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The authors present experimental data on the local hear transfer 
coefficients over the periphery of a moving cylinder. 

The need for  un i form heat ing and cooling of g r a n -  
u la r  m a t e r i a l s  and the cont inuous heat t r e a tm e n t  of 
va r ious  meta l  par t s ,  including coi ls  of wire, in a 
f luidized bed poses  the p rob lem of e s t ima t ing  not only 
the average  heat  t r a n s f e r  coeff ic ient  over  the heat  
t r a n s f e r  su r face  but also the local  va lue  along the 
p e r i m e t e r  of the body. The ques t ion of local heat  
t r a n s f e r  was examined in [1] for  a cy l inder  in a t r a n s -  
v e r s e  con t inuous -d i r ec t ed  flow of quar tz  sand. Obvi-  
ously, the in tense  random motion of the p a r t i c l e s  [2] 
in a f luidized bed may affect the heat t r a n s f e r  p i c tu re  
desc r ibed  in [1], and we have a t tempted to es tab l i sh  
the degree  of d i s to r t ion  exper imenta l ly .  

In o rde r  to find the local  pe r iphe ra l  heat  t r a n s f e r  
coeff icients  c~fi we used the method developed by K r u -  
zhil in and Shvab [3, 4], who proposed the fo rmu l a  

~, [ t__t --ao 

~ it,., (~) --/o] r2 Lln (rJrl) 
n ~ k  

"~ an 2n 2n COS R ~ , 
I" 2 - -  r 1 

which is val id for  a cy l indr i ca l  c a l o r i m e t e r  under  
s ta t ionary  condit ions when the t e m p e r a t u r e  t 1 over  its 
inside sur face  is kept at the s a m e  level  throughout the 
expe r imen t  and the ambien t  t e m p e r a t u r e  to is a lso 
constant .  

To de t e rmine  expe r imen ta l l y  the local  values  of 
the t e m p e r a t u r e s  t~(fi) on the outer  su r face  of the 
cy l inder  on the a s sumpt ion  that they differ a p p r e c i a -  
bly we used a c a l o r i m e t e r  (Fig. 1) made  of porce la in ,  
a m a t e r i a l  with a low value of M Constancy of the 
t e m p e r a t u r e  t~ over  the ins ide  sur face  was achieved 
by inse r t ing  a t ightly f i t t ing hea t -conduc t ing  copper 
cy l inde r  into the po rce l a in  cy l inde r .  As the t e m p e r -  
a ture  tl we took the t e m p e r a t u r e  of the ou te r  su r face  
of the inne r  cy l inder .  The cons tancy  of t 1 over  the 
sur face  was ve r i f i ed  in p r e l i m i n a r y  expe r imen t s  with 
th ree  thermocouples ,  whose junct ions  were  secured  
to the ou te r  su r face  of the inne r  cy l inder  at angles  of 
0, 45 and 90 ~ to the d i rec t ion  of r e l a t ive  mot ion of the 
flow. The total va lue  of the c a l o r i m e t e r  heat  flux and 
hence the level  of tl could be regu la ted  by va ry ing  the 
power of the heat  bui l t  into the c a l o r i m e t e r .  

The t e m p e r a t u r e s  of the outer  su r face  of the p o r c e -  
la in  cy l inder  were  m e a s u r e d  with the rmocoup les  at 

two points  s imu l t aneous ly  at angles/91 and/32 (Fig. 1) 
reckoning  f rom the f ron t  point.  We used c h r o m e l -  
a lumeI  the rmocoup les  made  of KTMS-2 wire  [5J with 

a s t a in l e s s  s tee l  sheath 1 m m  thick. The t h e r m o -  
junct ions  of the outer  the rmocoup les  were  imbedded 
with corundum mas t i c  ("polar i te"  with waterglass)  
in grooves  1.6 mm deep, which reduced  the nomina l  
value of the outside rad ius  r 2 of the c a l o r i m e t e r  and, 
na tura l ly ,  gave not the local  su r face  t e m p e r a t u r e  
f ield but the t e m p e r a t u r e  field of some zone nea r  the 
sur face .  

The ends of the c a l o r i m e t e r  were  insu la ted  with 
textol i te  plugs, the heat  l o s ses  through which were 
negl igibly  smal l .  

The expe r imen t s  were  p e r f o r m e d  in a cy l indr i ca l  
f luidized bed appara tus  200 m m  in d i ame te r .  The 
th ickness  of the fixed bed above the d i s t r i bu to r  was 
360 ram. The bed m a t e r i a l  was co rundum with a 
particle size of 60 ~, and the gas was air. 

The calorimeter in the vertical position was at- 

tached to a hollow shaft, whose axis coincided with 

the axis of the apparatus. The coordinates of the 

center of symmetry of the calorimeter were 70 mm 

from the axis of the apparatus and 170 mm above the 

distributor. The shaft was rotated by two dc motors 

via a system of pulleys. 

The electrical leads were run through the shaft 

cavity. The fixed elements of the heater supply and 

measuring circuits were coupled with the rotating 

elements by means of a copper commutator in the 

upper part of the shaft. Checks revealed that there 

was no commutator noise. 

In constructing the t2(D) curve we considered only 

half the surface of the cylinder (0-180~ it being 

a s sume d  that, as in a gas med ium [4J, the p ic tu re  
was the s ame  in the o ther  s y m m e t r i c a l  half. Af ter  t 2 
had been  m e a s u r e d  at the points  /3~ and f12, the c a l o r i m -  
e te r  was rep laced  with a new one with a d i f fe rent  
pos i t ion  (/3) of the the rmocouples .  

The ambien t  t e m p e r a t u r e  (f luidized bed) was m a i n -  
ta ined in the range  t o = 20 • 4~ the t e m p e r a t u r e  of 
the inner  su r face  of the c a l o r i m e t e r  in the range  t 1 = 
= 135 • 5 ~ These  t e m p e r a t u r e  devia t ions  d e t e r m i n e d  
(with the m e a s u r i n g  e r ro r )  a m a x i m u m  re l a t ive  e r r o r  
in ca lcu la t ing  up in our  expe r imen t s  of not m o r e  than 
24%. 

The inves t iga t ions  were  conducted at d i f fe rent  
f lu id iza t ion  ve loc i t i es  w, s t a r t i ng  with w c]ose to the 
c r i t i c a l  value (Wcr = 0.0056 m / s e e ) ,  and at d i f ferent  
cy l inder  ve loc i t ies  Wc (0-2 .3  m/sec) .  

The t2([3) cu rves  obtained in the e xpe r i men t s  a re  
p r e s e n t e d  in Fig.  2. In o r de r  to d e t e r m i n e  the effect 
of the mot ion  of the p a r t i c l e s  due to f lu id iza t ion  on the 
heat  t r a n s f e r  c h a r a c t e r i s t i c s  of the moving cyl inder ,  
we grouped the cu rves  so that in Fig.  2a they a r e  
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Fig. 3. Relative value of heat transfer coefficient (curves 1, 
2,3,4 constructed for w = 0.245 m/see, 5 for w = 0.00932 

m/see): i) for W c = 0.I m/sec; 2--0.2; 3--0.4; 4 and 5--2.3. 

given for the least fluidization velocity w (particles 

almost at rest) and in Fig. 2b for the greatest veloc- 

ity (intense motion of the particles). 

Figure 2a recalls the nature of the curves obtained 

in [i], i. e., there is no qualitative difference between 

the heat transfer process for a fixed bed and a direct- 

ed transverse stream of particles. In this case, even 

at a cylinder velocity of 0.i m/see, there is a clearly 

expressed change in the temperature t 2 with variation 

of fi (in the figure the direction of motion of the cyl- 

inder is indicated by an arrow). 
An analysis of Fig. 2b enables us to form a picture 

of the interaction of the random (in the middle of the 

bed) motion of the fluidized particles and their di- 

rected motion [I] relative to the cylinder. 

Experiments at 36 different combinations of the 

velocities w and W c (w = 0.00932, 0.017, 0.04, 0.1005, 

0.17, 0. 245 m/sec; W c = 0.i, 0.2, 0.4, 1.0, 1.5, 2.3 m/ 

/sec) led to the conclusion that at velocities W c - 0.4 

m/sec the motion of the particles due to fluidization 

does not affect heat transfer. All six of the curves 

obtained for a particular W e are very similar (they 

differ by not more than 20%), the difference being 

the less, the higher W e , and the heat transfer coef- 
ficients averaged over the surface of the cylinder are 

very close. This is also confirmed by superposing 

the graphs in Figs. 2a and 2b. 
It should be noted that at small cylinder velocities 

in the fixed bed the scatter of the t 2 points is higher 

than at large velocities, as also noted by S. V. Don- 

skov [1], who attributed this to the jerky motion of 

the particles relative to the cylinder at small W c. 

Figure 3 presents the ratio of the local heat trans- 

fer coefficient to its mean value over the surface of 

the cylinder (calculated graphically) a~/a m. 

Clearly, the maximum value of a~ is reached at 

/3 = 75-80 ~ At sufficient values of W c the difference 

in the values of a/3, maximum and minimum, may 

reach a factor of two, increasing with increase in W c. 

As W c increases, the value of a/3 in the region of 

high values of/3 decreases. 

Figure 3 also makes it possible to estimate in- 

directly the mean statistical particle velocity at w = 

= 0.245 m/sec (developed fluidization) as a quantity 

of the order of 0.1-0.4 m/sec. This follows from the 

fact at W c = 0.1 m/see the heat transfer coefficient 

is constant over the entire surface of the cylinder, 

and this is possible only at a particle velocity not less 

than W c, since only then can the stationary prism of 
particles be displaced from the front of the cylinder 

and the gas pocket eliminated from the back [i]. When 

W c = > 0.4 m/see a sharp change in ~ over the pe- 
riphery of the cylinder is already observed; obviously, 

in this case the absolute particle velocity is less than 

W c. A particle velocity of the same order (0.1-0.3 

m/sec) is also given in [6, 7]. 
In order to check the results obtained we also mea- 

sured the heat transfer coefficients e~ for a copper 

calorimeter similar to the porcelain one in size and 

construction and similarly immersed in a fluidized 

bed. Since the temperatures over the cylinder surface 

as a function of p differ by not more than 3%, the 

average heat transfer coefficient over the surface o~ m 

was found directly from the temperature drop (t 2 - to) 

and the measured heat flux power. 

It was found that for developed fluidization (fluidiza- 

tion velocity higher than or corresponding to the max- 

imum heat transfer coefficient) the value of a m ob- 
tained for the stationary porcelain calorimeter was on 

the average 10-12% lower than for the copper calorim- 

eter; however, when the cylinders moved in a bed at 

the limit of stability (no mixing" or bubbles), on average 

at the same W c their a m and ~ coincide. This is in 

good agreement with the idea of quasi-stationary be- 

havior of the process of "external 'T heat transfer in a 

fluidized bed [8], if the extremely small thermal con- 

ductivity of porcelain (300 times lower than the X for 

copper) is taken into account. 

NOTATION 

r I, r 2 are the inside and outside radii of calorimeter; 

p is the position of the radius vector of a point on the 

cylinder surface relative to its direction of motion; 

t2(~), a/3 are the temperature and heat transfer coef- 

ficient at point with the' Coordinates r 2, /3; to, t I are the 

temperatures of the ambient medium and the inner sur- 

face of the cylinder; ~ is the thermal conductivity of 

the calorimeter material; a0, a n are the Fourier se- 

ries coefficients determined by practical harmonic 

analysis of the curve tz(fi); w, W c are the fluidization 

velocity and cylinder velocity. 
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