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Resul t s  of an  expe r imen ta l  study a r e  compared  with calculat ions based  on the equations for  
t h e r m a l  and m a t e r i a l  ba lance .  

A method for  s i ng l e - s t age  dehydra t ion  of sa l t  solutions was theore t i ca l ly  developed and introduced 
to indus t ry  in work p e r f o r m e d  at  the AU-Union Sc ien t i f i c -Resea rch  Inst i tute of Halurgy [1, 2]. Data have 
been  publ ished [3] on a s i m i l a r  appl ica t ion of a fluidized bed for  the ex t rac t ion  of rad ioac t ive  m a t e r i a l s  
f r o m  the was te  wa te r s  of nuc lear  indust ry .  In both cases ,  solutions a r e  evapora ted  in a fluidized bed of 
solid p a r t i c l e s  which a r e  heated by hot gases  blown through the bed.  The bas ic  product  in this case  is the 
s e p a r a t e d  solid phase ,  which is gradual ly  r emoved  f r o m  the appara tus  with the unloading of the solid p a r -  
t i c les  or  which is col lected in the fo rm of dust in cyclones .  The wa te r  vapor  fo rmed  escapes  f r o m  the 
appara tus  along with the outlet gases  as  a by -p roduc t  of the p r o c e s s .  

The use  of this s a m e  p r o c e s s  was p roposed  for  the desa l in iza t ion  of sa l twa te r  in a fluidized [4], or  
v i b r a t o r y  fluidized [5] bed.  In this ease ,  the sal t ,  which c rys t a l l i ze s  out on the su r face  of the iner t  p a r -  
t i c l e s ,  is pu lver ized  into a fine dust  in the fluidized bed and is r emoved  in a cyclone as a by-produc t  of 
the p r o c e s s .  The bas i c  product  is  pu re  vapor ,  which is  subsequent ly  condensed during cooling of the outlet 
g a s e s .  

F o r  p r o p e r  des ign  of the opt imum technical  mode for  desa l in iza t ion  of wa te r  in a fluidized bed it is 
n e c e s s a r y  to know to what extent the r a t e  of the p r o c e s s ,  as a whole, is l imi ted  by the kinet ics  of heat  and 
m a s s  exchange between the solid phase ,  gas ,  and solution. Data p r e sen t ly  in the l i t e r a tu re  [6] r e f e r  p r e -  
dominant ly  to the m o r e  p a r t i c u l a r  cases  of s e p a r a t e  heat  and m a s s  t r a n s f e r  between the solid pa r t i c l e s  and 
the fluidizing gas .  The r e s u l t s  of these  m e a s u r e m e n t s  indicate that  an ac t ive  region in which all this t r a n s -  
f e r  is p r ac t i ca l l y  comple ted  is located in a fluidized bed at a height of 5-10 granule  d i a m e t e r s  above the 
ga s -d i s t r i bu t i on  gr id .  Deviat ions  f r o m  the es tab l i shment  of t h e r m a l  or  concentra t ion equi l ibr ium between 
gas  and pa r t i c l e s  a r i s e  only during signif icant  breakdown of the hydrodynamics  of the fluidized bed i t se l f  
where  channelized p a s s a g e  of the gas  is obse rved  in a bed that  is too low. When the bed is too high, a 
p i s ton  mode of f luidizat ion a r i s e s .  

Heat and m a s s  t r a n s f e r  a r e  i n t e r r e l a t ed  and supe r imposed  on one another  during the evapora t ion  of 
s a l twa te r  in a fluidized bed.  In addition, the s y s t e m  becomes  t h r e e - p h a s e  (gas - -  l iquid- -  solid phases) ,  
and the f i lm of solut ion coating a g ranule  can be heated f r o m  both d i rec t ions  through the gas - -  liquid and 
l i q u i d - - g r a n u l e  in te rphase  s u r f a c e s .  Solid and suff icient ly fine granules  may be heated sufficiently deeply 
in the ac t ive  reg ion  and, because  of t he i r  high heat  capaci ty,  a r r i v e  in the upper  sp ray  reg ion  with a t e m -  
p e r a t u r e  even h igher  than  that  of the outlet gas .  The exis tence  of such s t rong  t e m p e r a t u r e  osci l la t ions of 
the g ranu les ,  which a l t e rna te ly  a r e  in a reg ion  of heat ing by the inlet gases  and in a reg ion  of cooling by 
the s p r a y  of cold solution,  is conf i rmed  by t h e r m a l  b reakup  of sa l t  pa r t i c l e s  in nonrecycl ing p r o c e s s e s  
for  dehydra t ion  of solut ions at the Al l -Union Sc ien t i f i c -Resea rch  Inst i tute  of Halurgy.  

Heat  and m a s s  t r a n s f e r  in t h r e e - p h a s e  fluidized beds  of l a rge ,  light, hollow spheres  have been 
studied in r ecen t  y e a r s  by fore ign  [7] and Soviet inves t iga to r s  [8]. A dif ferent  reg ion  of hydrodynamic  
flow modes  (high values of the Reynolds number)  and the sma l l  r e la t ive  heat  capaci ty  of the thin-wal led 
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F ig .  1. Effect  of evapora t ed  m o i s t u r e  loading on the 
t e m p e r a t u r e  of outlet  g a s e s :  1) p a r t i c l e  d i a m e t e r s  1-2  
m m ;  2) height  of fixed bed, 100 ram; 3) height  of f ixed 
bed,  200 m m  (par t ic le  d i a m e t e r s  2-3 m m  for  2 and 3); 
4) p a r t i c l e  d i a m e t e r s  3-5 mm;  5) "f looded" bed; d a s h e d -  
dot curve  is t he o re t i c a l  r e l a t i on  f r o m  Eq. (4); dashed  
cu rve  is t he o re t i c a l  r e l a t i on  f r o m  I vs d d i a g r a m  for  
d i =  0. A = to / ( t  i . 10 -2 ) ;  ]3 = d / ( t  i ' 1 0  -2) k g / k g ' d e g .  

hollow spheres make it impossible to transfer the correlations obtained in those papers to the systems of 
interest to us. 

The same difficulties were observed in the work of Tsiborovskii [9] and Volkov [I0] on the evapora- 
tion of water in fluidized beds of small solid granules as those in most of the v}ork on the kinetics of heat 
and mass transfer in two-phase fluidized beds. Deviations of the state of the outlet gases from equilibrium 
with the solid phase are not so great as to yield accurate values and correlations for the heat- and mass- 
transfer coefficients based on them. As follows from what has been said, this problem is even more com- 
plicated for a three-phase fiuidized bed because of the existence of a temperature gradient along the bed 
itself. 

Based on the above, we found it necessary to perform a special experimental study of the evaporation 
of water in a fluidized bed of particles fluidized by hot gases. In our opinion, with good organization of 
the hydrodynamics of the bed itself, as in a two-phase fluidized bed, the kinetics of heat and mass trans- 
fer ought not limit the process as a whole. If this assumpion is valid, the temperature of the outlet gases 
should be calculated entirely from the equations for thermal and material balance. As the spray intensity 
increases, this temperature should fall until the outlet gas becomes saturated with water vapor. Going 
beyond the equilibrium state leads to "flooding" of the bed. 

In a first approximation (without considering heating of the water and the temperature variation of the 
latent heat of vaporization), the temperature of the outlet gases can be determined from 

Gg(ti - -  t o) c v = : G  w ,  (1) 

c w :  cg~a. (2) 

A s s u m i n g  Cp ~ 240 e a l / k g . d e g ,  r ~ 540 caL/g, we obtain 
/- 

t o : t  i - - A d ~ t  i - 2 , 2 5  5 d .  (3) 
Cp 

Or, dividing both s ides  of Eq. (3) by t i,  we obtain the r e l a t i o n  in gene ra l  f o r m  as  

t~ - 1 - -2 .25  --.~d (4) 
ti t i 

Solving Eqs .  (1) and (2) with r e s p e c t  to  Ad, we obtain 

Ad ~ c-~- v At .~ 0.444 At. (5) 
r 

More  p r e c i s e  va lues  of the n u m e r i c a l  coef f ic ien ts  in Eqs .  (3) and (5) and a d i r e c t  r e p r e s e n t a t i o n  of the  
r e l a t i o n  by a cu rve  can be obtained f r o m  I vs d d i a g r a m s  for  combus t ion  p roduc t s  o r  fo r  the humid i ty  of 
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Fig�9 2. Dependence of evaporated-  
mois ture  loading of the difference 
between measured  bed t empera tu re  
and outlet gas t empera tu re :  1-4) 
cor respond  to 1-4 in Fig�9 1; A 
= (t b - - t o ) / ( t  i -10-2); ]3 = Ad/( t  i 
�9 10 -2) kg /kg -deg .  

kg of dry gas,  takes the fo rm 

a i r .  Heat-  and mass -ba lance  relat ions can be represented  in 
the following form:  

+ = + Qz, (6) 
+ aw= agdo (7) 

Normalizing to 1 kg of dry  gas,  we obtain 

I t -V AdIw = I o + Ad (t" - -  tw~ % +  Q'l, (8) 

d i + hd = do. (9) 

The maximum tempera tu re  of water heated by the contact 
method can be equal to the t empera tu re  twb of the wet-bulb 
t he rmome te r .  This is the t empera tu re  at which unsaturated 
outlet gases ,  adiabatically cooled because of the evaporat ion of 
water ,  become saturated.  The quantity twb depends on the 
thermodynamic  state of the gas supplied to the bed -- its t em-  
pe ra tu re  and mois ture  content. 

Assuming in th e p re l iminary  calculations that Q1 = 0, c w 
= 1 c a l / g . d e g ,  t" = twb, we obtain 

I o -- I i -- Ad (/wb-- 2/w)" (10) 

Supplying water  to the bed with tw = twb and assuming that in 
the limit to cannot be less than twb, i .e . ,  to ~ twb, the maxi-  
mum specific output of evaporated moisture,  normalized to 1 

Ad* -- Ii - -  l o (11) 
595 - -  0.54 twb 

It is c lear  f rom Eq. (11) that the maximum value Ad* is unambigously determined by the initial the rmo-  
dynamic state of the gas and does not depend on other pa rame te r s  of the fluidizing agent or bed, since twb 
= f(Ii). It then follows that it is des i rable  to use a fluidizing agent with an acceptably high tempera tu re  in 
o rder  to obtain the g rea tes t  output of the device in t e rms  of evaporated mois ture  when supplying the bed 
with water  at tw = twb. 

Flow g rea t e r  than the maximum value produces condensation of water  vapor and leads to "flooding" 
of the bed. The type of behavior  of the bed in this state will depend on the bed pa rame te r s  and the par t ic le  
size.  For  small  par t ic les ,  an inc rease  of to in compar i son  with twb is possible because of clumping of 
the par t ic les  and burst ing through of gas bubbles without sufficient heat t r ans fe r .  Par t ic les  of l a rger  
s izes  have g rea t e r  stabil i ty with respec t  to p rese rva t ion  of the hydrodynamics  of the bed even in the 
"flooded" state,  which makes it possible to expect roughly constant values to ~ twb in this s tate.  

It is pointed out [9] that the t empera tu re  of outlet gases  falls with an increase  in the spray  intensity 
in accordance  with the I vs d d iagram for moist  a i r ;  however,  failure of device operation is always ob- 
served  upon reaching the 100%-saturation line. In our opinion, an I vs d d iagram can be used successful ly  
for the calculation of heat -  and m a s s - t r a n s f e r  p rocesses  in the evaporat ion of saline water in fluidized-bed 
equipment including equipment with re la t ively low beds (of the order  of the height of the active region or  
slightly more) .  The initial point of the p rocess  on the I vs d d iagram is determined f rom the known t i and 
d i of the fluidizing agent. The p rocess  line follows the line of the wet-bulb the rmomete r  [twb = f(Ii)]. Its 
in tersec t ion  with the 100%-saturation line gives the value of the maximum increment  of mois ture  content 
per  1 kg of dry  gas .  

The experimental  study was ca r r i ed  out on two pilot models with gr id  d iameters  of 100 and 200 ram. 
Par t i c les  of sea sand in the size ranges  1-2, 2-3, and 3-5 mm were used to create  the bed. The rat io be-  
tween the height of the fixed bed and the d iameter  of the apparatus was 0.5-1.0. A basic  technologic 
scheme was used with the salt  deposited f rom the inlet water  being abraded f rom the surface  of the pa r -  
t ic les  in the fluidized bed. Fine salt  par t ic les  car r ied  away were trapped in a cyclone�9 The vapor p ro -  
duced was condensed, and the salt  content of the condensate determined.  In the experiments ,  the thermal  
head var ied  f rom 100 to 575~ The difference between the gas t empera tu re  below the grid and that at the 
outlet of the apparatus ,  At = t i --  to, was used as the design t empera tu re  head for the p rocess .  The r e -  
sultant values of the specific mois ture  removal  varied f rom 400 to 3550 k g / m  2 .h, and the increment  of 
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Fig .  3. Var ia t ion  of t e m p e r a t u r e  (~ of gases  and bed with 
height of f luidized bed:  a) based  on idea l  mixing with r e s p e c t  
to the so l id  phase  and ideal  d i sp l acemen t  with r e s p e c t  to gas ;  
b) a s sumed  dependence.  

m o i s t u r e  content of d ry  gases  va r i ed  f rom 32 to 257 g /kg .  The sa l t  content of the final condensate  was 
f rom 80 to 400 r a g / l i t e r  for  an in i t ia l  wate r  sa l in i ty  of 5000 to 35,000 m g / l i t e r .  

The expe r imen ta l  data for  the i nc r emen t  of mo i s tu re  content of d ry  gases  co r re sponded  to the theo-  
r e t i c a l  values  in a comple te ly  s a t i s f a c t o r y  manner .  Plot t ing of the desa l in i za t ion  p r o c e s s  on an I vs d 
d i a g r a m  d e m o n s t r a t e d  accep tab le  matching of i ts  l ine with the l ine for the wet-bulb  t h e r m o m e t e r  of the 

f luidizing agent.  

The va r i a t i on  of the t e m p e r a t u r e  of the outlet ga ses  as a function of the e v a p o r a t e d - m o i s t u r e  loading 
in the appa ra tus  is shown in Fig .  1. The values  a r e  no rma l i zed  to t i . 10 -2 to e l imina te  the effect of in i t ia l  
t e m p e r a t u r e s  of the g a s e s .  Also  plot ted a r e  l ines  for  the r e l a t ions  given t he o r e t i c a l l y  by Eq. (4) and by 
the I vs d d i a g r a m  for an in i t ia l  m o i s t u r e  content di = 0. It is typ ica l  that  d i f f e rences  in p a r t i c l e  s ize  and 
in height of the fixed f luidized bed have no effect on the na ture  of the dependende.  Deviat ions f rom the 
l ine for  the r e l a t i on  were  obtained in expe r imen t s  in which the bed was in a "flooded" s ta te  or c lose  to i t .  

Resu l t s  of an ana lys i s  of expe r imen t a l  data on the reduc t ion  of a f iuidized bed to the "flooded" s ta te  
conf i rmed our hypothes is  about the dec i s ive  effect of p a r t i c l e  s ize  on the kind of behavior  of a bed in this  
s t a t e .  Even for  a bed with p a r t i c l e s  in the s ize  range  3-5 ram, a f luidized "sand + water"  bed was c rea ted  
dur ing "flooding" for  which constant  t e m p e r a t u r e  of the outlet  g a s e s  was typ ica l .  The s p r a y  in tens i ty  at 
which breakdown of the hydrodynamics  of the bed a r i s e s  is de t e rmined  by the s ize  of the bed p a r t i c l e s  in 
the final a n a l y s i s .  The deg ree  of approx ima t ion  of the bed t e m p e r a t u r e  to the wet -bulb  t e m p e r a t u r e  of the 
gas  in the space  below the g r id  is  of g rea t  impor t ance .  F o r  p a r t i c l e s  in the 1 - 2 - r a m  frac t ion ,  an unstable  
mode begins  for  a d i f fe rence  tb --  twb of the o r d e r  of +10~ with typ ica l  equal iza t ion  of t b and t o. A d i f -  
f e rence  of +10~ only co r r e sponds  to the beginning of a t r a n s i t i on  pe r iod  for p a r t i c l e s  in the 3 - 5 - r am f r a c -  
t ion.  A f luidized bed in such a s ta te  s t i l l  a l lows cons ide rab le  i n c r e a s e  in the flow of s p r a ye d  wa te r  with-  
out changing the quali ty of the condensate  produced.  

In most  expe r imen t s ,  the t e m p e r a t u r e  of the outlet  ga ses  was 20-40~ above the m e a s u r e d  t e m p e r a -  
tu re  of the bed.  The d i f fe rence  between these  t e m p e r a t u r e s  d e c r e a s e d  as  the m o i s t u r e  loading i n c r e a s e d  
(Fig. 2). If one explains  the d i f fe rence  noted only by addi t ional  cooling because  of the a r r a n g e m e n t  of 
s p r a y s  above the bed,  it  is  r e a sonab l e  to expect  values  of the d i f fe rence  to be independent of the p a r t i c l e  
s i z e s  in a f luidized bed and of the height of a bed for  p a r t i c l e s  with s i ze s  l imi ted  to a given range .  The 
expe r imen ta l  data do not conf i rm this  hypothes i s .  

Numerous m e a s u r e m e n t s  of heat  t r a n s f e r  between gas  and a f lu idized bed and mass  t r a n s f e r  f rom a 
gas  to a f lu idized bed showed that in these  cases  the appa ra tus  can be cons ide red  an ideal  mix ture  with 
r e s p e c t  to the so l id  phase  and an idea l  d i sp l acemen t  with r e s p e c t  to a gas  (Fig. 3a). However,  we have a 
more  complex  case  with the evapora t ion  of s a l twa te r  f rom the su r f ace  of a f luidized bed toge ther  with 
s imul taneous  dampening of i t .  Work at the AI1-Uni0n S c i e n t i f i c - R e s e a r c h  Ins t i tu te  of Halurgy showed that  
dur ing dehydra t ion  sa l t  p a r t i c l e s  (granules)  c racked  because  of t h e r m a l  s t r e s s e s ,  This  means that t he re  
is  a t e m p e r a t u r e  g rad ien t  with height in the sol id  phase  in the bed.  Al l  this  is  compl ica ted  to a cons ide r -  
able deg ree  by the fact that  evapora t ion  may p roceed  mainly  because  of heat  s to rage  in the so l id  phase .  
In some locat ions  in a f luidized bed, vapor  is  even condensed on cold p a r t i c l e s .  

W e a s s u m e  that  the t e m p e r a t u r e  of a bed m e a s u r e d  by a the rmocouple  v a r i e s  app rox ima te ly  expo-  
nent ia l ly  over  the height  of a f lu idized bed (Fig.  3b). Reduct ion of the t e m p e r a t u r e  of the bed at  the point 
of m e a s u r e m e n t  (o rd inar i ly  at  the cen te r  of the bed) with an i n c r e a s e  in m o i s t u r e  loading leads to a 

13 



reduct ion  in the d i f fe rence  between the t e m p e r a t u r e  mentioned and to the i r  equalizat ion at  a given t ime  or 
even to to exceeding t b, along with burs t ing  of gas  bubbles through the bed because  of agg lomera t ion  of the 
pa r t i c l e s  in the bed.  Moistened pa r t i c l e s  descending into the ac t ive  reg ion  of heat and m a s s  t r a n s f e r  near  
the gr id  a r e  not suff icient ly heated and r e t u r n  to the upper  por t ion  of the bed cooler ,  which is r eco rded  by 
the the rmocoup le  as a reduct ion in the t e m p e r a t u r e  of the bed. Thus,  t r a n s f e r  of heat  f rom pa r t i c l e s  is 
e l iminated f r o m  the overa l l  p r o c e s s  of heat  t r a n s f e r  for  ce r ta in  mo i s tu re  loadings.  This  has an effect  on 
the reduct ion  in the intensi ty  of hea t -  and m a s s - t r a n s f e r  p r o c e s s e s  and leads ,  in the final ana lys i s ,  to 
"f looding" of the bed.  

Gg, G w 
ti,  to 
Ad 

d i, d o 
Ii, Io 
tw 

QI, Qi 
r 
Cp 

NOTATION 

are the weight flow rate of dry gases and water, respectively, kg/h; 
are the gas temperature at the inlet and outlet of the apparatus, ~ 
is the increment of gas moisture content, kg/kg; 
are the initial content moisture and outlet, kg/kg; 
are the heat content of inlet and outlet gases, kcal/kg; 
is the temperature of water supplied to the bed, ~ 
are the heat losses, kcal; 
is the vaporization heat, kcal_/kg; 
is the specific heat at constant pressure, kcal/kg .deg. 
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