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The second nozzle, tested 20 November 1981, Incorporated design modifications
to Cie first nozzle and was tested on the SLSH motor at AFRPL under conditions
representative of advanced upper stage applications. With a 90% solids, 20%
aluminum HTPB type propellant with 12? HMX the average pressure over the 75 sec
durption was 688 psia. Due to prchlems associated with the actuation systerm,
1007 success was not achieved, however, significant accomplishments were
recognized.

Requ]ts of the deve1oYmtnt and testing of these two nozzles are presei ed in
this final report. Recommendations for further development have also teen
"included,
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1.0 ISTRODOiCTiON

This finsa~ tochnI oat report in ;?ubmitted In oowpliisine wit~h contract data

requiremients lisit (CDHL) moudueoV nZumber 6, DD frrm 1I123, ooný,raot No. IMJ'6I I-

77 --00¶7,"Hot ?8a11 Snoi Soeovet 'v

ie 0 sope uf work'1 covered tpy the atlove ocontract tincluded, fout' piaaes &*,

foilU otis:

Phase3 1. - rogram Plan and Nozzle Design

Phase 11 - FbriCathrxE And Testing

!1I. U - 9,zzle Redesign and Suppo-rting, Efforts

i IV -Fabricat1 1 -r ui6CTesrl;Io, Second 7n.NrZ'7Sl

The heal-, c.program conasisted of' )hasea I and I1. The primary objectivye of'

bietste two-phase techfnical effort wasj to demonstrate the capability of a hot

0A. and socket (1113S) thruat vector ..ontro.l (1110) system to pcrforrn to the

a ,uirejueit-s typical.I of the MiX first stage nozzle (1 ,400 psia for 60 sec with a
9 C srlids/Li% aluminum (Al) hiydro)xyl-termlnate'i polybutadiasne (HTPJ3) type

pro Aany~The first phase volved the design and anlalysis Of a 7-1n.

thoa daYh"5C(V 1  XB13 nozzle. TVC' aystem. The second phase ancompaiied the

fabr'!cattix] and st-atic test firing at, the Air Force Rocket Propulmion Laboratocry

(1E12PL) of' one worzl e wid TVC :Csyt#)m

Pbcwr i Vweei.tev' added to tir Lisl progra-M foillowl xrg the wcxt t

n2vefi iro r , o ~z~;, toqst1 VA rJ1,"w the firslt 7--n 1)tnzl . h

primary Ob.'ý'j.1VA e k.f tl~ ha ddJ-si offort wN.s tlA oorrect the po n scutre

lipI gtoeii Ks s~ddrr~ntrata mei nasfutoý:i..rati on of' the x I Dt 'flBZ)

iondtr' cou 12tioizvxplalta.!y 4a iec ufa 31-stage appiieatlt~nh$4

iiiitt< yr70pIia 1r'Au /tI` 2500 ~h a p~rt"PCe ýi.nt of :-ut~gxitxe ero n! v eYi e-sa

Pkn If 2~err. a Il 1Ž ~ t i a ignof' phwar3 1 , anal yila 'r the,

if "') 0' 2 Io,)-flt tzl'/ t IA'2. FoO ¾ d7- Ž23I4 I'It s2,k st 121

cry 2 221ts -IV 022] 11< 2) '' IL .f t ci,'2'132t1 '/U- ¼ý o x- 'w" I el it-

IV3'



property tenting, nozzio bench teotlfr, 1tat-Ao fmr1ng, at AFRPL and, ?mubsquent

The per.rod of performance for phaid I and II eo.vrad fr•im arah 19 7

through Nowmnber 1979. Te f.irst nrzl.e was atatLc test fird 8 FAb..s'iy 1979.

Phaoes III and IV evmrsd the period A.r1l 1980 through January 1982. The

"_manto.1 nozzle was atektio fired 20 November 1981.

SPrior to temting the first 7-in. Dt rjozz-l Chmenioal Systems Division (CSD)

experience with the HBS TVC nozzzl conslatd of two •mpletely Suooe8Iful. tiring

demonstrations of 2-,in. Dt nozzles. lhe first, dcveloped imdev Independent

Research and Development (IR&O) f•un•ing and teated May 1976 st AFRPL.,,

idCmonstratd slngl e plane vectoring of V6 dog at mý vver.e• preesure of' 850 rsl•a

for 1I1inc. The meaond, temtfm at C3) in Augucvt 1ý4(1 under Naval &rfakc

Weapons Center (NSWC) m.ontr•.ct No. N60921-.'' -C..024o, sioaessfuily domonmtrated

15; dee; c~milaxial vectoxý canabili.ty it an aveaW proseasure of 1,000 psia for 23

msee. These two tests were succesasful in alII respiects.

A major scal.-up nffow was under taken .1.n the program rmported herein. The

challenging degr'ee of scal.eup oan be seen I. Figure 1 which nompares the P-in,

Dt ball. tested in 1978 witr), Lba 7--in. Dt ball tested mnde this program, The

first 7-.en. Dt nozzle knd a throat area over 1,2 times" larger, a test 1 sssw6

- 5% hi ghey with a more never 9r•pm3ellant And 43s tested cm a •rotor ui.th 50 times

the prorellart ,-fight. tiUa: tat Associated w:th the WSWC nozzle, the largest

Stes ee Wo `. hat date.

71

Alt



F Figure 1, C iparrý-Žn of' W1Yl2 hiO al 7tedAugust. 1973 with
AYFL4,7 nDI. HaLl 'ý.qstndc F,:bouary 19(70)

27f25¶~9



2.0 SUM14ARY

The static test of the first full-scale (7-1.n. Dt) hot ball and rocket (H0S)
thrust voctor o•ntrol (TVC) system was planned to demonstrate the integrity of

the nozzle system under conditions repre•ent.ati•te of the MX first stage and to

acquire data to define the TVC performance Lwider thoese oonditions. The static

test was conducted on the Short Length Suptr HIPPO (SLSH) motor, at test pad

1,-52A of the Rocket Propulilon Laboratory, Edwards Air Force Base, California.

The propillant wais Chemical Systems Division's (CSD) UTP-.1803A, a 90% solids,

21% a .Lrainum hydroxyl,-tarvjfuv ced polybut.-adiere (HTPB) formulation. Thei weasurted

average pressure was n,355 pasia, and tw duration wan•O sec.

The systeai perfor."ed as tanned up to 10 sec when g" leakf.ge appeared at

the threaded interface between the ball, extension and the exit cone &t an azi,

moth of about 100 deg. Between 10 and 15 see the lsakago plume gR~cw in size Mid

aft to.,avdo the actuator, attach rng. A second leakage plume at about 60 deg was

ob..e..vd beginning at 13.9 see.

At 16., see . .. leak at. the 100 deg azimuth quickly opened up aft to the

ocrpll.ance ring. At t ., 3 see the nozzle began moving as programmed from 8 de•

rback Lowari rm.l , bvt' otalled at a T.5 deg vctor angle. The ball remained

intact at thj w•g alq throvghout ý,he remainder of tha 60 sec propet.lant burn.

At 18.6 .)c an Maddtional. l.mkage pbl-ue wat seen at the 330 deg azimuth. A

Sflavih wa,s 3obmer'vd nt abcut M90 deg, end the apparent crack at 60 deg opened

,g reat I y,. At 18. 7 u•it. e:, xi (4(n, ý:)Yke up and was extruded through the stteel

act.tato•,' attach ri1ng and CJCCetAA Thc aotkutor attach ring wa•.. ejected ati i 19,,9 pe.ec

E .:senit)alty all n the eje•Lted niwzzl'e wropott r • wre reeovared,, the

riozzl( "wa.9 re('on~f;ruu4 tel to amlw 4ný thbe fa iIurfs, ~:vrid no mep.i ired to deter'-
Smine materia] er'union. The ta1.lai t thr'oat mr-osion rate was 11.0 m•illae,

Key r;eenv ered Žwer'e Ir-wavj& i.u mitloerxI RtbtAfevi ktlutr oH
and jAtkt( Corpo~-',{rat ion 14NC frr ~r~t~hmir valnritlrI

t)
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Upon nozzl e disassembly and poattent analysis, the sooket was found to bq,

cracked. The crack Ir the socket mmy have bem related to the loss of the exit

aone and actuatora. The loss of the co~ntribution of the exit to thrust and the

l.oss of' the foruard actuator bias load (puil-only actuators) noarly tripled the

bearing load on the socket.

The followlng nignificant problems were obaerved in t~he teist and posttest

analysin:

* Thread leakage, exit breakup, and ball extension loss

*0 Excessive forward aplitline erosion

* Aluminum oxide-deposition leading to TVC system stall.

* Cracked socket,

The following was accom~plished in the test of nozzle SIN 1:

* Demoiistration of survival. of the ball and socket at an average

pr'essure- of' 1 ,355 psia for the entire planned 60 sec duration

* Successful vectoring through 16 dog of travel for the first 17.3 see,

including deflection to the planned maximum angle of 8 deg

KA Cotnmand to position accuracy of better theni 0.1 deg.

The design of nozzle SIN 1 was modified for nozzle SIN 2 to correct the

problems identified in the first test. Laboratory scale testing and a subsoale

verificatico firing vf-re. eonluct~ed to evaluate the modifications planned for

no~z]- SIN/ 2. The de,ýitgn modifloation.- included an improved exit conie and

joint, a sacrifihdIai entrance ext&.nn~on, carbon-carbion (C-C) surface treatment

and a carbcon-phenoli'i. lockr~ing as, a replacement for the G-(

The static test of ~iozzle S)IN 2 was conducted on the S1.SH muotor at the Ali,'

Foy-ee Rocket Pr'opulsion Laboratory (AFRPL) under co-nditionn representative of

advaneed upper qtaqP applic~ations. The propOllant was CSD'a UTP-19687, a 90%

lo] I ~.~%alcninnekf (HTPJ3) typo with 125 ecy totIrsmethylenie tetranitraminie

(lJHX ~ ~~~~~~~~~~~~~~~ lhakrS vrgepim~t vrtfe7 & ua" vwh68pdý



The nozzle exerienceod severe annular flow around the ball for 5 Neo after.

ignition. The flow reaulted from the inbility of the ball to instantaneously

translate 0.30-in. from the forward .ockk .ng to the socket due to the inability

of the pull-only actuator" to instantaneouLly baokflow hydraulic fluid and alloW

motion. the artuators held the ball. off the socket until the actuator cylinders

bled down, at which point the ba].l sealed on the socket, Aluminums oxide deposi-

tion from this temporary flow wam extensive on the ball, socket and lookring

surfacis, and led to nozzle stall after the firmt veotkv event.

Upon poettest disassembly the components were found to be in excellent

condition considering the unexpectedly severe oonditions to which they were

subjected. In fact, the socket, exit cone, metallic structures, and actuation

htrdware Pre virtually reusable.

The problems associated with nozzle S/N 2 are summariztd as follows:

* The actuation system was unable to instantaneously relieve hydraulic

fluid from th6 actuator cylinders, and prevet,,ted the ball from trans-

lating 0.30-in. and sealing on the socket for about 5 sec

* During nearly 5 see of annular flow earound the ball, aluminum oxide

liberally plated on the ball., iooket, and lookring

0 The aluminum oxide solified after one successful vector event,

stal ling the system.

Significant accomplishments recognized include:

* Demonstration of the capability of a large (7-in. Dt) HBS nozzle to

suryl-ve the thermal/structural envi rounient associated with advanced

upper stage conditions

6 Demonstration of the tenacity of 3D C-C as evidenced by survival, in un

unexpectedly advwrse environment during the 5-sec of annular flow

around the ba.31, and trider suibsquent stall foroes experlerned dur'1ng

ithe remanirng planned ouration

' J)ernnnstratior, of A large ('-C ball mi socket tV provide a nnn-loaking



Deorlati~at.iori of' 0me ei'toti~veness of' the c~anrfi~ a ntrarne to
reduoo ontrance arad eiplitline erosion.

*AccluisitiOr 1 of' miigniricjant, data arid experienja to ara~ble, lrccoporattor,
Of inrprovement3, in C-C *atarlaia anti tubs~quent liDS 7VC designs.

i7



3.0 NOZZLE, -,'N 1 CONFIGURATION

The first 7-in. D' nozzle conformed to Chemioal Syst'emas iDivAsIon (CSD)

drawing C13179-01-01, "Stat.ic Teat AAsembly - Hot BmlI and Socket. 8 Dog. TVC

Capability"'. Phys.ical characteriticR of the nozzle asnemb.y deplcted in Figure

2 inc.iudedl Tn ov'erali lranth of 49 In.,, and a diamat•'r of 40 In. at the Inte•'foo

with the Short, Length 'jver" Hippo (,LSH) test motor. The ir7itial throat diace"-

tor was 7 in., aad the exLt plane diameter was 26 in., providing an ini.iml

exp•C •:ýlo, v ai, o of '13,8.

The balli/Intngral throat, and entrance (ITE), socket, lockring (forward

socket) anmd exit cone wmre all 31) cavbsn-carbon (C.-C). The billets from which

these components were cehIned were fabr .l'ated by Fiber Materials, Y .ic. (FMI)

with Union Carbide T-300 fiber, TIhe bI,1dl , 'ef~orm design (Fig-re 3) was rOdeled

to the 7 in. billetsi, fabricated by FM.I for tte AFWAL/ML 7-in. MANTECH programs,

except that reinforcomn:n` sp:ucing wai reduced co 0.080 in. at the throet.

16.000 - 72 . . T . _T. 2802 -..
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'The niookei.t pr~eform includnd both th e mokv &AfI 1 ýckr'(ng. The Nolzi

prefonsi lesi~gn (Figure P) reflected an attfimpt to /tc~a. h Axi te!A r-l

capability of the finimhed parti. A 1~deg fras~tra, demign we umd t,4 imnble

the axial fi~ber bundli e to contribute to t~heN 1.xial pl.ine mhear atrongiýfi

Weaving ýae socket. oreform As a fvustra requ~rod en lncrý.fxn In thv5 number of'

axial an, radial. b~indle,4 as the diatoeti-r increamed to prevent the axial kind

radilal. vol~ume fraotions from decre~asinjg froni the forward to aft end.

The exit cone prefora design. (Figure. 5) contained a 40-~40-20 axial, Circum-

ferential. ýkidi radiAal vol~une fraction distribution. The exit crone design

require~d n step at. about Yaid-length to accŽommodate a shear lip for the actuation

cornpllarice r'ing. In addition to increasing the qpjýAntity of axial and radia~l

varn bund-es a,3 the diamieter, increased, the axial bundles were tapered to pro-

vide a onre urifortu volixtre fraction di-ktribution, This predo,.rm presented a

major challenge t.o 3D weaving technology in. that it Is the largest 3D C-C

frunti-a ever fabricated, and many of the irxnovat).ons to provide a unifo~rm part

'iad tiever been attempted on any previous part.
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~i7yarns increaised trom forwitj

7?t Fal i 4'7~SL.
___al woe t Ll

~0 \# ~, C

4Ui.
rL,

3-0

1I oI .II

I, l~~1*A



Construction details

-; -~ 0Spaidng

SA= 0.10/0.15

SA 0,85

Nomnahl voliume fractions

W11~= 20%

9 0 Geometry compensation

w lapered axial yarns
wovenl at cone

.±. * Qantity of axial
........... and radial yarns

increased withi
increasing diameter

~-----~~ 131- .Forward integral
flange section

Preform Overlay 3D C>C exit cone

Figure 5. ý -/N I Fxit Cone Pref,)rm Design
27 56

AIXI bi-Iets were denm,3fted using FMI'.s 5i ksi pressgure-impi'egnation-

carioinlzatlon (PIC' process. ThH trispregnant, us,,ed during derisificatiori of the

ball ~ ~ ~ ~ W qrr ektble. a allied 15V ooal tar pitch. The socket and lo,:kring

were. qtuhsequeritly mscbined from one bliiet., The final density of the ball andH OeCIC t hi It )ets wN WS I9 gm/ce. Asjhlund A2'40 petroletinn pitch was used for the don-
r i ft cl-.)fon iof t he exit. cone. A iurttsary of t',)e denrsIf~icati on proce.-s for each

h .1~ is monaI ~fin Tahle 1.

Thý fex t cvriu ai.!o prmeriteind ai tua,$or chal1!enge~ In densifl oation becaus-e of

Iti 'ntze ~nvd :aihpe rite tsttw;, low--pý-eiure cycle.5 were each followed by

-apii at: !,):I tio- i n ik"AIii I-Ycl. e a probl~em dt v loped. 7he cone bunKied

1 oc.i liy In thre ioc-.ot t oirrr AL the largo dl imater, 'Laok or' propel. ifrme support.

rluljtlr t he t IIf I tr ) I -2atI lon alrpt, r un . I y oaumSc," therse buiOklol . XI r !

rrt~se1etrtCproees~ i rg 01f boel icg e" ~ ulf Iit IonS., relu,1ce in nev#'rity, out, Lbe

ll" n rif ii~ i t 'Iý k it Wvrr. Ilk i Fot (1 W IA i t h- !,W( iow ýroi- v '

I o'i"I > t , ~1, lt e" -il ,- r ~~tke! 4- k P[ Y.' 1,ek yiI t tg ig LK-i dtec;Ii tv

L. )=1 itT WA "I a 0) 4O a a a a "'10 W"



I, TABLE 1. DENSIFICATION PROCESS SUMMARY, 100 P -,!'IM 1 !3ILLETS 014j

-Low Preaur

Impregnation
Pitch and Carboni- Pre~ssuire,t PTC* Res i.r, G rap' a J.iUzF.ti on

Impregrnart zatlon Cycle's pMn Cycles Cycles Cycles

Throat 15V 1 5,,000 5 2

Socket. 15V 1 5,000 1 5 7

exit cone A2140 2 5000 2 25

*PICG pressure impr'egnation and carbon~ization
tFor PIC cyles

carbonization with resin wag incot'poraten to i.nrrea.--3o the density to, 1.7 gra/c'c

After, final machiniing, the ball and socket, were GVi) rinfii~trated with pyrolytic

graphite.

Figure 6 depicts the final machitned 1ball, zwsoeet anid iJockvr'lngw Figure 7

shows the exit cone as par-t of' the nozzle' :1.se~rnhly wlrh) ý,W actunk-)o:ý4 attnched

kco the compliance v.1 rig . The ocxk~ring exhi hited fii tgr 6 was riot used In the

.4tatic test asnembly iinee -it falled I~n bench teriting, TYhe !ockrlrrg failure and

subsequent rvc( er~y r're discusned in section ~4.1.

The actuatin tfon svstAen consl, ated OV f'Wll- 1,1 1 - towv-orly hydra~ I-ni. iiCt~a-

t. ocý' 1t-in t I Ied 1wt.wf-(:r tflhe rioz 2,Y rdnpa r 1,t ni riIpr ljU 2t 'i (!m~ ox OA 1Jan.ce e -

ThOa I w pa.! of ct rVrawoTre oonir ýIf hy m -. c iin ar y,aw evav h

If ll a rr fl~ H or'i gilklantIg 'ill I cjuf' olýIe gpVnitera I H r a pl'o'loszieo ')Y anr

un ~al 'nro Jit , ea()np 1 et Ing, t 4. (' w ivl Ont!'a r Jr aldl I

1Mn1tiAl 1Jill n irji rietUalor- provided nozeUhIil Toidbok. if, the )t I I n Iy

reont inrart i rr t hi rio.L-zi a b eywof Ioad in 1 ýr etlo \ #.h r ( i pal) !oao

th~fir a t umk a i, reaiu~ltirig, I n vr'e'ucv hi r-I Kidt~t~ ~r'in wqlo Th 1I-ý a nt

t-, v o v ot~7 I(( C' w, C:' 0{
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Priorst to:.l m f of' Lie c;tboi-c'ar'bori ((C-C) ness I e , thle 'A a d;,pteT'rin

winh as 5 iant b(Ni wl th ai 1 tee I ha 1. 1 , soicke ,i arid exi~t cone, ý theltee. ;Iaas em fb .y Wa1s`

ma ted with the. act at. 1.nf sy, tlena iri the exae`.co mrfij,',uradt.-r I 0 p1soud for' the

staxtic tesýt, aaacrnffbi. 'fh Is pr'2 1 irnmary bench tesft.cnf.g rLiO ,;ahowri ma ted-( to(

the ben~ch test fix tur arcin liigura- 9 , enldthe vn. 'ct.Inarld tine tuyo i r?; (.')

the act.us Li. orl s yateln p rior' to checkout, of the at at ic twt U. poe~ o upn
compi ~ ~ -l. eo.orfth c aionsnt checkout. , the ati,a .c teat ari c,'rh y cmoet

Were assembledi arid, bonided by Ghemi es I Syste--ms Div lad on ( Csi) The aarblc

no 2,zl i.r is presen,ýItitd in ii Flgu's 10.

TVhe rv sz."ta W.i. ; was aoerinbhied t~o Uwhe.am t;est fiLx't.ure shown -i.n Fi" .gure 1) fi

bencoh tUes t checkout. The, Object ive of' the bench t~ea ti. rig, was to subJect the

a-,omthily to every lonad i t. WA, tO e it) t'Lrj rig-, except; of' co!) u ae, t.ho--rrally-

ir.(ledued I cad a,3 The i mposed 1 05(1 a i. uc .1.(1 e those seencon the f'or'war'dI.ck'Lo

d ur I og p re L'i re aer!igchecks3 and mnotor p rca a osre ta j.I Acff' dlue to tI-'e forcesi

r s i i gfrom the p) 1.1 t'orwar'd actloat o ra Duie'i eg the a e tLi. se ther'e La: rio)

[i



........... .. '~mr Hot ka1,adNzl ndTCk e by /

P 1 goreg chUC when t.ha~r I. .1. ( ind notet na prZZIessour (boaf ltAsn oad) z h V S/

during Lb s art of' the tet was 3'0 (00(- to ~40 ,000 lot' for~ward, all tfromn the

a ua 1, 0s; The l.ockri ag thre,-aded toJ theC SM.-kOe fAtIled in hooptes o break 1. iý..

~~~~~~~~~~~o (.. d1 9 een:aw ~e v>*tnn V; B eg. IhT F i oa I0(j ý,oa, thenM L'ik enY
by 113KM glq,,I ut, that, he;>d Vi w U t ' Vow.rd A1 ij. of 01'th ;cke t at org a3 m,-~ it OtIJ, or I

'¼% 'jl or 20(' 01) IO~o. If~l0AShQi I . 'ttled wok 4~ 1, ti wr. E

F 1 ur 1 1 rh~o t.or w.ir antieel.rance nsu ~a torno t~h t. pto i de naýMe_ 1(UI Ml 1 t v. g

t~hore wvt no inhc aoe i the -~k Lý as .c~weetx the I aoL-'. egand a wa1 ; waai

yI 0 (1A t It w ; l.~';ic.eeii ; 1s m3: 1.5;0 Qa t 02 ; p to1

Ii t , f ' ' 3 7 i& I 0 2 1 I~
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Figure 11. Lockring Failure which occurred during Bench Testing,

Nozzle S!N I
' 27267

Thb- design modification inplemented for the forward end of the nozzle is

presented in Figure 12. The socket and phenolic ring crn the outside diameter

(OD) were 1-ef. bonded in the adapter ring, but machined back to the "equator",

which remo'rid the damaged portion of the socket. The lockring and grafoil were

rep]aced with a ring from a 7-in. "1MANTECH"-type billet made of' HM fiber, wound

b-y Haveg anid d(mrsified at Fiber MaLerials, Inc. (Fill). Threads were eliminated

and a steel ring and insulator- were added to give more rigid support in both

radial and axial (forward) directions. BHearing area of the Lockring was

si-otbatanti~" all]y I net~•:reaae(I

JUp,)v :,:)mpi eti.on ef• thc de,ýi gn rmd 11 catl on the no-zz] . wa. -a I r l mated to

the bench t.'.. {-1xture. The nozzlc wa• :suej,-ensf'ul1y subjected to the full for-

.4ard i tt.a -aor I cod of Ii, 000 l Ir. At tempt.s to pre.B Ur'i ze the p1I tgge(1 nezz I e and

,tr -i,)t, :1 1itIwoIf . eq vil eni. t.(-) !,900 p,,O, motor ehambi*r pres IOire were

'it , (IN,-W, tOiro)ig the ef)) J1) pr i dI r ssia --

1hiP11 flermir;i nil I v ýDI CJC at royvn lerieotr Iaa I kit' MO,

I ~ ~ ~ t P,1' Cx:' 7ir' !: ;int704), Irky 'u ('o iv,

T,) r-. l'TT El 1d t y i nlI ('t 2 im (1) -C aiini acts wore

. ..... ...
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nub1l)Mqui(.rlt I y ýw~ I 0(1 wi fII WFV rrtnibbe e~nab irip I I Iucce1O'(~III I oad i rig pof' 1wh~ I I'Ind

YIo(ýIw(t . [he Ii'I'V rtiuher' howeVer,v I revcneit d veo.Iwir I g of' th c a 1 1 whi Io oetOod

SSTA'MN CTS'

14. ( . ; enera I

T1he ,stat io. I etý en t. 0 tho Ii I 1-s~alI e ( . n. bD. ) hot sal I Ianrd -.ock et. (11w;)

".1; .trut Vee tor- enntiro I ( 'TV' snysatem was p1 anned to (lemons tr-ate, tho In tog r'ty Of'

the nozzle.1 es ys tpn a-ndl an qu ire dat.a tcs do t'ine the T ̀VC per~' or'manlec unde'r aht;

Ci rin g econrdiVtions. The 8 Feb r nary 1 919 staiti, inte~st was, conduc tori or) the S lhor' t

Leong th S uperH I RhPO ( SLSH ) motor at tea F pad 1- 152A of' t~he floc-ket. Pro ~po 1- io)n

Laboratory, Edward~s Air, Forc(-e Base, C-al ifcnia. ]'hp. motor, was. as,ýsembled hy Air,

For-ce. Rocket Propulison l~aborattor~y (AFRPL) personnell in aeccor~danre with C.ST

d r'awi ng Cl1 141 3. T'he niozzle- as inusS ijlied on the. montor I: ashown inr F igfure 13 'IT he

pr-,ope)-11ant was-- CSF '.5 11h- 1880 3A a 9)0% so) I i das ? ;1 % alumninum hydr~oxy I - tlevjrminteod

p01 ybiftadi. one ( HTP I) type. TPhe i gr. ter , a phe~nol. ic c~. rt r idj.,c t ype , was in

-lccor~dancee with CR1) P/N C0063 1-07-01 . Thel peePdiToted rver'age pr~ess3,ur~e was 1,2 3h)

ps7i-a o'er the planned, 60) 2ee duration. T'he FT* armned du'ty cycle I t i ahewn i ni

F igur~e 14~.

41A.A

I I ~I AW I r
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Figure 114. Planned Static Firing Duty Cycle, No~zzle SIN 1
27158

Two mrinutes before ignition thei nozzle was vectored 8 deg in the pitch and

yaw .~ixes to verify the readiness of the system. The nozzl~e/TVC system responded

as ex~pected. Upon ignition, the sy.9tem pez'formad as planned up to 10 sec.

Between 5.3 and 9.3 see the nozzle successfully executed a 1-1/2 deg vectoring

sequence with torque levels a.- tjpi.'iý Art 10.0 see. gas leakage was observed

at the threaded interface between the ball. extension and the exit con o at an

azimuth of about 100 deg. The downward angle of the leakage plume (baok toward

the motor), as shown in Figure 15 -suggests the leak followed the threade(

boundary between the exit and the bail extension. Between 10 tnd 15 mea tft,

leakage plume grew in nize and aft toward the actuator attach ring, A second

leakage plume, at about 60 deg, wan observed beginning at 13.9 see.

Atl- 15 sec the ikozzle began vectorin-7 to 6 deg I.n the yaw plane, corlpleting

thin.- event am programmed at 16-3 sec at-d holding at, 8 deg (for a one-saec hold).

At 16.9 Aec the leak at the 190 dleg azimuth qui,,kly opmene uip aft to the op-

rm-c r:ing, (Figures 16- and 17).. At-, 17.3 see the- nozzle began m~ovling as pro-

grammed from 8 deg back toward null, but stalled at 7.5 dleg. The ball nema.Ined

at- thl'.i angle throughout the remainder of' the 60) se duration.

At. 18.6 nee an aiddi tional leakage plume wa.3 seen Fit the 330 deg azimuth, A

fi-0 WWh otbscrý ,d e.at~u Aot. !ý d0(eg, and tlve apparent oranol at 60 (leg opened

$g oatl Y At 16-"l 'et- t ho exi It 114' ii ti-1 WW nVmWO.Mlde2 1'.bnW Ogh OWh "Ste



FgUre 15 nit:,.'ai Leakage Plumte
27269

actuator attach ving and ejected. The actuator attach ring wasý ejected at

'19.9 sel..

A crack was oboerved in the ball extension nhortly after the aot~uatlor

attach ring was lost . The ball ext~en.s3,ion sub.,equently came off in Ithre&: piecesl

,at tlhre-e (11 Ifferent times. The secti on from 90 tc PP? () g wa.,i lost. 0t 20.8 Ooe,

the 220' to 270.-deg ,ip1 eec was9 lost. at n00 ee, and ihe remaniring pi ece (C`70 t'.)

Oc~1g ) at, 210.5 ' ee. ""he :sequencfle of' even t- s Liuewttiarze.d i n Ta hi ci

Am noted , tbi,, al whi o'h J1ne lude-,s the t~hro;- t. andl the, sock et ryaindi

plIace, hut with the 1);W at a '-1/,) (let-g voc I(r , throughout propo J. iint, lburro

-~~~ Ta I off was nee.8,Osc Ft gUrC 8cmae thel pred i (t~ed and rytv. S ur,,d hamwt

p W: aec Chainher. ufroesure W;!5 :A-,Illrllt 0a I Iy li ghor ( 14%) luau vati'r

10ix Ill n, hidI. via rli0 (I'if d (jf ' ic Nuaw ()t thl Ii( 1,,,
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Figure 16. Leak at 100-deg Azimuth at about 17 see, Side View
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TABLE 2. 8EQUFJNCE OF EVENTS, M0ZZLU SIN 1
20435

Approxmpatep
Time,

Event

0 Motor' Ignites, firing proceeds as planned

5.3 -- 9-3 Nozzle vectors as planned in yaw plane, one and one--half
cycles with I-1/!4-deg amplitude

10.0 Small lIeakage plume observed at threads at '41he 100-deg
azinuth

10.0 - 13.9 Plume grows in size, extendn aft

13.9 A second leakage plume begins at about 60 deg

15, Nozzle begins vector to 8-dog in yaw; leakage plume at
100 deg extends forward

15.3 Leakage pl.me at 100 deg extends aft

16.3 Nozzle coaoletes vector to 8 deg as planned, begins 1,osec
planned hold

16.9 Leak at 100 deg quickly opene uý, .n aft direction all the
way to the oompliance ring

17.3 Nczzle begins planned raturn to null, but stallh at 7.5 deg

18.6 Additional leakafe plume appears at 300 deg; flash ,Oten at
- V 190 deg; and crack at 60 (leg opemni

10.7 E[xlt core breaks up and Is extrudnd ttr)ugh the st ee actuotor
-- _L aoLa lring. Ba'il remouinn in place ar., '. deg an'gle of yaw:-•;![P.] a ne

S1 €: . C Act. urtuator MA .tlh rtrng i:n 'i j rte•l

10.8 KO In I:xteZAIMI ) 5tc. 1ton f CroW 90 to "' cleO" ee-tod

0.8 Tlad I I cx"teisk n.s• e • o, tn from 9'"K) to "'170 dog rje';tetd

IIIh),'> It'I.I e extnIS1'o,) retot. 0H)&) 27" to 90 dneg ejecto@d

I.,().: 58• Opit whioh tnioludlel throat e-'mai Ii pr,-nn.) In )vrope iiaWL

ne'etott3i'I1e- neej i .tet

-"-'

k3

I

"tLA ' e - ---
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I4.2.2 TVC Date

The HBS TVC nozzle performed the t8 dog trapezoidal wave form in both the

pitch and yaw axis during ambient pre-ignitiov stoeering checks as expaoted.

During this prefire sequence, the bell was vectored against the forward look-

ring. During firing the nozzle accomplished 17 deg of vector travel in the yaw

plar6 t4p to 18 sec, the time of ,exit cone ejection (no vectoring was planned in

the pitch plane durini, this time period). The achieved angular movement during

the test firing Vi. shown in the ploý of yaw position versus time (Figure 19).

Movement of the nozzle as expected vias recognized during the 1.25 dog triangular

commands between 5 and 9 seconds at a chamber pressure of ,400 psia. An 8 dog
vector position xm achieved at 16 see when chamber pressure ws 1,580 psia.

Measuraed torque is plotted against time in Figure 20. Figure 21 presents

a Proes-plot of nozzle torque vevsus nozzle deflection angle for vectoring to

V- point of failure,, The hysteresis torque determirned 'rom the full loop

S'... •h• d between 5 and 9 sec is equivalent to one-half the width of the loop, or

126,000 in.-lb. The friction coefficient determined from the ditai was 0.11, cor-

parable to previous subscale test data.

The offset torque Is the difference between the center of' the mean'•red

torque loop and the axi.3, and is equal to 311,000 in..-lb. Since no offset

torques were senm dur Irn bench test or pref.re steering checks, the origin of
the offset is aerodynamic In nature. Industry data indicate that the magnitude

.1a typical for" ozzle3 of this size. The HB-S aerodiynamic spring torque wan

essentia]ly zero.

TN, ln~ ro orqute for' the veote fi vent, to t- B eieg 1:4 :ignificantly hhgheh

t.h;iln ear"1 .'.'. ev"•,01'" ad it.11tlt ately r1,•e e staJl cori dIti ona before exit fal I ur'e.

%hv 1'(C~ea nig w' arxi a nkilequelt. s. i I 1 to'que wa~i attI.ritbuted W1 I norta sed

fr-1t0iort; due to alumnInum ox.de ;iepositi(Žn In the forward split line.

Wno 'e eon ~tiermi:eoul wre Ito the aft .a Ikat_ . Ooni •

(Mid ' ' 1 IQtoy'I (0 p tc -l .0 at op deAl '' bo'n (TDC)). 1)w The1 ont1.1 es ar" deptetod

f~r :ýeýý lx Fioe l-'~,hri 'O 41, Not th-it 2I G e co~r'espondn -ilt h 1-gt IZI'
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do ~ 'W Y- --- ---

%-. v10 j - (21 l

~av~OHM t 31t Maitnd s' ckei I 'it,
(5-9 36t) Static tost toiquM

-2 0 1 5 -0. 0 ([.5 I.t 1 .0 2

,igre 1.MeaSured Yaw Torque Deflection Angle, Nozzl~e *13/N 1I75

Review Of' these therxnoeoup).?s Indicabe all we..re responding normally axceotA

for TC-8 which was not reading at ignition. Thermocoupl es 1 tilroligi. q, Monitor-~

Ing the bac~kfaoe of the socket, iapre recording temperatures of' 160 0 F or, loss, asz

expected, u.) to 16 aee when thc leakage and aubsoquent exit cone ejection

resulifid in lt. 1. of data, TCv5 S through 10 (at the ball. raft rrd andtia

exit cone) except for thec non--fun, tioning TO-B did not mhc~i anomalous behavior

unider the circumstances of' severe flow expsfrianoed in this region. TO'sN S and

10, lol. estM to the major flow, exrhibited a significant ohange in .thertel

riesponse ait 10 sec, When the initial1 flow started, until. loss of data ocitcidin

wilth exit ejectI.on, Thermocouples 71 through 1II in the, eomp]..1 anot ring ~e~glon

exhihi ted cdya ilight. tapproxiinmatcly 20,~F) tanviratuvarn c et 10 sec. Two

thermocouplai near teexit, pi ae (T0V, 15 iund 16) were not significantly

.otyce t', he onedit: onar >,etwaeen 10 e and exit, ejection, isrmroouico, 17. I

arc'IS n te (Idin acuator cylind(er' undeor a I/8--i it thick 4ii cone ru~bber

.1-ayor' reeuained at appr'n i mate ly 600P' for the etO?' re i RiS up tc exi t ejection

'Ihermocaurlý-e 1Q ol) U n .4Cvtuntor' Shaft xcxe only 1 50 F at the time 0ot the,ý inIt2.Wt

4) /fl Stral.n Gage Lata

Four' vtrair ýwgrs- were I (Nvatod on the, oompl lanrse, vlq p;G ýnPIr in k:s ahoX)w' f I

H~~~~~~f uuinjy 2 P1a n tii v41r5'n .v ta i t tneokgavr p stte!i

ut 4 n , tv ~ r f nI r)..o .o "Cxli (1II M . i. i. t 54

noa
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1nor!ro~ to TXVCtu foronr P-xrt~ed du~alng thisi p~ivod.

2.5 ~e'f~~aHard r~e ~t

a t.ong w~fh the rncoveir-x. ojeatotJd ha wr~ ~The thrae r1 cce4 oi' ba~ll~~

arkd f-~1f & ý~Ae t~t (whl c mep4 i atnd into I14 1 ý.v'ge pfaoeaq ) ar.-! lo'own - suem-
bie 1 I0 n FA g L-,e, 146 . The 10I 0 eg, L, 'ýtl W whave 1.eskage wa 'i rut, o bs'ý, t±J

il4e-9[.- tou tfhe (!mt~lrY~i kt~ plly l of thie (udl, at. t2he foi walcd oc~ end

whic nI t mou l)th., w ml. ýslvxg w,.eyoriot nvo.f~~-

ih j) I PI~beI Y;4l C.zzi ivc P,,,%n -in FIgu riý R/ w ~ ~ th b( Y, v*--

$eC,)d vft. ball exte::j.iloo veanstynic Led ii F.-igure 48. 'Iy. ,U, ý- showti in Figur6

491 af~ter r-amovalfo I. he vjcket' ,~ N49"(1C t iwc !foi-ard 1.c~kr.-r-g st-il Ii.n pleem'..

TN*- fl0,Cf) nt 0 (Jf~g 1ý !. m~(w out I -aci 1 in;t ltc~ raoval. Alumiu -,vid ~e deo(-,qlt5

11 r.1 ed1 n'~ ýJewlcto rI airfCA fl t -3 ) flr, the hal I a~nd fom- I oc~rInvg

P .I.m -- e~~dt.e~~ h zA~



,if ~ 1(1< 1ring an.! thel forward- ta Ar

q o ckt c tt eentra.9t, the al lrting (s~1
irig)9 -A 'f$aC ce t~oween t.E te, Ii an (i

wwockt, ( the s3hiny bawd on the iba lI)

free of' coxritamination and any atgaof

l.ea., age ., The ball. entrance sihowrl in

F igure 50 depl~c La, the hign notir.n ifor~m

erosion expert ýcoed d.-Ur'lng the, :1 ri.vig.

* 4*i~ Thle 11,lfwaeeof the socket, is, s3een

La"wi-th the al 1 J, ii3 k the

bal f' t'- f t
iital at:. ax~ .6leaik~go

gore 1Iheoevrulidld icatf i. ,: . Aluranurn~m osxd doejfposits,
Ux t (:ole and t".

Ex tens~ion ,Nozzl1e S/N 1 J r ý i dnt; hcwovvn', J.k h Fnilk It

2109 1 g;) thos t v'O nted charl .1ng el for-ward
of' thfu Ie i g, load- oa.-rring aral.Jivag ."htak. 'e posttent soc.ýket w-as, cracked

ilt a bout, ithe `-30 dlog aziyxit~h. Opecw ejeor; Ia art thq exit. cone and SJ.n'Aitane.ous

3'. 1 a' 1's~ :o' l ftti t~he I yr-waýr~d b)i are'] th?'tlit ?TWn act.uator- forces, ofifs oh 1:1 r, the

hi ma ft rlo.0j cet--e R 1 so -.Ž1, The 1-!; 011 wa,ii j 300% increase in thtt beanring

- II 'i f1 tc 8)ki'I clio ighoop tsil al Oeof' the FsoCketfA oe ht

ri ~ ýI- in i3h'r a~i'sra pp and 1hrc 1i.r-. noi)Si; of flow throcugh or nertie portion

fit t ' ýif..If fi i.8( 11',' 1 tilt ý:,t iho S3ea I ng ll r'! 1,1 ace. Note 81 0 that dhf a 1iilmitIunLV

1- (]P o1 i . fV, ýi tire i pfri I* onr) -W "e ,r5 {<t1 forward wo the sewa 1,i ngtsi' iei

ii 't 1 ~f 're ~ i I Y * i lid i os t.i i g, thu' r'te.r'c n aflter the til uui~ f aun rixi do

11wh-c tifc r~ i 0 1 ŽI'OU' I I fi'.3Ipi Ithe oce-ilev74 ,,!ipofnferitmi are presrintond

-ni IW ' \> f1fit' /--i off-f i t.t ti I ow l ('ano-o thatý ha~. ogti 1r

T - I fff If mT -wo 1.~I~} 8,; ;I (R,, -f ft li 11 t'ho o{fhl~ 'I<

(-I~h I-I ow. t ha. t' On pf'jf ' nt z-- r, e)- I

Ii I



Figure 147, Af't Vie. w of'9SLts Ball. and~ Nozzle fling, Nozzlfe S/N 1

A, 1 A"i 1 wAAA L It A )
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Figure ~1 ast l.i e H: 1.1, Nozzle t3,'PJ

I i¶j~I rugl TI'\&C



*1•

(Figur- 1 Posetfre S e Nozle S/IN t

entcr'ed ttb-, noýzze'_e was ,r~roded 1,24 L.i. "Mie locations 90 deg fro)m these were

eroded 0.4'- in. and 0.85 i•n,,. rhe, aver'age ball-istic thr~oat ec-osion rate was

I'1.0 mi.1./sec, which izi. surprisingly low for, a 58.7 see test of th-'s severity.

The ev'oli..-ot of tN-•. bal". en~trance. and the surroun~ding f'om: rd lockr.•ng i~nsu--

Jauors was severe and hLghrar than expected' had t.he firing gone as planmed. Flow

was. severe enc-vgh to m,,,iuse local. melting of the steel -Ing that retained the

loc.kri•.ng, as sl[mt'y in Figure 53, At 1(5a2st part of the flow ,i,.everity can be

l•nked to the ca:&ed posltl ori of t-he f...ntrance dur"-n.g. the last 12,5 see of' the

t e.-
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Figure 53. Postfire Steel SuPport for, Lockring, Nozzle SIN 1
21093



5.0 PROBLEM AS..IE.(FJNT .OWAZZ S/N 1

Four signifioant problewm were observed in the teat Mn1 poettest na ]ys.t1

of nozzle S/N 1:

, Thread laakage, exit breakup, td ball extensli loss,

* Excessive forward splitline erosion.

* Alumlnum oxide deposition leadirg to thrust vector control (TVC)

system stall.

* Cracked socket.

The following discu:salon reflectsi Chemiral Systems Division's (CSD) observa-

tions in conjuncticw with the characterization studies performted ,rt poattest

parts and remnants by Atlantic 'esearch Corp. (ARC) (reference 2).

5. 1 THREAD LEAKAGE, EXIT BREAKUP, AND 2ALL EXTENSICOi LOSS

It was concluded that these problems were related, since the exit br(.akup

and ball extension loss are believed to have resulted frox the flame-cutting

effects of the exhaust leakage. The primary cause of the leakage was believed

to br. a bad decislon on CSD's part tW densify the exit to only 1.7 g/0co (for the

purpose of saving we4ght), whereas the data base with woven 3D' carbon-carborn

(C--C) mater ial3 such as this was primarily with materials densified to about

1.9 g/ce. Density and porosity characteristics of the posýttest exit and ball.

extensicti were examined by ARC. The results showed a 1.6 g/ec density for the

exit, which is even lower than the reported 1.7 g/ee. The open porosity of the

exit was determined to be over 21%, compared to 7 to 8% with typiual 1.9 g/ce 3D

C--C itateria]. This represents 75% of the total porosity in the, exit, wi, results

in a specific otm'. pore volume for the exit, which In more thar d!ouble thmt of
the ball extension These result,4, oucipled with a mlsmatoh in thermal expan.s ion

between the exit and ball extenvtion and the numerous zones of sreave anoralies,

contributed to the p-oblenLi asaoulated wi.-.h this teat. In a~ddtion, t]?e ball--

to-exit thread dogig, was not the bes', ohoice. An diacusmai 1. seetion 6.0, the
1 --aome thread uti1I Iod Iid rmt amnoorwaodat., in tome thred forms, a ,} unit

eeli of •adial ant.0 ,Žr umFler'ntial t,,j'ydl e. The l ack of r'Ii f or e*men' :o v

tl~rtv. 1 teef hi p-ohi)b.~ ro 'nn :ii j fl oý re . I o1 1, I I



5.2 SXC*YZV FORWARD 3PLITLIN9 BROSI1ON

Tki problem ~any or ma~y riot hiliv baen oauried by the 7-112 do o~anted

position of the ontrance during the f~inal 4I2.5 aweo of tha test.. Tt *,fa

therefore anilue that the hitubineso of the entrance; usav it. Iult In th~t it,

induosd h14gh circulatory flow siumil*n to that. empierienaed in snbonia 6pl~tlina

nozzles.. Lengtheming the entrance and incerwaing tho oontraotien rrtio to

oroato A relatively qutescenit separated flow raUgion ne~r the 'MRtin ~ the

proposed solution to this problem.

5.3 ALWINNJM OXIDE DEPOSITION LMAING TO THRUST YKC''OR COWIAOL SLSTEM STALI,

¶ The posttest analytiis coiicludcd that deposition of &huminum oxide in the

annulus between the for-w.ard part of'~ Jlhe ball and the .1ookrring eaused actuator

stall.

5A4 CRACKED SOCKET

Tha crack In the sovoket was mos~t likely caueed by fThe exit and a, ttator
1043, 'rhe los of tho cont~ributi, n of the exit to thruat and the Ioisn of 'the

for-ward actuator bias loesd (pull-on y actu;Ptorz) nearly tripled the Iciad on the

mockot . However~, for future dolins it was determained beat to retain the 13ockat

more po'.dey(on a ram~p ins~tead cX a cylindier, anid with tighter tolerances)

and~ to ohange the nocket veave linsigen fromi a conical frutitra t~o a high-hoop

21,fraction cy'i.indrical construction, which has m~ore~ predletabie caraoteriatice3.

Jill



6,0 REDE31I GN Wt NkOZZK,. S/.N I

No7,zle S/N 'I (Fig~ure 54), was Iriter modlfied to oorrwct the proble s~ Ideriti-

Cied An that test and diselinked iii teotJloru, 4.0 and 5.0,, Denign ahaagem %mre

made only wharko necessary ex. that pez'forrnallku 5n t"e tOst Of' 00~O~r ft~~dnzlO*le

could b4. correlateed tto the ichangeij Ilie noturttion 5syt~em dez31j a rewainfxl

unchanged 4irce. it perfVorm~ed without. procbiums dLring, the a F~ebruary 197,9 t'03L,,

The potential soj.,tiorl,ý cOn3lPie'ed in the nozzle .rede.31gn are nutrzrized in

Thble 3.

6.1 DESIGN CRiITERITA

The .re1.sed de-gign vi~a to be tested onf th short length super H.V"PO ($3LSH)

mnotori at the Air' For'ce. ho(k.'t Propulsion Laborat~or'y (AF"RPI,). The testA cond1l*

'tions selectrd wer'e those ivpr'esentative of Mdvanec#ýd 'upper stag6 o 001.tiQ113,

approximately 750 PnlIa f'or 75 soo with a pr~opefl t of' modeorate eruiveneis. Thie

Crve rt~ujent - t'rnisbfd equipmnert (GIFE) graln v4o fab~ricated by Chemical Syrst~ems
Div slon (C'3D) under AFRTPLcnrc No. FAV70-71) )C..00 ThM -roePn a

M' UrP-19,687, a 90% solids/20%Z A11112% cync oetra~mothyJlene ~~r

16(000

6 060 S"'Jil: 1m1etl

;Yklt Al in

'24 ~ ~ ~ ~ ~ ~ ) 1 Qfi~l.i(Ut 122~



LrtBYili. SW AR OF PTNIAL 8,0,07 ON!")2 (,NSlDPRi&D .2;

brankup, and throat L Len~gthen t.he tbnread,!d Joint
extensionl IOn 3 Add a itnppe&.-joir seel st forward end rf

Tupx'oiie graph ite oene,,nt applicat i4or and n~ure
Im Tprove bltneitJoint

Excessive forward 1. Lengthen entrance arvi incr~ease contracti'on
splitlinn erosion ratio to 'vreate joparatad flow regicbn at

4 Soplitlifle

14Aluminum oxide 'I. Mhange forward lockring to car-bon phorej Ic
deposiltion leýading 2 2. Treat forward iurfacie of baill to pyer'e-e
to sy.'tem stall dpat o

Cl"Pe~ed Mocet 1. etain socketonrm
2. T~igbten tolerances

3.Change socket weave fro~m conical frustra to

(HMX) hy(Lrnxyi- te 'minated polybut!-idlsne (#ITPB). This propellant was nIAc-esV3-

fully demonstrateo in the Jot.Pourn Laboratory (JPL) high energy perform-

ance, nozzle,- firing, ary.1 the C",U)/Socliete Eurcpeerne de PropuiAionI (SEP) advanced

apogee mo~tor ft eid 0-t AFFPL on 15 Novemrber '1973-.

T'he physical. dirnenaions And prxopeýrties. of' the certer-~perforsatdd grain1 ar'e

pres3ented in Tabole 4. T.he pred¼oted bal.)is.,tic conditions weri, as follows:

Max laiin prý:.isure, psia a 0

Average preosure, sia V46

A t o tn t 746

TW! dc,:-q xgn nax jaw expeetýed oper ýati ,g jrenur~e (MW'IP) was 1,0014 psilk (1,25T x maw.l-

ThUUIp~ 'e~urI



6.1.2 'rvc

The thrust vectrr control. (CYi) reuUIrementA -,ere ld.1nica! to those of'

nozz le S /N 1

iMax mutt deflection, deg 8 ,naiaxial

Maximumi slew rate, dug/eec 40
M.•1nimum acce1.eration, deg/sec 300

Fivot point Forward throat pivot

Since no p, oblems were enceontered with the 'VC actuation oystoy design

used with nozzle S/N 1, it remained uichanged. The actuation system again con-

sisited of' four pul~l.-only hydra-ulic actuators with an integral feedback pot entito-
meter on,:ontrol. system. The actuator assembly configuration is per CSD drawing

CI31V.- Tke pull-only nature of the actuators provided a constant forward load

reducing the net blowoff load due to chamber pressure, and hence torque.

TVC perfornance calculations were made to determine the expected nozzle
response and rcequired actuator, hydraulic sapply pressure. The design param. ters

and expected response of the TVC system are presented in Table 5.

TABLE 4. DXNIFNSIONS AND The torque for nozzle S/N 2 wrulo be
PRP ITS271 lower than that for nozzle S/N I

T3O27 au3e of the reduced aversge (chamber
Grain preznsure ('46 versus 1,355 psia).

W ght r3,504 lbs , rince the torque would be lower for the.

L;,ength 61.7 in. conditions of S/N 2, the hydraulic
E.:Or"' d i lamet er i .7 in.

Web 16,,3 In. supply pressure to the .ctuators Waa

redue!i from 3,0100 pal (used for o /N I
----- - to 2,000 psi. The r'xdueed supply

BIurni ng ratf, at 0.'2f2'ý i ni,!m pressu.mre provides a reduction In the
1, ,00C! p.9 j "iBurning r Wt.5 0 bending loads lpo,,ýt•ti on the exit.

exponent.

-A'j



TABLE 5. TVC DESIGN PARAMETERS AND EXYj-F,(-ED RESP(tWSE, NOZ7ZL SIN 2

T827 2

Actuation moment arm 12.9 in.
Piston area, ac'Cuator f,0(P5ThV in 2

Maximumn actuator pull f orce 12,090 lbf
Maximum tor-q.ie capability of a(.ttjatcr 156,00 In.--1tb
Forward bias load, actu'ators 2~4, 121 IVf
B~all 3pherical radius 6.6.6 i~n.

*Design friction coefficient 0.12

Calcul ated respons e at, ML-,OP (1 0011 ps:La):

tNet blow off load 418,ooo lbf
Biowoff torque 84,231 in.-lb
Aeroslynamic tot-que ~5,500 in,-lb
Offnet torque 1,000 In.-lb
Tot~al torque 90,73-1 In.-ib

*Maximum measure1i on successful Navy Launch Vehicle Matterials firing]

August 1078
t Thclud,ý, forward bias load contribution trom 'pull-only aotuators4

of a eati bal.1-to-exit Joint concepts. Evidence from the firat 7~-in.
ýiot t'old and suckel. (MBS) firing Indicated th.at the exit core failure Initiated

at t te, tkhreaded J(,l't'. Although thie extit cauie had riot been Isolated, confidence

to c~Jj-d oinf-, ,r of concern.

Threaod& jo ýnt co. ern.:ý Included.: (1) uncertainray of la rrfc
und.~ir berv.n - ad , (2) urver,.af nty of' --ea 1lig under' bend ing 1 nadn due to
a1~ pwi~l ;,p ctl meohani ca lly Aiduved and/for Vrow di fferenti al the1rtmf

bI o et weeni the ba1., andj~ eýX .1j, arnd ( 3) un cert. iat ny of' thvc .1oacd-k carylIný,

II )O;t~y n~ oitl vi dtal Lht-Nd teeth uwif-r -Jke~ar oan.Thf shear, a4trengt~h

onýýrtii I ru.v ar inen from the primnary ýepende',ec, of' I x'a thread s4hear :0trong th

on t iLibllm'' of ool ual r ad~a re I fi ements ý. wlth vi Ct n t.hr'ead djenign

(o' hx uon t or e1'1pqn') t ,o prolbabilH tv of' at- adequate number of

(11: AI hnonu -oi .3 t ci I yen I ccat.I on In -ach tooth 1iA redueiod, and ho'noe oon I'Idenrc.(

f-hr:*a .~ ~i apa II!. (I or're.4poilltug Iy 'educled.

ý,A ' I oi;IflitIida e4 -,invre tX otd on t tic o., ' oc r .

jr tz whA', T~



incorporated in nozzle S/N 1 (reference 3). The r-vdidate concepts IncIluded:

pins, keys, breech lock, and collar. Overall disadvantages were identi.fied with

each roncept for this application.

The study concluded that for this particular design the candidate non--

threaded joints did not offer an overall advantage over an improved threaded

joint. A coarser, modified Acme thread was selected as the best replacement

for the four-per-inch Acme threads of S/N 1. The selected 1-1/2 thread per in.,

10--deg-mcdified stub Acme allows an average, of three radial bundlt per tooth

cross-section. This thread deslgo provides a better .hear capability than with

the finer four-pfr-in. Acme threads Iin which an average of only one radial

bundle was present in each tooth cross-section. The included angle of each

thread form was reduced from 29 deg to 10 deg resulting in ar almost square

.1 tooth, to reduce the radial load component under TVC bending. Figure 55 clearly

conpares the differences between the 4 Anme and 1-1/2 Acme threads.

Additional changus incorporated to preclude leakage at th1 ,oint i.nK]uded

"increasing the exit. density fr'm the 1.5 , 1.7 varnge to 1.9 glee, matcIbng the

weave design of the aft throat extension with the forward exit cone, and improv.-

Ing t4ýŽ appi: caticti and cure of' graphitte cement. Increa3ing the exit deasity Lo

lo9 g/l'c reduces the open porosnity of' the exlt, From 21% or mo:>, to the 8 to 9%

rang-e, -,-ii.ll.ar to thAt of' t.h, throat and . oeket. Py bettLer iw ching the weave

'3 p c.' tng, fiter volN tie YPactlion, and density between the forward exit and aft.

throat e xtenslon, more nearly si.nmiIar proper't.en_ con twe expected, reduoin r, t.he

jxotential for thernral expansion and/or meehanhicn Ily IAnduced ml.smatch

f .o redtP lr," ̀ ,ý ",'•O v et•'' ,On enewjnrter-d I.nr th ' r-t t()wo at tIe foret.; d

ý Ip ýline bet woerl the N-01 and ! ovIringtoW!s ndOt
Serd~~~i'ant~~i, *,<pi~nt ot e'at. V'. •a.' l I re,;•,aei . l[t l.a? p)'o.vt deit Ž4• firter'1 i,~ I tl ~n. rot. ae'l(

and a .nepa:'tef ý fNo'lw regýon el .0 1 insat Ing dir• •I, 11Tipingein tt at the zip L1lne.

Sh;,'~~~~ ~~.1 t.'J T~he! 1€ r'wtir" ! .:{rt J'
4 et rt "t I'i[ ,: b' ,,! -,,a'rt'F r 2-C ' t' ow :.ibot hI'i

"i "'

o• w en



a i a riie It

2 to 3 oill ra'1iai
presci at all dl Idailons

m cacti thread

1; N 2

1.500 st-Ab *con* thread rnodIlld 10'

3 radial flbei burn 4v per tooth

Ni f ii W t&J f e

4 tme* thr~ead

1radlitl fihor butwifst per .0011

iiutr-.v C -. >arisonf of' t-he 1-1!?' Stub Acine Thvead wi th the 11 Acme Thr~eard
I s e id (ri14 No z i /



()thle higher squrfac-- temperat~urie which r-esu)lU ts rom1 tte, low oonduoti vi t of

the phi-nol.1c. Secondly, the 'ba1.1, siurfact wa;ý to be treat.aj U.to h~f~lp prevent; depo-

,s i t~on . The surf'ace tkpeatktent tmtrdicboten~ were evH).uated u~nder ].abo~ratoiey

tenti!ng.

The protlein ', he erackted socket, obsq'-,' i ufpon poelltteot disassembly, was

most likely associ~alted with (1) th6 lasr of thp. actuator t'or--4ard biAm lcr'd and

(2) the, ex'AL.t ne's thrust czuntribut.lon. These two effects nearly tripled the

blt~olof load on the~ nockc~t. Hc wever, for cnnertlatl'siii the weave plan foi- the

socket ~schanged From, -i ccxnieAi. construction t~o a cylindric-i! construction,

and a rampŽ retention was introduoce. Die respon,3e of a. ziy]indrical billet to

loaJ.4a cans be moý'e coyffidently rostuiiated than that. of a cxonlccJ billet, The

nocket. was 3oppo~rted ,in a .'-dreg ramp and toleranceer werc t.1ght''ennd to b)etter

ensure pO-.sitive~ support.

The rev<.3s! de,ýign (no-zle SI~N 2) is presented in Ftgkuv ,56 anid cowp..areJ to

t~he tested S/h 1 design in Figure. 57. Note that. the oxit c, Ae was truncat.-d to

S I I'100 1 '/7 Slt AC ME
11~~t 6oT-uWdeg rnuxified~ I 19.30

77 ~Acum *(4 31~ 90 ___ 9l19

Qliit 91 9?



30 ctil uion 1,9 Va;:r 30 carbon-cartn. I~ A1

Asbeswsp~i~ ~Slliu:a phenolic/-

Catht'u phhnhn .. ..

1~rr * 26 00

Po'1, prn1D38bnl;ron 9Uc

K 1..6

/hno /0 ca o-abn l.y g/

Nola~~~.- 10dfeso, r nideFiue 1 CmalinofNzzeSN -" ed'in"0ý.4z/f-
2719

reduve,~~~~ __(ýe~as.mrtnan rv~tfo ýavtona h oe rsueo
the eeonl isi- t~voheral od iructcralar,.Uyss rmuln repotsdAn rfar

3nrfaee~ '-ii amensn an reae trAfiig

~'ec~u~ethethis tat1k wan prvrtof ovcIowep1r.tn itratmen lowr th~ue %nori-

the ~ Of tfp 3D~ Aero) h ~~I o'- t.Iookt lqhlý4 10,-a)d ruty meett~ 1rhfufr-

ewe i~di~ot~eno dsig ~-ffoen.JY.eim. to~i fr-C ille torqueato fo'

e~ f lod,. ýe m~ und e' y 1,-pa.o ±fxt ~eC''cn o:lm,

~iirfeo ~a~oeri ~r~da u~~ic1~~'~cIciat bpr rriý'1 tn tigghý



A elrvuvs of m~ri urfxoe) treatnwent ciandi dates was oonduotod inrnud.,,ag

a lite-ratore -etareb and indusýttry coiat.CAndi.oates 4tworn cursa on tAue

bsso." coat, reported Vr,ýction rxoeff'icient, pr'oees-ibil ty, aknd high taapvoi n-

ture cap;ca ility4 Table 6 JisIta those ormiduleys aubssscnqwnnt ty oct.~zidsere- for

lubIox'atomrr ca testing,

V ~~~~~Tlhe variousi surf'ace t: eah~oerms Wore ap),Ji ten to 3. 92.4inshn' l~inefz

C-C bll ande zoc"ýkst tesalY ring ' such0 ýl wh~ howss)N 11 ?Agure 5A8. t tenlt

b aring :3C a test& v4- ttie: .1 -w bench test. asen~' thomn 1,n Figureu,, 59, 60, aod
01. P%& atosnod relAtivfe pr"KiueablIL 1t weorc, obtained wit-lh this ret.oo.fig.-

uora tiornI

>4 1>' ohbill and soo'ck(,J &3ts -as swj: twŽs o ptua andl adnus 5- deg sngl axi~s,

t ranul z'Wa a comrwandaj .outn Ii g ~')degw Ot, r for' eFwh evenOt. 4ec, Lo g

waaS pcri' .OPSd KYV43ý'l'1Gý of bta) 1 ti02kiS ba tgp',rorLL up to a nlon !.-a I

vailoý Jr 07 5,500 psýI. Thf? GIL.Xtimum sleu1 twit?,ý cýkli. VCoIwa legsw

oxarn 'ftt I7;I "u n(O 30 fl e Ix o''he veil W. fzto,9" te treatwce!itL:3

examined'Sazed In 7930 . Thr.? nicti IMOfInuýOtxd.'LtiCiEA o

%G Srr'totte;s 5 uf ot! mivQxtiure. Semcet~el ýt ye W) , Atuvoloni~i

* A 0 5 tol. onnvst, AMan W11US cermi hirlder slt. wit-b aluinai.numi fLt) r.

a eniejols'cs:pnlAJ.e f 't~h'itaniup tetJ21'tui~rof at. leant. 1 200 W'l The, combiP,

:.a iu o Kerstsei l Tf33(1 l V spaj~rent-ly 1to 110eath rel atl veX v low r.tlr

cod Iiwtlv UFi ¼YIlV C (12if : (. %4 it 1.10 tflf IvWOc V,11s -,i 1tui An pre',,, Tit. n3

,(!Ii., (1 l1. (,W o hi ,.ql r'r ary fri. ct 1(19) ý?: t 1f w aziAaorj w ht KV TefI (cm.

A Y~~~bhVy no Ti, r~l~ F-4 pi: J4.APO-ku; ZAIXIF&CS 'AfJ'Ar.

e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ? j4nT,ý ,.( ,)lnmr-,tr.ýt

Pr.t+.lInor~ga ia I ca II 1) bo -dkd a tonAl OI

1 1 M, 1 n;z r 1SA 9Aý1> 2() 'AV' . W'



C1kLlt;A SVi$ES-flV'O

A 4

'"Ul (

L ,,+,•., ••>,,'-,+'•".• ',,. ••- tl~ll~tictil' .~l ........... \'7• " ' ,*-,•, -• :•?-••.•" ••"'Ct'l ,MI" ''lllt"l•,,r

4~~~~~ 1' -IrM liitI -~cTpcOlSO



SOCKET A

Figure 59. Laborator~y Benich Test Configur-ation

Thf 7-in. HBS ýinter-face is expected to exper,.encc temper-at~ures up to 1 ,200 0 F

as ghown in Figure 62. The bailJ and socket test rings treated with the Ser'metel./

Teflon mixtur~e were placed In an oven to 1 ,200o~ F for, 5. mi~n. Upon vemova.1 the

ooating appeared unaffected and., when retested, the friction coefficient was

unc~hanged (0.07 to 0.08).

The peyrmeab Iiitv of the C-C with the 3emiet~el./Teflori wan al Tho vmiewilat§

rc(,duced comparved to pv~ev i ou. experiernce ast ev id'?nied by rrifltot tor-i g CN I'

decay in the test rig. The abil[i~ty of the szurfaee tneatments to Anrhi. bit, alumina

depo:. IIi on earl be IbillIy eva inatmt~ onl y I n a Aht.Ati t~est fir~ing,. however, it:. n

I-)i11 OVCl tha"t he o'i n0f' Teflon mi ght ref-duce the aX umi us pr-obteln.
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7ý0 `IMSCALE NOZZLE VEJRIFICATION kRING

7.1 OBJECTIVE

,The objective of the sabscale (2-1n. Dt) firing wasj to verify the perform-

annce of modificationgs planned for the full.-scale (7-in. Dt) hot ball arxi socket
(HjS) nozzle. The design modificationa plar.ed for the full-scale nozzle which

were evaluated in subscale were:

*f SacrIficial entrance - was intended to split the flow and provide a

separated flow region to protect forward splitlinc, components from

"excessive erosion

0 Carbon phenolic ],,ockring - xeplaced the previously used k carbon-carbon

(C-C); intended to reduce deposition of aluminum oxide in the splitline

0 Ball/socket surface treatment - intended to (1) provido a .low friction
bear'ing surface to reduce tor'que; and (2) inhibit alumina deposition.

In addition, the test was intended to acquire additional data on the HBS nozzle

and further demonstrate its th,.rmos.ructural integrity.

7.;2 ,JRJOZ- DESlCN

The nozzle amsembly configuration (CSD P/N 13397-02--01) .i.a depltcý;ud in

Figure 63. Assemnbied and explode,) views of t.hewYja sutscale couponents ar-
presented In Fig-ires 64 and 65, reupective.!ý T :in de:i[gn i nrin•i'ar to thý'. -f

HBS nozzle tester in August 1979 under Naval Surfaiwi •ielpors Ges<,e.," KN$,;WC)

contract No. N60! A--7,,C.O2140 (referenee),- e••ept for' the folI;,ing'

* • A I.engthened, snarifi cial entrance was .OOat• he Alir Fe

ik ekt~t~k t Pr u I:-t•io I. r'atoo'y (AF)WPL) ,i-

* The lockr'1 ,g, mat.er~tl wati changed from to-( t ar'o-phero I I,

*•• l ri . .tion-veduci• .ig •turtace trt.at-,mnl,. wan ýipplled to the AFV-I I)ball

ýir1j , ,)•+cket 9 phekri efat nul'race.n.

oI , ýhe tlr ýýa&-, I I t ...... (,W,,I j. 1,a[

a[ ' A I Iý I , idI I Ioý- I I :" Iý I ~ t,



*The tlrý.i Ixindlet spacing of' the. AFPPL ball was onarser than that of

the tNSWC ball (9.090 vermus 0,050-in.) to reflect c5urrent. practice and

red- ~e ot

A summary of' the %imidlaritios arid differences between, the ?434i and AFREL.

nozzles is presentec in Table S3. A cozmparisoin of the prefire NSWC bril1 and

prefire AFRPL ball. Incorporating the sacrificial entrancea in prasented ill

Figure 66.

The actuation sys.tem used in the ISWC test was refurbished for cost
effecttvenessq for reuse In tiwý AFRPL test. The system oonzlsted of four pull.-

only hydraulic' actuators with positiona feedback sensors in a closed-loon ccnfigu-
ration and one scrvovaive per axis, Refurbishment included thoroughly cleoaning

all components, nondestruclive evaluation (NDF), and repliacement of 0-rings,

hydraulic hoses, and. position tranisdu~cers. Also, the exit acne fired In the

MSWC nozzle wasN r eued 1.n the AFRL nozz.le with refurbishment in the threaded

regl~on oinly.

iT~~~ 01 Inn~::
Jlln te

Ski.-i

.IS

h1 'f A F :Hr N



I igure o AFREL. Subscal [lC ot fia I ind Socket Nozzle.,
ExpI-Aed View (Portire)
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TABLE 8. IXfMARISON OF TIE ARKPL SUBSCALE DESIGN WITH 7I1E NSWC DESIGN

T8275

NSWC AFRPL

Throat diameter (in.) 1.92 1.92
TVC angle (deg) 15 8
Sacrificial entrance No Yes
Lookring material Carbon-oarbon Carbon-phenolic
Surface treatment CVD Sermetel/Teflon
"Ball fiber tye [Im IRM
Ball fiber 5pacing (in.) 0.050 0.090
Included an le of ball-to-e:At cone

thread shade (deg) 29 10I Note: The exit cone fired in the NSWC nozzla wa3 reused in the AFRPL nozzlc
with new threads mchined at the forward end.

7.3 BENCH TESTING

Upon assembly of the nozzle and integration with the actuation hardware the

systef waWI subjected to extensive bench testing. Two of Chemical Systems

Division'S (CSD) TM-3 motor closures with a spacer' ring, bc'tween them were bolted

together providing, a cost-effective bench test pressure vessel. The nozzle nous-

ing was mated directly to the open port, and a platt, with pressure fittings

closed off the port of the opposite clsure. The nozzle was suW acted to nuaner-

uai biowot" loads and h)draullc 9upply pressure wOile executing (commanded voitor

events. The nozzle was eventually loaded to the olowoff load expected at tho

.red •|eted nDiximum pressure of 861 psi Hydrnaulic supply pre.,isure was 3,0(0 psi

the maximmuiu planned for the static firing.

Ahe maxfinue, torques measure... during.; notor events to 8 deg in th. p1 teb and

yVW olhne, were 1,600 and 1,700 ir, lb, a':',peetA ve.-y, wllie at the MAxIMuM

1:)! I: | l d. The meas -ured torql- o';"en pon.d t.o. a frt tl o Žel l f e erd.

between 0.0' - and 0.08 (31T% Aes. '.hs L it. n'o,•lin lly ol: erved wit.hout, the

appl ied sn: •'a(,er ea tien i,). IFi gures 6.'1 snd 68 protoent the mv2. -:,-vu tLorq 1ue 1 oG&p

for veet or eventn in the p V eh And yew planqs res ÷ ",t.1vft y at trt p .'

tn' o f

-4
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tI10 bR31 MC 0.001Mt 000V~tWd A,4 J!' Lioi brj t qi et. -4-.o (,1 e4

M~Atw all Wank Soh!', sv rfmI,-ý. n~ ros.'Ui~ protA-h± at ot" O'so bAwas, Mnoh

a Y. I I tC'i(l ck I %Adi tu lay,. D'ie mexýf",iurv averag uu, ý)at. aroaton rate

wN rdl.A v,) TIii, pcottea: ero-v'Lcc la i re i wn in F1'guri 71

~avf1.-I l *~~ ~er:~~ v~i ipr~ it er riaion of' the zqrjl.tlirr comn-

yxirt The red-i~d esmimv~e er nIs c.learlyi &(,in wh-nu co~pomried to VtP

piltt~est N,'ýC bail In Figurý, 'T3 whic&r did not Ilnoorporiate the tacrift~icAsl

entranlýe, 1i~ fent, 14t p,,rfm(-d ýcc ~wi~l sinct, u.ne.xpect-%,!.y, nio erc4.lon

oocurez n the curbot-p'iot iy'ci l.ockring which was founfd U) have bwalled ~into

the ball preveriting ý%.ecutton of some thrust ve~ctor control (TVC) 6vents. The

design gap betwieen the ball. and lockring was inadfiquate "nd was sub-4ecv)ently

omodifiked for the full-scalez as-nembly. The phenolic 3ockr'ing otherwise performned

'gell. No ulurnku~a o~xide was observed on the. ball, socket, or' in the splitline.

FI~1 j '41 in

MI , V,; tAl nr, I j4
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Fi~gure 73. Compari~son of Po~sffire NSWC Suba3cale Pali (Left)
(Tested 219 August 1978) Wi~th Postfire AFRI, Sub'3cale Ball

(Tested 18 March 1981

'ýinrce inter~ference of the tockrý'ng wi~th the, MIA-1. occurred from a few

sc~onds past iin I t~ivn through the dIurat~ionl of t~he Niri~ng, i ,;oi at~ion of the

performanice of' the 3urface treatment during the fin op; i.S ilTposs i hi . However,

bkfc~iuse of' the e xee 11erd; I ew t;or'que resunJ.t-s ach i eved w i th the ,;I'l Face 1. reakIreient,

dui iring. bench flest i ng wi th no evi dence of' any dot.r'i mcillta I e ffew t., iif was. 3e I ccV~d

1"n rr lf f'ul 'I IcalIe te~"

Anr ',Ver'lay of, the TVC, pea t.i otn ('w uniarids a and mess"lr. ' Iiowri in

F ywvc'0. Thl--!-qiiar'tec, o"A' lie t.)t~al vector U l'SVUIý nirýl ~i . tere

iIw 1e 11 i riK, V'e( , r1n it) the cross,' p i ape IIto f8 degl Ai 4 71 in ( m l lwi I *~I i

;1 i vell hi ': ' al 4-0leg17 ~rrl 1 il the r I eI ~ : I

I~ ~ op11 ~ .y ~ Ith, kAi otol, I A 1".L I I 1 Pe i l '
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* The applied sur-face treatmont demonstrated, in banci testing, a 35%

reduction in torque fr i that nrminally measured 1n previous teats.

The O••leno].c swelling ,)robiem precluded oonfirmation of' torque

rolucthix during firing.

*• The ourface treat.ent did not d&trimentaliy affect performanoe of the

nozzle Ir firing.

* Aluminum oxide deposition was not apparent in the aplitline or

mn th- bali and socket surfaces,.

All of the, modifications demonstrated in the subacalb test were incor-

porated in the full-mcale assembly- An increase in the radial gap between the

phenm2il c lockring and ball was incorporated in the fuil.-soale design. This

.,-,,st and a survey of industry expe•2ience with oarbcti phenolic in splitlines was

Iie hasis for the changre in the full-scale design. The spherical radius of the

fu.ll-b ,le S1/4 2 nozzle *!.oekr£ng was subsequently mc(diel to provide a 0.10-in.

PadA.i ,•np between the hail ind loekri.ag while the ball is seated on the socket.

`ý.5• vap resmltl, In 0.30 in. of axial translatiion by the bal. from the seated

p•>:i.• C.• m the hcmk ring to the socket.



P.C NOZZLE SIN 2 FABRICATION AND TESTING

8. 1 NOzZLE FABRICATION

The wicoord 7-.in. D, hot ball and nocket (HBS) nozzl.e conform~ed to Chemical

D~t~is .zI.lon (OSD) drRwing C13179-02-01. Nozzl,lu SIN 2 maintained the same

basic phys'4'cal. characteristics and short. length super HIPPO (St.SH) motor Inter-

f~ace an nov'zle SIN I except that th~e exit was truncated redu~cing the exparnsion

ratio to 7.6 (versus 13,,8) and the overall length to 3?7.9 in~. (versus 49 In.).

The '3D carbon-carbon (C-C) ball, socket, and exit cone weore fabricated by

Fiber Materials, Inc. (FMI) Fith Union Carbide T300 fiber. The preform weave

spacing for the ball at, the 7-1n. referonce diameter was AR 0,090 in-,

C=0,100 in., wnd AA =0.080 in. The fiber volume distribution for the b311

is pre.,ented In Figure 715. The socket preform was wovon as a cylinder (axial

fibe6rs running par'allel to 'Che oenterlrine) as opposed to the frustra desigin of

60

0 Radia

40~-, --

YO0



the IN 1 lo, <ot. 'he .ipaci;ig at the spherical diameter of the socket ,M

Al, 0.09( , AC = 0.200 in., anid AA A 0.080 in. The, fiber volume d.s rlbuo-

tion for I ̀ )e socket is presented In Figure 76. The exit, woven as a frustra,

maintained a constant spaei1 b•,nieen bundlt of 0.090 in. in the radial dir-

ection. The' spaciiV in thW, hv al! (meridional) dir'eotion Increased from

0.080 in. at. the for i:ard om I t . 0. 120 in. at the aft end. The iircumffene.nttital

,ipa,-oing of the exit prefý rv wi 4-•, from 0.070 in. at the forward and ins de

diameter- (ID) to 0.300 i1.,- at d; :ft en(A outsido diameter (01D). The flbp,'

volume distribution3 fo. tbhr( !. z, ies of the exiit cone as depicted in F.gu, 7

are presented In Figure, "8 ircwn ýh 10.

Allied 15V co.,l tar pli ,h s ns d during dcJn.Ifieation of all thr;Pf:

billets up to the finnl resin j ,jregn t ,on stage. The ball and t.ocket tyere 1."A 0 1

processed through one lorw pres: ire rigi liz;st.on cpilo, five pressiure-

inipregnatior oarhonizý,tion (PI cv,,%e al 5~'~ k nd one~ final 7o~ cle ý

•?V,

I4i

V.5, ' •

4J

Li!
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Figure 77. Exit. Cone Preform Dimen-slon~j, S/N 2
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'lt. -in w; Prclcessed thn'ouOh three-low presnure m entc ~ he

-KAI C cy 1P~.4 and three resin tImpreignaticnris. All graplNLtIzation riv)B were

i) Nl' and exit~i' were procennfed throk-gh dfZ5 ls1. n ItLut. ý'

mai) dif cul tl" or- anolna iies. Hiowever, dIntort'lon o" the nominal weave geome-

t 1-Y W i's s w IIn the %)Ok et. b Ii et flu! 1ow ing the I ni ltlal IttLiospher Ic c.ýr bur--

izat Jin I, pou sIkin nachl IoXrIg, the i rcunforerntil aIyar-u- on the 01) were -il l ne(

((equal 1Y Aiiplac Iir 1the r~ad a1n ) in tfie axi I, di rect~ion.- Thie nax~mm anvpl 1

vevei~ý I 1hi arim~ i y wa9 a astird foa'i rod it iýan I o jt(WIo

lea I 'rn h lotrl ai ~ . I 'Ih'. 0n 1 it ~ ortte' Ie ye! WIbi v i~o -e ill s )ri

prx' f-r f *orm~ fra Ir x i thp rg e. I in. Ie n Mo 1
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(Reforence Figure 77 ), -3/N

sh~utdown were app-'ox!lnately ~450 C and 5,000( Psi. The billet was subsequently

reproerossed t~hrougr: and hpr pressure nnrboni zitlon cyc Ic. F~ na I machi ned

jerrsitle.1 -i t~ch ieyed were 1 '40 g/ cýc for the bali am, nck et. am, 1.-83 g/ cc for' thbe

Machi linrW of the. fi nal parts wnn done by FMI. Pthe ft nih ffiac~itned ball

iocket, and exift. ,- c ý rhowr n 1 Ft guret 81, a2~nt 8'j, rose.S fiv'c eIy, T o.

gr.(YVe rn11t d no th~e 01) of' thep mov~i t. was i ncorporat~ed t.,- a4'~oWon18te acores:j

44)t'Wi'~ 44 t '~c &~ e'riIn F' I re M" i W al HMjfv tot i t4ri a a i rP 4 I

i her ic y th bý~ ij r apfe w-' 2 a kfri en' e I thp (it) ait V $ t -1

.0 1 4'i'V b(' 4i~~fl~ ''.'iti 11.1 'n'.¶ X1 ,101 -110 i r t. V1 .

I4,,nv* ý
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Figure '79. Exit Cone Preform, Fi'ter Volume Distribut~ion at Section B-B
(Reference v1g'joe 77), S/N 2
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view of the 1-1/,2 -"tub Aome threads of the thal IinI pictur~ed In Figure 84. Note

chat thr'.ý to four, radiil fl ber ixindkn La. .re evi dent in each throad form.

Noh1 r(d4:ur'e f'r-ori h)" S "N I no z?,io firIring wn~as 1 al. a l,ýiI e for, re'ieUi on

no77. zz I /),N 11. The' actu-,r Ion -JY.t~efj, nt~ef !IO)ZZtt componientn (Inc ludJi w the-

rvý:zI c ý(Ilpter atrrI lanop ?-ere I g), rIrvl t he hrI IcIwritdrOwerf' ýde

to) tle ';/N I (''lt rar . The phen() Ito inu ula.tors 100 Li ding the' fi at.- 1awiinated

,Ar bon- phen-olIC 10ooKr-iln were fa r&Iatod by Edler' nutre, Aasembly of thel

noz ý 1 c wan also pevf'f nired Dy Fd ler, .Upon doi im "lvv to CSI), the aisemh1 y w,," Intoe-

gj att I H with t hf Mc.ter n~ate r r rl n&wI eat u sadate11

lie 1 t;70~ CuM.na - 7 Il 1~tt and qs ýnod jI to~a ,~l~I~o
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8.? C-C MATrERIAL PROPEWI'Y TESTING

FMJ I ndne ted egt~erra vi mechaf) ca and thermer, t~ag-en(d proporty telt. ing on.

U*e bal I I aook 1- and ex I t 0cone (rig ferervwe Tfx)i'* acpqi i itd prt.cpert~y data. wi i

r-ri I ew-'d ty Cli5D anrd un(ed t.- updatIe niurg i ozi cT 3ii Cet , 6. 'r I t, I eai I fa-i I "we utcedtz

Ta,11 es a,ý 1) re-en eet i ve ) y pvwrenet t he t her-maI arid m w~ha;i 1 c-nil tvnt T, I ix fper

formed rhP JL)¶ poperty data Indic ated an inomignl ft cant decreasp In thne
a ~r.n eiI thke 4(i9o t ý thr ,nuei n&oIy~ A11 ot~her vahi '

exceeded the iaaa5umed zi 1. ovab f-s onteO TI at)& ty-n tI . Ta tI e i pre~ientm the i-ev I ei

Ma r P ln )f man et v a H .r wf I 1h re"'xWt"I'n -n,-I! t, tvn I kev f~vi ure wod#I 1'0 t e.1¶
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Figure 81. Ball, 7-in. Hot Ball and Socket Nozzle S/N 2
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TABLE 9. THERtMAL TAG-END PROPERTX TEST MATRIX
T5058R

Theermal
DIffusivity, Type of Billet Specimen Looa'ion

Priority 70 to 14,500 F .. in Billet
and Exit Specimens

'Iest No, Radial Axial Ball Socket Cone Radial Axial per Test
1 x A ID Any 2

2 x X ID Any 2

3 x X ID Any 2

4 x x ID Any 2

5 X ) Mid Fwd 2

6 x Mid Fwd 2

8.3 BENCH TESTING

Be•eore the steel nozzle adapter ring was delivered to Edler Industries for

final assembly, the steel nozzle mock-up was assembled with the actuators for

actuation system checkout and verification as was done with nozzle S/N 1

(desc.ribed in section 4.1). Followlrýg checkout and disassembly, the adapter
ring was shipped to Edler for final ussembly.

The assembled nozzle was returned to CSD and bench tested with the same

test fixture as was used for nozzle S/N 1. The throat was plugged and a rubber

diaphragt was fastened to the forward end of th• steel adapter. The cavity

between the diaphragm and nozzle was pressurized with GN2 through the throat

p tt• while the beneh test vezael wAs filled with water up 1 the diaphragm.

DWfficultles were experienced when attempting to pressurize the m-zzle to

the full biowoff load expected durIgn firing. The porosity of the C-C prevented

achievemer~t of" pressure orrespondinir tW loads highear than 50% or the blowoff

I C)od e xpected. The t~>w r~t~ol 'r i' d -vt an 1mpr vement in reduefing 4o'er,

I t v ff)~'~ o ti' I Witt, noizlXe ~SIN 1 , hlit. wasi not Lsur I e I 1,;i

tc e na f I•• fu.l prie ur z a I :' t , opi p or-•i f. ess•r•t I Iy edu -& U.. z.C"o

ite5tfj & y dý~ o ;,v



TABLE 10. M4ECiVANICAL TAG-EN,

Type of Billet Tyec tL~oadi.ng Cor

Priority Exit. Radial. Axialt Hoop
and Cone Ball Socket Core Core Cove

Tws t No. (Frustumu) (3D C/C) ( 3D C/C) Radial Axial Hoop Shear Shear Shear, Shearo Tension Coo

1X X X
2 X X
3 X X
4 X X
.5 X X X
6 X X X

7 XX
8 X X
9 X X

10 X X
11 X X
12 X X X
13 X X X
14 X X
15 X X
16 X X
17 X X
18 X X
19 X X
20 X X
21 X X
22 X X X
23 X X

24 X IC
25 IC I

27 IC
J8 C Aj
P9 X I

-30 IC
11 X3 IC

16 IC X X
37 IC

39 IC I
40 X I

No L} eut II~ AQul 51t On

to M.N t url I pol n Jzz e ax' 1lr.1 1 ': pet lo dh 4or ,lm i

:"ta ~ ~ ~ ~ ~ ~ ~ ~ I Iuuu~ ON It ý' ItIFIm 1Oqun I"I -' Ild o r iIl I

FkI1 T-r1 p. l-1nerl wL. - k-K (11 T -t~.1 ;1:,--,u ~



L. TAG-END PROPERTY TMST MATRIX

- T5057R

Specimen (.ocation. Loading Condition Tuuperdtare, F In 8l11^t Kind of Tent.

Mocdulus)
g and "her'lai rentt Specimens

Tension Compression 70 11000 1,500 2,500 Radial Axial Strength Expansion Mcthod per Teat

X Any Fwd X (:3) 2
X X Any Fwd X (3) 2

X Any Fwd X (14) 3
X Any Fwd X (4) 5

X X Any Fwd X (5) 3
X X Any Fwd X (5) 3

X X Any Fwd X (5) 3
X X Any Fwd X (1) 3

Any Fwd X (2) 3
Any Fwd X (2) 3
Any FAn 'C (2) 3

X X OD Any (3) 2
C X OD Any X() 3

'C OD Any X (1) 3
TO) Any x (2) 3
7 1) Arty X (2) 3

Xn Ally X (2) 2
X Aly Aft X (14) 5
'X Any FAd X (4) 5

SX Any Any X (4) 3
SX X Any Any X (3) 2

X X Any Any X (3) 2
Any Any X (2) 3
Anty Any X (2) 3
Any Any X (2) 2

ID Any X (3) 2
'CX X 11) Any X (3) 2

X XCl Any Alt 'CU
X Any Aft X (4) 5
X Arty A f't X (4) 5
'CX Any A ft X (4) 5

'C OD Any xt (5) X
'x X OD Anay x (5)1 3

X Arty Any x 5)SX Arny Any X( iX X E A.. . AOlly 1 3

ry ,ii~na1Ig ~i~aai '1a41YInnaioi aan l I anal Ia In Ille

yWe to or-r, ig a I , I t la (rIaIv t al I • • • a , ýrid I I ntt r e'Int IaI

lawe Ytt.- (axw ,-,i~ Xa Ia.a hu Y1'!i ý p wen ~ia-'j~)

ey ao n aa . . 97 9
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at operating tonmperature3; therefore, thl is not a. problem during static fir-

ing. Success 11 vectoring was accomplished at the 50% load expected while

demonstrating torque values predicted for those loads. Vectoring was also

demonstrated on the lockring under the full load of the actuators as is typical

during prefire steering ohecks.

8.4 STATIC TEST FIRING

8.4.1 General

Nozzle S/N 2 was static test fired on 20 November 1981, on ihe SLSH test

motor at the Air Force Propulsion Laboratory (AFRPL) test pad 1-52A. Tha motor

was loaded with 13,410 lb of CSD's UTP-19,687 propellant, a 90% solids, 20% alu-

minum hydroxyl.terminated polybutadiene (HTPB) type with 12% cyclotetrametiylene

tetranitramine (HMX). The igniter, a phenolic cartridge type, was in accordance

with CSD P/N C00631-07-01. The design average pressure was 743 psia over a

planned 75-sec duration. The planned duty cycle is presented in Figure 87. The

first thrust vector control (TVC) event was planned at 5 sec into the firing.

The nozzle was actuated by four pull-only actuators operating at a hydrau-

lic supply pressure of 2,000 psi. The system was conticlled in a continuous

4 L.---- -- + .....--- ---- ------ -- -- --- -.-

1 00 !u!J 1110. if) (W W ;o 30 40+) Wi) 70

ii

i gire87. Planned t'utv ('31, Ie N,+•z z e 3/N 2

,60t >3

d+:i2 Il!



0 1 os9id-1 Io 1);JC k COr If'i i'atI Pi )l by WO :4!'Vov,'I veon, on1e oeach ,'lit.1o 1 I. trip the

p -t'," and yaw axis, and fCou" I inear' po. tSor tr';LnIducer"', each i ntee -a I. wth iian

a c.tuatoIr. Two 'Ii f eretr ie I pIdlsuI'I tS, m u ; er', and t.wo ahn).oIUto 1 )11•e C uri' t4'(ifli-

duners moni tored thcl aet."Itor oy i.nder pre,,t•sr fcr dot(:frmn i.n1g to)rq ue. Add."

t, i.ona t nst; rurtentat i on inc Iuded two iotor chamber presre I r dc r0s 23

thermocoup oes, 18 strain gages, and five movie cameras. Fa cii i ty I mi tati ons

prevented acqui sit i on of" axi a 1 thrust or side force ineas ureler Its

Ninety sec before ignition, during prefire steeriing checks, the nozzle

siuccessfully per'formed the commanded trapezoidal wave form in the pitch and yaw

9xes. The nozzle was seated on the forward lockring at this time under 21,000 lb

force contributed solely by the pull-only actuators. When the chamber pressure

rose to 300 psi, the ball was expected to shift fIrcci the lockring to the

socket, a distan ce of 0. 30 in. From igni ti on to 1, sec the ba1l was seated

on the 1ock rjng,. At, 1 .9 sec into the fi ring, annular flow was observed around

the ball as it moved of'f the lockri-ig. The flow was [)cedomiJnatly over an

ar'ea of 180 (deg (j to 1(80 deg) as seen in Figurer [f88 At t).1') 51ec, the ball

seated on the s"ockO-t and sea I ed off the fl ow i.n the I-nnul.us betot w(i the hall
and socket. Between 1 .9 and ().I5 soc, the ha il w•:i suspended by the actuator's

,?: 1411111.1:

Y I'M



between the loc! ring and the socket, allowing annular flow. The annular

flow impinged on the outside of the exit and on the actuators. Thermocouple

and strain gage wires w'e severed by the flow, so no exit instrumentation

data was recorded later In firing. Rubber insulation was partially peeled off

the actuators. Plating of aluminum oxide wad observed where the annular flow

impInged on the outside of the exit anud oompliance ring.

Table 12 lists the sequence of events during the ignition to 6.5 sec per-

iod. The sequence was derived from analysis of the high-speed (1,000 frames

per sec) cameras and the other instrumentation.

Between 5 and 11 see the first vector event (yaw plane + 3 deg) was

successfully accomplished; however, torque values increased signiATJnantly as

the event progressed. The nozzle did not respond to subsequent commanded

TABLE 12. SEQUENCE OF EVENTS, NOZZLE S/I 2 (FROM IGNITION To 6.5 SEC.)
T8277

Approximate
Time,

see Event

Motor ignlten

.I1 PC is svfficient to create aft blow-off load higher than
-forward force of actuators

1.88 First sign of fl , observed around ball

2.: Theimo.ocuplet strqin gages along aft bali and exit oonk:
no longer funotional

2.39 S illone robber starts to peel away from 90c) actuator

2.6, Silicone rubber starts to peel away from 00 actuator

Burst of alumlim observed ii plume of "secondary" flow

0First Yetor event. in yaw plane begins

6 Fl.w a'round W1 . 1 d1minishlng (begirns to aea1)

S6.' ý f) W f qJ)w (seaIed)

IQ

j=



evente. The measured torques after 11 sec were of stall values (about
S~ 150,000 in.-1b).

The nozzle remained intact for the 75-sec duration wh'ile experiencing stall
forces of 12,000 lbf for single axis events and 17,000 lbf in the cross axis.
Chamber pressure versus time is plotted in Figure 89. The maximiu pressure was

841 psia, while the average pressure was 688 psia over the 74.6-sec action time.
The ballistic throat erosion rate was 4 . 7 mils/sec. Significant data related to
the test of nozzle S/N 2 is presented In Table 13.

8.4.2 TVC Data

Translation of the nozzle 0.30 in. axially from the lockring position to
the socket required an eo al amount of stroke by all four actuators. During
this period (within 1 see after ignition) when the blowoff load due to chamber

pressure was increasing above the forward load due to the actuators and the
thr'ust contribution, the nozzle was In the null position. Stroking the actuator

piston 0130-in. aft :-equired the displacement of 1.8 in. 3 of hydraulic fluid from

160 - - -- - .- 1 - ----- ----
160 --- --

)40 -- --

- 100 .....

x 4 0 ...

P "gore 80. Prt-esture '.'• i'line, Nv.,zzim SiN 7



TABLE 13. SIGNIFICANT DAI , HOT BALL AND SOCKET NOZZLE S/N 2 T8278

Test dat.•• 20 November 1981

Propellant 90% solids., 20% Al, 12% HMX

Action time (see) 74.6

Maximum pressure (psia) 841

Average pressure (psia) 688

Ballistic throat erosion rate (mils/sec) 4.7

Accomplished TVC travel (deg) 29

Maximum vector argle (deg) 3

each of the four" actuators. The two servovalves (one for each axis) were ot

capable of instantaneously diu:placirg this volume while in the null position

with nearly zero current supplied to the servovalve. The actuators were essen-

tially experiencing hydraulic look.

The f'low capabli.1ty of thq servovalve is a function of input current as

presented In Figure 90. The measured current on the pitch and yaw servoval ves

obtained from the test. dat.ýi was 0.2h and 0.0(,1 mA, respeotively, uc to the tilme

of the first vx-etor event (I- soc). The fltw rate !amtblllty of the two

,4rw1va yve. .dn ýs • e .pl rci nmate ?v 2 and 0. h in. "siee for the p1 t..ch and yaw

F F~ t t V ye y A'3 ohainher poineandi heo-ar hiowoe 1- ad wn,- i ineoeiasIug,

the 'sn e In the- aetaita lor 'yl IIndsern .4a.9 I nf-rekts g , int.i t at. 1.0 ntee t he hltý

pi ju r'fi' t he, I nk 1 ri * b ty t he, t i n tu t r I . n tifo tb i t I . le th hI I Wabut

,Iv:t.e~l d ;nll'i neilted wr th, for'ward Inki trir tmider impoI , oad d by Lh-e e' not. t'

At t.'WAl w35 hlnwlv relleve., the r•zmzi•e 9sowly .hht,(ld aft off the 1

T'he• fact t!hat the ý)1t'h Wet aitors w-r'e dl pl *1 ng fltl d app:;.ximatetly fer-;, tjali

4[•. i.f 'I e:- th. aUl t}y, yaw ýwt iitor:-A_ nad the yaw phou- ao'toat or A1t 00 ,fer Was en per -

Snfl ,' ar 1 •¢vJrn •T) j *' (fl- ien•I• t i' l. I ý jgighi or' th the ,prf•lj. I

e, X ' ate a c- ',Ia q Ir , ,v' - 1 t• a'' f• aj%',A r• t 8( t d uV t I € h I I' I !., w r, I -i :rg , I

1 1w4>H t~ '~ ' t aa ~a'a'1#' 'a 'i r
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it wuld have taken over 7 sec to displace the total 3.8 in. 3 of fluld t d the

yaw axi.s not bean commanded through a vector event at 5 sec. ;tt this time tle.

current input to the yaw smrvovalve incresed to 0.6 mA signifimitly Inereasing

the flow capability of the valve. Within 1 see the flow around the ball began

to diminish. Plots of cylinder pressure versus time for each of the -rour actua-

tors are presented in Figures 91 through 94.

The first event (±3.-deg triangular wave form) at 5 sec wan acoomplished,

however, torque increased as the event progressod. The doubling of the torque

values through this event from 5 to 11 sec resulted from the alumina wfrioh

plated ci the ball and socket surfaces during the 4 sac of flow around the ball

as evidenced upon posttest disassembly and documentary movies. A plot of torque

versus time is presented in Figure 95.

The second planned event to 8 deg in the pitch axis at 15 sec and all

subsequent vector events were not achieved. Stall torqueo of 150,000 in.-Ib

measured during these periods were attributed to the ,olidified alumina between

tbh ball and socket. Tri angular position achleveoi during each planned event is

ov. _'.laye.-, cri the planned duty cycle in Figure 96. Twenty-seven degrees of the-U
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Figure 92. Pitch finua Cylinder Pressure vs Time, S/N 2
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' ~~planned 162 deg of vector travel were accoomplished. Ad(diti.onal, TVC plots for
nozzle SIN 2 are presented in appendS,× A.

8 . Thermocouple Data

; ITwenity-three theraioeccplao were instrumented to the nozzle as shown in

Figure 85. TwoK tungsten/rhenium thermocouples were attached near the exit

plane. Three of the 21 chromel- alumel types were located on the pitch-plus

P.ctUat.or at 0 deg. Four were locat"d indepth into the aocket, two Indepth into

the IkI'ing, sqlz ot the backfaoe of the socket and lockring, and six wertý+

"instrumented along the length of the exit cone including the oompiiance r•ng.

7: Each of the three. ax:ial locations on the lockring and socket wes inoltrumented

with a pair of thermocouples 180 deg apart.

ThermocoupIl e. 1 t1hr-ugh 12. (indepth and t.aoktaee thermoc-.oupI. o c the

lookring and soket) reapnilk for the tho' f '-1,1, duration. Plotes or tampeda-

ture ,r ,) • LI •a4: +•+ o+ ril 1' ther monoupl e are presented iT) Figoren1) 9[ thr'uogh

108. T1W, o" &f amujar rv mrolnd t bha. tW'1' f or e, t.he1 tc o(oup) t

10}9
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re6oVPt: l9 at the lockring and moroket le apparent in tUif data. Higher teupera-

turae were MeAsure.i by therinocouplen 1, 3, 5, 7, 9, and 11, w hlhh were within

t;h 0.. to '180-deg aria of observed muximum flow, than by those at the same

r'erAect vý axial nidtion, but 180 deg iway, Am expected, trhm most signifioant

dirference withir each pair was for thosne Indepth in th ,joo'et and ].ockri.ng.

The two themrocou, leen (7 and 8) indepth into the for-iard end of the C-C socket

rose signifloantly at 2.5 see b3w1ause of the flow around the ball.. TC7 within

the 180-deg airea of flow vose to 'I ,280°F within 7 sec, then dropped to 920°F

Pt tailoff. TC8, 180 deg away, peaked at 700OF within 5 sec and teasured 6800F

at tailoff. An overlay of the temperature ti-me history for TCs 7 and 8 Is pre-

sented in Figure 109.

Thermocouples 13 through 20, along the exit cone, were no longer functional

after 2 sec into the firing. All of these t',ermocouplas were located at either

0 or 90 deg (within the region of flow). Plots of temperature versus time for
thsec eight thermocouples are presented in appendix B.

" TV7 a -*...

280 , -" - TC'8

100 t-- - ~ -- -

8 10

40 t

10 V) 8 5 3 35* A()iur 41,' W, 51" 60im I

•.:F g | _,irýý: | 09' .-r.mp "atr v~~[')-, > Ti•me, in--r..pit h Tborwc'acuplkl at

1201 of-.----.--. . .

A -? )5'

iI

t~T



Thermooouples 21 and 22, located behInd 1/8-in.-thi k rubber, on the pitch-,
plum actuatcv, cylinder, and TC 23 on the actuator shaft responded for the full
firing duration. This actuator was within the region of flow experienced for
5 sec. Teperature versus time for these three thormocoupleas is presented in
Figures 110, 111, mid 112. The oaximum temperatures measured on the cylinder
were 110 and 200OF for TCs 21 and 22, respectively. TC 22, further aft than
TC 21, showed a rise of about 75 0 F at the time of flow (2 sec) whereas TC 21 was
unaffected. TC 23 on th-e actuator shaft quickly rose at 2 see to 610 0 F. before
dropping, and then rising again to 610°F at tailoff. These measured tempera-
tures were not high enough to have caused thermal expansion binding of the
actuator.

8.4.4 Strain Gages

Eighteen strain &pges (10 hoop and eight axial) were ir:Ltrumented to the
nozzle as shown in Figure 85. Fou.' hoop gages were Instrumented on the OD of
the lockring ind four hoop gages were placed on •he socket OD. All ten gges
(two hoop and eight axial) on the exit crone were lost at 2 sec because of
Impingement of the annular flow, Two gages on the socket (SG 5 and 6) were not
functional at ignition. Because of the anorlo.x.s oventsn which occurred at the

Figure 110),, Temperatur-e v b Timn T1C-I
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beginning of the firing and uncertainties in the bearing geo)metry resulting f•,n

extensive alumina deposition, clema interpretation of the daia is difficuilt.

However, indications (xi gmges I through 4 (Figures 113 to 116) of the lockring

at 2 sec support the sequence of events established from the TVC data and high

speed movies. Wo gages (3 and 4) on the lockring exhibit events at 25, 47, and

60 see, when vectoring In the yaw plane was attempted, indicating interference

with the lockring, Extensive deposition of alumina between the ball and lock-,

ring found upon disassembly verified that interferenoe did indeed occur. Plots

of strain versus time for strain,5ges 7 to 18 are presented in appendix B,

8.4.5 Postteat Hardware Assessment

The posttest assembly is oompared to the prefire oondition in Figure iV7,,

The fired nczzie was in very good cc-iditlcn especially when considering that

(1) the ball was subjected to nearly 5 sec of unexpected annular flow near the

beginning of the firing and, (2) the exit conm was subjected to stall loads

imnosed by the actuators dur 1 i, most of the firing duration. The extensive

al ina m. >un plated on the , utaide of the exit cone indicates the severity of

the 10"IAr' 'low experienced.

PU I

!II

"M"I

4.

•, •w• •,: • ,'. ;•i ,•\,•'•", • ' •• F gu t 11 fht1,. !l .S,',rn - I !i- ) V5',•' Ti .... , S.d ...... - ring•'" • a.- AQ•••,..', •. . . . ... . ....



:• iT 
I ]• .IF irc

I!I

Figure 11 Hoop Strain vi Time, S/G 2 (Loekring, !35 0 )
27237

A A A ,

911 r•-e 'i . ff(-op St rai v s TIwE-", •3./(; (. oo1i•• •2

2 7 J8



•.1

tU

TIMF ArCawlis

Figure 116. Hoop Strain vs Time, S/G 4 (Lockring, 3150)
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The condition of the posttest entrance and throat is presented in Figure 118.

The entrance erosion pattern was substantially improved from that of' nozzle

S/N 1, proving the effectiveness of the sacrificial entrance. In addition, the

sacrificial entrance virtually eliminated erosion in the splitlinre region.

The posttest actuation system shown in Figure 119 shows the rubber insu--

latlon bonded to the actuator cylinders partially burned away. The actuators

were, however-, not sufficlently heated to he considered a contributor to th.±

high tAo)que measured durling the firing. Reuse of the actuators im feasible with

only wiinor refurbi.hment.• N. el.evrkca i wires, hydraulic lines oi other

ansociatc•d actuation hardw. xe wAroe damaged,

Thte noz~zle, aft~or reffKov-l of the tscu~uatlon systi4m and some cleaning, Is

showri In Figure 120. Thl,• stoel bidai•,,rt rlng, adaptnw Insulator, oomppiance rýig

and the exlt none are al.l rtufl[b'e. C-34 grapite cement In tie 6all-to--exit

thrt eadi prevented the 6'xl., fro•m hbfng usrcerwed. whi, is aorml., Therefore,

1". i-~It ,' (xi ioSi the Cv 'A foy-wf IN of' the 017*ýV ; W AD ea b" A JXte) It. I Mi I
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5 iii) equeri r'eun of'a thi'ý exi t. UIpon vremova I of' Tiie O~xi t, (Soic the' r'eiar jri jog

no zz a I.e oinporieritn were dIi 5 s h.ed.

Two vi ews of' the fi red ball are presented in Figures '121 and 122. Note, the

d i.50eal. ortion, iAlUMinaV deposi~tlon and wear pat terrns- due to flow and alumina abra-

siaon that, resulted fromi the annular flow early in the firing. A close--up view

O~f the( al.umina deposition on the bail and between the bail a~nd lockring is

presgented in Figure 122. Another indication of, t~he severity of the annular flow

is evident in Figure 121. An eroded step can be seen at the lower part cf the

bail (aft end) where the surface was once conical.. This damaged region extended

from 0 to 180 deg only, with the maximum impingemvent at 90 deg corres pond ing to

the r'egion of maximum flow obsaruved duri-ng the tesqt,

An overall vie of, t the sýocket and a close-up of the alumi na deposition

found on it is shown in Figure 124. The groove. on the OD af' the socket was

incorporated fotr strain gage ins-trumentati~on. A close-up v~iew of the extensive

alumina platintg found on the. sphericall surface of "he carboni-phenoli lcIoekring

is presentedi in Figure '125. Because of the increased gap, the lockr'ing did riot

* ~~swell into the hllI,. aý-. (cx~uvr-rd with the phero lie lockring )of the sbc ~

nzlO e . ~. 'The ekt may al1 so be Creua ble wi~th mirior' re fur h ishin ent.

14V! u!
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Fi- m- -t o oh

Hgur 125. 3Clos-Up View of Alumilna Deposito onheLc:ig
Nozzle S/N 2

Two-, vi ews of t -he e xlit cone w ith thle a ft p or t ion o f t, he baII i i. Ii I h r en d

to thf- cone-. art-' shown I n Figure 1126. The exit cone was in texlee ei-. 1!ordld il

a~ndJ.3~ reusable after machining off the !mainfing aft, ball-

The measured nozzle eros ion profile is rei n ed I V

L411
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9.0 OBSERVATION:S/CONCLUSIONS

At the start of this program the hot. ball arid socket (lIDS) integral nozzle

*and thrust vector control (TYC) system had been established as state-of-the-art

in tactical size by the completely successful test of a 2-in, throat diameter,

15-dag nozzle for the Naval Surfa~ce Weapons Center (NSWdC). Despite eignifioant

scale-up challenges, great stridev have been made with only two large test fir~-

ings toward the goal of providing an improved, simple, and reliable TVC system

* ~to allow advancements in future large motor propulsion systems.. It is apparent

from lack of complete success in large motors that further developmlent in

warranted.

It is probable thrt 7-in, nozzle SIN 2 would have been. 100% successful,

as evidenced by the posttest condittion, had the associated actuators been

modified )-iow immediate seating of the oall on the socket. The problems

associat A'with nozzle S/N 2 are summarized as follows:

# The actuation system was unable to instantaneously relieve hydraulic

fl~i~d from the vactuator ciylinders, and prevented the b"all from

translating 0.30-in, and mealing on the socket for about 5 see

* During nearly 5 see of a.'.nular flow around the ball, aluminum oxide

liberally plated on the ball, so,,cket an] lockring~r

* Tie ailuminum oxide 14olidtlied after one successf'ul vector "vent,

stalling the systean.

Tho prohlem9 an:3oaoc1~el with notzle S/,% 1 were prima.rily att~ri1butet to

1InddVwuacicle it, the 3D)~ .c 4 b~ >U ex~it con,- mator lal Fabi'ioa ti uo of

t!h jI (>1.0n0, th I e1nvg-o 1, e vf: ot il n kind, it ma. j~ci vu'ertn ki~ng four yedr'3 dg(,)

Si nce tt~at time, a.e. denak ni.. itratd by nozrý I S/N 2, great im~provements have heon

m.a d e *.Large DC. exit, t. *ne~ are r .3tate-of t'-r



10.0 ACCOMPLISInMNTS

Significant accomplishments under this program include"

* Demoni..tration of the oapsbility of a large (7-1.n. Dt) HBS nozzle to

survive the severe thermal/structural environment associated with

advanced upper stage test conditions

0 Demonstration of the tenacity of 3D C-C as evidenced by survival in an

unexpectedly adverse environment during the 5-sec of annular flow

around the ball, and under subsequent stall forces experienced during

the rewainlng planned duration

0 Demonstration of a large C-C ball and socket to provide a non-leaking

interface once seated
!0 Demonstration of the effectiveness of tý'e sacrificial entrance to

reduce entrance and splitline erosion.

In addition to these dermonst:loted accomplishments, s) nifiuant knowledge

and experience waa acquired under this progr tm relevant to the design of

carbon-carbon ((-C) nozzles. Althcugh the e-perience gaineid I1 applioable to
C-C nozzles in general., the benefits are particularly associated with C.-C TVC

nozzles. A.i a result of the partial fal7ure of nozzle S/N 1, attention was

focused on severa1 lVey de.st•gn elements which may iýiavo not been considered

otherwi se. Included were:

11 Cart, n-car bun Onheadod 4o IniLs

0 Sp Ii t I I e n W ri rŽoe. eYren ýýi

* H-oop e .n31 fta;Al ur' of the sock"t

The threuid desAg, p " to h f h all-to-e xl (cone loirt. was a 'ilgniftcanti cont.rl-.

n -t<r the ey-it falo rne of norh-zZl- t. C ,rfeii atterntio I3 warrai.teI In,

fou. dcf (" flgri. to• inuj'- I thlr. . h t a orm mI o hlne d In C.-.C it. )ompa) 1tb' b wi th

l ie I re it ýt t- w r.I rt W 1 he -i di) re .......... ', 1 ,

Y o V 1 ht !'A



desirable to enhance reliability thereby allevtotling the potential for problems

such as thermal expansion induced stresses typical of a non-homogeneous Inter-

faie.. An extensive study of non-threaded Joints was also conducted (refer-

ence 3). The alternatives evaluated were not found to offer an overall advan-

tage to the 7-tin. hot ball and socket nozzle design but may be advantageous

under a different set o conditions.

Excessive splitline entrance erosion as associated with nozzle S/N I was

corrvected wl'.h the incorporation of a "sacrificial entrance' which inhibited

direct Impingement and subsequent erosion in the splitline. By contour oontrol-

ling the entrance, a separated flow region was created providing reciroulation

of flow. This exDerience can b5 applied to any futuro nozzles where concern

about entrance splitline erosion exists.

Due to the hoop tene•,i. ta!]'rc of the S/N 1 socket, several modifications

improving this region were implemented. The structurally critical socket was

changed from the previous conical frvstra design to a more reliable h fh hoop

fraction cylin.irical constructlon, thereby providing a construction of more

predictable ,haracteristics. Also, ramp retention and tighter tolerances on

the OD of' the socket were incorporated.

Other aneas of' knowledge whiob were enhanced by thi.s program incl•ude C-C

property testing and instrumentation. Extensive tag-end property tenting of the
3-4D CII ca11, socket awl axl.t cone provided further mtructural and thermal data

needed and de•ired by analysts. This work, also provided an opportunity to

"rcln, t-ost methods and data interpretation for the complex 0C• material.

Slt.3tr'trflefltat; on of large nozzles was advanced with the Imple entatlon of

'V Yairpii tinr'i~mn I et t nozzl.e 31N 2. The quality of' data Wan up~r'is ingly gofw

wi1th qo sdvý rse ef"fects o nozzle performance.

0I'1
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1 1.0 RECOMMENDATIONS

Since the pr:oblem. with nozz .e S/N 2 wers attributed only to the actuation

system, the design modifications rocommended to subamquently ensure a oompletely

-sueossful large motor demonstration are feel.nd on the ac~tuation system.,

Modification of the actuators to provide an aft biased load would enablf .,ho

ball to be seated aft on the scx,,ket at ignition, eliminating the proble i

associated with axial translation. By maintaining a p .itive load on Iha

socket, the forward lookring previously required for pre-ignition steering

checks c&n be eliminated. An advantage reoogn-red by the removal of the

lockring i* tbat there is no longer a small ga, it the for-ard end rusceptible

to a•.uulation of aluminum oxide. Increasing the annalar space around the

ball will a.hLlow rapid heating of the surfaces, preventing aluad.num o.xJ.de deposi-

tion atv occ~rre1n '.the previous cooler, insulated surfaces,. 'The suggested

lnozzlJ rade:•!ilgn Incorporating these improvements in the 5plitliue is prese ted

in Figuire 128. Note that the recommended improvument.n further simplify the

The recommoded mcrifilcation of the existing actuators 1- presented in

Fi.u.re 129. The mnod.fication requires the incorporation of glands to enable

sea iAng and pressurization of the cavity on the push side of the pin.ton with

nitr'ogen gas. By prewsurizing GF2 slightly higher than the hydraulic pressure

on the pull side of the piston., an e'ft bins load is croated, maintaini.% a

positive seat of the bal.l on the sooket. It is recognized that torqu"e will be

slj.ightly incrso serl with tha aft bias load of' the actuators. However, devw)-

opment of the blowoff L.d 2ashamber pre.niure rises on be sensed, and t "e 12N

can be b±li out, returnirngAv actuat:o s tO h pl -fon]ly mode so thft theQre 1s Yn

incr-ease i.rn torque during motor opearat Io.

!iot of' the hardware used for noz'zle S/I 2, Inc luIng the, ex•t conaýi h..

reuscd (at' discussed in sectIon 8.4.5) for' a cot t effective, fully nunycenitul

IA firiga of a t11hird large nozz~e,

14
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I ADDITIONAL TYC
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Figure As-1. Yaw Command vartus Timo

Figure A-2. Yaw Command Monitor versus Time

Figure A-3. Yaw Position versus Time

Figure A-4. Yaw Plus Pot Voltage versub Time

Figure A-5. Yaw Minus Pot Voltage versus Time

Figure A-6. Yaw Servovalve Current versus Time

Figure A-7. Pitch Command versus Time

Figure A-8. Pitch Comwand Monitor versus Time

Figure A-9. Pitch Position versus Time

Figure A-10. Pitch Plus Pot Voltage versus Time

Figure A-11. Pitch Minus Pot Voltage versus Time

Figure A-12. Pitch Servovalve Current versus Time

Figure A-13. Pitch Torque versus Time

Figure A-14. Axial Position versus Time

Figure A-15. Hydraulic Supply Flow Rate versus Time
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Figure B-10. Strain versus Time, S/G 15
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