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ABSTRACT 
- 5  %4 

\ ?  

The Couette f low model was used t o  s tudy  r a d i a t i o n  i n t e r a c t i o n  

effects i n  high-speed flow with mass t r a n s f e r  cooling. The par- 

t i c u l a r  case  s tud ied  i n  de ta i l  corresponds t o  t h e  equi l ibr ium o r  

recovery wall temperature condi t ion  wherein t h e  convection t o  t h e  

w a l l  is balanced by t h e  n e t  r a d i a t i o n  away from t h e  wall. The 

recovery temperature and corresponding temperature p r o f i l e s  are  

determined for a wide range of t h e  r a d i a t i o n  I n t e r a c t i o n  parmet 

the m s s  t r a n s f e r  rate, and t h e  o p t i c a l  t h i ckness  f o r  representa 

0 

values of the Ekkert and Prandtl numbers. The r e s u l t s  from t h e  

optically thin and t h i ck  approximations are also ompared t o  

t h o s e  obtained from t h e  more exact analysis. 

The r e l a t k v e l y  s imple  approach of  superpos i t ion  ( l . e . ,  adding 

t h e  heat t r a n s f e r  f o r  t h e  pure r a d i a t i o n  case t o  t h a t  f o r  t h e  pure 

convection case)  I s  examined. It i s  shown t h a t  t h i s  procedure not  

only p r e d i c t s  t h e  equi l ibr lum wall temperature w i t h  reasonable  

accuracy but also p r e d i c t s  t h e  t o t a l  heat t r a n s f e r  under condi t ions  

where t h e  wall i s  a t  a temperature d i f f e r i n g  from t h e  recovery 

condl t lon .  f i  , - H , L U  c 
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INTRODUCTION 

The problem of pro tec t ing  t h e  su r f aces  of high-speed veh ic l e s  

from f r i c t iona l  hea t ing  has received considerable  a t t e n t i o n  i n  t h e  

last decade. 

heating has been s tud ied  by many i n v e s t i g a t o r s .  

of t h e  earlier a n a l y t i c a l  work on laminar boundary l a y e r s  i s  given 

i n  r e fe rence  (1). 

absorbing and s c a t t e r i n g  radiation has also received a great deal 

of a t t e n t i o n .  Besides formulatirig specific examples, r e fe rences  

(2), (3) an8 ( 4 )  p re sen t  exce l len t  reviews of previous work i n  

t h e  f i e l d  of r a d i a t i o n  energy t r anspor t .  To date,  t h e  i n t e r a c t i o n  

of r a d i a t i o n  w i t h  t h e  o ther  modes of heat transfer i n  mass t r a n s f e r  

k s s  t r a n s f e r  cooling as a meana t o  reduce lsurface 

A review of some 

Heat t r a n s f e r  i n  media capable csf emi t t ing ,  

cooling; situations, o r  a l t e r n a t e l y ,  t h e  in f luence  of mass t r a n s f e r  

i n  problems dea l ing  w i t h  r a d i a t i o n  I n t e r a c t i o n  has not been 

examined in great detail. However, as demonstrated in references 

(5) and (6) , t h e  coupling o f  the two processes can be of d e f l n l t e  

Importance i n  high-speed f l i g h t .  

report presen t s  8 study o f  the temperature d i s t r l b u t z o n  

under recovery conditions'  I n  high-speed laminar Couette flow of 

an absorbing-emitting gas w i t h  surface msa t r a n s f e r .  

conservat ion equat ions are s impl i f ied  by t h e  assumption t h a t  t h e  

p r o p e r t i e s  of t h e  main stream and the  coolan t  are Identical and 

constant .  N o t  on ly  i s  lt assumed t h a t  the p r o p e r t i e s  are 

The governing 

'The equi l ibr ium w a l l  temperature (recovery temperature) I s  def ined  
as t h e  temperature of t h e  wall when t h e  convection to the w a l l  1s 
balanced by t h e  net r a d i a t i o n  away from t h e  wall. 
differs from t h e  normal recovery condition without r a d i a t i o n  
wherein t h e  tempePature g m d i e n t  a t  the wall Ie Z e n .  

This d e f i n i t i m  
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independent of temperature but also t h a t  t h e  absorp t ion  c o e f f i c i e n t  

i s  independent of wavelength. The i n f luence  of mass t r a n s f e r  

rate and r a d i a t i o n  i n t e r a c t i o n  on t h e  equi l ibr ium wall temperature 

iss tudied f o r  va lues  of t h e  opt ical  th ickness  ranging from 

o p t i c a l l y  t h i n  t o  o p t i c a l l y  t h i c k  gas layers. The r a d i a t i o n  

I n t e r a c t i o n  parameter which governs t h e  r e l a t i v e  role of  r a d i a t i o n  

i s  v a r i e d  from pure r a d i a t i o n  t o  pure convection. Numerkcal 

r e s u l t s  are presented f o r  black walls and f o r  r e p r e s e n t a t i v e  

va lues  of t h e  Eckert and Prandt l  numbers. Since t h e  Couette 

flow model used here s t i l l  r e t a i n s  many of t h e  e s s e n t i a l  f e a t u r e s  

of t h e  related boundary-layer problem, it I s  expected t h a t  t h e  

present  r e s u l t s  will se rve  as a guide t o  predict  r ad ia t ion -  

i n t e r a c t i o n  effects i n  t h e  more r e a l i s t i c  s i t u a t i o n .  

Due t o  t h e  complexity of problems Involving t h e  i n t e r a c t i o n  

of r a d i a t i o n  with conduction and convection, -.I__ it would be advan- - -_ _--__I_--- ~ . - - I. 

tageous t o  have a s i m p l i f i e d  technique t o  p red ic t  su r f ace  heat 

t r a n s f e r .  

i s  a poss ib l e  technique. This method assumes t h a t  t h e  to ta l  

The method of superpos i t ion  proposed by Elns t e ln  ( 7 )  
--.---------- _ _  I 

heat t r a n s f e r  a t  a su r face  can be obtained from t h e  sum of t h e  

pure r a d i a t i o n  and pure conduction a t  t h e  su r face  neglec t lng  t h e  

I n t e r a c t i o n  of  t h e  r a d i a t i o n  wi th  t h e  o t h e r  modes of heat t r a n s f e r .  

The method has  proven t o  be successfu l  i n  p red ic t ing  t h e  t o t a l  

heat t r a n s f e r  in an  absorbing-emitt ing medium between i n f i n i t e  

parallel  plates w i t h  black su r faces  ( 2 ) .  Recovery temperatures 

obtained f r o m  t h e  p r i n c i p l e  of auperposi t ion are compared t o  t h e  
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more exact r e s u l t s  presented In t h i s  report. I n  add i t ion ,  t h e  

to ta l  heat transfer r e s u l t s  presented i n  r e fe rence  ( 5 )  are  com- 

pared t o  va lues  predicted by superposi t ion.  

THEORY 

Qoverning Equ a t i o n s  The Couette f l o w  model w i t h  i t s  boundary 

layer counterpar t  i s  i l l u s t r a t e d  i n  Figure 1. 

t h e  flow i s  steady and laminar w i t h  viscous d i s s i p a t i o n .  

of t h e  one-dimensional Couette model are black and t h e  absorbing- 

emi t t i ng  medium i s  a non-scat ter ing d i f f u s e  gas w i t h  an index of 

r e f r a c t i o n  of one. It i s  f u r t h e r  assuaed t h a t  t h e  physical  pro- 

per t ies  of t h e  main stream gas and t h e  i n j e c t e d  gas are ident ica l  

It is  assumed t h a t  

The walls 

and cons tan t ;  t h e  absorp t ion  c o e f f i c i e n t  is taken t o  be independent 

of temperature,  concent ra t ion  and wavelength. 

n?e energy t r a n s p o r t  processes are governed by t h e  energy 

conservat lon p r i n c i p l e  which f o r  t h e  present  s i t u a t i o n *  can be 

expressed 8s 

where qr i s  t h e  r a d i a t i v e  h e a t  flux i n  t h e  y-d i rec t ion .  

i n t o  account t h e  previous assumptions, t h e  radiative heat f l u x  

can be expressed as (2) 

Taking 

*The d e r i v a t i o n  of equatlon (1) i s  
parameters F) and N are based on T 
a re  based on T,. Here, t h e  Ecker! 

given i n  re ference  ( 5  . The 
whereas i n  r e fe rence  5) t h e y  
number i s  equal t o  u$/cpiT,. 

t 



where 8, i s  t h e  dimensionless wall temperature at 7 = 0. Differ- 

ent la t lng  t b l s  expression with respect T~ one obtains 

Equations (1) and (3) coupled uith a boundary condit ion at 1 
each wall describes the  energy transport process. 

boundary condit ions are e = 1.0 at  f = f0 and q = 0 at  T = 0 where 

q i s  t h e  sum of t h e  rad ia t ive  and convective heat fluxes. 

latter condi t ion Is given by 

Tbe imposed 

h a s  

I h e  first term in equatlon (4) is t h e  dimensionless convective 
heat flux q,/aT, 4 t o  the wall and t h e  remaining terms represent 

t h e  ne t  radiat ive  h e a t  f lux q+T, 4 away from t h e  wall. In l i g h t  

of equation (4),  t h e  dimensionless temperature Bw appearing in 

equations (2), ( 3 )  and ( 4 )  i s  t h e  equil ibrium temperature of the 

wall 

It is convenient to tranaform equations (1) and (3)  into an 

integral  equation by integrating twice with respect  to  from o 

t o  T.  U t l l l z l n g  t h e  condit ions,  8 = 1 at T = T~ and e = ow a t  

T = 0, t h i s  lntegrat lon yields 
! 
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7 
- e  2Re T / T ~  T + 1 ]  +t PrRe f I B( t )d t  - Jro 0 ( t ) d t ]  

0 0 0  0 0  
T 

7 1  I ( 5 )  

Using t h e  expression for F) obta ined  f rom equat ion (5) , t h e  

boundary condi t ion  f o r  t h e  equilibrium w a l l  temperature 0w is 

given by 

W 

7 I 

- 2 *J f2 N RePr 7 0 O(t) + e 4 ( t ) $ ( t )  - ? I l ( t ) E j ( ~ ~ - t ) ] d t \  ( 6 )  

Equations (5) and (6)  were solved numerically on an IE3M 1620 I1 

d i g i t a l  computer using an i t e r a t i v e  scheme. 

cedure was repeated u n t i l  t h e  successive approximations for 8 

were wlth ln  0.0001. 

The numerical pro- 
* 

To obtain convergence for small values of N 

it was necessary t o  augment t h e  normal procedure by w e i g h t i n g  

each new i t e r a t i o n  close t o  t h e  previous one. The exponent ia l  

i n t e g r a l  func t ions  %(T)  were t aken  from (8). 

Approximate Equations When t h e  o p t i c a l  th ickness  I s  very 

small ( T ~  << I), t h e  expresslons given by equations (3) and (4 )  

can be s i m p l i f i e d  by assuming t h a t  each gas element exchanges 

r a d i a t i o n  d i r e c t l y  w i t h  t h e  bounding walls and no a t t e n u a t l o n  

takes place i n  t h e  Intervening gas l aye r s .  Under t h e  negligible 

se l f - abso rp t ion  assumption, equations (3) and ( 4 )  take the form (2) 



U s i n g  equat ions (7) and (8) and t h e  boundary conGItion 8 = 1 

a t  T = toy equat ion (1) was solved numerically by an I t e r a t i v e  

forward i n t e g r a t i o n  procedure. 

i n t e g r a l  i n  equat ion (8) i t  became Inc reas ing ly  more d i f f i c u l t  

t o  o b t a i n  a s o l u t i o n  as N was decreased. 

Due t o  t h e  i n f luence  of  t h e  

When t h e  optical thickness is very large ( T ~  >> l), equat ions 

( 3 )  and (4) can again  be s i m p l i f i e d .  Through t h e  use  o f  t h e  d i f -  

f u s i o n  approximation f o r  t h e  radiat ive heat f l u x  

equat ion (1) takes t h e  form 

4 
q r  4 d0 = - - - 

3 d7 

The boundary c o r d i t i o n s  now reduce t o  6 = 1 at T = to and 
d e  
-) 

recovery condi t ion  wherein t h e  t o t a l  heat flux a t  t h e  wall ri = 

= 0 a t  T = 0.  The l a t te r  boundary cond i t ion  i s  just t h e  
q W  dT w 

- (4N++,) l6 de 1 s-set  equal t o  zero. uTs W 

The ao lu t ion  of equation (9) was obtained numerically by 

forward i n t e g r a t i o n .  I n  t h e  absence of mas8 transfer, equation 

(9) can be i n t e g r a t e d  exac t ly  t o  y i e ld  a fou r th  order  a l g e b r a i c  

equat ion for  Ow. 
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values  of o p t i c a l  th ickness  and for selected values  of N/T~. 

To s impl i fy  t h e  c a l c u l a t i o n s ,  t h e  t h i n  and t h i c k  approximations 

were used t o  c a l c u l a t e  t h e  resul ts  f o r  io = 0.1 and 10.0, 

r e spec t ive ly .  On t h e  basis of t h e  comparisons given i n  Table 1, 

it i s  expected t h a t  t h e  approximate analyses will y i e l d  accu ra t e  

estimates of t h e  equi l ibr ium wall temperature.  The r e s u l t s  f o r  

T = 1.0 were obtained from equations ( 5 )  and (6).  
0 

As t h e  r o l e  of r a d i a t i o n  inc reases  f o r  a fixed T ~ ,  Figure 6 

shows t h a t  mass t r a n s f e r  becomes inc reas ing ly  l e r s  e f f e c t i v e  as 

a means t o  reduce t h e  equilibrium w a l l  temperature.  Inspect ion 

of Figure 6 a l s o  Ind ica t e s  t h a t  except i n  t h e  case o f  pure 

r a d i a t l o n ,  N/T~ = 0, t h e  equilibrium w a l l  temperature decreases 

w i t h  an i n c r e a s e  I n  mass transfer rate. 

l a y e r  without r a d i a t i o n  shows t h e  same t r end  f o r  Prandt l  numbers 

less than  one. It was pointed out I n  (5) t h a t  t h e  ma98 t r a n s f e r  

ra te  h a s  l l t t l e  in f luence  on t h e  r a d i a t i v e  heat flux except i n  

t h e  case of  T~ = 10.0. 

t h e  r a d i a t i o n  and t h e  convection are  not h igh ly  coupled, t h e  

reduct ion  of t h e  equi l ibr ium wall temperature wi th  an Increase  

i n  blowing Is due mainly t o  t h e  decrease In convection. In 

general t h e  decreaae i n  the equi l ibr ium wall temperature with an 

i n c r e a s e  i n  blowing rate I s  most pronounced f o r  f o  = 0.1. 

t i o n  of Figure 2 ,  3 and 4 reveals t h a t  a t  fixed values  o f  N/T- 

h e  lamlnar boundary 

Thus i n  t h e  T~ = 0.1 and 1.0 cases where 

Inspec- 

U 

% 4N ds t h e  dimensionless convective heat  t r a n s f e r  7 = - - -) is 
T o  w 

dTEl 0 
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largest f o r  an o p t i c a l  th ickness  of' 0.1. 

very effectlve i n  reducing the  convective h e a t  t r a n s f e r ,  i t s  

i n f l u e n c e  on t h e  equi l ibr ium wall temperature for this case  i s  

Since mass t r a n s f e r  I s  

no t  surprising. 

For T = 10.0, t h e  r a d i a t i o n  and t h e  convection are h igh ly  0 
I coupled and t h e  energy t r a n s p o r t  I s  a d i f f u s i v e  process.  

fore the v a r i a t i o n  of %, w i t h  blowing rate I s  q u i t e  similar t o  

that  f o r  pure convection. Inspect ion of Figure 4 also reveals 

t h a t  t h e  temperature prof i l e s  for d i f f e r e n t  values of N/T~ are 

q u i t e  sirnllar i n  shape t o  t h e  pure convection case.  

There- 

I 

Superposl t lon The method of  superpos i t ion  i s  a simplified 

technique f o r  t h e  c a l c u l a t i o n  of t h e  to ta l  heat transfer t o  

surfaces in t h e  presence of r a d i a t l o n  I n t e r a c t i o n .  This procedure 

assumes that  t h e  to ta l  heat t r a n s f e r  can be ca l cu la t ed  from t h e  

sum o f  t h e  r a d i a t i o n  and conduction a t  a su r face  ignoring t h e  

effects  of  r a d i a t i o n  In t e rac t ion .  Reaaonable results have been 

obtained In t h e  past f o r  t h e  Couette f low model without dissipa- 

t i o n  OF mass transfer ( 2 ) .  

and d l s s i p a t l o n  are Included. The equat ions  which are necessary 

f o r  t h e  calculations are given i n  t h e  Appen'dix. 

Here the e f f e c t s  of mass t r a n s f e r  

The equi l ibr ium w a l l  temperatures obtained from superpos i t ion  

are compared In Table 1 t o  t h e  r e s u l t s  of t h e  more exact a n a l y s i s  

f o r  one mass t r a n s f e r  ra te  R e  = 2.0. Close Inspec t ion  of Table 1 

r e v e a l s  t h a t  the approxlmate method g i v e s  an exce l l en t  p red ic t ion  
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of t h e  equl l ibr lum wall temgerature f o r  t h e  cases  examined. 

t o t a l  hea t  t r a n s f e r  r e s u l t s  given in (5) f o r  wall temperatures 

d i f f e r i n g  from the equl l ibr lwn wall temperature a re  compared i n  

T a b l e  2 t o  t h e  r e s u l t s  predicted from superpos i t ion .  

t h e  agreement Is  q u i t e  StitlSfactOry cons lder ing  t h e  s i m p l i c i t y  

of the approximate analysis. 

f o r  t h e  smallest  value of f0  where t h e  r a d i a t i v e  and convective 

t r a n s p o r t  processes  are not h i g h l y  coupled. Thls should be 

expected s i n c e  i n  t h e  l i m i t  as T~ goes t o  zero t h e  supe rpos i t i on  

procedure becomes exac t .  

l n f l n l t y ,  t h e  approximate a n a l y s i s  does not correspond t o  t h e  

exact so lu t ion .  S ince  t h e  approximate a n a l y s l s  Is also exact  

a t  t h e  l l m i t i n g  caaes  of pure r a d l a t l o n  and pure convection, t h e  

largest d i sc repanc ie s  occur for In te rmedia te  va lues  of N/T~. 

The 

I n  genera l  

C l e a r l y  t h e  agreement is e x c e l l e n t  

I n  t h e  o t h e r  l i m i t  as T~ goes t o  

e 

The r e s u l t s  seem t o  i n d i c a t e  t h a t  t h e  method of supe rpos i t f an  

2s a meaninghrl t o o l  for t h e  es t imat ion  of t o t a l  heat t r a n s f e r  

a t  su r faces  in t h e  presence of r a d i a t l o n . 1 n t e r a c t I o n .  However, 

t h e  method has o n l y  been examined under a set of  r e s t r i c t i v e  

assumptions. It has been shown i n  (2), f o r  example, that sub- 

s t a n t l a l  e r r o r s  arise through t h e  u s e  of t h e  method t o  predict  

t h e  t o t a l  heat transfer for combined conduction and r a d i a t i o n  

between i n f i n i t e  pa ra l l e l  p l a t e s  w i t h  g r e y  su r faces .  Thus, t h e  

method may not  be a p p l l c a b l e  t o  cases where t h e  s u r f a c e s  have 

low e m i s s i v i t i e s .  It must be mentioned t h a t  t h e  supe rpos i t i on  

method i s  only a p p l i c a b l e  f o r  t h e  p r e d i c t i o n  of t h e  t o t a l  heat 
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I t r a n s f e r .  The separate r a d i a t i v e  and conductive heat f l u x e s  
I 

I obtained f r o m  approximate a n a l y s i s  d i f f e r  s u b s t a n t i a l l y  from t h e  
I 

I 1 more exact  components except l n  t h e  l i m i t i n g  cases  of  pure 

r a d i a t i o n  and pure convection. 

CONCLUDIHQ REXARKS 

The r e s u l t s  of t h e  a n a l y s i s  of high-speed Couette flow w i t h  

r a d i a t i o n  i n t e r a c t i o n  suggest t h a t  t h e  wall temperature under re- 

covery condi t ions  is only  moderately s e n s i t i v e  t o  t h e  mass t r a n s f e r  

r a t e  and t h e  op t i ca l  t h i ckness  o f  t h e  gas l aye r .  On t h e  o the r  hand,  

t h e  dimensionless equi l ibr ium wall temperature is s t r o n g l y  dependent 

on t h e  r e l a t i v e  magnitude of t h e  r a d i a t i o n  p a r t i c i p a t i o n .  As one 

would expect ,  mass t r a n s f e r  becomes more e f f e c t i v e  as t h e  r o l e  of 

convection Increases .  
4 

The method o f  superpos i t ion  h a s  been examined and found t o  

g i v e  r e s u l t s  wi th in  engineering accuracy f o r  t h e  equl l ibr lum wall 

temperature and t h e  t o t a l  heat t r a n s f e r  under condi t ions  d i f fe r ing  

from t h e  recovery condi t ion.  The success observed he re  lends  

f u r t h e r  support  t o  t h i s  s i m p l i f i e d  approach as a t o o l  for t h e  

c a l c u l a t i o n  of t h e  t o t a l  heat  t r a n s f e r  i n  r a d i a t i o n  i n t e r a c t i o n  

s i t u a t i o n s .  As pointed out  i n  t h e  t e x t ,  t h e  method needs fur ther  

examination i n  s i t u a t i o n s  involving walls of  l o w  e m i s s i v i t i e s .  
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NOMENCLATURE 

a = absorp t ion  c o e f f i c i e n t  

c = specif ic  hea t  a t  constant  pressure  

e = black-body emlsslve power, aT 
P 

4 

E = Eckert  number, ue/cpiTs 2 

En = exponent ia l  i n t e g r a l ,  %(T)  = f 1 t n-Ze-T/t d t  
0 

k = thermal conduct iv i ty  
N = dimensionless radiation i n t e r a c t i o n  p a r a m e t e r ,  ka/40Ts 3 

P r  = PPandtl number ,  G C  /k 

q = h e a t  f l u x  rate 
Pi 

Re = blawlng Reynolds number o r  dimensionless -8s t r a n s f e r  rate,  

o v h / S  

t = dummy v a r i a b l e  of i n t e g r a t i o n  

T = a b s o l u t e  temperature  

u = v e l o c i t y  component In x-di rec t ion  

v = v e l o c i t y  component In y-d i r ec t lon  

x = d i z t a n c e  along su r face  

y = d i s t a n c e  perpendicular  t o  su r face  

8 = plate  spacing 

9 = dimensionless temperature TAs 

il. = dynamic viscos i ty  

3 = d e n s i t y  

0 = Stefan-Boltzmann constant  

T = o p t i c a l  d i s t ance ,  ay 

T = o p t i c a l  d i s t ance ,  a6 0 



Subscripts 

c = convection 

- 15 - 

I = Injected gas 

r = radiation 

8 =wall at y =  g 

w = wall at y = 0 

( ),,, = refers to the case of no radiation, N = 00 
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APPENDIX 

Governing Equations f o r  Superposi t ion The expression f o r  

t h e  heat t r a n s f e r  a t  y = 0 f o r  Couette f l o w  w i t h  su r f ace  mass 

t r a n s f e r  and d i s s i p a t i o n  i n  t h e  absence of r a d i a t i o n  i s  given by 



where 
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Equation (10) was obtained from r e s u l t s  g,ven in (9) .  

equataon (10) includes t h e  parameter -* t h i s  by no means implies 

t h a t  the convect ive heat t r a n s f e r  depends on r a d i a t i o n  I n t e r a c t i o n ;  
N t h e  factor 7 1s independent of  t h e  absorp t ion  c o e f f i c i e n t .  

dimensionless temperature Ow can r e f e r  t o  e i t h e r  t h e  wall tempera- 

t u r e  under recovery condi t ions o r  t h e  w a l l  temperature under non- 

Although 
N 
?O 

The 
0 

recovery condi t ions  depending on t h e  s i t u a t i o n .  

The r a d i a t i v e  h e a t  t r a n s f e r  a t  t h e  w a l l  y = 0 f o r  t h e  cage of 

i n f i n i t e  parallel black plates i n  t h e  absence o f  conduction.and 

convection can be expressed a8 (2) 

T4(t)-T: 
where  d ( t )  = . "he expressloll appearing in t h e  brackets  

In equat ion (11) i s  t abu la t ed  i n  (2)  as  a func t ion  of T ~ .  

Equations (10) and (11) represent  t h e  s epa ra t e  heat  f l u x e s  

for pure convection and pure r a d i a t i o n  for t h e  Couette flow model 

s tud ied  I n  this repor t .  According t o  t h e  method of superpos i t ion  

t h e  t o t a l  heat t r a n s f e r  a t  t h e  su r f ace  i n  t h e  presence of r a d i a t i o n  

interaction i s  given by 
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* 

Equations (10) (11) and (12) were used t o  calculate  t h e  

approximate equilibriun wall  temperatures appearing In Table  1 

and the  approxiraate t o t a l  heat transfer r e s u l t s  given in Table 2. 

The equilibrium wall temperatures were obtained by setting q = 0 

i n  equation (12) and solvfng t h e  resul t ing  algebraic equation 

for en. 



‘ .  i 

7 0 

0.1 
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1 
”* *w Qw(aPProx) 

1 

0 1.00 (1.00) 1.00 
1 2.09 1.98 

3.29 j!;q 7-52 
5.27 1 10 3.35 

100 5-  27 
1 , 000 7.51 
10,000 8.81 0.82 

Table 1 

Equilibrium Wall Temperature Results for Re = 2.0, E = 27.4 and 

Pr = 0.7 where (eW)- = 9-12. 

Thin ( v O  = 0.1) and Thick ( T *  = 10.0) Analyses. 

Numbers in Parenthesis Refer to the 

e,(approx) refers 

to Superposition 

1.0 0 
1 
10 
100 

1,000 

13.0 0 
0.01 
0.10 
1.00 
10.0 
100 

1,000 
I 

1 
1.00 1.00 
2.41 2.21 
3- 82 5 6 7  
5.80 5.77 
7-09  7.93 

1.00 1.00 1.00 
1.28 1.23 
2.00 1.90 

3.37 3-31 3.17 
5.28 5.28 5.10 
7.44 7.43 7.37 
8.78 8-77 8.77 

I 
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0 
0.64 
6.4 

64 
640 

6400 

0 
0.64 
6.40 
64.0 
640 

Table 2 

23J 22 
168 

-381 
-5790 

-59800 

141 
138 

-507 
-5910 

68.6 

Comparison of the Total Heat Transfer Results Calculated by Super- 

p o s i t i o n  to the Non-Recovery Results of ( 5 )  f o r  Re = 2.0 and Pr = 0.7. 

I 

' T  0 
I 

0.1 

1.0 

10.0 

(a). ~ ( T = O )  = 4.0 and E = 27.4 where (q/aTS)- 4 = - 9 . 9  N/T* 

N/T0 %T:? ( 5 )  

0 -0.914 
0.00156 -0 941 

0.156 -1.81 
0,0156 -1.05 

1.56 -8 99 

0.00156 -0.582 
0.0156 -0.719 
0.156 -1.61 
1.56 43-93 

0 -0.109 
0.00156 -0.130 

0 -0.551 

0.1 

1.0 

0.0156 
0.156 

20- 0 

-0.220 
-0.992 

I I 

1 1 
1.00 
0.99 
1.03 
0.96 
0.99 
1.00 

1.00 
0.98 
1.18 
0.91 
0.99 

1-00 
1.01 

0.94 
0.70 

(b). e ( 7 = O )  = 0.25 and E = 6.86 where (a~cTs)m 4 = -5.10 N/T" 

1.00 
0.98 
0.95 
0.95 
0.g8 

1.00 
0.97 
0.88 
0.84 
0.95 

1.90 
0.90 
0.85 
0.91 
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T =  T S ,  u = us 
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