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Abstract: This paper investigates double-pass solar air thermal collectors with lava rock as the porous
media. The addition of lava rock serves as short-term sensible thermal storage for a solar drying
system. It also enhances the convective heat transfer rate to the airflow due to an increased heat
transfer area and increased turbulence in the air channel. A mathematical model was developed
based on energy balance equations and was numerically solved in MATLAB. The collector’s thermal
performance was studied at various levels of solar intensity and at different wind speeds for different
design parameters: collector size, air mass flow rate, and lava rock volume. From the study, the
optimum efficiencies that were obtained in the range between the intensities of 500 W/m2 and
800 W/m2 were 62% to 64%, respectively, with an optimum flow rate of 0.035 kg/s. The optimum
porosity of about 89% was selected for the collector by considering the pressure drop and thermal
efficiency. An optimal temperature output range between 41.7 ◦C and 48.3 ◦C could be achieved and
was suitable for agricultural and food drying applications. Meanwhile, compared to conventional
DPSAHs, the average percentage increase in the output temperature of the DPSAH with lava rock
was found to be higher by 17.5%.

Keywords: solar collector; double pass solar air heater; porous media; packed bed; porous material

1. Introduction

Fossil fuels that are finite and damaging to the environment necessitate the implemen-
tation of alternative energy strategies. As a result, the scientific community has focused on
systems that can utilize and transform renewable energy sources, notably solar radiation,
into useful energy in recent decades. A solar thermal collector comprising a heat exchanger
can convert solar radiant energy into useful thermal energy via the use of a working fluid
or a heat transfer fluid such as air or liquid [1–3]. Solar thermal collectors come in two
varieties: air and water. Solar thermal air collectors are less attractive than solar thermal
water collectors due to their lower thermal efficiency [4]. Solar collectors are commonly
employed in low- to medium-temperature applications, including room heating [5], crop
drying [6], wood flavoring [7], and other industrial uses. Conventional solar air collectors
have low thermal efficiency due to the significant heat loss that occurs between the absorp-
tion plate and the moving air stream and a low convective heat transfer coefficient [8]. The
heat transfer rate of a solar air collector may increase to improve its thermal performance.
With that, various designs and flow patterns have been investigated by researchers in order
to increase the thermal performance of conventional solar air collectors, with one strategy
being the use of multi-pass air channels. Compared to a single-pass, a double-pass solar
air heater (DPSAH) is better than a single-pass solar air heater [9]. In a DPSAH, the heat
transfer area is increased to double while keeping the system at a low cost.

To further enhance the performance of a DPSAH, a porous and packed-bed heat
transfer enhancement has been introduced by researchers. The packed bed in the DPSAH

Energies 2022, 15, 905. https://doi.org/10.3390/en15030905 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15030905
https://doi.org/10.3390/en15030905
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8707-6897
https://orcid.org/0000-0003-1984-5188
https://doi.org/10.3390/en15030905
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15030905?type=check_update&version=1


Energies 2022, 15, 905 2 of 19

serves two main functions. First, due to the immense heat transfer area and high turbulence,
porous media will increase the convective heat transfer rate in the air channel. Second,
the packed bed serves as short-term sensible heat storage that enables continuous drying,
even at low solar irradiance [10]. K. Sopian et al. discovered that the thermal efficiency
of an enhanced DPSAH was high compared to a conventional DPSAH [11]. Later, they
investigated a DPSAH with porous materials and demonstrated the thermal efficiency of
a double-pass SAH with a porous material could achieve efficiencies of 60% to 80% [12].
Compared to a DPSAH without porous materials, the productivity of a DPSAH with porous
materials is 20% to 70% higher. The use of porous material in a single-pass and double-pass
system was studied by Aldabbagh et al. [13], and is presented in Figure 1.
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Figure 1. Schematic diagram of (a) a single-pass and (b) double-pass solar air heater with a
packed bed [13].

Mahmood et al. examined the behavior of porous media in a single-pass and double-
pass air channel, with the highest efficiency that was achieved being 54.74% [9]. In the
study by Roy et al., the thermal performance of a DPSAH was improved by replacing
square-shaped steel wire mesh in the second channel [14]. In their study, the highest
efficiency achieved was 82.20%. Glass spheres were employed as porous media in the
research by Ahmed and Mohammed [15]. The obtained thermal efficiencies were 89.52%
and 75% in structures with and without porosity. Monem et al. investigated a DPSAH using
black-coated wire mesh as a packed bed on the absorbing plate [16] with a porosity of 83%
and with a different mass flow rate between 0.0115–0.038 kg/s. They concluded that the
efficiency of a DPSAH using black-coated wire mesh as a packed bed was 22% higher than
without wire mesh. In the experimental study developed by Singh et al., ten successive
wire meshes were placed in the second air channel of a DPSAH between converging fins at
an 11◦ tilt [17]. The optimum value of the mass flow rate for the best thermal presentation
of the solar air heater was found to be 0.023 kg/s.

Advancements are made regularly in numerical fields of study, whether in mathe-
matics, design, or the application of formulae in heat transfer analysis. According to [18],
V-corrugated mesh is the best alternative. They claimed that a larger channel length pro-
duces faster heat retention rates, reducing the SAH’s top heat loss. Dissa et al. [19] assessed
the efficacy of porous and non-porous compound absorbers made of corrugated iron sheets
and aluminum mesh. The efficiency that was gained during the unstable phase was be-
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tween 18 and 61%, while the efficiency that was obtained during the partial condition
process ranged between 37% and 61% for the theoretical and practical investigation of a
two-pass packed-bed SAH with a recycling ratio of 1.5 [20]. The wire mesh layers that
had placed on the absorber plate increased the temperature of the airflow, hence raising
the recycle ratio as the heat removal percentage grew. In comparison, when the mass flow
rate of the air increases, the air temperature decreases. At a mass flow rate of 0.025 kg/s
and a recycling ratio of 1.5, a maximum thermal efficiency of 70% was reached. Singh
and Dhiman built a packed-bed recycling flow in which the output air from the second
duct was directed to the input of the third duct [21]. They discovered that a recycling
ratio of 1.8 and mass flow rates ranging from 0.01 to 0.02 kg/s resulted in higher thermal
efficiency. Double-pass SAHs both with and without metal matrix porous media were
numerically analyzed. According to the researchers, reduced porosity results in increased
thermal efficiency, while increased porosity results in a reduced pressure drop. Thermal
efficiency was enhanced by 20% and 17%, respectively, when the porosity was 90% and
97.5% [22]. Using experimental and Computational Fluid Dynamic (CFD) simulations,
the thermal performance of indirect sun dryers with mesh absorbers was compared to
solar dryers without mesh configuration. The study used Pepino fruits with thicknesses
of 3 mm and 5 mm, and four experiments were set up using two different dryers. The
collector efficiencies were 72.15% and 70.60%, respectively, when using a normal drier
with 3 mm and 5 mm thick fruits. The collector efficiencies were 78.06% and 80.39%,
respectively, when using drier mesh absorbers with 3 mm and 5 mm holes. In terms of
enhanced food quality, the overall average drier efficiency of an indirect dryer that had
undergone mesh absorber modifications was 23.08% [23]. Singh [24] extended the work
numerically and experimentally by utilizing serpentine wavy wire mesh to improve the
thermal performance of the DPSAH. They conducted computational CFD studies that were
capable of elucidating the physics of the flow-through a porous 85–95% wire mesh wavy
serpentine solar air heater at mass flow rates ranging from 0.01 kg/s to 0.05 kg/s. They
also optimized the thermal performance of the porosity of the solar air heater’s wire mesh.
At a mass flow rate of 0.04 kg/s, the DPSAH had an efficiency of 80%. They determined
that thermohydraulic efficiency improves with the mass flow rate and eventually becomes
negligible at a mass flow rate that is more than 0.03 kg/s. Those wavy layers absorb more
of the heat transfer area than flat plates do. Tables 1 and 2 show the summary of different
types of porous materials that have been used as a packed bed for both experimental and
numerical analyses.

Table 1. Summary of different types of porous materials as the packed bed.

Author Year Type of Porous Material

Mahmood et al. [9] 2015 Wire mesh
Roy et al. [14] 2017 Square shape steel wire mesh

Ahmed and Mohammed [15] 2017 Glass Sphere
Monem et al. [16] 2019 Black coated wire mesh
Singh et al. [17] 2019 Ten successive wire mesh

Table 2. Summary of different types of porous materials in numerical studies.

Author Year Type of Porous Material

Velmurugan and Kalaivanan [18] 2015 V-corrugated shaped wire mesh
Dissa et al. [19] 2016 corrugated iron sheet and mesh of aluminum

Singh and Dhiman [20] 2016 Wire mesh
Singh and Dhiman [21] 2018 Wire mesh
Hernández et al. [22] 2019 Porous matrix (in contact with absorber plate)

Güler et al. [23] 2020 Iron wire mesh
Singh [24] 2020 Serpentine wavy wire mesh
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Setting it apart from previous research, this paper investigates the potential of lava
rock as the porous media to enhance the heat transfer rate in DPSAH while serving as
the short-term sensible heat storage method for a solar collector that is suitable for food
drying applications. The use of lava rock as a porous material is new and has never been
investigated by other researchers in related fields. Additionally, unlike a conventional
DPSAH, which commonly employs metal mesh wire, lava rock has the following key
advantages; first, metal mesh carryover, which can be hazardous to the food being dried,
can be avoided; second, metal corrosion is not an issue; and finally, lava rock is, in general,
a safe organic material that has been widely used for domestic applications, such as in
barbeque grills. The design of a DPSAH with lava rock is discussed in this research and
contributes to the study of double-pass solar air heating applications. In addition, a DPSAH
using lava rock is compared to conventional DPSAHs in terms of solar drying performance
in order to demonstrate its potential.

2. Research Methodology

The research methodology approach is divided into four key stages. The first stage
is the development of the design of the double-pass solar thermal collector with a porous
material. Here, the proposed design concept is detailed, and the selection of the porous
material is justified. The second stage involves heat transfer analysis and mathematical
model development in transient analysis using energy balance equations. Next, the model
is validated against established experimental results. Finally, to investigate the collector’s
performance, a computer simulation was performed in MATLAB using the validated
mathematical model to assess the collector’s performance.

2.1. Design Concept

In this study, we investigated a double-pass solar air heater (DPSAH) using lava
rock as a porous material that has been placed in the second channel (see Figure 2). The
double-pass collector consists of two air channels; the first channel is constructed between
the glass cover and the absorber plate. Meanwhile, the second air channel, which flows in
the reverse direction, is created between the absorber plate cover and the backplate. The
lava rock is placed in the second air channel as a heat storage material and as a heat transfer
enhancement technique for the working fluid, air. The size of the collector is 54 cm wide,
240 cm long with an upper channel depth of 3.5 cm and of 7 cm for the bottom channel. A
material called insuflex with a thickness of 5 cm to avoid heat loss dissipation was selected
as the insulation cover. Some of the geometrical, thermal, and physical values that were
used to optimize fabrication are listed in Table 3. This numerical study uses lava rock,
which is also known by its scientific name vesicular basalt, images of which are presented
in Figure 3. The rock is also known as scoria rock and is formed from a volcanic eruption
and is generally black or red. Lava rock is widely used in the construction of buildings,
landscaping, or barbeque grills due to the following reasons [25–27]:

• It has high porosity;
• It has a low density;
• It has high moisture absorption;
• It has a high heat capacity (capability to retain heat).

Table 3. The geometrical, thermal, and physical values.

Parameters Numerical Values

The volume of lower channel, V1
(
m3) 0.09

Ambient temperature, Ta (K) 298.15
Inlet air temperature, Ti (K) 300.15

Mass Flow rate, (kg/s) 0.015, 0.02, 0.025, 0.03, 0.035, 0.04, 0.045, 0.05,
0.055, 0.06, 0.065
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Table 3. Cont.

Parameters Numerical Values

Solar Irradiance, W/m2 500, 600, 700, 800
The transmittance of glass, τg 0.80

Absorption of glass, αg 0.05
Absorption of the plate, αp 0.95
An emissivity of glass, εg

(Low emissivity coated glass) 0.35

An emissivity of the absorber plate, εp 0.9
An emissivity of the bottom plate, εb 0.86
An emissivity of porous material, εpm 0.93

Sigma, σ 5.670 × 10−8

Thermal conductivity of insulation, W
m2 0.038

Thermal conductivity of porous, W
m2 [28] 1.56

Specific heat capacity of porous, J
kgK [28] 1200

The density of porous material, ρm [28] 2600
Wind velocity, Vw, m/s 1
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2.2. Mathematical Model Using the Energy Balance Method

The heat transfer mechanism that takes place in the solar collector is presented in
Figure 4. There are six layers that must be considered when calculating the heat transfer in
the energy balance: the glass’s surface, the first and the second air paths, the surface of the
absorber plate, the lava rock, and the insulation layer. In order to determine how much solar
radiation is absorbed by the atmosphere, an energy balance is used. The energy balance
equations for the DPSAH with lava rock were generated using transient one-dimensional
energy balances.

The following assumptions can be made to simplify the analysis:

• The analysis is 1-dimensional;
• The heat capacity of glass, absorber plate, and back surface is negligible;
• Only the heat capacity of the porous material is considered in the transient analysis;
• The thermal resistance of the glass cover and the backplate are assumed to be negligible.
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The energy balance equations for each of the collector’s components are as follows:
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For the glass cover component:

αgI + hrpg
(
TP − Tg

)
= Ut

(
Tg − Ta

)
+ h1

(
Tg − Tf1

)
(1a) (1b) (1c) (1d)

(1)

The terminologies for heat transfer are as follows:
(1a): The rate of the solar energy received by the glass cover per unit area. (1b): The

rate of heat transfer between the absorber plate and the glass cover. (1c) The top heat
rate-lost to the atmosphere per unit area. (1d): The rate of convective heat transfer from the
inner surface of the glass cover to the heat transfer fluid in the first air channel.

For the heat transfer fluid in the first air channel:

Q1 = h1
(
Tg − Tf1

)
+ h2

(
Tp − Tf1

)
(1e) (1d) (1f)

(2)

The terminologies for heat transfer are as follows:
(1e): The heat transfer fluid removes the useful energy in the first air channel. (1f): The

rate of heat transfer by convection from the absorber plate to the working fluid in the first
air channel:

For the absorber plate:

αpτgI = hrpg
(
TP − Tg

)
+ h2

(
Tp − Tf1

)
+ h3

(
Tp − Tf2

)
+ hrp,pm

(
Tp − Tpm

)
(1g) (1b) (1f) (1h) (1i)

(3)

The terminologies for heat transfer are as follows:
(1g): The rate of the solar energy absorbed by the absorber plate after transmission

through the glass cover (1h): Convective heat transfer from the absorber plate to the
working fluid in the second air channel. (1i): Heat transfer via radiation from the absorber
plate to the porous material

For the airflow in the second air channel:

Q2 = h3
(
Tp − Tf2

)
+ h4(Tb − Tf2) +

hcpmf2Am
AC

(
Tpm − Tf2

)
(1j) (1h) (1k) (1l)

(4)

The terminologies for heat transfer are as follows:
(1j): The heat transfer fluid removes the useful energy in the second air channel. (1k):

Heat transfer from the surface of the back panel to the airflow in the second air channel via
convection. (1l): Heat transfer via convection from the porous material to the airflow in the
second air channel.

For the porous materials:

hrp,pm
(
Tp − Tpm

)
=

hcpmf2Am
AC

(
Tpm − Tf2

)
+ kpmδpm

∂2Tpm
∂x2 + hrpm,b

(
Tpm − Tb

)
+

MmCmApm
Ac

dTpm
∂t

(1i) (1l) (1m) (1n) (1o)
(5)

The terminologies for heat transfer are as follows:
(1m): The conductive heat transfer on the x-axis in the porous material. (1n): Radiative

heat exchange between the porous materials and the inner surface of the back panel. (1o):
The rate of heat stored by the lava rock.

hrpm,b
(
Tpm − Tb

)
= h4(Tb − Tf2) + Ub(Tb − Ta)

(1n) (1k) (1p)
(6)

The terminologies for heat transfer are as follows:
(1p): The heat loss to the atmosphere through the back panel (insulation layer). The

top loss and bottom loss coefficients are calculated using Equations (7) and (8), respectively,
where kt is the thermal conductivity of insulation, and lt refers to the thickness of the
rear insulation.
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The radiative and convective heat transfer coefficients are computed according to
Equations (9) and (10):

Ut = hw + hrgs (7)

Ub =
kt

lt
(8)

hw = 2.8 + 3.3Vw (9)

hw is the convective heat transfer coefficient due to wind [29], and Vw is the wind velocity.

hrgs =
σεg
(
Tg + Ts

)(
T2

g + T2
s

)(
Tg − Ts

)
Tg − Ta

(10)

As stated in Equation (10), hrgs is the radiative heat transfer from the glass to the sky,
where Ts is the sky temperature given by [30]:

Ts = 0.0552T1.5
a (11)

The radiative heat transfer between the plate, backplate, and the packed bed can be
written using Equations (12)–(14):

hrpg =
σ
(
Tp + Tg

)(
T2

p + T2
g

)
1
εp

+ 1
εg

− 1
(12)

hrpb =
σ
(
Tp + Tb

)(
T2

p + T2
b

)
1
εp

+ 1
εb

− 1
(13)

hrp,pm =
σ
(
Tp + Tpm

)(
T2

p + T2
pm

)
1
εp

+ 1
εpm

− 1
(14)

The energy for the first channel, Q1, and the second channel, Q2, are defined in
Equations (15) and (16), respectively:

Q1 = 2 ṁCf1(Tf1,o − Tf1,i)/WL (15)

Q2 = 2 ṁCf2(Tf2,o − Tf1,o)/WL (16)

The convective heat transfer coefficients due the to airflow in the channels can be
described using the relationships in Equation (17), where Nu is the Nusselt number, and
where Dh is the equivalent diameter:

h =
k

Dh
Nu (17)

The laminar flow region, the Nusselt number for (Re < 2300), is proposed by [31]:

Nu = 5.4 +
0.00190

[
RePr

(
Dh
L

)]1.71

1 + 0.00563
[
RePr

(
Dh
L

)]1.71 (18)

For the transition flow region (2300 < Re < 6000):

Nu = 0.116
(

Re
2
3 − 125

)
Pr

1
3

[
1 +

(
Dh
L

) 2
3
](

µ

µw

)0.14
(19)
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The turbulent flow equation is shown in Equation (20) and was derived by Gnielin-
ski [32] using the correlation of the friction factor in Equation (21) determined by Blasius
and as mentioned in [33]. The turbulent flow region (Re > 6000) can be calculated as:

Nu =

(
f
8

)
Re Pr

1.07 + 12.7
(

f
8

)1/2(
Pr2/3 − 1

) (20)

Blasius correlation:
f = 0.079Re−0.25 (21)

where Pr is the Prandtl number, and where Re is the Reynolds number:

Pr =
µC
k

(22)

Re =
ṁDh
Acµ

(23)

Dh =
4Wd

2(W + d)
(24)

W is the width of the area solar collector; d is the depth of the area solar collector. As
suggested by [34], the convective heat transfer coefficient between the absorber plate and
backplate was derived from Equation (25):

h4 = Numkfu/De (25)

Num in Equation (26) is the Nusselt Number for the air moving through the packed
bed, as defined by [35,36]:

Num = 0.2Re0.8
m Pr

1
3 (26)

Rem are the Reynolds numbers of the packed beds

Rem = ṁfDe/Amµ (27)

The characteristic length De (m) of the porous materials is given by [37]:

De =

(
2
3

)
[εDm/(1 − ε)] (28)

ε is the porosity of the packed bed from Equation (29):

ε = (V1 − Vm)/V1 (29)

where V1 is subjected to the total volume of the second air channel.
Meanwhile, the equivalent diameter Dm(m) of the bed is calculated from [37] and is

calculated as per Equation (30):

Dm = 6V
1
3
s /nπ (30)

Vs is the total volume of n porous material particles, which is randomly selected.
The heat transfer area of the packed bed that is involved in the heat transfer Am is also

known as the wetted area and is given in Equation (31) [37]:

Am = 6(1 − ε)/Dm (31)

The convective heat transfer between h3 and h4 from absorber plate to the airflow in
the second channel can be categorized as it was by [38]. As demonstrated in Equation (32),
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the convective heat transfer coefficient hcpmf2 lies between the packed bed, and the air
flowing through the bottom channel is determined using the following correlation: [34]:

hcpmf2 =

[
1

hmf
+

De

Smkm

]−1
(32)

where Sm is constant depending on the shape of the packed bed hmf and can be calculated as:

hmf = Numfkfu/De, with (33)

Numf =

(
0.255
ε

)
Re

2
3
mPr

1
3 (34)

Some of the physical properties of air were used along the collector to vary linearly
with temperature, which was selected studies that have been previously published in the
literature [39,40].

The thermal efficiency is considered to be a useful heat gain when solar radiation
strikes the collector’s surface. The formula is shown in Equation (35), according to [35,36]:

ηth =
ṁCp(Tout − Tin)

AcI
(35)

where ṁ, Cp, Tout, Tin, Ac, and I are the mass flow rate, specific heat capacity, temperature
out, the temperature in, area of collector, and solar irradiance, respectively. The pressure
drop ∆P (N/m2) in the air that is flowing in the smooth air channel, as stated in Equation
(36), is the sum of the smooth channel friction loss ∆Psmooth and the dynamic loss due to
the channel bends ∆Pbend [41]:

∆Pwithout packed bed = ∆Psmooth + ∆Pbend (36)

∆Psmooth = 2ρfV2L/Dh (37)

∆Pbend = KρV2/2 (38)

V = ṁ/ρWdf (39)

The value K for the 180◦ near reverse bend, as in the current system, is 2.2 [42]. For
turbulent flow, the friction factor f is given by:

f = 0.059Re−0.2 (40)

The ∆P for the channel with the packing bed can be expressed by following Equation (41),
as per [43]:

∆Ppacked_bed =
(

2ρfmV2L
)1 − ε
ε3 (41)

where fm denotes the friction factor for the packed bed channels, which is given as:

fm = 150
[
(1 − ε)

Rem
+ 1.75

]
(42)

The Newton–Raphson iteration method was employed to numerically solve the energy
balance equations in MATLAB. The use of this process has been published by [39,44], and
the following process method is structured as in Figure 5.
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2.3. Validation of the Mathematical Model

To validate the mathematical model, we compared the simulation results with an
established experimental result by El-Sebaii et al. [45]. In achieving the aim, the design
parameters in the mathematical model were matched with the designs, as they were in [45].
Comparisons between the theoretical and experimental by [45] are shown in Figure 6
to validate the theoretical model. Figure 6 indicates the effect of thermal efficiency in
the DPSAH, with a mass flow rate range between 0.015 kg/s and 0.065 kg/s from the
experimental results and from our simulation results. We can see that the trend of the
theoretical curves is in good agreement with the experimental results of [45]. To further
justify these findings, an error analysis using the root mean square percentage difference
(RMSPD) and mean absolute percentage error (MAPE) were performed as they were by [46]
and [47], respectively, the results of which are summarized in Table 4. The values of the
accuracy measurements are considered acceptable, and this has been described in detail
in [48].
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Figure 6. The Variation in the temperature output against the change in the mass flow rate: a
comparison between the study of El-Sebaii et al. [45] and our simulation.

Table 4. The accuracy analysis of the theoretical model.

Parameter Tfo

RMSPD 6.08%
MAPE 5.46%

3. Results and Discussion

The performance of the DPSAH with volcanic rock was investigated using the vali-
dated mathematical model. The optimum mass flow rate for the solar thermal collector
was first determined. Then, the optimum porosity of the volcanic rock with the changes
in mass flow rate was identified by considering the pressure drop in the solar collector.
Finally, the potential of the DPSAH with volcanic rock for thermal storage applications was
investigated by simulating the performance with the time of the day.

3.1. Determination of the Optimum Mass Flow Rate

To investigate the performance of the DPSAH with volcanic rock, the ambient tem-
perature and the porosity of the packed bed were fixed at 30 ◦C and 85%, respectively.
Meanwhile, the solar irradiance was set at 500, 600, 700, and 800 W/m2, and the time for
the simulation was averaged as 3600 s or 1 h. Figure 7 shows the variation in the thermal
efficiency against the mass flow rate. The range of mass flow rate was between 0.015 kg/s
and 0.065 kg/s. It can be observed that thermal efficiency increases as the mass flow rate
increase, and increasing mass flow rate will increase the heat transfer rate in the DPSAH
system. However, the change in the efficiency is not as significant as the increases that
are seen in the radiation. The graphs show that the optimum mass flow rate that can be
achieved at solar irradiance values ranging from 500 W/m2 to 800 W/m2 is 0.035 kg/s,
with the average thermal efficiencies and fluid output temperatures ranging between 62%
and 64% and from 41.7 ◦C to 48.3 ◦C, respectively.
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Figure 7. Thermal efficiency against output temperature at different irradiance.

3.2. Determination of the Optimum Porosity

On the other hand, the porosity of the packed bed materials (i.e., lava rock) was also
investigated to determine its relationship with the performance of the collector. Referring
to Equation (29), the porosity ε of the packed bed was varied by varying the total volume of
the packed bed (i.e., lava rock). Nevertheless, it is crucial to note that using porous media in
the DPSAH results in a friction effect for the airflow and hence a pressure drop. Excessive
pressure drops lead to poor system performance due to the high amount of energy usage in
the airflow. Pressure drop calculations were performed by employing Equations (36) and
(41) to test the total airway pressure on the channel filled with porous media, as shown in
Figure 8a with mass flow rate. It can be seen from the graph that the difference between
the smooth channel and the packed bed is very noticeable. Changes in the pressure drop
for the smooth ducts is less significant due to the minor frictional air contact, while more
changes occur in the packed bed. It should also be noted that pressure increases slightly
at lower mass flow level rates and then increases considerably afterward, as observed by
Goyal et al. [49].
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Figure 8. (a) Pressure drop against mass flow rate and (b) variation in thermal efficiency against the
mass flow rate with different porosity values.
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The optimum porosity of the packed bed materials is determined by considering both
the pressure drop and the thermal efficiency of the collector. At an optimum mass flow rate
of 0.035 kg/s, Figure 8b shows the variation in the thermal efficiency and pressure drop
with different porosity values of 83%, 85%, 87%, 89%, 92%, 94%, and 96%. From Figure 8b,
it can be concluded that decreasing the porosity can improve the efficiency; this is because
the reduction in porosity can increase the heat transfer area per unit volume. This finding
is in agreement from those in [11,50,51]. In addition, decreasing the porosity produces a
larger surface area for heat transfer, and the higher volumetric heat-transfer coefficient
greatly improved due to flowing air turbulence. However, the lower porosity results in
a higher pressure drop that can be attributed to the increase in the friction factor in the
air channel. Therefore, in this study, based on the analysis in Figure 8b, a porosity of 89%
was selected.

3.3. The Variation with the Time of the Day

At the optimum porosity, the performance of the proposed DPSAH with lava rock as
a packed bed material was investigated at different times of day on a typical sunny day in
Kuala Lumpur, Malaysia. For solar irradiance between 500 W/m2 to 1000 W/m2, the mass
flow rate was fixed at 0.035 kg/s. However, during low solar irradiance, the mass flow
rate varied between 0.015 kg/s and 0.03 kg/s. The weather data were obtained from the
“Meteonorm” directory in TRSNSYS 18. Figure 9 depicts substantial changes between the
DPSAH with lava rock and with a conventional DPSAH. The time of day was divided into
four parts: morning, peak time, evening, and when the sun had set. At the beginning of the
graph, between 8:00 a.m. and 11:00 a.m., the increase in the output temperature on both
systems proceeded at the same pace, but the DPSAH with lava rock shows a higher output
temperature than conventional DPSAH. Figure 9 shows that the output temperature of
the DPSAH with lava rock is 36 ◦C to 49 ◦C, whereas that for the conventional DPSAH
ranges from 29 ◦C to 43 ◦C. However, the highest temperature was recorded between 11:00
a.m. and 4:00 p.m. during peak hours. The maximum output temperatures for the DPSAH
with lava rock and for the conventional DPSAH were 54 ◦C and 48 ◦C, respectively. Both
temperatures were taken at 1 p.m., when the solar irradiance reached a peak of 928 W/m2.
From 4 p.m. to 7 p.m., the output temperatures of both systems decreased substantially
due to the drop in the solar irradiance. The reported output temperatures for the DPSAH
with lava rock were 50 ◦C to 36 ◦C and from 44 ◦C to 28 ◦C for the conventional DPSAH
as presented in Figure 9; beginning at 7 p.m. and with low to zero solar radiation, the
output temperature for the conventional DPSAH drops and was found to be consistent
with the variation in the ambient temperature. The presence of lava rock, on the other hand,
shows higher values ranging from 31 ◦C to 35 ◦C compared to the conventional DPSAH,
which provided values ranging from 24 ◦C to 28 ◦C, which occurred because the porous
material retained heat due to its specific heat capacity. With this, the DPSAH with lava
rock can be maintained at an acceptable temperature range for drying applications for a
few hours during nighttime or at times when there is an absence of solar irradiance, hence
extending its drying capacity period. Additionally, the average output temperatures of the
DPSAH system with the lava rock and the conventional DPSAH overall were 47 ◦C and
40 ◦C, respectively. The computation yielded a 17.5% temperature difference between the
two systems, implying a higher drying capacity for the DPSAH with lava rock than the
conventional DPSAH.
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Figure 9. Solar Irradiance I, ambient temperature Ta, and air output temperature Tfo against the time
of the day for the conventional double-pass solar air heater (DPSAH) and DPSAH with lava rock.

3.4. The Use of DPSAH with Lava Rock in Agricultural Drying

Using the DPSAH system in the drying of agricultural and food products can improve
the quality through the production of a suitable output temperature in simulation studies.
By maintaining an output temperature of about 40 ◦C to 50 ◦C with an appropriate mass
flow rate, we can further diversify drying products and can be aware of external threats
such as animals, insects, dirt, and dust. Table 5 shows some product materials from
previous studies that can be used for drying applications using DPSAH systems.

Table 5. Dried products from selected studies.

Ref. Sample Temperature Remark

[52] Marine fish 45–50 ◦C Products made at temperatures ranging from 45 ◦C to 50 ◦C
were outstanding in taste, color, and texture.

[53] Mint leaves 40–50 ◦C Mass flow rate is set up between 0.01 kg/s to 0.05 kg/s.

[54] Apple slices 20–50 ◦C The thickness of the slice should be taken into account.

[55] Cassava 40–50 ◦C Temperatures higher than 80 ◦C may reduce the quality of
the crop.

[56] Unsalted and
Salted catfish 50 ◦C Drying for 8 h is recommended.

[57] Red chili 28–55 ◦C Maximum moisture content can be reduced to 10% within 33 h,
maintaining an average drying temperature of about 44 ◦C.

4. Conclusions

The use of porous media in a DPSAH is constantly understudy and is involving to
improve system performance. The use of lava rock in a DPSAH system was evaluated
using energy balance in this study. Several findings have been achieved, including optimal
efficiency, pressure drop, porosity, and differences between conventional and systems that
have been analyzed against the time of day.

From the paper, the following conclusions can be made:

1. With the use of lava rock, the optimum thermal efficiency for the DPSAH that can be
achieved ranges from 62% to 64% at a mass flow rate of 0.035 kg/s and at irradiances
between 500 W/m2 and 800 W/m2;
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2. A porosity of 89% is the most suitable for considering the pressure drop and thermal
efficiency trade-off;

3. The optimal temperature output range between 41.7 ◦C and 48.3 ◦C can be utilized to
dry food, resulting in better food quality;

4. Compared to conventional double-pass solar air heaters (DPSAH), the overall temper-
ature output of the DPSAH with lava rock is higher by approximately 17.5%;

5. The use of lava rock significantly impacts heat storage and can maintain continuous
heat when employed for solar drying under the Malaysian climate.

This research serves as a starting platform for further research into DPSAHs with lava
rock. The feasibilities of incorporating lava rock into DPSAHs have been proven based
on the validated numerical model that was developed in this study. From the simulation,
this study is attractive and promising. Experimental fabrication, testing, and collector
optimization will be the focus of research in the future.
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Nomenclature

Ac Area of solar collector (m2)

Apm Area of porous (m2)

Am Wetted area (m2)

C Specific heat capacity of fluid (J/kgK)
Cm Specific heat capacity porous (J/kgK)
d Collector depth (m)
Dm The equivalent diameter of packed bed (m)
De Characteristic length (m)
Dh Equivalent diameter (m)
f Friction factor
h Heat-transfer coefficient

(
W/m2K

)
I Irradiation

(
W/m2)

k Thermal conductivity (W/mK)
L Length (m)
l Thickness (m)
ṁ Mass flow rate (kg/s)
Mm Mass of porous

(
kg
)

Nu Nusselt number
r Prandtl number
∆P Pressure drops

(
N/m2)

Re Reynold number



Energies 2022, 15, 905 17 of 19

T Temperature (◦C)
U Loss coefficient

(
W/m2K

)
v Velocity (m/s)
V Volume

(
m3)

W Collector width (m)
Subscripts
a Ambient
b Backplate
f Fluid
g Glass
i Inlet
m Porous media
o Outlet
p Plate
pm Porous media
r Radiation
s Sky
t Top
th Thermal
t Insulation
w Wind
1 and 2 Refer to the first and second stream of fluid
Greek
α Absorptivity
ε Porosity
η Efficiency
ρ Density
τ Transmissivity
δ Thickness of porous
µ Viscosity
σ Stefan’s Boltzmann constant
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