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Abstract
In this study, fluid flow and heat transfer in a vertical lid-driven CuO–water nanofluid filled square cavity with a flexible fin

attached to its upper wall under the influence of an inclined magnetic field are numerically investigated. The left vertical

wall of the cavity is colder than right vertical wall, and it moves in ? y direction with constant speed. Horizontal walls of

the cavity are insulated. The governing equations are solved with finite element method. The arbitrary Lagrangian–Eulerian

method is used to describe the fluid motion within the cavity for the flexible fin in the fluid-structure interaction model. The

influence of Richardson number (between 0.01 and 100), Hartmann number (between 0 and 50), inclination angle of the

magnetic field (between 0 and 90%), nanoparticle volume fraction (between 0 and 0.05) and Young’s modulus of flexible

fin (between 250 and 5000) on the flow and heat transfer were numerically studied. It is observed that the presence of the

elastic fin affects the flow field and thermal characteristics of the cavity. The local and average heat transfer enhance as the

Richardson number, solid volume fraction of the nanoparticle increase whereas deteriorate as the value of the Hartmann

number and inclination angle of the magnetic field increases due to the dampening of the fluid motion with Lorentz forces.

The addition of the nanoparticles is more effective along the lower part of the right vertical wall where the heat transfer

process is effective. The average heat transfer increases by 28.96% for solid volume fraction of 0.05% compared to base

fluid when the flexible fin is attached to the upper wall. The average heat transfer deteriorates by 10.10% for cavity with

and without fin at Hartmann number of 50 compared to the case without magnetic field. The average heat transfer enhances

as the Young’s modulus of the flexible fin decreases and the average Nusselt number increases by 13.24% for Young’s

modulus of 250 compared to configuration for the cavity having the Young’s modulus of 5000.
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List of symbols
B0 Magnetic field strength

E Young’s modulus (Nm�2)

Gr Grashof number

h Local heat transfer coefficient (Wm�2 K�1)

Ha Hartmann number

k Thermal conductivity (Wm�1 K�1)

H Length of the enclosure (m)

n Unit normal vector

Nux Local Nusselt number

Num Average Nusselt number

p Pressure (Pa)

Pr Prandtl number

R Residual

Re Reynolds number

Ri Richardson number

T Temperature (K)

u, v x–y velocity components (m s�1)
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w Weight function

x, y Cartesian coordinates (m)

Greek symbols
a Thermal diffusivity (m2 s�1)

b Expansion coefficient (K�1)

/ Solid volume fraction

m Kinematic viscosity (m2 s �1)

h Non-dimensional temperature

q Density of the fluid (kg m�3)

k Electrical conductivity (Sm�1)

r Stress tensor (Nm�2)

Subscripts
c Cold

h Hot

m Average

nf Nanofluid

p Solid particle

w Wall

Introduction

The interaction between the shear driven flow and natural

convection effect is quite complicated and has impact on

the enhancement in the flow mixing and heat transfer in

many applications such as cooling of electronic devices,

solidification, float glass production, food processing,

microelectronic devices, nuclear reactors, coating and solar

power. Fluid flow and heat transfer characteristics within

the lid-driven cavity may be controlled by using active and

passive control methods. In one of these methods, magnetic

field was used to control heat transfer [1–6]. Magnetic field

effect of electrically conducting fluid (MHD) on the heat

transfer and fluid flow can be encountered in many engi-

neering applications such as purification of molten metals,

coolers of nuclear reactors, MEMs and many systems [7].

Convection heat transfer can be controlled by using an

external magnetic field as studied by many researchers

[1, 8–11]. Sheikholeslami and Ganji [12] numerically

studied the effects of an external magnetic field on fer-

rofluid flow and heat transfer in a semi-annulus enclosure

with sinusoidal hot wall by using control volume-based

finite element method. They showed that for low Rayleigh

number, as the Hartmann number increases and Magnetic

number decreases, heat transfer enhances, while opposite

trend was observed for high Rayleigh number.

Rahman et al. [13] studied the conjugate effect of joule

heating and magnetic force, acting normal to the left ver-

tical wall of an obstructed lid-driven cavity saturated with

an electrically conducting fluid numerically using finite

element method. They showed that the Joule heating

parameter and the Hartmann number have notable effect on

fluid flow and heat transfer. Al-Salem et al. [14] studied the

effects of moving lid direction on MHD mixed convection

in a cavity with linearly heated bottom wall using finite

volume method. They observed that direction of lid is more

effective on heat transfer and fluid flow in the cavity and

heat transfer is decreased with increasing of magnetic field

parameter. Oztop et al. [15] examined the mixed convec-

tion with a magnetic field in a top sided lid-driven cavity

heated by a corner heater. They showed that heat transfer

decreases with increasing the Hartmann number and

magnetic field plays an important role to control heat

transfer and fluid flow.

MHD with nanofluids gives a good possibility to control

the convection as it has been studied by many researchers

[16–27]. Nanofluids which are composed of a base fluid

such as water or ethylene glycol and added nano-sized

particles such as A2O3, CuO were shown to improve heat

transfer characteristics with little pressure drop as com-

pared to base fluids [28–36]. Mahmoudi et al. [17]

numerically simulated the MHD natural convection in a

triangular enclosure filled with nanofluid. The impact of the

Rayleigh number, Hartmann number and nanoparticle

volume fraction on the heat transfer and fluid flow is

numerically investigated. Ghasemi et al. [18] studied the

MHD natural convection in an enclosure filled with water–

A2O3 nanofluid. Their results showed that an enhancement

or deterioration of the heat transfer may be obtained with

an increase in the nanoparticle volume fraction depending

on the value of Hartmann and Rayleigh numbers.

Hatami et al. [22] analytically investigated the MHD)

Jeffery–Hamel nanofluid flow in non-parallel walls by

using different base fluids and nanoparticles. They

observed that the skin friction coefficient is an increasing

function of nanoparticle volume fraction but a decreasing

function of Hartmann number. Sheikholeslami et al. [23]

studied the magnetic field effect on natural convection heat

transfer in cavity filled with CuO–water nanofluid using

Lattice Boltzmann method. The effect of Brownian motion

on the effective thermal conductivity was considered.

Obstructions can be used to control the heat transfer inside

the enclosures [37–41]. In one of the methods, using

deformable walls was offered to control the fluid flow and

heat transfer inside the cavity [42–46]. Khanafer [42]

numerically investigated the mixed convection in a lid-

driven cavity with a flexible bottom wall. He observed that

compared to flat wall case significant heat transfer

enhancement with flexible wall is achieved. In another

study, Amiri and Khanafer [45] numerically examined the

laminar mixed convection in a lid-driven cavity having a

flexible bottom wall. They showed that elasticity of the
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bottom wall has significant effect on the heat transfer

enhancement.

Based on the above literature survey and to the best of

our knowledge, mixed convection of nanofluid filled ver-

tical lid-driven cavity with a flexible fin attached to its

upper wall under the influence of an inclined magnetic field

has never been reported in the literature although has found

a lot of engineering applications in practice. As mentioned

above, natural convection coupled with shear driven flow

due to a moving boundary has found a lot of application

areas in thermal engineering field. In this paper, we present

a novel passive method combined with MHD, nanofluid

and elastic object within a cavity to control the heat

transfer characteristics. Fluid-structure interaction model

coupled with magnetic field in a nanofluid filled vertical

lid-driven cavity problem is numerically simulated. The

present numerical study aims at investigating the effects of

Richardson number, Hartmann number, inclination angle

of the magnetic field, volume fraction of solid particles and

Young’s modulus of the flexible fin on the fluid flow and

heat transfer.

Mathematical formulation

The physical domain and boundary conditions of the

problem under consideration are shown in Fig. 1. The left

vertical wall of the cavity is moving with constant velocity

of vw and maintained at constant cold temperature of Tc,

while the right vertical wall is at hot temperature of Th. The

other walls of the cavity are assumed to be insulated. An

elastic fin having width of 0.05H, height of 0.25H, Young’s

modulus of E, density of q ¼ 1000 kgm�3 and Poisson’s

ratio of m ¼ 0:45 is attached to the mid of the upper wall of

the cavity. The gravity acts in the negative y-direction. The

cavity is filled with CuO–water nanofluid under the influ-

ence of an inclined magnetic field (Table 1). A uniform

magnetic field of B ¼ Bxiþ Byj is imposed, and it makes

an angle of c with the horizontal axis. The magnitude of the

magnetic field is B0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B2
x þ B2

y

q

and c ¼ tan�1 By

Bx

� �

. The

thermophysical properties of the fluid are assumed to be

constant except for the density variation which is modeled

by the Boussinesq approximation in the buoyancy term.

The effects of joule heating, displacement currents and

induced magnetic field are assumed to be negligible. The

flow inside the cavity is assumed to be laminar, steady and

two dimensional. The arbitrary Lagrangian–Eulerian

y

u = uw

T = Tc T = Th

L

x

L

g

Nanofluid

Elastic ,       = 0

= 0

= 0

B

∂T
∂y

∂T
∂y

γ

∂T
∂n

Fig. 1 Schematic description of

the physical model and

boundary conditions
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method is utilized to describe the fluid motion with the

flexible wall of the cavity in the fluid-structure interaction

model. Navier–Stokes and energy equations with effective

thermophysical properties are used to describe the fluid

domain.

The conservation equation of mass, momentum and

energy in a two-dimensional Cartesian coordinate system

for the fluid domain can be written as follows [42]:

5:u ¼0 ð1Þ

qnfðu� ugÞ:5 u ¼5 :rnf þ qnff
b
f ð2Þ

u5 T ¼anf 52 T ð3Þ

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

stress tensor and velocity of moving coordinate.

The equation for the solid domain of the fluid-structure

interaction model is given by [42]:

qsas ¼ 5:rs þ fbs ð4Þ

where as; f
b
s ; rs represent the local acceleration, externally

applied body force and solid stress tensor, respectively.

Relevant dimensionless parameters are:

Gr ¼ gbfðTh � TcÞH3

m2f
; Pr ¼ mf

af
; Ra ¼ GrPr;

Ha ¼ B0H

ffiffiffiffiffi

kf
lf

s

; Re ¼ uwH

mf
; Ri ¼ Gr

Re2
:

ð5Þ

Nanofluid thermophysical relations

Empirical correlation finding the role of temperature and

particle size for nanofluid (Al2O3) thermal conductivity

enhancement was given [47]:

knf

kf
¼ 1þ 64:7/0:764 df

dp

� �0:369
kp

kf

� �0:7476

Pr0:9955T Re1:2321T

PrT ¼ lf
qfaf

; ReT ¼ qfkbT

3pl2f lf

ð6Þ

where kb is Boltzmann constant. Although, this model was

established for Al2O3, the validity of this model for CuO–

water nanofluid was proved [48]. Thermal diffusivity and

specific heat of the nanofluid can be given as:

anf ¼
knf

ðqCpÞnf
ð7Þ

qCp

� �

nf
¼ 1� /ð Þ qCp

� �

f
þ/ qCp

� �

p ð8Þ

Dynamic viscosity of the nanofluid is defined by using

the Brinkman model [49]:

lnf ¼
lf

ð1� /Þ2:5 ð9Þ

This model of viscosity is frequently used in nanofluids

application for heat transfer, but it does not take into

account the effects of temperature and nanoparticle size.

Recently, a modified expression for thermal expansion is

given in ref. [50] which contains the natural dependence of

the density on temperature:

qbð Þnf¼ð1�/Þ qbð Þfþ/ qbð Þp�/ð1�/Þ qp�qf
� �

bp�bf
� �

ð10Þ

In the literature, different electrical conductivity models

exist and Maxwell model is widely used [51]. There are

some variations in the electrical conductivity of the

nanofluids. Maxwell’s model was developed for calculat-

ing the electrical conductivity for random suspension of

spherical particles [52]. Nanofluid electrical conductivity

based on Maxwell’s model can be written as:

knf ¼ kf 1þ 3ðf � 1Þ/
ðf þ 2Þ � ðf � 1Þ/

� �

; ð11Þ

where f ¼ rp
rf
is the conductivity ratio of the two phases.

Boundary conditions

The appropriate forms of the dimensional boundary con-

ditions are given as:

Table 1 Thermophysical properties of base fluid and nanoparticle

[56]

Property Water CuO

q=kgm�3 997.1 6500

cp=J kg
�1 K�1 4179 540

k=Wm�1 K�1 0.61 18

r=Sm�1 0.05 5� 107

dp=mm – 29

Table 2 Grid independence test

Grid name Grid size Averaged Nusselt number

G1 986 40.834

G2 2049 48.573

G3 8832 47.314

G4 15776 46.837

G5 32264 46.710
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• For the left vertical wall:

u ¼ 0; v ¼ vw; T ¼ Tc
• For the horizontal bottom and top walls:

u ¼ v ¼ 0; oT
oy

¼ 0

• For the right vertical wall:

u ¼ v ¼ 0; T ¼ Th

At the fluid–structure interface, displacement compatibility

(df ¼ ds) and traction equilibrium (rf ¼ rs) must be sat-

isfied [42].

Local Nusselt number on the right vertical hot wall of

the cavity is calculated as

Nuy ¼ � knf

kf

oh
oX

� �

X¼L

ð12Þ

where h represents the non-dimensional temperature and Y

denotes the non-dimensional y-coordinate. Average Nus-

selt number is obtained after integrating the local Nusselt

number along the bottom wall of the cavity as

Num ¼
Z 1

0

NuydY: ð13Þ

Solver

The solution of governing equations is made by Galerkin

weighted residual finite element formulation. The compu-

tational domain is divided into non-overlapping regions

within each of the flow variables are approximated by

using the interpolation functions. Flow variables within the

computational domain were approximated using Lagrange

finite elements of different orders. When the approximate

field variables are inserted into the governing equations,

residual R is obtained and the weighted average of R is

forced to be zero over the computational domain as:
Z

X
wkRdv ¼ 0; ð14Þ

where wk denotes the weight function and it is chosen from

the same set of functions as of the trial functions.

Residuals for each of the conservation equation are

obtained by substituting the approximations into the gov-

erning equations. The convergence of the solution is

assumed when the relative error for each of the variables

satisfies the following convergence criteria:

Cnþ1 � Cn

Cnþ1

	

	

	

	

	

	

	

	

� 10�5 ð15Þ

In order to obtain an optimal grid distribution with

accurate results and minimal computational time, numeri-

cal experiments with various grid sizes were performed.

Table 3 Comparison results of

average Nusselt number at the

top wall of the lid-driven cavity

Re = 400 Ref. [55] Present

Gr ¼ 100 3.84 3.81

Gr ¼ 104 3.62 3.63

Gr ¼ 106 1.22 1.26

Fig. 2 Code verification with

the results of [53] (a) and Sarris

[54] (b). Comparison of

streamlines and isotherms. c
Ha = 25, Ra = 7 9 103, d
Ha = 100, Ra = 7 9 105, e
Ha = 25, Ra = 7 9 103 and f
Ha = 100, Ra= 7 9 105
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The results of average Nusselt number for various grid

sizes are shown in Table 2. The numerical code is vali-

dated with the existing results of [53] and [54]. Figure 2

shows the comparison results of streamlines and isotherms

for (Ra ¼ 7� 103; Ha ¼ 25) and (Ra ¼ 7� 105; Ha ¼
100). Table 3 presents the comparison results of average

Nusselt number at the top wall of the lid-driven cavity with

that of results given in ref. [55]. The results shown in Fig. 2

and Table 3 provide sufficient confidence for the present

code.

Results and discussion

In this numerical investigation, the effects of Richardson

number (between 0.01 and 100), Hartmann number (be-

tween 0 and 50), inclination angle of the magnetic field

(between 0� and 90�), nanoparticle volume fraction (be-

tween 0 and 0.05) and Young’s modulus of flexible fin

(between 250 and 5000) on the flow and heat transfer were

studied. The cavity is filled with CuO–water nanofluid

under the influence of an inclined magnetic field.

Fig. 3 Effects of varying

Richardson number on the flow

patterns inside the cavity with

(top row) and without (bottom

row) elastic fin for fixed values

of (Ha ¼ 20, c ¼ 45�,
/ ¼ 0:02, E ¼ 1000). a
Ri = 0.01, NF, b Ri = 1, NF,

c Ri = 100, NF, d Ri = 0.01,

EF, e Ri = 1, EF and

f Ri = 100, EF

Fig. 4 Effects of varying

Richardson number on the

thermal patterns inside the

cavity with and without elastic

fin for fixed values of (Ha ¼ 20,

c ¼ 45�, / ¼ 0:02, E ¼ 1000).

a Ri = 0.01, NF, b Ri = 1,

NF, c Ri = 100, NF, d
Ri = 0.01, EF, e Ri = 1, EF

and f Ri = 100, EF
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Effects of Richardson number

The effects of varying Richardson number on the stream-

lines and isotherms are demonstrated in Figs. 3 and 4 for

fixed values of (Ha ¼ 20, c ¼ 45�, / ¼ 0:02, E ¼ 1000)

for the configurations with and without elastic fin. At low

Richardson number, the effect of forced convection due to

the mechanically driven left vertical wall is more pro-

nounced compared to natural convection (Ri ¼ Gr
Re2

). In the

absence of the flexible fin, at Ri ¼ 0:01, the cavity is filled

with a main recirculating vortex whose center is located in

the lower part of the cavity adjacent to the left vertical

wall. Two other small recirculating zones are also seen in

the right bottom corner of the cavity. As the value of the

Richardson number increases, natural convection effects

become important and less flow due to moving lid induces

into the cavity. At Ri ¼ 1, the corner vortex disappears and

the influence region of the recirculating zone near the

moving left wall diminishes in size. A small vortex is seen

near the mid of the bottom wall at Ri ¼ 1. As the value of

Ri is increased to 100, the flow accelerates in the hot and

cold parts of the vertical walls and the cavity is filled with a

rectangular shaped recirculating zone. The presence of the

elastic fin affects the flow patterns within the cavity. The

flow topology remains the similar at Ri ¼ 0:01 and Ri ¼ 1,

while the streamlines deflect and the influence region of the

recirculating zones adjacent to the moving wall diminishes

in size when compared to cavity configuration in the

absence of the fin. As the value of Ri is increased to 100,

the flexible fin deforms more in the negative x direction

and weak multi-cellular structures are seen within the

cavity. Steep temperature gradients are seen in the mid of

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

50

100

150

y/H

N
u y

EF, Ri = 100

NF, Ri = 100

NF, Ri = 0.01

EF, Ri = 0.01

NF, Ri = 1

EF, Ri = 1

(a) 

10−2 10–1 100 101 102
0

5

10

15

20

25

30

35

40

45

50

Ri

N
u m EF

NF

(b)

Fig. 5 Local and average

Nusselt numbers along the right

vertical wall of the cavity for

various values of Richardson

numbers for the case with and

without elastic fin (Ha ¼ 20,

c ¼ 45�, / ¼ 0:02, E ¼ 1000).

a Local Nusselt number and b
averaged Nusselt number
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the right vertical wall of the cavity and induced convection

into the cavity due to the moving lid is also seen from the

isotherm plots at Ri ¼ 0:01. As the value of the Ri

enhances, the isotherms become parallel to the horizontal

walls indicating dominance of the natural convection. The

presence of the flexible fin also affects the thermal patterns

within the cavity. The isotherms are less clustered in the

upper part of the right vertical wall; thus, the heat transfer

process is less effective in those locations, and this effect is

more pronounced at Ri ¼ 100 when the fin deflects more

due to the increasing effect of natural convection. The local

and average heat transfer plots are demonstrated in Fig. 5

for various values of Richardson number. The local and

average Nusselt number enhance as Richardson number

increases. At the lowest (highest) Ri, the peak value in the

Nusselt number is seen toward the mid (lower end) of the

right vertical wall. The discrepancy between the local heat

transfer is higher toward the lower and upper parts of the

vertical wall at n00, whereas at Ri ¼ 0:01 and Ri ¼ 1,

lower values of local heat transfer are seen toward the top

end of the vertical wall in the presence of the flexible fin.

The average heat transfer deteriorates by 18:69% with the

addition of the flexible fin at Richardson number of 100.

Fig. 6 Streamlines for various

values of Hartmann numbers for

the configurations with and

without elastic fin (Ri ¼ 10,

c ¼ 45�, / ¼ 0:02, E ¼ 500). a
Ha = 0, NF, b Ha = 30, NF,

c Ha = 50, NF, d Ha = 0, EF,

e Ha = 30, EF and f Ha = 50,

EF

Fig. 7 Isotherms for various

values of Hartmann numbers for

the configurations with and

without elastic fin (Ri ¼ 10,

c ¼ 45�, / ¼ 0:02, E ¼ 500). a
Ha = 0, NF, b Ha = 30, NF,c
Ha = 50, NF, d Ha = 0, EF, e
Ha = 30, EF and f Ha = 50,

EF
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Effects of magnetic field parameters

The influence of varying magnetic field effect on stream-

lines and isotherms is shown in Figs. 6 and 7 for various

Hartmann numbers for the cavity with and without flexible

fin at the fixed values of (Ri ¼ 10, c ¼ 45�, / ¼ 0:02,

E ¼ 500). This flow configuration corresponds to a case

where the induced convection due to the moving lid is not

of importance compared to natural convection due to

temperature difference. In the absence of the flexible fin

and magnetic field, two vortex centers are seen and the

vortex adjacent to the left vertical wall elongates in the

vertical wall direction. As the value of the Hartmann

number increases, the fluid motion dampens adjacent to the

upper and bottom horizontal walls and the recirculation

zone adjacent to the right vertical wall diminishes in size

and strength. The presence of the elastic fin considerably

affects the flow patterns within the cavity. The streamlines

adjacent to the fin are deflected toward the bottom wall,

and the fluid motion behind the fin is weakened. The iso-

therms show the characteristics of natural convection

dominated heat transfer regime. As the value of the Hart-

mann number enhances, the isotherms become slightly

inclined both for the cavity with and without elastic fin

configurations. The heat transfer process is inefficient

toward the upper part of the right vertical wall as it can be

seen from the less clustering of the isotherms at those

locations when the elastic fin is installed. The local and

average Nusselt number plots for various Hartmann num-

bers are depicted in Fig. 8 for the cavity with and without

flexible fin. The local and average Nusselt number decrease

as the value of Hartmann number enhances due to the

dampening of the fluid motion with increasing magnetic

field strength. The local Nusselt number of the cavity

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

5

10

15

20

25

30

35

40

45

50

y/H

N
u y

EF, Ha = 0, 30, 50

NF, Ha = 50, 30, 0

(a)

0 5 10 15 20 25 30 35 40 45 50
19.5

20

20.5

21

21.5

22

22.5

23

Ha

N
u m

EF
NF

(b)

Fig. 8 Local and average

Nusselt numbers along the right

vertical wall of the cavity for

various Hartmann numbers for

the case with and without elastic

fin (Ri ¼ 10, c ¼ 45�, / ¼ 0:02,
E ¼ 500). a Local Nusselt

number and b averaged Nusselt

number
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without fin is above the case with flexible fin for vertical

location of y ¼ 0:6H until y ¼ H. The trends in the average

Nusselt number plots are the same for the cavity with and

without elastic fin. Average heat transfer deteriorates by

10:10% for both configurations at Ha ¼ 50 compared to

the case without magnetic field at Ha ¼ 0.

The effects of varying inclination angle of the magnetic

field on the streamlines and isotherms are depicted in

Figs. 9 and 10 for three inclination angles c ¼ 0�; 45�; 90�

and for the cavity with and without elastic fin for fixed

values of (Ri ¼ 1, Ha ¼ 10, / ¼ 0:02, E ¼ 250). The

forced convection effect due to the sliding wall and natural

convection effect due to the temperature gradient are

comparable, and the cavity is filled with a single recircu-

lating vortex for this flow condition. As the inclination

angle of the magnetic field increases, the streamlines are

slightly deflected toward the top and bottom walls in the

vicinity of the sliding wall and the fluid motion is damped

along the bottom horizontal wall. As the flexible fin is

installed, two regions are identified where the fluid motion

behind the fin adjacent to the top wall is due to the natural

convection of hot rising fluid from the right vertical wall

and fluid motion of in front of the fin is due to the induced

flow of mechanically sliding lid. The presence of the elastic

Fig. 9 Effects of varying

inclination angle of the

magnetic field on the flow

patterns inside the cavity with

and without elastic fin for fixed

values of (Ri ¼ 1, Ha ¼ 10,

/ ¼ 0:02, E ¼ 250). a c = 0�,
NF, b c = 45�, NF, c c = 90�,
NF, d c = 0�, EF, e c = 45�,
EF and f c = 90�, EF

Fig. 10 Effects of varying

inclination angle of the

magnetic field on the thermal

patterns inside the cavity with

and without elastic fin for fixed

values of (Ri ¼ 1, Ha ¼ 10,

/ ¼ 0:02, E ¼ 250). a c = 0�,
NF, b c = 45�, NF, c c = 90�,
NF, d c = 0�, EF, e c = 45�,
EF and f c = 90�, EF

334 F. Selimefendigil et al.

123



fin causes deflection of the streamlines adjacent to the fin,

and the flow topology remains similar with that of the

cavity without fin. Isotherms are more effected toward the

upper part of the right vertical wall with the installation of

the elastic fin. The slightly distortion of the isotherms from

being parallel to the horizontal walls also indicates the

weakening of the convection as the inclination angle of the

magnetic field enhances. The local and average Nusselt

numbers are shown in Fig. 11 for various values of incli-

nation angle of the magnetic field. The heat transfer pro-

cess is locally ineffective in the vicinity of the upper right

vertical wall as the flexible fin is installed. The average

heat transfer decreases as the inclination angle of the

magnetic field increases, and this is more pronounced for

the cavity with flexible fin. Average Nusselt number

decreases by 3.99 and 2:26% at c ¼ 90� compared to

inclination angle of c ¼ 0� for cavity with and without

flexible fin configurations.

Solid nanoparticle volume fraction and elastic
modulus effects

The local and average heat transfer for the base fluid and for

the nanofluid with the different volume concentrations of

the nanoparticles are demonstrated in Fig. 12 for the case

with and without elastic fin at fixed values of (Ri ¼ 0:5,

Ha ¼ 20, c ¼ 45�, E ¼ 500). The local and average Nusselt

number along the right vertical wall increase as the volume

fraction of the nanoparticles increases which is due to the

enhancement of the effective thermal conductivity of the

nanofluid which results in better thermal transport of the

fluid within the enclosure. The addition of the nanoparticles

is effective along the lower part of the right vertical wall
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Fig. 11 Local and average

Nusselt numbers along the right

vertical wall of the cavity for

various inclination angles of the

magnetic field for the case with

and without elastic fin (Ri ¼ 1,

Ha ¼ 10, / ¼ 0:02, E ¼ 250).

a Local Nusselt number and b
averaged Nusselt number
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where the heat transfer is high. The average Nusselt number

versus solid volume fraction plot in Fig. 12b shows almost

a linear relation for cavity with and without elastic fin. Heat

transfer enhancements of 28.96 and 28:76% are achieved

for solid volume fraction of / ¼ 0:05 compared to pure

fluid (/ ¼ 0) for the cavity with and without flexible fin

configurations.

Figure 13 demonstrates the effects of varying Young ’s

modulus of the flexible on the streamlines and isotherms at

fixed values of (Ri ¼ 0:025, Ha ¼ 10, c ¼ 45�, / ¼ 0:02).

One primary recirculating vortex adjacent to the left bot-

tom corner, two weak recirculating vortices near the right

bottom wall and recirculating zone in front of the flexible

fin are seen within the cavity for this flow condition. As the

deformation of the flexible fin decreases with increasing

the Young’s modulus, the influence area of the recircula-

tion region behind the fin increases and the more flow is

directed toward the right bottom corner of the cavity where

the vortex in this region elongates vertically. Isotherms

become more clustered toward the upper end of the right

vertical wall as the Young’s modulus of the flexible wall

decreases. Heat transfer is locally enhanced in the lower

part of the vertical wall until y ¼ 0:12H and then deterio-

rates as the rigidity of the flexible wall increases as shown

in Fig. 14. Average heat transfer increases with decreasing

values of Young’s modulus. Average heat transfer

enhancement of 13:24% is obtained for Young’s modulus

of E ¼ 250 compared to case at E ¼ 5000.
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Fig. 12 Effects of varying solid volume fraction of nanoparticles on

the local and average Nusselt number distributions along the right

vertical wall of the cavity for the configurations with and without

elastic fin (Ri ¼ 0:5, Ha ¼ 20, c ¼ 45�, E ¼ 500). a Local Nusselt

number and b averaged Nusselt number
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Conclusions

Numerical simulation of fluid-structure interaction model

coupled with magnetic field in a nanofluid filled vertical

lid-driven cavity having a flexible fin attached to its upper

wall is performed. Following conclusions from the

numerical simulation can be drawn as:

• It is found that the flexible fin can be a good control

parameter for heat and fluid flow in both nanofluid and

pure fluid. The local and average heat transfer increase

as the value of the Richardson number increases. The

discrepancy between the local heat transfer is higher

toward the lower and upper parts of the vertical wall at

Ri ¼ 100 and the average Nusselt number decreases by

18:69% when the flexible fin is installed in the upper

wall of the cavity.

• As the strength of the magnetic field increases the fluid

motion adjacent to the upper and bottom horizontal

walls is damped and the presence of the elastic fin

considerably affects the flow patterns within the cavity

for different Hartmann numbers. The local heat transfer

of the cavity without fin is higher than that of the cavity

with flexible fin for vertical location of y ¼ 0:6H until

y ¼ H. The average Nusselt number decreases by

10:10% for cavity with and without fin at Ha ¼ 50

compared to the case without magnetic field at Ha ¼ 0.

The average Nusselt number decreases as the inclina-

tion angle of the magnetic field increases, and this

effect is more pronounced for the cavity having the

flexible fin.

• The local and average heat transfer along the right

vertical wall enhance with the addition of the

nanoparticles to the base fluid which is due to the

better thermal transport of the nanofluid within the

enclosure as the thermal conductivity increases. The

addition of the nanoparticles is more effective espe-

cially along the lower part of the right vertical wall

where the heat transfer process is effective. Average

Nusselt numbers are enhanced by 28.96 and 28:76%

for solid volume fraction of / ¼ 0:05 compared to

pure fluid (/ ¼ 0) for the cavity with and without

flexible fin configurations.

• As the deformation of the flexible fin changes with

changing the Young’s modulus, the influence area and

the strength of the recirculation zones behind and in

front of the flexible fin and near the right bottom corner

of the cavity change. The local Nusselt number first

increases in the lower part of the vertical wall until

y ¼ 0:12H and then decreases as the rigidity of the

flexible wall increases. The average Nusselt number

enhances as the Young’s modulus of the flexible fin

decreases and the average Nusselt number increases

by13:24% for Young’s modulus of E ¼ 250 compared

to configuration at E ¼ 5000.

Fig. 13 Streamlines and isotherms for various values of Young’s

modulus of the elastic fin (Ri ¼ 0:025, Ha ¼ 10, c ¼ 45�, / ¼ 0:02).
a E = 250, NF, b E = 500, NF, c E = 1000, NF, d E = 5000, NF,

e E = 250, NF, f E = 500, NF, g E = 1000, NF and h E = 5000,

NF
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