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ABSTRACT

Experimental and Theoretical investigation is presented to simulate the heat transfer in flat-plate single pass
solar air collector working in forced convection. The complexity of the mathematical models of these
phenomena has led researchers to conduct studies related to this field based on several simplifying assumptions,
such as, the convective heat transfer coefficient is considered as constant. In this research work, initially, an
experimental study is performed using thermocouples to measure temperature distributions on solar air heater
components. The different measured temperatures of the absorber plate, air flow and bottom plate are used to
determine the local convective heat transfer coefficients. Secondly, the problem is treated numerically by a
developed FORTRAN code to calculate, for different solar radiation intensity, the temperature variations in
each solar air panel components. Satisfactory qualitative and quantitative agreement is obtained between the

numerical and experimental results.

Keywords: Local convective heat transfer coefficients, Solar air collector, Efficiency factor, Convection.

1. INTRODUCTION

Energy in various forms has played an increasingly
important role in worldwide economic progress and
industrialization. Due to several economic and environmental
benefits, solar energy transformed into heat has found many
applications in the field of heating, drying, cold production,
etc. [1-7].

Solar thermal collectors, which allow the production of
thermal energy, convert solar radiations into heat energy
extracted by air flow through the collector. The calculation of
their performance, based on the understanding of flow and
heat transfer mechanisms in their different parts, is usually
carried out with uniform average heat transfer coefficients.
However, in practical operation, the heat transfer over
absorbers is related to the air flow structure which varies
from the bottom to the top of the panels [8]. Thus, in order to
conduct an accurate analysis on the thermal performance of
the tested flat-plate single pass solar air collector, the local
convective heat transfer coefficients must be determined. In
this work, we estimate these local convective coefficients.

Many researchers [9-11] have investigated theoretically the
different collector designs by applying the heat balance
equations in order to compute the temperature distribution in
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each of their components. In the calculations, the heat transfer
coefficients, which are assumed constant over the flow
channels, were determined from the correlation developed by
Kays [12]. Ong [9] used this method to predict the heat
transfer characteristics of four types of solar air heaters. The
effects of pertinent parameters on the system efficiencies
were discussed. Among his results, he found that satisfactory
results could be achieved for a collector length equal to 1 m.
Using the same theoretical method. Bahrehmand and Amri
[13] studied single and two-glass cover solar air heaters with
natural convection flow. Their goal was to show the effect of
longitudinal fins, as well as the depth and length variations of
the channel on energy and exergy performances of the
collectors. They noticed that the devices with two-glass are
more efficient than a single glass collectors. Sopian et al. [10]
developed the theoretical and experimental models in the
transient regime in order to analyze the thermal performance
of the double-pass solar collector with porous media. They
obtained a close agreement of the thermal efficiency between
the theoretical and experimental approaches.

Several experimental articles have been presented in the
litterature on solar air heaters. Ong [13] experimentally
analyzed the performance of three types of single pass solar
air heaters. One of them was studied with and without bottom



insulation. The author validated his theoretical model [9 ] by
comparing the predicted results with those measured
experimentally. Mokhtari and Semmar [14] conducted an
experimental study on the thermal performance of three types
of single solar air heaters. The geometries of these three
configurations differ from one to another by the position and
the shape of the flow channel. Basing on the measured outlet
temperature, it was noticed that the collector having a
diagonally positioned absorber has a better efficiency than the
two other configurations. Koyuncy [15] experimentally
investigated the performance of different collector designs in
order de determine the most efficient and the easiest to
manufacture and whith high efficiency for low temperature
crop drying systems.

Several experimental and numerical studies have been
considered in order to estimate the local convective heat
transfer coefficients. For example, Saboya and Sparrow [16]
and Yoo et al. [17] used a naphthalene sublimation technique
to measure the local coefficients in the heat exchangers. The
inverse problems of heat conduction are among the most
widely used to determine these coefficients. Huang et al. [18]
and Benmachiche et al. [19] applied the conjugate gradient
method, which is based on an inverse algorithm scheme, to
estimate the local heat transfer coefficients over finned-tube
heat exchangers. Ay et al. [20] presented a local study of the
heat transfer coefficient over the plate fin inside heat
exchangers. The computations were based on the finite
difference method and on the temperature distribution
obtained by the infrared thermography technique.

Other works have been carried out to determine the
convective heat transfer coefficients in solar air heaters.
Moummi et al. [21] gave an approximate approach to
calculate these coefficients in flat plate solar air collectors
provided with rectangular plate fins placed perpendicular to
the flow. They compared their results with those obtained for
a solar collector without fins. Hatami and Bahadorinejad[ 22 ]
conducted an experimental study for the determination of the
average natural convection heat transfer coefficients in a
vertical flat plate solar collector with single and double glass
covers. Their study covered six operational modes for two
cases (vertical channels and enclosures). They proposed a
Nusselt number correlation for each studied case. Gao et al.
[23] carried out a numerical study of natural convection heat
transfer inside the channel between the flat-plate cover and
the sine-wave absorber in a cross corrugated solar air heater.
The Navier Stokes and energy equations were solved using
the finite volumes method to estimate the average heat
transfer coefficient. The authors investigated the effects of
system parameters, such as the wavelike absorber
characteristics, on the estimated coefficient.

In this work, we have determined experimentally the local
convective heat transfer coefficients from the measured
temperatures of the absorber plate, the air flow and the
bottom plate. Then, we have used these coefficients to predict
the temperature distribution in the solar air collector via a
mathematical model obtained from the energy balance in the
system. A comparison between the measured and predicted
temperature distributions is conducted through different solar
radiation intensity.

2. MATHEMATICAL MODEL

The thermal analysis for predicting the performance of
different types of solar air collectors has been presented by
many investigators [9, 10]. The mathematical models of these
devices are based on energy balance over each of their
elements. The mean difference between them lies in the
estimated heat transfer coefficients and in the numerical
solving procedures. In order to simplify the problem,
numerous investigations have been carried out by considering
that the plates are maintained at the main temperatures [22].
However, in solar air heaters, these temperatures vary along
their length. Therefore, for accurate thermal simulations, we
use a discrete approach which consists of dividing the
collector into several differential elements in the air flow
direction. The solar energy system modeled in the present
work is shown in Figs. (1, 2), energy balance is then applied
in each element considered as a control volume. In each
control volume, the air temperature is assumed to vary
linearly which is valid for short collectors (less than 10 m)
[91.
The mean air temperature is then:

Tf = (Tf,i + Tf_o)/Z

where Ty ; and T, are the inlet and the outlet temperatures,
respectively.

U~
<l @ =
Inlet axr\l LS 2N

Outlet air

Figure 1. Diagrams of the studied model.
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Figure 2. Schematic representation of heat transfer in the
different collector components.

2.1. Simplifying assumptions
The energy equations for the different elements of the solar

air collectors in conservation form are formulated making the
following assumptions:
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*The system operates under steady state conditions;

*Air, absorber and bottom plate temperatures change only
in the direction of the air flow;

*Air temperature is assumed uniform through the cross
section;

*Heat conduction is considered negligible;

*Outside convective heat transfer coefficient is constant
along the length of solar air heater.

2.2. Energy balance equations

The following energy balance equations are written for
various collector components in each control volume:

For the absorber plate:

Si+hp (T —Ty) +hy (T —Ty) =U, (T, - T,) @
For the air flow:

hy, (T, =Tf) =h (Tr = T;) +0Q 2
For the bottom plate:

hy (T =T3) + hypy (T = Ty) = Up(T2 —Ty) 3)

The useful heat transferred to air can be written in terms of
the mean fluid and inlet temperatures as follows:

(4)
©)

Q=TT; —Tsi-1)
I'=mCp/(WAx)
2.3 Estimation of heat transfer coefficients

In order to identify the external convective heat transfer
coefficient due to wind outside the collector, the correlation
proposed by McAdams [24] is used :
h, = 5.7 + 3.8V (6)

The convective heat transfer coefficients between air flow
and glass, and between the absorber plate and the bottom

plate for turbulent (Re> 2300) forced convection flow can be
determined using the follwing correlation [12]:

h

Nu = =28 =0.0158 Re®S ©)

4A
where D, = —=

@)
The solar radiation heat flux absorbed by the absorber is:

©)

The radiative heat transfer coefficient between the glass
and the sky is obtaind from the formula:

Si=a.G

0 &1(Ty + Ts)(TE+ TZ)(T1 - Ts)

hrs = (T1 _ Ta) (10)
The temperature of the sky is [25]:
T, = 0.0552 Ta'® (11)
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The radiative heat transfer coefficient between the absorber
and the lower plate is given by:

h _ o(TE+TE)(T1+7T2)
21 — 1 1

(12)

The coefficient of heat losses toward the rear of the solar
air collector is defined as:

1

Up = (13)

Xpi 1
c_yn “bi, 1
=21 %t

The coefficient of heat losses to the front of the solar air
collector is defined as:

U, = h, + hyg (14)
2.4. Solution method

In each control volume, the difference method is applied to
approximate the air temperature gradient as follows:

di N Tri — Triq
dx Ax

Substituting this equation into Eq. 4. The above Egs. (1-14)
can be written in a 3x3 matrix form [A] [T] = [B]. Where:

[A]
(hy + hypr + U)) —hy —hy2q
= hy —(hy +h, + 1) h,
—hyzq —h, (hy + hypy + Up)
T Urt, +S;
[T1=|T¢| And [B] = | —T Tfi1
T, U,T,

Gauss elimination algorithm is used to calculate the
unknown temperatures Ty, T, T+.
The elements of the matrix [A] contain radiative heat transfer
coefficients which depend on the unknown temperatures; an
iterative process based on substitution technique was then
carried out in each control volume.

3. EXPERIMENTAL SET-UP
3.1. Description of the considered solar air heater

An experimental set-up was designed and tested in the
University of Biskra. Biskra is a city located in the East of
Algeria with latitude of 34<48' N, longitude of 544'E and
altitude of 85 m. The studied solar energy system is a flat-
plate solar air heater with a single air flows between the
absorber and the bottom plate placed on the insulator. The
collector is placed on a stand facing south. To measure
temperatures, type K thermocouples were connected at
appropriate locations to a digital temperature indicator with
0.1<C least count. The layout of the studied solar air collector
which is shown in Fig. 3 is designed with the following
parameters:

*Solar collecting area was 2 m length>x1 m width;



eInstallation angle of the collector was 34<48' from
horizontal,

*Height of the stagnant air layer was d= 0.04 m;

*Black paint absorber with a thickness of 1 mm and
absorption coefficient of o= 0.95 was made of galvanized
steel sheet;

*Expanded polystyrene board with thermal conductivity of
0.037W/m. K was used for insulating the collector rear;

*’A CMP 3 Pyranometer was used to measure solar
irradiance; a digital thermometer Model Number: DM6802B
was also used;

*6 positions of thermocouples connected to absorber plate;

*6 positions of thermocouples connected to bottom plate;

*6 positions of thermocouples connected with the air flow.

Figure 3. Photgraph of experimental set-up

3.2. Collector thermal efficiency

The efficiency of a solar air collector is defined as the ratio
of the amount of useful heat collected to the total amount of
solar radiation striking the collector surface:

Q
n=gy (15)
The average useful heat collected for an air solar collector
can be expressed as:

Qu = me(Tout —Tin)
So, collector thermal efficiency becomes:

n= me (TouGt;Tin)

(16)
3.3. Calculation of the local convective heat transfer
coefficient

In the present article, the coefficients for upper and lower
surfaces of channel were assumed equal: h;= h,.

Local convective heat transfer coefficients between the
fluid and the absorber plate are described by using energy
balance equations and they are evaluated at a given position
by this relationship:

UL () (Ty () =Ta)=hrz1 (%) (T2 (X)-T1 (X)) - $1
h =
) AT

a7
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4. RESULTS AND DISCUSSIONS

Thermal efficiency n is usualy used to evaluate the
performance of solar air heaters. Figs (4,5) show the
variation of the experimental thermal paramater and solar
intensity,respectively, as a function of time for a value of air
mass flow rate equal to 0.1324 Kg/s which corresponds to
Re=38381. It can be noted from these figures that the thermal
efficiency increases with the solar intensity. It is also
apparent that the highest solar intensity produces the highest
thermal efficiency. The maximum value of n is 40% for solar
intensity G=845W/m? measured at 13:30 and its minimum
value is 22.5% for G=440W/m? measured at the time of the
air heater started to use.

Fig. 6 illustrates the variation of the measured inlet and
outlet temperatures with time. For a tested Reynolds number
(Re= 38381.1), the outlet and inlet temperatures of the air
flow increase from morning to a peak values at noon and then
decrease in the afternoon. As expected, it can be also seen
from this figure that the variations of the outlet temperature
are significant.

Our proposed model implemented for the calculation of
local convective heat coefficient between air flow and the
absorber plate (eq.17) is validated using two procedures:

i) First, by comparison with the results obtained from the
Nusselt number correlation [10], see Figs. (8, 10, 12 and14).

ii) Secondly, by comparing the calculated temperatures
using our model with their experimental values, see Figs (9,
11, 13 and15).

The local heat transfer coefficients h have been estimated
and represented in Fig.7 for two values of air mass flow rate
m . This figure gives clear indications of the dependence of
these local coefficients on air mass flow. In fact, they increase
with the Reynolds number. It can be observed from this
figure that their maxima are always located at the front part of
the collector regardless of the Reynolds number value. This is
in full accordance with the concept of the boundary layer
formation.

For a better appreciation of the proposed estimation of h,
we compare the experimental and theoretical values of the
temperatures in Figs. (8-15). That is the measured
temperatures, the temperatures obtained from the correlation
given by Eq. (7) and the temperatures computed using Eq.
(17). 1t can be noticed that, as expected, for the used values of
the Reynolds numbers and of the solar intensity, the
temperatures over each component of the solar collector
increase along the collector in the direction of air flow. The
comparison between the results of the two approaches (Figs.
(9, 11, 13 and 15)), reveals that the local convective heat
transfer coefficients estimated from Eq. (17) offers very good
agreement with experimental results.

In order to examine the use of the predicted local heat
transfer coefficient in the calculation of the temperatures we
proceed as follows:

First, we estimated the values of the coefficients h using
the experimental temperatures for a given value of the solar
radiation intensity (G =680W/m?). Then, we injected these
estimated values of h in our FORTRAN code in order to
compute numerically the temperatures for different new
values of the radiation intensity and for two Reynolds
numbers (Re=3839.1 and Re=38381.6): i) For Re=3839.1,
Figs. 9 and 11 summarize the results for two values of G
(Figs. 9 for G=750W/m? and Fig. 11for G=850W/m?); ii) for
Re=38381.6, Figs. 13 and 15 show the results for two other



values of G (Figs. 13 for G=700 W/m? and Fig. 15 for
G=900W/m?). It is clear from these figures that there is a
good agreement between the calculated and experimental
values of the temperature along air flow direction. This
cofirms the fiability of our predected local transfer coefficents
and the consolidates the validity of our numerical model

It is seen from Figs. (8-15) that, for all studied cases, air
and plates temperatures increase along the panel up to about
1.5 m length, beyond this zones these temperatures remain
relatively constant. We noticed as well that the experimental
temperatures decrease at the end of the panel. This can be due
to the geometrical shape of the collector output which
disturbs the flow and creates flow recirculation in this area.
This effect contributes to lower the temperature within the
downstream area of the collector
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5. CONCLUSION

In this work, we have proposed a theoretical model which
consists of dividing the collector into several differential
elements along the collector. Thermal balance is then applied
over each element in conjunction with the measured
temperatures in order to predict the local heat transfer
coefficients in the air flow channel. From the FORTRAN
numerical code that we have developed and using these
coefficients, we have computed the temperatures profiles of
the absorber plate, air flow and bottom plate. The numerical
calculation of temperature distributions is done for several
values of the solar radiation intensity. The results of the
proposed approach agree closely with values measured
experimentally.
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NOMENCLATURE

Symbols

T, absorber plate temperature, (K)

T, Bottom plate temperature, (K)

T¢ Air flow temperature, (K)

T, Ambient temperature, (K)

220

Sky temperature, (K)
Incident solar radiation, (W/m?)

Convective heat transfer coefficient between the
absorber and the air flow, (W/m?K)

Convective heat transfer coefficient between the
bottom plate and the air flow, (W/m?K)

radiation heat transfer coefficients,(W/m?K)

radiation heat transfer coefficient, (W/m?K)

wind convection heat transfer coefficient, (W/m?K)
Isobaric specific heat of air, (J/kg K)

thermal conductivity of air flow, (W/mK)

thermal conductivity of insulation, (W/m K)

Top loss heat coefficient, (W/m?K)

Bottom heat loss coefficient, (W/m?K)

mass flow rate, (Kg/s)

Wind velocity, (m/s)

Nusselt number

Reynolds number

width of collector, (m)

length of collector, (m)

insulation thickness, (m)

spacing between absorber and bottom surfaces, (m)
equivalent diameter, (m)

cross section of flow area, (m?)

wetted perimeter, (m)

heat transferred to air streams

Greek symbols

emissivity of black absorber upper surface
emissivity of unpainted absorber lower surface
Absorptivity of absorber plate

density of air, (Kg/m?

Stefan—Boltzmann constant

dynamic viscosity of air, (kg m™ s™)





