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Results are given of investigations of heat transfer when isolated tubes 
of different cross sections are washed by a stream of granular material. 
Equations obtained on the basis of the test data are also presented. 

Previous investigations [i, 21 have shown the high 
efficiency of heat transfer between a tube and a mov- 
ing granular material and have resulted in various 
types of heat exchanger being devised and applied in 
industry for heating and cooling such materials. The 
same references also note the possibility of using a 
similar kind of heat exchanger in a number of new 
thermal installations. It should be remarked that this 
study was performed mainly with tubes of circular 
cross section, and the question of the influence of the 
profile of the tube was left completely untouched~ How- 
ever, analysis of the test data shows that the heat 
transfer may be considerably enhanced by varying the 
cross section of the tube because of the improved flow 
of material over the heat exchange surface, to achieve 
which the tube section should have an elongated shape 
in the direction of motion of the material. It was de- 
cided, in particular, to check the heat transfer in 
tubes of elliptical and lenticular section. 

The medium chosen for the tests was dry quartz 
sand with limiting particle sizes of 0-0.4, 0.4-1.0 
and I. 0-3.0 mm. The tests were conducted in spe- 
cial equipment, whose construction is described in 
[i], together with the experimental technique. During 
the tests the nature of the motion of the granular ma- 
terial around the tube was observed, and measure- 
ment was made of the tube surface temperature, the 
quantity of heat supplied to the calorimeter, and the 
temperature and velocity of the incident stream. 
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Fig. 1. Motion of the granular material 
around circular, elliptical, and lenticu- 

far tubes. 

The data obtained were compared with the results 

of investigations of the flow of granular material over 

a tube of c i r c u l a r  c r o s s  sec t ion .  
F igure  1 shows s c h e m a t i c a l l y  the mot ion  of the 

g r a n u l a r  m a t e r i a l  with g r a i n  s ize  up to 0 .4  ram~ The se  

observations were conducted in equipment with 
glass walls, through which the motion of the individual 
colored layers of material could be observed~ 
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Fig.  2. Wall  t e m p e r a t u r e  v a r i a t i o n  
for tubes  of d i f fe rent  c r o s s  sec t ion  
(r is  the angle of ro ta t ion ,  ~ 1) 
c i r c u l a r ;  2) e l l ip t i ca l ;  3) l e n t i c u l a r .  

It may be seen that the manner in which the stream 
of material flows over circular and elliptical tubes is 
roughly the same, there being a region of motionless 
material ahead of the tube, and an air pocket behind it. 

The only difference is in the size of these regions, 
which are considerably less for the elliptical tube than 
for the circular one. 

For the lenticular tube these regions did not appear, 
and the particles of material were in motion over its 
whole su r f ace .  

The m a n n e r  in which the s t r e a m  of g r a n u l a r  m a -  
t e r i a l  washed the tubes  may be a s s e s s e d  f rom the t e m -  
p e r a t u r e  v a r i a t i o n  over  t he i r  ou te r  s u r f a c e s .  

F igu re  2 shows the v a r i a t i o n  of wal l  t e m p e r a t u r e  
of t h ree  tubes  of d i f ferent  c r o s s  sec t ion  washed by 
g r a n u l a r  m a t e r i a l .  It  may  be seen  that  the fo rm of 
the wall  t e m p e r a t u r e  v a r i a t i o n  of the e l l ip t i ca l  and 
c i r c u l a r  tubes  is  the s a m e .  In p a r t i c u l a r ,  the t e m -  
p e r a t u r e  is g r e a t e r  in the f ront  and back pa r t s  of the 
tube, i.e., where the region of motionless material 
and the air pocket are located, and less in the equa- 
torial part, i.e., where the tube is vigorously washed 

by the stream. 
It wiil be noted, however, that the surface temper- 

ature minimum for the elliptical tube is located closer 
to the front than for the circular tube, being at an an- 
gle of about 45 ~ . In addition, whereas for the circular 
tube the temperature of the front part is close to that 
of the back part, for the elliptical tube the front tem- 
perature is considerably less than that of the back part. 
This indicates that the region of motionless material 
is considerably less for the elliptical than for the cir- 
cular tube. The air pocket is evidently also less. 
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T h e r e f o r e ,  the pa r t  of the  s u r f a c e  washed  by  the 
s t r e a m  is  g r e a t e r  for  the  e l l i p t i c a l  tube than for  the  
c i r c u l a r  one, and so hea t  t r a n s f e r  i s  m o r e  e f fec t ive  
wi th  the  f o r m e r .  

It was a l so  e s t a b l i s h e d  by the t e s t s  that  w h e r e a s  
for  the  c i r c u l a r  tube the m i n i m u m  wal l  t e m p e r a t u r e  
m o v e s  t oward  the  f ron t  of the tube as  the  v e l o c i t y  of 
the  g r a n u l a r  m a t e r i a l  i s  i n c r e a s e d ,  for  the  e l l i p t i c a l  
tube i t  r e m a i n s  p r a c t i c a l l y  in the  s a m e  p lace ,  at  about  
an angle  of 45 ~ . Th is  m a y  be exp la ined  by the fac t  that  
for  the  c i r c u l a r  tube,  the  r e g i o n  of m o t i o n l e s s  m a t e -  
r i a l  s h r i n k s  c o n s i d e r a b l y  with i n c r e a s e  of flow v e l o c -  
i ty .  F o r  the  e l l i p t i c a l  tube th i s  r e g i o n  i s  s m a l l  and 
v a r i e s  l i t t l e  a s  the f low ve loc i t y  i s  i n c r e a s e d .  
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Fig .  30 P a r a m e t r i c  r e l a t i o n  A--_ lg [103Nu/ 
/ ( d t / S m )  ] = f ( l g P e )  for  the  tubes :  1) l e n t i e u -  
l a r ;  2) e l l i p t i c a l ;  3) c i r c u l a r ;  p a r t i c l e  s i z e s  
u p t o  a) 0 . 4  m m ;  b) 0 . 4 - 1 . 0 ;  and c) 1 . 0 - 3 . 0 .  

M o r e o v e r ,  wa l l  t e m p e r a t u r e  m e a s u r e m e n t s  w e r e  
made  for  the e l l i p t i c a l  tube when washed  by  g r a n u l a r  
m a t e r i a l  of d i f f e r en t  g r a i n - s i z e  compos i t i on ,  the 
s t r e a m  v e l o c i t y  be ing  held  cons tan t .  The m e a s u r e -  
m e n t s  showed that  the r eg ion  of m o t i o n l e s s  m a t e r i a l  
d e c r e a s e d  with  i n c r e a s e  of m a t e r i a l  p a r t i c l e  s i ze ,  and 
p r a c t i c a l l y  van i shed  for  p a r t i c l e s  in the  r a n g e  1 to 3 
m m .  The  a i r  pocke t  r e m a i n e d  unchanged in a l l  c a s e s .  

The  n a t u r e  of  s u r f a c e  t e m p e r a t u r e  v a r i a t i o n  for  
the  l e n t i c u l a r  tube was  somewha t  d i f f e ren t  f r o m  both 
the  e l l i p t i c a l  and c i r c u l a r  t u b e s .  As F ig .  2 shows,  the  
wa l l  t e m p e r a t u r e  for  t h i s  tube i n c r e a s e d  con t inuous ly  
a round  the tube,  and we m a y  t h e r e f o r e  conc lude  tha t  
n e i t h e r  a r e g i o n  of m o t i o n l e s s  m a t e r i a l  nor  an a i r  
pocke t  e x i s t s  for  the  l e n t i c u l a r  tube .  

I t  was  a l so  e s t a b l i s h e d  tha t  a s  the  v e l o c i t y  of the 
m a t e r i a l  was  i n c r e a s e d ,  the  tube wa l l  t e m p e r a t u r e  
d e c r e a s e d  on the  f ron t  p a r t ,  whi le  i n c r e a s i n g  on the 
back  p a r t .  T h i s  i s  a p p a r e n t l y  due to the  fac t  that ,  a s  
the  s t r e a m  v e l o c i t y  i n c r e a s e s ,  the  m a t e r i a l  i s  p r e s s e d  
m o r e  d e n s e l y  to the  tube  wa l l  (the n u m b e r  of  p a r t i c l e  
c o n t a c t s  with the  tube s u r f a c e  i n c r e a s e s )  on the f ron t  
p a r t ,  and l e s s  d e n s e l y  on the back  p a r t .  Since  the  
whole  of  the  s u r f a c e  of the  l e n t i c u l a r  tube  is  washed  
by the  s t r e a m  of  g r a n u l a r  m a t e r i a l ,  i t  m a y  be s u p -  
posed  tha t  the  hea t  t r a n s f e r  wi l l  be m o r e  i n t ens e  for  
i t  than  for  the  c i r c u l a r  and e l l i p t i c a l  t u b e s .  

Th i s  h y p o t h e s i s  was  c o n f i r m e d  by t e s t s  to d e t e r -  
m ine  the hea t  t r a n s f e r  c o e f f i c i e n t s  of  tubes  of d i f f e r -  

ent  c r o s s  s e c t i o n s  with a s t r e a m  of g r a n u l a r  m a t e r i a l .  
I t  was  e s t a b l i she d ,  in p a r t i c u l a r ,  that  a s  the tube s e c -  
t ion v a r i e s  f rom c i r c u l a r  to l e n t i c u l a r ,  the  h e a t - t r a n s -  
fe r  coef f i c ien t  i n c r e a s e s .  Thus,  for the s a m e  equ iva -  
lent  d i a m e t e r  of the  tube, the  h e a t - t r a n s f e r  coef f i c ien t  
for  the l e n t i c u l a r  tube proved  to be rough ly  twice  that  
of the  c i r c u l a r  tube .  

These  t e s t s  a l so  a l lowed us to e s t a b l i s h  tha t  for a 
tube of any s e c t i on  p ro f i l e ,  the hea t  t r a n s f e r  coef f i -  
c i en t  i n c r e a s e s  with i n c r e a s e  in the  ve loc i t y  of the  
g r a n u l a r  m a t e r i a l ,  and tha t  the  h e a t - t r a n s f e r  coef f i -  
c ien t  depends  on the 0 .21 power  of  the s t r e a m  v e l o c -  
i ty .  

The g r a i n  s i ze  compos i t i on  of the  m a t e r i a l  p roved  
to have a g r e a t  inf luence  on the h e a t - t r a n s f e r  p r o c e s s .  
I t  was  shown by t e s t s  that ,  a s  the p a r t i c l e  s i ze  of the 
m e d i u m  was  i n c r e a s e d ,  the h e a t - t r a n s f e r  coe f f i c i en t  
d imin i shed ,  for  tubes  of any c r o s s - s e c t i o n a l  shape .  
Th i s  i s  exp la ined  by r e d u c t i o n  in the  number  of con-  
t a c t s  be tween  the m e d i u m  and the tube s u r f a c e .  

I t  was  dec ided  to r e d u c e  the t e s t  r e s u l t s  for  hea t  
t r a n s f e r  with a s o l i t a r y  tube washed  by a s t r e a m  of  
dry ,  g r a n u l a r  m a t e r i a l  in t e r m s  of the s a m e  p a r a m -  
e t e r s  a s  in p r e v i o u s  p a p e r s  [1, 2], which a r e  con-  
nec ted  by a power  r e l a t i o n  of the type  

w h e r e  

Nu = cPe ~ (6rn'dt), (1) 

6m = ~ -  100 (d. + d,, . ,? 

To s i m p l i f y  the  use  of  e m p i r i c a l  equa t ions  of type  
(1), i t  was dec ided ,  in p r o c e s s i n g  the t e s t  data ,  to 
t ake  quan t i t i e s  d e s c r i b i n g  the p h y s i c a l  p r o p e r t i e s  of 
the  g r a n u l a r  m a t e r i a l  r e l a t i n g  to i t s  s t a t i c  condit ion~ 
In addi t ion,  in c a l c u l a t i n g  the  p a r a m e t e r s  Nu and Pe 

in the  t e s t s  with e l l i p t i c a l  and l e n t i c u l a r  tubes ,  we 
took the c h a r a c t e r i s t i c  d i m e n s i o n  d t as  the equ iva len t  
d i a m e t e r ,  c a l c u l a t e d  as  the r a t i o  of four  t i m e s  the 
c r o s s - s e c t i o n a l  a r e a  of the  tube to i t s  p e r i m e t e r .  

The  r e s u l t s  of f inal  p r o c e s s i n g  of  the  t e s t  data  for  
c i r c u l a r ,  e l l i p t i c a l ,  and l e n t i e u l a r  tubes  a r e  p r e s e n t e d  
in a l o g a r i t h m i c  c o o r d i n a t e  s y s t e m  in F ig .  3. It may  
be s een  f r o m  the f i g u r e  that  the  t e s t  po in ts  c o r r e s p o n d  
v e r y  wel l  to the  s t r a i g h t  l ines  d e s c r i b e d  by the fo l low-  
ing equa t ions ,  for  the  v a r i o u s  tube p r o f i l e s :  

c i r c u l a r  

elliptical 

l e n t i e u l a r  

Nu = 0.0214 Pe "-='1 (d t fro), (2) 

Nu -- 0.0412Pe ' '~ t (dt  6m ), (3) 

Nu == 0.0437 Pe '':'~ (d t ~m)" (4) 

Equa t ions  (2)- (4)  a r e  va l id  in the r a n g e  of Pe f r o m  
250 to 2000 for  d r y  g r a n u l a r  m a t e r i a l s  of mean  g r a i n  
s i ze  f rom 0 .16  to 0 .3  m m .  

Equa t ions  (3) and (4) w e r e  checked  for  tubes  with 
m a j o r  to m i n o r  ax i s  r a t i o  h / a )  equal  to 1 .6  ( l en t ieu-  

l a r )  and 1 .45  ( e l l ip t i ca l ) .  
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Thus,  our  inves t iga t ions  of heat  t r a n s f e r  be tween  
a tube and a s t r e a m  of g ranu la r  m a t e r i a l  a l low the 
fol lowing conc lus ions  to be drawn: 

1. The h e a t - t r a n s f e r  coe f f i c i en t  depends a p p r e c i -  
ably on the tube c r o s s  sec t ion .  It is g r e a t e r  for  tubes 
of  l en t i eu l a r  p ro f i l e .  

2. With an i n c r e a s e  in the v e l o c i t y  of the g r anu l a r  
m a t e r i a l ,  the h e a t - t r a n s f e r  coe f f i c i en t  i n c r e a s e s  as 
the ve loc i t y  to the power  0.21,  which r e m a i n s  con-  
stant  for  c i r c u l a r ,  e l l ip t i ca l ,  and l en t i eu l a r  tubes~ 

3. The h e a t - t r a n s f e r  coe f f i c i en t  d e c r e a s e s  with 
i n c r e a s e  of  p a r t i c l e  s ize ,  the inf luence of  th is  f ac to r  
be ing  the s a m e  for tubes  of d i f fe ren t  c r o s s  sec t ion .  

NOTATION 

NU = acdt/X-Nusselt number; Pe = VoCp~'bdt/k-Peclet number; 
5 m/d t -  a geometric parameter; v0- approach velocity of stream of 

granular material, m/sec: ~c--mean heat-transfer coefficient around 
perimeter of tube, W/m 2 �9 degree; )'b-bulk weight of granular mate- 
rial kg/m s c~-Specific heat of granular material, j/kg �9 degree 

' ' i J  r k-thermal conductivity of granular material, W/m �9 deg.ee; d~- 
tube diameter, m; 6m-mean size of particles, m; dn-mass compo- 
sition of particles of individual fractions, %; dn, dn+l-mesh sizes of 
successive screens, ram. 
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