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ABSTRACT

Our work relates to a numerical and experimental study of a solar exchanger designed
and tested in Laboratory of Renewable Thermal Energy. This device is a unit for
transforming solar radiation into thermal energy. The objective of our work is to study
the evolution of temperature in the solar collector-water system. Our results show that
this device makes it possible to heat the water during the day. The numerical results show
that the temperature rise of the water is 47.84°C in March and 46.34°C in April.
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1. Introduction

Heat exchangers are devices that allow the transfer of
heat energy between two fluids separated by a solid surface
[1]. In industrial processes, a large part of the thermal energy
used passes through a heat exchanger at least once [2].

Several solar equipments available in our country have
various applications such as drying, heating, refrigeration,
cooking, power generation [3]. The variety of developed
devices work with natural and forced convection flow [4, 5].
In this article, we wish to conduct a numerical and
experimental study of a solar exchanger. This system consists
of planar solar collectors whose role is to convert the incident
radiant solar energy into thermal energy. This energy (heat) is
then transferred to a heat transfer fluid (water) circulating
inside a metal tube.

We will present the numerical and experimental results
of thermal exchanges taking place inside the system.
2. Modeling of Solar Collector

The solar collector has the shape of a rectangular
parallelepiped. It is covered with a window and surrounded
by a wooden frame. Inside the sensor is a metal tube (Fig. 1).
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Figure 1. Diagram of solar collector
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The role of this device is the heating of the water.
Exposed to the sun, when the solar radiation arrives on the
glazing of the sensor, part of the radiation passes through the
window to reach the absorber. The latter heats up and
transmits heat to the cold water that circulates inside the
metal tube.

We use a one - dimensional model for conduction,
convection and radiation exchanges. For modeling, we use
the nodal method. This method consists of a fictitious spatial
division of the system into "slices" of thicknesses whose
sections are perpendicular to the direction of flow. In each
slice, the homogeneous variables are assumed and the energy
balances are written in successive time intervals until
exhaustion of the duration of study. The transition from one
slice to the next is carried out by retaining the output
conditions of the "upstream" slice as input data of the
"downstream" slice. For the discretization of the equations,
we use the Finite Differences Method (Implicit Scheme) [4].
*Thermal balance in the solar collector

-In the glazing :

e _ prSA, ~h, (T ~T,e)~h, (T ~T,,)~h 1 @
evpv(“'pv dt - A/ cae (TVE AE) dv (T\/E VI) rveve (T\/E \/C)

dT,
evpVva d:[/I - _hdv (TVI _TVE) - hcacvi (TVI _TAC) - hn/iles (TVI _TTES) (2)
-In the air :
Vol aT ©))

S = pacpa thC = _hcacvi (I-AC _TVI ) - hcactes (rAC _TTES)
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-In the superior wall of the tube:
dT, 4
etplcpl thEs = _hcacles (TTES _TAC) - hdt (TTES — s ) - hn/iles (TTES _TVI ) ( )
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-In the water:
Vol, aT (6)
= Pe pe —£= _hcetis (I-E _TTIS) - hcetii (TE _TTII )
S, dt
-In the inferior wall of the tube:
dT. 7
€. O Ch d;” = —heeii Ty —Te) —hy (T, —Tog) ( )
dT. (8)
etptcpl thEl = _hdt (I-TEI _TTII ) - hdab (I-TEI _TABI )
-In the absorber:
daT ©)]
eabpabcpab % = _hdab O—ABI _TTEI ) - hdab (TABI _TABE)
dT 10
€46 LabCpab diBE =~y (Tage —Tagi) — N (Tage —Ts) ( )

*Determination of thermal transfer coefficients

-The coefficient of convection between glazing and
ambient air [6]:
h.. =2,8+3,3xV,, (11)

cae

Where: \V/ is ambient air velocity.
ae

-Radiation between glazing and the vault of heaven:

h _ O_(TVZE + Tv2c Y(Te +Tue) (12)
veve  1—g, 1 1—&,. S,
+ + > —
gv Fvevc gVC SVC
With :
g the surface of glazing and the surface of the vault of
v
heaven.
_ 1 : Emissivity of vault of heaven.
&, =1 y
F,... =1 : Form factor between glazing and the vault of
heaven.

We obtain equation (13) :

hrvevc = gveo_(_rV?E + TV%: )(TVE + TVC ) (13)
o =5.67 <10 8Wm 2K ~*is Stefan-Boltzmann constant ;
T, isglazing temperature ;

g, =0.88 is emissivity of glazing.

The temperature of vault of heaven is given by Swinbank
expression [7]:

— 15 14

T,.=0.552xT,, (14)

T is the ambient air temperature.
ae

-glazing coefficient of conduction [6]:
h, = (15)

v

a, is glazing thermal conductivity et e, is glazing

thickness.
-Coefficient of natural convection of air in solar collector :
NuxA, 0.6(GrPr°’xA1, 0.6(0.7Gn°*x4, (16)

hcacvi =
L L L
3 _ 0.2
0_6(0_7XMJ x A,
1%
- L
b _Nuxi, 0.6(Gr Pr®? x4, 0.6(0.7Gn°2x 4, (17)
cactes L - L - L
3 . 0.2
0_6[0.7XQ'BI‘TA§TTESJ x A,
v
L
With:

Nu : the number of Nusselt ;

A the thermal conductivity of air ;
a

L the characteristic length of thermal exchange;

Gr, the number of Grashof ;

Pr , the number of Prandtl ;

g , the intensity of earthly gravity;
i the air coefficient of dilation;

v =15.6 x10°m?2s!, the kinematic viscosity of the air;
T the air temperature in the collector ;
T, » temperature of the inner surface of glazing and
T, » temperature of outer superior surface of tube.
-Tube coefficient of conduction [3]:

h,, A (18)

D. xIn [DEJ
Dl

If the tube is thin:

In [%) —In(+-Suy > &

| DI DI
We obtain equation (19) :
A (19)
hy = — e
Dg <t

A isthe thermal conductivity of the tube;
pt

D, is the outer diameter of the tube;
D, is the inner diameter of the tube;
e, is the thickness of the tube.

Water coefficient of forced convection in the tube:

_ Nux4, (0.023Re®*xPr")x 4, (20)
ce L L
If there is cooling of water then n = (Q.3; if there is heating
of waterthenn =0.4 .
The characteristic length L is equal to the inside diameter D,
of the tube; /, is thermal conductivity of water ;

-Radiation coefficient between inner surface of glazing and
outer superior surface of tube:

O_(Tvzl + TT?ES YT +Tres) (21)

h

h_. =
rvites 1—8\/ . 1 _|_1_‘9t Xi
gv I:vites gt St
with:
= , form factor between inner surface of glazing and

vites
outer superior surface of tube;
g emissivity of tube ;

s. .exchange surface of tube ;
t

T, » 9lazing inner surface temperature and T, , tube outer

superior surface temperature.
-Conduction coefficient of absorber:

;i’ab

hdab -

ab
(22)
Conduction coefficient of wood:
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(23)
h, =2
€
With :
Aoy’ thermal conductivity of absorber;

€. absorber thickness ;

Ay thermal conductivity of wood and
e, wood thickness.

For numerical simulation, we use an implicit finite
difference method [8, 9]. The numerical resolution of the
system of equations is done by the Gauss method. The
calculation code used for the simulation is FORTRAN.
*Solar collector materials property

Table 1 present physical and thermal property of solar
collector materials.

Table 1. Physical and thermal property of solar collector

material
Materials | Densit Thermal Thermal
(kg m™) | conductivity (W m™ | capacity
K?h (I kg' KDY

Glazing 2530 0.78 840
Air 1.2 0.023 1006
Tube 7800 50 450
Water 1000 0.6 1460
Absorber 7800 50 450

3. Experimental device
Solar collector is 2.16 meters length and 1.16 meters
wide.

T —

Figure 2. Description of solar collector

The device consists of 4 plane sensors mounted in shunt.
Each sensor is a parallelepiped box with a wooden frame. The
upper face is a transparent glass which can be traversed by
solar radiation. The side walls are thermally insulated with
glass wool. Inside are serpentine tubes firmly fixed on a metal
plate. This assembly (tube + metal plate) painted black forms
the absorber. The sensors are placed directly horizontally on
the roof of a level building. The heat transfer fluid (water)
circulates inside the serpentine tubes.

The cold water that arrives at the sensors is divided into
four parts. Thus, when a solar irradiation arrives on the
glazing, a portion passes through the window to reach the
absorber. The latter heats up and then transmits heat to the
water flowing from the inlet to the outlet of the tubes.

Our experimental work consists in measuring, during the
day, the global radiation and, on the other hand, the
temperature of the water at the inlet of the sensor and that of
the water at the outlet. Temperature measurements are
performed using K-type thermocouples connected to a
programmable temperature recorder (MIDI LOGGER GL
220). The radiation measurements are carried out with a
pyranometer of type SRO3.

The characteristics and metric properties of the sensor
elements are given in Table 2.

Table 2. Characteristic of solar collector

Glazing Absorber Wood

Thickness o, 6, =5mm e

=5mm =5cm
Transmitivity | 7, = 0.95 -

Emissivity &g, =0.88 £, =0.95 -
Reflectivity | p, = 0.05 - -
Absorptivity - a, =0.95 -

Thermal - M -
conductivity =386 W/(m.K)

4. Results and Discussion
4.1. Experimental results

The data recorded on 05/09/2016 and 05/01/2017,
respectively, allowed to plot the evolution curves of the

global radiation. We obtain the following Fig.3(a and b).
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Figure 2. Global radiation on 05/09/2016 and 05/01/2017.

The day 05/09/2016 is a day with a cloudless skies and
the day 05/01/2017 is cloudless. For the day of 05/09/2016,
the observed fluctuations (Figure 3.a) are due to cloud
passages. Nevertheless, it is during this day that we get a
maximum value of 1170W/m? at 10h28min. This value is due
to the clear sky without dust. For the day 05/01/2017, we
obtain a bell curve (Figure 3.b) which shows a peak of 875
W/mz2 at 12h30min. The overall appearance of the curve of
the radiation obtained is that of a Gaussian curve.

Fig. 4 shows the curves of the temperature of the water at
the input (Te, e) of the sensor, temperature of the water at the
output (Ts, e) and the temperature of the glazing
(05/09/2016).
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Figure 4. Evolution of temperatures on 05/09/2016

We observe in Fig. 4 that the curves of evolution of the
temperatures of the water at the input and that of the water at
the output of the collectors have the same appearance as that
of the glazing. A temperature difference of about 5 °C is
observed between the temperature of the input water and that
of the output water. This difference decreases when the
temperature of the glazing decreases. This is because the
sensors do not store enough heat due to equipment failures
(broken glazing, insufficient sealing). This does not favor the
greenhouse effect.

Fig. 5 shows the curves of the temperature of the water at
the input (Te, e) of the sensor, temperature of the water at the
output (Ts, e) and the temperature of the glazing on
(05/01/2017).

65

——Glazing
—s—Input water
——Cutput water

Temperature )

S RIS
Temgs [Howr)

Figure 5. Evolution of temperatures on 05/01/2017.

We observe in Fig. 5 that the temperature of the water
follows the same evolution as that of the glazing for the day
of 05/01/17. A temperature difference of 11.1 °C between the
temperature of the input water and that of the water at the
output of the collectors is noted at 11h30min. This variation
in temperature observed at the water level is explained by the
fact that there is a transfer of heat from the absorber to the
water. This deviation is retained as long as the incident
radiation exists. As the temperature of the glazing decreases,
the difference between the temperature of the input water and
the temperature of the output water decreases. This shows
that the decrease in global radiation also leads to a reduction
in the thermal exchanges between the water and the absorber.
4.2. Numerical results

Fig. 6 presents evolution of temperatures in the collector
on January.
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Figure. 6: Evolution of temperature in collector on
January.

In Fig. 6, we observe that all temperatures increase
between 9h and 13h. From 1 pm, the temperature changes
become different. The temperature of the glazing and that of
the absorber have the same appearance. Over time, the
temperature of the glazing is higher than that of the absorber.
Beyond 1 pm, there is a decrease in the temperature of the
glazing and that of the absorber. This is due to the lowering
of the ambient temperature (or the decrease of the solar
radiation). As for the temperature of the water, it increases
from 9h (302.88 K) to 14h (320.94 K), and then stabilizes
until 17h. This shows that the temperature rise of the water
from 9 am to 5 pm is 18.06 K. During the month of January,
the absorber heats less than the glazing and does not promote
a good heat exchange between the absorber and the water.
Thus, the heating of the water is less important.

Fig. 7 presents evolution of temperatures in the collector
on March.
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Figure 7. Evolution of temperatures in collector on march

In Fig. 7, we observe that the temperature of the glazing
and that of the absorber have the same pace. Over time, the
temperature of the absorber is higher than that of the glazing.
The maximum temperatures of glazing and absorber are
reached at 12:00 and are respectively 359.27K and 368.15K.
The temperature of the water increases during the day and
reached its maximum value (365.24K) at 13.00. From 1:00
pm, the temperature of the water decreases slightly until
reaching 357,12K at 17h00. From 9 am to 5 pm, the rise of
temperature is 47.84K.

The following Fig. 8 shows the evolution of the
temperatures in the collector during April.
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Figure 3. Evolution of temperatures in collector on April
In Fig. 8, we observe that the temperature curves have
the same characteristics as those of Fig. 7. Over time, the
temperature of the absorber is higher than that of the glazing.
The maximum temperatures of glazing and absorber are
reached at 12h00 and are respectively 359.87K and 368.97K.
The temperature of the water increases during the day and
reaches its maximum value (363.52K) at 13h00. Starting at
1pm, the water temperature decreases slightly to 358.67K at
17h00. From 9h00 to 17h00, the temperature rise is 46.34K.
Table 3 below shows the minimum and maximum water
temperature in January, in the cases of the experiment and the
simulation (Fig. 5 and Fig. 6).
Table 3. Minimum and maximum water temperature in

= Amhien
—8— Glazing
~0—Water

—t—Absorh

January
Case Minimum Maximum
temperature of water temperature
of water
Experience 307.10 K 318.10 K
Simulation 302.88 K 319.04 K

Table 3 shows that experimentally, the rise in water
temperature is 11K (or 11 °C) in January. While numerically,
this value is 16.16 K (or 16.16 °C). The difference between
the numerical and the experimental results can be explained
by the fact that the experimental sensors do not store enough
heat because of the hardware failures.

Conclusion

In this paper, we conducted a numerical and
experimental study of a solar exchanger. For modeling, we
used the nodal method and the implicit finite difference
method. The computer program is executed using the
FORTRAN calculation code.

This work allowed to evaluate the elevation of the
temperature of the water flowing inside a tube placed in a flat
solar collector. The experimental results show that the
reduction of the global radiation leads to a reduction of the
thermal exchanges between the water and the absorber. The

temperature rise of the water is 11 °C in the case of the
experiment. In the simulation case, the temperature rise is
16.16 °C. The difference between the numerical and
experimental results can be explained by the fact that the
experimental sensors do not store enough heat due to
equipment failures (broken glazing and leakage problem).
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