
C A L C U L A T I O N  O F  T H E  T E M P E R A T U R E  

IN A GAS V E N T I L A T E D  C H A R G E  OF 

F I N E - P O R O S I T Y  M A T E R I A L  

FIELD 
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The tempera ture  distribution is obtained for a gas-vent i la ted layer  of f ine ,poros i ty  mater ia l  
containing internal heat sources  and cooled with a turbulent s t ream of liquid. Both parallel  
flow and counterflow of the two heat c a r r i e r s  are  analyzed. 

The problem of tempera ture  distribution in a gas-vent i la ted charge,  taking into account the heat 
t r ans fe r  between the container walls and the cooling s t ream,  has been considered mainly in studies in 
which the presence  of internal heat sources  is d is regarded or  an approximate solution is given [1-3]. All 
these studies are  concerned with the case in which a s tat ionary gas-venti lated charge of comminuted 
mater ia l  is cooled with a s t ream of liquid, the tempera ture  of which does not vary  along the height. In 
heat-engineering pract ice ,  however, it is much more  often found that there is a simultaneous tempera ture  
variat ion in the ventilated layer  and in the coolant. The gas and the coolant may be flowing in the same 
direction or  in opposite directions.  

We will consider  the tempera ture  field in a gas-vent i la ted charge of finely dispersed mater ia l  con- 
taining uniformly distributed bulk-heat  sources  and the tempera ture  field in the turbulent cooling liquid. 

For  this case the tempera ture  distribution is found f rom the solution of a sys tem of differential equa- 
tions set up under the following assumptions:  1) the rat io of charge d iameter  to par t ic le  diameter  D/d, the 
charge being contained in a cylinder,  is such that the mass  rate of gas flow is constant over  the c ross  sec-  
tion; 2) the thermal  res is tance  of the container walls is small;  3) the mass  ra tes  of gas and liquid flow as 
well as the thermophysical  proper t ies  are  invariable; 4) the coefficients of heat t r ans fe r  between the walls 
and the coolant are  constant over  the height; 5) the effective thermal  conductivity of a layer  is the same in 
the axial and in the radial  direction; 6) the heat generated in the charge is immediately dissipated in r a i s -  
ing the tempera ture  of the mains t ream.  

With these assumptions,  the sys tem of equations is: 

, a t  o t) ot 
\ OP + - Or 4-, OP - - w 7 %  ~'z + q~ = O' 

Ot 1 H 
- -  = a - -  [ t (R ,  z) - - t l  (z)]. (1)  +- w171cvl Oz S 

The problem will be solved by the Four ie r  method. 

In the second of Eqs. (1) the plus sign r e fe r s  to a paral le l  flow of heat c a r r i e r s  and the minus sign 
re fe r s  to a eounterflow of heat c a r r i e r s .  

The boundary conditions are  the same in both eases considered here:  

Ot r = o = O ;  Ot t (z [t(R, z)--tl(z)]; (2) 
o-7 = - - - - i -  

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 21, No. 4, pp. 657-666, October, 1971. Orig- 
inal article submitted November 16, 1970. 

�9 1974 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. I0011. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher. A 
copy of this article is available from the publisher for $15.00. 

1264 



the ini t ia l  condi t ions  a r e ,  fo r  p a r a l l e l  flow, 

and, f o r  counte r f low,  

where  L is  the channel  height .  

t t~=o = to; " tl l~=o = tlo; t]z~| limit; 

l Iz=o =/o; t l  ]z=L = llo; t [ . . . .  limit, 

We in t roduce  the fol lowing des ignat ions :  

n q~ a ~a 
a = a . - - ;  b = - - ;  c = - - ;  d - -  ; e = - -  

S ~ ~1 ~1 ~ 

We f i r s t  e x t r a c t  the s ingu la r i t i e s  in the solut ion,  wr i t ing  the l a t t e r  in the fo rm:  

t(r, z ) = v ( r ,  z ) + A z + B P + F ,  

t 1 (z) = T 1 (z) + Ez  -4- D. 

The  coef f ic ien t s  in Eqs .  (4) a r e  d e t e r m i n e d  so that  the p a r t i c u l a r  solut ions  will  satisfy- Eqs.  (1) and the 
boundary  condi t ions  (2). Then,  

- - e A + 4 B + b = O ,  

E = +_+ c (Az + BR2 + F - -  Ez  - -  D), 

c, (BR~-+ F -  D). 2 B R  = - -  

F r o m  this we have 

for counterflow when 2Bi ~ dR2: 

bR~d 
A = E = •  -; 

(2Bi • d R  ~) 

b 
B = - -  

4 ( t  + dR~ 

F - - D =  

4(1  _ dRe)2Bi 

F o r  the unknown funct ions  T and T 1 we obtain the following s y s t e m  of equat ions:  

02~ 1 Or 0% , & 
- -  + - - . - -  + - - - - s - -  = 0 ,  
Or ~ r Or OP Oz 

0 ~  _ _+ c [~ (R, z) - -  T~ (z)], 
Oz 

O~ 
I - ~ [T(R,  z ) - - ~ ( z ) ]  

0_~ f 
/ = o; 

Or It=0 

with the ini t ia l  condi t ions  for  p a r a l l e l  flow 

(3a) 

(3b) 

(4) 

(5) 

(5a) 

(6) 

(7) 

T i z ~  ~ 0 for 

bf 2 

dR - -p ,  
4 1 + 2Bi / 

E - - D =  b R 2 ( l +  B-~-) 

d R  ~ 

TI I==o = tlo - -  D, 

(7a) 

1265 



and for  e o u n t e r f l o w  

br ~ 
1: [~=o = to + - -  F, 

4 ( 1 - -  dR~.)2Bi 

bR 2 (1 , 2 
T B i )  \ 

T I r ~  = 0 fo r  F - - D  = 
4 ( 1 - -  dR2 I 

2Bi , 

bR~dL 
171 [~=L = tlo - -  D + - -  

e (2Bi - -  dR ~) 
The so lu t ion  to s y s t e m  (6) wi l l  be sought  in the  f o r m  of a s e r i e s :  

r 

"~ (r, z) = X A,~%~ (r) [,~ (z). 

(7b) 

(8) 

In a c c o r d a n c e  with the  c o n s t r a i n t s  a t  r = 0 and z ~ ~ ,  we have  chosen  the fo l lowing  s o l u t i o n s -  

% (r) = Jo (k~r), 

[.(z) exp [ ( 2 - -  

The so lu t ion  

(8a)  

% (r) = Io (k:r), 

h a s  no p h y s i c a l  m e a n i n g ,  s i n c e  t h e r e  can  be  no u n l i m i t e d  t e m p e r a t u r e  r i s e  wi th  i n c r e a s i n g  r in the  p r e s -  
ence  of i n t e r n a l  hea t  s o u r c e s .  

F r o m  the  s e c o n d  equa t ion  in (6) we d e t e r m i n e  ~-l(z): 

E exp - - -  
T t (Z) ----- + C J0 (knR) L 4 -  + k2n z 

e / /  e2 (9) 
+ c + ~ - - [ ,  -4-+k ~ 

n = l  - -  n 

I n s e r t i n g  th i s  so lu t ion  into the  b o u n d a r y  cond i t ion  a t  r = R,  we ob t a in  the  c h a r a c t e r i s t i c  equa t ion  fo r  d e -  
t e r m i n i n g  the v a l u e s  of kn: 

k~.~d + 7-  + - 7  c 
- -  Jo (k~R) + RJx (k,~R) = O. (10)  

Since of ten in p r a c t i c e  eR ~- 103, Eq.  (10) b e c o m e s  

knBi 

p2 ~ dR2 
- -  Jo ( ~ )  + p~,~Bi 

J1 (F~) = 0 (10a) 

The f irst  five roots of Eq. (10a) for paral lel  flow and for counterflow fo r  not  v e r y  high v a l u e s  of ~n = knR. 
with dR 2 = 6.72 a r e  l i s t e d  in Tab le  1. 

The l a r g e s t  d i f f e r e n c e  be tween  v a l u e s  of the  r o o t s  is  o b s e r v e d  in the  f u n d a m e n t a l  mode .  At  high 
v a l u e s  of n the  v a l u e s  of the  r o o t s  wi l l  be  s l i g h t l y  l o w e r  than  the c o r r e s p o n d i n g  r o o t s  of equa t ion  J l (~n)  = 0 
fo r  both  t y p e s  of f low. It i s  to be  no ted  tha t  a t  low v a l u e s  of Bi  (Bi < dR2/2) the  v a l u e s  of the  f i r s t  r o o t s  of  
Eq. (10a) i n c r e a s e  much  m o r e  in the c a s e  of c o u n t e r f l o w  than  in the  c a s e  of p a r a l l e l  f low. 

The c o e f f i c i e n t s  A n a r e  d e t e r m i n e d  f r o m  the i n i t i a l  c ond i t i ons  (7) and (7a) a t  z = 0: 

E Aflo (k~r) = t o + br~ ( dR2 ) - - F .  (11) 
n=l 4 1 + - ~ -  
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T A B L E  1. Values of the F i r s t  Five Roots  of the C h a r a c -  
t e r i s t i c  Equation (dR 2 = 6.72) 

Bi 

{%n 

~a {~ gts 

1 
3 
5 
8 

i0 

i 

5 
8 

10 

2.530 
2,480 
2,459 
2,445 
2,438 

4,009 
4,330 
1,174 
1,680 
1,835 

For parallel flow 

4,214 7,176 
4,645 7,457 
4,878 7,674 
5,065 7,893 
5,141 8,010 

For counterflow 

7,t40 10,255 
7,371 10,441 
4,575 7,568 
4,794 7,793 
4,926 7,907 

10,277 
10,470 
10,646 
10,856 
10,965 

13,396 
13,536 
10,600 
10,800 
10,909 

13,401 
13,55I 
13,690 
13,872 
13,975 

16,53 
16,65 
13,667 
t3,842 
13,941 

A f t e r  n e c e s s a r y  t r a n s f o r m a t i o n s ,  we have 

A n ~ -  

GRJI (GR) 

b 
§ 

2 (to - F )  

%2 /~2 
n 

+ 2 1_[_. Jo(k.R) 4 

+1} 

F o r  finding the cons tan t  t e r m  F we use  the boundary  condi t ions  for  r l(z). 
flow and counte r f low s e p a r a t e l y .  

F o r  pa ra l l e l  flow at z = 0 the equal i ty  

+1} 
(12) 

We now c o n s i d e r  pa ra l l e l  

t o g e t h e r  with e x p r e s s i o n  (12) y ie lds ,  a f t e r  n e c e s s a r y  t r a n s f o r m a t i o n s :  

~  B'-'i- 

A , ~ = - -  [ J~(k,~R)] + 1 +  dR~ .3,j2 
(1 + al) (k~R) J~ (k,~R) + g~ (k,~R----~ Bi ~'n [ 0 (~tn) "@ J21 (~n)] 

J,(~)~i] 
(12a) 

Analogous ly ,  fo r  counte r f low at z = L the equal i ty  

q0 - -  F -F + 
4 (  1 -  dR2 ) 2 B i  e(2Bi--dR2) 

A,~ (p.~) dJ ~ (V~,~) 
-- Z Bi es~ 

exp (s~L) 

y ie lds  

2Ato 
b R ~ [2~,~ - -  

2 2 dL ] 

1 J1 (~,~) 1 - -  cq 

B---V-- 7n -g~ (~---~ + J~ (~) 
(12b) 
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Taking into account expressions (5a), (8), and (12), we finally obtain from (4) the temperature distribution 
in the ventilated layer: 

t(r, z) = t o At~ 4- bR2dz OR~ ( K - - P ~  
1 _+ (1, -~(2B~___ e ~ )  + 4 (. 1_+ eR,2B~ ) ~ R' J 

, hto ~ 2Ji(~r/R) exp(s~z) ] 
~ +_- ~ j~ (~) + J~(~) 

l ~ bR ~ ~k-- ~ 2p~ J0 (I*~) 4 -- (K -- ) ~*~ 

§ i ] 2 ] __ 2Bi , = ~Lan J1 (~n) "J- g l  (~a-~"~ 

• Jo (/*. R )  exp (s~z). 

The values of K and ~i are determined from the relations 

(12--  

n=I 

where  

2 dL dL - - +  l -4 -% + - - ~  - -  
Bi Bi s Bi s 

K - ~  1 •  

" ( 2 ~  ~ ) [(~2 4)j~(~t~ ) + 2bt~j~(Ft~)jo(i,~) ] 

~t4 hid2 o(~tg)+Ji(Vn)lexp ( - -  s~L2 --  + s~L2 ) 

(13) 

and 

, - ;  
The  t e m p e r a t u r e  d i s t r ibu t ion  in the coolant  along the channel  height  is ,  f o r  pa ra l l e l  f low and for  coun t e r -  
flow r e s p e c t i v e l y ,  

t 1 (z) = t o 

- -  

At o _ bR~dz + bR z (K--  1) 

1 + %  e(2Bi___dR ~) 4(1 +- 
2Bi 1 k 

At o 2d ~ J1 (~t,~) exp (s~z) 
1 • B i e  .= J l ( I Z n ) +  

X 2~ J~ (~) -- 4 + (1 -- K) ~ 
b R 2 d dl (b~) 

1 Si ~ J~ (~) 
- -  2Bi ] = lz~s~ Jl(~t~) -~ Jl(bt~) 

J1 (~.) exp (s,,z), (14) 

where  

At = to--tlo. 

In e x p r e s s i o n s  (13) and (14) the uppe r  s ign appl ies  to p a r a l l e l  f low and the lower  sign appl ies  to 
counter f low.  

The  r e s u l t s  which have been  obta ined h e r e  for  counter f low a r e  val id  when dR 2 ~ 2Bi. In o r d e r  to ob-  
ta in  a so lu t ion  when dR 2 = 2Bi, we mus t  r e v e r t  to Eqs.  (1), (2), (3) and i n s e r t  t h e r e  dR 2 = 2Bi. The so lu-  
t ion can then be sought d i r e c t l y  in the f o r m  of a sum: 
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Fig.  1. T e m p e r a t u r e  d i s t r ibu t ion  in a vent i la ted  l aye r :  
a) with p a r a l l e l  flow cool ing;  b) with counte r f low cool ing;  
dR 2 =6 .72 ;  B i = 1 0 ;  eR = 550; t o = 200~ tt0 =40~ 

t (~, z) = ~ A~p~ (~):~(z), ( i 5 )  

where  the va lues  of ~0 n (r) and fn(r) a r e  d e t e r m i n e d  a c c o r d i n g  to Eq. (8a). The value of Pn h e r e  will be the 
solut ion of  the t r a n s c e n d e n t a l  equat ion 

~ + 2Bi a, (~) = 0. 
- -  J0 0t~) @ ~ Bi 

It is evident  f r o m  Eq. (10a) that  the f i r s t  roo t  of s y s t e m s  (1), (2), (3) is equal  to z e r o  and, t h e r e f o r e ,  the 
f i r s t  t e r m  of  sum (15) is a cons tant .  At l a r g e  z va lues  the t e m p e r a t u r e  t ( r ,  z) is independent  of  the channel  
height .  

When dR 2 > 2Bi, the f i r s t  roo t  n e a r  uni ty  van i shes  in the sums  of e x p r e s s i o n  (13). The va lues  of 
s e v e r a l  s u c c e s s i v e  r o o t s  a r e  c o m p a r a b l e  and, t h e r e f o r e ,  m u s t  all  be taken into account .  Along the a s y m p -  
to t ic  po r t ion  of  e x p r e s s i o n  (13), where  only one o r  two t e r m s  of  the sums  need  to be cons ide red ,  it is  a l -  

ways  the case  that  t coun te r ( r ,  z) < t pa ra l l e l ( r ,  z). 

The so lu t ions  fo r  both t ( r ,  z) and t l ( r ,  z) depend s t rong ly  on the p a r a m e t e r  dR 2, which is p ropo r t i o n a l  
to the ra t io  of  wa te r  equiva len ts  fi//~l. A d e c r e a s e  of this  ra t io  down to B/ill ~ 0 will  cause  the t e m p e r a -  
t u re  d i s t r ibu t ion  in the coolant  to a p p r o a c h  tl(z) = cons t  in both c a s e s  cons ide red  h e r e  and, consequent ly ,  
the d i f f e rence  be tween  p a r a l l e l  flow and counter f low will  be e r a s e d .  In the absence  of  hea t  s o u r c e s ,  the 
e x p r e s s i o n  for  t ( r ,  z) c o r r e s p o n d s  now to the e a r l i e r  ca se  of a vent i la ted  l a y e r  cooled  with a l iquid at con-  
s tant  t e m p e r a t u r e  [2]. 

A c o m p a r i s o n  of  the solut ions  fo r  the case  without a hea t  s o u r c e  (b = 0) will  show that ,  fo r  a m o r e  
ef fec t ive  cool ing  of a vent i la ted  l aye r ,  p a r a l l e l  f low is needed when Bi ( dR2/2 (o- 1 > 1) and counte r f low is 
needed when Bi ) dR2/2 (o-1 < 1), if At > 0. 

When a heat  s o u r c e  is p r e s e n t  (b : 0) and the ra t io  of w a t e r  equiva len ts  f i / f i l  is s m a l l e r  than 2Bi, 
then the p a r a l l e l  flow a r r a n g e m e n t  is m o r e  ef fec t ive  than the counte r f low a r r a n g e m e n t  up to m o d e r a t e  
heights  z; but  as  z i n c r e a s e s ,  the d i f f e rence  in t e m p e r a t u r e s  t pa raUe l ( r ,  z ) - t c o u n t e r ( r ,  z) changes  sign.  
A typ ica l  t e m p e r a t u r e  d i s t r ibu t ion  in a vent i la ted  l a y e r  with p a r a l l e l  flow and with counter f low cool ing is 
shown in Fig. la, b. The following data were used for the calculations here: dR 2 = 6.72, Bi = i0, t o 

= 200~ and tt0 = 40~ the values of parameters b and eR were varied from 107 to 3. I07 and from 550 to 

II00, respectively. Evidently, the asymptotic range with a linear dependence on z is reached sooner as 

less heat is generated in the bulk. The radial temperature gradient is in this range proportional to the 

heat generated in the bulk. A characteristic peculiarity of the temperature distribution in a counterflow 

arrangement is the occurrence of a peak, while the temperature continues to rise in a parallel flow ar- 
rangement. Based on a comparison between these results, there follow two criteria choosing the ap- 
propriate cooling arrangement: I) if lower mean-over-the-height temperatures In the charge are desired, 

then parallel flow is preferable; 2) if a more uniform temperature distribution over the height of a charge 
is desired, then counterflow is preferable. 
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F/t o 
I 

b=3"fO z 

b:/a 7 

~--,?,./0 7 

! - - - - = =  

/ [ :  a 

/o0 200 o "Ca z(~ z/R 

Fig. 2. M e a n - o v e r - t h e - r a d i u s  t e m p e r a t u r e  as a function of the 
l aye r  height: a) eR = 550; ell = 1100. Pa ra l l e l  flow (I) and 
counterflow (II). 

The basic  difference cha rac te r i z ing  the pe r iphe ra l  reg ions  of a charge  is re ta ined when one cons iders  
the m e a n - o v e r - t h e - r a d i u s  t e m p e r a t u r e s  descr ibed  by the following ~:elation: 

t (z) = t o At~ • bR2dz 
1 • a 1 e (2Bi + dR 2) 

2 1 dL q: dL ) 
bt?~ ~-1 + Y ~ 'h + ~ + 

2 --  Bi e 

4 ( 1 +  dR2 ) (1 + ~1) 
- 2 B i  - 

At~ ~ 1  i exp (s~z) 
-~ l+-----~x 2 1+ d~(~tn) 

2 dL 

bR 2 X - ~  2~t ~ J0 (9~) 4+ Bi Bie 
+ J~ (~) I • o~ 

l d-R ~ ~ [ J~J~(~----~] (~)  -~-261 n=' ~4 n 1 +  exp(--s,~z) 

dL 

- Bie 

and r ep resen ted  graphical ly  in Fig. 2a. 

It is evident that the di f ference between pa ra l l e l  flow and counterfiow in the degrees  of t e m p e r a t u r e  
uni formi ty  over  the height of a charge  inc reases  as b = qv/X becomes  l a rge r .  We note that  along a definite 
dis tance the t e m p e r a t u r e s  tend to equalize and the point where the curves  for  pa ra l l e l  flow and for  counte r -  
flow in te r sec t  depends on the magni tudes of b and eR. Increas ing  the flow ra te  of the venti lat ing gas causes  
a shift of the in te rsec t ion  point to the left ,  i . e . ,  a drop of the m e a n - o v e r - t h e - l e n g t h  t e m p e r a t u r e  in the 
case  of counterflow cooling. Thus,  as the value of eR inc reases ,  the counterflow a r r a n g e m e n t  yields  a 
m o r e  uni form and intensive cooling of a gas venti lated f ine -d i spe r s ion  l aye r  (Fig. 2b). With all the other  
conditions unchanged, the same  effect  will be observed  also when dR 2 i n c r e a s e s .  

It is to be noted that a special  case  of the solution shown he re  is the t e m p e r a t u r e  field in a solid 
cyl inder  with heat  sources  uni formly  dis t r ibuted over  i ts  volume,  corresponding to the value fl = 0 in 
Eq. (i). 

t, t t 
R, r 
k 

w, 7, Cp 

wl, 71, Cpl 

qv 
C~ 

n/s 

N O T A T I O N  

a re  the t e m p e r a t u r e  of the charge  l aye r  and of the cooling liquid, respec t ive ly ;  
a r e  the outer  radius  and radius  at any point of a cyl indr ica l  charge;  
is the effect ive t he rma l  conductivity of a layer ;  
a re  the velocity,  specif ic  gravi ty ,  and specif ic  heat  of the venti lat ing gas,  WTCp = fl; 
a r e  the velocity,  specif ic  gravi ty ,  and specif ic  heat  of the coolant, wlTtCpl = ill; 
is the heat  genera ted  in the bulk; 
is the mean coefficient  of heat  t r a n s f e r  between wall and coolant; 
is the ra t io  of the p e r i m e t e r  of the l aye r  to the a r e a  occupied by the coolant. 
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