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The unidimensional  s t e ady - s t a t e  flow of a gas containing a s y s t e m  of solid pa r t i c l e s  in a 
nozzle  is cons idered  for the case  in which the pa r t i c l e s  a r e  cha rac t e r i zed  by a constant  
ve loci ty  lag;  express ions  a r e  der ived  for  the en t ropy l o s se s  in e f f ic iency  due to the f r i c -  
tion between the gas and the pa r t i c l e s  and the i r r e v e r s i b i l i t y  of in te rphase  heat  t r a n s f e r .  

The entropy losses which take place in a gas flow containing solid particles are due to viscous dissipa- 
tion in the gas itself, the friction of individual particles in the boundary layers, the friction of the gas and 
particles on the wall of the channel, and the irreversibility of interphase heat-transfer processes and heat 
transfer between the flow and the channel walls. The frictional losses of the gas in relation to the particles 
and chalmel walls may be regarded as (approximately) additive, since most of the particles are concentrated 
close  to the axis  of the nozzle  [1]. 

Le t  us  cons ider  the ent ropy l o s s e s  due to the f r ic t ion  between the gas and the pa r t i c l e s  AE 1 and the 
i r r e v e r s i b i l i t y  of the in te rphase  heat  t r a n s f e r  AE z. In accordance  with [2] we may  wr i t e  

aE = Ae, + A e , :  To.[ + To .[ at. (1) 
0 0 

In o rder  to find the entropy de r iva t ives  s(1) and s (z) we use  the model  of the unidimensional  s t eady - s t a t e  
flow of a gas containing solid particles in a nozzle (with a constant velocity lag of the particles) [3], and 
also the corresponding analytical solutions, which agree to within 5% with the results of more rigorous 
computer calculations based on variable lag and existing experimental data. Since the model considered 
in [3] makes no allowance for dissipation in the actual gas or heat transfer to the channel walls, the losses 

due to these processes fail to appear in AE i and AE 2. For fine particles we may put T s-T << T. The 
quantity s (I) may be expressed in terms of a dissipative function, which takes the following form for the 

model under consideration [4] 

N 

Ts(,, = ~ [Bj (u - -  us) V2U q- G, (u - -  .,)2], (2) 
i=1 

Bj and Gj a r e  propor t iona l i ty  f ac to r s ,  and the summat ion  extends over  al l  the pa r t i c l e s  in the sy s t em.  Flow 
with a constant  lag  k = (U-Us)/U is c h a r a c t e r i z e d  by a gas -ve loc i ty  gradient  which is constant  along the 

whole chalmel [31 

du _--_ A -- 9 TI k (3) 
dx 2 psr 2 ( 1 - -  k) ~ 

H e r e  the f i r s t  t e r m  in the d iss ipa t ive  function (2) vanishes .  
in unit  m a s s  of gas we m a y  wr i te  

Fo r  a sy s t em of N o identical  spher ica l  pa r t i c l e s  

T~(,> = 6Nou2k 2, (4) 

where  
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Fig .  1. E n t r o p y  l o s s e s  a s s o c i a t e d  with f r i c t i on  (a) and with  the  i r r e v e r s i b f l i t y  of  i n t e r -  
p h a s e  h e a t  t r a n s f e r  (b) (for the cont inuous  c u r v e s  Pl /P2 = 5, fo r  the b r o k e n  c u r v e s  2.5;  
the  f i g u r e s  on the c u r v e s  give the  va lues  of # ) ;  AEi ,  AE 2 in k J / k g .  

F ig .  2. R e l a t i v e  l o s s e s  due to f r i c t i on  for  Pl /P2 = 5 ( f igures  on the c u r v e s  give the 
v a l u e s  of  # ) ;  A E 1 / E  in ~o. 

F r o m  (4) and (5) 

No = _~_~ 3 
P, 4nr~.. (5) 

s(1) = 3~ ~6u~k' (6) 
4np~PT 

T h e  law of t e m p e r a t u r e  v a r i a t i o n  a long  the nozz le  m a y  be found f r o m  the e n e r g y  equa t ion  fo r  a po ly t rop i c  
gas  flow 

d (uZ~___. nR dT (7) 
dx [ 2 / ,  n - - 1  dx 

I n t e g r a t i n g  (7) wi th  due a l l owance  for  (3) and neg lec t ing  the v e l o c i t i e s  of the gas  and p a r t i c l e s  a t  the e n t r a n c e  
into the n o z z l e ,  we  have  

T = T1 - -  cx 2, (8) 

c -- a~ ( n "  l) (9) 
2Rn 

L e t  us  t r a n s f o r m  to the new v a r i a b l e  dt = d x / v  in (1) by in t roduc ing  the c e n t e r - o f - m a s s  ve loc i ty  

v ~ ( l - - k )  + 1 
= - u .  (10) 

ixq- I  

The  en t ropy  l o s s e s  AE l r e f e r r e d  to uni t  m a s s  of gas m a y  be  found f r o m  (1) a l lowing  fo r  (3), (6), (8), (9), 
and (10): 

h 

AE~ =-- 3T06~(~ q- 1) k2A ~ xdx (ii) 
4npsr a [ix (I - -  k) q- 1 ] J T1 - -  cx ~ 

0 

In accordance with [i, 3-6], the quantity G may be expressed as 

G =: 6mlr. (12) 

Carrying out the integration in (ii) and allowing for the explicit form of G from (12) and A from (3), we ob- 

tain 

A E , =  it(Ix+ 1) k (1- -k)2  n RToln T---L, (13) 
[ix(1 - -  k) + 11 n - - 1  T~ 
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where  

T, -~ T (h) = T r - -  ch 2. (t4) 

F o r  calcula t ing AE 2 we make  use  of the r e su l t s  of [7] 

AE, = To ~ s(2)dt = 3lxT~ 
0 0 

(15) 

A constant  veloci ty lag leads to a constant  t e m p e r a t u r e  lag L [3] 

L= T,,,--T,. 
TI:--T 

F r o m  (7) and (16) we obtain 

Ts--T (1 --L)(n-- 1) u ~ 
T 2nR T 

If  in (15) we t r a n s f o r m  to a new var iab le  dt = d x / v  and allow for  (3), (8), (9), (10), and (17), we obtain 

3~(~ + I) T~(I ~L)'(n--1)2 A" ~ x"dx 
AE2 = [~(1 - -  k) + 11 rp, (2nR)' .1 IT 1 - -  CX2I "" 

0 

(16) 

(17) 

(18) 

Let  us make  use  of the c r i t e r i a  (numbers)  

N u =  2cz~ B i =  a~  P r = ~  (19) 
)~ ~ a 

The effect ive h e a t - t r a n s f e r  coeff icient  may  be wr i t ten  in the following way,  allowing for the internal  the rma l  
r e s i s t a n c e  of the pa r t i c l e s  [8]: 

a. (20) 
1 q- q~ Bi 

The quantity ~o depends on the shape of the body, but only sl ightly on Bi. Ca r ry ing  out the in tegrat ion in 
(18) and r e m e m b e r i n g  (3), (9), (19), and (20), we obtain 

+ Nu ~ ( Ix+ l )  ( l - -L )~ (1 - -k )  ' (Ti--T, In T~) (21) 
AE~= %To (l+q~Bi)Pr [ l~( l~--k)+[ i  k T, " 

F igu re  1 shows the values o f / ( E  1 and AE 2 calculated f rom (13) and (21) for  an a i r -  graphi te  suspension.  
In the calculat ions we used Cp ~ c s = 1 k J / k g . d e g ,  R = 287 J / k g . d e g ,  T O = 300~ q~Bi << 1; n, L, Nu 
w e r e  calcula ted in accordance  with [3]. 

F igure  2 shows the re la t ive  ent ropy l o s se s  due to the veloci ty lag of the pa r t i c l e s .  In calculat ing the 
eff iciency E in front  of the nozzle  we took T i = 800~ The ra t io  T 1 / T  2 was  calcula ted f rom the polyt ropic  
equation for  the specif ied p r e s s u r e  ra t io  Pi/P2. 

N O T A T I O N  
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is the time; 
is the temperature of the surrounding medium; 

are the gas and particle temperatures; 
are the gas and particle velocities ; 

is the gas-velocity gradient; 

is the 
is the 
is the 
is the 
is the 
is the 
is the 

axial  coordinate ;  
dynamic v i scos i ty  of the gas;  
densi ty of the pa r t i c l e  m a t e r i a l ;  
number  of pa r t i c l e s  in unit  m a s s  of gas;  
rad ius  of pa r t i c l e ;  
m a s s  concentra t ion of p a r t i c l e s ;  
polyt ropic  index; 
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T I , T2 
h 

~, ~s 
Cp, Cs 

Pl, 132 

io 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

is the gas constant; 
are the gas temperaturesatentrance and exit of the nozzle; 
is the length of nozzle; 
are the thermal conductivities of gas and particles; 
are the specific heats of gas and particles; 
is the heat-transfer coefficient of particles and gas; 
are the kinematic viscosity and thermal diffusivity of gas; 
are the gas pressures infront of and behind the nozzle. 
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