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It is shown exper imenta l ly  that the heat t r ans fe r  to a dusty gas flow is significantly influenced by 
the flow conditions and the tube o r i en t a t i on .  

The vast  ma jo r i ty  of studies of hea t - t r ans fe r  p rocesses  in a d isperse  cur ren t  of gas and solid part icles 
have investigated turbulent flow of the mixture in ver t ica l  channels [4, 5]. At the same time, it is known that 
for  apparatus with a two-component  heat c a r r i e r  the g rea tes t  energet ic  efficiency is obtained at the minimum 
gas veloci ty that is s t ab le  for  the given concentra t ion of solid phase. In this case ,  the intensity of heat exchange 
may be grea t ly  affected by the di rect ion of flow, and the extent to which the part icle concentrat ion and the gas 
velocity influence the h e a t - t r a n s f e r  coefficient will change significantly depending on the flow conditions. This 
explains the difference in the effect  of gravi ty  on the behavior of solid part icles in ver t ical  and horizontal  tubes, 
especial ly  at small  Reynolds numbers ;  the change in the velocity and concentrat ion profiles of the flow; and the 
marked effect of free convection under l aminar  flow conditions. 

Exper iments  on the heat t r a n s f e r  to an a i r  cu r r en t  ca r ry ing  synthet ic-corundum part icles  (diameter  60 it) 
were ca r r i ed  out on an apparatus of open-c i rcu i t  type [1]. The a i r  was pumped through a rece iver ,  a m e a s u r -  
ing diaphragm, a rotor  dus t - feeder ,  and the working part  of the tube, and, af ter  dust  removal  in a fabric f i l ter ,  
was released to the a tmosphere .  The mass  flow rate of the a i r  was varied in the range 0.2-3.7 kg/h. The mean 
gas veloci ty over  the total c ro s s  section of the working par t  of the  tube was 2.5-18.0 m/sec in the experiments  
with dust, cor responding to a var ia t ion in Reynolds number  between 103 and 8.10 3. The flow rate of solid phase 
was determined both f rom the output of the dust  feeder  and by weighing the f i l ter  at  known intervals .  The con- 
centrat ion of part icles  in the a i r  cu r ren t  var ied f rom 0 to 25 kg/kg for a horizontal  tube and f rom 0 to 15 kg/kg 
for  a ver t ical  tube. The working par t  was a steel tube of internal d i ame te r  8 mm and length 800 ram, to the 
outside of which was fitted a 500-W Nichrome electr ic  heater .  The outer d iamete r  of the working part ,  taking 
into account the l ayer  of heat  insulation, is 50 mm. The tempera ture  of the cu r ren t  and the tube walls was 
measured  by an XA-type thermocouple,  the emf of which was recorded using a PP-63 potentiometer .  All of the 
exper iments  were  ca r r i ed  out in the s teady state,  for  constant  heat-flow density over  the length of the channel. 

Some results  were given in [1] for  the heat t r ans fe r  of the gas suspension when the working par t  was 

ho riz ontal. 

The numer ica l  values of l~eer 1 and Recr  z, which ref lect  the transit ion from one set of flow conditions to 
another ,  were es t imated from the change in the dependence of the hea t - t r ans fe r  coefficient on the a i r  velocity 
at different  values of the dust concentra t ion,  as explained in more  detail in [1]. 

Under these conditions,  l aminar  flow is retained until Recr  1 = 2200, and relat ively developed turbulent 
flow begins at Recr  2 = 5000. The exper iments  with the gas suspension showed that for all orientations of the 
tube the value of Recr  depends signif icantly on the concentrat ion of solid par t ic les ,  whereas  the value of Recr  z 
remains unchanged. ~he dependence of the c r i t i ca l  Reynolds number  Recr  on the concentration/~ of solid 
par t ic les  in the air  cu r ren t  is not monotonic (see Fig. 1). In the absence of solid par t ic les  (tL = 0), Recr  1 is 
2200, but with inc rease  in tL to 4 kg/kg,  Rec~ falls to 1200 for  a horizontal  tube and to 1500 for  a vert ical  tube. 
Thus, for  small  concentrat ions of fine bu t  s~f ic ien t ly  heavy corundum part icles ,  l aminar  flow of the gas sus -  
pension bedomes unstable even for  Reynolds numbers  of o rde r  103. It is evident that under these conditions the 
main mass  of par t ic les  is concentrated at the channel wall (small velocity gradient  at the wall for small  Re) 
and a role  is played by surface  asper i t ies ,  which lead to the formation of gas eddies in individual par ts  of the 
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F i g .  1. Dependence  of c r i t i c a l  Reyno lds  n u m b e r  on c o n c e n t r a t i o n  of so l id  p a r t i c l e s :  the d a s h e d  
c u r v e  is f o r  a v e r t i c a l  tube and the con t inuous  c u r v e ,  f o r  a h o r i z o n t a l  tube; 1 and 2 a r e  fo r  R e c r  1. 

F i g .  2. Dependence  of r e l a t i v e  h e a t - t r a n s f e r  c o e f f i c i e n t  on g a s  v e l o c i t y .  The d a s h e d  c u r v e  is f o r  
a v e r t i c a l  tube:  1) p = 2-3 kg/kg;  2) 5; 3) 6 -7 ;  4) 8 -10 .  The cont inuous  c u r v e  is for  a h o r i z o n t a l  
tube;  5) p = 4 .5-6  kg/kg;  6) 7; 7) 10-11;  8) 12-14;  9) 18 kg/kg .  
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F i g .  3.  G e n e r a l i z e d  h e a t - t r a n s f e r  c u r v e s .  The d a s h e d  
c u r v e s  a r e  f o r  a v e r t i c a l  tube;  2) t r a n s i t i n n a l  cond i t i ons ;  
4) l a m i n a r ;  5) t u r b u l e n t .  T h e  con t inuous  c u r v e s  a r e  fo r  
a h o r i z o n t a l  tube:  1) l a m i n a r  c o n d i t i o n s ;  3} t r a n s i t i o n a l ;  
6) tubulen t ;  7) da t a  of [3]; 8) da t a  of [2]. 

t ube .  When  the  tube  i s  h o r i z o n t a l ,  the  p o s s i b i l i t y  of  p r e c i p i t a t i o n  o f  the  p a r t i c l e s  on the  l o w e r  s u r f a c e  m e a n s  
tha t  the  i n s t a b i l i t y  of  the  l a m i n a r  gas  f low is  m o r e  p r o n o u n c e d .  

With  f u r t h e r  i n c r e a s e  in the s o l i d - p h a s e  c o n c e n t r a t i o n  {p~ 5), the p a r t i c l e s  g r a d u a l l y  s a t u r a t e  the flow 
n u c l e u s ,  so tha t  v e l o c i t y  p u l s a t i o n s  o r i g i n a t i n g  c l o s e  to the wal l  a r e  d a m p e d  n e a r  the channe l  ax i s  [4, 5]. In 
s h o r t ,  the o n s e t  of t u r b u l e n t  cond i t i ons  is  pos tponed  un t i l  R e c r  = 5000 for /~  >- 25 kg/kg.  N a t u r a l l y ,  these  l i m i t s  
would be s o m e w h a t  d i f f e r e n t  if the e x p e r i m e n t  w e r e  c a r r i e d  on�89 fo r  o t h e r  c o n d i t i o n s .  It is v e r y  i n t e r e s t i n g  tha t  
f o r  l a r g e  ~ the t r a n s i t i o n a l  r e g i o n  of g a s - s u s p e n s i o n  f low is p r a c t i c a l l y  a b s e n t ,  i . e . ,  t h e r e  is  an  a b r u p t  change  
f r o m  l a m i n a r  to t u r b u l e n t  f low o v e r  the whole  length  of the tube on r e a c h i n g  (under  o u r  cond i t ions )  Re ~ 5000. 
E a r l i e r  [6], i t  was  e s t a b l i s h e d  tha t ,  a t  Re > 5000 and f o r  a c o n c e n t r a t i o n  p = 25 kg/kg  of g r a p h i t e  p a r t i c l e s , t h e r e  
is  a s h a r p  d i s c o n t i n u i t y  in the d e p e n d e n c e  of  the h e a t - t r a n s f e r  c o e f f i c i e n t  on the s o l i d - p h a s e  f low r a t e ,  which 
c o n f i r m s  to s o m e  e x t e n t  wha t  was  sa id  above  on the a b r u p t  c h a r a c t e r  of the change  in the h y d r o d y n a m i c  c o n d i -  
t ions  of f low f o r  a g a s  s u s p e n s i o n  (and a l s o  o t h e r  t w o - c o m p o n e n t  m i x t u r e s )  in a channe l  a t  a g i v e n  v a l u e  of the 
d i s c r e t e - p h a s e  c o n c e n t r a t i o n .  
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T A B L E  1. V a l u e s  of Cons t an t s  in Eq.  (1) 

Flow conditions Position of tub~ rte ~, kg/kg c. I0-~ n m 

Laminar 
Laminar 
Tmmitional 
Transitional 
Turbulent 

Horizontal 
Vertical 
Horizontal 
Vertical 
Horizontal and 
vertica 1 

1100--4500 
1000--2020 
1300--5000 
1700--5000 
5000--8000 

4,5--25,0 4,3200 
0,5--10,0 0,1135 
1,8--25,01 0,4310 
1,8--15,0 1,2300 
I ;0--25,0 0,0083 

--1,20 
--0,55 
--0,75 
--0,90 
--0,3 

1, oo 
0,30 
0,50 
0,50 
0,47 

S i m i l a r l y ,  the t h e o r e t i c a l  i n v e s t i g a t i o n  in [7] a l s o  showed e a r l i e r  t u r b u l i z a t i o n  of the d i s p e r s e  flow. 

Ind iv idua l  d e p e n d e n c e s  of  the  r e l a t i v e  h e a t - t r a n s f e r  c o e f f i c i e n t  a m / a  a on the Reyno lds  n u m b e r  c a l c u l a t e d  
f r o m  the v e l o c i t y  and v i s c o s i t y  of pu re  a i r  a r e  shown in F i g .  2. F o r  ~ > 2, i r r e s p e c t i v e  of the channe l  o r i e n t a -  
t ion o r  the v e l o c i t y  and c o n d i t i o n s  of f low,  the h e a t - t r a n s f e r  c o e f f i c i e n t  is h i g h e r  f o r  a d u s t y  g a s  flow than fo r  
a pu re  g a s  f low,  fo r  the s a m e  va lue  of Re .  It is  i m p o r t a n t  to s t r e s s  that  a s  the g a s  v e l o c i t y  i n c r e a s e s ,  the ro l e  
of the so l id  p a r t i c l e s  in i n t e n s i f y i n g  the h e a t  t r a n s f e r  t ends  to d i m i n i s h ;  th is  was o b s e r v e d  e a r l i e r  in a n a l y z i n g  
e x p e r i m e n t a l  d a t a  on the h e a t  t r a n s f e r  of a t u r b u l e n t  f low [4, 6], but  i t  was  i m p o s s i b l e  to d r a w  a g e n e r a l  con -  

c l u s i o n .  

As is e v i d e n t  f r o m  F i g .  2, the n e g a t i v e  e f f e c t  of i n c r e a s e  in v e l o c i t y  on the va lue  of the r e l a t i v e  h e a t -  
t r a n s f e r  c o e f f i c i e n t  is l a r g e s t  f o r  l a m i n a r  and t r a n s i t i o n a l  flow and is m o r e  p ronounced  fo r  a h o r i z o n t a l  tube .  

Reduc t i on  in  both the r e l a t i v e  and a b s o l u t e  va lue s  of the h e a t - t r a n s f e r  c o e f f i c i e n t s  with i n c r e a s e  in the 
v e l o c i t y  of the d u s t y  g a s  f low f o r  Re < 5000 m a y  be a t t r i b u t e d  to the B e r n o u l l i  e f f ec t ,  in which ,  in a t w o - p h a s e  
f low,  the l e s s  d e n s e  phase  is  m o r e  r a p i d l y  a c c e l e r a t e d  and,  f o r  a nonun i fo rm v e l o c i t y  d i s t r i b u t i o n  o v e r  the 
c r o s s  s e c t i o n ,  t h e r e  is a t e n d e n c y  to c l u s t e r  c l o s e  to the channe l  a x i s .  Thus ,  f o r  l a m i n a r  and t r a n s i t i o n a l  f low, 
the c o n c e n t r a t i o n  of f ine p a r t i c l e s  is l e s s  a t  the  flow nuc leus  than in the r e g i o n  at  the wa l l .  T h i s ,  by the way ,  
is the r e a s o n  fo r  the m o r e  c o n s i d e r a b l e  (in c o m p a r i s o n  with t u r b u l e n t  cond i t ions )  i n t e n s i f i c a t i o n  of the h e a t -  
t r a n s f e r  p r o c e s s  due to the  h y d r o d y n a m i c  e f f e c t  of the p a r t i c l e s  on the l a y e r  of g a s  a t  the w a l l .  Wi th  i n c r e a s e  
in v e l o c i t y  a t  c o n s t a n t  p,  the c o n c e n t r a t i o n  f i e ld ,  l ike  the v e l o c i t y  f i e ld ,  t ends  t o  e q u a l i z e ,  and the B e r n o u l l i  

e f f e c t  is  r e d u c e d .  

R e d i s t r i b u t i o n  of p a r t i c l e  c o n c e n t r a t i o n  o v e r  the c r o s s  s e c t i o n  l e a d s  to an i n c r e a s e  in the t h e r m a l  r e s i s -  
t ance  of the f low nuc leus  (the c o n c e n t r a t i o n  r i s e s )  and an  i n c r e a s e  in the t h e r m a l  r e s i s t a n c e  of the l a y e r  a t  the 
wa l l  (the c o n c e n t r a t i o n  f a l l s ) .  In s h o r t ,  a d e c r e a s e  in the h e a t - t r a n s f e r  c o e f f i c i e n t  a m is  o b s e r v e d ,  e s p e c i a l l y  

f o r  a h o r i z o n t a l  tube .  

F o r  t u r b u l e n t  cond i t i ons  in  both h o r i z o n t a l  and v e r t i c a l  t u b e s ,  a m / a  a ~ Re -~ i . e . ,  in th is  c a s e  the va lue  
of a m  i n c r e a s e s  wi th  r i s e  in Re ,  a l though (in good a g r e e m e n t  wi th  the da ta  of [~, 6]) l e s s  than  fo r  pure  a i r .  

H e n c e ,  the a d d i t i o n  of s o l i d  p a r t i c l e s  to a l a m i n a r  gas  f low m a y  g ive  the  b e s t  r e s u l t s  in t e r m s  of e n e r g y ,  
but  a t  the s a m e  t i m e  it  is  d i f f i cu l t  to ob ta in  a high a b s o l u t e  va lue  of the h e a t - t r a n s f e r  c o e f f i c i e n t .  

The e f f e c t  on h e a t - t r a n s f e r  i n t e n s i t y  of the ex t en t  to which  the flow is s a t u r a t e d  by so l id  p a r t i c l e s  a l s o  
c h a n g e s  on p a s s i n g  f r o m  l a m i n a r  to t u r b u l e n t  cond i t ions  and de pe nds  on the d i r e c t i o n  of f low. The m a x i m u m  
va lue  of the r e l a t i v e  h e a t - t r a n s f e r  c o e f f i c i e n t  am/a  a is ob ta ined  fo r  l a m i n a r  f low.  Thus ,  f o r  e x a m p l e ,  fo r  Re = 
2000 and p ~ 10 kg/kg ,  the va lue  of a m / a  a is 6 fo r  a h o r i z o n t a l  tube and 4 fo r  a v e r t i c a l  tube ,  whi l e  fo r  He = 
7000 ( tu rbu len t  c o n d i t i o n s )  the  v a l u e s  a r e  2 and 1.5,  r e s p e c t i v e l y .  F o r  a v e r t t c a l  tube ,  the  d e p e n d e n c e  of the 
h e a t - t r a n s f e r  c o e f f i c i e n t  on the va lue  of ~ c h a n g e s  i n s i g n i f i c a n t l y  on p a s s i n g  f r o m  l a m i n a r  to t u r b u l e n t  f low.  
This  e v i d e n t l y  i n d i c a t e s  a m o r e  u n i f o r m  d i s t r i b u t i o n  of p a r t i c l e s  o v e r  the tube.  I n  h o r i z o n t a l  t ubes ,  the p i c tu r e  
is  d i f f e r e n t .  F o r  Re < 2000, the r a t i o  OZm/a a ~ ~l.0; fo r  t r a n s i t i o n a l  c o n d i t i o n s ,  ~ m / a a  ~ / f t .5 ;  and fo r  Re--> 5000 
( tu rbu len t  f low) ,  as  a l s o  in the c a s e  of a v e r t i c a l  tube ,  am/C~a ~/~0.47. This  change  in the e f f ec t  of ~ is  e v i d e n t l y  
a s s o c i a t e d  wi th  an  e x t r e m e l y  n o n u n i f o r m  d i s t r i b u t i o n  of p a r t i c l e s  o v e r  the  c ha nne l  c r o s s  s e c t i o n  fo r  s m a l l  g a s  
v e l o c i t i e s  and with  g r a d u a l  e q u a l i z a t i o n  of the c o n c e n t r a t i o n  a s  the v e l o c i t y  i n c r e a s e s .  

A g e n e r a l i z a t i o n  of the e x p e r i m e n t a l  d a t a  is  shown in F i g .  3, which inc ludes  the e x p e r i m e n t a l  r e s u l t s  of  
[ 2 , 3 ] .  E x p e r i m e n t a l  po in t s  c o r r e s p o n d i n g  to [2] f o r  Re = 200-5000 and p = 17-66 kg]kg ( v e r t i c a l  channel )  l ie  
be tween  the c u r v e s  c o r r e s p o n d i n g  to l a m i n a r  and t r a n s i t i o n a l  f low. The da t a  of [3] a r e  in s a t i s f a c t o r y  a g r e e -  

m e n t  wi th  the c o r r e l a t i o n  ob ta ined  fo r  t u r b u l e n t  f low.  
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Analysis  of the results  using dimensionless  numbers gives the calculational dependence 

m _ c Re~C n. (1) 
~ a  

The values of the constants e, n, and m are given in Table 1. 

Thus, the exper imental  results  obtained demonstrate  that there is a significant change in the extent to 
which the gas velocity and the part icle concentrat ion affect the hea t - t r ans fe r  coefficient of a d i sperse  cur ren t  
on passing from laminar  to turbulent flow. In a number  of cases this may be the main cause of the d iscrepancy 
between results  obtained by different workers .  

% 

C~rn 
Recr~ 
Re c r 2 

1. 

2, 

3. 
4. 

5o 

6. 
7. 

NOTATION 

is the concentrat ion of solid part icles  in air ,  kg/kg; 
is the hea t - t r ans fe r  coefficient  of air ,  W/m 2 �9 ~ 
is the hea t - t r ans fe r  coefficient of mixture of a i r  and solid par t ic les ,  W/m 2- ~ 
is the Reynolds number charac te r iz ing  the change from laminar  to transit ional  flow; 
is the Reynolds number  charac ter iz ing  the change from transit ional to turbulent flow. 
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H E A T  AND M A S S  T R A N S F E R  O F  L A R G E  

IN  H I G H L Y  T U R B U L E N T  F L O W S  

R. S. T y u l ' p a n o v  

DROPLETS 

UDC 536.422.4 

A model is proposed for the heat and m a s s  t r ans fe r  of spherical  bodies and large droplets  in a 
s trongly turbulent gas flow, when the scale of the turbulence is l a rge r  than the d iamete r  of the 
body. Theoretical  formulas are  compared with experimental  resul ts .  

The motion of a droplet  in a gas flow in different kinds of technological equipment, including power in- 
s tal lat ions,  is accompanied by evaporat ion and by heat exchange with the surrounding gaseous medium. Fo r  
large drops which are  not involved in turbulent velocity pulsations, when the flow is charac te r i zed  by the condi- 
tion L > d (L is the scale of the turbulence and d is the d iameter  of the body), the heat and mass  t rans fe r  have 
cer ta in  specific proper t ies .  

In a number  of works on the heat and mass  t rans fe r  of a body in a gas flow, the processes  appearing in 
the above conditions were found to be s t rongly influenced by the intensity of turbulence e. 

F o r  a cyl inder ,  the maximum value of Nu was observed for  L/d  ~- 1.6, and on this basis a resonance 
theory of t r ans fe r  was developed [1, 10]. 
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