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Abstract: - This work deals with the numerical study of heat transfer during airflow through a flat plate air thermal solar collector.
It consists of the numerical study of the environmental, structural and design parameters that directly influence the operation of this
collector. Based on the heat equation, the equations of the different elements of the collector are established. The temperatures of
the glass, the absorber and the heat transfer fluid are determined, varying in time and space. The finite difference method was used
for the numerical solution. The results obtained allowed us to obtain the desired heat transfer fluid temperature for solar drying of
bananas. These results are confirmed by studying the effect of solar radiation on the properties of the glass. For this purpose, the
study made for three types of glass (tempered glass, display glass, clear flat glass) allowed to conclude that the clear flat glass of
coefficients (2% of absorption and 90% of transmission) is the best choice. The latter gave us the output temperature of the heat
transfer fluid for a radiation of 700W/m?,
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|. INTRODUCTION The collectors could also be equipped with easily removable
covers for maintenance. In this sense, we have seen that a lot of
Solar thermal energy is of major importance in the world, scientific work has been done on good solar collector designs.

because it is clean, renewable and sustainable, and has many
practical and industrial applications, including electricity
generation, heating, solar collectors and cooling energy systems
[1]. Flat plate air collectors convert the solar radiation they
receive into usable heat energy. This energy is used in various
solar applications, such as food drying, industrial and
residential space heating, and solar refrigeration [2].

M. Baissi et al [2] have carried out work on the modelling of
the parameters, related to the operation of the flat plate air
collector. The results obtained by comparing two models (the
Perrin de Brichambaut model, the Liu and Jordan model) by the
daily evolution as a function of true solar time of the outlet
temperature of the heat transfer fluid.

The study by Mohamed Yacine NASRI and Azeddine
BELHAMRI [3] on the simulation of an indirect solar dryer
with forced convection for agro-food products.

Collectors for dryers should be made of reliable materials that
are corrosion resistant (a life span determinant). The joints
securing the collector cover should be strong enough to ensure
a reasonably good seal. The collectors could also be equipped
with easily removable covers for maintenance.

Prototype dryer is studied by determining the main
characteristics, such as the heating power required for M. Baissi
et al [2] have carried out work on the modelling of the
parameters, related to the operation of the flat plate air collector.
The results obtained by comparing two models (the Perrin de
Brichambaut model, the Liu and Jordan model) by the daily
evolution as a function of true solar time of the outlet

In this sense, we have seen that a lot of scientific work has
been done on good solar collector designs.
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BELHAMRI [3] on the simulation of an indirect solar dryer
with forced convection for agro-food products. These results
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prove the increase in air temperature due to the transformation
of thermal energy by the effect of solar radiation transmitted
through the glass and absorbed by the absorber.

The work of BENKHELFELLAH et al [4] is devoted to the
comparative study of the drying kinetics of food products in
direct and indirect dryers. For the different temperatures of the
dryer elements, the results show that the experimental and
theoretical curves converge for a maximum deviation of 10%
for the global radiation. They also show that at the absorber, the
temperature reaches 110°c while the drying air approaches the
value of 90°C.

A. BOULEMTAFES and D. SUMMAR [5], their work aimed at
the design and implementation of an indirect solar dryer for
agricultural use for drying fruits and vegetables. The dryer
consists of a parallelepipedic box, which is supplied with air by
a flat solar air collector. The experimental part consisted in
studying the characteristics of the drying air when it arrives in
the drying box, that is. its temperature, its degree of humidity,
its speed and its flow rate as well as their evolution during a
characteristic day. The knowledge of the evolution of all these
parameters and their interdependencies, allows to select the
types of products likely to be dried by this dryer.

A. FERRADJ et al [6] carried out a forced convection solar
dryer for drying apricots with the aim of determining the
influence of certain parameters on the drying Kinetics and
quality of these products. For this purpose, they considered it
necessary to carry out the following pre-treatments: bleaching,
sulphiting and osmotic dehydration. The analysis of variance
allowed them to conclude that sulphiting had no influence,
whereas bleaching had a very significant effect on weight loss
during drying. As for partial osmotic dehydration, it clearly
improved the organoleptic quality (texture, colour, taste) of
dried apricots. The performance of this drying, the power
produced in the collector and its efficiency.

The results obtained showed that the average air temperature at
the outlet of the collector is estimated at 46°c. While the air
velocity at the outlet of the collector is 2m/s. The airflow
required to dry 36kg of apricots for 8 hours, to reduce the
moisture content from 86% to 31%, is estimated at 422m3/h.
The power required to heat the air is 1.9KW. The source of this
energy is the solar collector which produces 27KW. Using the
value of the power produced at the collector and the solar
irradiation, the efficiency is found to be 11.36%.

In this work, the effect of radiation on the behaviour of the
elements of a solar collector is studied numerically using forced
convection airflow. For this purpose we will use the finite

difference method to solve the governing equations of our
geometry model.

Il. MATHEMATICAL FORMULATION

A. Geometry Of The Problem

The physical model is presented in Figure 1. The dimensions
presented in this work are based on the design data with
calculations for the coefficients using mathematical
correlations from the literature

The sensor generally consists of :

e aglass pane on the front side ;

e ablackened sheet of metal as an absorber ;
e insulation on the rear and side faces ;

e two conduits with rectangular section

The first duct, located between the glass and the absorber, is the
useful duct where the air circulates in forced convection. The
second, located below the absorber, is a confined air space.

Fig.1.a Normal Collector  1.b Solar dryer
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B. Simplifying Assumptions

We will consider the following assumptions [8], [9]:

e The airflow is unidirectional (along x),

e The thermal inertia of the heat transfer fluid is
neglected,

The lateral heat losses of the collector are neglected,
The temperatures of the absorber, the glass and the
insulation are uniform in a slice,

The heat transfer between the insulator and the outside
air is neglected.

C. Heat balance equations of the collector

The heat balances of our numerical model are established by
taking into account the evolution of the temperatures of all the
elements of the collector in time and space. For this purpose,
we used the step-by-step nodal method, which consists in
cutting the collector into fictitious slices of length AX in the
direction of the heat transfer fluid flow and writing the balances
in each slice using the heat equation [10], [11], [12], [13], [14].

AT .
miCpi _at Vl gradTl = Z hl] Sl] (T] - Tl) + Gi
@)

Applying this equation to all the elements of the sensor, we
obtain:

» Atthe level glass pane

Pv VuCp, 32 = Sctyly + NrvamSc(Tam — Ty) + hyySc(Tam —
Tv) + thaSc(Ta - TV) + hravaC(Tab - Tv)
2)
» At the absorber level

dT,

PabVabCp,}, ?b = ScO(abTvIg + Schrabv(Tv - Tab) +

SchCaba (Ta - Tab) + Scl'ICdai(Tam - Tab) (3)
» At the level of the heat transfer fluid

dT,

P, = Q Cpang = heyaSc(Ty — To) + heapa S (Tap —

Ta) (4)
D. Dimensionless equations

Characteristic quantities and dimensionless quantities: To
obtain dimensionless equations we have used the quantities

L, is the characteristic length,

tee = SQ% : is the reference time of the sensor, and

clC
T,.: Is the characteristic temperature of the air leaving the
Sensor.
7 _Ta . 77 _Tab,. 7 _Tv.g_t.o_ X
Ta= 'Tab_Tsc' V_Tsc‘t_tsc‘X_Lc
T,.: is again the characteristic temperature of the drying air,
which indicates the end of the drying process. The drying time
is the total duration of sunlight for which tg,=16hours is
maintained.

Dimensionless equations:

From these reference quantities, we obtain the following
dimensionless equations

» Energy balance at the pane (v)

dTy —~ —~ — —
5= G+ C(Tm—T) +C (Ta-T) + C3(Tap - T )
)
(hrvam+hvv)Sctse Ta
C, = Srvam*hvwSetse e _ Ta
1 PvVy Cpy am Tsc
_ hCvasctsc _ hrabvsctsc _ Scavlgtsc
2 PvVy va ' : PvVy va P Tsc PvVy va

» Energy balance at the absorber (ab)

= o Cs(T, = o) + Co(Ty = Top) + C5(Tom = o)
©

_ hcabasctsc

C — hrabvsctsc
57 Vab Cp.,. O
PabVab Cp,y,

hcdaisctsc

PabVab Cp,y, ’
ScO(abTvIgtsc
C7 = =

= ,Cg =7
PabVab Cpab Tsc PabVab Cpab

» Energy balance at the level of the heat transfer fluid (a)

_ hcabasc

— hcyaSc
C9 - ~
A% Qa Cp,

T A%Qacp, 10
E. Calculation of the collector transfer coefficients

To determine the various heat exchange coefficients "h", the
following relationships will be used, depending on whether the
transfer is by conduction, convection or radiation.

The coefficients of exchange by convection:

According to the assumptions made, there are two types of
convective exchange
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Convective exchanges due to the wind: these are the front losses
due to the wind noted: hyy. According to the correlation of
Hottel and Woertz [7], the coefficient is described according to
the following relation:

hVV = 5,67 + 3’86Uv (8)
Convective exchange in the collector:

A distinction is made between the exchange coefficient
between the absorber and the air (hc,p,), and the exchange
coefficient between the glass and the air (h¢y,)-

They can occur either by natural convection (when there is no
circulation) or by forced convection. It is written :
A

o ©)
In both cases of convection, various correlations have been
developed. For forced convection, and in the case of rectangular
ducts, the following expression according to Granier [7] can be
used.

heva = heapaNy

N, = 0,0196R,>%.P,}/3 (10)
. D D c
With R, =V.Th V.pTh and P =p=
Radiation exchange coefficients [8]:

The elements that make up flat plate air collectors (glazing,
absorber and insulation) are usually rectangular in shape. All
these surfaces are parallel and the distances between them are
small. This allows us to simplify the shape factors and take the
average temperatures of the elements to express the radiative
coefficients. For this purpose, the following classical
formulation is often used:

_ O(T1+T2)(T?1+T%5)
hr - 1—£1+ 1 +1—£2(S_1) (11)
€1 Fi2 &2 °S3

The figures 1a, 1b and 1c show the temperature variations of
the glass, the absorber and the heat transfer fluid as a function
of the displacement at the entrance (fig. 1a), in the middle (fig.
1b) and at the

dT, ~ = —~ =

2=0(T-T)+Co(Tn-T) (0
Radiative exchange between the glass pane and the
surrounding environment:

The relation gives this exchange coefficient

h _ (1-cosa)
rvam — O &y 2

(TV + Tam)(TZV + TZam)
(12)

Radiative exchange between the glass and the absorber:

o(Ty+Tap) (Ty+T%ap)

hrabv = 11 (13)

Exchanges by conduction:

For our case we will take into account the losses by condition
between the absorber and the insulator

ha.,. = Sab  fair 4 Sis 14
dabi Aab + Aair + Ais ( )

Numerical Procedure [9], [15], [16]:

The heat transfer equations (5) (6) and (7) described are non-
linear coupled partial differential equations. Due to their
complexity, these equations are solved by numerical
techniques. The spatial discretization is done by a finite
difference method while a purely implicit scheme is adopted for
the temporal discretization [15]. The discretized equations
according to their level are :

> Energy balance at the level of the window (v)

T ) -ToAt ~
00 = ¢, + ¢ (T,
i am

At —Tye) + C2(Tap) — Toy) +

C3(Tapm — T ) (15)
» Energy balance at the absorber (ab)

Tabg) ~Tab(h) Tt Tt
== Cs + Cs(Ty) — Tap) + Co(Tay — Tanp) +

Cy (Tam — Topy) (16)
» Energy balance at the level of the heat transfer fluid (a)
Ta~Tag-) Tt mt Tt Tt
— = = G(Tym — Tag)) + Cio(Tapy) — Tawy)
17

The iterative process is repeated until there is no significant
change in the value of T with respect to the following
Z|Tn+1—Tn|

convergence criterion: W

< ¢ with&, with is the

calculation accuracy.
Ill. RESULTS AND DISCUSSIONS

After writing the transfer equations and presenting a numerical
solution scheme, we will analyse results from our different
studies, which mainly concern the evaluation of the temperature
in different levels of our flat plate solar collector as a function
of time and solar radiation exit (fig. 1c) for an irradiation of
500W.m?2, for which the characteristics of the glass are:
transmission 82% and absorption 3%, emissivity 85% and
thickness 10mm.
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The figure 1a (first instant), figure 1b (mid-instant), and figure
1c (last instant) show us the variations of the temperatures of
the different elements of the sensor according to the slices
(displacement). At the first two slices, we can see that there is
no variation between the air and the glass. This is due to the fact
that the air has not yet been in the sensor for a considerable
time. So, at the last one, there is a difference in the temperatures
between the different parameters of the sensor. At these
positions the air has had time to warm up gradually.

To achieve the desired output temperature in a sensor, it is
essential to take into account the residence time of the air in the
sensor, which is a function of the sensor dimensions.

| ] L D L}
T T ] ——
Y T T T |
a . 1] , ) i ! — . t
— . - X " '
Tl g ' - !
-1 - " [
[posl = 1 —i
= . - '
o -t b
I8 = |
[ P - |
= N s '
=1 | = . 1 —* ]
- = = 1
- | -1 1 - 1
L= - |
y 1 . 1 - 1
= R ! = oot
[ , | | L i _k . ; L
ey = 1 = ]
Y e - i
= 1 = L . | L I T
[ = . Yoo ==t 1 | I . AR
1 - L 1P ) T
. = | il ~ I et
‘ 1 — | i m | 0 1T tapin meianly
| RS R — :
I T T T T :I T T T T l T T T T
Pl [ ! I
Faaafe] adel i e
W m -
(a) .{b) (c)

Fig.1. Evolution of the temperatures of the glass, the absorber and the
heat transfer fluid according to the slices at different times

The figure 2 shows the evolution of the temperature of the
outlet fluid as the absorption rate of the glass is increased or
decreased for an irradiance of 500W.m2. The figure 2a shows
that whatever the characteristics of the glass, the temperature of
the air at the first slice is the same. The figures 2b and 2c : when
the absorption coefficient of the glass is low, the differentiation
comes from the transmission coefficient, but if the absorption
coefficient is not low, the impact on the temperature rise of the
heat transfer air is felt.

The choice of glass will be based more on its high absorption
coefficient, as this glass will raise the temperature of the heat
transfer air in the collector by releasing the heat absorbed by
conduction.
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Fig.2. Evolution of the collector outlet air temperature as a function
of time according to the variations of the absorption rate

The figure 3a shows two phases of evolution of the absorber
temperature as a function of the glass characteristics. Between
0 and 8 (dimensionless time), the configuration with the pane
of higher absorption coefficient (5%) gives the best temperature
of the absorber. In addition to the amount of heat transferred to
the absorber, the pane also transfers heat by radiation. In this
phase, the effect of the absorption of the pane dominates over
the effect of its transmission.

In the second phase, the After a certain time, the temperature of
the different panes equilibrates with the temperature of the
incident rays. Hence the effect of the absorption is zero. Thus
the pane with a transmission coefficient of 90% has the greatest
effect on the temperature of the absorber.

The figures. 3b and 3c still confirm that at the beginning of the
phase the absorption dominates the transmission. This
domination is explained by the effect of the ambient air flow on
the absorber. This effect decreases greatly in the second phase,
so that a slight difference is observed in the middle and at the
outlet of the collector. The air temperature is closer to the
absorber temperature at the fifth and tenth stage
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Fig.3. Evolution of the sensor absorber temperature as a function of
time as the absorption rate varies

The results in Figures 4, 5 and 6 confirm those in Figures 1a,
1b and 1c. They show the effect of solar radiation on the
absorption and transmission rates of the glass pane leading to
its different temperature changes. The figures 4a, 4b and 4c
show the variations of the different temperatures for an
absorption rate of the glass of 3% and a transmission rate of
82% as a function of the radiation at the exit of the collector
(last slice). The evolution of the temperatures of the different
elements increases when the irradiance (500, 700, 880 W/m?)
increases. We temperature of the absorber increases as the
transmission coefficient of the glass increases.

This is followed by the temperature of the heat transfer fluid,
which has almost the same variations as the pane at the
beginning (range 1 to 3). These variations become more
important when the radiation increases. Hence the temperature
of the air becomes higher than that of the pane the higher the
radiation. In this case the outlet temperature of the heat transfer
fluid is reached at 880 W/m?2,
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Fig.4. Temperature variations of the collector components as a
function of solar radiation for a pane absorption of 3% and
transmission 82%.

In figure 6 the temperature variations are the same with
increasing radiation. For an absorption rate of 2% and
transmission of 90%, the analysis shows the same temperature
variations as in figure 5.

In this case the exit temperature of the heat transfer fluid is
reached at 700 W /m? (344k after 16 hours).
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Fig.5. Temperature variations of the collector components as a
function of solar radiation for a glass absorption of 2% and
transmission of 90%.
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As you can see in the figures above, figures 6a, b and 6c¢ also
show temperature changes as a function of radiation for an
absorption coefficient of 5% and transmission of 86%. We note
again the same variations as in the figures 4 and 5.

In this case the outlet temperature of the heat transfer fluid is
reached at 880 W/m?.
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In the second part, using Fortran, we wrote a numerical program
giving the results. The effect of radiation on the performance of
the sensor was studied by the characteristics of three types of
glass. These results were used to evaluate the temperature
variations of the glass, the heat transfer fluid and the absorber.
The temperature of the heat transfer fluid being only that of the
air leaving the collector, was obtained in this study
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