
JOURNAL OF ENGINEERING PHYSICS 19 

E F F E C T  OF DROPLET SIZE DISTRIBUTION ON SPRAY DRYING KINETICS 

Yu.V. Kosmodem'yansk i i ,  A. P. Fokin,  and A. N. Ptanovski i  

I nzhene rno -F i z i chesk i i  Zhurnal,  Vol. 14, No. 1, pp. 36-43,  1968 

UDC 66.047 

A comparison is made between the processes of adiabatic evaporation 
of a polydisperse system of droplets and a monodisperse system with 
droplets equaI in size to the largest droplet of the polydisperse sys- 
tem. The process takes place in air with the same initial and final 
parameters in both cases. 

The a t o m i z e r s  used in spray  drying apparatus d is -  
p e r s e  the liquid into drople ts  of va r ious  s ize ,  with 
d rop le t  d i a m e t e r s  di f fer ing in some cases  by a fac to r  

of 8-I0. 
The volume and height of the drying chamber are 

determined by the trajectory and length of the path 
followed by the largest droplet during the drying period. 
If for a given output and drying regime the volume of 
the chamber is less than that required for the largest 
droplets, incompletely dried product will be deposited 
on the walls of the chamber. 

In the calculation of the chamber volume the poly- 
disperse droplet system is replaced by a reduced 
monodisperse system, whose over-all volume and 
droplet surface are equal to those of the polydisperse 
system [1,4]. The droplet size in the reduced system 
is given by 
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The volume of the drying chamber  is  found f r o m  the 
mass  t r a n s f e r  equation [9] 

W 
v =  Kv a P-' (1) 

The fact  that the same  de, 2 for  the reduced mono-  
d i s p e r s e  sys tem cor responds  to po lyd i spe r se  sy s t em s  
with ve ry  d i f fe ren t  f rac t iona l  composi t ions  is d i s -  
r egarded .  This is because  in modern  equipment  the 
a tomized  liquid Volume dis t r ibut ion with r e s p e c t  to 
drople t  s ize  a lmos t  co r re sponds  with the re la t ion  
t2 = exp ( - d / d e ) ,  the value of n vary ing  in the na r row 

range 2 -4  [2]. 
The conditions of evapora t ion  are  essen t ia l ly  dif-  

f e ren t  for  the po lyd i spe r se  and monod i spe r se  sys -  
t ems .  The evapora t ion  t im e , under  the same ini t ia l  
and final conditions,  is d i f ferent  for  a po lyd i spe r se  
sys tem of drople ts  whose l a r g e s t  d i a m e t e r  is din, 
and a monod i spe r se  sys tem of equal drople ts  of d iam-  

e t e r  din. 
In a po lyd i spe r se  sys t em the p r e s e n c e  of adeve loped  

phase contact  su r face  during the ini t ial  per iod  in tens i -  
f ies  the m a s s  t r a n s f e r  p r o c e s s  (as compared  with the 
monod i spe r se  sys tem) .  During this per iod  mos t  of 
the v e r y  fine drople t s  evapora te ,  the humidity of the 

a i r  i n c r e a s e s  sharply,  and the mot ive  fo rce  of the 
p roce s s  is  cor respondingly  reduced.  The final evapora -  
tion of the l a rge  drople ts  takes  p lace  under a reduced 
motive fo rce .  This leads to an i nc r ea se  in the t ime  
requ i red  to comple te  the p roce s s  as compared  with 
the evaporat ion t ime  for the monod i spe r se  sys tem,  
in which the mot ive  fo rce  i s  less  sharply  reduced.  

To ver i fy  this p ic ture ,  we ca lcula te  the c o r r e -  
sponding evapora t ion  t imes  fo r  monod i spe r se  and 
po iyd i spe r se  sys t ems  of wa te r  drople ts  in mo i s t  a i r  
under the same initial and final conditions. We assume 

that the droplet size in the monodisperse system is 
equal to the maximum* droplet size in the polydisperse 

system. To obtain generalized results, we express 

the parameters in relative quantities. 

The evaporation time for a droplet of initial diam- 

eter din and final diameter ~mdin in air whoseparam- 
eters do not vary during the process is [2, 3, 5-8]. 
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for AP = const,  Nu = const,  T = const ( i so thermal  
evaporat ion p roce s s  in an unbounded space) Eq. (2) 
may be rewr i t t en  as fol lows:  

2 2 d~n__NTm, (3) ~m d i n - -  

where  

4NuKAP 
N -- -- const. 

At a time "r m from the beginning of the process, a 

droplet of initial diameter ~idin evaporating under 
the same conditions, will have a diameter 

2 2 2 2 
. din-- N "c m- ~:imdin = ~i (4) 

Relat ions  (3) and (4) w e r e  es tab l i shed  by B. V. S rez -  
nevski i  [5] and have been conf i rmed by a number  of 
inves t iga to r s .  

In pa ra l l e l - f low drying chambers  the evaporat ion 
p roces s  is adiabatic,  the t e m p e r a t u r e  and humidity of 
the drying agent vary ing  during the p roces s .  

*As compared  with the mean d i a m e t e r  the d i f fe rence  
will  c l ea r ly  be g r ea t e r .  
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Since under  indus t r i a [  condit ions the mean boundary  
l a y e r  t e m p e r a t u r e  of the evapora t ing  d rop le t s  v a r i e s  
only s l ight ly ,  i t  has l i t t l e  effect  on the m a s s  t r a n s f e r  
coeff icient .  The re fo re ,  with suff ic ient  accu racy ,  we 
a s s u m e  that  

[ T.+I/2(Ti.+Tf) ~/~ ] 
K = D o 2 = const. 

273 an R 

The following m a t e r i a l  ba lance  equations can be 
wr i t t en  fo r  the moment  of to ta l  evapora t ion  of the 
d rop le t  and i t s  evapora t ion  to the d i a m e t e r  din~ m 

a di~n 
L (Xf - -  -Kin) = ~ - -  % 

~d~n L(X~ --x~.) = ~ ~(l - -~) ,  

whence the re  fol lows 

- -  - -  ~,,,) X m - - X i n  = (Xf Xin) (1 ~3 

and X,,,, = Xin+ (Xf --Xin)(1 - -  ~ ) .  

The motive fo rce  of the p r o c e s s  at  any t ime ,  and in 
the range  of d i a m e t e r  va r i a t ion  f rom din to ~ mdin 
wil l  be 

A X~ = X.  - -  X = =  
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If a p o t y d i s p e r s e  s y s t e m  of d rop l e t s  whose d i a m -  
e t e r  is  defined as  a f r ac t ion  of the d i a m e t e r  of the 
l a r g e s t  d rop le t  ~i = d i /d in  is  evapora t ed  in a i r  with 
fixed p a r a m e t e r s ,  and the number  of d rop l e t s  of d i a m -  
e t e r  din~ i is  

,[~ A Qi 
ri = ~ A ~i .  ' 

then, when the d i a m e t e r  of the l a r g e s t  d rop le t  is  a 
f rac t ion  ~m of the in i t i a l  d i a m e t e r ,  on the b a s i s  of a 
jo int  solut ion of (3) and (4) the d i a m e t e r s  of a l l  the 
o ther  d rop le t s  wi l l  have d e c r e a s e d  to the value 

~ = [J  - - ( 1  - -  ~ ) I  '/~ , 

and the volume of evapora ted  l iquid as  a f r ac t ion  of 
the o v e r - a l l  d rop le t  volume wil l  be 

~i~l n 22 
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It has  been a s sume d  that the  to ta l  evapora t ion  t ime  
for  the l a r g e s t  d rop le t  d e t e r m i n e s  the t ime  r e q u i r e d  
for  the comple te  evapora t ion  of the p o l y d i s p e r s e  s y s -  
tem. In o r d e r  to ca lcu la te  approx ima te ly  the t ime  of 
total  ad iaba t ic  evapora t ion  for  the l a r g e s t  d rop le t  of 
a p o t y d i s p e r s e  sy s t em in a bounded volume of a i r  the 
dura t ion  of the p r o c e s s  i s  d iv ided into m in t e rva l s ,  
each bounded by two i n t e r m e d i a t e  values  of ~m. On 
each in t e rva l  the ac tual  p r o c e s s  is  a r b i t r a r i l y  r e p l a c e d  
by a p r o c e s s  of evapora t ion  at  f ixed a i r  p a r a m e t e r s  
co r re spond ing  to the ave raged  va lues  of the s a m e  
p a r a m e t e r s  for the ac tua l  p r o c e s s .  Then, using Eq. 
(2), i t  is  pos s ib l e  to d e t e r m i n e  and sum the e v a p o r a -  
tion t i m e s  fo r  each  s tage  of the p r o c e s s .  

The volume of evapora ted  l iquid as  a f r ac t ion  of 
the o v e r - a l l  d rop le t  volume on the i n t e rva l  bounded 
by the va lues  ~m and ~m+l can be  d e t e r m i n e d  f rom 

A n 1 An 1 / ~  ~ 
2 ~i = 
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F o r  this  case  the mot ive  fo rce  i s  

0.622B A Pm--(m+O X 
0.622 4- X.  

X [AXi'--(AXi"--AXf)A~--en+')I . (4') 
0.622 4- Xi ,+  A X~- -  (A Xi , - -  A Xf) A~-(m+n 

Using e x p r e s s i o n s  (2), (3), and (4v), we find the 
total  evapora t ion  t ime  for  the p o l y d i s p e r s e  s y s t e m  

~zd~.(0.622 -1- X.) "[p )< 
4NuK �9 0.622 

~rn=0 
~7 0.622 4- Xin4- A Xin--(A Xin--A Xf) A~--(r.+l) • • 
~,,,=~Z'~ A X i - -  (A x i n -  A Xf) A~--(m+o 

x ( ~L - ~+ , ) .  (5) 

Since fo r  the monodisperse system at[ the droplets 
evapora te  in the  s a m e  t ime ,  the ca lcula t ions  can be  
based  on the in te rac t ion  between a s ingle  d rop le t  and 
the co r r e spond ing  unit quanti ty of a i r .  

The evapora t ion  t ime  for  a d rop le t  with in i t i a l  d i a m -  
e t e r  din can be d e t e r m i n e d  with the s a m e  method as  
used for  the p o l y d i s p e r s e  sy s t e m.  In this ease  ins tead  
of Anm_(m+l) we mus t  subs t i tu te  into (5) the quant i ty  

A ~ ~3 s 
m - - ( m + ~ )  : 1 ~ ~ m + ~ m + ~  

2 

We can now c ompa re  the evapora t ion  t ime for  a po iy-  
d i s p e r s e  s y s t e m  of d rop le t s ,  the l a r g e s t  of which has  
the d i a m e t e r  din, with the co r r e spond ing  t ime  for  a 
s ingle d rop le t  with d i a m e t e r  din, under  the s a m e  in i -  
t ia l  and f inal  a i r  p a r a m e t e r s  

~..=o { [(0.622 4- Xin ) T p = E 
.t- M X 

~m=l 
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Equation (6) was used to ca lcula te  r m for a poly- 
d i spe r se  sys tem whose continuous dis t r ibut ion is given 
by 

where d /d  e = 1.8, and the adiabatic evaporat ion pro-  
cess  is  charac te r ized  by Xin = 0.01 kg/kg dry a i r .  
Based on our r e su l t s ,  we obtained the graph shown 
in Fig.  1, f rom wbXch it follows that, given t h e s a m e  
conditions,  the evaporat ion t ime for a polydisperse  
sys tem is always g rea t e r  than that for a monodisperse  
sys tem of droplets  whose d imens ions  a re  equal to 
the size of the l a rges t  droplet  of the polydisperse  
sys tem,  the difference i nc r ea s ing  as A P f / A P i n  de- 
c r ea se s .  

The calculated re la t ion  between APf /APin  and 
d m / d i n  is p resen ted  in Fig.  2. This graph cor responds  
to the p roces se s  that take place in actual  para l le l - f low 
drying chambers ,  when the d r i e r  t empera tu re  fal ls  
sharply  in the a tomizat ion zone and then d iminishes  
only sl ightly over  the r e s t  of the chamber .  

In the calcula t ions  we employed the "mean" volume 
dis t r ibut ion  over  the par t ic le  s izes  of the polydis-  
perse  sys tem,  and consequent ly  din/d3, 2 was assumed 
constant.  

In this case,  using the method descr ibed  above, it  
is easy to es tab l i sh  a re la t ion  between the evapora-  
tion t imes  of a polydisperse  sys t em and a mouodis-  
pe r se  sys tem cons is t ing  of droplets  of d iameter  d3, 2, 
on the bas is  of which it is poss ib le  to de te rmine  the 
n e c e s s a r y  co r rec t ion  for the mean value of the motive 
force in Eq. (1). 

The need for this co r rec t ion  becomes  apparent  
after  an inspect ion  of Fig. 1, f rom which it follows 
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Fig. i. Increase in the evaporation time 

of a polydisperse system of droplets as 

compared with the evaporation time of 
a monodisperse system as a function 

of the ratio of the motive forces at the 
beginning and end of the process. 

that Tp/~- M reaches a considerable value under "severe" 
drying conditions. 

The calculations are valid for the evaporation of 

monodisperse and polydisperse systems of water drop- 

lets.  
The data obtained can also be used in designing 

para l le l - f low chambers  for spray  drying essen t ia l ly  
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Fig. 2. Change of motive force  as a function of the 
var ia t ion  of the d i ame te r  of the la rges t  droplet :  
1) polydisperse  sys tem;  2) monodisperse  system.  

l iquid products  with a low concent ra t ion  of d ry  m a -  
te r ia l ,  for which the per iod of constant  drying ra te  
p redomina tes .  There  is r eason  to assume that dur ing 
the per iod with dec reas ing  drying ra te  the na ture  of 
the effect of polydispers i ty  on the heat and mass  t r a n s -  
fe r  p rocesses  r e m a i n s  the same.  

The method descr ibed  can also be applied to other 
mass  and heat t r ans f e r  p rocesses  between continuous 
and d i spersed  media.  

NOTATION 

M Am_(m+1 ) is the weight of the liquid as a fraction 
of the initial over-all weight of the droplets in a mono- 
disperse system evaporating on an interval bounded 
by the droplet dimensions ~mdin and ~m+1 din; An is 
the weight of the evaporated liquid as a fraction of the 
ini t ia l  ove r - a l l  weight of the droplets  in  a poiydis-  
perse  sys tem,  cor responding  to the d iamete r  ~mdin 
of the l a rges t  droplet;  A~n_(m+ 0 is the weight of the 
liquid as a f rac t ion of the ini t ia l  ove r -a l l  weight of 
the droplets  in a polydisperse  sys tem evaporat ing on 
an in te rva l  bounded by the d imens ions  ~mdin and 
~m+ldin of the l a rges t  droplet;  B is the ba rome t r i c  
p r e s su r e ,  mmHg;  d e is the droplet  d i ame te r  for which 

= e - l ,  m; d3, 2 is the mean  v o l u m e - s u r f a c e  d iam-  
e te r  of a droplet ,  m; din is the in i t ia l  d iamete r  of 
the l a rges t  droplet  in the polydisperse  sys tem,  m; 
d i is  the d i sc re te  droplet  d iamete r ,  m; D ~ is the dif- 
fusion coefficient,  m2/hr;  K is the mass  t r a n s f e r  coef- 
f icient for the vapor -gas  mix ture ,  k g / m  . hr  �9 mm Hg; 
K V is the volume mass  t r a n s f e r  coefficient,  kg/m ~ �9 
�9 hr  �9 mm Hg; L is the weight of the dry par t  of a i r ,  
kg; M is the molecu la r  weight of the liquid, kg/mole;  
Nu is the Nusselt number; AP is the mean value of 
the motive force of the process--the mean difference 
between the partial pressure of the saturated vapor 
on the droplet  sur face  at the wet-bulb t empera tu re  
and the par t ia l  vapor p r e s s u r e  in the a i r ,  mm Hg; 
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AP m is the motive force of the process  corresponding 
to the d iameter  ~mdin of the evaporating droplet ,  
mm Hg; APm_(m+i) is the mean value of the motive 
force on an interval  bounded by the dimensions }din 
and ~m+l din of the evaporating droplet ,  mm Hg; V i s  
the volume of the drying chamber,  m3; R is the gas 
constant, mm Hg/mole �9 deg; rin is the number of 
droplets  of d iameter  din; r i is the number of droplets  
of d iameter  di; T is the mean boundary l a y e r t e m p e r a -  
ture during the p rocess  ~ K; T M is the wet-bulb tem- 
perature ,  ~ K; Tin is the init ial  a i r  tempera ture ,  ~ K; 
Tf is the a i r  t empera ture  at the end of the process ,  
~ K; Xin is the initial moisture  content of the a i r ,  
kg/kg dry air ;  X m is the mois ture  content of the a i r ,  
corresponding to the d iameter  ~mdin of the evaporat-  
ing droplet,  kg/kg dry air ;  Xf is  the final moisture  
content of the a i r ,  kg/kg dry air;  X M is the mois ture  
content of the saturated a i r  at the wet-bulb t empera -  
ture,  kg/kg dry air ;  AXin is the initial difference 
between the moisture  content of the a i r  at the droplet  
surface and in the surrounding space, kg/kg dry air;  
AX m is the difference between the moisture content 
of the a i r  at the droplet  surface and in the surround- 
ing space corresponding to the d iameter  ~ rodin of the 
evaporating droplet,  kg/kg dry air ;  AXf is the final 
difference between the moisture  content of the a i r  at 
the droplet  surface and in the surrounding space, 
kg/kg dry air ;  W is the amount of moisture  evaporated 
per unit t ime, kg/hr;  ~m, ~m+l is the fraction of the 
initial d iameter  of the la rges t  evaporating droplet of 
a polydisperse  system at a given instant of t ime; ~i is 
the d iscre te  init ial  d iameter  of the droplets  in a poly- 
d isperse  system, defined as a fraction of the diam- 
e ter  of the la rges t  droplet; ~im is the d i sc re te  diam- 
e ter  of the evaporating droplet,  expressed as a fraction 
of the initial  d iameter  of the la rges t  droplet  at a given 
instant of time; T m iS the droplet  evaporation t ime 
from the beginning of the process  to the instant at 

which the d iameter  becomes equal to ~mdin, hr; Tp 
is the evaporation t ime of a polydisperse  system, hr; 
~'M is the evaporation time of a monodisperse  system,  
hr; A~in , A~ i a re  fract ions of the total weight of the 
atomized liquid for droplets  of d iameters  din and di, 
respect ively;  ~/is the specific weight of the liquid, 
kg/m 3. 
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