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The current work concentrates on the transient entropy generation and mixed convection due to a rotat-
ing hot inner cylinder within a square cavity having a flexible side wall by using the finite element
method and arbitrary Lagrangian-Eulerian formulation. Effects of various relevant parameters like
Rayleigh number (104 6 Ra 6 107), angular rotational velocity (�1 6 X 6 1), dimensionless elasticity
modulus (1012 6 E 6 1015) on the convective heat transfer characteristics and entropy generation rates
are analyzed for dimensionless time 10�8 6 s 6 3:5. It is observed that various complex shaped wall
deformations are established depending on the non-dimensional elastic modulus of the flexible right wall
and cylinder rotation direction. The local and average Nusselt numbers rise with Ra and secondary peaks
in the local Nusselt number are established for lower values of Ra. The local heat transfer along the hot
cylinder does not change for the case of clockwise rotation of the heated cylinder even if there is a wall
deformation in the positive x-direction. The highest average heat transfer and global entropy generation
rates are achieved for the case of counter-clockwise rotation of the circular cylinder and for lower values
of the flexible wall deformation.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Mixed (combined) convection flow and heat transfer within
various cavities are an important area of research for the improve-
ment of the energy efficiency and the reduction of the energy con-
sumption in a lot of engineering systems and equipments. Such
applications are solar collectors, lubrication technologies, heat
exchangers, ventilation, building insulation and drying technolo-
gies. In comparison with other modes of convection, mixed convec-
tion is considered to be more complicated because of the
combination of the buoyancy force which is caused by the differ-
ence in temperature and the shear force that is resulting from
the movement of the wall(s) [1]. Öztop and Dagtekin [2] reported
the mixed convection heat transfer in a double lid-driven
vertically-heated square cavity under steady-state conditions.
They observed that the rate of the heat transfer was enhanced as
a result of moving the vertical walls of the considered cavity in
reverse directions. On the other hand, the same direction move-
ment of the vertical walls produced a reduction in the heat trans-
fer. Talebi et al. [3] considered mixed convection flow and heat
transfer in a top lid-driven square cavity filled with a nanofluid.
Abu-Nada and Chamkha [4] considered mixed convection
water-Al2O3 nanofluid in an inclined lid-driven square cavity.
The problem of mixed convection of a micropolar fluid over a
stretched surface was studied by Rashad et al. [5], whose work
was later extended to the inclined case by Ramesh et al. [6]. In a
recent study, Raju et al. [7] have considered the problem of mixed
convection over a stretched surface under transient conditions.
Chamkha et al. [8] and Alsabery et al. [1] carried out numerical
investigations for mixed convection inside a lid-driven cavity that
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Nomenclature

Cp specific heat capacity
ds displacement vector
E dimensionless elasticity modulus
Es dimensional Young’s modulus
Fm body force vector
g ¼ 0;�gð Þ acceleration of the gravity
GEG dimensionless global entropy generation
h coefficient of the heat transfer
k thermal conductivity
Kr thermal conductivity ratio
L width and height of cavity
Nu average Nusselt number
Pr Prandtl number
r & R radius of the heated rotating cylinder dimensionless

radius of the heated rotating cylinder
Ra Rayleigh number
Sgen entropy generation rate
SGEN dimensionless entropy generation rate
Sh dimensionless entropy generation due to the heat

transfer irreversibility
SW dimensionless entropy generation due to the nano-

fluid friction irreversibility
t dimensional time
tP dimensionless thickness of the flexible wall
t�p dimensional thickness of the flexible wall
T temperature
u velocity vector

u; v dimensionless components of u in the X-direction and
Y-direction

x; y & X;Y space coordinates&dimensionless space coordinates
w moving coordinate velocity

Greek symbols
a thermal diffusivity
b thermal expansion coefficient
e strain
h dimensionless temperature
k Lame’s first constant
l dynamic viscosity
m kinematic viscosity
q density
s dimensionless time
w & W stream function & dimensionless stream function
x & X angular rotational velocity, dimensionless angular

rotational velocity

Subscript
c cold
f fluid
h hot
s solid

Superscripts
� dimensional parameters
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filled with nanofluid. Both horizontal walls of the cavity were
moving with a steady velocity. Kareem and Gao [9] reported on
three-dimensional flow in a lid-driven cavity. Alsabery et al. [10]
reported the problem of unsteady mixed convection in a double
lid-driven wavy cavity having a nonhomogeneous nanofluid model
and solid circular cylinder.

In all of the above mentioned investigations, the wall was
assumed smooth and symmetric. Thus, a non-zero velocity bound-
ary condition can be used to describe the wall’s motion. This makes
a moving grid unnecessary. Since the shape of the wall is not influ-
enced by the interaction between the wall and the fluid, the prob-
lem is called one-way problem. However, there are many
situations in which the fluid and the geometric structure have a
mutual effect on each other, such as in the shape of the structure
and the fluid flow characteristics. This area of study is known as
Fluid-Structure Interaction (FSI) which takes into account the con-
tinuous deformation due to the changes in the shape of the move-
able or deformable surface. In these situations, a moving grid is
used to track the changes in the fluid space. In this case, the grid
points are relocated to match the moving or deforming surfaces
using the Lagrangian transport method. In recent years, FSI
approach has been the interest of many studies due to its wide
applications in mechanical, aerospace and biomedical engineering
problems [11]. Such applications are flow through elastic pipes,
flow through diaphragm pump, moving pistons of fluids in elastic
containers, diaphragm sensors and flow through blood vessels
[12,13]. Shi and Khodadadi [14,15] studied the effect of an oscillat-
ing thin fin on the flow and heat transfer in a lid-driven square
enclosure. Gomes and Lienhart [16] investigated the problem of
FSI in laminar and turbulent flows induced by the oscillation of
flexible structures. A new type of flexible heat sink was patented
by Ku [17]. Whereas the magnetohydrodynamic (MHD) effect
and two-phase nanofluid model on convective heat transfer in a
discretely heated square cavity with conductive inner block was
reported by Alsabery et al. [18].

Soti et al. [19] showed an enhancement in heat transfer by a
large-scale flow-induced deformation of a thin flexible structure.
Ghalambaz et al. [20] investigated the influence of an oscillating
highly thermally conductive flexible fin on the heat transfer in an
enclosure. They showed in particular that a horizontal fin did not
produce a significant heat transfer enhancement. Dey et al. [21]
made an experimental observation on the study of the viscoelastic
fluid-structure interactions. They found that the flexible structure
of the viscoelastic fluids became unstable in the absence of fluid
inertia. Selimefendigil and Öztop [22] and Selimefendigil et al.
[23] gave further confirmation that the interaction between a fluid
and a flexible surface influenced both the flow patterns as well as
the shape of the surface. Raisi and Arvin [24] investigated the effect
of a flexible horizontal baffle in an enclosure. In this investigation,
the flexible part was embedded in the domain. Due to the interac-
tionwith the fluid, the baffle in the enclosurewas subjected to small
deformations. The obtained results showed that the baffle’s flexibil-
ity and its size greatly influenced the convection heat transfer in the
enclosure. Raisi and Arvin [24] considered the effects of a thin baffle
and a top elastic wall on transient natural convection of air in a cav-
ity. The thermal performance of the cavity depended on the baffle’s
length and flexibility, and the Rayleigh number. Ismael and Jasim
[25] studiedmixed convection in a cavity having an inlet and an out-
let, with a flexible fin attached to the bottom wall. They found that
the flexible fin case yieldedmore enhancements in the heat transfer
rate than that of the rigid fin. On the other hand, for the purpose of
energy saving, it is important to employ the maximum available
energy from thermal systems. Entropy generation regarding to the
thermodynamic constraints is used to evaluate such a performance
[26]. Several reasons beyond entropy generation in applied thermal
engineering that clearly described in [27–30].



Fig. 1. Physical model of convection in a cavity with a flexible right wall and
coordinate system.
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Convective heat transfer of rotating systems are important in
many situations such as mixing devices, turbo machinery, and dril-
ling of oil wells [31]. Fu et al. [32] presented a numerical study on
the effect of a rotating circular cylinder on the enhancement of the
convective heat transfer inside a 2D cavity. Ghaddar [33] consid-
ered a rotating cylindrical heat source embedded within the center
of a rectangular cavity. They found that the location of the cylinder
could affect the heat transfer. An experiment of mixed convection
in a rectangular cavity with a rotating plate inserted in the middle
was done by Kimura et al. [34]. The situation of mixed convection
in a lid-driven square enclosure having an inner circular body was
investigated by Oztop et al. [35] who found that the inner circular
body can control heat and fluid flow. A two-dimensional numerical
study on forced convection heat transfer across a uniformly heated
rotating circular cylinder have been investigated by Paramane and
Sharma [36]. It was concluded that rotation of the circular cylinder
can be used as a heat transfer suppression technique. Costa and
Raimundo [37] concluded that the presence of a rotating cylinder
in an enclosure had a significant effect on the thermal performance
of the enclosure. In addition, the thermophysical properties of the
rotating cylinder could control the heat transfer process. Further-
more, Hussain and Hussein [38] reported that the position of the
rotating cylinder inserted in a cavity can control the heat transfer
inside the considered cavity. The purpose of the cylinder rotation
was identified to reduce the heat transfer rate as explained numer-
ically by Liao and Lin [39]. Chatterjee et al. [40] performed simula-
tion of mixed convection in a lid-driven cavity containing a
thermally insulated rotating circular cylinder within the center
and filled with a nanofluid. The authors showed that the cylinders
rotational speed is the main factor affecting the heat transfer.
Recently, Khanafer and Aithal [41] showed that the angular veloc-
ity of the inner rotating cylinder in a lid-driven cavity increased the
average Nusselt number. Alsabery et al. [31] investigated the
entropy generation in a porous cavity with a heated bottom wavy
wall and having an inclusive rotating solid cylinder.

To the authors’ best knowledge, entropy generation and mixed
convection in a cavity having a flexible wall and rotating inner cir-
cular cylinder has never been reported before. Thus, the aim of the
current work is to study the FSI on entropy generation and mixed
convection in a cavity having a flexible right wall and heated inner
rotating circular cylinder.

2. Mathematical formulation

The 2D transient laminar flow of mixed convection for viscous
incompressible Newtonian fluid contained in a square cavity with
side L is described in Fig. 1. A heated rotating circular cylinder with
radius r and temperature Th is inserted in the center of the cavity.
The left wall is rigid and the right wall is assumed flexible. Both the
vertical walls are maintained at a fixed cold temperature Tc. The
horizontal walls are insulated. The fluid’s thermophysical proper-
ties are constant, except for the density which obeys the Boussi-
nesq approximation.

Using the Arbitrary Lagrangian-Eulerian (ALE) formulation, the
dimensional governing equations can be written as [42]:

r� � u� ¼ 0; ð1Þ
@u�

@t
þ u� �w�ð Þ � r�u� ¼ � 1

qf
r�P� þ mfr�2u� þ bg T � Tcð Þ; ð2Þ

@T
@t

þ u� �w�ð Þ � r�T ¼ afr�2T: ð3Þ

Here u� denotes the fluid velocity vector, w� ¼ u�
s ;v�

s

� �
is the mov-

ing coordinate system velocity vector, P� is the fluid pressure, T is
the fluid/solid temperature, qf is the fluid density, mf is the kine-
matic viscosity, af is the fluid’s thermal diffusivity, as is the solid’s
thermal diffusivity, g is the gravitational acceleration, and b is the
volumetric thermal expansion coefficient.

The flexible wall’s structural displacement is described by [13]:

qs
d2d�

s

dt2
�r�r� ¼ F�

m; ð4Þ

where d�
s denotes the solid displacement vector, r� represents the

stress tensor and F�
m is the applied body force. The flexible wall is

assumed hyper-elastic. The stress tensor in Eq. (4) is defined using
the Neo-Hookean solid model:

r� ¼ J�1FSFT : ð5Þ
Here

F ¼ I þr�d�
s

� �
; J ¼ det Fð Þ and S ¼ @Ws

@e
; ð6Þ

where T denotes matrix transpose. The strain energy density func-
tion Ws and the strain e are respectively given by:

Ws ¼ 1
2
ll J � Il � 3ð Þ � ll ln Jð Þ þ 1

2
k ln Jð Þð Þ2; ð7Þ

e ¼ 1
2

r�d�
s þr�d�T

s þr�d�T
s r�d�

s

� �
; ð8Þ

where ll ¼ Es= 2 1þ mð Þð Þ is the Lame second constant and
k ¼ Em= 1þ mð Þ 1� 2mð Þ½ � is the Lame first constant, E the Young mod-
ulus, m Poisson’s ratio, and Il the initial invariant of the right Cauchy-
Green deformation tensor. At the flexible wall, we have the continu-
ity of kinematic forces and dynamic motions:

@d�
s

@t
¼ u�; r� � n ¼ �P� þ lfr�u�: ð9Þ

Assuming there is no energy generation and storage at the flexible
wall, the energy equation for the flexible wall can be written as:

@T
@n

and T ¼ Tc; ð10Þ

where n denotes the unit vector perpendicular to the right flexible
wall.
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Upon introducing the dimensionless variables:

X ¼ x
L ; Y ¼ y

L ; u ¼ u�L
af

; w ¼ w�L
af

; r ¼ r�
L ; r2 ¼ r�2

L2
;

h ¼ T�Tc
Th�Tc

; ds ¼ d�
s
L ; r ¼ r�

E� ; tp ¼ t�p
L2
; s ¼ taf

L2
; P ¼ L2

qf a2f
P�;

F�
m ¼

qf�qsð ÞLg
Em

; E ¼ EmL2

qf a2f
; Ra ¼ gqf b Th�Tcð ÞL3

lf af
; qr ¼ qf

qs
:

ð11Þ

We obtain the dimensionless governing equations:

1
qr

d2ds

ds2
� Err ¼ EFm; ð12Þ

r � u ¼ 0; ð13Þ
@u
@s

þ u�wð Þ � ru ¼ �rP þ Prr2uþ PrRah; ð14Þ
@h
@s

þ u�wð Þ � rh ¼ r2h; ð15Þ

where Pr ¼ mf =af is the Prandtl number, qr ¼ qf =qs the thermal dif-
fusivity ratio and ar ¼ af =as the density ratio parameters. In the cur-
rent work, the influence of the buoyancy force on the flexible right
wall is neglected (i.e. Fm ¼ 0).

The dimensionless boundary conditions of Eqs. (12)–(15) are:

On the heated surface of the rotating solid cylinder :
u ¼ �X Y � Y0ð Þ; v ¼ X X � X0ð Þ; h ¼ 1: ð16Þ
On the left cold wall of the cavity :

u ¼ v ¼ 0; h ¼ 0; X ¼ 0; Y ¼ 1: ð17Þ
On the right flexible cold wall of the cavity :

u ¼ v ¼ 0; h ¼ 0; 0 6 X 6 1; 0 6 Y 6 1; ð18Þ
@h
@n

and h ¼ 0: ð19Þ

On the horizontal insulated walls :
@h
@X

¼ @h
@Y

¼ 0: ð20Þ

The boundary conditions on the flexible right wall are:

@ds

@s
¼ u and Er � n ¼ �P þ Prru: ð21Þ

On the taken domain, the absolute velocity was described as [37]:

jVj ¼ jXjR: ð22Þ
The revised form of Richardson number which is clearly related to
the relative importance of the natural convection and forced con-
vection is written as the following Costa and Raimundo [37]:

Ri ¼ Ra � Pr
4X2 � R4 ð23Þ

for X– 0 and the dimensionless cylinder radius R– 0.
The convective heat transfer at a wall and conduction heat

transfer at circular surface are given respectively as

q00 ¼ h Th � Tcð Þ; q00 ¼ �k
@T
@n

����
n¼H

;

where h explains coefficient of the heat transfer, k describes the
fluid thermal conductivity and H is dimensionless length of the
cylinder surface. From the energy balance at a surface, we have

hy Th � Tcð Þ ¼ �k
Th � Tc

L
@h
@n

����
n¼H

: ð24Þ

The local Nusselt number along the surface of the rotating solid
cylinder is written as:

Nu ¼ �k
hyL
k

¼ � @h
@n

����
n¼H

: ð25Þ
The average Nusselt number Nu is obtained by integrating the local
Nusselt number

Nu ¼ 1
2p

Z 2p

0
NudH: ð26Þ

The average temperature within the whole cavity is computed by
the following relation:

h ¼
R
hlocaldAR
dA

: ð27Þ

The relation of the entropy generation is given by:

S ¼ kf
T2
0

@T
@x

� �2

þ @T
@y

� �2
" #

þ lf

T0
2

@u
@x

� �2

þ 2
@v
@y

� �2

þ @u
@x

þ @v
@x

� �2
" #

: ð28Þ

The local entropy generation in the dimensionless form is presented
as the following:

SGEN ¼ @h
@X

� �2

þ @h
@Y

� �2
" #

þ Nl 4
@2W
@X@Y

 !2

þ @2W

@Y2 � @2W

@X2

 !2
2
4

3
5; ð29Þ

where Nl ¼ lf T0
kf

af
L DTð Þ

� �2
evaluates the irreversibility distribution

ratio and SGEN ¼ Sgen
T20L

2

kf DTð Þ2.

Let us denote the first term of Eq. (29) as Sh, the entropy gener-
ation due to the heat transfer irreversibility (HTI) and the second
term as SW, fluid friction irreversibility (NFI). Hence

SGEN ¼ Sh þ SW: ð30Þ
The global entropy generation (GEG) is achieved by integrating
Eq. (30) along the considered domain

GEG ¼
Z

SGENdXdY ¼
Z

ShdXdY þ
Z

SWdXdY : ð31Þ

The Bejan number (Be) is defined as the following:

Be ¼
R
ShdXdYR
SGENdXdY

; ð32Þ

gives the relative strength of the heat transfer irreversibility (HTI)
and fluid friction irreversibility (FFI). If Be > 0:5, then HTI is domi-
nant, while FFI is dominant when Be < 0:5.

3. Numerical method and validation

The dimensionless governing equations in the arbitrary
Lagrangian-Eulerian (ALE) formulation Eqs. (12)–(15) together
with dimensionless conditions Eqs. (16)–(21) are solved using
the Galerkin Method of Weighted Residuals (Finite Element
Method). The governing equation are written in the weak form.
Fig. 2 depicts the triangular elements of the discretized computa-
tional domain. Then, the discretized equations are written in the
form of linear algebraic equations. The damped fully coupled New-
ton method with the damping factor of 0.9 is utilized [43] to couple
the equations of heat, flow, solid structure. A parallel sparse direct
solver [44] is employed to solve the algebraic equations. The
details of such a procedure are distinctly explained by Reddy
[45]. The grid motion is controlled by the Laplace equation to inter-
pret the moving of the structure boundaries. The time steps of the
solver are controlled automatically by the implicit free step



Fig. 2. Grid-points distribution for a grid size 7377 elements (G5).
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Backward Differentiation Formula (BDF) with variable order of 1
and 2. The automatic time step ensures the convergence and accu-
racy of the solution. The convergence criterium used is:
Ciþ1 � Ci

Ciþ1

�����
����� 6 g;
where i denotes the iteration number and the convergence criterion
g is set at g ¼ 10�6.
Table 1
Grid testing for Nu; h;Be and GEG at different grid sizes for t ¼ 1:5;Ra ¼ 106 ;X ¼ 0:5
and E ¼ 1013.

Grid size Number of elements Nu h Be GEG

G1 3947 13.614 0.4289 0.011472 5372.6
G2 4463 13.754 0.4179 0.011521 5432
G3 5525 13.85 0.4149 0.011646 5482.6
G4 6287 13.995 0.41191 0.011747 5499.6
G5 7377 14.065 0.41197 0.011749 5555
G6 18409 14.064 0.41196 0.011748 5555.5

Fig. 3. Comparison between the average Nusselt number of the current numerical work
work based on Churchill’s relation by Churchill [47] with Rayleigh number for a rectang
We have utilized grids with different sizes to ensure that the
present numerical solution is independent on the grid size for
the numerical domain, we have used different grid sizes to calcu-
late the average Nusselt number (Nu), dimensionless temperature
(h), Bejan number (Be) and global entropy generation (GEG) for the
steady case (t ¼ 1:5), Ra ¼ 106;X ¼ 0:5 and E ¼ 1013. Based on the
results examined in Table 1, insignificant differences surrounding
the G5 grids and above were observed. Therefore, the G5 non-
uniform grid is used to perform all the computations in this paper
to solve similar problems as in this subsection.

As a validation, we present in Fig. 3 a comparison between the
results of our code with the experimental results described by
Nishimura et al. [46] and the numerical findings of Churchill [47]
for the problem of natural convection heat transfer inside a square
cavity with heated side walls for Pr ¼ 6:0. In addition, Fig. 4 shows
a comparison with the work of Liao and Lin [48] for the problem of
natural convection heat transfer in a square cavity having an
embedded heated circular cylinder at Ra ¼ 2� 106;R ¼ 0:2 and
Pr ¼ 7. In Fig. 5 we compare the average Nusselt number against
that of Mehryan et al. [13] for the case of FSI in natural convection
heat transfer within a square cavity at Ra ¼ 107; E ¼ 1014;R ¼ 0 and
Pr ¼ 6:2. All the comparisons done show very good agreement.
and the experimental data demonstrated by Nishimura et al. [46] and the numerical
ular cavity when AR ¼ 4 and Pr ¼ 6.



Fig. 4. Streamlines (a), Liao and Lin [48] (left), present study (right), isotherms (b), Liao and Lin [48] (left), present study (right) for Ra ¼ 2� 106;R ¼ 0:2 and Pr ¼ 7.
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4. Results and discussion

This section presents the numerical outputs for streamlines, iso-
therms, and isentropic lines (the local dimensionless entropy gen-

eration), along with varied dimensionless times 10�8 6 s 6 3:5
�

),

Rayleigh number 104 6 Ra 6 107
�

), angular rotational velocity

(�1 6 X 6 1), dimensionless elasticity modulus (1012 6 E 6 1015),
while the values of the thermal conductivity related to the heated
circular cylinder, cylinder radius, length of cylinder surface and
Prandtl number are fixed at ks ¼ 0:76W/m�K, R ¼ 0:2;H ¼ 360
and Pr ¼ 4:623, respectively.
4.1. Role of Rayleigh number

Fig. 6 describes the distribution of streamlines, isotherms and
isentropic patterns for various Rayleigh numbers at (X ¼ 0:5 and
E ¼ 1013). Four recirculating zone centers are established adjacent
to the rotating cylinder at Ra ¼ 104 and as Rayleigh number aug-
ments, the lower vortex centers disappear and streamlines
becomes distorted. Deformation of the right vertical wall is in
the negative x direction due to the flexibility of the wall and cylin-
der rotation. Temperature gradients along the cylinder surface and
cold vertical walls become steeper for higher Rayleigh numbers
due to the increased effect of natural convection. Local entropy dis-
tributions (isotropic) are shown in the last column of Fig. 6 for dif-
ferent values of Rayleigh numbers. At the low Rayleigh number,
forced convective effects because the cylinder rotation is effective.
Local entropy distributions are higher in the locations for higher
temperature gradients along the cylinder surface and vertical
walls. For higher values of Rayleigh number, natural convective
heat transfer augments and values of local entropy generation
becomes higher. Despite the flexibility of the right vertical wall,
isentropic distribution near this wall is similar as compared to left
vertical rigid wall. Also, for high Rayleigh number (Ra ¼ 107), local
entropy distribution for the right half of the rotating inner cylinder
is different as compared to the left part due to the flexibility of the
right vertical wall. Since the deformation is in the negative X direc-
tion, the distance between the surface of the hot cylinder and the
flexible wall becomes reduces and changes the local entropy distri-
bution rates.

Distribution of the steady local Nusselt number for the hot
cylinder surface and for the flexible wall in steady configuration
are illustrated in Fig. 7 for various Rayleigh numbers
(X ¼ 0:5; E ¼ 1014). Local enhancement of Nusselt number with
Rayleigh number is obtained both for cylinder surface and flexible
wall surface. Considering high values of Rayleigh number, sec-
ondary peak in the local Nusselt numbers (for right half surface
of the hot cylinder and for flexible wall) disappears due to the dis-
appearance of the lower vortex in the right part of the cavity.

Fig. 8 explains the influence of Rayleigh number on the evolu-
tion of the time with the average Nusselt number, non-
dimensional temperature and Bejan number (X ¼ 0:5; E ¼ 1014).
After the initial transients die out, the average Nusselt number
reaches a constant value and it is higher for higher Rayleigh num-
bers. Bejan number which represents the ratio of entropy genera-
tion rates due to heat transfer and fluid friction shows oscillatory



Fig. 5. Streamlines (a), Mehryan et al. [13] (left), present study (right), isotherms (b), Mehryan et al. [13] (left), present study (right) for Ra ¼ 107; E ¼ 1014;R ¼ 0 and Pr ¼ 6:2.
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behavior in the initial periods and then reaches higher values for
Ra ¼ 104 and Ra ¼ 105. A higher value of Rayleigh number results
in lower values of Bejan number. For lower values of Rayleigh
number, forced convection effects due to inner cylinder rotation
is effective and natural convection effects becomes effective for
higher values of Rayleigh number. The values of Bejan numbers
are below 0.5 which indicates that the entropy generation of the
fluid friction irreversibility is dominant over the heat transfer
irreversibility.
4.2. Role of angular rotation speed of the inner cylinder

Fig. 9 demonstrates the influence of angular rotation speed
related to the hot cylinder on the distribution of streamlines, iso-
therms and isentropic for fixed values of Ra ¼ 106 and E ¼ 1013.
Negative value of X indicates the clockwise rotation of the inner
cylinder. For stationary cylinder configuration (X ¼ 0), flow pat-
terns, thermal patterns and local entropy distributions show a
symmetric behavior affected by the vertical axis that passing
through the circular cylinder center. Two recirculation zones are
established in the left and right parts of the hot cylinder for
X ¼ 0. A clockwise (counter-clockwise) rotation of the hot cylinder
due to the movement of the right flexible wall in the positive (neg-
ative) X direction. The path for the hot rising fluid on the circular
cylinder surface to the cold cavity wall increases with negative val-
ues of X for the right part of the cavity and the center vortex in this
section moves toward the flexible wall. For the counter-clockwise
rotation of the hot cylinder, the flexible wall moves in the negative
X direction and the main vortex in the right part of the cavity
breaks into two cells. Both for positive and negative value of X
symmetric flow behavior around the vertical mid axis is not any-
more preserved. Isotherm distributions around the circular cylin-
der and local entropy distributions within the cavity are similar
for stationary and clockwise rotation configurations. Considering
the counter-clockwise rotation of the hot cylinder at X ¼ 1, over
the flexible wall and for the right part of the circular cylinder, iso-
therm distributions become different due to the reduced the gap
between the right flexible wall and the surface of the hot cylinder
surface and hence the local entropy distributions in those locations
vary.

The influence of the hot cylinder angular rotation speed on the
local variations of Nusselt number along the hot cylinder surface
and flexible wall is demonstrated in Fig. 10 when the steady con-
figuration is considered. Along the hot cylinder surface, local Nus-
selt number distribution does not change for the clockwise
rotation of the hot cylinder (negative value of X). When the rota-
tion of the hot cylinder in counter-clockwise direction X ¼ 1, an
additional peak in the local Nusselt number is established for the
hot cylinder surface and for the flexible wall due to the occurrence
of the vortex in the lower part of the right flexible wall of the
cavity.



Fig. 6. Variation of the streamlines (left), isotherms (middle), and isentropic (right) evolution by Rayleigh number (Ra) for X ¼ 0:5 and E ¼ 1013.
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The natural convection flow is upward next to the cylinder and
down-ward next to the cold walls. When the cylinder rotates in a
clockwise direction, it pushes the flow toward the flexible wall
with a high momentum reaches the flexible wall. The interaction
between the fluid and the flexible wall produces a force toward
the right. So, the flexible wall bends outward. The higher the rota-
tion speed, the larger the flexible wall bending. In the case of clock-
wise rotation, the bending of the wall in outward direction
increases the distance between the hot cylinder and the cold wall.
Hence, the flow can easily move around the cylinder. However, due



Fig. 7. Variations of the steady local Nusselt number interface with (a) solid cylinder and (b) right flexible wall; for different Ra at X ¼ 0:5 and E ¼ 1014.

Fig. 8. Variations of the unsteady (a) average Nusselt number, (b) dimensionless temperature and (c) Bejan number with s for different Ra at X ¼ 0:5 and E ¼ 1014.
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to the increase of distance between the wall and cylinder, the
velocity and temperature gradient drop. Thus, as seen in the local
Nusselt graphs, the rotation of cylinder in the clockwise direction
induces a minimal effect on the heat transfer.

In contrast, when the cylinder rotates in the counter-clockwise
direction, it pulls the fluid from the flexible wall and pushes the
fluid toward the rigid wall. Pulling the fluid from the right side
of the cavity reduces the pressure. Due to the reduction of the pres-
sure in the right side of the cavity, the flexible wall bends in an
inward direction. Due to the bending of the wall in the inward
direction, the distance between the wall and the cylinder as well
as the flow passage between the cylinder and the wall reduces.
As a result, the rotation flow which easily passes from the left side
of the cavity will be passed from a narrow region in the right side
of the cavity. In this case, the fluid velocity and the temperature
gradients increase significantly. Hence, as seen a distinguished
behavior on the local Nusselt number can be observed for the case
of counter-clockwise flow.

The angular rotation speed of the hot cylinder shows a negligi-
ble influence on the time evolution of the average Nusselt number



Fig. 9. Variations of the streamlines (left), isotherms (middle), and isentropic (right) evolution by rotational speed (X) for Ra ¼ 106 and E ¼ 1013.
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for the surface of the inner cylinder (Fig. 11). Even though a local
peak was observed in the distribution of the local Nusselt number
for the steady configuration, the average value remains constant
for the hot cylinder. Bejan number which achieves very low values
shows some discrepancies for different X values.

Fig. 12 shows the rate of the heat transfer and the dimension-
less temperature with Rayleigh number for various angular rota-
tional speed of the hot cylinder. The rotation of the hot cylinder
in the clockwise rotation brings weak enhancement (even reduc-
tion of the average heat transfer for high Rayleigh numbers is seen)
as compared to a motionless cylinder case. The counter-clockwise
rotation of the inner hot cylinder results in the enhancement of the
heat transfer for the case of lower and higher Rayleigh numbers
which could be attributed to the flexible wall deformation in the



Fig. 10. Variations of the steady local Nusselt number interface with (a) solid cylinder and (b) right flexible wall; for different X at Ra ¼ 107 and E ¼ 1014.

Fig. 11. Variations of the unsteady (a) average Nusselt number, (b) dimensionless temperature and (c) Bejan number with s for different X at Ra ¼ 106 and E ¼ 1014.
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negative X direction and vortex break up in the right part of the
considered cavity for these flow conditions.

Variations of Bejan number and global entropy generation ver-
sus Rayleigh number for different values of X are illustrated in
Fig. 13 at E ¼ 1014. For the higher Rayleigh numbers, irrespective
of angular rotation speed of the hot cylinder Bejan number reaches
a lower value below than 0.1 which indicates the dominance of
fluid friction irreversibility over heat transfer irreversibility which
is due to the weak contribution of the rotating cylinder on the total
heat transfer rate since the forced convection effect is reduced. At
lower values of Rayleigh number, Bejan number is higher for the
clockwise rotation of the cylinder (X ¼ 1) which denotes that the



Fig. 12. Variations of the steady (a) average Nusselt number and (b) dimensionless temperature with Ra for different X at E ¼ 1014.

Fig. 13. Variations of the steady (a) Bejan number and (b) global entropy generation (GEG) with Ra for different X at E ¼ 1014.
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irreversibility of the heat transfer is higher as compared to other
configurations (for the stationary cylinder or the cylinder that
rotates in clockwise direction). This is attributed to the deforma-
tion of the flexible wall and formation of the neck with X ¼ 1 for
counter-clockwise rotation of the inner hot cylinder. The global
entropy generation becomes higher with Rayleigh number and
achieves the highest value at Ra ¼ 107 and X ¼ 1.
4.3. Effects of elastic modulus of the flexible right wall

Variations of flow patterns, thermal patterns and local entropy
distributions for various elastic modulus of the flexible right wall
are described in Fig. 14 for the counter-clockwise rotation of the
hot cylinder (Ra ¼ 107;X ¼ 0:5). Relying on the non-dimensional
elastic modulus of the flexible right wall, different complex shaped
wall deformations are observed. For this rotation of the cylinder
and for lower elastic modulus values, the upper (lower) part of
the elastic wall moves in positive (negative) X direction and a neck
which is the locally reduced gap between the inner hot cylinder
surface and cold flexible wall is established. The flow patterns in
the right half of the cavity are influenced slightly by the variation
of wall deformation in different direction for the lower and upper
parts of such a region. Along the cold flexible wall, steepening of
the thermal gradients and their extensions toward the bottom wall
changes due to the wall deformation. Along the hot circular cylin-
der, isotherm distributions look similar for different elastic modu-
lus values since the neck is not small enough which depends on the
value and the direction of the rotational speed of the inner hot
cylinder. Local entropy distribution changes especially adjacent
to the flexible wall and hot cylinder surface for a variety elastic
modulus values.

The average Nusselt number, Bejan number and global entropy
generation versus non-dimensional angular rotation speed of the
hot cylinder for various elastic modulus of the right flexible wall
are demonstrated in Fig. 15 and Fig. 16 when the Rayleigh num-
ber is fixed to value of 106. The counter-clockwise rotation of the
inner hot cylinder leads to a strong enhancement on the rate of
the heat transfer, such a behaviour was achieved by applying
lower elastic modulus when the right wall is more flexible. Even
though the global entropy generation enhances with positive val-
ues of X and for lower elastic modulus, Bejan number reaches
very low values in the parametric range of interest. In this case,
the fluid friction irreversibility is dominant over heat transfer
irreversibility.

When the elastic modulus is low, the flexible wall would easily
deform due to the pressure gradients and interaction with the
fluid. In the case of E ¼ 1012, the wall is very flexible; hence, the
wall is under the significant influence of fluid interaction. The nat-
ural convection flow is in an upward direction next to the cylinder
and a downward direction next to the flexible wall. The counter-
clockwise rotation of the cylinder aids the natural convection fluid
around the cylinder to move upward and prevents the cold fluid
next to the flexible wall to fall. Hence, the upper part of the wall



Fig. 14. Variation of the streamlines (left), isotherms (middle), and isentropic (right) evolution by dimensionless elasticity modulus (E) for Ra ¼ 107 and X ¼ 0:5.
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bent in the outward direction. In the bottom of the cavity, there is a
low-pressure region which pulls the flexible wall inward. When
the elastic modulus increases, the flexibility of the wall decreases,
and it only reacts to the dominant forces, originated from the rota-
tion of the cylinder. Consequently, the dimensionless temperature
and average Nusselt number follow the behavior of the flexible
wall. When the elastic modulus of the flexible wall is low, the pat-
terns of the dimensionless temperature and average Nusselt num-
ber shift from asymmetric behavior toward a non-symmetric
behavior.



Fig. 15. Variations of the steady (a) average Nusselt number and (b) dimensionless temperature with X for different E at Ra ¼ 106.

Fig. 16. Variations of the steady (a) Bejan number and (b) global entropy generation (GEG) with X for different E at Ra ¼ 106.
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5. Conclusions

In the current investigation, numerical analysis of entropy gen-
eration and mixed convective heat transfer due to an inner hot
rotating cylinder inside a cavity with flexible right wall were per-
formed. We have concluded the following important results:

� Local and average Nusselt numbers augment with Rayleigh
number increment and secondary peak in the local Nusselt
number is established (for right half surface of the hot cylinder
and for flexible wall) for lower values of Rayleigh number due to
the formation of the lower vortex in the right behalf of the con-
sidered cavity.

� A higher value of Rayleigh number results in lower values of
Bejan number which are are below 0.5 which indicates the
entropy generation due to the domination of the fluid friction
irreversibility.

� Clockwise or counter-clockwise rotation of the hot inner cylin-
der results in various deformation paths of the flexible wall
which has different effects on the entropy generation and con-
vection heat transfer.

� For the counter-clockwise directional rotation of the hot cylin-
der, secondary peak in the local Nusselt number is obtained
for the hot cylinder surface and for the flexible wall due to
the formation of the vortex. However, local Nusselt number
does not change for clockwise rotation of the hot cylinder even
though the wall deformation is in positive X direction.

� Different complex shaped wall deformations are established
depending on the non-dimensional elastic modulus of the flex-
ible right wall.
� The highest values of average Nusselt number are obtained for
the counter-clockwise rotation of the hot cylinder and when
the flexible wall is moving with lower elastic modulus.

� The global entropy generation rate rises with counter-clockwise
rotation of the hot cylinder and for lower values of elastic mod-
ulus but the Bejan number achieves very low values in the para-
metric range of interest.

The results of the present study show that using a very flexible
wall can significantly affect the flow and heat transfer in the cavity.
The change in the flow behavior would change the shape of the
flexible wall which in return it would affect the flow and heat
transfer. Hence, using a flexible wall can be a new way for passive
control of flow and heat transfer in engineering application.
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