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CFD Investigation of Turbulent Mixed Convection
Heat Transfer in a Closed Lid-Driven Cavity
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Abstract—Both steady and unsteady turbulent mixed convection
heat transfer in a 3D lid-driven enclosure, which has constant heat
flux on the middle of bottom wall and with isothermal moving
sidewalls, is reported in this paper for working fluid with Prandtl
number Pr = 0.71. The other walls are adiabatic and stationary. The
dimensionless parameters used in this research are Reynolds number,
Re = 5000, 10000 and 15000, and Richardson number, Ri =1 and 10.
The simulations have been done by using different turbulent methods
such as RANS, URANS, and LES. The effects of using different k-¢
models such as standard, RNG and Realizable k-¢ model are
investigated. Interesting behaviours of the thermal and flow fields
with changing the Re or Ri numbers are observed. Isotherm and
turbulent kinetic energy distributions and variation of local Nusselt
number at the hot bottom wall are studied as well. The local Nusselt
number is found increasing with increasing either Re or Ri number.
In addition, the turbulent kinetic energy is discernibly affected by
increasing Re number. Moreover, the LES results have shown good
ability of this method in predicting more detailed flow structures in
the cavity.

Keywords—Mixed convection, Lid-driven cavity, Turbulent
flow, RANS model, URANS model, Large eddy simulation.

1. INTRODUCTION

N recent decades, the field of computational fluid dynamic

of heat convection in cavities has been addressed in many
research projects, due to their wide applications in engineering
and industrial fields such as oil extraction, air conditioning,
electronic devices cooling, lubrication technologies, high-
performance buildings insulation and solar power collectors
[1]-[6]. Researchers have conducted extensive studies on the
natural or free convection in closed cavities with different
geometry shapes. Cianfrini et al. [7] carried out numerically a
2D natural convection of Al,0;-water within a square
enclosure which was cooled at one side and other opposite
side was heated partially, while the rest walls were insulated.
The main finding of this study was that by decreasing the
nanoparticles size leads to reduced heat transfer performance.
However, the position and the length of the heater had
significant effect on the heat transfer ratio.

A 2D Newtonian fluid filled with porous cavity to study
free convection for both laminar and turbulent flow was
investigated numerically by [8]. The one and two temperature
energy models were studied. The outcome of this
computational experiment illustrated that both models give the
same output when the ratio of thermal conductivity of solid to
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thermal conductivity of fluid is equal to unity. A number of
other computational researches in this area include a 2D
periodic free convection in square cavity with a thin heat
source by [9], a 2D laminar natural convection in shallow
wavy closed cavity by [10], a 2D natural convection of
unsteady buoyancy driven flow and heat transfer in a
partitioned triangular cavity by [11], natural convection of
CuO-water nanofluid within a 2D rectangular enclosure at
different low aspect ratios by [12], a 2D steady free
convection of a non-Newtonian power-law fluid within
trapezoidal cavity by [13], a 2D natural convection of
comparison complex annular configuration enclosures which
was filled by cold water by [14], and a 2D half-moon
configuration closed cavity with diversity of thermal boundary
condition for three types of nanofluids by [15].

Numerous investigations have been done on mixed
convection by moving one wall or more of enclosure by
changing either boundary conditions or fluid types. This kind
of research has been continually developed and published in
the literature. A mixed and an natural convections of
stationary and rotating centred cylinder in a 2D square cavity
with different rotating speeds was carried out by [16]. The aim
was to find out the relation between Nu,,.., and Ri as well as
to study the effects of the aspect ratio between the inner
cylinder and outer cavity on the heat transfer. It was found that
the relation was not affected by changing the aspect ratio, but
it was proved that reducing Nuye,, comes with decreasing
value of Ri.

A 2D viscous, unsteady and incompressible nanofluid flow
within heated lid-driven with pulsating flow was investigated
numerically by [17]. The influence of the amplitude,
oscillation frequency, and wave number of the sinusoidal
velocity waves at the lid on the convection was the research
aims. Using the Network Simulation method (NSM) it was
found that Richardson number was increased in excited
pulsating flow. Goodarzi et al. [18] studied numerically both
laminar and turbulent mixed convection heat transfer of
nanofluid inside a 2D shallow enclosure. The upper wall of the
cavity was studied as a cooled moving wall and the bottom
wall was heated, while the side walls were kept adiabatic. Two
different values of Gr=10% (laminar flow) and 10° (turbulent
flow) with different values of Ri and different nanoparticles
concentration were studied. It was observed that by increasing
nanoparticles fraction leads to enhanced heat transfer ratio and
Nu. In addition, turbulent kinetic energy, turbulence intensity,
wall shear stress, and skin friction were affected by
nanoparticles concentration.

A numerical investigation of mixed convection of 2D
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inclined shallow lid-driven enclosure filled with Cu-water
nanofluid was carried out by [19]. The top wall had higher
temperature than the bottom wall, and the side walls were kept
insulated. It was found that at Ri = 0.1 the movement of the
moving wall dominated the nanofluid, which means that
forced convection dominated the heat transfer. However, at Ri
= 10, the free convection has more control on the heat transfer.
Moreover, increasing the concentration of the nanoparticles
leads to enhanced heat transfer.

II. METHODOLOGY

The Computational Fluid Dynamic (CFD) method was used
in this project to predict the flow and heat transfer
characteristics in a cubic lid-driven cavity, by using the finite
volume method of FLUENT solver.

A. Physical Models

Fig. 1 Schematic diagram of the cubic lid-driven cavity

Fig. 1 illustrated the main geometry parameters of this
research. Uniform velocity and cooled temperature are the
features of the moving downward sidewalls of the cubic.
Constant heat flux is feeding the middle part (L) of the bottom
wall, while the rest domain parts are adiabatic walls. This type
of geometry can refer to air cooling system of the electronic
devices.

The boundary conditions for the present problem are
specified as:

Top wall: 96/0Y =0, U=V=W=0

0,for0<X<(1—¢)/2
wall: Y 0,for(1 + &)/2<X <1

Right and left wall: =0, U=0, W =10, V=—1

The condition 98/dy =—1 for (1 — &)/2<X < (1 + ¢)/2 at
the bottom wall arises as a consequence of constant heat flux.

B. Grid Independence Tests

In order to obtain the best mesh type and number for the
particular geometries, structured and non-uniform mesh is
used in this work with refined mesh close to the walls of the
domain. The grid independence tests were done for RANS and
URANS separately by using the standard k- model at
constant values of Re = 5000 and 4 = 1 with convergence
criterion less than 107,
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Fig. 2 Grid independence test of 3D cubic lid-driven cavity at Re =
5000 and Ri = 10

Firstly, six different nodes number (34200, 101250,
143312, 201840, 248400 and 304200) were generated for
three dimensional RANS model, at Ri = 10. As shown in Fig.
that the last three cases of nodes number are suitable because
they showed very similar Nu,, of the bottom wall of the
geometry. The nodes number used in this model is 248400.

Secondly, five different nodes number (120000, 410625,
980000, 1699200 and 1921875) were examined in three
dimensional URANS at Ri = 1, with non-dimensional time
step equal to 0.001. Although, the five cases did not show big
difference in term of Nu,, results, the number of grid points
used with this model is chosen as 1699200 to maintain good
accuracy.

Finally, using LES method needs to have some specific
modifications compared to the above URANS models such as
fine grids and small time steps [20]. However, the nodes
number using LES model is about 6 million with y* around 1
and low aspect ratio of the mesh elements. The non-
dimensional time step used is 0.0006 based on the CFL
conditions.

C.Code Validations

Code validation is a main beginning step of computational
fluid dynamic in order to run new simulations. In this study
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two previous journal papers were validated: a 2D mixed
convection heat transfer in trapezoidal lid-driven cavity that
has constant heat flux at the stationary bottom wall and with
adiabatic side walls [21], and a 2D mixed convection heat
transfer in rectangular lid-driven cavity that partially heated at
constant heat flux at the bottom wall [22]. Fig. 2 illustrates
good agreement with the previous investigations.
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Fig. 2 Average Nusselt number comparison of the present
simulations with previous results [21], [22]

III. RESULTS AND DISCUSSION

A. RANS Model

The variation of local Nu along the heated centre bottom is
shown in Fig. 4 to illustrate the effects of using different k-¢
predictions in the turbulent flow case at Re = 5000 and Ri = 1
and 10. Overall, it can be seen that using different models
shows only slight difference in the value of local Nusselt
number. However, changing Richardson number shows
significant effects on the values of local Nusselt number for all
k-& models. The effects of using various values of Reynolds
number are presented in Fig. 5 in term of local Nusselt
number, which are clearly discernible. In addition, for both
Figs. 4 and 5, the highest Nu occurs at the edges of the bottom
surface, while the minimum Nu occurs at the middle of the
heat source. This is because the edges of the heat source have
a direct attachment to the other unheated parts as well as the
symmetrical boundary conditions. However, the lowest local
Nusselt number is shown at the heat source centre that attains
the maximum temperature and the minimum heat transfer rate.

The predicted turbulent kinetic energy contours for three
representative values of Reynolds number (Re = 5000, 10000
and 15000) are shown in Fig. 6 for mixed convection
parameter, Ri = 1, and at dimensionless source length, € = 0.6.
In general, the contours are symmetric about the vertical
midline of the moving sidewalls enclosure, because of using
symmetric lid-driven domain and boundary conditions.
Obviously, at constant Richardson number, the Reynolds
number has a discernible effect on the turbulent kinetic energy

values, especially with the high speed regime that is close to
the moving sidewalls of the lid-driven cavity.

B. URANS Model

The predicted isotherm and turbulent kinetic energy
contours are shown in Fig. 7 to investigate the enhancement of
changing Reynolds number, Re = 5000, 10000 and 15000.
This investigation is carried out by using standard k-& model.
At constant Ri, the contours indicate that increasing value of
Re leads to increasing the temperature, due to the increase of
the value of Gr number. In addition, the turbulent kinetic
energy increases gradually by increasing Re, especially at the
regions of lid-driven walls. That is due to the higher turbulent
velocity in these areas.
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Fig. 5 Local Nusselt number along the heated centre bottom part for
different Re

C. Instantaneous Temperature Fields of URANS vs LES

By using URANS and LES models, Fig. 8 illustrates the
snapshots of temperature distribution patterns with time at z=0
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for the x-y plane in the domain. Obviously, LES model can
predict more detailed eddy structures while URANS produced
only the big eddy scales.
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Fig. 6 Turbulent kinetic energy contours at Ri =10 and £ = 0.6
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Fig. 7 Isotherm (a) and turbulent kinetic energy (b) contours at Ri = 1
and € = 0.6 by using URANS model

IV. CONCLUSION

This paper presented the numerical results of mixed
convection heat transfer of air (Pr = 0.71) in a lid-driven cubic
enclosure that is heated at the centre of the bottom wall and
has moving sidewalls. In particular, the effects of varying both
Reynolds and Richardson numbers on the convection are
studied. The obtained new results proved the following points:
e Using different models of k-¢ shows only slight difference

in term of local Nusselt number.

e The highest Nusselt occurs at the edges of the bottom
surface, while the minimum Nusselt occurs at the middle
of the heat source. The lowest local Nusselt number is
shown at the centre of the heat source.

e Increasing either Richardson or Reynolds number leads to
increasing the Nusselt number and velocity of the fluid in
the cavity.

e Reynolds number has a discernible effect on the turbulent
kinetic energy values, especially in the high speed region.

e The highest turbulent velocity occurs in the region near
the moving walls and it increases as Reynolds number
increases.

e LES model shows good ability to capture the finer eddy
structures in the cavity in comparison to the URANS
prediction.
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URANS LES

Fig. 8 Instantaneous isotherm comparison between URANS and LES
at Ri= 10, Re = 5000 and ¢ = 0.6, located at z=0 for the x-y plane
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