 ft. Si,,ce the test vehicle was not
located, the onboard camera films were not recovered. BALLUTE tem-
perature data for the complete flight were obtained from thermocouples
woven into the BALLUTE gore material.
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Figure 46 shows the performance curves of TB-4 beginning at container
separation and later at re-entry. The re-entry trajectory parameiters
are based on vehicle stati- pressure readings (two different transducers).

(7) TB-5 and TB-6

The TB-5 and TB-6 units are available for flight teeting.

(8) Free-Flight Test Summary

One of the most useful parameters for design is CDA (drag area) versus
Mach number (s~e Figure 47). The values of this parameter are affected
by the relative accuracy of the load readings and the predicted ambient
pressures as the vehicle ascends. The load readings become a smaller
percent of full scale, and the percent of ambient pressure variation in-
creases with altitude. Because of these factors, the values are accurate
near the test point and become less accurate with increasing altitude,
which corresponds to decreasing Mach number for any giveh curve in
Figure 47. This can account for a portion of the apparent large changes
in values with decreasing Mach number along a given curve.

BALLUTEs TB-lA and TB-IB are identical configurations that were fully
inflated to very firm shapes. The flight conditions near Mach 1. 6 for
both units are above a Reynolds number of one million and only approach
a half million below Mach 1. It is anticipated that these data should cor-
respond. The lower values for TB-2 and TB-3 are due to two factors:
(I) the zero projected area of the fence on TB-Z and the lack of a fence
on TB-3, and (Z) the lack of complete inflation of either unit. The cor-
responding drag and projected area ratios are presented in Figure 47 for
reference.

3. AERODYNAMIC ANALYSIS

a.L General

The aerodynamic analysis supports the design of the 13ALLUTE by esti-
mating the (1) shape required for aerodynamic stability, (2) external

"pressures over the body, (3) inlet pressures, and (4) air-flow rates
through the inlet. The values of these parameters are used in deterrnin-
ing BALLUTE aerodynamic performance, the 2hape and stresses of art
isotensoid-pressurized membrane structure, and the local-flow condi-
t tions over the BALLUTE surface for thermodynamic calculations.

In the ADDPEP Phase I report (Reference 1), both analytical and em-
pirical methods are presented for determining the values of these aero-
dynamic parameters and establishing shapes of minimum elght mem-
brane structuares. During Phase 11, these methods were used to deter-
mine the values of the aa rdynamic parameters at higher performance
deployment conditions and for other inlet and fence locations.

b. BALLUTE Shae Required for AerodyXarmic Stability

The BALLUTE shape selected was based on the results of wind-tunnel
teits at supersonic velocities and isotensoid requirements (Reference 5Z).
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j Additional data from RTD wind-tunnel tests conducted at AEDC and
ADDPEP free-flight tests confirmed the high degree of aerodynamic sta-
bility obtained with this family of decelerators (References 13, 45, 53).
The Gemini, ALAR.R, and PRIME programs have also established the
high-degree of BALLUTE statility (References 54, 55, 56).

c. Pressurt Distributions

The static pressure estimates over a BALLUTE are used for estimating
the drag and, in conjunction with the internal pressure, the envelope
sbape and stresses, Analytical approaches and test data for estimating
surface pressure and iniet pressures are presented in Reference 1.
Comparisons of estimated surface pressure coefficients (Cp) using ana-
lytical and testing methods are presented in Figuted -'*A and B for higher
Mach numbmer conditions than presented in Reference 1. (Figures 48A
and B are based partially on wind-tunnel data from References 52 and 57).
Forebody wake effects indicated on the first part of the curves are based
on empirical data.

Inlet locations were investigated in greater detail to establish approaches
for reducing the inlet pressure coefficients of trailing BALLUTEs at
flight Mach numbers greater than two. Early wind-tunnel test data pre-
sented _'n References 13 and 54 indicated that, for a wide range of inlet
sizes and locations, inlet pressures exceed the values reouired for a
stable structural shape. The inlet pressure coefficient values for spe-
cific inlets on these hard models varied at a given free-flight Mach num-
ber; however, somewhere within the test Mach number range of between
3.5 and 6, the inlet pressure coefficienZ value for each inlet tested be-
came almost twice that required. The height and tne height-to-width
ratio varied between inlets; however, all inlets had a semicircular top
with parallel sides tangent to the top and perpendicular to the BALLUTE's
surface.

Postulations for the higher than anticipa.ed inlet pressure coefficient
values, approximately twice the values measured without a foreboiy,
included:

1. The fo rebod' shock waves decelerate the flow ap.
proaching the inlets efficiently, thus reducing the
Mach number and the trtal he,.d loss acroes an in-
let bow shock.

2. The thicker bouneary layer over the BAL.uUTE, due
to the forebwdy wake, provides a better path or
transmitting inlet pressu-es forward, causing an
efficient oblique shock system to form firward of
each inlet.

3. The fence pressures feed forward in the thicker
boundary Lyer and effectively molify tht, shape of
the BALLUTE approaching th2 fence. This change
reduces the amount of flow acceleratior, following
the position of maximurn BALLUTE slope and limits
the effectiveness of placing the inlets in a more
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rearward position, where anticipated higher Mach
numbers and higher inlet bow shock losses would
occur.

In an attempt to reduce the effect of the BALLUTE fence on the flow for-
ward, the fence was reduced in size and moved more rearward in the
TB-2 design. Also, the inlets were moved more rearward (Y/R I . 572)
and into a position of calculated higher Mach number flow. The inlet
mouth was circular following past practices for pressurized structures.
Instead of positioning the inlets directly adjacent to the surface as in the
hard models, they were positioned 3/4 of an inch from the surface in an
attempt to reduce the inlets' effect on tht BALLUTE boundary iayer and
the flow approaching the inlet.

To further determine the inlets. effect, TB-2 was ..aodified, after flight
test, to become TB-3WT for wind-tuainel testing. The fence was removed,
and a pair of high inlets with the lcwer edge two inches from the surface
were interchanged with an orivinal pair, Tests in the Ah'DC facility in-
dicated somoewhat less recovery with the high inlets sbowi in Figure 49
(References 13, 45. 48, 52, 57, 58, 594); however, qtrut.).ral integrity of
the high inlets was less th-~n acceptalble. There was structural incom-
patibility between the BALLUTE fabric and the (1) metal inie. frames,
(2) metal inlet springs, and (3) gc re reinforcement metal frames; this
led to elimintting all metal in the EALLU1E~ except for a flexible cable
hoop within the inlet's lips. Trop and bottom webs, ruxnning forward, were
;dded to tbe iiret for initial erection of the inlet. Once erected, the pr-es-

suire within the inlet inzi,,a~ed its structura) ilegrity.

BALLUTEs wath tht-ipc inliets were tested for the desl n oi T13-4 ir ',he
ALD1C facility, Refere.nce 45 presents s,)me ci th,- rtesuI1~. lnter-nJ
pressures were measured using a single pressurre tubc *nto tntw IB .i T-E,
Values at NIAch 2.- and at a 120 psf dynaA-ric pr- . S:uc, w-re i1S) -, , for
the MB-l nit at BALLUTE ('see Section V), with rearward 1Josit?,oned in
lets; and 218 psf for TEA l11 withi more forw.i -d TB-4 'ype ileits. Leak'-
~ge in the press'ire -resan ub rvntdetnnigthe vrt bsure

Within TB-4WT, whwc had; the same inlet type and location tsie~ tiocii
fied T13-113. Tihe corresponding Cp. (inlet p-essure zoet c. c~ien) vilu
for MB- I was:

C 18 G 27 1~l

k B or B as mocdified, the _p a 1u 0 wit :

21 21f.8 1.4(

12C0

TrIest V~iues are considerahly below either set ;,J the hr model data.
the TB-3WT wind-tunnel dati, or the TB-ID ilight-test data (Figure 49),
Inlet locations correspond to the TB-1B fli~ght-test unit. No defaie rek-
son can be established for theme low Ct.. values.
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d; Drag and Fii i _ -

Drag data were consistent between large sc~ale wind-tunnel teste and
flight testing. The drag coefficient (CD) valucs are shown in Figure 50
(Referenceb 15, 48, 54, 59). The higher set of values are associated
with BALLUT~i having a lO-perce-It fence. A,'- 'D's were calculated
using the euvelope diameter for determining the reference areas.

4. BALLUTE GEOMETRY

a. General

During ADDPEP Phase II, two basic configulations were added to the two
establibhed in Phasiu I. All told, two envelope shapes, two fence sizes,
two fence locations, and four inlet positions are the variables that make
up the four ADDPEP flight-test co nf igu ration s. These were flight-testedI during Phase H. Wind-tunntl models oi these and other configurations
also were tested during Phase ! The wuik -was done at AEDC by RI D
personnel.

b. Flight-Test Units

The Configuration One TB-i, TB-IA,1 and 7B-113 flight-test configura-
tions, having the same envelope shape, fence size, fencr. loca:ion, and
inlet locatin, are described in Figure 82 of the ADDPEP Phase I rejp 'i
(Reference 1). The construction is described in Reference I and in Item
.8 of thi3 section.

T he Configuration Two TB-Z flight-.test configuration, having a different
envelope shape, fence size, fence location, and inlet location, is shown
in Figure 5 IA.

The Configuration Three TB-3 flight-test configuration, havinig the same
enveiope and inlet shape as T b-2, has no fence (see Figure 5 IB, foldout
page 111). Design details are presented in Itemn 8 of this sectionl.

The Configurationl Four TB-4, TB-5, and TB-6 flight-test confiauratic-ns,
having the same envelope shape as TB-Z and T8-3, hiave no fence and
new inlet construstion and location, (see Figure 51I'), Design details are
Presented in Item 8 of this sectiou.

c. Wind-Tunnel Units

The TB-IBWT wind-tunnel coafiguration consist.,i of '.B-lB with TB-4
inlets located at the TB-4 Position (see Figure 51ID),

The TB-3WT wind-tunnel configuration consists of TB-Z with the fence
removed and a new pair of high inlets replacing one pair of the original
size flight-test inlets (see Figure 51E).4

TheTB-4WT wind-turnnel configuration cons-4to of TB-3 with all the f light-
test inlets !,emoved and four new TB-4 inletm located Vt the position of
TB-4. Its configuration is identical to that of TB-4 (seei Figure 51C).
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Deploymnent of trailing decelerp'tors renerally creates two distinct large
forces tha~t have been idt-ntified as "snatch force" and "opening shock
force. " Snatch force is the initial force imposed on tke test vehicle by
the riser in returning the deployed decelerator mass to the same velocity
as the vehicle. The opening shoczk force follows the snatch force and is
caused by the sudden irdlation of the decelerator to its full shape. The
period of time between theme two forces is the "filling time."

BALLUTEs do i.,ot exhibit an opening shock force as ouch because of the
amount of filling time required to inflate the BALLUTE with the small
inlets. Inflation times are discusced in Appendices VI and VII Gf Refer-
ence 1. Data are presented in References 45, 54, and 56 for full-scale
wind-tunnel tests and in the ADDPEP free-flight tests. Internal pres -
sures greater than required are available with the inlet locations. ience,
the BALLUTE attains its final shape befor-e the internal pressure reaches
the maximum value. Internal pressures equivalent to an external pres-
sure coefficient of approximately one caiisez a fuli Bzit i k; shape and
and maximum drag coefficient. Values greater than oie cause the J3AL-
LUTE i ;, .6come ver'" .Izm and slightly more spherical. B3ALLUTES
with a partial inflation aid system are discussed in Section Ir ol this re-
port.

5. STRUCTURAL LOADS

a. General

The BALLUTE cf-'nfiguration can be based on estimated internal and ex-
ternal pressure loadings using a computer program to define the shape
for an isotensoid structure. This type of structure takes the calcu~ated
shape and becomes the most efficient structure when the ratio ot pr2s -
sures across the fabric are equal to those estimated. At other ratios of
pressures, the taore fabric tends to rack because it is bias, and the BAL.-
LUTE takes a slightly different shape. When the ratios of pressures be-
come mcre extreme, the fabric becomee limp in one direction (start oi
wrinkles), with maximum stresses occurring in a direction parallel to
wr inkles.

Applicable background for a structural analysis is presented in theI ADOPEP Phase ! report, Item 4, Sectiors III and !V. (Reference 1).
Appendix U1 of the same reference presents the general inoterisoid de-
sign appa.-ach for inflatable drag devices.

b. Isotensod Sap!s

Because a BALLUTE tra';els through a range of ±i-ight condiiions an-l
ratios of pressures, the 13ALLUTE configuration normallyi * elected
to obtain the highest structural efficiency at the highwat loaditgs, thus
having minimrum weight. Since the AJ)DPEP progran uses ascending
trajectories. the highest loadings wzi-,lly occ~ur shortly iollu~wing deploy-
Ment, After this point, especially for higher altitude test ascents, the
a-Irodynanxc loads decrease much faster than the heating docreismes the
*tructural efficiency.
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Data are available for the external loadings for shbpe& sinilar to TB -I,
T13-Z, TB-3, and TBl-4. The tangent cone method also has been shown
to predict the external distribution within design limits and can be used
to predict pressures on other BALLUTE ehapes. The wake effects on
the external distribution are estimated based on empirical data. Fig-urs4AadBIi tm3o hsseto)peetteetmtdetr
nal pressure coefficients (Cp) for conditions ritar the deployment points
for advanced ADDPEP Phase II flights.I: ADDPFP Phase I test data for small, hard models in wind tunnels at
Mac.% numbers above 3 indicated that inlet pressures were above isoten-

Fsoid limits for 80- to 90-deg BALLUTEs and that these pressures 'meet
the limits for 110- to 130-deg BALLUTEs. Tests of TB-3Wr and TB-lB
further confirmed the high inlet pressures; tests of TB-IBWT and MB-i
at Mach 2. 8 had close to the desired internal pressure e'nefficients for80 to 90-degree total-angle BALLUTEs. Figure 52 shows isotensoid
shapes for two internal pressure coefficient values and -several values of
K (the ratio of the pressure load carried by the meridians to the total
pressure load).

Although inlet pressures are available for iallating these much blunter

zm3st tke considered along with -the. efitct of high apex angles on BALLUTE
mtablity. For these reasons the BALLUTE envelope angle of TB-Z was

retained for TB-3 through TB-6.
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c. Structural Considerations Based on Static Loads

The firsL step of the structural analysis was to determine the static loads
on the major components and subassemblies to begin material selection
and candidate assembly approaclies. Factors initially considered were:
(1) gor'p -fabric sta.tic stresses, (2) meridian static loads, (3) iilet fabric
static str-qses, (4) riter line static load, (5) keeper-ring static load,
and (6) keeper-ring tic-loop static load.

With respect to gore-fabric static stress, the selection of TB-Z envelope
shape and inlet location results in a structure that is only optimum to a
flight Mach -number of approximately three. At higher Mach numbers
and higher internal pressure coefficients, the shape attempts to change to
metet the off -design pressure loadings, and the value of K varies from 0
to 0. 6 depending on the position on the BALLUTE. Under these off -design
conditions, the maximum static fabric stress occurs at a BALLUTE posi-
tion where the meridian stresses are minimal:

1- K) PRJ
Maximum gore-fabric static stress 2(63)

where

K 0 to 0. 6 depending on position

P pressuie across the fabric

R =BALLUTE radius

The meridian static lt.d is haiaed on K ,which occurs in the base por-

tion of the BALLUTE (Reference 1).

Meridian static Load z (64).1
n 14

lrx Ka is approximately 0. 4 at high Mach ztmbors and 0. 6 at Mach
numbers approaching 2.

The Wnet fabric static stress is bao.d on the pressure difference across
tho Wnet and the n;ttW a radins (]Wt ironce 1):

Inlet fabric static stress ( R 65)

j The riser line static losad in the -riser line equals the, maxinumn SALU3E
li fre ( rnc ) Since BALLUTEs do fot exhibit sa oponlng

sock force, -+be viadumtrw~ line icirt. Is equal to the BALLUTZ draw:

D XC qS (6

wheri:

'ZIN



ISECTION IV -TEXTILE2 BALLUTE DFCELERATOR AFFDL-TR-67-25

q =dynmicpressure

The keeper-ring static load is determined from the amount of force re-
quired to change the meridian/riser line direction fromr approximately
10 to 38 deg at the BALLUTE apex under mnaximum drag conditions.

The keeper-ring tie-loop static loads are calculated on the basis of pre -
venting the kecper ring froni sliding under mayirnum drag conditions.

.1 Structural nideatoBasornnii ods

(1) General

The stavnc loads were used as a basis to establish shape and static mar-
gins after the BALLUTE is fully inflated. Tests have demonstrated that,

4 ~iricC the BALLUTE is fully inflated, its inflation and system stability are
:-uch that life-times in the wind tunnel are on the order of hours (R~efer-
ences 56, 60).

Free-flight tests that contribu.ted to minimum weight design of EALLUTEs;
also esablished that failures are associated with the early portions of
the inflation process only (Reference 61). Several events in the deploy-
mnent and inflation p.rocess can result in critical loads compared to the
static loade. Methods for controlliiig the values of these critical dynamic
loads are. available and are diecussed below in Items (2), (3), and 44.

The snatch load is the reult of the energy associated with pyrotechnic
deployment and air loads Acting Ion thdcoe r asitavel# -ro its

stre psiio t lnestethwhere.tssnchla eu.Byh. use

10norsy is added and the snatch load beoomes loss than zt, - maximumn
ata-tie drag load. This techniquo has b~een used for all. AD4?P fre -

flight tWStW ahd .th. snatch )oad va lues meatured have boer. tee; than the
Maximnuf static drag load.

(3) Wnlating Loade.

-critical loads affect owe 0*16-0t~ of Sor niarials,. the fence, an~d the
irA1ws -duriAt the Inflatio-n process. These l"do Le tk le result of high~

dynaic pessues a fre -, roar velocitits. oketing on reltellae
areis of 2igbt weight 4loth talored to -the ifthated SALLU'E. *hape.. t
etra high-sPeed cameras on the AJPkP vehicle provided conside rble
:46".10or inepctiug this pokrtial1y Udtd cosdtiozt.

The, ab"ed .ui1Y MWhpNg aetion can tsult in #puit envelope gores.,

Lis
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fence gores, inlet got-es, or b inlet frames, unlest dynamic fact u-

a--e added to the static load values or methods are used tc, limit thp dy -
namic load valu,,!s This ea~rl-, whipping artion ceases as soon as a "al
of air ie within the BALLUTE. The size 0 f the bait1 can be as sniali a.,.
onie-third to one-half the 'ameter of the BALLUTE. At high ;iltitudes
thi q volume can be filled oa.ickly by a simple partial inflation source,
such an a Liquid. that vapcrizes at low ambient pressurei . At low iltl -
tildes and high dynamic pressui-e. other energy br'.irces (i. e. , press,,re
bottles, gas generators, steam generatcra, and pyroteci-nics) can fulfill
this function. Lar-ger inlet areas to BALLUTE volume-: and reinforce -

ment ribbons are other traioff- 'o be conside,'ed.

After the BALL'UTE is partli irxfltted, there is a less ',iolent motiun that
affects only structures mounted to thie EBAI.LUTE. This motion .L a local
wave or rippling action of the envelope fabric. The riotion. is wel' withiv
the bias fabric limits; however, iL causes flexi.ng of the lnlet nmtal par%.
at visual frequen~cies anOi ampticudes beyond topring wire limits.

The latter problem was solved by eliminating thc metal frames that were
directly secured to the envelope. The only metal retained was a catile
within the inlet lip, where it is isolated to a large degree from the mo-
tions of the gu.-e fabric.

(4) Opening Shock

Opening shock is associated wi-h the violent filling and above-static drag
values obtained with supersonic parachutes. Such sflock does not occur
with BALLUTEs because of the small inlet sitt. relative to the sire cf
the BALLUTE. The opening loads on the BAL'.,LTE envelope and fence
are considered to be of the same order as the static values because of
the inflation time. Full internal pressure loady aCtually occur at a meca-
surable timne period (1/4 to 1/2 sec) after the BALLUTE has attained
maximum siz~e and -frag.

Each inlet, however, fills very rapidly because (1) its mouth diameter iws
essentially the sam" as any other section of the inlet tub.- or sock and
(2) ie moth a 'held fully ope n toy the wi rd cable hoopti. U nde r the se
conditions, large dynamic l1aD4 factors similar to those for fast -opening,
Sw&ll, *ape rsonic .parachutes can occUr.

Fac~tors: for the intzt wert evolved empirically from bomb drops at high
su64OIuC Valoclt&is and high dynaimic pressures using TB ).A and TB - 113
sifter the AVDPEP flight tests. Under the most severe tests (820-psf

[dynamic pressure at Mach 0. $4), TB-l1B was undamaged except for the
four inlet socks that act as. check valves. The inlet socks were develloped.
dursa the Gemini program 04 stablish and mainta a firm BALLVTJE
shape hy reveninig ()outflow through any, inlet in Aw.low energy un -

svmnetr~al wke dretctly behind the man or (Z)-outflow through a dsmn-
aged inlet. The socks also damped anv. twney for the BALLUT.- tof
pulse due to possible r~sontianco at some point along: the flight path.

The socks were, madc by ussirg a Z00-1b/in..*4 .aiu'n 3ZZ/331.-lb/in, cloth.
The "92aip split in all socks. Tt" saMe damaqe occurred to a identical
400tmian wha T3-lA WAS tooted to A 760-r,_f dynamic Pressure It
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Mach =0. 805. The damage to-the socks did not afiect perior.P~ance of
the BALLUTE behind the symnmetrical bomb. Blised on th-a subfkonic
bomb drop test results, a factor of approximately 23 is needed on the in-

let static stress va.*ues calculat~d using the ri-nple ?R form~ula where

the pressure az-ross the fabr-m is approximately equal to the dynanacI

To better understand the ned fo~r this large "actor of ZG timnes the Latic
inle5 stress, the possible ph-.sical happenig were inves tigi'tei analyti-
cally. Assumpt-ons were Made of a firm ir'let shape --d a pressire wave
opening the inlet fabric from either F. centerline position radially outward
cr from a flat position outward. The energy irato the ivdIet fabric was con-
sidered to be absorbed by elongating the fabric while in the shape of a
hoop. Fabric stress values of the same m&gaitude as tl-e empirical val-
laes were calCulated. Fabric stress'strain values from inplan'- tests at
low loading rates wire used in the calculations. ftccepting this large dy-4
namnic factor ior designing the small inlets was a sniali weight penalty
for this size BALLLJTE coinpa'.ed to adding devices for controll.n'g the
mouth size of the in-lets dut-ing opening.

e. Other Structural Considerations I-
In addition to cuide rations -of static and dynan ic~ loads for design, other
factors were required in selecting materi~.ls for the S3ALLUTFZ is an
ADDPEP flight-test unit. These included:

1. The possibility of the test unit being deployed earlier
and at higher than the design dynamic pressure

2. Sean and joint efficiencies

Seam leakage if it occurs before ultimate capability

4. The- elfect of temperature on strength

5. S afety factor

These factors, discussed below, were used in~tially in conjunction with

the room tem~perature "quick break" -strengths to select material for fur-

With respect to deploymeat at higher than design conditions: based on
the r&tio of the anticipated to the actual deployment loads for the manmy
ADDPEP flights tsee T4ble IV, Section U), a-factor of 1. 5 was considered
sufficient for design. ,A factor of 2 was originally used, based on the re-
sult,_ from eatller test vehicle systems.

Seam and joint testis were made of ail critical portions of the BALLUTE
to establish t.he actual efficiencies. Hlowever, initial selection of candi-
date material valuee was assumed based on tests of uimilar construction.
Eighty-rercent seams w~ire used to aid in material selections. The fac-
tor was ona/efficlelcy.

Seam letxiage is more peculiar to BALLUATEs than parachuites. Somne
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clothe rake under loads considerably below the ultimate seam strength. i
Raking occurs when ths cloth yarns running in oane direction are pulled
locaily by the sewing threads into a bunch leaving small local voids in
the cloth. Values were initially assumed as 80-percent of the aeAm ulti-
mate loads based on tests of standard cloths. It was determined from
testis of cloths woven for the BALLUTE gores that this factor (one/effi..
ciency) could be eliminated if tightly woven cloth were specified.

With respect to the effect of temperature on .9trength, the strength of
Nomex versus temperature is shown in Figure 53 (Reierences 62, 63).
To establish an exact factor relative to room temperature strength for
a given fligxit. iterations had to be conducted. The iterations considered
the load dropoff a~nd the decrease in fabric sirength associated with evalu-
ated material temperature3, which vary with the weight of the iNomex
cloth selected. The value of the factor was originally chosen as 1. 3 for
belginning the iterations (Reference 1). For some flights (TB-A), the
factor became 1. 0 since the load dropoff was more rapid than material
strength loss with rising material temperatures. Here the critical loads
occurred initially when the fabric was still at room temperature.

A standard 1. 5 safety factor was retained.

KIf. Loads, Design Factors, and MaterirA Requirements

The load values and factors used for material *elections and joints for ine

BALLUTEs flight tested are given in R~eference I and shown in Table XIX.

N-1

710-P*INLANYT ?SS

Fifjure S.1 - Notex Strength (Percent of Room Temperature- Strength)
versus Temperature

11a
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TABLE XIX -TEXTILE BALLUTE LOADS, DESIGN FACTOR.S, AND

MATERIAL REQUIREMENTS PREDICTED

I ALLIJTE Item (Ib/in.) 011/10.) each _)Jiac) (1_otl
TD..? Static load for q I

218 pet Ind Mr~ch 3.6 39 6.4 240 243 39 2.640

Overload 2 2 2 2 2

Dynamic z z 2 2 2 z

Siam efficiency 1.2 1.2 1.2 1.2 I.Z 1.2

Tmeaue1.5 1.5 1.5 1.5 1L5 1.1

Raking 1. z 1.2 1.0 1.0 1. 0 1.0

Safety 1.5 1.5 1.5 1.5 1.3 1.5
Product of factors 12.96 12.96 10.3 10.8 10.8 7.92

Material strength
requt remente

balic 505 83 2590 2620 421 20.919

TB..3 Static loadiljr -Mach 3.7 41 49 26 10 31 1,0

inflation 89 ..- 40 20 5. .5

q a 250ptatdply

D.eign factors

Ov-rload 1.25 1.25 1.25 1.25 t.25 1.25

Dynamic 1.5 .0 1.5 1.5 1.5 1.5

Temperature I's 1.8 1.2 1, 2 112 1.2

Raking I1.2 1.2 . ..... ..

Safety 1.5 IAS ._1.5 I15 1.5 135

Product of factors 6.08 9+73- 3.72 3.72 3.72 4.1
Material strength
requirements

Basic 540- 190 1560 Sta 203 :9, goo

Seem -45 1S 1420 745 185 7,2

Raking in -1~ 132 .. .. ...

TE-4. TI-S. Static load for q
T34 t0o Patfand Mach 4 104 _4319 488 264. 45.6 3.752

Design factorsf
4 ~Overload -. 0 1S .5 1.5 1.5

Dyamic 15 37 1.5 1.5 1.5 1.

$*am efficiency 1.2 ... 11 11 .. .

T~niera.ure1 . IIII
Raking . .. . .. . I
"toy , . .1.5 1.1 .9 1.9

Product of factors 4.05 40.5 4.71 3.8 1.6S C.45
Mater1al strength

4211 . 16141 1024 t1 11,010

PAWSn 3521 . .. .
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6. THERMODIt NAMIC ANALYSIS

a. General

In the ADDPEP Phase 1 report (Reference 1), several methods are pre-
Rented for -estimating the heat flux -rateit and subse~quent ternperatuie rise
in a material for BALLUTE type decelerators subjected to aerodynamic
heating. The calculation of the heat flux rate - nd heat tranofer coefficient
when using these methods wao based largely on the assumption that the
leading- body ahead of the decelerator body does not affect the flow over
the decelerator body. For examnple,- the analytical approach outliaed in
Reference I P-.Aggested estimating the heat tranefer coefficient at the

BALLT JTE surface on the basis of frea stream flight conditions. Once
this assumption is made, the calculation of the heating criteria m. ay pro-
ceed in a manner similar to analyzirg a conical body -or blunt nose body

* in a high velocity stream.

An empirical approach, also outlined in Reference 1, advanced the fol-I
lowing mathod for estimating the local heat flux rate on the decelerator
body- utilize a reference heat flux -rate at (I)~ the leading edge of the de -i celerator bndy in the case of lamninar flo%; and Q~) a distancv S/R =2
from the leading edge for the care of turbulent 016o0, The reference heat

*1 flux rates used in this method provide an index fromn which the local heat
fluxi rates on the decelerator bc-dy can be obtained from a set of cornve -
nient- heat flux rate distribution curves presented in Reierence 52 fol two
different decelerator bodies.

IThe reference heat flux rates were convenient to~ calculate since they

* jahead of the leading body vasing the ge-ometry of the deceleratcr body. On

the other hand, the heat flux rate distribution dd-a were obtained from
an experimental -Wind. tunnel heat transfer evaluation of a BALUTTE de -
celerator at Mach 10. Thus, thte proposed empirical approach takel; &nto
account, in a limited manner, the effect ol a leading body on the heat
transfer characteristico at the deceterator surface.

In subsequent analyses of BALLUTE heating, a variation in the methodt
of analysis was introduced. The basis for the intifoduction of this varia-

Ition was the results cof additional situdies conducted onz the flow phenomena-j that occur between a leading body and a decelerator bodi that trail in thei
-~ -wakeof the leading body. A simple model of the wake flow retultin& from

-~ the interaction between the leading body and the trailing decelerator was* j formulated through the use of available experimental data and was pub -
iked In Reference 64, More recently, som~e a.dtional work was con-

ducted an this flow phenomena, and these data were presented in Refer-
once 65.

Ae a result of theso investigations, it was decidad to modify the thermal
i arAlysis methods presented earlier for calculadAng BALLUTE heating to

take into account the formation of the wake resulting from the flow inter-
action between the leading body and the trailing decolerator body. The
proposed method of ."nalysis does not invalidate previous methods; how.,

eeit is based on a more comprehensive flow definition and shows

1.20
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promise for understanding the flow phenomena involving a decelerator
body trailing in the wake of a leading body.

b. BALLU rmal -a isMethods

One of the important con'rlusions drawn from the investigation of wake
phenomena betwean an aerodynamic deceleratcr trailing in the wake of
an axisyrnmetrical leading body was the concept of a cylindrical viscous
wake exiating between the. two bodies (Reference 64). Howover, no cri-
teria were available to establish whether the wake would be lana~r or
turbulent, although it was shown that tho diameter of a viscous turbt..lent
cylindrical wake between tht two bo dies would be approximately twice the
diameter of a lamninar type wake. Since for most practical engineering
applications it is re~quired to predict whether the material chosen for tile
decelerator body wiall sustain the most severe anvironznent encountered,
a decision rmt be made. as to whether the flow over the decelerator body
is laminar or turbulent. O~ne approach is to test the boundary layer on
the leading body. If this boundiary is turbulent, the cylindrical wake will
be turbulent. A simple method oi determining whether transition has
occurred on the leading body is to use the following equation for calculat-
ing a %mnomentumn Reynolds number (see LI.st of Symbols in preliminary
pages of thia report):

Re6  P 00 0. 6951A JA.1I-14 PVo .5(7

P1 'U 1
This equation was derived from data presentea in Reference 66. The
tranmition Reynolds number is u~sually takera a@ occurring in the 400 to
600 range.

If the preceding analysis -reveals that the flow over the leading body is
lamtniir, then a wak-e transition analysis must be conducted to determine
its sta';e. Since wake trans,'tion dx.ta for a flow between two bodies are
practic-illy nonexistent, free wake data must be used. In general, the
unified wake tranewitlcn correlation data in Reference 67 are very simple
to use,- Predicting the transition of the wake using the correlation pa-
rameter from Referance 67 requires an evaluation of the following group-
ing:

( Re ) 4MD M** x ;TE&iMji )2  (68)

Aplot of this wake transition parameter is presented versus free stream
Mach number along with the range of transition data taken from Reference
67 iu a subsequent dlscu3sion of wake characteristics,

With -the type of boundazy layer type establihed, the heat flux criteria at
the decelerator suiiace can be ioalculated. At this time. one may pro -
ceed with the methods outlined In Ai~zei!-r. 64 for calculating the prop-
erties of th. wake and then us!4g these Wake flow piperttexlor estimnat -
ing the heat transftw rates at the decolevator surface as a functiah of-

A.4
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thise upstream flow properties. For a laminar boundary layer, the beat
transfer coefficient on a decelerator surface can be calculated from the, following equation (Reference 65);

D1 II (9
Ep (I,. \) ,,' I (9

cone /Zcor/)

LPoo

hJ

The prime ataioon indicates these properties must be evaluated at con-
ditions existing at the edge of the boundary layer and at the particular
station under consideration. The pressure distribution over the decel-
erator sriace may be calculated using the tangent-cone method, since
the flow properties of the wake and the geometry of the decelerator are
known. The decelerator and the cone n _ust be compared at equal die -
tances from their respective noses.

In case it is determined that the boundary layer is turbulent, the heat
transfer distribution over the decelerator surface can be calculated using
the following heat transfer equation (as suggested in Reference 65):

0. 0I96 h (70)

P uIx2/
(4a ) (Pr)~1

The prime notation again indicates that the appropriate properties mut
be evaluated for conditions at the edgo of the decelerator houndary iayer.
The starred quantities on the other hand must be evaluated using the local
pressure and reference eathalpy (h*) where this latter quantity io evalu-
ated by the following equation:

h h' + O. 45 hw  ) + O. 2O (h' - h') (71)

As in the laminar flow case, the evaluation of the turbulent flow heat flux
rates depends on the evaluation of -wke flow properties ahead of the de-
colerator body. The calculation of these wake flow properties is outlined
in References 64 and 65.

The above methods may be simplfled somewhat if, In the interest of ex-
peiAUecy, it is required to calculate the maximum expected temperature
rise in the decelerator material during flight along a prescribed trajec-
tory path. In such a situation, the flow parameters at the decelerator
surf co usually vary with time. Thus, it !s required to define the flow
4@dton at the decelerato. surface as a function ol time prior to cal"-
culatil the boat transfer charactoristices.

The heat flux rate for tarbuleat flow, for example, can be calculated

122
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tualng iCquation 70, Evaluation of tl.i equalion requires a knowledge of
the local velocity, temperature, and prebsurm. Thhoe flow properties
at the decelerator surf ace may be estimated with fair accuracy by the
methods described in the following discussion.I Cunsider the flow model proposed in Reference 65 and shown in Figure
54, The flow in front of the decelerator is composed of a viscous cylin-I drlc-al core and an inviscid outer riegion. Mach number Me near the
junction Off these two wake flow resxionit@ may be approximated by consid-
ering a single expansion oi the flow #rom the stagnation pressure region
at the "nsoe4~ the leadir'. h^4v +- arabient or~nas'- '.e a.
Thls 1"antropic -OVAnsion f reezeo Mach numbeir Me'to-values le ss than
five. In the region away from the junction of the ine r viscous wake and
the outer inviscid wake, the Mach numnber of the flow behind the bow
sho"k approaches free stream conditions (MOD) as the trailing portions of
the bow shock arit approached.

Considering Mach number M' of the flow at the decelerator surface, it is
evident that the flow must cross a weak oblique shock that forms in front
of the decelerator forebody in the range of upstream Mach numbers do-
scribed. The effect of this weak r hock gives rise only to a small varia-
tion tin iMah number M. thus it I posb toasumfc foe tatdrMach
possible variation in the Mach no lber range resulting from the upstream

number W~ at ti-e edge of the decelerator surface boundary layer is that
resultLzi from the flow crossing Pan oblique shock at Mach number Me,
Once this assumption is made, Mach number MI variation at the decel-
erator forebody forehody surface may be readily calculated using theI compressible flow data contained in Reference 68.
The local enthalpy of th s treamn may now be calculated at the edge of
decelerator swface boundary layer from the following relationship:

H1

I+ 0.5(Y l)M'
where 1F.IIs the total enthalpy of the itream, a constant andi equal to free
stream inthalpy; ad MI -is the local &urface, Mach number described
above.

The renainin" property that mst be evaluate is. the surfacel pressure
acting ow the dececls rator foreody& 'it: has been found experimentally, as
tepot4 ta Reference, 52, an approxinate lineatr incroale occurs in the
surface preosure as the tlistau* from the ESALLUTI ap., increases.
In-s~zppovt of these expertmental data, hoeia pressure distribution

mehos prsonted in Reference I have teen shown to ,redict ,thes. values
With:a reo*1* amount ot accuracy using a nmded 1 eant-cone AP

poch. Therefore, the pressure, asoite i Wd with thety And
tmeatire can be readily estinoted.

ror purposes of bet transfer cafti*atious. however, it is the peak pros -A
sre Seia on the decelerator, orface that Is oft interest bocaite tWe

Positien su gie riso-to teMaximum heaJ~s1Jtin to., to, OWe decderator
mAeriaL b uSa iso h 01elnetai 1eemie pros mre,
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DECELERATOR SHOCK~

OUERj~VICI WK

vicusWK

Figure S4 - PayloaA and BAIAM.TE Flow Field Schematic

distribution over a BALLUTE cfeceLerator trailing in the wake of a lead-
ing body (roported in Lf.eie;. uce 52 and mnown in Figure 55) revealed that
the Maximum pressure can be predicted by the following technique.
First, conaldcr a BALLUTE in the free stream Mach number (Mma) flow.
Using cone'theory for Mach, 10.1,. Me wato of local pressure to free
stream pressure can, be calculated to be about 63. as shown in Figure 55.
This value grossly over sedtct$; the :naaimam pressure acting on the
PAL.LU TE.

Teocalclt h~e ocale Mrahnm gr presu rsai an~ oowr se -vae
siob arsis a, moal. hc taatweam d1,. ing uto in a str.75 pressure,

ratio, a, slowu In 1ISO" Ii, bU* h 10.75s vilatprdios Lloa
P Ieasuxo 0 otZh. r)f t~ a -qute well tot an/d i , it

by avraging the two cak -t"d 4#be.ii UKdnw~~ssreca
* . pwe4rud quite iccuv.teiy, 1*asi o f a W44pt p0es00r 4is-

ftibugoa eveuatW, zh bov* teowe* CPA .1 apfu4~ readily

&U"v camb.ie ea"s6i0y 4%et"r-
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is divided up into a numi.r of layers, the heat balance can be written as:

k (T T k (T1 + Ti. PC& (~YT. T) (74)

At the outer surface, the following heat balance can be written:

h(Ta T E T4 (Tl 1 - . -7- (TI, - TI) (5

* thi inner surface may be conelder'ad an adiabatic wall in most zaseks.
However, if a heat transfer occurs at this surface, the appropriateI
boundary condition equation can be specified.

If one conviders the prevbous calculations of the heat flux rates uncoupled
from the beat conduction problem, then these must bi-, adjusted to fit the
proposed heat conduction rolution. If one assumes that thet heat flux
rates were calculated on a cold wall basis, then the following modifica-

tion may be made to adjust &-~ external heat in terrnf. in.Equation 75:

aw 1w

ew 

These equations are readily adaptable to a digital computer langu.oge. A
description -of an tramnple solution follows.

d. TB-4 Calculated and Measured V&Uke

SLWT1M lakric temperature valueo wErt -alculstow4 using the the rm&3
aaiysameW40d preseted above for the actaa4 Th -4 BALLIT~ ight

r . coaft~on4. Tbe puit pose was to, make a compari aon Wfth moatire4 values.

The ~ ~ ~ * Zelmn on fteB WT decel~rator was o ab~trbid froa%'
radar trcksing dataa ta144 Ilc 40t a Z67004 a1tUd -MW a 9 126-
Amv velocity. .Cm the baste a' the, taie tr a eciteria PC0'tosz. 16 a
eVaJUtlo. of £qRUtJAMl 6S jbeWa cA" t rin te -0I 1"041h phsd the
* ta~ctry ite eotiraftor ishoCW te in4 1-z Iaml iv s. Tt 4 theevlu-
Mt. 'ohbettaafr ci'oclena was ba**.4 o e aue 9 Tecl

wall bt ibmraue o most criticlpdino ~~ eeeao u'
'ALac asis, Itir .4 1111 ro £uA".Aftctiof time, a fL4M

1U. To~r 4 thase at *clideat 1e0itr trljectry was ex*Amin.4

ofa twe Aevto a r shown 1.iaw 5. rseom.ittaswe

W*J4'
444i44 a" IftW& st" dw Cae"Ase

f boo ta'Mv i
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(A) DEFLOWMNT 10 FFR
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Figure 56 -Cold Wall Beat Flu1tx Este, (A) Depioyx'ert; 'B) Re-entry

1ead!Ag body. Until abouat 700 sac, tirts 4actlerator Is oncompkormd in a
turbulent wa~ke with transitions either on the leada body orI"'-dit~ly
behind the h"4y

As a revult ol Wies criterion. the beat input inato 'Y deecieleratur nmaterla!
Luwot be calculated partially by using Equaation 69 for the laminar WMAk
mae and then umL-V Equation 70 for the turbulent wAe icase. The reaut-dt
A"e shown in Figure 56B. The lamina cold wall heat flux rates rise
rathot slowly as the bodies re-agter cho atmosphewe ad graduaily re*ch
a&beat fl=x rate of abakijt Z Btu/fO -oca 695."c fromn laumch. The heat
AlUK rates intrease *a th.e critical Pastin Ion the diaceIlJatr suafface us-

tla cold wal ti~rbulza he&t fux rafte of atbout 19 Btu /ft&-e is reached
at 700 e f launch. Theareefter, the bea t fl rate 6.cru.aoo#ws

The tentpeature rospos of &as 4e~z.erwAor m~aftoWa wa*, zalculated bext
Mn &e basis of the cold wail beat Mmwi ratos and thie transient ham ofc

ltion mvatC-e PrwI entd "Asi r. The res;lts ate twn ft Ptsgkro 51 as
-&&fwt~e ot time of M~iht x*Iog wt* the tiemater*4 tvmperatire 4ats.
The UedMMI Vshlcl. tOAtepo prtuwe prohe.44&are presntd for refer-

Le. ft"e t6e towa t*Mperattzr* ptobe is eat4 e. t re"d tompsra

~h~e nd ~RAWIT tlarwocoep~ vahma. In A, cas of r* eatry
Mobt. the pr-Ae tl "tpuapetr dat was prngrazmd t e amn-.
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TEST ITF2 - ;'REDICTED EED

I -- O4SE PROBE
=0 . i- - 0 THEMOCOUPLE I

I0 THERIVOCOUPLE3

ism~

300 ....~ ~ COATING NOflX

nOTN CIRCU IT
_CATN 1 OE

Fisureached- FlgThes 4redicted an esurfac temperatureawelsotrNox

T urfa teperr sprsetedfa thiprtirrons in the etmtd~a

jectory path. This predicted temperature is based on the heat transferI coefficients obtained using Equation 68. The surface temperature in this
case is predicted to reach about 280 F in about 10 see and then cool as
the test items continue to gain altitude. Thus, the predicted tempera-
ture evidently overestimates the telemetr red temperature by about 150 F4I during the exit flight phase.

Turning to the re-ent--y flight phase, the same compariscn is made. The
telemetered resutsi show that the material temperature had cooled to
less than 0 F during the 10 min of flight in the rarified atmosphere. An
estimate of this radiation cooling effect indicates that, for an absorption-
to-emittance ratio of less than one, this is admissi'ble. Although no test
data are available on the absorption or emittance characteristics of the
coa~tA-ntrial, the material iqb ' h *, +-A -~ ±Uth diraction. Of a-

ralo lse hanone.

As the test veicle re-enters the denser atmosphere, the BALLUTE ma-
te rial- temperature response indicates a alight rise initially and then
rises to about Z70 F at 696 sac from launch, whereupon telemetry signals
from these circuits cease. In the predicted case, the temperature is
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assumed to be 14 F at 684 sec frorn launch along a calculated trajectory;
the temperature response of the mnaterial Is calculated from this tempera-
ture level.

The initWa predicted temperature rise is based on a laminar wake and
shows the temperature rising to about 400 F in I I sec. The comparable
rise in the telemetered data is aboiit 270 F. At the end of this period,
the wake !a pradicted to undergo a transition to a turbu~ent type. Thus,
the heating rates at the BALLUTE surface rise quite significar~tly asI
shown in Figure 56A. The predictedi temperature shows a rise to a value
greater than 700 F in less than 5 sec frorr the onset of transition to tur-I
bulent. This is in excess -if its load-carrying capability at an elevated
tern eratue, and apparently it corr,. ates with the cessation of telemetry

readings for material temperaturer.
Comparison of the predicted and experimental data for this test flight
demonstrates that the methods developed for analyzing BALLUTE decel-
erators in the wake of a leaeing bcdy yield a fair degree of accuaracy in
establishing environmental thermal effects and temperature response of
the material.

Typical thermal properties of the matezials used in this test flight are
shown ini Table XX. The properties of the D-65 coa~tin~g material were
obtained f romn the Dyna -Thernm Chemicai Corporation, while the NomexI
data were extrapolated f rorn the data presented in Reference 69. On the
basis oi these properties, as well as information regarding the proper-
ties of the materiais utiliz~ed and the simple methods of analysis developed,

it is concluded thz the thermal diesign cof BALLUTE decelerators ma~y be
conducted within the limits of applie~d engineering accuracy.

e. Liui Cooling Consieerations

Durin'g the establishment of a rapid partial inflation technique, several
vacuum-chamber, wind-tunnel, and free-flight tests were made., In the
TrB-3 tests, the effect of vaporation on the material temperature was very

pronounced because of the relatively low aerodynamic heating rates comn-
pared to the rapid beat absorption capability of the liquid and its vapor.

For the metal BALLUTIE, the effect in given in Reference 45 and is shown
later ir. Figure 65 of this Phase II report (Section V).

TABLE XX - TEXTILE BAL!..UTE: THERMAL PROPERTIES OF

_____ -~MATERIALS IN FLIG14T TEST

T-hick- Specific Thermal
______--Ines s Density heat Iconductivity

Material Peition (mil) (lb/ft3 ) (Btu/lb T') (Btu/it-hr F)

*D-65 Outside surface 7 169.6 0.25 0.03

Nomox Fabric !1. 84 ot/yd2 - 23 42.0 0.33 0.032

D-651 Inside surface 3 68. 6 0. 25 0. 053
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Both sets of data indicate that a rapid transfer of heat occurred between
the BALLUTE fabric and the vapor. The flight-test conditions were
Mach 4 at 98, 000 ft in an ascending trajectory of approximately 80 deg.
Three thermocouples-measured the cloth temperature. They were lo-
cated along a gore, with a third thermocouple located at a position cor-
responding to one-half the BALLUTE diameter and maximum surface
slope. The values versus time starting at deployment are shown in Fig-
ure 40. The liquid solution used was 12 oz methyl alchol and 4 oz water.

Since the flight was short and the BALLUTE was packed An a dual wall
container, it was anticipated that the contained fluid would maintain its
temperature until deployment. The energy available for vaporization is
(1) the sensible heat in the solution itself as a liquid and with the water
-becoming ice, (2) heat in the fabric, and (3) heat in the incoming air.
The heat required to vaporize the methyl alchol is 482 Btu/lb, or 12/16 X
482 362 Btu. To vaporize the water, 1000 Btu/lb are required, or
4/16 X 100 = 250 Btu. While the exact sequence of vaporization has not
been established, the following action sequence is postulated (see Figure
59):

1. Alcohol vaporizing absorbs heat from alcohol liqu'i, I
(A toward B)

2. Alcohol vaporizing and alcohol liquid absorb heat
from water (A to B)

'3. Alcohol vaporizing and alcohol liquid absorb heatfrom water freezing (A to B to C)

4 Vapor and liquid absorb heat from the fabric by con-
vection (B-C to D); all alcNTj is vaporized at 70 F

5. Convection heats 12 oz of alcohol vapor, and BAL-
LUTE pressure becomes 560 psf at 600 F

7. MATERIAL, SEAM, AND JOINT TESTING

a. General

The criteria and procedures for TB-l and TB-2 material selection, ma-
terial qualification, and fabrication techniques were generated during
ADDPEP Phase 1. A tabular comparison of test result data for in-plant
testing of fabrics, seams, webbing, and sewing threads is presented in
Section IV of the Phase I report (Reference 1).

The selection and qualification of the materials and the generation of fab-
rication techniques applicable to textile BALLUTEs was continued during
ADDPEP Phase U. The data from tests of materials, seamm, and joints
were reviewed, and the values for the major structural members appli-
cable to TB-3, TE-4, TB-5. and TB-6 were abstracted for use in the
selection of materials for BALLUTE fabrication.
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b. -Material Selection

In view of the TB-3 and TB-4 loads, design factors, and material require-
ments, Stern and Stern HT-IZZ-45 11.84 oz/yd2 Nomex cloth was selected
to fabricate TB-3, TB-4, TB-3, and TB--.

c. Materials Test Data

The HT-122 Nomex cloth used for thu gores, inlets, meridians, and
risers was tensile tested; the test results are shown in Table XXI, Part A.
Test result data for gore and riser seams are presented in Table XXI,
Part B. The characteristics oA' the sewing threads used in BALLUTE
fabrication are given in Table XXI, Part C.

Exact static margins for the inlet attachments, keeper rings, and loops
have not been established by static tests. However, fuil-scale wind-
tunnel tests for as long as five hours have established their structui.al
strength and acceptability (Reference 45).

Permeability tests were conducted usir.g helium at a pressure of 3 cm of
water across specimen coated with Dyna-Therm elastomer to the design
values; i. e., one light coat each side, plus an additional heavy ccat in-
side and two additional heavy coats on the outside. The values measured
under these conditions on thq Cambridge perme4meter varied from
equivalent to 0. 001243 ft/ft4/min to 0. 01368 ft3/ft/min.

Nomex strength variation with respect to varying thermal conditions is
shown earlier in Figure 53 as percent of room temperature strength ver-
sus temperature.

Materials were heat-tunnel tested to determine their response to heating
conditions similar to the TB-4 flight conditions. The Goodyear Aero-
space heat tunnel is a continuous flow facility that uses heated high pres-
sure gas expanded to Mach 8. The samples were mounted in a control-
lable holder downstream of the nozzle. The holder was within a large
test chamber evacuated by a four-stage ejector pump system. Heat flux
rates were controlled by the stagnation temperature (to 1400 F) and by
the stagnation pressure (to 150 psi) of the gas. Heat flux rates to 20
Btu/ftZ--sec were accomplished easily with the heated gas system. The
stagnation and chamber pressure ratio was set to match the Mach 8 noz-
zle pressure ratio requirements. The diameter of the exiting flow under
these conditions was approximately two inches.

A list of the better candidate coatings and the test conditions are pro-
sented in Table XXII. The coated specimen were tested at 40 dog to the
flow, which corresponds to the BALLUTE surface at the maximum heat-
inlg conditions. Lower angles also were used for uncoated samples as a
control. All specimen were two inches wide and were preloaded. Pre-
load values were used in conjunction with Figure 53 to obtain a gross
check of the average fabric temperature at failure. All the coatings gave
a considerable increase in the time to failure, from 6 to 20 times.

133 C



SECTION IV -TEXTILE BALLUTE DECELERATOR AFFDL-TR-67 -25

TABLE XXI - NOMEX TEST RESULTS AND

CHARACTERISTICS

Part A - General Tensile Test Results

Width Rated Ultimate load
Material (in.) strength Application (Ib)

Nornex HT-122, Cloth . . . Gore and Warp: 538, 33 per-
11. 84 oz/yd' X I-in, wide ileto, cent elongation
=45. 7 ft'/Mnin* ravelled Fill: 548, 31.2

percent elongation
Nomex, similar 1 -in. wide 3000 Meridian High: 3 100
to MIL-W-5626 and rivers Lo:3050

Part B - Webbing Seam Tensile Tests

Width
Specimen (in.) Stitching Application Average load

Nomex HT-122, 2 4 rows, F thread, Gore seam 450 average
5/8-in, wide 10 to I I per inch per inch
double felled seam
Nomex webbing 1 Two 2 -1/4 -in., Riser seam 2850 sverage
MIL-W-5625, 3 point spaced,
double 3 point 1 in. apart.
seam 3 cord, 190

stitches

Part C - Characteristics of Sewing Threads

Tensile Loop
strength strength Wei ht Daee

&to(lb) (1b) (r/t ml

E 7.46 11.69 0.0197 7.25

I7 16.68 2.60.0453 13.50

For 23.00 35.58 0.0631 16.75
3 card 35035,98 0.0J607147

6 cord 44.44 68.54 01.11218 14.7S

134
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TABLE XXII - TEST RESULTS OF MATERIALS USIN

H!EAT TUNNEL*

Preoaed (per-
cent of room Teto I Heat fluxcAngle to temperature Tmto2

Item flow_(deg) quick break) failure (sec) (Btu/ft -sec)

Bare 10 10 No failure 2. 6
after 60 sec

7are 20 to0 No failure 3. 1
afteir 60 sec

Bare 30 10 No failure 6.1
after 60 sec

Bare 40 10 15.60 12.9
Bare to 10 11.50 12. 9
Coated with I11.12 mils
D45 Wv tu-Tberi4 40- 5 95.20o 12. 9

Coated w ith ''12 mils
D-65 (Dyna. Therm) 40 S 70. 45 12. 9
WI9 Milo 92- 009 siicone
(Dow-Corning) 40 9 76.50 12.9
W/9 mile 92-009 silicone
(Dow. Corning) ,40 5 129. S0 12. 9
W11ll-IS Miloe 0GE ITV 511I
(General Electric, Silicone
Products Dept.) 40 S 115.60 It. 9
W/I-I1S mile GE RTV 511
(General Electric, Silicone
Products Dept.) 40 5 217.70It9

Using Nomnez HT-72 (6. 67 os/sq yd and a 3" lb/in. room temperature warp strength) a3d Mdach 6.

8. DESIGN AND FABRICATION

o. Genieral

Dmlring ADDPEP Phase U, two basic textile BALLUTE designs of similar
construttion but of slightly different configuration were designed aNd tab-

1. Configuration One:. TBW13

2. Cofigullration Two: T2-4, TI-5, TB-6

The tettBALLITE, packied. in Us~ deployment, bag. formed~ the test deo
eletto, _0*01's. as. kt is stowed into the Test Vehicle 'C. The stIOwage
arrangemnt is shown in FIgure4. Sectioa II, of this report.- BALLUTZ
T3-3 iws Lsrivato. to the detail requireeats of Dwawlmg SIA0@5 -OZZand is described in. detail in Adfer~e 41. A comaplete description of the
ISALLUTZ deelerater. is presented in Sectlon IV of the Phase I repiort

(1~~afeveace 1) iguctd"i. at Only TB-4, TO4. ad TB-4 are, in-
inde L tho kAlqwl dlonstm

.........
"W 77
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b. BALLUTEs TB-4, TB-5, TB-6f

fgration Two BALLUTE assembly and gore patterns. The configuration
ofPTB.4. TB-5, and TB-6 is shown earlier in Figure 40; characteristicsI
are deie nFigure 51. The BALLUTE is without a fence, and the en-
velope contour is the sanme as TB-Z and TB-3 (also shown in Figure 40).
The BALLUTE has 16 gores and 16 mtridian webs. The bias gores are
patterned to provide the correct lobe radius for this structure. The 16
meridian webs and the riser are formed by placing 8 webs continuougly
around the~ envelope and into the riser. forming the 16 riser webwa. The
webs end at the riser attachment loop. At the front of the BALL UTE the
webs are brought through a 6-in. -diameter keeper ring. This rin:Z i-
constructe"I of 12 tuzns vi coJ made from r3 Nomex 6 -cord twisted to-
gether at a point 14. 5 in. forward of the keeper ring. This arrangement
is intended to keep the meridians oriented and loaded equally and to de -
create the angle change at the keeper ring.J

All the cloth used in the construction of the BALLUTE envelope is Stern
and Stern Textiles, Inc., Pat~ern Number HT-122 plain weave Noniex,
weighing 11. 84 05/sq yd. The Nomex webbing in the meridians and riserI
is similar to MIL-W-5625; It ts I in. wide and has a rated strength of

3000 lb.

For cloth strength, all seams are sewn before final coating. EnvelopeI
gore seams are double-felled with 4 rows of stitches. After B.ALLUTE
assembly, additional coats of D-65 are applied to the entire envelope
surface (bee Appendix III). The coating serves a two-fold purpose: (1)
decreases the porosity of the fabric tor proper inflation and (2) protects
the cloth during aerodlyramic heating (see Appendix IV).

Changes were made to improve the reliability of the inlet structure. This
was dlone by moving the inlets mnore forward into a region where there Is
less movement and a much more flexible inlet structure. Thus, the
Tgolveipent of the fabric during the early inflation process does not result
in crideal lo ini the trames or ia~1et structux e. The £iniet design is
presented in drawing S30AOOS -043 ilReference 71)J.

The Inlet positon on the. envolope is approximately the sane as that of

TB-AA ad TB-lB shown earlier in Figure 51 The mnouth of the inlet &snormal. to the: contour of the envelopewihdfesro the 30-dog,V

ts,6 which were used in prior units. were eliminate-1. The only metal
nUw used is a flexible &Oven-wire hoop'Intorporated into the inlet lip it-
sell . Webs: Are p'rovide$ for initial otcinand support of eacli inlet.
Ma4teA" and 0oa", thickness: weres aded to the inlet lips and rejline of'

smallr~l ~s~atalboth local high heating rates.

-h Te mt~o fSipotn ah Anet using folded 0. "#
webbi ~ ~~ isbtfawa SA 5-ZOI ,(Reference 70,). A top cear-

tez sad btt*. center attachment to Ithe inet, hoop *as selected'to allow

VL
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the inlet to align itself latarally to the flow. The inlerz were provided
with stocks to prevent ieverse flow.

A p:sizrflation system using liquids is used to attain an early inflated
-shape and to cool the structure durung the initial high ioeatingj rates.' The
liquid ie at solution of 12 os methyl alcohol and 4 ox water; this liquid is
contaiaed in tw- latex bladders both placed end to end within a 2 -piece
cloth cylinder (bag) that was hold together witb lacing.

The fluid bag assembly is shown in Drawing 530A005 -IIl (Reference 73).
As p.eseented in Drawing 530A005-036 (Reference 73). one end of the
cylinder is attached to the noce of the BALLUTE, and the other end is
attached to the rear of the BALLUTE/deployment bag. As the BALLUTE
is- stretched during deployment, the lacing is broken and the eViuder is
pulled into ok forward and a rearward Ualf. The rear latex bladder is
*ttache to, the forward half of the cylinder, and the forward latex bladder
--a attachW to *&t. r.~..ward half -of the cylinder; thus, the bladders are
broken and the fluids dispersed during thi separation of the cylinder.
Vaporiation of the fluid results in envelope initial pro& suisation and

cooling.

Five chromel-Alumel thermocouples are woven into the envelope cloth
prior to ccoailng., The wiwes from each thermocouple lead over to adja.
coof meridians ad then fotward to the riser and connection to the test
vehicle.. The the rmocupla location and installation technique is 'ihown
in Detail R of Drawing 530A005-201. .(Reference 70).

A hose from the forward portion of the BALLUTE envelope transmits the
pressture to the test vehicle. The hose consists of a latex tube with a
continuous wire spring inserted within to prevent tube collapse. The
latex tube is within and Is supported by a !vbular web from the BALLUTE
to the pressure transducer in the test vehicle.

4 (2) Fabi~atA)U

Vabrcation %as be*n done according to iths detail design requirement* of
Drawing 530A005-20l. Prior. to dimensioWa mariting anid cuttiag, heat-
rot And scoured ?fomex cloth is stretched and clamped on frame* with
warp *Md fll lnearity established. The cloth it thes prived with a thin
crAt of Dyna-Thern 4-5 elastomer. Templates dimensioned to:Draw-

13"05OO~201 are usedt as a iaide for markingai%4 cuttingthe table
f4e~tbric Pf'tori 46 A=osi th Siaore eAwo -a thin coat and aI

ful catat.aplid t the tonlveflop. inside surfaca An sAMonal
tull Zoat is the& ipplicad locally t6 th* eiAebed a*,*". Next th. o ALLU TV
-ie P.l6s41, tAd twkUl-cats 'are app)hed to the outside of the fabric.
-After the BAL4.UT3 is completely fabricated, the liquid initial, pressur-

A SJOQIOSO Uufi'eaui74)., TM. deismatbagl ia tarioated Irom
Ayf m" s d i*. 0atayZ I , iniem21bt'. L AA indam-
*te. Sad$bpe tofit the teot Iftem qotAtLar The ba4 is reinfored,

%11 41*)(



SECTION IV - TEXTILE BALLUTE DECELERATOR AFFDL-TR-67 -25

with six equally spaced webs and throe lateral webs, one around each
end and one at the center. The six external longitudinal webs are attached
to the bag rearward half and become the bridle to the text item container.
BALLtJTE storage requires two bag compartments. Conpartmentation.
is accomplished by loops of webbing sown longitudinaLly to the inside of
the bag. The rtarward portion is used to retain the envelope, and the
forward powrtion is used to stow the rise' lines.

9. DEPLOYMENT SEQUENCE AND PACKING PROCEDURE
a.Deployment Sequence

The BALLUTE deployment system is shown in Figure 60. This system
is illustrated by a sequne of six steps that represent various tinies and
events from the start of contIner separsiton to BALL.UTE partial infla-

b. EacklMa Procedure

(1) Installing Fluid Bag17

Prior to packing the BALLUTE into the deployment bag. the fluid bag
-- Sai"i- the initial pressurization liqaid is installed into the BALLUTE
envelope.7 The method of filling and installin the fluid bag is presented
in Drawings 530A005-036 and 530A005-111 (References 72, 73). The
fluiid bag instalatiaa is accomplished through an envelope inlet.

()Folding BALLUTE Envelope into Longitudinal Pleats

The envelope is folded into pleats as shown in Figure 6 1. The folds are
laid :ut to keep the nal pleated arrangement approximately 12 in. wide.
The inlet are pocitioned so that they are arranged Iu two groups of two-
high each. The ioldtog to started 43y orienting the envelope portion can-
taining the fo'rward fluid bag, lanyard within the first (bottom) pleat. Thefluid bag is. positioned at 90dgt h ALT xeand ...t a point ap-L
proximately 15 La. In f raw o the lnleiz.

( W.F~Ing.Pleated FileI:

Tbe ftst 10ld is maide as close possible to thie front of ths, ia~sts, s that
"4l-foded pile can be. created. between, the fluid bat and the Anlet.. The

envlop, folding l* continued unlng serpentine folds. "on tS AL LUTE
ft Completely foled It forms A Cin approxlmately It. in. eqT&aae.

() tsoluig Apes CordI
A sngl MI-C-5040 Type MK Cord (S 0 IN) is used for teapex cord in-eUtimeo (Reference 73.The OWd Ow cord~ is doubl-A back In teknot.

"04C amd a bowline is td in the doubld cwrd around tetop four webs,
u~ th$ envIel. aPex %ug bowline in the single Card. The off'etive

138
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folding technique, keeping the end loot's oriented and free from twists
with respect to the deploymtent bag. ±ach fold is tacked to an inner lock
cord, with one turin of three-cord sewirg through all webs except the
wire -carrying webs. C,-.iion 4 a exercised during the stowage to prevent
puncturing the pressur( aing tube, and care is taken that the tack cord
is not placed around tht. &ressure sensing tube.

(9) Closing Deployment Bag

The forward deployment bag material is gathere 1 into pleats around the
riser at a tnoint just below the cutter knifim. The pleats are stitched to
the riaer With F thread in such a mannar that, vwhen the riser breaks the
thread, all stitching pulls out freely.

The closing cord is irnstalled by making three turns of MIL-C-5040 Type
II cord (550 ib) through the six outer deployment bag loops and through

are continued into the grommet lacing at the Leides of the bag, one cord
end to each s.de of the bag.

A sinf'--cord pattern is laced as showa in Figure 62 and is terminated
at a t. torn grommet with two half -hitches and an overhand knot in the
tail. The cords are tied away from the cutter's edge with two pieces of
F thread, as shown in Figure 63.I

10. SUMMARY AND CONCLUSIONS

a. ConfigurationI In generating four flight-test configuriitions, two textile BALLUTE en-
velope shapes were used with va.riations in inlet locations, fence sizes,
and feace locations. Free-flight or wind-tunnel teats showed all coifigu- 1
rations to be stable, inflated shapes at supersonic velocities.

Internal pressure coefficient control was attempted by inlet position; this
wa3 the basic reason for the maniy variations of inlet and fence positions.
Internal pressure coefficients were of fundamental interest since the
most efficient BALLUTE structure design considers the internal and ex-
ternal press'ures. Wind-tunnel and free-flight test data revealed that,
at Mach numbers greater than. 2. 5, the internal pressures for a trailing
BALLUTrE were greater than needed for a BALLLTTE with an included
angle of 80 to 85 deg. The test data also showed that, for the many inlet
locaticna tested, the valuuus increased and reached a plateau above Mach 4
(Figure 49).

AUl the data presented as symb.ol in Figure 49 are ADDPEP free-flight
tests or wlnd-tunnt I verStions of former flight-test units. The curves
itro based on th~e results of mestsured values over the complete Mach num-
ber range. :lard models utilizing trany inlet configurations are used with
and withoit a missile -type forebody. Two analytical curves are presented
fox reference - one based on a one-shock system from free-stream, con-
ditions and tho other on a two-shaick system from free-stream conditions.
The two-shock system provides good correlation with test data to Mlao~h 4

141 '
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Figure Q~ Deployment Bag Lacing Technique
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for towed units. For units without a forbbody, the values are lower but
above the one-shock system values.

It is not known why there was a large variation in measured internal
pressure coefficient near Mach 3 in the wind-tunnel tests using flight-
type units. The high inlets were expected to have less recovery than the
low for test item TB-3WT; however, the values for TB-IBWT and MB-l
were far below anticipated values. Based on these results, it is con-
cluded that the instrumentation approach and the flew phenomena approach-
ing the inlets need further investigation.

b. Aerod nainic Loadin s

On the basis of the iree-flight and wind-tunnel test results, the selected
configurations did take their predicted shapes while under load. These
shapes were determined from estimated internal and external pressure
distributions. Analytical approaches for determining the external pres-
sure distribution are presented in Reference 1, and distributions for
higher Mach numbers are presented in Figure 48. The correlations be-I tween ana lytical and wind-tunnel values are sufficiently accurate for en-
gineering use of the analytical methods up to hypersonic Mach numbers
greater than five). In the hypersonic regime, the forebody wake reduced

external pressure coefficient values near the central portion of the BAL-LUTE below those predicted ignoring the wake.

The drag values measured in the wind-tunnel correlate with the free-
flight test data (Figure 50). The wind-tunnel values are more consis-
tent with each other because of the more accurate knowledge of the test
conditions. Based on these results, it is concluded that the wind tunnel
is an excellent tool for BALLUTE drag and stability measurements.

Filling times are normally defined as the period from snatch load to
maximum load. With a BALLUTE, this occurs when the internal pres-
sure coefficient is approximately one. Free-flight and wind-tunnel tests
indicate this occurs in approximatply one second (References 47, 43, 54).
Filling time to this condition can be calculated using methods presented
in Appendix VI of the ADDPEP Phase I report (Reference 1). Normally
at free-stream Mach numbers greater than two, the pressure ratio
across the inlet is sufficient for sonic flow within the inlet until an in-
ternal pressure coefficient of one is attained. Figure 49 presents typical
pressure coefficient values at the inlet.

Methods to reduce filling times were also investigated. Wind-tunnel
tests were conducted using 12 os alcohol and 4 os water as an inflation
aid. This measure decreased the time to maximum drag to two-thirds
of the time without an inflation aid (Figure 41). The effectof the liquid
on the filling time can be determined by calculating that portion of the
total BALLUTE volume filled by the liquid under the temperature condi-
tions existing within the BALLUTE at an internal pressure coefficient of
one.

Review of the wind-tunnel data films indicates that firm envelope shapes
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can be obtained with all the configurations (Mach 2. 6 to 3. 0). Based on
these observations, it is concluded that no changes are required for
geometry analysis.

d. ructure

Inspection of the BALLUTEs after each test confirmed the structural
adequacy of the envelope, fence, and meridians for the design conditions.
Problem areas were limited to the inlet structure on TB-3 and the coat-
ing on TB-Z. The inlet structure was improved for TB-4, TB-5, and
TB-6 by eliminating all metal parts except the hoop in the inlet mouth,
This hoop was changed from a single wire to a multiple wire cable type
struct-re to allow greater flexibility.

The TB-Z coating was applied to TB-3 tech-aiques, and it performed sat-
isfactorily. No problems wer6 associated with the other coatings. Pres-
sure instrumentation was associated with all flight tests. A tube carried
the pressure from inside the BALLUTE to the vehicle transducer. On
the TB-3 and TB-4 flights, five thermocouples were also imbedded in
the anvelope fabric alorg a gore. Light wire woven into the fabric and
over to the meridians carried the readings forward to the vehicla instru-
mentation. Based on the tests, the pressure tube and the thermocouple
approache* were structurally adequate f6r obtaining data.

e. Thermodynamic- Analysis

A thermodynamic analysis was performed to (1) Compare the predicted
material temperature values with the measured temperature values for
the TB-4 flight test and (2) evaluate the predicting technique. Based on
the evaluation, the prediction technique is considered acceptable for en-
gineering design. One reason for some conservatism during the ascent
phase is omission of the heat absorbed by the liquid vaporizing. This
amounts to approximately 700 Btu or 100 F in BALLUTE material tem-
perature.

The effect of fluids on the BALLUTE material temperatures can-be -een
more clearly on the TB-3 test, ,vhere the heating rates are lower e nd
the cooling action is more obvious (Figure 45).

The materiais selected performed as required and included (1) nylon
coated with neoprene, (2) nylon coated with polyurethane CUR 71A, (3)
Nomx coated with Silastic 131, and (4) Nomex coated with Dynatherm
D-65. No appreciable differences were found between nylon and Nomex
as the stvuctural cloth or webbing for accepting the loads. High effi-
ciency, gas-tight seams were established in both materials by using
tightly woven, plain weaves. Cloth was heat-set and scoured by the sup-
plier to reduce shrinkage and to clean the material before coating.

Neoprene and polyurethane CUR 71A proved satisfactory coatings for
nylon. The po1"yrethane was more flexible and penetrating than the neo-
prene, Silastic 131 asd Dynatherm D-65 were used satisfactorily with
NoMOZ cloth.

144



SECTION IV -TEXTILE BALLUTE DECELERATOR AFFDL-TR-67-25

g.Design and Fabrication

The basic changes to the BALLUITE designs that evolved during Phase II
were fox- accepting higher heating rates and/or higher loadings then the
designs presented in the Phase I report (Reference 1). Aside fromr ma-
terial changes, the design changes were associated with the inlets, the
fence, and the partial inflation and cooling aid. Based on the program
results, it was concluded that the final inlet designs are structurally
superior to the metal-supported designs. The wind-tunnel testu con-
firmed that a BALLUTE in stable without a fence at supersonic speeds.
The inflati-an and cooling aid approach appears to be practical for high
altitude use and should be considered in the design of a BALLUTE recov-
ery system.

h. Deployment System and Packing Procedure

The deployment and packing procedure was satisfactory for all tests. No
changes are r'ecommended for further tests.
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SECTION V

METAr T, ALLUTE DECELERATOR

1.GENERAL

a. History

The analysis of BALLUTE decelerators at the higher Mar&b numbers and
aesocitccd aerodynamic heating pointed to theoretical limits in the use
of textile cAiX and thc need for a BALLIJ F fabricated from metal cloth
materials. During ADDPEP Phase UI, the investigation of the design and
fabrication of a mnetal BALLUTE (MB) decelerator was concurrent with
the task of textile BALLUTE (TB) development. The goal for the metal
BALLUTE was Mach 10 at 200, 000 ft.

Three metal cloth IBAL LUI E decelerators were designed and fabricated.
Two were wind-tunnel mode~s, designated MB-lWTl and MB-lWTZ.
Both were testeds in wind tunnels for progressive study and zvaluation of
the design and construction requirements for a flight test model. The
third metal cloth BALLUTE, designated MB- 1, was a prototype flight
test model, and was tested satisfactorily in the wind tunnel. The design
and fabrication of two other metal cloth flight test BALLUTE d ecelerators,
designated MB-Z and MB- 3. were considered but delayed paidng evalu-
ation of the performance limits 6f coated Nomex cloth BALLU lEs.

b-. Conditions

The test environment for the metal BALLU TEs was originally intended to
extend the BALLUTE decelerator applications into the areas where aero-
dynamic heating would preclude u se. of Nylon or Nomex fabrics. The test
item deployment conditions at the .begioing of each-trajectory are pre-
$anted in Table XXIII. ,The changing parameters aftrar deployment for
MB-I, MS-Z, and PAB-3 are similar to $he curves for TB-4, TB-5, and
TB..6 (Figures 37, 38, and 39, Sectiop IV). Therefore, the MB curves
are not given in this section,

c. Co~atoo election

All considerations few the evolution of textile BALLUTE configurat iions
ar lplied t~ the configuratieci oelectl6n for the metia SALLUTE -series.

The basic isotensold ghape and c,6afigupation of TB-3 (Reference 75) was
selecked, for MB-i1.. The M13-1 configuration is shown in Figure 64. The
Soome ty..doot not include the usual burble fence attachment found 'on
TS1aa or V-2 since it wax not: deemed necessary for hypersonic 04a-

&iItya the selected altitude. this approach slmpl~fied the construction
= 4 ths ttial teot condition, *nd the TBP3 free-flight test pror-ed feaui-

bfty. :ODimensions of configuration are given, in Itqm 4 of this section.,

.WVTD-TlUNIEL TESTS

aWiMT~ Models

The, purpose of metal-BALLUTE wind4-tne tting was to establish a

14?
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TABLE XXIII - METAL BALLUTE INITIAL FLIGHT

PARAMETERS AT DEPLOYMENT

Design configuration

Condition MB-I MB-2 MB-3

Mach num~ber 5.? 7 11

Altitude ('? -3t) 120 130 220

Dynamic pressure (psi) 220 215 15
Flight -r--h angle (%deg ascent) 75.
Ballistic coefficient of sys-
tern (pet, missile plus
BALLUTE) 30 30 30
Reynolds numbe r (I=5-ft
diameter) I X 106 . .

Booster combinations$ HJ-N-L HJ-N-L XT%-33/2XM-19-L

*Definitions: HJ3 Houesat John; N =Nike; L =Lance

final design for Lhe flight teskt item,
MB-l1. The first metal cloth BAL-
LUTE designa selected for wirnd-
tunnel testing, MB- IWTI,, has a 1
60-in. diameter and the configura-
tion of the textile I3ALLUTE TB-3.
The MB -IWT i unit was fabiricated
from Cloth B-3043 stainlets stool
labric and state.-atwthe art !or join-

to the detai d *1g requirementtat
A Lhrawing 5 i)15.~ (Reference

a. U, Decomb~er 1964 (Refereace.

3, ~ ~ ~ om w e~yetwsa a

to 1ie tec ad the W o ita
lu a.teairstrem 1 : bai
flaiocqles 1*4a nd i irsev -

oral £s4clltiona 4d filn tbe a-
v~i~p s~.tt ri aw 1-

an. &* A4v1O!m inact to* 'th war a

44 A(M .I -A ,b%4 M W NA L

44-4 184~
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SE'CTIO.N V -METAL BALLUTE DECELERATOR AFFDL-TR-67-25

A further investigation of the metal BALLUTE fabrication techniques was
undertaken to determine the loads the structure was capable of carrying
under the evento that occurred during the wind tunnel tests (Reference 15).
Additional samples of caadidate methods ef attachment were fabricated
and tested, both statically and dynamically (flag flutter models) for the
design of MB-i (References 9, 15). The modifications deemed necessary
for the structural integrity of MB-i were incorporated into the design of
a second wind-tunnel model, MB-lIWTZ (References 4, 9). In addition
to improvements in the, attachments between the meridians and the en-
velope fabric, thermocouples for the measurement of envelope tempera-
ture were added to MB-lWT2 to establish structural suitability under the
deployraent and inflation cycle loads. Pressure tubes were located to
measure inlet and internal pressures.

The ME lWTZ model was also fabricated from Cloth B-304S' stainless
steel fabric to Drawing 530A005-023 (Reference 77). It was tested at
AEDC in April 1965 (Reference 75). The test results Indicated normal
deployment with the BALLUTE going to line stretch and the inlets align-
in into the airstream., ?ormalI iflation cycles began with the BALLUTE
1/4 to 1/3 full when a tear developed. This was caused either by a high
inlet te~aring off or by a stress concentration in the envelope material be-

9 hind an Welt. The tear progressed, and the BALLUTE deflated.,

b. MB-I Wind-Tunnel Test

Previous failbres of MB-lW-T1 and MB-IWT2 pointed to a possible low
pr~bability of successful deployment for these metal BALLUTEs. There-
forl. MB-l with structural improvements incorporated (see Section V)was
tested under wind-tunnel condlitions. The liquid initial inflation aid sys-
tem utilized in TB-4, TB-S. and TB-6 was also installed'into MB-I1.

The MB-I f 4: ht-test item was tested at AZDC on I1I May 1,966 (Refer-
onice 4S). Deploymnt was at Mach 2.8 and at a free- streamn dynamic
prVosure ofl:M04. The BALLEUTE attained full infltion in approxi-

mately 0. 46 sec after full line stretC.. When fully inflated, MB-i was
atable and eihibited no- oscillation, The thewmgcouple attachment ap-
pro~ach was. established by continuity betag preserved during the test#..

..:41gure- 65A.pots the M -1 rsur n temperature times. The tem-
-prature atop within the -BA4LUT X is the result of the vapor izatIon. of

'thohoiwateur sol atici ontain"d i tbe liquid iqftlton aid system.
I .r orce vrutIeis showa ift ligure 651S.1

The aerodynAMIC analysis a&d how It suppo the designa .1 . XALLUTIE
ie. V1eseted -I* Setuon 'IV, lktem vt o s viereort. sad in the ADDP
PA.*. r eport (Rdefo - 1). The soof aurtlo selected ftt the lmetal
SAWIITLE i.shw inW Piur I.-Tbe pwsur jocaffigaes dAtiaio
sed for'design for Mack 10 Aes*g I. rsatdin Figure 4a. iStcaI

I~~ulpresse -ausbsdon those. mesureusgTIW we
A s &&iAstd for desn t be three Or highe. Actual neasyirern~its dur

Ifg Ms- 1 wiM-tuiel test at 1ah 1-0 s S 41 a. single Interval, tube, v
aNwwpsdnmt value- for inte""" rsue ~Lciat Cpi:

4,_ 7I
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SECTION V -METAL BALLUTE DECELERATOR Al! FDL-TR-67-25

5.STRUCTURAL ANALYSIS

a. Genieral

The structural analysis for establishing BALLUTE shape and minimum
fabric atressas iias been based on static loads since it had been antici-
pated that mnaximum overall stresse., will occur at full BALLUTE pres-
surization after the BALLUTE attairs its final shape. Figure 67 pre-
sents data from two wind tunnel tests and one flight test supporting the
assumption that a full shape is~ attained early in the pressurization cycle
ard that the shape changes very gradually during the final pressurization
and mnaximumn loadings.

Deployment tests of both textile and metal BALLUTEs indicated that dy-
namic or flagging loads can cause local critical stresses that start small
failures leading to larger failures before pressure loads becqme impor-
tant. This was observed to occur shortly after line stratch and before
any th2ree-din~ensional inflated shape is attained. No failures were ob-
served once the BALLUTE became nearly filled. The base remained
partly spherical without becoming flat or howl-shaped (Reference 61).

Based on these test results, it became imperative, ior a lightweight de-
sign, to establish a method that would partly fill the BALLUTE quickly.
A liquid mixture with a vapor pressure greater than the ambient pres-
sure was chosen as a simnple. i tliable approach for high altitude tests.

(A -1W "
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SECTION V -METAL BALLUTE DECELERATOR AFFDL-TR-67-25

With this appru.ach, local pressures were limited to the vapor pressures
of liquids, which are muchb less than final ram-air pressures and, there-
fore, were not considered critical in the design.

The static stress analysis described below was based on the asiumptioflf
that (1) with the addition of the fluids, the static pressure loads are the
critical envelope loads; and (2) the loads occur when the BALLUTE is A
fully pressurized. The design was based on the internal pressure co-j
efficient extrapolated from solid model wind-tunnel data. TB-lB free -
flight data, and TB-3WT wind-tunnel data. The value of the internal
preseure coefficient for Mach numbers greater than 4 became approxi- J
mately 4 based on small models; and approximately 5 based on the full-
scalt models (Figure 49, Section IV). The envelope stress snalysis was
conducted in the same manner as for the textile BALLUTEs (Section IV,
Item 5).

b. Design Factors

The design factors to be imijosed on the nominal test point and on the
room -temperature, quic1k-break strength of the basic materials for a
fabricated unit were-,

1. Probable test point overload over nominal:. 1. 25

2. Probable increase in local static stress due to
rapid loading: 2. 00

3. One over seam or joint efficiency: 1. 16

4. PRoom temperature strength per loading to strength
pier loading. at critical loading: 1.00

5. RMiking (strength when seam leakage becomes ex-
c esive to uliimate seam strength)- 1. 00

6. Standar~d factor of safety- 1.50o

.7. Product of the above factor. 4.35

The values for t-e separate factors follow the same treauoning as with *
I. e~.orI was reduced gradually toward th* oi

nal 2-est, point as successive tests *stablished that
the Test Vehicle C bouxto: ccmlinatioas consis-
tently depioved the test item very war the tou~t

dio& was owp.cted to tzo met aLbiic as. a result
Of. rapid lou~ings and repeated oh^A* -,I#* lIg

3. Factor 3 was tbe result of *old" seam tvnco

1534
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SECTION V -METAL BALLflTE DECELERATOR AFFDL-TR-67-25

4. With r~espect to Factor 4, Figurv 68 shows the
cloth strergth as a per~cent of its roon'. tempera-
ture strength. It is apparent that the load initially
drops off as the material strength decreases due to
temperature increase.. Thas, a, temnperatuare fac-
tor of one is used in conjunction with the initial
load'ings for design.

5. With respect 'o Factor 5. tests showed that welded
metal cloth seams maintain their yarn positioning
xrp to the ultimate seamn strengths. A raking factor
of one was chosen based on these data.

6. For Factor 6, a standard aafety factor of 1. 5 was
applied.

c. Test Point Consideration

Th~e envelope cloth was tested over a range of temperatures to establish
its physical properties. The results are showvn in Figure 69. Based on
these ietrength values, the design factors, and new-internal pressure co-
efficients, the test points were reviewed. Sirice the configuration is not
isotensoid at high Mach numbers:

Static fabric stes ma F 2X lb/it (78)

Where:

F1 3a pproaches I

PI is q(Cp - Cp
internal rear

P' is approximately 5 q

j q is dynamic pressv': e

Substituting:

1(5q)2. 5 6Static fabric stressa 6. Z .5q lb /ft

=0. 52q ka/in. (79)

Then:

q T- 140 269 __

(0. 52) design facitoT7 deignfactors

269 62 psi (80)

I ~154
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SECTION V -METAL PALLUTE DECIELEPUTOR -AFFDL-TR-67-25
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SVCT1 4 V - METAL BALLUTE DECELERATOR AXFDL T 47-2

k ~By using- % val'ze of 6Z psi-for deployment, the etreeso for the. componentsWI is an given Lt the foilowing an&lysis.

With respect to envelope fabric, Che q at full pressuria-rtion in approxi-I mately 6i) percent of the- 62: psi value or 50 puf. Using 50 ef:

F'
Fabric strength- 2I- 312.5

3- 32. 5 lb /ft Z6 lb/in. f3l)

Where.

F1 =
max:

The irlet fabric tension aquals the pressure differential, tim~es the radius.
For 62 psi aad AP 5 cl, this becomes:

Inlet iabric tens~ion S q(2. 125) 4Z. Z

-4. 6 lh/in. (82)

The merlian strap tension is as foliows, based on attaininig K 0. 4 isi
the base portion of the BALLUTF, at AP 5(60) pzf:

n 1~6. 122 11b (83)

The keeper ring tension is based on the maximum drag force whenl fully

inflatted (q 5_9 psi) and the geometry. The drag force is equal to:

The geomnetry at each line ir as shown in the following sketche

Tensions within each line are a# listed on the next page:

157 4-4
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-SECTION V - METAL BALLUTE DECELLRATOR AFFDL-TXt1-67-25

AT8 8  430lb

43.0
co iTWeg =43. 6 lb

43 Co %d 54.3 lb

vertical reactions at intersection of B, C, and D

I C sin 38 deg - B sin 10 deg =DI

54. 3(0. 615) -43. 6(0. 1735) =D

D =,33.4 -7.6 =25.8 lb

Thus;

Tenion;~ oop for ce X radius
unit length

25.8K 25.8 X 16 66 1b (85)
Is R 2

The keep r ring tie loop is designated E on Jhe 38-deg incline (see sketchJ below):

14 DEGO

I E r Z SiL 33 deg 25Z.8(0.615) .15.91lb (86)

The ritter static load is equal to 'the' drag -load at 50 pof, 'which is equal
to CbqS, where CD 0. 7 and 0. 7(50) (i 9. 64) =688 lb.

In addition to, the st-Aic i-edings, the ,iynamic' loadings mr'izt bf. consid-
ered for each component. The gore fabr-ic tp dl. cused earlier in this
secton-based on subsonic deployment text resuits and anticlpmted ampli-
fications c;, ring the latter nart of the frilat~on .ycle, These load values
and the corresponding factois for design are presented in Table XXIV.

6, TH{ERMODbYNAMIC ANALYSSf
Teperformance of a textile iabrlcBALTinahprncfgte-

vironment is described in Section IV. As a point of Interest, n metal fab-
ric BALLUTE was investigated to determine its capability under the sun.

------- ..



SECTION V - METAL BALLUTE DECELERATOR AFFDL-TRh67-25

TABLE XXIV -MB-i LOADS, DESIGN FACTORS, AND

MATERIAL REQU!?P"MrWT' -

Gore Meridian Keeper Keeper
fabric Inlet web. ring ring loops Riser

Item (lb/in.) (lb/in.) (lb, each)j (lb) (lb', each) (lb, total)

Static load (dynamic
pressure)

q = 50at fulpres-
surization z6.0 . . 122.00 66.00 15.90 688.00

q = 62 at deploy-
ment . . . 4.60 . . . ... ...

3aesign f actor s
Overload 1.25 1.25 1.25 1.25 1.25 1.25

Dynamic 2.00 27.00 1.55 1.55 1.55 1.50

Siamnefficiency 1. 16 ... 1.10 1.15 1.15 1.20

Temperature * *1.00 1.00 1.00 1.C0

Raking 1.00 . . . .. . . . . . .

Safety 4.5so . . . 1.50 1.50 1.50 1.50

Product of factors 4.35 33.80 3.20 3.34 3.34 3. ?3

M~aterial strength
requirements

Basic 113.00 ... 390.00 220.00 53.10 2320.00

Seam 97.50 155.00 355.00 191.00 46.10 1930.0L0

Raking 97.501155. 00 . . . ... ...

*See Figure 68

flight conditions. Using the same methods of analysis and the set of ther-
mal properties listed in Table XXV, a temperature rise in the fabric was
calcul.ed using the heating data generated for the case of the textile fab-
ric BALIJUTE.

The results, are shown in Figure 70 for a surface position on the coated

a peak of about 200 F and then begins to cool as altitude is gained As

th4a paylosd-BALLUTE system re-enters the sensible atmosphere, aero-
dynamit hovating is encountered. The surface temperature risen quickly,

eaigat 1150O F. in about 10 sec after encounterinaedymi 1oading,
The surface, then cools as the system, decelerates to terminal conditions.

it thus appears, that a Metal BALLUTE could have sustained the thermal
enviroxnent of Ruch a flight,. since the CS- 105 coating has anupper limit
CapabiitW of abouat 1400 to 1300 F. This imniting range was exporimentally,
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SECTION V - METAL BALLUTE DECELERATOR AFr'DL-T1 6?-Z5

TABLE XXV -THERMAL PROPERTS OF MATERIALS FOR

FLIGHT-TEST METAL BALLUTE

Specific Thermal
Thickness Density heat conductivity

Material Position (mii) (pd)" (Btu/lb-F) (Btu/hr-ft-F) Emissivity

CS-105 Outside 3.8 172.5 0.30 0.0453 0.9
surface

SS-304 Fabric 10.0 142. 0.13 0.0453...

CS-105 Inside 2. 0 172. 0.30 0.0453...
surface

determined as reported In References 69 and 78. At the same time, fab-
ric temperatures in the temperature range up to 1Z00 F should be within
the capability of stai~eas steel alone. Therefore, the composite charac-
teristics of the fabric and coating materials look attractive for use in this
flight regime.

7. MATERIAL TESTING

The primary environment considered in the, selection of materials f-ur

"16



SECTION V - METAL BALLUTE DECELEfLATOR AFFDL-TR-67-25 .
BALLUTE applications if* the-hypersonic regimes was temperature cal-..
culated to be a maximurm of 1509~ F. The material- selection criteria
were:

1. The material has to exhibit the necessary struc-
tural strerngth -for tJ~e thermal tituation associ-ated
with incremental deployment conditions for MB-i,
MB-Z, and MB-3 (see Trable XXIII, earlier in this
a ection).

2. The material must be flexiblo, thus permitting the
fabricated BALLUTE to be packaged in a relatively
small deployment bag and subsequently deployed

without damage to the envelope or other compo-
nents.I

3. The envelope of the BALLUTE be capable of con-
taining its pres-su,,iulng gas, thus ensuring -to
isotensoid shape cul be maintained.

On the basis of theae criteria, it was determined that a metallic woven
cloth would be required for the atructural material primarily because
the cloth material exhibits considerably more flexibility than door, sheet
metallic material. In order to approach the maximum temperature re-
quirement. it was evident that a suporalloy matef ial would be requiredI
while a cloth woven from stainless steel yarn could be ased "atiuiac-
torily for the low hypersonic range. In each casoe a suitable itlastturner
would be applied to the envelope.

b. lnitial. Material ivestigair

much of the basic irtvestigation into metal cloth weekving. welding, coat-
ing, and strength testing was accomplished under Contract AF331%600)-
8015;1 the resultis aue documented in"ASt)-TZ)R-62-702 (Reference 52).
In addition, the characteristics ni two types of metalit, cloth weaves
wore investigated. de signated Cloth A and B. Cloth A wes wover from
monofilamnent wire yarn 200 per inch in both the w~rp 9.nd fill directionc..
Cloth B waswov~n arorn stranded wire yarn wovett 100 per inch in both
the warp and fill directions. The Cloth B test Uta indicaied more flexi-
bilit-1, Ptrength, uniformity. *and tear, rjoiamnce than C 1t, A (Refer-
once 75). Both stainless steel and e 41 webre woven satlsf.%,tor.W
tnto Vi Cloth B fabric.

Joining: techniques were investigated an4 reporteel In Referencei; 9 and
15. Weld tficcieds approachLn g 90 to 100 percent were obtatied by
rosistane welding techniques.

7oodyetr Aerospace Ctdie Cs- IOS Coating material was evaluat6d ior ap-
pl*,ation to the SALLUTr envelope (Reference '?9). F'ovr specin.en.
wo's tested,. as indicattd In Table XXVL. Excptfor some outer coat
flaicing, cvatina appesre coninuous after teating. It was not necesuary
to &AIjUt the Lpressure during tcst. Ludl%4 ting It" leAgi was less than
the accuracy of the equipment.
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5WCT ly. ' 'W AL BALLUTIC DIECEI.RATOR AFFDL-TR-67-25

?A"LIE XX-i C$-105 HOT P.OC TESTS

Number Backup ITime at
Test Type of of prefsure ITemperature temperature
no* Clet coats* (psi) (F) (mini)

1 A 12 1 4 1275 2
2 A 12 4 1275 10
4 B 12 417

4B12 4 1275 10
COne coat of CS-lOS approximates one otusce per square yard.

Six specimens were permeability tested in the environmental laboratory,

as shown In Table XXVII. Leak rates are -shown in Figure 71.

TABLE XXVII CS-105 PERMEABILITY TESTS

Number Backup Time at
TestTypeof Wld r Of presureTemperature temperature

3 oto 22 1500 20

1 ele 10 2 1500 2
5 A Welded 10 4 1Z75 -20

.6 B Control 12 4 127.1 20

*6 B8 Welded 10 4 1275
.Z B Welded 10 2 1500 A 60

Ift-I I48 Haterials aEd $olnto

kmatewrial strength at 150 lb/if. was chosen early in the program, based
on-the. selected initial test point environment, an early. estimated internal
pes'sure, and estimated design factors. Other factors considereid in so-

th loth were elongation, folding ,endurance, and state-of -the-art
J' mg.Cloth .8 stainless steel (100 X 100 yarns per Inch. of 7 X

.41stranded wire yarns) was chosen toenet testrength require -
Mest and the considerations for good, elongation. folding endurance, and
state 4W 1he art for joining

Tesile toots were made of the fab ric using I in. wide specimens in both
*0 e arp sad fiW diretions at to om temperature and at 12001F o
"aim temperature (7471) the loading rate, with, 1)-In. jaw. spacing, was
0 5~ /UL~a., The results woro:

16.2
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CLOTH A - STAGGIENED WIELD, 2 1113, tW00

CLOTH 8 -STAGGERED WELD. 9 PSI. IN00 F

1-0 3 LOH -SAM631_IPS, 90
0

IS.
ILI

SUWR -I - -N aIE-

Figuzre 71 -Leak Rates for CS- 105 Coating
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SECTION( V - METAL BAL!JUTE DECELERATOR AFFDL-TR-61-25

1. Warp - 139 to 144 lb/in. (3 samples)

2. Fill - 156 to 160 lb/in. (3 samples)

For ele~vated temperatuare (1200 F), heated to 1200 F in two minutes, the

vra&tAes were:

1 . Warp - 57.5 to 60 lb/in. (loading rate 0. 3 in. /min)

2. Fill - 50 to 63 lb./in. (loading rate 0. 15 in. /min)

The 1500-lb meridian web consists of 5-mril 304 stai-I-se steel wire that
is flat braided using 29 flat braided 13 . 2 wires. The meridian web
braid and wire' size was chosen to obtain flexibility and a nominal ulti-
mxate strength of 1500 lb. This material was tested (3 samples), and the
average ultimate strength was 1470 lb at room temperature.

The 1000-lb meridian web consisets of 5-mil 304 stainless steel wire that
is flat braided using 21 flat braided 13 X 2 wires. This lighter meridian
web braid was chosen to replace the 1500-lb strength braid and thus re-
duce the weight of Chad assembly. The strength reduction is compatible
w ith the reduced loads. The thickness and construction are identical to
the 1500-lb web except 21 wires are flat-braided instead of 29.

V The 500-lb light web consists of 5-mil 304 stainless steel wire tubular
braided using 36 carriers of 7 unbrl' -ed wires each. The web was used
for attachments and reinforcements. This material was tested (3 sarn-
ples), and the average ultimate strength was 450 lb.
An c00-mil stainless steel spring wire was chosen for the inlet lip, the
inlet erecting spring, and cross wires in the inlet throat.

d. Seams and Splices

In establishing suitable gore seams, several spot welding paramreters
wer c otdeed, including probe sixe, power settings. probe presu3
number of rows of spots, and spacing between rows. Of the many cort -
binations tested, the higher. consistent etdiciencies were obtained using
two rows at 15 spots per inch per row, with the spots staggered and the
rows Spaced l/e in.. *part.

Test results ranged from 120 to 135 lb/in, at room tempo' tures usineg
0. 5-in, specimens. The select*d attachment is shown in. Figure 72A.

The gore seam tack weld was accomplished by means of a Unitek Weld-
matic Model 1059 power sppl aHutdt 1wscada~P-3030
"eavy 6uty, probe. hand piece set, with an EP-l1O2 RWMA-2 electrode.,
The probe was set to 9 lb of weld force.

Since the meridian web-to-gore fab-ic attachment filed in the first wind-.
tunnel test, several serie. of tents were made statically and then dy-
AAMICally of candidate methois for attaching t~e web to the 6*re fabric
(References 9 an~d IS). The dynamic tests ind!.cated that (1 the goru ma-
tera shudb efre t etohcnuo at the eyotwelds; (2) the

i64
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SECTION V - METAL BALLTJTE DECELERATOR AFFDL-TR-67-ZS

welds should be sufficiently far apart to allow the yarns in the meridians
to slide relative to iach other during ilexing of the meridians.

The selected attachment is shown in Figure 7ZB. The attachment tack
welds were accomplished by use of a Unitek weldmatic 1034 power sup-
ply and a HP-3030 heavy duty, probe, hand piece set, with an EP-1002
RWMA-Z electrode, The power supply setting was 50 w-sec, and the
probe set to 9 lb of weld fhrce.

With respect to the meridian web-to-meridian web splice (1500-lb web),
static tests were made of a series of joints to splice the meridian webs
together. The sit size and spacing was varied with the web unwrapped
and wrapped and :.ith cloth material in the weld area. Wrapping the web
provided significantly higher strength welds. The test results showed
an average splice strength of 1310 lb. Th3 selected splice technique is
shown 'n Figure 72C.

The tack welds for the meridian web-to-meridian web splice and ior other
metal BALLUTE tack welds discussed below were accomplished by use
of a Federal APA-2-42 spot welder, with the operating controls set as
follows:

Control Setting

Weld pressure 20 psi

Forge pressure 15 psi

Squeeze time 30 sec

Forge time 30 sec

Hold time 15 sec

Top setting Parallel 2

Initial heat time 5 sec

Initial heat b5 percent

Weld time 13 sec

W ld heat 85 percent

Negative slope delay 14 sec

Negative slope 8 sec

Negative slope heat 55 percent

The top and bottom electrodes in this device have a 2-in. face radius,
aze 3 in. long, and have a _/8-ino diameter reduced to 1/4 in. at the
contact end. The throat 4epth is 45 in., and the spacing is 14 in.

The selected splice for the meridian web-to-meridian web splice, (nomi-
nal 500-lb web) is shown in Figure 72D. The static test results indicated
a splice strength of 440 lb.

The keeper ring carries the tension load required to change the direction
of L.e meridi&ns from paralltl to the er,,,elope to 10 deg from the missile
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SECTION V - METAL BALLUTE DECELERATOR AFFDL-TR-67-25

centerline. A circular cross-section and flexibility are desired to mini-

mize stress concentration and to facilitate packaging. The selected ma-
terial was 1/16 in. flexible stainless steel cable, with a rated strength
of 480 lb. Six turns were used and the ends were welded together.

The keeper ring loops carry the loads and tend to slide the ring forward.
The joint used to carry these loads is a pair of 500-1b web3 folded around
the ring and welded to the meridian. The joint details arc shown hi Fig-
ure 72E. I
The riser carries the drag ioad and consists of two groups of eight meri-
dians, each with one-half of the meridians passing around the pin loop
before being joined to an opposite meridian using the meridian-to-meri-
dian splice. The riser splices are shown in Figure 72F,

8. MB-I DESIGN AND FABRICATION

a. General

During ADDPEP Phase II, two designs of similar configuration but with
different fabric materials were investigated. The MB-l design specified
Cloth B-3)4S stainless steel; and the MB-a and MB-3 design specified
Rene' 41 cloth. Of the three, only MB-I was fully designed and fabri-
cated. The design and fabrication criteria presented, therefore., apply
only to MB-i. The test BALLUTE, packed in its deployment bag, for-ns
the test dect-lerator package ab it is stowed into Test Vehicle C. The
stowage arrangement is shown in Figure 2, Section IL,

b. Din andFabrication

(I) Design

Sheets I and 2 of Drawing 530A005-0Z4 (Reference 80) present the corn-
plete MB-I BALLUTE assembly and gore patterns. The BALLUTE con-
tour, which is the same us TB-Z and TB-3 (Figurc 40, Section IV), has
16 gores and 16 meridian webs ;ocated at the gore centerlines. The 16
meridian webs and the riser are formed by placing 8 webs around the en-
velope. Characteristics of MB-I are shown in Figure 66. The web ends
are joined together individually after passing around the riser attach-
ment loop. At the front of the BALLUTE, the webs are constrained to a
6-in. diameter by a keeper ring. The keeper ring is constructed of 6
turns of 1/16-in. stainless steel cable lightly twisted together with the
two ends welded together. The riser webs are served together at a
point 14 5 in forward of the keeper din3 . This arrangement is ntended
to (i) keep the meridians oriented and loaded equally and () decrese
the angle change at the keeper ring.

All the cloth used in the construction of the BALLUTE envelope was
Ci-)th B 304 atainless steel (100 X 100 yarns per inch of 7 X 0. 0016
stranded wire yarns) weighing 16 oz/sq yd. A lighter cloth (Cloth A 304
s~ainless steel, 200 X ZOO per inch of 0. 0016 filaments) was used to
wrap webbing joints and thus improve the weld strength values. The
webbing in the meridians and riser Is 5-mil 304 stainless steel wire that
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is flat-braided using 21 flat-braided 13 X 2 w-res. The -_.bIbing nominal
strength is 1000 lb.

All seams are welded before the cloth is impregnated with CS-105 elas-
toiner. A lapped seam with 2 rows of spot welds spaced at 15 cr 30 per
inch total is used to join the gores. After BALLUTE assembly, the en-
tire envelope surface is coated on both sides with CS-105 elastorner at a
12-ot/sq yd rate and cured at 50, F. The coating decreases the porosity
of the fabric for proper inflation, and it reduces the heating rates into
the cloth.

The BALLUTE has four inflation inlets loc&ted near the maximum di-
ameter of the envelope. Each in-let has a etainless steel spring wire
form attached to its lip and the inlet's sheet metal base.

A sheet metal base was used in place of a wire base to prevent the rack-
ing type actions occurring in the gore cloth during the infiation process
from breaking the inlet support wires. E.cause the sheet metal base
presents a marked rigidity change from the basic gore cloth, several
layers of cloth were used to taper the change in stiffness from the base
to the gore cloth. Webb& also were added between the base and the meri-
dians to reduce the magnitude of deflections between the inlets and the
gore cloth. The partial inflation system was used to reduce the mag-
nitude and duration of the early inflation movements.

Althiough the inlet is essentially a stable pressure body, the spring wire
framc is usid for initial positioning and reacting the drag force. The
torque of the inlet spring is approximately 20 lb/in, when the inlet is
totally erected. Each inlet assembly has a sock-type valve for prevent-
ing outward flow. This is accomplished by the sock collapsing against
the BALLUTE envelope or the wires across the inlet throat when outward
flow is attempte..

The cross-sectional area of the inlet is approximately 14 sq in. The aft
portion of the inlet sock coverges to approxir ately 12 sq in. at the ex't
The purpose of the convergence is to ensure that the sock is fully in-
flated during the initial high flow rates by ma.intaining the highest velocity
and lowest pressure at the exit. The sock i- constructed of coated
Cloth B 304 stainless steel having a strength of 140 lb/in,

As in TB-4, TB-5, and TB-6. five Alumel-Chromel thermocouples for
sensing temperatures are mstalled on the envelope, a pressure senJing
line is carried on the risers, ,%nd a liquid initial pressurizing system is
used.

(2) Fabrication

Fabricvtion was accomplished to the detail design requirements of Draw-
ing 530A005-,024 (Reference 80). Metal templates were utilized for the
marking and cutting of the gores from the metal cloth. Correct match-
ingof ,he welded gore seams was accomplished by providing match-marks
along the centerline of the seam lap during the gore marking process.
The marks were aligned over a contoured weldng bar, and temporary
s9.,ut welds were placed. With the sei.ni located, the weld was completed.
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Correct location of the meridianal webs was obtained by premarking the
webs with station marks while the webs were in a straight and lightiy
tensioned position; this arrangqment matched corresponding station marks
on the gores.

Quality control :f the welded seams and splices was accomplished by
visual inspection to detect improper penetration and to ensure proper
spacing and quality of the weld spots. DL-nensional control and inspec-
tion were maintained throughout fabrication, Before installing ali textile
and rubbex parts, the BALLUTE was coated with Goodyear Aerospace
CS-105 high temperature coating per detail requirement of Drawing
530A005-024. The BALLUTE was completely fabricated prior to Install-
ing the liquid initial pressurizing system.

c. Deployment Bag

Although no metal BALLUTEs wore flight-tested, it should be noted that
the deployment bag used for TB-4, TB-5, and TB-6 could also be used
for MB-I. The design of the deployment bag is presented in Drawing

I530A005-050 (Reference 74) and is described in Section IV of this report.

9. DEPLOYMENT SEQUENCE AND PACKING PROCEDURE

The packing technique and deployment system for the metal BALLUTEs
are similar to those utilized for TB-4, TB-5, and TB-6 (described in~Se ction IV).

10. SUMMARY AND CONCLUSIONS

a. Configuration

In generating the metal BALLUTE configurations, one envelope shape
withoit a fence was selected. This shape corresponded to TB-4, TB-5, f
and TB-6. The inlets were placed at the position of maximum BALLUTE
diameter, The wind-tunnel test of MB-i at Mach 2.8 and a 120-psf dy-
narnic pressure demonstrated that it had a stable, inflated shape at super-
sonic velocities. The irternal pressure coefficient was very low com-
pared to other test values (Figure 49). How much can be attributed to
inlet location is unknown, as TB-IBWT was also very low with forward
positioned inlets in the same test series (Reference 45).

b. Aerodynamic Loadings

Based on the wind-tunnel test at Mach 2. 8, the selected configuration
assumed its predicted shape while under load; this correlation indicates
that analytical approaches for predicting shape are sufficiently accurate
for engineering use. Moreover, the drag value was consistent with other
drag values measured for similar configurations (Figure 50). The short
filling time reflected the use of the partial inflation liquid mixture (Fig-
ure 65).

c. Structure

Inspection of th, wind-tunnel films indicated the irmproved structure of
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MB-I over earlier unita, and the partial inflation technique provided an
adequate structural margin at Mach Z. 8 and a 120-psf dynamic pressure
for both the dynamic loads and the static pressurization loads. The
metal inlet opening springs and inlet hoops were structurally adequate
using a solid sheet metal base and the partial inflation system. The CS-
105 coating and woven metal material withstood the test environment for~the test period, approximately five minates. Pressure and thermocouple

*instrument.ton was carried on the test unts. The ME - I test indicated
that the thermocouple and the pressure tube approach are structurally
adequate for obtaniug data.

'I. Thermodynamic Analysis

Since no flight tests were made using a nmetal BALLUTE, no evaluation
of the thermal analysis was made. However, the wind-tunnel test did
demonstrate the effect of the liquids in lowering the BALLUTE material
temperatures (Figure 65).

Ie. Materials

In-plant and wind-tunnel tests were used to establish a structurally ade-

quate configuration for flight use. In-plant tests included the normal
static type tests and subsonic wind-tunnel flag models to check joining
techniques under dynamic loadings. The flag models were particularly
useful for establishing meridian-to-envelope cloth attachments. Super-
sonic wind-tuinel tests were used to evaluate the total structure. The
final structural configuration and coating were found to be adequate for
the wind-tunnel test conditions (Mach 2.8 and a IZO-psf dynamic pres-
suare).

f. Design and Fabrication

The basic design changes during the metal BALLUTE effort were directed
toward increasing its structural capability. Approaches were established
that reduced the dynamic loadings and increased its overall, structural
integrity to withstand the design load,

. Delment System and Packing Procedure

The deployment and packing procedure was similar to the textile BAL-
LUTE. No changes are recommended.
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SECTION VI

CONCLUSIONS

1. GENERAL

The wind-tunnel and free-flight test results of Phase II of ADDPEP (Aero-
dynamic Deployable Decelerator Performance -Evaluation Program) were

used to evaluate decelerator design methods and testing techniques. The
main conclusions stemming from these evaluations are drawn together
in this section.

2. FREE-FLIGHT TEST CAPABILITY

From tests of the free-flight test vehicle/booster systems, it is concluded
that:

1. The performance of Test Vehicle A/Booster can be
predicted with confidence. The data system is ade-
quate. Recovery and reusability meet design goals.

2. The performance of Test Vehicle C/Booster also
can be predicted with confidence. The data tran,-
mittal range is excellent. Beacon dropout occurs
some of the time. When recovered, the vehicle
meets design goals for reusability.

3. LARGE PARACHUTE DECELERATOR

From tests of a large, supersonic, hemisflo paraLhute design, -A is con-
cluded that:

I. The flight tests confirm the use of wind-tunnel tests
for establishing a stable configuration.

2. Free-flight tability is excellent i the reid and
disreefed shaps.

3. Free-flight drag values are significantly higher for

the parachte in free-flight tests than for similar
models in wind-tunnel tests (see values in Fi.gure

4. Further refinements to the presented analytical
approach are required for calculating opening
drag loadis with confidence.

5. An analytical approach is needed to predict reef -
ing line loads.

6.The canopy structure and materials withstand the

shock and heat loadings associated with the test
conditions. (Nomex materials were used for rib-
bons and verticals.)
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7. The deployment approach is satiufactory, as dem-
onstrated by the fact that the snatch loads are sig-
nificantly loe than the opening loads.

4. TEXTILE AND METAL BALLUTE DECELJERATORS

From the wind-tunnel and free -flight tests of textile BALLUTZ9 and the

wind-tunnel tests of metal BALLUTEs, it in concluded tbat:

1. Both the textile and metal BAL14UTE configurations
have predictable and stable inflated shapes at super-
sonic ve~ocities.

2. Exiernal surf~ice pressuroo coefficients of textilt
and metal BALLUTE. can be predicted within en-
giiitering reqvarament& for shape determinations.

3. Drag and stability data for textile and .ntlBAL-
LUTEs can be detevmined by the use of wind-tunnel

models.

4. Partial inflation tech-niques significantly reduce
the degree of mate rial flagging during inflation of
the textile and metal BALLUTEs. Initiai. the
partial inflation aystem significantly lowers the
BALLLUTE material temperature.

5.. A iiatiefactory metal BALLUTE structure can L;2
established for test conditions of Mach 2. 8 at a
120 -pof dynamic pressure, using the partial irsfla-
tion system. Metal inlet opening springs and in-
let hoops are structurally adequate using a molid
sheet metal base and the partial inflation system.

6. Textiles BALLUTE structural problems are limited
to one. type of coating on test item TB -2 and tu the
metal wire inlet springs and inlet hoops on TB-3.
The inlet structure is improved by eliminating all
metal except a cable type hoop in the inlet lip.

7. The textile and metal BALLUTE deployment sys-
term is adequate, bUsed on snatch loads loe then
i.-flatIon loads.

8. Por both the textile and metal BALLUTE decel-
orators, additional efforts are required to estab-
lish means of controlling the Internal pressures
for optimum weight.
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APPENDIX I

AMBIETT CONDITIONS AT 12. 622-SEC POINT OF

LP-5 TRAJECTORY

From the data reduction report (Reference 22, page H-4), the altitude from
mean wea level is 10, 996 ft. The interpolation steps, from Appendix B of
Reference 22, are given in Table XXVIII.

TABLE XXVIII - INTERPOLATION OF FLIGHT CONDITIONS (12. 622 SEC)

Wind Density X

Altitude Specific divection Wine. speed of
Interpolation from MSL Pressure weight Tempt-ature (deg from speed sound. PC

stepq (ft) (millibars) (gin cu m) (deg C) true TO (knots) (lb-sec/cu ft)

Cand!tzons at 10, 500 686,.6 89 !. 9 -5.1 VS7 36 1. 86S

Conditione at I I 00 67Z.8 878.3 -6.4 275 35 1.833

Increment 500 13,2 13.6 1.1 0 A 0.032

Flight difference 13oab 0. 106 0.109 0.0088 0 0.008 0.000256
over incrcment

Conditions at 10.996 672.9 878.4 -6.4 275 35 1.833

Thur:

Pressure, P = (67Z.9 mb, (29.59 in. i A44 sq in.)

= 1408 psf (87)

Speuitic weight, w z(878. 4 gmfcu m)( )& 4 5 )(s mf)
,3 S. 31 so

.00550 pef (88)

Temperature, T (-6.4C) + (491.6) (89)

480.1 R
| 16080 A/hr/ I hr

Wind ,pted - (35 k)(--- 1- )( 1

S 59. fps . (91)

The acceleration of gravity, g, is calc.' lated as follows. From page 1 of Ref-
arence ZZ, latitude is 33. 08 deg north. The acceleratiun of grav'- from the
mechanical engineer's handbook is:
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Sea level
Latitude (deg) g (ft/sec2Z

30 3Z. 130

40 32.158

Difference 0. 028

Difference X3. 08/10 01,009

33.08 32. 14

The reduction for altitude is:

0.00 tsec2
100 t (10, 910 ft) =0. 03 28 fps (91)

The gravity at 10, 910 ft is:

g = (32. 14 ft/sec2 ) -(0. 03 ft/sec2 )

=32.11 ft/sec2  92

Then:

Density, P
g 32. 11 ft/sec

=0. 001715 lb sec2 /ft 4  (93)

Wind speed =(35 k
--I _ j -3,600 4

59.1 fps (91)

The acceleration of gravity is 32. 11 f/sec. Appendix A of Reference 22
given the calculation details:

Density, P
g 32. 11 ft/sec

=0. 001719 lb sec2 /t (95)

Universal gas constant. R y-

53. 3 ft/F (96)

Speed of sound, c .. 2. ecf (9?)
0. 0.O1 19 lb sec IAc
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APPENDIX II

AMBIENT CONDITIONS AT 12. 472-SEC POINT OF

LP-5 TRAJECTORY

From the data reduction report (Reference 22, page H-4), the altitude froml
mean sea level is 10, 909 ft. The interpolation steps, from Appendix .6 of
Reference 22, are given in Table XXIX.

TABLE XXIX - INTERPOLATION OF FLIGHT CONDITIONS (12. 472 SEC)I
Density X

Spdefic Wind speed of

Altitude weight direction Wind sound
Interpolation from MSL Pressure _j_ Temperature (deg from speed Pc

steps (ft) (millibars) cu rn (deg C) true N ) (knot.) (lb sec/cu ft)

Coud'Lons at 10,500 686.0 891.9 3 275 16 1,865
SConditions at 11, 000 672, 3 878.3 -6.4 275 1 _5 3S 8

t Increment 500 13.Z 13. 1. I 1 03Z

Flight difference 91over i icrement 2 .403 2. 478 t),.;003 0 O+ 8] 01 83

Conditions at 4 0.909 675. 88U. 8 -6 _2 _LL75 i s 1.839

i Thus :

2 9.53 in. Hg[ 14.7 psi (144 sq in.Pressure, P = (675.2 mb) Z9-m - -71
160 mb) ~ 0 I\ i9n.Hg it I

= 1412 pef (98)

r Specific weigh%, w (880.8 gm/cu M)( I I(am1.)0 b ur

= 0.0551 pcf (99)

Temperature, T = (-6.2C) +(491.6)

480.4 R (100)

Universal gas constant, R z -

1408 pof
2 (480. 1 R)(0. 05 50

51.3 ft/F (101)
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Speed of sound, c PC
0

-- 1. 883 lbsecuf

0. 01715 lb sec 2 /ft 4

=1070 fps (102)
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APPENDIX III

SPECIFICATION FOR COATING ADDPEP BALLUTES WITH D-65

I SCOPE

With respect to the textile BALLUTE decelerators, this specification es-
tablishes the general procedures for (1) preparing Nomnex pattern HT-122

cloth, (2) coating w.th Dyna-Therm D-65, and (3) curing. Also included
are the depired coating buildups and acceptable permeabilities.

2. MATERIALS

Use the folwing materials, supplied by Pyna-Therm Chemical Corpora-

tion, in preparing the cloth and compounding the coatings: methyl ethyl
ketone, D-65 coating, and D-65-1 thinner.

3. FABRIC PREPARATION

The first step in preparing the HT-122 cloth for coating consists of the
scouring and heat-setting operations, which are done by the cloth supplier
brftre snipping. The remaining steps are:

i Staple the cloth smoothly to a frame, wash thorouighiy
with MEK, and allow to air-dry.

2. For coating with D-65, do not apply primer.

3. As a cautionary step, since MEK and solvents in Z
D-65 are highly volatiwv and flammable, provide
adequate ventilation, keep away from heat and openr
flame, and avoid prolonged exposure to vapor and
prolonged or repeated skin contact. After using and
before eating or smoking, clean hande thoroughly wih YIsoap and water.

4. PREPARATION OF D-65

IFor a light coat, mix 30 mrin on a paint shaker equal volumes of D-65-i
thinner and D-65 coating, as rcceived. If only part of a can of D-65 %w to
be cut, mix the D-65, as received, for 30 min on a paint shaker before
cutting with thinncr,I. For a heavy coat, use D-65 as received. Mix dhe coting for 30 min on
a Paint shaker btfore usig. Once the can is opened, the D-65 wil th-a .n

from solvent loss, Hetsc,', occasion&l addition of D-65-1 thinner, followed
by mixing, ma-y be neetssa,-y to maintain the as-received consistency, It
is better to err on the "light" side s'nce an additional coat may be added
to the outer side of the cloth if the specified sequencz and number of coats
do not result ii4 the minimrum specifier bildup of coating.

Clc rly mark D-64 cans "light" ana "heav/" and store tn tghtly closed
containcrs in a cool, covered area. Do not leavn cns open elLept while
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decanting contents for immediate ure. Exercise care and cleanliness in

handling, since dried D-65 in the can ridges will prevent a tight seal of
the lid, with consequent solvent loss.

5. COATING WITH D-65

p. After the cloth has been cleaned with MtrEK and air-dried, apply D-65 with
a soft natural bristled brush. Flow the material on and avoid excessive
brushing.

Allow each coat to air-drv 10 to 15 min, or until dry to the touch, before
recoating. Apply each coat evenly to ensure proper film thickness upon
completion.

Air-dry D-65 at room temperature a minimum of 48 hr, or until there is
a complete lack of solvent odor, before subjecting coating to high heat.

Prior to cutting the HT-122 cloth, apply one light coal to one side of the
cloth, This will become the outside of the assembled BALLUTE.

Mark the fabric carefully on the coated side for gore cutting and assembly.

After all but one gore seam is sewn closed: (1) apply one light coat and
_ one heavy cozt ovzralI %, -the inside: and (2) apply one additional coat to

stitched areas inside of the BALLUTE.

After all gore seams are closed: (1) precoat all outside tapes and webs
except -11 webs (one inch MIL-W-5625) with one light coat; and (2) coat
outside of BALLUTE overall except -I I webs with two heavy coats of
D-65. Add additional coats if required to attain a total coating weight
(excluding first light coat) of 13 + 2 - 0 lb.

Hold permeability to a maximum of 0. 020 ft3/ft 2 /min as measured on the
Cambridge permeameter utilizing helium at 3-cm water pressure and at
7 -F tempe r"kat-',

If removal of D-65 from tools is necessary, soften the coatL. -pith D-65-1
thiiner and remove with a suitable tool. Use D-65-1 thinner', ,r cleaning
any member of the D-65 family.
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APPENDIX IV

AERODYNAMIC HEATING RATES AND TEMPERATURE RESPONSE

GENERAL

Thisappedixdeals with the analytical prediction of aerodynamic heating
rates an'4 'epera',ure response of textile BALLUTEs TB-4, TB-5, and

TB-6durighypersionic test flight. The~ symbols are defined in the pre-

The ADDPEP program includes the consideration of BALLUTE shapes
in the 1,5w hypersonic flight regime. The deployment point data for these
fLight tests are summarized in Table XXX.

TABLE XXX - BALLUTE DEPLOYMENT POINTS FOR

HYPERSONIC FLIGHT TESTING

Dynamic
Altitude pressure Temperature

Mach (ft) (psf) (F)

5.70 2Z000069.3

6.70 131,000 200 71.1

9.95 1 2 00,000 20z 48's5

A preliminary thermal analysis of the BALLUTEs was conducted for
Mach 5.7 and 9.95, u3inau-TyVpe 304 stainleqss ste, fnrhfach 5. 7 AV,! .

the-wttMnless steel material was predicted t') reach temperatures slightly
less than 1000 F f,* an immersion in a laminar wake and about 1200 F
for a turbulent wake immersion. This analysis was based on minimal
prediction of wake characteristics, As a result, the temperature re-
sponses were based on pessimistic estimates of the effect of aerody-
nainic heating.

The Mach 9. 95 deployment case was re-examined on the basis of more
detailed theoretical analysis (such an Reference 64 and further review
of the experimental data -contained in Reference 52). The wake flow dur-
ing the test flight was then predicted to be laminar. A temperaure re-
sponse anialysis oa the iabrlc due to aerodynamilc heating for this case
predicted maximum temperatures during deceleration to 1,i; about 500 F
at the critical point on the BALLUTE surface.

Sub~sequent to d.-ise analyses, refined methods of predict. tig aerodynamic
heating were formillated. -In addition, recent decelerator flight tests re-
sulted in modest material temperature responses to aerodynamic heating,
Therefore, it was decided that ths! proposed hypersonic test flights of
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BALLUTEs slould be re-examined on the basis of updated methods of
analysis, as well as the investigation of the possibility of using textile
fal-eic decelerators. The first case examined was the Mach 5.7 deploy-
r nt case. A preliminary analysis was conducted to estimate the aero-
.ynamic heating rates as well as the material temperature response.

This appendix completes the investigation by presenting the results of a
'hermal analysis of the three deployment cascs given in Table XXX (Mach
1 7, 6. 7, and 9. 95) during the exit flight phase of their respective tra-
j ectorie s.

2. TRAJECTORY CONSIDERATIONS

A series of point mass trajectories from the BALLUTE deployment con-

ditions given in Table XXX were computed. These trajectory paths are
-hown in Figures 73, 74, and 75 as a function of time from deployment.
The Mach number and velocity exhibit very little variation as the altitude
increases toward the 300, 000-ft level. Since the amount of convective
heating is proportional to the density of the air as well as to the vehicle
velocity, the heating rates tend to decrease significantly with altitude due
to the large decrease in air density.

3. FLOW FIELD

Figure 76 shows a sketch of the combined body configuration for the flight
testing of BALLUTEs in the low hypersonic flight regime. The sketch
iticludes the overall vehicle dimensions as well as decelerator performance

12. 6. 3140

1 )MACH NUMBER
1

L. 1100

TiW FRO OSitOdINT (WCONIC*If

Figure 73 - Trajectory Parameterl: Mach S. 7 at Deployment
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Figure 76 -Test Configuration

criteria, such as tr~ilirig length-to -4eading body base diameter (lID) and
decelerator diameter -to- leading body base diameter (d/D). The xrex of
the BALLUTE is located ato-wt !5 ft from the leading body base and about
24 ft from the none of the leadinag body. Since the heating rates at the
decelerator surface will ultimately be a fuaction of the flow field around
the BALLUTE, as well as the type oi boundary layer (laminar or turbu-
lent) at the decelerator surface, it is appropriate to nvestigate the flow

It has been shown theoretically in Reference 64, and substantiated some-
what by experimental data, that due to the presence of the decelerator
in thz wake, oth edgbdy, an interaction between the two bodies is
produced that alters the wake flow field In general, the wake is cylindri-
cal and may be either laminar or~ turbulent. Experimental data have shown,
that (1) decelerators located less than about six bais -diameters aft of the
leading body base are likely to produce transition. of the wake to the tur -

bulent~~ aye an eeerator. located at distance@ greater~ th,~i~~ i 4 s
diameters affect the nature of the flow field. However, no data are avaxl-

able as to how the interaction affects the type of wake flow.

Conduceing.? heating analysis, a decision maust be formulated. as to whether,
thowak fow is laminar or turbulent. The latter type of wake may gen-

orate aerodyam c heating. ra te# S to 10 tim-es. as great as those associated
with a laminar type of, wake.. An alternate approach would be to disregard{
the laminar heating rate$ aud estimate the turboln hetig rates only.
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jHowever, this approach usually leads to overdesign. In an experimental
program, it is desirable to match the test vehicle as closely as posp.bie
to the test environment. In this interest, the followinig wake flow analy-
sis was used.

t The decektrators are to be located 7 to 10 base diameters aft of the base
of the leading body. At these deployment lengths, the amount of experi-
mental daca available to formulate a decision as to the type of flow does
not permit a warrantable assessment of the type of wake. However, the
successful decelerator test flights completed to date at seven base di-

ametprs aft have shown a minimal amount of exposure to aerodynamic
heating effects. This factor indicates either a lamninar wake condition,
in which the heating rates are quite low. or turbulent heating rates of
decreased intensity at the distance the decelerators are located. In view

state of the wake: (1) a transition criterion for the V'ow over the leading
body can be applied tc -3cterinine the state of the boundary layer on the
Ie.~ding body; and (2) the state of a free wake aft of the leading body can

be examined&

C~onsider first the leading body. As a first approximation, the flow overI
ate leading body it the mzomnent of deployment may be considered to have
been ompria"_ by the bWv shot'A &.L the nos-&-of ihe vehh-ie&a n ex-
panded isentropically to a lower pressure on the cylindrical portion ofI
this body. Using momentum Reynolds number criteria, it is possible, to
determine whether the boundary layer is turbulent over this leadiag bod'y.
If a turbulent exists in the wake and over the decelerator surface, the
momentum Reyn~olds number can be written as:

PV4 tA 0.114 0.5
Reo 0. 695 (_PM (BAXL (103)

This relationship appoars, to have promise for ascertaining the state of
flow over the leadin body. For flow over a flat plate, t.'e transition
Re.ynold* numbcr criterion in Equation. 103 Ii usually taken as 400 to
600. Assuming a transition- Reynolds number of 650L On the cylindrical
'4*ction Of the keading body and a urface 'temperature .of 500 to 1000 F

was conditions.

qt4*: esls haod that. rniin(t 0f)i o'ieyt occur
overthesurfaco of leadig* body. In view of thel, results. the wake

muttthe.nb ianod fort characteris tics if the wake it to be
turbulent attemonient f4po est

W*.4 trasition aafr afopil between two bodies are pr actically
nomexistent. Thrcr6- %.1etioA fj.. wake data must be used to
*tabllsh transtion chr o co Sonoral a uit1d wake tranti-

tion rcrr I' iai h otaml w hrfr suehr
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Predicting the transition of the wake using the Zeiberg correlation de-
pends upon an evaluation of the transition parameter:

Me
x M
tr e

In this parameter, the Reynolds number is to be evaluated using free
stream fG-w properties, and the transition length is measured from the
base of the leading body. The Mach number ratio is the free stream
Mach number divided by the local Mach number at the edge of the vis-
cous inner wake. Figure 77 plots this transition parameter for the flight
test trajectories to be utilized.

Consider the Mach 5. 7 deployment case. A unit distance aft of the base
is assumed and the ratio of Mach numbers is allowed to approach unity.
This yields a trace of the transition parameter at: a function of Mach
number that shows that the wake is definitely in the laminar region at
this position for elapsed times subsequent to the deployment of the de-
celerator. However, by accounting for the local Mach number variation
in the wake of the Mach number ratio of the transition parameter and by
4urr-. sin tho' Aistan , fr^mr the be (xtr), the result ir a tranaition
parameter that crosses fnto the turbulent regime. This increase occurs
at a distance approximately 3. 5 ft aft of the leading body base and indi-
cates a possibility of a turbulent wake aft of this position.

The same wake transition characteristics were evaluated for the Mach
6. 7 deployment case. However, the transition distance (Xt ) was calcu-
lated to occur about 4 ft aft of the base. In the Mach 9. 95 deployment
case, no wake transition characteristic was evident. Therefore, the
flow apparently is considered laminar throughout the upward deceleration
path.

As it result Ol U i,-over the leading body and the wake regionf betweenL the tw JiLi , concluded that the boundary layer flow &tL
the decelerator surface is turbulentand apparently emanates from near
the base ofte leading body. A 1 scematic flow field model ssonI

re 7. The approximate transition zone shown appears to b. quite
close to the leading body. Therefore, there is a good possibility that
the entire interacting wake is turbu en'..

4, AERODYNAMIC HEATING

The flofield anialysis in the previous section has AhOwn that +,be flow
over the decelerator at-deployment is apparently turbulent for the Mach
5.7 ad 6. 7 cases. The turbulent heat transfer rate distribation over
the decelerator surface may be calculated usirg th L folloWing eqUationv

~Y

j '(r P'u'!(H1  ( ~j~()104)

The r#e ntoio indicestefw properties must'be evalatdath

c~to *e 0" A uatd at-th

1$4 'L
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INTERACTIN4G WAKE

0 X4 FT

Figure 78, - Flow Field Model

edge of the boundary layer at the decelerator surface. The star sup-
script indicates the Rteynolds number must be evaiuated using the ref!:r-
once enthzilpy method to estimate the density and viscosity.

In addition to the *bove flow parameters. it is necessary to specify.:the
pressur" distribution -over the decelerator surface. as i& fur ction of Mach
number and Reynolds number for the extent. oi the critical Oeceleration.
time flight regime., Typical decelerator pre issure. we ru evaluated..
Analyoi, Of. the pressure distr ibution data. showved . hMi maxitnizn local
pressure over -the decelerator .surface as La fanctou of Mach niumber
would eist at 'Station Y/R = 0'. 5 for the -Mach S.7 deployment.: Station
Y/R z 0. 4 for the Ma ch. 6. 7 deployment. and Statio/ 0. 9 for the
Mach 9.9S -deployment for the duration of the trajectory path* during up-

wadflight. Thus, these atations were selected forhetn ~..way

Figure 79A and B thaw the cold wall heat flux rate for'the, Mach5.
and 6.7 deployment, cases as a function of time from deployment. The
hoa*a4 -rates art for two differant 1vogths (x), whith to defined. ts the
AWieta i ram whicbtetubln flow emanate. Aiince the' flow fieWl
analy.s showed *bat- the wake is, -probably thtrbulmet, only the , I S 5-it
sj4.are'repr*Snftadiv* at heating at the decel.er srface. 4ow~r

IWOeBibit 4 onswIghl higher head" r. te ItwaiI c.
i~te dwura.The Aaftte iealmape t he lilyuso

~T~k itwacw~ edecto between he. two dke.
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The laminar heat flux rates are shown in Figure 79C. Since the methods
utilized to calculate these rateb are discussed thoroughly in Reference
64, they are not repeated here. It is apparent from the cold wall heat
flux curves that the Mach 5. 7 deployment case generatf-:3 the most criti-
cal heat addition to the decelerator material. Therefore, this case is
next examined for material temperature response.

5. THERMAL ANALYSIS

The temperature response of the decelerator material can be calculated
as a function of the aerodynamic heating experienced during the upward
leg of the trajectory path. The decelerator cloth selected was Nomex.
The coating selected was Dyna-Therm D-65. Typical thermal proper-
ties of these materials are given in Table XXXI.

TABLE XXXI - THERMAL PROPERTIES OF NOMEX AND D-65

Property Nomex D-65

Weight/area (oz/sq yd) 11.840 .

Density (pcf) 42.000 68.600

Specific heat (Btu/lb--F) 0. 330 0.250

Thermal conductivity (Btu/ft-hr-F) 0. 032 0. 053

Emnissivity 0. 800

Tho properties of the D-65 coating were obtained from the Dyna-Therm
Cory' ration, while the Nomex properties were extrapolated from data
presented in Reference 69. Since the fabric is a poor conductor and is
a nonhomogeneous slab, consider its heating on the basis of one-dimen-
sional heat conduction, The parti I differential equation is as follows
for heat conduction in a one-dimensional slab versus time:

c3T a 2 T
T a (105)

Specifying the inner and outer boundary conditions permits the solution
of Equation 105 for the material temperature response. The outer sur-
face boundary equation can be written as:

hc(T - Tw) -ryT = -k (- [T(0T) (1061

At the inner wa!l, the surface can be asurmed to be an adiabatic wall:

8T = 0 (107)

y =6

f: 188
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These equations are convcrted to finite -difference form and solved on a
digital computer as a function of the heat flux rates evaluated in 'he pre-
v~ous section. The heat flux~ rates are coupled t,- the transient heat con-
duction aolution by the follorwing relationship:

h c(T aw-T w W cw (h - (108

aw ww v I
The cold wall heat flux rates arc thus converted to hot wail heat flux rates
by the enithalpy ratio.

6. RESULTS AND CONCLUSIONSI

The material temperature response for the Mach 5. 7 deployment at Sta-
tion Y!R =0. 5 is shown in Figure 80. Since the heating analysis had
shown that this deployment condition generates the most critical heatingI
rates during the upward portion of the trajer:tory paths, it was concluded
that the material temperature response for the other two Mach number
cases (6. 7 and 9. 95) will result in a less critical temperature response.I Profiles for these two cases were not calculated.

A maximum temperature of 530 F is reached on the coating surface of
the slab at about 8 sec after deployment for the Mach 5. 7 case. Internal
temperature rise lags the surface temperature rise considerably, The
temperature of the Nomex cloth reaches a maximum of 230 F about 30 sec

-. SURFACE OF COATING

400 D -- 65-

------- 11418DE SU"ACIM

Q o i to 23 so
TOM FRfOM O&PLO1111"T WSCONGS)

Figure 80 -Temperature Response: Y/R =0. 5. Mach S. 7 Deployment
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after deployment. At this time, the combined bodies are rising above

the sensible atmosphere and will continue to cool until they again re-enter
the sensible atmosphere. Thuo, the effects of aerodynamic heating for"
the flight test cases under consideration in the 4':w hypersonic flight re-
gime apparently are within material capabilities during upward flight.
The re-entry heating r-onditicons for these flight test cases are Likely toj be more critical for the Nornex,

1190
j 0F,
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