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The energy losses in a dust-gas suspension due to heat transfer between 
the gas and solid phases are found by the methods of the thermo- 
dynamics of irreversible processes. An expression is obtained for the 
energy losses in the approximation of the thermal relaxation time of 
the particle. 

In any t h e r m o d y n a m i c  p r o c e s s  the e n e r g y  l o s s e s  
p e r  unit  t i m e  a r e  given [1] by 

= T.S. (1) 

The r a t e  of en t ropy  p roduc t ion  in a s y s t e m  of vo lume  
V can  be  r e p r e s e n t e d  in the f o r m  [2] 

_ dS _ ~ ( ~ d V .  (2) 
dt 3 

V 

Let  us c o n s i d e r  a s y s t e m  cons i s t i ng  of a gas  in 
which so l id  p a r t i c l e s  a r e  suspended .  Rega rd ing  the p a r -  
t i c l e s  as  point  s o u r c e s  of en t ropy  d i s t r i b u t e d  th rough  
the s y s t e m  with  dens i ty  [3] 

N 

n(r) = ~] 6 (r-- r~), 
i 

and assuming that collisions between particles do 
not affect the net entropy production and that the 
superposition principle is satisfied, we write the ex- 
pression for the entropy production (per unit volume 
of suspension) 

N 

J (3) 

The r a t e  of i n c r e a s e  of en t ropy  Sj due to hea t  t r a n s f e r  
be tween  the gas  and the j - t h  p a r t i c l e  [2] i s  equal  to 

Here ,  by v i r t u e  of the s u p e r p o s i t i o n  p r i n c i p l e ,  the  
i n t e g r a t i o n  i s  c a r r i e d  out  ove r  the e n t i r e  vo lume 
(V' - V) in the  c o o r d i n a t e  s y s t e m  t i ed  to the  j - t h  p a r -  
t i t l e .  Subst i tu t ing  (4) into (3), and then  (3) into (9.) and 
(I), we obta in  

= - -  T O 6 ( r - -  rj) [ (q ' vT)  ] dV'dV 
m (5) 

Using (5), we can  ca l cu l a t e  E fo r  any g iven  p a r t i c l e  
d i s t r i bu t i on  funct ion n(r ) .  

We consider a simple disperse system in which the 
solid phase, in the form of spherical particles of iden- 
tical size (Rj -= R), is uniformly distributed over the 
volume of the system. We assume that Bi ~ 0 and that 
at any time the system consists of two equilibrium 
subsystems: a gas at temperature Tg and particles 
at temperature Ts. The gas-particle temperature 
distribution has the form (Fig. i) 

{r, p -.< R, 
T = T~ P > R .  

F o r  th i s  d i s t r i bu t i on ,  g iven s p h e r i c a l  s y m m e t r y ,  
the temperature gradient has the form 

0T 
-- A (t) 8 (p - -R) .  (6) 

ap  

Integrating (6) with respect to p from 0 to R + e (e > 0) 
by virtue of the properties of the delta function [4] we 
obtain for the normalization factor A(t) 

A = A T(t) : :  Tg - - r , .  

Then 

OT 
== A T6 (p - -R) .  Op (7) 

Using (7), we can  e a s i l y  eva lua te  the  i n n e r  i n t e g r a l  in 
(5) in  s p h e r i c a l  c o o r d i n a t e s  (dV' = 47rpadp): 

r vD ] dr'= 
. L- 5 

q(R) AT 4 n R ) = - -  r [ &T /?\24~Ra, (s) 
= - -  T~ Rj /~j \ T, l 

w h e r e  q(R) = s A T  a c c o r d i n g  to Newton 's  law. 

7 

I f  

Fig. i. Temperature distribution in the gas 
and in the particle. 
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F o r  a s y s t e m  of N iden t i ca l  s p h e r i c a l  p a r t i c l e s  

Pe 3 V~, 
N = p ,  Ps 4~R 3 (9) 

and, us ing  (8) and (9), we obta in  e x p r e s s i o n  (5) in  the 
fo rm 

a /  A T  ~2 P~ Vg. 

In t eg ra t i ng  (10)with r e s p e c t  to t ime  and se t t ing  pgVg -: 
= 1, we find the  ene rgy  l o s s e s  r e f e r r e d  to uni t  m a s s  
of gas  in an a r b i t r a r y  t h e r m o d y n a m i c  p r o c e s s :  

AT 

0 

The quant i ty  AE does  not depend on the d i r e c t i o n  of 
the hea t  flow. 

Let  us eva lua t e  the  i n t e g r a l  in e x p r e s s i o n  (11) fo r  
p r o c e s s e s  whose du ra t i on  exceeds  the r e l a x a t i o n  t ime  
of the s u b s y s t e m  with the  g r e a t e r  i ne r t i a .  At # > 1 
~'g < TS~ Hence,  we a s s u m e  tha t  the gas  ehanges  t e m -  
p e r a t u r e  ins tan taneous ly ,  while  the p a r t i c I e s  r e l a x  to 
the  end s t a t e  of the gas  (Fig .  2): 

{T-1 = TSl, t < O, (12) Tg o 

Tgl+_AT e, t > / 0 .  

The quant i ty  AT = T g  - Ts can be found f r o m  the p a r -  
t i c l e  hea t ing  (cooling) equat ion as  Bi -~ 0 

p~ c f l  dT ,  _ (T e __ T,) = h T. 
3a dt  

Using (12), we obta in  the  so lu t ion  of th is  equat ion fo r  
AT in the  f o r m  

[AT[ = [ATg[exp {--  ~ } ,  

w h e r e  TS = PsCsR/3ez. 
The i n t e g r a l  in (11) is  equal  to 

~) 0 

: = / - ~ e ~  ] 2 2 

0 is  the r e l a t i v e  change of gas  t e m p e r a t u r e  du r ing  the 
process. 

In integrating it was taken into account that AT << 
<< Tg I and, moreover, T >> 7S, which permits ~- ~ ~. 
Hence, from (ii) we obtain 

AE= I ~T0c~0 "~. 
2 

The value of 0 is determined bythe nature of the ther- 
modynamic process and can be found if the polytropic 
index n, whose value depends on the concentration p, 
the heat-transfer coefficient ~, the thermophysi- 
cal parameters of the gas and the particles, and the 
rate of the process [5], is known. The energy losses, 
calculated from (13), for the externally adiabatic 
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Fig .  2. Va r i a t i on  of gas  and p a r t i c l e  t e m p e r a t u r e s  
with t ime .  

/ - -  
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Fig .  3. E n e r g y  l o s s e s  ( k J / k g )  in 
a su spens ion  (e = P2/Pl is  the 
c o m p r e s s i o n  r a t i o ) :  1) # = 4.5; 

2) # = 10.9. 

c o m p r e s s i o n  of an a i r - g r a p h i t e  su spe ns ion  a r e  p r e -  
sen ted  in F ig .  3. The va lue  of 0 was  ca l cu l a t ed  f rom 
the equat ion of the p o l y t r o p i c  p r o c e s s  fo r  two va lues  
of the p o l y t r o p i c  index ,n  1 = 1.072 and n 2 = 1.067, ob-  
ta ined  e x p e r i m e n t a l l y  [5] a t  concen t r a t ions  #1 = 4.5 
and #2 = 10.9, r e s p e c t i v e l y .  The t e m p e r a t u r e  and 
spec i f i c  hea t  we re  taken  equal  to To = 300 ~ K, cs  = 1 
k J / k g ,  deg.  

NOTATION 

l~, a r e  the e n e r g y  l o s s e s  p e r  uni t  t ime;  T O is  the 
t e m p e r a t u r e  of s u r r o u n d i n g  medium;  S is  the r a t e  of 
i n c r e a s e  of en t ropy;  V is  the  vo lume of the t h e r m o -  
dynamic  s y s t e m ;  r i s  the en t ropy  produc t ion ;  n(r)  i s  
the p a r t i c l e  d i s t r i b u t i o n  function; q is  the hea t  f lux 

�9 - - - ~  . 

dens i ty ;  v T xs the t e m p e r a t u r e  grad ien t ;  R is  t h e p a r t i c l e  
rad ius ;  p is  the v a r i a b l e  r a d i a l  coo rd ina t e  in s y s t e m  
t ied  to p a r t i c l e ;  Tg i s  the gas  t e m p e r a t u r e ;  Ts is  the 
p a r t i c l e  t e m p e r a t u r e ;  (~ is  the h e a t - t r a n s f e r  coe f f i -  
c ient ;  N is  the number  of  p a r t i c l e s ;  p is  the  m a s s  
concent ra t ion ;  Ps is  the  d e n s i t y  of the p a r t i c l e  m a t e -  
r i a l ;  pg is  the gas  dens i ty ;  Vg is  the  vo lume occupied  
by the gas ;  ATg is  the change of the  gas  t e m p e r a t u r e  
d u r i n g  the p r o c e s s ;  Tg 1 is  the in i t i a l  gas  t e m p e r a t u r e ;  
Bi i s t h e  Blot  number ;  t i s t h e  t ime ;  6(r  - r j ) ,  6(p  - R )  
is  the D i r a c  de l t a  function;  r j  is  the p a r t i c l e  r a d i u s  
vec to r ;  Tg is  the gas  r e l a x a t i o n  t ime ;  T s i s  the p a r t i c l e  
r e l a x a t i o n  t ime ;  ~- is  the p r o c e s s  t ime .  
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