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The angle of inclination affects the hea t - t r ans fe r  rate between a sheet and a fluidized bed of 
corundum par t ic les  of sizes 120 and 320~m over  a wide range of velocities in the fluidizing 
agent. 

In the design of apparatus with fluidized beds for heating or  cooling sheets it is important  to know the 
hea t - t r ans fe r  rate as a function of sheet size and orientation in the bed, not only as a mean for the whole 
sheet but also for par ts  varying ove r  the height. 

A few experiments  have been descr ibed [1-3] on the effects of inclination on heat t r ans fe r  to 100 • 100 
mm sheets [3]; the variation in heat t r ans fe r  with height was not examined, although it is known [4-7] that 
the maximal hea t - t r ans fe r  coefficient of a ver t ical  wall in a high plant in a fluidized bed is usually lower 
and is attained at higher  speeds than that found when a small component is employed. Heat t r ans fe r  to a 
la rge  vert ical  sheet is analogous to the t r ans fe r  to the wall at an apparatus,  so one expects a substantial 
effect f rom sheet size and tilt as regards  the heat t rans fe r .  Also, the hydrodynamics of the flow around 
the sheet  vary  with the inclination to the horizontal ,  which also affects the heat t r ans fe r  [8, 9]. 

We measured  the hea t - t r ans fe r  between sheets and a fluidized bed with an apparatus 420 • 170 mm; 
the fluidized bed was 300 mm deep in the absence of gas flow, and was made of almost  monodisperse co r -  
undum (particle size distribution defined by state standard 3647-59), the mean grain sizes being d = 120~m 
and 320pm, with loose packed densit ies respect ively  of 1850 and 2000 kg /mm 3. At low fluidization speeds 
(with a f iner powder) we used a perforated gas distributing grid with an effective c ross  section of 0.185%, 
while for  the c o a r s e r  mater ia l  we used one of 0.75%, which made it possible to obtain uniform fluidization 
over  a wide range of a i r  speeds [10] with reasonable res i s tances  in the gr ids .  The a i r  flew rate  was mea-  
sured with a double stop, the e r r o r  of measurement  in the flow rate not exceeding • 2.8~ [11]. 

The heat t r ans fe r  was measured  foi~ the ca lo r imete r  of Figure 1, which consists  of six b rass  plates 
1 (LS59-1), which were  insulated one f rom another by the tufnol 2. One side of the ca lo r imete r  was the r -  
mal ly  insulated with asbestos  3, while insulation at the side was provided by the tufnol 7. The entire a s -  
sembly was held i n theme ta l  body 9 by the clamping screws 4. In the mid brass  plate 1 there was a junction 
o f a C h r o m e l - A l u m e l t h e r m o c o u p l e l 2 ,  with a cylinder 11 made of the same mater ia l  as the plate. The ends 
of the thermocouple  ran via the two-channel porcelain tube 10 and tufnol tube 8 to the six-point potentio- 
me te r  type KWT with scale of 0-110~ and a recording e r r o r  of + 0.5% of full scale.  The current  junctions 
of the thermocouples  were  fitted in metal jackets having d =3 mm and set at the level of the middle of the 
ca lor imeter .  The holder  5 soldered to the body 6 was used to mount the t r ansducer  on the half axles 9, 
which provided for  positive angles of attack (surface of the specimen turned downwards, facing into the air  
flow) and also negative ones (surface turned upwards). A ca lo r imete r  of this design enables one to measure  
the heat t r ans fe r  coefficient f rom the side for each of the six elements,  i . e . ,  to follow the variation in heat-  
t r ans fe r  rate over  the height. Figure 2 and 3 give the mean hea t - t r ans fe r  coefficient taken over the surface 
of the ca lor imeter ,  which has been obtained by averaging the local values for the six elements; the wiclth of 
the ca lo r ime te r  was equal to the width of the apparatus,  so the gas and mater ia l  could not move t r ansve r se ly  
(if we neglect slight influence from the walls of the chamber) ,  which allows us to consider the process  as 
approximately two-dimensional .  
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TABLE 1. H e a t - T r a n s f e r  Coefficient in Relation to Sheet Size 

Size, m m  loox200 lOOx400 200x400 400x400 600x400 

c~, W / m  z . * C 550 510 480 475 610 
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Fig. 1. The ca lo r ime te r ,  

For  comparison we examined the heat t r ans fe r  
to a copper  sphere 15 mm in d iameter ,  and a b ras s  
plate (L $59-1) of size equal to one element in the 
ca lo r imete r  (Fig. 1) with thermal ly  insulated end 
surfaces .  The plate could be set  only in the vert ical  
position. The hea t - t r ans fe r  coefficient was mea-  
sured in every  case by means of regular  conditions 
of the f i rs t  kind [12]. The cooling rate was measured  
in the range from 120 to 40~ at a layer  t empera ture  
of 20~ the coefficient of variation in the result  for  
the hea t - t r ans fe r  coefficient did not exceed �9 6%. 

We examined the effects of sheet size by using 
a small  heating system fuelled by natural gas with 
a hooded gas dis t r ibutor  designed for  t reat ing metal 
sheets; the apparatus was 250 • 800 ram, and the 
height of the layer  of corundum at res t  was 800 mm 
above the level of the hoods, the mean grain size of 
the monodisperse  corundum being d = 400pm in ac-  
cordance with state standard 3647-59. The fluldized 
bed was heated to 100~ and in it we inser ted v e t -  

t ical ly  steel sheets (30 KhGSA steel), which were at room tempera ture ,  14.6 mm thick, and size (see Table 
1) f rom 100 • 200 mm to 400 • 600 mm (the smal le r  dimension was the vert ical  one). The tempera tures  
of the sheets were  recorded  with C h r o m e l - A l u m e l  thermocouples mounted in the middle of the sheet, which 
were connected to an ]~PP-0.9 potentiometer  with a scale of 0~ll00~ 

With the sheet ver t ical ,  the general  trend in hea t - t r ans fe r  coefficients with gas speed did not differ 
essent ial ly  f rom that of bodies of other shapes,  although the maximal t r ans fe r  coefficient decreased  as the 
sheet became l a rge r  (Fig. 2); the same was observed in the small heating plant, and small  plates gave 
more  size effect than la rge  ones. An analogous resul t  has been obtained [13] for  small  t ransducers .  

Deviation from a vert ical  position in e i ther  direct ion reduced the heat t r ans fe r  coefficient (Fig. 3a). 
The heat t r ans fe r  is reduced on deviation from the ver t ical  because of the formation of a cap of immobile 
mater ia l  above the inclined surface,  while under it there  is an a i r  bubble, which prevents  heat t r ans fe r  
between the plate and the layer  [8, 9]. The heat t r ans fe r  to the upward facing surface increased with the 
velocity of the gas on account of the more  vigorous sliding of the mater ia l ,  but at the same time it was 
reduced at the surface facing downwards on account of c loser  packing of the layer  under the plate. 

The highest  hea t - t r ans fe r  coefficient was obtained for the vert ical  plate with a i r  speeds less  than 
those found with a sphere (Fig. 2), while in using an apparatus with a fluidized bed and examining the t r a n s -  
fer  to the walls [4, 7], the maximum value was obtained at speeds higher than those for  a small  body. The 
hea t - t r ans fe r  rate of the ca lo r imete r  fell f rom the bottom upwards (Fig. 3a), although it has been observed 
[5, 7] that the wall has a boundary l ayer  of sinking dense mater ia l ,  whose heating tends to reduce the heat 
t r ans fe r  towards the bottom of the piate. We examined the reasons for this d isagreement  and concluded 
that the heat t r ans fe r  was influenced by the air  emerging from under the lower end par t  of the ca lo r imete r  
and r is ing along the hea t - t r ans fe r  surface.  This was verified by fitting underneath the ca lo r imete r  a big 
piece of tin plate, which enabled us to deflect the air  f rom under the ca lo r imete r  ei ther  to the insulated 
surface or  to the t r ans fe r  surface (Fig. 3b). We found that bringing up a i r  to the insulated surface in this 
way resulted in a much reduced t rans fe r  coefficient, the value being lower than that on bringing a i r  to the 
t r ans fe r  surface,  par t icu lar ly  when the a i r  speeds were  close to those for the onset of fluidization. The 
distribution of the hea t - t r ans fe r  rate over  the height of the ca lo r imete r  was also affected (Fig. 3b). Here 
also, the maximum hea t - t r ans fe r  coefficient was attained not with the sheet vert ical  but with the apparatus 
set  with a small  positive angle of attack. 
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Fig. 2. Hea t  t r a n s f e r  coeff icient  a ,  W / m  2- ~ as a 
function of the speed of fluidizing agent  (a i r  w, 
m / s e c :  1, 2, 3) corundum 120#m;  4, 5, 6 ) c o -  
rundum 320#m;  1, 4) sphere ,  15 mm in diem;  2,5) 
plate 30 x 130 • 13 ram; 3, 6) plate 200 x 130 x 35 
m E ,  

A ver t i ca l  su r face  r e s e m b l e d  the upper  pa r t  of the sur face  of an inclined sheet  in rece iv ing  l e s s  
fluidizing agent,  there  being a l a y e r  of f ine-gra ined  mate r i a l  having the poros i ty  c lose  to that of the un- 
fluidized l a y e r  and its l ooses t  packing. This l a y e r  was seen on visual  observa t ion ,  and it h inders  heat  
t r a n s f e r  at the sur face .  This l a y e r  moves  downwards in r e sponse  to the densi ty  di f ference between the 
sheet  and the body of the appara tus ,  and this s teady  motion has super imposed  on it pulsat ions that move 
the m a t e r i a l  along the h e a t - t r a n s f e r  su r face ,  and a lso  d isplace  the ma te r i a l  f rom the su r f ace  into the fluid- 
ized bed (the l a t t e r  occurs  mainly  f rom bubbles t rave l ing  along the sur face) .  The longitudinal d i sp l ace -  
merits of constant  ampli tude have an effect  that  i n c r e a s e s  as  the plate becomes  s m a l l e r  in the sense  that the 
su r face  of a smal l  plate  r e c e i v e s  at the ends m o r e  cold m a t e r i a l ,  so the h e a t - t r a n s f e r  coefficient  i nc r ea se s .  
The thickness  of this boundary l a y e r  is reduced on ra i s ing  the a i r  speed,  while the r a t e  of motion of the 
ma te r i a l  and the pulsat ions i nc rea se ,  which i n c r e a s e s  the h e a t - t r a n s f e r  coeff icient  (Fig. 3b). Ai r  deflected 
to the h e a t - t r a n s f e r  sur face  by the piece of bent tin d is rupts  the descending l a y e r  of mate r ia l ;  but the 
r i s ing  a i r  bubbles f rom under  the edge of the c a l o r i m e t e r  become  l a r g e r  and become detached f rom the 
side su r face  and pass  into the l aye r ,  i . e . ,  the boundary l aye r  is comple te ly  disrupted only in the lower  
pa r t ,  so the h e a t - t r a n s f e r  coeff icient  in t h e  upper  pa r t  of the c a l o r i m e t e r  is l e s s  than that  in the lower  one 
(Fig. 3b). The devised set  of the smal l  posi t ive  angle of a t tack  (5-10 ~ causes  the boundary l aye r  to be 
d is rupted  a lso  in the upper  par t  of the sheet ,  on account  of the a i r  accumulat ing underneath,  so the hea t -  
t r a n s f e r  coeff icient  is the s a m e  over  the en t i re  height of the sheet .  At l a rge  angles of a t tack,  a gas  cushion 
is fo rmed  under the plate ,  which reduces  the h e a t - t r a n s f e r  coefficient.  I f  the su r face  is smal l ,  while the 
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Fig. 3. Heat t r a n s f e r  coefficient  a W / m  2- ~ (mean along height) as a function in angle 
of plate inclination re la t ive  to ve r t i ca l  line ~0 and distr ibution of local heat  t r a n s f e r  coef -  
f icients  atong height (H, dis tance f rom lower  edge of plate ,  ram) when plate is ver t ica l :  
a) corundum 320 pm;  b) corundum 120 #m; a i r  f rom above the end face is r emoved  to 
heat  t r a n s f e r  (1, 2, 3) o r  hea t - insu la ted  (4, 5, 6) sur face  of c a l o r i m e t e r .  



air  speed is sufficiently large,  this gas cushion is disrupted by turbulent pulsations, and the heat- t ransfer  
coefficient remains at the value for the vertical position with any positive angle of attack [1]. At negative 
angles of attack, the heat t ransfer  is much reduced, because the thickness of the boundary layer  is in- 
creased by deposition of fine-grained material above the surface. This material slides slowly downwards 
and becomes very hot, which substantially reduces the heat- t ransfer  coefficient in the lower, part  relative to 
the upper one. 

Our results indicate that the best position for the sheet in the fluldized bed to give uniform heating 
or  cooling on both sides is vertical.  If la rger  t ransfer  is to be produced on one side, the sheet should be 
set at a small angle to the vertical,  5-10 ~ The exact angle is dependent on the size and on the gas speed. 

If larger  items are to be treated in a fluldized bed, account must be taken of the thickness, since 
this increases the flux of air  emerging from under the bottom edge along the side surfaces,  which tends to 
intensify the heat t ransfer ,  especially at low speeds. In this case, one needs to take into account also the 
shape of the lower part  of the item, since this can deflect the ai r  to one side or uniformly over both sides. 

One can intensify the heat t ransfer  to large sheets at gas speeds close to the onset of fluidization 
by providing the lower part of the sheet with an additional flow of fluidizing agent either from under a gas 
distributing grid or  by means of special inlets set in the layer .  Conditions with fluldization speeds close 
to the critical ones are very promising for treating sheets of brittle or weak materials,  which might be 
damaged in a well fluldized bed. Under such conditions there is also practically no loss of material.  
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