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Exper imen t s  and calculat ions have revealed  the c h a r a c t e r i s t i c s  of internal  cooling of a 
porous  pla te  by s t rong  injection during r a d i a t i v e - c o n v e c t i v e  heating. 

In many  power  devices  opera t ing on forced p r o c e s s  modes  (combustion c h a m b e r s ,  e l e c t r i c - a r c  gas 
p r e h e a t e r s ,  a i r c r a f t  and rocke t  engines,  hea t  e x c h a n g e r s ,  MGD devices ,  etc.) radia t ion is increas ingly  
dominating the the rma l  effects  on the wall su r f aces .  When porous  injection is applied as  a method of t h e r -  
mal  protec t ion ,  there  often occurs  a s i tuat ion where  mos t ly  radia t ive  heat  is r emoved  f rom the porous  wall  
by internal  cooling. Such si tuations a r e  encountered mainly  during the injection of a t r anspa ren t  gas which, 
while deflect ing the h i g h - t e m p e r a t u r e  s t r e a m  away f rom the wall  and thus effect ively reducing the convec-  
t ive heat ing of that  wal l ,  is i t se l f  nonradiat ive.  Such a s i tuat ion occurs  also when a radia t ion absorb ing  
fluid is injected a t  a high ra te  [1] so as to shield wall  su r faces  agains t  h igh-densi ty  radiat ion fluxes in 
plants  opera t ing under  ex t r em e  thermodynamic  condi t ions.  

Heat  radia t ion to a p e r m e a b l e  su r face  effects  a change in one bas ic  a spec t  of internal  cooling, n a m e -  
ly the t e m p e r a t u r e  field of the wall on the exit  side.  Unlike in the case  of porous  injection for  r emova l  of 
convect ive heat ,  however ,  in this case  the t e m p e r a t u r e  of the porous  wall on the exit  side may  become  
higher than the mean  t e m p e r a t u r e  of the coolant leaving that wail ,  which can be eas i ly  explained on the 
bas i s  of general  physical  concepts  [2]. The magnitude of this t e m p e r a t u r e  excess ,  whose max imum a l low-  
able magnitude is l imi ted by the t he rma l  s tabi l i ty  of the m a t e r i a l ,  r e p r e s e n t s  the c r i t i ca l  fac tor  in the de -  

sign of the rmal  protect ion.  

In the technical  l i t e r a tu re  this p rob lem has not rece ived  as much attention as it m e r i t s ,  which is in-  
dicated by the a l m o s t  complete  lack  of r epo r t s  on studies concerning the c h a r a c t e r i s t i c s  of internal  hea t  
t r a n s f e r  during the t he rma l  i r rad ia t ion  of a wall.  C loses t  to the subject  on hand a re  the r epo r t s  in [3, 12] 
on the internal  cooling of a p e r m e a b l e  s y s t em consis t ing of para l le l  c i r c u l a r - s e c t i o n  channels (perforat ion 
cooling). In [3] the solution to the internal  heat  t r a n s f e r  p rob lem has been used in der iving an express ion  
for the t e m p e r a t u r e  excess  a t  a p e r m e a b l e  plate  of infinite thickness .  In [12] the authors  have analyzed 
the effect  of hea t  t r a n s f e r  on the ent rance  side to a wall  of finite thickness and the effect  of ac t ive  heat  
sources  genera ted  in the coolant  as  well  as in the wall ma t e r i a l  by radia t ion absorbed  in the channels,  they 
have  also obtained tes t  data  on the effect iveness  of removing  the radiant  heat  by pe r fo ra t ion  cooling, and 
have found these  data to ag ree  with analyt ical  r e su l t s .  In [3] and in [12] the p rob lem was formula ted  on 
the assumpt ion  of a t he rma l ly  s table  flow through the channels and, the re fo re ,  on a cha rac te r i za t ion  of 
the internal  heat  t r a n s f e r  by a constant  heat  t r a n s f e r  coefficient* independent of the coolant injection ra te .  
Such an a s sumpt ion  forbids us to extend the resu l t s  of these  calculat ions to the case  of porous  cooling, 
where ,  as is well known, there  exis ts  a ve ry  definite re la t ion  between the ra te  of internal  heat  r emova l  

and the injection flow ra te  of coolant.  

* In [12] the Nusse l t  number  was a s sumed  close  to its value for s teady heat  t r a n s f e r  in a pipe a t  a constant  
wall  t e m p e r a t u r e ,  namely  NU = 4; the parabol ic  prof i les  of coolant t e m p e r a t u r e  and veloci ty  a c r o s s  a chan-  
nel sect ion,  which were  a s sumed  in [3], cor responded  to Nu = 0. We note that under the conditions of our 
coupled internal  heat  t r a n s f e r  p rob lem the Nusse l t  number  m u s t  be expected to depend on the s y s t e m  p a r -  

a m e t e r s .  
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Fig.  1. T e s t  apparatus :  1) model DKSR xenon-fi l led 
a r c -d i s cha rge  lamp, 2) ell ipsoidal r e f l ec to r ,  3) t h r e e -  
stage coordinate  p lo t te r ,  4) shut ter ,  5) gr id- type flux 
a t tenuator ,  6) model ,  7) manomete r ,  8) flow me te r  
diaphragm, 9) differential  manomete r ,  10) flow r e -  
gulating tap, 11) f i l t e r ,  12) r e c e i v e r ,  13) h ig h -p re s -  
sure  tank; wate r  (I, II), a i r  for  lamp cooling (HI). 

In connection with the subject matter, we will consider the internal cooling of a plate whose thickness 
is finite and whose surface is heated mainly by radiation fluxes. The basic equations describing the heat 
transmission through the wall material and through the coolant fluid respectively can be written as 

d2Tw a U (T w -- Tg), (i) 
k ~  d x  2 - -  

- -  ~'w d T w  - -  p v c ( T g - - T g |  (2) 
d x  

The thermal  conductivity of the porous mater ia l  Z w cor responds  he re  to a rea l  mechanism of heat  
t r ansmiss ion  through the two-phase sys tem considered h e r e  [4] and, therefore ,  the total energy balance 
in Eq. (2) does not  take into account  axial heat  conduction through the coolant. 

By s imple  t ransformat ions  of (1) and (2), one can general ize  the energy equation for the porous m a -  
te r ia l  [5] in t e r ms  of the r e f e r r e d  t empera tu re  d i f ference 0w = ( T w - T g ~ ) / ( T g 0 - T g ~ o ) ,  which c h a r a c t e r -  
izes the sought t empera tu re  excess  on the exit side of the wall. In dimensionless  form,  this equation be-  
comes 

d~ 2 Pe d d~ L~ 

The boundary conditions for  Eq. (3) defining a one--dimensional t empera tu re  field of the wall a re  
stipulated in t e rms  of the thermal  flux densiW at  the coolant inlet surface  and at  the coolant outlet surface.  
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Fig. 2. Exper imental  model of a permeable  plate:  1) porous in-  
se r t ;  2) thermocouples ;  3) thermal ly  insulating s leeve;  4) w a t e r -  
cooled housing; radiat ion flux (I), injected coolant (!I), housing 
cooling (HI). 

Fig. 3. Cr i t e r i a l  re la t ion  descr ib ing the internal heat  t r ans fe r  
in a porous mater ia l :  t es t  data with helium injection (1), with 
argon injection (2), and according to Eq. (13) (3). 

The heat  received by the wall a t  the outside sur face  x = 0 is conducted deeper  into the mater ia l ,  a c -  
cording to the re la t ion 

- -  L~ dTw % (T,oo - -  Tgo). (4) 
---~x = qR-- 

This express ion  includes the heat  t r ans fe r  f rom the porous mater ia l  to the coolant, the t empera tu re  of the 
la t te r  being lower at  the exit  f rom the pores  [3]. The heat t r ans fe r  coefficient  d 0 r e f e r r e d  to the total wall 
sur face  a rea  we will define in a form mos t  convenient for fur ther  analysis ,  namely as % = ;~g/6 with 6 
denoting the equivalent thickness of the thermal  boundary l ayer .  

During injection through the wall,  the heat  content in  the coolant increases  by the amount of heat  
supplied by the thermal  flux: 

% = pvc (Tgo -- Tg~). (5) 

Inser t ing (5) into Eq. (4) and t ransforming  the la t te r  into dimensionless  form yields 

dOu' = - -Pe .  ~'g l ~,g " d l 1). (6) 
~=o ,  d~ % " - / +  zw " Y ' ~ - ( % ~  

The t empera tu re  gradient  in the porous mater ia l  a t  x = l cor responds  to the heat  removed from the 
wall on the entrance side by coolant injection. In dimensionless  form this can be wri t ten as 

= 1, d0~ _ Nu' ~'--~g �9 ---/0w, (7) 
d~ )~ d 

where  Nu' = a ' d / Z g .  

The solution to Eq. (3) with the boundary conditions (6) and (7) is 

( ~  ) [ { :  }- '  ( ~  ) 0w = + ~ ~? 7z + (o exp [(p (71 - -  1)1 - -  ~?1 exp -~- ~71~ 

7z+ c~ c 
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Fig. 4. Tempera tu re  excess on the exit side of a porous wall;  
tes t  data with helium injection (1), with a rgon injection (2), and 
according to relat ion (12) (3). 

Here  

{[ ] + ~ Y2 ~1 + r exp [q~ (71 - -  1)1 - -  Y1 + % o) exp [qo (Y2-- 1)] - -  ?~ , (8) 
7,~ @- (,0 '~1 .-]- r 

@ 4Pe2 ~e �9 ~ 2Pe )~g d Nu I 
. . . .  , . . . . . .  ; q0 . . . .  ; 

Nu 5%, Nu ;~w 8 Pe d (9) 
o~= 2Pe Nu' ~g . Nu ;%, , ? ~ = I + V I + ~ ;  Y 2 ~ l - y l + @ .  

Lett ing x = 0 in (8), we obtain an expression for the tempera ture  excess on the exit side of the porous 
wall and this express ion can be fur ther  simplified by satisfying the additional condition that 

~P (71 - -  1) > C, where C ~ 4. (10) 

In this ease the t empera tu re  excess  is accura te ly  enough described as a simple function of ~ and r 

r  + ~ (11) 
Ow~ VI + ~ - - 1  + ~  

The left-hand side of (10) may be regarded  as the r e f e r r ed  thickness of the porous wall, which, when 
becoming sufficiently l a rge ,  will make the tempera ture  of the outside surface independent of the heat  t r ans -  
fer  ra te  on the entrance side. It is not difficult to ascer ta in  that condition (10) will always be satisfied 
during porous cooling, by vir tue of the small s ize of a porous mater ia l  cell d / l  << 1. 

In express ion  (11) for the tempera ture  difference there appears  the thickness of the thermal boundary 
l ayer  at  the exit from the pores ,  which is determined by all aspects  of the flow pat tern in the immediate 
vicinity of the wall and, above all ,  by the injection rate .  It is obviously impossible,  within the scope of 
this study here ,  to make any suggestions as to how that pa r ame te r  could be evaluated. An introduction of 
the ratio d / 6  ~ 1 in [3] would not seem based on sufficiently valid reasons .  It is logical,  however,  to a s -  
sume that at  high values of the injection pa r ame te r s ,  when the outer s t ream is a lmost  entirely displaced 
from the wall and the normal  component of velocity becomes predominant  at  the wall, the ra te  of external 
heat  removal  will not be high enough to govern the tempera ture  field of the porous wall. In this case,  if 
we exclude from considerat ion the external heat  t r ans fe r  f rom wall to fluid leaving a pore ,  the magnitude 
of the tempera ture  excess  found by the proposed solution of the internal heat t r ans fe r  probIem will be 
somewhat too high and wfli be the maximum possible under given conditions, which is entirely sa t i s fac tory  
in an evaluation of the thermal  stability of s t ruc tures  cooled by porous injection. It  is to be noted that an 
analogous situation exists in pract ica l  problems concerning the injection of fluid through a porous wall im-  
m e r s e d  in a radiating medium. 

The t empera tu re  excess due to radiat ive heating of a porous mater ia l  is defined in te rms  of the d i -  
mensionless  group @ as follows: 

r  
0w~ -- t / l -+  q) - -  1 (12) 
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For  the pract ica l  use of these relat ions,  it is necessa ry  to know the mode of heat t ransfer  from wall 
to fluid in the pores .  The few and scat tered  data available today on internal heat t ransfer  in porous media 
cannot be summar ized  by a single c r i te r ia l  relat ion valid for all  the diverse  coolants and wall mater ia l s  
in modern  use,  for different porosi ty  levels and injection flow ra tes .  Consequently, the choice of the r e l a -  
tion Nu = f(Re, P r ,  P) for engineering est imates of the tempera ture  excess in a porous wall according to 
the proposed formulas seems valid enough. 

In o rde r  to confi rm the resul ts  of the preceding theoretical  analysis  based on cer ta in  assumptions,  
i t  is necessa ry  to study the effect of the tempera ture  excess in a real  situation in an appropriately designed 
experiment.  There fore ,  internal cooling of a porous wall under conditions of predominantly radiative hea t -  
ing was studied experimental ly on a model in the form of a porous plate thermally insulated around its 
la teral  surface  and placed in the focal zone of a h igh- tempera ture  optical oven with an arc  d ischarge  in 
xenon as  the radiation source  (Fig. 1) [1]. 

The porous inser t  in the model (Fig. 2) was a disc,  9 mm in diameter  and 4.75 mm thick, made  of 
stainless steel by the powder metal  p rocess  of molding and then sinter ing quasispherieal  grains d ~ 0.3 mm 
in d iameter .  The overal l  poros i ty  of the mater ia l  was P = 0.333. 

The tempera ture  of the model was measured  with copper - cons tan tan  thermocouples  at  various s e c -  
tions of the inser t ,  as shown in Fig. 2. The thermocouple leads were  run along isothermal  surfaces .  The 
thermal  emf was recorded  by a model R2 /1  semiautomatic potentiometer .  

The mean  gas tempera ture  on the exit side was calculated from the enthalpy re la t ion :  

rgo = rg~ + QwlGgC~, 

with the quantity of heat Qw received by the model found by the t ransient  method in a sol id-s ta te  ca lo r i -  

me te r :  
dTw 

The porous inser t  i tself served here  as the ca lor imeter ing  body, whose weight was measured  on model 
ADV-200 analytical sca les ,  while the heating rate  was recorded  by a model N-700 loop oscil lograph.  The 
tempera ture  of the gas before entering the wall was measured  with a thermocouple.  

Th e injected gases in this experiment were  helium and argon,  their thermal  conductivities differing 
substantially.  The gas flow ra te  was determined from the p r e s s u r e  drop ac ros s  an interchangeable d ia-  
phragm which had been precal ibra ted  by the gas mete r  method. The gas injection ra te  was var ied over  a 
wide range corresponding to a Pec le t  number Pe  ~ 2-20 for helium and Pe ~ 20-100 for argon.  

For  determining the thermal  conductivity of the porous mater ia l ,  the authors used the quasisteady 
heating method shown in [6] and, accordingly,  calculated Zw from the known value of thermal  flux coming 
to the plate and the tempera ture  difference measurement  between two points on that plate during heating: 

o, 5q (x~ - x~) 
~"' = l IT,,, (x2) - -  T~o (xO] 

P r e l i m i n a r y  qualifying tests  were  per formed,  in o rder  to determine the thermal  conductivity of a 
s tandard specimen made of Armco  iron. The resul t  of these tests  yielded the same value for ;~w as that 
given in Tables ,  which confirmed the suitability of this apparatus for measur ing the thermal  conductivity 
of solids. The tempera ture  differences in the tests  was recorded  on a model N-700 osci l lograph by a l t e r -  
native switching of signals f rom the two respect ive  thermocouples .  The coolant (helium or argon) filled 
the active pore  space during these measurements .  In this way, we obtained values for the thermal  conduc-  
tivity ;~w,Ar = 5.8 W / m  .deg and 2w,He = 5.92 W / m  .deg close to one another and, apparently,  indicating 
that heat conduction through contact between par t ic les  was predominant in the overal l  mechanism of heat 

t r ans fe r  in the porous wall. 

In o rde r  to evaluate the test  data in t e rms  of the tempera ture  excess on the exit side as a function of 
the theoretical  pa r ame te r  @ = 4Pc 2 ~g/Nu~ w, which descr ibes  the internal cooling p rocess ,  and then to 
compare  theory with experiment ,  it is neces sa ry  to express  this governing pa rame te r  in a definitive form 
based (as has been pointed out earl ier)  on the rate of internal heat removal  Nu as a function of Re, P r ,  
and P for any specific case .  In our study the coefficient of internal heat  t ransfer  was determined from 
the logari thmic mean temperature  difference,  which in turn was calculated from the tempera ture  drops 
between wall and fluid on the entrance side and on the exit side [7, 8, 9]. According to the resul ts  of these 
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m e a s u r e m e n t s  (F ig .  3), the i n t e r n a l  coo l i ng  m o d e  can  be  a d e q u a t e l y  we l l  d e s c r i b e d  by  the fo l lowing e m p i r i -  
ca l  r e l a t i o n :  

(13) 

a r r i v e d  a t  by  the  m e t h o d  of l e a s t  s q u a r e s .  The  fo rm of E q .  (13) a g r e e s  wi th  that  g iven  by  m a n y  o t h e r  a u t h o r s  
[7, 9-11] who have  a l s o  shown the r e l a t i o n  Nu = f(Re) to be  a l m o s t  l i n e a r .  We note  tha t  th is  e v a l u a t i o n  of 
o u r  da t a  t a k e s  into a c c o u n t  the r e s u l t s  in [11], n a m e l y  tha t  the P r a n d t l  n u m b e r ,  which  r e p r e s e n t s  the p r o -  
p e r t i e s  of a f lu id ,  is  a s  s i g n i f i c a n t  a s  the  Reyno lds  n u m b e r  in a c r i t e r i a l  r e l a t i o n  l i ke  (13). R e l a t i o n  (13) 
m a k e s  i t  p o s s i b l e  to e x p r e s s  the p a r a m e t e r  of i n t e r n a l  coo l ing  a s  

(1)= 38.1Pe )~g �9 P (14) 
)~w I -- P 

In Fig. 4 we compare the temperature excess calculated by formulas (12) and (13) with the correspond- 
ing test data.* Evidently, the calculated values do correctly reflect the thermal state of the porous ma- 
terial on the exit side under conditions of predominantly radiative heating. One can now prove, on the basis 
of relation (12) resulting from this analysis, that a substantial temperature difference between porous ma- 
terial and cooling fluid (over 10%) will be noted at sufficiently high injection flow rates necessary for re- 
moving large quantities of heat. It is most worthwhile here to use high-permeability porous materials with 
a cell size in fractions of a millimeter. For P ~ 0.5-0.3 and for a ratio of thermal conductivities ~g/lw 
~0.i-0.01, most typical of light-weight coolant (hydrogen, helium) injection, the Peclet number corre- 
sponding to the case considered here ranges approximately from 0.i to 1. Under moderate or low injec- 
tion rates through a wall with the pore size in the micron range, the rate of internal heat transfer on the 
exit side will be so high that the temperature of the porous material there should not be in any significant 
excess over the temperature of the injected fluid. 

Thus, both analysis and experiment have established that, when predominantly radiative heat is re-  
moved by porous injection, there arises the problem of internal cooling, the effectiveness of which can be 
measured in terms of the difference between the temperature of the outside wall surface and the mean fluid 
temperature on the exit side. 

Under high injection rates the maximum temperature of the porous material may be much higher than 
the temperature of the coolan t leaving the wall, and this must be taken into consideration in establishing 
the operational mode of the given apparatus. 

For calculating the temperature excess in the general case of both radiative and convective heat at a 
porous wall, one needs a physical model describing the heat transfer mechanism in the boundary layer at 
the exit from pores and one needs appropriate test data. 

NOTATION 
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temperature; 
transverse coordinate in the wall; 
tim e; 
thermal flux density; 
thermal flux; 
flow rate; 
mass ; 
density; 
specific heat at constant pressure; 
thermal conductivity; 
velocity; 
coefficient of volume heat transfer; 
coefficient of heat transfer to the wall on the entrance side; 
thickness of thermal boundary layer; 
particle diameter; 
thickness of wall; 

porosity; 
Pe = pvcd/hg is the Peclet number; 

* The scatter of test values for Ow0 is attributable to the thermal instability of the radiation condenser. 
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Nu = ~ 2 / ~ g  

P r  
Nup = N u / 6 ( 1 - P )  
Pep  = P e / P  
0w = ( T w - T g ~ ) / ( T g 0 - T g o o )  

= x / l  

is the Nusselt  number;  
is the Prandt l  number;  
is the Nusselt  number  for flow through a porous medium; 
is the Pec l e t  number for  flow through a porous medium; 
is the dimensionless  t empera tu re ;  
is the dimensionless  t r ansve r se  coordinate.  

S u b s c r i p t s  

0 denotes to the outside wall sur face ;  
�9 o denotes to the region before  the entrance of fluid into the wall;  
w denotes to the wall; 
g denotes to the coolant fluid (gas); 
p denotes to the porous medium. 
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