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Abstract: The mathematical analysis for drying of individual droplets contain-
ing dissolved or suspended solids has been given significant importance due to
the increasing popularity of the spray drying operation in the production of vari-
ous chemicals, ceramics, drugs, food, and dairy powders as well as nanoparticles.
The physical and biological qualities of the final products primarily depend on the
history experienced by the droplet within the dryer. It is, therefore, desirable to
‘estimate’ the droplet’s behavior and various characteristics such as moisture
content and temperature profiles accurately. In the literature, several models have
been presented to estimate moisture and temperature profiles inside a particle
considering various assumptions. One common assumption is the uniform
temperature distribution within the droplets being dried. The present article has
presented an estimation procedure to evaluate the temperature distribution within
a porous skim milk droplet to determine whether the uniform temperature distri-
bution assumption is reasonable. Here, the surface-center temperature differences
were estimated by considering the one-dimensional, unsteady-state heat
conduction equation for a spherical droplet. Shrinkage of droplets was taken into
consideration during modeling. A new concept of the Biot number has also
been applied in the current article to assist in the determination of the rate-
limiting process.

Keywords: Droplet; Drying; Heat conduction; Modeling; Biot number; Surface
temperature

Correspondence: Xiao Dong Chen, Department of Chemical and Materials
Engineering, The University of Auckland, Private Bag 92019, Auckland 1001,
New Zealand; Tel.: þ 6493737599� 87004; Fax: þ 6493737463; E-mail: d.chen@
auckland.ac.nz

Drying Technology, 23: 2337–2367, 2005
Copyright Q 2005 Taylor & Francis LLC
ISSN: 0737-3937 print/1532-2300 online
DOI: 10.1080/07373930500340437



INTRODUCTION

Spray drying is a very effective method of powder manufacturing in the
food, dairy, chemical, agrochemical, biological, and pharmaceutical
industries. It is a common drying as well as a preservation method in
which the bulk liquid feed is transformed into a spray of very small dro-
plets of the order of several hundred microns, exposing the droplets to a
hot drying environment until the exit particles achieve the prerequisite
quality. A simple approach for accomplishing the expected product qual-
ity is to recognize that the quality of the end product is the result of what
a droplet or particle experiences (with respect to the temperature and
moisture concentration) during its transit in the spray dryer and how it
responds to these changes. For instance, the nutritional value of any food
materials primarily depends on the temperature and moisture history of
the droplet during processing. Therefore, it is essential to model the
changes in droplet temperature and moisture concentration with respect
to time. It should be noted that the surface properties and the quality of
the final particles are also influenced by some operational variables such
as feed flow rate, feed concentration, air temperature and air humidity.[1]

Recent studies illustrate that the computational fluid dynamics (CFD)
approach is becoming popular in optimising and designing spray dry-
ing.[2–5] An extensive research has been carried out using CFD packages
to study the behavior of the performance of a spray dryer and to inves-
tigate the effects of operational variables.

In typical spray drying processes, the hot gas is mixed with the spray
of individual droplets for the removal of excess moisture from the dro-
plets. The droplet (low temperature phase) receives heat from the gas
(relatively high temperature phase). Consequently, moisture is trans-
ferred from the droplets (high moisture concentration phase) to the gas
(relatively low moisture concentration phase) in the form of vapor. The
driving force may be the moisture concentration difference, the pressure
difference, or the temperature difference. The transport of heat and
moisture may lead to the nonuniformity of temperature, pressure, and
moisture concentration inside the droplets depending on the type, size,
constituents, and the form of the materials being dried. This nonunifor-
mity can affect both the physical and biological characteristics of the par-
ticles during processing. For instance, the nonuniformity may influence
physical properties such as stickiness, flowability, immersibility, wetta-
bility, dispersibility, and solubility, along with the nutritional values such
as degradation of protein, enzyme, and vitamins within the particles and
also the shelf-life of the bioactive products. Furthermore, the nonunifor-
mity of temperature and moisture content may affect the drying kinetics
as some parameters such as thermal diffusivity and mass diffusivity are
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function of local conditions. However, the impact of the nonuniformity
on the product quality and the drying kinetics primarily depends on
the magnitude of the nonuniformity. Therefore, a more thorough under-
standing of modeling for the nonuniformity inside a droplet in drying
applications is necessary as it helps to improve the product quality and
also the spray dryer design.

In general, spray drying is a process that is believed to be a coupled
heat and mass transfer operation. Modeling for drying of the single dro-
plets requires the solution of coupled heat and mass transfer models.
There have been many studies published in literature on modeling the
transport processes during air drying of single droplets, particles or thin
layer materials,[6–20] especially with respect to hygroscopic materials such
as food, paper, wood, etc. A better understanding of the controlling
mechanisms in the heat and mass transfer processes under evaporation
conditions is one of the fundamental tools in optimising the drying pro-
cess and in determining the product quality. In most previous studies,
models are formulated to characterise the transport processes assuming
the process is mass transfer limiting or at least coupled heat and mass
transfer limiting.[7–10,12,14] On the other hand, Farid[20] has made an argu-
ment for the heat transfer limiting process, assuming only the crust ther-
mal conductivity controls the drying process. It has become an interesting
research task to discover the controlling mechanisms of the droplet dry-
ing process and to select the appropriate formulae to represent the trans-
port phenomena and properties.

Basic Modeling Approaches

In general, three modeling approaches are found in the literature based
on the assumptions considered for modeling the heat and mass transfer
during air drying of small droplets and porous particles. The first
approach assumes that there is negligible temperature nonuniformity
inside the droplets.[6,13,16,21,22] The moisture concentration distribution
effect is taken care of by the proposed lumped kinetics models.[13,16,18]

This approach is simple in application and is found to predict the changes
in temperature and moisture concentration satisfactorily for the small
droplets under the laboratory conditions. This kind of approach is widely
used in modeling the large-scale operations, mainly due to the simplicity
(as it requires only time integration) and fairly reasonable accuracy in the
predictions of the drying parameters and the product quality. The moist-
ure concentration profile was generally predicted using one of the effec-
tive drying kinetics models. The following heat transfer model was used
to estimate the changes in particle temperature assuming Biot number
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(Bi) is close to its critical value:

dTP

dt
¼ h � Ap � ðTb � TPÞ þ DHV � ðdmw=dtÞ

mp � Cpp
ð1Þ

The secondmodeling approach assumes a uniform temperature within
the small droplets but solves for the detailed moisture concentration
distribution.[7,9,12,14] The internal mass transfer was considered as a rate-
limiting factor assuming the internal heat transport takes place quickly
in comparison to the internal mass transport. The internal transport of
liquid moisture for a spherical, shrinking droplet of binary systems was
generally expressed using the unsteady state, one-dimensional, Fickian-
type equation. The same heat transfer model was used as defined by
Eq. (1) to evaluate the particle temperature. This approach was well
accepted because it was found to correlate the experimental weight loss
data reasonably well with the theoretical predictions. However, large
errors were noted with the temperature predictions.

The third modeling approach takes into account the spatial tempera-
ture distribution inside a droplet.[10,20,23] This modeling approach was
based on the formation of solid crust from a preferential site, usually the
droplet surface. As drying proceeds, the crust is assumed to be thickened
forming a moving boundary or a receding interface. In general, the par-
tially dried particle was divided into the two main regions: the outer dry
crust and the inner wet core. In fact, several assumptions were made during
estimation of the internal temperature distribution. For instance, Cheong
et al.[10] assumed a linear temperature distribution in the dry region of the
material and a uniform temperature throughout the wet core, which may
not be true for the spherical or cylindrical geometry. Farid[20] has not con-
sidered the mass transfer resistance during modeling the internal heat
transport. Furthermore, it was assumed that evaporation only occurs
through a sharp moving boundary, a thin evaporation interface between
the wet core and the dry crust. The temperature distribution was mainly
calculated using the following heat conduction equation by taking into
consideration two different regions having fixed moisture content:

@T

@t
¼ a

r2
@

@r
r2
@T

@r

� �� �
ð2Þ

Eq. (2) was solved with the following boundary conditions:

dT

dr
¼ 0 at r ¼ 0; ð3Þ

�k
dT

dr
¼ hðTs � TbÞ at r ¼ R ð4Þ

2340 Patel, Chen, and Kar



where a is the thermal diffusivity of droplet andR is the droplet radius. The
overall change in the weight of the droplet during drying was calculated
assuming the mass of solids and the mass of ‘bound’ water remain constant
during the entire drying period. The weight of the droplet was then
expressed in terms of the mass of solids, bound water and free water using
the following equation:[20]

Mass ¼ 4

3
pR3qpð1� w0Þ þ

4

3
pR3qpðw0 � wbÞ þ

4

3
pR3qpwb ð5Þ

The first and the third term on the right-hand side of Eq. (5) represent the
mass of solids and bound water, respectively. The second term represents
the mass of free water in the core region, which was considered to be avail-
able for the removal. Hence, there was no drying kinetics involved during
modeling of the change in mass of the droplets. The models have shown
reasonable agreements between the predicted and the measured weight loss
profiles. Nevertheless, large errors were noted in the average temperature
predictions for air drying of the 20wt% skim milk droplets of 1.9mm
initial diameter.

Analysis of the Temperature Distribution Models

During modeling of small droplets under drying conditions, a range of
assumptions were introduced. One common assumption was negligible
temperature nonuniformity inside a small droplet. The intention of intro-
ducing this assumption was to simplify the mathematical analysis, to
reduce the computation time and to make the drying models more com-
patible for the commercial CFD programs such as Fluent. The theoretical
justification of this assumption requires the estimation of temperature
distribution and Biot number. For the uniform temperature assumption
to be correct, Biot number should be less than the critical value of
0.1.[20,24–26] For a spherical, ‘non-evaporative’ droplet, Biot number is
usually defined by considering the convective heat flux through the sur-
face equal to the conduction heat flux within the material. The Biot num-
ber can be expressed in terms of the ratio of the internal resistance to the
external resistance as:

Bi ¼ h � R
kp

ð6Þ

In the above equation, the parameter h is the average heat transfer
coefficient for convection over the entire surface, kp is the mean thermal
conductivity of the particle and R is the droplet radius. At the beginning
of the drying process, the Biot number is likely to be small due to the
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larger thermal conductivity because the droplet has a high amount of
water. After some period of drying, a major portion of water is trans-
ferred from the droplet to the gas phase, lowering the thermal conduc-
tivity of the partially moist droplet. Another reason for the reduced
thermal conductivity is the increment in the porosity of a particle possibly
filled with air and=or vapour, which have the low thermal conductivity
value. Since the Biot number is inversely proportional to the mean ther-
mal conductivity of the particle, it is expected to become larger. It is,
therefore, possible that Biot number could exceed the critical value of
0.1 (which is a convenient value chosen in the classical texts) and conse-
quently the temperature gradient inside a particle could not be ignored.

Several models were formulated in the literature for estimating the
temperature gradient within the materials under drying con-
ditions.[10,20,23] Most of the work published to date is based on the mov-
ing boundary or the receding interface approach. For instance, as
mentioned earlier, Farid[20] has recently published a moving boundary
model for air drying of small droplets, which was discussed here in detail.
The model was constructed based on a heat-transfer limiting theory,
which believes that drying is heat-transfer limiting assuming only the
crust thermal conductivity controls the drying process. The entire drying
process for a single droplet was partitioned into four distinct process
stages, as shown in Fig. 1. The first process stage was the initial wet-bulb
temperature adjustment in which the droplet surface temperature reached
the air wet- bulb temperature. Equation (2) was solved using the bound-
ary conditions described by Eqs. (3) and (4) to estimate the temperature
distribution. The evaporation rate was assumed to be zero during this

Figure 1. The four stages of drying of a droplet in the heat transfer limiting
approach.
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wet-bulb temperature adjustment considering sensible heating. During
the second process stage, the droplet had to experience evaporation until
the free moisture on the droplet surface was zero. The temperature of the
droplet was assumed to remain at the corresponding wet-bulb
temperature of surrounding air throughout the second stage. Further-
more, a uniform temperature within the droplet was assumed during this
constant wet-bulb temperature period. The droplet had to experience
shrinkage during this period only.

After the constant-temperature (also known as the uniform tempera-
ture) period, the crust formation was commenced on the droplet surface
and shrinkage was believed to be stopped. Thus, the partially dried droplet
was divided into the two main regions, the outer dry crust and the inner
wet core, separated by a sharp moving boundary. Evaporation was
assumed to occur only from this moving boundary. The model was formu-
lated based on the theory that the dry crust has constant ‘bound’
moisture content, which cannot be removed further, whilst the moving
boundary and the wet core were assumed to be at the saturated conditions
until the centre point reached the same ‘bound’ moisture content. The
same heat conduction equation (Eq. 2) was solved using the same bound-
ary conditions (Eqs. (3) and (4)) for the dry crust and the wet core, which
had the previously set moisture concentrations. The third process stage of
drying lasted until the dry crust reached the centre of the particle and then
drying was assumed to be finished. The final and fourth stage was set for
another sensible heating of the completely dry particle. During this final
stage, the temperature distribution inside a dried particle was estimated
using Eqs. (2) to (4) considering only the crust thermophysical properties.

The first two drying stages of the heat transfer limiting theory con-
sidered by Farid[20] can be summarized with respect to the droplet tempera-
ture as discussed in this paragraph. The droplet was at a uniform
temperature under the absence of hot air. During the first stage of sensible
heating period, the droplet surface temperature reached the air wet-bulb
temperature but the droplet center temperature was still the same as
the initial droplet temperature. Some temperature difference was
expected between the center and the surface temperatures. Then, after
the wet-bulb temperature adjustment, the droplet was assumed to achieve
the uniform temperature (no temperature gradient), which was equal to the
air wet-bulb temperature. The centre temperature was increased up to the
surface temperature during this process stage. The droplet temperature
was also assumed to remain constant until zero free moisture on the
droplet surface. However, the predicted temperature profiles for the
20 wt% skim milk droplets in Farid[20] show that the droplet temperature
was not constant after the wet-bulb temperature adjustment period. In
other words, the predictions were inconsistent with the theory developed.
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It is common in the industries to spray the skim milk droplets with
50 wt% initial solids content and 50–60�C initial droplet temperature.
For the droplets having a high initial temperature (higher than the air
wet-bulb temperature), the droplet surface temperature has to be reduced
until the air wet-bulb temperature is achieved. The reduction of the sur-
face temperature requires some evaporation on the droplet surface during
this wet-bulb temperature adjustment. This impression is supported by
the experimental work of Cheong et al.[10] and Lin[27] on drying of the
liquid droplets, which contain solids. Therefore, the consideration of
no evaporation during the first process stage of drying by the heat-trans-
fer limiting theory may not be appropriate, especially for simulating dry-
ing of the droplets having high initial temperature. Further, there would
be a negligible uniform-temperature period for materials with a high
initial solids content (very little constant-rate drying period) because
the surface temperature would rise continuously (and quickly) due
to the very small moisture content on the droplet surface.[16] Therefore,
the first two process stages would only exist for the pure water droplets
or droplets that have high initial moisture contents.

At the beginning of the third stage of drying, shrinkage was assumed
to be stopped due to the formation of a solid crust on the droplet surface.
It is, however, shown that shrinkage occurs throughout the drying of
skim milk or whole milk droplets in the laboratory conditions exam-
ined.[28] The surface properties (moisture content and temperature) of
the droplet=particle are believed to play an important role for the con-
tinuous reduction in the droplet size during drying. The surface, however,
may be fixed during very high temperature drying conditions. Once the
crust formed, the dry crust was further assumed to have small and
constant bound water, irrespective of the air humidity. The heat-transfer
limiting approach has predetermined the surface water concentration.
Therefore, this concept does not correspond to the principle of the
equilibrium moisture content.[11,16,29]

An abrupt drop in moisture concentrations at the moving boundary
was expected because the wet core (and the moving boundary) were con-
sidered to have saturated water concentrations while the dry crust had
constant (very small) bound water content. Since materials like skim milk
solids have a high affinity to absorb moisture (highly hygroscopic), some
moisture concentration distribution is expected between the dry outer sur-
face and the saturated core.[19] Reis et al.[30] studied the moisture profile in
a model food droplet during drying using a magnetic resonance imaging
technique and confirmed that there is no sharp interface between the
wet and the dry regions on which evaporation occurs. Cheong et al.[10]

assumed that evaporation occurs only on a sharp interface during model-
ing of drying of aqueous sodium sulphate decahydrate solution. The
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simulated results of Cheong et al.[10] illustrate that the formulated model
has overestimated the droplet weight profile after the crust has formed on
the droplet surface. This means, the measured droplet weight after the
crust formation was smaller than the predicted one. This implies that
evaporation should occur in a certain region between the droplet outer
surface and the wet saturated core rather than on a sharp interface only.
These findings invalidate the consideration of evaporation through a
sharp moving boundary or receding interface after the crust formation.

Whitaker[30] studied the gas-phase convective transport during dry-
ing of porous media and shown that the moisture flux should be present
in the dry crust region having certain moisture content. This phenom-
enon is supported by Chen and Pei,[11] who proposed that water may
move within the crust due to the flow along very fine capillaries or
through the cellular membranes during drying of hygroscopic materials.
This movement of water generates a transitional moisture distribution in
the crust region. Further, it was shown that bound water could not be
constant as some bound water molecules receive enough energy to break
the sorptive bonds.[32] These free molecules may migrate until captured
by the other sites or may be evaporated. These experimental studies show
that the assumptions of evaporation through a sharp moving boundary
and a constant and linear bound water profile in the crust region, as con-
sidered by the heat transfer limiting theory, are not appropriate during
modeling the temperature distribution within the droplet.

The heat transfer limiting theory had assumed, based on the Biot
number estimation, that the drying of small droplets is controlled by
the crust thermal conductivity only. For the 20wt% skim milk droplet
of 1.9mm initial diameter, Farid[20] used the initial thermal conductivity
as 0.55W �m�1 �K�1 (essentially the thermal conductivity of pure water)
during calculation of the Biot number, which was shown to be around
0.15. As drying progressed, the author illustrated that Biot number was
increased by one order of magnitude (higher than the value of 1) by set-
ting the value of thermal conductivity as 0.07W �m�1 �K�1. The values of
thermal conductivities for the skim milk particles used in modeling work
by Farid[20] may truly be on the low side. In addition, the author used the
same definition of the Biot number, illustrated in Eq. (6), for droplets
under nonevaporative and evaporative conditions to determine the
rate-controlling factor for the droplet drying process.

Objectives

The temperature distribution and Biot number information can be help-
ful to determine the rate-limiting process and also to justify the uniform
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temperature assumption. The analysis of temperature distribution models
has shown that the modeling approach similar to the heat-transfer limit-
ing theory (the moving boundary model) or the receding interface
approach have many limitations and they may not provide accurate pre-
dictions for all situations. The main objective of the present study is to
formulate a model to explore a more realistic extent of the temperature
distribution within a particle during air drying. In literature, the conven-
tional concept of Biot number, defined by Eq. (6), has been used during
modeling the droplet drying process. However, this concept does not
account for the evaporation effects and may not represent the true scen-
ario. The present study has introduced a new concept of Biot number for
the small droplets under evaporation conditions. During modeling of the
temperature distribution, a more rational approach for evaluating the
mean thermal conductivity of single droplets has been developed. Simula-
tion has been carried out by incorporating the measured weight loss and
temperature data into the formulated models.

BIOT NUMBER ANALYSIS

In this article, the Biot number is modified for the evaporative droplets
considering the heat-source term along with the internal and external
heat transfer terms. A new Biot number was developed by considering
a steady-state energy balance over a droplet experiencing drying:

h � ðTb � TsÞ � DHv � bNNv ¼ kp �
Ts � Tc

R
ð7Þ

where DHv is the latent heat of vaporisation (J=kg), bNNv is the surface-
based evaporation rate (kg=m2 � s), Tb is the bulk-gas phase temperature
(K) and Ts and Tc are the droplet surface and centre temperatures (K),
respectively. To evaluate the Biot number, Eq. (7) can be written in terms
of an equivalent heat transfer coefficient as:

h � ðTb � TsÞ � DHv � bNNv ¼ h� � ðTb � TsÞ ¼ kp �
Ts � Tc

R
ð8Þ

where h� is the equivalent convection heat transfer coefficient. From
Eq. (8), the equivalent convection heat transfer coefficient (h�) can be
expressed as:

h� ¼ h� DHv � bNNv

ðTb � TsÞ
ð9Þ
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On multiplication of both sides of Eq. (9) with ðR=kpÞ, we have

h� � R
kp

¼ h � R
kp

� DHv � bNNv

ðTb � TsÞ
� R
kp

ð10Þ

Thus, the new Biot number, which has taken into account the drying
effects, can be expressed as:

Bi ðnewÞ ¼ Bi � DHv � bNNv

ðTb � TsÞ
� R
kp

ð11Þ

where Bi ðnewÞ is a new Biot number and Bi is a conventional Biot num-
ber. The second term on the right hand side of Eq. (11) should be con-
sidered when evaporation plays a considerable role in the removal of
moisture. The Biot number analysis shows that the Biot number not only
depends on the average heat-transfer coefficient, droplet radius and drop-
let thermal conductivity. It also depends on the average drying rate and
the difference between the gas and the surface temperatures. Based on this
new definition, new Biot numbers are expected to be smaller than those
estimated using the conventional theory. Further, Chen and Peng[19] pro-
posed that the critical Biot number for the uniform temperature assump-
tion could be larger than the value of 0.1 when significant evaporation is
involved. Based on the Biot number theory proposed here, the differences
between the surface and the center temperatures may not be as large as
perceived in the conventional approach to the non-drying situations.

MATHEMATICAL MODEL

The model is formulated here to estimate the temperature nonuniformity
within a droplet, based on the perception that the evaporation front is not
a sharp one. Drying starts with evaporation of excess (free) moisture on
the droplet surface. When the droplet surface is fully covered with water,
the drying rate would be similar to the rate for pure water evaporation.
When a droplet containing dissolved or suspended solids is being dried,
the vapour pressure at the droplet surface becomes smaller than that of
the pure water droplet as evaporation proceeds. As a result, the mass
transfer rate will be reduced during drying of the droplet. The surface
temperature of the evaporating droplet will consequently increase to be
above the wet-bulb temperature or the evaporation temperature of the
pure water droplet. The drying characteristics will be related to the for-
mation of a porous solid phase at the surface of the droplet. Once the sur-
face vapor concentration falls below the saturated vapor concentration
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corresponding to the surface temperature, drying will also commence
within the droplet. The flow of heat and moisture would lead to a tem-
perature gradient within the droplet being dried. The temperature gradi-
ent can be evaluated by balancing the heat for a droplet-air system. The
energy balance can be written for a spherical droplet under evaporation
conditions using the spherical coordinate system (r, t) considering the
one-dimensional, homogeneous, unsteady state, effective heat conduction
equation:

1

r2
@

@r
kp � r2

@T

@r

� �
þ DHv � Ev ¼ q � Cp �

@T

@t
ð12Þ

where kp is the thermal conductivity of droplet, Ev is the volume-based
evaporation rate (which is negative when evaporation occurs), q is the
average particle density, Cp is the average heat capacity of the particle
and DHv is the latent heat of water vaporisation. In the present study,
thermal conductivity was estimated and averaged along the droplet
radius during simulation. If we use the integrated mean thermal conduc-
tivity (kp) along the droplet=particle radius, we can rewrite the above
equation as:

q � Cp �
@T

@t
¼ kp

r2
@

@r
r2
@T

@r

� �
þ DHv � Ev ð13Þ

Dividing both sides of the above equation with the mean thermal conduc-
tivity results in the following:

q � Cp

kp
� @T
@t

¼ 1

r2
@

@r
r2
@T

@r

� �
þ DHv � Ev

kp
ð14Þ

The physical significance of the thermal diffusivity is associated with the
speed of propagation of heat into the solid during changes of temperature
with time. The higher the thermal diffusivity, the shorter is the time
required for the applied heat to penetrate into the depth of the solid.
The average thermal diffusivity can be defined as:

a ¼ kp

q � Cp

ð15Þ

By introducing the thermal diffusivity term in Eq. (14), we have

1

a
� @T
@t

¼ 1

r2
@

@r
r2
@T

@r

� �
þ DHv � Ev

kp
ð16Þ
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As we are interested in estimating the temperature distribution within a
droplet, we may want to follow the temperature inside a droplet with
respect to the radius. The measured temperature is taken as an average
temperature of the droplet=particle, though it is possible that during
the earlier stages of drying when the droplet is more perfect and the ther-
mocouple is at the center, the measured temperature would be closer to
the core temperature. We can plot the average measured temperature
Tp (¼T) against time t to get the temperature increment with respect to
time ð@Tp=@tÞ. For an individual time step, the second term and the third
term of Eq. (16) can be considered to be constant, as long as we use the
average values for the latent heat of vaporization and the drying rate.
Under these circumstances, Eq. (16) can be written as:

1

r2
@

@r
r2
@T

@r

� �
þ DHv � Ev

kp
� 1

a
� @Tp

@t

" #
� 0 ð17Þ

If we multiply both sides of the Eq. (17) by (r2 dr), we obtain Eq. (17) in
its integral form:

Z
@

@r
r2
@T

@r

� �
drþ DHv � Ev

kp
� 1

a
� @Tp

@t

" #Z
r2dr � 0 ð18Þ

On integration of Eq. (18), we have:

r2
@T

@r
þ DHv � Ev

kp
� 1

a
� @Tp

@t

" #
� r

3

3
¼ C1 ð19Þ

C1 is the integration constant and can be obtained using a boundary con-
dition. The first boundary condition is the same as that defined in Eq. (3):

B:C:1 : when r ¼ 0;
@T

@r
¼ 0 and T ¼ Tc

The parameter Tc is the drop centre temperature. On application of
the first boundary condition, we find C1 ¼ 0. If we insert the value of the
constant C1 and divide Eq. (19) by r2, we can re-write Eq. (19) in the
following integral form:Z

@T

@r
drþ DHv � Ev

kp
� 1

a
� @Tp

@t

" #
�
Z

r

3
dr ¼ 0 ð20Þ
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On integration of Eq. (20), we have:

T þ DHv � Ev

kp
� 1

a
� @Tp

@t

" #
� r

2

6
¼ C2 ð21Þ

On application of the first boundary condition, we find the integration
constant C2 ¼ Tc. Then, Eq. (21) can be presented as:

TðrÞ ¼ Tc �
DHv � Ev

kp
� 1

a
� @Tp

@t

" #
� r

2

6
ð22Þ

This model, presented by Eq. (22), represents a second-order profile of
temperature within the droplet=particle. Furthermore, the model would
provide the droplet surface temperature when r ¼ R. Hence, it is possible
to estimate the maximum temperature difference, the difference between
the surface and the centre temperatures, in a single droplet=particle over
the entire drying period. This maximum temperature difference can be
calculated using the following equation:

DTmax ¼ Ts � Tc ¼
1

a
� @Tp

@t
� DHv � Ev

kp

" #
� R

2

6
ð23Þ

During calculations, the average measured temperature and the average
measured drying rate were used for the predictions of differences between
the surface and the center temperatures. The experimental measurements
were obtained for drying of skim milk droplets under different drying
conditions.

In this study, the ‘‘mean’’ thermal conductivity was used to estimate
Biot numbers as well as the temperature differences between the surface
and the core temperatures. The thermal conductivity (kp) of a small single
particle is difficult to measure by the independent experiments. The
model is formulated here to estimate the mean thermal conductivity by
quantifying the fundamental constituents of the materials being dried.
The present analysis has been carried out with skim milk because thermo-
physical properties correlations and other experimental data are readily
available in the literature for skim milk. Skim milk is a complex biologi-
cal fluid made of many basic constituents. For analysis purpose, skim
milk powder was considered to be made of the constituents, listed in
Table 1 (provided by The Canadian Dairy Commission). The average
value of each constituent in a single particle is determined based on the
values published in other literatures.[29,33]

In this work, the model is developed to estimate the mean thermal
conductivity of a single droplet based on the effective approach
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considered by Chen and Peng,[19] Bylund,[33] Choi and Okos,[34] Rah-
man,[35] and Krokida et al.[36] Considering the skim milk particle as a
mixture of constituents listed in Table 1, the mean thermal conductivity
can be calculated using the following series and parallel models:[19,34]

A series model:

kmixture ¼ ewater � kwater þ eprotein � kprotein þ efat � kfat
þ ecarbohydrate � kcarbohydrate þ eash � kash ð24aÞ

A parallel model:

1

kmixture
¼ ewater

kwater
þ eprotein
kprotein

þ efat
kfat

þ ecarbohydrate
kcarbohydrate

þ eash
kash

ð24bÞ

The rational value is likely to happen in between the above two limits. In
the present study, the arithmetic average of the series and parallel values
were used as a final value. The distribution factors were not incorporated
because they needed to be evaluated using a regression method based on
the experimental measurements. The arithmetic average is assumed to
provide an estimate with negligible errors. In the above equations, eI
is the volume fraction of each constituent (i). The volume fraction can
be determined using the densities and the mass fraction values for the
individual constituent:

ei ¼
xi � q
qi

ð25Þ

where xi is the mass fraction of each constituent (wt%), qi is the individ-
ual density (kg �m�3) and q is the overall mixture or particle density
(kg �m�3). The particle density can be calculated as:

q ¼ 1

RXi=qi
ð26Þ

Table 1. Composition of skim milk powder

Component Average range (wt%) Mean (wt%)

Water 3–4 4.0
Carbohydrates 49.5–52.0 51.0
Fat 0.6–1.25 1.0
Protein 34.0–37.0 35.5
Ash 8.2–8.6 8.5

Total 100
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The thermal conductivity of individual constituent can be estimated using
the following correlations:[19,34]

kwater ¼ 0:57109þ 0:0017625 � T � 6:7036� 10�6 � T2 ð27aÞ

kprotein ¼ 0:17881þ 0:0011958 � T � 2:7178� 10�6 � T2 ð27bÞ

kfat ¼ 0:18071þ 0:0027604 � T � 1:7749� 10�7 � T2 ð27cÞ

kcarbohydrate ¼ 0:20141þ 0:0013874 � T � 4:3312� 10�6 � T2 ð27dÞ

kash ¼ 0:32962 þ 0:0014011 � T � 2:9069� 10�6 � T2 ð27eÞ

Here, T is the local absolute temperature (�C) and k is the thermal
conductivity of the individual constituent (W�m�1�K�1).

The density (kg �m�3) of individual constituent was correlated with
the local temperature (T, �C) using the following equations:[19,34]

qwater ¼ 997:18þ 0:0031439 � T � 0:0037574 � T2 ð28aÞ

qprotein ¼ 1329:9� 0:5185 � T ð28bÞ

qfat ¼ 925:59� 0:41757 � T ð28cÞ

qcarbohydrate ¼ 1599:1� 0:31046 � T ð28dÞ

qash ¼ 2423:8� 0:28063 � T ð28eÞ

The mean thermal conductivity of the skim milk solids (ks) can be esti-
mated using Eqs. (24) to (28). The mean thermal conductivity of the
reconstituted skim milk droplet (a mixture of solids and water) can be
taken as an arithmetic average of the thermal conductivities calculated
using the following series and parallel equations:

kp ¼ ewater � kwater þ 1� ewaterð Þ � ks ð29aÞ

1

kp
¼ ewater

kwater
þ 1� ewater

ks
ð29bÞ

The same model can be used to estimate the mean thermal conductivity
of the dried particle if the air effect can be neglected. When the influence
of air is significant (i.e., higher porosity conditions), the thermal conduc-
tivity of the dried particle can be estimated considering the air porosity
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and the air thermal conductivity as:

kp ¼ ewater � kwater þ 1� ewater � eairð Þ � ks þ kair � eair ð30aÞ

1

kp
¼ ewater

kwater
þ 1� ewater � eair

ks
þ eair
kair

ð30bÞ

The arithmetic average of the thermal conductivities estimated using Eqs.
(30a) and (30b) can be used when calculating the Biot numbers for the
dried particles. The porosity of the particle is, however, a complex func-
tion of the temperature, moisture content and the type of material. For
dried particles of skim milk, the porosity is approximately 0.163 at
50�C conditions.[37] The parameter (DHv) in Eq. (23) is the integrated
average value of the latent heat. The latent heat of vaporisation
ðDHv; J=kgÞ was estimated at atmospheric pressure conditions using the
following Watson correlation:[38]

DHv2

DHv1
¼ 1� ðT2=TcÞ

1� ðT1=TcÞ

� �0:38
ð31Þ

where T is the absolute temperature (K) and Tc is the critical temperature
(K). Subscripts 1 and 2 describe the reference and the absolute con-
ditions, respectively. It is known that at temperature T ¼ 273.15K,
DHv ¼ 2500� 103 J � kg�1.[29] This condition was used as a reference
condition in Eq. (31) to estimate the latent heat of vaporization.

RESULTS AND DISCUSSION

The formulated models were solved using a first-order finite difference
method. In this study, predictions are made using the experimental mea-
surements of Lin.[27] The simulations presented here are for drying of the
30wt% skim milk droplets using three different sets of the drying con-
ditions. The standard variations in measured droplet temperature and
droplet diameter were noted as�0.1�C and�0.02mm,[27] respectively.
The initial droplet temperatures for sets one, two and three were 28.6,
31.8, and 30.8�C, respectively. The initial droplet diameter was 1.45mm
while the hot air used for drying had a velocity of 0.45m=s and humidity
of 0.0001 kg=kg (dry basis) during drying of the droplets using the
constant air conditions. The air dry-bulb temperatures for sets one,
two and three were 67.5, 87.1, and 106.6�C, respectively, and the corre-
sponding wet-bulb temperatures were 23.4, 28.5, and 32.0�C, respectively.
All other thermophysical properties were transient and either calculated
using the appropriate correlations or measured from the corresponding
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experiments. Shrinkage in droplet size was not ignored during simulation
of the droplet characteristics.

The mean thermal conductivity profiles of the drying droplets were
estimated using the two models, one that does not consider the air phase
in the particle structure and another that accounts for the air porosity, pre-
sented by Eqs. (29) and (30), respectively. We have used twomodels to cal-
culate the thermal conductivity because it is extremely difficult to evaluate
the transient changes in porosity within a single droplet during processing.
Figure 2 illustrates the mean thermal conductivity profiles estimated using
Eqs. (29) and (30) for the three sets of drying conditions, mentioned earlier
in this section. The thermal conductivity models have predicted a gradual
change in the thermal conductivity along the drying period. The mean
thermal conductivity profiles estimated by Eq. (29), which does not con-
sider the porosity term, illustrates that the mean thermal conductivity of
the skim milk droplets at the beginning of drying was predicted as
0.50W �m�1 �K�1, while it was approximately 0.41W �m�1 �K�1 at the
end of drying. Since the porosity of the droplet at the beginning of
the drying process is negligible, the model presented by Eq. (29) would
provide accurate values for the initial stages of drying. Furthermore, the
temperature profiles would show the lower bounds for the surface-centre

Figure 2. The mean thermal conductivity profiles for the 30wt% (dry basis) skim
milk droplet using sets one, two, and three drying conditions with and without
considering the air phase in the particle.
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temperature differences because the air phase was not considered in the
solid structures during estimation of the mean thermal conductivity.

The mean thermal conductivity profiles, predicted using a model
(Eq. (30)), which considers an air phase in the particle structure, are also
depicted in Fig. 2 for the same experimental conditions. Since it is
extremely difficult to evaluate the transient changes in the porosity for
a single small-size droplet during drying, the model (Eq. (30)) in the
present study has integrated the air porosity term from the beginning
of the drying process. This would give an estimate of the mean thermal
conductivity when the air effect cannot be neglected. Furthermore, this
model would predict a low thermal conductivity from the beginning of
the drying process. The low thermal conductivity would yield a higher
bound of the surface-centre temperature differences. It can be seen from
the profiles that the mean thermal conductivity of single skim milk dro-
plets was 0.3W �m�1 �K�1 at the beginning of the process, while it was
approximately 0.25W �m�1 �K�1 at the end of drying. It is to be noted
that this model (Eq. (30)), which accounted for air porosity, would pro-
vide accurate values for the later stages of drying, because the porosity at
the end of drying is very close to the value chosen in this study. In other
terms, the model presented by Eq. (30) would underestimate the thermal
conductivity during the earlier stages and hence it definitely overestimates
the temperature differences during the earlier stages of drying.

The actual thermal conductivity profile would fall between the higher
and lower bounds of the thermal conductivities shown in Fig. 1. The
trend of the actual thermal conductivity profile for a drying droplet
should be similar to a full line traced in Fig. 2. It would be interesting
to evaluate the surface-centre temperature differences for particles having
higher and lower mean thermal conductivity ranges. The higher range of
mean thermal conductivity would yield the lower bound of the tempera-
ture differences while the lower range of mean thermal conductivity
would result in the higher bound of the temperature differences. The
measured droplet moisture content profiles and the higher and lower
bounds of the surface-center temperature differences are depicted in
Figs. 3 to 6. The true temperature difference is likely to be happen
between the higher and lower bounds. A model, presented by Eq. (23),
was used to estimate the surface-center temperature differences (DTmax).

It becomes clear, from Figs. 3 to 6, that the differences between the
surface and the centre temperatures were small and not as large as pre-
dicted by the heat-transfer limiting theory. For instance, the heat-transfer
limiting model predicted approximately 12�C surface-core temperature
differences for the 20wt% skim milk droplets having an initial diameter
of 1.9mm with drying at 70�C air temperature and 1.0 m=s air velocity
conditions.[20] In contrast, the analysis given here in this paper shows that
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the maximum temperature difference was 2.7�C and 4.5�C (refer Fig. 3)
using the high and low thermal conductivity bounds, respectively, for
the 30wt% skim milk droplets of 1.45mm initial diameter using the
67.5�C air temperature and 0.45m=s air velocity conditions. The magni-
tude of temperature distribution estimated here is comparatively small.
However, the air velocity considered in the set one drying conditions
was half of the air velocity used by the heat-transfer limiting theory.[20]

The temperature differences are also predicted here for the experimental
data using the 67.5�C air temperature and 1.0m=s air velocity conditions
with the same skim milk droplets characteristics mentioned in the set one
drying conditions. Figure 4 illustrates that the maximum temperature dif-
ference was 4.0�C and 6.9�C using the high and low thermal conductivity
bounds, respectively, for the 1.0m=s air velocity conditions. The extent of
temperature nonuniformity is smaller than that estimated using the heat
transfer limiting model approach.

It can be further noticed from Fig. 3 that the surface-centre tempera-
ture difference was negative for a small period during the earlier stages of
drying. This is because the initial droplet temperature was slightly larger

Figure 3. The surface-center temperature difference profiles for the 30wt% (dry
basis) skim milk droplet of 1.45mm initial diameter and 28.6�C initial tempera-
ture during drying with hot air of 67.5�C dry-bulb temp, 23.4�C wet-bulb temp,
and 0.45m=s velocity (set one conditions).
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than the wet-bulb temperature of surrounding air at the beginning of the
process. The droplet surface temperature was, therefore, slightly reduced
because the droplet surface temperature attempts to achieve the air wet-
bulb temperature. The droplet had a negative surface-center temperature
difference during this period due to the flow of heat from the center to the
surface. The droplet should have experienced some evaporation during
this surface temperature reduction period (or the initial wet-bulb tem-
perature adjustment). This way, the assumption of no evaporation during
the initial wet-bulb temperature adjustment cannot be generalised as
done by the heat transfer limiting approach. The assumption of no evap-
oration is likely to produce an error in estimating the droplet surface tem-
perature and the average particle temperature.

Figures 5 and 6 illustrate that the differences between the surface and
the center temperatures were greater for the elevated air temperature
conditions (refer sets two and three drying conditions). For instance,
the difference was 5�C and 8�C for the high and low thermal conductivity
bounds respectively when the air temperature was 87.1�C. For hot air of
106.6�C, the surface-center temperature differences were 7�C and 12�C

Figure 4. The surface-center temperature difference profiles for the 30wt% (dry
basis) skim milk droplet of 1.45mm initial diameter and 28.6�C initial tempera-
ture during drying with hot air of 67.5�C dry-bulb temp, 23.4�C wet-bulb temp,
and 1.0m=s velocity.

Temperature Uniformity During Air Drying 2357



using the high and low thermal conductivity bounds respectively. This
shows that the air temperature significantly affects the surface properties
of the droplet during drying. Furthermore, Figs. 3 to 6 show that the tem-
perature differences are more significant during the earlier stages of dry-
ing, when the droplet moisture contents are reduced by 50%. The
surface-center temperature differences are smaller during the later stages
of drying, when the thermal conductivity may be important. This may
mean that the thermal conductivity is not the only process controlling
factor and drying may not be the heat transfer limiting. Moreover,
the peaks in the surface-centre temperature differences are observed
immediately after the wet-bulb temperature adjustment period. This
finding is different from the heat transfer limiting approach as it assumes
the uniform temperature period after the initial wet-bulb temperature
adjustment.

The surface-center temperature differences (see Figs. 3 to 6) are com-
paratively greater for a model (Eq. (30)) which considered air porosity
during the estimation of the mean thermal conductivity, especially during
the earlier drying stages. This is because the model has integrated the

Figure 5. The surface-center temperature difference profiles for the 30wt% (dry
basis) skim milk droplet of 1.45mm initial diameter and 31.8�C initial tempera-
ture during drying with hot air of 87.1�C dry-bulb temp, 28.5�C wet-bulb temp,
and 0.45m=s velocity (set two conditions).
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porosity from the beginning of the simulation process. This concept pre-
dicted a low value for the initial mean thermal conductivity
(0.3W �m�1 �K�1) at the beginning of the drying process. The initial mean
thermal conductivity at the beginning of drying should be the one
(0.5W �m�1 �K�1) predicted by a model, which does not consider the
air phase (dispersed) in the droplet. The gradual change in the mean ther-
mal conductivity of the droplet during drying should be similar to the one
traced using a full line in Fig. 2. Therefore, the actual differences between
the centre and the surface temperatures during the initial stages of drying
should be very close to those predicted by the model which does not
consider air porosity.

It is very clear from all the simulation results that the differences
between the surface and the centre temperatures were not as large as pre-
dicted by the heat transfer limiting theory. In fact, the heat transfer limit-
ing theory[20] estimated the surface-core temperature differences by
setting the crust thermal conductivity equal to 0.07W �m�1 �K�1, which
is practically the thermal conductivity of completely dry skim milk pow-
der in a packed bed.[39] The low value of the thermal conductivity would
of course predict the greater temperature differences. Furthermore, the

Figure 6. The surface-center temperature difference profiles for the 30wt% (dry
basis) skim milk droplet of 1.45mm initial diameter and 30.8�C initial tempera-
ture during drying with hot air of 106.6�C dry-bulb temp, 32.0�C wet-bulb temp,
and 0.45m=s velocity (set three conditions).
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heat transfer limiting approach (a moving boundary model) did not con-
sider the heat source term (the phase change effects) during modeling of
the temperature characteristics. The heat transfer limiting theory would,
therefore, expect the greater magnitude of the temperature distribution
considering the nonevaporating situations.

Estimation of Biot numbers is also justified in the present study.
Figures 7 to 9 illustrate the comparison of Biot numbers using both
conventional and new definitions (Eqs. (6) and (11), respectively). It is
important to note here that the Biot number characterized by Eq. (6) is
not accounted for the evaporative nature of the droplets. The comparison
was made for the same three sets of drying conditions used before. Biot
numbers were evaluated using two thermal conductivity ranges predicted
by two different models; one that does not consider air porosity and
another that considers the air phase in the particle structure. This would
show the lower and higher bounds of Biot numbers.

The lower and higher bounds of the Biot number profiles for the dry-
ing sets of one, two and three are illustrated in Figs. 7 to 9, respectively.
The gradual change in Biot numbers during drying would pertain between
these lower and higher bounds. The results show that Bi (new), which
considered the evaporative nature of the droplet, were smaller than
conventional Biot numbers (Bi) for the all sets of drying conditions. For

Figure 7. Biot number profiles for the 30wt% (dry basis) skim milk droplets
using set one conditions for the low and high thermal conductivity bounds.
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instance, the Biot number at the beginning of the drying process was 0.15
for the 30wt% skim milk droplets (refer to set one drying conditions)
having an initial thermal conductivity of 0.5W �m�1 �K�1. At the end
of drying, the mean thermal conductivity reduced to the value of
0.24W �m�1 �K�1. At this point, the final value of the conventional Biot
number was 0.29 while it was 0.28 for the new Biot number. The difference
between Bi and Bi (new) was small for the set one drying conditions but
it was greater for the higher air temperature conditions (see Figs. 8 and 9).
Bi (new) were significantly smaller than the conventional ones (Bi) for the
set three (see Fig. 9). The reason is the increment in Bi (new) was smaller in
comparison with conventional Biot number (Bi) due to the contribution of
the second term on the right-hand side of the Eq. (11).

It can be observed from the Figs. 6 to 8 that Biot numbers at the end
of drying were not as large as those predicted by the heat transfer limiting
theory. For instance, the heat transfer limiting approach has estimated
Biot numbers greater than the value of 1 for the final dried particles.
In this work, Biot numbers for the final dried particles were much smal-
ler. A smaller Biot number indicates smaller temperature nonuniformity
within the droplet. Furthermore, the difference between the Biot number
and its critical value was found to be smaller than that predicted by the
heat transfer limiting theory at any stages of drying. This finding

Figure 8. Biot number profiles for the 30wt% (dry basis) skim milk droplets
using set two conditions for the low and high thermal conductivity bounds.
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supports the smaller temperature nonuniformity within the droplet dur-
ing drying for the droplets found in the lab-scale experiments.

The drying experiments tested in this study were for single skim milk
droplets having the initial diameter equal to 1.45mm. In the industrial
spray drying operations for manufacturing of skim milk powder, skim
milk is usually sprayed with droplet diameter of the order of 0.2mm,
which is much smaller than those found in the lab-scale experiments.
Experimental data for drying of such small size droplets are not available
in the literature. Biot numbers are, however, estimated in this study for
the 30wt% skim milk droplets having the initial diameter of 0.20mm
(200 mm). The final diameter of the dried skim milk particle was assumed
as 0.15mm. Other drying conditions were kept the same as the conditions
mentioned for the set one. The air phase was considered during calculat-
ing the mean thermal conductivity of the droplet. The average heat-
transfer coefficient was estimated using the Ranz-Marshall correlation.
The drying rate (surface area based) is assumed to be the same as that
for the 1.45mm size skim milk droplets; nevertheless the drying rates
for the 0.2mm size droplets would be higher. This later concept was con-
firmed by calculating the mass-transfer coefficients. The mass transfer
coefficient estimated for the 0.2mm size droplets was 0.484m=s, which
is bigger than the one for the 1.45mm size skim milk droplets

Figure 9. Biot number profiles for the 30wt% (dry basis) skim milk droplets
using set three conditions for the low and high thermal conductivity bounds.
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(0.107m=s) indicating that the smaller droplets should have greater mass
flux per unit area. Note that Bi (new) would be even smaller for the
higher drying rates conditions. All other thermophysical properties for
the 0.2mm size droplets would be same as those for the 1.45mm size skim
milk droplets experiencing the same drying conditions.

The analysis has shown that the conventional Bi at the beginning of
the process was 0.07, while it was 0.11 at the end of drying, which is close
to the critical value. The new definition of Biot number yielded Bi (new)
equal to 0.07 at the beginning and 0.09 at the end of drying. The simula-
tion shows that Biot numbers were either smaller or very close to its criti-
cal value of 0.1. Therefore, it is reasonable to say that the uniform
temperature assumption can be used for modeling the temperature-time
profiles of the skim milk droplets having size found in the industries.
The uniform temperature assumption allows a CFD simulation of spray
drying to be conducted more easily and indeed more efficiently.

CONCLUSIONS

The fundamental aspects of modeling for the droplet drying process were
discussed in this article. A mathematical analysis is provided here for esti-
mating the temperature distribution within a skim milk droplet during
spray drying. The analysis in this paper shows that the Biot number
and hence the temperature nonuniformity are significantly influenced
by the drying rate, the surface temperature, the gas temperature, the
droplet size and the average heat transfer coefficient together with the
mean thermal conductivity of the droplet. Moreover, the analysis illus-
trates that the thermal conductivity of the particle may not be the only
process-controlling factor and the droplet drying process may not be
the heat transfer limiting process. The present study shows that the heat
transfer limiting approach is more likely to exaggerate the surface-center
temperature differences. Simulation conducted in this work exemplifies
that the surface-center temperature differences were small for the skim
milk droplets tested. Furthermore, Biot numbers and the difference
between the Biot number and its critical value were found to be small,
indicating the approximate temperature uniformity. The newly defined
Biot numbers, which considered the evaporative nature of the droplets,
were smaller than the conventional Biot numbers, signifying smaller tem-
perature nonuniformity within the droplets under drying conditions. For
small skim milk droplets found in the industries, Biot numbers were con-
servatively estimated to be smaller than the critical value. Based on these
results, it may be said that the assumption of uniform internal tempera-
ture is a reasonable assumption for modeling the drying of small moist
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droplets in a spray dryer, as far as prediction of the average droplet tem-
perature and water content is concerned.

NOMENCLATURE

Ap Surface area of single droplet or particle (m2)

Bi Biot number

Bi (new) New Biot number

Cp Specific heat (J=kg �K)

dp Diameter of droplet or particle (m)

Ev Volume-based drying rate (kg=m3 � s)
h Heat transfer coefficient (W=m2 �K)

h� Equivalent heat transfer coefficient (W=m2 �K)

DHv Latent heat of vaporization (J=kg)

m Mass (kg)bNNv Area-based drying rate (kg=m2 � s)
r Instantaneous droplet radius (m)

R Droplet radius (m)

t Time (s)

T Temperature (K)

Twb Wet-bulb temperature of drying air (K)

w0 Droplet initial water mass fraction (kg water=kg total)

wb Droplet bounded water mass fraction (kg water=kg total)

Greek Symbols

a Thermal diffusivity (m2=s)

e Volume fraction

x Mass fraction

q Density (kg=m3)

Subscripts

b Bulk drying medium phase

c Center conditions

p Particle, droplet

s Solid, surface

sat Saturated conditions

v Vapor

w Water
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