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An ana lys i s  is  p r e sen t ed  of the causes  of the apparen t  reduct ion in the h e a t - t r a n s f e r  coeff i -  
c ient  f rom a f luidized bed to the su r face  of an a r t i c l e  i m m e r s e d  in it in the course  of drying.  

In [1], in connection with the development  of an effect ive method of drying t h i n - l a y e r  m a t e r i a l s ,  a study 
was made of the heat  t r a n s f e r  f rom a f lu idized bed to a wet "sovel i te"  p la te ,  and i t  was found that the heat-  
t r a n s f e r  coeff ic ient  a d e c r e a s e s  with i n c r e a s e  in the f lu id ized-bed  t e m p e r a t u r e  and with i n c r e a s e  in plate 
th ickness .  At the same  t ime ,  it  is  well  known that ,  in the absence of evapora t ion ,  i n c r e a s e  in t e m p e r a t u r e  
leads  to i n c r e a s e  in the value of a [2], while with i n c r e a s e  in pla te  th ickness  ~ r i s e s  or  r e m a i ns  unchanged, 
depending on the r a t e  of f luidizat ion [3]. In [1], the effect  of the p la te  th ickness  is  explained by the i n c r e a s e  
in in te rna l  diffusional  r e s i s t a n c e  and a lso  in that  " . . .  around the su r face  a wedge of g r e a t e r  poros i ty  is  
fo rmed ,  " d i sp lac ing  the zone of in tens ive  mixing of the m a t e r i a l  f rom the sur face ;  the d e c r e a s e  in a with r i s e  
in f lu id ized-bed  t e m p e r a t u r e  is  a t t r ibu ted  to the effect  of a vapor  flow leaving the su r face  of the body and of 
the i n c r e a s i n g  th ickness  of the boundary l aye r .  However ,  a m o r e  unexpected r e su l t  is  the s igni f icant  d e c r e a s e  
in the h e a t - t r a n s f e r  coeff ic ient  with t ime shown in Fig .  1 (which is cons t ruc ted  using the data  given in F igs .  1 
and 2 of [4]). It is  evident that  for  mean m o i s t u r e  content of the p la te  of W = 5070 the h e a t - t r a n s f e r  coeff icient  
in a 120-pm corundum f luidized bed,  for  a f luidizing agent of veloci ty  0.4 m / s e c  and t e m p e r a t u r e  200~ to ta ls  
around 20 W / m L  deg.  Accord ing  to the fo rmula  p roposed  in [1}, we have 

Nu = Nttma x exp (- -  ~ Fo), (1) 

~ -"~ 0 as T*--~ Do. 

However ,  expe r imen t s  with a me ta l l i c  c a l o r i m e t e r  [3] have shown that ,  for  p r a c t i c a l l y  ident ica l  condi-  
t ions but a f lu id ized-bed  t e m p e r a t u r e  of 30~ the h e a t - t r a n s f e r  coeff ic ient  is  approx imate ly  400 W/m 2. deg, 
r e g a r d l e s s  of the plate  th ickness  (in the range  3-100 ram),  the ra te  of f luidizat ion (in the range 0.35--0.5 m /  
sec) ,  and the durat ion of the exper imen t .  In accordance  with the fo rmula  of [2], i n c r e a s e  in t e m p e r a t u r e  to 
200~ should lead to an i n c r e a s e  of approx ima te ly  25% in oz; i . e . ,  ~ should r e a c h  500 W/mf -deg .  The causes  
of the cons ide rab l e  d e c r e a s e  in a as the m a t e r i a l  is  d r i ed  were  not d i s cus sed  in [1,4]. 

In view, apparen t ly ,  of the c o l o s s a l  difficulty a s s oc i a t e d  with measu r ing  the su r face  t e m p e r a t u r e  of the 
submerged  body, Sherwood (cited in [5], p. 147) de te rmined  the h e a t - t r a n s f e r  coeff ic ient  as the ra t io  of the 
heat  flow to the d i f ference  between the t e m p e r a t u r e s  of the f luidized medium and the middle  of the dry ing  pla te .  
In this  c a s e ,  the d e c r e a s e  in h e a t - t r a n s f e r  coeff ic ient  in the pe r iod  of fal l ing drying r a t e  can be expla ined,  
s ince  dry ing  is a s soc i a t ed  with a deepening of the zone of evapora t ion  and thickening of the d r i ed  l a y e r  and 
hence the t he rma l  r e s i s t a n c e  of the object  a l so  i n c r e a s e  as drying p r o c e e d s  ([5], p.  148). The same  appl ies  
to the dry ing  of t i s sue s  in [6], in which the h e a t - t r a n s f e r  coeff ic ient  was ca lcu la ted  using the d i f ference  be- 
tween the f lu id ized-bed  t e m p e r a t u r e  and the mean t e m p e r a t u r e  taken over  the th ickness  of the l aye r .  

In [1], however ,  the h e a t - t r a n s f e r  coeff ic ient  was ca lcu la ted  f rom the e xp r e s s i on  

( W)Gbd [ dW1 
= - -  , ( 2 )  

t b -  t s 
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Fig .  1. Change in h e a t - t r a n s f e r  coeff ic ient  (1), m o i s t u r e  content of "sove-  
l i te"  p la te  (2), and t e m p e r a t u r e  at the cen t e r  (3) and su r f ace  (4} of the pla te  
in the course  of d ry ing  in a 120-pm corundum f luidized bed,  accord ing  to 
the r e s u l t s  of [4]. A i r  ve loc i ty  0.4 m / s e c ,  tb = 200~ a , W / m 2 " d e g ;  T, 
rain; W, %. 

Fig .  2. Dis t r ibu t ion  of t e m p e r a t u r e  over  the th ickness  of a "sovel i te"  p la te  
in the cou r se  of d ry ing  accord ing  to the data of [8]. The f igures  on the 
curves  give the dry ing  t i m e ,  rain; 120-pro corundum,  f luidizat ion r a t e  0.2 
m / s e c ,  t b = 270~ 

i .  e . ,  the heat  flow was r e f e r r e d  to the d i f fe rence  between the f lu id ized-bed  t e m p e r a t u r e  t b and the p l a t e - s u r -  
face t e m p e r a t u r e  t s and, in that  c a s e ,  the t h e r m a l  and diffusional  r e s i s t a n c e s  of the drying body do not appear  
in the e x p r e s s i o n  for  a .  The s igni f icant  d i f ference  between expe r imen t s  with meta l l i c  and with "sovel i te"  
p la tes  is  that in the l a t t e r  case  a vapor  flow is  p r e s e n t ,  which may affect the heat  t r a n s f e r .  Of cou r se ,  the 
effect of this  flow must  weaken as the flow d e c r e a s e s ,  i . e . ,  as the body d r i e s .  However ,  as dry ing  p r o c e e d s ,  
the d i f fe rence  between the values  of a for  me ta l l i c  and "sovel l te"  p la tes  i n c r e a s e s ,  s ince ,  as  is  evident  f rom 
Fig .  1, a d e c r e a s e s  by a fac tor  of 10-15 and is, a f ac to r  of 20-25 less  than the value obtained in expe r imen t s  
without dry ing .  In consequence ,  i t  is  expedient  to e s t ima te  the a c c u r a c y  of the value of a obta ined,  e spec ia l ly  
as no mention of e r r o r s  of m e a s u r e m e n t  was made in [1]. 

A ce r t a i n  e r r o r  a r i s e s  f rom the use in Eq. (2) of the l a t e n t h e a t  of vapor iza t ion  r ins tead  of the d i f fe r -  
ence between the enthalpy of the vapor  heated to the t e m p e r a t u r e  of the su r face  (or the f luidized bed, depend- 
i ngon the  s e n s e t a k e n  in the value of a) and the enthalpy of the wa te r  in the m a t e r i a l  ([5], p. 251) and a lso  f rom 
neglec t ing  the heat of deso rp t ion  (moistening} ([5],p.  112). Another  e r r o r  may a r i s e  in that ,  accord ing  to Eq. 
(2), the amount  of heat  expended in heat ing the m o i s t u r e  in the body is de t e rmined  f rom the mean t e m p e r a t u r e  

of the body, without taking into account  the d i s t r ibu t ion  of the m o i s t u r e  ove r  the th ickness  of the plate .  
F ina l ly ,  t he re  may  be an e r r o r  a s soc i a t ed  with the loss  of heat through the end of the p la te :  in acco rdance  
with [7] (p. 97), the s ide su r f aces  in [1,4] were  coated with m o i s t u r e  insulat ion (bakeli te  lacquer)  but not heat 
insulat ion.  In s tudying r ad ia t iona l  d ry ing ,  heat  insulat ion of the ends is  unne c e s s a r y ,  but in a f luidized bed 
cons ide rab le  amounts  of heat  may  pas s  through the ends ,  e spec i a l l y  for  the th i cke r  p la te  of 60 x 120 x 170 mm 
[4, 8], where the to ta l  a r e a  of the end su r f aces  is found to exceed the a r e a  of the s ides .  However,  a l l  these  
f ac to r s  give an e r r o r  of no m o r e  than 20-30%. A more  s igni f icant  e r r o r  may be that  a s s o c i a t e d  with the in-  
accu ra t e  m e a s u r e m e n t  of the su r face  t e m p e r a t u r e  of the body. 

In [1], a s lo t  of depth about 1 mm was made in the wet p la te  and a thermocouple  composed  of 0 . i - r a m -  
d i a m e t e r  e l ec t rodes  was i n s e r t e d ,  the s lot  being covered  over  with "sovel i te .  " In view of the junction d i a m e t e r  
(0.5 ram) and the ex t r eme  p l i ab i l i ty  of the wet "sove l i t e ,  " the the rmocouple  may be a s s um e d  to be se t  within 
the body at a d i s tance  f rom the su r face  de t e rmined  with an accu racy  of up to 1.5 mm.  
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As an approx imat ion ,  i t  wil l  be a s s u m e d  that  the t e m p e r a t u r e  of the d r i ed  m a t e r i a l  va r i e s  l inea r ly  
f rom the su r face  to the evapora t ion  f ront ,  but does not change beyond the evapora t ion  front  ove r  the remain ing  
th ickness  of the p la te .  Let the l a y e r  of d r i e d  m a t e r i a l  be of th ickness  ~, and the thermocouple  be a d i s tance  
6 f rom the su r f ace .  By t b,  i s ,  tT ,  and tM, we denote,  r e s p e c t i v e l y ,  the t e m p e r a t u r e  of the f luidized bed,  the 
su r f ace  of the body, the the rmocoup le ,  and the wet m a t e r i a l  outs ide the evapora t ion  zone. In fac t ,  the heat -  
t r a n s f e r  coeff ic ient  will  be r e p r e s e n t e d  by the e xp r e s s i on  

ins tead  of the fo rmula  

q s (3) 
C~calc ~ ~b-- ~T 

as r  tb--t~ (4) 

We es t ima te  the resu l t ing  e r r o r .  In a quas i s teady  a p p r o x i m a t i o n ( t s - t T ) / ( t s - - t M ) =  5/~. Rewr i t i ng th i s  r e -  
la t ion as an exp re s s ion  for  t T ,  and subst i tut ing in Eq. (3), i t  is  s imple  to obtain 

cz cz6 
- -  1 -b  - - -  (5 )  

talc 

F o r  ~ = 500 W/m2-deg ,  6 = 1.0.10 -3 m,  and X = 0.07 W / m . d e g ,  Eq. (5) gives a/C~calc -~ 8, i . e . ,  the heat-  
t r a n s f e r  coeff ic ient  ca lcu la ted  in [1] is an o r d e r  of magnitude too low. F r o m  Fig .  1 i t  is  evident that  ~ca lc  
in fact  d e c r e a s e s  by approx imate ly  an o r d e r  of magnitude in the cou r se  of d ry ing .  It i s  obvious that  Eq. (5) is  
su i tab le  only in condit ions where the depth of drying ~ exceeds  the depth of the thermocoupte  sea l  6. At the 
beginning of d ry ing ,  when ~ < 5, the su r f ace  t e m p e r a t u r e  of the body t s g radua l ly  i n c r e a s e s ,  the heat  flux 
q = c~ (t b - t s) d e c r e a s e s ,  and the t e m p e r a t u r e  t T at the the rmocouple  s i te  does not change; hence C~calc g r a d u a l -  
ly d e c r e a s e s ,  reaching  the value given in Eq. (5) at the moment  when the evapora t ion  front  r eaches  the t h e r m o -  
couple .  This expla ins  the t ime dependence of C~calc following f rom Eq. (1) and a lso  shows that  in [1] the t he r -  
mal  conductivi ty of the gas  was a r b i t r a r i l y  in t roduced in the p a r a m e t e r  Fo.  The reduct ion in C~calc i n c o m p a r -  
ison with c~ is  a consequence of the change in the effect ive heat  conduction of the "sovel i te"  l a y e r  of th ickness  
6 in the cou r se  of d ry ing ,  i . e . ,  i s  independent  of the p r o p e r t i e s  of the f luidizing agent.  

In fact ,  i t  i s  be t t e r  to speak  of an evapora t ion  zone r a t h e r  than an evapora t ion  sur face  ([5], p. 148), i . e . ,  
of a nonl inear  t e m p e r a t u r e  d i s t r ibu t ion  in the d ry  l a y e r  of m a t e r i a l ,  the t e m p e r a t u r e  g rad ien t  d e c r e a s i n g  in 
absolute  value with i nc rea s ing  d is tance  f rom the su r f ace .  This  leads  to a l a r g e r  e r r o r  than that given in Eq. (5). 

If the h e a t - t r a n s f e r  coeff ic ient  is  to be de t e rmined  with an e r r o r  not exceeding 10%, the addi t ional  heat 
r e s i s t a n c e  of the l a y e r  of dry  m a t e r i a l  mus t  not exceed 10% of the h e a t - t r a n s f e r  r e s i s t ance ;  for  c~ = 500 W / m  2. 
deg,  this co r r e sponds  to a depth of the the rmocouple  beneath the sur face  of 5 = 0.1-0.07/500 = 14" 10 -6 m,  i . e . ,  
of the o r d e r  of 0.01 mm.  Such an a c c u r a c y  of the thermocouple  posi t ion is unl ikely to be a t ta ined for  e l ec t rodes  
of d i a m e t e r  0.1 mm in a m a t e r i a l  l ike "sove l i te .  " Thus the "reduct ion"  in the h e a t - t r a n s f e r  coeff ic ient  in [1] 
r e s u l t s  f rom the use  in Eq. (2) of a t e m p e r a t u r e  m e a s u r e d  some d is tance  away f rom the sur face  r a t h e r  than the 
su r face  t e m p e r a t u r e  t s i t se l f .  This accounts  for  the anomalous dependences  of ~ and C~ma x on the t i m e ,  f luid-  
i zed -bed  t e m p e r a t u r e ,  and plate  th ickness  obtained in [1], s ince  a l l  these fac to rs  lead to an i n c r e a s e  in the 
d i f ference  between the t e m p e r a t u r e  at the su r face  and that at the s i te  of the embedded thermocouple .  

The curves  in F ig .  2 (constructed f rom the data of [8]) provide  addi t ional  conf i rmat ion .  The the rmo-  
couples  cons ide red  in F ig .  2 were  pos i t ioned not at the su r f ace  but at d i s t ances  of 5, 12.5, and 25 mm away. 
A notable fea ture  is  the reduct ion in the t e m p e r a t u r e  g rad ien t  at the su r face  in compar i son  with the g rad ien t  
3-4 mm away,  for  a su r face  t e m p e r a t u r e  above 100~ i . e . ,  when the su r f ace  l a y e r  is  d ry .  The heat- f lux 
dens i ty  q at the su r face  is  higher  than in the depth of the bed, while the moi s tu re  content ,  i . e . ,  the heat  con- 
duction of the "sove l i t e ,  " is  lower ,  and hence Vt = q/~ should i n c r e a s e  as the su r face  is  approached ,  as is  
found to be the case  in the curves  of F ig .  2, p rovided  the "sur face"  point is  shif ted a ce r t a in  d is tance  into the 
depth of the body. In p r inc ip l e ,  knowing the accu ra t e  d is tance  of the thermocouple  f rom the su r face ,  the s u r -  
face t e m p e r a t u r e  may be found by ex t rapo la t ion  [5, 7], but this would r equ i r e  cons ide rab ly  m o r e  points in the 
region  of sha rp  changes of t e m p e r a t u r e  {5-10 mm) and an accu ra t e  knowledge of t h e i r  d i s tance  f rom the su r face .  

A more  r e l i a b l e  value of the h e a t - t r a n s f e r  coeff ic ient  could be obtained in condit ions of constant  dry ing  
r a t e ,  when the t e m p e r a t u r e  is  approx ima te ly  constant  over  the whole th ickness  of the p la te .  Measurement s  in 
th is  reg ion  would cas t  addi t ional  l ight  on the unreso lved  d i scuss ions  of the amounts of heat  t r a n s f e r r e d  by con- 
duction to the su r face  of the p a r t i c l e s  and by gas  convection and, in p a r t i c u l a r ,  would conf i rm or  f l i sconf i rm 
the data  in [9], s ince  the d i f ference  between the t e m p e r a t u r e s  of the su r face  and the mois t  t h e r m o m e t e r  d i r ec t ly  
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charac te r i zes  the proport ion of par t ic les  in the total heat t r ans fe r .  It was pointed out in [4, 8 ] t h a t a p e r i o d o f  
constant velocity exists in a number  of conditions but for some reason these data were excluded f rom the sub- 
sequent analysis .  
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D R Y I N G  H E A T - I N S U L A T E D  M A T E R I A L S  IN 

A F L U I D I Z E D  B E D *  

N.  I .  S y r o m y a t n i k o v  UDC 621.785:66.096.5 

In his a r t ic le ,  A. P. Baskakov considered our  papers  [1-3] devoted to the heat t r ans fe r  and kinetics of 
the drying of a very  wet plate of considerable thickness in a fluidized bed. There  had been pract ica l ly  no ear -  
l ier  works on this problem,  and therefore  it would have been impossible ,  because of the absence of s imi la r  
ca ses ,  to c a r r y  out an analysis of the resul ts  of experiments  on drying by comparing them with data for a 
completely different case:  the heat t r ans fe r  between a smooth metallic surface and a fluidized bed in the ab- 
sence of t r ansve r se  flow of mater ia l .  A t r ansver se  flow of mater ia l  is always present  in the case of a drying 
body, and to attempt an analysis  of this kind would imply a failure to acknowledge the effect of mass  t r ans fe r  
on the heat t r ans fe r  in drying p rocesses .  

As is known, the accura te  equation for  the hea t - t r ans fe r  coefficient takes the form 

--if- CoPdry ~r dV -q- .rtn 

v (I) 
(Xwet ~ At 

As is recommended in [4-7], we used instead the approximate equation 

~ "  -at. Gdry 
Co-~- C B 1-~-]  / F - - d ~ ' - ~  rm 

wet ~- M (2) 

These equations differ in that the integration in Eq. (1) gives the mean derivative W ~ ,  while in Eq. (2) the 
mean value Wdt d/~-~ is used. Even for a parabolic distribution of temperature and moisture content over the 

* A comment  on "Change in hea t - t r ans fe r  coefficient in the drying of heat-insulated mater ia ls  in a fluidized 
bed" by A. P. Baskakov. 
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