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a b s t r a c t

This paper deals with the numerical investigation of heat transfer by mixed convection inside ventilated
cavities with supply and exhaust slots, and filled with air under a steady and turbulent flow regime. Four
configurations, rated A, B, C and D are considered here, according to the position of the inlet and outlet
air ports: A, the inlet is on the top of the left vertical wall, while the outlet is on the bottom of the right
vertical wall; B, the inlet is on the bottom of the left vertical wall and the outlet at the top of the opposite
wall; C, the two slots are on the same side, i.e. the inlet is at the bottom and the outlet at the top of the
left vertical wall, and D, the inlet is at the top and the outlet at the bottom of the left vertical wall. The
bottom of the cavity is kept at a temperature TH and other walls are fixed at a temperature TC , with
TH > TC . The cavity is provided with two slots: an inlet slot for introducing fresh air, and an outlet slot to
extract hot air. The main aim sought here is to analyze the ventilation efficiency for temperature dis-
tribution, and fix the best configuration providing the thermal comfort targeted. We also address the
influence of heating on the behavior of flow and thermal comfort, while considering different Rayleigh
numbers ranging from 6:4� 108 to 3:2� 109. Numerical studies have been yet devoted to these con-
figurations, using RANS simulations. The RNG k-ε turbulence model has been adopted for the turbulence
closure, and the set of governing equations was then numerically solved via the finite volume method.
The SIMPLEC algorithm was associated to ensure the pressure-velocity coupling. In terms of results
achieved, the configuration D provides a better ventilation effectiveness for temperature distribution εT

and ensures an even temperature in the occupied zone. As for configurations A and C, they maintain an
acceptable level of heat and can be used in winter period to ensure good indoor air quality, while
configuration B provides an efficiency close to unity and can be used to insure indoor air quality in
temperate climate zones.

© 2017 Elsevier Masson SAS. All rights reserved.

1. Introduction

Today, many people spend more time indoors (homes, schools,
offices, transports, stores, etc.) [1]. Thereby, the quality of indoor
environment must ensure the occupants' requirements in terms of
thermal comfort and indoor air quality that can adversely affect
their health. In addition, the indoor environment is affected by
rising energy costs. Besides, since the 1973 oil crisis, thermal
insulation has been greatly increased to reduce heat loss and
greenhouse emissions. To this, exchanges between the outside and

inside buildings were greatly reduced. Such confinement led to
discomfort of the occupants and caused damage to the building
structure. To improve the quality of the environment, ventilation
has proved to be one of the most promising solutions. Its principle
is to renew sufficiently and permanently stale air by fresh air. For
that, investigators and designers innovative offer different strate-
gies of ventilation to guarantee the comfort for occupants. Note that
a ventilation system can be used to ensure good indoor air quality
and thermal comfort (heating or air conditioning). There are two
mechanical ventilation modes that are widely used. These are
based on the fresh air intake velocity, namely the mixing ventila-
tion where fresh air is blown at high velocities (turbulent jet air),
and the displacement ventilation where air is introduced at low
velocities [2]. Convective motion can help to determine the quality
of the indoor air circulation in rooms and passenger cabins (cars,
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planes, etc.). It also plays a significant role in heat exchangers and
passive cooling devices for electronic equipments and computer
chips. It should be noted that, in a ventilated room, natural con-
vection (driven by buoyancy forces) and/or forced convection (due
to the external forces) can take place. The combination of these
modes gives rise to a mixed convection problem. To handle such a
problem, numerical and experimental studies have been carried
out to understand the behavior of airflow by mixed convection and
the temperature distribution within ventilated rooms. In the pre-
sent work, we consider a ventilated cavity often taken as a first
model [3,4]. In the following, we briefly describe some works
related to the subject dealt here.

Blay et al. [5] studied numerically and experimentally mixed
convection inside ventilated square cavity filled with air in turbu-
lent and steady regime. This cavity is heated from below. The au-
thors have performed simulations for different Froude number
using two low-Reynolds number k- 3models [6,7]. Their results
showed the existence of a critical Froude number for which the
flow inside the cavity changes direction. Chen [8] evaluated the
performance of five k- 3turbulence models on the heat transfer in a
ventilated cavity. The author has found that the numerical pre-
dictions of average velocities are satisfactory. In addition, he noted
that fluctuations are less estimated compared to available experi-
mental results. Also, he noticed the RNG k- 3[9] model provides
more accurate results than the standard k- 3model [10]. Raji and
Hasnaoui [11e13] numerically analyzed the heat transfer by mixed
convection inside ventilated cavities filled with air and subjected to
heat flux conditions. They evaluated the influence of radiation on
heat transfer by mixed convection in a rectangular cavity with an
aspect ratio of 2. They found that radiation promotes the temper-
ature's homogenization, and reduces the maximum temperature
inside the cavity. Singh and Sharif [14] conducted a numerical study
of mixed convection in a 2D rectangular cavity differentially heated

in laminar and steady flow regime, and equipped with inlet and
outlet slots. They have shown that the position of the slots can be
crucial in terms of cooling efficiency. Considering the same regime,
Rahman et al. [15] studied numerically the influence of key pa-
rameters as the Prandtl (Pr), Reynolds (Re) and Richardson (Ri)
numbers on the mixed convection in a ventilated square cavity. The
authors found that, for low values of Ri, the rate of heat transfer is
minimum along the hot wall, and for high values of Pr, the Nusselt
number is enhanced. Also, the increase of Ri avoids the separation
of flowwhile exhibiting a linear behavior. They concluded that heat
transfer is strongly influenced by high values of both Pr and Ri.
Radhakrishnan et al. [16] performed experimental and numerical
study of mixed convection in a ventilated cavity with a heat
generator. They studied the influence of the size and position of
heat sources on the heat transfer performance. They found that
simulations corroborate experimental results. They stated that the
size, position and inclination angle of the heat source influence
greatly the thermal behavior inside the room.

Xam�an et al. [3] numerically investigated conjugated heat
transfer in a ventilated cavity under turbulent flow regime. The
authors sought to determine the optimal ventilation scenario in
terms of air conditioning. They found that, for Reynolds numbers
ranging from 5:103 to 104, it is the cavity for which the exit is
located at the top right which ensures temperature and velocity
values close to those recommended by the standard ASHRAE 55
[17]. Ezzouhri et al. [18] took over the cavity considered by Blay
et al. [5] to evaluate the LES model [19] and determine the exact
value of the Froude number for which two different solutions exist.
Comparisons with experimental data [5] have shown that such a
model provides acceptable predictions. Hinojosa and Gortari [20]
conducted a numerical study of heat transfer by laminar natural
convection in an isothermal open cubic cavity. The authors pre-
sented the results for different Ra numbers (104 � Ra � 107).

Nomenclature

Cp Specific heat (Jkg�1K�1)
g Gravity acceleration (ms�2)
h Height of the gap for the inlet or outlet air (m)
H, L Cavity's height and width (m)
k Turbulent kinetic energy (m2s�2)
n Normal vector (m)
Nu Nusselt number
p Fluid pressure (Pa)
Pr Prandtl number, Pr ¼ no/ao
Q Heat (W)
Ra Rayleigh number, Ra ¼ ðrogbDTL3Þ=ðmoaoÞ
Re Reynolds number, Re ¼ ðroUinhinÞ=mo
T Fluid temperature (K)
TC Cold temperature (K)
TH Hot temperature (K)
T0 Reference temperature, To ¼ ðTH þ TcÞ=2 ðKÞ
T0 Fluctuating temperature (K)
u, w Horizontal and vertical velocities (ms�1)
u*, w* Dimensionless velocity components,

ðu*;w*Þ ¼ ðu;wÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gbDTL

p
u0, w0 Fluctuating velocity components (ms�1)
U Velocity modulus (ms�1)
X, Z Horizontal and vertical coordinates (m)
X*, Z* Dimensionless coordinates, ðX*; Z*Þ ¼ ðX; ZÞ=L

Greek symbols
a Thermal diffusivity (m2s�1)
ta Local age of fluid (s)
b Thermal expansion coefficient (K�1)
DT Characteristic temperature difference,

DT ¼ ðTH � TCÞðKÞ
3 Turbulent energy dissipation (m2s�3)
3T Ventilation effectiveness for temperature distribution
l Thermal conductivity (Wm�1K�1)
m Dynamic viscosity (kgm�1s�1)
n Kinematic viscosity (m2s�1)
r Density (kgm�3)
d Boundary layer thickness (m)
s Standard deviation

Superscripts/subscripts
C Cold
H Hot
in Inlet
l Local
m Mean
max Maximum
min Minimum
out outlet
T Thermal
t Turbulent
O Reference
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