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Abstract: In this study, a corrugated solar air collector has been investigated experimentally to enhance the
performance of conventional solar air collectors. Sets of experiments have been executed according to the
standard ASHRAE tests, under climatic conditions in Najaf city in Iraq. The effect of the difference in air mass
flow rate on thermal performance was studied for a corrugated solar air collector. The results reveal that the
outlet air temperature decreases with increasing air mass flow rate which leads an increase in the thermal
efficiency value as a result of low thermal losses to the atmosphere. The density of solar radiation and the
appropriate climatic conditions of Najaf city makes the use of solar air collectors appropriate for reducing the
use of fossil fuels and electricity consumption in many applications.
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INTRODUCTION

Iraq 1s a country in Western Asia, located in the
Northeast of the Arabian Perunsula. It 13 bounded by
Saudi Arabia, Kuwait, Tran, Turkey, Syria and Jordan. The
total area of Traq is 437.367 km’ of which 950 km® are water
areas. The South of Irag mostly has pleasant weather
conditions, except for the possibility of sandstorms which
can sometimes occur due to the presence of desert in the
area. Southern Iraq is one of the regions with the highest
amount of solar radiation m the world (Al-Douri and
Abed, 2016). Iraq has long faced many challenges, most
notably a lack of electricity. Therefore, the exploitation of
renewable energy resources represents a significant
means to reduce this problem.

Solar energy has major possibilites for many
applications, especially, low-temperature applications
such as drying agricultural crops (Chemkhi et al., 2004),
heating of buildings (Hashe, 2017) and the construction
mndustry (Heydar: and Mesgarpour, 2018). Therefore, solar
energy represents the best choice for such applications
due to the fact that it uses hot air directly without the
need for an additional heat exchanger at the thermal
systems (Karim and Hawlader, 2006). In solar thermal
systems, the function of a solar energy collector is to

absorb solar irradiance and convert it into thermal energy
as latent thermal energy or sensible thermal energy. After,
it transports the thermal energy to the working fluid
(Sexena et al, 2015). Conventional flat plate solar
collectors are considered the most commonly used type
of collectors in other solar heating system applications,
despite the fact that the response period of flat plate solar
collectors 1s very long when used for greenhouse heating
(Kiyan et al., 2013). Solar air collectors offer a favorable
heating technology for industrial operations and heating
of buildings due to their low cost and simplicity.

In general, the performance evaluation of a solar air
collector directly affects five critical parameters outdoor
and absorber surface temperatures, air volume, air flow,
wind velocity and the mtensity of solar irradiance. Hence,
thermal efficiency 13 calculated as a baseline indicator
to evaluate the performance of a solar air collector
depending on those parameters (Yang et al, 2012).
Recently, many researchers have focused on the effect
study of those five parameters to enhance the thermal
performance of solar systems without using a thermal
storage unit. Improvements to thermal efficiency have
been carried out via. increasing the area of the heat
transfer surface (Yeh and Lin, 1996). However, when using
fins in the air flow channel, turbulence was increased
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(Mahmood et al., 2015). Nonetheless, the turbulence of air
flow m the impinging jet improved the heat transfer rate in
the flat plate collector (Rajaseemvasan ef al., 2017). Wind
velocity 1s a very effective function to calculate the heat
transfer coefficient (Karwa and Srivastava, 2013).
Furthermore, the intensity of solar irradiance 13 considered
the main parameter affecting the performance of a solar
collector. This is because it depends on the absorption of
the collector surface and the transmittance of the glass
cover (Arunachalam and Edwin, 2017).

An experimental study of an unglazed solar air
collector with a perforated absorber flat plate surface for
heating a building in climatic conditions in Westemn Iraq
was carried out by Al-Damook and Khalil (2017). The
researchers have found that the maximum difference of
temperature 13 6 and 17°C on cloudy and sunny days,
respectively, at solar noon period.

Numerical performed by
Mohammad (2017) for the performance evaluation of the
solar evacuated tube collector for the space heating
building. The studies were conducted under the climatic
conditions of the city of Baghdad in Traq for 5 months
from the beginning of November to the end of March. The
results of this study proved that a maximum thermal
efficiency of 35.75% was obtained in December.

investigations  were

Experimental investigations were executed by
Aboghrara et al. (2017) to study the mfluence of jet
mnpingement on the performance of corrugated plate
compared with a flat plate for the solar air collectors. The
researcher demonstrated that the corrugated plate gives
an average thermal efficiency of 14% with a 3°C mcrease
in temperature higher than the flat plate.

An experimental study was also published by Li ef al.
(2017) to assess the performance of a solar air collector
using four various absorber surface shapes flat plate
surface,
corrugated swface with protrusion. The researcher
indicated that the best heat transfer was obtained when
using the corrugated plate as an absorber surface.

corrugated surface, protrusion surface and

An experimental performance analysis of a solar air
collector was also conducted by Hassan and Abo-Elfadl,
(2018) usimg four various absorber surfaces shapes: flat
plate, pin finned, corrugated finned and corrugated
perforated finned The results revealed that the maximum
thermal efficiency was obtained of the corrugated
perforated finned surface.

Karim and Hawlader (2006)
experimental and theoretical comparison study of the
performance of three types of solar air collector:

carried out an

corrugated collector, flat plate with single pass collector
and flat plate with double pass collector. The researchers

observed that the thermal efficiency for the corrugated
collector ncreased by 10 and 15%, respectively, compared
with the single pass collector and double pass collector.
Moreover, the corrugated collector was more structurally
stable than the other used species.

A cross-corrugated solar air collector model was
suggested by Lin and Liu (2006). The model consists of
wavy plates from absorbing and bottom sides. It was
found that the thermal performance for the proposed
model was very high compared to the flat plate collector.
In addition, the use of wavy plates led to an
improvement in the thermal efficiencies of the solar air
heater collector.

An experimental analysis for both corrugated and flat
plate of the solar air collector was carried out by
Lakshmi et al (2017). The results indicated that the
obtained efficiency of the corrugated plate increased by
5.7% compared to the flat plate of the solar air collector.
Furthermore, the outlet air temperature of the corrugated
plate was higher than the flat plate.

A article was published by Kabeel et al. (2016) to
compare the performance of the corrugated and flat plate
of the solar air collector. The researcher has demonstrated
that the convection heat transfer coefficient of the
corrugated plate was more than the flat plate.
Consequently, the daily efficiency of the corrugated plate
was more than the flat plate by 21.3% at the same air mass
flow value rate: 0.062 kg/sec.

A numerical simulation was carried out by
Karim ef al. (2014) to study the mnfluence of some
parameters on evaluating the performance of the
corrugated solar air collector with a single and double air
flow channel. The results of this numerical simulation
indicate that the solar irradiance, wind speed, air mass
flow rate and mput air temperature had the same influence
on the performance of a single and double air flow
channel. Tn addition, the impact of the collector length
varied greatly between the single and double air flow
channel due to the different air flows inside the channel.

An experimental and theoretical study was performed
by El-Sebaii et al. (2011) to compare the performance of a
double pass corrugated solar air collector and a double
pass finned solar air collector. The researcher noted that
the maximum thermal efficiency of the corrugated solar air
collector mcreased by 17.4% more than the finrmed solar air
collector. Moreover, the outlet air temperature of the
corrugated solar air collector increased by 2.1-9.7% more
than the finned solar air collector.

In summary, many interesting results indicating the
potential of corrugated plate as an absorber surface for
solar wrradiance of solar air heating systems have been
reported. Therefore, the present study suggests an
experimental investigation to evaluate the performance fo
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a corrugated solar air collector which was fabricated using
locally available materials and tested under climatic
conditions in the Najaf city of Iraq.

Thermal analysis of the solar air collector: The solar air
collector in the present research consists of a corrugated
absorber plate surface covered on its top side by a
transparent glass cover. The air flows across a narrow
channel between the corrugated absorber surface and the
1solated collector bottom. Figure 1 shows the thermal
analysis of the components of the corrugated solar air
collector. In this study, the governing equations of the
corrugated solar air collector are presented. The
convection heat transfer coefficient between the absorber
plate surface and the transparent glass cover 1s given by
the following Eq. 1-5 (Duffie and Beckman, 2013;
Kalogirou, 2014):

N k.
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The radiation heat transfer coefficient between the
absorber plate surface and the transparent glass cover is
given by the following Eq. 6 (Duffie and Beckman, 2013;
Kalogirou, 2014):

o| T +T, || T*+T2
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The convection heat transfer coefficient between the
transparent glass cover and the ambient is given by
the following Eq. 7 (Duffie and Beckman, 2013;
Kalogirou, 2014):
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Fig. 1: Thermal analysis of the corrugated solar air
collector

The radiation heat transfer coefficient between the

transparent glass cover and the ambient is given by the
followmg Eq. 8 (Duffie and Beclanan, 2013; Kalogirou,
2014):

hrad(g-amb) =E,0 (Tg galiee )(ng +Tazmh) (&)

The heat transfer coefficient between the air flow

channel and the absorber plate surface 13 given by the
following Hq. 9 and 10 (Duffie and Beckman, 2013;
Kalogirou, 2014):

h o _ Nu(pran') 'kair (9)
convip-alr, HD
H, =4 W, Hy =2H, (10)
W,

The Nusselt number for the turbulent flow inside the
air flow channel at 3000<R,<50000 1s given by the
following Eq. 11 and 12 (Duffie and Beckman, 2013;
Kalogirou, 2014):

N =0.0743 (R,)"™ (11)

u (p-air)

R, = P Ve Hy (12)
u

When a falls in seolar radiation on the solar collector,
the absorber plate surface absorbs most of it and delivers
it to the working fluid and converts it as useful energy.
However, a part of this energy is lost as in all thermal
systems by different means of heat transfer. Therefore,
the following equation gives the sum energy losses from
the solar air collector (Duffie and Beckman, 2013;

Kalogirou, 2014):

6008



J. Eng. Applied Sci., 14 {Special Issue 3): 6006-6013, 2019

U, =U,+U, +U, (13)

where, U, U, U, and U are the overall, top, bottom and
edges heat loss coefficient, respectively, therefore:

1 1 (14)

U, = +
(hEDnV(p-g) +hrad(p—g)) (hw +hrad(g-amh))

t

k
U, =2 (15
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The thermal efficiency of the solar air collector is
defined as the ratio of the obtained useful thermal energy
from solar wrradiance to the gross radiated thermal energy
onto the collector surface (Duffie and Beckman, 2013,
Kalogirou, 2014):

Ny = Q, (17)

The useful energy equation 1s the only governing
Eq. 18 and 19 for the working fluid and is calculated by
measuring an air mass flow rate and the temperature
difference between the mlet and outlet for the working
fluid from the collector (Duffie and Beckman, 2013,
Kalogirou, 2014):

Qu = I‘hair(jl:‘ (Tout _Tin ) (1 8)

M, =pv, A (19)

ext

MATERIALS AND METHODS

Experimental setup: The main aim of the present study is
to mvestigate the thermal performance evaluation of a
solar air collector. The system consisted of two umits,
namely, the collector and the air processing unit. The
collector unit involved a single corrugated plate surface
which was made from a mild aluminum plate witha 0.8 mm
thickness. The plate was black in order to increase the
absorptivity of the fallen solar irradiance and reduce
thermal reflectivity. The solar air collector was insulated
using glass wool on the bottom and lateral sides
with a 20 mm thickness in order to reduce thermal losses
to the atmosphere. Moreover, the top side of the solar air
collector was covered by a transparent glass plate to

Fig. 2: Photograph of the

experimental
corrugated solar air collector

setup for

reduce the heat convection losses with a 4 mm thickness

and an area of 1.8x0.7 m*. Plywood with a 16 mm thickness
was used for the fabrication of the solar air collector.
Furthermore, the dimensions of the air flow charmel for
the solar air collector were 1.8 m in length, 0.7 m in width
and 0.07 m in height. The air processing unit consisted of
a fan with a speed controller. This fan was a variable
velocity axial flow type. The axial fan was placed in the
exit section of the solar air collector where it forced air to
pass through the air flow channel under the absorbing
surface.

The solar air collector was fabricated and tested at
the Engineering Techmcal College of Al-Najaf, Al-Furat
Al-Awsat Technical Umversity located m the center of
Traq 31°57" N and 44°1 5°E (Al-Douri and Abed, 2016). The
solar air collector was installed outdoors at a tilt angle of
facing southerly direction in order to receive maximum
solar radiation. The solar air collector was placed on
frames with wheels for easier transport. Moreover, the
frames were designed, so that, the tilt angle can be
changed to specify the position and direction of the solar
air collector as shown in Fig. 2. The experumental tests
were repeated for various air mass flow rates: 0.023, 0.034
and 0.045 kgfsec on forced convection. The variable
parameters were measured and recorded at a time interval
of every 10 min. The variable parameters which involved
Tt Towr T T T and w, were discussed every 1h for an
average of six actual reading values. The experiments were
carried out for 3 days: 9-11th January 2018 from 10 AM to
4 PM for all days.

The variations in air temperatures were measured
in the current experimental tests by using K-type
thermocouples which were distributed m  different
places of the solar air collector. Tn addition, all K-type
thermocouples were fitted n a data logger and all the data
was registered automatically. The air speed was monitored
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using a standard device AM-4826 anemometer. A
standard device Tenmars TM-207 pyranometer was used
to measure the intensity of solar irradiance falling on the
absorber surface. Furthermore, the weather station device
Vantage Pro2’ was used to measure and give realistic
readings for all climatic conditions m the experimental area
such as solar wradiance, wind speed, humidity rate, rainfall
rate and barometric pressure.

RESULTS AND DISCUSSION

This research presents a series of experiments
conducted at the Engineering Technical College of
Al-Najaf, Al-Furat Al-Awsat Techmical University as
previously stated. The experimental results were obtained
from a corrugated solar air collector under climatic
conditions m Najaf city in the center Iraq over a period of
3 days (9-11th January 2018) for three air mass flow value
rates: 0.045, 0.034 and 0.023 kg/sec.

Figure 3-5 show the variations of the recorded solar
wradiance intensity as well as the measured of
absorber plate, glass cover, outlet, ambient temperatures
at different air mass flow rates. The maximum amount of
solar irradiance intensity over the 3 days measured 1017,
981 and 1061 W/m’ while the average sclar irradiance
mtensity values were calculated to be 843, 839 and 884
W/m? at the air mass flow rates of 0.045, 0.034 and 0.022
kg/sec, respectively. As observed from the experiments
the maximum ambient temperature values were 18.5, 19.9
and 20.4°C while the average ambient temperature values
were calculated tobe 16.8, 18.2 and 19.1°C at the air mass
flow rates of 0.045, 0.034 and 0.022 kg/sec, respectively. In
addition, the maximum outlet temperatures were recorded
as 40.3, 44.7 and 47.2°C while the average outlet
temperature values calculated to be 36, 39.2 and 41.7°C
at the air mass flow rates of 0.045, 0.034 and 0.023 kg/sec,
respectively. It was also observed that the maximum
values of the glass temperature were 37.6, 39.1 and 42.1°C
while the average values of the glass temperatures were
33.4, 34.9 and 37.3°C at the air mass flow rates of 0.045,
0.034 and 0.023 kg/sec, respectively. Furthermore, the
maximum values of the plate temperature were 72.4, 74.3
and 79.1°C while the average values of the plate
temperatures were calculated to be 67, 68.2 and 72.4°C at
the arr mass flow rates of 0.045, 0.034 and 0.023
kg/sec, respectively. It was expected that the plate
temperature would decrease with an increasing air mass
flow rate, thus, leading to a low heat loss coefficient.
However, it 1s visible from the results that all temperatures
increase with time as solar irradiance increases.

The difference between output and input tem peratures
AT = T,,-T,, vs. hours of the day at different air mass
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Fig. 3: Absorber, glass, outlet, ambient temperatures and
solar irradiance vs. local time at air mass flow rate
of 0.045 kg/sec
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Fig. 4: Absorber, glass, outlet, ambient temperatures and
solar iradiance vs. local time at air mass flow rate
of 0.034 kg/sec
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Fig. 5: Absorber, glass, outlet, ambient temperatures and
solar irradiance vs. local time at air mass flow rate
of 0.023 kg/sec

flow rates are presented in Fig. 6. The results reveal that
the maximum temperature difference of the air were
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Fig. 6: A temperature difference of air versus local time at
different air mass flow rates
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Fig. 7: A comparison of the measured useful energy of
the collector versus local time at different air mass
flow rates

222, 251 and 27.2°C at the air mass flow rates were
0.045, 0.034 and 0.023 kg/sec, respectively. It 1s notable
that the average values of the temperature difference were
calculated to be 19.2, 21 and 22.6°C at the air mass flow
rates of 0.045, 0.034 and 0.023 kg/sec, respectively.

Figure 7 shows the useful energy that was calculated
vs. the standard local time during the experimental tests of
the solar air collector at different air mass flow rates. It can
be seen that the curves of useful energy and solar
urradiance have the same direction. The results also show
that useful energy gain increases when increasing the air
mass flow rate. The values of the maximum useful energy
were recorded to be 1009, 855 and 618 W at the air mass
flow rates of 0.045, 0.034 and 0.023 kg/sec, respectively. It
also found that the average values of useful energy were
872, 716 and 515 W at the air mass flow rates of 0.045,
0.034 and 0.023 kg/sec, respectively.
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Fig. 8: A comparison of the calculated thermal efficiency
of the collector vs. local time at different air mass

flow rates
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Fig. 9: Variation of thermal efficiency and outlet
temperature at different air mass flow rates

of the
corrugated solar air collector vs. the standard local time of
day at different arr mass flow rates was presented in

The fluctuation in thermal efficiencies

Fig. 8. The thermal efficiency values mostly contmue to
increase from morning to evening. The maximum values of
thermal efficiency for the corrugated solar air collector
were found to be 72, 57 and 42% at the air mass flow rates
of 0.045, 0.034 and 0.023 kg/sec, respectively.

Figure 9 shows the effect of variation of air mass flow
rate on thermal efficiency and the outlet temperature for
the corrugated solar air collector. It was found that the
daily thermal efficiencies of the solar air collector increase
as the mass flow rate increases. In contrast, the outlet
temperature decreases. This may be because the plate
temperature decreases when increasing the air mass flow
rate, thus, leading to a decrease in the heat loss
coefficient.
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Fig. 10: Performance test of collector at different air
mass flow rates

Three curves of thermal efficiency were plotted at
different air mass flow rates. The objective was to study
the direction of thermal efficiency curves at more air mass
flow rates due to the fact that some applications for solar
air collectors such as drying applications can take into
consideration a wide range of operating temperatures and
air mass flow rates. Figure 10 shows the efficiency curves
which were obtained for the corrugated solar air collector
at different air mass flow rates. It is apparent that the
thermal efficiency increases with mcreasing the air mass
flow rate.

CONCLUSION

An experimental investigation was conducted to
assess the thermal performance evaluation of a backflow
corrugated solar air collector under climatic conditions in
Najaf city in middle Iraq. The suggested design of the
“corrugated solar air collector” was found to enhance
collector performance for several reasons. First, the
excellent thermal conductivity of the aluminum led to an
unprovement in the heat transfer between the absorber
plate surface and working fluid. Second, there were low
thermal losses between the absorber plate surface and
collector bottom due to good thermal insulation which led
to lugh thermal efficiency. Third, the backflow of air inside
the flow channel led to an obstruction in the air to gain
more heat which caused an increase in the outlet air
temperature. However, the present study recommends
using a copper plate mstead of an alummum plate to
enhance thermal conductivity and thus improve efficiency
as well as increase the outlet air temperature, especially in
applications that require a relatively high temperature
such as drying applications. The air mass flow rate 1s one
of the most important parameters affecting the

performance of a solar air collector. Therefore, the
thermal efficiency values increased from 42-72% while the
outlet air temperature values decreased from 47.2-40.3°C
at air mass flow rates of 0.023 and 0.045 kgfsec,
respectively.

NOMENCLATURE
I; = Solar irradiance intensity (W/m?)
h,. = Convection heat transfer (W/m®
h,; = Radiation heat transfer (W/m*K)
h,.. = Cenducticn heat transfer (W/m*K)
T = Temperature (°C)
t = thickness (mm)
k = Thermal conductivity (W/m K)
C, = Specific heat capacity (kl/kg K)

Q. = Useful energy of collector (W)

m,, = Airmass flow rate (kg/sec)

A, = Surface area of collector (m*)
A,, = Cross section area of the duct {m®)
1 = Absorber to glass distance (m)
w, = Windvelocity (m/sec)

Vi = Airvelocity (m/sec)

Dy = Hydraulic diameter (m)

Hy = Depth of air flow channel (m)
W, = Width of air flow collector (m)
L. = Length of the collector (i)

H, = Heght of the collector (m)

g = Gravitational constant (m*sec)
P. = Perimeter of the collector (m)
N, = Nusselt number (Dimensionless)
R, = Rayleigh number (Dimensionless)
R, = Reynolds number (Dimensionless)
P, = Prandtl number (Dimensionless)
Greek symbols:

p = Density (kI/m”)

0 = Stephan constant (W/m” K*)

e = Emissivity (Dimensionless)

Tw = Thermal efficiency (%)

v = Kinetic viscosity (m*/sec)

p = Dynamic viscosity (kg/m sec)
Subscript:

Out = Output

m = Inlet

amb = Ambient

p = plate

g = Glass

m = Mean

gw = glass wool

p' = Expansion coefficient (1/K)

p = Tiltangle (%)
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