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Abstract

In this article, the effects of angle of inclination on heat

transfer by mixed convection have been analyzed nu-

merically in a square cavity packed with a CuO na-

nofluid. Cavity boundaries are constructed by having

sinusoidal varying temperature on sidewalls, inactive

horizontal walls, and the hot passing plate at the center

of the cavity. The transport equations for fluid and heat

are solved using the finite‐volume method with SIM-

PLE algorithm. The Richardson number (Ri) varying

from 0.01 to 100, inclination angle (γ) from 0° to 90°,

wall speed ratios (λ) from 0 to 3 and volume fraction of

nanoparticles (φ) from 0.0 to 0.1 are given and re-

presented in the form of flow fields, temperature fields,

and mean heat transfer graphs. It is detected that the

principal flow constraints have a substantial impact on

the flow lines and thermal lines. Specifically, the

structures of cavity inclination, existence of copper

nanoparticles, and the hot wall in motion at the mid-

point of the cavity are established to enrich the overall

rate of heat transfer. Correspondingly, in the present

study, the Vajjha and Das model is taken into account

for the effective thermal conductivity and viscosity of

the nanofluid; application of this model is beneficial for

the industries working in a high‐temperature

environment.
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1 | INTRODUCTION

Developments in cavity configuration are of significant interest in various engineering fields,
such as solar systems, electronic equipment cooling by thermal management, and so forth.
Two‐dimensional investigational and mathematical readings are delivered with different con-
figurations and complex boundaries through several investigators. Since last decade, high
consideration was given to inclined cavity and gravity inclination performance in maximum
applications in manufacturing pitches.

Enhancement of thermal cooling performance in a cavity is the foremost inspiration in the
field of research in heat transfer. The word “nanofluid” was initially presented by Choi,1 who
analyzed the suspension of solid particles with large thermal conductivity into the conventional
fluids with low thermal conductivity, like, ethylene glycol and water. The follow‐on assortment
retains a significant growth in thermal conductivity, which ensures the improvement of the
complete rate of heat transfer. As a result, nanofluid inclusions are predominantly used as a
coolant in machines during the process of heat transfer, for instance, cooling in electronic
equipment, heat exchangers, and so forth.2 Inclination effects were studied using heat transfer
and flow characteristics in a Cu–water nanofluid‐occupied cavity at natural convection regime
by Abu‐Nada and Öztop.3 The angle of inclination has been calculated to serve as a flow‐
directing constraint, and by the addition of the nanofluid, the maximum mean Nusselt number
is obtained.4 Then, the flow of mixed convection in an Al2O3 nanofluid‐filled cavity was ex-
amined by Abu‐Nada and Chamkha.5 They established that for Richardson numbers less than
or equal to 1 and the increasing inclined angle, there is an increase in the overall rate of heat
transfer. Selimefendigil and Öztop investigated the hydrothermal effect of nanofluid6 and
forced convective flow of nanofluid7 under the influence of magnetic field. They observed that
the best performance coefficient is attained with a magnetohydrodynamic (MHD) flow at a
high Hartmann number. Shafqat Hussain et al.8,9 analyzed the mixed convective flow of a
nanofluid using MHD fields with different configurations. They concluded that an increase in
Richardson number leads to an increase in the mixed convection modes as well as the rate of
heat transfer.

The nanofluid model of Tiwari and Das adopted in the natural convective fluid flow in a
porous cavity was investigated by Sheremet et al.10 It is very interesting to examine the
examinations performed by several studies on nanofluid‐filled cavities with partly heated walls.
Consequently, from their examinations, we found that the progress in the rate of heat transfer
is attained by the nanofluid with a high thermal conductivity. Introduction of a moving flat
plate in the midsection of the cavity helps trigger the rate of heat transfer.11,12 In the latest
research, it has been observed that the speed ratio of the moving wall in a lid‐driven cavity leads
to an increased rate of heat transfer, as established by Jmai et al.13 and Nithyadevi et al.14

The current study did not drive out the assessment from the previous works and enclosing
the heated flat driven plate appearing in the center of the cavity is a constructive technique to
achieve the maximum rate during the heat transfer process. The present article therefore
demonstrates the implications of a heated plate with sinusoidal heating limits in a lid‐driven,
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CuO nanofluid‐filled, inclined square cavity. The current investigation investigates the extreme
reduction of heat in the cooling equipment and then the increase in the phase of heat transfer
by the midmoving wall. Moreover for the effective thermal conductivity and viscosity of the
nanofluid, Vajjha and Das's model is considered. Application of this model is beneficial in the
industries working in a high‐temperature environment.

2 | PROBLEM CONSTRUCTION

A two‐dimensional square cavity with sinusoidal heating boundaries on the sidewalls with the
effect of inclination angle is configured in Figure 1. Copper nanoparticles are dispersed with the
fluid capable of heat generating in the cavity. The cavity has a heated midmoving wall, with
velocity and temperature as U0 and θh, respectively. It is idealized that the base fluid (water)
and solid nanoparticles (Cu) are in a thermal equilibrium and there is no slip velocity between
them. The flow is considered to be laminar, Newtonian, and incompressible; also, the viscous
dissipation and the heat transfer by radiation effects are negligible in this investigation.15 The
thermophysical properties of the base fluid, nanofluids, are considered to be invariable with the
exception of density, which changes according to be the Boussinesq approximation.

Unsteady, laminar, two‐dimensional conserved equations assumed to follow the Boussinesq
approximation are specified as follows:
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In the above equations, some dimensionless constraints are introduced as follows:
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FIGURE 1 Schematic structure [Color figure can be viewed at wileyonlinelibrary.com]
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Gr= gβf(θh− θc)L
3/νf

2 is the Grashof number, Pr= νf/αf is the Prandtl number, Re=U0L/
νf is the Reynolds number, and Ri=Gr/Re2 is the Richardson number.

By considering the above constraints, the nondimensional system of the conditions can be
written as follows:
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where, in the equation of sinusoidal heat distribution, ϕ defines the phase deviation and a is the
amplitude ratio, defined as a=Ar/Al.

16,17

The overall Nusselt number is calculated at the heated half portion of the vertical walls by
integrating over the local Nusselt number (Nu), which is specified as follows:
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where the local Nusselt number is interpreted as follows:
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3 | CHARACTERISTICS OF NANOFLUIDs IN THE
VAJJHA AND DAS MODEL

Table 1 shows the physical and thermal characteristics of copper solid particles and water. The
physical and thermal properties of the nanofluids are listed as follows:
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A new correspondence is established by Vajjha and Das18 to enhance the productivity of the
Koo and Kleinstreuer19 model with a wide range of investigational data and high
temperature (363 K):
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TABLE 1 Physical and thermal properties of conventional fluid (water) and copper oxide (CuO)

ρ (kg/m3) cp (J/kg K) k (W/mK) β (1/K) dp

Base fluid 997.1 4179.0 0.613 2.1 × 10−4 –

CuO 6500.0 540.0 18.0 0.85 × 10−5 29
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where
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and β φ= 9.881(100 )−0.9446 are meant for the temperature (T) range between 298 and 363 K and
the volume fraction (φ) ranging from 1% to 6%.

To substantiate the nanofluid's viscosity, Brownian motion is also employed for the effective
viscosity, which is stated as follows:
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Implementation of the Vajjha and Das model (ref., Equations 9 and 10) for the effective
nanofluid viscosity and conductivity is considered in the current work, and it is applied in a
high‐temperature atmosphere.

4 | MATHEMATICAL SOLUTION

To discretize the given nondimensional governing equations, a finite‐volume approach is em-
ployed and the scheme of power‐law method is used to resolve the convective terms, which
produces a good agreement with the precise solution. A uniform staggered grid arrangement is
used in the computational domain for which the scalar quantities (P, T) are stored in nodal points
and vector quantities (U, V) are placed at the cell faces of the control volume. Coupled continuity
equation and momentum equation are resolved via SIMPLE algorithm.20 The method of TDMA
through line‐by‐line detailed iterative procedure is used to solve the finalized algebraic equations.

5 | CODE JUSTIFICATION

In‐house computational two‐dimensional encryptions have been established, and a uniform grid
method is used to approve the existing effort. A grid independence test was performed with different
grid sizes to ensure the accuracy of the problem, and it was concluded that a grid size of 121× 121
established the grid‐independent solution. The principal assesment was done by validating the finite‐
volume method with the experimental work of Calcagni et al.,21 and the next evaluation was done by
validating with the work of Jmai et al.,13 considering flow fields and temperature fields at diverse λ
wall speed ratios in Figures 2 and 3, respectively. It should be concluded that the result after the
evaluation provides a satisfactory assurance of the existing mathematical work. Hence, this gives
assurance for the precision of mathematical outcomes to be presented in the following segments.

6 | OUTCOMES AND DISCUSSION

The conclusions of mathematical models are obtained in the present segment for the de-
monstration of the properties of driven convection parameters, like, Richardson number
(Ri= 0.01, 1, and 100), speed/velocity ratio (λ= 0.5, 1, 2, and 3), and solid volume fractions of
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copper oxide nanoparticles (φ= 0.0, 0.03, and 0.05), considering few stationary parameters,
like, Pr= 6.2 for Prandtl number and for the sinusoidal temperature conditions, a= 1 for the
amplitude ratio, and ϕ= π/2 for phase deviation values. Conclusions of mathematical simu-
lations are demonstrated with orientation to the flow and thermal scatterings and mean rate of
heat transfer over the vertical walls of the cavity.

The combination of buoyancy with shear forces is found to be predictable with the Ri-
chardson number parameter. When we scrutinize the flows from Figures 4 to 7 for the 00

inclination angle, prime stream distribution ensures a completely made dual contraclock-
wise flow distributions determined through the direction of passing plate at inside the cavity on
entire convection regime. The increasing velocity ratios (λ) are found at the center of the main

FIGURE 2 A comparison graph between the existing experimental work21 and the present work at
Ra= 1.86 × 105 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Present results of velocity ratio compared with Jmai et al.13 [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 4 Flow and thermal distributions for various values of Ri at λ= 0.5 [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 5 Flow and thermal distributions for various values of Ri at λ= 1.0 [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 6 Flow and thermal distributions for various values of Ri at λ= 2.0 [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 7 Flow and thermal distributions for various values of Ri at λ= 3.0 [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 8 Flow and thermal distributions for various inclination angles at Ri= 1, λ= 1 [Color figure can be
viewed at wileyonlinelibrary.com]
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fields near the right side of the cavity, which elevates the scale of the flow fields. The sinu-
soidally distributed boundary conditions on left and right walls of the cavity result in a reduced
amount of temperature scatterings and further create densely packed isotherms at the side-
walls. Correspondingly, they are locally motionless inside the cavity at Ri= 0.01. Intensification
in convection parameter (Ri= 1) leads to an equal increase in the thermal and stream fields,
which is due to the well‐adjusted shear and buoyancy‐induced force in the regime of mixed
convection. Consequently, prominent secondary flows are produced and they are reasonably
established in addition to the primary flows at the highest specified value of Ri for the reduced
velocity ratio. Once λ ascends, the minor vertex starts deteriorating due to the dominating effect
of primary flows, which causes the maximum velocity by the midmoving lid at λ= 3. The
reason behind this occurrence is the driven mechanism of passing plate produces the drag
energy origins few fluids is inclined in the direction of passing plate located at the center of the
cavity. A resultant isotherm demonstrates the extremely dispersed thermal distributions
throughout the cavity. This reveals that conduction plays a leading role in the enhancement of
heat transfer. It could be emphasized that the variations in the speed ratios (λ) are highly
penetrating in streamlines and isotherm appearances. Furthermore, it reveals an increase in the
rate of flow and thermal rate for the velocity ratio (λ= 3).

From Figure 8, it is quite obvious after the comparison that the disparity in the inclination
angle reveals a dynamic part, which considerably influences the flow fields and temperature
lines within the cavity. For the average angle of inclination (0≤ γ≤ 60°), the streamlines of the
fluid inside the cavity are nearly stationary, and the consequences of the Ri parameter are
distinguishable for the variations of inclination angle up to 60° or more. However, at Ri= 100,
perceptible flows are established, which creates the generous isotherm scatterings with the
large value of temperature at γ= 90°.

The mean Nusselt number is presented for the wall speed ratio (λ) and for the diverse values
of Ri in Figure 9. The investigations are accomplished for a couple of fluids, base water (φ= 0.0)

FIGURE 9 Mean Nusselt number profiles for various velocity ratios (λ) and various Ri values [Color figure
can be viewed at wileyonlinelibrary.com]
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and CuO nanofluid (φ= 0.03 and 0.05). It must be distinguished from the results that the
diminishing buoyancy through the distinctions of Ri increases the complete rate of heat
transfer. Accordingly, at the regime of forced convection, the extreme Nusselt number values
are observed at Ri< 1, owing to the dominating shear force. The maximum midheight velocity
values are summarized in Table 2 for the various ranges of Ri, λ, and φ. The movement of the
water factor that excites the fluid velocity is stimulated by the broad shear force of the forced
convection regime at λ= 3.

7 | CONCLUSION

The mixed convective heat transfer and stream distribution of a CuO nanofluid in a square
cavity were formulated in the existing problem. The deep observations of leading parameters
over the temperature distributions and flow structures are concluded as follows.

Once deferred in a conventional fluid, the nanoparticles have the capacity to increase a
conventional fluid's heat transfer capability. When volume fraction of a nanofluid rises, the
influence is further noticeable. The deviation of average Nusselt number progresses through
volume fraction of a nanofluid.

The Vajjha and Das model for the nanofluid's viscosity and thermal conductivity is a well‐
applicable model, which is applied in industries working in a high‐temperature atmosphere. In
addition, this correlation gives a perfect prediction for thermal conductivity of CuO nanofluid
above an extensive series of concentration and temperature.

The wall velocity ratio λ significantly maximizes the average heat transfer rate and mas-
sively influences the motion of thermal and stream scatterings.

The impact of angle of inclination is generally observed at high Ri in the temperature
distribution in addition to the fluid flow.

NOMENCLATURE
a amplitude ratio
cp fluid specific heat (J/kg K)
dp particle diameter (m)

TABLE 2 Maximum V‐velocity values at the center of cavity for various Richardson numbers (Ri) and
velocity ratios (λ)

λ φ/Ri 0.01 1.0 100

0.0 0.8971 1.73177 3.26579

0.5 0.03 0.90034 1.73567 3.26951

0.05 0.9019 1.73745 3.27122

0.0 0.67824 1.35666 2.70695

1.0 0.03 0.68769 1.37498 2.74015

0.05 0.69242 1.38411 2.75653

0.0 0.48451 0.97461 1.95646

3.0 0.03 0.48770 0.98068 1.96886

0.05 0.48942 0.98389 1.97532
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g gravitational acceleration (m/s2)
Gr Grashof number
H height (m)
k thermal conductivity (W/mK)
L width (m)
Nu local Nusselt number
Nu average Nusselt number
p pressure (N/m2)
P dimensionless pressure
Pr Prandtl number
Re Reynolds number
Ri Richardson number
t time (s)
T dimensionless temperature (K)
T0 reference temperature (273 K)
u, v velocity components (m/s)
U0 lid velocity (m/s)
U, V dimensionless velocity components
x, y Cartesian coordinates (m)
X, Y dimensionless Cartesian coordinates

GREEK SYMBOLS
α thermal diffusivity (m2/s)
β thermal expansion coefficient (1/K)
γ angle of inclination
λ wall speed ratio
μ dynamic viscosity (N s/m2)
ν kinematic viscosity (m2/s)
ɸ phase deviation
φ volume fraction
ρ density of the working fluid (kg/m3)
τ dimensionless time
θ temperature

SUBSCRIPTS
c cold wall
h hot wall
l left wall
r right wall
f base fluid
p solid particle
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