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ABSTRACT

Two flat solar collectors were designed and connected in series in order to achieve a moderately high outlet temper-
ature. This high temperature is to be considered as the inlet temperature to a concentrated collector which is able of
generating superheated steam. The first collector plays a role as a preheater; hence, it is called an economizer and
the other plays a role as a temperature riser, thus it is called an evaporator. The economizer is a closed steel tank
equipped with internal baffles distributed equally to ensure perfect circulation of water inside the tank. However,
the evaporator consists of an array of vertical pipes connected to two horizontal manifolds (risers and headers) and
bonded to a steel sheet. Both collectors are coated black with a granulated carbon layer and exposed to sun through
two glass layers. Two water flow rates were applied at the evaporator 100 L/hr and 200 L/hr. The result shows that
a maximum outlet temperature of 73°C and a maximum efficiency of 82% at the beginning of the experiment and
55% by the end of experiment were achieved when the flow rate was 100 L/hr. In addition, the result shows that
both collectors reached a situation where there was no useful gain in heat even, though the solar radiation beam
still hits with considerable high intensity. This situation occurs when the heat losses increase. Both heat gain and
heat lost were calculated and plotted for both collectors and at the two flow rates. In addition, an average value of
solar radiation beam during the experiment was plotted.
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INTRODUCTION

The basic requirement of applications that use
steam as working fluid or heat transfer medium, is
to have dry steam or at least the steam with tem-
perature sufficiently far from the saturation state.
This implies long heating time and consequently
greater fuel quantities to be burnt in order to su-
per heat the steam and push its temperature high
enough above the saturation state. Nevertheless,
burning more fuel means high cost and exces-
sive impact on the environment in terms of high
percentage of greenhouse gases that results in the
threatening global warming warming [Latake and
Pawar, 2015., 2015; Wei Wu et al., 2017].

Accordingly, renewable energy is becom-
ing a more and more promising source for future

demands, being available free of charge and
friendly to environment. Moreover, these sources
of energy are available all over the world with
varying percentages and intensity depends on the
geographical location [Butturi et al., 2019].

In Iraq, the prevailing, abundant renewable
energy is the solar energy as its location does
not allow the practical exploit of wind, tidal or
even geothermal energy because of its nature and
weather [Migdam & Hussein, 2018]. For this rea-
son, almost all studies that have been made in Iraq
for producing electrical energy, distilled water
and heating systems focused on solar energy as
the only feasible source.

However, because of the drawbacks of solar
energy, which are summarized as limited supply
hours, restricted intensity of incident energy, its
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dependence on clear sky and its minimum re-
quirements for wide and open area for installa-
tion, it is still an open issue which needs inten-
sive studies and sophisticated technologies so that
the solar energy can be optimized in quality and
saved during night hours [Mofijur et al., 2019;
Yuka & Yuji, 2018; Reza et al., 2015].

Solar energy can be normally received as a
thermal source through solar collectors. Many
different designs for solar collectors have been
so far proposed in order to increase the intensity
of incident solar energy. The aim is to reflect the
solar rays several times so that much energy can
be gained. Another way is to focus the rays on a
small area so that the intensity per certain square
unit is denser and hence more heat is transferred
to the absorbing surface. The application of the
former procedure is called the flat solar collec-
tor while the application of the later proposal is
called the concentrated solar collector [Kalogi-
rou, 2004; Tian & Zhao, 2013].

The incident area which is located at the cen-
ter of concentrated collector is called the receiver,
which is a small area that receives very intensive
solar rays. Nevertheless, because of the small
surface area of the receiver, the total amount of
the heat received is small and thus it is lost im-
mediately after the working fluid leaves the re-
ceiver [Alhamadani et al., 2018]. Such an issue
can be overcome through preheating the working
fluid to a certain high temperature before it pass-
es through the receiver. This preheating can be
achieved using flat collectors as these collectors
offer larger absorbing area that enable the work-
ing fluid to absorb much heat, hence raising its
temperature to the desired value [Amirgaliyev, et
al, 2018; Saroj et al., 2019].

In this perspective, the thermal efficiency of a
solar collector represents the most important pa-
rameter, as it decides how efficiently the collector
is converting the incident solar energy into ther-
mal energy which is transferred to the working
fluid. Accordingly, over the years, many research-
ers have investigated different designs and mate-
rials in order to enhance the thermal efficiency of
solar collector. Some researchers tried to replace
the conventional working fluid (distilled water)
with nanofluids. For instance, [Mohammed H.
and Maysa S., 2018] studied the effect of Titanium
Oxide (TiO,) and Zinc Oxide (ZnO) water-based
nanofluids on the performance of solar flat plate
collector. Three identical flat plate solar collectors
were used; the working fluid in the first collector
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was pure water, while in the second collector, it
was Titanium Oxide water-based nanofluid and in
the third one —Zinc Oxide water-based nanofluid.
The efficiency of the collector was found to be
maximum over all values of temperature differ-
ence between inlet and ambience when a 0.2%
volume fraction of Titanium Oxide was used with
a maximum efficiency of 40%, followed by the
case of 0.6% volume fraction of Titanium Oxide.
Finally, it was found that titanium oxide is char-
acterized by more pronounced improvement in
the performance of a solar flat plate collector. See
also [Muhammad et al., 2019].

Other researchers tried to develop high selec-
tive coating for the absorbing plate and/or glazing
so that much heat is absorbed and exchanged with
the working fluid. [Ehrmann & Reineke, 2012]
developed a double glazing with a low-emitting
(low-e) coating on the inner pane to improve the
insulation of the transparent cover. The commer-
cially available low-e glazing provides only in-
sufficient solar transmittance for the application
in thermal flat-plate collectors. Thus, they devel-
oped a sputter-deposited low e-coating system
based on transparent conductive oxides which
provides a high solar transmittance of 85% due
to additional anti-reflective coatings and the use
of low-iron glass substrates. The durability tests
of the developed coating system show that their
low e-coating system is well suitable even at high
temperatures, humidity and condensation.

Nevertheless, there were many attempts to
reduce the thermal losses by applying different
insulation materials and double glass covers. In
the work of [Giovannetti et al., 2014], the proto-
type exhibited an efficiency, which is 60% higher
than that of a common single-glazed flat plate
collector. By comparison with a commercially
available double glazed flat plate collector with
two non-selective AR-glass panes, the increase
amounts to 23%, mainly due to the selective coat-
ing of absorbing plate. The use of low-e¢ glass
with higher transmission and lower emissivity
can provide for a further improvement: accord-
ing to their simulations for the glass ITO max, a
performance enhancement of 80% and 38% re-
spectively is expected.

The current study focused on flat collectors
as preheating system which is able to raise the
working fluid temperature to a desired value.
The working fluid used is distilled water with no
additive materials. The proposal is to build two
flat collectors with the same dimensions but with
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different absorbing surface area. One collector
plays arole as an economizer and the other one as
an evaporator. The terms come from the fact that
a part of the working fluid leaving the first col-
lector is pumped back to the main source; hence,
it heats up the water enters the tank itself. The
evaporator is a collector that has the working fluid
circulating through pipes that are in direct contact
with the heat source. Through the economizer, the
working fluid is allowed to circulate inside a tank
equipped with internal baffles. In turn, through
the evaporator, the working fluid, which has just
left the economizer, is allowed to be in contact
with a larger surface area that is heated by the
direct solar energy. Having passed these two flat
collectors, the working fluid will have a tempera-
ture which is high enough to be a suitable inlet
temperature of a concentrated collector.

EXPERIMENT SETUP

The experiment was run using two flat collec-
tors connected in series via a water pump. Both
collectors have the same dimensions. One col-
lector is connected to the suction side of a wa-
ter pump and the other is connected to the high-
pressure side of the pump. The first collector is
called the economizer, while the other is called
the evaporator. In order to control the flow rate
through the evaporator, a valve was installed on

pressure
guage

to concentrated

collector ~

absorbing plate

risers 1 cm dia

lower header

2.5 cm dia evaporator

the pipe that returns the flow to the water tank,
while a flow meter was installed on the other pipe
that is connected to the evaporator. See the sche-
matic diagram in Figure 1.

The economizer is a tank made of galvanized
steel 1 mm thick with the dimensions of 100 cm
x 100 cm x 5 cm. The inside space of the tank is
divided by baffles which are distributed in equi-
distance in order to force the water into flow in
a zigzag movement, hence longer time for heat
to transfer from the absorbing surface of the tank
to the working fluid [Mahmmod A., 2000]. The
upper surface of the tank is coated black with a
granulated carbon layer in order to function as
a selective absorbing surface [Zhonghua et al.,
2014]. The layout of the baffles inside the tank is
shown in Figure 2a.

The complete tank is installed inside a 110 cm
x 110 em %15 cm wooden case equipped with two
glass covers (as glazing) and insulation around
and beneath the tank. The glass used is 4 mm or-
dinary window glass [Ramadhani et al., 2014] and
the insulation is 5 cm compressed polystyrene.

The evaporator is made of a galvanized steel
plate 1 mm thick with the dimensions of 100 cm
x100 cm bonded to an array of 28 vertical cop-
per pipes 1 cm outside diameter (called risers)
connected to two horizontal manifolds, and cop-
per pipes with 2.5 cm outside diameter, (called
headers). The outside surfaces of the pipes along
with the plate are coated black with a granulated

to water source absorbing

surface

from water
source

tank with
[ baffales

economizer

Fig. 1. Schematic diagram of experiment layout

Fig. 2. (a) baffles inside the economizer, (b) the evaporator
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carbon layer in order to play as a selective ab-
sorbing surface. The complete arrangement is
mounted inside a wooden case 110 cm x 110 cm
x10 cm equipped with two glass covers and in-
sulation layers around and beneath the plate. The
glass used is 4 mm ordinary window glass and the
insulation is 5 cm glass wool, see Figure 2b.

The experiment was run at different water
flow rates which were measured by a flowme-
ter. The inlet and outlet temperatures of the wa-
ter that flows in the economizer and evaporator
were measured by a water thermometer. The ab-
sorbing surface temperature was measured using
two thermocouples, one at the edge of the plate
beneath the upper header and one in the center
of the plate under one of the risers. The recorded
absorbing surface temperature is the average nu-
merical value of those two points. A radiometer
was used to measure the solar radiation beam and
a thermometer was used to measure the ambient
temperature; these measuring instruments are
shown in Figure 3.

It should be noticed that the economizer was
installed on the suction side of the pump for sev-
eral reasons among others; the first is to avoid the
high-pressure flow of the pump that can cause
swelling the tank and influences the circulation
of water around the baffles. The second is to
avoid cavity and vortexes inside the pump casing
that could cause turbulences along the ongoing
stream, hence affecting heat exchange within the
economizer [Mihali¢ et al., 2014]. The longitude
and latitude of the location where the experiment
was run is 31.8379°N, 47.1421°E.

Thermometer

} : thermometer

—

CALCULATION PROCEDURE

As the aim was to preheat the water to a certain
desired temperature, all inlet and outlet tempera-
tures were measured by thermometers and thus
all temperatures appearing in the following equa-
tions were considered known. Since there was no
auxiliary heater used in the experiment, the only
heat source considered was the direct incident so-
lar energy which was measured by a radiometer.
Moreover, the assumption of constant heat flux
for heat transfer calculations was applicable.

Applying the assumption of steady state flow
and referring to figure 4, the heat gained by the
water passing through economizer is expressed as
follows [Holman, 2002].

Qeco =1, Cp(T, — T) (D

Where (Qeco) is the useful heat gained by
economizer, (114) is the mass flow rate passed
through economizer, C, is the specific heat of
water with constant pressure, T, & T, are the in-
let and outlet temperatures of the water passed
through the economizer.

It should be noticed that the value of the
mass flow rate passing through the economizer
is known from the sum of mass flow rate passed
through the evaporator and the mass flow rate,
which is returned to the water source. Since the
flow through the pump is steady state, then the
continuity equation is applicable, i.e.

Vz.Az = V3.A3 (2)

Fig. 3. Measuring instruments used in the experiment
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Fig. 4. The schematic drawing of the flow through the system

Where the subscripts refer to the inlet and
outlet of the pump, V is the velocity and 4 is the
flow area. Applying mass balance after the pump
yields:

Tflz =m3=m4+m5 (3)

Where m, is the mass flow rate entering the
pump, M is the mass flow rate exiting the pump,
m, is the mass flow rate returns to the main tank
and mg is the mass flow rate enters the evapora-
tor. The assumption of steady state flow is also
applicable at the evaporator as there is no change
in the water mass flow rate measured by the flow
meter. Accordingly, the heat gained by the water
flowing through the evaporator (Qeva) is calcu-
lated as follows:

Qeva = msCp (T6 - TS) “4)

Where T6 is the outlet temperature of the
evaporator.

The difference in diameters between risers
and headers is to change the velocity of water
within the evaporator and hence locally reduce
the bulk flow pressure through the evaporator.
This is expected to enhance the heat exchange
between the hot surface and water [Gond et al.,
2016] [Sunil et al., 2012].

The efficiency (1) of both economizer and
evaporator is calculated as follows:

_ Qeco,eva

I

N

)

Where [ represents the measured solar radia-
tion beam in watts per square meters. The incident
solar energy on the absorbing plate is Qs which

represents the solar radiation that was filtered by
the two glass covers, i.e.:

Qs = I; Xy, (6)

Where a; & a; are the transmissivity of first
and second glass cover respectively. The differ-
ence between (g and Q, co,evq Fepresents the heat
lost through the glass covers, i.e.

Qloss = QS - Qeco,eva (7

RESULTS AND DISCUSSION

The experiment was run for a period of six
days during the period (12-20 August, 2018), six
hours a day from 9:00 AM to 3:00 PM. The data
were taken every 30 minutes which includes inlet
and outlet temperatures for both the economizer
and evaporator along with mass flow rate through
the evaporator. In addition, the ambient tempera-
ture, humidity, and solar radiation beam were also
recorded every 30 minutes.

Two mass flow rates were applied in the evap-
orator, i.e., 100 and 200 litters/hour, which cor-
responds to 0.0278 and 0.0556 kg/s, respectively.
The experiment was run three days for each mass
flow rate and then the average of the measured
data was taken. As it was mentioned previously,
the mass flow rate in economizer is considered
constant and thus it was measured as a fixed value
of 0.112 kg/s (400 l/hr).

The distribution of inlet and outlet tempera-
tures of the economizer during experiment hours
is shown in Figure 5. It is obvious that both curves
are close to each other, which means less heat is
gained in the economizer because of the high
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Fig. 5. The inlet and outlet
temperatures of economizer

value of water flow rate (400 1/hr). Nevertheless,
at least half of the water flow rate which leaves
the economizer is returned back to the water
source. Hence, the inlet temperature is increasing
so that the situation when the economizer reaches
a constant temperature difference is determined.

The inlet and outlet temperatures of the evap-
orator at the two different water flowrates 100 and
200 liters/hour are shown in figure 6.

It is clear that as the water flow rate increases,
the difference in temperature between inlet and
outlet becomes smaller because the time for ex-
changing heat is short. Inversely, both curves di-
verge from each other when the water flow rate
decreases. The outlet temperature of economizer
was taken as the inlet temperature for the evapo-
rator and for both flow rates. In order to determine
the behavior of the evaporator, the average tem-
perature of six experiment days was considered
instead of three days for each flow rate. The rea-
sons are to avoid the fluctuations in the incident
solar energy caused by the wind, the similarity in
weather during the period when the experiment
was run and also to ignore the heat loss through
the pump as the two collectors are close to each
other. This is well noticed from the similarity in
behavior of temperature distribution for both the
economizer and evaporator.

o
N

80

60

40

20

temperature C
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9 11 13 15

experiment hours

b)

By applying equation 1 for both economizer
and evaporator, the heat gained can be calculated.
The heat gained by economizer and evaporator
under two different flow rates is shown in fig. 7.

For both economizer and evaporator, the heat
gain starts it maximum value at the first hour of
experiment. This can be interpreted as both col-
lectors were left uncovered over night after which
they received enough solar energy that started
to hit them almost two hours before the experi-
ment was run. Accordingly, both collectors had
reached their maximum temperatures before the
experiment was run. Subsequently, the experi-
ment was run fifteen minutes before 9:00 in order
to avoid the first water flow from the evaporator
which sometimes reached a mixture of water and
steam (some short videos recorded during the
first run hour are attached). It is obvious that the
heat gained drops straightly forward as the inlet
and outlet temperatures are getting closer to each
other. Indeed, the heat gain was almost constant
between 1:00 and 2:00 PM, as it can be seen in
Figure 7. However, because of the movement of
the sun towards sunset and the consequent reduc-
tion in incident solar energy, the heat gain contin-
ued to drop after 2:00 PM.

In order to evaluate the efficiency and heat
losses from both collectors, the average value of
solar radiation beam during the experiment is de-
picted in Figure 8. Three days were selected in
order to have their average in the calculation of
efficiency and heat losses. The selection takes in
account the highest, lowest and the most common
values of radiation beam.

The efficiency of economizer and evaporator
is obtained from equation 4. Accordingly, the ten-
dency of curve follows the one shown in Figure 7
for heat gain, see figure 9 which shows the ef-
ficiency of economizer and efficiency of evapora-
tor under two different flow rates.

The heat lost from both economizer and evap-
orator can be calculated by applying equation 6,
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Fig. 6. The inlet and outlet temperatures of the evaporator at (a) 100 I/hr (b) 200 IVhr
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Fig. 7. The heat gained by economizer and
evaporator under two different flow rates

which is shown in Figure 10. As it can be seen,
the maximum heat lost occurs after midday when
the water is no longer able to absorb any more
heat even at low flow rate. Two factors have re-
markable influence on the increase in heat lost
first; the temperature of water passing in the pipes
of the evaporators (risers and headers) is higher
than the ambient temperature and hence heat is
escaped from the absorbing surface to the am-
bience through the glass covers. Second, the in-
cident solar energy after midday is less than its
value before and at midday (see Fig. 8) which is
unable to give any contribution to the temperature
of the water passing through the evaporator.

As a comparison with [Walaa et al., 2018] in
which a flat solar heater was manufactured and
tested under two different flow rates 0.12 L/min
and 0.21 L/min and the corresponding maximum
outlet temperatures were 51°C and 49°C respec-
tively. In our work, the highest outlet tempera-
ture is 73°C and 66°C, the maximum efficiency
reached is 86.19% and 66.24% and the maxi-
mum heat gain is 920 W and 860 W at 1.34 and
3.34 1/min, respectively. Nevertheless, the evapo-
rator was run with the efficiency between 70%
and 50% for four hours, over the six hours of the
experiment and this is a good performance for a
flat plate solar heater.
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Fig. 9. The efficiency of economizer and
evaporator under two different flow rates
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Fig. 8. The incident solar energy
during the experiment period

Therefore, and for reason of comparison, the
result of the current work is better in terms of out-
let temperatures, heat gain and efficiency, taking
into account the size of the collectors for both
works are comparable.

CONCLUSIONS

Having shown the results of the experiment,
it can be concluded that the series arrangement of
economizer and evaporator has raised the temper-
ature of the water within the water source from 34
at the morning to about 66 at midday. This gain
in heat was accompanied by relatively high flow
rate which sounds quite advantageous. In this
context, the economizer can play dual functions;
first as a preheater to the evaporator and second as
a domestic solar water heater.

The evaporator has added about 10 degrees to
the temperature received from economizer. Even
though the flow rate is relatively low, it can be
used as a reliable preheater to a concentrated solar
collector. In this case, the water leaving evapora-
tor will need about more 30 degrees in order to
start evaporation. This rise in temperature can be
achieved by the concentrated solar collector so
that the steam produced is dry enough to conden-
sate after leaving the receiver.

1000

Y

600 100 L/hr

heat lost W

400
200

0
9,00 10,00

11,00

12,00 13,00 14,00 15,00

experiment hours

Fig. 10. Heat lost from economizer and
evaporator under two different flow rates
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