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Abstract: This work aims to determine how the temperature gradient orientation affects the heat
exchange between two superposed fluid layers separated by zero wall thickness. The finite volume
method (FVM) has been developed to solve the governing equations of both fluid layers. To achieve
the coupling between the two layers, the heat flow continuity with the no-slip condition at the
interface was adopted. The lower part of the space is filled with a nanofluid while the upper part
is filled with a pure fluid layer. We have explored two cases of temperature gradient orientation:
parallel gradient to gravity forces of our system and perpendicular gradient to gravity forces. We
took a set of parameters, Ri and φ, to see their influence on the thermal and hydrodynamic fields as
well as the heat exchange rate between the two layers. The main applications of this study related to
biological systems such as the cytoplasm and the nucleoplasm are phase-separated solutions, which
can be useful as models for membranelles organelles and can serve as a cooling system application
using heat exchange. The Richardson number and the volume of nanosolid particles have a big
impact on the rate of change of heat transmission. When a thermal gradient is perpendicular to
gravity forces, total heat transmission improves with increasing solid volume percentage, but when
the thermal gradient is parallel to gravity forces, overall heat transfer decreases significantly.

Keywords: mixed and natural convection; rectangular cavity; alumina-water nanoliquid; finite
volume method
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1. Introduction

The convective flow and heat transfer in the presence of two different fluids has been a
major subject of intensive r2esearch over the years due to its applications that include fields
as diverse as convection of the earth’s mantle [1–3], solar energy collectors, storage tanks,
crystal growth [4–7], and many other geological, chemical, and astrophysical systems. It is
possible to find the occurrence of two fluids in a thermal system under different conditions,
depending on the interface that separates them. Both fluids can be separated by a thick
wall or indirect contact. Our introduction emphasizes the work done on the topic for these
two cases.

Some works on the heat transfer phenomenon with the presence of two fluids sepa-
rated by a conductive wall can be found in the scientific literature. Among these works, we
cite [8], wherein the authors made a computational study on free convection in partitioned
square enclosures divided by a porous partition between air- and water-filled chests. They
showed that the heat transfer was a declining function of the growing value of the loca-
tion of the partition. A study on conjugate-free convection in a rectangular cavity filled
different nanofluids and a partition was studied by [9]. It was shown that the averaged
thermal performance rises with the Grashof number, solid particle concentration, and the
thermal conductivity ratio of the partition. Coupled heat transfer has been discussed in
another work conducted by [10]. Two fluids with different thermal and hydrodynamic
conditions were assumed. Their findings emphasized the influence of the partition wall.
They demonstrated that both the flow regime and the thermal characteristics within the
confined fluid were significantly affected by the thermal conductivity of the partition wall.

Natural convection streams induced in cavities containing two superposed fluids have
been the subject of numerous research studies for several years (see [11–14]). Heat transfer
driven by buoyancy forces within a shallow cavity holding two immiscible fluid layers has
been studied analytically by [15]. The same geometrical configuration was used by [16]
to numerically and analytically study the natural convection. They obtained results for a
variety of conditions, aspect ratios, and thermal Rayleigh numbers. However, researchers in
this field have taken a strong interest in the two fluids’ flows across channels. The authors
of [17] studied two viscous immiscible fluids through a horizontal channel with porous
walls for the case of time-dependent, oscillatory, transpiration velocity. Unsteady motions
of two immiscible Maxwell fluids in a rectangular channel bounded by two moving parallel
plates were analyzed by [18,19], who analyzed mixed convection in a corrugated vertical
channel filled with two immiscible viscous fluids. Stamenković et al. [20] investigated
the flow of two immiscible fluids in the presence of an inclined Lorentz force within
a horizontal channel having an isothermal wall. Direct contact heat transfers between
immiscible fluids with artificial oscillations of the interface were simulated by [21]. It was
found that the heat transfer improved to a great extent by artificial oscillations, ranging
from one to three times higher than that without oscillations. It is worth noting that one of
the most important recent studies related to the study of cavities, considering the effect of
the magnetohydrodynamics flow, and whether this study is numerical or analytical, are
represented by [22–25].

In recent years, nanoliquid technology has been proposed and experimentally or
numerically analyzed by some researchers to control heat transfer in a process [26–32]. In
addition, many kinds of research have been brought forward on heat transfer flows in
media containing two fluid layers. Alsabery [33] analyzed natural convective flow and heat
transfer between a nanofluid layer and a permeable layer inside an inclined square cavity.

Salari et al. [34] conducted a numerical investigation of two immiscible air and Al2O3-
water nanoliquids. Their result showed that the interface between two immiscible fluids
exerts a different condition. The hydrodynamic and thermal characteristics of mixed
convection flow in the presence of two superimposed fluid layers have been presented
by [35]. One of the two layers was considered as nanofluid. The motion of two immiscible
fluids in a vertical semi-corrugated channel under the influence of the Lorentz force with
different types of nanoparticles was studied by Abd Elmaboud [36]. The authors of [37]
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investigated Buoyancy-driven flow inside superposed cavities filled with composite porous-
hybrid nanoliquid layers. They concluded that the values of the porous layer thickness, the
Darcy number, and the heat source length have a significant effect on the heat removal from
the heat source. Recently, Niazi and Xu [38] studied the immiscible flow of nanofluid using
Buongiorno’s model in a two-layer microchannel in the presence of electro-kinetic effects.

The primary goal of this work is to offer a numerical solution for heat transmission in
a hollow with two fluid layers separated by a stiff wall of zero thickness and heated from
below. To solve the governing equations of both fluid layers, the finite volume method
(FVM) was devised. Heat flow continuity with the no-slip condition at the interface was
used to achieve the connection between the two layers. The direction of the temperature
gradient has been taken into consideration. The gap was filled with a nanofluid in the
lower half and a pure fluid layer in the top half. We looked at two different temperature
gradient orientations: parallel to our system’s gravity forces and perpendicular to gravity
forces. We examined the impact of a set of factors called Richardson number and volume
percentage of nanoparticles on the thermal and hydrodynamic fields, as well as the heat
exchange rate between the two layers.

2. Physical Model and Mathematical Formulation
2.1. Physical Model

We consider a rectangular cavity with a movable lid, having a width (W) and height
(L = W/2) (see Figure 1). The cavity was filled by two fluid layers separated by a rigid
wall with zero thickness. Indeed, the lower region was filled with nanofluid while the
upper region was filled with pure fluid. Water was chosen as a working fluid and the solid
nanoparticles were Al2O3. Thermophysical properties of fluid and solid have been given
by [34] and are represented in Table 1. The bottom of the cavity was exposed to a constant
surface heat flow. As a function of cold temperature location, two designs were tested:
sidewalls and the top wall of the enclosure. First, a temperature gradient in a perpendicular
direction to fluid weight forces (Figure 1 on the left), and second, a temperature gradient in
direction of gravity forces due to fluid mass (Figure 1 on the right) were considered.

Figure 1. Physical Model and Boundary Conditions (Case 1 in the (Right), Case 2 in the (Left)).

Table 1. Thermophysical characteristics of H2O and solid particles [34].

ρ Cp k β

Pure Fluid 997.1 4179 0.613 21 × 10−5

Al2O3 3970 765 40 0.85 × 10−5

2.2. Mathematical Formulation

Both fluid layers’ flow was considered to be laminar, two-dimensional, and stable.
The continuity, momentum, and energy equations are among the conservative governing
equations for this issue. Boussinesq approximation described by Equation (1) has been
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used, assuming that the thermophysical characteristics of both fluid layers in each area are
constant and that the flow is incompressible except in buoyancy terms.

ρi = (1− βi∆T)ρ0 (1)

wherein i = 1, for the pure fluid region,

• i = n f or 2, for the nanofluid region.

Dimensional Form of Governing Equations for Both Regions
Governing equations for flow can be written as follows [34,35]:

(1). Pure Fluid Region:

∂g1

∂x
+

∂b1

∂y
= 0 (2)

g1
∂g1

∂x
+ b1

∂g1

∂y
= − 1

ρ1

∂p1

∂x
+ v1

(
∂2g1

∂x2 +
∂2g1

∂y2

)
(3)

g1
∂b1

∂x
+ b1

∂b1

∂y
= − 1

ρ1

∂p1

∂y
+ v1

(
∂2b1

∂x2 +
∂2b1

∂y2

)
+ β1g(T1 − Tc) (4)(

g1
∂T1

∂x
+ b1

∂T1

∂y

)
= α1

(
∂2T1

∂x2 +
∂2T1

∂y2

)
(5)

(2). Nanofluid Region:

∂g2

∂x
+

∂b2

∂y
= 0 (6)

g2
∂g2

∂x
+ b2

∂g2

∂y
= − 1

ρn f

∂p2

∂x
+ vn f

(
∂2b2

∂x2 +
∂2b2

∂y2

)
(7)

g2
∂b2

∂x
+ b2

∂b2

∂y
= − 1

ρn f

∂p2

∂y
+ vn f

(
∂2b2

∂x2 +
∂2b2

∂y2

)
+ βn f g(T2 − Tc) (8)

(
g2

∂T2

∂x
+ b2

∂T2

∂y

)
= αn f

(
∂2T2

∂x2 +
∂2T2

∂y2

)
(9)

The thermophysical characteristics of nanofluids are obtained using the present rate
of nanoparticles ϕ.

Nanofluid density is determined as follows:

ρn f = (1− φ)ρ2 + φρp (10)

In addition, nanofluid thermal diffusivity is calculated by the following formula:

αn f =
kn f(

ρCp
)

n f
(11)

Hence, the effective capacity of nanofluid
(
ρCp

)
n f is known, whose following expres-

sion is suggested by [39–41]:(
ρCp

)
n f = (1− φ)

(
ρCp

)
2 + φ

(
ρCp

)
p (12)

Moreover, (ρβ)n f , which corresponds to specific thermal expansion, can be calculated
according to the following formula [39–41]:

(ρβ)n f = (1− φ)(ρβ)2 + φ(ρβ)p (13)
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The effective thermal conductivity was obtained using the model form of Maxwell-
Garnett’s ([36–38]):

kn f =

[(
kp + 2k2

)
− 2φ

(
k2 − kp

)(
kp + 2k2

)
+ φ

(
k2 − kp

) ] (14)

In this study, we employed the Brinkman model [34], intending to determine effective
dynamic viscosity of the nanofluid, which is given by:

µn f =
µ2

(1− φ)2.5 (15)

Boundary Conditions [10,34]
Figure 1 depicts the boundary condition of the problem; this can be translated as

shown in Table 2.

Table 2. Di2ensional Boundary Conditions.

Boundary Case 1 Case 2

At the Cavity Bottom ∂T
∂y =

•
q, g2 = b2 = 0 ∂T

∂y =
•
q, g2 = b2 = 0

At Side-Walls of Cavity ∂T1
∂x = ∂T2

∂x = 0, g2 = b2 = g1 = b1 = 0 T1 = T2 = Tc, g2 = b2 = g1 = b1 = 0

At the Upper of Cavity T1 = Tc; g1 = g0 ; b1 = 0 ∂T1
∂y = 0, g1 = g0; b1 = 0

At the Fluid-Nanofluid Interface k1
∂T1
∂y = k2

∂T2
∂y ; T1 = T2; g1 = b2 = g1 = b2 = 0

Dimensionless Form of Governing Equations for Both Regions
Since the mixed convection occurs in the upper region and the natural convection

is manifested in the lower region, the dimensionless equations will be different for each
layer. Therefore, the choice of an appropriate dimensionless parameter for the transforma-
tion of the above-mentioned equation is necessary. We have opted to use the following
dimensionless quantities defined by (16).

X = x
L ; Y = y

L ; θ1 = T1−Tc
∆T ; θ2 = T2−Tc

∆T ; ∆T =
•
qL
k2

;

U1 = g1
g0

; V1 = b1
g0

; P1 = p1
ρ1g2

0

U2 = g2L
α2

; V2 = b2L
α2

; P2 = p2L2

ρn f α2
2

 (16)

Dimensionless Equations for the Pure Fluid Region

∂U1

∂X
+

∂V1

∂Y
= 0 (17)

U1
∂U1

∂X
+ V1

∂U1

∂Y
= −∂P1

∂X
+

1
Re

(
∂2U1

∂X2 +
∂2U1

∂Y2

)
(18)

U1
∂V1

∂X
+ V1

∂V1

∂Y
= −∂P1

∂Y
+

1
Re

(
∂2V1

∂X2 +
∂2V1

∂Y2

)
+

Ra
Pr.Re2 θ1 (19)

U1
∂θ1

∂X
+ V1

∂θ1

∂Y
=

1
Pr.Re

(
∂2θ1

∂X2 +
∂2θ1

∂Y2

)
(20)

Dimensionless Equations for the Nanofluid Region

∂U2

∂X
+

∂V2

∂Y
= 0 (21)
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U2
∂U2

∂X
+ V2

∂U2

∂Y
= −∂P2

∂X
+

µn f

ρn f α2

1
Re

(
∂2U2

∂X2 +
∂2U2

∂Y2

)
(22)

U2
∂V2

∂X
+ V2

∂V2

∂Y
= −∂P2

∂Y
+

µn f

ρn f α2

1
Re

(
∂2V2

∂X2 +
∂2V2

∂Y2

)
+

βn f

β1

Ra
Pr.Re2 θ2 (23)

U2
∂θ2

∂X
+ V2

∂θ2

∂Y
=

αn f

α2

1
Pr.Re

(
∂2θ2

∂X2 +
∂2θ2

∂Y2

)
(24)

where Ri =
Gr
Re2 =

Ra
Pr.Re2 . (25)

Dimensionless Boundary Conditions
The boundary conditions in non-dimensional form are shown in Table 3.

Table 3. Dimensionless Boundary Conditions.

Boundary Case 1 Case 2

At the Cavity Bottom ∂θ1
∂Y = 1, U2 = V2 = 0 ∂θ1

∂Y = 1, U2 = V2 = 0

At Side-Walls of Cavity ∂θ1
∂X = ∂θ2

∂X = 0, U2 = V2 = U1 = V1 = 0 θ1 = θ2 = 0, U2 = V2 = U1 = V1 = 0

At the Upper of Cavity θ1 = 0; U1 = 1; V1 = 0 ∂θ1
∂Y = 0, U1 = 1; V1 = 0

At the Fluid-Nanofluid Interface ∂θ1
∂Y =

kn f
k1

∂θ2
∂Y ; θ1 = θ2 ; U1 = U2 = V1 = V2 = 0

Heat transfer Characterization
Local Nusselt Number

Nux =
hL
k1

(26)

where h =
•
q

(Th−Tc)

Average Nusselt Number

Nuaverg =
∫ L

0
Nux (27)

Variation Rate of Heat Transfer:

R =
Nuaverg(max)− Nuaverg(min)

Nuaverg(min)
(28)

3. Numerical Resolution, Grid Test, and Validation

The physical domain in question has been devised in two blocks, where each block
is defined by the set of equations prescribed in the previous section. The dimensionless
equations governing each fluid region associated with the appropriate boundary conditions
to the problem have been solved numerically using the finite volume method (FVM)
defined by [41,42]. In this work, the speed–pressure coupling of each fluid region has been
achieved with the SIMPLE algorithm. The convective terms of the two-fluid regions were
discretized with the QUICK scheme, while the diffusive terms were approached with the
central differences. For the velocity and temperature equations, the algebraic, finite-volume
equations are expressed as shown:

acχc = awχw + aeχe + anχn + asχs + b (29)

wherein c, e, w, n, and s signify cell position – west, east, north, and south faces of the
control volume, respectively. In addition, any scalar transit quantity is denoted by χ. It is
worth noting that the grid is collocated. The kinematics equation uses a similar expression,
with just the central difference employed for discretization at cell P of the control volume.
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The consecutive over-/under-relaxation approach is used to solve the algebraic equations
that arise. Due to the non-linear character of the governing equations, particularly the
vorticity equation, successive under-relaxation was adopted. The following expression
defines the convergence criterion:

ε =
∑

j=M
j=1 ∑i=N

i=1
∣∣χn+1 − χn

∣∣
∑

j=M
j=1 ∑i=N

i=1 |χn+1|
(30)

where ε is the tolerance and M and N signify the grid-points number in xy−coordinates.
A convergence criterion was adopted to end the iterative computation. To choose an
appropriate grid for our simulation, a mesh test was performed based on the mesh grid of
the computational domain, the results of the test are shown in Table 4. We then chose a
120 × 120 grid for the subsequent numerical simulations. The used computational code
was tested according to the results presented in the scientific literature. We chose the
reference work carried out by [34]. Results of comparison of streamlines and isotherms
obtained with the present code and those published by [34] are given in Figure 2. Based on
this figure, we can deduce that there is a good qualitative agreement between our results
and those of the previous study.

Table 4. Sensitivity of the mean Nusselt number to mesh size for Ri = 0.01 , φ = 0.05 in both cases.

Mesh Grid 40 × 40 60 × 60 80 × 80 100 × 100 120 × 120 140 × 140 160 × 160

Case 1 7.991 8.045 8.054 8.056 8.0718 8.0721 8.0723

Case 2 13.370 13.396 13.424 13.431 13.43 13.433 13.433

Figure 2. Comparison between our result and those presented by Salari et al. [34].

4. Analysis of Findings

This paper aims to determine the effects of nanoparticles’ addition to a base fluid
according to two cases when it is subjected to horizontal or vertical thermal gradients. To
realize this goal, we have explored a rectangular cavity filled with two fluid layers. The
lower layer was sprayed with solid nanoparticles to improve the thermal properties of
the medium. For both temperature gradient orientations, a wide range of Richardson (Ri)
numbers was examined, with nanoparticle volume fraction (φ) varying from 0.0 to 1.
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4.1. Vertical Temperature Gradient

For different values of Ri and φ under a vertical thermal gradient, thermal fields
and flow properties of fluid particles in both regions of the cavity have been presented
in Figures 3 and 4.

As depicted in Figure 3, the hydrodynamic fields in the chamber are greatly affected
by varying the Richardson number; meanwhile, a non-significant effect was observed by
changing the volume fraction of nanoparticles.

When Ri = 1000, natural convection effects predominate the formation of flow pat-
terns within the cavity. This is characterized by the development of an ellipse-shaped
cell in each fluid region. Dimensions and the design of each convection cell are almost
identical. One characteristic of the circulation of fluid particles in each layer is that the cells
are counter-rotating, and two small vortices can be distinguished inside these two cells. By
contrast, it is worth pointing out that this flow trajectory was not impacted by the increased
rate of nanoparticle presence within the lower part of our cavity.

When Richardson’s number is augmented to Ri = 1, there is a strong interaction
for the formation of flow pattern between the buoyancy effects induced by the vertical
thermal gradient and the kinetic energy effects caused by the moving lid. Indeed, at the
upper layer, a single cell was developed, which is characterized by higher intensity, so
the convection effects between the fluid particles and the interface become more intense,
leading to a greater heat passage at the interface. Thus, the thermal gradients between the
heat source located at the cavity bottom and the interface become greater. Consequently,
free convection effects tend to occur at the lower layer (nanofluid), which results in a
three-cell counter-rotating flow.

Figure 3. Streamlines for different values of Ri and ϕ with case 1.
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Figure 4. Isotherms for different values of Ri and φ with case 1.

Forced convection prevails in the flow scheme configuration when Ri = 0.01, and this
is translated by an increase of convection cell numbers appearing in the nanofluid-occupied
region. It is also relevant that the addition of solid nanoparticles has a remarkable effect in
such cases. The flow pattern changes from a four-cell flow to a three-cell flow at φ = 1.

Corresponding thermal fields to the flow structures of Figure 3 are plotted in Figure 4.
When Ri = 1000, the temperature gradient effects were overestimated compared to those
caused by the moving lid speed. The isotherms are distributed across the two-cavity
regions diagonally. The temperatures at the lower-left corner of the cavity were the highest,
and as we moved diagonally towards the upper right corner, the fluid particle temperature
dropped. This structure can be termed as a diagonal thermal stratification. This points to
the prevalence of conductive regime on the thermal field distribution within each layer. By
adding the nanoparticles to the base fluid found in the lower layer, no significant effect
was found on the qualitative behavior of isotherm lines.

After the augmentation of the Richardson number value, structures of thermal plume
form take the place on the nanofluid layer, a sign of convective regime occurrence. In the
upper layer of a cavity, the cold uniform temperature zone extends to cover the whole of
this part; here, the regime of forced convection predominates the heat transfer.

4.2. Horizontal Temperature Gradient

In this part, fluid particle trajectories and corresponding thermal fields are discussed
for a cavity subjected to a horizontal thermal gradient. Figure 5 shows the streamlines
obtained with the second configuration of the temperature gradient for different Ri and
different φ. For Ri = 1000, a two-cell scheme prevailed in the flow structure in each layer.
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Increasing the nanoparticle presence rate in the lower layer had almost no effect on the
flow structure in both cavity regions. The isotherms were uniformly distributed with a
form of thermal plume formed centrally from the heat source penetrating the upper layer
(Figure 6). As the velocity of the lid increased (an increase in Ri), the uniform temperature
zone at the pure-fluid layer increased and occupied the whole of the upper part of the
cavity. In this case, the flow pattern had a two-cell counter-rotating pattern in the nanofluid
layer, and a single cell flowed in the pure fluid layer.

Figure 5. Streamlines for different values of Ri and ϕ for case 2.

Figure 6. Cont.
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Figure 6. Isotherms for different values of Ri and φ for case 2.

4.3. Temperature Evolution at the Interface

To characterize the thermal behavior of the interface between both fluid layers, the
temperature evolution at this location has been presented as a function of the control
parameters considered for both thermal gradient orientation cases (see Figure 7). It is
clear from this figure that increasing the Richardson number leads to an increase in the
interface temperature in both cases of temperature gradient orientation. This remark is
valid whatever the value of the nanoparticles’ volume fraction. It is also important to
note that in the case of vertical thermal gradients, the Richardson number effect is more
noticeable on the right side of the cavity.

Figure 7. Cont.
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Figure 7. Effect of Ri on dimensionless temperature evolution at the interface, on the left for case 1 and on the right for
case 2.

4.4. Local Heat Transfer Rate

Heat transfer rate in the cavity is evaluated by the local Nusselt number recorded
along the hot bottom wall. The impact of percent addition of nanoparticles in the lower
layer is shown in Figure 8, for each value of Richardson number for case 1. It is important
to note that the mobile cover flows from left to right. For a high value of Richardson
(Ri = 1000), there was a low speed of the mobile cover of the cavity, which generated a low
circulation of the fluid, and φ effects were low since the conduction regime predominated
the heat transfer.
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Figure 8. Effect of ϕ on Nux for different Ri using case 1 configuration.

When going to Ri = 100, we observed that φ effects were more significant. In these
two cases, we saw an increasing evolution of the local Nusselt curve from left to right. This
is a sign that the heat transfer is mainly done on the right side of the cavity. As Ri takes
lower values, forced convection effects predominate the flow and heat transfer in an upper
layer, which helps the fluid movement in the lower part and the prevailing convective
regime therein. This was reflected by the appearance of thermal plumes in the isothermal
lines and local Nusselt curves with peaks. It is also interesting to note that when the
temperature gradients are parallel to the gravity forces, the addition of nanoparticles to the
lower layer contributes negatively to the improvement of the heat transfer rate. This is due
to the increase in gravity forces due to the fluid weight, which are predominant in front of
the buoyancy forces of the system.

Local Nusselt evolution curves are presented in Figure 9 depicting when the tempera-
ture gradients are perpendicular to the gravity forces. As shown in this figure, local Nusselt
curves exhibit parabolic shapes with minimal values around the cavity center. In that case,
the φ effects are weak regardless of the Richardson number value. Based on this figure, it
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was found that adding solid particles to the lower fluid improves the heat transfer rate in
the cavity.

Figure 9. Effect of ϕ on Nux for different Ri using case 2 configuration.

4.5. Overall Heat Transfer Rate

Global heat transfer is evaluated here by calculating the average Nusselt number at
the cavity bottom. The results are presented in Figures 10 and 11 according to the different
parameters taken in this paper. Figure 10 displays the decreasing evolution of heat transfer
rate as a function of Richardson number in the two cases of thermal gradient orientation.
In a case where the thermal gradient is parallel to the gravity forces (case 1), global heat
exchange decreases with the increase in φ value. On the opposite side, we notice that for
a gradient perpendicular to the gravity forces (case 2), the heat transfer rate grows with
an increasing percentage of nanoparticles. Figure 11 shows the comparison between the
average Nusselt recorded with case 1 and case 2, as a function of Ri and φ. In all these
cases, it was found that the average Nu is higher when the configuration of a perpendicular
gradient to the gravity forces (case 2) is used.
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Figure 10. Average Nusselt number vs. Richardson number for various φ in both cases (1 and 2).

Figure 11. Configuration effect on Nuaverg for with various Ri and different φ.

To determine the variation rate of heat transfer in all cases treated, we opted to present
the average Nu variation rate defined by Equation (28). Figures 12 and 13 show histograms
of this variation rate. In these figures, each value of the Reynolds number is relative
to a corresponding Richardson number with (Ri = Ra/(Pr.Re2), where Ra = 105 and
Pr = 6.81). Figure 12, relative to the variation rate of average Nu for case 1, reveals that as
φ value increases, Ri’s contribution to the rise in average Nu goes from 67.17% to 48.11%.
On the other hand, it was found that the solid volume fraction contributes to the reduction
of heat transfer rate with a moderate rate ranging from 2.73% to 12.09%. Another register,
Figure 13, shows the average Nu variation rate in case 2. This figure states that the two
parameters Ri and φ give heat exchange rate moderate percentages.
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Figure 12. Effect of φ in the left and Re in the right on variation rate of Nuavrg with case 1.

Figure 13. Effect of φ in the left and Re in the right on variation rate of Nuavrg with case 2.

5. Conclusions

In this work a computational study based on the finite volume method was conducted
to investigate the impact of the temperature gradient orientation on mixed convection
induced in a cavity separated by a stiff wall of zero thickness and heated from below
filled with two superposed layers: pure fluid and nanofluid. By looking at the various
parameters, namely the Richardson number, the volume fraction of the solid, and the
configuration of the thermal gradient, we were able to make the following findings:

• Both flow and thermal structure have been affected by Richardson number and
temperature gradient orientation and insignificantly affected by the φ parameter.

• Natural convection effects predominate the formation of flow pattern, and the temper-
ature gradient effects are overestimated when Richardson number is 1000 or more.

• Heat transfer rate can be improved by perpendicular orientation to gravity forces of
thermal gradient

• The rate of change of heat transfer is largely affected by the Richardson number and φ
in case 1, and smaller variation with case 2 has been recorded.

• In the case of a thermal gradient perpendicular to the gravity forces (case 2), overall
heat transfer is improved with increasing solid volume fraction, but a significant
decrease was recorded when the thermal gradient is parallel to the gravity forces
(case 2).

Different combinations of hybrid nanofluid could be explored in the future to ob-
tain heat transmission rates for specific challenges while considering additional physical
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surroundings and unsolved industrial problems. It is possible to introduce new bound-
ary conditions to simulate the reality by linking this to the engineering and industrial
field. In addition, the numerical method could be changed for more recent numerical
simulation techniques.
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Nomenclature

Cp specific heat
(

J K−1
)

Greek symbols

g, b velocity components
(
ms−1) α thermal diffusivity

(
m2s−1)

Gr Grashof number β thermal expansion coefficient
h heat flux (W) θ dimensionless temperature

k
thermal conductance(

Wm−1K−1
) µ dynamic viscosity

(
kgm−1s−1

)
L height (m) ρ density

(
kgm−3

)
p dimensional pressure (Pa) φ nanoparticle size
P dimensionless pressure v kinematic viscosity

(
m2s−1 )

Pr Prandtl number χ scalar transit quantity
.
q thermal heat flux

(
W·m−2) Subscripts

Ra Rayleigh number 0 initial case
Re Reynolds number 1 pure fluid region
Ri Richardson number 2 nanofluid region
T temperature (K) c, h cold and hot side

U, V
dimensionless velocity
components

n f nanofluid

Nu Nusselt number p solid nanoparticles
W width (m) averg average
c cell position - -

e, w, n, s
west, east, north, and south
faces of the control volume

- -
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