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The resuks are  presented of an invest igat ion of mass transfer for a 
s ingle  sphere and for a sphere in a packed  bed wi th  different  kinds of 

packing.  

The grea t  m a j o r i t y  of d r i e r s  operate  in  condit ions 
where  a s t r e a m  of the d ry ing  agent  p a s s e s  through a 
bed of the m a t e r i a l  be ing  dr ied  making  it  poss ib l e  for  
a v igorous  p r o c e s s  to occur .  

It i s  thus of i n t e r e s t  to d e t e r m i n e  for  these  condi-  
t ions  the dependence of the m a s s  t r a n s f e r  coeff icient  
on the hydrodynamic  r e g i m e  and the phys ica l  p r o p e r t i e s  
of the dry ing  agent  in o rde r  to allow ca lcu la t ion  of 
the f i r s t - s t a g e  dry ing  t ime  f rom thewe l l -known  m a s s  
ba lance  equat ion.  

By way of example  the authors  have studied m a s s  
t r a n s f e r  for  a s ingle  sphere  of d = 60 m m  mois tened  
with water ,  and for  sphe res  a r r a n g e d  in  a mono-  
d i s p e r s e  l aye r  of a bed, the d i a m e t e r  of the bed spheres  
co r r e spond ing  to that of the so l i t a ry  sphere .  
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Fig. i. The experimental layout: 1--con- 
necting tube; 2--pitot tube; 3--internal 
tube; 4--reservoir volume; 5--supply 
tube; 6--capillaries; 7--intermediate re- 
servoir volumes; 8--micromanometer; 
9--gate-valves; 10--test sphere; ll--ther- 
mocouples; 12-~electric air heater; 
13--control sections; 14--grids; 15--guide 

vanes ; 16--blower. 

The t es t s  were  c a r r i e d  out in a c l o s e d - c i r c u i t  
wind tunne l  (Fig. 1) with an a i r  c i r cu i t  length of 15 m 
and d i a m e t e r  0.3 m in  the range  7.55" 103 - 87 �9 l0  s 

of Reynolds  n u m b e r  and 5 0 ~  ~ C. of t e m p e r a t u r e  of 
the water  v a p o r - a i r  mix tu re .  
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Fig.  2. Dependence of NUd/Pr~ 33 on Re 
for  the s ingle  sphere  (a}, and for d i f fe r -  
ent kinds  of packing (b--cubic;  c - - squa re  
pyramid) :  1 - 4  r e f e r  to rows 1 -4 ,  r e -  

spect ive ly .  

Air  was suppl ied by the cent r i fugal  b lower  16. To 
avoid d i sp l acemen t  of the a i r  to the pe r i phe ry  of the 
bed, spec ia l  guide vanes  15 were  used.  

Stabi l izat ion of the s t r e a m  in the working  sect ion 
of the tunnel  was accompl i shed  by m e a n s  of the gr ids  
14. 

The veloci ty  n o n - u n i f o r m i t y  in  the core  of the 
s t r eam,  this cons t i tu t ing  75-80% of the sect ion,  did 
not exceed 2% of the s t r e a m  veloc i ty  on the axis  of the 
working sec t ion .  Downs t r eam of the working sect ion 
a pa r t  of the a i r  was blown out to a tmosphe re ,  the 
r e m a i n d e r  be ing  r e t u r n e d  to the b lower  through the 
bypass  duct. U p s t r e a m  of the blower ,  in one of the 
bypass  ducts ,  t h e r e  was an e l ec t r i c  h e a t e r  12. The 
power to i t s  e l emen t s  was  unde r  au tomat ic  control  a l -  
lowing the t e m p e r a t u r e  in the bed to be ma in ta ined  to 
within • 

Two c o p p e r - c o n s t a n t a n  t h e r m o e o u p l e s  11 were  
mounted u p s t r e a m  of the tunne l  work ing  sect ion.  One 
m e a s u r e d  the t e m p e r a t u r e  of the heated a i r - w a t e r  

vapor  mix tu re ,  and the o ther  the wet bulb t e m p e r a -  

t u re .  

The a i r  ve loc i ty  was cont ro l led  by m e a n s  of a sy s -  
t em of ga t e -va lves  9 and was m e a s u r e d  with a pitot  
tube 2 connected to a MMN-8 type mi c r omanome te ro  
The spec ia l  cons t ruc t ion  of the tube i n c r e a s e d  i ts  
s ens i t i v i t y  by  a fac tor  of 2, to allow g r e a t e r  accuracy  
in s t r e a m  ve loc i ty  m e a s u r e m e n t .  

The t e s t  model  was made of porous  c e r a m i c ,  
the choice be ing  based on the fol lowing r e q u i r e -  
men t s :  the d i m e n s i o n s  should be s table  dur ing  the 
m o i s t e n i n g  p r o c e s s ;  the pore  s t r u c t u r e  should be 
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un i fo rm;  and the + mechan ica l  s t rength  should be 
suff icient .  
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Fig.  3. Dependence of Jd on Re: 1 is  our  tes t  
data; 2 is  the data  of [6]; 3--[7];  4--[4, 5]; 

5-[8]. 

The wall  th i ckness  of the sphere  (d = 60ram) was 5 
ram, the poros i ty  35-38%, and the pore  d i a m e t e r  2 - 1 0  
p. The sphere  d i a m e t e r  was chosen such that  the 
c r o s s - s e c t i o n a l  a r e a  of i ts  m i d - s e c t i o n  did not exceed 
5% of the a r e a  of the tunnel  working sect ion.  

The sphere  was mounted at the cen t e r  of the a i r  
s t r e a m  on a specia l  t ubu la r  ho lder  of 8 - r am d iamete r ,  
a lso  used to supply wa te r  to the i n t e r i o r  of the sphere  
via a p las t i c  tube and to take out the the rmocouple  
leads .  The seven  coppe r - cons t an t an  the rmocouples  
mounted in the sphe re  were  connected to two mu l t i -  
point  type KVT po ten t iome te r s .  One the rmocouple  
m e a s u r e d  the t e m p e r a t u r e  of the water  ins ide  the 
sphere ,  and the other s ix were  used to cont ro l  the 
t e m p e r a t u r e  of the evapora t ion  sur face .  

The supply of wa te r  to the sphere  was accompl i shed  
via the specia l  vo lumes  4 with the i r  i n n e r  tubes  3. 

The i n n e r  tube connected the working  sect ion chan-  
nel with the wa te r  in  the r e s e r v o i r  volume.  Dec rease  
of the water  in the a n n u l a r  gap was accompl i shed  by 
leakage of a i r  a long the i n n e r  tube leading  to a reduced  
p r e s s u r e  above the wa te r  sur face .  Ver t i ca l  d i sp l ace -  
ment  of the i nne r  tube allowed the r equ i r ed  cons tant  
p r e s s u r e  to be ma in ta ined  in  the sphere  wa te r  supply 
sys tem.  The cap i l l a ry  6 of 2 - ram d i a m e t e r  and 1000- 
ram length was used  to m e a s u r e  the amount  of wa te r  
being evaporated.  An a i r  bubble  was in jec ted  into 
supply tube 5 ahead of the cap i l la ry ,  was d isplaced 
into the cap i l l a ry  as the water  evaporated,  taking the 
fo rm of a cy l inder  wi th  H/d 0 = 5 - 10. Tes t s  showed 
that the re  was no d i sp l acemen t  of the a i r  bubble with 
the supply sys t em disconnected .  

To avoid a i r  p a s s i n g  into the sphere  i n t e r i o r ,  an 
i n t e r m e d i a t e  vo lume 7 was included in  the supply s y s -  
tem,  in  s e r i e s  behind the cap i l l a ry .  The cap i l l a ry  was 
ca l ib ra t ed  by weighing with the aid of a Class  1 ana ly t -  
ica l  ba lance .  

Al ignment  t e s t s  were  c a r r i e d  out with an excess  
p r e s s u r e  of p = 1470 N / m  2. The m e a s u r e m e n t s  showed 
(for the s ingle  sphere) that  with t e m p e r a t u r e  t = 70 ~ 
C of the heated wa te r  v a p o r - a i r  m ix tu r e  and ve loc i ty  
in the working sec t ion  of 15 m / s e e  and above, the 

wall  t e m p e r a t u r e  of the r e a r w a r d  pa r t  of the sphere  
was 2~ ~ C below the wet bulb t e m p e r a t u r e .  To e l i -  
mina te  i n c r e a s e  of t e m p e r a t u r e  in  the r e a r w a r d  pa r t  
of the sphere,  the p r e s s u r e  in the supply sys tem had 
to be i n c r e a s e d  to 3430 N/m 2. 

The expe r imen ta l  data/obtained were  co r r e l a t ed  on 
a logar i thmic  sca le  in the fo rm of the c o r r e l a t i o n  
(Fig. 2), 

Nu d = A Re ~ Pr ~ (1) 

and the m a s s  t r a n s f e r  coeff ic ients  were  de t e rmined  
f rom the re l a t ion  

= i/(Pw--  Ps)" (2) 

The tes t  data obtained for  d i f ferent  t e m p e r a t u r e s  
(t = 50, 70, 90 ~ C), did not show any s ignif icant  d i f -  
f e ren t i a t ion  with t e m p e r a t u r e  level ,  such as was noted 
in r e f e r e n c e s  [2, 3]. The p a r a m e t e r  Gu to the power 
0.13, in t roduced by the above authors  in o r d e r  to 
gene ra l i ze  the p a r a m e t r i c  equat ions obtained for  
each t e m p e r a t u r e  level  to a s ingle  equation, can be 
omit ted in  our  case,  s ince for the s ingle  sphere  the 
locat ion of al l  the expe r imen ta l  points  on the graph 
(Fig. 2) i s  in  good ag reemen t  with the re la t ion  

Nu~ = 0.9 Re~ "a3. (3) 

In the study of m a s s  t r a n s f e r  f rom spheres  (d = 60 
mm) in  the l a y e r  of a bed in  a tu rbu len t  gas s t r eam,  
two types  of packing were  used,  cubic and square  p y r -  
amid.  The locat ion of the spheres  in the bed changed 
both along the r ad ius  of the tunne l  sect ion and over  its 
height (the sphere  was placed in rows 1 to 5 along the 
d i rec t ion  of the a i r  s t r eam) .  

It was es tab l i shed  f rom reduct ion  of the tes t  data 
that  the va lues  of the mean  m a s s  t r a n s f e r  coefficients ,  
when the sphere  was moved in a row along the tunnel  
rad ius ,  did not va ry  f rom row to row by m o r e  than 5%; 
the va lues  of the m e a n  coeff ic ients  for  a sphere  located 
at the cen te r  of a row of each of the beds may be ob- 
ta ined  f rom a c o r r e l a t i o n  equat ion of the fo rm 

Nu d = A Re~ (4) 

where  the value of A for rows 1 - 4  is,  r espec t ive ly :  
1.35, 1.8, 2, 2 .2 .  

It may be seen f rom the las t  equat ions that the va l -  
ues of the mean  m a s s  t r a n s f e r  coeff icients  a r e  con-  
s tant  for  the four th  and subsequent  rows,  for equal Re. 

In o r de r  to compare  our r e su l t s  with those of [4, 5], 
where  heat  and m a s s  t r a n s f e r  were  studied dur ing  
drying  of Zeol i te  sphe res  (d = 16 mm) in an a i r  s t ream,  
we r e p r o c e s s e d  our  data by the method adopted in 
these  r e f e r e n c e s .  The m a s s  t r a n s f e r  fac tor  

4 = 

was in t roduced in [4, 5] as a d e t e r m i n i n g  p a r a m e t e r .  
Allowing for the effect of the f ree  vo lume the Re 

n u m b e r  i s  e xp r e s se d  as 

Re = Gd/~ (1--- e). 
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The t e s t s  in [4, 5] were  made with t h r ee  bed v a r i a n t s  
(e = 0.444, 0.576, and 0.778). In logar i thmic  coord i -  
mates p r o c e s s i n g  of the t e s t  data gave the following 
re la t ions ,  r e spec t ive ly :  

Jd = 1.127/(Re ~ - -  1,5), 
~ '  q, , 

e ld = 2"06/Re~ 

P r e s e n t a t i o n  of our  data in the same  coord ina tes  (Fig. 
3) shows that  the points ,  both for  the cubic(e = 0. 475) 
and the square  (e = 0.35) packing, fal l  ve ry  well  along the 
s t ra ight  l ine  

Jd = 2, l/Re ~ 

As is  seen  f rom the graph, the d ivergence  of our  
tes t  data f r o m  that  of [4-8] i n c r e a s e s  with i n c r e a s i n g  
Re. This  may be explained by the d i f ferent  hydro-  
dynamic  condi t ions  of the s t r e a m  en t rance  to and exit  
f rom the bed layer ,  and by the level  of s t r e a m  tu rbu-  
lence at the en t r ance  to the working sect ion being dif-  
fe rent .  Tes t s  that we conducted spec ia l ly  to d e t e r m i n e  
the effect of t u rbu lence  level  at the en t r ance  on the 
mass  t r a n s f e r  coeff ic ients  showed that the l a t t e r  may 
be i n c r e a s e d  by 15-20% by in t roduc ing  addi t ional  me ta l  
s c r e e n s  ahead of the bed l aye r .  Since the tu rbu lence  
level  was not quoted in the r e f e r e n c e s  cited, it was not 
poss ib le  to c rea t e  even approx imate ly  s i m i l a r  hydro -  
dynamica l  condi t ions  in  the equipment ,  which cons id -  
e rab ly  h a m p e r e d  c o m p a r i s o n  of the r e s u l t s  obtained.  

As a r e s u l t  of the inves t iga t ion  conducted it  has  
been  es t ab l i shed  that the m a s s  t r a n s f e r  on a single 
sphere  and on a sphere  in  a bed exposed to a tu rbu len t  
gas s t r e a m  may be desc r ibed  by a s ingle  re la t ion ,  and 
that, independent ly  of the kind of pacMng, in  a s t ab i l -  
ized t u rbu l en t  flow reg ion  (af ter  3 - 4  rows), the m a s s  
t r a n s f e r  coeff ic ients  may be d e t e r m i n e d  f rom the s in -  
gle c o r r e l a t i o n  equat ion 

Nu d = 2.2 Re ~ Prc~ aa 

NOTATION 

d is  the sphere  d i ame te r ,  m;  d o is  the cap i l l a ry  
d i a me t e r ,  m;  fi is  the m a s s  t r a n s f e r  coefficient ,  
(kg/m 2 �9 s e c ) / N / m 2 ;  Nu d is  the Nusse l t  diffusion num-  
be r ;  Pw is  the pa r t i a l  p r e s s u r e  of water  vapor ,  c o r -  
responding  to s a tu ra t ion  p r e s s u r e  at  the wall  t e m -  
pe ra tu re ,  N/m2; Ps is  the pa r t i a l  p r e s s u r e  at the 
t e m p e r a t u r e  of the gas s t r eam,  N/m2; Jd is the m a s s  
t r a n s f e r  factor ;  pf  is  the pa r t i a l  p r e s s u r e  of a i r  in 
the boundary  layer ,  N/me; G is  the m a s s  veloci ty  of 
the gas, k g / m  2 �9 hr ;  M i s  the m o l e c u l a r  weight; p is  

the absolu te  v i scos i ty ,  N/rr~ � 9  p is  the dens i ty ,  
kg/m3; D is  the diffusion coefficient  for  wa te r  vapor  
pas s ing  through the gas f i lm,  m2/sec ;  e is the voidage.  
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