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A description is given of the method and the experimental results of 
a study of heat transfer between fixed cylinders of various diameters 
and a cylinder of diameter 10 mm moving in a fluidized bed. 

Heat t r ans f e r  between a f luidized bed and a fixed 
plane sur face  o r  cy l inders  of l a rge  d i ame te r  has been 
studied in sufficient detai l  [1-3] .  The indications a re  
that the heat  t r ans f e r  ra te  depends on the cyl inder  r a -  
dius [4, 5], although there  is not enough exper imenta l  
material confirming this. 

In connection with work we performed for hardware 
factories on heat treatment of wire in a fluidized bed, 
experimental verification was required of the influence 

of cylinder (wire) radius on heat transfer. 
A parallel investigation was conducted of heat 

transfer transverse to a cylinder moving in a fluid- 

ized bed, the work being connected with a study of 
conditions of heat treatment of parts in a stream. In 

a series of papers [6-8] devoted to investigation of 

heat transfer under conditions of relative motion of 

a bed of fine-grained material and a heating surface, 
an examination was made either of heat transfer to 
the cylinder, but in a continuous moving stream [6], 
or of heat transfer in a fluidized bed, but of a plane 
surface [7, 8]. The results indicate that it is quite 

difficult to evaluate heat transfer in a fluidized bed 

with motion of poorly streamlined bodies (cylinders) 
along the perimeter of which there must be variation 

of bed particle concentration and variation of heat 

transfer coefficient [6]. 
Experimental equipment; This was a plexiglas tube 

of diameter 200 mm and height 800 mm (Fig. 1). The 

base of the tube was a steel gas distributor (clear 
cross section 0.55%) with apertures of diameter 0.5 

mm, over which was fastened a metal mesh with ap- 

ertures of 40 p. Mounted in bearings along the tube 
axis was a hollow shaft 16/12 mm diam. with a calor- 

imeter fastened to it--a vertical copper cylinder with 

a nichrome heater inside (the investigations were car- 

ried out under steady conditions), and a thermocouple 
welded to the wall. We used KhA grade KTMS-2 mirco- 

thermocouples [9], wrapped in steel sheathing I mm 

in diameter, made by the Cable Industry Scientific 

Research Institute. The calorimeter was insulated 

at the ends by textolite plugs penetrating 6 mm into 

it. The leads were taken out through the hollow shaft 

to a contact unit--copper rings with throw-off flexible 

copper  connectors  s l iding on them. The connections 
of the t h e r m o e l e c t r i c  wi res  were  led off with an in te r -  
media te  copper  co l l ec to r  and taken away side by side 
so that the i r  t e m p e r a t u r e s  would be the same.  A check 

showed that there  was no in te rmedia te  the rmo-emf ,  
nor was there  any pa ra s i t i c  f r ic t ional  emf during op- 
era t ion of the contact unit, this being ver i f ied while 
the shaft was rotat ing by means of a potent iometer  
connected to a s tabi l ized  voltage source  through the 
co l lec tor .  Measurement  of the the rmo-emf  was made 
with a PP-1 potent iometer  to which was fed d i rec t ly  
the difference in emf of the thermocouples  located in 
the c a l o r i m e t e r  wall and in the fluidized bed.  End 
los ses  were  not taken into account in reducing the 
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Fig.  1. Exper imenta l  equipment: 1) p lexiglas  tube; 
2) a i r  d i s t r ibu tor ;  3) ca lo r ime te r ;  4) hollow shaft; 5) 
f luidized bed; 6) c a l o r i m e t e r  supply t r ans fo rmer ;  7) 
contact  unit; 8) revolution counter;  9) sys tem of pul- 
leys;  10) e l ec t r i c  motors ;  11) PP-1 potent iometer ;  
12) f luidized bed thermocouple;  13) measur ing  d ia-  

phragm. 

exper imenta l  data.  The t empe ra tu r e  drop between 
the wall and the f luidized bed was checked for  two 
points on the c a l o r i m e t e r  wal l - -a t  a d is tance of 3 mm 
from the end and in the center .  The deviation of the 
measu red  d i f ferences  did not exceed 3%. We there fore  
used only one thermocouple  in the working tes t s ,  its 
junction being 65 mm fron the end of the c a lo r ime t e r .  
Under these  conditions heat r emova l  along the sheath 
and the t h e r m o - e l e c t r o d e s  did not come into play [10]. 

It was es tabl i shed  by p r e l im ina ry  invest igat ions 
that in t r a n s v e r s e l y  moving cy l indr ica l  copper c a lo r i -  
m e t e r s  of d i a m e t e r  up to 10 mm with wall thickness  
of 1.5 mm, the thermocouple  junction could be located 
at any point of the p e r i m e t e r .  Thermocouples  mounted 
on the front,  s ide and r e a r  of cy l inders  of d i ame te r s  
6/3 and 10/7 mm gave complete ly  identical  t e m p e r a -  
tures  even at high re l a t ive  ve loc i t ies  (3.5 m/ sec )  of 
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the bed and the cy l inder ,  i . e . ,  the mean  heat  t r a n s f e r  
coeff icient  a round the cy l inder  may be computed f rom 
the r ead ing  of any of the thermocouples .  A s i m i l a r  
check for  a copper c a l o r i m e t e r  19.8/14 m m  diam.  had 
a l r eady  given a not iceable  d i f ference  in the t he r mo-  
couple read ings ,  i . e . ,  there  was a c lea r ly  detectable  
t e m p e r a t u r e  g rad ien t  around the cy l inder  unde r  this 
condit ion of motion,  and there fore  there  was also a 
va r i a t ion  of heat  t r a n s f e r  coefficient .  

The shaft was d r iven  by two dc e lec t r i c  motors  
through a sys t em of pul leys .  The ra te  of ro ta t ion  of 
the m o t o r s  was cont ro l led  by vary ing  the voltage sup-  
plied to them.  

A s ingle  (fixed) c a l o r i m e t e r  could be let  down into 
the bed through a hole in the top. 

The bed m a t e r i a l  was white e l ec t r i ca l  corundum 
(Soviet s t andard  GOST 3647-59) With par t i c le  s ize  60, 
120, and 320 p, charged to a height  of 360 mm above 
the d i s t r i bu to r .  

The working tes t s  were  made with fixed ve r t i ca l  
copper cy l inders  of d i a m e t e r  3, 6, 10, and 19.8 mm,  
fixed ve r t i ca l  porce la in  cy l inders  of d i a m e t e r  19.7 
ram, and a ve r t i ca l  copper  cy l inder  of d i a m e t e r  10 
ram, moving  at an angle  of 90" to i ts  axis .  The height 
of each cy l inder  was 130 mm;  the i r  axes were  located 
at  a d i s tance  of 70 m m  f rom the cen te r  of the equip-  
ment ,  the lower  end be ing  100 m m  f rom the d i s t r ibu to r .  

Tes t s  were  also conducted with a mas s ive  ve r t i ca l  
copper  c a l o r i m e t e r  of r e c t angu l a r  sect ion,  th ickness  
10 ram, and size of plane edges 45 • 100 m m .  With 
i ts  aid the heat  t r a n s f e r  on a fixed plane sur face  in 
the f luidized bed was evaluated.  

Expe r imen ta l  r e s u l t s .  Tes ts  were made to evaluate  
the dependence of heat  t r a n s f e r  coeff ic ient  ~ on fluid- 
izat ion veloci ty co for fixed ve r t i ca l  cy l inders  of va r -  
ious d i a m e t e r s .  As may be seen f rom Fig.  2, the heat 
t r a n s f e r  i n c r e a s e s  not iceably  with d e c r e a s e  of d i a m-  
e te r ,  for  cy l inde r s  of d i a m e t e r  l ess  than 10 mm.  This 
is  conf i rmed  by Antonish in ,  who conducted an i n t e r -  
e s t ing  theore t ica l  inves t iga t ion  [4] to explain the de-  
pendence of ~ on the rad ius  of cu rva tu r e  of the heat 
t r a n s f e r  su r face .  It is a lso c l ea r  f rom the work of 
Varygin [5], who exper imen ted  with wire of d i a m e t e r  
0.2 m m .  

The heat  t r a n s f e r  coeff ic ients  for  cy l inders  of d i -  
a m e t e r  g r e a t e r  than 10 mm prac t i ca l ly  coincide with 
those for  ~ plane su r face  (of a "mass ive"  body [5]). 

F igu re  2 also shows values  of the m a x i m u m  heat  
t r a n s f e r  coeff ic ient  ~ m a x  for  a " m a s s i v e "  body (case  
of a plane sur face) ,  ca lcula ted f rom the fo rmu la s  of 
Zabrodsk i i  [1], Varygin  and Mar tyush in  [3], Khar -  
chenko and Makhor in  [2], and of Todes et al .  [11]. It 
is  seen  that the m o s t  accu ra t e  for the condi t ions  of 
our  expe r imen t  a r e  ca lcu la t ions  based  on the f o r m u l a s  
of [1] and [3], although they also give a cons ide rab le  
devia t ion f rom the tes t  data. 

F i g u r e  2 does not  show a c l ea r  max imum of the 
heat  t r a n s f e r  coeff ic ient  [ i ,  2]: a f te r  r each ing  a l eas t  
value at a f lu id iza t ion  veloci ty  w0, the so - ca l l ed  op- 
t imum,  ~ is cons tan t  r igh t  up to the appea rance  of a 
cons ide rab l e  e n t r a i n m e n t .  

The conclusion may be drawn that the gas velocity 
w 0 does not depend on c a l o r i m e t e r  diameter~ but is 
de t e rmined  only by the p roper t i e s  of the f luidized bed. 

F igu re  2 shows the opt imum f luidizat ion veloci t ies  
~0, calculated f rom the fo rmulas  of [11,3,  2]. They 
prove to be cons iderab ly  above the exper imen ta l  value 
of w0, due, apparent ly ,  to the absence  of a sharply  
pronounced max imum in the curve ~ =f(o~). 

There  is  evident ly  an i n c r e a s e  in  heat t r a n s f e r  coef-  
f ic ient  with dec rea se  of par t ic le  s ize .  

It is a lso observed that the heat  t r a n s f e r  coefficient  
of the porce la in  cy l inder  of d i ame te r  19.7 mm turns  
out to be 10-12% less  than that for the be t t e r  conduct-  
ing copper cy l inder  of the same d iamete r .  This is 
connected,  apparent ly  with the q u a s i - s t a t i o n a r y  mech-  
a n i s m  of heat  t r a n s f e r  in the f luidized bed []2]. 

During the expe r imen t  we also found the dependence 
of ~ on the veloci ty of the cy l inder  r (0 -3  m/ sec )  at 
var ious  f lu idizat ion veloci t ies  w, s t a r t ing  f rom c r i t i -  
cal (Wcr) co r respond ing  to the l imi t  of s tabi l i ty  of the 
bed (Fig. 3). We observe  a c lea r  dependence of ~ both 
on the f lu idizat ion veloci ty and on the velocity of the 
cy l inder .  

The ma x i mum values of ~ a re  reached at m i n i m u m  
f luidizat ion ve loc i t ies .  This is in good a g r e e m e n t  with 
the two-phase  theory of the fluidized bed, conf i rming  
that there  is weak heat  t r a n s f e r  f rom the gas phase 
by bubbles ,  in whose medium the c a l o r i m e t e r  r e m a i n s  
longer  as the gas veloci ty ~ i n c r e a s e s .  

At la rge  ~0, ~ drops  at the beginning  (the cy l inder  
is moving slowly, ~0 c = 0 - 0 . 7  m / s e c ) .  This al lows us 
to postulate  that in the mot ion  of the cy l inder ,  a zone 
of reduced pa r t i c l e  concen t ra t ion  is formed on i ts  
r e a r  s ide,  while ahead of it there  is a dense  l aye r  of 
pa r t i c l e s  which have not been  separa ted  f rom the cyl-  
inder .  The zones lower  the local ce at these points and 
thereby d e c r e a s e  the mean  heat  t r a n s f e r  coeff ic ient  
calcula ted over  the whole surface;  on the s ides  of the 
cy l inder ,  at sma l l  Wc, r e p l a c e me n t  of heated pa r t i c l e s  
by cold ones occurs  only a l i t t le  m o r e  in tense ly  than 
r ep l acemen t  due to f lu idizat ion.  There fore ,  when the 
heat  t r a n s f e r  coeff icient  for the s ta t ionary  cy l inder  is 
l a rge  ( large  ~ values  and s t rong  mixing  of the bed), 
it  fa l ls ,  in mot ion of the cy l inder  at smal l  ve loc i t ies ,  
unt i l  the degree  of i n c r e a s e  of ~ on the s ides of the 
cy l inder  does not p redomina te  over  the degree  of re  -~ 
duct ion of o~ at  the f ron t  and rea r .  This postulate  is 
based on the inves t iga t ions  [6] of heat t r a n s f e r  on a 
cy l inder  washed by a t r a n s v e r s e  dense  moving s t r e a m  
of quar tz  sand. The qual i ta t ive  p ic ture  of heat  t r a n s f e r  
with c0 = ~Ocr ( there  is no mix ing  by fluidization) is 
evident ly  s i m i l a r  to that  desc r ibed  in [6]. 

At ve loc i t ies  wc g r e a t e r  than 0.8 m / s e c  (even at 
l a rge  ~o), and in all  cases  of sma l l  ~,  a s teadi ly  in-  
c r e a s e s  with i n c r e a s e  of veloci ty of the cy l inder  up 
to a ce r t a in  value which is always g r e a t e r  than the in-  
i t ia l  value (with wc = 0). 

When a defini te  cy l inder  veloci ty is reached  (2 -3  
m / s e c )  it ceases  to have an inf luence on heat t r a n s f e r ,  
in the range  in which the tes ts  were  made.  Some con-  
s tant  sma l l  value of the heat t r a n s f e r  coeff ic ient  is 
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Fig. 2. Dependence of heat t ransfer  coefficient c~ 
(W/m 2 . degree) on the fluidization velocity ~ (m/see) 
for a plane surface (e) and for fixed cylinders of di- 
ameter  3 {a), 6 {b), l0 (c), and 19.8 (d) mm for 60p 
corundum (upper curves) and 320~ (lower). The points 
1, 3, 2, and 11 denote values of ~ calculated respec-  
tively from formulas taken from [1,3, 2, 11], and the 
corresponding optimum fluidization velocities, cal- 
culated from the same sources; ~o0--experimental val- 

ue of the optimum velocity. 
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Fig. 3. Dependence of heat t ransfer  coefficient 
c~ (W/m 2- degree) on the velocity ~c (m/see) of 
a cylinder of diameter 10 mm in a bed of 60t~ (a), 
320 (b), and 120p (c) corundum at a fluidization 
velocity ~) (m/sec):  1--0. 00285; 2--0. 1705; 3-- 
0.1826; 4--0.229; 5--0.37; 6--0.419; 7--0.0578; 

8--0. 1005; 9--0. 319. 
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reached. This is connected with the attainment of a 
limiting time of contact of the particles with the sur-  
face, i . e . ,  with the onset of a time when the part icles 
cannot become noticeably heated during contact, and 
the intensity of heat t ransfer  is limited only by the 
thermal res is tance between the surface [7, 8, 13] and 
the particles adjacent to it. 

Generalizing the results  of the experiments con- 
ducted, the conclusion may be drawn that however in- 
tense the heat t ransfer  on a motionless surface in a 
fluidized bed, it may still increase when the motion 
of the part icles relative to the heat t ransfer  surface 
is intensified and their dwell time in the gas phase 
is reduced. 

This conclusion contradicts the statement of Ernst  
that nin fluidized beds at sufficient gas velocity, there 
is an optimum value of the heat t ransfer  coefficient 
which cannot be exceeded by any intensification of the 
motion of the solid part icles ~ [7]. 
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