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The  h e a t - t r a n s f e r  coeff ic ients  for  a ve r t i ca l  cyl inder  in a fluidized bed have been de te rmined  
exper imen ta l ly .  The value of such a coeff icient  is found to vary  cons iderably  along the cy l -  
inder  height.  

The pecul ia r  c h a r a c t e r i s t i c s  of a fluidized bed a r e  such that the h e a t - t r a n s f e r  coeff ic ients  along the 
hor izonta l  sur face  of an i m m e r s e d  body a re  ve ry  low [1, 2, 3]. F o r  this r ea son ,  there  is a tendency to 
place  l a rge  su r faces  in a ve r t i ca l  posi t ion.  F u r t h e r m o r e ,  indust r ia l  f luidization appara tus  is designed for  
a ve r t i ca l  a r r a n g e m e n t  of h e a t - t r a n s f e r  su r faces  [4, 5]. 

The p r e sence  of c i rcula t ing par t i c le  s t r e a m s  [6, 7, 8] pa r t i cu l a r ly  not iceable near  l a rge  su r faces  
i m m e r s e d  in the bed causes  pa r t i c l e s  to sl ide along such a sur face  very  slowly.  In view of th is ,  it is r e a s o n -  
able to a s s u m e  that the h e a t - t r a n s f e r  coefficient  a z  will va ry  along the height of a su r face .  Such a h e i g h t -  
wise var ia t ion  was noted in [9] in the case  of a cyl inder  6.35 m m  in d i a m e t e r .  At different  heights of the 
cyl inder  (total height 610 ram) i m m e r s e d  ver t i ca l ly  in a f luidization ves se l  104 mm in d i ame te r ,  the authors  
of [9] obtained h e a t - t r a n s f e r  coeff ic ients  deviating f r o m  l inear i ty  by as much as 200 W / m  2 �9 deg. Fo r  cy l -  
inders  with la rge  d i a m e t e r s ,  and e spec ia l ly  for  flat  su r f aces  in the vicini ty of which the pulsat ions of "pac -  
kets"  play a minor  ro le ,  such d i f fe rences  in h e a t - t r a n s f e r  r a t e s  should be st i l l  m o r e  signif icant .  

In this s tudy we have de te rmined  the local  coeff icients  of heat t r a n s f e r  f rom a ver t i ca l  tube to a bed.  
The tes t  p rocedure  provided for  the m e a s u r e m e n t  of the t e m p e r a t u r e  t 2 of the outside tube sur face  under 
s t eady - s t a t e  condit ions,  while the t e m p e r a t u r e  t t of the inside sur face  r ema ined  constant  and there  were  no 
heat  l o s ses  at the ends of the tube.  

Solving the Laplace equation 
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with the given boundary condit ions,  the t e m p e r a t u r e  f ield in the wall  can be de te rmined  and then a z  can be 
ca lcula ted  f rom the fo rmula  

dT  

~z z = -  t2__t.cw " . 

Here  (dT/dr)s  is  the t e m p e r a t u r e  gradient  along a n o r m a l  to the outside cyl inder  su r face .  Consider ing that 
the h e a t - t r a n s f e r  coefficient  at the outside cyl inder  sur face  depends only on the height coordinate  Z (the 
p rob lem is sys t ema t i c  with r e s p e c t  to the angle),  a solution of Eq.  (1) with boundary condition (2) and gr /OZ 
= 0 at Z = 0 and Z = h will eas i ly  yield 
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The heat losses  at the end sur faces  can be reduced almost  to zero by placing the cyl indrical  probe 
- c a l o r i m e t e r  with its lower end on the gas distr ibutor  mesh and its upper end above the fluidized bed level.  
The constancy of the tempera ture  at the inside surface of the tubular probe can be ensured by means of a 
s t e a m - w a t e r  bath [10]. In order  to obtain a c lear ly  defined tempera tu re  field t 2 at points with different a z 
coefficients,  a probing tube of a mater ia l  with a low thermal  conductivity k should be used. 

The resul ts  which will be shown here were obtained with cylindrical  Plexiglas fluidization vessels  D 
= 100 and 200 mm in diameter  with fluidized corundum par t ic les  d = 120 and 320 # in size and c lose lypacked 
375 mm high~ 

A tubular glass  ca lo r imete r  (Fig. 1) was placed along the vessel  axis; its inside tempera ture  was 
maintained constant by intensive boiling of water .  The lower part  of the c a l o r i m e t e r - p r o b e  was passed 
through the gas distr ibutor  mesh so as to permit  visual observat ion of the boiling p rocess  in that region. 
Gas dis t r ibutor  meshes  used in this experiment had a 1.77% active section. The catalyst  in all tes ts  was 
air  at room tempera ture  with a relat ive humidity ranging from 60 to 83%. 

The level of the boiling water  in the ca lo r imete r  was always maintained at a height of 500 mm through 
a connection to a r e s e r v o i r .  The boiling t empera tu res  of water in the lower and in the upper zone of the 

Fig.  1. P r o b e -  ca lo r imete r :  1) tube of 
the rmomet r i c  g lass ;  2) porcela in  center  
rod; 3) Nichrome coil; 4) rubber  stopper;  
5) vapor drain-tube;  6) leads to the heater  
element; 7) connecting tube to the r e s e r -  
voir;  8) vapor space in the probe;  9) water  
space in the probe; 10) gas distr ibutor  
mesh;  a, b, c, d, e are  points at which the 
temperature was measured. 

ca lo r imete r  differed by not more than 0.8~C over the height 
of the fluidized bed [11]. The tempera ture  inside the ca lo r i -  
mete r  was checked with C h r o m e l - A l u m e l  thermocouples  
installed in the vapor and in the water  space respect ively .  
The blichrome heater  coil for the ca lo r imete r  was complete-  
ly immersed  in water ,  its turns being uniformly spaced 
along the ca lo r imete r  wall. The vapor space in the probe 
was connected to the a tmosphere .  

The tempera ture  of the outside surface of the glass  
wall was measured  with C h r o m e l - A l u m e l  thermocouples 
and 0.1 mm thick e lec t rodes .  The hot junctions (five points) 
and the thermoelec t rode  leads were secured to the probe 
surface with BF-2 adhesive.  The hot junctions were spaced 
around a helix 90 mm (in most  tests) apart  at an angle over 
one third the c i rcumference .  During tests  the ca lo r imete r  
was moved along the axis for t empera ture  measurements  at 
intermediate points.  After completion of the work, in order  
to account for any possible e r r o r s  the ca lo r ime te r  was cut 
off at the points where thermocouples  had been secured and 
its wall thickness was measured  along its height as well as 
around its c i r cumference .  The thickness was found to have 
been fluctuating within 1.5 * 0.075 ram. 

The tempera ture  of the fluidized bed, as recorded  for 
each test  at severa l  points along the radius,  the angle, and 
the height, varied only slightly (*I~ and was maintained 
in various tests at a level of 30-60~ 

The measurements were in all cases performed with 
the aid of PP-I and PP-63 potentiometers. 

Eighteen t 2 = f(Z) graphs have been plotted from test 
data at various fluidization rates w. They all display the 
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Fig .2 .  Trend  in the tempera ture  variat ion at the outside surface of the ca lo r imete r  wall: 1) in the 
D = 200 mm vessel  with d = 320 #, tcw = 35~C, w = 0.214 m / s e c ;  2) inthe D = 100 mm vessel  with 
d = 120 #, tcw = 31~C, w = 0.1 m / s e c ;  3) t empera ture  level t I. Z, ram; t2, ~C. 

Fig.  3. Variation of the h e a t - t r a n s f e r  coefficient along the cylinder height in the D = 200 mm vessel :  
1) d = 320 # and w = 0.196 m / s e c ;  2) d = 120# and w = 0.115 m / s e c ;  a) cylinder boundary; b) a ir  dis-  
t r ibutor .  ~z,  W/m2 .deg; Z, ram. 
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Fig .4 .  Heating of a ver t ical  cyl inder  in a 
fluidized bed: 1, 2 . . .  , 6 denote locations 
of thermocouples  secured  to the surface 
zone of the cyl inder ,  t, ~C; T sec.  

same trend (Fig.2): for a vessel  of a cer ta in  d iameter  the 
t empera tu res  remained at the same average level r e g a r d -  
less  of the par t ic le  size and of the fluidization ra te ,  a l -  
though the ex t rema depended on these fac tors .  

The Four i e r  expansion coefficients for function t2(Z ) 
were calculated f rom the empir ica l  t 2 = f (Z) graphs by the 
prac t ica l  method of harmonic  analysis  with appropriate  sched-  
ules [12]. 

Some calculated values of ~z are shown in Fig. 3. 

The maximum relative error possible here, taking into ac- 

count the inaccuracies of all measurements and of the test 

curve approximation by a trigonometric Fourier polyno- 

mial, is estimated at :~15%. As can be seen in Fig.3, the 

heightwise fluctuations of o/z about its mean value were 

much larger than that error. The difference between maxi- 

mum and minimum ez z was, as a rule, at least 50%. In 
many cases this difference was twice or three times as 

large. 

The hypothetical pat tern  of par t ic les  circulat ion in the bed, as shown in Fig.  3, is based on this ~z d is-  
tr ibution.  

The calculated mean ( in tegra l ) -over- the-height  values of az  agree fa i r ly  well wi th the  m e a n - o v e r - t h e -  
surface test  values of hea t - t r ans fe r  coefficients for cyl inders  130 mm high, which we have obtained ea r l i e r  
in [13] with the D = 200 mm vessel .  

It is to be noted that the magnitude of the hea t - t r ans fe r  coefficient for a small  thermal  probe does not 
depend on the depth of immers ion  in a fluidized bed. There fo re ,  we used a cyl indrical  vessel  75 mm in 
diameter  for determining the coefficient of heat t r ans fe r  between a copper ball 20 mm in diameter  and a 
fluidized bed of 120 P corundum par t ic les  (the height of the poured mass  was 250 ram) with air  at room t em-  
pera ture  as the catalyst .  The coefficient a was determined by the method of cooling the ball at various 
heights in the fluidized bed under regular  thermal  conditions. At a fluidization rate  of 0.1 m / s e c  at d is -  
tances of 50, 100, 150, and 200 mm from the gas distr ibutor  mesh,  the values obtained for a were r e s p e c -  
t ively 308, 384,389, and 393 W/m 2 .deg,  i .e. ,  there was no perceptible variat ion of ~ over the height of the 
intially poured bed. Therefore  it is not the distance from the mesh itself,  but the length of the hea t - t r ans fe r  
surface that affects the value of a .  

Apparently,  the cylinder i m m e r s e d  An a fluidization vessel  produces ,  i tself,  c irculat ing cur ren ts  
around its surface .  In view of this, local as well as mean hea t - t r ans fe r  coefficients may general ly  not be 
the same in different vessels  and for surfaces  of different dimensions.  
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In pa ra l l e l  with those expe r imen t s  we p e r f o r m e d  analogous expe r imen t s  with a porce la in  c a l o r i m e t e r  
19 mm in d i ame te r  and 3 mm in wall  th ickness ,  in the D = 100 m m  fluidization ves se l  with 120 and 320 # 
corundum p a r t i c l e s .  The t rend of the t e m p e r a t u r e  cu rves  under these  conditions r ema ined  the same  as b e -  
fore  (Fig. 2). 

Due to the p r e s e n c e  of an ~z field at the surface  of a ve r t i ca l  cyl inder ,  segments  of hea t - t r ea t ed  m e t -  
al  p a r t s  m a y  be heat ing or cooling at dif ferent  r a t e s  at different  heights .  We have de te rmined  e x p e r i m e n t a l -  
ly the heating r a t e s  for  sur face  segments  of a ve r t i c a l  s teel  (35Kh2NM) rod 41.5 m m  in d i ame te r  at d i f -  
fe ren t  heights .  The rod,  with C h r o m e l - A l u m e l  thermocouples  cemented  to it ,  was i m m e r s e d  in a furnace 
with a fluidized bed of 320 # corundum p a r t i c l e s .  The t e m p e r a t u r e  was 900~C, the furnace dimensions were  
300 x 600 m m  in the plan view, and the gas  d is t r ibutor  was capped.  The rod  was disposed along the furnace 
axis with i ts  lower  end 50 m m  away f rom the axes  of the holes in the caps .  The heating t h e r m o g r a m s  were  
r e c o r d e d  with an 1~ PP-09M2 ins t rument .  

The resul t ing  heating cu rves  a r e  shown in F ig . 4 .  As can be seen here ,  the heating ra te  is different 
for  the individual rod  segmen t s .  Hypothetical  s t r e a m s  of pa r t i c l e s  a r e  a lso  shown; the contours  of these 
s t r e a m s  were  drawn on the bas i s  of the cu rves  obtained e a r l i e r .  The dif ference in the cooling r a t e s  for  
the s ame  segmen t s  of the rod  i m m e r s e d  in a fluidized bed (23.0 x 570 m m  vesse l ,  120 ~ corundum par t ic les )  
at  a t e m p e r a t u r e  of 900~C was no s m a l l e r  a f te r  the rod had been heated than during i ts  heat ing.  

It a p p e a r s  then, on the bas i s  of al l  our tes t  r e su l t s ,  that an i nc rea se  in the fluidization number ,  with 
all  other conditions unchanged, causes  the ex t r eme  values of ~z slightly to approach the mean  values ,  a l -  
though the di f ference sti l l  r e m a i n s  l a rge  in mos t  c a s e s .  At the same fluidization number , t he  ~z e x t r e m a  
a re  m o r e  pronounced in f luidized beds  with coa r s e  pa r t i c l e s  than in fiuidized beds with fine p a r t i c l e s .  

In s u m m a r y ,  consider ing the r e s u l t s  of [9] and our data,  it has been es tab l i shed  that a ve r t i ca l  body, 
say,  a cy l inder ,  p roduces  an extended t h e r m a l  boundary l aye r  which affects  the heat t r a n s f e r  with the f luid-  
ized bed.  This  effect  mus t  be taken into cons idera t ion  in the study of h e a t - t r e a t m e n t  p r o c e s s e s  involving 
me ta l  p a r t s  in a fluidized bed as well  as in the design of h e a t - t r e a t m e n t  plants and various fluidized beds 
for  heat exchanger s .  
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N O T A T I O N  

is the h e a t - t r a n s f e r  coeff icent ,  W/m 2 .deg; 
is the t h e r m a l  conductivity of the probe  wall,  W / m  �9 
is the t e m p e r a t u r e  of the f lu idized-bed co re ,  ~ 
a r e  the t e m p e r a t u r e s  of the inside and outside probe  sur face ,  r e spec t ive ly ,  ~ 
a r e  the inside and outside radi i ,  r e spec t ive ly ,  of the p r o b e - c a l o r i m e t e r ,  m; 
is the height of the probe  segment  par t ic ipat ing  in the heat t r a n s f e r ,  m; 
is the dimension of the f lu idized-bed pa r t i c l e s ,  Y; 
a r e  Fo u r i e r  expansion coeff ic ients  for  the function t 2 = f(Z); 
a r e  B e s s e l  functions; 
is the fluidization r a t e ,  m / s e c ;  
is the d i am e t e r  of the fluldization vesse l ,  ram; 
is the height above the gas  d i s t r ibu tor  mesh  at which t e m p e r a t u r e  t 2 is m e a s u r e d .  
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