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A study was made of the heat t r ans fe r  during the flow of r a r e  gas through porous bodies 
with various geometr ies  and various thermal  conductivities. 

Transpira t ion cooling (by injection through a capi l la ry-porous  body) is now widely used in modern 
technology. One of its main advantages is the effective removal  of heat from the porous surface under 
smal l  t empera tu re  gradients .  Many studies have dealt with the heat t r ans fe r  during gas filtration [1-10], 
but so far  no consensus has been a r r ived  at concerning the nature  of this heat t rans fe r ,  nor  has a rel iable 
method been developed yet for calculating the internal heat t r ans fe r  in porous bodies. This is tmderstand- 
able if one considers  the complexity of this p rocess .  

In this study the authors deal with the heat t r ans fe r  during filtration of r a r e  gas through porous 
bodies. The experiments  were pe r fo rmed  with bodies having various different porosi t ies  and permeabi l i t ies  
as well as different geometr ies  and thermal  conductivities. Air  served  as the gaseous coolant. The cha r -  
ac te r i s t i cs  of the specimens a re  l isted in Table 1. The values of keff had been determined experimental ly 
[11, 12]. 

The permeabi l i ty  of a porous mater ia l  increases  as the gas f i l t rat ing through it becomes r a r e r .  This 
is explained by the slide effect, i.e., by the weakening interaction between gas and pore  walls. It is quite 
logical ,  therefore ,  to su rmise  that the heat t r ans fe r  during fi l tration of r a r e  gas may be affected by a t em-  
pera tu re  jump resul t ing in less  heat t r ans fe r  between gas and pore  wails than during filtration of dense gas. 

The experiment  was designed to conform to the theoret ical  formulation of the problem, the lat ter  
having been solved in [2, 3]. The problem had been formulated as follows: one surface (outside) of a porous 
plate is heated to a constant t empera tu re  t2, while the opposite sur face  remains  exposed to a cooling gas. 
This gas becomes denser  in the positive direction x and its t empera tu re  at x ~ ~ is to- The tempera ture  
field inside the plate is assumed uniform. 

Our tes t  data on the filtration of dense and r a re  gas have been compared with analytical resul ts .  The 
degree  of corre la t ion  could thus be established between the physical  model of heat t ransfer  and the actual 
p rocess  taking place in bodies during filtration of r a re  gas. 

In the tes t  apparatus shown here  (Fig. 1) r a r e  gas oozed through porous bodies at certain velocities 
and under certain p r e s s u r e  drops. The fil trating a i r  was taken f rom the a tmosphere  through a model VN- 
4G vacuum pump 1. The air  was then purified of solid par t ic les  in an air  filter 5 and driven through dif-  
fuser  4 into the active porous specimen 3. The h igh-p ressu re  region was separated from the vacuum region 
by this specimen and a r ing seal 8. The flow rate  of the fUtrating air  and its p r e s s u r e  on the inlet side 
before entering the porous body were regulated by means of a vacuum check valve 2 and a needle throttle 
6. The gas p r e s s u r e  on the inlet side and the p r e s s u r e  drop ac ross  the body were measured,  depending 
on the range of magnitude, with a vaeumeter  and a mercury - type  or  an oil- type differential manometer .  
The flow rate  of f i l trat ing air  was determined by the volumetr ic  method [13]; The experiment was p e r -  
formed with the mass  flow rate  of coolant varying over a wide range and trader inlet p re s su res  from 0.0532 
to 1 �9 10 ~ N / m  2, with the Reynolds number  Re < 1. 

Institute of Heat and Mass Transfer, Academy of Sciences of the Belorussian SSR, Minsk. Trans- 
lated from Inzhenerno-Fizicheskli Zhurnal, Vol. 24, No. 4, pp. 702-707, April, 1973. Original article 
submitted October 20, 1971. 

�9 1975 Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. I0011. No part o f  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by an3, means, electronic, mechanical, photoeopying, microfilming, 
recording or otherwise, without written permisston o f  the publisher. A copy o f  this article is available from the publisher for $15.00. 

496 



I ! 

1 
Fig .  1 

F ig .  i .  Schemat ic  d i a g r a m  of the t e s t  appa ra tu s .  
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Fig.  2 

Fig ,  2, T e m p e r a t u r e  p ro f i l e s  of porous  bodies :  a) porous  g raph i te  6 = 21 ram; b) d o s e -  
packed g l a s s  ba l l s ,  1 mm in d i ame te r ;  1) G = 2.81 • 10 -2 k g / m  2 •sec;  2) G = 7.95. t0  .2 kg 
/ m  s - sec ;  3) G = 12 .7 .10  -2 k g / m  2 - sec ;  G) mass  flow r a t e  of gas .  

TABLE 1. C h a r a c t e r i s t i c s  of Tes t  Specimens  

Porous material eft' W 
I m * ° C  

F~treclay ceramic 0,65 
Glass balls, 3 mm in dia- 0,25 

meter : 
Glass balls, 1 mm in din- 0,25 

meter 
Steel powder 02 
Grap~$te 
Graphite i 46 
Graphite 46 

P (pot -~3.102, 
osi_ty) ~ m~_ 

0,3i 1,25 0,58 
0,4 2,5 0,38 

0,4 2,5 0,38 

0,6 2,5 0,38 
0,47 2,1 9,47 
0,47 1,09 0,47 
0,47 0,45 0,47 

t 
5 • 10 -4 
kg m2 
O, 188 
0,182 

0,191 

0,341 
0,105 
0,105 
0,105 

The t e m p e r a t u r e  was m e a s u r e d  with c o p p e r - c o n s t a n t a n  the rmocoup les .  The the rmoeoup les  were  
loca ted  as shown in Fig .  1. The h ighes t  t e m p e r a t u r e  of a porous p la te  was 363°K, the lowes t  t e m p e r a t u r e  of 
the cooling gas was 289°K. The gas t e m p e r a t u r e  on the inlet s ide  was m e a s u r e d  with a movable t h e r m o -  
couple T 1 so that  the t e m p e r a t u r e  f ield n e a r  the porous  body could be plot ted.  The t e m p e r a t u r e  of the op-  
pos i t e  su r f ace  of a porous  p la te  was held constant  by means  of a heat  r a d i a t o r  a l so  shown in Fig .  1. This 
h e a t e r  cons i s t ed  of a N ich rome  coil  would on a c e r a m i c  rod  9, a p e r f o r a t e d  copper  d i sk  7 b lack  coated on 
both s i de s ,  a r e f l e c t o r  10, and v a c u u m - s e a l e d  c u r r e n t  l eads .  

The r e su l t s  of th is  expe r imen t  a r e  shown in Fig.  2b, p lo t ted  in d i m e ns i on l e s s  coo rd ina t e s ,  for  a 
p o r o u s - b o d y  model cons i s t ing  of c l o s e - p a c k e d  g lass  bal ls  1 mm in d i a m e t e r .  These  ba i l s  were  poured  into 
a spec i a l  c y l i n d r i c a l  tube of a c r y l i c  g l a s s ,  with fine Nylon meshes  c los ing  it at  both ends t ight ly  s t r e t ched  
by a r o l l e r  c lamp.  Thermocoup les  were  ins ta l led  at var ious  heights  of this  column,  a l so  at  the gas inlet  
and outlet .  F o r  compa r i son  with the t e s t  data (dashed l ines ) ,  we a l so  show: in Fig .  2a, b t e m p e r a t u r e s  
ca lcu la ted  accord ing  to the fo rmula  in [2] (solid l ines) .  The compar i son  indicates  a s a t i s f a c t o r y  a g r e e m e n t  
between both se t s  of values  (~ -< 15%). 

T e m p e r a t u r e  p ro f i l e s  based  on the heat  t r a n s f e r  data a r e  shown in Fig.  3 for a p o r o u s - b e d y  model 
cons i s t ing  of s t e e l  powder .  Accord ing  to the graph ,  the the rmocoup les  r ead  a l m o s t  the s ame  t e m p e r a t u r e s  
dur ing  f i l t ra t ion  of r a r e  gas  under var ious  inlet p r e s s u r e s  but a t  the s a m e  mass  flow r a t e  G. 

In the t e s t s  with a p o r o u s - b o d y  model  cons i s t ing  of g l a s s  ba l l s  3 mm in d i a m e t e r ,  the t e m p e r a t u r e  
d i f f e rences  between the so l id  phase  and the f i l t r a t ing  g a s w e r e  m e a s t t r e d w i t h  c o p p e r - c o n s t a n t a n  d i f fe ren t ia l  
t he rmocoup les  at  va r ious  heights  along the column. One junction of such a the rmocouple  was i n se r t ed  in a 
p o r e ,  the o ther  was fixed d i r e c t l y  ins ide  a g l a s s  ba i l .  Under s teady--s ta te  condit ions of heat  t r a n s f e r  and 
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Fig. 4 

Fig. 3. Tempera tu re  profi les ac ross  the specimen thickness:  1) G 
= 3 .98 .10  -2 k g / m  2-sec ;  2) G = 7.0" 10 -2 k g / m  2 .see;  a) Pl = 0.328 
�9 105 N/m2;  b) 0.62- 105 N/m2;  c) 0 .85 .105N/m2;  d) 0.486- 105 N/m2;  
e) 0.785.105 N/m2;  thickness 6 (ram). 

Fig. 4. Trans ient  cooling curves  for porous graphite (5 = 4.5 ram), 
based on the experiment:  A) cooling rate  m as a function of the gas 
filtration rate  G ( k g / m  2 �9 B) t empera tu re  difference as a ftmc- 
tion of t ime,  presented in a semilogar i thmic  anamorphosis ;  1) G 
= 2 .84-10 -2 k g / m  2 . see ;  2) G = 4 . 5 3 - 1 0  -2 k g / m  2 . sec ;  3) G = 6.05 
�9 1 0  -2  k g / m  2 . see ;  4) G = 8 .25 .10  -2 k g / m  2 �9 see; 5) G = 10.85.10 -2  

k g / m  2 -see;  a) Pl = 0.26-105 N/m2;  b)Pt = 0-518"105 N/m2;  c) Pl 
= 0 .69"105N/m2;  d) Pl = 0.348- 105 N/m2;  e) Pt = 0.492- 105 N/m2;  
f) Pt = 0.98�9 105 N/m2;  g) Pt = 0.42 -105 N/m2;  h) Pl = 0.505.105 N 
/m2; L) Pl = 0-56"105 N/m2.  

under various p r e s s u r e s  Pt the differential  thermoeouples  did not r eco rd  any tempera ture  difference be-  
tween the solid phase  and the fi l trating gas,  indicating that the t empera tu res  of both had equalized. 

In order  to establish any effect of a t empera tu re  jump on the heat t r ans fe r  during filtration of r a r e  
gas through a porous body, we pe r fo rmed  an exper iment  where the preheated porous body was cooled in 
a t ransient  manner.  The porous specimen was f i rs t  heated up to a tempera ture ,  constant in each test ,  
then the heater  was turned off and the specimen was cooled by fi l tering gas through it at some mass flow 
ra te  G and under an inlet p r e s s u r e  Pl. During the cooling p rocess  we recorded  the time till the t empera -  
ture  at the outside sur face  had dropped to some definite level.  If a t empera tu re  jump had an appreciable 
effect,  then the cooling ra te  during gas fi l tration at some constant mass  flow ra te  G but under a variable 
p r e s s u r e  Pt should have decreased  with the p r e s s u r e  Pl- An evaluation of tes t  data (Fig. 4B), however,  
indicated an a lmost  the same cooling ra te  m during t ransient  cooling of porous graphite (5 = 4.5 ram) under 
various p r e s s u r e s  Pt - this cooling ra te  being equal to the slope of the t e m p e r a t u r e - t i m e  curve.  An 
analysis  of the tes t  data (Figs. 3 and 4B) reveals  no effect of a t empera tu re  jump on the heat t r ans fe r  
during fil tration of r a r e  gas through porous mater ia ls ,  as long as the Knudsen number remained Kn -< 0.26. 

The physical  p rocess  of  heat t r ans fe r  is in this case determined by the number of heat c a r r i e r s  
(Fig. 4A), i.e., by the mass flow ra te  of gas fi l trating through porous media, where a complete exchange of 
energy  occurs  between gas molecules and pore walls as a resul t  of multiple collisions and with a subse-  
quent equalization of their  t empera tu res .  Thus,  the theory  of heat t r ans fe r  proposed in [1-3] is in s a t i s -  
fac tory  agreement  with the experimental  evidence obtained in this study concerning the heat t r ans fe r  during 
fi l tration of r a r e  gas with the Knudsen number Kn --< 0.26. 

I t  is to be noted that the c loseness  between tes t  data and theoret ical  values depends essent ial ly  on 
the rel iabi l i ty  of the thermal  conductivity values given for the tested mater ia ls  and on the accuracy  of t he r -  
mocouple readings af ter  s teady state has been reached.  
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G is the 
pl is the 
6 is the 
x is the 
h e f  t is the 
v = ( t - t0) /( t2- t0)  is the 
T is the 
T is the 

NOTATION 

mass flow rate of gas, kg/m 2. sec; 

gas inlet p ressure  before entering a porous specimen, N/m2; 
thickness of a porous specimen, m; 
length coordinate, m; 
effective thermal conductivity of a porous material ,  W / m  .deg; 
dimensionless temperature;  
time, sec; 
temperature of a porous specimen, ~ 
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