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Abstract: This work focused on the numerical study of the thermal performance of a solar collector in order to improve the
indirect solar drying of fruit in an environment with high solar potential. It aims to contribute to the reduction of post-harvest
losses observed during periods of high production. From the retained physical model, an equivalent electrical scheme has been
established and energy balance was applied to each slice of the model using the nodal method. The obtained different equations
were discretized using the implicit method of finite differences, and solved by the iterative Gaussian Pivot method written in
FORTRAN program. The obtained results showed that, from April to June (mangoes harvest period in Ngaoundere city) the
raining period in Adamawa Region, the solar air collector that length to width ratio is between 2 and 3, is sufficient to carry out
indirect solar drying of fruits with forced convection. The outlet air temperature of the solar collector was between 45 and
60°C with an average value of 50°C, and the thermal efficiency was between 65 and 95% with an average value of 80%.

Double glazing improves efficiency of the solar air collector for a small footprint.
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1. Introduction

Solar energy is the most significant source of the
renewable energy on the planet. The quantity of this energy
flux reaching the earth’s surface, i.c. 1.76.10""W, is today
largely higher than the total power consumption [1]. One of
the simple and direct applications of this natural and free
energy is the conversion of the solar irradiation into heat,
which can be used either for solar heating of building, solar
refrigeration, industrial processes, and the solar collector. In
this last case, conversion is done using the collectors, with
the aim of heating water or air for domestic uses [2] and
industrial applications [3, 4]. It can also be employed for the
drying of the agricultural produce. Solar collectors can also
be employed for the drying of agricultural produce.

In fact, several research tasks undertaken in this field, have
for the majority, license to conceive and carry out solar
systems of air drying with plan solar collectors as in
Malaysia for the drying of hot red pepper [5]. For the

countries in the process of development which produce more
than 80% of food [6], the use of the solar collector for drying
is not enough widespread. In the wet tropical zone, the
production of the exotic fruits occupies today roughly 75% of
the production of the world of the fresh tropical fruits [7].
However, the major part of this production is lost after the
harvest periods, because of the insufficiency and even the
absence of the conservation and treatment systems for these
fruits on the harvest sites. In sub-Saharan Africa, these losses
are estimated at more than 40% [8]. Particularly, in
Cameroon, the average solar irradiation is 4.9kWh/m?.d, and
this solar potential is sufficient for the development of the
conversion systems of solar energy [9, 10], like the solar
driers for example. Thus opposite to the question of knowing
how to reduce the post-harvest losses, by minimizing the
power consumption, we choose with the modeling of a plane
air solar collector. Knowing that the solar collectors have a
low thermal effectiveness (roughly 36%), it is thus a question
of seeing how to optimize their construction in order to
increase the thermal efficiency.
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Solar collectors have already made the subject of many
numerical and experimental studies. They exist under two
principal configurations: concentrators and plane collectors.
The latter, being able to use water or the air as thermal agent,
are present in several research tasks [11-17], which relate to
the optimization of the thermal effectiveness. The reduction
of post-harvest losses can be obtained by using a modular
solar drier, for which the air is preheated by the solar
collectors.Thus there are several configurations of the plane
solar collector with air, such as single glazing and double
glazing with single pass or double passes.Preliminary studies
have found that for a double glazing collector, the useful heat
flux is greater than that of a single glazing unit [7, 18]. It
follows that the outlet temperature of the fluid of a double
glazing collector is higher than that of the single-glazed
collector. The present work concerns a unidirectional air
solar collector double passes and glazing. In our study, the
modeling of the plane solar collector with air with forced
convection was carried out by using the method of Hottel,
Whillier and Bliss [13]. It will be in the remainder to do the
modeling effect of geometric parameters on the thermal

performances of a unidirectional air collector double passes
and glazing generally, and in a particular case, find an
optimal surface of collector for drying fruits in a west
tropical region.

2. Materials and Methods
2.1. Physical and Analogical Model

The studied air solar collector has two glasses, upper glass
(3) and lower glass (5) as cover, an absorber plate (7) and an
insulating material (9). The two glasses are separated by an
air layer (4) that promotes the greenhouse effect. The air used
as thermal agent, circulates inside the collector through two
passages, (6) and (8), separated by the absorber (7). The two
air flows enter the collector on the same side and go out on
the opposite one. The solar radiation crosses the sky (1) and
the earth’s atmosphere (2) before reaching the collector
surface. The collector, placed on the ground (10), can be
inclined relative to the horizontal angle B in order to increase
the capture of solar radiation during the day (figure 1).

e

" Air outlet .¥v

Figure 1. Air collector double glazing and double passes, I::) heat exchange by conduction, A jear exchange by convection, ~“Ww heat exchange by

radiation, = = = solar radiation.

By analyzing the heat transfers within a section of the air
solar collector (figure 1), the equivalent electrical circuit for
the thermo-electrical analogy is represented in figure 2 by
using the following analogies [19]:

Heat flux density = intensity of electric current Temperature

~ electric potential
Heat transfer coefficient ~ conductance

Heat capacity = electric capacity
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Figure 2. Equivalent electrical circuit for the thermo-electrical analogy of
solar collector.
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transfer reference; h, ;_;: radiation coefficient between the sky
and the outside upper glass; h.;,: convection coefficient
between the ambient and the outside upper glass; hgs:
conduction coefficient in the upper glass; h,s;: radiation
coefficient between the inside upper glass and outside lower
glass; h.4y: conduction coefficient in the still air blade; hyys:
conduction coefficient in the lower glass; h,,¢s: convection
coefficient between the air in passage 1 and the inside lower
glass; hg,;4 convection coefficient between the air in
passage 1 and the absorber; h,;s: radiation coefficient
between the inside lower glass and the absorber; h,;.,:
radiation coefficient between the absorber and the inside of
insulting material; h,, ;¢: convection coefficient between the
air in passage 22 and the absorber; hgo: convection
coefficient between the air in passage 2 and the inside of
insulting material; hys: conduction coefficient in the
insulting material; h.,o,: convection coefficient between the
ambient and the outside insulting material; h, ¢ ,: radiation
coefficient between the outside insulting material and the
ground.

Heat capacity; = thermal resistance;

2.2. Mathematical Modelling and Numerical Simulation

In order, to model the heat transfer inside the collector, the
following assumptions were made: heat flux is
unidirectional; the collector is divided along its length (in the
air flow direction) in sections of Ax thickness; the physical
properties of the materials do not depend on temperature; the
air velocity is constant and the sky is considered black body.

Taking into account the above assumptions, the depending
variables of the model are: T,,: outside upper glass
temperature (K); Ty inside upper glass temperature (K);
T outside lower glass temperature (K); T, inside lower
glass temperature (K); T, absorber temperature (K); Ty
inside insulting material temperature (K); Tj,: outside
insulting material temperature (K); Py;: useful power of air in
passage 1 (W); Py,: useful power of air in passage 2 (W).

In the equivalent electrical circuit of figure 2, each node
represents a part of the air solar collector symbolized by its
temperature. On this schema, the thermal resistances, the heat
capacities, and the thermal losses were also represented.

The equation system governing the heat transfers on each
node of the collector are obtained from thermal balances
carried out as follows:

Upper glass

Outside face

M (aT;%) = hcv,S—Z(Tamb - Tugo) + hr,3—1(Ts - Tugo) + hcd,3 (Tugi - Tugo) (1)

* 0Tygi
MQT% (%) = [hcd,4- + hr,5—3](Tlgo - Tugi) + hcd,3 (Tugo - Tugi) (2)

Lower glass
Outside face
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Mg*Cpg (0T g0
% (%) = [hcd,4 + hr,5—3](Tugi - Tlgo) + hcds (Tlgi - Tlgo) (3)
Inside face
MgxCpg (0T 4i
% (%) = hcv,6—5 (Tal - Tlgi) + h‘r,7—5(Tab - Tlgi) + hcds (Tlgo - Tlgi) + P‘re (4)
Absorber
Map*Cpap (0T g
bfpb (Yb) = Pab + hcv,7—6(Ta1 - Tab) + hr,7—5(Tlgi - Tab) + hcv,7—8(Ta2 - Tab) + hr,7—9(Tini - Tab) (5)
Insulating material
Inside face
Min*Cpin (0Tini
Tp (T) = hcv,8—9(Ta2 - Tini) + hr,7—9(Tab - Tini) + hcd,9(Tino - Tini) (6)
Outside face
Min*Cpin (0Tino
% (7) = hcv,9—2 (Tamb - Tino) + hr,‘)—lo(Tgr - Tino) + hcd,9 (Tini - Tino) (7)

Air flow
Air in passage 1

Ma*SCpa (%) + Py = heygs (Tab + Tigi — 2% Tal) (3

Ma * Cpa aTal
Pul = alf dx

Air in passage 2

Mg*Cpg (0Tq
Tp(a_tz) + Pup = hey7-g(Tap + Tini — 2% Ty2) (9)

Ma * Cpa aTaZ
Pu2 = azf dx

The simulation of collector thermal behavior was carried

out by using the thermo physical properties of the air shown
in Table 1 and the thickness of different materials of collector
presented on Table 2. The energy balances between time t
and t+At were obtained by writing the flux balances relating
to the nodes of the schema of figure 2. Transfer equations are
solved using an implicit numerical scheme, Gauss algorithm
and an iterative procedure. This iterative procedure is
necessary because the convection and radiation coefficients
are depending on the materials temperatures, which are
unknowns. The different steps of the numerical modeling are
given in figure 3.

The determination of the heat transfers parameters is
presented in Appendix 1.

Table 1. Thermophysical properties of air [19, 20].

Velocity 1.5 m/s

Specific heat
Density
Dynamic viscosity

Thermal conductivity 279C < T. < 100°C

Cpg = 1005.7 + 6.6 - 10"2( T, — 300.15)

pa =1.177 —3.59-1073(T, — 300.15)

lg = [1.983 + 1.84- 1073( T, — 300.15)] - 105
Ag = 26.24-107% +7.58-10-5( T, — 300.15)

Table 2. Thickness of different materials of collector.

dg (m) ds, (m) dy (m)

dap (m) dyy (m) diy ()

3.10° 5.107 2.5102

6.10* 2.5107? 2.5107

The input power is given by [21]:

Pab = aab.S. Iab

(10)

Where a,, = 1; I,,: global solar radiation incident received
by absorber; S = L. w (L, w are length and width of collector
respectively).

The output power, P, ; represents the heat flux received by
the working fluid. It is calculated by Ricci ef al., [21]:

Pu,i = mcpa,i(Ta,i - Tamb)

(11)

where m is the air flow (kg/s).
The collector efficiency was calculated as the ratio of the
output power and the input power (solar flux density) [21]:

=t (12)

B Pap
2.3. Modelling of the Ambient Temperature

The ambient temperature evolution during a day is
modeled using the following expression [22]:
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Tymp = Ty + T, - cOS [1“—2 (14 — TSV)] (13)

where

Tamb—max + Tamb—min

2

Tl =

Tamb—max - Tamb—min

2

T2 =

with Tanpomax aNd Tamp-min the maximum and minimum
ambient temperature during each day (°C).

The total, direct and diffuse solar irradiations for
Ngaoundere (Cameroon), received by the air solar collector
are computed during the typical days, using meteorological
data of the Capital of Adamawa’s Region (7°32N; 13°58E).

2.4. Modelling of the Solar Radiation

The incident solar radiation depends on several
geographical magnitudes such as the latitude and the
longitude of the location where the collector is placed. As
part of this work, these calculations were done for the city of
Ngaoundere in Cameroon (see Appendix 2).

2.5. Numerical Resolution

Equations (1) to (9) are discretized by the implicit finite
difference method, and the final system can be in the form of

a matrix (9 X 9) as follows:
AxT =B (14)

The matrix defined by equation (14) was solved by the
following algorithm presented in figure 3.

Input values

All constant values

v

Initialisation

Temperatures of different materials of collector

Calculation
Coefficients of the matrix [A] and these vectors [Y]

[ Pivot of Gauss Method

Resolution ]

Tucoav=Tuco: Treoav=Tico:

Tuaiav=Tuez  Traiav=Trai2
Tasav=Tas2 Tiaav=Tine

Tinvoav=Tvoz

(Tugo2, Tugi2, Tigo2s Tigi2s Tab2s Tini2, Tino2s Puts Pu2)

Solution

NO

|T1‘+at - Ttl

< 107

Tt

doeds uo door
aun uo doo

Output air temperature of collector: T,

Calculation

Y

Final Results

(Tugo2s Tugiz, Tigo2, Tigi2, Tab2, Tini2s Tino2s Ta)

v

Figure 3. Algorithm of numerical modeling of air solar collector double passes and glazing.
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3. Results and Discussion
3.1. Solar Radiation

Simulation of the solar radiation of the town of
Ngaoundere in the Adamawa’s Region during a whole year is
presented in figures 4 and 5.

2400 —&— January
1T g ) -0+ Febraury
O —&— March
1200 7o ’ JN 0 April
/Q’/ —A— May

1000 4+ June

Solar radiation intensity {\\".fm:!

0= r T T T T 1
08:00 10:00 12:00 14:00 16:00 18:00

Local hour, h

Figure 4. Solar radiation during the first sixth months of the year.

During the first half of the year, the city of Ngaoundere
receives its lowest radiation during the month of January
(figure 4). Its maximum value is 1100W/m” at 1p.m local
time (GMT + 1). This maximum irradiation is 1300W/m’
during the months of March and April when the town is very
sunny.

—&— January
---0--- Febraury
—&— March
-0+~ April
—&— May
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1400 ~
1200 4
1000 4
800
600 4

400 /7

Solar radiation intensity (W/m®)

T
08:00 10:00 12:00 14:00 16:00 18:00
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Figure 5. Solar radiation during the second sixth months of the year.

The months of November and December are the periods of
low sunshine in the town of Ngaoundere during the second
half of the year (figure 5).

These simulation results are in good agreement with those
of Laux et al., who showed that, using the meteorological
data of Cameroon, the solar irradiation in the Adamawa
region is in a range of 1200 to 1500W/m” [23].

3.2. Influence of Geometrical Characteristics

The increase of the length to width ratio leads to an
increase in the outlet air temperature of the solar collector.
The month of March is the period of year in Ngaoundere
when the outlet air temperature reaches the highest values
(figure 6).

—0— 5.0
100 o —— 4.0
RN —A— 3.0
/n'/ o o —a— 2.0
_ o /,\ O —0—o— \\ o --- |,:
S sl » \\*q_ T
E *~ "“"\\_*d_*_*/*‘\ \‘/x.\
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o
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Figure 6. Simulation results of outlet air temperature of collector for
different length to width ratio (L/w) in Ngaoundere.

For the length to width ratio L/w = 2, the average outlet
temperature of the solar collector during the whole year is
50°C (figure 6), and hence for a greater length to width ratio
(L/w > 2), a unidirectional air solar collector double passes
and double glazing can, in general, assure drying of fruits and
vegetables especially in the town of Ngaoundere.

Since Ngaoundere is conducive to the production of
mangoes during the periods from April to June, for indirect
solar drying during this period, a solar collector double
glazing and double passes with L/w = 3 would be sufficient
to ensure a maximum temperature of 60°C (figure 6).

For the month of March which corresponds to the sunniest
period of the year in the city of Ngaoundere, the outlet air
temperature of the solar collector can be expressed by a
linear function of the length to width ratio:

Tair.average = 13.730 = +31.365 (15)

with R* = 0.999.

The efficiency of the solar collector decreases as the length
to width increases (figure 7). In this figure, the best
efficiency is above 90% for the months of February, March,
July and August in the town of Ngaoundere. Even with a
length to width ratio L/w = 5, the efficiency of a
unidirectional air solar collector double passes and double
glazing is always higher than for a single glazing collector
which is around 45%. The lowest efficiency is 63%, obtained
for the month of November.

The influence of the outlet temperature of the collector on
its performance for the month of March is presented in figure
8.

This is a linear regression where the efficiency is inversely
proportional to the outlet temperature. The optimum
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operating value is for the length to width ratio between 2 and
32<L/iwg3l).

—0— 0.5

Efficiency, n (%)

60 T T T T T T T T T

Month

Figure 7. Simulation results of efficiency of collector for different length to
width ratio (L/w) in Ngaoundere.
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Figure 8. Effect of outlet air temperature on the efficiency of the air solar
collector during the month of March.

The solar collector efficiency can be approximated by

linear function of average air temperature:
n = —0.00329.T4;r gverage + 1.03032 (16)

with R* = 0.999, and the average air temperature calculated
as:

T _ Mair1- Tairs + Mair2- Taira
air,average —

Mair1 + Mair2

Considering equation (19), the collector efficiency can be
expressed as:
n= —0.0452.% +0.927 (17)

with R? = 0.999.

3.3. Analysis of Temperature Profiles

Daily temperature evolution for different layers of air solar
collector was simulated for the length to width ratio L/w = 2;
L=1m;w=0.5mand S =0.5m"

The temperature profile of the different layers of the
collector, during the month of April, which is the beginning
of harvest of mangoes in the city of Ngaoundere is presented
in figure 9.
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Figure 9. Numerical simulation results of nodes temperature of air solar
collector.

The temperature profiles of the external insulating material
and the ambient are almost similar, as those of the out and
inside faces of the upper glass (figure 9). This shows that
heat losses at the back of the collector are almost zero, but
these are important at the front. The absorber is the layer with
the highest temperature throughout the day. The heat
captured by the absorber is mainly transported by air in
passage 1 and 2, and the remainder is transfered to the lower
glass and the inside of the insulting material. This analysis is
justified by the observed proximity between the following 5
temperatures (Tair 1, Tair 2, Tigos Tigi @and Tiy). The similar
results were obtained by Kareem et al., [24].

3.4. Validation

The figure 10 shows that the outlet air temperature
computed is close to the experimental one made by Tetang
[25].

-&— Simulated ambient air temperature

- o Experimental ambient air temperature
40 —— Simulated outlet air temperature
-o- Experimental outlet air temperature

Temperature (°C)

Time (Hour)

Figure 10. Evolution of inlet and outlet air temperature of an air plane solar
collector.
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As it can be noted in figure 10 the experimental and
numerical evolution during the day of the outlet air
temperature of the solar collector is described by a parabola.
The maximum value of 35°C is reached at 12a.m. Indeed, the
discrepancies between the numerical and experimental results
reach 8% for the ambient air temperature, and 14.90% for the
outlet air temperature.

The figure 11 presents the experimental thermal efficiency
evolution.

1,0 4

Numerical
= = = Experimental

Efficiency, n (%)

Time (Hour)

Figure 11. Experimental thermal efficiency of an air plane solar collector
double glazing and double pass.

The thermal efficiency is superior to 50%. These results
show that the solar collector double glazing and double pass
conducts to a thermal efficiency superior to the one of an air
plane solar collector simple pass, or single glazing. Our
results are close to those of Thaddadene et al., [14] and

Nomenclature

Ax section length

Cp specific heat

d depth of air between upper and lower glasses

d; depth of air of upper passage

depth of air of lower passage

hydraulic diameter

form factor

heat transfer coefficient

global solar radiation incident on horizontal surface
length of collector

equivalent section mass

thermal power

collector surface area

temperature

air velocity

wind velocity

W width of collector
Greek symbols

o
)

<Cj»—]m"ugt—"—‘:r‘"rjg

o absorption coefficient

c Stephan-Boltzmann constant
§ collector slope angle

[0) heat flux density

Nikoli¢ et al., [16]. Results reported by theses authors show
that the thermal efficiency of an air plane solar collector
double glazing is above 45%. We note that the maximal
discrepancies observed between the numerical and
experimental results reached 7.05%.

4. Conclusion

The present work focused on numerical modeling of the
thermal behavior of an unidirectional air solar collector
double passes and double glazing, for the drying of fruits in
the city of Ngaoundere. The energy balances applied to the
different nodes of the equivalent electrical circuit led to the
writing of a system of equations that was solved through the
iterative Gaussian Pivot method. The main results obtained
showed that during the period from April to June, period of
harvest of mangoes in the city of Ngaoundere, a collector
double passes and double glazing having a length to width
ratio between 2 and 3 (2 < L/w < 3), is sufficient to perform
indirect solar drying of fruits during the daylight. The
average outlet air temperature is 50°C with efficiency greater
than 80%. Therefore, the length to width ratio as well as the
exchange surface has a significant influence on the air outlet
temperature and the efficiency of the solar collector.

Acknowledgements

This research was supported by the Romanian Ministry of
Foreign Affairs in collaboration with Agence Universitaire de
la Francophonie (AUF) in the framework of "Eugen Ionescu”
Program.



75 Abraham Tetang Fokone and Adrian-Gabriel Ghiaus: Influence of Geometric Parameters on the Thermal
Performances of a Double Air Pass Solar Collector

€ emissivity

1 dynamic viscosity

p density

A Thermal conductivity

n Efficiency

Subscripts

a air

ab absorber

amb ambient

cd conduction

cv convective

g glass

er ground

in insulating material

ini insulating material inside

ino insulating material outside

a’ Air passage 2
Appendix

Appendix 1

Heat transfer coefficient [19, 22].
h,s = ogg (Tsz + Tugoz)(Ts + Tugo)
T, = 0,0552 * T,,,,**°

Ai

heai =—

cd,i e;
he, =5,67 +3,86 v

Nu; * A
hepi = _t 'a
DH

hr,gr = asianr,in(Tgrz + Tinoz)(Tgr + Tino)
Tgr = lamb

500 < Re; <5000

Nu; = 0,69 * Re; % x pr1/3

0,43
Pr(Ta1)>

Oth Nu; = 0,021 * Re;%8 « pri/3
er case Nu; * Re; " x Pr=/= = PI‘(ngi)

(1))

U *x DH * .
for Rei > 7000Re; = JrUR * Pai
a,l
* C
Pr = Ha* “Pa
Ao
pi = 2 daxle
I, +dg
Appendix 2

Modeling of solar radiation [13].

Ih=

kg/m.s

kg/m’

W/mK

%
lgi lower glass inside
lgo lower glass outside
r radiative
S sky
al air passage 1
ugi upper glass inside
ugo upper glass outside
ul usefull passage 1
u2 usefull passage 2
c collector
re refleted

—b
I«sin(h) I =1, *axexp (sin(h))

sin(h) = cos(®) * cos(w) * cos(6) + sin(P) * sin(5)

Id =
Gen
IO =

p=

—b
Iy * sin(h) * [0-271 —0.2939 » axexp (sin(h)>]

= Ih + Id
1367 * [1 + 0.034 * c0s(0.986 * ] — 2)]

cos (6) _ 14cos (B) _ 1—cos (B)
sin(h) ' ¢ 2 s 2

I, = (g + I *sin(h)) * alb * R,

cos(0) = sin(h) * cos(B) + cos(h) = sin(B)

G, =

* cos(ag — a)

Iy *Ry + Iy R, + Ids
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