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Abstract

Development of high energy efficiency dryers is of great importance for the future of
the drying industry. The present research studied entropy production in the process of
convective drying of an apple slice with the second law of thermodynamics. The entropy
production in fluid flow and moist object is computed and influences of aspect ratio of
moist object and inlet temperature and velocity of fluid flow on the entropy production
are analyzed. The result show that smaller aspect ratio produces less entropy; also by
decreasing inlet temperature and velocity of fluid flow, the entropy production
decreases too and by increasing inlet temperature and velocity of fluid flow, moist
object will be dried sooner. So respect to the amount of entropy production and final
moisture content of the moist object, an optimized value for inlet temperature and
velocity of fluid flow will be obtained. The effect of inlet temperature increase on the
entropy production is more than inlet velocity increase. The study shows that the second
law of thermodynamics is a potential tool for optimizing the drying process and dryers

Keywords

Convective Drying

Second Law of hermodynamics
Optimization

Heat and Mass Transfer

Entropy Production

Received: 30.09.2025
Revised: 04.12.2025
Accepted: 21.02.2026

*Corresponding Author
Hosein Majdi Abdollah Abad

designing.

Email
hmajdi@tvu.ac.ir

1- Introduction

Convective drying is widely used in the food
industry. Due to the importance of the drying
process in industry, extensive research has been
conducted on this process. Barati and Esfahani [1]
analytically investigated the drying of food
materials such as carrots and mangoes using modern
methods, albeit with a one-dimensional solution.
Esfahani et al. [2] and Majdi et al. [3-5] presented
two-dimensional analytical and numerical solutions
for the apple drying process in their research. Given
that significant energy is consumed in the drying
process, optimizing energy consumption in this
process appears essential. There are several
methods to improve heat transfer in the drying
process, including increasing the temperature and
flow rate of the inlet air to the dryer and changing
the size and geometry of the wet material. However,
optimizing the energy consumption of the drying

process is possible using the second law of
thermodynamics. According to the second law of
thermodynamics, a process with lower entropy
generation will have minimal exergy destruction.

The second law of thermodynamics has been
applied to investigate processes such as combustion
[6,7], evaporation [8], and heat and mass transfer
[9-11]. Raghavan et al. [6] performed exergy
analysis of fuel combustion for spherical particles
and investigated the effect of factors such as fuel
injection velocity, temperature, and particle
diameter on entropy generation, while Som and
Datta [7] analyzed the energy and exergy of solid,
liquid, or gaseous fuels. Sun et al. [9] examined
entropy generation due to forced convective heat
and mass transfer in a two-dimensional channel for
laminar and turbulent flow. Furthermore, some
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studies on entropy analysis in drying processes can
be mentioned [12,13]. Ozgener [12] investigated
exergy changes in the drying process in solar
greenhouses. Aghbashlo et al. [13] experimentally
studied the convective drying process of potatoes
and obtained entropy  generation  using
thermodynamic analysis. However, the need for
entropy analysis in this field remains. Most research
conducted on entropy analysis in drying processes
is thermodynamic analysis [14-16]. Vigano [14]
examined the role of enthalpy and entropy in drying
pineapple powder using different methods and
expressed their advantages and disadvantages.
Nikbakht et al. [16] analyzed the energy and entropy
of pomegranate drying using microwave methods
for different air temperatures and velocities.
Thermodynamic entropy analysis is also used to
optimize the process, but with differential entropy
analysis, all details of entropy changes at any
moment and any point of the wet material can be
examined. This advantage provides a better
understanding of the process and enables more
effective optimization.

This research attempts to fill the gap for such a
solution by presenting a two-dimensional analytical
solution. Another objective of this study is the
differential analysis of entropy generation in the
convective drying process, as past research has not
differential  entropy
generation analysis, which seems necessary for
understanding entropy variations at each point of

sufficiently  addressed

the material. Additionally, various parameters
affecting the drying process have been investigated.
Typically, the inlet air humidity and the final
moisture content of the wet material are constant,
and to improve the process, the temperature and
velocity of the inlet air and the size of the wet
material can be varied. In this study, entropy
generation was first calculated for three cases where
the wet material with three different aspect ratios
was placed in the dryer. Subsequently, for the case
with the lowest entropy generation, process
optimization was performed considering minimum
entropy generation and acceptable final moisture
content for different flow temperatures and
velocities.

2- Research Methods

2-1 Modeling of External Temperature and
Flow

The material used in this modeling is apple slices.
Figure 1 shows the external domain of the problem
and its boundary conditions. In this case, the length
and width of the wet material are considered 8 cm
and 2 cm, respectively. At the flow inlet on the left
side of the domain, the inlet air temperature and
velocity are Too=323 K and Uco=0.33 m/s,
respectively, and the walls are assumed adiabatic.
Due to the very slight difference in heat and mass
transfer coefficients at the top and bottom of the wet
material, the material is considered symmetric about
the line y = 0.01 m. The governing equations for
forced air convection are the conservation equations
of mass, momentum, and energy.

T=Tw. V=0, U=Ux

™ y
T=T i
g
- E & =
U=Usx X = =
| 0.08m

0.6 m
Figure 1: External domain of the problem along with flow

2-2 Modeling of Temperature and Moisture
Distribution within the Wet Material

To simulate the drying process, an unsteady

two-dimensional analytical model was used. To

obtain the temperature and moisture fields inside the

material, an analytical solution was presented with

the following assumptions:

1. The moisture content of the material does not
affect its thermo-physical properties except for the
moisture diffusion coefficient.

2. Shrinkage and deformation of the wet material
are neglected.

2-3 Modeling of Entropy Generation

Initially, entropy generation in the wet material with
an aspect ratio (width to length ratio of the wet
material) of ar = 1/4 was investigated. After
examining the wet material with ar = 1/4, by
changing the size of the wet material and the
temperature and velocity of the inlet air flow,
entropy generation was calculated for other cases,



239  Entropy generation optimization ...

Hosein Majdi Abdollah Abad

and after comparison, the optimal conditions were
selected. The specifications of the wet material and
the flow are given in Table 1.

Table 1: Specifications of the wet material and flow [17]

Thermal

conductivity, &~ 0.576 W/(m k)

Density, p 856 Kg/m?

Specific heat at
constant

1929 J/(Kg K)
pressure, Cp

Moisture
R 6.62%10% ms
coefficient, D

Initial moisture

content, M0 7.196 kg/kg of dry air

Initial
temperature, 70 298K

Inlet air

humidity, Moo 7.196 kg/kg of dry air
Inlet ai

netan 1.96%10° N.s/m?
VISCOSity, i

3- Solution Method

The governing equations for the external flow were
solved numerically based on the control volume
method using the SIMPLE algorithm with the
Fluent software.

After characterizing the external flow and obtaining
the temperature distribution around the material, the
convective heat transfer coefficients can be obtained
using the heat balance equation between conduction
and convection at the surface of the apple slice.
Then, using the Chilton-Colburn analogy, the local
mass transfer coefficients are obtained

4- Results and Discussion

Because the flow walls are at the same temperature
as the inlet air, thermal entropy generation is zero
over a large part of the flow; however, due to the
temperature difference between the flow and the
wet material around the material, significant
entropy generation occurs, and its effects are also
observed in the flow passing over the material
behind it. The air at the front surface of the material

has the highest entropy generation because,
according to the temperature distribution of the wet
material, the highest convective heat transfer
coefficient corresponds to the front surface,
resulting in greater heat transfer from this surface.

Due to the laminar nature of the flow, frictional
entropy generation in the entire flow is very
negligible. Slight disturbances caused by the flow
passing over the front corners of the material
generate a small amount of entropy in these regions.
However, due to the laminar flow and low viscosity
of air, frictional entropy generation is negligible and
can be disregarded compared to thermal entropy
generation. The pattern of total entropy generation
of the flow is similar to that of thermal entropy
generation.

In the initial moments, intense entropy generation
occurs on the front surface of the material, which is
due to the high heat transfer coefficient on this
surface. At later times, the entropy generation
contours gradually form. Similar to the temperature
distribution, entropy generation has elliptical
contours because entropy generation is higher on
the surfaces of the material where heat transfer is
greater, and due to the higher convective heat
transfer coefficient on the front surface, entropy
generation is higher there, causing the entropy
generation contours to stretch towards the rear
surface of the material.

Entropy generation contours due to mass transfer,
similar to those due to heat transfer, are intense on
the front surface in the initial moments, and
gradually these contours become elliptical. This is
because, as before, the mass transfer coefficient on
the front surface is higher than on other surfaces.
The difference between entropy generation due to
mass transfer and that due to heat transfer is that,
firstly, the values of entropy generation due to mass
transfer are lower than those due to heat transfer,
and secondly, the entropy generation contours due
to mass transfer take a longer time to become
elliptical compared to those due to heat transfer. The
reason for this phenomenon is that mass transfer is
slower than heat transfer.
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Thermal entropy generation has larger values in the
initial times compared to other entropy generation
mechanisms, but due to the temperature
equilibration between the material and the flow, its
value decreases rapidly. However, entropy
generation due to mass transfer continues for much
longer periods. Both entropy generation processes
initially reach a maximum value and then decrease.
Initially, when temperature and moisture changes
are severe, the numerator terms in the relevant
equations dominate, and entropy generation follows
an increasing path. However, after some time, when
the intensity of temperature and moisture changes
decreases, the temperature and moisture values
themselves become dominant, and entropy
generation decreases. Since temperature appears
squared in the denominator of thermal entropy
generation, thermal entropy generation decreases
with a steep slope. In contrast, for entropy
generation due to mass transfer, moisture appears to
the first power in the denominator, so entropy
generation decreases with a gentle slope.

5- Conclusion

In this study, after the two-dimensional analytical
solution of temperature and moisture distribution
within the wet material, entropy generation in the
convective drying process of an apple slice was
investigated differentially. The role of influential
factors on entropy generation, such as the aspect
ratio of the wet material and the inlet air temperature
and velocity, was analyzed. The most important
results are:

e As the aspect ratio of the wet material

decreases, entropy  generation  also
Increasing the inlet air

temperature and velocity increases entropy

decreases.

generation but reduces the final moisture
content of the material, resulting in a drier
product.

e Considering the final moisture content of
the wet material and the entropy generation,
an optimal value for the inlet air
temperature and velocity can be obtained.

e Increasing the air flow temperature has a
greater effect on entropy generation than
increasing the flow velocity.

o In the differential entropy analysis of the
drying process, the influence of all points in
the solution domain was clearly observed,
and it was determined that the wet material
has significantly higher entropy generation
compared to the air flow and plays a more
important role in process optimization.
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