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Abstract
Powerful computational tools such as computational fluid dynamics (CFD) have now replaced the classic method of numerical
analysis of drying processes based on experimental models. Its capabilities include the adaptability to model different flow
processes such as drying, with high spatial and temporal resolution facilitates and an in-depth understanding of the heat, as well as
mass and momentum transfer. CFD complements the experimental and analytical approaches by simulating a range of complex
flow problems. Although CFD has immense industrial applications in fluid dynamics, its use in different drying simulations is
still in early stages of development. This paper presents a thorough review of the computational power of CFD packages and their
application in the drying process simulation. The review also covers different mathematical approaches used in drying models,
the commonly available commercial CFD codes, and the turbulence models used in simulations of drying problems. The factors
contributing to the complexity and computational load of such CFD-based models are discussed. The later sections of the paper
discuss various bottlenecks in the application of CFD in drying, such as the complexity of the models for convoluted geometries,
and the limited description regarding the turbulent interaction between different phases.
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Introduction

Drying is an antiquated unit operation in the food and bio-
processing industries with its history dating back to the works
of pioneers such as Fourier, Fick, and Darcy (Hall 1987), who
formulated mathematical expressions for heat and mass trans-
fer in continuous media. The process of drying is governed by
temperature and moisture gradients with a combined heat and
mass transfer phenomenon. Even though a substantial level of
research and development has been done in the drying

technology, researchers are still compounding ideas and
transforming the existing drying models with a detailed em-
phasis on fundamentals and innovative approaches to solve
industrial drying bottlenecks and to further develop efficient
drying techniques (Wu and Mujumdar 2008). Attempts to
develop/modify a drying method, optimize drying conditions,
and improve the efficiency of the drying systems are still con-
tinuing with an intention to enhance product color, minimize
shrinkage, increase drying rates, improve nutritional qualities,
etc. (Johnson et al. 2013).

Traditional didactic methods of experimentation and ana-
lytical modelling for solving fluid flow problems are now
supplemented by new powerful simulation tools such as com-
putational fluid dynamics (CFD). Its computing efficacy,
coupled with manageable costs of CFD software packages
for most engineering applications, makes it a reliable tech-
nique to provide effective and efficient design solutions
(Norton and Sun 2006; Mujumdar and Wu 2008). Modelling
of drying is a complex process that touches on multidisciplin-
ary areas with a fusion of transport phenomena, material sci-
ence, and fluid and solid properties. Its mathematical descrip-
tion is still far from being perfect and hence needs some im-
provement. There is a wide range of empirical models that
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describe the drying process of various materials which are
proven to be suitable for predicting the overall drying process.
For example, more than two dozen different drying models
were reported by researchers to describe the thin layer drying
of fruits and vegetables (Onwude et al. 2016; Erbay and Icier
2010). These models are only capable of describing the
effective/average drying characteristics of the materials being
dried and are frequently used in research. Still, such models
are the basis for advanced drying models. For example, Fick’s
law of diffusion, which is based on the experimental moisture
content, is still used for determining the effective moisture
diffusivity of agricultural products, which is one of the input
parameters for CFD-based drying modelling (Ramachandran
et al. 2017a). But with the use of CFD, the resolution of the
information on the temporal and spatial variation in transport
phenomena and material properties during drying could be
improved significantly. These models with appropriate input
parameters (most of which are experimentally determined)
and boundary conditions are capable of describing the local
moisture and temperature history of the product during any
stage of drying. Also, they have the versatility of application
in any solid subjected to any operating condition of the dryer.
For instance, if the solid exposed to a drying medium is a
multilayer product where each layer has different moisture
contents and thermo-physical properties as in the case of en-
capsulation or nucleus drying, the CFD-based models are the
most suitable. A reliable CFD model could simulate the phys-
ical processes occurring during drying to any level of details,
depending upon the accuracy of the physical definition of
variables, selection of mathematical equations, numerical
methods, boundary and initial conditions, and empirical cor-
relations (Jamaleddine and Ray 2010). The attempts of
Richardson (1910) to procure insight to the fluid motion led
to the development of a powerful mathematical technique for
the advanced numerical description of all types of fluid flows.
His work was the pioneer accomplishment which resulted in
the present widespread use of CFD techniques (Shang 2004).
Later, in the 1960s, there was a wide range of developments
and applications of CFD in different aspects of fluid dynam-
ics. However, the entry of CFD into the fields of food process-
ing happened with an increase in demand for convenient and
high-quality foods and efficient food processing techniques
(Scott 1994). As CFD has the ability to deal with the complex
phenomena that govern thermal, physical, and rheological
properties of food materials, the technique is now widely used
in modelling various food processing unit operations such as
mixing, drying, cooking, sterilization, chilling, and cold stor-
age (Xia and Sun 2002). A simulation of such flow processes
with a higher spatial and temporal resolution is a more reliable
tool for the industries to optimize their design parameters or to
modify the existing design to accommodate versatility and
efficiency in an operation rather than relying on a pure empir-
ical (experiment-based) model.

The objective of this paper is to review and synthesize the
research work done in numerical modelling of drying process-
es using CFD. This paper coalesces the physics behind drying
of biological materials and the different ways in which various
researchers used this computational technique in describing
the drying process. The first half of the review focuses on
the major modelling approaches for drying, and the classifica-
tion of models. The second half gives more insight to the
advantages of CFD, governing equations of CFD, the mathe-
matical formulation used in CFD, commercial CFD packages,
and different turbulence models used for simulation of drying
processes. Additionally, factors contributing to the complexity
of CFD-based modelling, applications of CFD in different
drying systems, and the existing research gaps are discussed.

Major Modelling Approaches for Drying

Generally, drying processes can be modeled using two differ-
ent approaches: (i) modelling based on principles of physics
and mathematics, and (ii) modelling based on an empirical
approach. The first type of modelling requires information
on the material to be dried and drying media, such as its
thermo-physical properties and complex interactions between
the two, which is very difficult to quantify. This difficulty
typically limits the relevance of such models. Hence, in most
studies researchers rely on empirical or semi-empirical models
as it often gives the direct relationship between the average
moisture content and the drying time (Ertekin and Firat 2017).
But these cannot define the underlying physical principles of
drying such as the mass transfer mechanism. The physics-
based models, on the other hand, generally define the heat
and mass transport phenomena and thereby are used to deter-
mine the associated drying parameters (Yi et al. 2016).
Empirical drying models, or the experiment-based drying
models, are comparatively easier to compute and are simpler
to interpret mathematically and, therefore, worthwhile men-
tioning. These antiquated models form the basis for almost all
currently existing drying models. The development of a sim-
ple empirical model requires an experiment in which the spe-
cific input parameters (temperature, relative humidity, and air
velocity) are varied. The set of experimental data is then used
to derive a mathematical relationship between variables and
the drying time or moisture content of the material. Such
models only consider average conditions of moisture content
and temperature (Heldman and Lund 2007).

Numerous research studies have been done in the field of
empirical modelling of the drying processes for different bio-
logical products using different dryingmedia such as air (Velic
et al. 2004; Baini and Langrish 2007; Rayaguru and Routray
2010), microwave (Omolola et al. 2014), and superheated
steam (St. George and Cenkowski 2009; Bourassa et al.
2015). Based on various experimental trials, several empirical
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and semi-empirical models have been developed by individ-
uals including Lewis (1921), Page (1949), and Newton (Hall
1975), and their models are represented in Eqs. 1–3, respec-
tively. Besides these simple empirical models, many others
have been developed, for example, the logarithmic model,
parabolic model, two-term exponential model, and modified
Page model. The aforementioned models were developed
with specific assumptions and boundary conditions
(Garavand et al. 2011; Ghazanfari et al. 2006).

MR ¼ M−M e

M o−Me
¼ exp −ktð Þ ð1Þ

MR ¼ exp −ktnð Þ ð2Þ
where

n is the coefficient of drying

dM
dt

¼ −k M−Með Þ ð3Þ

Besides their simplicity, these models were not successful
in describing the complex drying processes. For example, the
empirical model developed for drying shelled corn by
Thompson et al. (1968) and Wang and Singh’s model for
drying rough rice (Wang and Singh 1978a, b) give a function
of moisture ratio and drying time, but the function does not
explain the drying process itself. Hence, a different view to-
ward some robust mathematical model for drying kinetics was
later considered. The newmodels are normally based on phys-
ical mechanisms such as the effect of air temperature, air hu-
midity, and air velocity, and characteristics of solids (Shahari
and Hibberd 2014; Shahari et al. 2014). These models are
quite useful for determining the overall moisture content and
drying time for different agricultural products dried using dif-
ferent drying systems. The results of these models have great-
er acceptance in the field of research and science. But they are
not capable enough for providing detailed design criteria for
industrial dryer manufacturing.

As the discussion on numerical modelling of drying pro-
cess proceeds in the following sections of the paper, the fluid
domain refers to the drying medium and the solid domain
refers to the material to be dried.

Classification of Thermal Process Models

The existing mathematical models of various thermal processes
such as sterilization, drying, and refrigeration taking place in
the food and bio-process industries can be broadly divided into
four major groups (lumped capacitance models, diffusion
models, models based on porous media theory with an equilib-
rium approach, and non-equilibrium models). The choice of
mathematical models of drying among empirical models or
lumped models, models based on heat and mass transfer,

models based on porous media theory with an equilibrium
approach, or non-equilibriummodels depends on the complex-
ity of the flow problem (Shahari et al. 2014). This selection is
also dependent on the level of insight required from the model
which in turn is determined by the intended use of the model.

Lumped Capacitance Models

The lumped parameter models and diffusion models are col-
lectively considered as experiment-based models as they are
based on empirical equations which are capable of predicting
average moisture content as a function of drying time. The
lumped capacitance models are suitable for a specific product
and specific processing conditions (Jurumenha and Sphaier
2011). Such models are limited and cannot be used even in a
slightly different processing condition (Wang and Brennan
1992). In modelling of drying, the lumped capacitance models
are used for determining the average heat transfer coefficient
(Cunningham 1992; Salagnac et al. 2004; Rizzi et al. 2009).
Honarvar and Mowla (2012) used the lumped capacitance
model (Eq. 4) to determine the heat transfer coefficient, and
an analogy of heat and mass transfer was used to define the
mass transfer coefficient (Eq. 5). They used these coefficients
with the one-dimensional equation of heat and moisture dif-
fusion in the solid to obtain the temperature and moisture
distribution (Eqs. 8 and 9). These equations form the basis
of the second group of models (so-called diffusion models)
which is discussed in detail in the following section. Their
computational results of heat transfer coefficient were compa-
rable with the data published in literature.

T−T∞ð Þ
T0−T∞ð Þ ¼ exp −

hA
ρCpV

t
� �

ð4Þ

h

h*
¼ Cp

Sc
Pr

� �2
3

ð5Þ

where T∞ and T0 are the ambient and initial temperatures, and
Sc and Pr are the Schmidt and Prandtl numbers, respectively.

As the lumped parameter models are purely empirical, at-
tempts were made to improve the prediction power by com-
bining the reaction engineering approach (REA) with the
lumped capacitance approach. The REA was first proposed
by Chen and Xie (1997) for modelling convective drying of
agricultural materials under constant environmental condi-
tions. In the REA, evaporation is considered as an activation
process with an energy barrier. The concept of activation en-
ergy can reflect the degree of difficulty for removing water
from a solid while drying (Chen 2008). Gao et al. (2016) used
a combination of the lumped capacitance approach for heat
balance and the REA for mass balance equations to study the
drying kinetics of green peas. They used the concept of the
change in activation energy with the change in moisture
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content and heat balance in lumped capacitance, which can be
expressed as follows (Gao et al. 2016):

md
dM
dt

¼ −h*A Cv;s−Cv; f
� � ð6Þ

where the surface vapor concentration is

Cv;s ¼ exp −
Ev

R Ts

� �
Cv;in T sð Þ ð6aÞ

d md CpT
� �

dt
¼ hA T f −Ts

� �þ md
dM
dt

λ ð7Þ

The correlation between the activation energy and moisture
content was found to have good agreement with anR(Agarwal
et al., 1986) value of 0.9 (Gao et al. 2016).

Diffusion Models

The second group of models (diffusion models) consists of
improved models that assume a conductive heat transfer phe-
nomenon for energy and a diffusive transport of moisture.
These models use a transient diffusion equation where the
effective diffusivity is determined experimentally. They incor-
porate evaporation using a surface boundary condition in the
heat transfer equation while neglecting the evaporation inside
the food domain. These types of models typically predict
moisture content that varies with time and space (Eq. 8), and
they explain the physical transport of moisture within the ma-
terial, giving a more fundamental value than pure empirical
models (Shahari and Hibberd 2014). They used the diffusion
model with a shrinkage effect for heat and mass balance as
shown in Eqs. 8 and 9, respectively. However, they found that
the empirical model had better predictability than the mathe-
matical model with shrinkage. In the diffusion model, the
effective diffusivity has to be determined separately, usually
by using drying curves. The effective moisture diffusivity can
be incorporated into the diffusion model either as a constant
value or as a function of temperature. The assumption of con-
stant diffusivity might affect the accuracy of prediction
(Ramachandran et al. 2017b). Also, the shrinkage of the solid
associated with drying and its corresponding effect on thermo-
physical properties affect the accuracy of determination of the
diffusion coefficient. Whereas the well-accepted and widely
used empirical models (e.g., exponential models for drying)
assume negligible resistance to moisture movement to the
surface of the material leading to the more simplified relation
between drying time and moisture content (Aregbesola et al.
2015). A comparative study by Baini and Langrish (2007 and
2008) of the diffusion model versus the empirical model for
drying bananas found that pragmatically empirical models are
simpler than the diffusion models, and they are comprehen-
sively applied to food drying. The diffusionmodels rely on the
effective diffusivity of the material which in turn varies with

the operating condition of the dryer. These models predict the
internal moisture movements in the material during drying,
while empirical models describe only the change in average
moisture content with time by fitting the drying curves with
exponential or polynomial functions (Da-Silva et al. 2013).

∂M
∂t

¼ 1

L2i

∂
∂ξ

D*
i
∂M
∂ξ

� �
þ ξ

Li

dL
dt

∂M
∂ξ

� �� �
ð8Þ

∂T
∂t

¼ 1

L2i

∂
∂ξ

α*
i
∂T
∂ξ

� �
þ ξ

Li

dL
dt

∂T
∂ξ

� �� �
ð9Þ

where dL
dt is the shrinkage of the solid.

Models Based on Porous Media Theory with an
Equilibrium Approach

As drying is a coupled phenomenon involving a simultaneous
transfer of mass and heat in both the solid and the fluid phases
(De-Bonis and Ruocco 2012), the diffusion of liquid may not be
the only mechanism responsible for the moisture migration in-
side the solid. Cloutier et al. (1992) conducted studies on drying
vegetables, employing the finite element method, and focusing
on the basic aspects of the vapor and liquid water depletion and
their transport. This approach evolved the third group of models
(models based on porous media theory with an equilibrium
approach) in thermal processing. These models are developed
based on the assumption that there is a sharp moving boundary
between the wet and dry regions of the solid. Some researchers
refer to these models as receding or shrinking core models
(Agarwal et al. 1986; Chen et al. 2000; Hashimoto et al. 2003;
Hamawand 2013). It was experimentally proven (Thorvaldsson
and Janestad 1999) that, during drying, significant water evap-
oration takes place inside the solid phase as well as on the
external surface of a product depending on the changes in the
sharp moving boundary. In a study conducted by Wang and
Chen (1999), the effective diffusivity was analyzed based on
the coupled effects of the moisture content and temperature on
mass transfer in capillary flow, evaporation-condensation, and
transition regions. They concluded that, even though the effect
of the moisture concentration on the moisture diffusivity was
highly significant, the temperature effect cannot be neglected
especially at lower moisture concentrations. They found that
the assumption of evaporation front was valid for drying of
permeable materials. Shibata and Ide (2001) employed themod-
ified receding coremodel for a combined superheated steam and
microwave drying, where evaporation occurs not only at the
receding front but also within the wet region. This was unlike
the case in conventional receding front model where the drying
mechanism is controlled by the surface evaporation (Eqs. 10 and
11) mainly occurring during the constant drying rate period
(Looi et al. 2002). They used equilibrium boundary conditions
to determine the drying rate (Eqs. 10 and 11). A similar moving
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boundary model was also used in the study conducted by Farid
(2003) with the inclusion of the shrinkage effect in drying a
single droplet. The droplet size reduction occurring during the
evaporation period was described by Eq. 12. Both the studies of
Looi et al. (2002) and Farid (2003), where the drying curves
were comparable with the experimental data, had concluded that
the surface temperature can be significantly higher than that of
the average temperature. The concept of thermal equilibrium at
the interface of solid and fluid has been successfully used by
many researchers to account for evaporation inside the solid
especially in the case of superheated steam drying (Lu et al.
2005; Pakowski and Adamski 2011; Ramachandran et al.
2017a). They used the thermal equilibrium approach at the in-
terface to determine the drying rate and moisture and tempera-
ture history of the solid and concluded that the accuracy of the
model is dependent on the accuracy of the computation of tem-
perature at the interface. In the equilibrium approach, there is a
relationship between the solid moisture content and the fluid
phase vapor concentration which is rarely achieved during dry-
ing (Pujol et al. 2011). Putranto and Chen (2015) reported that
the multiphasemodel with the equilibrium approach is inferior
to the model with the spatial reaction engineering approach. In
this approach, the local evaporation or condensation rate is
modeled with the non-equilibrium approach and the global
drying rate is modeled with the reaction engineering approach.
They also concluded that the spatial reaction engineering ap-
proach accurately modeled both convective and intermittent
drying cases. Hence, another approach of modelling evapora-
tion during drying was later developed by researchers (Zhang
and Kong 2012; Warning et al. 2015) called the distributed
non-equilibrium approach which is detailed in the BModels
Based on Porous Media Theory with Non-equilibrium
Approach^ section.

ṁv

Adf
λ ¼ h Ts−T f

� � ð10Þ

where r = rs = rdf

ṁv

Adf
λ ¼ K

∂T
∂r

����
rdf

 !
ð11Þ

where r = rs ≠ rdf

dr
dt

¼ h
λρ

T f −Twb
� � ð12Þ

Models Based on Porous Media Theory
with Non-Equilibrium Approach

The distributed (non-equilibrium) models assume that evapo-
ration occurs over a zone rather than at a distinct interface as
opposed to sharp boundary models, where a sharp moving

boundary between the dry and wet zones is assumed in drying
(Yamsaengsung andMoreira 2002; Zhang et al. 2005). It is also
possible that the real evaporation zone can be very narrow and
close to the sharp interface.When there is a high rate of internal
evaporation, a significant pressure-driven flow can be present
for liquid and vapor phases throughout the material. These
models are also referred to as mechanistic models as they con-
sider transport equations for each phase in porous media (Datta
2007a). The model is based on the assumption that the equiv-
alent porosity is the volume fraction occupied by gas and liq-
uid, and hence, porosity remains constant (Datta 2007b).
Murugesan et al. (2001) used a conjugate model for describing
drying of rectangular bricks where the full Navier-Stokes for-
mulation was used to solve the flow field considering the buoy-
ancy term and the energy and moisture transport equations for
the brick. They employed Darcy’s and Fick’s law of liquid
mass flux and diffusion mass flux, respectively, and the
continuity equation for fluid and vapor phases. By comparing
their simulation results with the results published by other
researchers like Oliveira and Haghighi (1995) and Yang and
Atluri (1984) for the same geometry, the authors concluded that
the two-dimensional model is significantly different than the
one-dimensional model with sharp boundary-layer approxima-
tions on the solid surface. The prediction results of flow char-
acteristics were in agreement with that of the results obtained
fromYang and Atluri (1984), and the temperature and moisture
distribution were comparable with that of Oliveira and
Haghighi (1995). Murugesan et al. (2001) also reported that
based on temperature and moisture potential, the heat and mass
transfer coefficients could act as a good representation of the
transport processes in drying. This type of multiphase porous
media model for drying with a non-equilibrium approach has
been used in vacuum drying (Zhang and Kong 2012) and vac-
uum freeze drying (Warning et al. 2015). They used the non-
equilibrium approach for modelling the rate of phase change
using Eq. 13. Both the studies were comparable with the ex-
perimental results of drying curves and temperature data and
concluded that the evaporation rate constant k∗ affects the mod-
el and the computation time.

I˙ ¼ k*
Wv

RT
Pv;sat−Pv
� � ð13Þ

Advantages of CFD Modelling

As discussed in the previous sections, the demand for a de-
tailed study of physical phenomena involved in different types
of drying techniques still exists. The addition of each phenom-
enon such as internal evaporation, diffusion, and shrinkage
increases the intricacy in solving the drying problem. The
complexity of the drying process with multiphase fluid flows
and heat and mass transfer triggered the use of different CFD
models which are very helpful in the optimization and
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development of processing strategies. Computational fluid dy-
namics in combination with REAwas proven to be a suitable
tool to model the multiphase flow (such as in spray drying,
fluidized bed drying). Also, the CFD models are a powerful
tool for a dryer design with a better understanding of the
drying process in comparison to experimentation.

When compared to the empirical models, the numerical
models for drying process simulations using CFD have numer-
ous advantages: The heat and mass flow can be quantified
throughout space and time. The sensitivity to changes in oper-
ating conditions can be easily detected without repeatability
problems which are present in experimental methods. Even
though there is some computational cost and time constraints
in capturing random fluctuations in drying conditions such as in
spray drying, there are certain numerical strategies available in
CFD, to deal with such transient flows. The multiconfiguration
approach for such flows could simplify this job to some extent.
By running a steady-state simulation to establish the flow field
which forms the initial solution for the transient behavior, the
simulation time could be reduced (Meng 2016). In the case of
numerical simulation, there is no limitation for the operating
conditions (e.g., temperature of a dryer), as safety is not an
issue. The simulations can be performed with the actual scale
of the dryer which may not be feasible with the experiment-
based modelling. Moreover, CFD-based models have the capa-
bility to give a deeper insight of the drying process with the 3D
configuration which is not possible with drying experiments
(Defraeye 2014). The versatility of CFD models with its appli-
cation to any size solid being dried was utilized by many re-
searchers to model the drying process of a single element
(Ljung et al. 2011; Elgamal et al. 2014; Ramachandran et al.
2017a). Ljung et al. (2011) studied the single element drying of
an iron ore pellet using a high-resolution three-dimensional
CFD model. They used 3D optical scanning equipment for
the meshing of the actual geometry of the solid, and the mois-
ture and temperature distribution during different stages of dry-
ing were simulated and the model was validated with the ex-
perimental data (average moisture content and solid tempera-
ture). Not only were their simulation results in good agreement
with the experimental values, but also the model was able to
distinctly describe four stages of evaporation of water (evapo-
ration at the surface, surface evaporation coexisting with inter-
nal drying, pure internal drying with complete dry surface, and
pure internal evaporation at boing temperature). The hydrody-
namic flow in the drying medium can be obtained with any
degree of resolution in CFD, which can then be used as the
boundary condition for the solid to be dried (Younsi et al.
2008). However, experiments are essential to develop mathe-
matical models that describe physical phenomena of heat and
mass transfer and to validate CFD results. Occasionally, CFD
results can be validated against benchmarked analytical solu-
tions of experiment-based models for standard conditions that
exist.

Governing Equations of CFD

The development of a CFD model involves an accurate
definition of the variables, a selection of mathematical
equations and numerical methods, boundary and initial
conditions, and applicable empirical correlations describ-
ing the process (Jamaleddine and Ray 2010). The major
governing equations of fluid flow and heat transfer ba-
sically rely upon laws of conservation of mass, momen-
tum, and energy. These equations relate the rate of
change of desired flow properties with respect to exter-
nal forces (Norton and Sun 2006) and are described
below:

1. The law of conservation of mass (continuity equa-
tion), which states that the mass flows entering a
fluid system must balance exactly with the mass
leaving the system. In other words, mass is neither
created nor lost, but transferred from one point to
another as explained by Eq. 14 (Norton and Sun
2006; Bernard and Wallace 2002; Erriguible et al.
2005, 2006). This flow is governed by the driving
force of concentration gradients. The continuity
equation in the x direction is given by

∂ρ
∂t

þ ρ∇ ⋅ u ¼ 0 ð14Þ

Physically, ∇ ⋅ u is the time rate of change of volume of the
moving fluid element per unit volume, which represents the
divergence of velocity. The bar above u is a notation for the
vector quantity.

Simplified conceptual model equations are derived with the
assumption of incompressible flow. For an incompressible
fluid for which the density is constant, the aforementioned
equation can be simplified as

∇ ⋅u ¼ 0 ð15Þ

2. The law of conservation of momentum (Newton’s second
law of motion), which states that the sum of the external
forces acting on a fluid particle is equal to its rate of
change of linear momentum. The Euler equation for fluid
motion in the x direction (assuming the fluid is incom-
pressible) is given by

∂ ρuið Þ
∂t

þ ∇ ⋅ ρui u
	 


¼ −∇ pþ ρg ð16Þ

where u is the velocity vector in all (x, y, z) directions. This
anachronistic formulation for fluid motion has been later mod-
ified by introducing viscous transport into the equation. The
resulting equation, which forms the basis for CFD (Norton
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and Sun 2007), is termed as the Navier-Stokes equation for
Newtonian fluids (Eq. 16a).

∂ ρuið Þ
∂t

þ ∇ ⋅ ρ ui u
	 


¼ −∇ p|ffl{zffl}
1

þ μ∇ 2u|fflffl{zfflffl}
2

þ ρgi|{z}
3

ð16aÞ

where 1 refers to surface force, 2 is the molecular-
dependent momentum exchange (diffusion), and 3 is the mass
force (gravitational force).

3. The law of conservation of energy (the first law of ther-
modynamics), which states that the rate of change of en-
ergy of a fluid particle is equal to the heat addition and the
work done on the particle. This energy flow is governed
by the driving force of temperature gradients. The energy
balance equation in the x direction is given by

ρCp
∂T f

∂t
þ ρCp ui∇T f ¼ λ∇ 2T f|fflfflffl{zfflfflffl}

4

þ ST|{z}
5

ð17Þ

where
i = 1, 2, and 3 denoting x, y, and z directions, respectively.
4 refers to heat flux (diffusion) and 5 the source term for

heat addition (transfer of mechanical energy to heat). For in-
compressible fluids, the pressure work is zero.

Besides these three basic equations, sometimes the density
variation within the drying medium is also considered, which
can be modeled in three different ways: (i) based on the
Boussinesq approximation assuming that the density differen-
tials in the flow are only required in the momentum equations
(Ghani et al. 1991), (ii) based on the high temperature differ-
ential (Ferziger and Peric 2002), and (iii) based on the method
which considers the drying medium as an ideal gas and which
derives density difference from the ideal gas equation.
Likewise, the viscosity is another important fluid property
which can be quantified via the mathematical correlation be-
tween the rate of deformation of the fluid and its shear stress
(Norton and Sun 2007).

Methods of Discretization of the Governing
Differential Equations of Flow, Heat, and Mass
Transfer

The choice of an appropriate technique for modelling the fluid
continuum is of prior importance for the better analysis of
numerical data, solving of the flow problems, and interpreta-
tion of the solution (Norton and Sun 2006). Among the dif-
ferent techniques, the most important ones are the finite dif-
ference method (FDM), finite element method (FEM), and
finite volume method (FVM). These approaches obtain the
same solution at high grid resolutions, but have a different
range of applications. The finite difference method was

identified as the simplest to implement, and useful in solving
preliminary flow problems and for developing mathematical
models. However, it was found to have limited application in
real-time engineering problems due to typical geometrical
complexities of the systems used in industry. This is because
in the finite difference method, the domain is usually meshed
using structured grids and each grid node is assigned with one
algebraic equation. Creating a computationally efficient struc-
tured grid for complex geometries is generally a laborious
process requiring domain decomposition and other advanced
techniques which, if not applied proficiently, might in many
cases result in massive grid nodes and subsequently extremely
costly computations. Thus, any complexity in the geometry
causes difficulties in creating structured grid, thereby causing
convergence issues in simulation (Bono and Awruch 2007). In
contrast, the finite element and finite volume approaches em-
ploy sophisticatedmeshing structures and computational tech-
niques to deal appropriately with an arbitrary geometry with
appreciable accuracy. Finite element analysis on the solution
of discrete problems belongs to a function space, and the so-
lution is strongly linked to the geometry of the domain (Dick
2009). Still, there are certain limitations for the commercial
finite element packages such as the intensity of mathematics
involved with no physical significances, which undoubtedly
create difficulties in the programming and understanding of
this technique (Ferziger and Peric 2002; Shukla et al. 2011).
These difficulties are avoided through the implementation of
the finite volume method. When the governing equations are
expressed through finite volumes, a relation between the nu-
merical algorithm and the principles of the conservation of
mass, momentum, and energy is clearly defined within the
computational domain. The numerical algorithm consists of
three steps: (i) integration of the governing equations of the
fluid, (ii) conversion of the integral equations to a set of alge-
braic equations, and then (iii) solving of the algebraic equa-
tions using iteration methods (Versteeg and Malalasekera
1995). The easiness of understanding the concept, simplicity
in programming, and versatility of the finite volume method
have made it the most commonly used technique for model-
ling in food industries.

Mathematical Formulations Used in CFD

Usually, the motion of fluid particles in space is well repre-
sented by the Navier-Stokes equation which details the change
of a vector quantity in 3D space (Al Makky 2012). The sim-
ulation of the physical processes occurring during drying is
done by solving Navier-Stokes equations numerically in an
iterative scheme, the coupling between the velocity and pres-
sure fields. This process encounters long computation times
and divergence issues. Hence, some simplification in the di-
mension by introducing the concept of symmetry wherever
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possible is usually performed. The governing equations are
represented by different mathematical formations such as
Eulerian-Eulerian or two-fluid/two-phase models (interpen-
etrating continuum) and Eulerian-Lagrangian or discrete par-
ticle models as described by Jamaleddine and Ray (2010).
They reported that almost all equations used in the study of
fluid flows (i.e., the continuity equation, momentum equa-
tions, and energy balance equation) are derived from the
Reynolds transport theory. The programmable form of these
mathematical formulations for the governing equations is
casted into the computational domain by discretizing the
whole domain by either finite element, finite volume, or finite
difference. To accomplish this, the entire problem domain is
divided into cells, in which the mass balance is computed over
each cell. Most of the CFD codes in the market such as
ANSYS, OPENFOAM, COMSOL, STAR CCM, FLOW
3D, and PHEONICS except LIGHHT CFD-DEM coupling
package which is a discrete element modelling package are
capable of using both Eulerian and Lagrangian formulations
(Stone et al. 2016).

Eulerian-Eulerian or Two-Fluid Models

Eulerian-Eulerian formulations can handle both dense and di-
lute flow systems and are important in the case of handling
two fluids with turbulence. In the two-fluid models (e.g., flu-
idized bed drying), the fluid phase and the solid phase are
treated as interpenetrating or interacting continua. Hence, this
approach is called as a pseudo-fluid approach (Zhou 2015).
Each phase is represented by the phase volume fractions, and
the summation of these volume fractions must be in unity. The
conservation laws of mass and momentum are then solved for
each phase to account for the interphase interaction force
called the drag force (Li et al. 2012a). The mass, energy, and
momentum equations for one component (a) in a mixture of a
and b (as in multiphase flow) as per Eulerian approach is given
by Eqs. 18–20 (Hamzehei 2011):
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where ṁab and ṁba are the mass fluxes from components a to b
(kg m−3 s−1), and Sm, a, SF, a, and ST, a are the additional source

terms of component a for mass (kg m−3 s−1), momentum
(N m−3), and heat (J m−3 s−1), respectively. I is the unit tensor.

The turbulence of the fluid (drying medium) plays an
important role in phase distribution. Chahed et al. (2003)
developed an Eulerian-Eulerian two-fluid model empha-
sizing the turbulence correlations associated with the
added mass force. Their results proved that the two-fluid
models improve the representation of the interaction be-
tween the phases. This Eulerian-Eulerian approach has
been used in many drying studies such as the study of
dynamics of a fluidized bed dryer (Dincer and Sahin
2004; Li and Duncan 2008; Assari et al. 2007; Assari
et al. 2012; Ranjbaran and Zare 2012). The use of the
kinetic theory of granular flow in conjunction with the
two-fluid model helps to describe the solid particle-
particle interaction in a fluidized bed (Taghipour et al.
2005; Hosseini et al. 2010). In general, the authors state
that this approach is suitable for the prediction of phase
distributions which was previously limited by the inade-
quate modelling of the turbulence and of the interfacial
forces. Additionally, the algorithm for the conveying
phase can be easily modified without compromising the
storage and computational time (Crowe 1991). The two-
fluid (air-droplet) formulations are not capable of
representing the mass fluxes and resulting physical phe-
nomena associated with two streams of particles moving
at differential velocities at the same physical location.
Hence, it has limited application in the modelling of jet
impingement drying technology when compared to the
discrete particle approach (Pai and Subramaniam 2006).

Eulerian-Lagrangian or Discrete Particle Models

In Eulerian-Lagrangian models, the Newtonian equations
of motion are solved for each individual solid particle and
an interaction model is applied to handle particle
encounters. Such models were used by Huang et al.
(2003) for modelling spray drying. In Eulerian-
Lagrangian models, the fluid phase motion is described
in an array of Cartesian coordinates forming a Cartesian
grid or particle grid, which can be used for particle track-
ing purposes (Grace and Taghipour 2004). Hence, such
models are called trajectory models (Zhou 2015). The
overall calculation time can be significantly reduced by
applying the algorithms referring to particle interactions
(i.e., the search algorithm for collision partners) on this
grid. This approach considers the fluid phase separately
by solving a set of time-averaged Navier-Stokes equations
and is treated using the Eulerian approach. The dispersed
phase is solved by tracking a large number of particles,
bubbles, or droplets through the calculated flow field
employing the Lagrangian approach (Jamaleddine and
Ray 2010). The particle trajectory is calculated by solving
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the equation of motion as given below (Ali et al. 2017;
El-Behery et al. 2013):

dup
dt

¼ F
!

D u!− u!p

	 

|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
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2
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where u! and u!p are the instantaneous gas and particle
velocities, 1 is the drag force per unit mass, and 2 is the
gravity and buoyancy force per unit mass.

The dispersed phase and the fluid phase are coupled
through the fluid volume fraction and the total source term
that account for heat, mass, and momentum fluxes (El-
Behery et al. 2013). This approach has some unique advan-
tages over the Eulerian-Eulerian approach, especially in de-
scribing the non-linear dependence of interphase transfer pro-
cesses on the droplet (or particle) size. Hence, it is more con-
venient for tracking the trajectories of particles (Pai and
Subramaniam 2006, 2009). Also, the Eulerian-Lagrangian
model is more suitable for simulating the fluctuations in par-
ticle velocity (Sae-Heng et al. 2011) and, with a longer com-
putation time, is more capable of giving the particle tempera-
ture history and mass change (Zhou 2015). Moreover, the
phenomena prevailing at the individual particle level can be
easily incorporated since the properties of each particle are
described separately (Deen et al. 2007). The Lagrangian-
Eulerian approach can accurately represent collisions in the
presence of flow and thereby minimize numerical diffusion in
dispersed-phase fields, such as volume fraction and mean ve-
locity, when compared to the grid-based Eulerian approach
(Gondret et al. 2002). However, one of the major limitations
in using the Eulerian-Lagrangian approach is the lack of suit-
ability for concentrated or dense systems with significant
particle-fluid and particle-particle interaction as in the case
of spouted bed drying. This is because, in the case of dense
systems, there will be a high computational demand for a
larger number of particles traced (Szafran and Kmiec 2004;
Ali et al. 2017). In order to reduce the cost of the simulation,
Fletcher et al. (2006) employed Eulerian flow representation
of the spray droplets so that the particles can be modeled as a
second phase. However, they lost the time history of individ-
ual particles, and could not model the interacting jets. The
Eulerian-Lagrangian method was also used to model drying
processes while considering the volume change by a proper
structural mechanics analysis that allowed for the determina-
tion of material shrinkage due to water evaporation. Curcio
and Aversa (2010) have used an arbitrary Lagrangian-Eulerian
(ALE) method to model drying phenomena with volume
changes. They used the transport and structural mechanics
models to calculate the stresses developing in the solid as a
result of water removal in order to simulate lateral and longi-
tudinal shrinkage of the solid. The validation results of their

model gave a maximum observed deviation less than 10% for
both lateral and longitudinal shrinkage.

Commercial CFD Codes

Awide variety of commercial CFD codes are available today.
Over the decades, different challenges in this area have led to
remarkable competition among commercial CFD developers.
These codes, with applicability in the areas of modelling non-
Newtonian fluids, two-phase flows, flow-dependent proper-
ties, phase change, and flow through porous media, have
gained much popularity (Kopyt and Gwarek 2004).
Generally, a CFD code consists of input parameters, time
discretization section, space discretization section, and output
section. Some of the commonly used CFD codes are shown in
Table 1. The commercial codes like CFX and FLUENT cur-
rently owned by ANSYS, Inc., had occupied the major share
in the market with its wide range of educational and industrial
applications (Xia and Sun 2002; Chen and Sun 2012;
Defraeye 2014). The ANSYS CFX package has high CFD
solver capabilities using a unique multigrid linear solver (with
essentially linear parallel CPU scalability) and access to a
broad set of models that provide accurate results (Frank
et al. 2012). ANSYS codes have wide applications in the
design of heat exchangers, discrete phase models for multi-
phase flows and for numerous reaction models, and phase
change models which are common in food processing
(Mirade and Daudin 2006; Hosseinizadeh et al. 2012;
Muhammad et al. 2015; Ali et al. 2017). The PHOENICS
codes were also reported as a powerful tool in modelling var-
ious food processes, including Newtonian and non-
Newtonian fluid flow modelling (Hlawitschka et al. 2016),
flow through porous media with direction-dependent resis-
tances, and conjugate heat transfer (Norton et al. 2007;
Ghani and Farid 2010). Since this package involves a struc-
tured grid code, the meshing of complex geometries might
involve more effort than that in the case of ANSYS (Bolot
et al. 2004; Dick 2009). Also, ANSYS has a single-user inter-
face for generating geometry; meshing; setting up the fluid
properties, the initial and boundary conditions, and the numer-
ical options; and displaying the numerical results which make
it more appealing than PHEONICS. FLOW 3D is another
highly accurate CFD software that can provide insightful in-
formation to many physical flow processes, especially for
free-surface flows. It has some advanced features such as
liquid-vapor and liquid-solid phase change simulations avail-
able in the latest version of FLOW 3D, and are highly useful
for modelling drying and cooling processes (Lang and Todte
2011; Saravacos and Kostaropoulos 2016). STAR-CD is suit-
able for dealing with unstructured meshes (which do not fol-
low a uniform pattern) containing all cell shapes including
polygons and for any hybrid unstructured meshes
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(combination of structured and unstructured mesh) with the
arbitrary interface (Nicolai et al. 2001; Lo 2005). These codes
are successfully used for modelling natural convection in solar
dryers (Rigit and Low 2010). The CFD module of the
COMSOL is capable of modelling different aspects of fluid
flow, such as two-phase and porous media flows for the lam-
inar and turbulent flow regimes. It has been used in defining
the fluid flow in drying processes (Aversa et al. 2007; Sabarez
2012; ElGamal et al. 2014). It has a wide range of simulation
applications, including fluid flows involving heat transfer, sol-
id mechanics, and electromagnetics (Table 1) (Kunkelmann
and Stephan 2009; Zadin et al. 2015).

Turbulence Models Used for Simulation
of Drying Process

Along with the selection of the appropriate commercial CFD
package, the choice of a suitable turbulence model for the
simulation of the flow process is also important as the type
of the turbulence model has a huge effect on the CFD results.
The performance of these models in terms of different

response variables such as deterioration of heat transfer, wall
temperature, and variation in buoyancy parameter varies for
different fluid conditions (Zhi et al. 2016). In dryer design,
fluid conditions such as the pressure profile and velocity of the
fluid (drying medium) play a key role (Kaushal and Sharma
2012). For example, these flow models that are capable of
modelling important flow parameters such as flow pattern,
velocity, temperature, and humidity profile along with other
heat, mass, and momentum transfer variables had been suc-
cessfully used in the design of spray dryer (Langrish and
Fletcher 2001; Fletcher et al. 2006). In most engineering prob-
lems, the selection of a turbulence model mainly relies on the
computational cost, time, and accuracy.

The complexity of the turbulence model depends on how
much information is desired from the flow field. The degree of
complexity for the turbulence model is due to differences in
simplifications made to the Navier-Stokes equation (i.e.,
whether it is a non-linear, time-dependent, or three-
dimensional partial differential equation). It also depends on
the type of different flow phenomena (such as flow distortion,
transition, convection, dissipation) occurring in the fluid do-
main (Wilcox 1994). When modelling turbulent flow in CFD,

Table 1 Some of the commonly used commercial CFD codes and their important features

Code Provider Solver TBC Features/capabilities

CFX and FLUENT ANSYS, Inc.
www.ANSYS.com

FVM Temperature, flux, convection,
radiation, heat source

Inbuilt geometry, meshing, pre- and
post-processing features. Enthalpy
and latent heat-based phase change
models available and CAD compatible.

COMSOL multiphysics COMSOL
www.comsol.com

FEM, FVM,
and PTM

Temperature, flux, convection,
radiation, electromagnetic
heating

Inbuilt geometry, meshing, pre- and
post-processing features. CAD compatible
and live link feature for MATLAB
and excel.

Star-CCM
Star-CD

CD-adapco Group
www.cd-adapco.com

FVM Temperature, flux,
convection, radiation

Inbuilt geometry, meshing, pre- and
post-processing features. Enthalpy
phase change model available and
CAD compatible.

PHOENICS CHAM Ltd.
www.cham.co.uk

FEM and
FVM

Temperature, flux,
convection, radiation

Inbuilt meshing, pre- and post-processing
features. Both enthalpy and latent
heat-based phase change models
available and CAD compatible.

OpenFOAM
(open source)

OpenFOAM CFD
OpenFOAM.org

FVM and
FEM

Convection, temperature,
flux, radiation, heat
source

Inbuilt geometry, meshing, pre- and
post-processing features, and CAD com-
patible.

Flow 3D Flow Science, Inc.
www.flow3d.com

FVM Convection, temperature,
flux, radiation, heat
source

Inbuilt meshing, pre- and post-processing
features.

CAD import and edit feature.

SOLIDWORKS
Flow simulation

Dassault Systèmes
SOLIDWORKS
Corp

www.solidworks.com

FVM Convection, temperature,
flux, radiation

Inbuilt meshing, pre- and post-processing
features.

CAD import and edit feature.

CFD-DEM Coupling
LIGGGHTS

(open source)

CFDEM® project
www.cfdem.com

DEM Convection, temperature,
flux, radiation,
heat source

CAD import feature for geometry and
meshing.

Inbuilt pre- and post-processing features.

Modified from the results reported by Kopyt and Gwarek (2004)
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it is very difficult to capture every scale of motion. Therefore,
a model with minimal complexity, but capable of capturing
the essence of the relevant physics, should be chosen (Wilcox
1994). Based on the governing equation used in the model, the
turbulence models are classified into two groups: (i)
Reynolds-averaged Navier-Stokes (RANS) models and (ii)
computation of fluctuating quantities such as large eddy sim-
ulations (LES). The two-equation turbulence models such as
the k- (k-epsilon) model, k-ω (k-omega) model, and wall
functions in conjunction with the Reynolds-averaged
Navier-Stokes (RANS) equations are the widely used ap-
proaches for flow studies involving drying (Defraeye et al.
2012a; Defraeye 2014). The RANSmodels are highly suitable
for modelling large complex systems with lesser cost than
LES (Kondjoyan 2006; Jongsma et al. 2013). The two-
equation turbulence models, namely, the k- and k-ω models,
are more effective for the drying processes with high
Reynolds numbers (Trujillo et al. 2003). The k- model solves
for two variables: k, the turbulent kinetic energy, and , the rate
of dissipation of kinetic energy. This model gives good con-
vergence and is well suited for the flow processes which do
not involve adverse pressure gradients (Launder and Spalding
1974). It also works well for external flow around complex
geometries. The k-ω model solves for ω, the specific rate of
dissipation of kinetic energy, and is more difficult for converg-
ing. However, this model is more accurate for internal flows
and flows with convoluted curvatures (Wilcox 1994). Trujillo
et al. (2003) tried four different turbulencemodels (standard k-
model, RNG (re-normalization group) k- model, SST (shear
stress transport) k-ω model, and laminar models) with a stan-
dard wall function and enhanced wall treatment for modelling
heat and mass transfer during evaporation of water from the
circular cylinder. They reported that the RNG k- model with
enhanced wall function has given the best fit to the experi-
mental data while considering the radiation effect as well. The
model predicted the heat transfer coefficient as well as the
mass transfer coefficient with high accuracy. The SST model
is another turbulence model which is a combination of the k-
in the free stream and the k-ω near the walls (Menter 2009).
This model performs well with low Reynolds numbers
(Defraeye et al. 2012b; Ramachandran et al. 2017a) and was
found to be sufficiently accurate for predicting the convective
heat transfer coefficient (Dixon et al. 2011) and moisture and
temperature profile in single element drying (Ljung et al.
2011; Ramachandran et al. 2017a). The superior predictability
of the SST models is mainly attributed to the elimination of
the large free-stream dependency (Ljung et al. 2011). The
difference between SST and k- models in defining the drying
process is illustrated in Fig. 1. The central plane moisture and
temperature profile of a cylindrical pellet dried under super-
heated steam obtained using SST and k- simulation is shown
in Fig. 1. The geometry and the mesh chosen for the
simulation are the same as reported by Ramachandran et al.

(2017a) where the distillers’ spent grain pellet was subjected
to superheated steam at 120 °C and 1 m/s velocity. The distri-
bution of moisture and temperature inside the solid after 100 s
of drying (Fig. 1) shows that the definition of the mass and
heat transfer phenomena is more distinctly visible in the SST
model than the k- model, especially near the solid fluid inter-
face. The validation of the model with their experimental re-
sults of superheated steam drying also established that the SST
had better predictability over the k- model. This shows that
the near-boundary prediction of the SST model is superior
especially for low Reynolds numbers, and hence, the model
could be used for the simulation of single element drying.

The accuracy of RANS models is still questioned when
compared with the LES models. Hence, more advanced ap-
proaches such as hybrid RANS-LES techniques (detached
eddy simulations (DES) and scale adaptive simulation
(SAS)) (Fletcher and Langrish 2009; Egorov et al. 2010) were
used to model drying processes with higher accuracy than a
pure RANS model (Fletcher et al. 2006; Kuriakose and
Anandaramakrishnan 2010).

Complexity of CFD Models

In the previous section, it was mentioned that the complexity
and computation load of a CFD simulation is influenced by
the turbulence model chosen for defining the fluid flow. Other
contributing factors worth mentioning include the geometry of
the problem domain, the degree of details expected from the
model, and the physics to be solved in the fluid and solid
domains. The CFD package finds applications in different
types of drying systems for various geometries (Table 2). In
many cases, for the simplicity of meshing the solid geometry,
it is assumed to be any standard shape (sphere, cylinder, slab
or cubes) (Defraeye et al. 2012a). A rectangular geometry of
the solid is most common when modelling using CFD
(Table 2). This might be because meshing and convergence
with the heat and mass transfer equations are easier in the case
of rectangular geometry than other convoluted geometries
such as cylinders (Kaya et al. 2006; Chandramohan and
Talukdar 2010; Curcio et al. 2008). The nature of pre-
requisite parameters for numerical modelling such as the
thermo-physical properties of the material to be dried as well
as the fluid (drying medium) defined in the model (i.e., wheth-
er it is assumed to be constant with time or a function of
moisture content) also affects the complexity and computa-
tional time of the model (Ramachandran et al. 2017c).

In most of the cases, the granular biological material is
assumed to be spherical in shape which simplifies the model
equations. Such models usually consider three parameters: a
surface mass transfer coefficient, a dynamic equilibriummois-
ture content, and a drying constant (Nishiyama et al. 2006). As
the shape of the modelling domain changes, the complexity of
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the model and the computational efforts also change. For ex-
ample, the transport equations for the cylindrical-shaped
solids are three-dimensional while for a sphere they are one-
dimensional. In cylindrical geometry, the shape effect causes a

rapid change in the boundary layer conditions which in turn
affects the local heat and mass transfer coefficients (Trujillo
et al. 2003). However, by using different meshing options
such as unstructured hybrid mesh with a more defined

Fig. 1 Comparison of central plane moisture and temperature profile of SST simulation (a, b) and k-ɛ simulation (c, d) of superheated steam drying of a
single cylindrical distillers’ spent grain pellet, respectively

Table 2 Overview of common solid geometries considered in modelling of drying process using CFD

Product Model on CFD package Reference

Water droplet Resident time distribution analysis of particle in the superheated
steam spray dryer

FLUENT Ducept et al. 2002

Circular cylinder Heat and mass transfer during evaporation of water from cylinder FLUENT 6.1.18 Trujillo et al. 2003

Rectangular porous solid Interfacial transfer coupled with analysis of temperature, moisture,
and pressure (superheated steam)

FLUENT (FEM) Erriguible et al. 2006

Rectangular moist solid Conjugate model of external and internal flow (pneumatic drying) FLUENT (FVM) Kaya et al. 2006

Wood Heat and mass transfer of external and internal flow ANSYS CFX Younsi et al. 2008

Rectangular moist solid Simultaneous heat and mass transfer during convective drying ANSYS CFX (FVM) Chandramohan and
Talukdar 2010

Iron ore pellet Capillary flow of liquid moisture and internal vapor flow
(convective air drying)

ANSYS CFX Ljung et al. 2011

Porous flat plate Conjugate modelling of heat and mass transport in the air flow
and the porous material

FLUENT (FEM) Defraeye et al. 2012a

Rapeseed Superheated steam fluidized bed drying FLUENT (FVM) Xiao et al. 2013

Rectangular potato slice Conjugated heat/mass transfer problem during drying with
impinging jets

FLUENT 6.3 Kurnia et al. 2013
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structured mesh at the boundaries using CFD packages, the
heat and mass transfer coefficients of these complex geome-
tries can be simulated with appreciable accuracy (Jamaleddine
and Ray 2010).

As the physics of the drying problem involves multiple phe-
nomena, the computational efficiency of the CFD packages is
challenged, for example, the drying of porous media which has
tremendous practical applications, as most of the biological ma-
terials are considered porous (Kulasiri and Woodhead 2005;
Feng et al. 2012). A diffusion model of heat and mass transfer
in moist porous solid obtained for low-intensity convection dry-
ing by Wang and Chen (1999) proved that the assumption of an
evaporation front was valid for drying of very permeable mate-
rials. Later, a conjugate modelling approach was used for deter-
mining the heat and mass transport in the fluid and porous solid
simultaneously in a transient way. This was done by imposing
convective transfer coefficients as boundary conditions at the
fluid-solid interface (Defraeye et al. 2012a). The moisture trans-
port characteristics of the porous solid determined the level of
complexity of the CFD simulation for such conjugate models.
Hence, a sensitivity analysis with variable meshing considering
the relevance of the convective transfer coefficients is required
prior to finalizing a conjugate model. In the case of a 3D conju-
gate problem with unsteady turbulent flow, the computational
complexity of the CFD simulation will be undoubtedly higher
than that for the 2D problems (Defraeye 2014).

Another phenomenon occurring during most of the drying
cases is the shrinkage of the solid which add complexity and
effort in mathematical modelling. Even though the phenome-
non is significant in describing drying, the shrinkage behavior
is less evaluated or reported in association with CFD models
(Jubaer et al. 2017). The attempts to include hydro-mechanical
deformation/shrinkage in the drying modelling led to the cou-
pling of water transport and solid deformation in CFD
(Katekawa and Silva 2006; Niamnuy et al. 2008; Defraeye
2014). The shrinkage of solid during drying could be modeled
either by introducing an experiment-based empirical model
for volumetric change as a function of moisture content
(Panyawong and Devahastin 2007; Kittiworrawatt and
Devahastin 2009) or by solving the momentum balance of
the solid (Singh et al. 2003a, b; Zhu et al. 2010). The latter
method involves additional modelling effort which in turn
adds complexity to the drying model. Instead of modelling
shrinkage for the entire drying period, a discrete approach to
shrinkage modelling can be also used along with the models
involving spatially resolved variables. For example, in the
receding core model, the shrinkage behavior is included in
the first stage of drying and was neglected in the second stage
in which a dry crust is already formed (Buck et al. 2012;
Mezhericher et al. 2015). A further detailed single droplet
drying model proposed by Ali et al. (2017) includes a third
stage in which the particle inflates because of the internal
vaporization of moisture. To do that, they incorporated user-

defined functions to the ANSYS FLUENTcode. They report-
ed that the inclusion of user-defined functions increased the
simulation time, but it was worth since the error in overall
mass and energy balances at the end of the simulation was
< 1%. Jubaer et al. (2017) compared the prediction of the
drying model for spray drying with perfect shrinkage and
linear shrinkage models. In the linear shrinkage models, the
reduction in the effective surface area is limited. In this model,
shrinkage is expressed as a linear function (Patel et al. 2009)
of moisture content (Eq. 22). In the perfect shrinkage model,
the shrinkage is considered as a consistent reduction of size
only owing to the moisture removal. In both the cases, the
shrinkage behavior was incorporated into the CFD code by
using user-defined functions and the dimensional change was
implemented indirectly by changing the density (Jubaer et al.
2017). They concluded that this additional phenomenon in-
creases the intricacy of the drying model, but at the same time,
the shrinkage cannot be neglected in the case of certain drying
techniques such as spray drying and is worth for future stud-
ies.

r
r0

¼ β þ 1−βð Þ M
M 0

ð22Þ

Another example of a multiphysics model for drying that
involves the mechanism other than fluid flow and shrinkage
are the cases of microwave drying and freeze drying.
Ranjbaran and Zare (2012) introduced user-defined source
terms into the FLUENT code to account for the rate of heat
generation due to microwaves in their attempt to model
microwave-assisted fluidized bed drying. They used additional
model equations for computing this heat generation based on
the microwave power density and dielectric constants. In the
case of freeze drying, an additional user-defined function for
capturing the sublimation rate for an air-water mixture and local
mass fraction of generic species (nitrogen gas used in freeze
dryer) may be required to accompany the transport equations
(Li et al. 2007; Petitti et al. 2013; Ganguly et al. 2013). Hence,
developing and running such drying models with compounded
physical phenomena are challenging and computationally
demanding.

Even though CFD has beenwidely used inmodelling spray
drying (Fig. 2), the attempts to improve its application effi-
ciency in terms of computational load and memory require-
ment are still going on. For example, the droplet tracking in
the transient case requires significant additional memory and
longer simulation time (Fletcher et al. 2006). The prediction of
agglomeration of particles is challenging especially in dense
flow as it relies on the accurate prediction of the particle-
particle interaction. Additional models such as stochastic col-
lision models have to be implemented in the discrete phase
model to account for such particle-particle collisions which
again adds to the computation effort (Jin and Chen 2009;
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Jaskulski et al. 2015). Besides these factors, the existence of
random fluctuations in the flow conditions (anisotropic turbu-
lence in the spray dryer) could also add intricacy in the model.
These types of flow fluctuations are generally resolved using
more advanced turbulence modelling techniques such as the
large eddy simulation (LES) or by solving the Navier-Stokes
equations for all spatial and time scales (i.e., direct numerical
simulation (DNS)) (Jongsma et al. 2013). These methods need
extreme computational time and resources. But, by using cer-
tain hybrid turbulence models such as the detached eddy sim-
ulation (DES), the overall computational load of LES model-
ling could be minimized. The DES model utilizes the LES
model away from the boundary layer and RANS near the wall
(Gimbun et al. 2015). The capturing of random fluctuations in
the flow via experimental trials is also a tedious job and re-
quires complex test rigs and advanced experimental equip-
ment that have high temporal and spatial resolutions (e.g.,
particle image velocimetry, planar laser-induced florescence).

CFD in Different Drying Systems

The evaluation and design of commercial dryers used in the
food industry involve numerous experimental and computa-
tional processes. This complicated process has become con-
venient, reliable, and modifiable by computational tools and
software-basedmodelling techniques. As discussed in the pre-
vious sections, CFD, with its constantly evolving computa-
tional power, had a paramount role in industrial drying model-
ling. The high spatial and temporal resolution of CFD simu-
lations was utilized by researchers to model the flow of drying
medium in the dryer systems (Ducept et al. 2002; Smolka
et al. 2010) to predict the convective transfer coefficients, to
predict moisture and temperature profiles in both solid and
drying media (Verboven et al. 1997; Wang and Sun 2003;
Chandramohan and Talukdar 2010; Ljung et al. 2011), and
to gain insight into the particle flow and its trajectories in
drying systems (Chiesa et al. 2005; Zhang and Chen 2007;
Jin and Chen 2010; Anandharamakrishnan et al. 2010;
Defraeye 2014). Most models for convective drying used the
analogy of thermal and concentration boundary layers to

determine the convective mass transfer coefficient using Eq.
11 (Kaya et al. 2006, 2007, 2008; Elgamal et al. 2014;
Chandramohan and Talukdar 2010). However, under condi-
tions in which the temperature-concentration analogy is valid
yet not fulfilled practically, CFD has succeeded in predicting
convective transfer coefficients in pneumatic dryers with a
high degree of detail and spatial resolution (Defraeye et al.
2012a). The heat transfer coefficient around the moist object
can be easily determined using the local temperature profile
around the object using the energy balance equation (Eq. 23).

−K
∂T
∂x

¼ h T f −Ts
� � ð23Þ

h* ¼ h
D* Leb

K

� �
ð24Þ

where the Lewis number (dimensionless) represents a relative
measure of the thermal and concentration boundary layer
thickness. The value of b is assumed as 1/3 in most of the
cases (Kaya et al. 2006; Chandramohan and Talukdar 2010).

Computational fluid dynamics has a broad range of applica-
tions in simulating heat and mass transfer phenomena for both
external (drying medium) and internal (within the materials
which are dried) flows. This includes various drying techniques
such as spray drying (Jin and Chen 2009; Anandharamakrishnan
et al. 2010; Jaskulski et al. 2015; Keshani et al. 2015), fluidized
bed drying (Sae-Heng et al. 2011; Freire et al. 2012; Li et al.
2012a; Jang and Arastoopour 2014), deep bed drying
(Jamaleddine and Ray 2011; Defraeye et al. 2011; Defraeye
et al. 2012b; Ranjbaran et al. 2014; Elgamal et al. 2014), freeze
drying (Li et al. 2007; Barresi et al. 2010; Ganguly et al. 2013;
Chen et al. 2014), jet impingement drying (De-Bonis and
Ruocco 2007; Liewkongsataporn et al. 2008; Jiang et al. 2012;
Kurnia et al. 2013; Yahyaee et al. 2013; Taghinia et al. 2016; Xu
et al. 2016), microwave drying (Ranjbaran and Zare 2012; Jin
et al. 2015), solar drying (Rigit and Low 2010; Yunus and Al-
Kayiem 2013), and superheated steam drying (Yang et al. 2011;
Xiao et al. 2013; Adamski and Pakowski 2013; Ramachandran
et al. 2017a). All of these methods utilize the computational
capability of CFD in solving the transport equations in the drying
medium, which sets the boundary condition for the solid to be
dried. The capability of modern CFD packages to couple the
equations of fluid flow (drying medium) and existing empirical
drying models for the solid had strengthened its application in
drying. For example, the numerical techniques such as pore net-
work models (Yiotis et al. 2001; Vorhauer et al. 2010), diffusion
models (Erriguible et al. 2005, 2006; Elgamal et al. 2014), and
macroscopic models (Nasrallah and Perre 1988; Perre 2010)
were applied in the convective drying process coupled with the
CFD codes. The coupling of the porous media models with the
Navier-Stokes equations in the fluid medium was performed by
introducing appropriate boundary conditions at the solid-fluid
interface. Such coupled models were adopted by researchers
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Fig. 2 Published peer-reviewed papers on drying modelling using CFD
between the year 2000 and 2017
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for simulating high-temperature convective drying, superheated
steam drying, and vacuum drying (Erriguible et al. 2006) where
the classic boundary layer hypothesis could not be applied.

The application of CFD techniques is more frequently found
in some drying methods such as spray drying and spouted bed
and fluidized bed drying (Fig. 2) where there is a direct appli-
cation of the equations of fluid dynamics and moisture and heat
transfers (Ullum et al. 2010). These types of methods combine
drying with pneumatic transport for which CFD had proven its
application. The CFD-based modelling in these types of drying
is mainly used for design, modification, and evaluation of the
drying chamber (Defraeye 2014). It focuses primarily on the
flow parameters of the drying medium and its inhomogeneity
throughout the problem domain which affect the drying behav-
ior (Barresi et al. 2010; Shokouhmand et al. 2011). In such
methods where continuous solid-fluid interaction is common,
the gas and the solid motion need to be modeled separately. A
discrete element method (DEM), which relies on Newtonian
equations for particle motion or a two-fluid model (TFM) de-
pendent on the description of interfacial forces and solid stress-
es, could be used to model fluidized/spouted bed drying pro-
cesses (Zhou et al. 2004;Wu andMujumdar 2008). Besides the
study of the aerodynamics of the particles, Sae-Heng et al.
(2011) used a combination of computational fluid dynamics
CFD models and kinetic theory of granular flow for predicting
gas and particle temperature profiles and heat transfer coeffi-
cients (Hoffmann et al. 2011; Tatemoto and Sawada 2012) in a
two-dimensional fluidized bed. They found that the combined
model had better prediction efficiency than the pure CFDmod-
el. Li et al. (2012b) employed the Eulerian-Eulerian approach
of a CFD simulation to describe fluid dynamics, drying behav-
ior, and dust integration and used a two-fluid model (TFM) to
solve the drop deposition rate and the dust integration rate for a
fluidized bed spray granulation drying process. They explained
the spray granulation process using three different concepts,
namely, droplet deposition, drying, and dust integration. The
growth of the solidified film of atomized liquid sprayed over a
fluidized bed of solids was called droplet deposition, and the
droplets which are not dried on the granular fluidized bed were
considered as dust. The growth of the dust adhering to the wet
granules in the fluidized bed was called dust integration (Li
et al. 2013). Li et al. (2012b) concluded that the TFM could
predict themass of dust, the particle diameter evolution, and the
temperature of the droplets successfully. Also, the modelling of
the kinetic stress (stress developed by the collision of particles
in the fluidized bed) based on the kinetic theory of granular
flow is now widely accepted (Johansson et al. 2006;
Taghipour et al. 2005; Van Wachem et al. 2001). The descrip-
tion of minute features occurring during fluidization during
spouted bed drying, such as changes in the angle of internal
friction and the effect of dissipation parameters (collision with
other particles), was also studied and coded using CFD pack-
ages (Ranjbaran and Zare 2012).

It has been proven that a full CFD model and a detailed
investigation of problems associated with the chamber aero-
dynamics can be useful for the design modification of spray
dryers (Oakley 2004). Wawrzyniak et al. (2012) used CFD
packages to determine the hydrodynamics of drying air in an
industrial counter-current spray dryer and studied the flow
pattern in such a dryer. CFD packages have been extensively
used for various parametric studies of gas flow, dryer perfor-
mances (Huang et al. 2003), particle distribution
(Anandharamakrishnan et al. 2010), and even the study of
single droplet characteristics and droplet-droplet interaction
(collision) (Mezhericher et al. 2008, 2010).

Commercial CFD software mainly used for forced air dry-
ing studies are ANSYS Fluent and ANSYS CFX (Table 2).
Their use may be because of the availability of the powerful
mesh generation package and problem equation solver with
better graphical user interface than other CFD packages such
as COMSOL and STAR-CD. Besides the study of flow fields,
the estimation of a spatial and temporal variation of the con-
vective transfer coefficient is also important for modelling
complex drying processes (Defraeye et al. 2012b). The CFD
codes can also be used to study the variation in the convective
heat transfer coefficient with the peak behavior at the transi-
tion of constant drying rate and falling drying rate with tem-
poral changes (Halder and Datta 2012). CFD codes are also
used for modelling the drying of wet particles or droplets with
solid material inside. However, such modelling is challenging
because of the multitude of physics behind the drying process
(Nijdam et al. 2006).

CFD packages were also used for modelling complex dry-
ing processes involved in superheated steam (SS) drying.
Eulerian-Eulerian multiphase models were used for the study
of process parameters and transport phenomena in fluidized
SS drying (Xiao et al. 2013). In the case of SS drying, there is
no molecular density gradient between the water in the solid
and the surrounding medium which is steam. Hence, the
particles heated up by the convection reaches the boiling
point at which the water evaporates. Frydman et al. (1998)
integrated the heat required to evaporate water from the spray
droplets in a spray dryer with SS as the dryingmedium in each
computational volume of the dryer, using a standard k-ɛmod-
el. Their results showed that the temperature field measured at
different distances from the axis of the dryer and the mass flow
rate of steam had good agreement with the experimental
results. Ducept et al. (2002) had used a CFD code to solve
heat, momentum, and mass equations over a finite volume to
describe the entire drying domain in SS spray drying. They
reported an appreciable agreement with the experimental re-
sults of residence time distribution and the simulation results.
CFD modelling techniques were also used for comparing the
spray drying of biological material using air and SS. The gen-
erated model was used to evaluate the important features of a
spray dryer such as temperature distribution inside the
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chamber, the velocity of the gas, droplet trajectories, and de-
posits on the walls (Frydman et al. 1998). Suvarnakuta et al.
(2007) had used COMSOLMultiphysics to study the heat and
mass transfer phenomena of SS drying of heat-sensitive ma-
terials such as carrots. The versatility of CFD codes in solving
different flow problems even includes applications in mass
transfer associated with chemical reactions. Rajika and
Narayana (2016) had used a packed bed CFD model in con-
junction with the devolatilization reaction occurring during
biomass drying and combustion. The evolved version of
CFD packages such as ANSYS CFX had the capability to
describe gas phase chemical reactions, species transport, and
devolatilization along with the turbulent fluid flow (Wang and
Yan 2008). This feature of CFD could be utilized for the more
detailed study of different drying/thermal processes involving
volatilization or other chemical reactions.

Research Challenges in CFD Modelling
in the Field of Drying

In spite of the immense potential of CFD in modelling drying
processes, there are some computational challenges in the
CFD application for drying of granular materials. The accura-
cy of such simulations is still questioned by researchers as the
accuracy of the CFD models depends significantly on the
turbulence modelling approach used for flow predictions
(Defraeye 2014). The first limitation of the CFD simulation,
especially in drying applications, is its inability to accurately
predict transport phenomena in irregularly shaped materials.
This is evident from Table 2 because researchers generally
assume regular geometry when modelling heat and mass
transfer as it simplifies the model. Drying processes usually
involve solids of irregular shapes and a broad range of size
distribution, which might not be easily captured by some of
these models (Massah and Oshinowo 2000). Also for complex
geometry flows incorporating a considerable amount of swirl
and turbulence, the effect of some of the associated phenom-
ena of drying such as shrinkage on the residence time will be
difficult (Jubaer et al. 2017). Secondly, the Eulerian-Eulerian
CFD methods rely on the kinetic theory approach to describe
the constituent relations for fluid viscosity and pressure, which
are based on binary collisions of smooth spherical particles
and do not account for the deviation and distribution of their
shape and size. Also, CFD models have very little description
regarding the turbulent interaction between different phases
and thus they sometimes lack the ability to present the asso-
ciated drag models (models describing the drag force) for
specific cases, especially when solid concentrations are high.
Perhaps, it cannot be listed as a limitation, but some of the
biggest marketed commercial CFD codes such as ANSYS
FLUENT and CFX do not provide standardized boundary
conditions that enable the definition of simultaneous heat

and mass transfer processes at the interface of the solid and
fluid phases. But an appropriate condition can be implemented
at the interface by using suitable user-defined functions which
could be an additional effort in modelling (Krawczyk 2016).
Above all, the CFD simulations of realistic three-dimensional
geometries matching the industrial drying configurations are
computationally demanding and expensive because of high
computation time and processor memory. However, it is still
more convenient for evaluating geometric changes as they
save time and cost, compared to the greater challenges and
expenses of laboratory testing.

Despite these challenges in the application of CFD simula-
tions of drying processes, the use of CFD increased substan-
tially in the last two decades (Jamaleddine and Ray 2010). In
order to show the popularity of CFD techniques in modelling
different types of drying, a number of peer-reviewed research
papers (about 150) published in the past two decades were
sorted and studied. The frequency of usage of CFD in numer-
ical modelling of various drying techniques over this period is
displayed in Fig. 2. As shown in Fig. 2, the use of CFD is
higher in pneumatic drying methods, especially fluidized bed
drying and spray drying when compared to other drying
methods. The learning effort needed for understanding the
modelling features and the efficient use of CFD codes in
modelling different drying processes are still challenging.
However, the tremendous progress in the development of
newer versions of these packages with advanced features in
meshing, model equation setup, in-built features for incorpo-
rating user-defined functions without the hassle of learning
additional computer programming languages like
FORTRAN or C, and solver constantly increases the usage
of this technique in the simulation of various drying methods.

Conclusion

By synthesizing the research findings from the past, it is clear
that the computational power of CFD packages provides a
detailed understanding of the dynamics and physics of drying
operations. The CFD-based models with appreciable predic-
tion power aids in design and optimization of the drying pro-
cesses with better qualitative and quantitative efficiency.
Different mathematical approaches used in CFD have their
own advantages and disadvantages and therefore have specific
applications. The major bottleneck in the widespread use of
CFD codes such as FLUENT, ANSYS CFX, and PHOENICS
is a high processing time for more complex flow problems and
for finer meshes. Also, the accuracy of the prediction by any
CFD software depends on the turbulence model used. Hence,
an appropriate choice of turbulence models based on the val-
idation results with the experimental data is important. Despite
its complexity and criticism against the accuracy of CFD
models, the application of the CFD technique in the area of
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drying is increasingly growing because of its ability to predict
the hydrodynamics of drying at a lower cost as compared to
laboratory experimentation.
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Nomenclature A, Surface area of solid (m2);C, Concentration (kg m−3);
Cp, Specific heat (J kg

−1 K−1);D∗, Effective moisture diffusivity (m2 s−1);
DEM, Discrete element method; E, The activation energy (J mol−1); F,
Momentum exchanged between phases in motion (N m−3); FEM, Finite
element method; FVM, Finite volume method; İ , Volumetric evapora-
tion (kgm−3 s−1);K, Thermal conductivity (Wm−1 K−1); L, Characteristic
length (m); Le, Lewis number (α/D);M, Moisture content (kg kg−1);MR,
Moisture ratio; P, Pressure (Pa); PTM, Particle tracing method;Q, Energy
of dispersed phase (J m−3 s−1); R, Universal gas constant (8.316 J mol−1);
ST, Thermal sink or source (W m−3); T, Temperature (K); TBC, Thermal
boundary condition; V, Volume fraction;W, Molecular weight of water; a,
Normal vector at the surface; h∗, Mass transfer coefficient (m s−1); h, Heat
transfer coefficient (W m−2 K−1); g, Body force per unit mass (m s−2); k,
Drying constant; k∗, Evaporation constant; m, Mass of solid (kg); ṁ ,
Mass flux (kg m−3 s−1); p, Static pressure (Pa); q, heat flux (J m−3 s−1); t,
time (s); u, Velocity of fluid (m/s); r, Radius (m)

List of Symbols α, Thermal diffusivity (m2 s−1); β, Empirical coefficient
for shrinkage; λ, Latent heat of vaporization in (J kg−1); μ, Dynamic
viscosity of fluid (kg m−1 s−1); ρ, Density (kg/m3); ∇, Laplace gradient
function ∂

∂x ;
∂
∂x ;

∂
∂x

� �
; τ, Total tensor of strains (Pa);⊗, Tensor product; ξ,

Surface interface to a fixed value

Subscripts and Superscripts e, Equilibrium; f, Fluid/drying medium; i,
Direction in the x, y, and z axes; in, Interface layer; n, Coefficient of
drying; o, Initial point (t = 0 s); s, Solid; v, Water vapor; d, Dry matter;
a, b, Components of mixture; w, Water; df, Drying front; sat, Saturation;
wb, Wet bulb
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