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ABSTRACT: A spray drying model is simulated by the computational fluid dynamics (CFD). By changing 

the input conditions, the temperature and velocity fields in the drying chamber are examined and the 

volumetric heat transfer coefficient in each condition is calculated. It is obtained that the increase in the 

inlet air temperature and the air flow rate makes the decrease in the average volumetric heat transfer 

coefficient because of the increase in the energy loss; besides,  particle residence time is shorter at the 

higher inlet air flow rate.    
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INTRODUCTION 

Spray drying is a drying process in which a drying material in a liquid form is fast dried into a powder product [1]. 

Currently, the spray drying method has been widely applied in industries like food, medicine, materials, etc.[2] 

There are many high quality products of spray drying process such as milk powder, tea, coffee, vitamins, enzymes, 

drugs antibiotics, paint colors, ceramic materials, etc. Spray drying is a very complex process in terms of heat, 

mass and momentum transfers. There are many parameters that affect on process and product quality, not only 

operational conditions like air temperature, feed flow rate, or the way of phase mixing (co-current or counter-

current), but also parameters that depend on dryer geometry like hydrodynamics of continuous-phase flow [3]. To 

minimize operating costs, spray-drying systems need to be optimized in terms of energy consumption and physical 

properties of the product. Computational fluid dynamic (CFD) is an effective tool for this optimization because 

this allows to simulate the real object [4][5][6]. Besides, CFD model gives the accurate prediction changes of air 

flow parameters and heat and mass transfer of multiphase so it can be applied to determine the effect of operating 

condition and the dryer geometry on both product quality and energy consumption [7]. 

Typically, to design one dryer, it is necessary to determine the quantity of average volumetric heat transfer 

coefficient, αV  [8][9]. Because this coefficient represents for the heat and mass transfer efficient in whole dryer 

and it allows to calculate dryer dimensions. For several dryers, αV is almost determined by experiments while the 

extrapolation of this coefficient to cases, drying conditions outside the experimental conditions is inconclusive . 

But if we apply the CFD theoretical model over a wide range of drying conditions to find this coefficient, the 

applicability can be extended for different cases. Besides, residence time of particles have much more impact on 

the product quality [10]; thus, in this work, particle residence time and volumetric heat transfer coefficient are 

examined under different operating conditions.  

METHODOLOGY 

Configuration of the spray dryer 
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Figure 1 shows a co-current spray dryer with the dimensions of h x d = 6.1 m x 0.4 m. Hot air and sprayed solution 

flow from the top to the bottom of dryer. The tower is insulated partly from the top of the tower to the height of 

0.8 m from the bottom. The average heat transfer coefficient from outside wall to the air for the insulated part and 

non-insulated part are 4.3 W/m2K and 7.1 W/m2K respectively.  

 

Figure 1. Geometry of spray dryer [3] 

Meshing and setup 

Mesh is generated with 385.000 tetrahedral elements as Fig.1, in which a five-step boundary layer is applied for 

the area near the wall. The quality mesh is evaluated by several indexes as: skewness is 0.88, aspect ratio is 5.53. 

Several various mesh size and element shape were tested to yeld grid-independetn solution. Simulation setup for 

skim milk spray drying with the initial conditions as: solid mass fraction of 30%, particle velocity of 20 m/s, feed 
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temperature of 30oC, feed flow rate of 0.0025 kg/s. The inlet air flow rate and inlet air temperature are changed to 

from 0.06 kg/s to 0.15 kg/s and 1400C to 2000C respectively to check effects of these parameters on the heat and 

mass transfer efficiency.  

The Euler-Lagrange approach is applied to couple computation fluid dynamic and discrete phase model. In which, 

fluid phase is continuous phase and transport phenomena are described by Navier-Stokes equations while the 

discrete phase is concerned by tracking a large number of particles. The turbulent fluid phase is treated by standard 

k -   model. Boundary condition used for inlet air is inlet mass flow rate while the outlet is outflow condition. 

The chamber wall is setup as wall with convective heat transfer conditions in which the heat transfer coefficients 

are 4.3 W/m2K for the insulated area and 7.1 W/m2K for unisulated area.   

Evaporation model 

The particle mass m is the sum of the masses of the components [11]: 

im m         (1)  

The density of the particle 
p   can be either constant, or volume-averaged : 
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Equation of heat balance for particle and air in the drying chamber: 
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The equation for the particle temperature T consists of terms for radiation, convective heat transfer and 

vaporization. Radiation heat transfer to the particle equal zero. The mass of the particle components mi is only 

influenced by the vaporization, where Mw,i is the molecular weight of species i.  

The vapor flux is determined by equation: 
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The mass transfer coefficient 
,c ik  of component i is calculated from the Sherwood correlation [11]. 
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Where 
,i mD  is diffusion coefficient of vapor in the bulk (m2/s) 
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  is the Schmidt number 

 
pd  is partilcle diameter (m) 

The concentration of vapor at the particle surface Ci,s depends on the saturation pressure of the component. 
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Where R is the universal gas constant. 

The concentration of vapor in the bulk gas is known from solution of the transport equation for species i for 

nonpremixed or partially premixed combustion calculations: 

  
,i i

p
C X

RT




  

Where iX  is the local bulk mole fraction of species i, p is the local absolute pressure, and T   is the local bulk 

temperature in the gas. 

The heat transfer coefficient, h, is evaluated using the correlation of Ranz and Marshall: 
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Where 

 dp = particle diameter (m) 

 k∞ = thermal conductivity of the continuous phase (W/m-K) 

 Red = Reynolds number based on the particle diameter and the relative velocity 

 Pr = Prandtl number of the continuous phase (cpµ/k∞) 

Volumetric heat transfer coefficient  

The mean heat transfer coefficient, v   represents for heat transfer efficiency in the whole drying chamber. This 

is also the parameter to calculate dryer volume. v  is calculated by: 

.
v

Q

V t
 


           (8) 

In which, Q is the total energy transferred between particles and continuous phase in the chamber, t  is obtained 

from average of difference between particle temperature and gas temperature at all cells in the chamber. 

SIMULATION RESULTS 

Simulations are implemented for various inlet air temperature and air velocity. Results are shown in two sections 

as following 

Effects of inlet air temperature  

Temperature fields in the drying chamber at different inlet air temperatures are illustrated in Fig.2. In each case, 

from the top to the bottom of dryer, three different areas can be observed as following: area near air inlet is the 

highest temperature area, temperature near the center is low; after that temperature in the center region drops 

dramatically due to the evaporation of particle; finally, air temperature is almost uniform in the center area but is 

low near the wall due to heat transfer to the wall.  

It is also obtained that the more intense and earlier evaporation occurs at higher inlet air temperature. Besides, at 

higher inlet air temperature the area with higher temperature is wider than that at  lower inlet air temperature. For 

all cases, at the end of drying chamber the temperature is uniform; however, the exhaust air in case of hot inlet air 

is also hot.  
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Table 1 shows the particle residence time and average volumetric heat transfer coefficient and Fig. 3 presents the 

detailed effect of inlet air temperature on v . The increase in the inlet air temperature makes the mean particle 

residence time decrease. This can be explained by the reduction of air density when temperature raises, results in 

the increase of air velocity so the particles are flowed faster. The lower air temperature gives the higher volumetric 

heat transfer coefficient because the difference of air and particle temperatures reduces at lower inlet air 

temperature. It can be concluded that in this case, the increase in the inlet air temperature does not enhance the 

heat and mass transfer but make more wasted energy.   

 

Figure 2. Changes in air temperature profile along the spray tower obtained from CFD simulations for the initial 

air mass flow rate Gg = 0.075 kg/s. 

 

Table 1. Impacts of initial air temperature  

Gg = 0.075, kg/s 

Tg, ℃ t  , ℃ V, m3 Q, W αv, W/m3K Time, s 

200 16.93847 0.73374 4382 352.5786 2.92 

180 14.19443 0.73374 4365.625 419.1662 3.15 

160 13.43 0.73374 4344.615 440.8929 3.55 
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140 11.694 0.73374 4322.96 503.8206 4.06 

 

Figure 3. Change of volumetric heat transfer at various inlet air temperature (Gg = 0.075 kg/s) 

Effect of initial air mass flow rate 

To evaluate the effects of initial air mass flow rate, other operating conditions are kept constant, temperature fields 

inside the drying tower are shown in Fig. 4. It can be seen that along the chamber, there are three different areas 

which are similar to discussion in the section 3.1. The temperature fields in all cases are different: the greater the 

inlet air mass flow rate is, the wider the area with higher temperature has and the lower the area with high 

temperature difference has. Because the same latent heat used for evaporation process at the same feed flow rate, 

but the larger air mass flow rate gives more heat supplied for the evaporation so the higher air flow rate yields the 

less reduction in the air temperature.This results in the higher exhaust air temperature is obtained at higher air flow 

rate.  
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Figure 4. Changes in air temperature profile along the spray tower obtained from CFD simulations for the initial 

air temperature Tg = 180 oC. 

 

 

 

Table 2. The affection of initial air mass flow rate condition 

 

Tg = 180, ℃ 

Gg, kg/s t , ℃ V, m3 Q, W V  , W/m3K Time, s 

0.06 13.15367 0.73374 4346.503 450.3507 4.49 

0.075 14.19443 0.73374 4365.625 419.1662 3.15 

0.12 18.9626 0.73374 4398.953 316.1617 2.04 

0.15 21.58165 0.73374 4412.33 278.6385 1.68 
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Figure 5. Effect of initial air mass flow rate on volumetric heat transfer coefficient (Tg = 180oC) 

Table 2 presents the change of average particle residence time and volumetric heat transfer coefficient. Particle 

residence time reduces when air mass flow rate increases due to the increase in the air velocity. Besides, the 

increase in the mass flow rate does not bring the increase in heat and mass transfer but decrease in the v  which 

is shown more detailed in Fig. 5. This is because after as above discussion, the air temperature in the whole 

chamber increases at higher air mass flow rate. Thus, the more energy consumption supplied to the more air flow 

rate has no mean in the heat and mass transfer.  

CONCLUSIONS 

In this work, simulation results for spray drying of skim milk solution are presented for different initial air flow 

rate and temperature.  It is concluded that the increase in the inlet air temperature and in the mass flow rate makes 

the early evaporation and the reduction in the particle residence time and volumetric heat transfer coefficient.  For 

this spray drying system, these changes in operating conditions only wastes more energy by higher exaushed air 

temperature.   

With the final aim is optimization in spray drying process, other operating conditions should be checked to 

optimize in respect of minimum energy consumption and high product quality.  
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