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A p rocedure  is developed for  calculat ing the intensi ty of heat  exchange in porous  d i so rde red  
f ibrous  m a t e r i a l s  a t  an e levated  p r e s s u r e  of the gaseous medium.  An expe r imen ta l  t e s t  is 
made of the equations obtained. 

The main  subject  of invest igat ion in the p r e sen t  r e p o r t  is  convective hea t  exchange in l a y e r s  of a un i fo rm,  
i so t rop ic ,  p e r m e a b l e ,  porous  m a t e r i a l  lying between i s o t h e r m a l ,  i m p e r m e a b l e ,  r ig id ,  plane su r faces  having 
dif ferent  t e m p e r a t u r e s .  A number  of r epo r t s  [1-11, 15, 16] a r e  devoted to the study of t he rma l  convection in 
such l a y e r s  f i l led with a liquid or  gas at  no rma l  and e levated  p r e s s u r e s .  We note that  in the ma jo r i t y  of the 
invest igat ions only the l a r g e - s c a l e  components  of the motion of the mobi le  phase  (liquid, gas) a r e  cons idered ,  
and the l inea r  Da rcy  law [12, 14] 

V = - -  /(per grad P (1) 

is a s sumed  to be valid for  the i r  descr ip t ion .  

In [1-4] it  is a s sumed  that in a porous  l a y e r  the f i l t ra t ion  veloci ty  V and the t e m p e r a t u r e  T can be de-  
s c r t b e d b y a  s y s t e m  of equations of conserva t ion  of m a s s ,  m o m e n t u m ,  and ene rgy  the equation of s ta te .  This  
s y s t e m  of equat ions,  together  with the conditions at the boundary,  is used by the authors  to c rea te  a s impl i f ied 
theory of convection in a porous  medium.  To desc r ibe  the convection p r o c e s s e s ,  they use  the d imens ion less  
Grashof  and Darcy  numbers  Gr  and Da and the modif ied Prandt l  and Rayleigh number s  Pr* and Ra*: 

Gr = ~gLShT/v ~, Pr* -- vfxv/~,*, Ra* = GrPr*Da, Da = Kper/L2. (2) 

The intensi ty of hea t  t r a n s f e r  through a l a y e r  can be r e p r e s e n t e d  through the modif ied ave rage  Nusse l t  
number  

Nu*= qL/~*AT. (3) 

The t he rma l  conductivity of a porous  m a t e r i a l  in the p r e s e n c e  of convection is de te rmined  on the bas i s  
of the dependence 

q ~ ~ e f  AT, 
L 

and then 

Nu* = ~ef/Z,*. (4) 

Besides  the Rayleigh number  Ra*, the quantity Nu* within the f r a m e w o r k  of the fo rmula ted  p rob l em a lso  
depends on the geomet ry  of the l a y e r  of porous  m a t e r i a l :  the length H and thickness  L of the l a y e r ,  H/L,  and 
the angle of inclination ~ of the fo rce  of gravi ty .  The genera l  c r i t e r i a l  equation for  the mean  hea t  t r a n s f e r  
through a l a y e r  of porous  m a t e r i a l  has  the f o r m  

Nu* : [ (Ra*, H/L, q~). (5) 
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Fig. 1. Heat exchange in ho r i -  
zontal layers  of porous mater ia l  
heated f rom below. 

For  the case when the cavities between fi laments are  filled with gas descr ibed by the equation of state 

P = 9RT,  (6) 

the following express ion for the Rayleigh fi l t rat ion number is given in [3]: 

Ra* = f~gLATPZ%Kper,,'~)~*R2T 2 := Ra0 Da MP --z, (7) 

where Ra 0 is the Rayleigh number calculated at a p r e s s u r e  PI = 105 N/m2; M = kg/X*; P = P/PI  is the p ressu re  
ratio.  

In [1-4, 7, 8] it is noted that the condition for the occur rence  of convection in a layer  of permeable  
porous mater ia l  heated f rom is determined by the cr i t ical  value Ra~r of the fi l trat ion number.  For  an i so-  
tropic porous mater ia l  

Racr = 4~ 2 ~ 40. (8) 

A compar ison of the e r i te r ia l  equations and experimental  resul ts  on heat t ransfer  in porous layers  ob- 
tained by different investigations reveals  considerable d isagreements  in the est imates  of the heat-exchange 
intensity. As an example,  in Fig. 1 we presen t  the dependences Nu* = f(Ra*) in horizontal  l ayers  of porous 
mater ia l  heated f rom below. The end surfaces  of a layer  are  assumed to be adiabatically insulated. The 
dashed lines bound the zone of scat ter  of the experimental  data of various authors (from [4]), while curves 
1 and 2 give the resul ts  of the numer ica l  calculations of [1] and [4], respect ively.  

As follows f rom [7], to calculate the intensity of convective heat  exchange in a porous layer  one must  
know such pa rame te r s  as the coefficient of permeabi l i ty  Kper and the coefficient of thermal  conductivity k* of 
porous mater ia l s  in the absence of convection. The authors of repor ts  in which the intensity of convective 
heat  exchange in porous layers  is studied do not give recommendat ions  on the analytical est imation of these 
pa rame te r s .  The lat ter  considerably r e s t r i c t s  the possibil i ty of an analytical es t imate ,  since there are  test  
data in the l i te ra ture  on the coefficients Kpe r and k* only for a narrow circle  of mate r ia l s ,  and the exper i -  
mental means of obtaining them are very  laborious.  We will use the resul ts  of [17-19] for an analytical 
calculations of these coefficients.  

E s t i m a t e s  o f  t h e  C o e f f i c i e n t  o f  P e r m e a b i l i t y  K p e  r 

Different models can lie at the foundation of the equations for calculating Kpe r. The most  popular are 
models consist ing of sys tems  of capil lari t ies .  The s implest  capil lary model of the l inear type represen ts  a 
porous medium as a bundle of s traight  capil lar ies  of constant diameter  ~ paral lel  to each other  and to the flow. 
The equation for calculating the coefficient of permeabi l i ty  Kpe r has the form [18] 

Kper~ //~/32. (9) 
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Fig. 2. Diagram of measur ing  device. 

We note that the size 6 is indeterminant,  while the conduction of the porous medium is analyzed only in 
one direction. In the so-cal led  paral lel  type of model it is assumed that the conduction of a porous substance 
along all three axes is the same;  this leads to the dependence [18] 

/<per= I-1~ /96. (1-0) 

Equations for models of the "ser ies"  type, obtained on the basis of the hydrau l ic - rad ius  theory and a 
number of others ,  a re  also presented in [18]. To calculate the pa rame te r  6 we use the resul ts  of [19], where 
it is shown that the d isagreement  in the values of the pa ramete r  6 based on the data of different authors is 
especial ly great  for high values of the porosi ty  of the mater ia ls .  These d isagreements  can reach hundreds 
of percent.  The most  widespread are  the functions obtained in [21] and [22] for  mater ia l s  with chaotically 
distributed f ibers :  

6 ~  ~d/8(I'--11), ~ =  rid/4"(1 --/7). (11) 

In subsequent calculations for  the determination of ~ we will use the a r i thmet ic -mean  value obtained f rom 
Eqs. (11): 

6 =  ~xd/6 (1 - -  11). (12) 

Pe r suas ive  repor ts  on the substantiation of the dependence between porosi ty  and permeabi l i ty  are  p r e s -  
ently absent. In [18] it is stated that "only by the method of trial  and e r r o r  can one show whether or  not a 
model ref lects  the charac te r i s t i c  phenomena occur r ing  in a porous medium. " We made a comparison between 
the l i tera ture  experimental  data on the coefficients of permeabi l i ty  of porous mater ia ls  [6, 17, 18, 20] and the 
resul ts  of calculations by the equations presented in [18]. An analysis  of the resul ts  obtained showed that for  
mater ia ls  having a bulk porosi ty  II > 0.7, which are  of pract ica l  in teres t ,  the values of the coefficient Kpe r 
calculated f rom Eqs. (9) and (12) a re  in sat isfactory agreement  with the measured  values. 

The effective coefficient of thermal  conductivity of fibrous mater ia ls  in the absence of convection will be 
calculated by the method developed in [19]. Two groups of equations are  offered: 

a) for fibrous mater ia l s  having a chaotic bulk s t ructure  

where o 

0.8 ~ 0,2 )-1 (13) 
~ * = ~ '  C a + r  5.10-3C2+q~ 

q~ = • (1 - -  C) 2 + 2~C (1 - -  C) ; ~r = ~21~i; 
• + 1 - -  C (14) 

C = 0.5 cos 211-- arc cos (211 - -  1). 
3 

kl and k 2 are  the thermal  conductivities of the mater ia l  of the f ibers and of the gaseous component, r e spec -  
tively, in watts per mete r  per  degree Kelvin; 

b) for  fibrous mater ia l s  having an ordered  plane s t ructure  (mesh) 

[ 4nH(I - - / / )  ] (15) X* = ~, (1 --//)2 A + i12• ~ 1 --  • ' 
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where 

A = y Z +  i - -  (I - -  ~/-'-~-) }/- I ~--i---~-~ ' y = 1,13 ,,/4P.,p/E (I --H)z; 

Psp is the specific load on the mater ia l  in newtons per  square mete r ;  E is the elast ic  modulus of the mater ia l  
in newtons per  square meter .  

D e s c r i p t i o n  o f  E x p e r i m e n t a l  A p p a r a t u s  

The necess i ty  for a comprehensive experimental  tes t  of the proposed model and procedure  for  calculating 
the heat-exchange intensity a rose  in connection with a number of assumptions which were adopted in choosing 
the model for the calculation of the intensity of heat  exchange in porous mate r ia l s ,  with the indeterminacy of 
some of the initial pa r ame te r s  such as the permeabi l i ty  Kper and the effective thermal  conductivity X* of porous 
mate r ia l s  in the absence of convection, as well as with the ve ry  limited experimental  data. 

The general  appearance of the measur ing  device is shown in Fig. 2. The tests  were conducted with two 
types of cuvettes having heights of 10 and 20 ram. The cuvettes were  formed by two duralumin disks 2 and 20 
having a d iameter  of 70 ram. The side walls 1 of the cuvettes were  made of plast ic  0.2 mm thick. To reduce 
the radiant  heat  exchange the inner surface of the components 2 and 20 were chromeplated and polished. The 
tempera tu re  differential  between the disks 2 and 20 of the cuvette was produced with the e lec t r ic  hea te r  12 
mounted in the block 13 and the " r e f r i g e r a t o r ,  n consist ing of a metal  disk 6 with tubes 10 soldered into it 
through which a liquid, p re l iminar i ly  thermosta t ica l ly  regulated,  was pumped. The heat  flux through the 
cuvette was measured  by the "auxi l iary-wall"  method. The ca lo r ime te r s  consisted of ebonite plates 4 and 
18 with a thickness of 2 mm and two content copper disks 3, 5 and 17, 19 with a thickness of 3 mm. The com-  
ponents 3, 4, 5 and 17, 18, 19 were  cemented together with epoxy resin.  Porolon insulation 11 with a thick-  
ness of 7 mm was used to reduce the la tera l  heat  exchange between the cuvette and the surrounding medium. 

The tempera tures  of the cuvette walls were  measured  with N ich rome-Cons t an t an the rmocoup l e s  7 and 16 
having an electrode d iameter  of 0.1 mm. The e lec t r ica l  c i rcui t  of the apparatus permit ted  the measu remen t  
of the tempera ture  difference between the covers  2 and 20 of the cuvette or  the tempera ture  difference of the 
plates 2 and 20 relat ive to the t empera tu re  of a cold junction located in a mass ive  copper cylinder.  The t em-  
pera ture  drops in the thermal- insula t ion layers  4 and 18 of the ca lo r ime te r s  were  measured  by the 12-junction 
thermopiles  8, 9 and 14, 15. The tempera tu re  drops were recorded  by a VK2-20 digital e lectronic  vol tmeter .  

To investigate the heat-exchange intensity at an elevated p r e s s u r e  of the medium the measur ing  device 
was placed in a p r e s s u r e  chamber.  The sys tem made it possible to crea te  and measure  a p r e s s u r e  of up to 
1.6.107 N/m 2. In the range of 1.10~-1 �9 106 lqJm 2 the p r e s s u r e  was measured  by a s tandard manomete r ,  while 
in the range of 1 �9 10G-1.6.107 lq/m 2 it was measured  by the manomete r  of accuracy  grade 1.5. 

Let  us consider  the working equation for calculating the effective coefficient of thermal  conductivity for  
porous mate r ia l s  at an elevated p r e s s u r e  of the gaseous medium f rom measuremen t  data. The heat  flux Qtot 
flowing through f rom the hot wall 20 of the cuvette to the cold wall 2 is equal to the flux Qmeas  measured  by 
the ca lo r ime te r  after  subtract ion of the flux Qlos lost  through the side surface of the cuvette and the s t ruc tu-  
ral  elements  and thermoelec t rodes :  

where 
Q tot----- Qrneas-- Qlos ~ (16) 

Otot-- '~ef ATS~ ; Qmeas- ~Las ATLasSH. (17) 
L 6Las 

Substituting the express ion for the heat  fluxes into Eq. (16) and taking S I = SII = Sc, we find the effective coeffi-  
cient of heat  conduction between the cuvette walls :  

~ e f :  Zir~LATLas Ql~ --AL ATLas B L .  (18) 
6im{kT SKAT AT AT 

To determine the coefficients A and B we made a ser ies  of calibration tests  on cuvettes filled with argon 
gas and on specimens of plas t ic  18 and 28 mm thick in the p r e s s u r e  range of (1-120) �9 105 N/m 2. It was found 
that the value of the coefficient A is 7.0 W/m 2. A ser ies  of graphs was plotted to determine B, since this coef-  
ficient is a function of the p r e s s u r e  of the gaseous medium and of the tempera ture  drop between the cuvette 
and the surrounding medium. Depending on these p a r a m e t e r s ,  the coefficient B var ied in the range of 50-185 
W/m 2 . 
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T A B L E  1. C h a r a c t e r i s t i c s  of  F i b r o u s  M a t e r i a l s  I n v e s t i g a t e d  

No. of 
points in 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13" 

Material 

Cotton 
Cotton 
Cotton 
Wool 
W ooi 
Wool 
Dacron 
Dacron 
O~lon 
Orion 
Tangled copper 
Tangled copper 
Fiber glass 

d. lO*, 
iq0 

30 
30 
3O 
60 
6O 
6O 
3O 
30 
30 
3O 

150 
150 
20 

x,,W/m. 
y 

0,50 
0,50 
0,50 
0,30 
0,30 
0,30 
0,22 
0,22 
0,20 
0,20 
39O 
390 
1,0 

Gas 

filling 

Argon 

Air 

H 

0,95 
0,97 
0,99 
0,95 
0,97 
0,99 
0,95 
0,98 
0,95 
0,98 
0,95 
0,97 
0,95 

~*,W / m  . ~ 

0,043 
0,039 
0,040 
0,040 
0,040 
0,043 
0,039 
0,040 
0,049 
0,550 
0,087 
0,082 
0,048 

* T e s t  d a t a  of [9 ]. 
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Fig ,  3. R e s u l t s  of  an  e x p e r i -  
m e n t a l  i n v e s t i g a t i o n  of  h e a t - e x -  
change  i n t e n s i t y  in d i s o r d e r e d ,  
i s o t r o p i c ,  h igh ly  p o r o u s  m a -  
t e r i a l s ,  the c h a r a c t e r i s t i c s  of  
which  a r e  g iven  in T a b l e  1. 

W e  note  tha t  the  r e m a i n i n g  p a r a m e t e r s  w e r e  v a r i e d  in the  fo l lowing  l i m i t s :  10~ -< AT --< 30~ 25~ --< 
A T i n  s -< 45~ 0.04 W / m  �9 *K _~ Aef  -~ 0.82 W / m  �9 ~ 

A c a l c u l a t i o n  of  the  m e a s u r e m e n t  e r r o r  showed  tha t  the  a b s o l u t e  e r r o r  in  m e a s u r e m e n t s  of  the  e f f e c t i v e  
c o e f f i c i e n t  of  t h e r m a l  c o n d u c t i v i t y  d o e s  not  e x c e e d  ~ k e f  -< 0.014 W / m  �9 ~ in  the  m o s t  u n f a v o r a b l e  c a s e .  

R e s u l t s  o f  t h e  E x p e r i m e n t a l  I n v e s t i g a t i o n  a n d  

T h e i r  G e n e r a l i z a t i o n  

To  run  the  t e s t s  w e  u s e d  f i b r o u s  m a t e r i a l s  f o r  wh ich  da t a  on the p r o p e r t i e s  a r e  g iven  in T a b l e  1. The  
p o r o s i t y  of  the m a t e r i a l s  v a r i e d  in the  r a n g e  of  0 .95-0 .99 .  A r g o n  a t  a p r e s s u r e  P = (1-120) �9 105 N / m  2 w a s  
u s e d  a s  the  g a s e o u s  m e d i u m .  

The  da t a  of  o u r  t e s t s  a r e  r e p r e s e n t e d  by p o i n t s  in F i g .  3. In the  s a m e  g r a p h  the c u r v e s  a and b the  
s c a t t e r  f i e l d  of the  r e s u l t s  of  v a r i o u s  a u t h o r s  a c c o r d i n g  to the  da ta  of  [4] wh i l e  the  c u r v e  c a p p r o x i m a t e s  o u r  
e x p e r i m e n t a l  da te .  

On the b a s i s  of  the  t r e a t m e n t  and a p p r o x i m a t i o n  of the  m e a s u r e m e n t  r e s u l t s  ( curve  c) ,  the  fo l lowing  
func t ions  a r e  s u g g e s t e d  fo r  c a l c u l a t i n g  the  h e a t - e x c h a n g e  i n t e n s i t y  in h o r i z o n t a l  l a y e r s  of  f i b r o u s  m a t e r i a l s :  

for Ra* ~ 40 Nu* = 1 ; 
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for 40,~Ra*,~400 Nu* = 0.4(Ra*) ~  1.5; 

for 4 0 0 ~ R a * , (  10000 Nu* = 0,17(Ra*) ~ -t- 2.8. 
(19) 

The following p rocedure  for  calculat ing the hea t -exchange  intensi ty in f ibrous  m a t e r i a l s  is p roposed  on 
the bas i s  of an ana lys i s  of the l i t e r a t u r e  data and the exper imen ta l  invest igat ion which was p e r f o r m e d .  

The initial  in format ion  for  the calculat ion of Nu* a re :  the d i a m e t e r  d and t he rma l  conductivity h 1 of the 
f i b e r s ,  the po ros i ty  I Io f  the m a t e r i a l ,  the t he rma l  conductivity k 2 of the gas fi l l ing, the th ickness  L of the in-  
t e r l a y e r ,  and the t e m p e r a t u r e s  T 1 and T 2 of the su r faces  bounding it. 

Using the rmophys i ca l  data on the gas f i l l ing,  the d imensions  of the cavi ty ,  and the t e m p e r a t u r e s  at  i ts  
boundar ies  the value of the c r i t e r ion  Ra 0 is calculated f r o m  Eq. (2), in which all  the p a r a m e t e r s  a re  de te rmined  
a t  a p r e s s u r e  P = 1.105 N/m 2 and a t e m p e r a t u r e  T m equal to the a r i t h m e t i c - m e a n  value of the wall  t e m p e r a -  
t u re s  of the l aye r .  

The Darcy  number  Da is de te rmined  by Eqs. (2), (9), and (12) f r o m  the known values  of the poros i ty  1I of 
the f ibrous  m a t e r i a l  and the f ibe r  d i am e t e r  d. 

The  p a r a m e t e r  M is calculated f r o m  (13)-(15) and the modif ied Rayle igh  number  Ra* f r o m  (7). 

The ave rage  intensi ty of hea t  t r a n s f e r  Nu* through the l aye r  is de te rmined  f r o m  Eqs.  (19). 

The s tandard  deviat ion of the calculated r e su l t s  f r o m  the expe r imen ta l  data in the range of 1 < Ra* < 104 
does not exceed  25% at  a confidence level  of 0.67. 

The r e su l t s  of the invest igat ion p re sen ted  explain the cons iderable  i nc rea se  in the effect ive t he rma l  con-  
ductivity of i n t e r l aye r s  fi l led with porous  m a t e r i a l  (up to dozens of t imes  upon a p r e s s u r e  r i s e  only up to 1.5.  
10 7 N/m2). The la t te r  conf i rms  the necess i ty  of allowing for  the convective m e c h a n i s m  of heat  t r a n s f e r  in t ech -  
nological  p r o c e s s e s ,  power  ins ta l la t ions ,  and var ious  kinds of ins t rument s  and devices  opera t ing at i nc reased  
p r e s s u r e s  of the working substance (gas). 

t e f  

kg 
U 

p 

Kper  
L 
a T  
T 
P 

g 
1I 
R 
Q 
~- ins 
6ins 
z~Tins 
Cp 
V 

d 
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is the 
is the 
is the 
is the 
is the 
is the 
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Is the 

is the 
is the 
is the 
~s the 
is the 
is the 
is the 
~s the 
is the 
is the 
Is the 

N O T A T I O N  

effect ive t he rm a l  conductivity of l aye r  of porous  m a t e r i a l ,  W / m .  ~ 
same  in the absence  of conver t ion ,  W/re .  ~ 
t h e r m a l  conductivity of gas fi l l ing,  W/re .  ~ 
coeff icient  of k inemat ic  v i scos i ty ,  m2/sec;  
coeff icient  of dynamic  v i scos i ty ,  N.  sec/m2; 
dens i ty ,  kg/m~; 
coeff icient  of pe rm eab i l i t y ,  m2; 
height of t e s t  l a y e r ,  m;  
t e m p e r a t u r e  drop in t es t  l a y e r ,  ~ 
t e m p e r a t u r e ,  ~ 
p r e s s u r e  of fi l l ing med ium,  N/m2; 
coefficient  of vo lumet r i c  expansion of gas ,  1/~ 
f r e e - f a l l  acce le ra t ion ,  m/sec2;  
poros i ty  of m a t e r i a l  in f rac t ions  of a unit; 
gas constant ,  J/~ 
heat  flux, W; 
t h e r m a l  conductivity of insulat ing in t e r l aye r  of c a l o r i m e t e r ,  W / m .  ~ 
thickness  of insulat ing in t e r l aye r  of c a l o r i m e t e r ,  m;  
t e m p e r a t u r e  drop in the rmal ly  insulat ing in t e r l aye r  of c a l o r i m e t e r ,  ~ 
speci f ic  hea t  of gas fi l l ing at constant  p r e s s u r e ,  J / k g .  ~ 
f i l t ra t ion ve loc i ty ,  m/ sec ;  
mean  dis tance between f i be r s ,  m; 
f iber  d i a m e t e r ,  m; 

the index 0 means  that the the rmophys ica l  p a r a m e t e r s  a re  calculated at a p r e s s u r e  P = 1 �9 105 N/m 2. 
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