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A model of the evaporation of drops in the spray cone is proposed. A 
system of equations for calculation of the main characteristics of the 
spray cone is derived. 

The well-known technological  and energe t ic  advan- 
tages  of superheated  vapor  as a h e a t - c a r r i e r  in d r i e r s  
[1] can be used in s eve ra l  cases  for  the product ion of 
eff ic ient  spray  d r i e r s  [2]. 

The re  a re  opportuni t ies  in this case  for  a c c e l e r a -  
tion of evaporat ion,  the rea l i za t ion  of a p rac t i ca l ly  
c losed e n t r a i n m e n t - f r e e  sys tem,  and so on. The use 
of spray d r i e r s ,  Which a re  designed for  evaporat ion 
of drople ts  of a solution into its own superheated  vapor 
is advantageous,  for  instance,  in cases  of drying of 
smal l  amounts of pa r t i cu l a r ly  valuable  or  toxic m a -  
te r ia l s .  Design calcula t ions  for  such d r i e r s  r e q u i r e  
informat ion  about the quanti tat ive re la t ionships  gov- 
erning the evaporat ion,  movement ,  and in te rac t ion  
of the drops (singly and in po lyd i spe r se  aggregates) .  

This led us to c a r r y  out exper imenta l  and theore t -  
ical  invest igat ions  to de te rmine  the bas ic  p r e r e q u i -  
s i tes  for  the conduction of engineer ing calcula t ions .  

The experiments were carried out on two rigs. The 

ffr.st rig was designed for the investigation of drying 

of single drops attached to a thermocouple junction 

situated on the axis of a tube of diameter 60 ram. Su- 

perhea ted  s team at a tmospher ic  p r e s s u r e  flowed 
through the tube at a mean veloci ty  of 1 to 12 m / s e c .  
The t empe ra tu r e  of the s team var ied  f rom 423 to 823 ~ 
K. There  was provis ion  for  spraying drops of water  
of different  s ize  into the s team flow. 

In the exper iments  we measu red  the p a r a m e t e r s  
of the s team flow, and the var iab le  t empera tu re s  and 
s i zes  of the drops.  

The second r ig  was a s ing le -pass  p i lo t -p lant  spray 
d r i e r  with a chamber  1.6 m high and 0.31 m in dia-  
me te r .  

The sp raye r  was a centr i fugal  nozzle providing a 
flow of solution at a ra te  of 1.4 to 2.8 g / s e c .  The 
s team flow ra te  va r i ed  f rom 8.3 to 33.4 g / s e c ,  and 
its ini t ial  t e m p e r a t u r e  f rom 423 to 823 ~ K. All the 
p a r a m e t e r s  in the d r i e r  chamber  were  measu red  by 
means  of a set  of new measu r ing  devices  [2]. In all 
the s e r i e s  of exper iments  we inves t iga ted  the evapora -  
tion of drops of an aqueous NaNO3 solution (concentra-  
tion 200 g / l  ) in the f i r s t d r y i n g p e r i o d  and twice-d i s t i l l ed  
water .  To obtain compara t ive  data we also used a i r  
as a h e a t - c a r r i e r .  F igure  1 shows the exper imenta l  
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Fig.  1. Mass t r ans fe r  in evaporat ion of drops :  1) f rom F r e s -  
sing fo rmula  (air); 2) exper imenta l  data; a) a i r  [Num =f (Re) ] ;  

b) superhea ted  s team (Num (Ts/Too) -~ =f (Re)) .  
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Fig. 2. Distribution of drop s i z e s  in 
cros s  sect ion of evaporating cone: the 
sol id l ine is  the theoret ical  distribution 
Y/Yo,~9 = ( 6 M i / 6 o . g s i ) l ' 2 ;  the dashed l ine 

represents  the experimental  data. 

data for the evaporat ion of drops (Re = 0.01-500).  At 
l~e = 0 .01-2  we used the resu l t s  of measu remen t s  of 
the d is t r ibut ions  of the phase veloci t ies ,  i r r iga t ion  
densi t ies ,  t empera tu res ,  and d ispers i ty  of the drops 
d i rec t ly  in the spray  cone. The other r e su l t s  were 
obtained f rom the invest igat ion of the kinet ics  of evap- 
orat ion of single attached drops. 

These exper imenta l  data could be approximated by 
the following re la t ionsh ips :  
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Fig. 3. l%sul ts  of m e a s u r e m e n t s  inside 
evaporat ing cone in superheated s team 
(x and y in mm). a) x = 2 0 3 ;  Z E =0.73 
Way =32%; b) x:=345;  Z E =0.85 Way= 
=19%; c) x --- 725; Z Z =0.99 Way =3%; 
1) i r r iga t ion  densi ty  (q in g / cm ~. sec); 
2) vo lume-sur face  d iamete r  of drops (6 
in #); 3) t empera tu re  of d i spersed  me-  

dium (t~ in ~ 

i) for evaporation into superheated steam 

Nu 
- 0 . 7 ~ K  for  T~<573~ (1) 

Nu,~ 

Nu -0 .95n~K for 5 7 3 ~ 1 7 6  (2) 
Nu m 

where 7rp = (p"-  P~)/P(Tav); 
2) for evaporation into air 

Nu 
-np  K for 423 ~ < T~ < 823 ~K, (3) 

NUr~ 

where 7tO = (ev0 - evo~) /pm(Tav) ;  
The theoret ical  re la t ionship  for the de terminat ion  

of Nu m is given below (relat ionship 10). 
An evaluation of the confidence l imi ts  of the ca l -  

culated heat and mass  t r ans fe r  coefficients by Stu- 
dent ' s  method [4] showed that the e r r o r  in the evaluation 
of these quanti t ies was about 15%. The re su l t s  of mea-  
su rement  of the velocit ies of the drops along the axis 
of the spray  cone can be represen ted  by the following 
approximate re la t ionship :  

Cx = 80 Re -~ (4) 

The sca t te r  of the exper imental  points was =L25%; 
Nu m = 2 -9 ,  Re = 0.01-50.  

Using the obtained re la t ionships  for the de t e rmina -  
tion of Num and C x we analyzed the t r ans fe r  p rocesses  
in the spray cone. 

F igure  2 shows the theoret ical  and exper imental  
curves  of y =f(6) .  We attr ibuted the noncoineidence 
of the curves  to mixing of par t ic les  of different  mono- 
d i spe r se  groups as they moved together within the 
spray  cone. This is la rge ly  due to the fa i r ly  powerful 
ejection s t r eams  which a r i s e  around the cone. The 
possibi l i ty  of regard ing  the spray  cone as a stage of 
ideal mixing is confirmed also by the exper imental  
data in Fig. 3. For  the three c ross  sect ions of the 
cone in which we measured  the radia l  t empera ture  
d is t r ibut ion  of the h e a t - c a r r i e r  (steam) we obtained 
a prac t ica l ly  constant  (to within • value. In con- 
s ider ing the question of evaporat ion of drops in the 
cone we used the a rguments  expounded in [3] and made 
the following assumptions: 

a) The evaporating cone can arbitrarily be divided 
lengthwise into two zones (Fig. 4): the stagnation zone, 
xi < xl; the residence zone, xi > xi. 

U' = U r e  s 

Fig. 4. Diagram of motion of drops in cone. 
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b) In view of the re la t ive ly  smal l  value of xl (in our 
exper iments  150-250 ram) and .the in tense  mixing of 
phases we can assume for the s tagnation zone 

T .  = T~i = const, (5) 

w~ = w~i = const. (6) 

In addition, on the bas i s  of our exper imenta l  data, ob- 
tained on the r ig  for invest igat ion of the evaporat ion 
of an attached drop in a s t r eam of suspension of drops 
in gas, we assumed that there is no coalescence of 
drops in the stagnation zone (Kd0 = 0). 

c) For  the res idence  zone we assumed:  

T| = T,, = const, (7) 

u = v . . . .  (8) 

0 <  Kd0 < 1. (9) 

The t empera tu re  Tx, of the h e a t - c a r r i e r ,  co r respond-  
ing to the c ros s  section x, of the cone, is de te rmined  
f rom the balance equation with allowance for evapora-  
t ion of drops in the stagnation zone. Taking into ac-  
count what was said above we derived a sys tem of 
equations : 

Nu m = 240.35 Re ~ ( T~ /~ (10) 
\V.] ' 

d~ --c.f e. 2 -u ,  (11) t ~ : =  

C~ = 80 Re -~ 

5 i 

o 1 
6o 

__exp [_0,693 ( ~ ) ~  ] .  (12) 

The las t  equation descr ibes  the in tegra l  d is t r ibut ion of 
drops in a nonevaporat ing ("cold") cone. 

The joint solution of Eqs. (10)-(12) leads to the fol-  
lowing re la t ionships .  For  the t ime of flight (in the 
stagnation zone) 

A' [ (  ' 
~(x,u) -- (0.8-- 0.4K)u ~  uo / J 

where 

1 PL 5012 
A ' - -  

60 9~ ~o.2 
(Tav) 

For  the range of a drop with ini t ia l  d iamete r  50 

A'w. [{ U ~0.4K--0.8 ] 
x ( 0 . 8 - - ~ K ) .  0-~ [~-~-o  ) - 1 | + 

[ ,  _ (14) 

For  the radia l  coordinate of a drop with ini t ia l  d ia-  
me t e r  50 

g =  0 .4 t (+0 .2  1 \-~-o / j sin [L (15) 

The t ra jec tory  of drops in the stagnation zone can be 

calculated more  easi ly  by ass igning var ious  i n t e r m e -  
diate values of u = u 0 - Vres. The total degree Of evap- 
orat ion of drops in the cross  sect ion x i is 

5glax 

6rain 

where 

le: Ca D(rav) [/'--P= { T s ]o.4 
10 v( rv  > P= \ ~ ]  

The express ion  for calculat ing the size of the drop in 
the res idence  zone f rom cross  sect ion xl to x i is 

5 ,  [5  a, 65x~ (p, 9~)NUra xi--xl]'/a . . . .  D ( r a v  ) - -  . (17) 
PL Vres 

Calculation f rom rela t ionship  (17) is ca r r i ed  out 
for each monodisperse  group of drops which continue 
to move after  the c ross  sect ion x,. The number  of cells  
which must  be taken within the space of the evaporating 
cone is de termined in each specific case by the r e -  
quired accuracy of the calculation.  Using the ca lcula-  
t ion procedure  presen ted  above we determined the 
d imensions  of an indus t r ia l  model of spray  dr ie r .  Tes ts  
of this model conf i rmed the co r r ec tnes s  of the postu-  
lated pic ture  of the process  and the re l iab i l i ty  of the 
exper imenta l ly  obtained re la t ionships .  

NOTATION 

PL, P", and poo a re  the densi t ies  of liquid, saturated 
s team, and d ispersed  medium; Pm (Tav), and p (Tav) 
a re  the densi t ies  of s t e a m - a i r  mixture  and superheated 
s team at Tav; Ts and Too are  the t empera tu res  of equi-  
l i b r ium evaporat ion and gas phase; Tav = 0.5(Ts + 
+ Too) is the average t empera tu re  in boundary layer;  
Cv0 and Cvo o a re  the concentra t ions  of s team in a i r  on 
surface  of drop and outside it; Cx is the dynamic drag 
factor  of drop in s team; 6 and 60.gsare instantaneous dia-  
me t e r  of drop and d iameter  cor responding  to 99% of 
total weight of drops less  than 50.99 in d iameter ;  Wav 
is the average mois tu re  content of par t ic les  over cross  
section; xl is the range  of drops with d iameter  50.99; 
T ~  i and wo~ i are  the ini t ia l  t empera tu re  and velocity 
of gas phase; Vres is the res idence  velocity;  u and v 
a re  the re la t ive  and absolute veloci t ies  of drop; Kd0 
is the effect iveness of coalescence of drops on col l i -  
sion; wo~ is  the veloci ty of gas phase;  m and f a re  the mass  
and c ross  sect ion of drop; G i and Go are  the weight 
of monodisperse  group of drops and output of nozzle; 
5 m and n a re  the constants  of s ize  and uni formi ty  of 
Roz in -Ramle r  dis t r ibut ion in "cold" cone; r(x ' y) is 
the instantaneous t ime of flight of drop; U0 and V0 are  
the ini t ia l  re la t ive  and absolute veloci t ies  of  drop; 5o 
is  the ini t ia l  d iameter  of monodisperse  group of drops; 
V(Tav) is the k inemat ic  viscosi ty  of gas at Tav; fl is 
the angle of spray  cone; x and y a re  the longitudinal 
and radia l  coordinates;  Zy is the total degree of evap- 
orat ion of drops; D(Tav) is the diffusion coefficient of 
gas at Tav; Re, Nu, Num, and K are  the Reynolds, 
Nusselt ,  m a s s  t r ans f e r  Nusselt ,  and Kutateladze num-  
be rs ;  C1 =(Num/Re ~ s/T~o) ~ 
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