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Abstract: The solar photovoltaic-thermal energy, it is a combination of Photovoltaic (PV) and solar thermal components integrated
into one system and enables to generate electricity and heat simultaneously. The solar chimney can generate air flow through the
living space of the building to provide cooling. Hence, there is a greater interest to study the mixed convection in the hybrid
Photovoltaic-Thermal chimney integrated into buildings for natural room ventilation for thermal comfort. The thermal efficiency has
been studied by analysing numerically the mixed convection in the hybrid photovoltaic-thermal chimney integrated into the building
in the present paper. The stream fucntion-vorticity formulation with a finite difference numerical discretization solution scheme have
been adopted. The system of algebraic governing equations is solved by Thomas algorithm method. The aim of the present paper is to
study and to predict the dynamic fields and particularly of the mass flow rate of the air thermosiphon drawing in the hybrid
Photovoltaic-Thermal chimney integrated into a building for passive cooling in the room. The effects of the governing parameters,
particularly Grashof number (10° < Gr < 10°), that depends of the solar radiation intensity in the region, the mass flow rate of the inlet
fresh air (0.001 Kg.s' <D,,< 0.3Kg.s'1), the integrated chimney width on fluid flow and the heat transfer characteristics are studied in
detail. Passive cooling and the electrical efficiency of the PV solar cells are increasing function of the intensity of the inlet air flow.
Due to the possible reduction of cooling loads with the insertion of the photovoltaic cells plate into the chimney integrated into the
building. The numerical simulation has been conducted to determine heat transfer, mass flow rate trough the chimney exit, solar cells
PV efficiency and the effect of design parameters of the room and the integrated hybrid Photovoltaic-Thermal chimney to make the
bioclimatic building energy autonomy. The outlet velocity, streamlines, isotherms, Nusselt number along the active walls, and the
mass flow rate are plotted versus the above controlling parameters.

Keywords: Numerical Study, Mixed Convection, Integrated Solar Chimney, Passive Cooling, Thermal Comfort

saving method of achieving acceptable thermal comfort and
indoor air quality for occupants. Night ventilation, wind
towers, Trombe walls and solar chimneys are the main
natural ventilation techniques [2].

In the recent ingenious practices, the ventilation could be
dominated by the thermal buoyancy because the outdoor air
will enter the building via the ventilation openings of the
rooms and will exit though a Hybrid Photovoltaic-Thermal
chimney to evacuate hot and polluted air. This Hybrid
Photovoltaic-Thermal (PV/T) is a combination of
Photovoltaic and solar thermal component integrated into one
system capable of producing both electrical and thermal
energy simultaneously [3]. The effect of the air flow induced
by free convection behind the photovoltaic panels has been

1. Introduction

The building sector is responsible for nearly 40% of
national energy consumption and 25% of greenhouse gas
emissions in developed countries [1]. Meanwhile, heating,
cooling and air conditioning are parts of the major energy
consumption in a building. Significant strides have been
made which resulted in the development of alternatives for
building air conditioning systems and technologies.

Natural ventilation caused by the pressure difference
between the inlet and the outlet of the building envelopes is
commonly used for cooling and air conditioning. But, the use
of innovative technology, including renewable energy and
ventilation of a building is a simple, cheap, and energy
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studied by Brinkworth et al. [4]; they found that the air flow
induced by buoyancy forces can reduce the module’s
temperature by 20 K. Then Yang et al. [5] built a test rig of a
photovoltaic-wall and photovoltaic-roof for validation of
their simulation model.

Mixed convection in ventilated cavities has thus received
sustained attention, due to the importance of the phenomenon
in many technological processes, such as the design of solar
collectors, thermal design of buildings, air conditioning, and
recently, the cooling of electronic circuit boards [6]. In
ventilated enclosures, the interaction between the externally
forced stream and the buoyancy driven flow induced by
buoyancy forces could lead to complex flow structures.

In the literature, many experimental and theoretical studies
conducted on simple solar and Photovoltaic-Thermal
chimneys have proved the efficiency of the natural air
draught in solar chimneys canals [7-10] and have showed
that the temperature and the flow patterns depend strongly
system parameters as chimney gaps, temperature and solar
heat flux on plates. Particularly, the air flow rates vary in
function of the inclination angles and are maximum for
vertical chimneys canals.

A literature review of the subject shows that many authors
have studied mixed convection in ventilated enclosures, [11-
15]. A part from studies on Trombe wall that sometime take
into account the air flow inside buildings; most of the studies
are related to standalone channels not coupled to an enclosure
room [16-22]. Meanwhile, these previous studies had a
weakness process, where the plates are constantly maintained
at the fixed temperature, hence this assumption is not realistic.

From where we do the present study that the plates of the
hybrid Photovoltaic-Thermal chimney integrated into the
building where the plates are subjected to the heat flux of the
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solar radiation and consequentely the thermal and dynamic
fields evolve in the time and the space until to attain the steady
state. Hence the aim of the present paper is to study
numerically a mixed convection problem in a vertical
ventilated and heated hybrid Photovoltaic-Thermal chimney
integrated into a building. In this analysis, the forced flow
enters the room through an inlet opening located near the
lower part of the left insulated vertical adiabatic wall and
leaves from the chimney integrated to the room. This kind of
ventilation supports a double interaction between the
buoyancy- induced flow and the forced flow. In the lower part
of the room, the forced flow injected into the room promotes
the natural convection motion. A computational fluid
dynamics (CFD) technique was combined with the thermal
model to evaluate the predicted air movement in the room and
in the chimney. A numerical simulation has been conducted to
determine heat transfer, flow rate, solar cells PV efficiency and
the effect of design parameters of the room and the integrated
hybrid Photovoltaic- Thermal chimney. This innovation makes
the bioclimatic building energy autonomy.

2. Mathematical Formulation
2.1. Physical Model and Governing Equations

The geometrical configuration deals with a simple room
with length L and height h; mounted on one side of a vertical
parallel-plate chimney. The channel is designed as a solar
collector with plate separation d and height h,. The hybrid
Photovoltaic-Thermal collector is composed of five elements:
the front glass cover, the semi-transparent photovoltaic cells
(PV), air flow, absorber plate and back adiabatic wall.
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Figure 1. Physical model.
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The collector acts as an exhaust fan by sucking the room
air and venting it out during sunshine hours. In the system,
the PV panel absorbed the incident solar radiation and
transfers heat to the air in the gap by convection and
radiation phenomena. The back wall temperature rises and in
turn, together with the PV module, heats the air in the gap.
The upper surface and the left side wall of the room as well
as the glass cover are heated by non uniform daily solar
radiation flux except the back wall of the chimney; the right
side wall and the floor of the room are assumed to be
perfectly insulated and adiabatic. The physical system is
sketched in Figure 1.

The following assumptions are used in the mathematical
formulation of transfer equations:

a. The upward natural convection flow is assumed to be

incompressible and laminar;

b. The physical proprieties of air are considered a constant
function of temperature;

c. The multiple reflections and transmissions between the
components (particularly between the photovoltaic cells
and the front glass) and the radiation exchange of the
PV cells to the glass are considered negligible. Taken
into account these effects introduce numerous terms that

(continuity, momentum and energy equations) for a two-
dimensional, incompressible laminar flow are the following:
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The stream function and vorticity are related to the
velocity components by the following expressions:
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are difficult to determine and to measure [23]. A very Where the scales are defined: X =X ;Y =2 ;U =l;
good study of these different effects was performed by d Ho
Krauter et al. [24]; y=2 = gt
d. Because the physical system is wide along the uy’ d
coordinate, a 2D approximation is feasible.
The non dimensional set of the governing equations
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2.2. Initial and Boundary Conditions

Through the introduction of the non dimensional parameters into the physical boundary conditions illustrated in figure 1, the

following non dimensional boundary conditions are obtained:

0=0;U=V=w=W=0at7=0

At 7>0

The boundary conditions, associated with the problem are as follows:

At the inlet of the room:

X=0and0<Y<D:6=0;

X=0and DSY<F:U=V=W=0; —

Y=0and0<X<S:U=V=W=0;—

Y=Fand 0 X<K:U=V=W=0; —

At the outlet of the chimney:

V=0;U=1;w=0; W=Y
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The main engineering objective is the evaluation of heat transfer through PV cell modules and heated walls. These are well
illustrated by the Nusselt number. Thus the local Nusselt number on the front side plate and the inner plate of the back cover of
the chimney are given as follows:

- pd _ 1
N Y)= - e
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The heat exchange on the upper horizontal wall of the room is evaluated by using the local Nusselt number given as follows:

éd 1

NMLI(X):/](T(X,F)—TQ)ZH (X,F);Y:F and 0s X <K (13)

The electrical efficiency of the solar PV cells is given as follows:

N = ey + Bors (T =298) + ylog (%) (14)
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The mass flow rate at the outlet of the chimney is expressed:

S
m = puy [V (X, 4)dx

K

Where Tpy is the average absolute temperature of the
solar PV cells plate.

2.3. Numerical Procedure

The differential governing equations, (1-3), were
discretized using a finite difference technique. The first and
second derivatives of the diffusive terms were approached by
central differences while a second order upwind scheme was
used for the convective terms in order to prevent possible
instabilities frequently encountered in mixed convection
problems. The integration of equations (2-3) with associate
boundary conditions was performed by the Thomas
algorithm. The non-linearity and the perfectly coupling of the
governing equations need under relaxation to ensure the
convergence. At each time step, the vorticity equation,
equation (2), Poisson equation, equation (4), and the energy
equation, equation (3) were respectively treated via the Point
Successive Under-Relaxation method (PSUR) with an
optimum under-relaxation coefficient equal to 0.8 for the
uniform grid (101x101) adopted in the present study. The
vorticity computational formula of Woods [25] for

(15)

(16)

approximating  the wall  vorticity = was  used:
1 3

w, :EwWH ——2(LI—'W+1 —‘PW) , where W, and W, are
n

stream function values at the points adjacent to the boundary
wall; n is the outward drawn normal abscise on the boundary
wall. Convergence of iteration for a stream function solution
is obtained at each time step. The following criterion is
employed to check for a steady-state solution. Convergence
of solutions is assumed when the relative error for each

variable between consecutive iterations is below the
K+l _ ok
L. (q)i»j ch',j) 5
convergence criterion € such that Z — <107,

ij
where @ stands for W, @, @W; k refers to time and i and j
refer to space coordinates. The time step used in the
computations is 2.5.10°. Grid independency solutions are
assured by comparing different grid meshes for the highest
Grashof and Reynolds numbers used in this work (Gr =10°
and Re = 200), table 1.

Table 1. Grid independence test.

Stage gridsize Opy max change (%) Nuspvmoy change (%)
, 81101 0.0700 - 21.0088 ;
A W= 101x101 0.0705 0.05 20.9954 134
N varied
121x101 0.0707 0.07 20.9853 101
, 10181 0.0712 ; 20.9807 ;
Loszel 1= 0L 1012101 0.0705 0.07 20.9954 147
M varied
101x121 0.0701 0.04 20.9621 258

3. Results and Discussion
3.1. Validation

In the objective to test the computer code developed in this
study, the problem of buoyancy-driven flow in a square
cavity that has differentially heated wvertical walls and
adiabatic horizontal walls is studied. Very good agreement is
obtained between the test problem solution and benchmark
solutions of Wam et al. [26] work. Where a square enclosure
having two differentially heated vertical walls and adiabatic
horizontal walls with no slip boundary conditions applied to
all the walls. The Rayleigh number, Ra was set at 10*. The

numerically predicted values of streamlines and isotherms
together with benchmark results are shown in figure 2.

3.2. Flow Visualization

The Aspect Ratio (S = L/d) equal to 5 on the flow structure
and temperature distribution for various values of Reynolds
number Re is shown in Figure 3. The streamlines and the
isotherms are presented for steady state flows obtained for a
fixed Raleigh number Ra = 10*, and Reynolds number values
ranging between 20 and 200. For the fixed Re =20, the
analysis of the streamlines in figure 3 reveals a back flow
phenomenon in the integrated chimney.
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Figure 2. Comparison of the streamlines and isotherms.

But the recirculation cells gradually decrease for an
increasing Reynolds number. It means that the forced and the
natural convection effects are simultaneously present in the
room and the chimney. One can observe the thermosiphon
drawn of the coolant fluid. The fluid flow illustrated in the
figure 3 for different values of Reynolds number indicated
the permanent presence of the big closed cells in the room
near the upper horizontal heated wall and prevents the free
circulation of the imposed flow characterized by the open

lines. The corresponding isotherm plots are presented for
increasing Reynolds number at the inlet opening size, the
isotherm patterns are much bifurcated, and it means that the
manifestation of the mixed convection effects is established
in the room and in the integrated chimney. This tendency
justifies that mixed convection is the real mode of heat
transfer which decreases the temperature of the PV cells in
the integrated hybrid photovoltaic-chimney and is able to
provide the best electrical efficiency.
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Figure 3. Streamline and isotherm patterns in the enclosure.
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Figure 4. Outlet velocity for various Reynolds numbers.

In fact, the upper horizontal heated wall imposes a
clockwise circulation in the room. Its existence is due only to
the real effect of natural convection. The isotherm field
indicates that the lower part of the room, (far from the heated
horizontal wall) is at ambient temperature. By increasing Re
the more intense is the forced flow in the room, the more
important is its positive effect on natural convection flow in
the lower part of the room. This tendency is visible in figure
3 for Re =100. It is very clear in this figure that the
increasing of the Re is accompanied by a reduction in the
size and the intensity of the upper big closed cells in favor of
the open lines. The outlet airflow velocity at the exit of the
integrated hybrid photovoltaic- thermal chimney increases
and reaches a maximal value at the middle of the chimney
before decreasing to attain the minimal value near the back
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front glass plate (the heated PV cells plate and the adiabatic
wall) and the upper horizontal heated wall is increasing when
the Reynolds number increases.

wall as shown in figure 4. This figure shows that the outlet
velocity increases when the Reynolds number increases. The
figure 5 indicates that the local Nusselt number along the

—{1—Re=20
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(a) PV cells plate and adiabatic wall (b) upper horizontal wall

Figure 5. Variation of the local Nusselt number along the PV cells plate and the upper horizontal wall for various Reynolds numbers.
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Figure 6. Distribution of the temperature along the plates of the integrated chimney for various Reynolds numbers.

Then the figure 6 shows that the temperature along the integrated chimney plates is a decreasing function when the Reynolds
number is increasing.

T T T T T T T T T T T T T T T T
14750 | Gr=10"
’ 0,34 S=5 i
14,625 D=04
. G, =15
—_ i < 024 -
& 14500 g
~= X
= E
14,375 10
0,14 .
14,2501 1
14,12: T T T T T T 010 T T T T T T T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Re Re

Figure 7. Solar cells PV electrical efficiency and mass flow rate versus Reynolds number.

This increase of Re contributes to the room ventilation by  function of the Reynolds number, figure 7.
reducing the heated zones along the separated chimney plates
and the upper horizontal heated wall. Consequentely the solar

PV cells’ efficiency or the mass flow rate is an increasing

3.3. Effect of Chimney Width (d)

The width of the chimney plays an important role in flow
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generation; the figure 10 (a-b) shows that the local Nusselt
number along the separated plates of the integrated chimney
increases with an increase in width d. It means that when the
width is greater, less is thermal transfer in the chimney.

—0-S=4
—0—8=25

Figure 8. Variation in the local Nussselt number along the upper horizontal
wall with the integrated chimney width.

The excess heat flux in the room and along the heated
plates is not exchanged. In fact, the flow rate through the
chimney increased with increasing the chimney width. The

—{—5=4 T

18+ —0—8=2.5

164

14

12+

N UPV,W(Y)

same result is obtained by Sandberg et al. [27]. The
distribution of the temperature gap along the separated plates
of the integrated chimney shown in figure 9 indicates that the
difference in temperature between the separated plates of the
chimney is a decreasing function of the chimney width. The
same variation is observed for the local Nusselt number
along the upper horizontal heated wall, figure 8.

—0—5=4

4,0

3,54

Figure 9. Distribution of temperature gap along the plates versus integrated
chimney width.

—0-5=4
—0-5=2.5]

(a) PV cells plate and adiabatic wall

(b) absorberplate and adiabatic wall

Figure 10. Variation of the local Nusselt number along the integrated chimney plates with the separated width.

The length of the upper horizontal heated wall decreases
when the chimney width d increases. Then the heated zone in
the room disappears in favour of the cold zone, and the
effectiveness cooling is obtained via the hybrid photovoltaic-
thermal integrated chimney into the building.

3.4. Effect of Inlet Opening (e) Position

The illustration in figure 11 shows that heat transfer
decreases with the inlet opening position (e). This situation
indicates that mass flow rate is a function of inlet opening
position (e). These behaviour results from the fact that mixed
convection is supported principally by the direct interaction

between the open lines located near the heated plates in the
chimney and the closed cells near the PV cells plate and the
upper horizontal heated wall. The isotherm patterns plotted in
the case Ay = 0 indicate that the heat flux exchange is better
in this configuration. The analysis of the streamlines reveals
the existence of open lines superposed by trigonometric cells
whose formation is rather due to a heating effect of coolant
fluid and clockwise natural convection cells located under the
permanently upper horizontal heated wall. It is assumed that
the outlet velocity is an increasing function of the position of
the inlet opening.
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Streamlines

Isotherms

Figure 11. Streamline and isotherm patterns versus inlet opening position.
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Figure 12. Variation in the outlet velocity for various inlet opening
positions.

Figure 12 shows that the outlet velocity is higher in the
case with a higher position of the inlet opening than the case
of a smaller inlet opening position along the left vertical wall.
Then the heat exchange process between a coolant fluid, the
PV panel and the walls is very important in the case Ay =0.

This situation is illustrated in figure 13. For accessibility and
aesthetic reasons, this configuration (A,=0) is retained in this
study. Then it is possible for providing the thermosiphon
drawn of the air in the building via the integrated hybrid
photovoltaic-thermal chimney.

—O0—A,=2.1
T T T T D AD=105 T T
501 .
—AFAO:O
Re = 100
404 o&r=10" -
G,,~1.5
~ 304 D=04 _
s 8=5
33
Z 20 ]
10 .
0 T T T T T T T T T T T T T T T T
01 00 01 02 03 04 05 06 07 08

X

Figure 13. Variation in the local Nusselt number along the horizontal upper
wall for various inlet opening positions.
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3.5. Effect of PV Cells Plate Height (h,,)

The Local Nusselt number along the separated plates of
the integrated chimney (PV cells plate and absorber plate
connected to the adiabatic wall) decreases along the active

60

walls when the ratio hpy/d increases, figure 15. This figure
indicates that heat exchange is an increasing function of the
relative height of the solar PV cells plate location in the
chimney.

. : . =G,
3081 Re=100 —0—G, =1.5 4,01
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Y Y

(a) PV cells plate and adiabatic wall

(b) Absorber plate and adiabatic wall

Figure 14. Plot of the temperature along the PV, the absorber and adiabatic walls along the integrated chimney against the relative PV plate height.

It is very clear that the best activity of heat transfer is
obtained for the ratio hpy/d value equal to 2.0. This tendency
is illustrated in figure 14 (a-b), due consequentely, the higher
hpy/d, the greater is the temperature difference between the
separated  plates along the integrated chimney.
Consequentely, the cooling loads are marginally higher with
the solar PV cells plate height locations studied, whereas the

heating loads depend critically on PV cells plate location.
Similar results are obtained by Mei et al [28] in the study of
dynamic thermal simulation of a building with an integrated
ventilated PV facade with TRNSYS. Figure 16 indicates that
the local Nusselt number along the upper horizontal heated
wall is an increasing function of the relative PV cells plate
height (hpy/d).

: : ——0—G,~1.0 :
Re =100 S =
20- Gr=10" ey ;2 ] e 1
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PV plate and adiabatic wall

Absorber plate and adiabatic wall

Figure 15. Variation of local Nusselt number along the integrated chimney separated plates with PV cells plate height.
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Figure 16. Variation of the local Nusselt number along the upper horizontal wall with the relative PV cells plate height.
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3.6. Effect of Grashof Number that for Gr < 10°, two recirculation cells appear in the room.
These closed cells are symmetrically separated by the forced

The Grashof number is a very important control parameter for g, open lines which extend into the integrated chimney.

fluid flow in the ventilated enclosure. Thus figure 17 (a-c) shows
Re =100, Gpy=1.5,8S=5
Gr=10° Gr=10° Gr=10°

4 L L L L L L

Isotherms
(a) (b) (c)
Figure 17. Streamline and isotherm patterns versus the Grashof number.
—o—G=10°H ‘ . ' ‘ -0 G=10°
0,184 —0—-6Gr=10°| 7 0074 Re=100 —0— G=10]
0.16- —— Gr=1 06 4
0,14
~ 0,12
z
0,101
fe=l
0,08
0,06
0,04
05 06 07 08 09 10 05 06 07 08 09 10
Y Y
(a) PV cells plate and adiabatic wall (b) Absorber plate and adiabatic wall

Figure 18. Variation in the dimensionless temperature along the PV and the adiabatic plates versus Grashof number.
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The upper recirculation cells become bigger when the
Grashof number is increased to 10° and prevent the fluid
from cooling, and the lower natural convection closed cells
disappear. For Gr =10°, the back flow phenomenon appears
in the integrated chimney, consequentely thermal comfort
disappears progressively in the room when the Grashof
number increases. Because of the back flow phenomenon, the
dimensionless temperature along the separated plates of the

Nr—————1—c=10f -
Re =100 ——Gr=10°
001 6,15 ——Gr=10°
s=5
501 p=04
< 401
3
Zz 301
20
10{ &=

chimney decreases when the Grashof number increases,
figure 18 (a-b), it means that the dimensionless temperature
is inversely proportional to the solar radiative heat flux by
definition. In fact, Manca et al., [29] in their experimental
investigation of natural convection in horizontal channels
with the upper wall at uniform heat flux showed that when

the Rayleigh number increases, the dimensionless
temperature inside the cavity decreases.
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Figure 19. Variation of the local Nusselt number and the dimensionless temperature along the upper horizontal wall versus Grashof number.

The outlet velocity increases when the Grashof number
increases, figure 20.
As the Grashof number increases, a thermal plume can be

seen to be stratified from the upper horizontal heated wall to
the room. If the Grashof number increases, the isotherms
become more distorted in the integrated chimney.
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Figure 20. Variation of the outlet velocity and the mass flow rate with Grashof number.

The concentration of isotherms near the active walls,
namely solar PV cells plate, the upper horizontal heated wall,
and the absorber plate, indicate that the most of heat transfer
takes place at the vicinity of the active walls. In fact, Bilgen et
al. [30] in their study on an enclosure equipped with a chimney
found that heat transfer and the Nusselt number are an
increasing function of the Rayleigh number. The increase of
Reynolds number or Grashof number leads to an increase in
Nusselt number indicating an augmentation of the heat transfer
rate. Figure 20 indicates that when the Grashof number
increases, the mass flow rate decreases while outlet velocity
increases to reach the maximal value before decreasing to

attain the minimal value near the absorber plate.

4. Conclusion

A numerical investigation of laminar mixed convective
cooling in a hybrid photovoltaic- thermal chimney integrated
into a building has been conducted to identify the optimum
placement of inlet and exit for the best cooling effectiveness.
The study encompasses for ranging Grashof numbers 10° <
Gr <10° Reynolds number from 20 <Re <200 representing
dominating forced convection through mixed convection to
dominating natural convection. The local Nusselt number
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along the heated walls has been used to compare the cooling intensity of air flow for passive cooling, and the best
effectiveness in the integrated chimney. electrical efficiency of the solar PV cells.
The results indicated that: d. Possible reducing of cooling loads with the insertion of
a. Dimensionless temperature decreases with increasing the photovoltaic cells plate into the chimney integrated
Grashof and Reynolds numbers. into the building.
b. The local Nusselt number along the active plates of the e. The flow rate through the integrated chimney increased
integrated chimney is an increasing function of with increasing chimney width.
Reynolds and Grashof numbers. Future work consists of integrating the hybrid photovoltaic

c. Increasing the Reynolds number leads to a higher  channel in the roof for the thermal comfort in the buildings.

Nomenclature
. . H
A Aspect ratio dimensionless of the global system 4 = ’
H -
Ay Difference aspect ratio 4, = %
Cp Specific heat (J. kg ' K™
D Aspect ratio dimensionless of the inlet opening D 25
d Channel width (m)
H
E Relative length of the room after the inlet Opening E = 71
e Air inlet opening width (m)
H
F Aspect ratio dimensionless of the height of the room F' = 71
. . . . — HPV
Gpy Aspect ratio dimensionless of the height of PV cells plate Gp), =
g Gravitational acceleration (m.s™)
H Total height of the enclosure (m)
H
J Aspect ratio dimensionless of the height of the upper adiabatic wall J = TW
o L
Aspect ratio dimensionless length of the room before the channel K = 7
L Total length of the enclosure (m)
n Coordinate in normal direction
@d
Nu=——7"——
Nu Nusselt number 1 ( T-T, )
Pr Prandlt number Pr = HEp
d
Re Reynolds number Re = p“To
Ri Thermal Richardson number Ri = %
L
S Aspect ratio dimensionless length of the room S = 7
t Time (s)
T Temperature (K)
Ta Ambient air temperature (K)
u, v Velocity component in x and y directions (m.s™)
u
U, v Dimensionless velocity component in X and Y directions; U =— p = Y
Uy u,
o Air inlet velocity (m.s™)
W Dimensionless outlet velocity

X, ¥y Coordinates defined in figure 1 (m)
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x .

XY Dimensionless spatial coordinates; X = E ;
Greek symbols
- ar-1,)
g Dimensionless temperature 8 = T
. . . _ugt
r Dimensionless time 7 = 7
B Thermal expansion coefficient (K™
P Density of the air (kg.m™)
A Thermal diffusivity of the air (W. m™".K™")
Q
W Dimensionless voticity W=——
Uy
u Dynamic viscosity of the air (kg.m™. s™")
Dimensionless stream function ¥ = L
uyd
¢ Solar radiation (W.m?)
Subscripts
PV PV module
w Wall
f Fluid (air)
Up Upper horizontal wall
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