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The  f o r c e d  m o t i o n  of an i ce  and w a t e r  m i x t u r e  in the m a i n  s e c t i o n  of a round  p ipe  is i n v e s t i -  
ga t ed .  The  t e m p e r a t u r e  p r o f i l e s  and hea t  t r a n s f e r  a r e  d e t e r m i n e d  as a funct ion  of m i x t u r e  
c o n c e n t r a t i o n .  

Hea t  t r a n s f e r  has  been  i n v e s t i g a t e d  in [1-3] fo r  p a r t i c l e s  s u s p e n d e d  in a flow with m o t i o n  of a two-  
p h a s e  (s ludge)  m e d i u m  wi th in  a c l o s e d  v o l u m e  and in p i p e l i n e s .  Heat  t r a n s f e r  was  c o n s i d e r e d  fo r  s o l i d  
s u s p e n d e d  p a r t i c l e s  of c o n s t a n t  m a s s .  In [4-8] ,  hea t  t r a n s f e r  was  i n v e s t i g a t e d  fo r  the b o u n d a r y  l a y e r  in 
the p r e s e n c e  of in j ec t ion  o r  w i t h d r a w a l  of l iqu id  (and with me l t i ng )  at the s u r f a c e  p a s t  which  the f low m o v e s .  

We s h a l l  a s s u m e  that  we have  a s t e a d y  t w o - p h a s e  flow wi th in  a r o u n d  p ipe ;  the s o l i d  p h a s e  t akes  the 
f o r m  of s p h e r i c a l  p a r t i c l e s  of i d e n t i c a l  d i a m e t e r .  The  s p e c i f i c  hea t  f lux th rough  the p ipe  wa l l  is  cons t an t .  
The d i s c u s s i o n  c o m m e n c e s  wi th  the a s s u m p t i o n  that  the t h e r m a l  b o u n d a r y  l a y e r s  jo in  up. We a l so  a s s u m e  
that  the l iqu id  p h a s e  m o v e s  at  a c e r t a i n  v e l o c i t y  that  is cons t an t  o v e r  a c r o s s  s e c t i o n  (u = cons t ) ,  whi le  the 
r a t e  of m o t i o n  of the s o l i d  p h a s e  m a y  d i f f e r  by a c e r t a i n  cons t an t  va lue .  We c o n s i d e r  the c a s e  of m o d e r a t e  
hea t  f l uxes ,  w h e r e  the change  in c o n c e n t r a t i o n  a long  the p ipe  can be  n e g l e c t e d  in f i r s t  a p p r o x i m a t i o n .  We 
a l s o  a s s u m e  that  the t e m p e r a t u r e  of  a s o l i d  p a r t i c l e  is  cons t an t  th roughou t  the e n t i r e  v o l u m e ,  and equa l  to 
the m e l t i n g  po in t .  

The  e n e r g y  equa t ion  f o r  this  c a s e  has  the f o r m  

OAT ~. /02AT § 

We use  the fo l lowing  cond i t i ons  to s o l v e  (1): 

sh ip :  

1 OAT ] qiAT 

r Or ] 9c v ( 1 - C )  

A T ~ A T ~ o  for x = o  and r = R ,  

OAT 
= 0 for r = 0 .  

Or 

Set t ing  up the h e a t - b a l a n c e  equa t ion  fo r  the p ipe  s e c t i o n  of length  Ax,  we obta in  one m o r e  r e l a t i o n -  

R R 

dj f qw R = cvp (1 - -  C) u -~x ATrdr + q~ 

0 0 

(1) 

We s e e k  a s o l u t i o n  in the  f o r m  

(2) 

(3) 

ATrdr. (4) 

AT = (T - -  T~,) + (T w - -  T m ) = ft (r) + [z (x). 

Subs t i t u t i ng  (5) into the in i t i a l  equa t ion  and us ing  (2)-(4)~ we ob ta in  the so lu t ion  

(5) 

AT q~,R I o (z) - -  exp ( - -  B) 
k(1 - - c )  z , (G) 

t 4 (z) =d= 
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Fig.  1. Rela t ive  Nusse l t  n u m b e r  f o r  ap ipe  as funct ion of c o n c e n t r a -  
tion (C, %) [solid l ines)  Nu 1 = 70; da shed l i ne s )  35; d a s h - d o t  l ines)2] :  
1) d = 0.010; 2) 0.016; 3) 0.020; 4) 0.005; 5) 0.015 m.  

Fig.  2. T e m p e r a t u r e  p rof i l es  (~ fo r  ze ro  sec t ion  (x = 0) [ so l id l ines )  
Nu 1 = 2; d a s h - d o t  l ines) 35; dashed  l ines)  70]: 1) wa t e r ;  c o n c e n t r a -  
tion of so l id  p a r t i c l e s :  2) 5%; 3) 40; 4) 2; 5) 20. 

w h e r e  

1// ~ r ( z = Z  for r = R ) ,  (7) 
q, 

z = (1 - -  C)  

and 

B =  ;~Z2x �9 (8) 
pcpuR ~ 

h e r e  I0(z ) is a modi f ied  z e r o - o r d e r  B e s s e l  funct ion of the f i r s t  kind.  

We d e t e r m i n e  the spec i f i c  sink power ,  

q = qi A T  = naiF~AT (FI = ad2). (9) 

To d e t e r m i n e  the p a r t i c l e - s u r f a c e - m e d i u m  h e a t - t r a n s f e r  coef f ic ien t ,  we wr i t e  the fol lowing r e l a t i o n -  
ship (the n u m b e r  of p a r t i c l e s  in unit vo lume in t e r m s  of the concent ra t ion) :  

qi -" 6C Nu,)~ (10) 
d 2 

We now find the d i m e n s i o n l e s s  p i p e - w a l l - m e d i u m  h e a t - t r a n s f e r  coeff ic ient :  

qw2R (11) 

Using (6) we f inal ly  obtain 
Z 

2 .f Io (z) zdz 
Nu = (I - -  C) o 

Z 

2 f Io (z) - -  z ~ . ,  Io (z) zdz 
0 

In the l imit ,  w h e r e  the concen t r a t i on  of so l id  phase  equals  z e r o ,  Eq.  (6) b e c o m e s  

A T - -  2q~,x + q,~RR r~ 2 ' 
pcpRu 2L R 2 

and the heat  t r a n s f e r  to pure  w a t e r  is d e t e r m i n e d  by the Nusse l t  n u m b e r  Nu 0 = 8. 

(12) 

( 1 3 )  
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Fig. 3. Temperature profiles 
(AT, ~ for various pipe s e c -  
tions [dashed lines) water ;  
sol idl ines)  C =40%]: 1 )x=0;  
2) 8 3 m ;  3) 2 0 0 m ;  4) oo; 

To i l lustrate the influence of the sol id-phase concentration on the 
tempera ture  distribution over  the pipe c ross  sections and on the chan-  
n e l - w a l l - m i x t u r e  hea t - t r ans fe r  coefficient,  we ca r r i ed  out the ca lcula-  
lions for a w a t e r - i c e  mixture.  

The computations were ca r r i ed  out for the following values: R 
= 0.021 m, d = 0.016 m, u = 0.500 m / s e e ,  qw = 1886 J / m  2 . see .  

In actual flow of sludge, the solid par t ic les  can move at a certain 
rate relative to the liquid (owing to Archimedian buoyancy, etc.); thus 
we selected a Nusselt  number  of 2 for the par t ic les  (the relative part icle  
velocity is zero),  35 and 70. Allowance was made for the effect of p a r -  
ticle melting on the hea t - t r ans fe r  coefficient by the method employed in 
[71. 

Figure 1 shows the pipe relat ive Nusselt  number for various p a r -  
t i d e  hea t - t r ans fe r  coefficients and d iameters .  As we see, an increase  
in the sol id-phase par t ic le  Nusselt  number increases  the hea t - t r ans fe r  
coefficient for the pipe, as is quite natural .  Moreover ,  the h e a t - t r a n s -  
fer  coefficient depends on the par t ic le  diameter .  For  the same concen-  
tration, fine par t ic les  have a g rea te r  melting surface than large p a r -  
t i t l es ;  thus there is more  vigorous exchange of heat between the sludge 
and the channel walls.  

Figure 2 shows tempera ture  profiles for  various values of Nu t and sol id-phase concentrat ions for 16 
mm diameters  at the zero (c = 0) section of the channel. As we might expect, with increas ing concent ra-  
lion and Nul, the tempera ture  gradient  increases  at the pipe wall, while the mean tempera ture  of the liquid 
drops over the pipe c ross  section.  

In contras t  to a flow of water ,  the presence  of constant-concentra t ion sludge produces a situation such 
that as the x coordinate increases ,  the mixture  tempera ture  does not r ise  to infinity, but approaches a c e r -  
lain limiting value (Fig. 3). The result ing solution is approximate,  since in actuality the Sludge concent ra -  
lion varies  both along the pipe length and c ross  section, while the flow velocity profi les differ f rom those 
used in the problem. 

The computational resul ts  do give a co r rec t  qualitative picture of influence of sludge concentration on 
the tempera ture  profile and of the intensity of heat exchange between the sludge flow and the channel walls.  

N O T A T I O N  

R is the pipe radius,  m; 
d is the par t ic le  d iameter ,  m; 
u is the l iquid-phase flow rate ,  m / s e c ;  
qw is the specific heat flux from the wall, W/m2 "deg; 
C = nTrd/6 is the volume concentrat ion of solid phase; 
n is the number of particles in unit volume, I/m3; 
T is the liquid temperature, ~ 
T m is the melting point, ~ 
AT = T-TIn; 
T w is the temperature of the liquid at the pipe wail, ~ 
x is the coordinate along the tube axis, measured from the point at which the thermal boundary 

layers merge; 
)t is the thermal  conductivity coefficient, W/re .  deg; 
p is the density of the liquid-phase mater ia l ,  kg/m3; 
ep is the specific heat capacity of the liquid, J / k g . d e g ;  
r is the coordinate measured  from the axis along the pipe radius,  m; 
q is the specific sink power, W/m3; 
ql = q /AT,  W/m 3 �9 deg; 

cq is the p a r t i c l e - s u r f a c e - l i q u i d  hea t - t r ans fe r  coefficient,  W/m 3. deg; 
F is the part icle  surface area,  m2; 
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Nu 1 = a~d/;~ 
Nu = a 2 R / h  
o~ = q w / ( T - T w )  
(T - T  w) 

Nu0 

is the Nussel t  number  for  the par t ic le ;  
is the Nussel t  number  for the pipe; 
is the p i p e - w a l l - s l u d g e  h e a t - t r a n s f e r  coefficient ,  W/m2 .deg ;  
is the di f ference in the t e m p e r a t u r e s  in the liquid and wall ,  ave raged  over  the pipe c ross  
section, ~ 
is the Nussel t  number  for  the pipe with C = O. 
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