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radiation model, and species transport were used. The average temperature, thermal
efficiency, and exergy efficiency were found to 59.2 °C, 30%, and 9.41%, respectively.
The result revealed that the uniform temperature and velocity distribution throughout
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Energy; Exergy; Solar tunnel dryer; tunnel dryer enhances the air temperature and the exergy performance leads to the
Numerical study; Enhancement increment of drying rate and reduction of drying period.

1. Introduction

Drying is a process of moisture removal from the surface of a product based on mass transfer and
heat transfer phenomenon. Solar drying technique has been used to dry plants, seeds, fruits, meats,
fish, and forest products, since the early stage of mankind, to benefit from the free and renewable
energy source provided by the sun. However, a little research has been done on the design of
appropriate solar drying systems for biomass briquettes. The biomass briquette drying is an energy
intensive process that requires 70% of the total energy used in the biomass densification process
[1,2]. The majority of sub Saharan African countries use open sun drying technique. Drying under
open sun is not efficient and effective regarding evaporation rate, drying period, and product quality.
Recently, different solar dryers were developed and proven the enhance temperature at lower
relative humidity increase the drying rate, and improve the quality feature of the product compared
to open sun drying.

Currently, different types of solar dryers have been developed and used to dry agricultural and
industrial products to optimize the quality and improve their life [3]. Solar dryers can be classified
based on different criteria, the first one is based on the mode of air circulation, i.e. forced and natural
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convection solar dryers, the second one based on the mode of solar radiation capturing, i.e. indirect,
direct, and mixed solar dryers, and the third one based on the modes of operational principle, i.e.
solar cabinet dryer, and solar tunnel greenhouse dryer [4-6]. Solar cabinet dryers have been used to
dry the agricultural products. However, solar tunnel greenhouse drying systems have recently
received remarkable consideration among the community of researchers and engineers for the large-
scale application of agricultural and industrial products [7, 8]. The technology of solar tunnel drying
techniques has advanced from a simple passive-direct mode dryer to complex active-mixed mode
(hybrid) dryers.

Different methodologies, modes of operation, and innovation were developed for the
enhancement of thermal and drying efficiency, significant increment of drying rate to minimize drying
period, for the improvement of product quality, and also to get economically feasible drying
technique. Also, the drying rate can be affected by initial moisture content, water activity, drying air
temperature, air velocity, relative humidity, microstructure, bulk density and porosity, chemical
pretreatment, corporation ratio, and vapor pressure [9-13]. Among these factors, the drying rate is
highly influenced by air temperature and velocity [14]. These factors can be mitigated by improving
the geometry configuration and operating principle to achieve uniform temperature and air flow
distribution [15]. Experimental and numerical investigation were employed to study the effect of
temperature and air velocity behavior on the performance of solar drying system [16, 17].

Al Smin et al., [18] used particle swam optimization for the experimental data of Concentrated
Solar Power-Photovoltaic (CSP-PV) hybrid systems and they observe experimental results improved
the effectiveness. Abdul Karim and Mohammad [19] used the sensitivity and uncertainty analyses for
solar renewable energy applications. Sulaiman et al., [20] conducted a review for the utilization of
solar energy for the evacuated tube solar air collectors. Shameli et al., [21] conducted review related
to the Gold nanoparticles based nanofluids in a hybrid photovoltaic-system. Nazer et al., [22] used
transient thermal analysis and thermoelectric simulation of the system was through the CFD software
for the experimental data of photovoltaic thermal (PVT) systems-thermoelectric generator (TEG) and
found that, the error recorded between the experimental and simulation results was 4.2%. Zulakmal
et al., [23] used Computational Fluid Dynamics (CFD) simulation using COMSOL software for the
experimental data of solar photovoltaic-thermal (PV/T)-thermoelectric generator hybrid system and
observed experimental data is well agreed with the CFD data. Ab Rashid et al., [24] used CFD analysis
for the Homogeneous charge compression ignition (HCCI) engine and observed swirl induce piston
bowl! design indicate an enhancement of in-cylinder pressure for the Spiral Crown geometry model,
reaching 9.42 MPa.

Yanagita et al., [25] considered CFD analysis for the nasal cavity and found the ratio of the
concentration to the initial concentration in Ethmoid Sinus is approximately 0.6. Jahan et al., [26]
used the MAPLE software to study the solar radiation and dissipative transport of steady mixed
convective hybrid nanofluid flow regime for an incompressible fluid and found the rate of heat
transfer is higher in all cases but the reduction of mass transfer is also noticed. Omer and Kamar [27]
studied numerically about the efficiency of flat-plate solar collector (FPSC) using multi-walled carbon
nanotubes (MWCNTs)/water nanofluids and found thermal efficiency increase of 6.080% and 6.857%
at volume flow rate of 0.2 kg/min to 0.8 kg/min. Khairi et al., [28] analyzed the centre-offset annular
rotary drum using open foam and the meshing software GMSH and they used arbitrary mesh
interface. They observed the quality of mesh and secures a reliable and reproducible dynamic mesh
motion for the implementation of the drying process. Ismail et al., [29] used Computational Fluid
Dynamics (CFD) for the NACA 0012 airfoil using Laplace equation and they observed execution time
for the NACA 0012 validation case yielded a parallelization efficiency above 50%. Akter et al., [30]
used Photovoltaic (PV) modules for the electricity production of isolated islands in the northern Bay
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of Bengal and found that 10 kW microgrid SPV system can reduce CO; emissions by 284 tons and the
payback period of the investment is 8.8 years. Koli et al., [31] observed the drying time for green chilli
and okra is 9 h .and 5 h less in WSAH than WOSAH while OSD takes 17 h and 11 h more than WSAH
and also observed the thermal efficiency is 6%, and exergy efficiency 13% lower than WSAH.

The most widely used method to study the temperature and velocity distribution throughout the
drying system are computational fluid dynamics (CFD) simulation to improve the performance.
Numerical techniques are more complex and time taking contain multipart mathematical equations
[17]. Also, experimental investigation of temperature and air distribution under large scale solar
dryer requires numerous instruments and sensors to be mounted at different location which makes
the study difficult and expensive. This phenomenon enhanced the acceptance of computational fluid
dynamics (CFD) software for the prediction of temperature profile, flow behavior, and for the
demonstration of heat and mass transfer happening in multinary mixtures (porous media).

Different research has been done to study the temperature and velocity profile of single air pass
solar tunnel dryer to improve its performance. However, there are few studies on the analysis of a
double air pass solar tunnel dryer temperature and air distribution through CFD simulation.
Accordingly, this study intended to analyze the temperature distribution and air flow profile of newly
designed a double air pass solar tunnel drying system to improve the thermal and exergy
performance through CFD simulation.

2. Geometry Creation and Mesh Generation

The geometry of a double air pass solar tunnel air dryer (DAPSTD) was developed using Solid-
works software and imported to ANSYS-Fluent for CFD simulation. After the creation of geometry,
the solid and fluid domains were differentiated under design modeler module. The drying system has
two main chambers, a semi-cylindrical heating chamber with the diameter of 1.2 m and a rectangular
shape drying chamber of 2.4 m long, 1.2 m wide and 0.6 m high. The major components and
chambers of the drying system were presented in Figure 1(a).

The irregular shape of the developed geometry can be converted into more recognizable
elements or volumes using meshing techniques to improve the simulation quality. The computational
domain of the drying system was discretized by mesh generation as shown in Figure 1(b). The linear
Hex Dominant meshing method were selected and the element types are set to all Quad to enhance
the accuracy of the final result. After editing and refining mesh of the drying system, the size of the
element is 0.06m, the number of elements is 88,878 and the number of nodes is 27,785 with the
maximum skewness of 0.9976. Finally, the heat transfer surface boundaries were defined which are
inlet, outlet, 4 absorber plate walls, 3 collector cover walls, and 5 floor walls.
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(a) Absorber ototype of the dryer (b) Meshed view of the dryer
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Fig. 1. The diagram of (a) the geometry and (b) meshing of the drying system

3. CFD Analysis
3.1. Turbulence Model

A forced convection flow field usually includes ventilation systems to drive the fluid throughout
the chamber, which creates a turbulence movement due to the high flow rate and the heat transfer
interaction in the flow field. This indicates that, the proposed drying system categories under
turbulence flow. A mathematical model selected to predict the effects of turbulence inside the drying
chamber was Realizable k—¢ (epsilon) (the transport model of turbulent kinetic energy (k) and its
dissipation speed (€)) with Non-equilibrium wall function, because of their high performance in more
complex and main flow fields, accurately prediction of spreading rate, high convergence rate and
comparatively low computational memory requirements.

3.2 Radiation Model

Solar radiation mainly depends on time, day, and month of the year, the mean solar time (GMT),
geographical location, weather conditions, and STD or mesh orientation. The discrete ordinates (DO)
model can solve the radiative transfer equation (RTE) for a finite number of discrete solid angles,
each associated with a vector direction, and solve the irradiance at semi-transparent walls. Due to
this, the discrete ordinates (DO) radiation model was used to simulate the effect of solar radiation
inside the drying chamber. To simulate solar radiation; longitude of 36.8373°, latitude of 7.6753°, +3
GMT, and fear weather conditions were used. The orientation of the mesh is set as North on the
negative X-direction and East on the positive Z-direction.

3.3 Species Transport

The species transport model is used to represent the mixture of two different types of fluid and
to determine the mass fraction of each type inside the system. In this case, it is used to specify the
mixture of dry air and water vapor. This simulation presents only the heat transfer model, where the
mass transfer model is not included, because of this phenomenon there is no moisture transfer
between the drying product and moist air. Due to this, the mass fraction of each species throughout
the system is constant and there is no moisture diffusion on the solid walls. The mass fraction of
moist air at the inlets of the drying chamber is 0.01. The executive summary of the operating
conditions of the analysis is discussed in Table 1.
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Table 1
The summary of operating conditions
Operating Conditions Governing Equation

3D Simulation
Implicit Formulation
Solver Pressure Based
Absolute Velocity Formation
Steady State Analysis

Gravity 9.81 m/s?......Y-axis

Energy Equation On

Viscose Model Realizable k - & Model Non-equilibrium wall function
Radiation Model Discrete Ordinate (DO)

Species Transport On

3.4 Boundary Conditions

To obtain the desired result of the simulation, the boundary condition of the system must be
defined carefully. The type of heat interaction between the boundaries with their appropriate values,
the thickness of each boundary, and the type of material with their respective property must be
defined. The drying system model contains inlet, outlet, absorber plate-wall, cover-wall, and floor-
wall boundary conditions. The executive summary of boundary conditions of the analysis, the
parameters used to define the condition with their value, and the type of material is discussed in
Table 2.

Table 2
Summary of boundary conditions
Boundary conditions Parameters Values Material
Mass flow rate 0.0181 kg/s
Inlet Temperature 300 K Moist Air
Mass fraction 0.0101
Outlet pressure 0 Moist Air
Outlet ] .
Mass Fraction 0 Moist air
Wall Thickness 0.0004 m
Emissivity 0.95 :
Absorber plate-wall ﬁbs(z:ptivi'cfy 0.96 Sllﬁ‘rcri(i:jxtser?eet
eat transfer 2
coefficient 3.076 W/m?K
Wall thickness 0.0002 m
Emissivity 0.94 Semi-transparence
Cover-wall Absorptivity 0.02
Heat transfer polyethylene
. 3.076 W/m2K
coefficient
Wall thickness 0.25m
Emissivity 0.88
Floor-wall Absorptivity 0.9 Bagasse
Heat transfer 3.023 W/m?K
coefficient

3.5 Solution Methods

The solution method selected to perform the simulation is the Pressure-Velocity Coupling
method for all models. Also, the spatial discretization methods used for the analysis of pressure are
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second order, momentum, energy and water vapor is second order upwind and turbulent kinetic
energy, turbulent dissipation rate, and discrete ordinate is first order upwind. the type of scheme,
gradient, and initialization applied for each model is summarized in Table 3.

Table 3
The type of scheme, gradient, and initialization of each model
Type of scheme, gradient, and initialization

Scheme SIMPLEC
Gradient Green-gauss node-based
Initialization Hybrid

3.5.1 Energy and exergy

The rate of useful energy outcome is the difference of the final and initial thermal energy state
of the air stream [32].

Ey = myCpo(T, — T}) (1)

Where, Ey is the useful energy (W), 111, is the mass flow rate of air (kg/s), Cpq is the specific heat of
air (J/kg K), and T is the temperature (°C). The suffixes, ‘0’ is outlet and ‘i’ is inlet.

Thermal efficiency defined at the ratio of the useful thermal energy output and the incidence
solar radiation over the projected area [33].

_ Eu
nth - IApr (2)

Where, 77,, is the thermal efficiency (%), EU is the useful energy (W), I is the incidence solar radiation
(W/m?), and Ay is the projected area (m3).

The rate of exergy input is determined by [34].

b=ty 1 (o) + (50 (7)) )

Where, E,; is the exergy inlet, T,,, is the ambient temperature (K), and T, is the sun temperature

(K).

The rate of exergy outcome is computed as [34].

Ero = qCpa [(To * Tom) + (Tamlog (T“"‘))] (4)

Tsun
Where, E,, is the exergy outlet, T,,, is the ambient temperature (K), and T, is the sun temperature

(K).

The exergy efficiency can be determined [35].

Moy = 7 (5)
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Where, My 1S the exergy efficiency.
4. Results and Discussion

This section illustrates the result obtained from the CFD simulation of a hemi cylindrical double
air pass solar tunnel drying system with no load. The weather conditions data are essential for the
analysis of the hourly variation of the temperature profile, the velocity and pressure distribution, and
the exergetic performance of the newly designed solar tunnel drying system. Thus, the necessary
ambient conditions are direct (beam) radiation, diffuse radiation, and ambient temperature were
taken at a location (7°40'0"'N,36°50'0'E), and the hourly variation of ambient parameters on
January 22, 2024 is presented in Figure 2(a) and the ambient temperature is shown in Figure 2(b).
The higher direct radiation, diffuse radiation, and ambient temperature of the location were 1047
W/m?, 61 W/m? and 28 °C at 7.00 A.M., respectively, as well as lower at forenoon and nightfall.

(a) Hourly Direct and Diffuse Radiation on January 22 (b) Ambient Temperature on January 22
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Fig. 2. The hourly variation of (a) direct and diffuse radiation and (b) ambient temperature on January
22,2024

4.1 Hourly Variation of Temperature

The hourly average temperature at the outlet of the drying chamber was determined by
performing a series of simulations for 12 sunshine hours of the day. Figure 3 is a graphical
representation of the CFD simulation result of the outlet temperature of the drying chamber variation
with time and demonstrates how the outlet temperature is affected by solar radiation and inlet
temperature.

The result indicates that the maximum temperature encountered at the outlet of the drying
chamber was 64.6 °C at 6.00 P.M. and 8.00 P.M. The value of temperature was above 50 °C for 10
hours and 60 °C for 6 hours of the day. This phenomenon confirmed that the evaporation rate of the
drying system will be enhanced simultaneously drying period reduced and this will lead to the
increment of daily drying capacity. The pattern of the temperature graph was similar to the graph of
ambient conditions figure, where the maximum temperature value was found at noon and the lower
value at sunrise and sunset due to the variation of solar radiation and inlet air temperature with time.
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Hourly Variation of Qutlet Temperature
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Fig. 3. Graph of hourly variation of temperature at the outlet drying chamber

Figure 4, is a pictorial presentation of the CFD result of the temperature distribution of air at the
middle plane of both the heating and drying chamber for 12 hours and it illustrates the influence of
solar radiation change over time on the temperature distribution. The highest value of the result is
represented by red and the lowest value is by dark blue and also, green, yellow, and orange lie in the
middle. Also, it contains 12 pictures of the temperature profile corresponding to 12 sunshine hours
of the day starting from 7:00 am up to 6:00 pm. The result reveals that there is a uniform temperature
distribution on the selected plane for all hours with a different value. In all pictures, the temperature
on the right side is higher than on the left side due to the effect of the northern wall caused by the
East-West orientation of the drying system and the location of ambient parameters used for the
simulation which are found around the equator.

It also indicates that the higher temperature was observed at the center of the selected plane
where the absorber plate is located and gradually decreases toward the cover wall inside the heating
chamber for each hour. However, inside the drying chamber higher temperature was encountered
on the south wall boundary and gradually decreased toward the north wall because of the effect of
the northern wall. Also, a higher temperature was found on the internal surface of the floor and edgy
wall boundaries due to insulation and its optimum thickness.
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Fig. 4. Pictorial presentation of temperature distribution inside the heating and drying chamber for 12 hours

4.2 Temperature Distribution

The input parameters direct radiation, diffuse radiation, and a constant mass flow rate of 1047
W/m?, 61 W/m?, and 0.0181 kg/s, were used, respectively. Figure 5(a) presents the variation of
temperature on the line drawn between the cover and the floor and demonstrates the temperature
difference between the main components as well as the heating and drying chamber of the drying
system (Figure 5(b)).

The highest temperature was observed on the absorber plate followed by the bottom floor, and
the lowest value was found on the polyethylene cover. The material selected for the absorber plate
was black-painted aluminum sheet metal with the ultimate solar radiation absorptivity coefficient
and its direct exposure to the incidence of solar radiation which maximizes the thermal energy
collecting capacity. This phenomenon makes the surface of the absorber plate maintain the highest
temperature compared to the floor and cover boundaries. The temperature of the bottom floor and
edge internal surface was higher than the cover surface due to their high absorptivity coefficient and
the insulation material used has optimum thermos-physical properties and thickness. The material
used for the cover has the highest solar radiation transmission ability up to 96% with a lower
absorptivity coefficient also its outer surface is exposed to surroundings which enhances the thermal
energy loss to the ambient and reduces the temperature.
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It also demonstrates that throughout the drying system, a higher temperature was encountered
inside the drying chamber than in the heating chamber, comparatively. The increment in the air
stream temperature was observed in the drying chamber because it was reheated by the bottom
surface of the absorber plate which enhances the thermal energy gain and the insulation material
used reduces the thermal loss to the surroundings which leads to the enhancement of energy and
exergy outcomes. However, the temperature at the outlet of the heating chamber is minimized
because of heat loss to the ambient through the collector cover due to wind energy which increases
the rate of convective heat transfer coefficient.

» [\ I N
AV AT |
LV PR HHllHHHH i
= e
Lo

Fig. 5. (a) Temperature variation over the line drawn, and (b) temperature variation over heating
chamber and drying chamber

Figure 6 shows the pictorial presentation of temperature distribution throughout the heating and
drying chamber on January 22 at 7:00 pm. The temperature profile shows, that the uniformity of
distribution inside the heating chamber was better compared to the drying chamber. Figure 6 shows
the temperature distribution was almost uniform around the front and back walls of the drying
chamber. This result is similar to the simulation result of Monish et al., [36] and Yen et al., [37].
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Fig. 6. Pictorial presentation of temperature distribution throughout the heating and drying
chamber at 7:00 pm
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Figure 7 presents the temperature variation over a line drawn between north-south, east-west,
and top-bottom walls. The straight line used to plot graphs a, b, and c passes through the center of
the drying system. Figure 7(a) shows that inside the heating chamber, the space between the plate
and cover was higher at the center and lower around the edges due to this the temperature at the
center is higher and lower around the edges because as the length of the space decreases the heat
loss increases. However, inside the drying chamber, the value of temperature is higher around the
edges and lower at the center due to insulation the temperature of the inner surface was higher.

Figure 7(b) shows that the temperature at the inlet of the heating chamber was lower and
enhanced gradually by gaining thermal energy from the absorber plate up to the outlet and then
flowing to the drying chamber. Also, the incoming air is reheated in the drying chamber and increases
gradually from the inlet up to the outlet. Figure 7(c) indicates that in both chambers a higher
temperature was observed around the absorber plate and continuously decreased toward the cover

in the heating chamber and the floor in the drying chamber because a higher temperature was
maintained by the plate comparatively.

Vompnramars Varutins (Lot - wet] Vamperatuns Veratian (Top - baman]

—— [Heating Chamber] — [Dr;_i.rrg Chamber]
(@) (b) (c)

Fig. 7. The graph of temperature variation over the line drawn from (a) [North-South], (b) [East-West], and
(c) [Top-Bottom] inside the heating and the drying chamber

4.3 Velocity Distribution

The velocity variation and distribution throughout the drying system were presented in Figure 8
by streamlines and in Figure 9 by velocity vectors. The result of the CFD simulation reveals that the
maximum value of velocity is 1.123 m/s at the outlet section, the minimum value is 0 m/s around
the solid wall boundaries and the average value of velocity throughout the drying chamber is
0.61 m/s. The result of average velocity was similar to the simulation result of Monish et al., [31]
and Yen et al., [32], but the values are different, because of inlet mass flow rate, dimension, shape,
size, number, and position of air inlet and outlet section difference.

The result of velocity streamline functions and velocity vector reveals that the higher turbulence
observed around the inlet and outlet section of the heating and drying chamber, due to the higher
velocity encountered and the cross-sectional area difference and also, the value of turbulence is
lower in the other cross-section, due to velocity drop and pressure drop around the boundary surface

of the solid domain (cover and floor inner wall). Pressure drop occurs due to the high viscosity of the
air domain on the surface of solid boundaries.
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Fig. 9. Velocity vector of the drying system on January 22 at 7:00 am

4.4 Energy and Exergy

The hourly variation of useful energy outcomes and thermal efficiency of a double air pass solar
tunnel drying system is presented in Figure 10(a). The result reveals that the maximum energy
outcome was encountered before noon around 717.42 W/m?2. This is due to the increment of heat
loss as the air stream temperature increases. The minimum value was observed at sunrise and sunset
due to lower solar radiation input. Figure 10(b) shows that the maximum thermal efficiency was
found at nightfall 34% where the thermal energy loss was lower. Whereas the lower value was
observed at 7:00 pm. This is due to the increment of thermal energy loss as the solar radiation
increases.
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Fig. 10. The hourly variation of (a) useful energy outcomes and (b) thermal efficiency of the drying system

The hourly useful exergy outcome is provided in Figure 11(a) and the hourly exergy efficiency is
given in Figure 11(b) along with the time. The average useful exergy outcome and exergy efficiency
was found 166.7 W/m? and 9.41%, respectively. The maximum useful work extraction was observed
at 7:00 P.M. and the minimum value at sunset. Thus, the fluctuation of exergy performance with time
was occurred by the variation of solar radiation and ambient temperature over time. In Table 4
comparison of present study results with the literature data is provided.

(a) Hourly Useful Exergy Outcome (b) Hourly Exergy Efficiency
—— Exergy —#— Exergy

168 1 22

167 - 201
X

- 166 - 18 1
2 1 g

= 2164
& k",
£ 165 £

g Y 141
“ 5

164 1 3121
w

163 1 104

162 1 81

é 1‘0 1'2 1'4 1[5 1|8 8 10 12 14 16 18
Time, [hr] Time, [hr]

Fig. 11. The hourly variation of (a) useful exergy outcomes and (b) exergy efficiency of the drying system
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Table 4

Comparison of present study with literature

Reference Product type Temperature Thermal efficiency Exergy efficiency
Sultan Karasu, Thin-layer 59.74%, 67.66%, and
and Ozdogan [3] mushroom 77.45% for natural
(agaricus convection dryer
bisporus) (NCD), forced
convection dryer  (FCD),
and heat pump
integrated dryer (HPD)
Raja Sekhar et Zingiber 33-74°C 45% --
al., [4]
Singh et al., [5] Fenugreek 34.1% --
leaves
(Trigonella
foenum-
graecum) and
turmeric
(Curcuma
longa)
Present study Biomass 59.2°C 30% 9.41%
briquettes

4.5 Future Scope

The present study is limited to evaluate the energy and exergy analysis of single air pass solar
tunnel dryer. Since the north wall insulation and entire drying time radiation toward the south wall
may lessen heat loss from the dryer cabinet, the energy and exergy analysis may be evaluated with
the insulation on the north wall. The analysis may extend to evaluate the heat transfer coefficients
of drying material. The overall performance of the solar dryer at different weather conditions is also
to be analysed in future. Different materials can be used for solar dryer for the evaluation of exergy
and energy efficiency in future studies.

5. Conclusions

This work presents the CFD simulation of forced convection double air pass solar tunnel drying
system was carried out to investigate the temperature and air distribution inside the heating and
dryer chambers and to evaluate the thermal and exergy performance.

i.  The simulation results revels that a higher temperature was maintained inside the drying

chamber compared to the heating chamber.

ii.  Flow parameters are uniformly distributed in both chamber due to a double air pass operating
system.

iii.  Theenergy and exergy performance of the newly developed drying system was enhanced due
to the increment of air temperature and it increases the drying rate.

iv.  The modified drying system will be applicable for agricultural and industrial drying process
that requires high temperature.
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