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1. Introduction

The solar energy is considered one of the most important sources for renewable energy because
it is an inexhaustible source. Furthermore, recent studies have confirmed that thirty minute of
solar radiation on earth is equal to the world energy request for the whole year. Therefore, solar
energy is used in many applications, such as ventilation air preheating, space heating of
buildings [1] G. Feng et al., [2] J. F. Belmonte et al., [3] D. Zhao et I., and [4] Hami K. et al,
water heaters in homes [5] S. Esakkimuthu et al., [6] C. K. K. Sekyere et al., and [7] M.
Mokhtarian et al., then drying agricultural crops [8] R. M. Reddy et al., [9] R. Benrejeb et al.,
and [10] S. Rezvani et al.

In order to be effective and productive, all the solar energy applications listed above must be
integrated with a thermal energy storage unit. The function of a thermal energy storage unit is
to absorb and store heat energy. Hence, solar heaters can be operated for a longer period of time
during sunset [9] R. Benrejeb et al. Consequently, in recent years, several studies have focused
on the development of solar energy systems, particularly the optimal use of solar radiation and
the best ways to store solar thermal energy.

Solar energy collectors can also be classified based on their method of work, which can be
positive or negative. The positive type uses an electric pump to distribute the heat transfer fluid,
while the negative type operates without a pump. Consequently, both types may be used in all
types of collectors whether they be flat-plate, evacuated tube or concentrating [10] S. Rezvani
et al.

The solar energy collectors can also be grouped into direct or indirect types. A direct type of
solar water heating system distributes domestic water during collectors but is inappropriate for
frigid atmospheres. The indirect type, on the other hand, is used for heat transfer fluid [11] J.
Varghese et al., [12] A. M. Khudhair et al., and [13] A. Shukla et al.

The Evacuated tube collectors differ from other types of collectors due to their vast difference
in terms of design and operation are presented by [14] Ali Mohammed Hayder, and [15] N.
Mehla and A et al., and .The Evacuated tube collectors mainly consist of glass tubes. Any tube
contains two layers: an outer layer made of glass and an inner layer which consists of an
absorber plate to solar radiations. The tubes are the main configuration for evacuated tube
collectors. Evacuated tube collectors are characterized by their ability to reduce convection and
thermal conduction losses due to the space between the tubes, which makes them a heat

insulator.
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The present work has been conducted with the aim of contributing to the study of heat transfer
phenomena in an air solar collector, which deal with transient heat transfer properties and
mechanisms. The improvement of heat transfer in the studied system is characterized by the
development of the flow between the absorption of cold air and the evacuation of hot air. The
equations, which govern the problem dealt with, are those of turbulent and incompressible flows
written in Reynolds decomposition for velocity, pressure and temperature, in a mean component
and a term of fluctuation, and expressing the conservation of the mass, of the amount of
movement and energy. To close the set of transport equations, the turbulence model k-¢ was
used. We will therefore use this model of turbulence with an improved treatment of wall laws
(Enhanced wall treatment), with the intention of solving the laminar sub-layer. The results
obtained show a good qualitative and quantitative agreement with that of the literature.

The study of the thermal and dynamic behavior of the area in an air solar collector is the subject of a
physical modelling of the phenomenon through the interaction between this system and those climatic
conditions (Radiation and ambient temperature) a typical winter period. The heating path of the air mass

is shown schematically in Fig. 1.

—

Hot air
\ Solar Energy
/ Glazing
Absorber V\/
—  Cold air

Fig 1. Physical model

In order to obtain a mathematical model for the physical phenomenon studied, we adopt the
following assumptions:

e The fluid is Newtonian and incompressible;

e The flow regime is unsteady;

e The physical properties of the fluid are constant except the density obeys the Bossiness

approximation in terms of the buoyancy.
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2. Mmathematical model

2.1 Equations of the problem
The equations governing the problem addressed are those turbulent incompressible flows and
written decaying Reynolds for pressure, speed and temperature with an average component and

a fluctuation term, and expressing respectively the mass conservation, momentum and energy:

ou
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i and j: represent the direction of flow.
The Reynolds stresses and heat turbulent flows respectively appear in the equations (2) and (3)

are expressed in terms of dynamic and thermal fields means as follows [16] P. Chassaing:

T
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To close the whole transport equations (1), (2) and (3), the turbulence model k-¢, (8) and (9)
was used. This model has the advantage of not requiring very large computation times,

especially for simple cases such as the one we are studying.

The two-modelled equations of turbulent kinetic energy k and ¢ dissipation are described by the
following transport equations (8) and (9) [17] R. Schiestel, and [18] A. Fourar:

Equation of turbulent kinetic energy:
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ok — ok o C,-kK*|ok | C,-kK*[oui ouj|éu
—+Uj—=—|V+ — |+ + -
ot OX;  OX; OyE ) OX; oy (OX; 0% JOX;

Equation of dissipation:

_ C -K? Ui ou: \au;
a_g+uja_g:i v+ £ 6_8 +C51'C k- ou +6uj ou _
ot ox;  Ox, o, )OX. “ ox; 0% )ox,

&

J J

The constants called k- model are standards for values:
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Transport equations (1), (2), (3), (8) and (9) are discretized by the method of the control

volumes, and resolved by the simple algorithm [20] S. V. Patankar. In order to achieve a

compromise between the computation time and accuracy of simulation results, an optimization

study was made of the influence of no space and time (Courant-Friedrichs-Lewy (1928) or CFL
condition. It is necessary and sufficient for stability) [21] K. Abe et al., and [22] L. T. Wong et

al. It is estimated that convergence is reached when the relative differences in all variables

calculated at various nodes of the mesh Fig. 3, fall below (R = 10™*) between two successive

iterations.

2.2 Initial and boundary conditions

At:t=0 U=v=w=k=¢=0and T=Ti=6°C

e Condition of adherence to the walls (u, v, w) = (0,0,0);

e The contest between the absorber (ab) and air (f) is assumed to be perfect in the air

space;

T
So: -4, T =
oy

oT
~2, a—yf =¢, and T, (Y)=T.(y) (interface)

e The estimated global solar radiation is expressed by the model of LUI&JORDAN [19]:
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D, =G, — 1" xsin(h). (13)

With:

lll*ll

The value of solar radiation "1™, received by a surface perpendicular to the solar rays placed at
the upper limit of the Earth's atmosphere varies during the year with the Earth / Sun distance.
Its average value "I°" called solar constant is of the order of 1354 (w.m?). As a first
approximation, we can calculate the value of "I according to the number of the day of the year

"nj" by the following relation:
I” = 1ox[1+ 0.033 x cos (0.984 x nj)] (14)

The height of the sun (h): The height of the sun is the angle formed by the direction of the sun
and its projection on the horizontal plane. It is particularly equal to O ° at astronomical sunrise
and sunset; its value is maximum at noon, in true solar time. The expression for the height of
the sun is given by:

Sin (h) = sin (¢).sin (8) + cos (¢).cos (8)cos (w) (15)
@ : Latitude;
d: The declination of the sun;
w: The hour angle.

For the present work, the geographic data are:
e Latitude =31 ° 62 'N,

* Longitude =-2 ° 23'W,

* Altitude = 773m,

* Albedo (a*) = 0.2.

The azimuth (a): This is the angle between the projection of the direction of the sun on the

horizontal plane and the south. The azimuth is counted positively towards the west and

negatively towards the east. The following relation gives it:

cos(6).sin(w)

Sin(a) = p—

(16)

The declination (3): this is the angle made by the plane of the equator with that of the ecliptic.
It varies during the year from + 23°27' to - 23°27' and determines the inequality of the lengths

of the days; it is equal to O at the equinoxes. 6 is given by the following relation :
_ o a:.. {360 .
5=23.45°Sin (22 x (284 +)) (17)
J: The number of the day in the year counted from January 1st.
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The hour angle (»): This is the angle between the original meridian passing through the south
and the projection of the sun on the equatorial plane, it measures the course of the sun in the
sky. The following relation gives it:
o =15(TSV - 12) (18)

TSV: true solar time
It is 0 ° at solar noon, then each hour corresponds to a variation of 15 °, because the period of
the earth in its rotation on itself is equal to 24 hours. Counted negatively in the morning when
the sun is east and positively in the evening.
True solar time, at a given instant and location, is the hour angle of the sun . It is given in the
following form:

TSV =12+ % (19)

The mean solar time is sometimes called local time; the following relation gives it:

TSM =TSV - Et (20)

(21)

Et = 9.87 sin[2.222 (V — 81)|-7.53 cos| > (N — 81)]-L.5 sin[>= (N — 81)]

e Et: is the equation of time expressed in minutes.

e N: is the number of the day in the year.
The set of equations of this model was presented in a text file in the form of a computer program
in language (C++) for adaptation as a boundary condition at the interface of the software of the
calculator using the extension of the coupling (user defined function UDF).
The following flowchart (Fig 2) summarizes the steps in solving this study:

e 1: represents the step of the iterative calculation;

e 1 =0: initialization of the calculation;

e (t+1): next step of the iterative calculation.
The convergence test chosen for this simulation is: R > 10 (weighted residue).
The stop test of the chosen calculation for this simulation is: T < 86400 (s) (the time needed to

simulate a typical day).
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Fig 2. The flowchart of the present work
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3. Results and discussion

In order to verify that our computation "holds well the road”, it is important to have y+ of the
order of (y+ ~1). However, a larger value is acceptable as long as it remains in the viscous sub-
layer (y * 4 or 5) [23] N. Marzouqy. The following results (Fig 3) confirm that we are in this
range. Note that we had to make an adaptation of the mesh to decrease the values of y + since
our mesh was not close enough near the walls. This is done in the fluent menu (Adapt Yplus /
Ystar).

The following relations (22, 23 and 24) expresses the values of y+ near the hot wall and the
cold wall:

y =>4 22)
*_ Tab
u-= 4 (23)
ou
ab =H (24)
T ay

ab
The history of the convergence of the air inlet and outlet velocity of the solar collector is shown
in Fig 4. There are two phases, the first represents the transient phase due to the unstable initial

state of the system, and the second is a stable phase represents the inertial state of this system.

25
| —— Hot Wall
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+
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Fig 3. Test of mashes quality
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The average Nulsset values depending on local Grashof literature are compared in this study

(Table 1). These results are in good agreement in general, the values obtained by Ferris [24] are

the closest to the results of this work or the error does not exceed 5%.

Table 1. Validation: Nulsset for different correlations of literatures [24].

Case studies

Nulsset (Nu)

Grashof (Gy) 107 108 10° 10 Error %)
Ferris 2532 5413 11572 24741 1.61
Cibs 2430 5195 11110 237.44 2.52
Arharae 23.90 51.07 109.19 233.45 4.27
Present work 2491 5326 113.86 243.42 -

In Fig 5 are shown the solar radiation reading and the temperature curve on the surface of the

absorber during a typical sunny day. The maximum value obtained by this simulation is 60.275
(° C) at 13.00 H for an incident solar radiation, which is equal to 812.930 (w / m?).

Fig 6 shows the resulting velocity field in the direction of flow, where it is clear that the flow

is strongly accelerated at the hot zone. By the effect of the viscosity at the level of the manifold,

the speed values are between low ambient values at the inlet and maximum ones at the outlet

of the system.
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Fig 6. Resulting velocity field

The evolution of the local Grashof number along the hot wall are presented in Fig 7. We notice
a change in the flow regime at the hot boundary layer. The results obtained showed that for G
4x10°® the flow regime is certain laminar with (h 0.46m), while for Gy, > 10° the flow regime
becomes turbulent with (h> 0.6m). For the transient zone (0.46m < h < 0.6m).This change in
diet is characterized by increased convective transfer. The near the absorber, region serves as a
motor to flow, substantially all of the injected energy to the thermal wall remains confined in
this region and serves to accelerate the fluid. The neutral zone (laminating zone), is driven by

the near absorber region and decelerated with the height retention rate. Competition settles then
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between the heating wall, which tends to increase shear and turbulent mixing, created by shear,
which tends to equalize the flow and thus reducing the shear. When this turbulent mixture
becomes significant enough, a flow regime change occurs, it is the mixing zone. In this zone,
located after the transition, the flow is mixed, homogenized by turbulent mixing, shear
decreases and the channel center is warming. Velocity fluctuations are no longer fed by the
shearing but directly from the turbulent flow of heat. Indeed, an analysis of the terms of
production of turbulent kinetic energy shows a competition between the production of viscous
origin, which dominates in channel input and that of thermal origin, which grows before the

transition and after dominates.

0 -

=
LL =T =

iE#iD F‘

Length of the hot wall (m)

Fig 7. Values of the local Grashof number along the hot wall, for @, =800 (w / m?)
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The turbulence model k-¢ was used in this study to close the set of basic equations. Fig 8 and 9
represent a comparison between this model and others in the literature to assert the feasibility
of this choice. The superimposition of velocities and temperatures shows a good agreement
between all the models that we simulated, this confirms that our calculation will have the right

way of point of view of the mathematical and physical modelling.
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In the neighborhood of the hot surface, develop the dynamic and thermal limit layers, in whom
we observe the variations of the velocity and the temperature. The superimposing of the profiles
of temperature and the vertical component of velocity, given to the Fig 10, in the quotation y =
1.50 m, shows that the thermal limit layer is 3 times less thick than the dynamic limit layer.
This big difference is not certainly an effect attributed to the viscosity of the air. It is not
probably either due to the inverse flow of border of limit layer, which passes by the temperature
of the glazing. There is a homogenization of the temperature in the external zone of the dynamic
limit layer because of the turbulent brewing.

This section is to describe the changes in the different velocity profiles and temperature,
depending on the height of the hot and cold wall. Developments different velocity’s and
temperature profiles, depending on the sunlight hours in (100 W/m? — 800 W/m?). It is based
on the numerical results, during which the simulations were made near the hot and cold wall,
are shown in Fig 11 and 12.

The study of flow near the walls represented in Fig 11 and 12, are necessary for the
determination of heat transfer by convection between the wall and the air around it. Away from
the hot surface, air at an average velocity Vi and an average temperature Tm. In the immediate
vicinity of the surface, the air temperature is very close to that of the surface. The air velocity

is almost zero.
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Fig 11. Velocity profiles vs. solar energy
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4. Conclusions

The simulation results shown in this work, they allow the presentation and exploitation of
results obtained from simulations in 2D. They were made with a heating, condition due to
sunlight. The velocity profiles and the average temperature were presented and analyzed. The
study of these profiles based on the height in the solar collector has helped to identify a flow
regime change. The simulation results obtained are valid for temperature values between (30
°C - 50 °C) for heating flows between (200 w / m? - 800 w /m?), the average volume flow
obtained is equal to: 0.3 m®/s. These results are essential for the passive heating of buildings

and the drying of agrifood products.

Nomenclature

D" diffuse solar flux (w/m?) T average temperature (oc)l

S*  direct solar flux (w/m2) ui velocity component (m.s™)

fi volume forces (kg.m s2) u'i velo?llty fluctuation component
k turbulent kinetic energy (m? .s) . (ms7) _

0 pressure (Pa) u boundarx Ia_yer yel_omty _

P pressure fluctuation (Pa) u: cr_\aracterlstlc friction velocity
P average pressure (Pa) y distance to the wall

Tan  absorber temperature (°C) Greek symbols

Tt air temperature (°C) P density (kg/mq)

Ti  temperature fluctuation (°C) a thermal diffusivity (m? .s?)
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at turbulent thermal diffusivity (m? .s" @s  heat flux (w/m?)
h Tw shear stress

€ dissipation rate of the turbulent U dynamic viscosity (m? .s?%)
kinetic energy v kinematic viscosity (m? .s)
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