
Analysis of mixed convection and entropy generation of nanofluid
filled triangular enclosure with a flexible sidewall under the influence
of a rotating cylinder

Fatih Selimefendigil1 • Hakan F. Oztop2 • Ali J. Chamkha3,4

Received: 13 March 2018 / Accepted: 18 April 2018 / Published online: 30 April 2018
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Abstract
In this study, mixed convection and entropy generation in a nanofluid filled triangular cavity under the influence of rotating

cylinder and flexible sidewall were numerically analyzed with finite element method. The inclined sidewall was cooled

while the left vertical wall is partially heated. Heat transfer rate enhances as the values of Rayleigh number, angular

rotational velocity of the cylinder, elastic modulus of the flexible sidewall and solid nanoparticles volume fraction increase.

Nusselt number enhances more in the counter-clockwise direction of the cylinder as compared to clockwise directional

rotation and 13.55% of average heat transfer enhancement was achieved for X ¼ 3000 when compared to motionless

cylinder. Average Nusselt number increases by about 30.50% when the elastic modulus of the flexible wall is changed from

500 to 105. The changes in the velocity profiles are significant for the lower part of the triangular enclosure with respect to

changes in angular rotational velocity and elastic modulus as compared to upper part of the cavity. Adding nanoparticles

increases heat transfer especially for the lower part of the cavity and 49.63% of heat transfer enhancement was achieved for

the highest volume fraction when compared to base fluid. Normalized total entropy generation rates enhance for higher

values of elastic modulus of the flexible wall, angular rotational speed of the circular cylinder and nanoparticle volume

fractions.
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Introduction

The interaction of buoyancy and shear driven flow due to a

moving surface is important and has significant impacts on

the heat transfer in various heat transfer applications

ranging from cooling of electronic devices to nuclear

reactors. In the open literature, different geometrical shapes

and thermal boundary conditions may be encountered.

Triangular-shaped geometries are of interest for building

roof applications, solar power and some others [1–4].

Thermal characteristics in cavities can be controlled by

using obstacles of different shapes. In addition to the shape

of the obstacle, it could be stationary or rotating and the

rotation of the obstacle within the cavities brings about

additional momentum exchange with the main fluid which

could contribute to the heat transfer enhancement in natural

convection. In some industrial applications, rotating

cylinders are used in a fluid within an enclosure such as in

nuclear reactor fuel rods and drilling of oil wells. Panda
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and Chhabra [5] numerically examined the convective heat

transfer with power-law fluids. It was observed that heat

transfer from the cylinder can be reduced 60–70% when

compared to a stationary cylinder depending on the other

parameters such as power-law index, Reynolds number. In

the study by Costa and Raimundo [6], the effects of a

rotating cylinder on the thermal performance of an enclo-

sure was numerically analyzed and influence of various

cylinder parameters on the fluid flow and heat transfer

characteristics were investigated in detail. In the numerical

investigation by Paramane and Sharma [7], it was shown

that rotation of a cylinder can be used as heat transfer

suppression and drag reduction method in forced convec-

tion. Roslan et al. [8] performed numerical analysis of

convective heat transfer in a square cavity and showed that

maximum heat transfer can be obtained by using a high

conductive, slowly rotating cylinder with moderate size

placed in the center of the cavity.

The convection in cavities can be affected by using

corrugated or flexible walls [9–13]. Jamesahar et al. [14]

investigated the transient-free convection in a square cavity

divided by using an elastic conductive membrane. It was

observed that membrane deformation affects the heat

transfer. A flexible micro-cantilever in a fluidic cell was

examined in the study by Khanafer et al. [15] with Galerkin

method of weighted residuals. It was observed that inlet

velocity and flow direction have profound effects on the tip

deflection. Selimefendigil et al. [16] performed a numerical

study for the mixed convective heat transfer in a nanofuid

filled square cavity having flexible sidewalls and with

internal heat generation. They showed that the local and

average heat transfer reduce as the elastic modulus of the

flexible wall increases. In the numerical study performed

by Khanafer [17], mixed convection in an enclosure with a

flexible wall was investigated and profound enhancement

in the heat transfer with flexible wall was observed when

compared with flat wall configuration.

Recently, a new type of heat transfer fluid the so-called

nanofluid has been extensively used in various thermal

engineering applications [18, 19]. Nanofluids are composed

of a base fluid and added ultra-metallic or non-metallic fine

solid particles such as Cu, CuO, Al2O3, TiO2, SiO2 with

average particle size less than 100 nm. Size, shape and type

of the particles are effective for the thermal conductivity

enhancement of nanofluids. In the computational study of

nanofluids, theoretically or experimentally derived corre-

lations are used for the effective thermophysical properties

of nanofluids. When the particles are used for higher pro-

cess time, agglomeration kinetics should be taken into

account. In thermal engineering field, tremendous amount

of study can be found for nanofluids applications consid-

ering different geometries, thermal boundary conditions

and various multi-physics effects [20–38]. Chamkha and

Abu-Nada [39] studied the effects of different viscosity

models of nanofluids for the mixed convection in slid-

driven square enclosure with Al2O3 nanoparticles. They

observed higher heat transfer enhancements with nanoflu-

ids for moderate and large Richardson number. However,

they showed that Pak and Cho model results in heat

transfer deterioration for small Richardson number. A

numerical study with Dual Reciprocity Boundary Element

Method (DRBEM) for unsteady mixed convection of lid-

driven nanofluids filled cavity was performed by Gumgum

and Sezgin [40] for two different nanofluids and heat

transfer was found to enhance with the inclusion of

nanoparticles. Cimpean and Pop [41] investigated the

problem of mixed convection in an inclined porous channel

with various types of nanofluids analytically. They showed

that even small amount of the nanoparticle inclusion may

greatly rise the heat transfer. In another study [42] studied

the mixed convection in an inclined enclosure filled with

nanofluid. They observed that heat transfer could signifi-

cantly be enhanced by the addition of nanoparticles and

with inclination of the cavity for higher values of

Richardson numbers.

Thermal system performance could be evaluated by

using the second law analysis [43, 44]. In the literature, a

lot of research can be found related to second law analysis

with entropy generation for mixed convection with

nanofluids. During a process, the amount of irreversibly

can be quantified with entropy generation rates and system

performance can be enhanced with the entropy generation

minimization concept [44, 45]. The basics of the concept

can be found in [46]. Mahian et al. [47] performed a review

study for the recent developments in the entropy generation

analysis of thermal systems with nanofluids. Another

review study for the entropy generation in convective heat

transfer of energy systems can be found in [48]. Esmaeil-

pour and Abdollahzadeh [49] performed second law anal-

ysis of free convection in nanofluids filled wavy cavity. It

was shown that heat transfer rate and entropy generation

rate could be reduced with the inclusion of nanoparticles.

In another numerical study by Cho [50], heat transfer

increases but entropy generation rate decreases for the

convection in a nanofluids filled square cavity.

The main aim of the current analysis is to numerically

examine the mixed convective nanofluid flow and rate of

entropy generation within a triangular cavity with a flexible

sidewall under the effect of an inner rotating cylinder. This

type of thermal configuration may be found in practice

(some of the applications was already mentioned above) or

convection in the triangular cavity may be controlled by

the use of some or all of the mentioned methods (flexible

wall, rotating cylinder, inclusion of the nanoparticles). The

mixed convection of fluid–structure interaction model with

nanofluids under the influence of a rotating cylinder is
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numerically simulated. The results of this present investi-

gation could be utilized for the design and optimization of

various heat transfer engineering problems.

Modeling

The physical problem under consideration is schematically

shown in Fig. 1. The triangular cavity with side length H is

partially kept at constant temperature of Th with the heater

size of h, while the inclined wall is kept at temperature of

Tc with Tc\Th. An inner rotating cylinder of radius R was

placed for the center location at ðxc; ycÞ. The inclined wall

is flexible with elastic modulus of E, density of q and

Poisson’s ratio of m. The cavity is filled with CuO-water

nanofluid for various volume fractions of solid nanoparti-

cles (Table 1). The gravity acts in the negative y-direction.

Boussinesq approximation was utilized for the density

variation in the buoyancy term for the momentum equa-

tion. The Arbitrary Lagrangian–Eulerian (ALE) method

was utilized for the description of the fluid motion for the

flexible wall of the cavity.

Governing equations

The fluid is assumed to be Newtonian even with the highest

volume fraction of the solid nanoparticles. The flow is

laminar and two-dimensional thermal radiation and viscous

dissipation effects were neglected. The governing equa-

tions with effective thermophysical properties (basefluid þ
nanoparticles) can be written as [17]:

5 �u ¼ 0 ð1Þ

qnfðu� ugÞ � 5u ¼ 5 � rnf þ qnff
b
f ð2Þ

u5 T ¼ anf 52 T ð3Þ

where fbf ; rnf ; ug denote the body force per unit volume,

stress tensor and velocity of moving coordinate.

Solid domain equation for the fluid–structure interaction

model is defined as [17]:

qsas ¼ 5 � rs þ fs
b ð4Þ

where as; fs
b;rs denote the local acceleration, externally

applied body force and solid stress tensor, respectively.

Entropy generation rate for the fluid domain in dimen-

sional form can be written as:

S ¼ knf

T2
0

oT

ox

� �2

þ oT

oy

� �2
" #

þ lnf
T0

2
ou

ox

� �2

þ ov

oy

� �2
 !

þ ou

ox
þ ov

oy

� �2
" # ð5Þ

The first and second term in the square brackets represent

the entropy generation rate due to heat transfer and viscous

dissipation.

Non-dimensional parameters

Following non-dimensional quantities can be used to con-

vert the non-dimensional form of the equations :

X ¼ x

H
; Y ¼ y

H
; U ¼ uH

a
; V ¼ vH

a
; h¼ T �Tc

Th�Tc
;

P¼ pH2

qa2
; Gr¼ gbðTh�TcÞH3

m2
; Pr¼ m

a
; Re¼xRH

m
;

Ra¼GrPr; Ri¼ Gr

Re2
; X¼xH2

a
ð6Þ

Non-dimensional form of the equations in a fluid domain

with an elastic boundary for the natural convection appli-

cation can be found in Ref. [51] .

Nanofluid

flexible wall

adiabaticadiabatic

h

c

c

c

adiabatic

Fig. 1 Physical model and boundary conditions

Table 1 Thermophysical properties of water and CuO nanoparticles

Property Water CuO

q=kg m�3 997.1 6500

cp=J kg
�1 K�1 4179 540

k=Wm�1K�1 0.6 18

b=K�1 21� 10�5 0:85� 10�5

dp=nm 0.384 29
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Boundary conditions

Dimensional form of the boundary conditions for the tri-

angular domain is given as:

• For the bottom wall: u ¼ v ¼ 0; oT
oy

¼ 0

• For the heated part: u ¼ v ¼ 0; T ¼ Th
• For the unheated part of the left wall:

u ¼ v ¼ 0; oT
ox

¼ 0

• For the inclined right wall: u ¼ v ¼ 0; T ¼ Tc
• Along the cylinder surface:

u ¼ �xðy� y0Þ; v ¼ �xðx� x0Þ; oT
on

¼ 0

At the fluid–structure interface displacement compatibility

(df ¼ ds) and traction equilibrium (rf ¼ rs) should be

satisfied [17].

Nusselt number calculation

Local and average Nusselt number along the vertical hot

wall of the triangular enclosure is calculated as:

Nuy ¼�knf

kf

oh
oX

� �
X¼0;0:25�Y�0:75

; Num ¼ 1

0:5

Z 0:75

0:25

NuydY:

ð7Þ

where h and Y denote the non-dimensional temperature and

non-dimensional y-coordinate.

Nanofluid effective thermophysical properties

The effective thermal conductivity of Al2O3-water nano-

fluid is given in terms of particle size and temperature [52]:

knf

kf
¼ 1þ 64:7/0:764 df

dnp

� �0:369
knp

kf

� �0:7476

Pr0:9955T Re1:2321T

PrT ¼
lf
qfaf

; ReT ¼ qfkbT

3pl2f lf

ð8Þ

where kb is the Boltzmann constant. This model is also

valid for the CuO-water nanofluid [53]. Specific heat of the

nanofluid is defined as:

qCp

� �
nf
¼ 1� /ð Þ qCp

� �
f
þ/ qCp

� �
np ð9Þ

Brinkman model was utilized to model the dynamic vis-

cosity of the nanofluid [54]:

lnf ¼
lf

ð1� /Þ2:5 ð10Þ

This model does not consider the influence of temperature

and nanoparticle size effects but it is widely used as the

nanofluid viscosity model.

For the thermal expansion following expression can be

used [55]:

qbð Þnf¼ð1� /Þ qbð Þfþ/ qbð Þnp
� /ð1� /Þ qnp � qf

� �
bnp � bf
� � ð11Þ

Numerical solution method

Galerkin-weighted residual finite element was used to

solve the governing equations with appropriate boundary

conditions. Flow variables within the computational

domain are approximated by using the interpolation func-

tions as:

u ¼
XNu

k¼1

Wu;v
k Uk; v ¼

XNv

k¼1

Wu;v
k Vk

p ¼
XNp

k¼1

Wp
kPk; T ¼

XNu

k¼1

WT
kTk

ð12Þ

where Wu;v;Wp and WT represent the shape functions while

U, V, P and T denote the values of the variables at the

nodes of the element. Lagrange finite elements were used

for the approximations. Residuals are obtained when the

approximated flow variables are substituted into the equa-

tions. In the Galerkin-weighted residuals, the residuals

were forced to be zero in a weighted sense by using the

orthogonality of the residuals to the interpolation functions

of each element. Newton–Raphson method was utilized to

solve the nonlinear ordinary differential equations.

Grid independence and code validation

Numerical experiments were performed with various

number of triangular elements and mesh independence of

the solution was assured. Grid independence study test

results are shown in Table 2 for (Ra ¼ 105, X ¼ 0,

/ ¼ 0:05.)

Different existing numerical studies were used to vali-

date the present code. The numerical results of [56] for a

lid-driven triangular cavity was used to validate the code.

In the study by [56] finite volume method was used to

Table 2 Grid independence study (Ra ¼ 105, X ¼ 0, / ¼ 0:05)

Grid name Number of elements Num

G1 3552 6.034

G2 7262 6.123

G3 12878 6.696

G4 37593 6.799

G5 65635 6.818
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perform the numerical analysis of mixed convection in a

nanofluid filled triangular cavity. Comparison of the

streamlines and isotherms when the left vertical triangular

wall moves in þy direction is shown in Fig. 2 for

Richardson number of 1 and 100. Variation of the local

Nusselt number along the cold wall is shown in Fig. 3 for

two values of Richardson number with the present solver

and with the study of [56]. A further comparison for a

mixed convection in a lid-driven cavity is shown in

Table 3. The comparison is made against the existing

numerical results of [57] for the average Nusselt number in

a lid-driven cavity.

Results and discussion

This study investigates the effects of a rotating circular

cylinder and flexible sidewall in a nanofluid filled trian-

gular enclosure on the mixed convective heat transfer and

entropy generation. Effects of Rayleigh number (between

104 and 106), angular rotational velocity of the circular

cylinder (between �3000 and 3000), elastic modulus of the

flexible wall (between 500 and 105) and nanoparticle vol-

ume fraction (between 0 and 0.05 ) on the fluid flow, heat

transfer and entropy generation rate are numerically

analyzed.

Ri = 1 Ri = 100(a)

(b)

(c) (d)

(e) (f)

Fig. 2 Code verification study when the wall moves upward:

streamlines and isotherms computed in the study by [56] (a, b) and
computed with the present solver (c–f). a Ri ¼ 1 and Ri ¼ 100,

streamlines; b Ri ¼ 1 and Ri ¼ 100, isotherms ; c Ri ¼ 1, streamline;

d Ri ¼ 100, streamline; e Ri ¼ 1, isotherm; f Ri ¼ 100, isotherm

1.0

0.8

0.6

0.4

0.2

0.0
0 15 30 45 60 75 90

Y

NuY

Ri = 1
Ri = 100

Downward

0 0.05
0

0.05

(a)

(b)

Fig. 3 Comparison of the local Nusselt number distribution when the

wall moves in negative y-direction for two value of Richardson

numbers with the results of [56]. a Ri ¼ 1 and Ri ¼ 100, streamlines;

b Ri ¼ 1 and Ri ¼ 100, isotherms

Table 3 Comparison results of

averaged Nusselt number at the

top wall of the lid-driven cavity

Re ¼ 400 Ref. [57] Present

Gr ¼ 100 3.84 3.81

Gr ¼ 104 3.62 3.63

Gr ¼ 106 1.22 1.26
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Effects of Rayleigh number

Figure 4 demonstrates the influence of varying Rayleigh

number on the streamline and isotherm distributions

(X ¼ �1750;E ¼ 2500;/ ¼ 0:02). A negative value of X
denotes a clockwise rotation of the circular cylinder. At

Ra ¼ 104, the cavity is filled one main recirculating vortex

and two additional small vortices are also formed near the

right lower corner. At Ra ¼ 104, the value of the maximum

stream function increases and the corner vortices disappear.

For the highest value of Rayleigh number, the gap between

the cylinder surface and cold wall decreases due to the

movement of the flexible wall in the inner normal direction

of the wall. Three vortices are established in the cavity and

one is formed below the cylinder. Highest gradients in the

temperature are obtained in the lower part of the partial

heater. As the value of Ra increases, isotherms become

more clustered in the lower part of the hot wall and in the

interior of the cavity above the cylinder they become

horizontal which indicate the increased effect of buoyancy.

For very small portion of the upper part of the hot wall,

heat transfer becomes ineffective since temperature gradi-

ents become less with increasing values of Rayleigh

number. Local and average Nusselt number enhances with

Rayleigh number as shown in Fig. 5a, b. In the upper part

of the hot vertical wall, local heat transfer is higher from

y ¼ 0:4H until the end of the vertical wall, but in the

remaining large portion it is less compared to higher values

Rayleigh number. The rate of increment in the average

Nusselt number is much higher for higher values of Ray-

leigh number where natural convection effects become

important.

Effects of angular rotational velocity of the inner
cylinder

Angular rotational velocity of the circular cylinder effects

on the distribution of streamlines and isotherms is shown in

Fig. 6 (Ra ¼ 7:5� 104;E ¼ 2500;/ ¼ 0:02). A negative

value of X denotes a clockwise rotation of the cylinder and

X ¼ 0 corresponds to a motionless cylinder configuration.

For X ¼ 0 , a recirculation zone is formed above the

cylinder and a wake regions is established behind the

cylinder. For the clockwise rotation of the cylinder, one

Fig. 4 Streamline and isotherm distributions for different values of

Rayleigh numbers (X ¼ �1750;E ¼ 2500;/ ¼ 0:02). a Ra ¼ 104, b

Ra ¼ 105, c Ra ¼ 106, d Ra ¼ 104, e Ra ¼ 105, f Ra ¼ 106

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0

5

10

15

20

25

30

y/H

N
u y

Ra = 104, 105, 5 x 105, 106

104 105 106
3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

8.5

Ra

N
u m

(a)

(b)

Fig. 5 Effects of Rayleigh number on the local and average Nusselt

number along the hot wall (X ¼ �1750;E ¼ 2500;/ ¼ 0:02). a Local
Nusselt number, b average Nusselt number

Fig. 6 Cylinder rotational velocity effects on the streamline and

isotherm distributions within the triangular cavity

(Ra ¼ 7:5� 104;E ¼ 2500;/ ¼ 0:02). a X ¼ �3000, b X ¼ 0,

c X ¼ 3000, d X ¼ �3000, e X ¼ 0, f X ¼ 3000
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vortex is seen below the cylinder and another small one is

formed near the right bottom corner. For a counter-clock-

wise rotation of the circular cylinder, the natural convec-

tion is supported with the cylinder motion for the lower

part of the heater but a recirculation zone is also estab-

lished below the circular cylinder. Isotherms are also

affected by the cylinder rotations which is significant in the

lower part of the cavity which in turn affects the thermal

gradients in the lower part of the heater. Velocity and

temperature profiles along the x-axis for two different lines

at y ¼ 0:1H and y ¼ 0:6H are shown in Fig. 7 for different

values of angular rotational speed of the cylinders. There

are significant variations in the profiles in the lower part of

the cavity for y ¼ 0:1H. The x-, y-velocity component

enhances or deteriorates for clockwise or counter-clock-

wise rotation of the cylinder for different locations which

shows the cylinder rotation opposes or supports natural

convection in different regions. The variation in the y-ve-

locity component and temperature profiles for various

angular rotational velocities are negligible in the upper part

of the cavity along the line at y ¼ 0:6H. Local heat transfer

enhances with cylinder rotation especially for the counter-

clockwise rotation of the cylinder. Along the heater from

y ¼ 0:25H until the end of the upper part, there is negli-

gible changes in the local heat transfer with respect to a

change in the angular rotational speed. Average heat

(a) (b)

(c) (d)

(e) (f)

Fig. 7 Effects of cylinder rotational velocity on the u, v velocity and

temperature profiles along the x-axis for y ¼ 0:1H and y ¼ 0:6H

(Ra ¼ 7:5� 104;E ¼ 2500;/ ¼ 0:02 ). a x-velocity, y ¼ 0:1H; b x-

velocity, y ¼ 0:6H; c y-velocity, y ¼ 0:1H; d y-velocity, y ¼ 0:6H;

e temperature, y ¼ 0:1H; f temperature, y ¼ 0:6H
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transfer enhances by about 5.89 and 13.55% for angular

rotational speeds of X ¼ �3000 and X ¼ 3000 as com-

pared to a motionless cylinder (Fig. 8).

Effects of elastic modulus of the sidewall

Influence of elastic modulus of the flexible wall on the

streamline and isotherm distributions is shown in Fig. 9

(Ra ¼ 7:5� 104;X ¼ �1500;/ ¼ 0:02). For the highest

value of the elastic modulus of the sidewall (rigid wall), the

triangular cavity is occupied with one main recirculation

vortex. As the value of the elastic modulus reduces, multi-

cellar flow structure is seen within the cavity and the

number of vortices is 3. A small recirculating zone near the

right bottom corner and two recirculating zones below and

above the circular cylinder are established. The flexible

side of the cavity moves opposite to the wall normal

direction and the displacement of the side flexible wall is

higher in the middle near the cylinder upper right surface.

The gap between the cylinder surface and elastic wall

reduces which results in blockage of the fluid motion and

hence the vortices in the lower right part of the cavity are

established. Velocity profiles along the x-axis in the lower

and upper part of the cavity at y ¼ 0:1H and at y ¼ 0:8H

are shown in Fig. 10 for various elastic modulus of the

sidewall. The absolute value of the x-velocity and y-ve-

locity components enhance in the lower and upper parts of

the cavity for higher values of elastic modulus of the

flexible wall. In the upper part of the cavity, the trends in

the x- and y-velocity components are similar but in the

lower part due to the formation of additional vortices below

the cylinder and near the right bottom corner, the trends are

different for various elastic modulus of the sidewall. Local

and average Nusselt number enhances as the value of the

elastic modulus increases. Enhancement in the local heat

transfer for higher elastic modulus is effective in the lower

part of the heater. The rate of enhancement with elastic

modulus reduces for higher values of elastic modulus.

Average Nusselt number enhances by about 25.83% from

E ¼ 500 to E ¼ 5000 and 30.50% from E ¼ 500 to E ¼
105 (Fig. 11).

Nanoparticle effects

Nanoparticle addition to the base fluid affects the fluid flow

and heat transfer characteristic. Velocity profiles for the

upper and lower part of the cavity along the x-axis for two

lines located at y ¼ 0:1H and y ¼ 0:8H are shown in

Fig. 12 for various values of solid particle volume fractions

(Ra ¼ 105;X ¼ �1250;E ¼ 2500). In the lower part of the

cavity, absolute value of the u velocity component

enhances whereas y-velocity component reduces as the

solid particle volume fraction increases. In the upper part

of the cavity, where the heat transfer is less effective,

adding nanoparticles increases the fluid motion for the

large portion of the x-axis both for x- and y-velocity

components. Local enhancement in the heat transfer with

solid particle volume fractions is effective in the lower

portion of the heater as it is shown in Fig. 13a. The

enhancement in the average Nusselt number versus solid

particle volume fractions shows a linear trend. For the

nanofluid at the highest volume fraction 49.63% in the

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
2

4

6

8

10

12

14

16

18

20

22

y/H

N
u y

Ω = 0, –3000, 3000

–3000 –2000 –1000 0 1000 2000 3000
6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

7

7.1

7.2

Ω

N
u m

(a)

(b)

Fig. 8 Influence of cylinder rotational velocity on the local Nusselt

number distributions along the hot wall

(Ra ¼ 7:5� 104;E ¼ 2500;/ ¼ 0:02). a Local Nusselt number,

b average Nusselt number

Fig. 9 Flexible wall elastic modulus on the streamline and isotherm

distributions within the cavity

ðRa ¼ 7:5� 104;X ¼ �1500;/ ¼ 0:02Þ. a E ¼ 500, b E ¼ 1000,

c E ¼ 105 , d E ¼ 500, e E ¼ 1000, f E ¼ 105
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average heat transfer is achieved when compared to value

for the based fluid.

Entropy generation

Normalized entropy generation rates for various angular

rotational velocity of the circular cylinder are shown in

Fig. 14 (Ra ¼ 105;E ¼ 2500;/ ¼ 0:02). The entropy

generation for X ¼ 0 was used as the reference value. For

both clockwise and counter-clockwise rotation of the cir-

cular cylinder entropy generation enhances with higher

values of X. Positive values of X (clockwise rotation of the

cylinder) result in higher entropy generation rates as

compared to counter-clockwise rotation since cylinder

rotation supports natural convection for the lower part of

the cavity and results in increased convective fluid motion.

Normalized entropy generation enhances as the rigidity of

the sidewall increases (Fig. 15). 28% of enhancement is

obtained for the highest value of elastic modulus E ¼ 105

as compared to value at E ¼ 500. Figure 16 shows the

entropy generation rates versus nanoparticle volume frac-

tion. Normalized entropy generation rate enhances as the

solid volume fraction of nanoparticles increases which is

due to the increment of the effective thermal conductivity

and viscosity of the nanofluid. The amount of enhancement

(a) (b)

(c) (d)

Fig. 10 Effects of elastic modulus of the flexible wall on the u, v velocity profiles along the x-axis for y ¼ 0:1H and y ¼ 0:8H

(Ra ¼ 7:5� 104;X ¼ �1500;/ ¼ 0:02 ). a x-velocity, y ¼ 0:1H; b x-velocity, y ¼ 0:8H; c y-velocity, y ¼ 0:1H; d y-velocity, y ¼ 0:8H

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
2

4

6

8

10

12

14

16

18

20

22

y/H

N
u y

E = 5 x 102, 103,104, 105

103 104 1056

6.2

6.4

6.6

6.8

7

7.2

7.4

7.6

7.8

8

E

N
u m

(a)

(b)

Fig. 11 Local and average Nusselt number distributions along the hot

wall for various flexible wall modulus (Ra ¼ 7:5� 104;
X ¼ �1500;/ ¼ 0:02). a Local Nusselt number, b average Nusselt

number
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in the total entropy generation rate is 28% for the highest

volume fraction at / ¼ 0:05 as compared to the base fluid.

When the enhancement in the heat transfer rates is

compared with the values for the entropy generation rates,

using nanoparticles gives the best performance since

(a) (b)

(c) (d)

Fig. 12 Solid particle volume fraction effects on u, v velocity profiles along the x-axis for y ¼ 0:1H and y ¼ 0:8H

(Ra ¼ 105;X ¼ �1250;E ¼ 2500). a x-velocity, y ¼ 0:1H; b x-velocity, y ¼ 0:8H; c y-velocity, y ¼ 0:1H; d y-velocity, y ¼ 0:8H
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Fig. 13 Effects of solid nanoparticle volume fraction of the local and

average Nusselt number distributions along the hot wall

(Ra ¼ 105;X ¼ �1250;E ¼ 2500). a Local Nusselt number, wall

moves in negative x direction; b local Nusselt number, wall moves in

positive x direction
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5e2 1e3 5e3 1e4 5e4 1e5
0

0.2

0.4

0.6

0.8

1

1.2

1.4

E

S
* 

(S
E /S

E
 =

 5
00

 )

Fig. 15 Effect of elastic modulus on the normalized entropy
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average heat transfer enhances by about 49.63% for the

highest solid particle volume fraction.

Conclusions and outlook

Mixed convective heat transfer and entropy generation in a

triangular enclosure were investigated with CuO-water

nanofluid. The sidewall of the cavity was made flexible and

an inner rotating circular cylinder was added. Following

important conclusions can be drawn from the numerical

simulation results as:

• Average heat transfer increases with higher values of

Rayleigh number, angular rotational speed of the

cylinder, elastic modulus of the flexible sidewall and

solid nanoparticles volume fraction.

• Counter-clockwise rotation of the cylinder brings more

enhancement as compared to clockwise rotation.

13.55% of the average heat transfer enhancement was

obtained for X ¼ 3000 as compared to motionless

cylinder.

• As the elastic modulus of the flexible wall was

increased from 500 to 105, 30.50% of enhancement in

the average Nusselt number was obtained.

• Effects of the angular rotational velocity and elastic

modulus on the variation of the velocity profiles are

more profound in the lower as compared to the upper

part of the cavity.

• Adding nanoparticles results in heat transfer enhance-

ment especially for the lower part of the cavity and

49.63% of heat transfer enhancement was achieved for

the highest volume fraction when compared to base

fluid.

• Higher values of elastic modulus, angular rotational

speed and nanoparticle volume fractions resulted in

higher normalized total entropy generation rates.

The present study can be extended to include transient

effects, different nanoparticle types, different thermo-

physical correlations of nanofluid, various locations and

sizes of the heater and various thermal boundary condi-

tions. The flexibility of the other walls can also be con-

sidered as different heat transfer enhancements are

obtained in the literature depending on the location of the

flexible wall part. Even though enhancements in the aver-

age heat transfer with rotation of the inner cylinder were

obtained, an optimization study can also be performed to

find the optimal size and location of the cylinder for the

maximum heat transfer rate. These are some topics that are

worth of investigation.
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