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Mechanical water stripping has been observed in an injected bed; measurements  have been made 
on the effects of the water  content of the material ,  the bed depth, part icle  d iameter ,  and injected 
gas speed on the str ipping ra te .  

Various methods are  commonly used for fluidizing solid par t ic les  with gases or liquids; injected beds 
are  of considerable interest  [1], their  m a j o r p r o p e r t i e s b e i n g d u e t o t h e h i g h  speeds of efflux of the gas from the 
holes in the distr ibuting grid,  which has a smal l  working c ross  section, while the speeds above the bed are  
comparat ively  smal l  (they may be below the limit for the onset of fluidization). The large dynamic heads in- 
dicated by Bernoul l i ' s  equation mean that the gas jets emerging f rom the holes produce zones of reduced 
p re s su re ,  which draw in part icles  f rom the parts  between the holes, where the p res su re  is higher;  these are 
entrained by the gas jets and displaced upwards.  The entire body of solid mater ia l  then moves vigorously,  
and there  are  no stagnant solid zones, while the elevated res i s tance  of the gas-dis t r ibut ing grid, which is 
necessa ry  to rea l ize  such a bed, improves the uniformity of the gas distribution. 

The inert ia of the par t ic les  in contact with the fast jets resu l t s  in a considerable speed difference be-  
tween the gas and part icles  (particularly near the grid).  This means that cer ta in  effects occur at the part icle 
surfaces  that a re  not observed in sys tems  where the relat ive speeds are  lower. For  instance, at compara -  
t ively low Reynolds numbers (Re ~ 10), as calculated f rom the speed for the complete c ross  sect ion of the 
equipment, the m a s s - t r a n s f e r  coefficients for an injected bed a re  close to the values charac te r i s t ic  of single 
fixed par t ic les  (they a re  lower by 1-2 orders  of magnitude [2, 3] in ordinary fluidized sys tems) .  

We have examined an effect we observed previously,  namely, stripping of water f rom solid part icles  
during drying in an injected bed under conditions designed to remove  free water .  This mechanical  stripping 
(which differs f rom ordinary removal  by diffusion) means that Xo often appreciably exceeds Xe (the limiting 
value for mass t r ans fe r  under conditions of convective diffusion). It is thus possible to remove considerable 
quantities of water without consuming energy for evaporation; the pract ical  significance of this effect is ob- 
vious and is confirmed by the measurements  repor ted  here .  

The  equipment of d iameter  180 mm and height 2000 mm was fitted with a perforated grid,  with the holes 
containing Laval nozzles having d iameters  in the narrow part  of 1.0 mm and in the upper part  of 1.27 mm; the 
effective c ross  sect ion of the dis t r ibutor  (taken over the narrow parts  of the nozzles) was 0.25%. The injected 
gas was air ,  while the granules were of polycapramide of dimension d f rom 0.5 to 4.5 mm. We varied the 
following: U f rom 0.08 to 0.8 kg per  kg of dry  mater ia l ;  H 0 f rom 0.5 to 50 ram; and V f rom 60 to 180 m3/h 
(these correspond to wn = 150-450 m/sec) .  The bed tempera tu re  in all experiments was 75~ 

At present  we have not been able to distinguish ent irely the purely mechanical  stripping from the surface,  
so  in process ing the data we assumed that the convected mass t r ans fe r  ra ised the water content of the air  to 
Xe, while the excess X = Xo-Xe was due to the str ipping. The relat ive excess N = X/Xe may be called the 
stripping number,  and it is shown f rom what follows in re la t ion to the above process  pa ramete r s .  

Figure 1 shows the effects of water content in the mater ia l  on N 1 for a bed of thickness one particle 
(H 0 = d); zero value for the stripping number corresponds  physically to Ucr - 0.07; if U exceeds Ucr, N1 at 
f i rs t  increases  rapidly (broken line in the figure), and then l inearly (solid lines) up to some limiting value 
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Fig.  1. Effects  of water  content U (kg per  kg dry  mat te r )  On s t r ipping 
number  N i for  single l a y e r s .  The numbers  on the curves  on the r ight  
a r e  the a i r  speeds  w n (m/sec)  at the nozzle outlet, while the numbers  on 
the  curves  a r e  the par t i c le  s i zes  d in m m .  

Fig. 2. Rela t ion  of N 1 to Wn (m/sec)  for U = 0.2 kg of dry  ma te r i a l .  The 
numbers  on the curves  a r e  the par t i c le  s i z e s  in ram. 

Ulim, beyond which N i r e m a i n s  constant  at the  l imiting value Nlim. The Ni = Ni (U) curves  for the l a rge r  
pa r t i c l e s  lie higher up. F igure  1 a l so  shows that  N i i n c r e a s e s  with Wn, and the behavior  is near ly  l inear  
in the working speed range  (Fig. 2). Final ly,  the bed depth a l so  affects  the s t r ipping r a t e  (Fig. 3): the 
points on the e x t r e m e  left co r re spond  to N1, and init ial ly N i n c r e a s e s  with H 0, but beyond ce r t a in  l imiting 
values Hcr the effects  of H 0 la rge ly  d i sappear  ~ 

The s t r ipping numbers  (Ni, N, and Nli m) i n c r e a s e w i t h t h e p a r t i c l e  s ize on account of the  inc rease  in 
the re la t ive  speed of the gas  with r e s pec t  to  the pa r t i c l e s .  Also,  the th ickness  of the f ree  water  f i lm is 
propor t iona l  to the par t i c le  s ize  for a given water  content (the amount of water  is propor t ional  to the cube 
of the d i ame te r ,  and the f ree  water  is d is t r ibuted  over  the su r face ,  whose a r e a  is propor t iona l  to the 
square  of the d i ame te r ) .  Obviously,  the gas flow s t r ip s  wa te r  more  r e a d i t y f r o m t h i c k e r f i l m s ,  i . e . , f r o m  
l a r g e r  pa r t i c l e s .  This  is a l so  the r e a s o n  why N i i n c r e a s e s  with the wa te r  content.  

It is c l ea r  that  Nlim is constant  for U > Uli m because  of the l imited ca r ry ing  capaci ty  of the medium 
in a two-phase  flow [4]; a lso ,  the t r a n s p o r t  of water  s t r ipped f r o m  the pa r t i c l e s  may be affected by the 
tendency of the pa r t i c les  to block the gaps .  This explains why lower Nli m and Uli m a r e  obtained for  sma l l  
pa r t i c l e s ,  which have a l a rge r  to ta l  su r face  a r e a  (Fig. 1). 

The inc reased  re la t ive  speed of gas  and par t i c les  is r e spons ib le  for  the r i s e  in N1, N, and Nlim with 
Wn, in con]unction with the i nc rea se  in the t r a n s p o r t  capaci ty  of the flow for the liquid. It is probably  the 
la t ter  i nc rea se  with Wn that  is r e spons ib le  for the i nc r ea se  in Ulim. 

The i n c r e a s e  in N with bed depth at modera te  values of H 0 is due to the i nc r ea se  in the absolute 
amount  of wa te r  in the bed, and a l so  to the inc reased  t ime  of contact  between the solid par t i c les  and the 
gas  flow. Fur the r ,  N is constant for  la rge  H 0 on account of the collecting ac t ion  of the pa r t i c l e s .  For  
this r eason ,  the l imit ing value Hcr  i n c r e a s e s  r egu l a r ly  (see above) with the par t i c le  s ize .  

The data p roces s ing  was based  on examining the ef fec ts  of p r o c e s s  p a r a m e t e r s  onwa te r  s t r ipping for  
a l ayer  th ickness  of one pa r t i c l e .  

F igure  1 shows that the s t ra igh t  lines N i = Ni (U) for  the var ious  Wn for each  par t i c le  s ize  (2.2 and 
4.5 mm) in t e r sec t  at a s ingle point whose a b s c i s s a  is Ucr (broken s t ra igh t  lines near  Uc r ) .  The ordinate 
N~ of the point of in te r sec t ion  is dependent on the par t ic le  s ize  (this quantity is found as the ordinate of the 
N 1 = N1 (U) lines at Ucr for pa r t i c les  of d i am e te r  1.25 and 0.5 mm).  Sta t is t ical  p rocess ing  gave the r e l a t ion-  
ship 

NI=0.11 Ar w3. (1) 

To  desc r ibe  the va r i a t ion  of N 1 with U we need to specify a l so  the end point on the s t ra igh t  line, whose 
coordinates  a r e  Nli m and Uli m.  Our e m p i r i c a l  fo rmulas  re f l ec t  the effects  of pa r t i c le  s ize  and gas speed 
(Figs.  1 and 2): 
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Fig. 3. Effects of bed depth H 0 (mm) on N for U = 0.2 kg of dry  mater ia l .  
The solid lines a re  for w n = 455 m/ sec ;  the numbers on the curves on 
the left a re  the par t ic le  s izes  d in mm; the broken lines a re  for a part icle  
size of 2.2 mm. The numbers on the curves  on the right a re  w n in m / s e c .  

Fig. 4. Relat ion of N to  U (kg per kg dry material)  for w n =455 m / s e c  
for severa l  bed depths H 0 (mm, numbers on curves) .  The numbers on 
the curves  on the right are  the part icle  s izes  in mm. 

Nlim= 0,03 ArW6 ReW2, (2) 

Ulim~ 0.17 Re~ ''3. (3) 

Formulas  (1)-(3) were derived for the ranges  Ar = 4 �9 103-,3 . 106 and Ren = 4.4 �9 103-10 ~. 

If the end points of the s traight  lines N t = N 1 (U) are  available,  one can readi ly construct  a general  
relat ionship for the entire linear part  in t e rms  o f  the reduced stripping number N* and water content U*: 

N*=U* or N,--N1 _ U--Ucr  N r--N, - (4) 

F r o m  (4) one can determine N i for a given U in the range f rom 2Ucr to Ulim. 

As regards  calculation of str ipping number for a bed of a r b i t r a r y  H 0, we would emphasize that the 
limiting point {i. e., the numerical  values of Nlim and Ulim) a re  independent of H 0 {Fig. 4); the data (Fig. 
3) a re  c lear ly  best  represented  in coordinates N/N 1 and H0/d, and in that approach the observed points for 
the various gas speeds,  par t ic le  s izes ,  and bed depths fit with acceptable accuracy  to a common curve de-  
scr ibed by the s imple relat ion 

N/N,~--(Ho/d) ~ (5) 

Equation (5) has been derived for the range H0/d = 1-36; of course ,  this relat ionship does not fit the mea-  
surements  outside the cr i t ical  bed depth Her, for in the case H 0 -> Hcr the stripping rate  remains  unaltered 
and is the maximum possible for par t ic les  of a given size for the given gas speed. To find Her, above 
which N = N 1 =Nl i  m = const,  we have the empir ica l  formula 

Hcr /d  ---- 4.4.102 Ar -~ (6) 

NOTATION 

Xo, water content of outgoing air ,  kg/kg a i r ;  Xe, equil ibrium water content, kg/kg; H 0, bed depth, 
ram; V, gas flow rate ,  nm3/h; Wn, gas velocity at nozzle exit, m / s e c ;  Ucr, U, and Ulim, cr i t ical ,  ini- 
tial, and limiting water contents,  kg/kg; N~, N1, andNlim, fietious, instantaneous, and limiting stripping 
rates;  Ar = (gd3/~ 2) [(Ys -7 ) / 7 ] ,  Archimedes  number; g, accelera t ion due to gravity,  m/sec2;  d, equivalent par t ic le  
diameter ,  mm; v, kinematic viscosi ty,  m2/sec; Ts and T, densities of so l idpar t ie les  and gas, N/m3; Re = wd/v, Rey-  
nolds number; w, gas speed in apparatus,  m / s e c ; R e  n = wnd/v, Reynolds number derived from Wn; N* = (N 1 -  Nl)/ 
(Nlim-N[), reduced stripping rate; U* = ( U - U c r ) / ( U l i  m - U c r ) ,  reduced relative water  content. 

L I T E R A T U R E  C I T E D  

1. V . B .  Krasha and V. V. Chizhov, Khim. Neff. Mashinostr. ,  No. 6 (1974). 

271 



. 

3. 
4. 

N. I.  Ge l 'pe r in ,  V. G. Ainshtein, and V. B.  Krasha ,  Pr inciples  of Fluidizat ion [in Russian],  Khimiya,  
Moscow (1967). 
J .  F.  Davidson and D. H a r r i s o n  (editors),  Fluidization, Academic  P r e s s  (1971). 

1 

S. S. Zabrodski i ,  Hydrodynamics  and Heat T r a n s f e r  in Fluidized Beds [in Russian] ,  Gosenergoizdat ,  
Moscow--  Leningrad (1963). 

N U M E R I C A L  S O L U T I O N  OF T H E  P R O B L E M  OF H E A T  

A N D  MASS T R A N S F E R  I N  A M O I S T  P O R O U S  B O D Y  

A .  N. O b l i v i n  a n d  V .  S .  K u p t s o v a  UDC 536.242 

A s y s t e m  of control l ing equations is der ived .  The method of finite d i f fe rences  is used to obtain 
numer ica l  s olutions for  the t e m p e r a t u r e  d is t r ibut ions ,  the moi s tu re  content,  and the p r e s s u r e  
of the a i r  -- vapor  mix tu re  in a porous  body during contact heating.  

Heat and mass  t r a n s f e r  in a two-d imens iona l  mois t  porous body during contact  heating and molding a r e  
d i scussed .  The nonsta t ionary heating of a p o r o u s b o d y  f r o m  a molding su r face  at constant t e m p e r a t u r e  T m s  
leads to the vapor iza t ion  of the moi s tu re  in the skele ton and to the fo rmat ion  of an a i r  - -  vapor  mixture  in the 
po re s  which moves  toward the f ree  (permeable)  su r f aces  of the body. The molding p roces s  is considered 
comple te  when the porous body r eaches  a g iven t e m p e r a t u r e  and moi s tu re  content.  

The  motion of the a i r  - -  vapor  mix tu re  in a porous two--dimensional body is descr ibed  by D a r c y ' s  f i l t r a -  
t ion  law [1] in the f o r m  

flpU = - -  k~ Op and 179o = - -  k u O...ff_p (1) 
" O x  " O y  ' 

where II is the volume and su r face  poros i ty  of the body. 

According to  the accepted  ma themat i ca l  model  of an e l e m e n t a r y  volume of a porous body shown in Fig.  
1, the equation for  the t r a n s p o r t  of the a i r  - - v a p o r  mix tu re  can be wr i t ten  in the fo rm 

( op , O,ou Opv 
17 ~ - - ~ - w - - ~ x  + ay ] =[3(Psv - P v ) '  (2) 

in  which 

where  

Pv = 9v RT, (3) 

R = R v  9v ~ R a  1 - -  - - R  v P-P-v-+R a 1 - -  . (4) 
P P P 

It is a s sumed  that  vapor iza t ion  and condensat ion of mo i s tu re  occur  at the pore  su r faces  and that  the mois tu re  
in the s y s t e m  of cap i l l a ry  channels of the ske le ton  is in the liquid s ta te  at the skele ton t e m p e r a t u r e  Tsk .  It is 
a s sumed  that  the mass  t r a n s f e r  r a t e  in the bulk of the body is p ropor t iona l to  the d i f ference  between the sa tu -  
r a t ed  vapor  p r e s s u r e  at the  t e m p e r a t u r e  Tsk  and the pa r t i a l  p r e s s u r e  of the vapor  Pv. 

The moi s tu re  content in the ske le ton  is cha r ac t e r i z ed  by W, and its local t i m e  ra t e  of change is de -  
s c r ibed  by the moi s tu re  content equation 

0tV 
(I --/7) ~ = ~ (Pv-- Psv)- (5) 
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