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Abstract: In this study, a numerical model of a modified air-drying process of apple slices that
considers the conjugate heat and mass transfer in the drying chamber is developed. Inside the
apple slice sample, the continuum model is incorporated to describe the non-isothermal two-phase
transport. The intra- and extra-sample heat, mass, and momentum transfer are coupled to simulate the
transportation phenomena inside the drying chamber using the finite volume method implemented
in computational fluid dynamic software (COMSOL Multiphysics 6.0). In this manner, temperature,
velocity, moisture content of the drying agent inside the chamber, sample temperature, and moisture
content distributions can be predicted. The validity of the proposed model is confirmed by a good
agreement between the numerical and experimental data in terms of the overall evaporation rate and
temperature. The simulation results indicate that the maldistribution of the convective heat and mass
transfer resistance on the sample surface is significant. This can be explained by the nonuniform
velocity distribution inside the drying chamber. Additionally, both experimental and numerical
observations show that the drying process can be divided into two periods: the quasi-constant drying
rate and falling drying rate periods. The impact of dryer operational conditions on the drying process
is numerically investigated.

Keywords: modeling; apple slice; modified air drying; continuum model

1. Introduction

Convective drying of fruits and vegetables offers several benefits, including extending
shelf life, reducing food waste, and ensuring availability during the off-season. optimization
of the drying process often requires a product-quality-centered approach targeting uniform
and high-quality results in energy consumption, cycle time, and quality maintenance. In
addition to the thermal effects, the appearance of oxygen in the drying agent is one of the
main factors causing the degradation of sensitive nutrition components [1,2]. To restrain
these unintended consequences, a modified air-drying technique has been developed.
Indeed, the modified air can be gas or a gas mixture whose composition can be adjusted
to exclude O2, such as CO2, N2, or a mixture of volatile compounds and air [2,3]. The
application ability of this modern drying technique has been experimentally assessed for
several foods such as apple, guava, potato, ginger, strawberry, pineapple, and carrot [1,4–11].
Particularly, apples, guava, papaya, and potato can yield better quality and ginger can
retain bioactive ingredients if they are dried in an inert gas compared with hot air [1,5,9]. In
one study, optimization of the drying condition of strawberries in a closed-cycle modified
atmosphere dryer was investigated, in which the best product quality was found using
an agent with 9.47% oxygen [6]. Pineapple can retain its volatile compounds and l-ascorbic
acid if the air is modified by adding ethanol [10,11]. Additionally, an experimental study
performed with nitrogen-enriched air showed that oxygen reduction can improve several
product-quality parameters of carrots [7]. Those experimental results evidenced that
the modified air-drying technique can yield better drying product quality compared
to the conventional hot-air-drying process. However, the published data related to the
experimental research are not sufficient for optimized designing and proper operating
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conditions of the modified air dryers. The fundamental understanding of the heat and mass
transfer process inside the drying product and the thermo-hydraulic interaction between
the sample and drying agent is mandatory for the wide application of modified air drying.

In terms of modeling, modified atmospheric drying can be considered as a convective
drying process of food. Thus, the mathematical model developed for hot-air drying may
also be applied for modified atmospheric drying. The intra-sample heat and mass transfer
process that occurs during convective drying has been described by empirical, semi-empirical,
and theoretical models. The evolution of the moisture ratio was mathematically fitted by
using empirical correlations such as the Page model, Newton model, Logarithmic model,
and Henderson and Pabis model [12,13]. These deterministic correlations can accurately
reflect the experimental drying curves. However, the extrapolation ability of the empirical
correlations is questionable, leading to limitations in the practical application of these models.
To be more accurate, the external heat and mass transfer resistance between the drying sample
and the drying agent was considered in semi-empirical models, whereas the temperature and
moisture content distribution inside the sample was neglected. Those semi-empirical models
are mathematically simple and computationally inexpensive [14–17]. Since the physical
transport phenomenon is partly accounted for, the prediction ability of semi-empirical
models is improved compared to empirical models. Recently, an anomalous model was built
based on the simplified solution of the anomalous diffusion model for an infinite slab to
extend the application ability of semi-empirical models. However, the internal distributions of
temperature and moisture and the effects of those distributions have been not considered [18].

Theoretical models are the most comprehensive ones considering intra- and extra-sample
heat and mass transfer. Classically, the Fourier law and Fick law have been employed
to describe the heat and mass fluxes inside the sample, whereas the convective heat
and mass transfer coefficients have been used to express the extra-sample transport
resistances [4,12,19]. These diffusion models are also known as phenomenological models.
By solving the heat and mass conservation equation system, the internal moisture content
and temperature profile can be obtained numerically. To improve the model accuracy,
the effective thermal conductivity and effective moisture diffusivity can be considered
as complicated functions of moisture content and temperature. Although experimental
observations can be well reflected by classical theory models, in the two phases, i.e.,
vapor and liquid water mixture, flow is not accounted for. Thus, in these examples, the
liquid-vapor phase transition was assumed to occur at the sample surface only. This implies
that the internal evaporation that happened during the intensive drying process at elevated
temperatures cannot be modeled. Another coarse way to model the drying process is to opt
for the receding front model, which assumes that the liquid water is mainly stationary [20,21].
In that research, the sample was separated as the wet core and dried part with the receding
front boundary where the internal evaporation occurs. The drawback of the receding front
approach is that the capillary pumping effect is not accounted for. This model may be
suitable for the intensive drying process where the drying process is mainly controlled by
heat transfer. The most rigorous physics-based theoretical model developed for describing
convective drying, which is referred to as a continuum model, was proposed by Whitaker
in 1960. In this continuum model, the transport phenomena involved in the drying process
such as liquid capillary flow, internal vaporization, and air-vapor convective-diffusive flow
were accounted for. Based on the underlying ideal of continuum models, Karim and his
coauthors [22] were successful in modeling the drying of apple samples by 3D models.

In these models, constant ambient conditions and heat and mass transfer coefficients
are assigned for the entire sample surface. These ideal boundary conditions may lead to
inaccuracy of the calculated results since the maldistribution of the velocity, temperature,
and relative humidity inside the dryer is remarkable. It should be noted that the flow
maldistribution inside the industrial-scale dryer becomes more significant due to the
interaction between the drying agent and a large number of drying samples. Thus, our
major motivation in this study is to couple the intra- and extra-sample transport process
to provide a better understanding of the impact of flow maldistribution on the uniformity
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of moisture content and temperature distribution. The model-based studies performed
in this work can also be extended to assess the drying behavior of an actual dryer where
numerous samples can be dried simultaneously.

In this work, a sophisticated computational fluid dynamic (CFD) model was developed
to investigate the drying kinetics of the modified air-drying process, where CO2 gas was
used as the drying agent instead of hot air. In this model, the intra- and extra-sample
heat, mass, and momentum transport processes were taken into account simultaneously.
Following this Introduction section, the proposed model is described in detail. Afterward,
the simulated results are compared with the experimental observations. Additionally,
a parametric study is conducted by performing a series of simulations to evaluate the
effects of the drying conditions on the evaporation and temperature of apple slices.

2. Modeling
2.1. Problem Description

One drying apparatus was built to evaluate the drying behavior of the fruit layers
with different drying agents. A sketch of the drying chamber with dimensions of H × D ×
W = 200 mm × 250 mm × 350 mm is shown in Figure 1. The chamber is insulated to avoid
heat loss. Carbon dioxide from storage tanks is heated to the designed temperature before
blowing into the chamber. One slice of apple is placed on the tray, the mass of which is
checked continuously by an analytical balance (RAD WAG PS750, Radom, Poland). Every
3 min, the sample mass is recorded and stored in a computer. Temperatures at the center of
the drying sample are monitored continuously during drying by a T-type thermocouple
sensor (Omega, Norwalk, CT, USA).

Agriculture 2024, 14, x FOR PEER REVIEW 3 of 17 
 

 

maldistribution inside the industrial-scale dryer becomes more significant due to the in-
teraction between the drying agent and a large number of drying samples. Thus, our major 
motivation in this study is to couple the intra- and extra-sample transport process to pro-
vide a better understanding of the impact of flow maldistribution on the uniformity of 
moisture content and temperature distribution. The model-based studies performed in 
this work can also be extended to assess the drying behavior of an actual dryer where 
numerous samples can be dried simultaneously. 

In this work, a sophisticated computational fluid dynamic (CFD) model was devel-
oped to investigate the drying kinetics of the modified air-drying process, where CO2 gas 
was used as the drying agent instead of hot air. In this model, the intra- and extra-sample 
heat, mass, and momentum transport processes were taken into account simultaneously. 
Following this Introduction section, the proposed model is described in detail. Afterward, 
the simulated results are compared with the experimental observations. Additionally, a 
parametric study is conducted by performing a series of simulations to evaluate the effects 
of the drying conditions on the evaporation and temperature of apple slices. 

2. Modeling 
2.1. Problem Description 

One drying apparatus was built to evaluate the drying behavior of the fruit layers 
with different drying agents. A sketch of the drying chamber with dimensions of H × D × 
W = 200 mm × 250 mm × 350 mm is shown in Figure 1. The chamber is insulated to avoid 
heat loss. Carbon dioxide from storage tanks is heated to the designed temperature before 
blowing into the chamber. One slice of apple is placed on the tray, the mass of which is 
checked continuously by an analytical balance (RAD WAG PS750, Radom, Poland). Every 
3 min, the sample mass is recorded and stored in a computer. Temperatures at the center 
of the drying sample are monitored continuously during drying by a T-type thermocouple 
sensor (Omega, Norwalk, CT, USA). 

 

Figure 1. Experimental drying system: (a) symmetry schematic diagram, (b) meshing, and (c) real 
picture. 

In this work, apple (Malus pumila) fruit is used as the drying product because it is one 
of the most consumed fruits in the world and easily browns due to oxidation [1,23]. The 
Breeze apple imported from Freshco, New Zealand, was bought in Winmart, Hanoi, Vi-
etnam, with identical ripeness. Before drying, it was cleaned and cut into about 2 mm 

Figure 1. Experimental drying system: (a) symmetry schematic diagram, (b) meshing, and (c) real picture.

In this work, apple (Malus pumila) fruit is used as the drying product because it is
one of the most consumed fruits in the world and easily browns due to oxidation [1,23].
The Breeze apple imported from Freshco, New Zealand, was bought in Winmart, Hanoi,
Vietnam, with identical ripeness. Before drying, it was cleaned and cut into about 2 mm
thick slices with a diameter of 4 cm. In each drying case, one apple slice was put on the
tray after the chamber temperature was stable. The mass of the dried sample and the
temperature of the central apple slice were recorded during the drying until the mass
reached a constant value, at which the evaporation ceased. In each drying case, the initial
moisture content was checked by a thermo-plus (GMP500, ThermoPlus Air Inc, New York,
NY, USA). Particularly, the fresh sample was dried at 120 ◦C for 2 h to determine the mass
of liquid water and dry solid. The initial moisture content was about 85.1%. For the CO2
drying experiments, the gas velocity at the inlet was maintained at 2 m/s, whereas the gas
temperature varied in a range from 105 ◦C to 120 ◦C. Product quality, especially the color of
the dried apple slices, depends not only on temperature but also on the drying time. Thus,
it is expected that high temperatures resulting in fast evaporation can give an insignificant
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change in the product color without the presence of oxygen [24,25]. However, this work
concerned only evaporation kinetics; product quality is the next step of this work, in which
we will conduct experiments in a wide range of drying conditions.

2.2. Mathematical Model

Apple slices are considered as porous media, and the drying agent is a continuous
phase. The mathematical model includes conservation equations for three transport phases
inside the drying sample and equations for the agent.

2.2.1. Model for Porous Media

For the porous media, the continuous model developed by [22] and [26] is recalled, in
which the water–liquid transportation is described by capillary pressure as Darcy’s law:

∂

∂τ
(ϕSwρw) +∇.

(
−ρw

kwkr,w

µw
∇P − Dc∇cw

)
= −Revap (1)

in which ϕ is apparent porosity; Sw is the saturation of water; ρw(kg/m3), µw(Pa.s), and
cw(kg/m3) are density, viscosity, and mass concentration of water, respectively; kw(m2)
and kr,w(m2) are the intrinsic permeability and relative permeability of water; Dc

(
m2/s

)
is capillary diffusivity; Revap (kg/m3s) is the volumetric evaporation rate; p (Pa) is total
pressure; and τ(s) is time.

The capillary diffusivity Dc is

Dc = −ρw
kwkr,w

µw

∂pc

∂cw
(2)

The conservation equation of vapor is written as

∂

∂τ

(
ϕSgρgωv

)
+∇.

(
−ρgωv

kgkr,g

µv
∇P − ϕSgρgDe f f ,g∇ωv

)
= Revap (3)

in which Sg, ρg(kg/m3), kg
(
m2), and kr,g

(
m2) are the saturation, density, intrinsic permeability,

and relative permeability of gas and ωv, µv(Pa.s) are the mass fraction and viscosity of vapor.
Mass fraction of gas ωg is calculated by

ωg = 1 − ωv (4)

The gas phase is an ideal mixture of water vapor and carbon dioxide, in which the gas
pressure ∆P is calculated based on the mass balance for the gas phase:

∂

∂τ

(
PMg

RT
ϕSg

)
+∇ ·

(
−ρg

kgkr,g

µg
∇P

)
= Revap (5)

where Mg (kg/mol) is the gas molecular weight, R (J/molK) is the universal gas constant,
and T (◦C) is product temperature.

Energy conservation of the element is expressed by

ρe f f cp,e f f
∂T
∂τ +∇.

(
−ρg

kgkr,g
µg

hg − (ρw
kwkr,w

µw
∇P − Dc∇cw).hw

)
= ∇.

(
ke f f∇T

)
− h f gRevap

(6)

in which hg (J) and hfg (J) are gas enthalpy and water enthalpy, respectively. The effective
thermal conductivity ke f f (W/mK), effective thermal density ρe f f (kg/m3), and effective
heat capacity cp,e f f (J/kgK) of the material are calculated as follows:

ke f f = ϕ
(

Sgkth,g + Swkth,w

)
+ (1 − ϕ)kth,s (7)
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ρe f f = ϕ
(
Sgρg + Swρw

)
+ (1 − ϕ)ρs (8)

cp,e f f = ρgcp,gϕ(1 − Sw) + ρwcp,wϕSw + ρscp,s(1 − ϕ) (9)

The evaporation rate Revap inside the apple sample is determined by

Revap = Kevap
Mv

RT
(

pv,eq − pv
)

(10)

where the evaporation constant Kevap is the reciprocal of equilibration time teq. For apples,
this constant is about 103 s−1 [22,26,27]. The equilibrium pressure of vapor pv,eq and the
partial vapor pressure pv are taken from isotherm of apple as in [1,22], but the properties of
air are replaced by the properties of CO2.

2.2.2. Model for Gas Phase

Standard k − ε is chosen as the model for gas transportation to calculate the velocity
field. The heat and mass conservation equations are expressed as follows:

ρgcp,g
∂Tg

∂τ
+∇ ·

(
ρguhg

)
+∇ ·

(
kth,g∇Tg

)
= 0 (11)

∂ci
∂τ

−∇ · (D∇ci) +∇ · (uci) = 0 (12)

where ρg (kg/m3), cp,g (J/kgK), kth,g (W/mK), and Tg
◦C are the density, heat capacity,

thermal conductivity, and temperature of gas; u (m/s) is the gas velocity; and ci (kg/m3) is
the mass concentration of species i in gas.

At the sample surface, conjugate conditions are applied, in which the continuity of
the thermal and vapor concentration field specifies the qualities of temperature, vapor
concentration, heat and mass fluxes of a body, and flow at the vicinity of the interface. The
gas phase is an ideal mixture of vapor and CO2. The convective–diffusive mass transfer
equation is used to compute the vapor distribution in the gas phase. The conjugate heat
transfer equation is where the convective thermal energy provided from the gas is used
for both latent and sensible heating. The impermeable condition is assigned for the liquid
water on this porous media and gas interface. The heat lost from the dryer is negligible.

The physical properties of water, vapor, and carbon dioxide were extracted from EES32
software (version 6.883) 3D and fitted as functions of temperature. The results are briefly
presented in Table 1.

Table 1. Properties of fluid in the simulation.

Parameter Amount Unit

Water density ρw = 1.492 × 10−5T3 − 0.005768T2 + 0.01135T + 1000 kg/m3

Water heat capacity cp,w = 3.139 × 10−9T4 − 7.645 × 10−7T3

+7.415 × 10−5T2 − 0.0029T + 4.218
kJ/kgK

Water thermal conductivity λw = 4.02 × 10−8T3 − 1.561 × 10−5T2 + 0.002374T + 0.5562 W/mK

Water dynamic viscosity µw = 3.357 × 10−11T4 − 9.245 × 10−9T3 + 9.942 × 10−7T2

−5.541 × 10−5T + 0.00178
kg/m·s

Vapor heat capacity cp,v = 1.143 × 10−9T3 + 8.019 × 10−7T2 + 1.653 × 10−4T + 1.863 kJ/kgK
Vapor thermal conductivity λv = 7.301 × 10−8T2 + 6.834 × 10−5T + 0.01672 W/mK
Vapor dynamic viscosity µv = 8.863 × 10−12T2 + 3.606 × 10−8T + 8.954 × 10−6 kg/m·s
Carbon dioxide density ρa,CO2 = 4.586 × 10−8T + 1.381 × 10−5 kg/m3

Carbon dioxide heat capacity cp,g = −1.042 × 10−6T2 + 1.127 × 10−3T + 0.8141 kJ/kgK
Carbon dioxide thermal conductivity cp,g = −1.042 × 10−6T2 + 1.127 × 10−3T + 0.8141 W/mK
Carbon dioxide dynamic viscosity µg = −1.605 × 10−11T2 + 4.827 × 10−8T + 1.375 × 10−5 kg/m·s



Agriculture 2024, 14, 1642 6 of 15

The input parameters including permeabilities and diffusivities were taken from [5]
and are shown in Table 2.

Table 2. Input parameters used for simulation.

Parameters Formula

Apple tissue intrinsic permeability kw = 5.578 × 10−12 ϕ

(1−ϕ)2

Gas intrinsic permeability kg = 4 × 10−12

Permeabilities of water and gas for apple kr,w = Sw
3

kr,g = 1.01e−10.86Sw

Gas diffusivity
De f f ,g = Dvg

(
Sgϕ

)4/3

Dvg = 1.81 × 10−6 exp (−16,900/RT) [28]

2.2.3. Model Implementation

The proposed model was implemented in COMSOL Multiphysics 6.0. Figure 1b shows
the mesh of the model, in which mesh is the structure mesh. The maximum mesh size
of the sample was configured to be at least 10 times smaller compared to the chamber
domain. Additionally, a boundary layer was created for the sample surface to enhance
the calculation accuracy. The simulations were conducted with different mesh resolutions.
The results obtained with the meshes with different element numbers (i.e., 0.3 million,
0.8 million, and 1.5 million) resulted in an unchanged evolution of moisture content over
time. Particularly, the maximum element size of the sample and the chamber are 0.235 mm
and 8.31 mm, respectively, for the mesh of 0.3 million elements. Thus, the mesh with
0.3 million elements was used for all simulation cases.

3. Results
3.1. Model Validation

To validate the simulated model, CFD simulations were conducted for different inlet
temperatures of the CO2 agent. Figures 2–4 show the comparisons of average moisture
content, evaporation velocity, and average temperature of apple slices calculated by
simulation and experiment. In general, all cases show good agreement.
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Regarding the numerical evaporation rate presented in Figure 3, the drying process
can be divided into three periods: the heating period, the constant drying period, and the
falling drying rate period. During the heating period, the increasing temperature leads
to the increase in vapor pressure at the surface, resulting in an increase in the drying rate.
This heating period is not observed in the experimental drying curve. This may be due to
the data-recording cycle of the experiments, which cannot capture all changes in sample
mass. When the convective thermal energy transferred from the drying agent to the sample
is balanced with the latent heat of evaporation, the constant drying rate period commences.
The constant drying rate period is maintained due to the liquid water flow from the sample
center to the sample surface under the capillary effect. For both the experiment and
simulation, it can be observed that at a higher temperature, the faster evaporation results
in earlier transition points between the constant and the falling drying periods. The reason
may come from the fact that the liquid capillary flow is not compensated for in the fast
evaporation, and the sample surface becomes partly dry. After the transition points, the
drying rate reduces in the falling drying rate period [29].
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The temperatures of the sample centers are presented in Figure 4, corresponding with
the evaporation periods. For all the inlet drying temperatures, firstly, the temperature
increases to the adiabatic temperature when the evaporation speed is constant, and enough
water moves to the surface for the evaporation rate to remain constant. After that, the
temperature increases gradually to the gas temperature corresponding with the falling
drying period when the evaporation is slow, and the supplied heat is used for not only
evaporation but also heating the sample.

3.2. Velocity, Temperature, and Moisture Distributions of Gas

Velocity fields inside the dryer at the inlet velocity of 2 m/s and inlet gas temperature
of 105 ◦C are shown in Figure 5. It is observed that the gas velocity is the highest near
the inlet surface; then, gas flows to the wall and recirculates around the chamber. At the
area near the tray, the velocity is unevenly distributed on the tray, and the average value
is as slow as around 0.6 m/s. The boundary conjugate condition on the surface of sample
is calculated directly so the simulation can capture this velocity distribution. This is
one of the advantages of the simulation for a whole dryer system where the complex
temperature and velocity distributions of gas can be combined inside the model.
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Figure 6 presents the temperature field of the gas inside the dryer system. The temperature
is low at the area near the sample surface as a result of evaporation, especially during the
3 min to 12 min corresponding with the constant drying period. After this period, this
area’s temperature increases gradually due to the falling evaporation period.

Moisture content distributions are shown in Figure 7. The moisture content near the
sample is much higher than the other areas for all time periods due to the evaporation from
the sample. However, it is similar to the temperature difference: in the first drying period,
there are big differences between the evaporation area and other areas inside the dryer, and
then these differences reduce gradually until the end of drying process.
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3.3. Temperature and Moisture Content Distributions of Dried Sample
3.3.1. Temperature and Moisture Content Distributions

The temperature and moisture content, which are the average values of the perpendicular
face of the center line, are presented in Figures 8 and 9. At all time periods, the moisture
content of the center is higher than the surface, while the temperature of the center is lower
than the surface. The moisture content difference between the center and surface is about
0.3 kg w/kg.s at 18 min, while the temperature difference is 2 ◦C. For the whole drying
process, this difference in moisture remained significantly, but it reduced according to
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the drying time. Generally, the temperature distributions according to the thickness are
insignificant during the drying process. This marginal temperature difference may stem
from two reasons. Firstly, the thermal energy transported to the sample surface is partly
used for water evaporation. Thus, the sensible heating effect at the surface is insignificant
compared to the normal conductive heating process. Secondly, it can be expected that the
Biot number magnitude of the heat transfer process in the z-axis is small due to the small
value of sample thickness. In the falling drying rate period, the first reason becomes weaker
when the sample surface is not wetted sufficiently. Therefore, in the second drying period,
the temperature difference is comparatively higher than in the constant drying period.
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3.3.2. Temperature and Moisture Content Distributions of the Sample

The distributions of temperature and moisture content of the sample are presented in
Figures 10 and 11. Firstly, there is a temperature increase versus time in the beginning period,
and then this is almost uniform as the adiabatic temperature, which is described in Figure 4
corresponding with the constant drying period. After that, the temperature increases
gradually in the whole surface area. Hower, the increase varies due to the distributions
of the gas velocity. Additionally, the spatial temperature decreases from the surface to the
center, and this trend agrees with the theoretical heat transfer. The surface part exposed to
the high-velocity gas is heated up faster than the other area due to the fast heat transfer. For
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the moisture change of the sample, there is a significant variety of moisture distributions.
The moisture at the center is higher than the surface, but the area near the high-gas-velocity
area evaporates faster than the other area, because in the high-velocity space, the mass
transfer occurs faster. From the significant effects of the gas fields, the CFD simulation is
necessary to completely evaluate the drying kinetic in the whole drying system.
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4. Conclusions

In this study, a CFD simulation of a system drying apple slices in CO2 by COMSOL
Multiphysics is presented. It is the first time the intra-sample and extra-sample heat,
mass, and momentum transport processes are modeled simultaneously and coupled. The
simulation model is solved to yield the spatial distributions of temperature and moisture
versus time in 3D models of both the sample and gas. The model validity is implied by
a fairly good agreement between the numerical and experimental temperature evolutions
and evaporation kinetics. The simulation results favor the theoretical hypothesis, where
the drying process can be divided in three periods: the initial heating, constant drying, and
falling drying periods. The impact of drying temperatures on the magnitude of moisture
content of the transition point between the constant and falling drying rate periods is
clarified numerically. Additionally, the gas velocity distribution inside the dryer can be
considered as the reason for the maldistribution of the moisture content and temperature
along the gas stream. It can be expected that in the future, this CFD model can capture
the complicated transport phenomena inside the industrial- and pilot-scale dryers for
optimization of the drying process in terms of drying kinetics. In addition to the energy
aspect, the impact of the CO2 environment on product quality and nutrition values should
be investigated. Furthermore, the quality deterioration kinetic equation shall be integrated
inside the CFD model to fully simulate the nature of the drying process in the future.
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the article.

Conflicts of Interest: The authors declare no conflicts of interest.

Nomenclature

ci Mass concentration of species i in gas (kg/m3)
cw Water mass concentration (kg/m3)
cv Vapor mass concentration (kg/m3)
cg Gas mass concentration (kg/m3)
cp,eff Effective specific heat capacity (J/kgK)
cp,w, cp,g, cp.s Specific heat capacity of water, gas, and solid (J/kgK)
Dc, Deff,g, Dvg Capillary diffusivity, effective gas diffusivity, and vapor gas binary diffusivity (m2/s)
hg, hw Gas enthalpy and water enthalpy (J)
hfg Latent heat evaporation (J/kg)
Kevap Evaporation constant
kw Intrinsic permeability of water (m2)
kr,w Relative permeability of water (m2)
kg Intrinsic permeability of gas (m2)
kr,g Relative permeability of gas (m2)
keff Effective thermal conductivity (W/mK)
kth,g, kth,w, kth,s Thermal conductivity of gas, water, and solid (W/mK)
Mv, Mg Vapor molecular weight and gas molecular weight (kg/mol)
P Total pressure (Pa)
pv, pg Partial pressure of vapor and gas (Pa)
pv,eq Equilibrium vapor pressure (Pa)
pv,sat Saturation vapor pressure (Pa)
pamb Ambient pressure (Pa)
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R Universal gas constant (J/molK)
Revap Evaporation rate (kg/m3s)
Sw, Sg Saturation of water and gas, respectively
Sw0, Sv0, Sg0 Initial saturation of water, vapor, and gas
T Product temperature (◦C)
Tg Gas temperature (◦C)
u Gas velocity (m/s)
∆Vg, ∆Vw, ∆Vs Volume of gas, water, and solid (m3)
X Moisture content (kg w/kg s)
z Coordinate (mm)
ϕ Apparent porosity
µw, µg Viscosity of water and gas (Pa·s)
ωv, ωg Mass fraction of vapor and gas
ρw, ρg Density of water and gas (kg/m3)
ρe f f Effective density (kg/m3)
τ Time (s)
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