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Abstract In this article, numerical simulation is performed for mixed convection lid-driven flow of

CuO-water nanofluid enclosed in a curved corrugated. Cylindrical obstacles having three different

constraints: (adiabatic, cold, and heated) at its surface are considered. Internal heat generation/ab-

sorption and uniform heat is provided at the vertical wall of the cavity. The bottom wall is insu-

lated, and the curve surfaces are maintained with cold temperature. Mathematically equations

are developed from physical problems and solved through Galerkin weighted residual method of

FEM formulation. The effect of various Reynold number (Re), Darcy number (Da), solid volume

fraction of nanoparticles (/), heat generation/absorption coefficient (Q) and various cylindrical

obstacle on velocity, Nusselt number, molecular movements and the flow structure has been stud-

ied. Nusselt number increases for high Darcy number due to the convection in lid cavity. For high

Reynold number generally Nusselt numbers decrease or remain the same at the wall with an

increase of nanoparticles in porous medium. There significant effect of heat sink coefficient on tem-

perature profile and Nusselt number decreases with increasing of Q.
� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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Nomenclature

x�; y� Cartesian coordinates (m)

u�; v� velocities in the x & y directions (m/s)
X�;Y� dimensionless Cartesian coordinates
U�;V� dimensionless velocities
Da Darcy number

Re Reynlod number
Ri Ricardson number
Pr Prandtl number

/ volume fraction of nanoparticle
q density

m kinematic viscosity

a thermal diffusivity
Gr Grashof number
H characteristic length
k thermal conductivity

cp specific heat
b coefficients of thermal expension
w stream function

Q heat generation and absropstion coefficent
m shape of nanoparticles
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1. Introduction

For decades, heat transfer in the cavity with a moving

boundary in mixed convection is a fascinating phenomenon
that has been worked on for engineers. The study of convec-
tion in a lid-driven cavity has attracted the perceptible atten-

tion of researchers due to numerous applications in the field
of industrial microelectronics, nuclear power plant, food pro-
cessing, renewable energy system etc. [1–6]. In addition to
numerous engineering applications, it is of interest to analyse

adverse conditions in which mixed convection heat transfer
occurs as fundamental issues in transfer of heat and fluid
flow. The influence of parameters such as Rayleigh number

(Ra), Richardson number (Ri) and Grashof number on the
overall Nusselt number will lead to better understanding
and new applications in engineering featuring enhanced heat

and mass transfer. Numerically, Sivasankaran et al [7] studied
the influence of various nano-particles on the free convection
of nanofluids in an enclosure. They noticed that the heat
transfer enhancing significantly depends on the chosen

nano-particles. Mixed convection flow in a low heated square
driven cavity was numerically examined by Moallemi and
Jang [8] and investigated the effect of Prandtl number on

the flow and heat transfer mechanism. They found that the
buoyancy effects are more prevailing for higher values of
Prandtl number in a square lid driven enclosure. Chamkha

[9] worked on the unsteady, mixed convection flow and heat
transfer due to the heat generation/absorption fluid in a ver-
tical lid driven cavity at uniform magnetic field. He summa-

rized that the average Nusselt number decreases with an
increase of internal heat generation coefficient but increases
for the opposing flow. Sivakumar et al [10] analysed numeri-
cally the heat transfer and fluid flow of mixed convection in

lid-driven cavities where the left vertical wall is partially
heated. The variation of length and position of heated part
of vertical wall is investigated and explores the transfer of

heat and fluid flow in a cavity. On 3-dimensional structures,
the numerical study was performed by Ouertatani et al [11].
They investigated the effect of double lid-driven (upper wall

heated and lower cold). Turkoglu and Yucel [12] performed
the analysis of mixed convection on inclined position with
a presence of discrete heat source or element. They summa-

rized that there is no significant effect on flow fluid due to
the position of heated element or source.

In many situations, conventional cooling techniques involv-
ing the transfer of both free or force convection heat are not
satisfactory. Enclosure preceding corrugated geometry is
another specific type of attractive geometry and apposite,

and finds usefulness in solar corrugated accumulator design
and roof top design of houses. Porous substrates with high
thermal conductivity are used in many applications such as

industrial cooling equipment, heat interfaces or exchange,
and solar collectors to improve forced-convection heat trans-
fer. In view of the above work, [13–15] investigated the convec-

tion in porous medium and examined the heat transfer using a
thermal non-equilibrium model. They analysed the effects of
viscous and thermal dissipation porosity and inertial coeffi-
cient. Sheikholeslami and Zeeshan [16] performed the numeri-

cal approach to analyse the effects of volume fraction of
nano-particles, Hartmann number (Ha) and buoyancy forces
by means of CVFEM. Result demonstrates that with increas-

ing Ha Nusselt number decrease but heat transfer increases
as Ha varies but detracts against of buoyancy forces. Sun
et al. [17] carried out analysis regarding the control of com-

bined convection in a lid-driven cavity through triangular
heated fins and noticed that the triangular fins in a cavity is
a good parameter to control heat transfer and fluid. Jeng
and Tzeng [18] investigated numerically convection in lid-

driven cavity, filled with saturated water aluminium. They
observed that Reynolds number directly effects the heat trans-
fer in the cavity because of the mixed convection. Shirvan et al

[19] examined the square cavity in mixed convection they anal-
ysed that Ha has reverse effect of heat transfer rate. The stable
region in mixed convection lid driven cavity was identified by

Mohammad and Viskanta [20]. Convection of heat transfer in
different shaped cavity has been investigated in [21–26]. They
worked on the tendency of heat transfer in various cavities

with variant condition on walls. Several studies have been con-
ducted to use nanoparticles, heat transfer and mixed convec-
tion wavy enclosure heat transfer and fluid flow
characteristics [27–41].

After the brief literature review and to the best of the
author’s knowledge, it can be concluded that the present study
of heat transfer rate and isotherm characteristics in mixed con-

vection lid-driven curved corrugated porous cavity with inner
cylindrical obstacle filled with CuO-water nano-fluid is one
of the interesting topic to examine. That’s why this article is

to be analysed the effect of porous parameter, heat genera-
tion/absorption and different states of cylindrical obstacle.
Graphically shows the interpretation of numerical results on

core parameter, which has a greater impact on convection in
cavity.
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2. Problem formulation

Fig. 1 illustrates the curved corrugated of the two-dimensional
porous lid-driven cavity examined in this article. The circular

cylindrical obstacle inscribed inside enclosure. The nano-fluid
is formed of base fluid (water) and copper solid spherical shape
of nano-particles. The fluid is assumed to be laminar and

incompressible. The bottom wall is thermally insulated

@T�
@y� ¼ 0

� �
, while the curved surface is sustained with low tem-

perature Tc and left vertical wall with high temperature (TH) to

induce the buoyancy effect. Left vertical wall move with uni-
form velocity. H represents the characteristic length in hori-
zontal and vertical direction in curved corrugated cavity.
(a)

I

I

I

II

IV

III

(b)

Fig. 1 Curved Corrugated geometry with its (a) physical domain (b)
Various constraints have been adjusted at cylinder (adiabatic,
cold and hot) for observing the heat transfer within the
enclosure.

2.1. Mathematical model

The governing equation for incompressible, Newtonian, lami-

nar and steady state (thermal equilibrium) lid driven convec-
tion in a curve corrugated enclosure filled with a nano-fluid
in the form of Navier-Stokes fomulation (mass, momentum

and energy) written as;

@v�

@y�
þ @u�

@x� ¼ 0; ð1Þ
II IV

II

comutational domain with mesh distribution at various positions.
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v�
@u�

@y�
þ u�

@u�

@x� ¼ � 1

qnf

@p�

@x� þ mnfr2u� � mnf
k
u�; ð2Þ

v�
@v�

@y�
þu�

@v�

@x� ¼� 1

qnf

@p�

@y�
þ mnfr2v� �mnf

k
v� þ qbð Þnf

qnf

g T� �Tð Þ;

ð3Þ

v�
@T�

@y�
þ u�

@T�

@x� ¼ anfr2T� þ Q0

qCp

� �
nf

T� � Tcð Þ ð4Þ

Where (u�, v�) are the velocity components along the
(x�; y�), while T�; p� and g are the temperature, pressure and

gravity acceleration respectively, qnf; lnf and mnf are the density,
dynamic viscosity and kinematic viscosity respectively.

In the literature, several formulations are introduced for
the thermo-physical properties of nanofluids. In this study
we adopt the relationships which depend on the volume frac-
tion of the nano-particles. The density of the nanofluid is

given as:

qnf ¼ ð1� /Þqf þ /qp ð5Þ
Where / is the solid volume fraction of the nanofluid, qf

and qp are the densities of the fluid and of the solid frctions

respectively, and the heat capacitance of the nanofluid given

is by

qCp

� �
nf
¼ 1� /ð Þ qCp

� �
f
þ / qCp

� �
p

ð6Þ
Thermal expansion coefficient of the nanofluid can be

determined by:

qbð Þnf ¼ 1� /ð Þ qbð Þf þ / qbð Þp ð7Þ
where bf and bp are the coefficients of the thermal expan-

sion of the fluid and of the solid fractions respectively. Ther-
mal diffusivity, anf of the nanofluid is defined as:

anf ¼ knf

qCp

� �
nf

ð8Þ

For spherical nanoparticles thermal conductivity (knf) mod-

eled by Maxwell [42] in Eq. (9) and in Eq. (10), lnf is dynamic

viscosity of the nanofluid, given by Brinkman [43] are;

knf ¼ kf
ks þ m� 1ð Þkf � m� 1ð Þ/ kf � ks

� �
ks þ m� 1ð Þkf þ / kf � ks

� �
" #

ð9Þ

lnf ¼ lf 1� /ð Þ�2:5 ð10Þ
Following dimensionless parameter are introduced;

X�;Y�ð Þ ¼ x�

H
;
y�

H

� �
; U�;V�ð Þ ¼ u�

Vo

;
v�

Vo

� �
;

T� ¼ TH þ TH � Tcð Þh; P ¼ p�

qnfV
2
o

; Ri ¼ Gr

Re2
;

Q ¼ Q0H
2

qCp

� �
f
af
; Pr ¼ mf

af
ð11Þ

into Eqns (1 – 4), the dimensionless form of equations
become;

@V�

@Y� þ
@U�

@X� ¼ 0; ð12Þ
V�*

:r
*

U� ¼ � @P

@X� þ
1

Re

mnf
mf

� �
r2U� � U�

Da

� �
; ð13Þ

V�* : r
*

V� ¼ � @P

@Y� þ
1

Re

mnf
mf

� �
r2V� � V�

Da

� �
þ Ri

qbð Þnf
qnfbf

h;

ð14Þ

V�* : r
*

h ¼ anf
af

� �
1

PrRe

� �
r2hþ Q

PrRe

� � qCp

� �
f

qCp

� �
nf

h: ð15Þ
2.2. Dimensionless boundary conditions:

a) At the bottom solid wall (X1):

ðU�;V�Þ ¼ ð0; 0Þ; @h
@Y� ¼ 0; ð16Þ
b) At the upper curve surface (X2):

ðU�;V�Þ ¼ ð0; 0Þ; h ¼ 0; ð17Þ
c) At the left vertical wall (X3):

ðU�;V�Þ ¼ ð0; 1Þ; h ¼ 1; ð18Þ
d) At the lower curve surface (X4):

ðU�;V�Þ ¼ ð0; 0Þ; h ¼ 0; ð19Þ
e) At the surface of inner circle (X5):

ðU�;V�Þ ¼ ð0; 0Þ; and ðh ¼ 0 or h ¼ 1 or
@h
@nX5

¼ 0Þ; ð20Þ

The local Nusselt number for the heat transfer rate estimate

are calculating using above equations;

NuðY�Þ ¼ � knf
kf

@h
@X�

� �
X�¼0

ð21Þ
3. Methodology and comparison

The governed dimensionless Eqs. (13)–(16) along the boundary

conditions are solved by Galerkin weighted residual finite ele-
ment formulation. The domain is discritized in sub-domain
and develop grid system of uniform meshes. By the weighted

residue method convert the non-linear partial equations into
system of integral equations, which is solved numerically. That
integrals are solved through Gauss’s quadrature method.

These equation are transferred into non-linear algebraic equa-
tions by Newton Raphson technique iteration as already
described by Haq et al [44] (see Tables 1-3).

To approximate the solution using the Newton Raphson

technique iteratively. Using the relation of velocity in the form
of stream function for fluid motion is follow:



Table 1 Values of shape factor for various shape of nano-

particles.

Particle shapes Spherical Cylinder Platelets Brick

m 3 4.8 5.7 3.7

Table 2 Thermo-physical properties of Based fluid and

Nanoparticles.

Physical properties Base fluid (water) CuO

Cp(J/kgK) 4179 540

q(kg/m3) 997.1 6500

K(W/mK) 0.613 18

b (1/K) 2:1� 10�4 2:9� 10�4

Table 3 Average Nu numerical results comparison of present

article, Iwatsu et al [1] and Khanafer and Chamkha [2] for a

vertical gravity at Ri ¼ 0:01.

Re Present work [1] [2]

100 2.11 1.94 2.01

400 2.84 3.84 3.91

1000 6.27 6.33 6.33

Fig. 2 Variation of average Nusselt number for various number

of elements.
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U� ¼ @w
@Y� ;V

� ¼ � @w
@X� : ð22Þ
Fig. 3 Comparison of thermal contour analysis in a square cavity wit

et al [45] versus (b) Present study.
3.1. Grid independence

The study of various element against the average Nusselt num-
ber interpreted in Fig. 2. Variation of various number of ele-

ment in enclosure does not significant effect on the average
Nusselt number.

3.2. Comparison of result

In this section, we validate the computational result of present
work with other manuscript. Mixed convection in lid-driven
cavity problem compared to earlier findings by Sivasankaran

et al [45] in Fig. 3(a), our present thermal contour analysis is
depicted in Fig. 3(b). Excellent result validation of average
h sinusiodal boundary condition in limiting case: (a) Sivasankaran
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Nusselt number against of different Re to the work of [1] and
[2] in limiting case.

4. Results and discussion

A numerical work has been done in this article to study the
flow structure and temperature profile for the various values
Fig. 4 Variation of (a)-(c) isotherm and (d)-(f) streamlines with re

cylindrical obstacle.
of Reynold number (100 � Re � 400), Darcy number

Da ¼ 10�5to10�1
� �

; nano-particle volume fraction

0:0 � / � 0:05ð Þ; heat generation/ absorption, Richardson
number (0:01 � Ri � 100) and different states of circular cylin-

der (adiabatic, cold and heated) inside of lid-driven cavity.
Throughout the numerical computation Prandtl number
(Pr ¼ 6:2) is fixed.
spect to Re when Ri ¼ 0:01, Da ¼ 10, / ¼ 0:05, Q ¼ 50 for cold
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4.1. Effect of Reynolds number

Fig. 4(a-f) describes the effect of Reynolds number on iso-
therms and streamlines. It indicates that most of the cavity is
filled by symmetrical undistorted isotherms, while the iso-

therms endorse some form of distortion in a small part of
the cavity neat to the top moving lid. For low Reynolds num-
ber, the isotherm is distributed on the whole enclosure, and
gradually decreases with increasing Re. For maximum Re the

heat effect around the moving heated vertical wall is shown
in Fig. 4(c). Flow distribution for various number of Re can
be seen in Fig. 4(d-f). For small Reynolds number, it can be

noticed that the circular clockwise rotation of streamlines are
developed. Small eddy is created, and with an increasing Re,
the eddy move towards the center.

Fig. 5(a) represents the effect of horizontal velocity due to
the variation of Re. It is clear that the velocity at centre
increases with the increase of Reynolds number. For broader

aspect, it is obvious that the center of the vortices lay smaller
Fig. 5 Variation of (a) horizontal velocity, (b) vertical velocity, (c)

cylindrical obstacle.
than near the corner of the cavity. Furthermore, it can be
observed that the layers is established near the boundary
along the solid wall as Re increases and heat swings from

the solid boundary with a uniform vorticity. Fig. 5(b) indi-
cates that velocity near the center decreases and create a nar-
row boundary layer near the walls. Temperature profile at

horizontal mean position is shown in Fig. 5(c). The average
fluid temperature sharply decreases with an increasing of
Re, due to volume fraction of nano-particles. Temperature

also decreases in the cavity where the force convection is
dominant. Nusselt number against heated vertical wall is
illustrated in Fig. 5(d). In a cavity, convection increases Nu.
It has significant impact on Nusselt number as Reynolds

number increases.

4.2. Effect of nanoparticles

Fig. 6 illustrates the effect of nano-particle volume fraction on
isotherm and streamlines. Thermal conductivity and viscosity
Temperature and (d) Nusselt number with respect to Re for cold



Fig. 6 Variation of (a)-(c) isotherm and (d)-(f) streamlines with respect to / when Ri ¼ 0:01, Da ¼ 0:01, Re ¼ 350, Q ¼ 10 for cold

cylindrical obstacle.
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of fluid enhances when the nano-particles are mixed with base

fluids. Fig. 6(a-c) describes the dominant nature of heat trans-
fer of force convection, which occurs due to the heated mode
of vertical lid moving with uniform velocity. Isotherm lines

reveal that the prevailing heat transfer modes are force convec-
tion caused by the movement of vertical velocity. While the
free convection is having a limited role in cavity due to the
nano-particles. Fig. 6(d-f) represents the streamlines for vari-

ous values of nano-particles (/). It can be clearly seen in the
graph that at the top of circular cylinder, the eddy is developed
due to the interacting of two bigger clockwise rotating roles

which form a bigger eddy near the lid wall. With increasing
of /, the streamlines are more stronger around the circular sur-
face of the cylindrical obstacle.



Fig. 7 Variation of (a) horizontal velocity, (b) vertical velocity, (c) Temperature and (d) Nusselt number with respect to / for cold

cylindrical obstacle.
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In Fig. 7(a-f) illustrates the effect of nano-particles on the
velocity, temperature profile and Nusselt number. Horizontal
velocity increases with increasing volume fraction of nano-
particles and attain its maximum position at the end points.

But vertical velocity decreases with the increase of /. Fig. 7
(c) represents the temperature distribution against the horizon-
tal mean position. In case of base fluids / ¼ 0, the cavity’s

temperature remains maximum at the end point but zero at
the centre. While for / ¼ 0:1; 0:05 temperature rapidly
decreases due to the higher thermal conductivity of nano-

particles and streamlines intensity decreases only significantly,
as volume fraction increases, and temperature gradient
decreases. With a reduction in temperature gradient with
increasing volume fraction, there can be no specific estimation

for the over all heat transfer within the cavity. As / increases,
nano-fluid thermal conductivity also enhances while margin-
ally temperature gradient decreases. In a cavity, as heat trans-

fer rate increases there will be enhancement in force convection
that can be clearly seen in Fig. 7(d) in the form of Nusselt
number.

4.3. Effect of Richardson number

Fig. 8(a-h) show the isotherms and streamlines of assisting
force flow for different values of Ri at the fixed value of Re.
In isotherm the region affected by the heated vertical lid wall

is quite small for small values of Ri and gradually increases
with its increasing value. For higher value of Richardson num-
ber, the buoyancy effect are much stronger and more vigorous

loops in the enclosure appeared in the figure. The intensity of
the circulation in the form of bolus increases with the increase
in Ri in the streamlines. At Ri ¼ 0:1 the force convection dom-

inants due to the vertical lid driven. However, at this value of
Ri, the natural convection has been slightly affected at the cor-
ner which can almost be neglected. With the increase in Ri ¼ 1
the mixed convection (inertial and buoyancy forces) balanced



Fig. 8 Variation of (a)-(c) isotherm and (d)-(f) streamlines with respect to Ri when Re ¼ 100, Da ¼ 0:01, / ¼ 0:05, Q ¼ 10 for cold

cylindrical obstacle.
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Fig. 9 Variation of (a) horizontal velocity, (b) vertical velocity, (c) Temperature and (d) Nusselt number with respect to Ri for cold

cylindrical obstacle.
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in the enclosure. At Ri ¼ 100, the force convection decreases

and buoyancy effect dominants as seen the Fig. 8(d).
Fig. 9(a-b) shows the variation of velocity against Ri hori-

zontally and vertically. Here, velocity decreases with an

increase in the values of Ri for both the cases. Force convec-
tion is dominants for the smaller values of Ri and increases
with the larger values of Ri which turns to be natural convec-
tion as shown in Fig. 9(c). Local Nusselt number in the vertical

mean position of the lid wall increases for the forced convec-
tion and decreases for natural convection.

4.4. Effect of porous medium

Fig. 10 illustrates the effect of Darcy number (porous medium)
on isotherm and streamlines. The permeability in cavity have

significant effect on heat transfer and flow of the molecular
movement. For a small number of Da ¼ 10�5 heat is located

near the lid wall. For Da ¼ 10�3, as shown in Fig. 10(b), the

convection of heat is raised and then heat is moved and created
around the cooled circular surface of cylinder. Due to an
increasing Da, heat transfer rate is increased. The convection
is denominated with the increase of Darcy number. That’s

why temperature gradient moves towards the down surface
where the conduction is dominant due to the minimal flow
activities. Fig. 10(d-f) illustrates the result of different Da for

maximum value of Re. For Da ¼ 10�5, the flow of lines are

restricted near the vertical wall and for the recirculation small
intensity of the flow of fluid. The stream lines for the recircu-
lation flow region are elongation due to the increase of Darcy

number. On the Da, the small eddy move towards downward
direction to the centre point and the lines of stream are sym-
metric throughout the region.



Fig. 10 Variation of (a)-(d) isotherm and (e)-(h) streamlines with respect to Da when Ri ¼ 0:01, / ¼ 0:05, Re ¼ 450, Q ¼ 10 for cold

cylindrical obstacle.
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Fig. 11 Variation of (a) horizontal velocity, (b) vertical velocity, (c) Temperature and (d) Nusselt number with respect to Da for cold

cylindrical obstacle.
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Horizontal and vertical velocity related to various Darcy

number is reported in Fig. 11. For greater value of Da, both
velocities (horizontal and vertical) increases at the centre of
the enclosure due to the greater convection for greater value

of Da. For energy transportation, the inertial effects are
retarded. For higher value of Da, the temperature slightly
titled down to the centre which is shown in Fig. 11(c). Temper-
ature in cavity decreases due to the inertial coefficient which

decreases with the increases porosity. Fig. 11(d) illustrates
the effect of heat transfer. It can be observed in Fig. 11(d) that
in the middle of cavity, the influence of Da will have a greater

impact on Nu due to the convection. The transfer rate of heat
are less near the right cold wall but higher near the heated wall
for all Da values. It can be seen that the porous medium

enhances the transformation, of energy in enclosure.
4.5. Effect of heat generation / absorption

Fig. 12 shows the effect of heat coefficient parameter Q on the
molecular movement and streamlines in the curve cavity. It has

significant role in energy equation. The variation in isotherm
mostly appears due to the dependency on Q as it varies.
Q < 0 represents the absorption of heat whereas, Q > 0 repre-

sents the internal heat generation. Near the closer area of the
heated wall, the temperature effect becomes less as Q becomes
smaller. Furthermore, it is due to the fact that the heat which is

produced in this region increases both the domain temperature
as well as the temperature gradient near the cold wall.

Fig. 13(c) illustrates that in case of heat generation (Q > 0),
the temperature increases in cavity. The internal heating in

energy equation represents the temperature rising near the ver-



Fig. 12 Variation of (a)-(d) isotherm and (e)-(h) streamlines with respect to Q when Ri ¼ 0:01, / ¼ 0:05, Re ¼ 350, Da ¼ 0:1 for cold

cylindrical obstacle.
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Fig. 13 Variation of (a) horizontal velocity, (b) vertical velocity, (c) Temperature and (d) Nusselt number with respect to Q for cold

cylindrical obstacle.
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tical wall specially. Due to the dominant role of heat genera-
tion in Nu, it decreases gradually as illustrated in Fig. 13(d).

4.6. Effect of different cylindrical surface

Isotherm and streamlines results due to the varies states (adia-

batic, cold and heated) of circular cylinder as shown in Fig. 14.
In cold and adiabatic case, the intensity of heat near the heated
wall and circular surface is high and it gradually decreases
towards the cold curve wall. Fig. 14(d-f) represents the varia-

tion of streamlines due to the varies state of cylinder. In each
case, the same eddy is being created near the heated wall which
results as the vertical wall moves and the movement of fluid

particles is in clockwise direction. In adiabatic case, the
streamlines spreads around the curve surface but in case of
hot obstacle, the streamlines are away from the curve surface.
The effects on velocities, temperature and Nusselt number
is shown in Fig. 15. The horizontal velocity is being measured

from (0,0.3) as depicted in Fig. 15(a). It seems that the horizon-
tal velocity is same near the heated vertical wall but is away
from the wall which decreases in case of cold wall and

increases in hot and adiabatic. Due to the hot surface, the
velocity attain its maximum point it the middle of cavity.
Fig. 15(c) represents the temperature at horizontal mean posi-
tion. In case of a cold surface of cylinder, when the tempera-

ture from the heated wall moves towards the centre it
gradually decreases at zero and for 0:25 it drops to zero. Where
as, in case of the hot cylinder, when the temperature from the

cylinder move towards the cold wall it attain its maximum
point at 0:25. Temperature sharply increases in cavity and
decreases in case of cold. Nusselt number decreases in

heated curve surface and increase in cold case clearly seen in
Fig. 15(d).



Fig. 14 Variation of (a)-(c) isotherm and (d)-(f) streamlines with respect to adiabatic, cold and hot cylindrical obstacle when Ri ¼ 0:01,

/ ¼ 0:05, Re ¼ 350, Da ¼ 0:1 Q ¼ 10.
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In Fig. 16(a) of an average Nusselt number, increasing the
Reynolds number (Re) increases the Richardson number (Ri)

due to the vertical heated lid wall. Fig. 16(b), depicts the minor
increase in the average Nusselt number for smaller values of
Darcy number with the increase in Re, whereas the minor
increase of Nuavg is observed against the higher values of Da

with the same rate of Re.

Fig. 16(c) shows the effects of heat generation/
absorption with respect to fixed Ri and various values
of Re. It can be observed that increase in the internal
heat absorption increases the convection of heat

transfer. Whereas the increase in internal heat generation
decreases the average Nusselt number. Fig. 16(d) depicts
the variation of the average Nusselt number for various
values of volume fraction and Reynolds number where

it is seen that increasing the volume fraction
causes the increase in the heat transfer for different val-
ues of Re.



Fig. 15 Variation of (a) horizontal velocity, (b) vertical velocity, (c) Temperature and (d) Nusselt.
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5. Conclusion

The effect of Reynold number 100 � Re � 400ð Þ, nano-

particles 0 � / � 0:05ð Þ, Darcy number 10�5 � Da � 0:1
� �

,

absorption/generation parameter �100 � Q � 50ð Þ and differ-
ent of cylindrical obstacle (adiabatic, cold and heated) on iso-

therm, streamline profile, temperature and Nusslet number
were briefly discussed in this article. The study concluded with
the following remarks:

� For a high Reynold number the force convection is domi-
nant, so the heat transfer rate is high. Nusselt number
increases with increase of Re.

� Small eddy created near the wall in streamlines due to the
clockwise rotation of fluid.
� With increase of Re the symmetrical eddy moves toward the
center of the cavity.

� Nanoparticles enhance the thermal conductivity of the fluid,
so greater heat convection in cavity done when / ¼ 0:05.

� Temperature distribution decreases near the heated wall

with increases of Darcy number.
� Isotherm lines gradually limited around the heated vertical
wall for high Darcy number.

� Temperature increases in case of heated cylindrical surface
and Nusselt number decreases. Isotherm lines limited it
the end face of heated wall in case of cold obstacle but iso-
therm lines are stronger in heated case.

� More heated generated in cavity for Q > 0. Temperature
increases and Nusselt number decreases with increasing of
heat sink parameter. Due to the heat generation isotherm

lines are rapidly increases in enclosure.



Fig. 16 Variation of average Nusselt number with respect to the Reynolds number at the different values of (a) Richardson number (b)

Darcy number (c) Heat absorption/ generation coefficient (d) Volume fraction.
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