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Abstract

An experimental solar water heater was designed, built and in-
stalled on the roof of the Ag. Eng. Research Institute, Power and Energy
department in order to study, test and evaluate its thermal performance
for the parabolic solar collector. It was employed to focus the direct so-
lar radiation on the absorber plate which was fixed on a parabolic dish,
having a surface area 2.1 m? and the solar heater box dimensions were
(1.25 X 1.25 m). Solar water heater was mounted on a movable frame
which could be adjusted so that at any time the angle of solar incidence
on the surface of the absorber plate can be set at zero. The operating
fluid (water) was continually cycled through the solar heater using a wa-
ter pump. After passing through the heater, the heated water was
stored in an insulated storage tank. The daily heat removal factor, useful
heat gain, heat transfer efficiency, heat losses, overall thermal efficien-
cy, energy stored, and storage system efficiency of the solar water heat-
er throughout the experimental work were found to be 98.60%, 9.271
kWh/day, 89.71%, 1.063 kWh/day, 74.29%, 8.217 kWh/day, and
88.63% respectively.

INTRODUCTION

A solar water heater for domestic and industrial use was utilized by Read
(1978). He found that, in industrial heating process, the potential fuel savings are
greater than domestic uses, but specifications are generally more stringent. The solar
energy collected with correct control, provides about 70% of the energy required by
the process system. Studying the possibility of utilizing solar energy for heating water
has been the interest of many researchers (Arinze et al., 1979; Abdellatif, 1988; Ko-
rayem et al., 1990 and many others). Korayem, et al., (1987) employed a solar collec-
tor of simple design concentrating type which can deliver heat at reasonably high tem-
perature. The tremendous heat can be used through a stirling type heat engine for
water lifting in developing countries. Abdel-ghaffar (1989) used a concentrating solar
collector of dish type to focus the reflected direct solar radiation on a cooking pot in
which Faba Beans is stewed. He found that the solar energy can be used effectively as
a source of heat for cooking Faba-Beans to produce “medammis” of good quality simi-
lar to that produced by the traditional method. He also showed that, the first period of



1526 PERFORMANCE OF PARABOLIC SOLAR COLLECTOR

heating beans/water mixture to reach the boiling is important to reduce the actual
heating time for producing “medammis” by solar radiation. The sunny days experiment
revealed higher solar collector thermal efficiency than cloudy and dusty days. Also, the
collector thermal efficiency increases whenever the wind speed decreases, and the
climatologyical effect and collector-surface 1988. The temperature distribution at the
focal plane of a paraboloidal concentrator type solar collector was experimentally deter-
mined and mathematical expression was developed by Korayem, et al., 1990. He found
that the concentrator collector received 90% from the sun rays incident and the re-
ceiver radius of 18 cm would be optimum.

The main objective of the present experimental work is to investigate under clear
sky conditions, the effect of the following parameters which are extremely considered
to be important in relation to solar water heater; 1) heat removal factor, 2) useful heat
gain, 3) heat transfer efficiency, 4) heat losses, 5) overall thermal efficiency, 6) energy
stored, and 7) storage system efficiency.

MATERIALS AND METHODS

A parabolic solar water heater was designed, constructed and installed on the
roof of the Agricultural Engineering Research Institute (AEnRlI) in order to test, study
and evaluate its thermal performance under clear sky conditions. The solar heater box
is square in shape and made of plywood 12 mm thick. The gross dimensions of the
heater box are 1.25 m long, 1.25 m wide, and 0.20 m deep, the parabolic absorber
plate with a net surface area of 2.10 m? as shown in (Fig.1).The absorber plate is
formed of an aluminum dish type sheet 1.20 m diameter and 2 mm thick. It is painted
with matt black paint. A 12 mm diameter and 22 m long copper pipe is attached to the
upper surface of the absorber plate using wire ties each 10 cm long throughout the
length of pipe. The copper pipe is also painted matt black paint. In the bottom and
sides of the solar heater box, a layer of fiberglass wool insulation is placed to reduce
the heat losses from the sides and back of the solar heater. To reduce the reflection of
radiation and minimize the losses by convection, a clear glass cover 5 mm thick is
placed to cover the heater box. After the water passing through the solar heater it is
stored in a 200 liters insulated storage tank. The solar water heater is mounted on a
movable frame in order to track the sun’s rays from sunrise to sunset.

Eight (copper, constantan alloy) thermocouples are employed by data logger to
measure the temperatures at various points in the solar water heater system. Three
thermocouples are placed at equal distance around the solar heater to measure the
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copper pipe and absorber plate temperatures. The water inlet and outlet temperatures
are measured using two thermocouples. Two thermocouples are evenly placed inside
the insulated storage tank to measure the water temperature at different levels. The
ambient air temperature is measured using one thermocouple placed in a weather shel-
ter. A disk solarimeter is placed beside the solar water heater in a horizontal position to
measure the solar radiation flux incident on a horizontal level. The flow rate of operat-
ing fluid is tested, adjusted and controlled once a day using a measuring cylinder with
stop watch to be 2 L/min. All the previous sensors are connected into the data logging
system in order to read and record data from the sensors.

To test, measure and compute the thermal performance of the solar energy sys-
tem a series of equations (Abdellatif, 1988 and many others) were employed as fol-
lows :

——+0.2m 1.25m

[«1.25m—J

1.5m

Fig. 1. Diagram of parabolic solar water heater

. Copper pipe (12 mm diameter).

. Panel box.

. Fiberglass wool insulation.

. Parabolic aluminum dish type sheet.
. Movable frame.

. Clear glass cover (5 mm thick).

. Inlet hole.

. Outlet hole.
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Solar energy available (Q)

Q=R xA; , Watt (1)
where :
R = Solar energy flux incident on the collector surface. W/m?
A, = Collector surface area. , m?

The absorbed solar radiation (Qa) can be found from the following equation :

Q=1t0Q , Watt (2)
where :
1 = Effective transmittance of collector cover system. , decimal
o = Effective absorptance of the absorber plate. , decimal

The absorption efficiency is given by :
MNa=Q/QAx100 =10 , % (3)

The solar collector heat losses (Q;) can be estimated from the following equa-
tion Abdel-latif (1988) :

Q =Ac Uy (Tp -Ty) , Watt  (4)
Where : )
Tp = Mean temperature of the absorber plate 0
T, = Ambient air temperature surrounding the collector ;€
U, = Overall heat transfer coefficient , W/m?/°C

The useful heat gain (Q;) can be calculated from the following equation (Arinze
etal, 1979) :

Qc=m Cp, (Tyo - Tri) , Watt  (5)
Q=Fr[Qa- Ac Uo (Tsi - Ta)] » Watt  (6)
m = mass flow rate of operating fluid. , kg/s
G, = Specific heat of operating fluid. , J/kg/lC
Tt = Fluid outlet temperature. e
T¢; = Fluid inlet temperature. o &
Fr = Heat removal factor , decimal

Heat transfer efficiency (nc) can be computed from the following formula:
Ne=Q;/Q, x 100 , % (7)

Overall thermal efficiency (n,) can be found from the following equation :

Qc
o= —x 100 % (8)
Q
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Temperature rise (Dt) can be found from the following equation :

Tii- Ta 2
Dy = —-—R—-_ , C/W/m=  (9)

Energy stored (Qg) can be found from the following equation :

Qs =msCy (Te - Tp) , Watt  (10)
mg = Mass of water in the storage tank , kg
Te= Mean tank temperature at the end of each hour. e
Tp= Mean tank temperature at the beginning of each hour. L o

Ultimately, the storage system efficiency (ng) can be determined from the fol-

lowing equation :

Ne = Qg /Qs x 100 , Watt  (11)

RESULTS AND DISCUSSION

Experimental testing was performed during one season (winter 2000 - 2001) un-
der clear sky conditions. Solar water heater data have'been collected and analysed for
a total of 20 days over the last 75 days since December 2000. A total of five tests
have been carried out during this time, and the average length of each test period was
four days.

For the duration of the experiments, the daily average solar energy available was
12.479 kWh/day. Actual solar radiation data recorded on a clear day ranged from near
zero to about 850 W/m? (Fig.2). Therefore the absorbed solar radiation varied from
sunrise to sunset according to the incoming solar radiation and the average transmit-
tance absorptance factor (1 ¢) as revealed in (Fig.3). The daily average absorbed solar
radiation was 10.334 kWh/day with an average absorption efficiency (transmittance -
absorptance combination) of 82.81%.

The daily average absorbed solar radiation (10.334 kWh/day) which was con-
verted into useful heat gain to storage was 9.271 kWh/day with an average heat trans-
fer efficiency of 89.71%. The hourly average useful heat gain to storage was plotted in
(Fig.4). Mathematical analysis of the measured data revealed that, during early morning
just after sunrise and just prior to sunset (when the solar radiation at these times is
less than 300 W/m?), very little useful heat was gained by the water passing through
the solar heater. In some cases, it was noticed that, the operating fluid (water) dissi-
pated some of its heat energy to the absorber plate particularly before sunset (when
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Fig. 2. Hourly average solar radiation available throughout the daylight.
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Fig. 3. Hourly average absorbed solar radiation throughout the daylight.



AHMED MOHAMED KASSEM 1531

the operating temperature is lower than the water temperature and at the same time,
the incoming solar radiation is less than 300 W/m?). This phenomenon may be referred
to the large area (2.1 m?) and large mass (11.57 kg) of the absorber plate and thus,
the amount of solar radiation required to increase the operating temperature (absorber
plate temperature) above the water temperature was insufficient.
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Fig. 4. Hourly average useful heat gain to storage.

The useful heat gain to storage was affected by the water inlet temperature,
ambient air temperature surrounding the solar heater, and available solar radiation. As
the ambient air temperature increased, the difference between the operating tempera-
ture of the solar heater and ambient air temperature decreased and heat gain is thus
increased. As the water inlet temperature increased, firstly, the operating temperature
of the solar heater increased above the ambient air temperature and heat losses are
thus increased, secondly, the rate of heat transfer between the absorber plate and the
water is reduced, making the heat transfer less efficient.

The daily average heat losses from the solar water heater was 1.063 kWh/day.
The heat losses of the solar water heater were strongly affected by the water inlet
temperature and ambient air temperature surrounding the solar heater.

The overall thermal efficiency of the solar water heater is a combination of ab-
sorption and heat transfer efficiencies. For the duration of the experimental work, the
daily average overall thermal efficiency was 74.29%, consequently 25.71% of the solar
ener'gy available was lost (Fig. 5). The overall thermal efficiency of the solar water
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heater (n,) was plotted as a function of temperature rise (D7) to examine their rela-
tionship (Fig. 6). Regression analysis revealed a highly significant linear relationship
(R =-0.967; P = 0.001). The regression equation for the best fit was :

Mo = 81.654 - 268.740 (D7) (12)

The solar water heater overall thermal efficiency can be expressed as :
Qe T~ T,

o = =FR(101)-Uan[H—a] (13)
Mo =Fr (1) - Ug Fr (D7) (14)
Mo =a- U, Fg (D7) (15)

Equation (12) is definitely the numerical expression of equation (14). The y-
intercept (a) is equal to the product of heat removal factor (Fg), transmittance of glass
cover (t) and absorptance of the absorber plate (o). The slope is equal to the product
of heat removal factor (FR) and overall heat transfer coefficient.

The daily average solar energy stored in the insulated storage tank during this
experimental work was 8.217 kWh/day, with an average storage system efficiency of
88.63%. The solar energy stored in the storage tank was affected by the ambient air
temperature and water temperature in the storage tank as well as useful heat gain to
storage. The hourly average solar energy stored and storage system efficiency were
plotted in (Fig. 7 and Fig. 8 respectively).

CONCLUSION

The solar water heater and storage system were operated satisfactorily during
this experimental work on sunny days only. The thermal performance of the parabolic
solar water heater is determined by its overall thermal efficiency in converting solar en-
ergy into stored heat energy. Overall thermal efficiency is a combination of absorption
efficiency and heat transfer efficiency. The specific conclusions of this experimental
work may be listed as follows :

1. The parabolic absorber plate was found to receive and absorb large amount of solar
radiation and convert this tremendous amount into useful heat gain to storage.

2. The useful heat gain to storage, heat removal factor, overall thermal efficiency, and
energy stored in the storage tank were found to be directly proportional to solar ra-
diation available and ambient air temperature surrounding the solar heater, and in-
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Fig. 5. Hourly average overall thermal efficiency.
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Fig. 7. Hourly average solar energy stored in the storage tank.

16¢
= L
5] C
= 9 — 2 o
= B
O
o B
(0] P~
‘S e
£ &
w B
E -
(o] B85 b
1
% L
> b~
wn -
& ®
o 8
©
i
O
& L
75 Looslenbenbiodosdbodbind o Mg

7 3 ’ 18 11 12 13 14 1$ 1€ 17

Solar Time, hr.
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versely proportional to water inlet temperature and overall heat transfer coefficient.

3. The heat losses of solar water heater were found to be directly proportional to wa-
ter inlet temperature and inversely proportional to ambient air temperature sur-
rounding the solar energy system.

4. The storage system efficiency is related to the overall thermal efficiency of the solar
energy system.

5. The solar water heater which was employed in this experimental work can be utilized
in several agricultural applications, such as protected cropping, greenhouses condi-
tioning, providing hot water for livestock and poultry housing, and many other agri-
cultural applications.
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