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Abstract

Objectives: The work presented concerns the modelling of the greenhouse effect in a double-glazed flat-air solar thermal
collector. Methods/analysis: A mathematical model was used to determine the net infrared radiation absorbed as well
as the radiation losses at the absorber level by considering all the possible radiation paths within the collector. For the
computation, a parametric study of the collector and a theoretical characterization in natural sunshine in the city of
Ngaoundere for the month of April were carried out. Findings: The results show that, when the collector is facing south
and inclined at an angle of 30° to the horizontal, the solar noon is reached at 12:30 pm and at this time; the maximum
temperature of the absorber is 88 °C for maximum sunshine of 1032.59 W/m?2. The declination in this locality ranges
from 2.98° to 13.69° during the month of April. Analysis of the Infrared radiation profile reveals that the net IR radiation
absorbed is 678 W/m? with IR radiation losses to the absorber estimated at 250 W/m?2. Application/improvement: The
greenhouse effect is used for the optimization of heat transfer through solar collectors and greenhouses for drying.
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Nomenclature Dimensionless Number
S P ion of th e fluid S R, Reynolds Number
£ assage section of the moving flui [m?] b, Drandil Nomber

H;, hydraulic height [m]

R, Rayleigh Number
Dy hydraulic diameter equivalent of the [m]

useful duct Greek symbols
S Specific heat of the air [J/kg C] p Dynamic viscosity of the medium [Pa.s]
n air mass flow (kg/s] A Thermal conductivity [W/m°C]
L Characteristic length of the collector [m] o) Angle of the collector relative to the [°]
1 Characteristic width of the collector [m] horizontal
T Temperature [°C] o Stephan-Boltzmann’s constant
h Transfer coefficients [W/m2K] € Emissivity
U, Loss coeflicient to the rear of the [W/m?K] T Transmission coefficient

collector a Absorption coefficient

p reflexion coefficient
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1. Introduction

Solar Energy is considered the oldest energy in the world
and on which almost all other energy sources depend.! It
is used either directly or after transformation into other
forms of energy (thermal energy, electrical energy).

The central element of applications using the thermal
energy of the sun is the thermal solar collector. It
converts the radiant energy of the sun into thermal
energy extracted by the flowing fluid. This energy is used
in various applications such as drying, domestic and
industrial heating, solar cold production, etc.

Most of the research is devoted to the development
of the solar collectors using water as heat transfer fluid
in terms of thermal efficiency in general, there are few
studies on solar collectors using air as heat transfer
fluid because, air does not have a better heat exchange
efficiency due to its low thermo-physical properties.2
However, with the current technological development,
this field has undergone significant renewal in theory and
experiment.28 Thus, several scientific studies have been
carried out on these collectors, with the aim of optimizing
the useful energy transmitted to air, by acting on the
optical (relating to transparent covers) and geometric
(shapes and dimensions) properties of the collector, as
well as all other parameters that may affect its thermal
performance.?13

Transparent cover in a collector has the dual function
of allowing the maximum amount of solar radiation to
pass and avoiding the cooling of the absorber, reducing air
convection phenomena and “blocking” infrared radiation
emitted.1415 Such a device, therefore represents a real trap
for solar radiation, which can be improved by providing
the collector with a double cover. It then realizes the
greenhouse effect, which involves both solar radiation
and infrared radiation.

Important studies have been carried out as part
of the optimization of flat-air solar collectors.1®Z In
particular, there is an important bibliography on the
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exchange modelling in collectors®18-22 but until now, it
has only been concerned with macroscopic phenomena,
the influence of Infrared radiation (greenhouse effect)
has always been mentioned superficially. Although
mathematical modelling of infrared thermal radiation
within the greenhouse has been developed,2>24 such work
with respect to solar air collectors is quite rare. In this
paper, a modelling of the greenhouse effect in the double-
glazed flat-plate collector is presented.

2. Modeling exchanges

The flat-air solar thermal collector which is the subject of
our study is presented in Figure 1. It consists of two flat
panes of respective dimensions 1 m x 0.45 m and 1 m x
0.405 m and a plane absorber of the grey body type (e, =
oy, = 0.95) dimension 1 m x 0.405 m, all assembled in a
wooden box.

The principle of this modelling consists of writing the
energy balance sheets of each component of the collector:
transparent cover, heat transfer fluid, absorber, insulating
materials.

2.1. Energy Balance Equations
2.1.1. Hypothesis

Temperatures of the upper and lower sides of the pane
and absorber are considered to be equal and uniform.

The various thermal exchanges that take place, are
shown schematically by the following equivalent electrical
circuit in Figure 2.

with:
1 1 1 1
Rl = ; RZ = ’R3 = 3R4 = >
1. cl-ciel cv.cl-vent cv.c2-cl r.c2-cl
1 1 1 1
R5= ;RGZ ;R7: ;RS =
hcv. c2-f hcwf—uhx h;: abs-c2 Ub

The application of Ohm’s law leads to the following
equations:

e First cover

Cp, OT,

mCl'%a_;l = G'acl + hrA cliciel'(j;t _7:31 ) +
hr. 52761‘('1—‘52 _T:Cl )+ hvent‘('I;mb _7—:’51 ) +
hcv.cl,cZ'('TcZ _'Tcl) (1)
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Figure 1. Schematic view of the solar collector double-
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Figure 2. Equivalent electric model of the collector.

e Second cover

C, orT
m,. ;27—(;0; To+h o, (T, -T,)
th e o ( abs 2)+hch627f'(Tf _TCZ)
+hcvcl _c2° (T T ) (2)

e Fluid

o1, 1h,.C, T,
v 1 e el )

+hcv.ubs_f'(Tubs _Tf) 3)

pse,C
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Absorber
Gy, 0T,
mabs'% 6t Ga bs * 61(32+ r.abs_c2* 1—;2 T‘abs)
+ hcwabs (T ]:1175 ) + U (T;zmb T;bs ) (4)

In practice, the time variations in the enthalpy of the
collector components are small, meaning that the terms in

m,Cp . Z—T can be neglected.2l We can therefore reasonably
t

assume that the collector is operating at a quasi-steady
state. This hypothesis has the consequence of simplifying
the equations without however masking the temporary
evolution of the phenomena that remain related to the
variable solar flux over time. In addition, we can overlook
the solar absorptivity (visible and near IR) of the glazing.
We thus have the following system:

0 hr cl_ciel* ( r_T1)+hr c2_cl* (T T )

+ hvenr ( -T

cl)+hcv cl_c2° (T T ) (5)

amb

Ozhr c2 cl'(T _T )+hr abs cZ'(TZIhS_’I‘CZ)

+hcv c2 f( )+hcv cl cz( 1_722) (6)
m,..C, dT
%d_}::hcv. c2_f'(’TcZ _Tf)
+hcv, absif'(Tubs _Tj) (7)
O GO.’ bs * clcz+hrabs 1:2( 2_’1—:1173)

+hmahs (T Tahs) +U, (Tamb_Tabs) (8)

2.1.1.1. Expression of Useful Power

In order to study the distribution of temperature
according to the direction of airflow, a fictitious 8x slice
is considered (see Figure 3). The temperature of the air
is assumed to be uniform at the level of the section of the
moving air seam of the collector.

Knowing that [ is the width of the collector, the
conservation of energy in this slice gives us:

) _ dT,
C,T, +1Q,.8x=1C,| T, +—L5x ©)
dx
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Figure 3. 'Thermal exchanges in a fictitious slice dx.

After simplification, we obtain:

a1, _1Q, (10)
dx mC

Generally, in the presence of a gaseous fluid such as
air, we assume that the temperature of the Tf fluid evolves
uniformly throughout the fluid vein of the L-length
collector Therefore the integration of the equation (above)
is so trivial, we:

(x)=l'&x+Tfe (11)

Where Tfe is the inlet temperature of the fluid in
the collector. The temperature Tfs at the output of the
collector is:

p My g SO

+T 12
f5 mC fe ( )

mC

P P

On the other hand, we also assume that the temperature
of the fluid varies linearly throughout the collector;
the average temperature value is therefore equal to the
arithmetic mean between the input and the output:

_ T, +T,
/ 2

(13)

From these relationships, and knowing that S = I.L we
can therefore write:

o 21 ) 0

By replacing this expression in the equations of the
Thermal balance and after simplifications, we end up with
the following equation system:
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P+, )T

cl

(P ) T+ () Ty = (B, + 1, +
By +h T (15)

v.cl_c2 ) 2

0= (hr.:zd + hcv.clfz )Tcl - (hr.cZ,cl + hcv,chcl + hr.ahs,cz + hw-clff )sz
+(hr.ahs,az)'Tubs +(hcv.c2j)'Tf (16)
2C,

S
_(hcuzj )Tcz - (hcmbsj )'Tahs (17)

2mC,
Tfe :(hcv.czf +hcv.ubsj + ]Tf

Guag Ty + Uy T = (hr. sz Phe e ¢ TUy )’Tabs -

abs * " cl,c2

(hr, abs_c2 )'Tcz - (hcv. abs _f )'Tf (18)

2.2. Expression of Coeflicients

The radiative transfer coeflicient between the transparent
roofing system and the celestial vault is given by:

1.0'.55.(1 + coscosq)).(TC +T., )

r. c—sky = 2

.(TCZ+T, 2) (19)

ciel

Where:
Tsky3 Equivalent temperature of the celestial vault
given by the following Swinbank relationship2:

T, =0.0552xT," (20)

The radiative exchange coefficient between the two
panes is given by the following relation:

p oA ) (1 T) o
el l_gcl 1 + l_gCZ Scl

e, S

c2

E

€ cl—c2

cl c2

The exchange coefficient between the pane and the
absorber is given by the relation:

T,+T, ).(T,+T,>
hﬁczﬂlhx _ O-( c2 + uhs) ( c2 + abs ) (22)
1_852 + 1 +1_gahs Sc2

F &g, S

c2—abs abs abs

gc 2

The convective exchange coefficient between the
ambient air and the pane is given by the empirical
correlation of Hottel and Woertz26:

h h,  =57+38xV

vent

cv.cl-vent = Vent (23)
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The convective transfer coefficient between the two
panes is given by:

N, xA,
cv.cl—c2 = Dh (24)
In which the number of Nusselt is given by:
1.6
1708.(sinl.8
N, =1+1.44|1- (sir 89) " |, _ 1708
R, .cosp R, .cosp
1
R.. %
|| Do 25)
5830

The convective exchange coefficient in the moving air
is given by:

N _xA
h hcv.ahs,f = uD . (26)

cv.e2_f =
h

The Nusselt number is usually according to the flow
regime, set by the Reynolds:

m, xD
D i b, -
Spxu

2xIxH,
I+H,

e

e In Laminar flow (R, < 2100) the Nusselt number is
described by the Mercer correlation?”:

R.PD,)"
0.0606 x| ==
(27)

N, =49+
R.P.D
1+0.0909x(5£’1j p*7

e In Turbulent flow (R, < 2100) the Nusselt number is
described by the Kays correlation2Z:

N, =0.0158xR ** (28)

3. Greenhouse Effect Modelling
in the Collector

Radiation from the collector’s cover reaches the absorber
directly or indirectly after an arbitrary number of
reflections and/or transmissions through the glass surface
and reflections by the absorber. Our objective is to take
into account this multitude of radiation paths. Work
has been carried out in this direction,2¥2¢ but within
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the framework of an agricultural greenhouse, assuming
throughout its work that the exchange of radiation takes
place between completely diffusive surfaces, that is to say,
that all the radiation emitted, reflected or transmitted has
uniform intensity in all angular directions. As regards to
thermal radiation, we know that it is emitted isotropically
by the radiant surface: this assumption is therefore valid
in this case.

3.1. Concept of Multiple Reflections

The useful profile of a double-glazed plane collector can be
assimilated into three parallel flat surfaces. What interests
us is the radiation exchange between the first plane (S;),
the second plane (S,) and the absorber (S;) as shown in
Figure 4. The rays can take multitude paths.

In the particular case where S; is a diffuse emission
grey surface, the amount of radiation actually absorbed
may be determined2®2%:

T, = TI.TZ.(l PP, PP, pI".pz”)

L e (30)
l_Pl'PZ
p, +p, —2.p,-p
1’2:( 1 2 1 2) (31)

(1 PP )
The factor materialising the phenomenon of multiple
reflections is given by:

T (TP, oy 40 Py + ot )
To 7,.7,.K| 11 K (32)
1°2°
1_p1,2'p3

- 1- P12-Ps

Figure 4. Potential pathways of radiation in the double-
glazed plane collector.
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K= ! (33)

[l_pl'pz _P3-(P1 +p, _zpl‘pz)]

3.2. Net Infrared Radiation Absorbed by the
Collector

3.2.1. Different fluxes in contribution

T, is the absolute temperature of the surface n. Its
emissive power, that is the rate of energy emitted per unit
of surface, is given by the Stefan-Boltzmann law:

D=¢,.0T} (34)

¢ Flux emitted by the atmosphere
Flux density descending from atmospheric radiation
D, J reaching the absorber is given by:

S, D, v=Xe, 0 T'S, (35)

It involves the factor &, which represents the infrared
emittance of the sky, known to be somewhere between
0.72 (clear sky) and 1 (overcast sky).

X takes into account collector configuration (angle
factor, roofing transmission coefficients) and multiple
reflections.
¢ Flux emitted by the transparent cover

Flux density descending from the thermal radiation
emitted by the transparent cover <, 1 which reaches the
absorber is given by:

S, D \=Ze.0T"S, (36)

Z takes into account the collector’s configuration (angle
factor, roofing transmission coefficients) and multiple
reflections.
¢ Flux emitted by the absorber

The radiation emitted by the absorber also gives rise
to a descending flux density @, { . It includes two
contributions: the flux density of radiation emitted by
the absorber which after reflection at first contact with
the cover, is finally returned, and the corresponding flux
density which is transmitted during its first contact with
the cover but which is finally returned after a certain
number of exchanges in different parts of the cover, while
taking into account the multiple reflections.

S, D \=We,aT, S, (37)

W takes into account the collector’s configuration (angle
factor, roofing transmission coefficients) and multiple
reflections.

- 6 I Vol 12 (38) | October 2019 | www.indjst.org

3.2.2. Absorbed Infrared Radiation

IR=a, x [@C V+o l+o, i} (38)

3.3. Loss of IR Radiation to Absorber
3.3.1. Different Ascending Flux

The ascending thermal radiation flux has the following
flux densities:

D V=p, DA (39)
9, =p,- 2,4 (40)
g, T=¢,.0T," K (41)

3.3.2. Radiation Losses to Absorbers

R=0 i+ l+o, l-o1-0, 1T-0,T 42

4. Results and Discussion

The theoretical solar irradiance calculated for the sunniest
day of April is shown in Figure 5.

Consistent with all forecasts, the curve looks like a bell.
This explains the increase and decrease in the sunshine,
respectively during the day and in the afternoon. From
6:00 am the irradiance is at 33.15 W.m~2 and gradually
increases to reach a maximum value of 1032.59 W/m? at
12:00 am and then it decreases to 33.15 W.m~2 at 6:00 pm.
These results are consistent with those of the literature.

1100

1000

s00 A

800 / \
700 / \

Solar irradiance (W/m?)

500 / \
400
A

200 / \
100 / \
/7 N

600am 7:00am B:00am 9:00am 10:00am 11:00sm 12:00am 1:00pm 2:00pm 300pm 4:00pm 5:00pm &:00 pm
Periods of the day (Hours)

Figure 5. Evolution of the average daily irradiance accord-
ing to day time.
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Figure 6 shows the variation in parameters
characterizing the apparent motion of the sun in
Ngaoundéré.

Analysis of the curves shows that the solar noon ranges
from 83.68° to 89.99° for the entire month. These heights
are reached at 12.00 pm of the day and the sunshine is
maximum at this time. The widest angle corresponds
to the 12th day of the month. The declination varies on
average by 0.36° per day. The minimum and maximum
declination values are 2.98° and 13.69° respectively.
These results relate to the geographical coordinates of
Ngaoundéré (latitude 7.33°N, longitude 58.58°E, altitude
1205 m) and the motion of the Earth.

The temperature curves (glazing, atmosphere and
absorber) of the collector are shown in Figure 7.

Maximum temperatures are observed around 12:00
PM (local time). This evolution is quite normal in view
of the evolution of the density of solar flux in the same
period of the day. The temperature of the absorber is
naturally the highest and its maximum value revolves

6.8
688 2
L 687 80
§ 6.86 70
< 685 o &
s ©
2 64 50 b
<
g —o— Irradiation G* (KW.h/m2.j) <
2 683 40
E —— Declination d (°)
6:82 —&— Solar noon h (%) a0
6.81 20
6.8 10
6.79 0

123456 7 8 910111213141516 1718 19 20 21 22 23 24 25 26 27 28 29 30
Days of April

Figure 6. Variation of irradiation, declination and solar
noon according to the days of April.
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Figure 7. Temperature curves of the double-glazed plane
collector elements.
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around 88°C. These results are entirely consistent with
those of the literature.

Absorbed Infrared radiation takes into account the
following different fluxes:

4.1. First Cover
S b= € 'O-'T514'Sc1 'Fcl,cz 'Tcz'Fcz,ah K (43)
KnOWing that Fcz,cl’scz :Fcl,cz’scl;anchz,ab'Scz :P;h,zz'sab and
FcZ,ah ‘Sc2 = Fab,cZ ‘Sab
We obtain
D =Kr1,F, &,.0T} (44)
4.2. Second Cover
S, D, \=¢,0.T,"S,.
(P;Z,ab + P‘CZ,CI 'pcl 'F;l,cl 'TEZ 'P‘cl,ah )K (45)
Knowing that F, ,.S,=F, ,.S,
We obtain
@52 \L= K‘Fab,CZ * (1 + FcZ,cl ‘pcl 'Fcl,cz 'Tc2 )'852 -0. 71524 (46)

4.3. Atmosphere

S, D, V=¢,0.T"S,F

at,cl

T4 Ty-E, K (47)

Knowing that: F, .S, =F, .S, the equation

clyat *“cl at,cl*“at
becomes:
2 ! S 48
@at = sat -0. ’T’at 'El,at * S 'Tcl 'TCZ 'P‘cl,ab K ( )
ab
Knowing also that [i = S . S = Foa . Faper J, we
ﬁnally Obtain: ab Scz Sub Fcl c2 FcZ,ab
g = P T (49
at ¥ K'Fcl,ur 'Fab,cZ . 'Tcl 'TCZ 'sat -0. at ( )
cl,c2
4.4. Absorber
Sab 'guh ¢: gab 'o-'Tab4 ’Sub ’Fab,CZ
'(pcz 'Fcz,ah + TCZ 'Fcz,cl 'pcl 'Fcl,t:Z 'E:Z,ab ) K (50)

Taking into consideration that in this plane collector,
F F, . = F 1, the amount of Infrared

ab,c2 = c2,ab cl,c2 = c2,cl =
radiation absorbed is given by the equation below:
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IR=a,, K|Az, 0T, +De,0T,
+B.F

cl,at

(1)

£,0T " +Ce, .o-.Ta,f]
with:

A :cm;D:(lerd.r[Z);B:rd.rcz;C:(pc2 +pd.q_22) C:(p{Z +pd.rczz)

The graph of this equation giving the infrared radiation
absorbed by the collector is shown in Figure 8.

The shape of this curve is justified by the solar flux
density profile. Maximum absorbed IR radiation is
observed at around 12:00 am (local time) and its value
is around 678 W/m?2. This value is related to the optical
properties of the collector elements and may therefore
be different from that obtained with another collector.
However, the order of magnitude is consistent with the
values found in the literature.

Radiation losses to the absorber are given by the
equation below

R=K.[A(1-p,)c,.0T, ' +D.(1-p,).c,0T,"
+B.(1-p,).F, 6,01, +C .&,.0T,"]
With:

(52)

C = [(,oc2 +p, .z’czz)—l]

The graph of this equation giving infrared radiation
losses to the absorber is shown in Figure 9.

The radiation loss curve looks like a bathtub where the
lowest peak is observed at 12:30 pm (local time). This can
be explained by the inertia of the absorber material. The
analysis of this curve also shows that the maximum value
of radiation losses (the difference between the amount of
IR that arrives and the amount that leaves the absorber)
is 250 W/m?2.

900 1100
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Figure 8. Infrared radiation absorbed by the collector.
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Figure 9. Infrared radiation loss to absorber.

5. Conclusion

We have developed a mathematical model to compute the
net absorbed infrared radiation as well as the radiation
losses at the level of the absorber of a double-glazed
plane collector. A characterization of the environment
in natural sunshine of the city of Ngaoundéré Cameroon
allowed to visualize graphically the profiles obtained from
established mathematical relationships, and the results
showed that the maximum temperatures of the collector
elements, as well as the maximum value of the absorbed
net radiation, are reached at solar noon, the moment when
the sun is maximum in this locality. On the other hand,
due to the inertia of the absorber, the maximum value
of losses is observed 30 minutes after. The greenhouse
effect in the collector greatly affects its performance. We
have highlighted its close relationship with the optical
and radiometric properties of the collector as well as the
ambient conditions in which the collector is located; this
can give us a clear idea of the influence of the collector
parameters (number of covers, optical and radiometric
properties) on its performance.
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