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ABSTRACT

In this paper, we present a mathematical model and numerical simulation for the evaporation and drying of a liquid droplet containing
suspended solids, relevant to processes such as spray drying and spray pyrolysis in the food and pharmaceutical industries. The model
comprises three stages: first is the evaporation of the liquid droplet consisting of solid particles, followed by the second stage starting with the
formation of a porous crust around a wet-core region and, finally, the third stage with sensible heating of the dry particle. Using a finite dif-
ference method with a moving grid, we account for the moving interface between the crust and wet core. Our model incorporates spatial tem-
perature variations and is validated against experimental data on colloidal silica droplet drying, showing good agreement. We examine model
assumptions and analyze the impact of drying conditions on drying rate and final particle morphology. Along with the temperature and
velocity of the drying gas, we also find that the shape of suspended solid particles inside the droplet and assuming continuum flow of vapor
through the crust influence drying quality. Finally, we develop a regime map to predict whether the final particle will be solid or hollow based
on operating conditions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0224897

I. INTRODUCTION

Evaporation and drying of slurry droplets containing solid par-
ticles has several applications in the food1 and pharmaceutical indus-
tries2,3 in processes such as spray drying and spray pyrolysis. In these
processes, a wet slurry droplet is dried by exposing it to a hot gas, lead-
ing to liquid evaporation and droplet-to-particle conversion. The
kinetics of these drying processes is usually controlled by the mass and
energy transfer rates at the single-droplet level. Hence, despite inter
droplet interactions that are usually present in large-scale drying pro-
cesses, the study of single-droplet drying, its conversion to a dry parti-
cle, and the factors affecting this conversion are of paramount
importance, which is the main focus of this study.

The drying process of a single slurry droplet can be divided into
three distinct stages, as shown in Fig. 1. In the first stage, as the droplet
is exposed to the hot drying gas, it undergoes a temperature increase
(0–1). This temperature rise continues until the droplet reaches its wet
bulb temperature, signaling the start of vaporization and the conse-
quent reduction in the droplet size. As evaporation primarily occurs at
the droplet’s surface, moisture loss leads to the aggregation of solid
particles on the surface of the droplet (1–2). This process continues
until the solid concentration on the surface attains a critical value, at

which point a thin, porous crust is formed on the droplet surface. It is
assumed that this crust has sufficient structural integrity to support
itself, thus maintaining a constant particle diameter throughout the
remaining drying period. This marks the beginning of the second
stage, which is characterized by a wet core region within the particle
and a porous crust on the surface. In this second stage, the wet core
loses moisture from the interface between the wet core and the crust
regions. This process leads to an increase in crust thickness and a
reduction in the radius of the wet core (2–3) accompanied by an
increase in the droplet temperature. There is also the possibility of the
liquid boiling if the droplet temperature reaches the boiling point of
the liquid (3–4). The second stage of drying persists until all moisture
has evaporated from the particle. Finally, the third stage (4–5) repre-
sents sensible heating of the particle to an ambient temperature.

Several mathematical models have been developed to account for
heat and mass transfer during the drying of a single slurry droplet. The
mathematical model developed by Parti and Palancz4 was based on an
analytical treatment of the drying kinetics of particles. However, the
model could not correctly predict the temperature of the final particle.
Ne�si�c and Vodnik5 presented a theoretical model for the drying of
single droplets containing solids, without taking into account the
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temperature distribution within the droplets for both drying stages.
The model did not account for the effect of Stefan flow on heat transfer
from the droplet. The model also showed a strong disagreement on the
evolution of the temperature during the second drying stage. Farid6

developed a drying model taking into account the average moisture
content of the droplets. The model accounted for the distribution of
temperature inside the droplet during the initial heating period, where
evaporation was assumed to take place at the wet bulb temperature.
The porosity of the crust was not taken into account, which led to
discrepancies in the second drying stage. Seydel et al.7,8 used a one-
dimensional population balance approach to model the particle distri-
bution and crystallization within a droplet during drying. The model
was validated by performing free fall experiments using droplets with
variations in the initial solid volume fractions and changes in air tem-
perature. Dalmaz et al.9 also developed a numerical model that
included two stages of drying. The model assumed a constant droplet
morphology during the drying process. The model also assumed satu-
ration conditions, while accounting for vapor volume fraction on the
droplet surface without accounting for the presence of solid particles.
The model was validated against the experiments conducted by Ne�si�c
and Vodnik,5 and the simulation results closely matched the experi-
mental data. An inconsistency was observed between the temperature
at the center and the surface of the final particle, which is most likely
due to the assumption of saturation conditions at the droplet surface.
Handscomb et al.10,11 introduced a model for a single droplet contain-
ing a multicomponent mixture in the form of solvent, solute, and solid.
A population balance approach was used for the discrete solid phase, a
volume-averaged differential mass balance approach was used for the
dissolved solute, and the Stefan flow effect was ignored. The tempera-
ture of the droplet was assumed to be uniform for both drying stages.
They validated the model against experiments conducted on pure
water droplet drying, colloidal silica, and sodium sulfate droplets.
However, the model underestimated the temperature of the colloidal
silica droplets at a drying gas temperature of 101 �C. Mezhericher
et al.12 developed a two-stage drying model with uniform temperature
droplets for the first stage and an internal temperature distribution for

the second stage. Their model was validated against colloidal silica
and skim milk droplet drying experiments and showed good agree-
ment with the experimental data. However, their model could not
capture the boiling process for colloidal silica droplet at drying
temperature of 178 �C. In a later study,13 they also looked at the
cracking/breaking of the particles under the influence of the temper-
ature gradient in the crust region. This was achieved by assuming
the crust to be a pseudoporous medium and then mathematically
modeling the thermal stresses in a particle. Subsequently,
Mezhericher et al.14 developed a model that studied the unsteady
characteristics of the second drying stage in great detail. This was
achieved by calculating the pressure and vapor fractions inside the
crust pores, which are treated as capillary tubes. However, it was also
noted that the model was computationally very expensive.
Mezhericher et al.15 also studied droplet–droplet and particle–
particle collisions in spray drying, including gas-spray mixing.

Despite these comprehensive modeling efforts, there exist a few
deficiencies in our understanding of this phenomenon, and the
objective of this paper is to rectify these knowledge gaps. Current
models do not elucidate how the shape of solid particles affects the
crust formation. However, the saturation concentration on the sur-
face and crust dynamics are influenced by the shape of the particles.
In this study, we examine the impact of particle shape on mass and
temperature changes by varying their packing factor. Current models
also assume that the diffusion of the vapor through the capillary
pores follows the continuum assumption. By considering the diffu-
sive Knudsen number, we demonstrate that taking into account
non-continuum effects can significantly alter the temperature evolu-
tion of the droplet. Several previous studies have employed a uni-
form temperature model,4,5,10,16 without investigating the conditions
under which this assumption holds. To address this gap, we propose
a nonuniform temperature model for all three stages and utilize the
Biot number as a metric to evaluate the significance of temperature
variation in space. Finally, parametric studies conducted in the
past17,18 have only elucidated the effect of operating conditions on
the evolution of the droplet mass and temperature. In this study, we
elucidate the effect of operating conditions on the crust formation
and also develop a regime map to predict whether the final particle
will be solid or hollow.

The structure of the paper is as follows: We start by presenting
the governing equations and a numerical technique for the three stages
of droplet drying. Then, we verify the model by comparing it with
experimental data and perform a grid independence study to identify
the most appropriate grid setup for future simulations. After that, we
examine the impact of solid particle shape and assess the assumption
of a continuous flow of vapor through the pores. Finally, we explore
the influence of operating conditions on the droplet’s morphology and
create a regime map to predict whether the particle will be solid or hol-
low under a specific operating condition.

II. PHYSICAL MODEL AND NUMERICAL METHOD

The governing equations for the three stages of drying are pre-
sented.19 The main assumption is that the droplet remains spherical,
and hence, the equations can be solved in spherical coordinates. The
drying medium is assumed to be a binary mixture consisting of dry air
and water vapor, and the droplet is assumed to consist of a liquid sol-
vent and solid particles.

FIG. 1. Schematic of the three-stage drying process of a single droplet containing
solids showing temperature variation with drying time.
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A. First drying stage

Figure 2(a) shows a schematic of the various heat and mass trans-
port processes that occur in the first stage. Initially, the droplet is
assumed to have a uniform temperature and solid concentration. As it
is heated, its temperature increases until the wet bulb temperature is
reached, after which solvent evaporation begins. Many previous stud-
ies4,5,10,12 assume a uniform droplet temperature, whose validity will
be evaluated later in this study. Our model accounts for the spatial and
temporal evolution of temperature using the following energy
equation:12

qdCp;d
@Td

@t
¼ 1

r2
@

@r
kdr

2 @Td

@r

� �
; (1)

where qd , Cp;d , Td , and kd denote the density, specific heat, tempera-
ture, and thermal conductivity of the droplet, respectively. The bound-
ary conditions to solve this equation are given by

@Td

@r
¼ 0; r ¼ 0;

hðTg � TdÞ ¼ kd
@Td

@r
þ hfg

_mv

AdðtÞ ; r ¼ RdðtÞ;

8>>><
>>>:

(2)

where h, Tg , hfg , _mv , AdðtÞ, and RdðtÞ denote the heat transfer coeffi-
cient, the temperature of the drying gas, the latent heat of evaporation,
the rate of evaporative mass transfer, the droplet area, and the droplet
radius at time t, respectively. The specific heat of the droplet is calcu-
lated by

Cp;d ¼ Cp;lð1� cÞ þ Cp;sc; (3)

where Cp;l , Cp;s, and c denote the specific heat of the liquid, the specific
heat of the solid, and the mass concentration of the solid particles,
respectively. The density of the droplet is determined by

qd ¼
ð1þ XÞqd;sqd;l
qd;l þ Xqd;s

; (4)

where X, qd;s, and qd;l denote the moisture content of the droplets, the
density of the solid particles, and the density of the liquid in the drop-
let, respectively.

The mass transfer rate of the solvent vapor leaving the droplet
surface is given by

_mv ¼ hDpD
2
dðqv;s � qv;gÞ; (5)

where hD, Dd , qv;s, and qv;g represent the mass transfer coefficient, the
diameter of the droplet, the density of vapor at the surface of the drop-
let, and the density of vapor in the drying gas, respectively. Modified
Ranz–Marshall equations are used to determine the Nusselt and
Sherwood numbers, which are then used to calculate the heat and
mass transfer coefficients:20,21

Nu ¼ 2þ 0:6Re
1
2Pr

1
3

� �
ð1þ BÞ�0:7; (6)

Sh ¼ 2þ 0:6Re
1
2Sc

1
3

� �
ð1þ BÞ�0:7; (7)

where Re, Pr, and B denote the Reynolds number, Prandtl number,
and Spalding mass transfer number, respectively. These modified
equations are used to account for the Stefan flow that occurs at the
droplet surface. The shrinkage rate of the droplet is calculated using
the following equation:22

dðRdðtÞÞ
dt

¼ � 1
qd;l4pR

2
d

_mv : (8)

The solid concentration inside the droplet is obtained using
Fick’s law of diffusion as follows:23

@Cl

@t
¼ 1

r2
@

@r
r2Dsl

@Cl

@r

� �
: (9)

The corresponding boundary conditions are given as follows:

@Cl

@r
¼ 0; r ¼ 0;

�Dsl
@Cl

@r
þ ql � Cl½ � dRdðtÞ

dt
¼ 0; r ¼ RdðtÞ;

8>><
>>: (10)

where Dsl and Cl represent the diffusion coefficient of liquid and liquid
mass concentration, respectively. The solid mass concentration, Cs can
then be calculated using the following relation:

FIG. 2. Schematic illustrating the physical processes occurring during (a) first drying stage and; (b) second drying stage.
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Cs ¼ qs 1� Cl

ql

� �
: (11)

B. Second drying stage

Figure 2(b) shows a schematic of the second stage of droplet dry-
ing. Once the solid concentration on the droplet’s surface reaches a
critical value, it is assumed that a thin porous crust will form, marking
the beginning of the second stage. This results in the transformation of
the droplet into a wet particle, consisting of an inner wet core and an
outer dry crust. It is assumed that the particle’s outer diameter will
remain constant during the second stage of drying. As the drying pro-
cess progresses, the inner wet core continues to lose moisture, which
escapes through the pores of the crust. The amount of vapor leaving
the wet particle can be estimated using Darcy’s law. As the wet core
continues to lose moisture, the radius of the interface decreases, while
the thickness of the crust increases.

The governing equations of the droplet are now divided into two
zones, one for the wet core and one for the dry crust. The energy bal-
ance for the crust region is given by12

qcrCp;cr
@Tcr

@t
¼ 1

r2
@

@r
kcrr

2 @Tcr

@r

� �
; (12)

where qcr , Cp;cr , Tcr , and kcr denote the density, specific heat, tempera-
ture, and thermal conductivity of the crust, respectively. The boundary
conditions for the crust region are given by

kcr
@Tcr

@r
¼ kwc

@Twc

@r
þ hfg

_mv

Ai
; r ¼ RiðtÞ;

Twc ¼ Tcr ; r ¼ RiðtÞ;
hðTg � TcrÞ ¼ kcr

@Tcr

@r
; r ¼ Rp;

8>>>>><
>>>>>:

(13)

where Twc, kwc, Ri, and Rp denote the temperature and thermal con-
ductivity of the wet core, the radius of the wet core—dry crust interface
and the radius of the wet particle, respectively. Similarly, the energy
balance for the wet core is given by

qwcCp;wc
@Twc

@t
¼ 1

r2
@

@r
kwcr

2 @Twc

@r

� �
: (14)

The corresponding boundary conditions for the wet core are given by

@Twc

@r
¼ 0; r ¼ 0;

Twc ¼ Tcr ; r ¼ RiðtÞ;
kcr

@Tcr

@r
¼ kwc

@Twc

@r
þ hfg

_mv

Ai
; r ¼ RiðtÞ;

8>>>>><
>>>>>:

(15)

where qwc and Cp;wc denote the density and specific heat of the wet
core. The mass of the wet particle can be estimated by

mp ¼ md;0

1þ X0
1� qwc;l

qwc;s

� �
þ 4
3
pqwc;l eR3

i þ ð1� eÞR3
p

� �
; (16)

wheremp,md;0, X0, qwc;l , qwc;s, and e stand for the mass of the particle,
the initial mass of droplet, initial moisture content, the density of the
liquid in the wet core, density of the solid in wet core, and porosity of

the crust region, respectively. The mass of dry crust can be obtained
using

mcr ¼ 4
3
pð1� eÞqcr;s R3

p � R3
i

� �
: (17)

The crust acts as a porous medium that allows flow of vapor from the
interface. This effect is taken into account through Darcy’s law, and
the following expression is used for the mass transfer rate of the vapor
from the wet particle:24

_mv ¼ � 8p�bDv;crMlPg
RðTcr;s þ Twc;sÞ

RpRi

Rp � Ri

� ln
Pg � Pv;i

Pg � R
4pMlhDR2

p

_mv þ
Pv;g
Tg

 !
Tcr;s

0
BB@

1
CCA; (18)

where b, Dv;cr , Ml , R, Tcr;s, Twc;s, Pg , Pv;i, and Pv;g represent the power
coefficient, coefficient of vapor diffusion in crust pores, molar mass of
liquid, universal gas constant, temperature at crust surface, temperature
at crust-wet core interface, pressure of the drying gas, vapor pressure at
the interface, and vapor pressure of the surrounding gas, respectively.
Dv;cr is assumed to be equal to the coefficient of vapor diffusion Dv at
standard atmospheric pressure at droplet surface and is calculated as25

Dv ¼ 3:564:10�10ðTd;s þ TgÞ1:75; (19)

where Td;s andTg are the temperature at the surface of the droplet and dry-
ing gas. For the wet particle, this value is computed on the surface of the
crust. The rate of change in the radius of the interface is then given by22

dRiðtÞ
dt

¼ � 1
eqwc4pR

2
i
_mv : (20)

C. Final drying stage

The final stage begins when all the moisture has evaporated,
transforming the droplet into a dry particle. Once the dry particle is
formed, the droplet mass ceases to decrease any further, while the tem-
perature rapidly rises until it is in equilibrium with the drying gas. The
dry core beneath the crust no longer undergoes shrinkage and is
instead filled with air. Spatially non-uniform equations are used to cal-
culate the temperatures of the crust and dry core. The governing equa-
tions for the crust and the core are same as Eqs. (12) and (14). The
boundary conditions for the crust no longer include heat loss due to
evaporation and the crust gains heat solely through convection. The
interface radius is unchanging and does not depend on time. The
boundary conditions for the crust are given by

kcr
@Tcr

@r
¼ kdc

@Tdc

@r
; r ¼ Ri;

Tdc ¼ Tcr ; r ¼ Ri;

hðTg � TcrÞ ¼ kcr
@Tcr

@r
; r ¼ Rp;

8>>>>><
>>>>>:

(21)

where Tdc and Ri denote the dry core temperature and constant inter-
face radius, respectively. The corresponding boundary conditions for
the dry core are given by
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@Tdc

@r
¼ 0; r ¼ 0;

Tdc ¼ Tcr ; r ¼ Ri;

kcr
@Tcr

@r
¼ kdc

@Tdc

@r
; r ¼ Ri:

8>>>>><
>>>>>:

(22)

D. Numerical method

Amoving boundary method is used to determine the mesh in the
first and second stages of drying. The number of grid points remains
constant as the boundary moves, resulting in a decrease in the grid size
with each time step as the droplet shrinks. Figure 3 illustrates that the
number of grid points for two different times, t1 and t2 þ Dt, is
denoted as N. However, the cell size changes from Drðt1Þ to
Drðt1 þ DtÞ, where Drðt1Þ is larger than Drðt1 þ DtÞ. In the second
stage, we begin with a thin crust and a relatively larger wet core. As the
drying process continues, the crust becomes thicker while the wet core
decreases in size. The number of cells in the crust and wet core remains
constant over time. Figure 4 illustrates that the number of grid points

in the crust, Ncr , and the wet core, Nwc, remains unchanged at time
instances t2 and t2 þ Dt. The crust expands from having a mesh size
of Drcrðt2Þ to Drcrðt2 þ DtÞ, while the wet core contracts, resulting in a
reduction in mesh size from Drwcðt2Þ to Drwcðt2 þ DtÞ. The governing
equations for the mass and energy balance are numerically integrated
using a first-order Euler method in time and a second-order central
difference method in space.

III. RESULTS AND DISCUSSION
A. Grid independence study

Figures 5(a) and 5(b) illustrate the effect of three levels of grid on
the droplet mass and temperature evolution. The simulations pre-
sented here correspond to the first experiment of Ne�si�c and Vodnik5

at a drying gas temperature of 101 �C. These calculations were carried
out with the grid characteristics specified in Table I.

Simulations using grids I and II yield results that exhibit closer
alignment with the experimental data. Furthermore, the disparity
between the results for these two grids I and II is negligible, as can be
seen in Fig. 5. Therefore, grid II is chosen for the subsequent

FIG. 3. Schematic of the grid configuration
for the first stage of drying.

FIG. 4. Schematic of the grid configuration
for the second stage of drying.
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calculations, as the use of grid II, with moderate cell count, saves con-
siderable computational resources.

B. Model validation and description of the drying
process

The proposed model is validated by comparison with the experi-
mental data of Ne�si�c and Vodnik5 for the drying of colloidal silica par-
ticles in water under two different drying conditions. The first

experiment involved drying a colloidal silica droplet in air maintained
at a relative humidity of 0.4%, moving at a speed of 1.73ms�1 relative
to the droplet, and an ambient temperature of 101 �C. The initial drop-
let size was 0.98mm, the initial droplet temperature was 29.8 �C, and
the initial solid mass fraction was 0.3. Figures 6(a) and 6(b) depict the
evolution of the droplet mass and temperature, respectively, which
shows good agreement with the experimental data.

Figures 7(a) and 7(b) illustrate the changes in droplet diameter,
overall solid mass fraction, and thickness of the solid crust over time.
Initially, the droplet undergoes a drying process, indicated by changes
in mass and radius, once it reaches the wet bulb temperature of
33.34 �C. Throughout this stage, the temperature remains relatively
constant due to the utilization of heat as latent heat. The diameter of
the droplet in this stage follows the well-known D2 law.26 As moisture
is lost, the solid mass fraction on the droplet’s surface increases. When
the solid volume fraction reaches a critical value of 0.74, determined by
the particle packing efficiency, a thin porous crust of a predetermined
thickness forms instantaneously. The impact of the initial crust thick-
ness on the subsequent evolution is discussed in Sec. III C 1. The crust
acts as a barrier, preventing further shrinkage of the droplet and main-
taining a constant outer diameter. During this stage, the droplet

FIG. 5. Comparison of numerical results for three different grids with experimental results showing the evolution (a) mass and (b) temperature.

TABLE I. Grid characteristics used to conduct the grid independence study.

Number of cells

Drying stage Region Grid I Grid II Grid III

First Droplet 80 40 20
Second Crust 20 10 5

Wet-core 80 40 20
Final Crust 20 10 5

Dry-core 80 40 20

FIG. 6. Comparison of numerical and experimental results for colloidal silica droplet drying at an ambient temperature of 101 �C showing the evolution (a) mass and (b)
temperature.
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consists of a solid crust and a wet-core, with the crust being purely
solid and the wet-core containing both solid and liquid. As evaporation
continues, the wet-core loses moisture through the pores of the crust,
resulting in an increase in the solid mass fraction. The temperature
gradually rises during this stage, along with the thickness of the crust,
as shown in Figs. 6 and 7, respectively.

In the second experiment, a colloidal silica droplet was dried
using a drying gas temperature of 178 �C, which is higher than the
boiling point of water. The initial radius of the droplet was 0.96mm
and its temperature was 17 �C. The drying gas velocity was 2.5ms�1.27

Figures 8(a) and 8(b) depict the mass and temperature changes
observed in both the simulations and experiments, showing a reason-
able level of agreement. It is important to note that the temperature
rises once the droplet’s temperature surpasses 100 �C, indicating the
onset of boiling, as illustrated in Fig. 8(b). Once all the moisture has
evaporated through boiling, the droplet’s mass remains constant. The
temperature of the dry particle continues to rise until it reaches the
equilibrium with the drying gas temperature of 178 �C.

However, there are slight discrepancies in both the mass and tem-
perature evolution of the droplets, which can be attributed to the rup-
ture of the crust during the second stage of evaporation. Ne�si�c and

Vodnik5 noted that for cases where the ambient temperatures are
higher than the boiling temperatures of the solution in the droplets, a
significant amount of vapor develops inside the crust resulting in
increased vapor pressure. Depending on the mechanical characteristics
of the crust, the droplet can inflate or even explode and disintegrate.
During this experiment they observed that the crust cracked during
the second stage letting out a large quantity of vapor and releasing the
internal pressure that was built up. This phenomenon is quite complex
and is not captured in the model. This could potentially cause the
model to under-predict the mass transfer rate and consequently over-
predict the temperature during the second stage. Moreover, the model
only accounts for homogeneous boiling and not nucleate boiling which
could also contribute to the discrepancy.

C. Effect of model parameters and modeling
assumptions

In this section, our objective is to elucidate the impact of certain
modeling parameters and assumptions that have not been adequately
addressed in previous research. First, we assess the influence of the
thickness of the crust that is assumed to form at the onset of the second

FIG. 7. Numerical simulations of the colloidal silica droplet drying at an ambient temperature of 101 �C showing the evolution of (a) droplet diameter and (b) overall solid mass
fraction and crust thickness.

FIG. 8. Comparison of numerical and experimental results for the colloidal silica droplet drying at an ambient temperature of 178 �C showing the evolution of (a) mass and (b)
temperature.
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stage. Subsequently, we investigate the effect of the shape of the solid
particles. Here, we consider the impact of different particle shapes by
introducing a packing factor and determining the critical solid fraction
for each shape. Furthermore, we examine the presence of non-
continuum effects on the vapor transport through the pores of the
crust and analyze how the porosity of the crust influences the mass
and temperature evolution. Finally, we study the validity of the spa-
tially uniform temperature assumption that has been assumed in some
of the previous modeling studies.

1. Effect of initial crust thickness

In this section, we investigate the influence of the initial crust
thickness assumed to form at the beginning of the second stage. We
consider three different initial crust thicknesses: 50nm, 500nm, and
5lm, corresponding to a width of 3, 30, and 300 layers of particles.
Figure 9(a) demonstrates that the variation in the initial crust thickness
has minimal effect on the moisture removal rate, as the pore sizes
remain unchanged. However, there is a slight difference in the temper-
ature evolution of the crust between an initial thickness of 5lm and
the other thicknesses, as depicted in Fig. 9(b). This discrepancy can be
attributed to the non-uniform temperature distribution across a
thicker crust.

A crust thickness of 500nm is initially chosen for the validation
study to balance computational efficiency and accuracy. However, it is
important to acknowledge that using an extremely small crust thick-
ness would demand significant computational resources without pro-
viding a substantial improvement in temperature evolution accuracy.
Hence, for further parametric investigations, a crust thickness of 5lm
is adopted.

2. Effect of solid particle shape

The first stage is assumed to end when the solid particles on the
surface of the droplet reach a critical volume fraction such that they
are sufficiently packed and cannot be compacted any more. Most pre-
vious studies12,14 have assumed these particles to be spherical in shape.
However, depending on the manufacturing process, the shapes of the
solid particles can be spherical, tetrahedral, cylindrical (rod shaped), or
even irregular.28

When the outermost layer of the droplet is composed of a few
layers of particles, the hexagonal close-packing theory29 can be used to
calculate the maximum packing efficiency. To account for different
shapes, we calculate the critical solid volume fraction, which is the ratio
of the volume occupied by the solid particles on the droplet surface to
the total volume. This is essentially the same as the packing efficiency
of the solid particles, which is the ratio of the maximum volume that
can be occupied by the solid particles to the total volume. While spher-
ical particles have a maximum packing efficiency of 74%,30 tetrahedral
particles can achieve a packing efficiency of 85%, and the octahedron
shape has a packing efficiency of 95%.31 Similarly, solids with very flat
cylindrical shapes have a packing efficiency of 91%.29 As the packing
efficiency increases, the number of solid particles on the surface also
increases. This leads to an increase in the critical solid saturation con-
centration due to the presence of more solid particles on the surface.
Figure 10 illustrates the impact of various particle shapes on the evolu-
tion of mass and temperature. The influence on mass evolution is min-
imal, with the shape exhibiting a higher critical saturation showing the
least moisture removal. However, notable differences are observed in
temperature evolution. The transition from the first stage to the second
stage appears to be more gradual for the shape with a higher saturation
concentration.

3. Effect of crust pore size and discussion
on non-continuum effects

The size of the droplets used in spray drying can range any-
where between 1mm and 20lm. With this small droplet sizes, the
nature of vapor flow through the crust becomes dependent on the
size of the crust pores, dp and mean free path of the vapor molecules,
k. For very small Knudsen number (Kn ¼ k

dp
), the pores are much

larger compared to the mean free path of the vapor molecules, such
that the flow is primarily driven by Fick’s diffusion. However, for
larger Knudsen numbers, vapor transport through the pores pre-
dominantly includes molecular collisions with walls of the pores. In
such a case, the continuum approximations are not valid and a diffu-
sive Knudsen number is used to account for the non-continuum
effects. The mean free path of the vapor molecules is calculated
using32

FIG. 9. Effect of initial crust thickness on the evolution of (a) mass and (b) temperature.
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k ¼ 1ffiffiffi
2

p KBT
pd2c�p

; (23)

where KB, dc, and �p represent the Boltzmann constant, collision diam-
eter of the vapor molecule, and mean pressure inside the pores, respec-
tively. The collision diameter for the water vapor molecule is assumed
to be 0.264nm.32 With these values, the initial mean free path of water
vapor molecules is calculated to be 0.137lm. When non-continuum
effects are present, the effective diffusion coefficient is the sum of
Fick’s diffusion and Knudsen diffusion and is given by32

Deff ¼ 1
1
Dv

þ 1
Dk

: (24)

The Knudsen diffusion coefficient is calculated using32

Dk ¼ dp
3
�v; (25)

where �v is the mean molecular speed given by

�v ¼
ffiffiffiffiffiffiffiffiffi
8RT
pM

r
; (26)

where R, T, andM are the gas constant, the crust temperature, and the
molecular weight of the vapor species, respectively. We exercise our
model for three different pore sizes corresponding to Kn ¼ 0.01, 1, and
4. It is interesting to note that while there are negligible differences in
the mass transfer profile in Fig. 11, the temperature evolution for
(Kn ¼ 1) matches better with the experimental data suggesting that
the pore size in the crust could be equal to or smaller than the mean
free path of the water vapor molecules. Furthermore, the inclusion of
diffusive Knudsen number is shown to considerably affect the temper-
ature profile.

4. Effect of crust porosity

The porosity of the crust is another factor that affects the trans-
port of vapor through the crust. The porosity of the crust can vary
even for the same pore size, depending on the distribution of the pores.
To understand the role of porosity in the drying process, we exercise
our model with different porosity values. The results, shown in
Fig. 12(a), indicate that a highly porous crust leads to a higher rate of
moisture removal. This is expected because a porous crust allows more
vapor to pass through, while a less porous crust restricts the flow of
vapor, resulting in a lower rate of moisture removal. Figure 12(b)

FIG. 10. Effect of solid component shape for colloidal silica droplet drying experiment of Ne�si�c and Vodnik5 on the evolution of (a) mass and (b) temperature.

FIG. 11. Effect of crust pore size on the evolution of (a) mass and (b) temperature.
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demonstrates that the temperature is inversely related to the porosity
of the crust. A more porous crust has a lower solid content, which
reduces the overall thermal conductivity of the crust and consequently
lowers the temperature. The porosity of the crust also affects the solid
mass fraction and the growth of the interface radius, as shown in Figs.
12(c) and 12(d). A less porous crust hinders the transfer of vapor from
the wet-core, leading to slower crust growth and, consequently, a lower
solid mass fraction and crust thickness.

5. Spatial variation of temperature within the droplet
and discussion on Biot number

The size of the droplet has a significant impact on the tempera-
ture distribution within it. For small droplets with a Biot number
(Bi ¼ hRd

kd
) less than 0.1, it is reasonable to assume a uniform tempera-

ture distribution. However, for larger droplets that do not meet this
criterion, it is necessary to consider the temperature distribution pro-
file inside the droplet. Previous studies have supported the assumption
of uniform temperature distribution during drying.4,5,10,16 This simpli-
fies the implementation of the model and is suitable for spray drying
conditions with high drying temperature and gas velocity. In such con-
ditions, the droplet will lose moisture and shrink rapidly, resulting in a

decrease in the Biot number. However, in operations like air suspen-
sion particle coating in dairy applications, which are carried out at
lower temperatures, a temperature gradient may exist within the drop-
let for a longer period of time. Figures 13(a)–13(c) illustrate the first
and second stages of drying for three colloidal silica droplets with Biot
number values of 0.06, 0.2, and 0.5, respectively. The plots clearly show
that a high temperature gradient exists between the droplet surface
and center at high Biot numbers, while these differences are negligible
for Biot numbers less than 0.1.

D. Effect of drying conditions

The objective of this section is to clarify the impact of various dry-
ing conditions on the process of drying. Specifically, we investigate the
influence of drying conditions on the formation of the solid crust.
Ultimately, we create a regime map that can be used to predict whether
the particle will be solid or hollow.

1. Effect of drying gas relative humidity

The drying gas’s relative humidity can vary significantly within
the drying chamber, resulting in different conditions for the droplets
depending on their location. For example, the relative humidity near

FIG. 12. Effect of crust porosity on the evolution of (a) mass, (b) temperature, (c) solid mass fraction, and (d) solid layer thickness.
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the atomizer nozzle of the chamber is high due to the high density of
droplets in that area compared to other regions in the chamber.
Therefore, it is crucial to understand the impact of relative humidity
on the drying process. Figure 14 illustrates how changes in relative
humidity affect the temperature and mass of the droplets. In this study,
we initially considered a baseline relative humidity value of 0.4%, as
used in the experiments conducted by Ne�si�c and Vodnik,5 and then
increased it to 1% and 2%. It can be observed that relative humidity
has only a moderate effect on the temperature and mass evolution of
the droplets. A higher relative humidity makes it more difficult to
remove moisture from the droplets, resulting in a lower mass transfer
rate, as shown in the plot. Additionally, a higher relative humidity
leads to a higher wet bulb temperature, which is consistent with the
obtained results. Relative humidity has minimal impact on the mois-
ture removal rate during the second stage of droplet drying, as depicted
in Fig. 14(a). This is also evident in the evolution of the solid mass frac-
tion shown in Fig. 14(c), where a higher mass fraction is observed for a
relative humidity of 0.4% during the first stage, but similar progres-
sions are observed during the second stage due to negligible differences
in moisture removal rates. The evolution of the solid layer thickness in
Fig. 14(d) exhibits a similar trend. Although the crust formation occurs
at different times due to varying transition times from the first stage to
the second stage, the overall slope of the plots remains the same, sug-
gesting an equal growth rate of the crust thickness.

2. Effect of drying gas temperature

The temperature of the gas used for drying is typically a crucial
external parameter that can significantly affect the characteristics of the
particles after drying. Figure 15 illustrates the impact of three different
droplet temperatures (50 �C, 75 �C, and 100 �C) on the evolution of
droplet temperature and mass. Various drying temperatures have notice-
able effects. It is evident that a higher drying temperature speeds up the
drying process by enhancing moisture removal. Moreover, a higher dry-
ing temperature raises the wet bulb temperature. Once the second stage
of drying begins, the droplet temperature rapidly increases toward the air
temperature. This is due to a decrease in the evaporation rate caused by
the development of a crust, which introduces additional resistance. A
higher ambient temperature would facilitate moisture removal during
both stages of droplet drying, resulting in a higher fraction of solid mass
at elevated drying temperatures, as shown in Fig. 15(c). Furthermore, a
higher temperature would lead to faster crust growth due to increased
vapor transfer from the core, as depicted in Fig. 15(d).

3. Effect of drying gas velocity

The velocity of the droplets within the drying chamber can vary
significantly during their travel. Initially, the droplets are injected with
a high velocity near the atomizer, but they may reach a terminal veloc-
ity as they move down the chamber. Figure 16 shows the temperature

FIG. 13. Evolution of temperature at the droplet surface and center for droplets with three different Biot numbers. Bi ¼ (a) 0.06, (b) 0.2, (c) 0.5.
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and mass of the droplets for three different velocities. It is evident that
the drying time is greatly influenced by the velocity of the drying gas.
Although the mass of the droplets changes considerably, the tempera-
ture evolution during the initial stage remains relatively unaffected.
The mass evolution is expected to be more influenced, as the airflow
over the droplet surface increases the rate of evaporation, leading to
faster moisture loss. The velocity also affects the timing of the first
stage, with faster crust formation occurring at higher velocities. Similar
to the drying gas temperature, a higher gas velocity helps in the
removal of moisture during the first stage, resulting in an increased
solid mass fraction at higher drying gas velocities, as shown in
Fig. 16(c). However, it is interesting to note that the moisture removal
rates for different gas velocities are similar during the second stage.
This could be because the wet-core, where evaporation occurs, is not
directly in contact with the drying gas due to the presence of a solid
crust, which provides an additional layer of protection. As a result,
both the solid mass fraction and crust thickness evolve at the same rate
during the second stage, as highlighted in Figs. 16(c) and 16(d).

4. Development of a regime map for predicting particle
morphology

For a constant porosity model that is considered in this study, it
is possible to determine the final morphology of the particle from the

properties at the end of the first stage. We present here the derivation
of such a formula and develop a regime map that can predict whether
the particle is solid or hollow under various drying conditions. Let Ri

be the radius of the interface at any instance of time during the second
stage and Rs be the outer radius of the particle, which does not change
with time. Now, porosity, � can be defined as

� ¼ 1� Vsol

Vcrust
; (27)

where Vsol and Vcrust refer to the volume of crust occupied by solid and
total volume of crust, respectively. From this we get,

Vsol ¼ Vcrust � ð1� �Þ: (28)

From the volume of solid in the crust, we can determine the mass of
solid in the crust, using following relation:

Msol ¼ Vcrustqsolð1� �Þ; (29)

where Msol and qsol represent the mass of solid in the crust and density
of the solid particles, respectively. At the end of the drying, when all the
moisture has evaporated from the wet-core, the total mass of solid in the
crust should be equal to the total mass of solid in the droplet,Ms,

Ms ¼ 4
3
pðR3

s � R3
i Þ � ð1� �Þqsol : (30)

FIG. 14. Effect of relative humidity on drying of a colloidal silica droplet. Figures show the evolution of (a) mass, (b) temperature, (c) solid mass fraction, and (d) solid layer thickness.
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The above equation can be rewritten as

Rs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R3
i þ

3Ms

4pð1� �Þqs
3

s
: (31)

It can be inferred that the final dried particle will be hollow if Ri is
greater than zero at the end of drying. Therefore, it can be concluded
that to obtain a hollow particle at the end of drying, the following rela-
tion must be satisfied:

Rs >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Ms

4pð1� �Þqs
3

s
: (32)

The end result will be a solid particle if

Rs �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3Ms

4pð1� �Þqs
3

s
: (33)

By varying the temperature and velocity of the drying gas, we can cre-
ate a regime map that illustrates the final particle morphology. Figure
17(a) displays a regime map that depicts the formation of solid and
hollow particles for a specific solid mass fraction. To construct a 3D
regime map, we repeat this process for different solid mass fractions,
as shown in Fig. 17(b). Hollow particles are formed when the moisture

removal rate is significantly faster than the solid diffusivity toward the
center of the droplet. This phenomenon is evident in Figs. 17(a) and
17(b), where we observe solid particles at low temperatures and veloci-
ties. Under these conditions, the moisture removal rates are lower,
allowing sufficient time for the solid to diffuse toward the center of the
droplet. However, as the initial solid mass fraction increases, solid par-
ticles are more likely to form even at relatively higher temperatures
and velocities, as there is a greater amount of solid component present
in the droplet. Experiments performed by Tsapis et al.33 qualitatively
agree with the above conclusions obtained from our model.

IV. SUMMARY

A numerical model is developed to study the drying of a slurry
droplet containing suspended solid particles. The model is constructed
based on dividing the droplet drying process into three distinct stages.
In the first stage, the liquid evaporates from the surface while the solid
particles diffuse in the droplet. In the second stage, a dry porous crust
is assumed to form on the surface and liquid continues evaporating
through the porous crust. The final stage is the sensible heating of the
dried particle, once all the moisture has been evaporated. Heat and
mass transfer equations are solved in spherical coordinates to model
the droplet mass and temperature evolution. The results are validated
against experimental data showing good agreement.

FIG. 15. Effect of drying gas temperature on drying of a colloidal silica droplet. Figures show the evolution of (a) mass, (b) temperature, (c) solid mass fraction, and (d) solid
layer thickness.
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To investigate the impact of different modeling parameters and
assumptions on the drying process, a comprehensive parametric study is
conducted. The results reveal that the initial thickness of the crust has min-
imal influence, while the shape of the solid particles has a notable effect on
the temperature evolution of the droplet. Furthermore, the validity of

assuming a continuum flow for vapor transport through the crust pores is
evaluated, and it is found that accounting for non-continuum effects signif-
icantly alters the temperature evolution during the second stage of drying.
Additionally, the suitability of a uniform temperature model is examined
and found to be inadequate for Biot numbers exceeding 0.1.

FIG. 16. Effect of drying gas velocity on drying of a colloidal silica droplet. Figures show evolution of (a) mass, (b) temperature, (c) solid mass fraction, and (d) solid layer thickness.

FIG. 17. Regime map depicting solid and hollow particle formation at different drying conditions (a) 2D plot for solid mass fraction of 0.3; (b) 3D regime map at four different
solid mass fractions.
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To investigate the impact of the drying gas parameters on
changes in droplet mass, temperature, and final morphology, another
set of parametric studies is conducted. The results reveal that the veloc-
ity and temperature of the drying gas significantly influence the final
droplet morphology, whereas the relative humidity of the drying gas
has only a minor impact. A functional relationship is established to
predict the final morphology of the particle and a regime map is con-
structed for various initial solid mass fractions. By utilizing the regime
map, it becomes possible to predict whether the final particle will be
solid or hollow for a given drying gas velocity and temperature.
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APPENDIX: CALCULATING THERMO-PHYSICAL
PROPERTIES

1. Thermo-physical properties of air

The calculation of external heat and mass transfer rates in
the drying model relies on understanding the thermo-physical
characteristics of air. Numerous correlations exist in the literature
for this purpose. Although a comprehensive critical review was
not conducted, the formulas incorporated in the model, as out-
lined below, are sourced from recognized sources. The validity of
many relationships has been independently confirmed through
cross-referencing with original references or alternative data
sources.

The following relations have been taken from literature.34

Most of these relations have been established by Adhikari.35,36

a. Thermal conductivity

The thermal conductivity of air is expressed as

Ka ¼ 1:97� 10�4ðTaÞ0:858;
in Wm�1 K�1, valid in the range of 0–205 �C. Here, Ta is the tem-
perature of air in K.

b. Specific heat capacity

The specific heat of air can be expressed as a function of tem-
perature using the following relation:

Cp;a ¼ 4� 10�4ðTa � 273:15Þ2 þ 2:38� 10�2ðTa � 273:15Þ
þ 1004:5;

in J Kg�1 K�1 valid in the range of 0–205 �C, taken from Adhikari.35

c. Density

The density of air can be calculated from the following
relation:

qa ¼
PtMWa

RgTa
;

in Kgm�3 using ideal gas law, where Pt , MWa, and Rg are ambient
pressure, molar mass of air, and universal gas constant, respectively.

d. Viscosity

Viscosity of air depends on the temperature and can be com-
puted from the following equation:

la ¼ 1:097� 10�6 ðTaÞ0:5
1:453� 0:0243ðTaÞ0:5

;

in Pa s. The relation is obtained from Sano and Keey.37

2. Thermo-physical properties of water

The computation of external heat and mass transfer rates in
the drying model is contingent upon correctly calculating the
thermo-physical properties of water. It is important to note that the
solvent used in the slurry droplet in this study is water. Moreover,
in spray drying applications, water is the most commonly used sol-
vent. In literature, various correlations exist for this purpose. The
model incorporates formulas outlined below, sourced from recog-
nized references, although a comprehensive critical review has not
been undertaken.

a. Latent heat of vaporization

The latent heat of vaporization of water can be computed using
the following relation:

hfg ¼ �0:0013ðTd � 273:15Þ2 � 2:29618ðTd � 273:15Þ þ 2500;

in K J Kg�1, where Td is the droplet temperature in K. This is
derived using the least squares technique, utilizing data from
Rahman38 across a temperature range spanning 0–100 �C.
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b. Specific heat capacity

The specific heat capacity of water can be expressed using

Cp;w ¼ 2:108052� 10�9ðTdÞ4 � 2:841073� 10�6ðTdÞ3
þ 1:441786� 10�3ðTdÞ2
� 3:260186� 10�1ðTdÞ þ 3:18591� 10�1;

in KJKg�1 K�1, taken from Aspen HYSYS V8.4.39

c. Thermal conductivity

The thermal conductivity of water can be expressed as a func-
tion of droplet temperature using the following relation obtained
from Aspen HYSYS V8.4.39

Kw ¼ 5:33818� 10�10ðTdÞ4 � 6:91901� 10�7ðTdÞ3
þ 3:25465� 10�4ðTdÞ2
� 6:44535� 10�2ðTdÞ þ 5:01189;

in Wm�1 K�1.

d. Dynamic viscosity

The dynamic viscosity of water is also a function of tempera-
ture and can be expressed as

lw ¼ 2:338519� 10�11ðTdÞ4 � 3:24421� 10�8ðTdÞ3
þ 1:692507� 10�5ðTdÞ2
� 3:940708� 10�3ðTdÞ þ 3:463261� 10�1;

in Nsm�2, obtained from Aspen HYSYS V8.4.39

3. Solute properties

The physical properties for the colloidal silica that are used for
the validation studies are listed as follows:
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