International Journal of Energy and Environmental Engineering (2022) 13:219-229
https://doi.org/10.1007/540095-021-00422-z

ORIGINAL RESEARCH q

Check for
updates

Energy-based performance analysis of a double pass solar air collector
integrated to triangular shaped fins

Maytham H. Machi'3® . Maytham A. Al-Neama? - J. Buzas? - I. Farkas?

Received: 23 March 2021 / Accepted: 22 August 2021/ Published online: 31 August 2021
© The Author(s) 2021

Abstract

In this paper, the performance of a double pass solar air collector with triangular integrated fins was investigated experi-
mentally at Hungarian University of Agriculture and Life Sciences in G6doll8, Hungary. The focus of this research is on
energy-based performance evaluation. The thermal efficiency of the collector has been compared by testing two collectors
that had the same design, with and without fins. The effect of the collector's air mass flow rate on thermal performance was
investigated under various environmental situations. The results revealed that the temperature difference is always higher
through the finned collector and the higher variation temperature between the inlet and outlet temperature leads to higher
useful heat. The daily thermal efficiency of the finned collector was 56.57%, 59.41%, and 61.42%, while for the un-finned
collector was 51.04%, 53.28%, and 57.08% for the mass flow rate 0.0081, 0.0101, and 0.0121 kg/s. The finned double pass
solar air collector improved the thermal efficiency by 4.3—6.1% over the un-finned one. The efficiency of the finned collec-
tor is always higher than the un-finned one regardless of the mass flow rate. The presence of the fins to the top air channels
significantly increases collector efficiency, owing to the increased absorbing surface area, which is responsible for increasing
the internal thermal convective exchanges. Moreover, it creates a turbulence airflow, meaning that the air will be in good
contact with the absorber plate and penetrate all regions, reducing the dead zones contributing to increased heat transfer.

Keywords Solar energy - Collector construction - Fined absorber - Thermal efficiency

Introduction

The incredibly increasing world population gives rise to
increases in energy demands, which leads to an increase in
the usage of conventional fuels. The limited sources of tradi-
tional fuels and environmental protection issues, and global
warming, are becoming a pressing problem that needs to be
outlined. These concerns drew the attention of the research-
ers to find renewable resources considered a promising solu-
tion to global warming and a way for keeping sustainable
growth for human beings [1]. A lot of alternative energy
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sources that produce energy, again and again, can be used
instead of fossil fuels such as biomass, wind, geothermal,
hydropower, and solar energy. Efficient utilization of renew-
able energy resources depends on economic, environmental,
and safety considerations [2].

Solar energy is the most massive renewable energy
source, representing the primary source of energy to the
earth. Solar energy can be utilized by using several tech-
nologies that work as a converter through converting the
solar radiation to usable electricity or heat using photovol-
taic (PV) and thermal systems. Photovoltaic cells produce
electricity directly, while solar thermal systems produce heat
for buildings, industrial processes, or domestic hot water.
The primary device for collecting solar energy, known as a
solar energy collector, should be present in any solar thermal
system. It works as a unique heat exchanger that converts
solar radiation energy to heat energy stored inside a trans-
port fluid (air, water, or oil) [3]. One of the most potential
solar energy applications is the supply of hot air through
the solar air collector to dry agricultural or marine products
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and for building heating to preserve a pleasant atmosphere,
particularly during the winter season [4].

The flat plate solar air collectors are simple in terms
of construction and operation with low fabrication costs.
It has many advantages over liquid solar collectors, such
as corrosion, boiling, leakage, and freezing problems. The
main disadvantage of the solar air collectors is the low heat
transfer rates between the collector absorber and the air
passed through. Moreover, the collector's thermal efficiency
is low because of the poor thermal conductivity and low
heat capacity of the air [5]. Many researchers are trying to
make different modifications to increase the heat transfer
rate inside the collectors between the absorbing surface and
flowing air. A theoretical and experimental investigation
to improve the thermal performances of a solar air heater
with rectangular plate fins inserted as a row perpendicular
to the flowing air was conducted. It was concluded that the
fins' existence increases the amount of useful heat gained
from the solar collector [6]. The performance of solar air
collectors with flat plate v-corrugated and finned absorber
have been investigated experimentally and theoretically. The
collectors tested in both single and double pass modes. The
results showed that the v-groove collector being more effi-
cient than the finned collector in both modes. The effect of
using double pass mode was obvious on the efficiency of the
flat plate collector and least on the v-grooved collector [7].

A theoretical model and experimental validation have
been conducted for a dual pass solar collector with porous
material inside the lower pass. The results showed that the
outlet temperature was enhanced by using the porous mate-
rial, which improves the system efficiency. It was concluded
that the typical efficiency of such kind of collectors with the
porous material is around 60-70% [8]. A dual pass solar
air heater with fins in the lower channel had been studied
experimentally. The study showed that the finned absorb-
ing surface is 8% more efficient than the flat plate absorber.
Moreover, the efficiency relies considerably on the airflow
rate and the intensity of the solar radiation [9]. The perfor-
mance of both single and dual pass solar air heater with
an absorber made of steel wire mesh and longitudinal fins
attached had been investigated experimentally. The results
showed that the collector efficiency improved considerably
with mesh as an absorber compared to the standard collector.
Moreover, the thermal efficiency and temperature difference
are more with the double—pass as compared with the single
pass [10].

Also, experimental investigation results of a single pass
solar air heater with and without using fins showed that the
thermal efficiency affected significantly by changing the air-
flow rate, the solar radiation intensity, and the shape of the
absorber [11]. The thermal efficiency of a two-pass solar air
collector with two inlet ports was experimentally investi-
gated with four different absorber plates under various mass
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flow rates within the upper and lower inlet ports. Smooth
plate, pin finned, corrugated-perforated finned, and corru-
gated finned absorbers were tested. The results indicate that
the absorber plate's temperature reduces with an increase
in the upper air flow proportion for all absorber types.
Also, improving heat transfer rate by using fins reduces the
temperature of the absorber plate. The collector efficiency
improves with the difference in the outlet—inlet temperature
[12]. An investigation of dual pass solar air heaters with ver-
tical and horizontal extended surfaces combined with a dryer
active-air circulation has been studied experimentally. The
test results showed that the daily efficiency increased by 10%
when the fins direction changed from vertical to horizontal.
Moreover, the effect of collector efficiency enhancement was
very clear on the dryer by reducing the time to remove the
dried product's water content [13].

Furthermore, the thermal efficiency of a double pass
solar air collector was investigated experimentally. A semi-
empirical thermal model was created to explain its thermal
behavior theoretically. The model can estimate the air tem-
perature at the collector outlet from known values of the out-
side temperature and solar irradiance on the collector plane.
The temperature difference between the inlet and the outlet
reaches 40 °C at 0.020 kg/s. The average daily efficiency
was found to be 42%, with overall instantaneous efficiency
of 50%. The thermal efficiency reached 60% at a mass flow
rate of 0.045 kg/s, and the mean outlet temperature is 46 °C.
The experimental and theoretical models were found to be in
good agreement [14]. Sudhakar et al. conducted an experi-
mental investigation of a double pass solar air collector with
a V-grooved absorber plate with pin fins. The results showed
that the efficiency of the collector is strongly affected by the
mass flow rate. The mean collector temperature raised by
12%, and the temperature difference between outlet to inlet
temperature reached 14.8 °C [15].

Likewise, a mathematical evaluation for a multi-pass
solar air heater with longitudinal fins was conducted. The
study argued several parameters that affect the collector's
thermal performance, namely the solar intensity, the airflow
rate, and the inlet temperature. The solution of the mathe-
matical model was conducted by using MATLAB. The result
showed that the mass flow rate has a significant effect on
the thermal efficiency and the collector's outlet temperature.
The introduction of fins enhanced the thermal efficiency of
both triple and double pass solar collector [16]. The perfor-
mance of an offset finned solar air heater was investigated
analytically with a parametric analysis to study the effect of
modifying a structure and working parameters such as fin
lengths, insulation content, and airflow rate on thermal and
thermohydraulic efficiencies. Attaching offset fins below the
absorber plate at a lower mass flow rate has been discov-
ered to increase thermal and thermohydraulic efficiencies
significantly. The peak percentage increase in thermal and
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thermohydraulic efficiencies was discovered to increase with
a reduction in fin spacing and an increase in fin height [17].

This work investigates experimentally the performance
of a double pass solar air collector with particular triangular
shaped fins attached to the upper side of the absorber. The
tests were carried out at the Solar Laboratory of the Hun-
garian University of Agriculture and Life Sciences under
the conditions of G6doll6 city, Hungary. In previous works,
many absorbers’ configurations had been tested under the
conditions of G6dolls, but the new selected shape of fins has
not been tested. Twin double pass flat plate solar air collec-
tors with and without fins have been tested simultaneously,
and the efficiency is compared on energy-based performance
evaluation.

Material and methods

Two double pass solar air collectors with and without fins
were tested at the same operating condition to achieve the
purpose of this work. The collectors were produced practi-
cally with a modification made on one of the collectors by
attaching triangular fins on the absorbing surface's upper
face. The collector dimensions are 1250, 500, and 150 mm
length, width, and height, respectively. The external case
body was mainly made of wood due to its low-cost and
weight, easy to fabricate, and has a low thermal conductiv-
ity, which makes it good insulation material. The absorber
is made of (C 110) copper sheet with a thickness of 1.2 mm
and 1218 mm by 462 mm dimensions. It was coated with
black matt paint to decrease the heat loss by reflected wave
radiation from the absorber plate.

The absorber of the first collector is a flat plate and con-
tains no barriers or components of roughness (see Figs. 1
and 2). On the other hand, the second collector's absorber
has triangular fins on the upper face of the absorbing surface
to enhance the heat exchange rate by increasing the absorb-
ing area, which causes an increase in collector thermal effi-
ciency. The dimension of the fin is 40 mm in height, and the
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Fig. 1 Absorbing surface for the collectors

Fig.2 Second absorber plate attached to the triangular fins

base is 100 mm. The fins' total number is 18 with a 200 mm
distance between every two fins in the same line, and it is
fixed in a staggered. A transparent plastic cover is used to
reduce convection losses from the absorber plate by keeping
the air passing along between the cover and absorber. The
cover comprises high-quality, extremely tough polystyrene
sheets with 4 mm thickness. The height between the cover
and the absorber is 57.5 mm forming the first pass, and the
second pass is 35 mm high. An expanded polystyrene mate-
rial with 20 mm thickness was used as an insolation layer
in the back of the collector to minimize the heat loss. The
air is circulated inside each collector using one X 12 V In-
Line Bilge air blower with a high flow capacity of 270 CFM
(Cubic Feet per minute). Two laboratory power supply Volt-
craft (PS 1440, 0-36 V/DC, 0.01-40 A) and (VLP-1602,
2A6V) were used to supply and monitor the power of the
blower and to regulate the outlet voltage to adjust the veloc-
ity of the fan blower.

The air flow velocity through the inlet port was meas-
ured by using anemometer made by PEAK METER® model
MS6252A with 2% accuracy. The temperature is measured
using five K-type thermocouples where two of them were
placed on the absorber plate, and the rest were placed in the
inlet, outlet, and the second pass inlet orifices. Before being
installed, the thermocouples were joined with solders, cali-
brated, and checked. It was connected to a digital thermo-
couple thermometer with+ 1 °C accuracy. The solar radia-
tion intensity is measured by using digital solar meter made
by KIMO model SL-200 with 5% accuracy. The constructed
solar air collectors were fixed at the solar laboratory of the
Institute of Technology, Hungarian University of Agriculture
and Life Sciences, G6do6l16, and oriented facing south and
tilted at 45° to the horizontal for Budapest city (Budapest
47.5°N, 19.05° E).

The air will move through the baffles to ensure a good air
distribution under the absorber plates, create the turbulence,
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and reduce the dead zones. The absorber plate is placed over
the baffles to be the limit between the upper and lower air
channel as shown in Fig. 3. Several screws tie all the collector
components together securely, with an adhesive substance has
been used to avoid any air leakage, as air leaks will affect the
collector's performance and decrease efficiency.

In general, the performance of any solar collector is com-
pared by using the term thermal efficiency. It is the primary
requirement for the forecasting of the collector performance
[18]. The efficiency collectors depend on several parameters
such as optical, thermal properties, and the shape of the
absorbing surface. Moreover, ambient temperature and wind
speed, the solar radiation intensity on the collector plate, the
angle of incidence of solar radiation, the inclination of the
collector, and mass flow rate of the working fluid.

The thermal efficiency of a solar collector is the ratio
between the useful heat of a given time divided by the incident
solar radiation of the same period [19]:

n=—, 1

0, W
where Q, is the accumulated useful energy extracted from
the collector during the working period which can be calcu-
lated from Eq. 2, and Q, is the solar energy harvested by the
collector absorber plate and it is given by Eq. 4.

Qu = mCP(To - Ti)a ()

where

C,: the specific heat capacity of air,

T, and T;: the collector outlet and inlet temperature,
respectively.

. the mass flow rate circulated inside the collector in kg/s,
which can be determined in Eq. 3:

m=pVA, 3)

where:

Fig.3 Collector component arrangement: 1. back cover 2. wood
frame 3. insolation 4. wood cover with baffles 5. wood walls 6.
absorbing surface 7. plastic cover 8. wood strips
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p: air density (kg/m?),

V: average air velocity (m/s),

Ag: the cross-section area of the air duct (m?).
Finally, the harvested solar energy Q; is coming from:

0 =14, 4)

where

I: solar radiation intensity (W/m?),

A_: the absorbing surface area (m?).

So, the final form of the collector instantaneous efficiency
can be as following:
. mCp(T, - T;) 5

IA

The daily solar radiation and useful daily energy were cal-
culated using the trapezoidal numerical integration method.
It can be described as follows [20]:

2
Qu = z'/ll ‘](f)dt = g[Qul + 2Qu2 + 2Qu3 +...+ Qun] (6)

2

I=fI(t)dt=g[1+212+213+...+1n] (7
t1

where

h: time increment in (),

q(?): the function of useful energy to the time,

q(?): the function of solar radiation intensity to the time,

t, and t,: the initial and final time.

The uncertainties of measurement can propagate due to
several sources such as the instrument that have been used in
the experiment, the environmental condition, operator skills,
and test preparation. It is beneficial to explain measurement
uncertainty and estimate how different uncertainties devel-
oped into the measured result [21].

Based on Eq. 5, with considering the A, and C, are con-
stant, the fractional thermal efficiency uncertainty and all the
contributed variables and their uncertainties are presented
in Eq. 8.

R (ORI Ce RO BC

For each collector, the mean value of all variables for
each day was calculated individually. Then, for all the
days combined, the mean value (of the variable mean val-
ues) was calculated and used to measure the fractional
uncertainty [10]. For all days combined, measured mean
values for the experiments (7}, T,, AT, I, and n) were
22.78 °C,51.81 °C,29.03 °C, 882.87 W/m?, and 56.03%,
respectively. The final uncertainty of the thermal efficiency
was 0.00654.
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Results and discussion

The results of the experiments collected by testing two
solar air collectors at the same time under the same work-
ing condition (see Fig. 4). The inlet, outlet, inlet of sec-
ond pass inlet, and the absorber temperature, as well as the
solar radiation intensity, have been obtained during the day
time. The amount of useful heat gained and the thermal effi-
ciency for each collector has been calculated. A comparison
between the experimental results of the two collectors has
been conducted.

The experiments were conducted on days with clear sky
conditions and low wind speed. The experiments carried out
on the 8th, 9th, and 12th of April 2018, under three different
mass flow rates (0.0081, 0.0101, and 0.0121 kg/s), which
are in the recommended range mentioned in literature for
such kinds of solar collectors. The measurement results were
recorded manually for every five minutes between 9:00 and
15:00. The air density 1.22 kg/m?, the specific heat at con-
stant pressure 1006 J/kg K. The diameter of the duct which
circulated the air was 65 mm. The measured data such as
temperature, airflow speed, and solar radiation are obtained
using well-calibrated instruments.

Figure 5a, b, ¢ shows the inlet and the outlet temperature
of the collector versus time under each mass flow rate. The
outlet temperature increases with solar intensity until a max-
imum value and then decreases simulating the solar inten-
sity curve. On the other hand, the outlet temperature has a
reverse relationship with the airflow rate, which rises as the
flow rate is reduced and vice versa. For the mass flow rate
of 0.0081 kg/s, the outlet temperature reaches a maximum
value of 68.1 °C for the finned collector with more than
4 °C temperature higher compared to the un-finned collector,
which was 64 °C. The maximum temperatures for the 0.0101
and 0.0121 kg/s air mass flow rates are reached 59.9 and
55.3 °C, respectively, while the un-finned collector was 55

Fig.4 Tested solar air collectors

and 50.5 °C, respectively. Moreover, the maximum tempera-
ture differences (AT=T,—T,) increasing through the finned
collector were 43.4, 37.5, and 32.5 °C, and for the un-finned
collector were 38.5, 32.6, and 27.3 °C for 0.0081, 0.0101,
and 0.0121 kg/s, respectively. Figure 5d illustrates the air-
flow rate's effect on the temperature difference (A7), which
has a reverse relation where (AT) decreased when the air
mass flow rate increased. Thus, it is evidence of the impor-
tance of controlling the airflow rate to an optimum value
to keep higher temperature variation through the collector
to increase the heat gained and increase thermal efficiency.

Figure 6a, b, ¢ presents the variation of the absorber tem-
peratures of the collectors versus time under each mass flow
rate. It is seen clearly that the finned collector's absorbing
surface temperature was less than the un-finned one. This
reason was doubtless due to the increasing in heat transfer
coefficients of the finned absorber to the circulated air in
the upper channel of the collector. That is in line with pre-
vious research of Hassan and Abo-Elfadl, which reported
that increasing the heat transfer rate with fins reduces the
temperature of the absorber plate [12]. Chabane et al. stated
that the presence of the fins on the absorbing surface made
a good air distribution and took more heat energy from the
bottom plate which makes the absorber temperature decrease
[22]. According to [23], the presence of obstacles causes
turbulent airflow within the collector, resulting in a higher
heat transfer coefficient with lower absorber plate tempera-
ture while also reducing heat loss, resulting in improved
thermal efficiency. Figure 6 d represent the average absorber
temperature against the selected mass flow rate, where it
shows clearly the difference in the absorber temperature of
the collectors regardless of the air mass flow rates.

Figure 7 explains the relationship between the solar radia-
tion and the collectors' useful energy with the time of the
experiment under each mass flow rate. The amount of use-
ful heat obtained is restricted by the airflow rate and the
temperature differential between the outlet and inlet. Fur-
thermore, the temperature difference between the inlet and
outlet is greatly affected by solar radiation intensity. It is
seen clearly in figures that the heat gain fluctuating line fol-
lows the solar radiation intensity where the solar radiation
will increase to reach maximum value between 11:00 and
13:30. The useful energy increases with solar intensity until
reaching a maximum value for the finned collector, which
were 606.78, 635.62, and 637.8 W/m? respectively, while
for the un-finned were 559.8, 589.56, and 592.46 W/m? for
airflow rate 0.0081, 0.0101, and 0.0121 kg/s, respectively.

The instantaneous efficiency of the collectors versus the
time of the experiment for each mass flow rate is shown in
Fig. 8. The solar air collector efficiency n is the most criti-
cal factor in deciding if the finned collector performs better
than the un-finned one. Many parameters influence the solar
collector efficiency, such as the solar radiation intensity, the
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Fig.5 a, b, c Inlet, outlet temperature of the collectors with time of experiment, d the average temperature difference (AT) versus different flow

rates

heat losses from solar collector, wind speed, and ambient
air temperature. It is observed that the thermal efficiency
increased along with the increase of the useful heat energy
gained. Moreover, from the outcomes, we derived that the
presence of the fins played a significant factor in improving
the collector efficiency due to the increases in the absorbing
surface area, which enhances the internal thermal conductiv-
ity of the collector.

The instantaneous efficiency starts increasing to a maxi-
mum value between 11:00 am to the end of the experiments.
Regardless of the mass flow rate, the finned collector is often
more efficient than the un-finned one. The maximum instan-
taneous efficiencies obtained for the collectors without fins
were 1 56.87%, 59.27 and 63.16% and for the finned col-
lector were 63.05%, 65.18%, and 71.66% at mass flow rates
0.0081, 0.0101, and 0.0121 kg/s respectively. The thermal

=
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efficiency of both collectors increased as the air mass flow
increased, which is exactly what was stated in the literature.
Chabane et al. reported that the thermal efficiency affected
significantly by changing the mass flow rate and the shape
of the absorber plate and the highest collector efficiency
achieved by the finned collector [11]. Akpinar and Kocyigit
stated that collector efficiency depends significantly on solar
radiation, absorber surface form, and airflow line extension.
Moreover, the increasing in the air mass flow will enhance
heat transfer coefficient and increase the collector efficiency
[24]. Esen reported that the obstacles in the air channels are
a critical factor in increasing collector efficiency [25].
Figure 9 presents the useful daily energy of the collec-
tors under each mass flow rates. The daily efficiency used
to estimate any collector performance can be determined by
using the previously described trapezoidal method in Eq. 6.
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The collector daily efficiency improves as the airflow rate
rises. The enhancement of the heat convective exchanges
inside the collector explains that clearly. The daily thermal
efficiencies of the finned collector were 56.57%, 59.41%,
and 61.42%, while for the un-finned collector was 51.04%,
53.28%, and 57.08% for the air flow rates 0.0081, 0.0101,
and 0.0121 kg/s, respectively. As a result, the finned col-
lector showed real improvement of the collector efficiency
about 4.3-6.1% over the un-finned one. Form the results
we observed that the collector thermal efficiency depends
significantly on the area of the absorbing surface.
Moreover, the presence of the obstacles will make an air
flow turbulence which means that air will be in good con-
tact with the absorbing plate and reaches all the areas and
reduce the dead zones which increase the heat transfer coef-
ficient. The figure shows that thermal efficiency improves
as the air mass flow rate rises because of the heat transfer

rate is directly proportional to the air mass flow rate. So, at
a specified airflow rate, the presence of the fins increases
the heat transfer surface area, which increases the heat
transfer rate leading to greater thermal efficiency. That is
agreed with what El-Sebaii et al. mentioned in their work
which stated that thermal efficiency increases with rising
mass flow rate until a typical value after which thermal effi-
ciencies increase becomes insignificant. The slope of the
efficiency will decrease while increasing the mass flow rate.
That means, at higher mass flow rates, total heat losses are
almost at their minimum value [5]. In the present work, the
introduced design of the collector improved the efficiency
with a high agreement compared to other works reported in
the literature as illustrated in Tablel. The present collector
shows a higher performance when compared to the literature
with taking into consideration the mass flow rate, which was
0.0121 kg/s.
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Fig. 7 Instantaneous useful heat gain, the solar radiation for the collectors under each mass flow rate

Conclusions

The performance of a two-pass solar air heater with and
without triangular integrated fins was studied experimen-
tally. The findings revealed that the outlet temperature is
strongly influenced by solar radiation intensity and has an
inverse relationship with air mass flow rate, which increases
as the mass flow rate decrease and vice versa. The amount
of the useful heat gain depends on the air flow rate and the
change of the inlet air temperature, which causes an increase
in thermal efficiency. The mass flow rate can be thought of
as the primary parameter that controls, optimizes, and limits
the amount of heat collected from the collector during the
day as it has a direct effect on the temperature difference.
The greater the temperature and radiation variation, the more
beneficial heat gained. The maximum temperature difference

@ Springer

increase through the finned collector was 43.4, 37.5, and
32.5 °C, while for the un-finned collector was 38.5, 32.6,
and 27.3 °C for 0.0081, 0.0101, and 0.0121 kg/s respectively.
Furthermore, independently of the mass flow rate, the effi-
ciency of the finned collector is constantly higher than that
of the un-finned one. The daily thermal efficiency of the
finned collector was 56.57%, 59.41%, and 61.42%, while
for the un-finned collector was 51.04%, 53.28%, and 57.08%
for the air mass flow rates 0.0081, 0.0101, and 0.0121 kg/s.
As aresult, the finned solar air collector showed a 4.3-6.1%
increase in thermal efficiency over the un-finned one. The
presence of the fins will make a turbulence airflow, which
means the air will be in good contact with the absorber plate
and reaches all the areas, and reduces the dead zones leading
to an increase in the heat transfer.
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