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Abstract

In this study, we have developed and modeled a saw tooth solar collector. It is a solar collector with single pass
between the transparent cover and the absorber fixed on the insulator. The cover is double glasses with the plane
upper glass and the lower glass in the shape from saw teeth. The absorber is also in the shape of saw tooth. After
having chosen the mathematical models describing the thermal behavior of the prototype, the equations governing
the transfers in the solar collector were based on the analogy between heat transfer and electric transfer. The
algebraic systems of equations deduced from a discretization of these equations by an implicit method to finite
differences are solved by Gauss algorithm. The theoretical characterization was compared with that experimental
particularly for the collector outlet temperature and the absorber temperature. The analysis of the temperature
profiles showed that at midday sun for an air velocity of 0.3 m/s, the temperature of the air at collector outlet for a
theoretical characterization reaches 79.19 °C whereas that of the practical characterization is only 77.7 °C thus
guaranteeing a total output of 22.15 %, and 22 % respectively for the theoretical characterization and the
experimental when characterization sunshine is maximum. The results obtained by the models compared, concerning,

show that calculations resulting from this study result closer to those from the undertaken experiments.

Keywords: Solar collector, convection coefficient, saw tooth, thermal transfer, numerical characterization.

1. Introduction

Solar energy has been used for a long time to produce
heat and, although the accumulated experience is
considerable, this field has experienced with the
current technological development, a significant
renewal on the theoretical and experimental level
(Benkhelifa, 1998). The exploitation of this solar
energy will therefore create inventions which will
make it possible to install thermal solar collectors.
These are defined as devices which make it possible to
transform the solar radiation that they receive into
usable heat energy through a heat transfer fluid which
can be water or air for most cases (Jannot, 2011). The
production of this thermal energy from solar energy by
the air plane collectors knows nowadays knows many
applications for their innumerable economic and
environmental interests such as the production of
electricity and the heating of homes or sanitary water
by the thermodynamic power plants stations, and the
drying of the agro-alimentary products by means of
driers. For that, high outputs are required from the
collectors (Benkhelifa, 1998).

*Corresponding Author: ORCID ID 0000-0003-4160-1796
DOLI: https://doi.org/10.14741/ijtt/v.9.3.1

However, various works encountered show that the
efficiency of an air plane solar collector is around 25 %
(Semmar, et al, 1998; Njomo, 1998). This performance
can be optimized on the one hand, by increasing the
convective transfer coefficients between the absorbing
plate and the coolant and on the other hand, by
reducing the thermal losses through the various
components of the solar collector. This optimization
rests on several techniques, among them, one quotes
the judicious choice of the adequate forms and the
design parameters (geometrical, thermo-physical and
optical) such as, the thickness of the channel, the
thickness of the fluid air gap, the length and width of
the collector, the thickness of insulator (for a good
insulation), choice of selective or non selective
absorbent material, single and double glazed, with
multiple glass covers, polycarbonate or plastic film...
etc).

Moreover, the plane solar collectors using air as
heat transfer fluid are multiple. Thus, we distinguish
the collectors with permeable absorber (Hwang et al,
1999), the collectors with variable geometry absorber
(Gao, et al, 2000; El-Sebaii, et al, 2011; Karim and
Hawlader, 2006) and the plane collectors absorber

200| International Journal of Thermal Technologies, Vol.9, No.3 (Sept 2019)


https://doi.org/10.14741/ijtt/v.9.3.1

Fouakeu et al

A contribution to a numerical characterization of the thermal transfers in a saw tooth solar collector

(Njomo, 1998; Oudjedi, et al, 2008; Tetang, et al, 2018),
which are for more the most part simple air-pass
collectors. No matter with type of collector is used, the
thermal performance are related to the various
exchange coefficients.

To improve this convective exchange coefficient
between the air and the absorber, the researchers
propose on the one hand the increase in the number of
passage of the coolant. Thus we distinguish the air
plane collectors with double air passes (El-Sebaii, et al,
2007; Tetang, et al, 2018), triple passes (Beikircher et
al, 2015), and multiple passes (Kareem et al, 2016). In
addition, some propose to introduce baffles (or
obstacles) into the airstream of the collector. For that,
Ahmed-Zaid et al, (2001) use baffles of curved delta
shaped longitudinal and arched ogival longitudinal in
their work. The climate being sunny and very hot in
this area, their results show that the exit temperatures
of their air plane collector with obstacles can reach the
value of 100°C at noon sun. In the same way, Moummi,
et al, (2004), Youcef-Ali and Desmons (2006) and
Bahria and Amirat (2013), presented a rather explicit
analysis of the energy balance of an air plane solar
collector fitted with rows of thin obstacles. The results
obtained show the importance of using baffles for the
improvement of the performance of the solar thermal
collector. Also, the other shapes of baffles such as
ogival (Abene, et al, 2004), trapezoidal (Labed, et al,
2009), and cylindrical base (Aoueés, et al, 2011) were
highlighted with satisfaction. Generally, these authors
showed that the heat transfer, fluid outlet temperature
and the collector are significantly improved.

However, the various performances hitherto
obtained, remain always weak, therefore can still be
optimized. It is in this logic that Djimasra (2014)
experimentally characterized a new type of solar
collector called "a saw tooth solar collector"”, which was
designed and built Energy and Thermal Laboratory of
the National School of Agro-industrial Sciences of the
University of Ngaoundere. It increased the heat
exchange transferring surface of the collector by
forming the absorber and the second pane of the saw
tooth collector. The results showed that by thus
increasing the surface of the absorber of the collector
without increasing its bulk, better thermal
performances of the collector is obtained. It will
therefore be a question for us, using the mathematical
tools, to numerically characterize the thermal
performance of the said collector.

2. Description of the saw tooth solar collector

This solar collector consists of a double transparent
glass cover, one of which is a conventional surface
plane and the other saw tooth shaped groove at an
angle of 90° of a sheet metal absorber painted
galvanized steel and a plywood box (figure 1).

Flat glass Saw tooth glass.
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Fig.1 Saw tooth solar collector (Djimasra, 2014)

The geometric and thermo physical characteristics of
the various elements and materials which constitute
the collector are presented in Table 1.

Table 1 Characteristics of the various elements of the
saw tooth solar collector

Components Characteristics Values
Length (m) 1.030
Width (m) 0.480
Box Glass- back plate gap (m) 0.150
(thick wood Total thickness of the collector 0.170
0.015 m) (m)
Collector surface (m?) 0.450
Thermal conductivity (W/m°C) 0.200
Thermal emissivity 0.100
Length (m) 1.000
Width of the glass pane (m) 0.450
Width of the saw tooth pane 0.405
Ordinary glass (m)
pane Thickness (m) 0.004
(Two glasses Thermal conductivity (W/m°C) 0.042
copanes) Transparent cover 0.950
transmittance )
Absorptance (dimensionless) 0.050
Thermal emissivity 0.90
Length (m) 1.000
Absorber Width (m) 0.405
(galvanized Thickness (m) 0.001
steel painted Thermal conductivity (W/m°C) | 46.000
black) Absorptance (dimensionless) 0.95
Thermal emissivity 0.96

3. Mathematical modeling

3.1 Principle of modeling

The principle of modeling consists of writing the
energy balances on each element constituting the solar
collector: the absorber, the cover glass, the insulator
and the coolant, by using the slice modeling method.

This is a nodal method, also called the "step by
step" method. It consists of cutting the collector into
fictitious slices of identical length 6x in the direction of
the coolant flow heat and writing the balance sheets on
each section. We will apply the electric analogy to heat
transfer, the temperatures being assimilated to electric
potentials, the density of the heat flow at intensities of
the electric current, the heat transfer coefficients to
electric resistances (Tetang, et al, 2018).
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3.2 Simplifying assumptions

Within the framework of this work, the following
simplifying assumptions are retained (Agbossou, et al,
2016; Tetang, et al, 2018):

= The physical properties of materials are supposed
to be constant;

=  Conduction in all materials perpendicular to the
direction of the flow is neglected;

= The powers absorbed by the panes is negligible;

=  Conduction through the absorber is neglected;

= The sky is comparable to a black body.

3.3 Assessment of energy
Figure 2 represents the components of the saw tooth

collector and the different types of heat transfer
involved.
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Fig. 2 Heat exchange in a section of a saw tooth solar
collector

The equivalent electric diagram representing these

various heat transfers is represented by figure 3.
Ta Tay

Ta
Fig. 3 Electrical model of the saw tooth solar collector
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Considering the previous simplifying assumptions, the
various energy balance equations referred to in figure
3s' are generally written in the following form:

m; * Cp; (%) = N1e1 S hy j(Ty = Ty) + P (1)

The establishment of thermal and mass report on all
elements to the equations (2, 3, 4, 5).

= for plane cover glass (indice, g1)

Mg1*Cpg1 6Tg1 _ _
s at Gagl hr.gl—sky(Tgl

Tgl) - hW(Tgl - Ta) + hc.gl—QZ(Tgl

- Tsky) - hr.gz—gl(ng -
- ng) (2)

= for the saw tooth glass (indice, g2)

Mg2*Cpgz 0Tg2

5 o = 0%2Tg1 — hr.g2-91(Tgz = Tg1) = hrp-ga(Tp =

ng) + hC-QZ—f(TQZ - Tf) + hC-gl—QZ(TQZ - Tgl) (3)
=  For the absorber (index, p)

*Cpp O,
mps m’a—: = GapTg1Tg2 - ZhC-P—f(Tp — Tf) — hT.p—gZ(Tp —
Tyz) = Up(T, = Ty) (4)

Z being the ratio of the actual area of the absorber and
the normal surface of solar radiation (Kabeel and
Mecarik, 1998).

=  Thermal balance of the useful coolant (indice, f)
dTp | mipCprdTy
pregepr—t+ ==L = hego ¢ (Tgo = T¢) = hepp (T, = Tf)

(5)

In practice, the variations in the enthalpy time of the

. aT
collector components are weak, i.e. the terms m * C, —

P ot
can be neglected (Njomo, 1998).
3.4 Resolution method

Equations 2 to 5 were solved by using a semi-empirical
method.  The latter consists of expressing the
temperatures T, Tp and T¢ according to the other
parameters whose values were experimentally
determined.

3.5 Theoretical characterization of the solar irradiation
and the ambient temperature
of the solar

3.5.1 Theoretical characterization

irradiation
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Oudjedi, et al, (2008) proposes to calculate the total
solar flows, direct and diffuse, incident on a horizontal
level and at any moment as follows:

- The direct solar radiation is given by the following
expression:

S =1.sin(h) (6)

- The diffuse solar radiation from the sky is given by
the following expression:

D = Iysin(h) [0,271-0,2939 xaxexp ()| (7)

sin(h)

- The global solar radiation incident on a horizontal
level is expressed by:

G=D+S (8)

With, I which is the extraterrestrial radiation, given by
the following formula:

Iy = 1367 % [1 + 0,034 * c0s(0,986 * j — 2)] 9)

I is the direct solar radiation parallel to the solar ray
given by the formula:

1=Io*a*exp( - )

sin(h) (10)
Oudjedi, et al, (2008) used cloud -coefficients of
disorder while taking a = 0.88 and b = 0.26. h indicates
the height of the sun proposed by Jannot (2011).

3.5.2 Theoretical characterization of the ambient
temperature

Tetang, et al, (2018) are modeling the ambient
temperature by the following expression:

T, =T, + T, * cos (% * (14 — t)) (11)
Tl — TamaxtTamin (12)
TZ — Tamax—Tamin (13)

2

With Tmax and Tmin ambient temperatures maximum
and minimal of the day.

4., Results and discussion

This part is devoted to the presentation of the principal
results of the study. Firstly, we will have the
theoretical results of the characterization of the solar
irradiation of the month when the test are carried out
(April) and secondly, we will highlight the results of the
thermal performance test.

4.1. Solar irradiation
Figure 4 presents the evolution of the calculated and

measured irradiation thus putting forward the shift
between the calculated and the measured values.
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Fig. 4 Evolution of calculated and measured radiance

It arises from figure 4 that the two curves present the
shape parabolic. This shows the increase and the
decrease of sunshine during the day. By taking the
theoretical curve like reference, we notice that the
experimental curve presents irregularities in its daily
progression because of the cloudy days running the sky
corroborating with the work of Bahri and Amirat
(2013). Solar flow evolves up to 1076.4 W/m? for the
experimental characterization and 1032.6 W/m? for
the theoretical. These values of solar flow prove the
sufficiency of the sunshine for the solar collector
performance since standard ASHRAE (American
Society of Heating, Refrigerating and standard Air-
Conditioning Engineers) requires that, for efficient
tests of solar collectors, the solar radiation must be
above 630 W/m? (Labed et al, 2013).

4.2. Profile of temperature

The curves relating to the evolution of the temperature
of the absorber and that of air inlet and the air outlet
the collector for the two studies are represented
respectively on figures 5 and 6. It is noted that the
experimental results coincide well with the results of
analytical simulation, in the same way we observe at
solar midday a considerable variation in temperature
between the entry and the exit which is according to
sunshine. This average gap is about 50.8°C for the
experimental characterization and 53.8°C for the
theoretical characterization.
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Fig.5 Evolution of the irradiance and the air
temperature input/output of the absorber
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Fig.6 Evolution of the irradiance and the temperature
of the air input/output of the collector

However, the temperature of exit of the collector is
recorded with a maximum of 80.19°C with 12h
(Standard time) near to the experimental study These
results are in agreement with those of El-Sebalii, et al,
(2011) which show the convergence of the two studies
(experimental simulation and theoretical simulation).

4.3. Absorbed power

Figure 7 illustrates the time evolution of the absorbed
power of the collector for the day of April 2014. From
the analysis of these curves, the absorbed power
increases and decreases with the sunshine. The
examination of the curves below show that the values
resulting from the theoretical study is very near to
those recorded experimentally because, it varies in a
similar way with an acceptable gap.

1 100
500
= L1000~
z E
~ 450 2

] foo0 &
£
2 =
24001 5
3
24007 200 g
] £
2 ] ¢ L700 £
350 ——=—— Pab (Present work)

1 - Pab (Dji ,2014)

1 Ls00
300TGETTG 05 1T 115 12 125 13 '13.5 14 145 15

Period of day (hour)
Fig.7 Evolution of irradiance and the absorbed power

One can conclude that, the results obtained by the
compared models, concerning the absorbed power,
show that the curve resulting from this study
converges towards that resulting from the undertaken
experiments.

4.4. Coefficient of exchange and a number of Nusselt

Figures 8 and 9 respectively present the evolution of
the coefficient of heat exchange and the evolution of
the radiance and the number of Nusselt of the saw
tooth collector.
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Fig.8 Evolution of the irradiance and the convection
coefficient of air
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Fig.9 Evolution of the irradiance and the number of
Nusselt

It comes out from the analysis of the curves that for
experimental and theoretical characterizations, we can
raise the highest -coefficients of heat exchange
(respectively 9.9 W/m2°C and 10.58 W/m?2°C
averages). These results show a bringing together of
profiles of these two experimental and theoretical
studies. It is noted that the experimental results
coincide well with the results of the numerical
simulation, in the same way one notes a minimal
variation of the Number of Nusselt around 1 p.m.

4.5. Useful power

We present in figure 10 a comparison between the
experimental results and those resulting from the
theoretical analysis of evolution of the useful power
according to the time of the saw tooth solar collector.
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Fig.10 Evolution of irradiance and the useful power
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It arises from the analysis of the curves that with
12h30 a.m for these two studies, one notices a
considerable variation of 11.57 W. These results show
a closeness of the profiles of these two experimental
and theoretical studies.

4.6. Instantaneous global efficiency

Figure 11 shows the evolution of the instantaneous
global efficiency according to time.
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Fig.11 Evolution of radiance and the instantaneous
global efficiency

From the analysis of the curves of this figure, one notes
that the global efficiency is around 22% for the
experimental study and 22.15% for the theoretical
study at midday sun. One realizes that the two curves
almost have the same profile similar to work of Bahri
and Amirat (2013), which makes it possible to say that
the selected model predicts better the output of our
saw tooth collector.

Conclusion

The solar collector in teeth of saw was designed,
produced and modeled at the Laboratory of Energetics
and Thermics Applied of ENSAI of the University of
Ngaoundéré. It is a double glazed solar collector. It is
used to convert the radiant energy of the sun into
thermal energy. Our work consisted in the theoretical
study of an air solar collector with a simple pass
between the cover glass and the absorber. To work out
this work, we established the equations of heat balance
translating the thermal behavior of our saw tooth
collector then, we brought out the models able to
facilitate these exercises which were coded in VBA
(Visual Basic for Application). These equations enabled
us to come out with the various profiles of irradiance,
the temperature of the absorber, the outlet
temperature, the number of Nusselt, the convection
coefficient between the absorber-fluid and the thermal
efficiency according to the time of the two studies. One
observes from these curves that the agreements prove
to be acceptable and the variations which exist are due
on the one hand, to the errors of measurement, thermal
inertia and the disturbances of the system (by cloudy
passages). Thus, we can say that the models chosen

with the assumptions used made it possible to better
predict the thermal behavior of the saw tooth solar
collector.

Nomenclature

m Mass flow of the air (kg/s)

m Mass of the material (kg)

AT Variation in temperature (°C)

Sc Surface collecting of the plane collector with air (m?)
Cp Specific heat of the air (J/kg°C)

Dn Hydraulic diameter of the conduit of the fluid (m)

g Acceleration of gravity (m/s?)

G Solar flow total receipt by the plane collector with air (W/m2)
h  Thermal coefficient of transfer (W/mz°C)

Hr Relative humidity (%)

L Length characteristic of the collector (m)

Pv Pressure partial of water vapor in the air (mHg)

Pu Flow exchanged between the absorber and the air (W)
Qv Voluminal flow of the air (m3/s)

S Section of entry and exit of air (m?)

T Temperature (°C)

V  Velocity of flow of the air (m/s)

R Thermal resistance (mz°C /W)

Nombres adimensionnels

Gr Number of Grashof
Nu Number of Nusselt
Pr Number of Prandtl
Ra Number of Rayleigh

Symboles grecs

Efficiency of the collector (%)

Absorption coefficient

Thermal dilation coefficient of the air (°C-1)
Emissivity

Thermal conductivity of the air (W/m°C)
Dynamic viscosity of the air (Pa.s)

Density (kg/m3)

Constant of Stefan-Boltzmann (W/m2°C#)
Coefficient of transmission of the cover glass
Numbers of Glazing

Angle of inclination of the collector
Thickness of the mobile vein of air (m)
Time (period of the day) (h)

0O DZA QT E OIS

Indices

input fluid
output fluid
Absorber
Wind
ambiant
Plate Absorbing
Radiation
Convection
Mode of transfer of heat (irradiation, conduction or convection)
Entry
Fluid
Exit
Useful
gl Plane cover glass
g2 Cover glass in saw tooth

Ew e x0T e g gp
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