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This paper presents the thermal performance of solar flat plate collector considering various
ambient, weather and design conditions of the site under review (Benin City, Edo State) which
are 27 °C, rainy and dry season, 6.54380 as the latitude respectively. Thermodynamic analysis
was carried out considering the ambient and boundary conditions. The result shows that the
outlet water temperatures were dependent on the weather condition (solar radiation intensity,
cloud cover) with outlet water temperature of 61° C and 328.36W as Energy gained of the
collector obtained. This shows that the use of this flat plate solar collector will be viable for
domestic heating application.
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1. Introduction expression for determination of the global horizontal

solar radiation intensity in nth hours of the day. Bena and

The environmental issues and the restrictions on the
usage of fossil fuels around the world have made the use
of renewable energy sources necessary. Some of the more
popular renewable energy sources are solar, wind, hydro,
biofuels, and geothermal. This study focuses on solar
renewable energy.

An attractive aspect of solar energy is that it can be used
to power small applications. It is cheaper to use solar on
a large scale, but it is still very easy to implement on a
small scale. There are many advantages of solar energy
utilization, thereby leading to a substantial development
in this energy sector [3], some of the advantages are the
supply of clean energy without polluting the environment
and an ability to replenish itself after use. On the earth,
surface solar radiation is only effectively available in
hours of clear sky weather. Nielsen [9] gave an

Fuller [1], Sharma et al [11] and Iloeje [5] indicated that
solar energy trapped by solar dryers is now commonly
used globally in drying and preservation of agricultural
products.

Solar radiation passes through a transparent cover and
impinges on the blackened absorber surface of high
absorptivity, a large portion of this energy is absorbed by
the plate and then transferred to the transport medium in
the fluid tubes to be carried away for storage or use. The
underside of the absorber plate and the side of casing are
well insulated to reduce conduction losses. The liquid
tubes can be welded to the absorbing plate, or they can be
an integral part of the plate. The liquid tubes are
connected at both ends by large diameter header tubes [7].
The transparent cover (glazing) is used to reduce
convection losses from the absorber plate through the
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restraint of the stagnant air layer between the absorber
plate and the glass. It also reduces radiation losses from
the collector as the glass is transparent to the short-wave
radiation received by the sun but it is nearly opaque to
long-wave thermal radiation emitted by the absorber plate
(greenhouse effect). The glazing with low iron content
has a relatively high transmittance for solar radiation 11
(approximately 0.85-0.90 at normal incidence) but its
transmittance is essentially zero for the long wave
thermal radiation (5.0-50 mm) emitted by sun-heated
surfaces [6]. Duffie and Beckman [2] present
thermodynamic modelling of different types of solar
collectors and particular of flat plate collectors, and also
cases studied in some papers dedicated to flat plate

2. Material and Methods

The following initial conditions were obtained as
considerations for the collector system.

1. Steady state system.

ii. 26.1 °C daily average water inlet temperature (Relates
to ambient temperature gotten from National Centre for
Energy and Environment (NCEE), University of Benin,
Edo State Nigeria).

iii. Active heating time of the water is estimated to be
about 6 hours, within which the sun is actively present.
Though daily peak temperature may vary with time.

iv. 100—°C absorber plate temperature.

v. Average daily solar radiation I=1017.695W/m? from
NCEE, University of Benin.

vi. Specific heating capacity of water Cp=4190]/kgK.
vii. 10° angle of tilt.

viii. 300 litres capacity water tank is used to supply water

Flat plate
Collector

Discharge tank

collectors. Kalogirou [7] presented a useful review on
solar thermal collectors, their applications and range data.
Flat plate collectors are categorized as stationary
collectors, having unity concentration ratio and
temperature range use for standard collectors between 30-
80°C. Raja Sekhar et.al [10] presented a method and
experimental setup to calculate the top loss coefficient of
water FPC. Values between 2.5 and 7 W/K/m2 are
reported for different absorber plate temperatures and
plate emissivity. A theoretical and computational method
was adopted in this study to investigate the
thermodynamic performance of a solar flat plate
collector, considering Benin City, Edo State as the site
location.

to the solar collector. The tank is placed at 0.5m height
from the collector inlet thus creating necessary pressure
head for circulation of water in the system.

ix. The surface azimuth angle is Oo (the collector is facing
the south).

x. The solar parameters are calculated with the sun one
hour after noon i.e. 150.

To design a solar flat plate collector, the area has to be
determined considering the temperature of fluid (water)
expected and the expected solar radiation of the location.
The heat requirement is a function of the mass flow rate
and the time of heating. Figure 1 shows an isometric view
of the flat plate solar collector tilted at 10 °C and has a
water supply tank and a water discharge tank. Table 1
shows the design dimensions for the solar thermal system.

Water supply
tank

Figure 1. Isometric view of the flat plate solar collector
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Table 1. Materials and dimensions for design

S/N COMPONENTS MATERIALS DIMENSIONS
1 Casing Wood 0.84m x 0.79m x 0.08m
2 Insulation Fiber (Polyurethane) 0.80m x 0.75m % 0.004m
3 Absorber plate Aluminium painted black 0.80m x 0.75m
4 Flow tube Copper 0.012m in diameter
5 Glazing cover Transparent glass 0.80m x 0.75m % 0.005m
6 Water supply tank Plastic 300 liters
7 Hot water collecting tank Plastic 20 liters
8 Pipe Plastic hose h=1m, d=0.008mm

A volume of 300 litres is to be heated in six hours, therefore the volume flow rate is

14

V=
t

Where V = volume, t = heating time.

_ 03
6X3600

1389 x 10~m3/s

Mass flow rate is given by:

m=V X p

Where V = volume flow rate, p = density of water.

(1)

)

Mass flow rate = 1000 x 1.389 x 10> = 0.01389kg/s, which is approximately 0.014kg/s.

Area of collector is given by:

Ch=nXxXWxI

Where, n = number of turns.

W = distance between segments.

[ = length of segments.

Cy =9%0.1x%x0.7=0.63m?

The thermodynamic analysis of the collector system
consists of the accurate estimation of the heat gained and
the heat loss within the system. The overall heat losses in
the collector is represented by U;, in order to properly
estimate heat losses in the solar flat plate collector heat

©)

gained by the collector ought to be known. “Referring to
equation 9, it can be seen that the heat gained cannot be
properly estimated without first getting the overall heat
losses of the solar flat plate collector”.
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Qu = AEEEE}E- Ul. ET::rm. - TJ

The overall heat losses in the collector is given by
U,=Up+Ug+ Ug

Where

UL = Overall Heat Transfer Coefficient

Ut = The top loss Heat Coefficient

Ug = The bottom loss Heat Coefficient

Ug = The edge loss Heat Coefficient

A. Top loss coefficient (Ur)

The top loss coefficient is the losses that take place at the
top of the flat plate solar collector and it is always
between the glass cover of the flat plate solar collector
and the environment. It is necessary to account for this
type of losses so as to effectively know the amount of heat
energy left.

-1

U = L i + 0-(Tpm"'Ta)(Tme‘|‘Taz)
T\ ¢ |Tpm-Ta)|® ' hy 1 L 2NHTroassey
Tpml (N+f) €p+0.00591Nhy ' gg

Where

f= (1 + 0.08%h,— 0.1166hyg;) (1 + 0.07866N)
f = focal distance.

h,,= wind heat transfer (W/m? °C)

£,= (0.95) emittance of plate.

N = (1) number of glass covers.
C=520(1 — 0.000051pB2)

Where

C = collector factor.

B = (109) tilt angle of collector.

h, =28+ 3.0V

Where

V = wind speed.

e=0.430(1 = 100/Ty,)

€ = emissive power.

&,= emittance of glass (0.88)
T.=(299.1K) ambient temperature (K)
Tym= (373K) mean plate temperature (K)

The wind heat transfer is calculated from maximum wind
Speed at Benin City which is Smiles/hr. (Relates to wind
heat transfer coefficient gotten from National Centre for

B. Bottom loss coefficient (Us)

The bottom loss coefficient is the losses that occurs at the
bottom of the flat plate solar collector. It is usually
between the bottom of the absorber and the bottom cover

of the collector. This form of estimation is necessary to

“4)

)

The Top loss can be calculated using the heat transfer
coefficients, but this method cannot be calculated
numerically on a computer, a numerical method was
devised by Goswami, [4]. For inclined or sloped
collectors, the top loss heat coefficient according to (3) is
given by

(6)

Q)

®)

®

(10)

Energy and Environment (NCEE), University of Benin,
Edo State, Nigeria, 2017).
h,, = 2.8 + 3.0 X 2.235 = 9.505W/m?C

be able to account for heat loss and it helps to improve on
the design of the flat plate solar collector.
Bottom loss coefficient is given by the following relation:

10
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k
Up ="

Where k is thermal Conductivity (Urethane) =0.028
And L = thickness of urethane layer =30mm =0.03

C. Edge loss coefficient (Ue)

This form of heat loss occurs at the edges and corners of
the flat plate solar collector, although this type of heat loss
is minimal. It helps us to known how effective the
collector system is and how best to reduce this form of
losses.

LS XP xC¢

L
U, ==
e Ca

Where

k = thermal conductivity of insulation (polyurethane) =0.028

L.~=Thickness of edge insulation =0.02
P = Perimeter of collector = 2(0.82 +0.77) =3.18m
C; = Thickness of Collector = 0.08m

Ca = Collector Area = 0.82 x0.77 =0.6314m? (Gross area).

Therefore

U,=Upr+Ug+ U,

The useful energy is given by:

Qu= Ac(Gb,t - UL(Tpm - T,)

where, A, = Area of collector.

G, = radiation on a tiled surface.
U, = heat transfer coef ficient.

Tom = absorber plate temperature.

T, = ambient temperature.
Tube Spacing from design is S0mm
Tube Diameter (Inside) is 10mm
Plate Thickness = lmm

Plate Thermal Conductivity (Aluminium) is 235 W/m?°C (1)

Heat transfer coefficient inside Tubes = 300W/m? °C

D. Bond Conductance

The bond conductance consists of bond conductivity,

bond width and bond thickness. It is one of the major
Kpb

Cp = 2 (14)

Where

K, is the bond conductivity =386 W/m?°C
b= bond Width = 12mm =0.012m

vy = Bond Thickness =100m =0.1

The standard Fin efficiency F is given by

(11)

Edge loss coefficient can be estimated using the
following relations:

(12)

(13)

parameters used for accurately estimating the flat plate
solar collector performance.
The bond conductance Cyis given by

11
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tanh[m(W-D)/2

= (15)
Where
W = Distance between two concentric tubes =100mm = 0.1m
D = Tube Diameter (External) = 12mm=0.012m

U

m = k—(’; (16)
Where
k = plate thermal conductivity =235W/m?°C

6 = Plate thickness = Imm= 0.001m

Fg = FyFyFs | — 24— 1 (17)

1-Fp2
Fg exp|— F3 +Fsg

Where, Fr= heat removal factor.

mCp

For A serpentine Tube conductor, first we check if oA 1.0
1YLAc

The collector has a mass flow rate of 0.014kg/s.
And F, is given by

_k  KR(1+y)?2-1-y-xR

17 ULW [KR(1+y)-1]2—(kR)? (18)

_ 1
Fz = KR(1+y)2-1-y-xR (19)

_ _mCp
Fs = F1ULA. (20)

1-F,2\ /2
Fu = (5r) @
Fe=—+F,—1 (22)
F
Fo=1-—+F, 23)
F3
k§U)Y/?
K= (k8UL) - (24)
sinh[(W-D)("L/) "]
1
U\ /2| DU
Y = —2cosh [(w -D) () ] -2 (25)
1 1

R= & + - (26)
Length of one serpentine segment (L) 0.7m
Distance between tubes (W) 0.1 m
Number of segments (N) 5
Plate thickness () 1 mm
Tube outside diameter (D) 12 mm
Tube inside diameter (D;) 10 mm
Plate thermal conductivity (k) 235 W/m °C
Overall loss coefficient (UL) 7.82 W/m2 -C
Fluid mass flow rate (m) 0.014 kg/s
Fluid specific heat (C,) 4190 J/kg -C
Fluid-to-tube heat transfer coefficient (hg) 1000 W/m2 C
Bond conductance (Cy) 46.32W/m?°C
Therefore the collector flow factor
Fp =& 27)

_F1

12
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Therefore =Q, X Fg (28)

Heat content of the fluid and efficiency of the collector
system

The heat content of the fluid comprises the temperature
of the water, temperature of the absorber plate and the
quantity of heat generated by the flat plate solar collector.

Tfo_Ta_S/UL _ ULACF;
Tfi—Ta‘S/UL = exp (_ mCp ) (29)
B. Efficiency

This is the efficiency of the solar flat plate collector
considering the area of the collector, the solar radiation
and the heat energy gained.

n = - (30)

C. The
Product
The average absorptance-emittance product is the amount
of energy that is gotten considering the fouling factor.
Qu = mCp(T, = T) 3
Qu = AFR[Gr(ta)ay — UL (Ty — Ty)] (32)

Average Absorptance-Emittance

D. Maximum Plate and Fluid Temperature
Equilibrium temperatures (sometimes called stagnation
temperatures), encountered under conditions of high
radiation with no fluid flowing through the collector, are
substantially ~ higher  than  ordinary  operating
temperatures, and collectors must be designed to
withstand these temperatures. It is inevitable that at some
point control problems, servicing, summer shutdown, or
other causes will lead to no-flow conditions. The fluid
and plate temperatures are the same for the no-flow
condition. The equilibrium temperatures of other parts of

S
Thax = Ta + UL (33)
Where, T, = (26.1°C ) Ambient temperature.

s =(1099.11W/m?) solar radiation.
U, = 7.82W/m?°C Overall heat loss.

A. The Outlet Fluid Temperature

This is the temperature of water that leaves the flat plate
solar collector after absorbing heat energy from the sun,
it is necessary to estimate it properly for collector
performance purpose.

The outlet fluid Temperature is given by

the collector can be estimated from the ratios of thermal
resistances between those parts and ambient to that of the
plate to ambient. These maximum equilibrium
temperatures place constraints on the materials, which
must retain their important properties during and after
exposure to these temperatures, and on mechanical design
to accommodate thermal expansion. The maximum
equilibrium temperature, is a function of the ambient
temperature and the incident solar radiation.

3. Result and Discussion

The thermodynamic analysis was carried out considering
the heat gained in the flat plate solar collector, heat losses
in the collector, bond conductance, flow removal factor,
collector flow factor, average emittance product and the
maximum fluid and plate temperature respectively. As
shown in table 2.

13
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Table 2. Results from thermodynamic analysis

Properties Value
Top loss coefficient 6.33W/m? °C
Bottom loss coefficient 0.933W/m? °C
Edge loss coefficient 0.560W/m? °C
Heat gained 328.36W
Overall heat loss 7.82W/m? °C
Outlet fluid temperature 61 °C
Maximum plate and fluid temperature 166.65°C
Collector flow factor 0.271
Efficiency 0.474

Table 2 presents the results that were obtained after the
thermodynamic analysis of the flat plate collector system
was carried out. The top loss was found to be 6.33W/m?
OC, this occurred between the glass cover and
environment. Heat gained of 328.36W was estimated, this
amount of power generated is considerably high
considering the area that was used for the research. The
outlet temperature gotten was about 61 °C, this can be
used for domestic and some industrial use.

The maximum plate and fluid temperature was estimated
to be 166.65 ©C, this is the temperature the absorber plate
and the water within the collector tube will get to (this is
also known as the limit). An efficiency of 47.4 % was
achieved, this is reasonably high considering the size of
the flat plate solar collector.

4. Conclusion

Thermodynamic analysis was carried out on the flat plate
solar collector in order to determine the behavior and
performance of the collector system. The outlet
temperature obtained was high considering the collector
area that was used, the efficiency (47.4%) and energy
gained (328.36W) help to show that the solar flat plate
collector can be used for domestic and some industrial
applications respectively.
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