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The detail analysis of the heat and mass transfer between the droplet containing 

suspended solids and the drying gas was carried out numerically. The temperature and 

moisture distributions within the slurry droplet were calculated during the first and 

second drying phases. The parametric study revealed that the droplet drying time 

decreases with increasing the drying gas temperature and decreasing the droplet 

diameter.  
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SELECTION 

 

• Numerical analysis of the heat and mass 

transfer between the droplet containing 

suspended solids and the drying gas 

• Calculation of temperature and moisture 

distributions within the slurry droplet 

during the first and second drying 

phases. 

 

INTRODUCTION 

 

The agglomerates of fine particles 

produced by spray drying have found 

expanding applications in chemical 

(Okuyama et al., 2006), pharmaceutical 

(Soottitantawat et al., 2005), food 

(Gharsallaoui et al., 2007) and agriculture 

(Elek et al., 2010) industries as high-value 

functional materials. 

Spray drying is a complex process 

involving simultaneous heat, mass and 

momentum transfer between the drying gas 

and droplets as well as possible formation of 

solid phase in the droplet during drying 

(Masters, 1985).  

The kinetics of drying process depends 

on the temperature and moisture 

distributions within the slurry droplet. The 

drying process of a slurry droplet can be 

divided into two stages according to the 

droplet morphology (Mezhericher et al., 

2010). The droplet shrinks throughout the 

first drying phase due to liquid evaporation 

until the dry solid crust is formed around the 

wet core at the beginning of the second 

drying phase. Then, the wet particle of 

constant outer diameter is dried till 

attainment of final moisture content. 

Theoretical models of drying of a slurry 

droplet are mainly based on the droplet 

average temperature and moisture content 

or the temperature distribution within the 

droplet is considered only in the crust 

region during the second drying phase 

(Mezhericher et al., 2010).  
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Therefore, there is a need to develop a 

detail model of drying kinetics capable of 

describing the temperature and moisture 

distributions within the slurry droplet during 

the first and second drying phases.   

 

THEORY 

 

First phase of drying 

During the first phase of drying, water 

evaporates from the slurry droplet at 

constant rate as a result of heat transfer 

from surrounding gas by convective flow. 

The variation of the temperature 

distribution in the radial direction of the 

slurry droplet with drying time is described 

by the following equation 

( ) 2
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where r is the radial position in the 

droplet, �  is the drying time, �� , �� , ��,� 

and �� are the temperature, density, heat 

capacity and heat conductivity of the slurry 

droplet, respectively. 

The temperature profile is symmetrical 

with respect to the droplet centre and the 

corresponding boundary condition is  

0 at 0dT
r

r

∂ = =
∂

 (2) 

The boundary condition at the droplet 

surface is  
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∂
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where 	�  is the droplet radius, �
 is the 

temperature of drying gas, h is the heat 

transfer coefficient and ��  is the latent 

heat of water evaporation. In derivation of 

Eq. (3), the temperature of drying gas is 

assumed to be constant. The heat supplied 

to the outer surface of the droplet by drying  

 

gas is transferred toward the droplet centre 

by conduction and also consumed for water 

evaporation from the droplet surface. The 

position of this boundary varies in time as 

the slurry droplet shrinks. 

The droplet shrinkage rate is 

proportional to the evaporation rate 
�/
� 

as  

,
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where �� is the droplet surface area. 

The initial condition for Eq. (4) is 

   at 0d initR R t= =  (5) 

where 	���� is the initial droplet radius. 

The evaporation rate equation is 
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where �� is the mass transfer coefficient, 

��,�and ��,� are the densities of water vapor 

at the droplet surface and in the bulk air, 

correspondingly. 

Assuming water vapor as an ideal gas, the 

densities of water vapor are 
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where �� is the molecular weight of water 

vapor, 	
��  is the universal gas constant, 

��,� and ��,�  are the vapor pressures the 

droplet surface and in the bulk air, 

respectively. 

The slurry droplet density is calculated 

presuming an ideal two-component mixture 

as 
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where X  is the moisture content of the 

slurry droplet defined as the amount of 

water relative to the solid amount in a 

droplet : 



Boris Golman 3 

 

 

, ,0

, ,0

(1 )d w d d

d s d

m m X
X

m m

+
= =  (9) 

where �� is the current droplet weight and 

��,� is the droplet initial weight. 

The thermal conductivity of slurry droplet is 

calculated using a series resistance model 

(Chen et al., 2005) as 

(1 )d d w d sk k kε ε= + −  (10) 

where ��  and �� are the thermal 

conductivities of water and solids, 

respectively, and �� is the droplet voidage. 

Similarly, the specific heat of slurry droplet 

for the ideal mixture is (Kirillin et al., 1956)  
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where ��,� and ��,� are the heat capacities 

of water and solids, respectively.  

The following empirical correlations are 

used to evaluate the heat and mass transfer 

coefficients (Ranz et al., 1952) 
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(13) 

where �u  and  ��  are the Nusselt and 

Sherwood numbers for drying gas, 

correspondingly. Here,  
 is the velocity of 

drying gas, !�� is the diffusivity of water 

vapor, �
, "
, �
 #$
 ��,
 are the thermal 

conductivity, viscosity, density and heat 

capacity of drying gas, respectively. During 

the first phase of drying, the heat and mass 

coefficients increase with time according to 

Eqs. (12) and (13) due to the droplet 

shrinkage. 

The diffusivity of water vapor is given as 

(Grigoriev et al., 1988)  

( )1.75103.564 10wv d gD T T−= ⋅ +  (14) 

 

Second phase of drying 

The particle composed of a dry porous 

crust and a wet core is formed at the end of 

first phase of drying. During the second 

drying phase, the receding evaporation 

boundary is assumed to exist that separates 

the dry crust layer from the wet core [9], as 

shown in figure 1. 

 

Fig 1: Model of drying a slurry droplet 

 

Water vapor formed at the evaporation 

boundary diffuses first through the porous 

crust and then in the atmosphere 

surrounding the droplet. The outside radius 

of the crust shell, Rin, remains constant 

throughout this period, but the wet porous 

core diminishes as the evaporation progress. 

The temperature distribution in the radial 

direction of the wet core is calculated by 

solving the following heat balance equation  
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where �%� , �%� , ��,%� #$
 �%� are the 

temperature, density, heat capacity and heat 

conductivity of the wet core, respectively. 

The boundary condition at the particle 

centre is  

0 at 0coT
r

r

∂ = =
∂

 (16) 

The heat balance on the outer surface of the 

wet core yields  
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where �%&  is the heat conductivity of the 

crust layer. 

The energy conservation equation for the 

crust region is  
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where � is the voidage of the crust layer 

and !%& is the diffusivity of water vapor in 

the pore space of the crust layer. 

The boundary condition at the particle 

outer surface is (Dalmaz et. al, 2007) 

( )  at cr
cr cr g in

T
k h T T r R

r
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and the corresponding boundary condition 

at the inner surface of the crust layer, i.e. the 

outer surface of the wet core, is  

 at ( )co ccr or R tT T ==  (20) 

The concentration of water vapor at 

various radial positions in the crust layer is 

calculated by solving the mass balance 

equation  
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The corresponding boundary conditions 

for Eq. (21) are  
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The receding rate of crust-wet core 

interface is obtained from the mass balance 

at the evaporation interface as  

co wv
w cr w

dR dC
D M

dt dr
ερ =  (24) 

The initial condition for Eq. (24) is  

co inR R= at 0t =  (25) 

The effective diffusion coefficient, !%&, is 

evaluated by using the following correlation 

(Ochoa-Tapia et al., 1994) 

 

2

3
wv

cr

D
D

ε
ε

=
−

 (26) 

 

RESULTS AND DISCUSSION 

 

The spray drying of the slurry droplet 

containing colloidal silica particles (Nesic et 

al, 1991) was simulated using the developed 

model. The model partial and ordinary 

differential equations were solved using a 

difference method suitable for the moving 

boundary problems (Crank, 1984).  

 

Fig 2: Comparison of calculated results with 

experimental data for drying of slurry 

droplet of silica particles 

 

Comparison of calculated results and 

experimental data (Nesic et al, 1991) is 

shown in Figure 2 for drying air temperature 

of 101oC. The variation of the droplet weight 

with drying time was simulated separately 

for two drying phases and then combined in 

one curve in figure 2. The calculated curve is 

in a good agreement with experimental data 

points confirming the applicability of 

developed model. 

Figure 3 illustrates the decrease of the 

droplet weight and the variation of the 

average droplet temperature with time 

during drying the slurry droplet having an 

initial radius of 1 mm. The drying gas 

temperature was set at 130oC. 
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Fig 3: Variation of droplet weight and 

average droplet temperature during drying 

Fig 4: Temperature distributions in the slurry 

droplet 

 

During the first drying phase, the weight 

of the droplet is calculated as  

( )( )3 3 3 34
( ) ( ) (1 )

3d w d in w in s inW t R t R R Rπ ρ ρ ε ρ ε= − + + −  (27) 

and the droplet average temperature is 

evaluated using the temperature 

distribution in the droplet radial direction as  
( )

2
3

0

3
( )

( )

dR t
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d

T r T r dr
R t

= ∫  (28) 

The droplet weight and the droplet 

average temperature at the second drying 

phase are calculated from the following 

equations  

( )3 34
( ) ( ) (1 )

3d w co s inW t R t Rπ ρ ε ρ ε= + −  (29) 

2
3
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3
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inR
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T r T r dr
R
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During the first drying phase, after the 

short heating-up period, the average 

temperature remains constant as all the heat 

transferred from the air is consumed for 

evaporation of water from the droplet 

surface. At the second phase, the average 

temperature increases until it approaches 

the temperature of the surrounding gas, as 

illustrated in figure 3. 

 

Figure 4 shows the temperature 

distributions within the droplet at drying 

time of 10 and 50 s. The temperature 

distribution is almost uniform during the 

first drying phase for t = 10 s. The 

temperature distribution in the second stage,  

t = 50 s, is sharp in the crust region and 

uniform in the wet core region. The 

temperature difference between the droplet 

surface and the wet core increases with 

drying time due to growth of the layer of 

dry crust which represents the resistance to 

the heat transfer. 

Figures 5 and 6 illustrate the effect of the 

drying gas temperature on the droplet 

weight loss and the crust build up, 

respectively. The evaporation rate of the 

slurry droplet significantly increases at high 

drying gas temperature resulting in a thicker 

crust layer and lighter droplets for the same 

drying time. 

Figures 7 and 8 illustrate the effect of the 

initial droplet size on the droplet weight loss 

and the thickness of the crust layer, 

respectively. The shorter drying time is 

required for the smaller droplet due to the 

enhanced evaporation rate as a result of the 

high mass and heat transfer rates. The mass 

and heat transfer coefficients calculated by 
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Eqs. (12) and (13) are summarized in Table 1 

for droplets of 100 and 1000 "m in radius. 

 

 

Fig 5: Effect of drying gas temperature on 

droplet weight loss 

 

 

Fig 6: Effect of drying gas temperature on 

thickness of dry crust layer. 

 

 

Fig 7: Effect of initial droplet size on droplet 

weight loss 

 

Fig 8: Effect of initial droplet size on 

thickness of dry crust layer. 

 

Table 1 . Variation of mass and heat 

transfer coefficients during drying. 

 

Initial droplet 

radius, dR  

["m] 

Mass and heat transfer 

coefficients 

Drying phase 

Beginning End 

100 mk  [m/s] = 0.737 0.835 

 h  [W/m2K] = 662.2 742.9 

1000 mk  [m/s] = 0.157 0.195 

 h  [W/m2K] = 142.8 160.5 

 

CONCLUSION 

 

The detail model was developed for the 

description of the drying kinetics of slurry 

droplet by considering simultaneous heat 

and mass transfer processes during spray 

drying. The temperature and moisture 

distributions within the slurry droplet were 

calculated for the first and second drying 

phases. The parametric study revealed that 

the droplet drying time decreases with 

increasing the drying gas temperature and 

decreasing the droplet diameter.   
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The devised model could be 

incorporated into the overall model of spray 

dryer to optimize the operational 

parameters or to design new processes. 
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