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ABSTRACT 

Space s h u t t l e  o r b i t e r  v e h i c l e  concept8 adopting a  f i x e d - r t t a i g h t  wing config-  

u r a t i o n  presen t  t h e  thermal p r o t e c t i o n  system deeigner  wi th  a  c r i t i c a l  des ign  

problem - p r o t e c t i o n  of t h e  l ead ing  edge of t h e  wing during t h e  atmospheric 

e n t r y  f l i g h t  phase. A number of  techniques t o  adequately p r o t e c t  t h e  l ead ing  

edge a r e  f e a s i b l e  wi th in  c u r r e n t  technology, The purpose of t h e  p resen t  

s tudy i s  t o  p r e d i c t  t h e  thermal  performance o f  a  number of l ead ing  edge thenna l  

p r o t e c t i o n  system concepts and compare t h e  r e s u l t i n g  eystem weighte f o r  a  

range of en t ry  aerothermodynamic environment condi t ions .  Cornplotion of t h i s  

work w i l l  provide b S C  management with d e c i s i o n  making d a t a  neceseary f o r  more 

d e t a i l e d  v e h i c l e  design pheses.  MSC established design goa ls  oE low c o s t ,  

high r e l i a b i l i t y ,  l i g h t  weight ,  and f u l l y  re-usable v e h i c l e s  r e q u i r e s  t h e  

use of s o p h i s t i c a t e d ,  r e c e n t l y  developed, a c c u r a t e ,  numerical a i l a lys i s  design 

t o o l s  t o  be cmployed i n  o r d e r  t o  perform meaningful t redeoff  s t u d i e s .  The 

thermal p r o t e c t i o n  systems which a r e  considered inc lude :  (F) r a d i a t i v e  h e a t  

s h i e l d s ,  ( i i )  a b l a t i v e  h e a t  s h i e l d s ,  ( i i i )  r e g e n e r a t i v e  cooled hea t  e h i e l d s ,  

and ( i v )  t r a n s p i r a t i o n  cooled h e a t   shield^. Although a b l a t i v e  h e a t s h i e l d s  

do not r igorous ly  f i t  t h e  requirement of r e - u s a b i l i t y ,  t h i n  deaign concept 

must be included i n  o rder  t o  provide s complete p i c t u r e  of t h e  o v e r a l l  advan- 

t ages  and disadvantages of  t h e  p r i n c i p a l  candida te  thermal p r o t e c t i o n  systema 

f o r  t h e  space s h u t t l e  a p p l i c a t i o n .  
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a,,, arl boundary layer  c o r r e l a t i o n  func t ion  weight ing cons tan ts ,def ined  by: 

- - 
where 

1= a, f o r  h e a t  t -ans fe r  

a = a n  f o r  mass t r a n s f e r  

a, 6 width and depth of a r e c t a n g u l a r  shaped o r i f i c e  o r  passage 
( regenera t ive  cool ing a n a l y s i s ,  s e e  f i g u r e  5 ,  p. 27) 

BH boundary layer  blowing parameter f o r  h e a t  t r a n s f e r  def ined by: 
9.h 8, = 4 oe 5~'' - 

, 
boundary layer  blowing parameter f o r  mass t r a n s f e r  of i t h  s p e c i e s  
defined by: 

& - Li ,e  - rCiJS B = G,s - C i , t  
n ' 
a' boundary l a y e r  blowing parameter f o r  gas  s p e c i e s  o r i g i n a t i n g  from 

in-depth decomposition of t h e  h e a t  s h i e l d  m a t e r i a l  o r  mechanical ly 
i n j e c t e d  through a porous w a l l  (equat ion 3.24, p ,24)  

, I 

bc boundary l a y e r  blowing parameter f o r  w a l l  o r  char  s p e c i e s  (equat ion 
3.28, p.25) 

B* t r a n s p i r a t i o n  cool ing i n j e c t a n t  hea t  blocking s i m i l a r i t y  parameter 
(equat ion 5 .22,  p .46 )  

s p e c i e s  mass f r a c t i o n  (e .g . :  ci,  c  , c , e t c )  
J k 

K 
s p e c i f i c  hea t  a t  cons tan t  p r e s s u r e  

'6; nono 
s p e c i f i c  h e a t  a t  cons tan t  p r e s s u r e  f o r  a  monatomic o r  equ iva len t  
monatomic gas-phase s p e c i e s  given by: 

s p e c i f i c  hea t  a t  cons tan t  volume 

cf s k i n  f r i c t i o n  dimensionless c o e f f i c i e n t  def ined by: 
Y 

Cnl cons tan ts ,  C1, C 2 ,  C3, . . . Cn 

4 diameter 



NOnENCIATUllE (Con t . ) 
- 
d mean pore diameter of porous mat r ix  (equation 5.08, p.36) 

p e f f e c t i v e  diemeter of a general ized c y l i n d r i c a l  shaped pipe 
(equa t ion  4 . 2 2 ,  p.30) 

- 
r e f e r e n c e  spec ies  mass s e l f  d i f  fusio..; coef f l c i c n t  (equa t ion  6.05, 

P. 59) 

9 multicompu a innry  mass diffusion c o e f f i c i e n t  f o r  specie. i 
i n t o  j 

Ef, &? t r a n s p i r a t i o n  cooled n a t r i x  propprty groupings (equat ion 5.11, p.37) 

F($J h e a t i n g  f a c t o r  (el  ?ar 2.15, p. 15) 

f d i f f u s i o n  f a c t c r  f o r  t h e  i t h  s p e c i e s  used i n  determining t h e  
. multicomponent b inary  mass d i f f u s i o n  c o e f f i c i e n t s  accordin8 t o  

t h e  b i f u r c a t i o n  approximation (equat ion 6.05, p .59 )  

F (  ) f u n c t i o n  of ( 

6 polynomial curve f i t  c o e f f i c i e n t s  used i n  determining s p e c i e s  
thermodynamic p r o p e r t i e s  (equat ions 6.01 through 6.04, p.58) 

8. g r a v i t a t i o n a l  cons tan t  ( g = 32.17 f t / s e c 2  ) 

5 boundary l a y e r  condlretion h e a t  t r a n s f e r  r a t e  t o  t h e  w a l l  with mass 
i n j e c t i o n  normalized by i ts  corresponding va lue  f o r  t h e  l i m i t  of 
zero mass i n j e c t i o n  (equat ion 2 .04 ,  p. 12) 

+N boundary l a y e r  maaa t r a n s f e r  conductance a t  the  wal l  f o r  t h e  i t h  
s p e c i e s  wi th  mass i n j e c t i o n  normalized by i t s  corresponding value 
f o r  t h e  l i m i t  of zero mass i n j e c t i o n  (equat ion 2.09, p.13) 

< s t a t i c  cnthalpy 

s t a g n a t i o n  cnthalpy 

HF recovery enthalpy a t  t h e  wal l  

R f  f i l m  h e a t  t r a n s f e r  c o e f f i t  i e n t  def ined by 

,?- c o n s t a n t ,  J - 778 foot-lbE/Btu 

4 mass d i f f u s i o n  f l u x  of i t h  spec ies  

y thermal conduc t iv i ty  
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mWCLA?KRE (Cont . ) 

1 re fe rence  l m s t h  

L le L e a h  Number, 1% = 4~ (equation 2.13, p.14) 
$r 

rl Mach Number 

$ l l j i  molecular weight of i t h  s p e c i e s  

2 mass f l u x  per  u n i t  a rea  (lbm/sec-ft ) 

mass f l u x  per  u n i t  v l d t h  (lbra/acc-ft) 

%' t r a n s p i r a t i o n  c o o l i r g  poraus mat r lx  d iaens ion less  mass fiux 
(equation 5.11, p.3;) 

Nh Nusselt Number, Nu = S P r  Re 
T~ 

,# pressure i 

i 
$ *  t r a n s p i r a t i o n  cool ing porous mat r ix  dimensionless p ressure  drop I 

(equation 5.11, p.37) 

. L 7 porous mat r ix  poros i ty  b a ~ e d  on the  r a t i o  of open t.7 t o t a l  
c r o s s s e c t i o n a l  a r e a  (equat ion 5.08, p.36) 

1 

L pY porous mat r ix  poros i ty  based on volume (equat ion 5.09, p.36) 

C~ P randt l  Number, Pr = - 
K 

2 
j heat  t r a n s f e r  r a t e  per u n i t  a r e a  (Etu/aec-ft ) 

L fBL boundary l a y e r  convective h e a t  t r a n s f e r  r a t e  t o  t h e  wal l  I 

(equation 1.03, p.10) 
1 

kF regenera t ive  cool ing hea t  t r a n s f e r  r a t e  t o  t h e  coolant  bulk flow 
(equation 4.01,  p .26 )  

conduction h e a t  t r a n s f e r  r a t e  i n t o  t h e  hea t sh ie ld  evaluated a t  

L 
FR oute r  f l o w  r a d i a t i o n  hea t  t t a n s f e r  r a t e  t o  t h e  wal l  

Fi f 

8 RR wal l  s u r f a c e  r e r a d i a t i o n  h e a t  t r a n s f e r  r a t e  = EUIN ) 

re fe rence  heat  t r a n s f e r  r a t e  defined a s  t h e  s tagna t ion  po in t  hea t  
I"' t r a n s f e r  r a t e  t o  a one f o o t  r a d i u s  aphere (equation 2.16, p.15) 

L heat  of a b l a t i a r  (Btu/lbm) 

@,zio heat  of ox ida t ion  due t o  chemical reac t ions  a t  t h e  wall  i n t e r f a c e  
(equation 1.07 , p. 10) 

v i i i  

- 
r 
L 
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1. 
KPKXUIVM (Cont. ) 

f 
1. qsflBL h e a t  of subl imation due t o  c h a i c a l  reac t ions  a t  t h e  w a l l  i n t e r f a c e  

(equat ion 1.08,  p.10) 

I 1. Q* t r a n s p i r a t i o n  cool ing porous mat r ix  Nusselt Wumber s i m i l a r i t y  
p a r m e t e r  (equat ion 5.22, p.46) 

1 recovery f a c t o r  

-4 r s p a t i a l  l o c a t i o n  vec tor  

1 0 R universa l  gas  cons tan t  (R - 1.98726 g-calfgraat-mole I() 

RE Reynolds Nramber (equation 4.21, p.29) 

1 6fa chemical enthalpy recovery f a c t o r  (equat ion 2.01, p. 12) 
fp = 1 f o r  i n e r t  i n j e c t a n t s  - no chemical r e a c t i o n s  between 

t 1. i n j e c t a n t  s p e c i e s  and a i r  spec ies .  

5 o u t e t  s u r f a c e  def ined  i n  t h e  i n t e r f a c e  energy ba lance  f o r  t h e  

L 
wal l  ( f i g u r e  3, p.9) 

k c  
J w a l l  s u r f a c e  recess ion  r a t e ,  J " - 

I 4 
ST h e a t  t r a n s f e r  S tan tan  number, def incd by: 

H 

5%; mr$s t r a n s f e r  Stanton W b e r  f o r  t h e  i t h  spec ies ,def incd  by: 

** mass t r a n s f e r  Stanton Number definition used i n  t h e  open s u r f a c e ,  
5~~ chanica l  s t a t e , t h e - c h m i s t r y  c a l c u l s t l o n  (equat ion 3.25, p.25) 

t time (seconds) 

T temperature 

rr* / Eckert  re fe rence  temperature used i n  determining v a r i a b l e  p roper t i es  
s o l u t i o n s  (equat ion 4.18, p.  29) 

I L inner  s u r f a c e  defined i n  the  i n t e r f a c e  energy balance f o r  the  wal l  
( f i y r e  3, p.9) 

I 1- v e l o c i t y  component p a r a l l e l  t o  t h e  w a l l ( p a r a l l c 1  t o  X) 

m- v e l o c i t y  component n o n a l  t o  t h e  w a l l ( p a r a l l e 1  t o  Y) 
i 

I i I/ bulk flow v e l o c i t y  

L 
xi mole f t a c t i a n  of i t h ,  spec ies  2 .  



N ~ C I A T U R E  (Con t . ) 
X c u t v i l i n c e r  coord ina te  defined i n  t h e  s t re- ise  d i r e c t i o n  of t h e  

o u t e r  flow ( i . e . :  boundary layer  f l m )  and p a r a l l e l  t o  the  wal l  
( f i g u r e s  5 and 6 ,  pp. 27 and 38) 

A E a c t i v a t i o n  energy (equation 3.07, p. 17) 

Y c u r v i l i n e a r  coord ina te  n o m a l  t o  t h e  w a l l  s u r f a c e  ( L i ~ u r c s  5 and 6) 

z* t r a n ~ p i r a t i a n  cooi ing porouJ matr ix coo l ing  r a t i o  9 i m i l a t i t g  
p a r m e t e r  (equat ion 5 .22 ,  p.46) 

4 wing angle of a t t a c k  

d t r a n s p i r a t i o n  cool ing  d iaens ion less  property grouping #= 
(equation 5.156, p. 40) '# 

$ t r a n s p i r a t i o n  cool ing  d i m e n s i o n l c s ~  i n e r t i a l  r e s i s t a n c e  c o e f f i c i e n t  
(equation 5.11b, p.37)  

/;',Fz parous matr ix permeabi l i ty  c o e f f i c i e n t s  (equat ion 5.01, p.33) 

h e a t  of formation of i t h .  specie. a t  2911'~ 

dhr h e a t  of vapor iza t ion  

AX l i n e a r  s t e p  incranent  i n  t h e  s t reamvise d i r e c t i o n  

gray body r a d i a t i o n  m i s s i v i t y  c o e f f i c i e n t  

ep t r a n s p i r a t i o n  cool ing  dimension2ess property grouping 
(equation 5.15e, p.40) 

J t r a n s p i r a t i o n  cool in8  dimensionles. property f = 
(<quation 5,15d, p . 4 0 )  

T 
p o r o u ~  matr ix f low dimensionless temperature, f3 = - To 

,U absolure coef ' i c ien t  of v i s c o s i t y  

t o t a l  number of spec ies  considered 

(*;I,+] t r a n s p i r a t i o n  cooled matr ix flow dimcn.ionlcst sea l ing  parameters 
(equation 5.05, p. 34) 

p dens i ty  

PK gray r a d i a t i o n  w a l l  sur face  r e f l e c t a n c e  c o e f f i c i e n t  
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I 
I 
B NOMENCLATURE (Con t , ) 

Q Stefan-Boltzman constant, = 0.4761 x 10-l2 ~ t u / s e c - f t ~ - ~ ~  

I T shear stress 

B 
porous matrix effective one dimensional thickness 

viscous dissipation 

I #I porous matrix design pressure ratio '# = - 
+e (X )  A { v  

transpiration cooling dimensionless property grouping, fd = -- 

D (equation 5.15c, p,40) +J 70 

I SUBSCRIPTS: 

a i ~  air species 

I b bulk flow 

I 5 L  boundary layer 

.I C conduction 

1 c wall or char 

CW cold wall 

1 critical injection control point 

Coolant coolant species 

1 D diffusion rate limited oxidatiun 

I e equilibrium 

e outer edge flaw 

F fluid 

1. $ gas 
0 heat transfer 

I I f i  heat shield 

injectant 

1. i inlet 

' i  A, 4, 4 molecular species subscript designations 
K kinetic rate limited oxidation 
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R l i q u i d  

m porous mat r ix  

M mass t r a n s f e r  

0x12 oxida t ion  

o evaluated a t  r e s e r v o i r  o r  back f a c e  chamber condi t ions  

product s p e c i e s  

P evaluated a t  t h e  l iquid-vapor phase change temperature and p r e s s u r e  

k' re fe rence  s t a t e  

r e a c t a n t  s p e c i e s  
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8 r a d i a t i o n  
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,- 
r mechanical removal o r  e ros ion  

5 evaluated a t  t h e  S s u r f a c e  ( f i g u r e  3, p.9) 

S L  s e a  l e v e l  

S U ~ J .  subl imation 

't: t r a n s f  e r r e d  s t a t e  (equat ion 2.08, p. 13)  

U evaluated n t  t h e  U s u r f a c e  ( f i g u r e  3, p.9)  

W wal l  

(A) func t ion  of s t reamwise coordinate  X 

(X,) evaluated a t  t h e  streamwise coord ina te  X corresponding t o  maximum 
hea t ing  r a t e  

4 o x i d i z e r  s p e c i e s  (oxygen) 

ga f r e e  s t ream c o n d i t i o n s  





INTRODUCTION 

Space s h u t t l e  o r b i t e r  vctliic.le concepts adopting a  f i x e d - s t r a i g h t  wlng con- 

f i g u r a t i o n  presen t  a  c r1 . t i ca1  thermal p r o t e c t i o n  design prohlem: t h e  

p r o t e c t i o n  of t h e  wing 1 eading edge during the  atmospheric en t ry  phase. 

Radia t ive  h e a t  s h i e l d s  and a c t i v e  cool ing thermal p r o t e c t i o n  systems have 

been i d e n t i f i e d  a s  poss iL~le  s o l u t i o n s  f o r  reusab le  space  s h u t t l e  configu- 

r a t i o n s  (Figure 1 ) .  Abla t ive  h e a t  s h i e l d s ,  although simpler  s o l u t i o n s ,  do 

n o t  f i t  exac t ly  t h e  r e ~ s ~ i b i l i t y  c r i t e r i o n  due t o  the  need of a b l a t o r  re-  

placement a f t e r  one o r  a  l imi ted  number of e n t r y  missions. It  i s  obvjo~ .s  

t h a t  reusab le  veh ic les  wJth long l i f e  and low r e f u r b i s h i n g  cos t s  w i l l  

b reak  even a t  some number of missions and y i e l d  a  d e c i s i v e l y  s u p e r i o r  

c o s t  advantage beyond t h a t  number. Radia t ive  h e a t  s h i e l d s  a r e  l i m i t e d  by 

t h e  m a t e r i a l ' s  r a d i a t i v e ,  ox ida t ion  chemistry and melt ing temperature 

which severe ly  r e s t r i c t  the  space s h u t t l e  e n t r y  t r a j e c t o r y .  This r e s u l t s  

i n  an undesirable  l i m i t e d  cross-range c a p a b i l i t y .  Act ive ly  cooled h e a t  

s h i e l d s  do not  p lace  such a  l i m i t a t i o n  on the  s h u t t l e  design. Under t h i s  

concept ,  r egenera t ive  coo l ing  and t r a n s p i r a t i o n  cool ing systems must be  

considered.  I n  r e g e n e r a t i v e  cool ing thermal p r o t e c t i o n  is obtained by 

forced  convection of coo lan ts  a t  t h e  c r i t i c a l  a r e a s  of t h e  space s h u t t l e ,  

Heat i s  c a r r i e d  away by t h e  coolant  from t h e  h o t  s p o t s  t o  o t h e r  a r e a s  of 

t h e  v e h i c l e  where i t  may 11e dumped, r a d i a t e d  away o r  soaked i n ,  i . e . ,  

h e a t  s ink .  For t r a n s p i r a t i o n  cool ing,  t h e  coolant  i s  i n j e c t e d  i n t o  t h e  

e x t e r n a l  flow a t  the  c r i t l c a l  s u r f a c e  a r e a s  where thermal  p ro tec t ion  is  

r e q u i r e d .  Thermal p r o t e c t i o n  i s  achieved i n  two ways; f i r s t ,  by t h e  h e a t  

absorbed by the coolant  a s  i t  flows through t h e  porous w a l l  m a t e r i a l  which 

i s  c a l l e d  a ~ n a t r i x ,  and second, by considerably a l t e r i n g  the  e x t e r n a l  flow 

n e a r  t h e  w a l l  ( t h e  boundary layer )  i n  a  manner which r e s u l t s  i n  a  sub- 

s t a n t i a l  decrease i n  t h e  convective h e a t  t r a n s f e r  r a t e  t o  the  wal l ,  t h e  

so-ca l led  boundary l a y e r  h e a t  blocking e f f e c t , ,  

Three r e p r e s e n t a t i v e  e n t r y  t r a j e c t o r i e s  f o r  a  25,000 pound payload space  

s h u t t l e  o r b i t e r  with a  f i x e d - s t r a i g h t  wing conf igura t ion  were s e l e c t e d  

f o r  a n a l y s i s .  During e n t r y  t h e  wing a n g l e  of a t t a c k  i s  h e l d  constant  a t  

6 0 ° ,  45' o r  22.5' which provided f o r  n cross  range c a p a b i l i t y  of 313, 

624 and 1196 n a u t i c a l  mi les  f o r  each e n t r y  t r a j e c t o r y  r e s p e c t i v e l y  (F igure  2 ) .  

1 
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I I A - Radiat ive and Abla t ive  Heat Shield 

I - Coolant  low 

1 Back Up S t r u c t u r e  

B - Regenerative Cooled Heat Shield 

9 i EO-G A 

1 Heat Sh ie ld  (Porous Wall) 

Coolant Flow 

1 Back Up S t r u c t u r e  

C - Transp i ra t ion  Cooled Heat Shield 

FIGURE 1 - HEAT SHIELD DESIGN OPTIONS 





The prescr ibed  wing geometry is  presented i n  Table 1. The determinat ion 

of the hea t ing  environment f o r  each t r a j e c t o r y  ( the  co ld  w a l l  convective 

hea t ing)  was performed using t h e o r e t i c a l  and semi-empirical methods. For 

the t h e o r e t i c a l  method the  flow on the  wing was assumed two dimensional 

(no c ross  flow) but acco i~nted  f o r  the hypersonic viscous i n t e r a c t i o n  ef-  

f e c t s  a t  the  leading etlgc. The semi-empirical methods were based 011 com- 

prehensive two-dimensional and three-dimensional wind tunne l  t e s t s .  This 

l e d  t o  tt:e d e f i n i t i o n  of t h r e e  en t ry  hea t ing  environments f o r  each en t ry  

t r a j e c t o r y  which a r e  designated 2-D theory,  2-D empi r ica l ,  and 3-D empiri- 

c a l .  The peak hea t ing  was found t o  vary a s  much a s  a  f a c t o r  of th ree  '. 

depending on the method of c a l c u l a t i o n  s e l e c t e d .  

TABLE 1 - WING GEOMETRY 

Area 1 1175.0 f t 2  I 
1 90.43 f t  

~ ~ ~ ~ s e d  Span 70.25 f t -  
I 

Aspect Ratio 6.96 I 

( A i r f o i l  Sect ion I NACA 0012-64 1 

Taper Ratio 

The methods f o r  determining t h e  s u r f a c e  degradat ion o r  recess ion  f o r  

r a d i a t i v e  and a b l a t i v e  h e a t s h i e l d s  were based on a r c  j e t  t e s t  c o r r e l a t i o n s ,  

when a v a i l a b l e ,  and r e c a n t l y  developed theory. The t h e o r e t i c a l  methods 

properly accounted f o r  t h e  w a l l  s u r f a c e  thermochemistry and t h e  e f f e c t s  

on the  h e a t  and mass d i f f u s i o n  f l u x e s  a t  t h e  w a l l  due t o  t h e  i n j e c t i o n  of 

fo re ign  s p e c i e s  i n t o  t h e  e x t e r n a l  flow. Theore t ica l  p r e d i c t i o n s  were made 

f o r  the  m a t e r i a l s  f o r  which a r c  j e t  t e s t i n g  d a t a  was a v a i l a b l e  and the re- 

s u l t s  o b t a i ~ a d  were compared and found t o  be i n  e x c e l l e n t  agreement with 

the e m p i r i c a l  r e s u l t s .  The methods of analyzing the var ious  h e a t  s h i e l d  

0.353 

m a t e r i a l s  s e l e c t e d  v a r i e d  depending on t h e  melt  temperature and oxidat ion 

chemistry. Generally they may be categorized a s  ( i )  ox ida t ion  cont ro l led  - 
when t h e i r  melting temperature is  found t o  be much g r e a t e r  than the radi-  

a t i v e  equ i l ib r ium temperature f o r  t h e  c a l c u l a t e d  convective h e a t  t r a n s f e r  

r a t e ,  ( i i )  simple subl imers  - when the melt ing temperature is  lower than 

- 
Leading Edge Sweep Angle 1 14" 



t h e  r a d i a t i v e  e q u i l i b r i u m  t empera tu re ,  and ( i i i )  p y r o l y t i c  a b l a t o r s  - 
where t h e  m a t e r i a l  decomposi t ion i n t o  p y r o l y s i s  g a s  and c h a r  o c c u r s  i n  

depth .  I n  a l l  c a s e s ,  t h e  h e a t  o f  a b l a t i o n  was de te rmined  by c o n s i d e r i n g  

a s  many s p e c i e s  a s  p o s s i b l e  f o r  which thennochemical  d a t a  was a v a i l a b l e .  

The thermodynamic p r o p e r t i e s  o f  t h e  s p e c i e s  were de te rmined  from c u r v e  

f i t s  t o  JANAF d a t a  and o t h e r  s o u r c e s .  

For r e g e n e r a t i v e  coo l ing ,  t h e  wing l e a d i n g  edge was assumed c o n s t r u c t e d  

w i t h  s m a l l  o r i f i c e s  or  passages  where  t h e  coolar?t  f lows.  The f low i n  

t h e s e  passages  was assumed t:o b e  e i t h e r  l amina r  o r  t u r b u l e n t  depending 

on the  Reynolds number and i n  t h e  l i q u i d  o r  gaseous  phase  depending on 

t h e  i n l e t  c o n d i t i o n s .  The c o o l a n t  p r o p e r t i e s  were c a l c u l a t e d  through 

cu rve  f i t s  t o  JANAF thermochemical d a t a .  The i n l e t  c o n d i t i o n s  were  de- 

termined as a  f u n c t i o n  of t h e  r e q u i r e d  p r e s s u r e  t o  a c h i e v e  t h e  p r o p e r  

flow. The co r re spond ing  i n l e t  t empera tu re  and d e n s i t y  were  determined 

from t h e  c o o l a n t  temperature-entropy c h a r t s  by assuming a n  a r h i t r a r y  h e a t  

a d d i t i o n  c y c l e  fo l lowed by an  i s e n t r o p i c  expansion o r  compress ion of  t h e  

c o o l a n t .  Viscous  d i s s i p a t i o n  ( h e a t i n g )  and t h e  w a l l  s u r f a c e  r e r a d i a t i o n  

were inc luded  i n  t h e  a n a l y s i s .  To o b t a i n  s o l u t i o n s ,  t h e  w a l l  ( s k i n )  was 

assumed t o  be  a t  t h e  e q u i l i b r i u m  t empera tu re  from which t h e  c o o l a n t  

t empera tu re  g r a d i e n t ,  p r e s s u r e  g r a d i e n t  and v e l o c i t y  g r a d i e n t s  were  c a l -  

cu la t ed .  The p rocedure  fo l lowed  f o r  o b t a i n i n g  s o l u t i o n s  was based  on 

f i n i t e  s t e p  ( d i f f e r e n c e s )  n u m e r i c a l  a n a l y s i s  and i t e r a t i o n s  were performed 

u n t i i  a  s a t i s f a c t o r y  s o l u t i o n  was o b ~ a i n e d .  The c r i t e r i o n  f o r  de t e rmin ing  

s a t i s f a c t o r y  s o l u t i o n s  depended on t h e  maximum w a l l  t empera tu re  d e s i r e d  

and on the  f a c t  t h a t  t h e  flow biach number cannot  exceed one. 

T r a n s p i r a t i o n  c o o l i n g  i s  p rov ided  by g a s  o r  l i q u i d  i n j e c t i o n  through a  

porous w a l l  o r  m a t r i x  of e i t h e r  connected open p o r o s i t y  o r  a  s i m u l a t i o n  

of  t h i s  by many s m a l l  d i s c r e t e  h o l e s  o r  c ~ p i l l a r y  t u b e s  d i s t r i b u t e d  ove r  

t h e  w a l l .  As a m a t t e r  o f  f a c t ,  t h e  t h e o r y  o f  f low through a  porous 

u a t r i x  is based on t h e  a n a l y s i s  of  f low through c a p i l l a r y  tubes .  I n  t h i s  

manner a con t inuous  d i s t r i b u t i o n  of c o o l a n t  i n j e c t i o n  t o  t h e  exposed s u r -  

f a c e  is  ach ieved  which may be  v a r i e d  accord ing  t o  t h e  h e a t i n g  r equ i remen t s  

by v a r y i n g  t h e  p e r m e a b i l i t y  and t h e  t h i c k n e s s  of  t h e  m a t r i x .  Because o f  

t h i s  f a c t  t h i s  sys t em f e a t u r e s  t h e  most e f f i c i e n t  u t i l i z a t i o n  of t h e  i n -  

j e c t a n t .  S i n c e  t h e  coo lan t  i n j e c t i o n  is d i s t r i l ~ u t e d  o v e r  an  a r e a ,  l o c a l  



flow r a t e s  a r e  noderate  and t h e  charac te r  of t h e  ou te r  flow is  no t  d r a s t i -  

c a l l y  a l t e r e d .  Illerefore c u r r e n t  s i n g l e  phase multicomponent i n j e c t i o n  

boundary l a y e r  theory adequately por t rays  t h e  ou te r  flow. Comparing t h i s  

wit11 f i l m  cool ing ,  where t h e  i n j e c t i o n  is  achieved through a f i n i t e  numb- 

e r  of d i s c r e t e  s i z e  o r i f i c e s  o r  p o r t s ,  t h e  coo lan t  must be i n j e c t e d  a t  

s u f f i c i e n t  r a t e s  i n  order  t h a t  a t h i n  l i q u i d  o r  vapor f i l m  made out of 

the  i n j e c t a n t  spec ies  i s  fo im~r l  between t h e  exposed wal l  s u r f a c e  and the 

reen t ry  environment, 'his f!.lm a c t s  a s  an i n s u l a t i n g  l a y e r  which provides 

t h e  requ i red  thermal p r o t e c t i o n .  I n  t h i s  i n s t a n c e  the charac te r  of the flow 

is a l t e r e d  s u b s t a n t i a l l y  and the  usual  s i n g l e  phase multicomponent iu-  

j e c t i o n  boundary layer  theory is no longer  app l icab le  t o  t h e  a n a l y s i s  of 

the problem. Ins tead ,  more d i f f i c u l t  complete s o l u t i o n  procedures f o r  

the e x t e r n a l  flow f i e l d  must be developed. These must inc lude :  two 

phase flow, s t r o n g  non-similar blowing e f f e c t s ,  and the s t a b i l i t y  of the 

f i l m  under t h e  high shear  environment of r e e n t r y .  These d i f f i c u l t i e s  

d i c t a t e  t h a t  new advancements i n  the  formulat ion of a n a l y t i c a l  procedures 

must be accompanied by ex tens ive  experimental t e s t  programs. 

The advantages of t r a n s p i r a t i o n  cooling over o t h e r  thermal p r o t e c t i o n  

systems have been demonstrated i n  many s t u d i e s  completed i n  r e c e n t  years .  

These s t u d i e s  i n v a r i a b l y  considered the  flow through the  porous w a l l  

s e p a r a t e  from t h e  i n j e c t i o n  h e a t  b l ~ : k i n ~  e f f e c t s .  Therefore,  a t t e n t i o n  

has bckn d i r e c t e d  t o  tile s o l u t i o n  of t h e  coupled problem (mat r ix  flow- 

hea t  blocking e f f e c t s )  with t h e  o b j e c t i v e  of determining the  o v e r a l l  

system performance and i n j e c t i o n  c o n t r o l  requirements. A n a l y t i c a l  pre- 

d i c t i o n s  f o r  t h e  coupled problem show t h a t  t h e  c h a r a c t e r i s t i c  behavior  

of both gas and l i q u i d  coo lan ts  e x h i b i t  a region of unstable  flow where 

i n j e c t i o n  c o n t r o l  by varying t h e  i n l e t  p ressure  i s  i n e f f e c t i v e .  The 

matr ix temperature and the i n j e c t a n t  p r o p e r t i e s  play an important p a r t  

with r e s p e c t  t o  t h e  i n j e c t i o n  cont ro l ,  When the  mass i n j e c t i o n  r a t e s  

a r e  reduced s u f f i c i e n t l y ,  i n j e c t i o n  c o n t r o l  i s  l o s t .  I n  t h i s  reg ion ,  the 

ou te r  w a l l  boundary condit ions and the  h e a t  s t o r e d  i n  the mat r ix  govern 

the [low r a t e  regard less  of t h e  backface pressure .  This condi t ion  i s  

akin t o  a b l a t i o n  where the o u t e r  wal l  condi t ions  govern the  mass i n j e c t i o n  

i n t o  the boundary l a y e r .  This  phenon~enon i s  found t o  be c l ~ a r a c t e r i e t i c  

of gas a s  w e l l  a s  l i q u i d  i n j e c t i o n .  For l i q u i d s ,  the unstnblc  rcgion is 

encountcrcd when a vapor pliose cl~angc is  presen t  i n  t l ~ c  n ~ a t r i x .  Tllc 
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s u r p r i s i n g  r e s u l t  is  t h a t  t h i s  i n s t a b i l i t y  i s  found f o r  gases  a s  w e l l  even 

though no phase change occurs .  The p r e d i c t i o n  of  t h e  o n s e t  of  t h e  c r i t i c a l  

r e g i o n  i n c o r p o r a t e d  i n  t h e  p r e s e n t  a n a l y s i s  i s  of g r e a t  importance  i n  

o r d e r  t o  e n s u r e  adequa te  i n j e c t i o n  c o n t r o l  and hence t h e  s u r v i v a l  of t h e  

porous wa l l .  

I n  t h e  p r e s e n t  r e p o r t  ( P a r t  I of  6 p a r t s ) ,  t h e  f o r m u l a t i o n  of  t h e  a n a l y t i c a l  

models and s o l u t i o n  p rocedures  f o r  t h e  preceding the rma l  p r o t e c t i o n  d e s i g n  

concep t s (F igure  1 ,pp.Z)  f o r  a p p l i c a t i o n  t o  r e p r e s e n t a t i v e  spac:e s h u t t l e  e n t r y  

m i s s i o n s  a r e  c o n s i d e r e d  e x c l u s i v e l y .  



1. Wall I n t e r f a c e  Energy Balance 

Consider the w a l l  mass and energy f l u  balance presented i n  Figure 3 .  

In the  f i g u r e  a smal l  c o n t r o l  volume is  presented which enc loses  the  

wal l  sur face  and is  bounded by the  mathematical sur faces  S and U. 

These s u r f a c e s  a r e  assumed to l i e  very  c l o s e  t o  the wal l  such t h a t  

the c o n t r o l  volume width i s  n e g l i g i b l y  smal l  i n  comparison with the 

c h a r a c t e r i s t i c  dimensions of the boundary l a y e r ,  i . e , ,  the  boundary 

layer  thickness .  A t  the S sur face  the  w a l l  gas phase p r o p e r t i e s  a r e  

defined. Some p r o p e r t i e s  a r e  continuous across  the wal l ,  e .g . ,  T 

and I%, while o t h e r s  a r e  discont inuous,  e.g.,  h and c .  I n  t h i s  manner 

the boundary l a y e r  and h e a t  s h i e l d  mass and energy f luxes  may be 

p r e c i s e l y  defined even though chemical reac t ions  a r t  occur r ing  a t  the  

physical  sur face .  The r e l a t i o n s  p r e s c r i b i n g  conservation of  energy 

and conservat ion of mass f o r  s teady s t a t e  a t  the wal l  i n t e r f a c e  a r e :  

I n  t h i s  formulation*, mechanical removal of the wal l  m a t e r i a l  is  neg- 

l e c t e d  and the boundary l a y e r  flow is assumed transparent  t o  r a d i a t i o n ,  

The temperatures a t  the  S ,  U ,  and w a l l  s u r f a c e  a r e  assumed t o  be equal  

( t h i s  assumption is  consis  t e n t  with the  a s s e r t i o ~ l  t h a t  the  c o n t r o l  

volunle thickness  is  n e g l i g i b l y  smal l ) .  The temperature i s  a charac te r i s -  

t i c  tl~ermodynamic quant i ty  unifonn wi th in  the  colltrol volume and i a  

doponden t on the 11eut time-integra ted I~otr t i n p u t  and 

tl~crmody~iumic proper t i a n .  
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A - Wall mass and energy balance defined in  terms of absolute v e l o c i t y  
species  f l u x e s  

H - :!all mass autl energy balance def ined 111 terms of mass average 
vc loc l ty  and spec l e s  d l f f t ~ s i o n  f luxes 
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1'11e boundary layer  energy f luxes  a t  the  S s u r f a c e  re levan t  t o  the  

boundary l a y e r  ana lys i s  a r e :  

a) the  d i f f u s i v e  energy f l u x  t o  t h e  w a l l  ( a l s o  c a l l e d  the  convect ive 

h e a t  t r a n s f e r  r a t e  t o  t h e  wal l )  

b! t h e  convective energy f l u x  from t h e  w a l l  

These def..n:tions r e s u l t  from t h e  t reatment  of the  boundary l a y e r  

governing equat ions i n  terms of  mass average v e l o c i t i e s .  Using 

absolute  s p e c i e s  v e l o c i t i e s ,  they a r e  equ iva len t  to:  

The conduction h e a t  f l u x  r a t e  i n t o  the  h e a t  s h i e l d  evaluated a t  t h e  U 

sur face  given by equat ion 1.01 can be w r i t t e n  as:  

The wal l  h e a t  of ox ida t ion  and h e a t  of subl imation due t o  chemical 

reac t ions  which occur r ~ i t l ~ i n  the  c o n t r o l  volume a r e  obtained from thtt 

preceding r e l a t i o n s ,  They a r e  given by: 



5 

where 4 is t h e  s o l i d  phase en tha lpy  of the  w a l l  s p e c i e s .  

2.  Boundary Layer Heat and Mass Transfe r  Fluxes a t  t h e  Wall 

The most r e f i n e d  method f o r  p r e d i c t i n g  t h e  boundary l a y e r  h e a t  and 

mass t r a n s f e r  f l u x e s  t o  the  w a l l  which i s  p r e s e n t l y  a v a i l a b l e  in-  

volves the  coupl ing  of a  numerical s o l u t i o n  procedure f o r  t h e  boundary 

l a y e r  flow conserva t ion  equat ions t o  a  f i n i t e  d i f f e r e n c e  s o l u t i o n  

procedure fcrr t h e  in-depth response of the  hea t sh ie ld .  Such an ap- 

proach is  no t  f e a s i b l e  f o r  performing engineering calcu1at:ions over  

a  complete e n t r y  t r a j e c t o r y ;  t h i s  is  due t o  the  excessive computer 

time requi red  a r d  the  i n h e r e n t  u n r e l i a b i l i t y  of such a coinplex r-om- 

pu te r  program. Thus c u r r e n t  p r a c t i c e  involves a  f i n i t e  d i f f e r e n c e  

s o l u t i o n  of t h e  conservat ion equat ions governing the  in-debpth response 

of the  h e a t  s h i e l d ,  bu t  uses s imple c o r r e l a t i o n  formulae t o  d e s c r i b e  

t h e  convective h e a t  and mass t r a n s f e r  f luxes  t o  t h e  w a l l ,  These 

formulae a r e  i n  t h e  form of s tandard  c o r r e l a t i o n s  f o r  high tempera- 

t u r e  boundary l a y e r  flows with c o r r e c t i o n  f a c t o r s  t o  account f o r  t h e  

reduc t ion  of h e a t  and mass t r a n s f e r  due t o  s u r f a c e  mass add i t ion .  * 
For example, t h e  formula of ~ o s h i z a k i '  might be  used t o  p r e d i c t  t h e  

s t a g n a t i o n  p o i n t  h e a t  t r a n s f e r ,  and t h i s  va lue  cor rec ted  f o r  t h e  

e f f e c t  of mass a d d i t i o n  i n  t h e  manner recommended by ~ e e s  .' The 

most ex tens ive  computations of t h e s e  "blockage f a c t o r s "  a r e  those  of 

Gomez e t  a13 and l l i l l s  e t  a14, which inc lude  multicomponent d i f f u s i o n  

e f f e c t s  and chemical reac t ions  between i n j e c t a n t  and a i r  spec ies .  

ihese  c o r r e l a t i o n s  a r e  of r a t h e r  g e n e r a l  v a l i d i t y  b u t ,  i n  p a r t i c u l a r ,  

a r e  a p p l i c a b l e  t o  t h e  aerothermochemical environment c h a r a c t e r i s t i c  

of reen t ry  from l u n a r  miss ions ,  The c o r r e l a t i o n s  a r e  of the  exponent ia l  

form suggested by a  Couette flow model, with empi r ica l  parameters ad- 

jus ted  s o  a s  t o  y i e l d  a  b e s t  F i t  of d a t a  f o r  i n j e c t a n t  s p e c i e s  molecular  

weights  ranging f  rom d l  atomic hydrogen ( 4. Z 0 ,  i ) t o  Xemn ( i31 31 3 ,  

- - 

*Superscr ipt  number~  dc-note re fe rences  l i s t e d  on p ,  60, 



The Go~uer-Efills correlations are: 

Heat Transfer 

- - 
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*Starred quant i t ies  are  evaluated i n  the limit of tero mass i n j e c t i o n  

(Dl, + 0) 



Mass Transfer* 

"hi = ~ 1 , ~  + = n;l ci ,+ 

L 
The quant i ty  

%c, i.4 
introduced i n  equat ion 2,01,  is  the e f f e c t i v c  

conduction h e a t  f l u x  i n t o  the  h e a t  s h i e l d  eva lua ted  a t  the U s u r f a c e  

i n  the  absence of chemical r e a c t i o n s  between i n j e c t a n t  and a i r  

s p e c i e s  i n  t h e  boundary l a y e r  flow and n e g l i g i b l e  r a d i a t i o n  f luxes  a t  

t h e  wal l .  The [ a c t o r  l f R  , which is  c a l l e d  t h e  chemical enthalpy re-  

covery f a c t o r ,  s c a l e s  the  e f f e c t  on t h e  conduction h e a t  f l u x  t o  t h e  

h e a t  s h i e l d  due t o  these  chemical r e a c t i o n s .  (j, = 1, implies  ine- .+ 

i n j e c t a n t  s p e c i e s  i n  the  boundary l a y e r  b u t  i t  does n o t  exclude the  

presence of chemical reac t ions  a t  t h e  w a l l  i n t e r f a c e .  The q u a n t i t i e s  

, and t,,* introduced i n  equat ions 2.08 and 2.09 a r e  tlie u s u a l  

d e f i n i t i o n  of mass t r a n s f e r  conductance and t r a n s f e r  s t a t e  mass 

f r a c t i o n  f o r  the i t h  spec ies  which a r e  derived i n  the  spa ld ing5  

formulat ion cf  the  s teady  s t a t e  mass t r a n s f e r  problem, 
- - 
*A more accura te  but more complex correlai- ion .!EI given by ~orne7.l~ 



The c o r r e l a t i o n  of mass t r a n s f e r  and h e a t  t r a n s f e r  conductances i n  

the  l i m i t  of zero mass i n j e c t i o n  (equa t ion  2.12) in t roduces  t h e  

e f f e c t i v e  binary Lewis Number which i s  def ined  by 

- 1 

( t h e  Lewis number) (2.13) . 

where 

- - - 

. . . * r . - P - P  - 

1. 
1. 
, I I 

1 
1 

L 

1 
1 dT = the  f rozen  thermal d i f f u s i v i t y  of t h e  a i r  s p e c i e s  

eva lua ted  a t  t h e  w a l l  boundary condi t ions  

t 1 , = t h e  e f f e c t i v e  b i n a r y  d i f f u s i o n  c o e f f i c i e n t  of the  

1 
i t h  s p e c i e s  i n t o  a i r  s p e c i e s  

I 

According t o  the b i f u r c a t i o n  approximation of b inary  d i f f u s i o n  co- 

1 ef  f i c i e n t s 6 ,  
D i , a i r  

may be  evaluated using 

1 B R E F  

J,,;, = 

L 1 O.''' Malr ) (-JW 

- 

1 JtEF = t h e  b inary  s e l f  d i f  f u ~ i o n  c o e f f i c i e n t  f o r  molecular 
oxygerl (4 = 32) a t  w a l l  tempernLure and pressure  

1 &A 
= t h e  i t h  spec ies  molecular weight 

1 = the  a i r  mixture mean molecular weight eva lua ted  a t  
the  S s u r f a c e  

1 The co ld  wa l l  hea t ing  r a t e  qcw is  determined us ing  e i t h e r  wind 

tunnel  t e s t s  of the  wing and the  complete space  s l ~ u t t l e  conf jguro t ion  

L or  using cur ren t  aerodynamic heat ing 2-dimensional flow theory,  The 

empi r ica l  c r i t e r i o n  i s  based on the  d e f i n i t i o n  of hea t ing  f a c t o r s  which 
L a r e  assumed i n v a r i a n t  with e n t r y  time. These f a c t o r s  a r e  the  r a t i o s  

I 1.. of t h e  wind tunnel  h e a t i n g  r a t e s ,  cor rec ted  f o r  cold w a l l  e f f e c t s ,  

1 4  

d - .. -- 
- - -  A 



i . e . ,  Tref and s c a l e d  t o  t h e  f u l l  s i z e  v e h i c l e ,  normalized by the  

hea t ing  r a t e  t o  a  one-foot r a d i u s  sphere a t  t h e  same hea t ing  

environment. Accordingly, us ing  t h e  Detra, Kemp, and Nddel17 

c o r r e l a t i o n :  

(Empir ical)  

The theory employed i n  determining t h e  cold w a l l  h e a t i n g  r a t e  is 

based on t h e  assumption of two dimensional flow over the exposed 

wing span. Thus the  cross  flow e f f e c t s ,  which a r e  l ~ r g e s t  a t  t h e  

h i g h e s t  angle of a t t a c k  e n t r y  t r a j e c t o r : ~  ( 4 = 60°), and the fuse lage  

bow shock impingement on t h e  wing a r e  neglected.  To determine the  

cold w a l l  h e a t i n g  r a t e ,  the  i n v i s c i d  shock l a y e r  flow f i e l d  ahead of 

the  wing was i n v e s t i g a t e d  using a  hypersonic b l u n t  body ana lys i s  

program.8 The shock l a y e r  s o l u t i o n  provides t h e  appropr ia te  p ressure  

and entropy o u t e r  edge boundary condi t ions  f o r  t h e  boundary l a y o r  

c a l c u l a t i o n s  from which the  cold w a l l  hea t ing  r a t e s  a r e  obtained. 

Exact numerical s o l u t i o n s  f o r  laminar  flow3 and approximate laminar  

and t u r b u l e n t  s o l u t i o n s 1 0  f o r  t h e  boundary l a y e r  can then be ob ta ined ,  

3 .  Radia t ive  and Ablat ive Heat S h i e l d s  

Five s e p a r a t e  a n a l y t i c a l  procedures f o r  determining the  lieat sIlic!ld per- 

formance which a r e  app l icab le  t o  the  range of m a t e r i a l s  s e l e c t e d  a r e  

considered:  ( i )  r a d i a t i v e  h e a t s h i e l d ,  ( i i )  s imple subl imer,  ( i i j )  

r e a c t i o n  r a t e  l i m i t e d  ox ida t ion ,  ( i v )  d i f f u s i o n  l i m i t e d  ox ida t ion ,  

(v) t r a n s i t i o n  regime and ( v i )  complex a b l a t o r s ,  e , g ,  : p y r o l y t i c  

h e a t  s h i e l d  a b l a t o r s .  



3.1 E a d i a t i v e  Heat S h i e l d  

I n  t h e  absence of a b l a t i o n  (TkTall << Tmelt), the  w a l l  temperature 

has been determined t o  correspond c l o s e l y  with the  equ i l ib r ium 

r a d i a t i o n  temperature,  Te, f o r  a wide range of h e a t  s h i e l d  mate r ia l s  

of f i n i t e  thicknesses  (- 0 ,15  i r~ches)  . I 1  Neglecting t h e  w a l l  i n c i d e n t  

r a d i a t i o n ,  which i s  n e g l i g i b l y  small  i n  comparison with the  boundary 

l a y e r  convective h e a t  t r a n s f e r  r a t e ,  the  wal l  i n t e r f a c e  energy balance 

y i e l d s  : 

1 1  T can be read i ly  so lved  f o r  by the  method of success ive  approximations. 

3.2 Simple Sublimer 

I n  t h e  presence of a b l a t i o n ,  the  h e a t  of ox ida t ion ,  t h e  h e a t  of sub- 

l i m a t i o n ,  and the boundary layer  h e a t  blocking e f f e c t s  due t o  mass 

i n j e c t i o n  must be inc luded  i n  t h e  w a l l  i n t e r f a c e  energy balance.  For 

a s imple subl imer,  t h e  w a l l  temperature i s  assumed cons tan t  and equal  

t o  thc? melting temperature of the  h e a t  s h i e l d  m a t e r i a l  ( T, =THELT ) .  

I f  t h e  change of phase (e,,g. : C -9 C ' ) of t h e  w a l l  mate r ia l  

i s  t h e  only chemical r e a c t i o n  considered: 

The w a l l  i n t e r f a c e  energy balance (equat ions 1.06, 2.01 through 2.07) 

y i e l d s :  



where 

Neglecting t h e  h e a t  capac i tance  of the  h e a t  s h i e l d  m a t e r i a l  and 

the  i n c i d e n t  r a d i a t i o n  ( gHS 1 0 ) , equat ion 3.03 y i e l d s  : 

- 4  
3, 8, t v  I M  + (3 05) 

E K P ( ~ "  a,+) - ' air  
f 5: 

The blowing parameter B,, can be solved f o r  by the  method of success ive  

approximations. The s u r f a c e  degradat ion r a t e  is  obtained using 

The mass t r a n s f e r  c o r r e l a t i o n s  provide the  information requi red  t o  

determine t h e  hea t  blocking weighting cons tan t  all , For the  s imple 

subl imer,  the  t r i v i a l  s o l u t i o n  f o r  the t r a n s f e r r e d  s t a t e  mass f r a c t i o n s  

of c = 1.0 f o r  the s i n g l e  i n j e c t a n t  s p e c i e s  and c  = 0 f o r  the  a i r  
i, t  i, t  

s p e c i e s  a p p l i e s ,  Then, using equat ion 2.05, all  may be evaluated.  

3.3 Reaction Rate Limited Oxidat ion 

I t  has been shown t h a t  a l l  metal-oxygen r e a c t i o n s  a r e  f i r s t  o rder  com- 

plex chain react ions12 whose r a t e  of a t t a c k  t o  the metal  s u r f a c e  is 

described by 



where k  i s  a  cons tan t  
1 , p02 i s  tile p r e s s u r e  of oxygen a t  t h e  metal 

surface,dE is  the a c t i v a t i o n  energy (g-callgram-mole), R is  the  

u n i v e r s a l  gas cons tan t  (1.98726 g-cal/gram-moleDK) and T i s  the  wall  

temperature i n  degrees Kelvin. S ince  t h e  exponent a l i e s  between 

zero  and u n i t y , l i n e a r  k i n e t i c s  a r e  implied.  

F i n i t e  d i f f e r e n c e  numerical s o l u t i o n s  f o r  the  h e a t  s h i e l d  response 

using equat ion 3.07 a r e  r e a d i l y  ob ta inab le .  For example, a t  a given 

e n t r y  t r a j e c t o r y  time, the  wal l  temperature which i s  a  func t ion  of 

the  t ime-integrated conduction h e a t f l u x  i n t o  the  h e a t  s h i e l d  

i s  determined from the  previous time heat-  

s h i e l d  in-depth response s o l u t i o n .  Then, the  a b l a t i o n  r a t e  h can 

be determined. The conduction h e a t  f l u x  i n t o  the  h e a t  s h i e l d  a t  the 

s e l e c t e d  time can next  be c a l c u l a t e d  using the  wal l  i n t e r f a c e  energy 

ba lance  and t h e  aerodynamic hea t ing  r e l a t i o n s  ( e , g , :  equat ions 1.01 

through 2.16 which a r e  e x a c t ,  o r  equa t ion  3.03). For a p p l i c a t i o n  t o  

t h e  p r e s e n t  space s h u t t l e ,  the w a l l  temperature h i s t o r y  determined 

from e x a c t  a n a l y s i s  (which includes t h e  h e a t  s h i e l d  in-depth response) 

has been found t o  c l o s e l y  correspond with the equ i l ib r ium r a d i a t i o n  

temperatures .  Therefore as  a  f i r s t  o r d e r  approximation, the  equi l ibr ium 

r a d i a t i o n  temperature may be used t o  determine the a b l a t i o n  mass l o s s  

r a t e  (equa t ion  3.01 and 3.07) ,  

3 . 4  Dif fus ion  Rate Limited Oxidation 

In  the  d i f f u s i o n  r a t e  l i m i t e d  ox ida t ion  or  d i f fus ion  c o n t r o l l e d  oxi- 

da t ion  regime, the r e a c t a n t  spec ies  (oxygeri) mass f r a c t i o n s  a t  the 

w a l l  a r e  depleted by the  s u r f a c e  chemical reac t ions  ( L~' ,  s = O ) .  

The t o t a l  mass f lux  of r e a c t a n t s  t o  the  wal l  a r e  determined using 

the  mass t r a n s f e r  c o r r e l a t i o n s .  Using equat ions 2.08 and 2.09, 

where is the elemental  mass f l u x  of oxygen t o  the  w a l l ,  The n e t  

mass f l u x  of products of ox ida t ion  r e a c t i o n s  i n j e c t e d  i n t o  t h e  boundary 

l a y e r  must s a t i s f y  the conservat ion of elemental  oxygen a t  the  wal l  
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and t h e  e l e m e n t a l  f l u x  of s u r f a c e  s o l i d  phase s p e c i e s  S which is  

be ing  d e p l e t e d  by t h e  o x i d a t i o n  p rocess  i s  

J- - 

I n  these  e x p r e s s i o n s  t h e  q u a n t i t i e s  and MS, a' a r e  fo rma t ion  

ina t r i ces  which s p e c i f y  t h e  mass c o n c e n t r a t i o n  o f  0 and S p r e s e n t  i n  

t h e  j t h  p roduc t  s p e c i e s ,  

As an i l l u s t r a t i o n , c o n s i d e r  t h e  s i m p l e  o x i d a t i o n  r e a c t i o n *  

then 

where C i s  t h e  s o l i d  phase s p e c i e s  (carbon)  a t  t h e  w a l l .  The s u r f a c e  

d e g r a d a t i o n  r a t e  due t o  t h e  o x i d a t i o n  i n  t h i s  i n s t a n c e  i s  g iven  by*  

"or complex chemical  o x i d a t i o n  r e a c t i o n s  ( i , e , :  more than one pro- 

duc t  s p e c i e s  i s  formed) t h e  magnitude of  t h e  chemical  k i n e t i c  r a t e s  

o r  e q u i l i b r i u m  chemiet ry  c o n s t r a i n t s  w i l l  de termine t h e  p r o p o r t i o n  of 

p roduc t  a p e c i e s  formed, 

+The r e s u l t  shown i n  equa t ion  3.14 i s  i n  e x a c t  agreement wi th  t h e  
pub l i shed  r e s u l t s  of S C R ~ R  and ~ i l b e r t ' ~  ob ta ined  f o r  carbon a b l a t i o n ,  



I f  both 0 and 0 a r e  p resen t  a t  the o u t e r  edge of the boundary l a y e r  
2 

the  r e s u l t  is  

The t o t a l  mass a b l a t i o n  r a t e  of the s u r f a c e  mate r ia l  j .11 t n e  d i f f u s i o n  

cont ro l led  regime is  e q u a l  t o  the sum of t h e  s u r f a c e  degrada t ion  r a t e  

of s o l i d  spec ies  e n t e r i n g  the oxidat ion chemical reac t ions  and the  

degradation r a t e  due t o  meclidnical removal (erosion)  of o t h e r  s o l i d  

phase spec ies  which a r e  t h e  c o n s t i t u e n t s  of the  sur face .  I n  t h i s  

repor t  i t  w i l l  be hypothesized t h a t  t h e  mechanical removal r a t e  i s  

propor t iona l  t o  the degradat ion r a t e  of the  s o l i d  phase s p e c i e s  

which e n t e r  i n  t h e  ox ida t ion  reac t ions .  A s  an example 

A, = m; - i 
(elf m ( F )  - m ( c > ~  (3.16) 

where 

five = the t o t a l  mass a b l a t i o n  r a t e  f o r  the s u r f a c e  

= the  mechanical removal (e ros ion)  degradation r a t e  
of s u r f a c e  mate r ia l  

K c s  = the mass f r a c t i o n  of the  s o l i d  phase r e a c t a n t  spec ies  
of the  s u r f a c e  c o n s t i t u e n t s  

For determining the  s u r f a c e  mass a b l a t i o n  r a t e  the  mass t r a n s f e r  

conductances of r e a c t a n t  spec ies  (oxygen) must be evaluated.  These 

conductances w i l l  be a f f e c t e d  by the magnitude of the t o t a l  mass in-  

j ec t ion  r a t e  i n t o  the boundary l a y e r ,  For simple ab la tors  t h e  t o t a l  

mass i n j e c t i o n  r a t e  i s  equal  t o  the s u r f a c e  mass ab la t ion  r a t e  

(equat ion 3.16). I n  t h e  presence of p y r o l y s i s  products gas i n j e c t i o n  

( i d e a ,  p y r o l y t i c  a b l a t o r s ) ,  the r e a c t a n t  s p e c i e s  a t  the o u t e r  edge of 

the boundary layer  must d i f f u s e  towards the  w a l l  aga ins t  the l a r g e r  

mass average v e l o c i t y  f l u x  of pyro lys i s  and a b l a t i o n  products. This 

r e s u l t s  i n  a  reduced mass r a t e  of o x i d i z e r  spec ies  ava i lab le  t o  e n t e r  

i n t o  the  sur face  ox ida t ion  chemical r e a c t i o n s  and l e s s  s u r f a c e  de- 

gradat ion i n  comparison with the simple a b l a t o r  l imi t ing  case ,  The 

c a l c u l a t i o n  of t h e  s p e c i e s  mass t r a n s f e r  conductances i n  t h e  p resen t  

formulation (equat ion 2.08 thtough 2 .12  and 3.09 through 3.16) can be 



performed I,y the  method of success ive  approximations. In  genera l  

However, i n  the  f i r s t  approximation, the  s u r f a c e  degradation r a t e  mey 

he neglected i n  c a l c u l a t i n g  the mass t r a n s f e r  conductance of the  

ox id izer  spec ies  (assume ALzo and ob ta in  $n using equat ions 

2.08 through 2.12). The f i r s t  approximation of the  sur face  a b l a t i o n  

r a t e  can next be ca lcu la ted  (e.g.:  equat ion 3.15) .  I n  the success ive  

approximations t h e  preceding c a l c u l a t i o n  of the  s u r f a c e  mass a b l a t i o n  

r a t e  (equat ion 3.17) is used toge ther  with t h e  appropr ia te  t r a n s f e r r e d  

s t a t e  mass f r a c t i o n s .  Generally two o r  t h r e e  i t e r a t i o n s  s u f f i c e s  t o  

ob ta in  adequate engineering accuracy. A s  an i l l u s t r a t i o n ,  computa- 

t i o n s  performed f o r  the a b l a t i o n  of carbon (graphi te )  using t h e  pre- 

s e n t  method ( C: C o ,  4, -c! 4 4p- ) a r e  presented and 

compared with t h e  published d a t a  of sca la13  i n  Table 2, 

E f f e c t i v e  Mass Frac t ion  of C 1 ,152415 I . 1.5 
c, 

TABLE 2 - DIFFUSION RATE CONTROLLED OXIDATION OF CARBON (GRAPHITE] 

where. 

3.5 Trans i t ion  Re& 

sca la13  

3498 Islass Fract ion of CO 
Ccgs 

Elass Transfer  Blowing Parameter B 
02 

For the t r a n s i t i o n  regime ( see  Figure 4) t h e  r e l a t i o n  suggested by 

s c a l a l  3 

Present  Work 
( 2  I t e r a t i o n s )  

,35545 

0.175118 

l 7  J 



Wall Temperature  

B - A b l a t i o n  Regimes Dependency on Temperature and P r e s s u r e  

I FIGURE 4 - ABLATION REGIMES 
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is  considered s a t i s f a c t o r y .  The mass f l u x e s  &K and /)np a r e  obtained 

from equat ions 3.07 and 3.15 r e s p e c t i v e l y .  

3.6 Complex Ablator  

The u l t imate  o b j e c t i v e  of the  Gomez-Mills h e a t  and mass t r a n s f e r  

 correlation^^'^' is  t o  provide an e f f i c i e n t  numerical model f o r  the  

coupling of t h e  boundary l a y e r  thermochemistry with a h e a t  s h i e l d  

response computer program, The bou~ldary l a y e r  thermoche~nistry i s  

represented by t h e  c o r r e l a t i o n s  toge ther  with R zero mass i n j e c t i o n  

aerodynamic hea t ing  c a l c u l a t i o n .  The c o u p l i n ~  between t h e  boundary 

l a y e r  and t h e  h e a t  s h i e l d  response is achieved v i a  an open system 

s u r f a c e  thermochemistry computer code. The many advantages 

r e a l i z a b l e  over a l l  o t h e r  a b l a t o r  numerical  s o l u t i o n  procedures a r e :  

1. A genera l ized  r e p r e s e n t a t i o n  of t h e  boundary l a y e r  thermo- 

chemistry is achieved. 

2 .  The s u r f a c e  (wal l )  chemical r e a c t i o n s  may be equi l ib r ium o r /  

and nonequil ibr ium. 

3 .  I n  e v a l u a t i n g  t h e  aerodynamic h e a t  blockage t h e  c o n t r i b u t i o n  

of i n j e c t a n t  spec ies  and o u t e r  edge r e a c t a n t s  d i f f u s i n g  

toward t h e  w a l l  a r e  considered ( e  . g . : oxygen d i f f u s i n g  from 

t h e  o u t e r  edge of  t h e  boundary l a y e r  towards t h e  w a l l ) .  

4. The s u r f a c e  recess ion  r a t e  i s  c a l c u l a t e d  based on the  

genera l ized  s u r f a c e  thermochemistry model (both forward and 

backward r e a c t i o n  r a t e s  can b e  proper ly  accounted f o r  i n  t h e  

s u r f a c e  r e c e s s i o n  c a l c u l a t i o n ) .  

5. The s u r f a c e  energy balance which y i e l d s  t h e  h e a t  s h i e l d  i n p u t  

conduction f l u x  i s  c a l c u l a t e d  w i t h  g r e a t e r  accuracy ( i n  t h i s  

i n s t a n c e  t h e  h e a t  of ox ida t ion  and h e a t  of sub l imat ion  ap- 

pearing i n  t h e  energy balance a r e  c a l c u l a t e d  cons ider ing  a s  

many molecular  s p e c i e s  and a s  many a s  d e s i r s d  condensed phase 

s p e c i e s ) .  

The manner i n  which t h e  c o r r e l a t i o n  equa t ions  have been used i n  

coupling t h e  boundary l a y e r  t o  t h e  s u r f a c e  s t a t e  thermochemistry ca l -  

c u l a t i o n  is  a s  fo l lows .  l 4  F i r s t ,  assuming t h a t  a quasi-steady s t a t e  

of  a b l a t i o n  p r e v a i l s  a t  t h e  sur face  ( i . e . :  t h e  time dependent de- 

r i v a t i v e s  i n  the  conserva t ion  equat ions a t  t h e  s u r f a c e  and i n  t h e  

boundary l a y e r  a r e  n e g l e c t e d ) ,  t h e  w a l l  s u r f a c e  temperature and t h e  
23 
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pyrolysin gas i n j e c t i o n  r a t e  a t  the  U s u r f a c e  ( s e e  Fihure 3) a r e  

known a  p r i o r i  and,hence ,they a r e  i n p u t s  t o  the  c a l c ~ r l a t i o n .  Note 

t h a t  t h e s e  two q u a n t i t i e s  depend on t h e  h e a t  s h i e l d  response t o  the  

time i n t e g r a t e d  h e a t  r a t e  input  f o r  t h e  e n t i r e  t r a l e c t o r y  from the  

i n i t i a t i o n  of r e e n t r y .  Second, the  o b j e c t i v e  of the  c a l c u l a t i o n  i s  

t o  determine t h e  corresponding conduction h e a t  t r a n s f d r  r a t e  i n t o  

the h e a t  s h i e l d  and t h e  char  recess ion  r a t e .  Ir, functional.  form, 

the  equa t ions  used t o  determine these  two q u a n t i t i e s  a r e  

9 
#xr = 'F(hb, ), T w l   FA'^'^)^ - 2 + fl (/-ye) (3.19) 

I i =  - (3.20) 
P, 

where Lilt a r e  the  mass f r a c t i o n s  i n  t h e  t r a n s f e r r e d  s t a t e  eva lua ted  

a t  t h e  S s u r f a c e  f o r  a l l  t h e  spec ies  corlsidered ( i  = 1 -> v ) .  These 

a r e  determined from t h e  s u r f a c e  s t a t e  t.hermochemistry c a l c u l a t i o n  v i a  

the  mass t r a n s f e r  conductance c o r r e l a t i o n ,  Here 

811 = F (A*, l i l t  ; j i = l ,  V )  (3 .23)  

where t h e  on ly  new unknowns a r e  t h e  t o t a l  mass i n j e c t i o n  r a t e  and the  

mass f r a c t i o n s  a t  t h e  w a l l  (eviiluated a t  t h e  S sur face)  C . Note 
~ Y s  

t h a t  t h e  aerodynamic h e a t i n g  f o r  zero mass i n j e c t i o n  i s  assumed a  

known quant f ty .  

Third,  t o  i n i t i a t e  t h e  surf i ice s t a t e  thermochemistry c a l c u l a t i o n ,  t h e  

p r e s s u r e ,  t h e  temperature,  and t h e  r~ormalized pyro lys i s  gas  i n j e c t i o n  

r a t e  a r e  requ i red .  The l a . t t e r  i s  defined by 

* I n  t h e  presen t  genera l ized  a n a l y t i c a l  t rea tment  of t h e  complex a b l a t o r ,  
a l l  gas phase s p e c i e s  o r i g i n a t i n g  from t h e  in-depth decomposition o f  t h e  
h e a t  s h i e l d  m a t e r i a l  o r  mechanical ly i n j e c t e d  through a  porous w a l l  a r e  
termed p y r o l y s i s  gas (e .g , , :pyro ly t ic  a b l a t o r s , t r a n s p i r a t i o n  c o o l i n g , e t c )  

24 
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I (3.25)*  
and is  t h e  nona1 ize .d  mass t r a n s f e r  S tan ton  Number. Th i s  r e l a t i o n  p r o v i d e s  

I 

I 
I 

i n f o r m a t i o n  on t h e  r e l a t i o n  which e x i s t s  between each r p e c i e e '  d i f f u e i v e  

f l u x  and t h e  molecu la r  composi t ion a t  t h e  w a l l .  Accordingly,  

. I  
P. 4 $7; ' - YA2h F L ~ , ~  

I 
- 

f f l 4  k =  1 f4 

I 1 

4 * 
PC l& sq, = FA; 4 2 s  e - &I w i i 2 h  f L k 5  1 I 

t $7 t 
I 

I. 1 The s u r f a c e  s t a t e  thermochemist ry  c a l c u l a t i o n  p rov ides  t h e  thermody- 

namic and chemical c o n s t r a i n t s  r e q u i r e d  t o  complete t h e  system of 

I e q u a t i o n s  t o  b e  so lved .  Th i s  c a l c u l a t i o n  p rov ides  t h e  r e l a t i o n s h i p s  

which e x i s t  between 

1 / hc. 

- = / = ( + 1 ~ 1 ~ $ ' )  (3.28) 
& c  = n M, ST;+ 

I 

1 The w a l l  a b l a t i o n  mass i n j e c t i o n  r a t e  i s  then  

' i 4 f 
hc = gC' n LX< ST, (3 .29)  

I 

I The number of e q u a t i o n s  t o  b e  so lved  s imul taneous ly  i s  indeed l a r g e .  I 
Never t h e l e s s ,  u s i n g  p a s t  c a l c u l a t e d  v a l u e s  f o r  t h e  s l o w e s t  changing 

L 
v a r i a b l e s ,  t hey  may b e  e a s i l y  s o l v e d  by numer ica l  methods under t h e  

quas i - s t eady  s t a t e  approximat ion.  

4. Regenera t ive  Cooled H e a t  S h i e l d s  

4.1 A n a l y t i c a l  Model 

i 
The wing l e a d i n g  edge s k i n  i s  assumed t o  be  t h i n  and c o n s t r u c t e d  w i t h  ! I 

*Fi = d i f f u s i o n  f a c t o r s ,  s e e  S e c t i o n  6 
25 
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smal l  o r i f i c e s  o r  passages where the coo lan t  flows i n  t h e  manner 

i l l u s t r a t e d  i n  Figure 5.  Because the s k i n  i s  assumed t o  be t h i n ,  

t h e  time dependent h e a t  s t o r a g e  capac i ty  of t h e  s k i n  m a t e r i a l  i s  

n e g l i g i b l e  and the  s k i n  o r  w a l l  temperature correspondri t o  t h e  

equ i l ib r ium temperature. The coolant  passage time i n t e r v a l  is  

assumed small  ( A f: 5 0.10 seconds) i n  comparison with 

the  time v a r i a t i o n  of t h e  t r a j e c t o r y  parameters. Hence, t h e  quasi-  

s teady  approximation f o r  t h e  coolant  flow is  assumed t o  be  v a l i d  

and time dependent d e r i v a t i v e s  w i l l  be  assumed t o  be  n e g l i g i b l e .  The 

governing equat ions f o r  t h e  a n a l y t i c a l  model descr ibed a r e  3s fol lows:  

Energy Balance 

4p~ - 7 R R  = B F  

where 

In  t h e  presen t  formulat ion,  t h e  tnc iden t  r a d i a t i o n  q has been assumed 

n e g l i g i b l e  (equat ion 4.01). The new q u a n t i t i e s  Tb and hf a r e  t h e  

coo lan t  flow bulk temperature and t h e  skin-coolant  f i l m  h e a t  t r a n s f e r  

c o e f f i c i e n t .  

Coolant Conservation Equat ions 

Let  a and b be t h e  dimensions of a cons tan t  c ross -sec t ion  r e c t a n g u l a r  

shaped o r i f i c e  (Figure 5) .  Then assuming one dimensional s t e a d y  flow: 

Continui ty 



Wall 

FIGURE 5 - REGENERATIVE COOLING MODEL 



Energy 

I n  t h e  p r e s e n t  n o t a t i o n ,  V i s  t h e  c o o l a n t  f low bulk v e l o c i t y ,  ?Y i s  

the  ave rage  s h e a r  s t r a s s  a t  t h e  w a l l ,  H i s  t h e  coo lan t  s t a g n a t i o n  

en tha lpy  and J = 778 f t - l b f / B t u .  By d e f i n i n g  t h e  mass f low r a t e  

p e r  u n i t  s p a n  a s  

and assuming 

t h e  c o n s e r v a t i o n  equa t ions  may b e  w r i t t e n  i n  t h e  fo l lowing  form 

Equation of S t e t e  

J 
T=ZTJ*K 

2. Thermal 

R .p=p r 
4 

( f o r  gaseous  phase) (4.14) 

* For d ia tomic - r ig id  dumbell molecu le  gaseous  s p e c i e s  (e .g . :02,Nt ,e tc)  

t h e  d i f f e r e n c e  between t h e  s t a g n a t i o n  and s t a t i c  e n t h a l p i e s  i s  w i t h i n  

10% a t  f low Mach Nt~mb~ .s equa l  o r  l e s s  than 0.707. 
28 



f = C O U S M A / ~ .  ( f o r  l i q u i d  phase)  

1 

Forced Convection Heat T r a n s f e r  Equa t ions  ~ 
I 

Steady ,  v a r i a b l e  p roper ty ,  p i p e  f low theory  l is assumed a p p l i c a b l e  

t o  t h e  p r e s e n t  problem. Above a  Reynolds Number o f  2,500 t h e  f low i n  

t h e  p i p e  is  t u r b u l e n t  and t h e  f o l l o w i n g  t u r b u l e n t  h e a t  t r a n s f e r  

c o r r e l a t i o n s  app ly  : 

i 
which a r e  e v a l u a t e d  a t  t h e  r e f e r e n c e  temperature  T g iven  by 

From equa t ions  4.16 and 4.17, t h e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  h f  
and t h e  s h e a r  a t  t h e  w a l l  i s  o b t a i n a b l e  

The Reynolds Number appear ing  i n  e q u a t i o n  4.16 i s  c a l c u l a t e d  

accord ing  t o  



where D is  t h e  e f f e c t i v e  d iamete r  f o r  a g e n e r a l i z e d  c y l i n d r i c a l  shaped 

pipe. According t o  ~ r e i t h l ~  

For l aminar  f low i n  t h e  p i p e ,  Reynolds Number < 2,500 

Together  w i t h  equa t ions  4.19 and 4.20, t h e  l a s t  two e q u a t i o n s  a r e  

s u f f i c i e n t  f o r  determining t h e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  and 

t h e  w a l l  s h e a r  i n  t h e  l aminar  flow regime. I n  a d d i t i o n ,  t h e  r e f e r e n c e  

t empera tu re  ( equa t ion  4.18) is  n o t  a p p l i c a b l e  ( i . e .  : TZ = 

assumed) . Tb is 

4.2 S o l u t i o n  Procedure  

The c a l c u l a t i o n  of t h e  s t reamwise v a r i a t i o n  of t h e  s k i n  t empera tu re  

i s  performed numer ica l ly  by t r i a l  and e r r o r  u s i n g  a  f i n i t e  d i f f e r e n c e  

procedure. I n  t h e  f i r s t  i t e r a t i o n ,  t h e  i n i t i a l  boundary c o n d i t i o n s  

of t h e  problem a r e  p r e s c r i b e d  

P r e s s u r e  p 

Mach Number (gaseous  flows) 

a / b  



from which t h e  i n i t i a l  flow v e l o c i t y  and dens i ty  a r e  determined, The 

depth of the coo lan t  passage i s  est imated using 

where h(x ) is  an es t imate  of t h e  enthalpy of t h e  coo lan t  a t  t h e  
f 

end of the  passage. Calculat ions a t  each successive streamwise s t e p  

proceeds as  fol lows:  

1 )  A t  t h e  preceding streamwise s t e p ,  the  temperature g r a d i e n t ,  

pressure g r a d i e n t ,  and v e l o c i t y  g rad ien t  of t h e  coo lan t  flow 

a r e  c a l c u l a t e d  using the conservat ion equat ions and the  equat ion 

of s t a t e  (equat ions 4.05 through 4.15). Then 

where the  primed q u a n t i t i e s  a r e  evaluated a t  the  preceding 

s treamwise s t e p .  

2) Since t h e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  hf v a r i e s  much slower 

along the streamwise coord ina te  t!,an t h e  boundary l a y e r  h e a t  

t r a n s f e r  r a t e ,  t h e  preceding s t e p  value of hf w i l l  be used i n  

the  energy balance.  Then 



l e a d s  t o  

where 

Equat ion 4.31 can e a s i l y  b e  so lved  f o r  T by t h e  method of 
W 

s u c c e s s i v e  approximat ions  ( e  .g . : Newton-Raphson) 

3) The temperature ,  p r e s s u r e ,  and v e l o c i t y  g r a d i e n t s  a r e  c a l c u l a t e d  
1 

I 
us ing  t h e  st l u t i o n  f o r  t h e  a k i n  t empera tu re  a t  t h e  p r e s e n t  s t e p .  

The v a l u e  of t h e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  h  which w i l l  h e  
f 

used i n  t h e  n e x t  s t e p  I s  c a l c u l a t e d  us ing  equat ion 4.19. Next 

go back t o  1) f o r  t h e  n e x t  s t e p  f i n i t e  d i f f e r e n c e  c a l c u l a t i o n .  

Although t h e  s o l u t i o n s  ob ta ined  i n  each t r i a l  c a l c u l a t i o n  which 

corresyond t o  a  g iven  s e t  of i n i t i a l  i n l e t  cond i t ions  a r e  v a l i d ,  

t h e  s o l u t i o n s  may prove t o  b e  inadequa te  f o r  t h e  e n t i r e  l e n g t h  of 

t h e  coo lan t  passages .  For example, i t  may b e  d e s i r a b l e  t h a t  t h e  

bulk  f low p r e s s u r e  shou ld  n o t  f a l l  below a  p r e s c r i b e d  minimum v a l u e  

o r  t h a t  t h e  bu lk  f low Mach Number shou ld  n o t  exceed u n i t y  i n  o r d e r  

n o t  t o  choke t h e  f low ( i . e . :  f o r  gaseous c o o l a n t s ) .  There fo re ,  f o r  

each t r i a l  c a l c u l a t i o n ,  a t e s t  is performed on t h e  p resc r ibed  con- 

s t r a i n t s  which l e a d  t o  s a t i s f a c t o r y  s o l u t i o n s  a f t e r  each s t reamwise 

s t e p  c a l c u l a t i o n  i s  completed. I f  i t  f a i l s  t o  pass  t h e  test, a new 

t r i a l  c a l c u l a t i o n  is  i n i t i a t e d  wi th  s l i g h t l y  d i f f e r e n t  i n i t i a l  

boundary c o n d i t i o n s ,  e .g :  t h e  i n l e t  p r e s s u r e  pn = 1.10 pm-l. 

5. T r a n s p i r a t i o n  Cooled Heat  S h i e l d s  

5.1 Porous Matr ix  Model 

The porous m a t r i x  f low model equa t ions  used  i n  t h e  p r e s e n t  i n v e s t i -  

g a t i o n  a r e  based on t h e  fo rmula t ion  of ~ o r n e z l ~ ' ~ ~  which borrows 

3 2 
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heavi ly  on the i n v e s t i g a t i o n  of Koh and d e l  and to a  l e s s e r  

e x t e n t  on the c o n t r i b u t i o n s  of o ther  contemporary i n v e s t i g a t o r s  (e.g. : 

21, 2 2 ) .  I n  the app!ication of  t r a n s p i r a t i o n  cool ing  theory t o  t h e  re- 

e n t r y  environment of i n t e r e s t ,  i t  was determined t h a t  t h e  continuum 

laminar  flow regime toge ther  with the  assumption of n e g l i g i b l e  viscous 

d i s s i p a t i o n  adequately portrays the  physics of the  problem. The l a s t  

r e s t r i c t i o n  implies  t h a t  t h e  i n j e c t a n t  flow r a t e  i s  not  too large.* 

Note t h a t  i n  the  l i m i t  01 massive i n j e c t i o n  through t h e  porous matrix 

t h i s  assumption is  no longer  v a l i d  bu t  is  conserva t ive  f o r  the  t rans-  

p i r a t i o n  cooling system i n t e g r a t e d  coolant  expenditure c a l c u l a t i o n  i n  

t h a t  l a r g e r  i n j e c t a n t  flow s a t e s  w i l l  b e  obtained us ing  t h e  presen t  

formulat ion.  Recall t h a t  l a r g e  h e a t  a d d i t i o n  t o  the  i n j e c t a n t  o r  

l a r g e  viscous d i s s i p a t i o n  i n  t h e  matr ix (which c h a r a c t e r i z e s  t h e  two 

l i m i t s  of small  and massive i n j e c t i o n )  have the  same o v e r a l l  e f f e c t ,  

they tend to reduce t h e  mass i n j e c t i o n  r a t e .  Under t h e  preceding 

restrictions, t h e  porous matr ix flow governing equat ions a re :  

MOMENTLTM CONSERVATION 

ENERGY CONSERVATION** 

v.(-K, o T )  + O.(z$ ; )  + Ym Cv, a = - 0 (5.02) 
'3t 

v.(KR,) = ~;(T,,,-T~) 
MASS CONSERVATION 

*Moderate I n j e c t i o n  r a t e s  f o r  the  matr ix a r e  no t  equ iva len t  t o  small  

blowing r a t e s  i n t o  t h e  ou te r  flow ( t h e  boundary l a y e r ) .  

**The d i s s i p a t i o n  term or  shear  work is  given by 

It appears as  a  source  term i n  the  energy conservat ion equation. For 

t r a n s p i r a t i o n  cooling a t  moderate i n j e c t i o n  r a t e s  i t  is  assumed n e g l i g i b l e .  



where: 

4 pressure  

4 a b s o l u t e  v i s c o s i t y  f o r  the  i n j e c t a n t  

vo lumet r ic  f i l m  b r a t  t r a n s f e r  c o e f f i c i e n t  

P a r e a  based poros i ty  c o e f f i c i e n t  

permeabil i ty  parameter c o e f f i c i e n t s  

t time 

v e c t o r  mass f l u x  f o r  t h e  i n j e c t a n t  (lbm/f t2-sec) 

pi , Ti , 4, dens i ty ,  temperature, and enthalpy of the  i n j e c t a n t  

/*, /C% rM d e n s i t y ,  s p e c i f i c  h e a t ,  and temperature of t h e  mat r ix  

The presence of t ransverse  mass and energy f luxes  i s  taken i n t o  ac- 

count i n  the precedino, equat ions bu t  t h e  viscous d i s s i p a t i o n  term has  

been omitted from t h e  conservat ion of energy equat ion.  Applicat ion 

of dimensional a n a l y s i s  t o  t h e  preceding equat ions y i e l d s  t h e  follow- 

ing  dimensionless s i m i l a r i t y  parameters o r  s c a l i n g  f a c t o r s :  

mat r ix  energy s t o r a g e  rate- 
n ~ n t r i x  conduction h e a t  f lux  r a t e  

(5.054 

_ i n e r t i a l  r e s i s t a n c e  
Viscous r e s i s t a n c e  

temperature d i f f e r e n c e  between 
s M e c t a n t  and mat r ix  (5 05c) 

temperature of t h e  matr ix 

i n j e c t a a t  time dependent 
c.ompressibil.ity 
i n j e c t a n t  atead:? s t e t e  flow 

( 5  a 05d) 
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I These equat ions imply t h a t :  ( i )  l o c a l  thermodynamic equi l ib r ium e x i s t s  

between t h e  matr ix and t h e  i n j e c t a n t  i . e . ,  2- = , ( i i )  the  

i n e r t i a l  r e s i s t a n c e  i s  n e g l i g i b l e  i n  comparison with the  viscous 

r e s i s t a n c e ,  and ( i i i )  s t e a d y  s t a t e  flow p r e v a i l s  i n  the  matr ix.  

where t h e  q u a n t i t i e s  and 2' a r e  convenient ly chosen c h a r a c t e r i s -  

t i c  s c a l i n g  dimensions f o r  t h e  time i n t e r v a l  and t h e  mat r ix  th ickness .  

For t h e  r e e n t r y  a p p l i c a t i o n  these  a r e  of o r d e r  & a  100 seconds and 

Zz 0.0 i f t .  

For app l ica t ionn  where t h e  magnitude of t h e  preceding s c a l i n g  s i m i l a r i t y  

parameters  f i  , fl I 1 , 1 a r e  much s m a l l e r  than uni ty*,  t h e  

approximate s impler  form f o r  t h e  mat r ix  flow conservat ion equa t ion  is: 

- 
*For t y p i c a l  t r a n s p i r a t i o n  cooled R/v a p p l i c a t i o n s  a t  peak hea t ing  t h e  
magnitudes of t h e  s c a l i n g  s i m i l a r i t y  parameters  a r e :  
TABLE 3 - SCALING PARAMETERS FOR TRANSPIRATION COOLING 

I 

* * E r t i m t e  bared on Koh e t  a1, r o l u t i o n  19 

S c a l i n g  
Parameter 

i 

ICBM 
Liquid 

04 00478 

Space S h u t t l e  
Gar 

0,00478 

Liquid  

< Oa0005 - 
Gas 

5 06 0005 



For t h e  l i m i t i n g  case of i so thermal  flow, s o l u t i o n s  of the  conserva- 

t i o n  of momentum may b e  ob ta ined  independently of t h e  energy equa t ion .  

I n  t h i s  case the  governing mat r ix  flow equa t ions  reduce to :  

From Gornez's a n a l y s i s l e ,  t h e  porous matr ix permeabi l i ty  c o e f f i c i e n t s  

a r e  i d e a l l y  r e l a t e d  t o  t h e  a r e a  based p o r o s i t y  P and t h e  mean pore 

diameter  by: 

These express ions  were der ived  by equat ing t h e  flow through t h e  

porous matr ix t o  one dimensional  flow through v a r i a b l e  c r o s s  

s e c t i o n a l  a r e a  c a p i l l a r i e s  of diameter d. These a r e  exac t  express ions  

when the  mat r ix  i s  cons t ruc ted  by d r i l l i n g  o r  e t c h i n g  smal l  diameter  

ho les  through s o l i d  m a t e r i a l s ,  When the  mat r ix  is  manufactured from 

s i n t e r e d  metal  powders, - r, - d' f' ( 5 , 0 9 4  

whoret the  mean diameter  of the  powder p a r t i c l e s  

Pv the  volume based p o r o s i t y  



The thermal  conduc t iv i ty  f o r  t h e  porous mat r ix  i s  approximately re- 

l a t e d  t o  the  a r e a  p o r o s i t y  by 

where: K, = t h e  s o l i d  mat r ix  m a t e r i a l  thermal  conduct ivi ty  

( t h e  mat r ix  thermal  conduc t iv i ty  f o r  Y-r  0 ) 

5.2 k D  Porous Matrix Flow Solu t ions  

One dimensional flow s o l u t i o n s  of the  coupled momentum and energy 

 equation^ (5.09, 5.10, and 5.11) can be r e a d i l y  obtained using the  

mat r ix - in jec tan t  temperature a s  t h e  independent v a r i a b l e .  I n  t h i s  

manner the  s o l u t i o n s  may be cxpressed i n  the  g e n e r a l  form: 

where: h* and p* a r e  dimensionless  mesn i n j e c t i o n  and matr ix p ressure  

drop s o l u t i o n s  of t h e  conservat ion equat ions which a r e  i n  turn 

func t ions  of the normal.ized wal l  and i n l e t  temperatures 8, and 

8; . The quant i ty  4 s c a l e s  t h e  r a t i o  of i n e r t i a l  r e s i s t a n c e  t o  

v i scous  r e s i s t a n c e  which i n  the above expressions is t r e a t e d  simply 
1, 

a s  a f i r s t  o rder  c o r r e c t i o n  ( 4; i s  usua l ly  l e s s  then 0.01). The 

q u a n t i t i e s  E z  and E+ a r e  mat r ix  and i n j e c t a n t  p roper ty  groupings 

which c h a r a c t e r i z e  t h e  t r a n s p i r a t i o n  c o o l i l ~ g  design. These w i l l  be 

def ined  l a t e r .  The remaining q u a n t i t i e s  s h a m  i n  the  equat ions a r e  

given by  the boundary condi t ions  of t h e  phys ica l  problem (see  

F igure  6). These a r e :  

(1) Matrix o u t e r  dur face  boundary condi t ions  ( t h e  wal l )  

+d , /, , T, tlie i n j e c t a n t  pressure, d e n s i t y ,  and 

temperature 

fkt the matrix mass i n j e c t l o n  r a t e  i n t o  the  

boundary l a y e r  
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(2) Mat r ix  i n n e r  s u r f a c e  boundary c o n d i t i o n s  ( t h e  i n l e t )  

$-,, , /'A, , c t h e  i n j e c t a n t  p r e s s u r e ,  d e n s i t y ,  and 

t empera tu re  

(3 )  The r e s e r v o i r  ( z e r o  g r a d i e n t )  boundary c o n d i t i o n s  

90 , P o  , 70 t h e  i n j e c t a n t  p r e s s u r e ,  d e n s i t y ,  and 

t empera tu re  

T h e  no rma l i zed  m a t r i x  t empera tu res  a r e  s imply:  

'7 @ = -  ( i n  t h e  m a t r i x )  

70 

- I ' w  ew -- 
To ( a t  t h e  o u t e r  s u r f a c e )  

Ti 8; =- 
7'0 

( a t  t h e  i n n e r  s u r f a c e )  

I n  a d d i t i o n ,  by assuming t h a t  c o n s t a n t  p r e s s u r e  p r e v a i l s  i n  t h e  

m a t r i x  b a c k f a c e  chamber ( c o n s t a n t  p r e s s u r e  mixing) : 

+i " Po (5,13)  

The r e f e r e n c e  p r e s s u r e  a p p e a r i n g  i n  e q u a t i o n  5 , l l b  is  u s u a l l y  t aken  

b u t  n o t  r e q u i r e d  t o  b e  e q u a l  t o  t h e  r e s e r v o i r  p r e s s u r e .  The p h y s i c a l  

problem s c a l i n g  f a c t o r s  E r  and E p  uscd i n  t h e  d e r i v a t i o n  of t h e  

problem d imens ion les s  c o n s e t v a t i o n  e q u a t i o n s  a r e  g i v e n  by: 

where: 2 - t h e  l - D  m a t r i x  t h i c k n e e s  ( f e e t )  

dl,, , /Up ,4,. = t h e  i n j e c t a n t  s p e c i f i c  h e a t ,  v i a c o e i t y ,  and d e n e i t y  

e v a l u a t e d  n t  t h e  r e f e r e n c e  c o n d i t l o n s  (usually t h e  

r e s e r v o i r  c o n d i t i o n s  are w e d ) ,  



. $  * 
The d i n e n s i o n l e s s  s o l u t i o n s  of  , ) and (&,, ) are 

found by i n t e g r a t i o n  of  t h e  c o n s e r v a t i o n  equa t ions .  Two c l a s s e s  o f  

s o l u t i o n s  have  been cons ide red .  The f i r s t  i s  when t h e  i n j e c t a n t  i s  

assumed t o  b e  a n  i d e a l  g a s  o r  an i d e a l  l i q u i d  ( incompress ib l e )  w i t h  

o r  w i t h o u t  a phase  change i n  t h e  m a t r i x  and w i t h  c o n s t a n t  m a t r i x  

p r o p e r t i e s .  The second c l a s s  of  s o l u t i o n s  c o n s i d e r s  t h e  g e n e r a l  

c a s e  o f  a r b i t r a r y  i n j e c t a n t  and m a t r i x  p r o p e r t i e s .  These s o l u t i o n s  

a r e  on ly  o b t a i n a b l e  by numer ica l  i n t e g r a t i o n .  I n  t h e  p r e s e n t  i n -  

v e s t i g a t i o n  we have devoted o u r  a t t e n t i o n  t o  t h e  s o l u t i o n s  i n  t h e  

f i r s t  grouping.  These s o l u t i o n s ,  which a r e  o n l y  approximate  i n  

p o r t r a y i n g  t h e  p h y s i c a l  problem, i n c o r p o r a t e  a l l  t h e  i m p o r t a n t  i n -  

g r e d i e n t s  c h a r a c t e r i s t i c  of  t h e  f low i n  t h e  porous ma t r ix .  I n  t h i s  

manner t h e  g r o s s  and d e t a i l e d  b e h a v i o r  of t h e  problem w i l l  b e  

s t u d i e d .  

I n  o r d e r  t o  c o n s i d e r  a  l i qu id -vapor  phase  change i n  t h e  a n a l y s i s ,  

i t  i s  n e c e s s a r y  t o  add t h e  d e f i n i t i o n  of t h e  fo l lowlng  d imens ion les s  

q u a n t i t i e s :  



where: C.+R = i n j e c t a n t  s p e c i f i c  h e a t  i n  the  l i q u i d  phase 

"#$ 
- i n j e c t a n t  s p e c i f i c  h e a t  i n  t h e  gas (vapor) phase 

Tp = t h e  in jec tan t -mat r ix  temperature a t  t h e  phase change 

A R ,  = t h e  i n j e c t a n t  h e a t  of vapor iza t ion  

+7 , Pr , / M y  = t h e  i n j e c t a n t  p ressure ,  dens i ty ,  and v i s c o s i t y  
i n  t h e  gas phase eva lua ted  a t  t h e  phase change. 

-1,. , jr. , = t h e  i n j e c t a n t  p ressure ,  dens i ty ,  and v i s c o s i t y  
f o r  t h e  re fe rence  s t a t e  which a r e  chosen t o  
correspond with t h e  i n j e c t a n t  p r o p e r t i e s  i n  the  
l i q u i d  phase a t  t h e  r e s e r v o i r  condi t ions .  

The i n j e c t a n t  p r o p e r t i e s  i n  t h e  l i q u i d  phase a r e  assumed t o  be 

constant .  I n  t h e  gas phase, t h e  i n j e c t a n t  p r o p e r t i e s  a r e  adequately 

portrayed by i d e a l  gas r e l a t i o n s h i p  a s  follows: 

Incorporat ing these  r e l a t i o n s h i p s  i n t o  t h e  matr ix conservat ion 

equat ions y i e l d s  t h e  following e x a c t  a n a l y t i c a l  s o l u t i o n a .  



( i )  Gas phase flow ( B w ) 8 ~ '  ?@,= )*: 

(ii) Phase change i n  the matrix ( Bvr >ep ) b i ~  

(5,18b) 

where I i  and 1, are integrals given by: 

-' 

*For i n e r t  ttgaatt injectants ,  these equations may be written i n  s i m ~ l e r  

form by obaerving thatt 



( i i i )  L i q u i d  p h a s e  f l o w  ( Bp 2 > @,. )*: 

*Note t h a t  i n  t h i s  g e n e r a l i z e d  t r e a t m e n t  of  t h e  problem t h e  l i q u i d  

phase  s o l u t i o n  a p p e a r s  more complex t h a n  i t  needa  t o  be .  By r e -  

d e f i n i n g  Eib, a s i m p l e r  form of  t h e  same s o l u t i o n  is  o b t a i n e d ,  i .e.:  



5 . 3  Matrix Flow-Boundary Layer Coupled Behavior 

I n  t h e  preceding s e c t i o n s  t h e  1-D matrix flow s o l u t i o n s  and the  

boundary l a y e r  h e a t  blocking c o r r e l a t i o n s  have been presented. These 

w i l l  be now considered toge ther  and t h e i r  coupled behavior which 

charac te r ized  the  t r a n s p i r a t i o n  cool ing problem w i l l  be i n v e s t i g a t e d .  

I n e r t  spec ies  i n j e c t a n t s  with and without  a  phase change i n  t h e  

matrix w i l l  be considered. Chemical reac t ions  between the i n j e c t a n t s ,  

the  matr ix,  and the boundary l a y e r  edge flow s p e c i e s  w i l l  be ex- 

cluded. This simple model provides s u f f i c i e n t  information t o  p o r t r a y  

the  c h a r a c t e r i s t i c  behavior of the  genera l ized  coupled problem. 

The boundary condit ions w i l l  b e  defined i n  terms of  the  ou te r  flow 

zero mass i n j e c t i o n  aerodynamic heat ing information and the  i n j e c  t a n t  

enthalpy a t  r e s e r v o i r  condi t ions .  The mat r ix  temperature a t  t h e  

ou te r  s u r f a c e  ( t h e  wall)  is defined as  the  independent var iab le .  This  

i s  found convenient i n  t h a t  i t  s i m p l i f i e s  t h e  mathematical formula- 

t i o n  of the  coupled problem, The p r i n c i p a l  dependent v a r i a b l e s  w i l l  

be the mass i n j e c t i o n  r a t e  and the  i n j e c t a n t  r e s e r v o i r  pressure.  To 

account f o r  the  v a r i a t i o n  of the  boundary l a y e r  zero mass i n j e c t i o n  

convective h e a t  t r a n s f e r  r a t e  t o  the  w a l l  with w a l l  temperature, the  

usua l  entllalpy cor rec t ion  w i l l  be assumed: 

where: CQ the s p e c i f i c  h e a t  of the edge apec ies  ( a i r )  

gC, = the convect ive h e a t  t r a n s f e r  r a t e  f o r  zero mass 

i n j e c t i o n  evaluated a t  some re fe rence  temperature 

4 

Sljl = zero maes i n j e c t i o n  boundary l a y e r  Stanton Number 

evaluated a t  the  reference temperature T R e  

(4 = cpT 1 



The coupled problem governing equa t ions  a r e  o b t a i n e d  by combining 

t h e  1-D ma t r ix  flow s o l u t i o n s  p resen ted  e a r l i e r  w i t h  t h e  z e r o  mass 

i n j e c t i o n  aerodynamic h e a t i n g  boundary c o n d i t i o n  (equa t ion  5.20) 

v i a  t h e  blocking c o r r e l a t i o n s  and t h e  i n t e r f a c e  energy ba lance  

( e q u a t i o n s  1.01-1.08, and 2.01-2.07). The coupled conse rva t ion  

of ene rgy  equa t ions  y i e l d  t h e  normal ized m a t r i x  i n l e t  temperature  

0, a s  a func t ion  of t h e  independent  v a r i a b l e ,  t h e  normal ized w a l l  

t empera tu re  BW , a s  fo l lows :  

( i )  Gas phase flow ( e,, > e, 2 O r )  : 

( i i )  Phase  change i n  t h e  m a t r i x  ( 0, > O p  ) 6; ) : 

( i i i )  t i q u i d  p t~nse  flow (Bp' B; > Oi ) * : 

O W = T  her been arrurned, Thin require8 that the coolant at the w l r l l  
P 

vaporicrr a t  the same rate ar the coolant mars injection rate 
through the porour wall, Therefore, the pranence of a liquid film 
between the wall and the outer flow has been ne8lected, 

4 5  



These equat ions y i e l d  the coupled problem c h a r a c t e r i s t i c  s i m i l a r i t y  

parameters which a r e  def ined  as :  

The Hatr-x Nussel t  Number 

The I n j e c t a n t  Blocking Nwber (5,22b) 

The Ccoling R a t i o  Number 

The o t h e r  dimensionless  numbers appearing i n  the  coupled equa t ions  

( ep, +J , , a( ) were introduced e a r l l e r  (equat ion 5.15). These 

parameters p r e s c r i b e  t h e  thermodynamic p r o p e r t i e s  of t h e  i n j e c t a n t .  

The corresponding magnitudes of t h e  normalized mass i n j e c t i o n  r a t e  
I t & and pressure  drop were given a s  a  func t ion  of the  matr ix 

normalized i n n e r  and o u t e r  temperatures ( 81, , 64' 1. Using t h e s e ,  

i t  i s  a s imple t ask  t o  c a l c u l a t e  the  a c t u a l  mass i n j e c t i o n  r a t e ,  

p ressure  droo, and backface chamber p r e s s u r e  using t h e  1-D mat r ix  

flow s o l u t i u n s  (equa t ions  5.17, 5.18, and 5.19). 

The c h a r a c t e r i s t i c  behavior  of the coupled s o l u t i o n s  i s  i l l b s t r a t e d  

schemat ica l ly  i n  F igure  7 .  The two curves presented show t h e  v a r i -  * 
a t i o n  of t h e  normalized pressure  drop and mass i n j e c t i o n  r a t e m  

4 

versus t h e  matr ix o u t e r  s u r f a c e  temperature ew. I n  examining the  

f i g u r e  f o r  t h e  f i r s t  time i t  is s u r p r i s i n g  t o  f i n d  an i n f l e c t i o r ,  

po in t  on t h e  p r e s s u r e  drop curve. This  behavior  can be s a t i s f a c t o r -  

i l y  exp la ined  by examining the  r o l e  played by the  product of  the in-  

j e c t a n t  kinematic v i s c o s i t y  and i n j e c t i o n  r a t e .  Recal l  t h a t  t h e  

kinematic  v i s c o s i t y  is  an increas ing  f u n c t i o n  of temperature f o r  r e a l  

gases  and f o r  f l u i d s  i n  t h e  vapor phase. A f t e r  examining the  con- 

s e r v a t i o n  of momentum equat ion (equat ion 5.06a) i t  is c l e a r  t h a t  f o r  

a  given pressure  drop,various combinations of kinematlc v i s c o s i t y  
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v e r s u s  mass i n j e c t i o n  r a t e s  a r e  p o s s i b l e  depending on t h e  mean tem- 

p e r a t u r e  of the  matr ix.  This  imans t h a t  f o r  a  given pressure  drop 

a c r o s s  the  matr ix,  two d i f f e r e n t  moss i n j e c t i o n  r a t s s  may be found 

which s a t i s f y  the s t e a d y  s t a t e  ..onservation equat ions depending on 

whether the matrix is ho t  o r  cald. For transpiration cooling ap- 

p l i c a t i o n s  the v a r i a t i o n  of the p ressure  drop with the mass i n j e c t i o n  

r a t e  a r e  of g r e a t  importance s i n c e  the porous matr ix can only be ad- 

equa te ly  protected i f  v a r i a t i o n s  i n  t h e  backface chamber p r e s s u r e  

p o s i t i v e l y  c o n t r o l  t h e  mass i n j e c t i o n  r a t e .  This  requirement can be 

c l e a r l y  s t a t e d  by e v a l u a t i n g  t h e  s lope  of t h e  pressure-mass i n j e c t i o n  

r a t e  curve which must be p o s i t i v e  

> 0 (For p o s i t i v e  i n j e c r i o n  cont ro l )  (5.23) 
44" 

When t h e  s l o p e  i s  nega t ive ,  i n j e c t i o n  c o n t r o l  i s  l o s t .  The s teady  

s t a t e  s o l u t i o n s  of t h e  coupled equat ions a r e  unstable .  To i l l u s t r a t e  

t h i s  po in t  r e f e r  t o  t h e  n e x t  f i g u r e  (Figure 8). Here t h e  v a r i a t i o n  

of p ressure  drop versus  t h e  mass i n j e c t i o n  r a t e  is  presented f o r  both 

i d e a l  gas and l i q u i d  i n j e c t i o n  with a  phase change. Consider an 

i n i t i a l  s teady  s t a t e  opera t ing  point  ly ing  i n  t h e  por t ion  of the 

curve where the s lope  is  negat ive.  Then, a  s m a l l  s t e p  change reduct ion 

i n  t h e  pressure a t  the  backface chamber w i l l  r a s u l t  i n  a  n e a r l y  in -  

s tan taneous  readjustment of the mass i n j e c t i o n  r a t e .  I n  comparison, 

t h e  time dependent mat r ix  h e a t  s to rage  capac i ty  w i l l  no t  permit  a s  

r a p i d  read jus  h ~ n  t  of t h e  mat r ix  temperature p r o f i l e s  which would 

make i t  p o s s i b l e  f o r  t h e  opera t ing  po in t  t o  s h i f t  t o  the n e a r e s t  

s teady  s t a t e  p o s i t i o n  on t h e  curve. I n s t e a d  the  flow is  going to be 

reduced somewhat which r e s u l t s  i n  an increased hea t ing  r a t e  i n t o  the  

matr ix.  A s  the matrix temperature i n c r e a s e s ,  the  kinematic v i s c o s i t y  

of t h e  i n j e c t a n t  i n c r e a s e s  and f u r t h e r  reduc t ions  i n  the mass i n j e c t i o n  

r a t e  w i l l  occur. This unsteady readjustment w i l l  cont inue u n t i l  t h e  

opera t ing  point  reaches t h e  ho t  matrix s t e a d y  s t a t e  s o l u t i o n  where 

the  s l o p e  i e  positive, The same reasoning when appl ied i n  r e v e r s e  

would show an o v e r a l l  readjustment  of t h e  Plow u n t i l  the cold matr ix 
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s teady  s t a t e  por t ion  of the  curve i s  reached. Hence where the  s lope  

is  n e g a t i v e  the  s teady s t a t e  s o l ~ ~ t i o n s  a r e  unstable .  Another po in t  

i n  q u e s t i o n  i s  t h a t  these  s o l u t i o n s  correspond t o  condi t ions  where 

the mat r ix  backface hea t  f l u x  i n t o  the  backface chamher is too la rge  

and ,hence , i t  i s  ques t ionable  i f  these  s o l u t i o n s  can ever  be r e a l i z e d ,  

Never the less ,  the s lope  is  a  measure of t h e  magnitude of t h e  s t a t i c  

s t a b i l i t y  of i n j e c t i o n  c o n t r o l .  

Prom the  preceding d i s c u s s i o . ~  i t  is  evident  t h a t  f o r  the  t ransp i ra -  

t i o n  cool ing  a p p l i c a t i o n s  a  given design must opera te  i n  t h e  s t a b l e  

p o r t i o n  of the curve where p o s i t i v e  i n j e c t i o n  c o n t r o l  (through the 

v a r i a t i o n  of the hackface chamber pressure)  is r e a l i z a b l e .  This  

means t h a t  a  given design must operate  a t  mass i n j e c t i o n  r a t e s  which 

a r e  l a r g e r  than the mass i n j e c t i o n  r a t e  a t  the  c r i t i c a l  po in t  where 

s t a t i c  s t a b i l i t y  s l o ~ e  is zero ( see  Figure 7 ) .  To o p e r a t e  a t  

backface chamber p ressures  near  the c r i t i c a l  point  runs the  r i s k  of 

l o s i n g  t h e  i n j e c t i o n  cont ro l .  I n  t h i s  c a s e  t h e  matr ix temperature 

may i n c r e a s e  and the mass i n j e c t i o n  r a t e  decrease  uncont ro l lab ly  

u n t i l  a  new -teady s t a t e  equ i l ib r ium poin t  i s  reached where chemical 

r e a c t i o n s  a t  the ou te r  mat r ix  s u r f a c e  ( t h e  wzl l )  dominate the  prcblem 

( i . e . :  ox ida t ion  and sub l imat ion  of the  mat r ix ) .  This  impl ies  t h a t  

the mat r ix  temperature a t  t h e  ou te r  s u r f a c e  ( t h e  wal l )  corresponding 

to t h e  c r i t i c a l  i n j e c t i o n  f a l l s  below the mat r ix  melt ing temperature. 

I t  i s  j n t e r e s t i n g  t o  no te  t h a t  t h i s  a s s e r t i o n  has been shown t o  be 

g e n e r a l l y  c o r r e c t  f o r  the  t r a n s p i r a t i o n  cool ing r e e n t r y  missions 

considered t o  da te .  Another po in t  worth mentioning i s  t h a t  t h e  

major i ty  of t h e  boundary l a y e r  mass i n j e c t i o n  s t u d i e s  publ ished i n  

the l i t e r a t u r e  supposedly f o r  t r a n s p i r a t i o n  cool ing r o n s i d e r  a  wal l  

temperature which i s  too h igh .  They i n v a r i a b l y  f a l l  i n  the uns tab le  

region of i n j e c t i o n  c o n t r o l  of the  coupled problem, 

The mat r ix  o u t e r  sur face  ( t h e  wall)  temperature and mass i n j e c t i o n  

r a t e  a t  the  c r i t i c a l  c o n t r o l  point  have been mapped a s  a  func t ion  of 

the  coupled problenl s i m i l a r i t y  parameters f o r  the e n t i r e  R/V t rans-  

p i r a t i o n  cool ing range of i n t e r e s t  when t h e  i n j e c t a n t  i s  assumed t o  

be an i d e a l  gee (see Figures  9 and 10). On the o ther  hand f o r  l i q u i d  

i n j e c t i o n ,  the  dependency of t h e  s o l u t i o n  on the  i n j e c t a n t  thermodynamic 
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proper t ies  i n  t h e  neighborhood of t h e  phase change precludes such a 

genera l ized  t reatment .  Nevertheless  t h e  behavior is  t h e  same a s  f o r  

i d e a l  gases  when a  small  p o r t i o n  of t h e  flow i n  the m a t r i s  is i n  t h e  

vapor phase. Therefore,  a s  long a s  t h e  phase change is no t  allowed 

to a s c u r  w i t h i n  t h e  matrix the  f l w  u i l l  be s t a b l e .  

The behavior  of t h e  coupled problem was a l s o  i n v e s t i g a t e d  using 

o ther  l e s s  a c c u r a t e  func t ions  of the  h e a t  blocking c o r r e l a t i o n .  

The r e s u l t s  of  t h i s  i n v e s t i g a t i o n  se rved  t o  i l l u s t r a t e  the dependency 

of the  coupled problem on t h e  blocking c o r r a l a t i o n .  Theso a r e  i l l u s -  

t r a t e d  i n  F i g u r e  11, The p r i n c i p a l  conclusion d r a m  is t h a t  t h e  g ross  

behavior of  t h e  couple problem remains unchanged. On the  o t h e r  hand, 

the c r i t i c a l  mass in jec t io l r  r a t e  is s h i f t e d  sometchat and hence i t  can 

bc apprec ia ted  t h a t  the ~ c c u r a c y  of  the  blocking c o r r e l a t i o n  p lays  an 

important pai: i n  eva lua t lng  t h e  c r i t i c a l  opera t ing  po in t  of the  

coupled problem. 

5.4 i l a t r i s  Design Optimization 

The optimum t r a n s p i r a t i o n  cooled h e a t  s h i o l d  m a t r i s  design f o r  a  

s e l e c t e d  r e e n t r y  mission is  by  d e f i n i t i o n  a  conf igura t ion  which uil!. 

provide p o s i t i v e  in jec t in r?  c o n t r o l  and tha rainiwuar coolant  ( i n j e c t a n t ]  

time i n t e g r a t e d  expenditure.  I d e a l l y ,  thtl abso lu te  minimum coolan t  

expenditure corresponds to a  condi t ion  when the m a t r i s  c u t e r  s u r f a c e  

temperzture is unifolm and equal  t o  t h e  n a t r i x  p a l t i n y  temperatura. 

However, i n  t h e  design of a  r e a l  h e a t  s !~ ie ld ,  t h i s  i d e a l i z e d  condi t ion  

can only ha approsimated d t  ona s e l e c t a d  time point  of the  reen t ry  

t r a j e c t o r y .  Even t l r ~ n ,  tlre mass i n j e c t i o n  s t d b i l i t y  requirements  

ueudlly p r e s c r i h e  r matrix maximum tamperature which f a l l s  fa1 belov 

tlra matr ix w l t l n g  tempardtura. Hence tlrd cidtrix configuration slrotrld 

ba o p t l a i r a d  d t  tile c r i t l c a l  peak I ~ a a t i n p  rdcn t ty  tima po in t .  Tn t \ r ia  

a a a s r r  tlre mat r ix  w i l l  be opera t ing  rraar i t s  o p t i n ~ w  design poin t  i n  

t11a c r i t i c d l  r q i o r \  of raantry encompaaailrg pedk Iradtiny, and pr..~k 

prdBSUW wherlv r l ~ e  coolant  ra tdo  of ~ r p d n d t t u r d  r r d  l a r g d e t .  n r l a  

opt i rnlrat lon c r i  tu r lon  w l l l  provltld tlld l e a u t  r ln~d Iritdjirated coolan t  

uxpeadl iurct. 

TI\@ upt lmlaa t io~r  procadiire f o r  ihd t r n n r p l r n l l o n  Ilddt r k l a l d  a i  a 

ualeciud tiw point o f  iha rontitry t r n ) e c t a r y  cn~r ba dotluced froin 

53  
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the  one d iusns iona l  dependent coupled problem exac t  a n a l y t i c a l  so lu-  

t ions .  I n  o rder  t o  minimize tile coolant  r a t e  of expenditure,  the  

o u t e r  s u r f a c e  temperature ( t h e  w a l l  temperature) must be u u i f o r a  and 

a s  l a r g e  a s  the i n j e c t i o n  s t a b i l i t y  and/or m a r r i s  mel t  temperature 

p m i t s .  This i s  accomplished when the d i w n s i o n l e s s  one din:cnsional 

dependent s o l u t i o n s  a r e  i d o n t i c a l  f o r  a l l  the s t reaml ines .  A con- 

d i t i o n  which a r i s e s  from the f a c t  t h a t  the  backiace chamber boundary 

condit ions a r e  cosplon t o  a l l  t h e  s t reani l ines .  Accordingly, the  

dimensionless mass i n j e c t i o n  6' , pressura drop k+, and the 

matr ix i lw s i o i l a r i t y  parameters a r e  th+ same f o r  a l l  the s t r c a a l i n e s .  

Hence the a a t r i s  t snpera ture  p r o f i l e s  a r e  s i m i l a r  p r o f i l e s .  Using 

previous a n a l y t i c a l  r e s u l t s  (equat ions 5-11,  5.17, 5.18, and 5.19) 

i c  f o l l c u s :  

- L *  ,UP 1 - - --  I t b l  gases 

r;,, , 41, p;, -1, 



where s t r e ~ r n w i s e  c o o r d i n a t e  (F igure  6) 

2 the  one dimensional  dependent s o l u t i o n  m a t r i x  thickrless  

S ince  t h e  v a r i a t i o n  of  the  a r e a  p o r o s i t y  P h a s  been found t o  be  s m a l l  

i n  t h e  t r a n s p i r a t i o n  cool ing  range of  a p p l i c a t i o n s  ( PCx) 5 0. i 0 ) , 
these  equa t ions  can be r e w r i t t e n  approximately as: 

where: * = 2 fo+ i d e a l  gas  i n j e c t i o n  

a = I f o r  i d e a l  l i q u i d  i n j e c t i o n  

K w =  x coord ina te  f o r  ~ C W  maximwn 

From these  express ions  i t  is ev iden t  t h a t  t h e  optimum h e a t  s h i e l d  

conf igura t ion  r e q u i r e s  t h a t  t h e  th ickness*  vary  i n v e r s e l y  p r o p o r t i o n a l  
-- -- 

*Note t h a t  t h e  thickness  7 is  t h e  one dimensional  dtrpendent e o l u t i o r ~  

matr ix th ickness .  



t o  t h e  zero mass i n j e c t i o n  h e a t  f l u x  t o  the  wal l .  The permeabi l i ty  

v a r i a t i o n  is  a  f u n c t i o n  of the  e x t e r n a l  p r e s s u r e  and t h e  backface 

chamber pressure.* For l a r g e  v a l u e s  of design pressure  r a t i o  4 * 

t h e  required permeabi l i ty  v a r i a t i o n  w i l l  be n e g l i g i b l e ,  

For  mat r ix  des igns  which d e v i a t e  from t h e  optimum des ign  c o n f i g u r a t i o n  

(e ,g.  : cons tan t  th ickness ,cons tan t  permeabi l i ty  , e t c )  , t h e  w a l l  tempe- 

r a t u r e  d i s t r i b u t i o n  on t h e  wal l  s u r f a c e  w i l l  vary.  For p o s i t i v e  

i n j e c t i o n  c o n t r o l ,  t h e  backface chamber p r e s s u r e  o r  i n l e t  p r e s s u r e  

must be s u f f i c i e n t l y  l a r g e  t o  provide adequate coo l ing  a t  a l l  s p a t i a l  

l o c a t i o n s  on t h e  w a l l  s u r f a c e ,  Under theee  condi t ions ,  only a t  one 

c r i t i c a l  s p a t i a l  l o c a t i o n  on t h e  w a l l  s u r f a c e  w i l l  t h e  mass i n j e c t i o n  

r a t e  be  a t  o r  near  t h e  minimum i n j e c t i o n  r a t e  corresponding t o  t h e  

c r i t i c a l  i n j e c t i o n  c o n t r o l  p o i n t ( s e e  F igure  7 and 8). Away from t h i s  

c r i t i c a l  l o c a t i o n ,  excess  coo lan t  i n j e c t i o n  o r  overcool ing w i l l  p r e v a i l .  

Th is  w i l l  r e s u l t  i n  an o v e r a l l  l a r g e r  coo lan t  expendi tu re  than ob ta ined  

f o r  t h e  optimum m a t r i x  design c o n f i g u r a t i o n .  For l i q u i d  c o o l a n t s ,  t h e  

mass v a p o r i z a t i o n  r a t e  of coo lan t  s p e c i e s  w i l l  be l e s s  t h a n  t h e  mass 

i n j e c t i o n  r a t e  a t  t h e  wal l  a t  a l l  s p a t i a l  l o c a t i o n s  away from t h e  

c r i t i c a l  l o c a t i o n  and a  t h i n  l i q u i d  f i l m  w i l l  appear  and wet t h e  w a l l .  

The presence of t h e  l i q u i d  f i l m  and i t s  e f f e c t  on t h e  e x t e r n a l  f low 

has  been neg lec ted  i n  t h e  a n a l v s i s ,  Never the less ,  w j t h  r e s p e c t  t o  t h e  

wall. mass i n j e c t i o n  r a t e  d i s t r i b u t i o n  and t h e  coo lan t  expendi tu re ,  t h e  

p r e s e n t  a n a l y s i s  provides v a l i d  s o l u t i o n s  s i n c e  away from t h e  c r i t i c a l  

l c c a t i o n  t h e  mass i n j e c t i o n  r a t e  through the  porous mat r ix  i s  governed 

by t h e  backface chamber p ressure  which is  determined from t h e  i n j e c t i o n  

requirements  a t  t h e  c r i t i c a l  l o c a t i o n .  

* The mat r ix  permeabi l i ty  is  assumed t o  vary i n  t h e  d i r e c t i o n  

p a r a l l e l  t o  t h e  w a l l  s u r f a c e  and c o n s t a n t  i n  t h e  d i r e c t i o n  normal 

t o  t h e  wal l .  



6. Thermodynamic and Transgort  P r o p e r t i e s  

For a b l a t i o n  and regenera t ive  cool ing c a l c u l a t i o n s ,  t h e  thermodynamic 

and t r a n s p o r t  p r o p e r t i e s  of spec ies  ( i . e . :  a i r ,  coo lan t ,  and a b l a t i o n  

products)  a r e  determined i n  the  fol lowing manner : 

1. Thermodynamic P r o p e r t i e s  

Thenodynamic proper  t i e s  are ob ta ined  from the  JANAF t a b l e s 2  and 

o t h e r  ~ o u r c e s * ~ '  Z59 26 and used i n  t h e  form of polynomial curve 

f i t s  t o  the  t abu la ted  data .  Constants  appropr ia te  t o  a  lower and 

an upper temperature range ( l e s s  o r  g r e a t e r  than 3000°K) a r e  de- 

termined by a  l e a s t  squares  curve- f i t  rou t ine .  The c u r v e - f i t s  a r e  

a s  fol lows with T i n  degrees Kelvin: 

Heat of Formation a t  298'K (CalIMole) 

Heat Capaci ty ( C a l / ~ o l e - D ~ ~ . K )  

Enthalpy (Cal/Mole) 

(6.03) 
Entropy (Cal/Mole-Deg.K) 

I 2. Transport  P r o p e r t i e s  

The v i s c o s i t i e s  and thermal c o n d u c t i v i t i e s  of the  pure components, 

and the  re fe rence  d i f f u s i o n  c o e f f i c i e n t  a r e  computed i n  t h e  manner 

recommended by Hi rschfe lder ,  ~-qrtiss, and ~ i r  3,  27 The Lenaard- 

Jones i n t e r a c t i o n  p o t e n t i a l  is r~ssumed and the required para- 

meters obtained from svehlaZ8 and i ~ o c h s t i r n . ~ ~  The mixture 



LC- 

v i s c o s i t y  i s  c a l c u l a t e d  f o l i o v i n g  t h e  method of wilke30 and t h e  

mixture thermal  conduc t iv i ty  according t o  Mason and Saxena. 3 1  

The multi-component binary d i f f u s i o n  c o e f f i c i e n t s  of s p e c i e s  

a r e  c a l c u l a t e d  according t o  t h e  b i f u r c a t i o n  approximationb 

where 

- 
a t h e  re fe rence  d i f f u s i o n  c o e f f i c i e n t  (= t h e  s e l f  

d i f f u s i o n  c o e f f i c i e n t  of molecular oxygen, a = 32) 

F*, F$ the  d i f f u g i o o  f a c t o r s  of s p e c i e s  1 end 1. 



CONCLUSIONS 

The development of a n a l y t i c a l  models and numerical  s o l u t i o n  procedures 

f o r  determining the performance of th ree  lead ing  thermal p r o t e c t i o n  de- 

s i g n  concepts f o r  a p p l i c a t i o n  t o  t h e  space s h u t t l e  e n t r y  missions has  been 

presented.  The range of a p p l i c a b i l i t y  and t h e  l i m i t a t i o n s  of the  a n a l y s i s  

f o r  each design concept a r e  a s  follows: 

1 )  Radiat ive and Ablat ive Systems 

The accuracy of t h e  s o l u t i o n s  f o r  a b l a t i v e  and r a d i a t i v e  hea t  s h i e l d  

design concepts is  dependent on the fol lowing f a c t o r s :  ( i )  t h e  a v a i l -  

a b i l i t y  of empi r ica l  and r e l i a b l e  t e s t  d a t a  f o r  the r e a c t i o n  r a t e  

l i m i t e d  oxidat ion regirie i n  the a p p r o p r i a t e  range of a p p l i c a t i o n s  of 

temperature,  p r e s s u r e ,  and t h e  ox id iz ing  atmosphere elemental  composi- 

t i o n ,  and ( i i )  t h e  a v a i l a b i l i t y  of a c c u r a t e  thenochemica l  d a t a  f o r  -11 

molecular spec ies  which e n t e r  i n t o  t h e  chemical reac t ions  a t  the w a l l  

i n t e r f a c e  and a t  the  boundary l a y e r  flow. 

2 )  Regenerative Cooled Systems 

The use of rocket  p r o p e l l a n t s  such a s  gaseous hydrogen and oxygen a s  

coo lan ts  which a r e  r e a d i l y  a v a i l a b l e  i n  q u a n t i t y  aboard the  space 

s h u t t l e  i s  envisoned t o  be  the  determining f a c t o r  i n  t h e  s e l e c t i o n  

of coo lan ts .  I n  t h i s  c a s e ,  accura te  thermal  p ro tec t ion  s o l u t i o n s  can 

be  o b t n i n ~ d  only i f  complete and accura te  information on t h e  thermo- 

dynamic 2nd t ranspor t  p r o p e r t i e s  of coo lan ts  a t  very lcw and e leva ted  

temperatures a r e  used i n  the numerical s o l u t i o n  procedures. 

3) Transp i ra t ion  Cooling Systems 

The ca lcu la t ion  of the  coo lan t  flow r a t e s  through the  porous wing 

lead ing  edge sk in  which a r e  required t o  provide adequate thermal 

p r o t e c t i o n  is  based on t h e  flow c o n t r o l  injl:t.t.ion s t a b i l i t y  re-  

quirements. For t h e  space s h u t t l e  e n t r y  missions which a r e  considered 

i n  t h i s  s t u d y ,  t h e  ze ro  mass i n j e c t i o n  convect ive hea t ing  t o  the ex- 

posed wing sur face  is  many times smaller  than f o r  o ther  e n t r y  veh ic le  

a p p l i c a t i o n s  f o r  which t r a n s p i r a t i o n  cool ing systems have been in- 

v e s t i g a t e d .  l 7  Under t h e s e  condl t ions ,  t h e  major p a r t  of t h e  convect ive 

hea t ing  i s  blocked by t h e  mass i n j e c t i o n  e f f e c t s  and the  remainder, 



which is  very smal l ,  i s  conducted i n t o  the  h e a t  s h i e l d .  The amount of 

h e a t  blocked ranges from 96% t o  % 100% f o r  r e p r e s e n t a t i v e  space s h u t t l e  

e n t r y  t r a j e c t o r i e s .  32  For t h i s  range of a p p l i c a t i o n s ,  t h e  h e a t  and mass 

t r a n s f e r  c o r r e l a t i o n s  on which the  a n a l y s i s  of the  h e a t  blocking e f -  

f e c t s  a r e  based do not  provide accura te  p r e d i c t i o n s .  As a d i r e c t  

r e s u l t ,  the magnitudes of the  ca lcu la ted  mass i n j e c t i o n  r a t e s  although 

very smal l  r e l a t i v e  t o  the  f low i n  t h e  porous mat r ix  ( i . e . ,  the lead-  

i n g  edge sk in)  a r e  considered s u f f i c i e n t l y  l a r g e  t o  cause the separ? -  

t i o n  of the flow over t h e  wing. Therefore,  t h e  mass i n j e c t i o n  r a t e s  

and the spa t ia l - t ime  i n t e g r a t e d  coolant  expenditure p red ic t ions  using 

t h e  presen t  a n a l y t i c a l  procedure a r e  considered t o  be very conserva t ive .  

To improve the  ana lys i s  more accura te  hea t  and mass t r a n s f e r  cor re la -  

t i o n s  i n  t h i s  range of a p p l i c a t i o n s  should be  developed. Furthermore, 

i t  should be noted t h a t  t h e  coo lan t  thermodynamic and t ranspor t  p r o p e r t i e s  

f o r  the flow i n  t h e  porous m a t r i x  were assumed t o  correspond t o  t h a t  of 

an i d e a l  gas o r  im i d e a l  l i q u i d  ( i . e . ,  incompressible) .  Another f a c t o r  

which was omitted i n  the a n a l y s i s  i s  the coupling which e x i s t s  between 

e n t r y  veh ic le  dynamics and t h e  mass i n j e c t i o n  e f f e c t s . *  This coupling 

which i s  genera l ly  neglected f o r  a b l a t i v e  systems may prove t o  have a 

s i g n i f i c a n t  e f f e c t  on the  performance of ttie i n t e g r a t e d  t r a n s p i r a t i o n  

cooled veh ic le .  

4) Discont inu i t i es  

In t h e  a n a l y t i c a l  t reatments  p resen ted ,  no prov is ions  were made f o r  

determining the  e f f e c t s  of d i s c o n t i n u i t i e s  i n  the  h e a t  s h i e l d  design.  

Such d i s c o n t i n u i t i e s  would a r i s e  as  a  r e s u l t  of us ing  a  s t e p  change 

i n  h e a t  s h i e l d  mate r ia l s  f o r  a b l a t o r s  o r  s t e p  changes i n  the mass in-  

j e c t i o n  r a t e s  f o r  t r a n s p i r a t i o n  cooled heat  s h i e l d s .  This l i m i t a t i o n  

r e s u l t s  from the use of hea t  and mass t r a n s f e r  c o r r e l a t i o n s  f o r  p red ic t -  

ing  the  boundary l a y e r  mass and energy f luxes  t o  the  wall which a r e  

based on the a n a l y s i s  of s i m i l a r  s o l u t i o n s  f o r  the  s tagna t ion  region.  

(Step changes i n  the wal l  temperature o r  the mass i n j e c t i o n  r a t e  a r e  

no t  permitted .) 

*Large reduct ions i n  the heat  t r a n s f e r  r a t e  due t o  mass i n j e c t i o n  ( t h e  
heat  blocking e f f e c t s )  a r e  accompanied by comparable reduc t ions  of the s k i n  
f r i c t i o n  o r  f r i c t i o n  drag.  



The e f f e c t i v e n e s s  of the  a n a l y t i c a l  s o l u t i o n  procedures i s  dependent on the  

accuracy i n  which t h e  a n a l y t i c a l  models por t ray  t h e  r e a l  problem s i t u a t i o n s ,  

On t h i s  b a s i s ,  a n  eva lua t ion  of t h e  s o l u t i o n  procedures developed fcr t h e  

p resen t  s tudy h a s  l e d  t o  t h e  fol lowing conclusions: (i) t h e  r a d i a t i v e  and 

a b l a t i v e  systems s o l u t i o n  procedure is considered t o  be t h e  most accura te  

and r e l i a b l e  procedure,  ( i i )  t h e  s o l u t i o n  procedure f o r  t h e  r e g e n e r a t i v e  

cooled systems is  near ly  equ iva len t  t o  the  procedure f o r  t h e  r a d i a t i v e  

and a b l a t i v e  systems,  and, ( i i i )  t h e  s o l u t i o n  procedure f o r  t h e  t r a n s p i r a t i o n  

cooled systems, although the  l e a s t  accura te ,  provides conserva t ive  pre- 

d i c t i o n s  on t h e  coo lan t  expenditure and an accura te  p o r t r a y a l  of t h e  gross  

behavior of t h e  r e a l  problem. 
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