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Abstract—Spray drying has recently been exploited to prepare a large variety of high-value particles. 

The aim of the present paper is to analyze the drying mechanism of slurry droplets consist of nanosized 
particles in an industrial-scale spray dryer. For this purpose, a mathematical model is developed 
comprising a comprehensive model for the heat and mass transfer for a single droplet and a model for the 
flow of droplets and gas, and the heat and mass transfer in the dryer. Using the developed model, the 
drying behaviour of slurry droplets in the spray dryer is investigated in the initial heating-up, constant 
rate and falling rate periods by analyzing the profiles of air temperature and humidity, and the droplet 
velocity, average temperature and moisture content in the dryer axial direction as well as the 
distributions of temperature and water vapor concentration in the droplet. 
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I. INTRODUCTION 

Recently, engineered particles in the nanometer and submicrometer size ranges have found widespread 
applications in various technological and medical fields [1]. A large variety of functional micro/nanostructured 
particles have been reported in the literature, including magnetic nanoparticles for biomedical applications [2], 
silver and magnetite hybrid nanoparticles catalyst for reduction reaction of organic dyes in water [3], copper 
nanoparticle/polymer composites with antifungal and bacteriostatic properties [4],  nanobiocatalytic assemblies 
for artificial photosynthesis [5], titania nanotubes for dye-synthesized solar cells [6], nanofood  [7] and 
nanocomposites for aircraft industry [8], just to mention a few. 

 However, a high surface energy and a great specific surface area of nanoparticles lead to their cohesion and 
agglomeration making particles handling in dry phase on industrial scale a particularly difficult task [9]. To 
overcome this impediment, the agglomerates of nanoparticles of enhanced flowability were produced using a 
spray drying technology [10]. Lately, the agglomerates of controlled porous structure were manufactured for 
high-value functional materials by tuning the spray drying apparatus and operational parameters [11]. 

In a typical spray drying operation, a slurry feed is sprayed into a drying chamber where the hot stream of the 
drying medium of low moisture content is supplied. Atomization of the feed into small droplets generates the 
large surface area for heat and mass transfer. Heat supplied by drying medium is used for evaporation of liquid 
within the droplets and the generated vapor is transferred to the medium.  

The drying rate, and the droplet morphology and porous structure are influenced by the rate of heat, mass and 
momentum transfer between the droplet and the drying gas as well as the heat and mass transfer inside the 
partially dried droplets. The drying mechanism is defined by the process conditions, slurry composition and 
droplets trajectories in the dryer chamber [12].     

References [13] and [14] reported the model of spray dryer including the overall mass and energy balances. 
The uniform gas conditions where assumed in the well-mixed dryer. However, the well-mixed dryer models are 
oversimplified as they do not take into account distributions of temperature, humidity and velocity of drying 
medium and droplets in the drying chamber. Thus, they are not suitable for the analysis of drying mechanism of 
high value particles. 

The parallel flow model for spray dryers was reported in [15] and has been used by a number of authors [16], 
[17], [18] and [19]. The drying chamber was divided into the small control volumes. The equation of droplet 
trajectory has been involved together with the equations of heat and mass balances for droplet and drying gas. 
However, simple correlations were utilized to model the drying kinetics of a droplet. 

The parallel flow model was extended in [20] by using combinations of well-mixed and parallel-flow zones, 
or the axial dispersion model. The first problem with such combinations is that they require accurate 
measurements to be performed in existing dryers to identify the model parameters. Therefore, they are 
unsuitable for designing new drying chambers. The second problem was that combinations of well-mixed and 
parallel flow zones were often not unique, with a variety of fitted combinations being equally good 
representations. The third problem was that the fitted combinations were typically not generally applicable to 
scale up, scale down, different geometries or even changing operating conditions.  

The computational fluid dynamic (CFD) approach was utilized in [21] to describe the fluid flow within the 
spray drying chamber. The discrete approximations were used to solve the time-averaged conservation 
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equations applying a concept known as the Particle Source-in-Cell or discrete droplet model. This concept 
essentially involves treating the gas as a continuous phase and the spray as a discrete tracked phase. The effects 
of the droplets are initially neglected when calculating the axial, radial and tangential components of the gas 
velocities. Reference [22] reported one of the first careful and complete CFD studies of flow patterns in spray 
dryers, finding that the values of the turbulence parameters selected at the annular air inlet of the dryer affected 
the predictions of the air flow patterns significantly and that the availability of experimental measurements of 
these parameters is often limited. Hence either the parameters need to be obtained from a separate numerical 
simulation of the air inlet or they must be treated as fitting parameters, which reduces the predictive power of 
the model for design purposes. The development of powerful workstations at a reasonable cost has enabled the 
expanded use of CFD. However, the CFD model is commonly combined with the simple model of drying 
kinetics of the slurry droplet due to the prohibitively long calculation time. 

An in-depth understanding of the drying behavior of a single feed droplet is essential for the design of a spray 
dryer. The drying kinetics of droplets including solid particles inside is usually described separately for two 
drying periods [23].  Water evaporates from the outer surface of the slurry droplet at constant rate as a result of 
heat transfer from surrounding gas by convective flow during the first period of drying.  The liquid evaporation 
results in droplet diameter shrinking and simultaneous increase of solid concentration inside the droplet. The 
evaporation lead to solid commencing at the surface of the droplet and, eventually, the surface becomes covered 
with a layer of solid component called a crust [24]. This is a beginning of the second, falling rate, period of 
drying. In this period, the evaporation is taking place inside the wet particle and the drying process is hindered 
by the addition of heat and mass transfer resistances in the particle due to an increase of crust layer thickness.  

The comprehensive mathematical model of spray drying of a slurry droplet was developed and validated in 
our previous studies [25, 26].  The temperature and moisture concentration distributions inside the crust and wet 
core regions were simulated taking into account both internal and external mass and heat transfer resistances 
during the constant and falling rate periods.  

The objectives of the present study are to develop a model of spray dryer, including the comprehensive model 
of drying kinetics of a slurry droplet, and to investigate the drying mechanism of slurry droplets of nanoparticles 
in the industrial-scale dryer. 

II. THEORETICAL 

A. Modelling of Slurry Drying in Spray Dryer Chamber 

The drying medium model is formulated taking into account the heat, mass and momentum exchange 
between droplets and the drying medium in the chamber. The droplet velocity distributions in the drying 
chamber are obtained by solving the system of force-balance equations. The heat and mass balances around the 
shell in the chamber yield the distributions of humidity and temperature of drying medium along the chamber 
height. 

1)  Droplet Formation in Atomization Process:  A centrifugal-pressure nozzle commonly used in industry is 
adopted in the present simulation. A spray of droplets is created by forcing the slurry feed under pressure 
through an orifice. The slurry feed is supplied in such a way that it forms a pattern of swirling motion in the 
nozzle.  Droplets leaving the nozzle spread radially outward forming a hollow cone spray. We can assume that 
the droplet velocity will have two predominant components, one is axial 

pxU  and the other is tangential
ptU . 

The axial droplet velocity as a function of slurry feed rate can be calculated as [12] 

 
o2
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where or  is the orifice radius, slw  is the mass flow rate of slurry, sl  is the slurry density and b  is the thickness 

of the slurry film in the nozzle exit orifice. In general, the slurry film thickness ranges from 0.1 to 0.3 of the 
orifice diameter.  

The slurry density is defined as 

 
1( )

s l
sl

l sl sl sX X

 


 


 
,  (2) 

where slX  is the moisture content of slurry, s  and l   are the densities of solid and liquid phases, 

respectively. 
Taking into account the nozzle geometry, it can be assumed that the droplet leaving a nozzle travels along a 

straight line at an angle   to the nozzle axis. Therefore, the half spray angle   is defined as  
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Consequently, the tangential velocity is expressed as 
  tanpt pxU U    (4) 

2)   Droplet Trajectories in the Dryer:  The droplet trajectories are obtained by solving the system of force-
balance equations. 
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where h  is the height of the drying chamber, cr  is the radial position of droplets in the drying chamber, pU  is 

the relative droplet velocity, prU is the droplet radial velocity, giU is the i-component of drying medium velocity, 

DC  is the drag force coefficient, pd  is the droplet diameter, g  and  p are the gas and droplet densities, 

respectively.  
The relative droplet velocity can be calculated as 

      
1/22 2 2

p px gx pr gr pt gtU U U U U U U        
  (8) 

The radial location of droplets is determined by the following equation 

 prc

px

Udr

dh U
   (9) 

Here, the air flow pattern is presumed to be flat in the radial direction of the drying chamber, i.e. 
0gr gtUU   . 

The following empirical equation is used to evaluate the drag force coefficient [27] 
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with constants 24, 0.32a b   and 0.52c  .  

3)  Mass and Heat Balances of Drying Medium in the Dryer:  The mass balance over the shell in the drying 
chamber is formulated as 

 
  ,0 gas sl dsl

gas gas

dw dXY Y wdY

dh w dh w dh


  , (11) 

where gasw  is the mass flow rate of drying medium on dry basis, 0Y  is the humidity of drying medium at inlet 

conditions, Y  is the humidity of drying medium, ,sl dX  is the droplet moisture content on wet basis and 

/gasdw dh  is the term to account for expansion of spray.         

The distribution of temperature of drying medium along the height of the drying chamber is derived as 
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,  (12) 

where gasT  is the gas temperature, slT  is the slurry temperature, gasi  is the enthalpy of drying medium, ,0gasi  is 

the  enthalpy of drying media at inlet conditions, l   is the latent heat of vaporization, and lCp , sCp , gasCp  and 
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lvCp  are the specific heat capacities of liquid, solid, drying medium and  liquid vapor, respectively. Here,  HCp  

is the specific heat capacity of humid media, H gas lvCp Cp Cp Y  .    

The term to account for expansion of spray,  /gasdw dh , can be determined on the basis of the increment of 

stream cross-section as [28]    

 2
1

gas gx gdw U dr
r

dh Y dh





  (13)      

B. Modelling of a Slurry Droplet Drying 

The spray drying process is commonly divided into two periods corresponding to the constant and falling 
drying rates. The drying model of a slurry droplet is derived separately for each period. 

1)  Constant Rate Period:  To set up the drying model in the constant rate period, the droplet is separated 
into two regions [29]. The first region is a wet core, which occupies the central part of the droplet from 0r    
to inr R  , and solid particles are located in this part of the droplet. The second region from inr R to outr R  is 

a free liquid, with the most liquid appear in this part. 

The temperature distribution in the wet core region is described by the following partial differential equation 

  2
2

1
(1 )co co

co l l s s

T T
r k Cp Cp

r r tr
  

          
, (14) 

where coT  is the wet core temperature, t  is the time, r  is the radial position in the droplet,    is the porosity of 

agglomerated product and cok  is the heat conductivity of wet core. 

The boundary conditions for Eq. (14) are derived by assuming the continuous temperature profile at the 
boundary of wet core and free liquid regions and the absence of the temperature gradient at the droplet center. 
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where lT  is the temperature in the free liquid region. 

The temperature distribution in the free liquid region is given as 

 2
2

1 l l
l l l

T T
r k Cp

r r tr


         
,  (16) 

where lk  is the thermal conductivity of liquid phase. 

Assuming the continuity of the heat flux across the boundary of free liquid and wet core regions, the 
boundary equation at inr R  is obtained as 
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The heat balance at the evaporation interface on the outer droplet surface, outR , is given as 

  
out

l out
l h l gas l l
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T dR
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,  (18) 

where hk  is the convective  heat transfer coefficient.  

The mass balance at the evaporation interface is written as 

   l out
m lv gas

l

dR
k C C

M dt


   ,  (19) 

where mk  is the convective  mass transfer coefficient, lM  is the molecular weight of liquid, and lvC and gasC are 

the vapor concentrations at the droplet surface and in the bulk phase, respectively.  

2)  Falling Rate Period:  In the falling rate period, the evaporation takes place inside the agglomerated 
particle and the drying process is hindered by heat and mass transfer resistances inside the particle due to 
increasing crust thickness. The second drying period proceeds until the particle moisture content is reduced to an 
equilibrium value with the drying medium. At this moment, the drying process actually stops and then particle is 
heated up to the final temperature. 

The particle in the falling rate period is separated into two regions: a wet core from 0r   to r s  and a dry 
crust from r s to inr R . The energy balance over the shell of wet core region is derived as 
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The boundary conditions are  
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where crT  is the dry crust temperature. 

The temperature distribution in the radial direction of the dry crust layer composed of solid structure and pore 
space is described as  

   2
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,  (22) 

where crk  is the thermal conductivity of dry crust. 

The vapor concentration in the crust layer is given as 
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cr

CC
r D

r r tr

       
,  (23) 

where lvC  is the concentration of liquid vapor and crD  is the effective diffusivity of dry crust. 

The boundary conditions for Eqs. (22) and (23) at the evaporation surface r s  separating the crust layer and 
wet core are 

 cr co
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and 
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The heat and mass balances on the outer droplet surface inr R   are  
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and 
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The droplet moisture content is calculated as 
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Here, the droplet weight dW  is a function of position of evaporation interface s 

  3 34
1

3d l s inW s R           (29) 

    The average droplet temperature is obtained by integration of temperature distributions in the crust layer and 
wet core  

 2
av 3 0

3
( )

inR

in

T r T r dr
R

    (30) 

3)  Physical Properties and Correlations:  The  heat  conductivity  of wet core is defined as [30] 
 (1 )co l sk k k      (31) 

The heat conductivity of dry crust region is given as  
 (1 )cr mx sk k k      (32) 

The heat conductivity of air-water mixture is evaluated as [31] 
 2 5 8 2 12 32.425 10 7.899 10 1.790 10 8.570 10mxk T T T             (33) 

where temperature is given in degrees Celsius. 
The effective diffusivity of water vapor in dry crust is calculated as [32]  
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and the diffusivity of water vapor is given as 
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where temperature is given in degrees Kelvin.        
The density, viscosity, heat capacity and heat conductivity of air are estimated as [29] 
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where temperature is given in degrees Celsius for all correlations except the one for gasCp . 

The correlation for the latent heat of evaporation is [29] 
 6 33.15 10 2.38 10l T      , (37) 

where temperature is given in degrees Celsius. 
The thermodynamic properties of water are calculated using the subset of equations developed for industrial 

use by the International Association for the Properties of Water and Steam, IAPWS-IF97 [33].  
The convective heat and mass transfer coefficients are calculated by utilizing  Ranz and Marshall  

correlations [34] 
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where Nu , Sh , Re , Pr  and Sc  are the Nusselt, Sherwood, Reynolds, Prandtl and Schmidt numbers for drying 
air, respectively. These dimensionless numbers are defined as  

 Re , Pr , Scgas p gas gas gas gas

gas gas gas wv

d U Cp

k D

  
 

     (40) 

III. NUMERICAL APPROACH 

The spray drying chamber is divided into small control volumes along the axial distance. The control volume 
is small enough to assume the temperature, humidity and velocity of drying medium to be constant. The drying 
model of a slurry droplet is then used in each volume for calculation of heat and mass transfer between the 
drying medium and the droplets. The droplet moisture content and the average temperature are calculated using 
the moisture and temperature distributions in the radial direction of the droplet by Eqs. (29) and (30). The 
system of partial and ordinary differential equations with moving boundary was solved numerically by a finite 
difference method using an implicit scheme [35, 29].    

IV. RESULTS AND DISCUSSION 

C. Simulation Setup 

In this paper, computer simulation studies were conducted on the drying behavior of slurry droplets in an 
industrial-scale spray dryer with a chamber consisting of an upper cylindrical and lower conical sections. The 
chamber diameter is 2.215 m, the height of the cylindrical section is 2.005 m and the total height of the dryer is 
3.730 m  [36].  

The dryer is equipped with a centrifugal pressure nozzle with an orifice of diameter of 0.000711 m. The 
droplets of uniform size are assumed to form a cone with a half angle of 38o during spraying [37]. Drying gas 
supplied from the top of the dryer concurrently with the slurry feed is distributed uniformly in the radial 
direction of the dryer.  

The spray drying of the slurry droplet of nanosized silica particles was investigated in the present study. A 
summary of operational conditions is given in Table I.  
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TABLE I 
A Summary of Operational Parameters 

Parameter Value 
Air mass flow rate 3.7 kg/s 

Air temperature 110 oC 
Air humidity 0.001 kg/kg 

Slurry feed rate 0.08915 kg/s 
Slurry concentration 30 wt.% 
Slurry temperature 30oC 

D. Simulation Setup 

Figure 1 illustrates the trajectories of droplets of various initial sizes in the spray dryer calculated at the same 
drying conditions. The axial distance is measured from the point of injection of spray in the chamber at the 
nozzle tip. The larger droplets travel longer distances in the axial and radial directions than the smaller ones as 
large droplets are dried up to the specified final moisture content over long periods of time due to the great 
amount of water to be evaporated as well as the low rate of heat and mass transfer between the drying gas and 
droplets.  

Our simulation confirms that the droplets as large as 110 m in diameter can be dried in the present spray 
dryer without contact of moist droplets with the side wall and subsequent build-up of deposit on the wall in the 
upper part of the chamber close to the nozzle or on the wall of the conical section at the dryer bottom.  
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Fig. 1.  Trajectories of droplets of various initial sizes in the spray dryer 
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Figure 2 shows the variation of the average droplet temperature with drying time and axial distance from the 
nozzle. The symbols (a), (b), (c), (d) and (e) are used to illustrate the relationship between the drying time and 
the drying distance of droplets in the spray dryer.  The symbol (a) corresponds to the initial heating-up, (b) to 
the constant rate, and (c), (d) and (e) to the falling rate periods, respectively. The duration of the initial heating-
up period of droplets is very short, as the droplets are quickly heated up from the inlet temperature up to the wet 
bulb temperature. However, droplets will travel long distances during the initial period owing to their high 
injection velocity from the nozzle.   
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Fig. 2.  The variation of the average droplet temperature with (a) drying time and (b) axial distance 

 
 
Figure 3 illustrates the axial and radial droplet velocity profiles in the axial direction of the dryer. After the 

droplet reaches its maximum radial distance, the droplet radial velocity falls to zero and the axial velocity drops 
to air velocity to follow the balance of forces acting on the droplet.  

As the temperature, humidity and velocity of drying air surrounding droplets alter with drying time, the 
drying behavior of the droplet in the dryer differ from one at constant drying conditions, [25]-[26], even the 
drying mechanisms are similar. 
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Fig. 3.  Velocity profiles of droplets: (a) axial and (b) radial 

 
Figure 4 shows the average temperature and moisture content of droplets in the cylindrical section of the 

spray dryer. The temperature of droplets increases rapidly up to the wet bulb temperature after they leave the 
nozzle due to the efficient heat transfer from the drying air. However, droplets travel around 0.5 m from the 
nozzle tip along the chamber height during this period as the initial droplet velocities are high both in the axial 
and radial directions. Only a small amount of water is evaporated from the droplet surface in this period, as 
confirmed in Fig. 4 by the minor decline of droplet moisture content.  As a result, the temperature of drying air 
slightly decreases and humidity increases, as shown in Fig. 5. 

During the constant rate period, all heat supplied to droplets by drying air is consumed on water evaporation 
in the droplets. The air temperature quickly decreases and humidity increases in this period. The droplets travel 
a short distance along the chamber height because the droplet velocity is very low in comparison with the one in 
the heating-up period. The droplet velocity in this period is quite close to the air velocity and the droplets have 
more time for heat and mass exchange with drying air. 

After the constant rate period ends, the evaporation will take place inside the droplet and the drying 
mechanism switches to the falling rate period. The evaporation rate declines in this period, as confirmed by the 
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drop in the rate of change of droplet moisture content in Fig. 4,  since the heat and mass transfer between the 
evaporation interface and the drying air is hindered by the growing crust layer. A certain amount of heat 
accumulates in the crust resulting in a decrease of the heat supply to the evaporation interface. This leads to an 
increase of the average droplet temperature with drying time.  
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Fig. 4.  Profiles of droplet average temperature and moisture content in the cylindrical section of spray dryer  
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Fig. 5.  Profiles of air temperature and humidity in the cylindrical section of spray dryer  
 

Figure 6 illustrates the profiles of temperature and concentration of water vapor in the radial direction of the 
droplet at various drying times corresponding to the different drying mechanisms.  The temperature profiles are 
nearly flat in the droplet during the initial heating-up and constant drying rate periods as there is no significant 
resistance to the heat transfer in the wet core containing solid particles dispersed in liquid. 

In the heating-up period, the droplet temperature increases with time uniformly throughout the droplet until it 
reaches the wet bulb temperature. However, the droplet temperature does not change in the constant rate period 
as all supplied heat is consumed for evaporation of liquid at the outer droplet surface. 

In the falling rate period, the temperature profile inside the droplet can be separated into two parts 
corresponding to the dry crust and wet core regions, as shown in Figs. 6 for drying times (c), (d) and (e). The 
temperature profile is flat in the wet core, but the temperature decreases in the radial direction of the dry crust 
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region from the outer droplet surface to the evaporation interface due to the heat transfer resistance in the porous 
crust layer.  

Figure 6 also illustrates the concentration profiles of water vapor in the droplet: (c) at the beginning, (d) in the 
middle and (e) at the end of the falling rate period. The heat and mass transfer resistances in the droplet are 
augmented with drying time due to the growing thickness of the dry crust layer. As a result, the temperature and 
concentration differences rise between the outer droplet surface and the evaporation interface.  
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Fig. 6.  Temperature and concentration distributions in the droplet at various drying times 

V. CONCLUSION 

In the present study, a mathematical model was developed for spray drying of slurry droplets of 
nanoparticles in the industrial-scale spray dryer. The model is based on the combination of a model for the 
heat and mass transfer for a single droplet with a model for the flow of droplets and drying gas, and the heat 
and mass transfer in the spray dryer. The present model is capable to predict the profiles of droplet average 
temperature, moisture content and velocities along the axial distance of the dryer as well as the distributions 
of temperature and water vapor concentration inside the droplet at any axial dryer position.   

The computer simulation studies were conducted on the drying mechanism of slurry droplets consist of 
nanosized particles in the industrial-scale spray dryer. Our simulation confirmed that the average droplet 
temperature increased rapidly up to the wet bulb temperature during the initial heating-up period due to the 
efficient heat supply from the drying air as a result of high initial droplet velocities in axial and radial 
directions.   

The air temperature quickly decreased and humidity increased, but the average droplet temperature 
remained constant in the axial direction of the dryer during the constant rate period owing to evaporation 
from the outer droplet surface. The temperature distribution in the droplet was nearly uniform due to the low 
heat transfer resistance in the wet core. 

The rates of change of the air temperature increased and humidity declined, and the average droplet 
temperature rose in the falling rate period because of the growing resistances to heat and mass transfer in the 
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crust layer. As a result, the temperature and vapor pressure differences between the outer droplet surface and 
the evaporation interface expanded with drying time.  
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