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A ma thema t i ca l  model  has  been developed which d e s c r i b e s  the p r o c e s s e s  of heat  and m a s s  
t r a n s f e r  in a wet f luidizat ion bed during a s s imi l a t i on  of the liquid by the solid p a r t i c l e s  while 
heat  of r eac t ion  is  r e l e a s ed  (or absorbed) .  A co r r e l a t i on  between this model  and actual  p r o -  
c e s s e s  is es tab l i shed .  

In engineer ing one often deals  with p r o c e s s e s  where  liquid evapora te s  f r o m  the su r f ace  of a wet g r an u -  
l a r  m a t e r i a l  in a f luidization bed. The purpose  of such p r o c e s s e s  is e i ther  to d i ss ipa te  the heat  of chemica l  
reac t ion  and to provide  cooling, a lso  to hydra te  the g ranu la r  ma t e r i a l  [1, 2], or  to s a tu ra t e  the liquid with 
v a p o r  and to lower  the t e m p e r a t u r e  of the gas  which p a s s e s  through the appa ra tus .  

In the technical  l i t e r a tu re  there  is ha rd ly  any informat ion  avai lable on the des ign of such p r o c e s s e s .  
The only r e fe rence  known to the authors  is the a r t i c le  by J .  Cyborowski and A. Selecki [3] where  l imit ing 
va lues  of volume m a s s  t r a n s f e r  coeff ic ients  and the i r  dependence on the m a s s  flow ra te  of fluidizing a i r  a re  
repor ted .  

In this s tudy we will p r e sen t  an analyt ical  solution f r o m  which exact  va lues  of both the a i r  and the 
charge  p a r a m e t e r s  at the exit  f r o m  a f luidirat ion bed can be calculated.  
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Fig. 1. Schemat ic  d i a g r a m  for  calcula t ing the p r o c e s s  of mo i s tu re  e v a p o r a -  
tion f rom a wet f luidization bed. 

Fig. 2. C o m p a r i s o n  between m e a s u r e d  and calculated va lues  of a i r  humidity 
(1) and a i r  t e m p e r a t u r e  (2) at the exit  f r o m  the fluidization appara tus .  
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The p rocess  is r epresen ted  schemat ica l ly  with all  essential  symbols  in Fig. 1. We consider  the 
one-dimensional  p rob lem along the x -ax is  in the direct ion of the a i r  flow. The following assumptions are  
made he re :  

1. Solid par t ic les  in the fluidization bed mix perfect ly  and, consequently, a re  all at the same tem-  
pe ra tur r  

2. In formulating the differential  equations it is assumed that both the evaporat ion p rocess  and the 
heat  t r ans fe r  obey the conventional laws of heat and mass  t rans fe r .  

3. The p roces s  is s teady.  

The differential  equations descr ib ing the p rocesses  of heat  and mass  t rans fe r  can be wri t ten as fol-  
lows: 

dz ~ P o F t p ( T ) _ p ( x ) l ,  (1) 
gA-~x 

8 _ ~,r l~ecveo d~[cD§ . I T - -  0(x) l+ [p(T)--p(x)l[T--O(x)l. (2) 
dx gA  " g A  

F r o m  the mater ia l  balance and the heat balance follows 

[Oozo - -  Onznl Cv+ CD[Oo - -  O n l -  r (Zn - -  zo) + Tc  w: (ZH - -  Zo) 

+ G'MC'MT~ - -  T c ~ G ~  + G w T w c W + (Gw + zo - -  z.) Ix + Q = O. 

Integrat ing Eqs.  (1) and (2), we find 

~FPo H [ 1 - -  p (T)I = Zo - -  zn  -- .  

gA  
and 

K In z ( T ) - - z n  
1-- p (T) z (T) - -  z o 

(3) 

(4) 

, ,  Kcv: 

. . . .  ~ po~l -p (Dj~z(DCv+%!  z ( r ) - - z o  
0 o - -  T c D +  ZnCv,.I 

The sys t em of Eqs .  (3), (4), 
makes  it feasible to derive severa l  important  prac t ica l  formulas .  

The validity of this mathemat ica l  model was verif ied by comparing the output pa rame te r s  according 
to the proposed model with respect ive  tes t  data. The calculat ions were made on a computer .  

We used the tes t  data by J .  Cyborowski and A. Selecki [3] pertaining to the ease of maximum mois -  
ture content in a fluidization bed and our test  data for  a glass  model 30 m m  in d iameter  and 300 mm high. 
As the solid mater ia l  weused  e lec t r i ca l -g rade  corundum grains  0.25, 0.80, and 1.5 m m  in d iameter .  The 
a i r  veloci ty  per  total apparatus sect ion was var ied  f rom 0.83 to 3.99 m / s e e ,  the a i r  temperature  at the 
exit was var ied  f rom 11 to 18~ and its humidity f rom 6 to 12 g / k g .  The height of the dense bed was var ied 
f rom 25 to 100 ram. Water  was supplied to the apparatus in an amount sufficient to compensate for evapo- 
rated mois ture  and to cover  all par t ic les  with a water  film. 

The quantities needed for  these calculat ions were determined as follows. 

The surface of par t ic les  F per  unit bed height and per  unit gas d is t r ibutor  a rea  was calculated ac-  
cording to the express ion  

F =  6(1 --7. e) (6) 
de 

The bed poros i ty  g was calculated according to the O. M. Todes formula  [4]. 

Inasmuch as the sur faces  of par t ic les  in the fluidization bed were covered with a water  film, the 
values of the mass  t r ans fe r  coefficient were taken f rom the data in [5] (L. D. Berman) .  The heat t r ans fe r  
coefficient ~ was determined f rom the known ratio o t / f l  = 0.33-0.35 k c a l - a t m / k g - ~  valid for evaporation 
f rom the surface of a water  film. 

For  our tests  we es t imated the amount of heat leaking in f rom the ambient medium. It was a s c e r -  
tained that this heat could not contribute more  than 0.06~ to the tempera ture  r i se  at the apparatus exit 
- well within the accuracy  limits of the measu remen t s .  For  this reason,  the effect of heat leakage was 
hencefor th  d i s regarded .  

(5) re la tes  the p rocess  output pa r ame te r s  with the input quantities, which 
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Fig. 3. Tempera tu re  (A-axis) as a function of the complex HB 
(t~-axis): solid lines r epresen t  a ir  t empera tu res  (~ dashed 
lines represen t  charge tempera tures  (~ apparatus loading n, 
heat re leased  ~ (kcal /kg) .  

Fig. 4. Air  humidity (g/kg,  A-axis) as a function of the com-  
plex HB (B-axis):  solid lines r epresen t  humidity at the exit f rom 
a bed of height H, dashed lines r epresen t  humidity at a height h 
inside the bed with a fixed total height H corresponding to HB 
= 5 . 5 .  

Calculated and measu red  values of the pa rame te r s  at the apparatus exit a re  compared  in Fig.  2. 
The d i sc repancy  between them does not exceed 10%, nei ther  on the air  humidity scale z nor  on the a i r  t em-  
pera tu re  scale 0. The compar i son  here  pertains to the case where the p a r a m e t e r  values at the exit differ 
appreciably f rom those at the entrance,  with the Cyborowsk i -Se leek i  test  resul ts  also accounted for.  The 
a i r  t empera ture  increased f rom 11 to 51~ at the exit, as it was ra ised f rom 15 to 162~ at the entrance,  
and the a i r  humidity increased  f rom 0.0035 to 0.0127 k g / k g .  

The agreement  between calculated and measured  data for p rocess  var iants  with widely different en-  
t rance and exit p a r a m e t e r  values indicates a high degree of cor re la t ion  between the mathemat ica l  model 
and an actual p rocess .  

In o rder  to demonst ra te  the feasibil i ty of using this mathematical  model in an analysis  of p roces se s  
which occur  in a fluidiz ation bed, we will calculate a specific p rocess  for i l lustrat ion.  The initial values are  a s -  
sumed close to those in the p roces s  of hydrat ing sodium sulfate in a fluidization bed p r io r  to molding - a 
p roces s  which has been designed by the authors  for the production of sodium sulfide. The calculat ion will 
be based here  on a specific loading equal to n = 0.8 kg of charge mater ia l  per  1 kg of dry  air,  with n sub-  
sequently taken equal to 0, 1, and 2, 

The amount of re leased  hydrat ion heat ~ is assumed equal to 75 kcal  per  1 kg of hydrat ion water .  
The amount of water  supplied to the apparatus is such as to ra ise  the mois ture  content in the charge to 9%. 

The tempera ture  of a ir  entering is assumed 25~C. We also consider  a hydrat ion p roces s  without r e -  
lease of heat (~ = 0) and a p roces s  without replenishment  of mater ia l  (n = 0). The resul t s  are  shown in 
Figs.  3 and 4. Along the axis of absc i s sas  has been plotted the product  of the complex B = f l F P 0 / g  D 
and the total bed height above the gas d is t r ibutor  inside h. In the lower par t  of Fig. 4 are  given the values 
of HB and hB as functions of B and of H or h respect ively .  Let us examine these graphs c lose r .  

The air  t empera tu re  at the exit f rom a fluidization bed of height H and the charge t empera tu re  are  
shown in Fig. 3 for var ious  levels of specif ic  loading n with or  without heat  re lease  during hydrat ion.  
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Most noteworthy is that for HB > 3.5 the a i r  t empera ture  0 at the exit and the charge temperature  T 
a re  a lmost  the same.  These  tempera tures  can be determined f rom the heat balance. Under conditions 
close to those the Na2SO 4 hydrat ion p rocess  B = 7.5 m -1, corresponding to an active bed height H ~ 470 mm. 

The curves  for ~ = 0 indicate a r is ing level of the p rocess  tempera ture  daring an increase  of the 
specific loading. This is cha rac te r i s t i c  only for  the given conditions here,  with the initial tempera ture  of 
the supplied mater ia l  20~ being higher  than the p rocess  tempera ture  for n = 0. The calculations for the 
p roces s  var iant  with heat re lease  iV = 75 kca l /kg)  reveal  an appreciable r i se  of both the charge t empera -  
ture and the gas tempera ture  at the exit. In this case an increase  of the specific loading resul ts  in much 
higher  a i r  and charge t empera tu res  at the exit, which has to do with the much l a rge r  amount of heat r e -  
leased in the bed. 

We will now cons ider  the t empera tu res  of both a i r  and charge within the active zone of the fluidization 
bed. 

An active zone exists  at HB < 3.5 (the height of an active zone is less than 3 .5 /B) .  Within this zone 
the t empera tu res  of the a i r  and the charge are  quite different, and the respect ive curves  indicate ra ther  
divergent  t rends of both. 

At n = 0 the charge tempera ture  r i ses  somewhat with increas ing bed height H. At HB = 0 this is the 
wet-bulb tempera ture .  Some r ise  in the charge tempera ture  due to an increase  in the value of HB has to 
do with the heat  which the charge rece ives  f rom the fluidizing a i r  as the lat ter  cools down. During the p ro -  
cess  with ~ = 0 and n = 1, 2 the tempera ture  difference 0 - T  is due to the differenc~ between the t empera -  
tures  of a i r  and charge at the apparatus entrance.  As HB approaches the value 3.5, this difference de- 
c r e a s e s  gradual ly.  

The t empera tu res  of both air  and charge va ry  in a much more  complex manner  when heat of hydra -  
tion is re leased.  At ve ry  smal l  values of HB the tempera ture  of the charge in the bed is much higher  than 
the tempera ture  of f resh  ma te r i a l  (T~) .  At slightly l a rge r  values of HB the a i r  tempera ture  also r i ses  
appreciably.  In sti l l  h igher  beds (in our case  lIB = 0.25, H > 35 mm) the charge tempera ture  and the air  
t empera tu re  both begin to drop. These curves  in tersect  at O0, i.e., at 25~ All this can be explained as 
follows. 

At smal l  values of HB the amount of evaporated mois ture  is insignificant and, consequently, the 
heat of hydrat ion re leased here  ra i ses  the bed tempera ture  above the tempera ture  of f resh charge (T > T, _) 

M 
as well as above the initial a i r  t empera tu re .  As HB increases ,  so does the amount of mois ture  evaporat -  
ing f rom the surface  of par t ic les ,  while the charge tempera ture  drops.  Within the range of smal l  HB 
values,  when the charge tempera ture  T is h igher  than the air  t empera ture  at the entrance (00) , the air  
t empera tu re  at the exit (OH) r i ses  above 00. As the value of HB increases ,  the charge tempera ture  drops 
below the t empera tu re  of a ir  supplied to the fluidization bed and, therefore,  the air  t empera ture  at the 
exit (OH) drops below 00. In this way, the curves  of T and 0 can in te rsec t  only at the point corresponding 
to the tempera ture  of a i r  entering the fiuidization bed (80). 

The curves  in Fig. 4 r epresen t  the humidity of a ir  leaving the apparatus,  as a function of HB. Ac-  
cording to expectations, the air  becomes sa turated when HB ~ 3.5, i .e. ,  at values of HB corresponding to 
the height of the active zone.  An increase  in the maximum level of a ir  humidity for n >  0 when hydrat ion 
heat  is re leased  (p > 0) is related to higher charge and air  t empera tures  (Fig. 3}. 

F r o m  Eq. (4) one can e i ther  determine the exit p a r a m e t e r s  of the air  when the total height of the 
finidization bed (H) in the apparatus changes, or  with a given bed height one can determine the pa rame te r s  
of the a i r  inside the bed at a height h. For  i l lustration, the curves  in Fig. 4 represen t  the var ia t ion of a ir  
humidity along the bed height h when HB = 5.5, corresponding to a total bed height H = 735 mm. The curves  
z h -- f(h) and z H -- fl(H) a lmost  overlap for  p = 0. When heat of hydra t ion  is re leased,  then the z h = f(h) 
curves  depar t  f rom the z H -- fl(H) curves  appreciably.  Thei r  relative trend is determined by changes in 
the T - c u r v e s  which in turn depend on HB. 

Let t empera tu re  T O cor respond to the value HoB. If T dec reases  with increas ing HB, then for  fluidi- 
zation beds with HB equal to hB < HoB tempera ture  T is higher  than T o and, therefore,  z H > z h with the z H 
curve above the z h curve.  This is the case when p = 75 and n = 1 or  2. 

Tempera tu re  T drops  par t icu lar ly  low at smal l  values of HB. For  this reason,  the maximum de-  
pa r tu res  of z h and z H occur  also at smal l  values of HB. Then, when tempera ture  T var ies  only slightly 
with HB, the z h Values a lmost  do not differ f rom the z H values - as shown in Fig. 4 for ~ -- 0. 
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With the aid of FigS. 3 and 4 it is possible to analyze the effect of specific loading and of the released 
heat ~ on the charge temperature T and on the air temperature 0. With these curves one can determine the 
minimum height of a fluidization bed necessary for an efficient apparatus performance; one can also deter- 
mine how the performance changes as the bed height is further reduced. 

We have cons idered  h e r e  only one example .  

The p roposed  ma thema t i ca l  model  is a lso  sui table  for  the design of s i m i l a r  p r o c e s s e s  in a f luidiza-  
t ion bed as,  for  example ,  g ranu la r  p rec ip i ta t ion  f rom solutions,  when liquid or  solid subs tances  in the bed 
r e a c t  chemical ly ,  or  when liquid is supplied to the bed. 

T~V I, T~I 

w h 

G w,  T w 
H 
h 

Z O, ZH 

O 0, 0 H 
z(x), O(x) 
z h, O h 
c D 
cV 
cW 

gA 
F 
od 

z(T) 
p(T) 
# 
Q 
T 

A = ric H/~Po 
B = f lFP0/g  D 

NOTATION 

is the specific heat of charge material at the apparatus entrance and exit respectively; 
is the density of charge material at the apparatus entrance and exit respectively; 
is the temperature of charge material at the apparatus entrance and exit respectively; 

is the moisture content in charge material at the apparatus entrance and exit respec- 
tively; 
are the weight of water supplied, per unit apparatus area, and its temperature; 
is the total height of fluidization bed; 
is the height above gas distributor in a bed of height H; 
a re  the a i r  humid i t f f a t the  appara tus  en t rance  and exit  r e spec t ive ly ;  
a r e  the a i r  t e m p e r a t u r e  at the appara tus  en t rance  and exit  respectively-;  
a r e  the a i r  humidity and t e m p e r a t u r e  at d is tance  x f r o m  the d i s t r ibu to r  gr id;  
a re  the a i r  humidi ty  and t e m p e r a t u r e  at height h; 
is the speci f ic  heat  of d ry  a i r ;  
is 

is 

is 

IS 

is 

is 

is 

is 

is 

is 

is 

is 

is 

the speci f ic  heat  of wa te r  vapor ;  
the speci f ic  heat  of wate r ;  
the m a s s  f low ra te  of a i r ;  
the su r f ace  of pa r t i c l e s  in the bed, p e r  unit gr id  a r e a  and p e r  -unit height;  
the heat  t r a n s f e r  coefficient;  
the m a s s  t r a n s f e r  coeff icient ;  
the equi l ibr ium humidi ty  of a i r  at t e m p e r a t u r e  T;  
the par t ia l  p r e s s u r e  of wa te r  vapor  a t t e m p e r a t u r e  T;  
the hea t  of hydrat ion;  
the heat  r ece ived  f r o m  ambient  medium;  
the t e m p e r a t u r e  of pa r t i c l e s  in the f luidization bed; 
the complex;  
the complex .  
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