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Abstract - The present study focuses on Prandtl number and Richardson number effect on mixed
convection in a lid-driven L-shaped enclosure. The physical model is a two-dimensional L-shaped
cavity where the bottom and left walls are maintained at a hot temperature, a cold temperature is
imposed at the upper-right sides and the upper wall of the enclosure. The top wall of the cavity
moves with a constant velocity at a cold temperature, whereas the right wall is insulated. The
governing equations are discretized using the finite volume method (FVM). The SIMPLE algorithm
is employed to couple velocity and pressure fields via the CFD software Ansys Fluent. The
numerical results show very good agreement with those of the literature. The effects of different
governing parameters such as Reynolds number (50 < Re < 200), Richardson number (0.1< Ri<10),
and Prandtl number (0.1 < Pr < 10) on the flow and temperature fields are studied. The results
indicate that the average Nusselt number grows when Richardson and Re increase. Moreover, the
average Nusselt number increases as Pr and Ri increase for a fixed value of Re.

Keywords: L-shaped enclosure, Mixed convection, Finite volume method, Richardson effect,

Prandtl effect.

1. Introduction

Mixed convection flows are widely involved in
various industrial systems and many transport
processes in nature [1-3]. It is motivated by its
several applications such as heat exchangers [4-6],
chemical and nuclear reactors [7,8], food and
process industries [9,10] thermal energy systems
[11,13], solar collectors [14], and so on, where a heat
generation process takes place continuously. Mixed
convection in cavities has gained recent research
interest as a means of heat transfer enhancement.
For instance, Sharif [15] studied mixed convection in
a shallow cavity for various Richardson numbers and
inclination angles ranging from 0-30° . He found
that the average Nusselt number increases by
increasing cavity inclination. Iwatsu et al [16] did a
numerical study of mixed convection in a driven
cavity with a stable vertical temperature gradient.
They found that the heat transfer intensifies with the
increase of Richardson number. Sivakumar and
Sivasankaran [17] did a computational investigation
of mixed convection in an inclined lid-driven square
enclosure. They noticed a substantial increase in the
heat transfer rate in the cavity while increasing the

inclination angle. A Lattice Boltzmann method (LBM)
simulation of mixed convection and radiation in a
lid-driven cavity heated by a sinusoidal temperature
profile was done by Dahani et al [18]. They noticed
an improvement in Nusselt number when Ri < 1 for a
given value of Re in the presence of radiation, while
for the case of Ri > 10, heat transfer is negatively
affected by the increase of Ri. A numerical study of
mixed convection in a rectangular cavity using the
finite difference method (FDM) was done by
Papanicolaou et al [19]. The authors covered a range
of Ri (0 < Ri < 10), and Re (50 < Re < 2000). They
observed an increase in heat transfer when
increasing Ri at a fixed Re and when increasing Re at
a fixed Ri. They also found that for higher values of
Ri, the numerical results tend to show an oscillatory
behavior. Basak et al [20] did a numerical
investigation to study the influence of linearly
heated side walls on mixed convection flow in a
square cavity. They found that average Nusselt
numbers at the right and bottom walls are strongly
dependent on Gr at larger Prandtl numbers, while for
a specific value of Pr, the latter is a weak function of
Gr. Islam et al [21] did a numerical study of mixed
convection flow in a lid-driven cavity with an
isothermal block. According to the findings, the heat
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transfer increases for any size of the block when
Ri>1, whilst it remains constant when Ri<1.
Moreover, the optimum Nusselt number value is
obtained when the block is placed at the top left and
bottom right of the cavity. Mixed convection in a
cavity with a heated source mounted on the bottom
wall with several openings was studied by Ajmera &
Mathur [22]. Their study elucidated that an increase
in Ri or Re leads to an increase in the intensity of
recirculation and the average Nusselt number.
Mohamed et al [23] did a numerical simulation of
mixed convection in a heated lid-driven cavity
containing low Prandtl number fluids. They
observed a stabilization of the flow for the forced
convection-dominated region (Ri < 1) due to inertia,
whilst the latter does not affect the flow for the
buoyancy-dominated region (Ri > 1). Ruiz [24] did
both a numerical and experimental study of natural
convection in an L-Shaped and a V-shaped corners.
He used water as a working fluid. He observed that
the Nusselt number is higher for the horizontal wall
of the L-shaped cavity compared to the vertical one.
Mahmoodi [25] studied natural convection in an L-
shaped enclosure. He studied the effect of the aspect
ratio of the enclosure and Ra on the heat transfer.
The author found that, for all aspect ratios,
increasing Ra leads to an enhancement in heat
transfer inside the cavity. Moreover, it was found
that an increase in aspect ratio decrements the
average Nusselt number. Natural convection in a L-
shaped cavity was studied by Kalteh and Hasam [26].
He observed a strong relationship between Ra
number and heat transfer. Shahid et al [27] did a
numerical investigation of natural convection inside
an L-shaped cavity using the lattice Boltzmann
method. They found that the rate of natural
convection increases with the increase of Rayleigh
number. Mohammadifar et al. [28] did a numerical
investigation of laminar natural convection of
Cu/water nanofluid flow in an L-shaped cavity with
an open end. The influence of Rayleigh number and
aspect ratio on fluid flow and heat transfer were
examined using multiple boundary conditions at the
right side of the open-end cavity. The highest heat
transfer improvement was reached when the
imposed boundary conditions were an open end
instead of fixed adiabatic. Armaghani et al. [29]
studied the impact of the heat source position and
size on an L-shaped enclosure having MHD mixed
convection and filled with Al203-Cu/Water hybrid
nanofluid. The authors found that the optimum heat
transfer was reached using the highest sink power.
LBM was used by Nia et al. [30] to study the
influence of different baffle lengths and locations on
the natural convection of Cu-water nanofluid heat
transfer and fluid flow inside an L-shaped enclosure
for different Rayleigh numbers and solid volume
fractions. They found that, at lower Rayleigh number
values, the addition of a baffle improves natural
convection.

On the other hand, the longer baffle, despite its
location, can improve natural convection for higher
Rayleigh numbers. Tasnim et al [31] numerically
studied free convection inside an inclined L-shaped
cavity. The effects of different parameters such as Ra
(10% < Ra < 10%), inclination angle (0 < 8 < 360°)
and AR (0.2 < AR < 0.6) on the flow were studied.
They found that Ra and the inclination angle had a
significant influence on the average Nusselt number,
particularly in the convection-dominated zone.
Ahmed et al [32] did a numerical simulation of mixed
convection in a double lid-driven L-shaped enclosure
with heated corners. They noticed a strong increase
in the isothermal distributions when increasing the
length of the heated corners. Moreover, increasing Ri
leads to a heat transfer enhancement. Sourtiji et al
[33] performed a numerical simulation of MHD
natural convection in an L-shaped enclosure using
nanofluids. They noticed the appearance of a
clockwise vortex for lower values of Ra. Additionally,
increasing Ra increases heat transfer in the
enclosure. Zhang et al [34] did both numerical and
experimental work to study free convection in a
finned L-shaped cavity using nanofluid. Their results
showed that increasing Ra and nanofluid volume
fraction leads to an increase in the average Nusselt
number. They concluded that the arrangement of
fins impacted flow structures considerably.
Selimefendigil and Oztop [35] did an MHD
simulation of mixed convection nanofluid flow in a
flexible walled inclined lid-driven L-shaped
enclosure under the effect of internal heat
generation. Their findings showed that the average
Nusselt number increases with the decrease of Ra
and the increase of Ri for the case of the rigid wall. A
finite elements simulation of unsteady mixed
convection of nanofluids inside a porous lid-driven
L-shaped enclosure was performed by Yeasmin et al
[36]. They found that Ri is the most influential factor
that affects the flow structures and that higher
values of Re improve drastically heat transfer rate
and have a minor effect on fluid structure. From the
literature review, it is visible that few studies have
been reported for mixed convection in L-shaped lid-
driven enclosures. The objective of this paper is to
investigate the effect of Richardson number,
Reynolds number, and Prandtl on mixed convection
in a lid-driven L-shaped enclosure.

2. Problem
Equations

Setup and Governing

The configuration of the current work, illustrated in
Figure 1, consists of a steady state, laminar and
incompressible mixed convection flow inside an L-
shaped lid-driven cavity. The upper wall moves from
left to right with a constant velocity Uo allowing the
Newtonian fluid to enter the domain with a cold
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temperature Tc. The left and the bottom wall of the
cavity are maintained at a hot temperature Th , the
isolated right-side wall is shown dashed, while a cold
temperature Tc is imposed at the rest of the walls.
The width and the height of the cavity are noted by
W and H respectively with W=H. The thickness of the
cavity is represented by L. The aspect ratio of the
cavity is defined as AR = L/H. The Boussinesq
approximation is applied to the fluid with constant
physical properties.

Taking into account the above-mentioned
assumptions, the non-dimensional governing
equations for the continuity, momentum, and energy
conservation are given as follows:

au  av

x T a7 =0 (1)
du du 9P 1[d*U d%°U
Uﬁ+vﬁ=—ﬁ+]{—e[ﬁ+@] ()

av av arP 1 [8°V 8%V .
ﬁ—i_vﬁ’:_ﬁ—kﬁ[ﬁ—l—ﬁl—i_l{le (3)
a8 1 [8°8 0°8
UEJFVﬁ:ﬁ[WJFW] )
The non-dimensional variables used in the
equations are considered as follows:

—F, v X y
p:u,]f:_ﬂ!{:_,y:i,
pUz v TH' T H
gt T-T ()
U, AT

The governing non-dimensional parameters,
Richardson, Reynolds and Prandtl numbers, are
defined as follow:

_OBT T . Gr Ul

Gr =
2 ' 2
v B Re v (6)

Figure 1: Physical configuration

The description of the problem is done by
highlighting the boundary conditions, which can be
expressed in their dimensionless form by:

X=0U=V=068=10=YV=1

Y¥=0U=V=00=10=X=1

x=1Z-00<v<L/H

(7)
Y=L/HU=V=068=0L/H<X<1
X=L/HU=V=068=0LH<Y<1

Y=12=00<X<L/H

In the current work, the stream function
formulation is employed such that:

ov av
U=—5V = (8)

ay’ —  ay
Where ¥ is the dimensionless stream function,
respectively, and is defined as:

_
q’—m 9

Local Nusselt number is defined to evaluate the
heat transfer rate:

aa
Nuy = |a (10)

The average Nusselt number is obtained by
integrating the local Nusselt number over the hot
walls and is given by:

W H

1
Ni = S5 JNH‘[ dX|y=g + JNU; d¥|y—g (11)
o 0

3. Numerical Method and Validation of the
Numerical Simulation

The finite volume method is used to resolve the
previous formulations using the applied boundary
conditions on the problem. Ansys/Fluent a solver
based on the finite volume method, is adopted for
numerical solutions.

The velocity-pressure coupling is handled by the
SIMPLE algorithm, momentum and energy were
computed using a second-order upwind procedure,
while pressure was calculated using PRESTO. The
convergence of the solution is obtained when the
residuals of continuity, momentum, and energy
equations reach 10-.
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Table 1: Grid independency test at AR = 0.25, Ra = 105

and Pr=0.71
Mesh | Number Number of | Nu Error
of nodes elements %
1 781 700 39314 | -
2 1696 1575 3.8780 | 1.37
3 2961 2800 3.8589 | 0.49
4 4576 4375 3.8499 | 0.23
5 6541 6300 3.8449 | 0.13
6 8856 8575 3.8419 | 0.07
Re =50
[ -
|
- ——

Re =100

A grid resolution test is conducted to confirm the
consistency and accuracy of this numerical
investigation. The grid sensitivity is analyzed by
evaluating the average Nusselt number at hot walls
with different mesh resolutions, with AR = 0.25,
Ra=104 Gr = 105 and Pr = 0.71; as illustrated in
Tablel. Increasing mesh resolution leads to a
considerable decrease in the relative error, which
indicates that the choice of mesh 4 (4576 nodes and
4375 elements) is reasonably accurate in terms of
results as well as computational expense reduction.

Re =200

.._....|
1 i i

Figure 2: Variation of isotherms for different values of Richardson number and Reynolds number, while Pr = 0.71

In order to validate our model, we compared our
results with those obtained by Sivakumar et al [8],
Sharif [4], and Iwatsu et al [5] (Table 2) for a top-
heated moving lid and bottom-cooled square cavity
filled with air (Pr = 0.71).

We also compared our results for natural convection

in a L-shaped cavity filled with air, with the results of
Mahmoodi [2] and Tasnim and Mahmud [9]
(Table3).

The comparisons presented in Table 2 and
Table3, demonstrated good agreement between our
results and the references.
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4. Results and Discussion

The mixed convection phenomenon inside an L-
shaped enclosure is influenced by several controlling
parameters such as: Richardson number, Reynolds
number and Prandtl number. Results are presented
in forms of isotherm streamlines, and average
Nusselt number.

The ranges are varied as 50<Re<200, 0.1<Ri<10,
and 0.1 < Pr < 10 for an aspect ratio of AR = 0.4.

Table 2: Average Nusselt number comparison with
the literature for Re = 400, Gr = 10* and Pr = 0.71

Present | Sivakumar | Sharif | Iwatsu
etal [8] [4] etal
_ [5]
Nu 3.85 3.85 3.82 3.62
Error% | ----- 0% 0.78% | 6.35%

Table 3: Average Nusselt number comparison with
the literature for B = 0.25, Ra = 10* and Ra = 10° and
Pr=0.71

Ra | Present | Mahmoodi [2] Tansim and
Mahmud [15]

10* | 3.282 3.259 3.255

10° | 3.849 3.85 3.903

4.1 Effect of Richardson Number

As shown in Figure 2, isotherms were compared
for different values of Richardson (Ri = 0.1, 1, 6, and
10) and Reynolds numbers (Re = 50, 100, 200) for
Pr=0.71. For low Richardson numbers, a
deformation of the isothermal lines can be observed
near the inlet region of the enclosure. This
deformation is due to the interaction between the
imposed cold fluid entering the cavity and the hot
wall. Thus, by increasing Reynolds number, the
deformation of the isotherms is more pronounced.
Apart from the inlet region, increasing Reynolds
number for the lower value of Richardson number
has no effect on the isotherms, which consists of
stratified parallel lines to the non-adiabatic walls.
The reason is that, in this case, the buoyancy forces
are weakened, which leads to the domination of the
conduction heat transfer mode.

For Ri = 1, it appears that isotherms form a
smooth and stratified pattern along the hot and cold
wall at the bottom right side of the cavity for
Re<200. At Re = 200, a slight deformation of
isotherms is observed at the right side of the cavity
due to the increase of the convection phenomenon.
For Ri=6 and 10, it can be observed that for a low
value of Reynolds number (Re = 50), the effect of
Richardson number is not significant. On the other
hand, when increasing Reynolds number (Re = 100),
an increase in isotherms distortion between the
constant temperature walls is noticed with the
formation of a single plume in form of fungi due to

the stronger convective effect replacing the
smoother conductive- dominated features.

Thus, increasing Reynolds number, because of
the fixed high value of Richardson number, leads to
the increase of the natural convection and the forced
convection phenomenon. The latter can be noted for
Re = 200 where the plume is carried to the right
adiabatic wall which is due to the flow penetration
through the narrow right side of the enclosure.
Consequently, the isothermal lines are compressed
against the constant-temperature walls, because of
the high temperature gradient resulting from the
increase in the buoyancy forces, which leads to the
enhancement of heat transfer.

The streamlines are sketched in Figure 3 for
different values of Richardson (Ri = 0.1, 1, 6, and 10)
and Reynolds numbers (Re = 50, 100, 200). It can be
seen that for the lowest value of the Richardson
number, a small cell that rotates in the clockwise
direction is formed near the inlet, which is due to the
flow penetration from the upper side of the cavity.
When increasing Richardson number (Ri =1)
streamlines start bending towards the bottom in the
vertical part of the cavity, where a large recirculation
cell is generated and expends by increasing Reynolds
number.

At higher values of Richardson number (Ri = 6),
one single vortex can be depicted for Re = 50, while
three vortices are generated for Re = 100. The bigger
main vortex and the vortex near the right-side wall
of the enclosure are clockwise, while the other
vortex rotates in the counter-clockwise direction.
The two cells in the narrow region of the cavity have
features consistent with a Rayleigh-Benard natural
convection cell, its emergence is due to the instable
vertical buoyancy between the two non-adiabatic
walls. With a further increase in the Reynolds
number (Re = 200), the number of the rotating
vortices decreases to two counter-rotating vortices.
The reason is that when increasing Reynolds
number, the flow penetrates deeper through the
narrow right side of the cavity, which causes the two
counter rotating cells to merge into a single big
recirculation cell.

Figure 4 depicts vertical velocity component
profile. The results were drawn for two different
Reynolds values of Re = 50 and 200 and that for Ri
numbers ranging from 0.1 to 10. Generally, it can be
seen that the positive values in the first half of the
velocity profile reflects the ascending fluid along the
hot wall. For Re = 50, and for all the Richardson
number values, the fluid in contact with the hot wall
gets warmer, ascends with a positive velocity then
turns in clock-wise direction, helped with the
incoming inlet cold fluid, then descends along the
cold wall with a negative velocity. For Re = 200, the
profiles show the same trend as the other case.
However, a slight deformation of the profiles is
observed, which is due to the increase in the
Reynolds number.
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Comparing the two cases, the maximum velocity
value in the former case is approximately 7 times
more that the latter case. The reason for this is that
increasing Reynolds number increases the size and
the strength of the convective cell in the vertical part
of the cavity, which increases its vertical velocity
near the hot wall.

Figure 5 depicts the non-dimensional
temperature profile for Re = 50 and 200 and that for
Ri numbers ranging from 0.1 to 10. For the case of
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Re=50, it is seen that the temperature profiles
demonstrate a quasi-linear behavior, which is due to
the weakness of the vortex formed by the entering
fluid. However, for the case the case of Re = 200, it
can be observed that the profiles have a curvature
which decreases by decreasing Richardson numbers.

Figure 6 represents the variation of the average
Nusselt number on the hot wall for different
Richardson numbers (Ri = 0.1, 1, 3, 6, 8, and 10), for
Re =50, 100, 150, and 200.
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Figure 3: Variation of streamlines for different values of Richardson number and Reynolds number, while Pr = 0.71
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A slight increase in the Nusselt number can be
observed when varying Richardson number for
Re=50, while a clear ascent is noted for the other
values of Reynolds number (Re = 100, 150, and 200),
Increasing Richardson number for a fixed value of
Reynolds number leads to an increase in natural
convection which strengthen the buoyancy forces.

As a result, the temperature gradient is increased
which causes a noticeable increase in heat transfer
rate.
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4.2 Effect of Prandtl Number

Figure 7 shows the comparison of isotherms for
different values of Prandtl numbers (Pr = 0.1, 1, 7,
and 10) and Richardson numbers (Ri = 0.1, 1, and
10) for a fixed Reynolds number Re = 100. For
Ri=0.1, it can be seen that for Pr = 0.1, temperature
distribution is uniform and stratified in comparison
with high Prandtl numbers (Pr > 1), where an
increase in the curvature of the isotherms.

s

—_I'-"r:l.'.l_1

——Pr=07
0804 = ——Pr=1

——Pre T

Fr=10
022 -

a0 ar L] 2a L]

X X
Figure 4: The distributions of the vertical velocity component aty = 0.5, Pr = 0.71, for different Richardson
numbers at Re = 50 (left) and Re = 200 (right)
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Figure 7: Variations of the isotherms for different values of Prandtl number and Richardson number, while Re = 100

The latter is due to the fact that high Prandtl
number fluids are characterized by the domination
of the momentum diffusivity over the thermal
diffusivity, which leads to a much more effective
convective heat transfer. Moreover, it can be seen
that for Pr = 7 and 10, a thermal plume is formed in
the narrow side of the enclosure, which is similar to
the structures formed in the Rayleigh Bernard
natural convection phenomenon, which indicates
that, as the Prandtl number increases, the dominant
heat transfer shifts from conduction to convection.
We also note that, while increasing Richardson
number for Pr = 0.1, there is no significant change is
the isotherms except for the case where Ri = 10. On
counterpart, for Pr > 1, the distortion in the isotherms

occurs for all the values of Richardson numbers. It is
because high Prandtl numbers are characterized by a
thin thermal boundary layer, which means that heat
diffuses more slowly and consequently, the flow is
much more affected by buoyancy forces and the fluid
entering the enclosure from the inlet.

Figure 8 provides information about the
influence of Prandtl number on streamlines for
different Richardson numbers. For Ri = 0.1, we note
the formation of a vortex rotating clockwise, near the
inlet. It is caused by the cold fluid entering the
enclosure, we also note that as Prandtl number
increases, the vortex tends to grow in strength and
size towards the bottom of the enclosure.
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Figure 8: Variations of the streamlines for different values of Prandtl number and Richardson number,
while Re = 100

We also note that, for Pr = 0.1 and while increasing
Richardson number to unity, the vortex is
strengthened and the fluid circulation tends to be
stronger in the vertical side of the cavity. For Ri = 10,
we notice a significant change in the streamlines,
where three vortices are formed. The bigger main
vortex is reduced by the two newly formed counter
rotating vortices.

These vortices located on the right side of the
cavity, are created by the strong buoyancy forces

created by the increase of Richardson number. For
Pr > 1, when Ri > 1, the two small vortices merge
into on horizontal big vortex that rotates in the
counter clockwise direction that occupies the whole
horizontal part of the enclosure.

Furthermore, we also note that the maximum
stream function value occurs for the highest Prandtl
number case, at the highest Richardson number
value, where the recirculation rate is at its highest.
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Figure 11: Distribution of the average Nusselt number along the heated walls at Re = 100 for different values
of Pr and Ri

Figure 9 depicts vertical velocity component at
y = 0.5, the results were drawn at a fixed Re = 100
for two different Richardson number values of
Ri=0.1 and 10 and that for Prandtl numbers ranging
from 0.1 to 10. Comparing the flow patterns for both
Richardson number values Ri = 0.1 and 10, it is
observed that the vertical velocities values of the
latter case are approximately 10 times higher than
the former case. It is due to the buoyancy forces that
increases with the increase of the Richardson

number, which give birth to strong convective flow
and subsequently vertical velocities. The vertical
velocity component values for Pr = 0.1 are lower
than for Pr = 0.71 and 1, which can be explained by
the fact that for low Prandtl numbers, thermal
diffusivity is higher than momentum diffusivity
which prioritize the heat diffusion and reduces
temperature gradients and weakens the buoyancy
forces. For higher Prandtl numbers (Pr = 7 and 10),
the fluid’s viscosity is high and therefore more
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resistant to motion, which results on the inhibition
of the convective currents and leads to lower vertical
velocities.

The non-dimensional temperature profiles at
y=0.5, for Ri = 0.1 and 10 and for the entire chosen
range of Prandtl number are illustrated in Figure 10.
It can be seen that the temperature profiles are more
distorted for Ri = 10 compared to the case where
Ri=0.1, this is due to the weakness of the convection
regime, which is the consequence of the low value of
the Richardson number.

The variation of the average Nusselt number for
different Prandtl numbers along with Richardson
numbers has been presented in Figure 11. It is seen
that the average Nusselt number is the highest for
the largest Prandtl number Pr = 10, and that for all
values of Richardson number. This is due to the fact
that the fluid with the highest Prandtl number can
carry more heat away from the hot wall to the right
side of the enclosure. On the other hand, the average
Nusselt number slightly increases for lower values of
Prandtl number and increases for higher Prandtl
numbers (Pr > 0.71). The average Nusselt number
increases clearly in the forced-dominated region
(0.1=< Ri <1), and increases slightly when increasing
Richardson number.

5. Conclusions

A computational study was done to investigate the
mixed convection inside an L-shaped cavity. Results
are obtained for a wide range of Richardson
numbers, Reynolds numbers, and Prandtl numbers.
The following conclusions may be drawn from the
present study:

- The mixed convection parameter Ri has a
significant influence on temperature and flow field.
Vortex numbers increase and a predominance of
natural convection over forced convection is
observed with increasing values of Richardson
number. The average Nusselt number at the heated
walls increases as Reynolds number and Richardson
number increase.

- Increasing Reynolds number has a significant
effect on the non-dimensional and velocity profiles,
where the maximum velocity value is approximately
7 times more for the highest value of Reynolds
number.

- The influence of Prandtl number on isotherms
and streamlines is clear for different values of
Richardson number. Increasing Prandtl number for
the different values of Richardson number leads to
an increase in the average Nusselt number.
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