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Abstract
This study aims to evaluate the performance of a flat plate solar water heater (SWH) theoretically and
experimentally. The thermal performance of the SWH was predicted using Fortran 90 programming
language. SWH was designed as a square shape with dimensions of 110 cm length, 120 cm width and
10 cm depth and tested by integrating with a modified solar distiller to increase the water temperature in
the basin at a constant mass flow rate of 1.2 l/min. The tests were conducted under the weather condition of
Yekaterinburg city, Russia, from June to September of 2019, and a typical day was chosen for each month (19
June, 17 July, 22 August and 15 September). The study revealed that the highest efficiency of the solar water
collector obtained at the highest value of the intensity of solar radiation at mid-day. The maximum thermal
efficiencies achieved on 17 July of 2019 were ∼67% and 66% based on theoretical and experimental analyses,
respectively. A simultaneous increase in the water temperature and the intensity of solar radiation has been
observed. During the four typical days of the experiment, the highest water temperatures of the solar collector
were recorded during midday, i.e. 57.2◦C, 64.4◦C, 52.4◦C and 49◦C at the inlet, and 62.8◦C, 71◦C, 57.4◦C
and 53.2◦C at the outlet for 19 June, 17 July, 22 August and 15 September 2019, respectively, while the solar
radiation intensities recorded are 957, 1022, 840 and 723 W/m2 for the test days.
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1 INTRODUCTION
Solar energy applications are considered one of the most critical
solutions expected to face the problem of the sharp growth in
global energy demand and mitigate the environmental impacts
resulting from the use of fossil fuels [1–3]. Therefore, researchers
sought to use solar energy effectively in domestic and industrial
applications, such as solar water heating, one of the most promis-
ing applications in the water heating field [4]. Solar collectors are
usually classified according to the design into non-concentrated

and concentrated. The non-concentrated collectors include two
types: the evacuated tubes and the flat plate type. [5].

Evacuated tube solar water collector consists of several closed
glass tubes (a glass tube suspended inside a glass tube larger than
it, the space between the tubes is filled with air, this air layer
reduces heat loss from the solar water heater (SWH)), inside these
glass tubes, high thermal conductivity copper tubes are installed;
therefore, this type of solar heater has high thermal efficiency even
on very cold days [6]. The flat plate solar collector consists of a
galvanized plate, copper or stainless iron tubes, a glass cover and
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a thermally insulated structure. This type of SWH is characterized
by high efficiency and ease of design and installation [7]. In
the past 5 years, researchers have been striving to improve the
performance of flat-panel and vacuum-tube solar heating systems.
Sadeghi et al. [8] conducted an experimental study to improve the
thermal properties of a vacuum tube-type solar water collector
with different liquid volume flow rates (0.01, 0.03 and 0.05 ml/h)
using copper oxide and water nano foil (Cu2O + W) with dif-
ferent concentrations, and a parabolic trough. The experiment’s
accuracy was verified by using artificial neural networks. Multi-
layer perceptron (MLP) and radial basis function methods were
studied to predict the performance of a vacuum tube-type solar
water collector. The results showed that the MLP model was more
accurate. It was also observed that by increasing the flow rate
and the concentration of the egocentric liquid, the thermal per-
formance of the solar collector was increased. Muthuraman et al.
[9] conducted an experimental study to improve the performance
of the solar heater by adding design modifications including the
use of spiral and curved copper tubes, according to the climatic
conditions of Tamil Nadu/India. Several parameters of the solar
heater were investigated, such as liquid mass flow rate inside the
tubes, which were 0.0045 and 0.006 kg/sec. The results showed
that the mass flow rate of 0.006 kg/sec recorded the highest
thermal efficiency for straight, curved and spiral tubes about 62%,
65% and 73%, respectively. Also, the results show that the highest
exergy efficiency was ∼32% for a mass flow rate of 0.0045 kg/s for
the spiral tube solar water collector, and 27% for a mass flow rate
of 0.006 kg/s for the spiral tube SWH.

The SWHs can directly be used in both industrial and domestic
applications or as an auxiliary unit to supply hot water for systems
like the solar water distiller to increase the temperature of its basin
water [10, 11]. An effort to integrate water heater via glass evac-
uated pipes with a single basin still is reported by Sampathkumar
et al. [12].

The anticipated procedure has augmented up to 72% of average
daily production. A theoretical model was developed using gov-
erning energy equations. The theoretical results show agreement
with the empirical results. The economic analysis of this scheme
was indicated that the payback period will at 235 days.

Farahat et al. [13] designed and developed two conventional
solar water stills integrating with flat plate solar water collec-
tors and a thermal storage scheme. They are saving solar energy
through daylight by the thermally insulated storage water tank.
Two tests are studied. The first one has measured the production
of the conventional solar still throughout daylight and night-
time. Another still measuring the production by using recovered
the solar energy both daylight and night-time. The recovered
thermal with the assistance of forced circulation scheme and in
the brackish water submerged a heat exchanger collected within
the still basin. Therefore, the investigation for two stills with and
without thermal recovery was presented. The results show that
the daily output of still with thermal recovery system is twice as
that of the conventional one. The modified still shows that the
production in August, September, November and December is
increased by 75%, 94%, 121% and 109%, respectively.

Mirmanto et al. [14] presented a study to enhance the pro-
ductivity of single slope solar still by adding fins to the solar still
basin. For this purpose, three solar stills were examined: the first
is conventional type, the second with 10 fins and the third with
15 fins. The results showed that the productivity was improved by
adding fins to the basin, the highest distillate water productivity
was recorded with the 15-fin solar still ∼1.404 l/day, followed
by the 10 fins solar still ∼1.264 l/day and the lowest without
improvement (conventional solar still) ∼1.185 l/day.

Shah [15] designed a stepwise basin as a replacement for the
flat basin to decrease the water film depth and increase the sur-
face area. They used a sprinkler to maintain a uniform brackish
water distribution in the basin. The gravel was used as a thermal
material for heat storage and was still placed in the solar basin to
enhance the evaporation process. The gravel absorbs more ther-
mal energy. Moreover, a flat plate collector was used to increase
the water temperature before entering the solar distiller. The
glass temperature reached up to 65.8◦C, and the maximum vapor
temperature reached midday was 73◦C. The average daily yield
from the experimental results was 2.24 l/m2, while the theoretical
results were 3.78 l/m2, and efficiency was 60%. The economic
evaluation showed that the payback period is within 7 months.

Singh [16] conducted an experimental study on a solar still
combined with an outer solar collector. This proposed design
helped keep the system operating during periods of low sunlight.
The proposed solar distiller yield increased ∼120%. Also, it is
observed that the ambient conditions directly affect productiv-
ity, and overnight production amounted to 14% of the daily
production.

Extending to the former work of Selimli et al. [17] enhanced the
productivity by connecting the solar still pond with an evacuated
tube of the solar collectors experimentally. The investigation has
shown that 62.5% of the rate of purified freshwater was improved
by coupling the solar still pond with the solar water collector (an
evacuated pipes). Sethi and Dwivedi [18] carried out thermal effi-
ciency and exergy analysis to calculate the thermal performance
of the double slope solar distiller combined with the flat solar
water collector. The exergy efficiency was increased from 0.26%
to 1.34%, and the daily thermal efficiency of solar still increased
from 13.55% to 31.07%.

Mousa et al. [19] tested a solar system to produce hot water
and distilled water from brackish feed water. The water solar still
integrated with the solar collector (evacuated tube type) used to
heat a fluid that circulates in a closed loop by thermal-siphoning
phenomena. The hot current fluid passes through a water bath
giving its thermal energy and causing some of the water to evap-
orate. The generated vapor condenses on a slope glass cover
and is collected as distillate water. Experimental results showed
that the solar still could produce 0.15 l of distilled water/hr. An
analysis of the results showed that the solar still cumulative output
distillate water was enhanced. Water vapor condenses by cooling
the inclined glass cover. Jojoba oil and water were used as thermal
fluids. Water as a thermal fluid obtained better production. The
feedwater salinity has a great effect on solar still productivity. This
is recognized when the water of salinity ranging between 0.5 g/l
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(tap water) to 25 g/l was tested, whereas high salinity of feed water
decreases the productivity.

Previous studies, as reviewed above, have shown that the ther-
mal performance of a solar water collector is hugely influenced by
its design, operation and weather characteristics. It can be used
in different applications (domestic and industrial) either directly
or as an auxiliary system (hybrid system) to improve and raise
the efficiency of the other systems, such as solar stills. However,

more studies are needed to verify the performance of a flat solar
collector in relatively cold climates (Russia), and the possibility
of using the hot water produced from it in different applications
(domestic and industrial) or using it as an auxiliary secondary
cycle in other applications such as solar stills.

Therefore, the current work proposed a new design of a flat
plate solar water collector consisting of 30 copper tubes and
galvanized steel plate with a constant water flow rate and check

Figure 1. Schematic diagram of (a) the solar water collector and (b) modified solar still.
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the thermal performance of this solar collector in relatively cold
weather conditions (Russia) and showing the extent of its useful-
ness when used with different applications such as in the processes
of additional heating of water basin in solar stills. This work
included theoretical and experimental investigations of a flat-
plate SWH combined with single slope solar still to increase the
temperature of the solar still basin water under Yekaterinburg’s
weather conditions in Russia.

The study is presented as follows: the method is described in
Section 2; Section 3 covers the theoretical analysis; and Section 4
covers the results and discussion. The conclusion for the study is
provided in Section 5.

2 METHODOLOGY
During the process of solar water heating, the solar radiation that
penetrates the glass cover is absorbed by the galvanized plate.
Thus, it is heated, and the thermal energy is transferred to the
copper tubes fixed on the surface of the plate and then to the work-
ing fluid (water). Therefore, the design and fabrication of solar
water collectors is an important issue that should be considered
carefully.

2.1 Description of the solar water collector understudy
Figures 1 and 2 show a diagram and photograph of the flat plate
solar collector integrated with modified solar still (based on the
use of a rotating hollow cylinder and integrated with an external
solar water collector). Description of the solar water collector
under study and the integration between this solar collector and
the modified solar distiller has been mentioned in detail by Alwan
et al. in the works [20].

2.2 Experimental method and uncertainty analysis
The current study included 40 tests under different environmental
conditions from June to September of 2019, and a typical day
was chosen for each month (19 June, 17 July, 22 August and 15
September). All the tests started at 8:00 am to 8:00 pm. The exper-
imental setup was installed on the rooftop of the laboratory of
the Department of Nuclear Power Plants and Renewable Energy
Sources, Ural Federal University. To verify the performance of the
solar collector under study, it was combined with the modified
solar distiller [10]. The water was circulated between the two
combined systems by a small pump with a constant flow rate of
1.2 l/min.

Parameters affecting the thermal performance of the solar col-
lector were measured, including temperature values at different
points of the solar collector as shown in Figure 3b, such as the
glass cover (Tgi), absorber plate (TP), water at the entrance and
exit of the solar collector (Ts.ci and Ts.co), the intensity of solar
radiation and wind speed by different measuring devices [20].

In the experimental investigation, uncertainty analysis is an
important step to give credibility to the results. To compute the

Figure 2. Photograph view of the SWH integrated with the modified solar still.

uncertainty analysis resulting from practical measurements for
each measuring instrument, first, one must know the accuracy
values for each device used. Table 1 includes the values of accuracy
and error ratio of measurement for each device. For the analysis
of uncertainty, the following equations are used [21].

S′ (standard deviation) =
√∑n

i=1 (Xi = X′)2

n − 1
(1)

S.E ( standard error) = S′
√

n
(2)

Error% = S.E
X′ ∗ 100 (3)

X′ =
∑n

i=1 Xi

n
(4)

where Xi is the measured value, X′ is the mean measured value and
n is the number of measurements recorded.

According to studies [22, 23], it should take into account the
regression uncertainties of the parameters of the calculations
(indirect measurements) such as solar radiation; useful energy;
thermal efficiency (ηs.c), which are a function of several opera-
tional parameters (direct measurements) such as the mass flow
rate of water through the solar collector (ṁw); the heat capacity
of water (cpw); the temperature of the ambient air (Ta); and the
temperature of the water at the inlet and the outlet of the solar
collector (Tw,sci and Tw,sco). It turns out that the estimated value
of the average thermal efficiency conversion factor is affected by
1% when there is an uncertainty in I(t) ∼1%. The useful energy
is displaced by ±14.94% when the uncertainty of the temperature
indicator is around ±1◦C.
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Figure 3. Flat plate solar water collector thermal network (a) in the term’s convection, conduction and radiation resistance; (b) in terms of resistances between
surfaces; (c) equivalent thermal network [24].

3 THEORETICAL ANALYSIS
The following assumptions are used to build the system
model [24]:

1. steady state conditions;
2. the headers cover a small area of the collector and because

of this can be neglected;
3. there is no heat absorption by the glass cover and the heat

flow through it in one dimension;
4. the heat flow through the back insulation in one

dimensional;
5. the impact of dust and dirt on the collector is minimal (it

can be neglected).

To save time, reduce costs and avoid complex measurements,
theoretical analysis was used in the present study. FORTRAN
90 programming language is used to carry out the theoretical
calculations. To implement the theoretical model, the heat balance
of the system was assumed.

3.1 Energy balance equations of the plate flat solar
water collector
The useful energy Qu produced from a flat plate SWH at a steady-
state condition is [24]:

Qu = As.c ∗ FR ∗ [
S − UL

(
Tw,sci − Ta

)]
(5)

Qu = ṁw ∗ Cpw ∗ (
Tw,sco − Tw,sci

)
(6)

ηs.c = ṁw ∗ cpw ∗ (
Tw,sco − Tw,sci

)
I (t)

(7)

where As.c is the aperture area of the collector (m2); UL(Tw,sci −
Ta) is the heat transfer lost from the collector to the ambient
area by convection, conduction and radiation; Tw,sco is the
temperature of outlet water from the solar collector (◦C); Tw,sci
is the inlet water temperature to the collector (◦C); Ta is the
ambient temperature (◦C); ṁw is the mass flow rate of water
(kg/s) and Cpw is the specific heat of the water (kJ/kg.◦C); ηs.c
is the solar collector thermal efficiency; and I(t) is the total solar
radiation (W/m2).

In solar collectors, the actual useful heat gain is usually asso-
ciated with the maximum useful heat gain of the solar collector
if all the collector surface is at the inlet water temperature. This
quantity is called the heat removal factor FR [24].

FR = ṁw ∗ cpw
Ac ∗ UL

⎡
⎣1 − e

(
− As.c∗UL∗F′

ṁw∗Cpw

)⎤
⎦ (8)

F′ = ULo

UL
= 1/UL

w
[

1
UL[do+(w−do).F] + 1

Cc
+ 1

π.dihfi

] (9)

where F′ is the factor of solar collector efficiency, ULo heat lost
coefficient from water to ambient air, UL is the loss heat transfer
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Table 1. Accuracy and the error ratio of measuring devices.

Instrument Accuracy Range Standard uncertainty Error%

Solar power meter ±1 W/m2 0 − 2000 W/m2 ±0.5 W/m2 1.5
Temperature indicator ±1◦C 0–100◦C ±0.57◦C 1.3
Mercurial thermometer 0.1◦C 0–60◦C ±0.05◦C 0.5
Flow meter ±1 kg/s 1–2 0.5 0.01
Anemometer 0.05 m/s 0–30 m/s ±0.05 m/s 3

coefficient from the absorber plate to the ambient air, w is the
distance between the tubes (m), F is the fin straight fins efficiency,
do is the outer diameter of the tube (m), di is the inner diameter of
the tube (m) and Cc is the bond tube thermal conductivity ( W

m.K ).
Figure 3a and b shows the heat network of the input thermal

energy (solar energy), thermal losses and useful heat gain of the
solar collector. Figure 3c shows the heat transfer network to and
from the solar collector, where the heat is transferred from the
top and bottom of the solar collector (thermal energy loss) by
convection and radiation to the ambient air. The thermal energy
transferred from the absorber plate to the glass cover is equal to
the thermal energy that is transferred from the glass cover to the
ambient air [24].

QLoss top, P−gi = hC, P−gi
(
TP − Tgi

) +
σ

(
T4

P − T4
gi

)
1
εp

+ 1
εgi

− 1
(10)

where hC, P−gi is the convection heat transfer coefficient from
the absorber plate to the glass cover. Usually, the free-convection
heat transfer data are related to three dimensionless parameters:
Nusselt number (Nu), Rayleigh number (Ra) and Prandtl number
(Pr), which were obtained by the following equations:

Nu = hC, P−gi ∗ L
K

(11)

hC, P−gi = Nu ∗ K
L

(12)

Ra = g ∗ β′ ∗ �T ∗ L3

ν ∗ α′ (13)

Pr = CP ∗ μ

K
= ν

α
(14)

where L is the distance between the absorber plate and glass
cover (m), K is the air thermal conductivity (W/m.k), g is the
gravitational constant (m/s2), β′ is the volumetric coefficient of
expansion (for an ideal gas, β′ = 1

T ), �T is the temperature
difference between absorber plate and glass cover (K), ν is the
air kinematic viscosity (m2/s) and α′ is the air thermal diffusivity

(m2/s). For tilt angles from 0
◦

to 75
◦
, the relationship between the

Nusselt number and Rayleigh number as [24];

Nu = 1 + 1.44

[
1 − 1708(sin 1.8β)1.6

Ra ∗ cosβ

][
1 − 1708

Ra ∗ cosβ

]
[(

Ra ∗ cosβ
5830

) 1
3 − 1

]
(15)

The heat loss becomes

QLoss top, P−gi = (
hC, P−gi + hr, P−gi

) (
TP − Tgi

)
(16)

where hr, P−gi: the coefficient of heat transfer by radiation
between the absorber plate and glass cover [25];

hr, P−gi =
σ

(
T2

P + T2
gi

) (
TP + Tgi

)
1
εp

+ 1
εgi

− 1
(17)

where σ is Stefan Boltzmann’s constant (5.67 ∗ 10−8 W/m2k4),
εp is the emittance of the plate equal to (0.23) and εg refers to the
emittance of the glass equal to (0.88). The thermal resistance R2
is as follows:

R2 = 1
hC, P−gi + hr, P−gi

(18)

The thermal resistance between the outside glass cover and the
ambient air has the same form of equation (18), but the coefficient
heat transfer by convection hC, go−a in (W/m2.K) is due to wind
speed expressed as [26];

hC, go−a = 2.8 + 3Va (19)

where Va is the wind velocity in (m/s).
The radiation resistance from the outer glass cover is expressed

as the exchange of radiation between its surface and the sky at sky
temperature (Tsky) as follows [27]:

hr, go−sky = σ ∗ εg ∗
(

T2
sky + T2

go

) (
Tsky + Tgo

)
(20)
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The accurate model of the sky temperature is [24]:

Tsky =

Ta

[(
0.711 + 0.0056Tdp + 0.000073T2

dp + 0.013 cos (15t)
)]1/4

(21)

where Tsky and Ta are in (K), Tdp is the dew point temperature
(◦C) and t is the time from midnight (hr).

The resistance to the surrounding R1 is then given by

R1 = 1
hC, go−a + hr, go−sky

(22)

Therefore, the top heat loss coefficient from the collector to the
ambient air is

Utop = 1
R1 + R2

(23)

The energy loss from the bottom of the collector represents the
resistance, R3 and R4, as shown in Figure 3b. R3 represents the
thermal resistance to heat flow by conduction through the insula-
tion material and R4 represents the thermal resistance of the con-
vection and radiation from the thermal insulation to the ambient
air, as shown by the following equations:

R3 = L
Kins

(24)

where L is the thickness of wooden insulation (0.03 m) and Kins
is the thermal conductivity of the insulation (W/m.K).

R4 = L
hC,b−a + hr,b−sky

(25)

where hc, b−a is the convection heat transfer coefficient (W/m2/K)
to the environment is expressed as [26]:

hC, b−a = 2.8 + 3 ∗ Va (26)

where Va is the wind velocity (m/s).
hr, b−sky is the heat transfer coefficient by radiation can be

written as

hr, b−sky = σ ∗ εb ∗
(

T2
b + T2

sky

) (
Tb + Tsky

)
(27)

εb is the emittance of the bottom.

Figure 4. The absorbed plate and tube dimension [24].

Therefore, the total bottom loss coefficient from the collector
to the ambient air is

Ubottom = 1
R3 + R4

(28)

Edge losses are calculated by assuming 1D lateral heat flux around
the perimeter of the collector. Losses should be indicated by the
edge to the collector area. If the edge loss modulus area product
is the (UA)edge, so the edge loss coefficient, based on the collector
surface area As.c is

Uedge = (UA)edge

As.c
(29)

So, the coefficient of overall thermal loss of UL is given by the
following equation:

UL = Utop + Ubottom + Uedge (30)

Figure 4 shows the absorber plate and tube formation. The fin
efficiency of the straight fins F is expressed as follows [24]:

F =
tanh

[
m

(
w−Do

2

]
m

(
w−Do

2

) (31)

where m =
√

UL
K∗δ

(32).The absorber plate in study has a
thickness δ = 1 mm, k the absorbed plate thermal conductivity
(W/m.K) and temperature gradient through the absorbed plate
is negligible. The tube is made of copper that is attached to the
absorber plate by fixing clamps. The clamps conductance Cc was
supposed to have a very large value; therefore, (1/Cc = 0). The hfi
is the coefficient of heat transfer between the water and the tube
wall. The water flow inside the tube is laminar because Red =
202.5 [24]. Therefore, hfi can be calculated as follows [27]:

Nud = hfi ∗ Di

K
= 4.36 (33)

S = IT ∗ (τα) (34)
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where S is incident total solar energy (W/m2), (τ .α) = trans-
mittance–absorption product and IT is the total solar radiation
(W/m2).

3.2 Hourly solar radiation
Hourly solar radiation intensity records are available for hori-
zontal surfaces for many locations in the world. However, the
solar radiation intensity records on inclined surfaces are generally
not available. The first step to calculating the intensity of solar
radiation at an inclined surface is to break down the horizontal
solar radiation results of the beam rays and the diffuse rays. This
is accomplished using the correlation by Tarik et al. [28], which
relates (Id/I) with the clearness index kT. The correlation is

Id

I
=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1 − 0.09 ∗ KT KT ≤ 0.22
0.9511 − 0.16 ∗ KT + 4.388 ∗ (KT)2−
16.638 ∗ (KT)3 + 2.336 ∗ (KT)4 0.22 < KT ≤ 0.8

0.165 KT > 0.8

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(35)

where Id is the diffuse radiation, I is the incoming solar radiation
on the horizontal surface and the value kT is taken [29, 30] and
where

KT = I
Iex

(36)

and Iex is extraterrestrial radiation at the horizontal surface for an
hour, Iex in joule per square meter can be calculated by [24] as

Iex = 12 ∗ 3600
π

∗ Gsco ∗
[

1 + 0.033 cos
(

360 ∗ n
365

)]

∗
[

cosϕ ∗ cosδ ∗(sinω2−sinω1)+ 2π (ω2−ω1)

360
∗ sinϕsinδ

]
(37)

However, the difference in distance between the earth and the
sun changes the flow of radiation outside the Earth by about
±0.033.

Gsco = Gsc
(
1.00110 + 0.034221cosB + 0.001280sinB

+ 0.000719 cos 2B + 0.000077 sin 2B
)

(38)

where Gsco is the intensity of extraterrestrial radiation at the
natural level of radiation per day nth of the year, and B is
given by

B = (n − 1)
360
365

(39)

where Gsc is the solar constant (1367 W/m2), δ declination
(radian), n represents the day of the year, ϕ is the latitude angular
(56.84◦N), ω2 is the hourly angle at the end hour and ω1 is the

hourly angle at the beginning hour:

ω1 = 15 (i − 12) (40)

ω2 = ω1 + 15 (41)

where i is the hour of the day (i = 1. . . . , 24). An approximate
value for the sun’s declination is calculated as follows [31]:

δ = 23.45 ∗ sin
(

360 (284 + n)

365

)
(42)

The diffuse component (Id) can be estimated from Erb’s corre-
lation, then the beam component (IB) can be calculated by

IB = I − Id (43)

The next step is to calculate the solar radiation per hour on the
inclined surface IT as follows [32]:

IT = R ∗ I (44)

where (R) is the ratio between the solar radiation on an inclined
surface to the solar radiation on a horizontal surface. The sunray
has three components: the beam, the diffuse through the sky
and the diffuse on the ground surfaces—reflected rays. Assuming
diffuse radiation to be isotropic, i.e. uniformly distributed over the
skydome, R can be expressed by [24]:

R =
(

1 − Id

I

)
∗ RB + Id

I
∗ (1 + cosβ)

2
+ ρg + (1 + cosβ)

2
(45)

where β is the surface tilt angle

RB = cosθ
cosθz

(46)

where

cosθ = cosδ ∗ cos (ϕ − β) ∗ cosω + sinδ ∗ sin (ϕ − β) (47)

cosθz = cosδ ∗ cosϕ ∗ cosω + sinδ ∗ sinϕ (48)

where θ it is the angle of the zenith of the sun’s position concern-
ing the north–south axis.

3.3 Initial and boundary conditions
To start up the analysis with a mathematical model of solar water
collector required the initial boundary conditions for the various
parameters, such as the water temperature at the entrance to the
solar collector (Tw,sci), the glass cover (Tg), the ambient air (Ta)
and the wind velocity (Va). Knowing the number of days (n),
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Figure 5. The hourly change in solar radiation intensity for theoretical model
and experimental results of the typical days: 19 June, 17 July, 22 August and 15
September of 2019.

weather conditions, geometry, angle of collector tilt (β), opera-
tional data, initial conditions, the ambient air temperature (Ta)
and the wind velocity (Va).

4 RESULTS AND DISCUSSION
The theoretical model was validated using the corresponding
experimental recorded results obtained during this study. The
experimental defined design, operation and metrological param-
eters were used for the theoretical simulation. The study results
illustrated the comparison of theoretical and experimental solar
radiation intensity on solar water collectors which inclined 35

◦
,

the water temperature at the inlet and outlet of the solar col-
lector, useful energy and thermal efficiency. The results of the
proposed theoretical model in the current study showed good
agreement with the data and results of the experimental work with
a discrepancy of 4.7%. These deviations between experimental
and theoretical results may result because the weather conditions,
in the theoretical model, were considered constant. Also, these
results showed consistency with standard parameters curves in
other literature such as thermal efficiency. So, the proposed math-
ematical program proved reliable in understanding the thermal
behavior of the flat plate SWH.

From the obtained results, it is found that all investigated
parameters of the solar collector for four months were dependent
on weather conditions; thus, the highest values were in July and
the lowest is in October. The intensity of solar radiation is one
of the most important weather parameters affecting the thermal
performance of a solar collector. Figure 5 shows the hourly solar
radiation intensity for experimental results and theoretical model,
and four typical days were selected (19 June, 17 July, 22 August and

15 September) of 2019; all tests started at 8:00 am and ended at
8:00 pm. The values of the solar radiation intensity differed during
the days of the test. The intensity of solar radiation increased after
8:00 am, and the highest value was recorded between 12:00 nn and
1:00 pm, to record 957, 1022, 840 and 723 W/m2 for experimental
results, and about 840, 946, 796 and 677 W/m2 for the theoretical
model of the typical 4 days (19 June, 17 July, 22 August and 15
September) of 2019. After midday, the solar radiation decreases
to the lowest value at 8:00 pm.

Figure 6a and b shows the hourly variation of water tempera-
tures at the inlet and outlet of the solar water collector for the
four typical days (19 June, 17 July, 22 August and 15 September)
of 2019. These temperatures are directly affected by the weather
conditions, especially the intensity of solar radiation and ambient
air temperature. As the intensity of solar radiation increased, the
water temperature at the inlet and outlet of the solar collector
increased. Therefore, at 2:00 pm, the temperature of the inlet
water was recorded around 57.2 and 64.4◦C experimentally and
60◦C and 66.8◦C theoretically on 19 June and 17 July 2019.
While recorded on 22 August and 15 September of 2019, about
52.4◦C and 49◦C experimentally, 52.9◦C and 49.2◦C theoretically
at 1:00 pm. Then the temperature of the water entering the collec-
tor decreases with the decrease in solar radiation after 2:00 pm, as
shown in Figure 6a.

The same phenomenon was observed for the water tempera-
ture at the outlet of the solar collector, which was ∼62.8◦C and
71◦Cfor the experimental results and 63.5◦C and 71.38◦Cfor the
theoretical model on 19 June and 17 July of 2019 at 2:00 pm.
While recorded on 22 August and 15 September of 2019, ∼57.4◦C
and 53.2◦C for experimental results, 57◦C and 52.2◦C for the
theoretical model at 1:00 pm, respectively. After 2:00 pm, the solar
radiation intensity begins to decrease. Then the temperature of
the water leaving the collector decreases with decreasing solar
radiation after 2:00 pm, as shown in Figure 6b.

Figure 7 shows the hourly variation of the useful energy gained
from a solar water collector for the four typical days. From this
figure, it is evident that at its highest solar radiation intensity
around midday, the maximum value of the useful energy gained
was recorded. Therefore, in the morning and after 2:00 pm, the
solar radiation intensity values were relatively low; hence, the
useful energy was relatively low. The highest values of useful
energy gained were recorded on 17 July, which was 669.4 and
562.6 W for experimental results and theoretical model, respec-
tively. However, lower thermal energy was gained on 19 June by
527.9 and 444.2 W, on 22 August by 418.2 and 365.9 W and on
15 September by 356.3 and 272.7 W for experimental results and
theoretical model, respectively. This difference is due to the higher
intensity of solar radiation on 17 July of 2019, compared with
other months, and the greater difference in water temperatures
between the inlet and outlet of the solar collector. Therefore, the
useful energy gained on 17 July was greater than on other months.

Figure 8 shows the variance in the hourly thermal efficiency of
a solar water collector. The hourly thermal efficiency of the flat
plate solar water collector for all month’s ranges between 33%
and 66%, and the highest thermal efficiency recorded was on 17

536 International Journal of Low-Carbon Technologies 2022, 17, 528–539

D
ow

nloaded from
 https://academ

ic.oup.com
/ijlct/article/doi/10.1093/ijlct/ctac032/6570691 by U

ral Federal U
niversity - B.N

.Yeltsin user on 18 O
ctober 2022



Assessment of the performance of SWH

Figure 6. The hourly change in water temperature for theoretical model and
experimental results of the typical days: 19 June, 17 July, 22 August and 15
September of 2019; (a) at the inlet of the water collector; (b) at the outlet of the
water collector.

July 2019, due to the higher solar radiation intensity and useful
energy gained on 17 July of 2019 compared with the other three
typical days.

Table 2 listed the thermal efficiency of solar water collectors
with a different design for previous studies in different climatic
conditions. Good agreement has been obtained with the current
solar water collector in terms of thermal efficiency in climatic
conditions in Yekaterinburg, Russia, this means that the pro-

Figure 7. Hourly variation in useful energy for theoretical model and experi-
mental results for the four typical days.

Figure 8. Variation in thermal efficiency for theoretical model and experimental
results for the four typical days.

posed mathematical program proved reliable in understanding
the thermal behavior of the flat plate SWH.

5 CONCLUSION
In the current work, a theoretical and experimental investigation
was conducted to evaluate the thermal performance of the flat
plate SWH. Four months from June to September of 2019, and
four typical days have been chosen in this study: 19 June, 17
July, 22 August and 15 September 2019, in climatic conditions
in Yekaterinburg, Russia, and the following conclusion have been
concluded.
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Table 2. Comparison of thermal efficiency of a current solar collector with previous studies.

The studies Type of study Type solar water collector, (m2) Flow rate, L/min Thermal efficiency, %

[33], Iraq Experimental Flat plate collector surface lies a coiled
tube, (1.4 m2)

5.3 − 6.51 40% to 60%

[34], Malaysia Theoretical and
experimental

Flat plate solar heater using a monolayer
graphene nanofluids, (1 m2)

1.5 76.13% to 79.2%

[35],
Iraq

Theoretical and
experimental

Flat plate solar water collector, (1m2) 0.03 82%

The current
study, Russia

Theoretical and
experimental

Flat plate SWH type with 30 copper
tubes (0.99m2)

1.2 41% to 66% (experimental)
42% to 67% (theoretical)

1. There is a simultaneous increase in the water temperature
and the intensity of solar radiation. During the four typical
days, the highest water temperatures of the solar collector
were recorded in midday by ∼57.2◦C, 64.4◦C, 52.4◦C and
49◦C at the inlet, and 62.8◦C, 71◦C, 57.4◦C and 53.2◦C at
the outlet, while the solar radiation intensity recorded by
about 957, 1022, 840 and 723 W/m2 19 June, 17 July, 22
August and 15 September 2019, respectively.

2. The highest rate of useful energy for the 4 months has
been recorded at midday with the highest intensity of solar
radiation. After 2:00 pm, the inlet and outlet water tem-
peratures decreased due to the decrease in solar radia-
tion intensity and thus the rate of useful energy gained
decreased.

3. The highest values of useful energy gained were recorded
on 17 July, which was 669.4 and 562.6 W for experimental
results and theoretical model, respectively. However, lower
thermal energy was gained on 19 June by 527.9 and 444.2 W,
on 22 August by 418.2 and 365.9 W and on 15 September by
356.3 and 272.7 W for experimental results and theoretical
model, respectively.

4. The thermal efficiency for four months ranged between 33%
and 66%, and the highest was obtained on 17 July 2019, in
which the higher solar radiation intensity was recorded.

5. The theoretical model results showed good agreement with
the experimental work data. The same trend shows the
average 4.7% deviation adopted for measurement in the
experimental data and standard parameters curves in other
literature such as thermal efficiency. So, the proposed math-
ematical program proved reliable in understanding the ther-
mal behavior of the flat plate SWH.
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