


czch the u s e ? d  rzn;;e of  oser,?",ing cor.6-iti.ons, as veil as presen t  

21id .fi.kel;. P < : t ~ ~ r c  c ~ = > l i c c l t i o n s ,  t o  de f ine  t h e i r  l i n l i t a t i o n s  m.d 

2ssoci::tcd 5robler.s. 2-_nhr.sis i s  ?r ir ,?-r i ly  placed on l i q u i d  rockc t  

I n  2 rocke t  ';.iil-ust ch.:::.ber a t.i;oi-o!~s c o n i r ~ c t i ~ c  t r a n s f e r  of h e a t  

o::c~ys fyo:: lrot :o:-b~.l.s i;c.zcs t?:rolqi~ a ~j?l ' t i~! PJr-ifi~l.~lst.i.ng, 

. , . .-. ., 1 . .- 7 .  ,.. .,> r , - . y l -  i:~ c:?:-~~>,: ';13 :-i-.;-,-!--.;; :':.:.-::r.:. ";.;y$-. ;.rc l;,:92 ':;?.si_c-, c rcccsses  

- - .  , .  , .  7q- : , i c :T  c-iz iT1 k:bc ;:v-,:,-, ,-,.'- c - :<  -- - :, 7:;: c ~ p < , - . ~ - ~ ~ - , . - ~  - - - -  ....+- .." . - . I  i-- U ,, ..,- cbicn of the  va r ious  

co,~].ing ~.-.~::;;;ls :;-;zil.?.>].e: (1) t ? : ~  c:>?.l,rol l?lr., !.:cc!:-nlsm f o r  the 

r?sso:.p=ion of t::2 ?..tl~-t t?..zt 5s  r.?jf-ctc"ci fri,: the  ?:ot ; ; Z C ~ S  t o  the 

. . :;,?-lls cur,d (2 )  :I :.-.ecc;?c.r.i,s: 'or r<:.:xc;nj cr l i ~ - ~ i t i q  the p~r~ount of  

hcz t  t o  be r;>sor?-- ,cd, by t h o  inLro2:.1ctian of e 31ei-r.nl r e s i s t a n c e .  

Cxistj.cg ::r.e ~ r z c t i c ~ J  . :o lu t iczs  f o r  t!:e k r t h e r  d e f i n i t i o n  of  these 

l ?c::i.tcer, cool in^ ty_r.zs ?-re it-scr.f'ccd i 2 t h i s  paper. 

J-2. lt:ejf :.re zll b c s i c  :-.ethoCs zr,d i ~ ~ t  nr.cecsari1;. t h e  o n l j  cool ing  r.ei;hods 

f o r  kee?ir , j  roc;:et cr.i;irc herbrr.r+z fro2 0 ~ . ~ ~ ~ r l - . e 3 t i n ~ ,  sFnce t h e r e  i s  

~-.~erl?,n i n  s e - ~ c r d  of these r*.etkoCs. Pcr cnch o f  t h e  f o u r t e e n  

. . coa l ing  ;.ct>or:s, t r .e  ~ r c s e n t  dizcussior .  descrSbes (1)  t'nc basic 

c o o l i ; . ~  r.ec:?znis.:, ( 2 )  t::c _ ~ r i n c i ? s l  l i x i t z t i o n s ,  (3) the l i k e l y  

heLt trrtnsfcr rz$ts, trtzrerstl;res, e t c . ,  (4 )  c,e:sis f o r  extendiw t h e  

lk . i t s  ( e  . z . ,  i ~ c r e - s c d  bez t  flcx) , a d  (5) ~ r l n c i p a l  a p p l i c a t i o n s .  

pn &fie coo l ing  xethods k i l l  k c  descr ibed  aggrc/l~.,-.tely i n  the order of 

incre;:sinz r d l a t i v e  hezt-f lux rcte;  thzt i s ,  t h e  t ' n e l ~ n l  e n e r a  



t rpnsfcr rcd  to the  Inr,cr :a?l per u n i t  of surfzce area and time. 

Tzble 1 sko:.:s 2n orient,?t,ir!s cor::?z~rison of the  1 1 ~  proposed coo l ing  

~c.thc<?s, "see 3.er :,:I t'n scvcrr.1 t ;? ic~l  ?.._npl.ications 2nd a s i m p l i f i e d  

dis:r?~i of the tc?:n#?r?.tla~e grzdient  f r c ~  t h e  hot-EP-S t c ~ . p c r a t u r e  

(T~) ( L ~ C X C  i033 t o  7CCCo7, c'.egec:lin; on the  p e r t i c u l . ~  p r o p e l l a n t  

cc::?~inat!on ?-KI o t h e r  f?.c';ors), t o  the t c r . p s r s tu rc  of  the  i.;all on 

thi. ~ 3 s  s i d e  ( 235 t!?e c o o l c r  s i ~ e  ( )  t o  tile t e ~ p e r n t u r e  of 

t?:e cool,-..nt (T,). ' i 'd~le  2 i l l a s t ~ r r t e s  a :>~ l i c~ ' o l c  Ic-rels  of heat 

fly:< fc r  y o s t  of t h e  yetbeds. 

.. . cor.;l: -:.r.3n :'!I r~..:?ic t i oz  t o  t!:e ~::~rok~r,dir..~.;t cnviror'~'cilnt froa the  

to O F S G ~ ?  i f  refr:1z,-to~*jr r.tt,.r-ls (CD, il, Ta, ncd 1.~3) z r e  used. The 
I 

k x t  I s  trsr,sr^crrcd 'cy cc:,~:ection f rcx  tte ho t  czses  to the cilcii-ber 

. . coo le r  ~ ~ ~ r o ~ r . c ~ ~ - s  . ' cc;' T . C : ~ S  of ~ ~ c ~ R P I  r a d i a t i o n .  

EeI'r:c";or,r r r .etz l  ex;?ricr,ccs rccr;.s t i l l i z c t i o n  2nd b r i t t l e  t r ~ n s i t i o n  

v;?iich i s  ur.?:sir~*ole f o r  a herd s t u t  'i..(r,cn the ?.;?!I i s  cold. Coatings 

ere ,Illso r..clcc~s,-r~- ?or ~re-:.-.r.tini; o:.:j.dction of r c f r 2 c t o r j  ~ c t d  

l:$t~s -D; L- ~ r . e  ccr?;ust%~n ~ z z e s  5r.d ~ ~ 3 i e n t  z i r ;  prese~t d i s i l i c i d e  

costir-3 r . ? te r i a l s  f z l l  a t  r-ksut 3523%'. i l n j r  s c rn t ches  i n  the coating 

US::~>J C z ~ s e  frilcrc, xnc! kkc co-2ir-3 l c f e  bt.cc;nes a f m c t i o n  of 

o;cretins te: : ,cerztwe levcl .  Li-:its 3f C Q D ~ ~ I ~  .irit!l c l u s t e r  cocdi t ions  

(space fzctor Zn r ~ 2 ; - ~ :  - - - ~ ~ o n  ec_u::tton) -.re no t  w e l l  estzblished.  

RaCietAlon k c z t i r . ~  t o  t he  1.c.hlclek ?>:?st? r e ~ ~ u i r e s  e i t h e r  heavy 



rcdirsLion sh ie lds ,  thcrrnl insd? . t ion ,  o r  spcci,Q rr:d sc~c::'tnt co?lplex 
! .  

ychic le  inter.r!:>l coo?..inr; sys*;cns. . Fzbr ica t ion  d l f  f i c u l  t i e s  c u r r e n t l y  

me r :ap j  i n  nz_.kirz re f rac to ry  r c t z l s  (::elding, forning, joinine; ,  

e t c . ) .  k , i s s i v i t i c s  of clwrcnt ~ :e t .? l s  arc poorly cicfincd i n  tcrxns 

OF sui-fzce cc.r~:!,ition ?.r.c! ccntin,s. Scr:;t? r c f rac  tory r;:ct?ls expcricnce 

rocI:et yropcl.l.:.nt c:.rh::ust gnscs, t h i s  c m  be  a ses.ere li:?.i'iatlon. 

-r r:ust I:? r:ounte:l c:.:t;.yn,?l tc vehicle L:, permit ?-rlcqu.atc ?"le ci:--:.i;i. 

,. ,- 7 , 
- .  

, . . -  z::din?;i-,.~ cgoj.:ns 5 s  s:;it.?ble f o r  

22.5 l i ~ l t t  cons t r i i c t i ~ n ,  i t  i s  throttlc?.ble 225 cc-.n o:,nz-~te f o r  long 

-.. . . : r ~ n z  < - ~ z t t o f i s .  pri~.ci1)?2 z.pplicztions f o r  tiire r c d i e t i o n  
. . 

rcthod r z c  f o r  s::r=!l n&'iil;!;C1~-co:itrol- ll:.ql?id-prapel1~-nt engines 

o h s r ~ l - c e  p?-ylsa2.s o r  ter;:ir.?-1 sszce vehic le  s t c ~ e s  (usuzl ly  less  

4.hqn ,.,,... 15Q-lb t h r i l s t  rtr.5 50 p s i ?  chz:T:er r > r c s s w c )  ( ~ c ? f .  il), r.lhere 

t l i c  rx:-:e t I s  r.ct:nteZ e:.: t e r x l l y  t o  tl!c sprAcecr-f t , 2nd fo r  tmcooled 

nczzlc s k i r t  ifxtencfo~?; of s o l i 2  o r  l i q u i d  p rope l l en t  c h ~ 1 5 c r s  of 

c l l  sizes V?r.cre ';he c'r.:c:>ers ti;er.zel-,ri-s zre cooled .by other xcens. 

CT Int. r z d l z t i o n  ~ 0 0 i c 2  r,orslc.sl ',irt becores u s e f . d  zt l o z e t i o ~ s  where 

t h e  heck flriv z-5 l o c d .  str;.s=. r e s s - u e  Ere 107; 2nd x5ere the nozzle 

protrucks bc:;ond the  vehic ie  e x t c r r d  en;-clo>l t o  per r2 t  adequate 

he?-t rezec t i on .  Fig.  3. sho:.:s typic21 rLn.ir:.~_?n z t t zchren t  po in t  w e a  

r s t i o  -6i th a rol.;.bden~y ' r d i z t i o n  s k i r t  f o r  s e v e r d  propellant 

cozbinations. . . 



The discovery of n s:~;?ri.or pro tcc t i vc  coa- i i r .~  (nGai.nst thc  corrosive 

hot; g?.zcs :?I?LI 1, i th  L? hich c r i ~ s i v i t ~ )  c?._~?.ble of goitlg to higher 

~:d 3. tczycr;! tl.~rcs - ~ c u l d  sllg?. t l y  incrczse the r:zsimum heat flux 

(c..nd ch::-bcr p r c s s m e )  srci incrccl.sc t h e  uscf i~lncss  of t h t s  method 

of ccalin-; tcchntquc. Fi l r ,  cooling csd otller scpplc:cnt:?rj. ccolil7,n 

tecl-$niques ( t o  5c clescribcd i n  a l a t e r  s ec t ion )  y i r i l l  a l s o  increase  

t h i s  czpabili-by. 

2. ITc;..t-S! 3:~ Ccoling ------- 

TLe . . p a  .. ,,, o r  z sf::;?..c-::ill r.-t:l?.!. co:::>ur,tion ch:::.>'=cr c ~ d  r.3zz2.e o f f e r s  

I.lr.jtc.ci 5;- t ? ,~  lien'; c:;.y-ci:y of the  ~i2.21 2s C.ctc:-.-d~~I by t he  lid1 

t i - . ichr .ess,  dt2r,s45;., ::.r.d spec i f i c  belt. A t  high he2t fhxc ccoddiions, 

relztiyp?-;. ~?:3rt c!.;zr:~:j.ons of o:lly 2 feir sccon2s rn?? be gossible .  

C1 rzi lcre o2cr:rs ::':;en the inaide -.:,?I1 tc~:?er~',tl.ne exceeds the. point  

a t  i:?~ic'n e i t h e r  r e l t i n g  o r  erosion t":cs place. A high t h c n ~ d  

cor.duckivity of t5c - t : ~ l l  r;?-ter?:i i s  irr;or';nnt t o  rcduce the tezpera- 

t u x  ~ r z d i e n t  cr:d ti-:us the ~ 2 - s  s i d e  ~ . ; ~ 1 3 .  t e z g c ~ a t u r e .  Ofter. a 

x , s t e ~ i z l  r:ith ;L xzx i r r ,~~  v 2 h e  of the f e c t c r  consistir?g of t h e  product 

of dc:?sil;- znCi s p c i i " i c  hc-t, dlvic?ed by t k e  conductivity, i s  

cor.siZercd t o  be o~,~~::LL'TI. i.:Ete:-izl~ such 2 s  coprjer 21id ~z i ld .  steel 

rrc t ; ~ i c d  chcices. A pro tec t ive  cr i ~ s u l a t i r ~ ~  conting o r  f i ln 

c o 3 l i n ~  r r i l l  5ccrczse the :.llo~.:z.jle chzyber pressure ar?d/or duration 

of this t 2 - p  of cooling. 

In sc.-;ci rcsczted-use ~ p r ~ l i c n t i o r , ~  (s:any starts 2nd stops), hi& 

ther . - :C  s t r e s s c s  on inner  1;cll cc~ilse the forrr-ation of grdu* 



i nc rcns ing  cCy.izl cr?-c?+:s c n  the ins ide  w d l  surfcces because t he  

, l o c d  t m ~ e n t i ? - l  cc~:;i?~cssion sf;rcsses c:tcced the y ie ld  point  of the  . 

:l?ntel.ip-l 2nd lec-ic n r c s i d u d  tcr;sion s:;rcss a f t e r  the lr2J.l cools 

6ol:n t o  the oz.it;ifial x l ~ i e n t  tez~eratare. !.%en z rc l -a t ivcly  cool  

prc:cllcnt e:.rh:.-us: g?.s i s  uzcd (e ,  g . ,  ~21-y fud - r i ch  biprop?llcznt 

rr;ix';mes >r,:! la: flr.--.c t e ~ ~ ~ ~ c r z t ~ x c ) ,  ';he c l ~ ~ . 3 i o n  of this type of 

. . t i l r u s t  cn:>z:ccr i r ,  s1~5r;tani,<Li.l;r il:c:-cnsc?. Tne ac?dition of ex t ra  

1;ctrj-1 t o  i ~ c l - c y ~ s c  the i;:~j c;:::~ss c.r.fi, f;hus, the h c l t  c:,:)ncit;y' .of the  

. . \:?Ll is li::j.tcd ij;; - . - (> - I  . ,  - - .  J-. -.I: c 7 , l ~ -  -.... L ?T)s,; ; ' ; :  ....- I 1 OES i11 T l j l ~ g  V C ~ ~ C ~ C S  bu t  i s  

2 fcr.c t ion of t?:-.e pyq:ell?,.it cs:.1:3xs+;ioa ~ z r ;  cher.zcterisi;lcs, the  
I 

chz-bcr p rcs r -ze ,  size ( ~I-.:TcLu l eve l )  r ~ d  chcz5cr ~eor ,e  t~y .  For 

c:.-scri:rcnt,?-l i:1~ies2~;-tions. of re:: _nroocU:-?ts, ~ c s r  in jec to rs ,  or 

nc;; ch::-3er azd r,ozzle geo_:e5rics, m uccooled, r:on- f lycble ,  hemy- 

dirty n e t ~ l  t?..rus",k2:5er :,el1 give u c c f ~ - J  znZ relztivelJ1 ir.c:.rpcnsive . 

service. 

For so l i d  pra?clLl:-r:t :r.otors, r:.zt.,erizls r.-:?ich e d l i b i t  ~ o o d  3~2% sink 

~rr.g'?.il;e, ccigc-s~:~<n ?pol ; - t i c  ~;?2>?lite, zrid t - m ~ s t e n .  For l e s s  

scverc conr?itions,  txtnlur;., ~3 t r . n " , ~ ? / l ~  tvn;sten m d  r -~ lybdenm 

hesc been used. 



te-~perct~crc, thcn there i s  repL1y no cooling prohlcm. This occ~ws ,  

f o r  c r q l e ,  ~ r i t h  r o r . ~ ~ ~ r ~ ~ c l l : n t s  such a s  11202 (13009) or  M2W+ (up 

t o  200Q0?) w c d  v i th  co:!vcntion21 c - e t ~ l s  such as the  s t a i n l e s s  

s'iccls (zel t lng  ~ o i n t  26009). 1,s long e s  the sir.lple ;r,etczl chamber 

s t - f icbrc T s  c~-pp-ble of t>l.~ips t he  pressuse and vibr?.tion loeds at 

-.,. c-o,.~,a -.-,CP !:cr.-. 5s o:;c ol" ,.;rr_r:5icl.l;- the?::::ll cqui!.illriur?, 2nd the 

. . .- - . , . , . , . . ,- - .- .., -.- ,.,(, , , - 1 -,.. ,- - .- . . < , J i &  .,.- '-1 :i?2,r,3?-c?lt?s 
> > \, , . ;,. d. .  **.,-.,, ..- < ..:,: py :i*2:-. .;::c i i ~ t  g:.s<2s $3 '-.,> - - -  

.- . -  .. . . .  d;:c 2 . ;  ,,,..,. - ..- , , >  . : :  . . . . A - h  u + b A , L . , u  (2.-;:2;.-s21- :s::c : ~ ~ - ~ g ~ : - ~ : : : ~ :  :ccG ;yskc::. c:\:sign 

5~ si--:;>.p, ';>c r , ~ : - f ~ ~ y - . ~ ~ ~  5 s  >;<?T; low, 2 ~ 2  tills ol" rocket is 

cot c r c F L ~ l  ~-:cc?!, i:] ye:-;- ~ ? ~ 2 j ~ l  ~ 7 . f . e ~  ;<?ere c o s t ,  sis:nlicii;y, ~ . d '  

- = . . . ~ - ~ * ~ - ~ ~ e  cor.z~Cf:r.cr:ic:?s >-re of grea t  ir!$ortxnce. 4 . - A -  -<c. ...- 

e:.21zus: g2.s -.?.ich crtn k c  use! lor. ser:e lin:.itcd ~ o g l i n g  :.??llclztions. 

TZC tu rb ine  a2q.c.ust g t r e s  -e t , - s l c d l j .  onc t o  t'nrcc percent of 

~ r e s s - . r e s  of u s c d l y  l e s s  ::?an 25 t o  50 p s i 3  :,-?en e::erging f r m  

ttc tw3ir ,e .  T::e c o o l i x  cr;z.=i5y of t h i s  g2s is, :herefore, 

l i z i t ed  r,ot o a  37 t h e  lc7.r xsss flo:; m d  the s,.r.i!l cvailable 
I 

bzt 21.~0 5y the  n?:.:iyz tzyJerz57urc rise t h z t  cai be ~ b s o f i e d  with- 



1'L.tterinls such as s s c c i d  h e n t - x s i s t r r n t  d l o y s ,  e .  g . ,  347 s t ~ i n l . c s s ,  

I ncone l  713 2nd fIc?sJ;ellcy a r e  used t o  tenper?- twes  of 1 3 0 0 ~ ~ .  

Tile bes'; 3 ~ ~ 1 1 i c ~ - t i o r i  I;IIO:,TI t o  tkc z ~ l t h o r s  I s  nozzle  s k i r t  cool ing  

i n  l i q u i d  ~ro2nllxtt rocke t  e ~ i ~ i n c s ,  ;ii;cre the chr.b.bcr ?,r.d cor,ver,7in~ 

sec t ion ,  Yr.yo,>t yc;lon 2nd ?art of thc c u ~ e ~ s o n i c  d i v e r ~ i ~  s e c t i o n  

:?re coaled b;r .rn3:;ii.ci- cool-ins I-.ethod such as rcgcncr?.tive cool inz .  

m. L . I ~  ' iurkinc  e>:krn.lsL c,-tses cz7.r. be inJttcted ?s e fi3-?I coolan t  nlong 

th,-, ~ : l s  cii?? y.02.zli3 r.;:r!. l  r::rf-cc (i.;'::crc pycr;sT~r..cs ?-re 3 . 0 ; ~  c ! : o ~ h  . 

. - .  
b 3  i'cy:-.l';) r n<::,/c.r 1:r,c2 nr; 2 co:;? :.nt In :: j :..c.:c t 2.1.0::~; ti!c !?e,zzle 

'.',. ".. C. -, , - 
% < -  - ,.-L,- ::7,?. :-.:: .?j.]-.:? ::$ :;::,: r-:;. :..::;<;y ,y: fa? t;:-.c .?r:<>?-::::yyc ?-,.?&i-+Lj.~n. 

T:-- A. . .~  :<3c:;ctcI;:::> 5-2 c?---ip=. .2 (!'t2r, I ; )  uti]-i_::cs c):l~z:jst ~r?_s  2s 2. fibs 

l .  'iT:?e Eoc>retd;-r,~ 5'-I ensine (2ef .  5) as sho:;n in Fig. 2 

r u ' i < l i ~ c s  t;?c c:-::?,us', s2s  r;i-:l.cl:cr.~o1~~1.j 2s TL co:ivcctive cs?d f i b  

coslt-.nt i n  tke rozzlc $-:irk . T:~is coolir,- .:icchniquc p e r n i t s  a 

rcrd?lnt;ion 3er.t l o s s  f r o n  tk.e outrr  ::dl of t k e  j ccke t ,  vhich i s  

loi:ey 3.5 t 3 n t  err.itted f ro2  (2 r r ) d i n t i o n  ccolcd nozzle  s k i r t ,  thus - 

. . . .  
xr?Lr:rzlr.,- :!in hr??.k. g~otcction rco_~crcr:cn'; f ~ r  2 vei l ic le  b o a t - t a i l .  

Uc.21-6 the e:-:I-:?us",:;::scr; f o r  convcct ivc c o d i n g  e s  long  as the  gas 

I n r e s s z e  in t::c coo.?.ir:g ' j  zc;.:.:et i s  ?.>eve t h e  free s t r e tm  ,s-ress~re 

0: tile ::>in yn_~...s t c!is--.'oer e : ~ l - ~ s u ~ t ,  it i s  p e r r z s s i b l e  f.0 hzve sm:e 

1cq:~s on the 5 ~ r . c ~  :::in of the j,cl=,et, ~ n d ,  thus ,  t.hc design Ooes 

not  hr.-fe to te f : 5 l s r e  groof. T'5.s p?mdts the des l ene r  edded 

f l c x ~ i b i l i t y  in ccsi .-z ;ii th t:.?er.-cl s",resces. Thc1mp_1_ s t r c s  ses a d  

2 e f l e c t i o n s  I n  ? i s  g r s  cool5cg jec>:et a e  severe  teczL1se of t h e  high 

ozern t l r s  kc-.;eri:turc for both w a s .  Ter.pcrztures 2nd them& 

,-;rr.dicnt;s, ~ n t i ~ ~ ? l ; - r l y  dllri-n,; s t s r t - u p ,  quite severe.  The 



heat  t ransfer  i n  turbir~e cx!laust Ens c o o l i w  i s  e s s c n t i d l y  a stcrdy- 

state equ j  1ibrlt;m p ~ o c c s s .  U:;iw the co:r.bincd nct1:od tiith p a r t  of 

the gsccs f o r  co~lvcctive cao1ir.g zncl ?."-"t f o r  film cooline fippears 

t3e  r,oc t = ~ d v ~ . n t ~ ~ ; c o u s  fron ~ ~ 1 1  tcir.pcrz",ure and ~ c r f  otlnnce stm.d- 

points . 

Inci.~ln",icrn I'.'l-.thods 5-  

%-:c use  of v;tr.-io:~s b g e s  of ir?sxI',::-t;ion SnLrocfuccs t?!c~?:l.nl. rcsistzrrce 

i n t o  :;i:c >e:t flw: pzt f~  znd, t;'r!~~s, rcC.r:ccs the ~<?.cl.:ilt of hes t  tkLat 

2 C G O ~ ~ I ? L ;  1:~3icd but clx:tlic.ry !::c:tns t o  erf--rnce t>;,i. capacity of 

o ther  c o o l l n ~  ~re' ,h~cIs,  Tr.s~lrrLors c-n be ?-??lied t o  t h e  gcs-side 

j,-,c::cL o r  a t.zY>ir.c 52s-ccoled ;jncl:ct. I n  these r .g l i ca t ions  the 

2 r::CZz-lion-coolcZ re-Yractory c e t ? l  -,:a31 In order :.a reduce the heat 

re jec t ion  l oz s  t o  tf?c envirorL:!ent n c a  the  c h z ~ 3 e r  such es i n  a 

"5uriedW Ins-l,r-llcitioz ins ice  a ~re:-iicle; ho;:ever, t3is increases 

wr Ir:ere - re  s c v c r d  % y e s  of i n s v i r r t i o n :  c o z t i n ~ s  :.ihich =a painted 

o r  f i _ ~ c d  on", o nrr.ttL1 urfzce r.nd su5sc.quently hnrde~ed o r  b a e d ,  

such zs cert?-in silica, zsbestos, o r  cbl?.tivc c o n t ~ j - n i p 4  fomdatiors;  



such cs ,?llrr-.inc~, thorin o r  zirconizi; sseci-27. S ~ C C Y C S  o r  se2arnf;e w,.Jls 

rnzOe of C ~ ; ~ P I ? ~ C ,  2313liivc, ;tsbcs tos- f Zl led  rubber, ,zr~.;hi te or other 

rcfrnctory nn ' ie r id . .  %ilcre cz-c n!:rr.crous n:c thods 2r.d naterials i n  

c~.ch category. 

.;?.I1 of 'i3cse i~s~12.r;';ors h ~ v e  pcs::ible ?cficicr!cies. T?cy a re  not  

al.t:z.;s r e s i s L , c n t  t o  t k c  cj:.:iC:g.'iion or cY,c.-:fc,-l corrosion r x t i o n  of 

2 ~ 1 ' 3  Y. ?:oh re;-(: ::or. ~I ' c<?~ :c  L C ,  ::.l.nd tiley do 113% ,~l:,::~-s r t l rd i ly  resist 

A syeci:lJ ccse is t;?c use of r ~ o l : : t i c  zrc._?hite, ;,:hi& hss high 

~d IG:: C O E ~ C C ' ~ ~ ~  c!ir?ctions. 1xi;enious C c s i g ~ ~ s  r.:y permit the 

prcfereatlczl coz2uzliicn of ~-b~oi-k~~d hezk t o  he r - t  s i ~ k s  (e.g., 

reduce5 !1e2: trcnsfer ~ r o F , l e ~ i  i n  c r i t i c d  rcci,or,s, such ns the 

t'nroat z e s .  >~olb",ic ~r:t;hitc designs hsve no t  es J-ct fowd  the i r  

best q p l l c e t i o n s .  

n &.nother s?ssi,:l case i s  thz t  of z " c o ~ t e c t  r e s i s t ~ ~ ~ c e ,  where a 

ccntrollci! conk-ct Set-.:zen t;ro l q j e r s  of thc  ~ e t d  chx.ber w a l l  

inkroduces 2 big5 ti:e~-.:~l resistznce t o  the  flcm of hezt. Differ- 

ertti,?l t?-icr;r,izl e :z~ns lon  kc3,:cen the hotter  inner veil m.d the ~OOler 

outer red-1 :?nC the p r o b l e ~  o f  designing f o r  e close, repeateble 



contact bct;;ccn too surfzccs  c r e  not e a s i l y  solved. 

The i r s u l ~ t i o n  r ~ c  thod i s  iis,ed extensively i n  so l i d  propellant  rocket 

n_uplicztions. A rubber o r  pl~.st;ic-t-;?c 1c;-er. i s  of t en  bonded t o  the 

- r;:et?J. c ~ i s c  :.nlJl to fcr:a r n  insu la t ing  l i n e r .  "1Iiis rubbery poljrincric 

r.stcrls1 oyten c o n ' i ~ l n s  rsbes'ios f i b e r s  o r  ot1:er insu la to rs .  Tfie 

~ro;ellr.-nt, i n  turn, Ls bonded to t h i s  I n s~ l l 2L i . n~  l i n e r  nzt;eri,i2. 

.- - u;.2ets, :;?.i2c-;-#?z, c:o;,:-, c:,?. .. . ; 7 . - ~  ..- e.-i' - ec ti-.-~:lj. ~:.;nd .tn so!_id 
. . 

:;,:.; ? # > J  ].-::; , 
. . .  . . - - .-:~?l-:C:,.;:.::::s; - - :;.,,y:?.-:L - .--.i:::s ;..::(]. ;.:];:c.J-i.< ; . , ~ ~ : : ( ~ , J ~  :>re 

r~ece:;z;.:-:,- LO i r !s  t.c-2.1 tl:!:sn Il!?.ivi<.?.l.l pl.:..s bit . i r .zulai inz perks srd 
I 

kenp the::! 2 .  3 1 " ~ ~  ( i ; i t : : ~ l . t t  G ~ _ r ) s )  lil)i*oij;:?~~~t y;ide spcc t rvn  of . 

e ~ i - ~ . : . ?  ~ c ? ? . ( i l  ' i i ~ r ~ s  (vi5r;:t4ons, r.ois t;lre, 2::hZent te~~-erzt,urc 
. . 

cicf.inG, etc.) :- 

f -~ '  l n z  ~ I C Z Z ~ C S  tlsccl i n  solic? prcpcl lznt  rocket  co'iors 2nd i n  ? ~ ~ c o o l e d  

liqrrld p:-o::nXLmt chz-5nrs  2re, i n  r;:os t ccses, F-sser:;blies of * 

ix~s:Azkir?,g c z t e r . i d s  desie:~cd t o  rezuce t h e  t r z - l s ~ 2 s s i o n  c f  heat  

t o  the  urcoolcd ou'cer :;.-ill. C-rql~ite, t-z;;;st.en, ~ o l y b 2 c r ~ r : ,  czcd s i l i con  

czrS1Ce c^ze f s v o r i t e  c ~ t e r i a l  f o r  t ixoat i n se r t s .  Under xore sevqre 

tker:,:?! co~.dIl i ior?.~,  tkes t  zre oZtcn bzcSed ur, or  o t t e d  into conplex 

cssc::.5lies of o t h e r  i ~ e u l ~ t o r s  so zs to  _ o c m i t  edcquclte t ' n e m d  

L t : p ~ i ~ i ~  t h e  _~erfonr.ancc of i n s ~ i a t o r s  requires  Zcvising of b e t t e r  

insulator : r .a tcr ids ,  EC-L only I;;,", goad t3,e,r;:il r e s i s  tmcc, but also 



15th a n  expnsion that 1r.2tches tiict of  bhe base r,-.ctnl w ? X  rasterid. 

It shavld d . s o  e:rhibit go& toilcling c'nczrc?~: tcris t i c s  ~.s;ii hive good 

f2.5ricrLtion pl-o,crtics. V i t h  l iqu id  _nropcllc?nts, insulztors \ i % h  

cc:t:lced f ilrr.-re;cncrntive n~cthods nni)ec:r -<cry edv~nL?.~eous .  For 

r~,c::~~:.ti;.c cco].i~lg lj\it, Ipz i ; ~ ~ . ( f  l - r ~ ~ I ~ c t 1 l ? . t 5 . ~ ~  t2:2 I:l?.i:ed coo1a:lt 

becl.: t o  in;'cc ';GI- rnii Ir.';o :.I!" cc::?>::s t l o : ~  ci?r.::?~er irherc it will 

ehtt.r :nto t>c ccr.bus';for, p~.ocnss ,  i n  C:;I-.:, caolln;; t hbs  f u e l  is 

dic:.pcd c ~ i c ~ ~ ~ ~ o r , r d  r ~ t  the  c:ci t  of tkc nozzle .  Gzslfiec?. :ooL?nt is 

eJect;cd ~ , t  sue.--.- - - , O ~ L ~ C  v e l i z r t y  ti~roc<h a scpr-rate s e t  of nozzles, 

the ccolrn: g::ses co::il~g fibs t h e  $:,TI coo l ing j ~ c k e i  a - e  not 2s 

'not 2 s  t:?ose co:?G.n,- dircctldr  cu",f cc7.:1~1sti~n ci;r;:3er, the over- 

d l  ?C~.?O: .Z~X~:  5,s S G ; Z C ; ~ ' . ~ Z ~  .j>r.inis>ec?, T3c a?--? ~::et:yod of cool ing 



fron thc c o d i n 2  j jncl:et i s  ap_nrcciz.ble. I n  addition, the  pcrfor- 

rr.?.nce ~ c n ~ l t y  is r o t  substetlti,il if thc  t o t d .  f l o s r  ti:1-0wh the dunp 

coolir,,? j~.c:<c'i i s  r V C I ~  s1:;111 Yraction of X2e t o t d  ~Zlel flow, 

s;:y f ive t o  t en  y r c c n t  of t?le to t21  f u e l  flo;?. 

>- -.,-,.,..,*-.,,. ,? - ,?A-.O-. - 
GLL _ f l _ l  .-UV_- tJ  i:? C::CC:;S 3i EV& J i ::ZS cr.j;:tlj,Z lib? C C C ~  f o r  c? new 

:L f ir i17~ z e i - i ~ ~ ?  of 1.(:2~3:::',jl.c Z~r?tion e:ccfed even tke  x,zul.nwn 

pl-zctic, l l  o:>ts~c5irc tcr:?c:-cturc! of .;ncoolect t i ' sL~s t cn .  Iio:,:ever, by 

f i i - l ip :  o r  irfiltrcitir.;: D o r m s  'icl:zsten r..i';h c secoxi c:c?terid which 

c2r? b e  e;lc?ot':.,cr:ic,-l> trrr.sfo:.r.cci irlto rr :;:gar g%se, i t .  i s  ;possible 

t o  rcdllce Y-.c -,;:11. ter:rs,2i. .--: . t  t o  3 t o l c r ~ 3 l e  v,?lce. !Kpi5.s concept 

irzs 'cccn ter;:.cci "sclf-coc)lins" S:; Sci;:r:lrzko?f 2r.d k'elscrt ( ~ e f .  7). 

. 
-,.e CO; . ' JOS~~C i?.sez.t initia-1.l.y c c t s  rrs ~t h e ~ t  sir?-; mtil the surface 

I bc.-.;crz-';>;l-..- ?c:?ie=.zs k:?e S i l i r , 2  or deco:..~osj.~lcn _noi-nt 3f tke C O O ~ P ~ ~ .  

As t5e ccolz::t v2norizcs, il..rt i!;kcz.f:lcc _CO:?;;S ::ilich recedes SO as to 

a .  lezvc behind 2 _rio?-s.~:s tcz;stt.n zozc t l : . r o ~ ~ h  :.i:.llrlh t h e  c o o l r ~ t  vcpcrr 

f l o r r t .  Tne cndot?cr -5c vr-i,orizrtion of t?le c o o l ~ y t  i r . c rc t ses  the 

hect sirG: c ~ p i c i t j .  of t he  insert,  ar.5 the ccolx.rit *Jz;ors cbsorb 

a d f i t i o n z l  ikeat Trorn t3t. pcrs;:s t~ :n~;s tcn ,  '=nus recl.~cir'+s the s~wfnce 



' ~ q c  y . ? - - i - ~  'T 7 r r r  -. r r  +h+\;rmr- 

~ d ~ L h * * ' 1 v % % d a ~ , ~ + k & f e ~ J ~ ~  

,." 
Is L A ~ + & - + ~ ? ? Y * ~ L Q & - - ~ F ~ ~ - ~ & *  _ _  x ~ & - z ~ - x - ~ o ~ . ~ P :  4?43& 

t::..o2t ir.:;eri;s n r e  j-::r,ir;:.l. ~<::-:~r,y:cSJ. ;;orous ::!ntrices c::n 'tje f'2bri- 

. . c?.tc? Yo ,?(:::re-;c 2 1.3r7~3 ~ 0 ~ 1 z z t  rcsey:'oi? 2r.d :;?,us extend the  
4 

r:.?t,?3 cz:..>,2s'_tes i:c.;re kn.-n - .- 2.-:7,-clozed 2 . ~ 2  li?--,-e been succcssfl l l ly 

l j ~ ~ d  ' io hcln gui .2~  e:?c:-ir:?n'i.cl 2-53 c?c:vclol>:.ent s t u d i e s .  Dl? enF2.ysis 

kc.:.: of v ~ ? ~ i - i z s t i o n  o r  ' r . e ~ t  of ? e c o r : ~ o s i t i o ~ ,  ncd a h igh  xa t r i x  

cic_tcr.ds szcn t?.e ~ r r l ; i c d l r  ?-y-~lS - - c - t i o n .  C o o l a n t s  such as  silver, 

Sx'zst?ntir_l 3ro;r:cs kc-s r e c e n t l y  been r,a& i n  con:2ucting f i r i n g  

s i z c s  2x3 t o  contra?. r;c.L,rix poros i ty  g r ~ . $ i e n t s ,  1.c~proved C D O ' ~ I % S  



:me ncccssary i f  the i:.~thocl i s  t o  f i n d  appl ica t ion a t  high chanber 
i 

pressures c!~d fo r   lo!?^ f4 r ins  durations. A vnrint ion of the  self- 

c o o l i r , ~  technique br?.snd on u t i l i z i n g  2 re ln t ivc~- ly  t h in  refractory 
8 

r.et;z-1 ti:rozt l i r . c r  becl;cd by 2 pool of bo i l ing  :;,eta1 i s  also wder  

in tensive  invcs t i se t ion  ( ~ e f .  8). 

7. Abl?.tivc Cooling - 
AS1:t Live ccol.ll15 iri-;ol?ics the u.sc of nrcll ~::z",cri.?ls ;,.hich u~dcrgo 

c!:r!oki:ey::;ic i-1. ,..:.~.:::xl c!cl;r:.dci;ion a;:d ccnscc;ucnf; ;r.?ss re:i?ov;il but 

;.-';ii2!-! : j ! z - ; i )  ;..;rf f f c.c-~- a-. - . . . ,  ........ L :.--~l ,,.: .-!o 1'~;:::5.11 1;3 l> l '~ ;~ !~" : r? :  S U ~  i ' i ~ i ~ n t  - 
2 !:~IJ : !,7;y?l. i ~ ~ ~ ~ ; ; ~ - ~ < y ,  

r .2 tcr i i ; l~  f c ) r  i i ~ e  zs  k~2t s;liclds f o r  32llLs:ic ~ ~ l s s i l c  2nd setelli 'ie 

rc-cr,'iry SF??-ications . i'i~is ;:o!-Z in12ica'ieci p o t c n t i z l  ap?J i c a t i ons  

f o r  rocket 'il:.ruz ",c!:sr?>ers. Unfor tun:ttely, r . x h  of the re-entry 

tcck~:~lo,-  :;as not  i?ircctljr nap1ic::bblc t o  'iZ..~-nst chz-zbcrs beciiuse: 

(-1.) Tiie c~ r . 5us t i cn  gzs tei:?crz>:rcs io, thrust  cllz::5crs ?xc lower 

by. zbout c? f r c to r  of t3ree; (2) Tfic co:b:~sticn gzs co:zpsition, 

2nd; Ihercfcre, t h e  chc:.icd kcLayIor, i s  mrkedlj7 d i f fe ren t ,  

(3) S i ~ f i c e  r-cdir-tion ccd 5 a ~ ~ i n y  1%-er trznsgir~tion e f f ec t s  

u e  uzuzlly n e ~ l i ~ i b l e  i n  t:=r;;s t c'nz-kers, ( k )  P a - t i c l e  inipingc- 

t2czordint^;ljr, C u l c ;  t5e p:;t fe;: years a cor respondiq ly  lzrge effort 

hzs been srt?,e t o  ?evelo_r! z'blztive coolir,,c fo r  t h r u s t  ch:zbers (3cf. 10). 

C ~ c a - f o r n i r ~ ~  plnr  t i c s  reinforced :;ith o r z m i c  o r  i no rgmic  fibers 



h , ~ e  2.-ovcd t o  be s:.:~crior fo r  t'l~r.x,t c'r?cs.::ber n ~ p l i c r r t l o n s .  Cormonly- 

uscd ~:ztcri;?ls i!:c?-ude ~ l l c n o l i c  2nd e_no>:y rcsiris r e in fo rced  with ' 

or i en ted  hiill?-silic?. ~ l z s s ,  cz..r>on or ~ r a b i l i t e  f i b e r s .  1 n i t i d l . y  

a rcsir:-bzscs ,?bl.-..tive ::all e c t s  l i k e  2.n ordin?.ly h e e t  side, but a 

lor,? t7lc~:::nl cc::Auctivity c:i:~scs thc sv.rfacc t ~ i : ~ ~ ~ c ~ t ~ e  t o  r i s e  very 

rc.picI2-y. ?it ~ t > o i l t  lCCOo?, tkc -.c:.coi.n dcc;cr:~o::cs er:clot3zrnlcc?lly i n t o  

i.211 ;r.~lt to ~ Y T J ~ ~ C  2 VZT;. Y?.SCCXS f:'Lkl ;21ic?1 I::ay p r o t e c t  the  char 

t o  -surloc.cc zros ion  > j .  visco~:s SF??-r. A'; even hither te:qt.rat;wes, 

zddi t i on21  s i l i c :  reac Lions r-nd v~2c r i zz5 ion  ~y t d : ~  plzce .  1.X th 

cr-rbcn ?.cd i;~*:.y:iiLi. fibers, r-.elti.?; Cses RO'; cccm. I.? t h i s  crse, 

osic1izi.r.~ ct.-.3csLc:-e:: csn cr .2~2  .-c:,id s;lrfece ercsion. Tile r e l z -  

A. bivcl;? IG;.: t;?e:-:: -7 c0~2 :1~  t,iirit5. 0: ".., :-o C?I;Z 1 ~ - y c r  r e s t r i c t s  the  

t r anz fc r  of kc:t f ; ~  t5c vir,-ir. p.FJl:tLi-,.e ~ 2 - t e r i ~ J .  I!czd SQ:~<-back 

effects c2n cor;<inl;e l f t e r  c f i f t r , ~  sh~t -do;~n .  

It? r o e k t  e~zinc ~:;;>lic~.-,5ior.s ::::zri. y-:-;er.er.ztivc eoolkr-5 cznriot be 

ersily q ? l i c d  r-rid ;;!-.ere lizj.tec! Zir:cnsiofi~l cfic~:,;es 'we tolerable ,  

the usc of 2blzt:ve :::Lteyiels is ~ i i t e  2 t t rzc t ive .  T'us, in low- 

thrust spnce e::gir.es :;>are - in su f f i c i en t  fuel cool~a ' ;  is c~vallob2.e 

for re&?-crntivc cool ing  ( ~ e f ,  I ? ) ,  &lative ~2ter-d~ ,?-re used in . 

the  cor.'uti;tion cki--:5cr c r d  exit ,-one regions. 13th relativckv non- 



&l;:tivc r ~ a t e r i z l s  cnn even be used i n  the t h roa t  region without 

i n c w r i r ~ ~  ~.pe~for.a:zncc loss .  They cxe used es l i n e r s  f o r  e x i t  . 

cores of so l id  roc:-:et ~;:o';ors. For hig'T.- t h ru s t  l iq? r jd  propel lant  

ensj.r.cs, cblcti-;c :::r:Lc~ials zqr be used f o r  slrirt; extensions. 

C , c  se l f - rc t~ i l . z t in i  type of- thcr?-.?-I pl-otcction afforded by cb l a t i ve  

z:2tcrizl; ?,?.l;cs ';llc:n p:il-tic~~J-r:.rj- snl.t,r.ble for thi-o';t;lec;ble eczincs. 

;ib?-::Li~.rc (:ll:~:?:ers ll:..='c b2r3:: ;::;il'j;j-~ul;:~I;' US~PLLI for  p:.~lsiri& O r  

. - .  . . 
C ; C ~ :  1:; C ~ : ~ ~ Y : : % ~ S J ~ >  -,::~l'.> ;.::::?--J?-('.:I.+~- ~ : J L I $ ! ? ~ S  X?.y be -,,rcl>j. S : ' ; O Y ~  in 

. . 
. , , , I ! . ,. .. . . ,. ,- .- ,,1. . - ..,,. L,-.!:, ..:,>,- .;:.,..> ..L:--2 :- re:.: r*.: ,~.;CCOZ?.S. 

il ,,;lc f r .~ :~r lcc t lon  prscczs ,:XI t o  oS5nin ~ ~ e ~ r o ~ J ~ i c i S 1 s  propcr t ics  for 

t h e  char  P-nd v i r z i n  :xrteriLL. R c l ~ t i v e l y  r:inor vz r i a t i cn s  i n  the 

rr.n:nuf:.cturi~ process r.2y ccuze severe ;eri?or;r.rnce Eepci iz t ion due 

thercril s t r esses .  O 2 c r  s o t e n t i a l  pro'slexs ir.cludc out~clss ing of 
i 

iI:c 'clr.Gcr zft?r e r ~ i r . ~ !  s::utdc:r;~, the e K f e t  of lor.,-ti?rc exposure 

to  vclcul-7, uneven erosion s ; i t h  cc::3us';ion- c h z ~ b e r  l i ~ e r s  due  to 

i n J c c t c r  r;onunifor?:ii;ics, and severe f1or.r of xo l ten  glzss .  

FIE. k sho:.:s a crosr-sectionr.ll pf.,otogrzph of z b l ~ t i v e  %:dl after 

f i r .  34th c h r ~ z - r i ~  =d suri'ace :re indicrtted. Tne required 
8 

t h l c h e s s  of ?J. nblz t iye  r ,ztc.r izl  t o  wit>stp-rid a given e r ? ~ 4 r o r u ~ e n t  

Cegends xainly on t h e  cher  r z t e  m,d the s c r f ~ c e  eroslon rate. 

Sozc of the rxiJ'or f ;tctcrs influencing these  tv;o rrrtes have been 



colisidercd f ron  c? r ? ~ s i ~ l i  st;:.ndpoint by Tick, e t .  al. ( ~ c f .  12). 

They ~ h o ; , ~  tbt the  t.:o do;:in?.tim; proper t ies  a r e  t h e  t h e m a l  conduc- 

tit-ity of t h o  chxr lnycr nr.6 the  dcr:sity of the v i r g i n  mater ia l .  

The Ilglltcst d c s i ~ n  zzy involve a co!:.~osite wall including a high 

der.s5',y ~ : - , l c t lve  of 'ihic:xess J u s t  e ~ u d  t o  the surface  ci.bsior? loss, 

b,-.cl;cd-u? by a lc:: dcnsl ty  zbla t ivc  x i t h  the k c s t  possible cl~xrriw. 

p r c ~ c r  t i e s .  

Ir, tF.3 ;1>.scfice cf ?-s~rcci:ibZe s::ri'r-,oe c ~ o s i o n ,  the c h ~ r  r n t c  f o r  

r;.<. r- c-*>..x - .- , ..- - . CL::.YI:L:: Lit:; OF 2 .?--.?L;: :::.f>-,~::< 0.r e> : ; ; ~ r : : : ~ ! l ! ; z . i .  d:::~ has  

. .  . . oecn ..;ct~cf..:~:';?l.i?-y ,-c:~;oved :.:it?> t?-:e ;>t.o;~!>rkion.lIty of the  c h a ~  

dcgl;3 t o  ti:? sc_ur:re ro3t of t i h e .  

Svrfaze e r o s i o n  r z t c s  iepcr.2 s t rozg ly  011 the s u r f ~ c e  t%i::ercturc ma 

',Fie c2:.:'t\us';ion _;2r; c;::~>oc,ition 2nd pressure.  Erosion f o r  h:gh 

f1clr.e te7.r.-rcturc p-~;7el l ;?nt  s:'s~~::s :.~_CCF.XS t o  be cont ro l led  rr,ninly 

b;- ~-.el.ti;:,; c.?d 32~t j . r l  vrt::orizzt:on of s i l i c a  Tor refrasi.1 pher.0ii.c. - .  

Fa;- !:?n~llc-.7;-lor,  ;;it3 L O X / ~ ~ V - ~ ,  erosion i s  con t ro l l ed  r.:.zinly by 

--. silrrzcc co-:lustion of ihi. chr-.. a ~ t i l  tile F ~ / I $  p r o s e l l a n t  s y s t ~ m ,  

s,.7fi, - - -cc eros ion ::-;_;. be negli,ib3-c f o r  carboncceous chms fro?; 

p::t.r.olic-rj.lcn 27.2 crr3on o r  ,rL-9111:~-reinforced p?lenolics. 

extcndcZ 5y: (1) the dcvel.or;~.ent of new resin-re5nforcezent  combina- 

tions ta5lori.Z f o r  i?i" ; ) f l r t i c ~ l i ~  &?pliczt ion,  (2) b e t t e r  f ~ 5 r i c a t i o n  

r.et:?ods 2r.d con t ro l s  t o  izprove qual i ty ,  ( 3 )  d=velopr,ent of h ~ r o v e d  

t3-,rczt icserts, er,Z ( I + )  use of cu i l i aq r  f i lm cooling to reduce 



~.'C,.tativc s ~ r f z c e  'icr?per:et~~rc <and c?.tr;iilic-ry rcgcruative cooling t o  

8. Snrzv Cooling ---- 
l % t 4  s s:n.-u? ::r ~;?31.5.-1.:- ; . .ctf i~d ~ : ~ p l o y s  2 s i ~ l c  cl~c.:lber. t:33-l where 

u .---- 3 

the outsidc ::?I1 suri'sce Is  cooled bg spr2ylr.g cc r t z i n  liquids 

cilrcctlj. cl~::!.r;st. f ie  :.;d.:l (per.  13). L i q ~ ~ i d  :;:ct.?..Ls scch z s  l i t h i u i i  

. . 2nd sc2it:n r.1.c .--.r;:cul:rl.y S I L ~ ~ T ~ ~ ~ C ?  for ~i~- ; -y  c0~3.ir-2 becnuse of 

.r.,2:: .;CCIzi.it>:) p: -~  r-ll .f::cilr?-cfL 5 I:.; i; 3~ .--., . ;.., - .,,,; ,,- +... .. . .. .,.- 1 ; R q  ,, (2rc-~tc.r thnn  

'tTond h c n t  cnn be Asorhcd. 

t..r:c? rcjccbin; a t t? l rd  ;;rone.llar?t, crd t h e  grovLsion of a high- 

desi;n cwL~?.c? rr,.?i<c i t  -osrik!.e t o  f5r.d , ? : ) _ ~ l i c ~ t i ~ z s  f o r  this r.cthod 

3 .  R c ~ e r e r e t l v e  Cooling 

I n  :?.C p s t ,  ';Ye r c j e n ? r r - . t L ~  c o a l i r , ~  ~nt'::ad hrs been the mainstay 

of .?A1 cool lzs  t 5 - p ;  an& is used ic -3st ~ : P C C  ~r-c;inc l i q u i d  yropcllant  



cr ' c i~cs  (~ef. 11;). 35th t h i s  rzethod the coolant i s  first circulated 

i n  ;L jacket ;iiLh a t'r!irl r etrrl ~ r c l l l  .010 t o  .OEO incllcs i n  thickness 

s e p ~ r z t i n g  U:c coo1zii-L frc2 ihc cc)zbustion Sases 2nd is then passed . 

t h r o ~ ~ h  tke i ~ j e c t o r  i n k 0  t h e  co-bustion ch?~::ber. Fucl i s  gener<dly 

used 2s  the cooknt ,  p r lnc ipd ly  Secmse i t s  t o t ? l  2llow;?ble heat 

cL??.cit;l and hezt t x n s f e r  pronerties ( ~ e f .  15) are ~ c n c r 3 l l y  the 

h i ~ i : c s  '; 2.112 'cecn~sc i t  grcccnts a nor.-o:<idizing c~ti:osr,hcre t o  the 

. . r.czx:i iru?c:* -;;.?-?.I s:rfr;.::e. In core csscs 1;Ilc cse of 0:-:ic?izcr cooling 

5=c 'ccco:r:cs 15.-itcd b;- r;zter.ipJ consideratioss both fro3 a surface 

dc tcr iorzt ion al:d .stress l i ~ i t r - t i o n  stcr,clgoint. Co~~~on2.y used w a l l  

::stcrlds ?.re s tai::Le~s s tecl, nickel, 2nd Incoficl ~ r i t i n  tc-\?er.atize ' 

0, l l n i t r t t i o n s  zrau:~d 1G80 r . T'!ici~:.zl cofiducti-,rit.y cl.ictntes occzsional , 

use of C G 3 s C I  07 n?lcin::m, 5ut t!ie riniy.-L s t r e r ~ t h  of these Iilsteri2~s 

~ 5 t h  ir,crc:.scd ter;;cral;urc zn.3 ~:elg'nt ccnsic',craticns indicates l o w  

s t r e s s  Ic-;el z.~glic;',ions. Ti;~-ust chz:.?jer r : s73s  a re  ~ c n e r a l l y  cc.m.posed 

of a'bunelc of I c n ~  ccolcnt tiljes :;:~icil c re  fomcd t o  the nozzle 

cor.tow. he, Ync c:.?Jli-.r t5r"~st  m.d _nrecsuze levcls  .z rfilled chmnel  

r" ine principzl  5igh ci?z~~z)e: ;ressme l i x i t z t i o n s  beccze those o f '  

coclcnt >rcsswc k o ? ,  I I ~ J .  ttie,-,d- m d  pressure s t ress ,  znd the heat  



- canduction l i ~ i t s  f o r  dcfincd mininun wall thicknesses. A t  l ov  chmber 

pressures  and t h ru s t l l eve l s ,  t h e  s~nnl l  n::!ount of cool,?,nt r e l z t i ve  t o  

t h e  I n r ~ e  : r z i l l  surface r e s u l t s  In  2 l,.rge cool.;:nt b u l k  tcriperni;ure 

r i s e  trit7;1 3-ttcr,ri.?nt coolant b c l k  c?eco~;-.lnosition a?:d n e w  lchieverrent 

of Lhu s? t ;u .~ t l on  tc.~.>cr.-.tvre sr i th  I..i&!-press::re dro9 r e s ~ i l t i ~ l t :  from 

a srr.rtll a-rxil?ble :rzll- Lo-coolz:?k kc! pcl-c:tvzc difference.  Coolants 

such 2 s  i:;1i4 2r.d P2-1 'r.:~lie n l l c \mi le  ::~11 tcr:?ercitares (LOO+ and 

233YI rcs:;cc tivel:.) $rove :kith 1:r:iiorlraSle coo lmt  dccor??osition 

2t t?.e w n l l  sr:rfqcc occurs. 

n ~ t c r L . ? l s  ~ 5 t h  I-;igh ~.llo:.:z'r?le v2L1 ter::?i.rzt~rcs. Cecdidztc r a t e r i d s  

z..ppe:ir t o  be t5c  re:'rzctory rr.ef21 f m i l y  (].lo, Cb, Ta, FI') . Hosiever, 

i t  Is zpp-;..ent th.7.t considcra-=I;- mzterinl  dc.;elop:cr,t i s  cecessary 

before ti-.ese zzteriz-1s o f f e r  an zdvax t~ .~eous  solution.  WP-U. coatings 

_clrevio3:slj- renLlo~ied, such as zirconle,  tilori e, ar?d m~: les i a ,  provide 

both 23 d l o i r a 5 l e  high ::ell sa r f sce  ter-pcrsture as  :<ell ns a 

r e d x t i o n  of' h e z t  input. t o  the  re~e: iera t ive  coolznt. 'iT1ese coatings 

are,  ho7,.;ever, sxbject  Lo s n s l l i n ~  acd the rza l  s t r e s s  fnillure due to 

t h e  high ter gerc-lure ~ r z c i i c n t s  involved. 

Faivre zgp l ica t io r s  of re:eccre:ivc cool in^, f o r  advanced chmbers 

>:ill pro52-kl;. involve sc~p le ren t r , r ; -  c o o l i r ~  b ; ~  sope of the other 

retkods described i n  t h i s  chapter. 



10. F i b  Cooling -- 

mle f i l ~  coo lilt^ method o f f e r s  2 u:lique 331~gi.~-~h wi th  sinrole thrust 

ch.-:%el- ;:S1 cons t ruc t ion  dlo;:cd. Cool.~-iit i s  i n j  cc t ed  $long the 

gzs- s l d c  :::21.1 cur? ncc by re-ns of 'ic:~:~cnJiizl o r  ~ e n r l y  t a - i ~ e n t i r t l  

cool r l n ' i  ?:?ales, slo'is o r  3.ouvers. I f  a sr:xll-lenzth cornbus t i o n  

Ch -. ..:- -.I. . . ...,...A_- c:cs?;;n i s  c!:~lo;.cd, in: ec tic;rL cr:n bc y o v d c i f  a t  the i n j e c t o r  

face ,  2nd t h e  ?Cil-i c o o l i r z  cf'fcc'i :;ill ye r s i s t ;  t o  the tlirorit r e ~ i o n .  

In I".:1.L;. ?rij::-coolcct d , ? s i ~ n ,  i n j e c t i o : ~  p0i.nt.s m u  l o c ~ t e d  a t  

.. , 
I?.:yt;::-:1'; c : ~  .; 1~2r.c-s 72 02;; $!:e -;;>j.: Ie::zth. T:--e .,;:fix te:;:perc';ure 

n" ,.-., ::. - 1 . -  . . ...,&. .-:.>:. ;.s:;;.::.c.s ;&-.e ri.?!:: :::2?2:;: l;:.l::c, 5::<::-e2zi~; ?rc:-~ !:,he i r - l c t  

. . . .  . .  
COG1:'.'-- ,.. X - . J  ,, . , c- , .- *.:CIX - L2.-..::,2r7. k::yc .:::e fi!- .xl  :1.?Ic-,:: 5 1 ~  -.:.-11 tc:::~c2r;:Lure 

. . 
-~"ue. Jui:,icl.a~.:; ~y:;cin;: cf -Ihc in; cLC-;icr. loc.-,lons czn provlde 

r.:y v:?r.- - .8 ilr~.:: -1103% ';o 1 2 ~ 0 9  ;:ith liquid I:;;droi;;en fi27 coolant ,  

f o r  e::r.q?lc. It czn be seen ';!:at zn inefi?icier.cy of c o o l i r ~  r e s u l t s  

. . I"ro:r: txe o;-er-coolir!-; of ti.,c ~ ; r t 3 1  st the i r j e c t i o n  r c g i c n  locn t ion .  

. . S r . l l c r l ; -  t5c  l - r ~ c  v ? ~ - i a k i o n  i n  1:211 t c : . - ~ c r ~ t ~ i r c  czn c o n t r i b u t e  

to sc-,-ere tker:-.:l s t resses .  Cc;l;.r:>ll;-, c:cce?t f o r  lo-,: t h r u s t  e ~ s i n e s ,  

a ~xll ~03lc::i'i flo7.r ~ c r c e n t ~ ~ e  (.5 t o  !; p r c e n t  of t o t d  prc_oellant 

f 1 c : r )  is in-iol-.~c?, : ~ d  unifon;! c i r c~ ; l iFe ren t i ; l  injectio::  of the f i h  

cool:zi",ecorr,cs n d i f l ' i c r 2 t  tctsl-:. Injec+;ion v e l o c i t y  P-id i n j e c t i o n  

;;.:;r;ifold lecig;: Bec0rr.c ?rr.pzt?.nt bec;a-cse propel- r : ; n t ch i r~  of fib C O C ~ C W ~  

to t-.riinctrer;-. ~ 2 s  7,-e1ocj.t;- cc-11 c3r~tr i 'oute  t o  a c o o l a r t  flu< reduction 

as c resr;lt o_' I:.i)roved eflicierc;.. U-icpte designs f o r  in;'ectioc 

nmf l o l d s ,  o r  t ke  c s e  of  non- s t r u c t u - n l  Le;:?erzture equz.lizlng 



( ~ o ~ ~ c r  o r  rcfrzct0l.y cct~l) \<i~ich n c j  bc provided as 3. charher 

l i n e r ,  bccczc ;:ol-",xrhile cpnrozches t o  t h i s  pob l en .  

rcs:llts i n  se;:siblc heat ? .bscct ion by the  ccolz21'i t o  t21c c r i t i c a l  

- te:>:>c~.~.turc ?oir:l; ~ : c x - e  vzi3or.i-z2tion OCC-US . :' 1-cz thj. s point ,  the  

hczt of ~: .~xr . lz? . t ion i s  ~ ~ t i ! i z c d  u n t i l  csr::>let,c c?-sific.?tion occ~ws.  

FwLl ler  fiL2 rcoli::, ?;cnefi.', cnn ofken kc r c - l i z e d  by u s i r ~  t h i s  

A -nrir:ciz?.l d i  s~+/er . tn  j e  t o  the fil-.-cocled 2esii;;n i s  the ~ c r f o m ~ ? n c e  

1 .0s~ r;.snociattd :;itll t:::cc;-.:J:l.;tcd c~olz.::t rc?.j~cerii t o  the  ::::U. surface. 

If c t  h i ~ h  :?rcssurcs ~ : : ~ ~ 1 ~ : : ? ! ? ' ; ? 1 - y  f i I x - c o o 1 i r . ~  ~ C C C Z C S  r ; e c e s s q ,  

t1;c c::rfo~~-.::nce-6e~~:d?-tion cc::sed by tke  cool?.:.nt r ~ j  r e su l t  i n  

tl-e : ; e ~ ~ t i c n  of the c~~~~: : ' t ?e~- -~rc : ss~e-dcr I t ' ed  syi-cific iqxf l se  advm- 

kge. P i k  C O O ~ L I ~ S  S ~ I C ~  2s Ti;? o r  s!:o1v' prozLse Ecszuse a low 

r:olecal~-r ::ci.t;:l'; ;:ill con-;ribtrtc t o  a high te:.,r!eral;urc-to-zolecdu- 

?;ei;i?t rc'iio :.itliout cool?-t con:bustion, ~ r ~ d ,  hence, no q p r e c i ~ . b l e  

2erfor:xr.ce dcjr:ri?",ion :rLll. occ~cr. In consideration of t he  perfor- 

r:.?ncc l o s s  zs?cct, it ngpcsrs t h a t  the 12plicct5cn f o r  f i L i  cool i rg  

i s  eiti..er for  s~:?nlc::cnt;l';ion o r  5.n l-i,rgc thrcst designs :!here a 

s;-..-J1 p e r c e n t a ~ c  of 3 i c  t o t - 2  g ro>e l l zn t  SIC:.; i s  req*.xLred. Surface 

f T h  s t> ' t ; i l i ty  ~,zi2er t-e?xi??cnce, ;::25e chr :qe  2.I~r-g the cooled 

ler;;t?~, 2nd e~dothex-.-.ic o r  cxo';kel-:LC deco:r~osit ion a e  problem 

6 d c h  reqdre f u r t h e r  study. 



nit film coolin; ir.ethod 1;2s uscd exrly in roclc,ct r.otor designs, 

r'.ot2"31;' t?.e Gcx>lrn V - 2  er?gir.e. Si:::ilnrly, f i b  coolant i s  of tien 

pro~ricled by :he i r j c c t o r  dcsign conf i ,w~ t i . on  t o  provide thrust 

ch:u:>er :id1 coolirz i n  t h e  co::?~ustj.on zone. Fig. 5 illustrates 

c crrr-rcz% co. ~ l c t c l y  fi?n coolcd k..yc'ro~cn-o:.~~~en er,-inc S e s i ~ n .  

by ? f i m  llirlc or" tils?,i.nction :;?.:cl.l l i e s  p ~ i n c i ~ d l y  i n  the injec- 

. .  . blocl:izs effect -..:::LC:? c.-n re?:;:e thc k e l t  f 3 . w ~  to t h e  >:::-I1 ( ~ 2 f .  18). 

T7e ';r::ns?i~-r..f;io!~ I:.: :kc2 Sccc:res ::::~ch r o r e  e f f i c i e n t  ( three to 

f i v 2  t 2 r . c ~  Lcss ;̂ 3.0::) ';kc:l t'ce filz ccqj.ir?g xi~thod due t o  t h e  

S-a-fcce te::.r:crzt~~cs e z ~ L n  bccs::.~ li;:Lte? by r z t e r i z l  considerations, 

. .. 
..-j ,,,'in str-lZnless s>cnl xi?, niccl:e?- jcirz ccr:-:cn zn'icyic.-l choices. 

?rezsvre C:-02-f lo:: relr.';lonz!?ips f o r  con;-:erci d.1~ z v ~ i l c - 3 l e  ineterials  

. - *  1r.clcclte ,?r, ~?sCt~ . t l l i t j -  ?or E.ic~-,-,ress:~e + ~_~slications due to 

t 3e  I c z ~ c  t:zlJ t,l?lc?:zcss r e p i r e d  t o  lirrij .5 coo lzn t  f lm or a- 

necec;s?.ril;r ~ 5 2 7 2  Pore s i ze  (10 t o  25 zicron). Tne l a t t e r  fectture 

I l 1 u s t r a t . e ~  ck2=.Z3?.~L,~ to t k i s  c c o l l n ~  rr.ei,hod, eitker ss 2 result 

of fore ign rr.ztter pluggirg of the coolznt, peszces  or an - m s t & l %  



Trrlnspirr;tlon n2-teriz1.s suf fcr cddi t;ion;.-U.j. frcn high ireposed 

thcxlr.nl. s t ress ,  ,ri.rze t h e  >irtU on the coolrnt s ide  i s  csst.ntially 

at t'r-e c o o l x t  btrllc ",l.:.;>craturc 2nd the ~ p s  side i s  a t  E r??xi~um. 

Tr:i!:r,r,irntion ~l:ct!lcds 2 .9c2,~,  ho'..:evcr, 2s the only P-2pronch for 

uli;z'r.-3ig1: i 1 ~ t . t  fl-v::cs due t o  tE?c r;inir:d. cr-ss flovr required as 

7 .  . c c o l m t  . I ~ Z T - ~ . L ~ F : ~ . W ! ? S  i'..:::;e= Lo i3e 231;: i n  the f ;;'nl*icclt;;ol-i Ccch- 

nio~;cr,  -..-;ij_cl? 2:-c ~z.cscnf;!.y in infancy. ?~.l;v~rc r.sgl-Lcrttion c m  

S c  '- " t *  >,,.I ..A i:: ? ...- - ' .  :l:-).i:S ;; (y..(:.; 13) :!i.-;;-3:.,7:;.3L?r)2 ( > 36C3 U- ." - & 

a 7, - ..,. ..p- :- :. f lo;: ~n:? :~zrI'cr:::r!~cc loss  rLn3:izr..tion. Trz!:syi~.ation- 

i ~ g ~ d r a ~ e n - P ~ c l . c d  engines. 

1-2. 5 z c r l  f i c ? ~ - l  Sclid !"ro-cll::~t Coolins -- ------- 
~r ~ n i s  rekhod is  sfxilcr i n  2rinciple t o  d ~ x p  cocling but ez!?loys 

sol.ld pro?rtlll22t. :I. 60:~:~hri~"; s s i ~ n p d  or a ::olio-.; cylindrical-shaped 

s o l i d  pl-ope11,~lli ~r2ir-i i s  uscri consist in^ of :: cor.:gositlon vhich 

gives sz relcttil,-el;; lo:.: 67-s te;;t;crz.ture, e .g. ,  2 nitrzte-t;.pe s o E d  

; 3 r ~ ? c l l s n t  or a convcn",ic;..nl sclic? pz-o;ellznt >?:?re cZditionzl fcel 

is  used 50 redrrcc ti:e gss !,~r.3~rzt=e. T h i s  f0rrr.s c7n err-ndnr gas 

layer of rel2:i-:el;- cool  2e:qel-rrk:l:re ~:hich pm tec is  t h e  x d l s  2nd 

t h e  zozzle i;:iro?-t a?d .  divergins cection f r c x  excessive heat tr'msfer. 

As s~ i t , ' n  d r q  eooli?;, there i s  2 _oerforr.cnce l o s s  inherent  i n  t h i s  

:;ye of c o o l f s ~  r;ctEod p;i ;r .?sii~ beccuse t h e  1o;r tezperatvre 

propel lmt  does not  have a coizparable h i @  spec i f i c  ispulse t o  the 

nxin c~r5ustion c:rS core. The r?.a,iil ~ 2 s  flow i s  hot and is generzted 



by a convcntiond so l i d  propel lant  of high- tczperzcure and high 
t 

sex-forr~ance. ?osr,.ible use i n  a comrentianxl l i qu id  p o p e l l a n t  rocket 

c n ~ i n e  of a so l i d  procel lant  s? .cr i f ic ia l  outer  l ayer  needs f u r t he r  
. 

stud;.. Sczle e f f e c t  cons3.clerin~ _ncrfor~n,ance losscs  7 ~ ! . 1 ; 1 1  varying 

t!~rust ,  durzt ion,  nnd chr--.:.3er pressures have no'; y e t  been e x ~ ~ ~ i n e d .  

13. 1n.icctor C r s i  qn !.:odificrrtions ---------- 

It i s  well kno:.rn tha t  ci?zc;;cs i n  t1:c injcc-kor pa t t e rn  or" a l iqu id  

?ropcll?r;:i roc?.:et ::.otor c:n :.cs::l t .in ilr-rsl;ic c3r:.nses i n  heat 

(r:..o.st I'_.:cl-iczl: c rnc t i c c  u:;cs c t l e t  c;.lir.dric2.1 i n j ec to r  fece) 

. . . F.. - . . ,... iLch  wi 11 g ive  n cool, loi:~r-r.~;c;::~e-r;itio outer  g x s  1a;:er t o  

reduce !,5e t:dl t:~::t tr::r,srcr rztes. 'I?x Ecses i n  t h i s  cool outer  

In--er, i:o-~:cver, ever,tual.l;r r:.ix ~ i i ' i h  the ho t t e r  gzses f ron  the core 

of Ere coc.Eactior! zoze erd t:?c cooler lnycr  dir5nishes d o n g  the  

C ~ .  ..c,.5cr q ... le?jtF. dcne;;dent cpon the initial. zone :.;idth 2nd mixture 

r a t i o  a t  the perinhery. 

Tr.e possible v>r iz t ions  i n  injector des tgn  are rmy, and the e f f e c t s  

on f k e  1;?-11 he?.: Lrnnsfer Ere depcc3ent on the design c o c f i s ~ r a t i o n .  

I-- ~ ' n r c s t  ac;~I.ir,~ cffec5s o c x r .  Even s l i g h t  vz r iz t ions  i n  a very 

the cerlter of a l . ~ g e - s I z e  izijector ~55c; l  hcve nc z~precip.ble - 

e f f e c t  on the '.e?t t r x n s f e r  to' t:?e coz'5ustion cj-iaybcr walls. A 

d e f i n i t e  cor.r?ectior\. 3et~:ccn he2.t t,r::r:sfcr and perfomznce can be 

seen to r e s - S t .  Vi th h'15ker perfor.--ace of zn in jec to r ,  a higher 

heat t r ans fe r  rate t o  the 1;al.I occr:rs s ince  mst design rod i f i ca -  

tions i n  i n j ec to r s  c3mge the outer Gas 1e;:cr. Eeductions in outer 



zone m i x t u r e  r z t i o  k,-- I I  3e zcco;::gclnied by s l i g h t  d c c r c ~ e n t s  i n  

giver: l o c a t i o n  ( ~ e f .  13) T?;c rest pro:~ine:lt p o s s i b i l i t y  m y c a r s  

to tc tl:e cor-.3ir,ed f i l - r - r c j e r c r - t i v c  r:ethcd. \!i th  t h i s  arrnnge- 

r;;ezt, ?;otsf ke.?.'i fl7;u loac i i r ?~  non::cllj-- i ~ , s 3 s e d  on the wal l  

2nd ke;.t fl.ux level. n r c  reduced. L i z i t z t i o n s  of this method m a y  

i n  t h e  dcscr ig t ion  of t k e  perfol?nzr.ce losses rssocin ted  w l t h  the 

f i l?  cool,?r.L florr. It i s  'z??.=rent t h ~ . t  h i s h e r  dSo:.~?ble surface  

are of u h o s t  concern. 

Ccz3inir.i; f i L :  coolir.;: ~ 5 t h  rndiztive c o o l i r . ~ ,  p a - t i c u l z r l y  i n  

lei:-srcssxre, lo::- lF.rcsl; Zcsl~:.is, i s  of i n t e r e s t .  , S i n ~ l ~ - ~ . ? ~  

ref r;.c tory r.et?l chx"r.bcrs s e s u l  t with the  f i lm coolsnt  boundary 

p r o v i d i n j  both a refiucin; otcosp?,ere to prevent xall surface  

~ % i d 2 t l 0 9  and z to;crz.,Z?le r sd iz t ive  u d i  te::perzture. 



Cor,'niir? : ~ b l n t i v e  bzc!<ed Fy rcgarierative cooling i s  part icularly 

attrczctive i n  sxa t1  thrus t  engines ~::.le-e a s r a l l  koolant flow i s  

~v;~il.L?Slc t o  cool  a large ::.all sir2.fecc nre:: an2  2-ecenercttive cooling 

cannot stror:fly -cc cc;?loyed bu t  c a  be used for ~bsor-pt ion of a 

.e ~ r n c ' i i o n  of Sld  ::ell h e a t  inr>ut. Tie : t ? ~ l ~ t o r  i n  t h i s  case would 

i n i t i a l l y  scrvc 2 s  a cncr i f ic i r i l  ccolent  nnd, uoon depletion, as 

cn  insu1:rLor. Coc:i.lnir,g f i 3 . z  c o o l . i n ~  7;:i'ih c~bla t ion can scst i l t  i n  

a rr.xtori~.ll;. reduced cl1.x- rc?te 5.f r;o:::c pt.rform?~cc, Ce~rcda t ion  

Co;?clusions 
-.---- 

I-T* m e  'uzsic ~ r o : c i : e s  f o r  i;::nro-;ir:,; Lkrllst ~il?~,.5er tecl:nology %.zve 

bcer, icdicnted ( e . ~ . ,  red-.:cc ~ : c i g h t  zr?d size; ir.cre.?se rc l i r rb i l i ty ,  

-.'-,TP n-r- ,-, Lo,,..--.r.ce, c'r:z4zYer presc=e: t::rust, c t c . ) ,  azd they, i n  turn, 

are r e l e t e d  t o  s_nccir^ic cooiir;, prob1err:s :d.'ilich arise. For 

e:c.-r.?l.e, a -w7cry l?l;;i?-th:-;sL(<.:.l l't.) , h!.&-ljress-ce' ( 3 ~ 0 0  psis) 

fix: coolin, or t r a ? q i r : r t i o n  coolins.  1: i s  concluded that design 

use of a co!:.5in;.tion of t ' ~ 3  or r.Dl-e c001lr.g cetho3s. tkch resear& 

z?d dcve!.osze:;t ;.e', zecds t o  i.lc d o ~ c  t o  overcone t!:e current 

desibn 1i::itetions i ~ p s e d  by he,zt trznsf'er ar,d to extend the 

c.c~?c-sili t y  t o  cool ~ : ~ d c r  rare scverc condit ions , Selection Of 

A the ~ r o s t  ndv-ntcjeous cooling technique ?rill -!c,pcnd largely on 



futcfe study zrnd no-.re1 r!csi.~n coproaches to be developed. 
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