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Abstract. This work present numerical simulation results of mixed convection in lid-driven “T” shallow
cavity, filled by two immiscible fluids layers of air and Al2O3-water nanofluid. Mixed convection condition
is created by the upper wall movement and temperature difference between the alveolus bottom and upper
wall. Hydrodynamic and thermal characteristics of the flow have been predicted by solving the NavierStokes and energy equation using finite volume method. Coupling between two fluids layers are achieved
using continuity of temperature and velocity at the interface air-nanofluid. Nano-particle volume fraction
effect and geometrical shape of alveolus sidewalls (plane shape, concave shape and convex shape) have
been chosen as discussed parameters. Analysis of obtained results shows that the heat transfer rate
decreased with increasing volume fraction of solid inside the nanofluid layer. In addition, geometrical shape
of alveolus sidewalls has a poor effect on flow structure and isotherms distribution in the physical domain.
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1 Introduction
Mixed convection in the presence of two confined fluids
has many industrial applications, we find this
phenomenon present in the cooling processes of dualfuel engines, and in cooling processes of nuclear power
plants, the building with a specific problem... etc. this
phenomenon has been studied by many scientific
researches. With different geometric considerations and
different boundary conditions. In the horizontal channel
with permeable walls, [1] provided an analytical study
of the heat transfer problem in the presence of two
immiscible fluids with an oscillatory flow. Numerous
studies has been developed to discuss certain phenomena
that occur in the presence of two immiscible fluids in
square or rectangular cavities, which has been taken into
account in [2–5]. The two fluids can be separated with a
rigid wall, which is treated by [6–8].
In recent years, the notion of nanofluid is appeared, with
the objective to improve heat transfer in industrials
systems. In this context, various numerical research has
been conducted. A study carried out by [9], on the
conjugate natural convection in a cavity separated into
two portions and filled by different nanofluid. Many
parameters have been taken; the results of this study
showed that the highest values of the volume fractions of
nanoparticles increases heat transfer. this conclusion on
the presence of solid nanoparticles within base fluid has
also been confirmed in a semi-wave channel geometry
by [10], at the existence of two layers of fluid. Their
investigation is based on the injection of nanoparticles
into one of the two fluids, in order to study their impact
on the heat transfer process in a channel. In another
study on natural convection in a rectangular enclosure
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approximation is adopted for the description of density
variation of two fluids.

Case II
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Fig.1. Physical model for the three investigated cases

Fig.2. boundary conditions on the physical domain
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2 Governing equations and problem
formulation
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We considered ‘T’ shallow cavity with aspect ratio
(H/L=1/5), filled with air (Pr=0.7) on the top part and by
Al2O3 water nanofluid in the lower part (alveolus).
Fig.1 shows the different cases of the geometric model
considered. The upper wall of the enclosure is moving
in -x- direction and maintained at a cold temperature Tc.
The bottom of the alveolus is exposed at a hot
temperature Th. While, other boundaries of enclosure are
maintained adiabatic Fig.2. The boundary conditions of
temperature and velocity at the air-nanofluid interface
were obtained from the stress balance, and the heat flow
balance such as those given by [3]. Continuity of
velocities and temperature at the interface were shows in
Fig.2. The governing equations of the phenomena, is the
Navier-Stokes equations and energy equation, for twodimensional laminar flow in steady state. Boussinesq
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The effective values of thermophysical properties of
nanofluid are obtained using the solid volume fraction

( ). Where the density of nanofluid is given by:
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2 Numerical
validation

The thermal diffusivity of Nanofluid is given as follows:
knf
 nf 
  Cp nf
(9)
 Cp nf

Knowing that
is the effective capacitance for
Nanofluid, of which the following expression as
proposed by [17]:

 Cp nf 
1    Cp (2)    Cp  p
Moreover,
which is the specific thermal
expansion, is obtained by the following expression:

  nf 
1     (2)      p

(11)

The effective thermal conductivity of Nanofluid was
obtained, using the model form of Maxwell-Garnett’s;
this form is found to be appropriate by ([18]–[20])

 2 

1   

In this section, we present the results of the problem
simulation. The results were discussed for Gr=106 and
Re=1000, and for three cases according to the geometric
shape of the sidewalls of alveolus. The three cases
considered are as follows (Plane shape for case I;
concave shape for case II, convex shape for case III.
Concavity and Convexity degree were chosen from order
e=0.02*L.
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In addition, we introduced the following two reports:
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3 Results and discussion
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In this investigation, we assume the Brinkman model
[20], in order to determinate effective dynamic viscosity
of Nanofluid, the latter is given by:
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The governing equations, continuity, momentums and
energy equations are integrated on control volumes in
order to obtain an algebraic equation system more
accessible to the resolution [17]. The SIMPLE algorithm
is used to solve the coupled system of algebraic
equations. Spatial discretization of the continuity,
momentum and energy equations is done by a second
order upwind scheme. The interpolation of the pressure
is carried out by the PRESTO scheme. To check the
convergence of the sequential iterative solution,
normalized residual respectively for the continuity,
momentum and energy equation is calculated,
convergence is obtained when the residual becomes
smaller than 10-9. The numerical code is tested, with
comparison isotherms and streamline obtained by this
investigation and the results given in [11].
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Initially, we examined the effect of solid volume fraction
on the formation of flow patterns within the physical
domain studied. Streamline in right of Fig.3, show the
appearance of a recirculation zone in the air occupied
part, this zone is affected mainly by the mobile cover of
cavity. In the lower layer (nanofluid), we notice the
formation of two counter-rotating recirculation zones;
this observation is mainly due to the heating imposed at
alveolus bottom. Here, the nanofluid particles tend to
move from alveolus base to air-nanofluid interface. The
temperature gradient between the air-nanofluid interface
and alveolus bottom create convection regime inside
nonfluid particle. In addition, it is interesting to note that
an asymmetry of flow occurs in the nanofluid layer, with
a large cell to the right of alveolus, and an apparent small
cell on the left side. This observation stems from the
moving wall direction, where a higher convection rate
occurs near the right side of cavity. Solid volume
fraction effect on flow pattern are not very significant,
where the flow pattern of two contra-rotating cell seems
 . This effect is
to be dominant for all values of
exclusively involved in the flow velocity of fluid
particles in both layers. Where, according to Fig.3 on
the right, it can be seen that streamline density decreases
as solid volume fraction value increases.
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  0.00

Corresponding isotherms are shown in Fig.3 on the left.
The first remark that we can see it, is that the imposed
boundary condition at the air-nanofluid interface has
been represented by continuity of isotherms line at this
section of cavity. In addition, from this figure we can see
that, the temperature gradient in the lower fluid layers
(nanofluid) is poorer by comparing to the temperature
gradient inside air-layer. Where, isotherms line density
seems to be more pronounced in the upper layer. This
difference in temperature distribution inside two fluid
layers is mainly due to the difference between fluid
properties for each fluid layer. From this, it can be seen
that the conductive regime is dominant within the
nanofluid-filled part. On the other hand, a purely
convective regime is manifested within the air-filled
region. As  increases, the temperature gradients within
the nanofluid decrease even more. Knowing that it is
clear (from Fig.3 on the left) that the isothermal line of
“0.98” moves away from the hot wall as  increases.
These remarks concerning solid volume fraction effects
on flow structure and temperature distribution are valid
even for the concave and convex shapes of alveolar side
walls (see Fig.4 and Fig.5).
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Fig.4. Streamline for two cases of shape-sidewalls of the
alveolus (case II in the left and case III in the right), for
different solid volume fractions and Gr=106, Re=1000.
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Fig.5. Isotherms for two cases of shape-sidewalls of the
alveolus (case I in the left and case II in the right, for different
solid volume fractions and Gr=106, Re=1000.

Fig.3. Isotherms (left) and streamline (right), in case I, for
different solid volume fractions (

 ) and Gr=106, Re=1000.

By comparing stream lines from (Fig.3 on the right and
Fig.4), it is clear that with the convex shape and from

( >=0.02), the two-cell flow in the nanofluid layer
transforms into three-cell flow. Concerning the
temperature distribution, comparing the results obtained
with the three geometrical shapes of alveolus side walls,
it can be seen that the isothermal lines found with a
plane shape (case-I) and concave shape (case-III) have
the same pattern whatever volume fraction value of
solid. However, using the convex shape (case-II) a
double thermal plume appears inside the nanofluid layer,

this was observed from ( =0.02) (see Fig.5 on the left).

3.1.2 Effect of geometrical shape of alveolus
sidewalls
Impact of geometrical shape of alveolus sidewalls on
flow structure and temperature distribution can be can be
discussed through Fig.3, Fig.4 and Fig.5. Flow structure
seem to be similar with both flat and concave shapes
(case-I and case-III). This structure was represented by a
large cell occupying the entire air layer and two counterrotating cells at nanofluid layer (see Fig.3 on the right
and Fig.4 on the right).

4
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Fig.6. Profile local Nusselt Number at (Y=-H/L), for case I
with different solid volume fraction of nanofluid.

Fig.7. Average Nusselt number as a function of solid volume
fraction at hot wall Y=-(H/L), for (Case I; Case II; Case III).

3.2. Heat transfer performance

the nanofluid layer was placed in lower region
(alveolus). The physical model subjected to vertical
thermal gradient and the upper wall moving in xdirection. The numerical simulations have been done by
fixing Re=1000 and Gr=106. Effect of solid volume
fraction and geometrical shape of alveolus sidewalls
have been, considered. Some major results can be
expressed as:
Flow pattern and temperature distribution are
affected by geometrical shape of sidewalls of
alveolus.
The plane and convex shape of alveolus sidewall
illustrate the same flow structure and the same
thermal filed.
The planar and convex shape guarantee more
important heat transfer rate comparing it to
concave shape.
The average Nusselt present decreasing function of
solid volume fraction in all discussed cases.
Under considered thermal and hydrodynamic
boundary condition, we have demonstrated that
the adding of nanoparticle to base fluid can be
reduced the overall heat transfer.

Heat transfer performance analysis within cavity was
performed using local Nusselt evolution at hot wall in
case-I (see Fig.6) and average Nusselt number obtained
with different geometrical shape cases and various
values of solid volume fraction (see Fig.7). According to
Fig.6, it was found that the local Nusselt evolution
curves followed a similar profile regardless of volume
fraction value. It is interesting to note that the local
Nusselt values are higher on the right side of hot wall
when compared it to left side of wall. Also, minimum
values have been recorded at the wall centre, while the
peak was observed near to sidewall on the right side.
This result confirms the temperature distribution and
streamlines presented in previous section. The most
important observation that we can draw from Fig.6 is
that local Nusselt decreases gradually with increasing
solid volume fraction.
Fig.7 illustrates the overall heat transfer rate via the
representation of average Nusselt number with the three
cases of geometric configuration and various values of
volume fraction that are used. From average Nusselt
values, it can be concluded that the dominant heat
transfer in the nanofluid layer is that of thermal
conduction, since average Nusselt values do not exceed
1 in all discussed cases. Also, it is interesting to note that
as the solid volume fraction increases, we notice that the
average Nusselt number decreases, and this has been
observed in all cases of geometrical shape of alveolus
sidewalls. In addition, it turned out that the average
Nusselt values are the same values with both planar and
convex shapes, while the average Nusselt obtained with
the concave shape has lower values.

3.

4 Conclusion

4.

In this work numerical simulations of the mixed
convection flow inside shallow 'T' shaped cavity. The
cavity was filled with two fluids of air and Al2O3 waternanofluid. Where air is located in the upper region, while
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