
E V A P O R A T I O N  T I M E  D U R I N G  D R Y I N G  OF A D R O P  OF 

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

M .  S .  S m i r n o v ,  P .  S .  K u t s ,  UDC 536.423.1 
a n d  I .  S .  E f r e m o v a  

An analyt ical  solution of the p rob lem is obtained which al lows one to de te rmine  the duration 
of the p roce s s  of drying a drop when the moi s tu re  content in the drop v a r i e s  l inear ly  and 
exponential ly.  The r e s u l t s  a r e  compared  with exper imenta l  data .  

The ma jo r i ty  of the published r e p o r t s  consider  the evapora t ion  of a drop without al lowance for  the 
var ia t ion  in i ts  mois tu re  content in the course  of dehydrat ion.  We have a t tempted  to de te rmine  the t e m p e r -  
ature field of a drop of solution and the evaporat ion t ime with the moi s tu re  content being allowed for  in a 
boundary condition. With l ow- t empera tu r e  drying the g r e a t e r  pa r t  of the mo i s tu re  is r emoved  in the per iod 
of a constant  drying r a t e .  

The evaporat ion t ime of a single drop of solution --  the I i fe t ime of the drop -- has  g rea t  theore t ica l  
and p rac t i ca l  impor tance .  In a sufficiently genera l  f o rm the p rob lem of the drying of a spher ica l  drop tn 
the p resence  of a moving phase - t r ans i t ion  sur face  can be formula ted  as  follows: 

dr1_ = ~1( 0~tl : 2 dt x 
cxpx Ox . or2 --7-" Or 

Ot2 = X~ ( O~t~ j_ 2 !Ot2 

c~p2 Or Or - - - ~  - 7 - "  Or 

q (r, O) = to, 

, O ~ < r - ~ s ( ~ ) ,  ~ > 0 ,  (1) 

, e ( ~ ) ~ r ~ R ,  x > 0 ,  

r at, (R, ~) [tin--- t, (R, ~)] = O, 
Or 

at1 (0, x)] = 0, tl (0, x) 4~ oo. 
Or 

(2) 

(3) 

(4) 

(5) 

The conditions at  the moving evaporat ion (boiling) sur face ,  i . e . ,  at  r = e (~'): 

~2 
Or 

l a (s, x) = t~ (8, x) = tey_~ p, (6) 

de xl Ot~ (e, ~) - -  Lp~u (x) d---~ 
Or i f )  

The condition (7) e x p r e s s e s  the fact  that the heat  flux enter ing through the sur face  r =e of the drop 
is par t ly  expended on evaporat ion of the liquid at the moving sur face  and is par t ly  drawn into the drop and 
produces  a change in the t empe ra tu r e  of the wet region of the drop.  During the drying the moi s tu re  con-  
tent of the drop and, consequently,  the concentrat ion of the dissolved substance va ry  continuously.  This  
p rope r ty  of the p roce s s  is taken into account  by the introduction of the function u(~'), which de t e rmines  the 
average  mo i s tu re  content of the wet region of the drop at any t ime,  into the boundary condition (7) at  the 
moving su r face .  This function c a r r i e s  p r i m a r y  information concerning the nature of the p r o c e s s  and i ts  
specif ic  p r o p e r t i e s .  
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Fig .  1. T e m p e r a t u r e  field of a drop of solution 
during the m ovemen t  of the evapora t ion  boundary:  
a) with the t e m p e r a t u r e  of the medium t m =120~ 
1) ~-1=98 see,  e = 0 . 9 R ;  2) T2=137 see ,  e = 0 . 8 R ;  
3) T3=161 sec,  e = 0 . 6 R ;  4) T4 =167 sec ,  e =0.4R;  
5) ~5=169 sec ,  e = 0 . 2 R ;  6) T6=170 sec ,  e = 0 . 1 R ;  
b) with the t e m p e r a t u r e  of the med ium t m =82~ 
1) TI=165 sec ,  e =0.9R;  2) T 2 =225 sec ,  e =0.8R;  
3) ~-3=262 sec,  e = 0 . 6 R ;  4) ~-4 = 267 sec ,  e = 0 . 4  R; 
5) T5=269 sec,  e = 0 . 2  R; 6) "r6=270 sec ,  e = 0 . 1 R .  
T, ~ r ,  m .  

The drying of the drop 
Piot  number s  Bi (0 .3-1 .0) .  Le t  us find an approx imate  solution of the p rob lem (1)-(7) in the case  when 
the t e m p e r a t u r e  d is t r ibut ion in the wet  region of the drop is un i fo rm and constant ,  i . e . ,  t 1 (r, ~-) =t  0. 

The t e m p e r a t u r e  within the drop can be taken as constant  and equal to the wet-bulb  t e m p e r a t u r e  in 
the f i r s t  per iod of a constant  drying r a t e ,  while the t empe ra tu r e  of the dried pa r t  of the drop i n c r e a s e s  
during the dry ing .  

The t e m p e r a t u r e  dis tr ibut ion in the dry region of the drop is de te rmined  by the function 

tm--teva p ( 1 1) 8(z)~<r~R. 
t,(r, 1 i x, ; ' 

R e aR  ~ 

of solution p roceeds  with Fou r i e r  number s  Fo of (1-40) and re la t ive ly  smal l  

(8) 

Equation (8) sa t i s f i es  the conditions (4) and (6). By substi tut ing the value of t 2 f rom (8) into the boun- 
da ry  condition (7) and a s suming  the co,~stancy of the t e m p e r a t u r e  in the wet region of the drop,  we find 

[(m--'evap] dT= Lp, (A+l )e~de ,  
u (~) ~, (9) 

where  A =k2/aR 2 -- 1 /R.  

Equation (9) de t e rmines  the law of motion of the phase - t r ans i t i on  su r face ,  i . e . ,  the law of dec rease  
of the wet zone of the par t ic le  of solution during the drying,  and is  eas i ly  in tegrated if the function u(~) is 
known. 

One can a s s u m e  that in the per iod of a constant  drying ra te  the moi s tu re  content v a r i e s  l inear ly  with 
t ime while the evapora t ion  t e m p e r a t u r e  is constant .  

The re fo re ,  a s suming  that  

u (~) = u i - -  K ~ ,  ( 1 0 )  

tevap= const, (11) 

we obtain f r o m  Eq .  (9) 

d(ui--Kx) =KM ( A ~ - 1 )  u i_  Kx ' -~ e2de' (12) 
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Fig.  2. Curves  of movemen t  
of evaporat ion boundary in a 
drop of solution: 1) with t m = 
120"C; 2) with t m =82*(2; e,  m; 
T, rain.  

where  

M = LPl 
" h, (tin-- tevap) (13) 

Let  us  in tegra te  Eq .  (12), de te rmin ing  the in tegrat ion constant  
f r o m  the condition that  e (0) =R at r = 0: 

�9 

Under the conditions which we a r e  cons ider ing  the drying t ime  
of a drop of solution can be de te rmined  f rom E q .  (14) if  one cons i -  
de r s  that e(rend) =0 when r = r e n  d, i . e . ,  

o,:r,_ox,{_ }] (15) 

Exper imen ta l  s tudies which have been p e r f o r m e d  [3] on the kinet ics  of the evapora t ion  of d rops  of 
cul ture liquid of a bac t e r i a l  p repa ra t ion  of entobacter tn  with different  concentra t ions  and t e m p e r a t u r e s  of 
the h e a t - t r a n s f e r  agent  provided us  the opportunity t o d e t e r m i n e  the drying ra t e  coefficient  K.  I t  can be r e -  
p resen ted  In the fo rm of the dependence 

K - -  2 .3 .10- ' t  2.' �9 (u i -}-2,7). (16) 

The e r r o r  is :~10%. The dependence is valid within the l imi t s  of t =80-150~ and ut = 7 . 2 - 1 4 . 4  kg /kg .  

~h tgh  evaporat ion t e m p e r a t u r e s  the f i r s t  per iod of the p r o c e s s  of drying a drop of solution is v e r y  
b r i e f  or  al-~get't'h~F~l~sent and one can a s s ume  that  the drying curve  v a r i e s  with t ime accord ing  to the fo l -  
lowing law: 

u (z) = ui. e--~,  (17) 

so that  (9) takes  the f o r m  

After  integrat ion of Eq .  

I f  -r = ~'end then e (ren d) = 0 and 

t m - - t e v a p - d x =  LPl (A-q-l~8~ds. (18) ui e--k" X~ \ 8 1  

(18) and the de t e rmina t ion  of the in tegra t ion  cons tant ,  we obtain 

l" ln ( l--uileM [--~ (RS--ss)+--~- (R"--'~) ]} " (19) 
k 

l __ in [1  uikM (2AR3_}_3R".)]. 
Xend----- k 6 (20) 

Using the ave rage  the rmophys ica l  c h a r a c t e r i s t i c s  obtained for the d ry  bac t e r i a l  p repa ra t ion  and for  
the entobacter tn  culture liquid [4], we found the evapora t ion  t ime for drops  with t e m p e r a t u r e s  of 82 and 
120~ u i =7 .25 kg/kg,  and d i a m e t e r s  of 1.3 �9 10 -3 and 1.5 �9 10 -3 m .  The ave rage  hea t -exchange  coefflc[ent  
was calculated f r o m  the well-known genera l ized  equation of [5] with allowance for the cor rec t ion  (U/Ucr) n 
and the Rebtnder  number  which we introduced [3]: 

N--u = (2 -}- 0.51 Re~ ~ ( u -~o.s7 (I + (21) 

Calculat ions made through E q s .  (15) and (16) showed that  the drying t ime  for  a drop of solution is 
equal to 4 .5  rain at t=82~ and 2.8 rain at  t =120"(2, which is 15% less  than the t ime de te rmined  f r o m  the 
drying cur ves obta ined exper  imental ly .  

The t empe ra tu r e  field of the dry  par t i c le ,  which v a r i e s  as  the evapora t ion  sur face  moves ,  is p r e s e n -  
ted in Fig .  l a ,  b,  while the movemen t  of the evaporat ion boundary is shown as  a function of the evapora t ion  
t ime  in Fig .  2. 

576 



NOTATION 

t I, temperature of wet part of drop; t 2, temperature of dry part of drop; r ,  variable radius of drop; 
R, initial radius of d r op ;  7, time; a, heat-exchange coefficient; t m, temperature of medium; L, latent 
heat of vaporization; K, drying coefficient; u, moisture content; kl and X 2, thermal-conductivity coefficient 
of liquid and of dry material;  Pl, P2, density of solution and of dry mater ia l .  
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