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Study of rate of heat transfer in a flat-plate solar collector is the main subject of this
paper. Measurements of collector and working fluid temperatures were carried out
for one year covering the harmattan and rainy seasons in Port Harcourt, Nigeria,
which is situated at the latitude of 4.858° N and longitude of 8.372° E. Energy bal-
ance equations for heat exchanger were employed to develop a mathematical model
which relates the working fluid temperature with the vital collector geometric and
physical design parameters. The exit fluid temperature was used to compute the
rate of heat transfer to the working fluid and the efficiency of the transfer. The opti-
mum fluid temperatures obtained for the harmattan, rainy and yearly (or com-
bined) seasons were: 317.4, 314.9, and 316.2 K, respectively. The corresponding
insolation utilized were: 83.23, 76.61, and 79.92 W/m’, respectively, with the corre-
sponding mean collector efficiency of 0.190, 0.205, and 0.197, respectively. The
working fluid flow rate, the collector length and the range of time that gave rise to
maximum results were: 0.0093 kg/s, 2.0 m and 12:00-13:00 hour, respectively.
There was good agreement between the computed and the measured working fluid
temperatures. The results obtained are useful for the optimal design of the solar
collector and its operations.

Key words: heat transfer, insolation, efficiency, low latitude, flat-plate solar
collector, working fluid

Introduction

Solar energy absorbed by the solar collector could be used for several applications:
heating and ventilation, drying operations, refrigeration, efc. [1]. In any form it is used, the heat
has to be transferred from the absorbing device to utility device via the working fluid, which
could be air or other working fluids [2]. The effectiveness of heat transfer could be measured by
the thermal efficiency, which is a function of several parameters: the flow rate of the working
fluid, the geometry of the collector, the optimum tilt angle, working fluid temperature, insola-
tion utilizable, the overall heat transfer coefficient, the absorber plate temperature, and the am-
bient conditions [3].

Quantitative evaluation of the insolation utilizable from the collector to the dryer is
necessary in order to determine the throughput of material to be dried from initial to final mois-
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ture content [4, 5]. In developing a model for the fluid temperature, the solar collector could be
treated as a parallel flow heat exchanger with the collector plate temperature equivalent to that
of hot fluid temperature. The mathematical model is based on the heat balance and heat transfer
equations of the working fluid and of the collector, respectively [6]. This temperature will be
used to determine the insolation utilized and the efficiency of the transfer.

Heat transfer either by conduction, convection or radiation is usually associated with
resistance to the heat flux. The resistance to heat transfer is inversely proportional to the overall
transfer coefficient, and a good heat transfer process must experience minimal resistance [7].

The flow rate of working fluid within the range of 0.0011-0.022 kg/s maximizes the
heat transferred to the working fluid because of appreciable residence time of the working fluid
in the collector [1, 8]. Increasing the surface area for the heat transfer increases the quantity of
heat transferred to the working fluid [9]. The thermal efficiency of the thermal equipment (the
flat-plate solar collector) ranges from 0.10-0.40 [ 10, 11] and it depends significantly on the con-
vective heat transfer coefficient [12]. The thermal properties (the specific heat capacity and
thermal conductivity) of the working fluid influence the ease of heat transfer. The length of the
solar collector determines the residence time of the working fluid in the solar collector [1, 11,
13]. More heat is likely to be available between 12:00 and 13:00 hour, since maximum insola-
tion lies within this interval; similarly, more insolation is obtained in the clear days (harmattan
season) than in the cloudy days (rainy season) [14]. The inlet conditions of the working fluid in-
fluence the quantity of heat transferable and the optimum tilt angle enhances the amount of heat
absorbable and transferable [1]. The latitude of a location partly determines the amount of heat
absorbable and transferable [15, 16].

The critical parameters, which determine the amount of heat transferable, may limit
the amount of solar heat transferred if not properly determined. These critical parameters are
built into the mathematical model which describes the rate of heat transfer in the solar collector.
Thus, this paper is concerned with developing a mathematical model, which can be used to pre-
dict the working fluid temperature, the rate of heat transfer to the working fluid and the effi-
ciency of its transfer in a flat-plate solar collector.

The governing equations

The rate of heat transfer in the flat-plate solar collector is modelled base on the as-
sumption that heat transfer in the thermal equipment could be treated as a parallel flow heat
exchanger with uniform collector plate temperature equivalent to that of the hot fluid. The rate
of heat transfer, 0, [W] is given in [9] as:

O, =U 4 At =m,c, At (1)

ap,a

The rate of heat transfer per unit area of the collector, ¢, [Wm] is given as:

. _0
=xu 2
9u 4 @
where the logarithmic mean temperature difference is:
At = Anp — AL 3)
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Aty =t,—t, Aty =t —t,, and At =1, — t; Uy [WmK™], 4, [m?], ¢ [°C], ¢, [kIkg'K™'] and
[kgs™'] are overall heat transfer coefficient, heat transfer area, temperature, and the specific heat
capacity working fluid, and flow rate of the working fluid, respectively; the subscripts a, ¢, i, 0,
s, and u designate the working fluid (air), collector, inlet, outlet, absorber surface (or plate), and
quantity utilized, respectively.

Rearranging eq. (1) gives:

ULAc =In L — 1, =—In (ts _to)+(to _ti)

. “
myCpa L~ I, — 1,
Taking exponent of eq. (4) gives
exp| — (_]LAc =1+ fo 71 &)
ma C p,a tS - tl
Further rearrangement of eq. (5) gives the expression for the exit fluid temperature, ¢,
[K]
tozti+(ts_ti)l_ex _M (6)
m, cp,a
where

AC = leC (7)

w, [m], I, [m] and g, [Wm™] are the collector width, length and the insolation reaching the ab-
sorber plate, respectively.
Substituting eq. (7) into eq. (6) for w, = 1.0 gives:

L ®
m,Cpa
UL
where the parameters 1, [kgs™], and Uy [Wm2K"!] are evaluated as in [2].
For maximum heat removal from the absorber surface (or plate), the flow factor, 7' [-]

is defined as: i
pr P _ s [\ AU o
F' AU F' My Cp

where F' [-] and F” [-] are the efficiency and heat removal factors, respectively.

t0=ti+(ts_ti)e -

As the number of heat-transfer units go to infinity (4 U F'/m,c,,, —> ), F" —> 1.
Thus
AU F'
iy~ 2L (10)
c
where b
U=U+0, (11)

and U, and U, are the bottom and top overall heat-transfer coefficients, respectively:

-1
U, = L ! 12)

hs—c + hr,s—c hc—sky + hr,c—sky

and
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Vo= 5, -Opm & 1 )
L + 542 v + ™ 4
heo Ky ke gy

where g, [Wm2K] and &, [Wm K] are the convective and radiative heat transfer coeffi-
cients between the absorber plate and the glass cover, respectively; 4 g, [Wm2K'] and b g siy
[Wm™2K"] are the convective and radiative heat transfer coefficients between the glass cover
and the sky, respectively; k, [Wm™K™'] and §, [m] are the thermal conductivity and the thick-
ness of the collector materials, respectively, as shown in fig. 1(b). The expressions for the heat
transfer coefficients are given as:

thy =5.7+ 3.8vying (14)
hr’c_sky =g, 0(T2 + Tsiy )T, + Tsky ) (15)
where the sky temperature, Ty, [K] is:
Tsky =0.0552T‘;‘1153J (16)
2 2
o= o(T2+T2)T, +T,) an
’ 1 1
—+—-1
85 gc
o =k (18)
Dy
F'= 1 19
1 + hr,s—cUt
hr,s—chl + hs—cUt + hs—chr,s—c + h‘l hs—c

where

-1
1 6 1
hlz[u__k_H_h J
t H c—sky

The equivalent hydraulic diameter of the cross-section of the collector, Dy [m] is:
D, = 264w,
Oy +w,

20)

where 6y is the distance between the cover and the absorber plate.
The Nusselt number, Nu, for air in [2] is given as:

Nu =[ 0069 -002-2" W/GrPr proo Q1)
90°

where Gr > 2-10° and 0° < ¢° < 90°; ¢° is the optimum tilt angle.
The Grashof, Gr, and Prandtl, Pr, numbers are defined as:
Gr = gBATD}
v}
_ cp,alua

Pr =2 (23)

22)

a
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The collector efficiency, i, [-], is given as:

N =2 (24)
45
where g, [Wm] is the insolation reaching the absorber plate.

Measurements

Drying equipment is made up of a flat-plate solar collector attached to a fixed-bed-dry-
ing chamber, fig. 1(a). The drying chamber is made up of two layers where the gains are placed.
The collector is fitted with five thermocouples (Brannan K25616:0-160 °C; SPIR.1203:0-100
°C) at distance 0.0, 1.0, and 2.0 [m] along the collector. Two Taylor digital thermometers with
humidity gauge (1422: 0-70 °C; 25-95 %) were used to measure the relative humidity at the inlet
and exit of the collector. Thermocouple (AK688: 0-50 °C ) and Oxford digital multimeter
(MY64) were used to measure the cover and plate temperatures, respectively. SILVS (0-360°)
compass was used to align the collector along the South Pole. Measurements were taken on
hourly basis starting from 9:00 to 16:00 hour for a period of one year. The measurements were
carried out at Choba Campus of the Universality of Port Harcourt, Nigeria, which is suited at lat-
itude of 4.858° N and longitude of 8.372° E.
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Figure 1. (a) Sketch of the flat-plate solar drying system, (b) cross-section of the collector
Results and discussion

The following input parameters were specified:

— The collector effective surface area, A, = 2.0 m?.

— The collector length, /., = 2.0 m.

— The collector width, w,= 1.0 m.

— The gravitational constant, g =9.81 m/s2,

— Stefan-Boltzmann constant, ¢ = 5.6697:10% W/m?K*.

— The optimum slopes, ¢ = 3.406°, 3.750°, and 3.571° for harmattan season, rainy season and
yearly positioning, respectively.

— Emissivity of the absorber plate, &, = 0.90 and that of the glass cover, 5, = 0.88.

— Seasonal and yearly temperatures: Ambient (Tyy,), inlet fluid (75 = Tony), cover glass (7),
absorber plate (7,) were tabulated in tab. 1.

— Seasonal and yearly wind speeds vy tabulated in tab. 1.
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— The values for the thickness of glass cover (§,), plate (§,), plywood (5,

tabulated in tab. 2.

, rockwool (6,,) are

— Thermal conductivitics of glass cover (&), plate (&), plywood (k,), rockwool (k) are

tabulated in tab. 2.

— The thermal properties of working fluid (air): the specific heat capacity (c,), thermal
conductivity (), viscosity (), and density (#) are tabulated in tab. 3 as function of the

working fluid temperature.
Table 1. Seasonal and yearly input data for temperatures and wind velocity
Harmattan season (November — April) |Rainy season (May — October) Yearly
Time | G| L | L | Y| B | T | T [ Vam | L | T T | Vo
K] | X | K] |[ms]| K | K] | K] | [ms] | K] | K] | [K] | [m/s]
9 296.9 | 308.8 | 320.7 | 1.02 | 2954 | 305.8 | 316.7 | 0.96 | 296.2 | 307.3 | 318.7 | 0.99
10 298.7 | 311.6 | 3274 | 1.08 | 297.1 | 309.7 | 322.9 | 1.01 | 297.9 | 310.7 | 325.1 | 1.04
11 299.1 | 313.3 | 332.3 | 1.15 | 297.7 | 312.8 | 328.6 | 1.07 | 2984 | 313.0 | 3304 | 1.11
12 301.6 | 318.0 | 336.2 | 1.19 | 299.8 | 315.7 | 333.3 | 1.10 | 300.7 | 316.8 | 334.8 | 1.15
13 303.2 | 318.8 | 3374 | 1.23 | 301.6 | 3169 | 3342 | 1.15 | 3024 | 317.9 | 3358 | 1.19
14 301.0 | 3174 (3325 | 1.12 | 299.3 | 3158 | 3296 | 1.04 | 300.1 | 316.6 | 331.0 | 108
15 300.0 | 3154 | 331.0 | 1.08 | 298.8 | 314.1 | 328.6 | 1.00 | 2994 | 314.7 | 329.8 | 1.04
16 299.0 | 313.7 | 325.1 | 1.02 | 298.2 | 312.6 | 324.8 | 0.94 | 298.6 | 313.1 | 324.9 | 0.98
Table 2. Solid material input data
Definition Glaszct):over Pé:;:e Ply(;:;od Rot(:l;kw\gool
Thickness, § [m] 0.004 0.001 0.0125 0.0175
Thermal conductivity, ¥ [W/mK] 0.761 204.26 0.140 0.042

The input data in tab. 1, the ambient, glass cover and absorber plate temperatures and
the wind speed were obtained by measurements. Table 2 contains input data, the dimension and
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Figure 2. Seasonal and yearly insolation on the
flat-plate solar collector

the thermal conductivity of the glass cover, ab-
sorber plate, plywood, and rockwool. Table 3
contains input data, the thermal properties of
the working fluid (air) obtained from literature
[17]. The discussion of the results will be based
on scasonal and yearly data. The measurement
periods were categorized into two: the
harmattan season (comprising the following
months: November, December, January, Febru-
ary, March, and April) and the rainy season
(comprising: May, June, July, August, Septem-
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ber, and October). The results in fig. 2 show that maximum insolation 0f 491.7,451.4, and 411.1
W/m? occurred at noon for harmattan, rainy and yearly (or combined) seasons, respectively.
Also, the solar radiation intensity for the computed harmattan result was greater than that of the
yearly computed result, which was greater than that of the rainy season result.

Table 3. Thermal properties of working fluid (air)

Property Symbol |  Units Equation

Specific heat capacity €y KJ/kgkK K =2é33<1 73: 21302%’,11‘; 2 ?%%‘:)20'1‘2’

Thermal conductivity k W/mK 23()k<= 1‘9 31120})?53292%13’930
Viscosity p Ns/m? 300 < }'S'i?.;f"[}‘aﬁ‘z"fi?éoo
Density P kg/m’ 205 ;2'2(2)(1)3[1%?’29 S o5

The difference in magnitude of the solar radiation absorbed could be attributed to the
sky conditions, which harmattan season has higher clearness index and higher relative sunshine
than the rainy season in Port Harcourt zone, which is suited at latitude of 4.858° N.

Figure 3 shows the variation of sea-
sonal and yearly fluid temperature at collector
length of 2.0 m. The results show that maxi-
mum fluid temperature of 317.4, 314.9, and
316.2 K for harmattan, rainy and yearly (or
combined) seasons, respectively, occurred
between 12:00 to 13.00 hour which corre-
spond to maximum insolation on the absorber
plate (fig. 2). Also, Figure 3 shows that the
magnitude of maximum insolation on the ab-
sorber plate for harmattan season was higher
than that of rain season, which was higher
than that of the combined seasons. This im-
plies that drying of high moisture grains will
be favoured in harmattan season than in the
rainy season.

Besides, fig. 3 shows that there was good
agreement between the measured and the
computed fluid temperatures, which justifies
that eq. (6) fairly predicts the fluid tempera-
ture along the solar collector.

Figure 4 shows the seasonal and yearly
variation of fluid temperature with respect to
flow rate for collector length of 2.0 m. The
flow rate of the working fluid flow rate ranges
from 0.0087 to 0.0097 kg/s was computed
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Figure 3. Seasonal and yearly fluid temperature
curve at the collector length of 2.0 m
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Figure 4. Seasonal and yearly effect of air flowrate
on the fluid temperature
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base on eq. (10). Besides, the results obtained were in agreement with the literature results [1, 8].
Maximum temperatures of 317.4, 314.9, and 316.2 K were attained at minimum fluid flow rate
of 0.0094, 0.0092, and 0.0092 kg/s for harmattan, rainy and combined seasons, respectively.
This is because the fluid had sufficient residence time in the solar collector than other flow rates
observed. Regulating the flow rate of the working fluid under the natural convection will be
onerous, requiring additional equipment and costs to be added to the solar collecting unit. How-
ever, more insolation will be transferred to the working fluid and its temperature raised above
the recorded temperature.
The flow rate of fluids in the solar collector defined by eq. (10), was influenced by the
overall heat transfer coefficient, efficiency fac-

.
(=]

T2 tor, and the specific heat capacity of the fluid
I which are all strong functions of the mean col-
¢ w0 /‘:/7/% lector plate and the ambient temperatures.

g o] / Akx Figure 5 shows the result of insolation uti-
= lized or transferred to the working fluid as a
g Y o Ry function of the time of the day and at collector
3% e . length of 2.0 m for harmattan, rainy, and com-
=% 5 10 11 2 1@ om ol 17 bined seasons, respectively. The results show

that maximum insolation utilized were 83.23,
Figure 5. Seasonal and yearly utilizable insolation ~ 76.61, and 79.92 W/m? for harmattan, rainy
at the collector length of 2.0 m and yearly (or combined) seasons, respec-

tively, occurred between 12:00 to 12.30 hour
which correspond to maximum absorbed insolation by the solar collector. Also, fig. 5 shows that
harmattan season has higher value of maximum insolation utilized compared to those of rainy
and combined seasons. This implies that more

- 0201 insolation was available in harmattan season
g% e e than in the rainy season.
g o020 /3‘1‘“-'& 3 Figure 6 shows the seasonal and yearly
2ois variation of collector efficiency with respect to
Eo10 o barmattan seasoan time and for the collector length of 2.0 m for
& . > P season harmattan, rainy, and combined seasons, re-
spectively. The results show that mean thermal
% s 10 1 12 43 S s 17 efficiency of 0.1900, 0.2051, and 0.1974 oc-
ime, f [hour]

curred between 12:00 to 12.30 hour for
Figure 6. Seasonal and yearly collector efficiency harmattan, rainy and combined seasons, re-
at the collector length of 2.0 m spectively. Also, fig. 6 shows that the collector
efficiency was low at the sunrise {9:00} and at
sunset (16:00) compared to hours of 10:00 to 15:00 hour because of high relative humidity of the
former and low relative humidity of the latter. Moreover, the thermal efficiency obtained is
within the range estimated in literatures [10, 11].
The information found in the figs. 1-6 arc usecful in design optimization of the
flat-plate solar collectors and for optimal operation of the solar collector.

Conclusions

Mathematical model for determining the temperature of the working fluid, the amount
of insolation transferred from the absorber plate to the working fluid, the collector efficiency of
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a flat-plate solar collector has been developed. There was good agreement between the com-
puted and the measured fluid temperatures along the length of the flat-plate solar collector.
Maximum insolation utilized was attained between 12:00 to 13:00 hour and at collector length
of 2.0 m. Also, a flow rate of 0.0093 kg/s gave rise to highest insolation utilized in the solar col-
lector. The collector efficiency of 0.190-0.205, shows that the solar collector was efficient and
could meet the power requirement for thermal applications.
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