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ABSTRACT

In the present paper, a numerical study of mixed
convection flow of a three-dimensional building
integrated photovoltaic thermal front (BIPV/T)
has been investigated. The configuration
consists of a cubical system heated by a solar
panel partition. The left wall has an inlet damper
at the bottom allowing the cold air flotation in a
gap between the solar panel and the opposite
vertical insulated wall. The finite volume
method is used to analyze the dynamic, thermal
fields and the heat transfer flow of the system.
The results revealed that the heat transfer rate is
affected by Reynolds and Nusselt number’s
variations.

NOMENCLATURE
g Acceleration due to gravity (m/s?)
Gr Grashof number = BgL3AT/v?
H Height of the PV module (m)
h Inlet and outlet height (m)
h’ Height of the surface above the PV
module (m)
£ Height of the BIPV/T system (m)
L Length (m)
Nu Nusselt Number = hL/ k
P Pressure = N/ m?
Pr Prandtl number = cpp/k
Re Reynolds number =uL /v

Ri Richardson number

uo,vo,wo Reference velocities (m/s)
u,v,w Dimensional velocities (m/s)
U,V,W  Non-dimensional velocity

components
X,Y,Z Dimensional coordinates (m)
X,Y,Z  Non-dimensional cartesian
coordinates
Greek symbols

Absorptivity (radiation)
Thermal expansion coefficient
(K™
Thermal Conductivity (W/m.K)
Kinematic viscosity (m?/s)
Density (kg/m?3)
Non-dimensional fluid temperature
ubscripts
Cold
Hot
Ik Node position
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INTRODUCTION

Solar energy is the most promising energy
resource on  earth[l1]. It’s  virtually
inexhaustible, sustainable and is currently
exploited by two major technological
approaches: thermal and photovoltaic[2]. The
new popular technology combines both
methods of energy conversion. The

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).


mailto:malika.boufkri@gmail.com

E3S Web of Conferences 321, 03011 (2021)
ICCHMT 2021

https://doi.org/10.1051/e3sconf/202132103011

photovoltaic/thermal (PV/T) device can
simultaneously produce electricity and useful
heat [3]. The electrical efficiency of such hybrid
system reaches up to 6% and its overall
efficiency (including recovered heat) is about
67.5% [4]. Thus, this technology can effectively
be integrated into buildings as an architectural
element providing heat and electrical power in
order to reduce energy consumption[5]-[7].
However, a considerable literature has grown
up around heat transfer mechanisms through
numerical simulations and experimental
studies.

Kaiser et al [8] studied the influence of the air
gap size and the forced convection of a building
integrated photovoltaic system (BIPVT) on the
PV’s electrical efficiency for different values of
incident solar radiation and ambient
temperature. The results showed that in natural
convection, an aspect ratio of 0.11 decreases
cell’s temperature, whereas an air velocity equal
to 6m / s increases the power output to 19%
compared to natural ventilation. In the same
framework, Dehra [4] investigated the energy
performance of a photovoltaic solar wall and
showed that the optimal values of global
efficiencies obtained from experimental data
were 31.4% and 37.6% for natural and forced
convection respectively. Also, Agathokleous
[9] analyzed the energy and the exergy
efficiency of a naturally ventilated PVT
collector integrated into a wall and oriented east
at a vertical position (90 °). He found that a gap
of 0.1m is sufficient to prevent the panel from
overheating.

This paper presents an extension of previous
works. The mixed convection taking place
between the building integrated photovoltaic
thermal system (BIPV/T) is analyzed
numerically. Accordingly, the 3D numerical
model of the working fluid flow and different
heat transfer mechanisms is developed. The
governing equations are discretized by the finite
volume method and solved numerically using
the SIMPLEC Algorithm for different
Reynolds, Nusselt and Richardson numbers.

ANALYSIS AND MODELLING

1. Problem Formulation

The three dimensional considered configuration
is presented in Figl. It consists of a building
integrated photovoltaic system (BIPV/T) in

PV module

Ambiant Zone

which the left vertical wall presents a flat plate
PV panel, has an inlet at the bottom allowing the
heat transfer fluid flotation in a gap between the
solar panel and the opposite vertical insulation
wall. The working fluid adopted is air (Pr =
0.71). The incoming air and the PV module are
maintained respectively at a cold and a hot
temperature while other walls are considered
adiabatic.

The simulation assumptions are: i) The air flow
is considered to be laminar, Newtonian and
incompressible; ii) The Viscous dissipation in
the energy equation is neglected; iii) the
thermo-physical properties of the heat transfer
fluid (HTF) are assumed constant except the
density in the buoyancy force expression which
uses the Boussinesq approximation.

-V

Air inlet

Figure 1:
The 3D configuration of the solar wall

The dimensionless equations describing both
the air flow and the heat-transfer inside the
(BIPV/T) system can be expressed in three
dimensional forms as follows [10]:

Continuity equation:

dau | dv . dw
YL L")

ax day az (1)

Momentum equation on X:

awu) , dWwv) , duw) _  dp , 1 .d*U

dx = ay + dz ~  dx + Re (dXZ +
d’u  d*U
—t——= (2)
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Insulated wall
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Momentum equation on Y :

owv) L ovv) L dvw) _ 9P | 1 (3*V
ox +2 ay + 8Z ~ 9Y  Re (axz
2%V = 9%V .
m + ﬁ) + Ri o (3)

Momentum equation on Z :

a(UwW) n a(vw) n oww) _oP | 1 93*W

K ) ay 0z 0z Re “9X?2
°w | 0°w
vz T o) )

Equation of energy:

+

oue) ,awe) L awe) _ 1 9%0  3%*6
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The variables used in the equations (1) to (5) are
expressed in the non-dimensional form as:

—_X.y_2. —
X=27Y=7 Z=7 (6)
U=—= ; V== W=— (7)
u0 v0 w0
_ P—Dbo . _ T-T¢
P_Pouiz’g_Th_Tc (®)

Where (U, V, W) are velocity components, P
and Py are respectively the pressure and the
reference pressure, p, is the reference density,
Th is the hot temperature of the PV module and
T, is the cold temperature of the incoming air.

2. Numerical approach

The main method used to evaluate and solve the
Navier-Stokes and energy equations in the form
of algebraic equations is the finite volume
method [11]. The grid size used to run the
program encoded in FORTRAN software is
61x61x61 along X, Y and Z directions. Also,
the momentum and the continuity equations are
solved numerically using the SIMPLEC (Semi-
Implicit Method for Pressure Linked Equations
Consistent) algorithm in order to avoid the
difficulty associated with the pressure
determination. Then, the partial differential
equations are solved by the Alternating
Direction Implicit (ADI) scheme and the tri-
diagonal system obtained in each direction is
solved using the THOMAS algorithm.

Several convergence tests have been carried out
by adapting it to the configuration and the main
boundary  conditions. The  established
convergence criterion [11] of the numerical
code is presented as follow:

imaxrjmaxrkmax | n+1 _ n
ijk ijk —4
—_— <10
y .
l,],k:l L]

1, j, and k indicate the grid positions, while n
represents the iteration number. @ is defined as
field variables ¢ (=U, V, W, T, P), in successive
time steps (n and n+1) less than 10,

The main control parameters used are:
Reynolds number (Re), Prandtl number (Pr),
Richardson number (Ri) and Grashof number
(Gr). These parameters are defined using the
following expressions:

Re = =22 )
Pr =§ (10)
Ri =" (11)
Gr = w (12)

In these expressions, 3, v and a are the thermal

expansion coefficient, the kinematic
viscosity and ~ the  thermal  diffusivity,
respectively.

The above-mentioned equations are associated
with boundary conditions. they are given in
dimensionless form as follows:

= Intheairinlet: U=1; V=W =0;0=-0.5
=  Onthe PV module: U=V=W=0;60=0.5
= On the insulation wall, horizontal walls and

other vertical walls: U=V =W = (; % =
96 a0
v~z 0

. U _ v _aw _ a6
» Intheairoutlett —=—=—=-—=0
ax ~ ax  ax  ox

The corresponding local Nusselt number is
defined as:

a6

Nuyoeqr = ax (13)

While, the average Nusselt presents the integral
temperature flow through the solar panel and is
formulated by:

h+H 1

N%m=%jjmwwzwm2(m
h 0
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RESULTS

The purpose of the paper is to investigate the
convective heat transfer flow of the cubical
system as a function of temperature distribution,
velocity fields and average Nusselt number. For
the mixed convection, Richardson number must
be set at 1 while other controlling parameters
are variable. Reynolds number is changing over
arange of (30 < Re <90). The relative height of
the heated solar H/L, the air inlet and outlet h/L,
the right insulation wall /L and the Prandtl

number are fixed respectively at 0.52, 0.14, 0.96
and 0.71.

1. Temperature distribution (Isotherms)

For a good inspection of the temperature
distribution inside the BIPV/T system, the 3D
and 2D isotherms for different Reynolds
numbers 30, 60 and 90 are schematized in Fig.2
and Fig3 respectively. The vertical tightening of
isotherms around the left wall translates the
mixed convection phenomena’s establishing, in
which heated PV modules interact with the
incoming cold air. It’s a flow heat gain
explained by the induced temperature gradient.
This gradient causes a variation in density that
leads to the heat transfer fluid’s particles
movement.

This effect is highlighted for different vertical
planes (Z=0.3, Z=0.5, Z=0.7) in Fig.3. The flow
simulation analyze indicates good components
(Solar panel and other Walls) cooling. This is
due to the increasing of Reynolds number that

Re=30

Re=60

generates a rising in the inertia forces compared
to the viscosity forces. Consequently, the cold
air flotation is strengthened from the inlet to the
outlet, which finally results in a considerable
rate of heat transfer.

2. Dynamical fields

For more visualization of the horizontal velocity
U component at the inlet and the outlet of the
considered configuration, velocity fields are
presented for Y=0.93 and Y=0.07 plans in the
Fig.4 for different Reynolds values 30, 60 and
90. In fact, both dynamical studies show that
velocity fields spread out along X by increasing
the value of the Reynolds number. This velocity
takes considerable values at the outlet (Y=0.93)
of the cubical system which indicate a
significant fluid transport.

Also, Velocity profiles are schematized in Fig.5
for different Reynolds values 30, 60 and 90. The
horizontal velocity component U is presented in
Fig.5-a for (X=0, Z=0.5), (X=0.5, Z=0.5) and
(X=0.9, Z=0.5) as function of Y. The vertical
velocity component V is presented in Fig.5-b
for (Y=0, Z=0.5), (Y=0.5, Z=0.5) and (Y=0.9,
7=0.5) as function of X. These profiles
emphasize that both the vertical velocity V and
the horizontal velocity U component increase
with X and Y respectively, which means that the
fluid is moving along both directions in the
inlet, the middle and the outlet of the system.
This is physically explained by the dominance
of inertia force combined with thermal
buoyancy from the inlet to the outlet of the
building front.

Re=90

Figure 2: 3D Isotherms for Ri=1 and different values of
Re=30,60,90
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Figure 3: 2D Thermal fields for Z=0.3, Z=0.5 and Z=0.9 plans and for
different values of Re=30,60,90.
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Re=30

Figure 4: Dynamical fields of the horizontal velocity U component for Y=0.07
and Y=0.93 plans for different values of Re=30,60,90.
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Figure 5: Vertical and horizontal velocity component’s profiles for Ri=1 and different values of
Re=30,60,90. (a)Horizontal velocity U component for (X=0, Z=0.5), (X=0.5, Z=0.5), and
(X=0.9, Z=0.5). (b) Vertical velocity V component for (Y=0, Z=0.5), (Y=0.5, Z=0.5), and

(Y=0.9, Z=0.5).

3. Average Nusselt number

Another interesting analyze to study is the
convective heat transfer performance. The
average Nusselt number is calculated on the
solar panel in terms of Reynolds number. The
results illustrated in tab.1 show an increase in
the average Nusselt with the Reynolds number.
This is due to the existence of an intense
temperature gradient which is reflected by a
considerable heat exchange between the
incoming cold air and the hot PV modules.

Tablel
Average Nusselt number for Re=30-90

Reynolds Average Nusselt number
30 14,52231
60 15,41107
90 15,91828
CONCLUSION

In this paper, a detailed numerical assessment of
the mixed convection of a 3D building
integrated  photovoltaic  thermal system
(BIPV/T) has been achieved. The isotherms, the
dynamical fields and the average Nusselt

number are analyzed in terms of different values
of Reynolds number. The results show that:

- The flow behavior and temperature
distribution are affected by the adopted
values of Reynolds number.

- The heat transfer’s rate becomes
important with Reynolds number rise.
This is due to the dominance of inertia and
fluid buoyancy effects.
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