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Abstract A numerical study is conducted to analyze the effects of a flexible fin on unsteady con-

vective flow in a square enclosure composed of a vertical fluid layer and a porous layer. The fin is

attached to the heated left wall of the enclosure. The Brinkman-Forchheimer-extended Darcy flow

model is assumed in the porous layer. The governing equations are written in the Arbitrary Lagran-

gian–Eulerian (ALE) formulation in the fluid and structure domains and then solved using the

FEM. The result shows that the fin oscillation impacts the area below the fin rather than the area

above the fin or the area in the center. The overall rate of heat transfer is improved as the Darcy

number, the fluid layer thickness, and the fin elasticity increase. The overall rate of heat transfer

increases exponentially with the rise of the oscillation amplitude. An oscillation amplitude of 0.1

could result in 3.4 percent improvement in the heat transfer rate.
� 2020 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria

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

licenses/by-nc-nd/4.0/).
1. Introduction

Convection in a differentially-heated porous-medium filled

enclosure is an important problem in many engineering appli-
cations. Very often, the porous medium contains multilayer
with different permeability or property, and the enclosure
may be composed of a fluid layer and a porous layer. These
composite systems have been applied in a widespread way,

such as to remove or dissipate heat in electronics cooling appli-
cations [1]. Beckermann et al. [2] studied both numerically and
experimentally natural convection in such a composite system.

Later, Beckermann et al. [3] studied the enclosure fractionally
loaded with the horizontal and vertical porous layer. They
found that increasing the Darcy and Rayleigh numbers
increased the amount of fluid action entering the porous layer.

Du and Bilgen [4] and Song and Viskanta [5] studied both
experimentally and theoretically convection in an enclosure
containing an anisotropic porous layer. Chen and Chen [6]
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studied convection in an enclosure comprising a porous layer
underlying a fluid layer. Convection of a binary fluid in an
enclosure composed of a vertical porous layer and a fluid layer

was studied by Goyeau et al. [7]. Chen et al. [8] placed a porous
layer at the top and bottom parts of an enclosure and showed
that the porous layer’s thickness together with the Darcy num-

ber and the Rayleigh number could affect the heat transfer.
Ismael and Chamkha [9] investigated convection in an enclo-
sure composed of a vertical nanofluid layer and a nanofluid-

filled porous layer. For different configurations, Baytas and
Baytas [10] concluded that the governing equation has to obey
the thermal non-equilibrium model for small values of the
parameters. Recently, Alsabery et al. [11] reported that

increasing the porous layer thickness could improve heat trans-
fer. Sheikholeslami et al. [12] very recently studied nanoliquid
natural convection through a permeable wavy space.

Alshuraiaan and Khanafer [13] examined the impact of a
heated porous fin’s location on convection heat transfer. The
length of the fin was found by Sheikholeslami et al. [14] to have

an inverse relationship with the discharging rate. Placing the
rigid thin fin is categorized as a passive technique to increase
heat transfer. Ghalambaz et al. [15] addressed the effect of

actively oscillation fin, installed on the left hot side of the
enclosure. They found a significant improvement in heat trans-
fer enhancement by increasing the amplitude of the fin oscilla-
tion. This problem is classified under fluid–structure

interaction (FSI) problems, and the Arbitrary Lagrangian–
Eulerian (ALE) method is applied to solve it. Khanafer [16]
explored the FSI of combined convective flow in a lid-driven

enclosure filled with a clear fluid layer having a flexible bottom
surface. The outcomes show that the elastic wall shape is
affected by the convection intensity. Meanwhile, Khanafer

[17] reported that the rate of heat transfer could be enhanced
more by a non-rigid wall than a rigid wall. Selimefendigil
and Oztop [18] showed that increasing the Richardson and

Hartmann and internal Rayleigh numbers reduce the averaged
heat transfer. Raising the flexibility of the wall and nanoparti-
cle concentration enhances the heat transfer as found by
Selimefendigil and Oztop [19]. Raisi and Arvin [20] considered

an FSI problem where an adiabatic flexible baffle was placed at
the center of an enclosure with a flexible top wall. They showed
that increasing the baffle length has mixed effects on the ther-

mal performance of the system. Alsabery et al. [21] revealed the
essential effect of the flexible oscillating heat-conducting fin on
the fluid flow and heat transfer inside the oblique enclosure.

Alsabery et al. [22] considered the enclosure to have an inner
solid cylinder and a flexible right wall. Ghalandari et al. [23]
concluded that applying elastic solid structures with various
sizes can bring to a significant modification in the system

dynamics. Nonlinear identification of a narrow cantilever
blade undergoing free vibration was studied by Mahariq
et al. [24].

An FSI problem in a two-layered enclosure containing a
flexible fin has not been studied before. In the present work,
the influence of the fluid layer thickness, the amplitude, fre-

quency oscillation, Darcy number, and the fin size on the con-
vective heat transfer in the enclosure will be examined. A
porous-fluid composite system having a flexible fin could be

applied to the heat exchanger. Here the porous medium
increases the contact surface area between the liquid and solid
surface, and on the other hand, a flexible fin pulsates the flow
in a forward or backward-facing step. Therefore it seems that
using both a porous medium and a flexible fin can augment the
efficiency of the typical thermal system dramatically.

2. Mathematical formulation

The problem geometry is presented in Fig. 1. The square enclo-
sure consists of two layers: a fluid layer of width S� and height

H, and a porous layer of width H� S�. A flexible structure

(fin) with thickness b� and length L� is attached to the middle
of the left wall. The tip of the flexible fin is forced to follow a
sinusoidal vertical displacement as follows:

y� ¼ A� sin
2pt�

t�p

 !
; ð1Þ

where y� is the location of the fin tip, and t� represents the
time. t�p and A� are the oscillation period and the oscillation

amplitude, respectively. The fluid is Newtonian and incom-
pressible, and the flow is laminar. Viscous dissipation, Joule

heating and radiation were neglected. The porous medium is
assumed to be homogeneous and isotropic. The gravity acts
vertically downwards. All thermophysical properties of the

fluid are invariant, except the density which obeys the Boussi-
nesq approximation [25]. The fluid temperature variation is
kept small, and the average fluid temperature is around the ref-
erence temperature.

The fin’s deflection and heat conduction are modelled
respectively as:

qs

d2d�s
dt�2

¼ F�
v þrr�; ð2Þ

@T�

@t�
¼ asr2T�: ð3Þ

Here d�s is the displacement vector, r� is stress tensor, T� is the
temperature and t� is the time. Subscript s in the above-written
equations refers to the structure. The structure’s density is

symbolized by qs. The structure’s thermal diffusivity is denoted

by as ¼ ks
qsCps

, where ks is the structure’s conductivity and Cps is

the structure’s heat capacity. The symbol F�
v represents the

body force. Invoking the Arbitrary Lagrangian–Eulerian
(ALE) system of moving mesh, the equations in the clear fluid
layer are written as [15]:

r � u� ¼ 0; ð4Þ
@u�

@t�
þ u� � w�ð Þ � ru� ¼ � 1

qf

rP� þ mfr2u� þ bg T� � T�
c

� �
; ð5Þ

@T�

@t�
þ u� � w�ð Þ � rT� ¼ afr2T�: ð6Þ

Here the symbol u� represents the velocity vector in the clear
fluid layer, r� denotes the stress tensor, and d�s is displacement

vector of the solid. Here, E� is Young’s modulus. Symbol w�

denotes the moving mesh velocity. P� is the pressure. Subscript
f in the above-written equations refers to the fluid. The fluid’s

density is symbolized by qf. The fluid’s thermal diffusivity is

denoted by af ¼ kf
qfCpf

; mf is fluid’s kinematic viscosity, where

kf is fluid’s conductivity and Cpf is fluid’s heat capacity.

g ¼ 0;�gð Þ represents the gravitational acceleration.
In the ALE method, the mesh in the Eulerian domain

moves following the structure movement. However, the Eule-
rian velocities shall be independent of the mesh movement,



Fig. 1 (a) A schematic view of the model, (b) a picture of the mesh distribution.
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and hence, the relative velocity terms (u� � w�) are included in
the governing equations. Hence, any arbitrary mesh movement

is possible as the fluid velocities are introduced relative to the
mesh movement, and eventually, the fluid velocity components
are independent of the mesh velocity. The mesh velocity, w� is
controlled using a Laplace equation following the fluid–struc-
ture boundary displacements. Assuming the Brinkman-
Forchheimer-extended Darcy flow model, the governing equa-

tions in the porous layer are [26]:

r � u�p ¼ 0; ð7Þ
1
�

@u�p
@t� þ 1

�2
u�p � ru�p ¼� 1

qf
rP� þ mf

�
r2u�p þ bg T�

p �T�
c

� �
� m

ju
�
p

� CFffiffi
j

p ju�p j
�3=2

u�p;
ð8Þ

r
@T�

p

@t�
þ u�p � rT�

p ¼ amr2T�
p: ð9Þ

Here T�
p is the porous temperature. The symbols u�p is the por-

ous velocity vector. The ratio of composite material heat

capacity to convective fluid heat capacity is r; � is the porosity,

j is the permeability and CF ¼ 1:75=
ffiffiffiffiffiffiffiffi
150

p
is the Forchheimer
constant [26]. The flexible segment has the hyperelastic prop-
erty and based on the Winslow model, the stress tensor r� sta-
ted as:

r� ¼ J�1FSPKF
T; ð10Þ

where J ¼ det Fð Þ;F ¼ Iþrd�s
� �

, the second Piola–Kirchhoff

stress tensor SPK ¼ C : eð Þ with strain

e ¼ 0:5 rd�s þ d�Ts þ d�Ts rd�s
� �

and C ¼ C E�; mð Þ, where the

nonlinear geometry effects are also taken into account. The
fluid and structure are coupled through the boundary interface
between the fluid and the structure as the velocity of the struc-

ture and the fluid are identical at the interface surface. The sur-
face tensions are also identical at the interface. By
incorporating the conventional no-slip at the fin surface, the
interface boundary conditions are

@d�s
@t�

¼ u� and r� � n ¼ �P� þ lfr � u�: ð11Þ

Here lf is the dynamic viscosity. The term r � u� ¼ 0 is the

continuity equation for incompressible flow, and hence, it is
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zero in the present study. This term shows the pressure at the

surface due to the interaction of the fluid and fin. The bound-
ary conditions at the interface are:

u� ¼ u�p; v
� ¼ v�p; ð12Þ

lf

@u�

@n
¼ lr

@u�p
@n

; lf

@v�

@n
¼ lr

@v�p
@n

; ð13Þ

kf
@T�

@n
¼ kr

@T�
p

@n
: ð14Þ

Here lr is the effective dynamic viscosity defined as
lr ¼ �lf þ 1� �ð Þls and kr is the effective thermal conductivity

defined as kr ¼ �kf þ 1� �ð Þks.
In the momentum equation, the pressure term appears in

the form of the pressure gradient (rP�). Hence, the pressure
differences are important in the momentum equation rather

than the absolute pressure. When the momentum equations
along with the continuity equation are solved, a pressure gra-
dient satisfying the governing equations will be obtained. The
pressure gradient in the form of the Laplace equation can be

solved for the pressure field. The zero pressure reference is
selected at the enclosure’s bottom left corner.

Taking dimensionless parameters

ds ¼ d�s
L� ; A;L; bð Þ ¼ A�;L�;b�ð Þ

H
; r ¼ r�

E� ; x; yð Þ ¼ x�;y�ð Þ
H

;

t ¼ t�af
H2 ; u ¼ Hu�

af
; up ¼ Hu�p

am
; w ¼ Hw�

af
; P ¼ P�H2

qfa
2
f

; T ¼ T��Tc

Th�Tc
;

ð15Þ

Ra ¼ gb Th � Tcð ÞH3

mfaf
; Pr ¼ mf

af
; qr ¼

qs

qf

; Da ¼ j

H2
;

yields the following dimensionless equations
Fig. 2 The reciprocal of the time step size at L = 0.2

L ¼ 0:2;E ¼ 109;A ¼ 0:1;Da ¼ 10�3;Ra ¼ 107;S ¼ 0:7 and tp ¼ 0:5.

Table 1 Grid sensitivity checks at point x ¼ 0:15; y ¼ 0:8ð Þ with L=

Predefined Domain Boundary Tt¼0:01

mesh size elements elements

Normal 2434 186 0.7373

Fine 3067 216 0.7324

Finer 4524 264 0.7378

Extra fine 10220 388 0.7434

Extremely fine 31861 646 0.7450
1

qr

d2ds

dt2
� Err ¼ EFv; ð16Þ

@T

@t
¼ arr2T; ð17Þ

r � u ¼ 0; ð18Þ
@u

@t
þ u� wð Þ � ru ¼ �rPþ Prr2uþ PrRaT; ð19Þ

@T

@t
þ u� wð Þ � rT ¼ r2T; ð20Þ

r � up ¼ 0; ð21Þ
1
�

@up
@t

þ 1
�2
up � rup ¼ �rPþ Pr

�
r2up þ RaPrTp � Pr

Da
up;

� CFffiffiffiffi
Da

p jup j
�3=2

up;
ð22Þ

rm

@Tp

@t
þ up � rTp ¼ Rkr2T�

p: ð23Þ

Here Rk is the ratio of thermal conductivities defined as
Rk ¼ kr=kf. The initial velocity and temperature are set 0 and

0.5, respectively. The appropriate conditions on temperature
are:

T ¼ 1 left wallð Þ; T ¼ 0 right wallð Þ; ð24Þ
u ¼ up; v ¼ vp; lf

@u

@n
¼ lr

@up
@n

; lf

@v

@n
¼ lr

@vp
@n

;

@T

@n
¼ kr

@Tp

@n
interfaceð Þ: ð25Þ

The boundary conditions on the walls and the FSI interface
are:

@ds
@t

¼ u and Er � n ¼ �Pþ Prr � u: ð26Þ
, E=109, A = 0.1, Da = 10�3, Ra=107, S = 0.7

0.2, E=109 A=0.1, Da=10�3, Ra=107, S=0.7 and tp ¼ 0:5.

jErrorjt¼0:01 Tt¼1:1 jErrorjt¼1:1

0.0076 0.8953 0.0247

0.0125 0.8991 0.0209

0.0071 0.9035 0.0165

0.0015 0.9102 0.0098

0.0001 0.9172 0.0028
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The fin-tip displacement in dimensionless form is

y ¼ A sin
2pt
tp

� �
: ð27Þ

The local Nusselt numbers at the heated wall and fin base are

Nulocal;f tð Þ ¼ � @T tð Þ
@x

heatedwallð Þ; ð28Þ

Nulocal;s tð Þ ¼ �kr
@T tð Þ
@x

finbaseð Þ: ð29Þ

Hence, the total average Nusselt number is

Nu tð Þ ¼
Z 1�b

2

0

Nulocal;f tð Þdyþ
Z 1þb

2

1�b
2

Nulocal;s tð Þdy

þ
Z 1

1þb
2

Nulocal;f tð Þdy; ð30Þ

and the time-averaged Nusselt number is

Nu ¼
Z 1þ5tp

1

Nu tð Þdt: ð31Þ
Fig. 3 Comparison of the present computed streamlines and

isotherms (left) against that of literature (right) without the fin at

Ra = 3.028�107, Da= 1.296�10�5, Pr = 6.97, Rk= 1.383 and

S ¼ 0:5.

Table 2 Comparison of calculated Nu for horizontal composite sys

Ra S [32]

104 0.3 1.061

104 0.5 1.548

105 0.3 2.190

105 0.5 3.376

106 0.3 5.432

106 0.5 6.950
The fin oscillations reach to a semi steady-state at t � 1. After

the steady-state, an interval of five oscillation-cycles, i.e.

1þ 5tp
� �

, is adopted for computation of time-averaged Nus-

selt number.

3. Numerical method

There are several approaches that can be adopted to solve the
partial differential equations, such as the spectral element
method [27–29] and finite volume method. However, here the

Finite Element Method (FEM) is employed to solve the dimen-
sionless governing equations. First, the flow equations are con-
verted into the weak form. The domain solution is divided into
non-overlapping regions, with each of the flow variables

approximated by the interpolation functions. The flow vari-
ables within the solution domain were approximated using
Lagrange finite elements of different orders. When the approx-

imate 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 asZ
X
wkRdv ¼ 0; ð32Þ

where wk is the weight function selected from the same set of
functions as of the trial functions. The residuals for each of

the conservation equations were evaluated by substituting
the approximations into the mass, momentum and the energy
equations in the fluid and solid domains. An unstructured

mesh is utilized for the fluid domain. The Arbitrary Lagran-
gian–Eulerian (ALE) is employed for the moving grid system
of the deflection of the fin coupled to the fluid domain.

Convergence study was performed using the numerical

solutions on the highest refined mesh. This is due to the fact
that the exact solution of the non-linear PDEs is not available.
This standard approach treats the custom mesh as a reference

mesh. The reference mesh consists of 81379 domain elements
and 1012 boundary elements. The reference mesh is a mesh
sequence input manually by the user. This custom mesh yields

a slow convergence. The reason for the slow convergence is
large number of mesh nodes that are established by a very
small set of gridblocks. The convergence plot shows the recip-
rocal of the time step size as depicted in Fig. 2. The reciprocal

is divided by the time step size. The bigger the steps, the smal-
ler the value. The oscillation time step above 400 occurs due to
automatic time stepping and periodic type time dependent of

the fin movement. The time dependent solver above has the
flexibility to increase or decrease the time step size as it sees
fit. Here, it increases the step size which indicates the solver

converges successfully. In this case, the solution converged
after a 6-h running on a 1.99 GHz Intel processor.
tem case at Da ¼ 10�5 and � ¼ 0:7.

[11] Present

1.063 1.067

1.550 1.559

2.191 2.201

3.377 3.383

5.432 5.466

6.949 7.042
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Tracking the optimal number of domain elements and
boundary elements are necessary to cut computation time.
To achieve the optimal mesh, some tests were conducted on

the predefined mesh sizes: normal, fine, finer, extra fine and
extremely fine. For this, the fin oscillation at point
x ¼ 0:15; y ¼ 0:8ð Þ with L=0.2, E=109, A=0.1, Da=10�3,

Ra=107, S=0.7 and tp ¼ 0:5 was considered. Differences

between the obtained value and the reference value were given
as jErrorjt¼0:01 and jErrorjt¼1:1. The results in Table 1 are found

to be consistent by refining the mesh sizes, and a good agree-
ment with the reference solution is obtained, where about
0.01% difference is observed for the extremely fine mesh. This

suggests the selection of the extremely fine mesh.
Fig. 4 A comparison of our calculated results with the previous w

outcomes of present work (left) and the outcomes of Ghalambaz et

S ¼ 1:0; t ¼ 1:375;Ra ¼ 106;A ¼ 0:1; tp ¼ 0:5 and E ¼ 1011.

Table 3 Comparison of calculated Nu for special case S ¼ 1:0 at D

Ra � [26] (FEM) [30]

104 0.3 1.408 1

104 0.6 1.530 1

104 0.9 1.640 1

105 0.3 2.983 2

105 0.6 3.555 3

105 0.9 3.910 3
For validation, a comparison of the streamlines and
isotherms was made against that of Beckermann et al. [2]
for the absence of fin in the case Ra=3.028�107,

Da=1.296�105, Pr=6.97, Rk=1.383 and S ¼ 0:5 (see
Fig. 3). In addition, Table 2 exhibits a validation by calculating

the values of Nu for several values of Ra and S for a horizontal

composite system at Da ¼ 10�5 and � ¼ 0:7. The small discrep-
ancies observed in Table 2 are still within the acceptable stan-
dard. In order to validate the FSI aspect of the work,

comparison was performed against Ghalambaz et al. [15],
who investigated the mixed convection inside a square enclo-
sure with no porous layer part for t=1.375, Ra=106,
ork of Ghalambaz in the form of streamlines and isotherms; the

al. [15] (right) when S=1.0, t=1.375, Ra=106, A= 0.1, tp=0.5

a ¼ 0:01 and Pr ¼ 1:0.

(LBM) [31] (LBM) Present (FEM)

.362 1.372 1.402

.493 1.502 1.527

.633 1.640 1.640

.992 3.006 2.986

.433 3.445 3.550

.902 3.910 3.908
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A=0.1, tp=0.5 and E ¼ 1011 (cf. Fig. 4). The present results
and that of previous authors’ compare favourably.

An additional validation is performed through a compar-

ison with the published work of Nithiarasu et al. [26], Seta
et al. [30] and Haghshenas et al. [31] who studied a natural
convection inside an enclosure filled with a porous medium

for the case Da ¼ 0:01 and Pr ¼ 1:0. Table 3 summarizes the
average Nusselt numbers for several values of the Rayleigh
number and porosity parameter. Our results compare favour-
ably with the previous results and this reaffirms the accuracy

and robustness of the current computations.

4. Results and discussion

The simulation results of the present work are done for the
case � ¼ 0:7;Rk ¼ 2:0 and kr ¼ 10:0. The range of the non-
dimensional parameters is selected as follows: Young’s Modu-

lus (5� 108 6 E 6 5� 109), the amplitude oscillation
(0:0 6 A 6 0:1), the period oscillation (0:1 6 tp 6 0:7), the

fluid layer thickness (0:5 6 S 6 0:9) and Darcy’s number,

10�5 6 Da 6 10�2. The chosen range of Darcy number is
Fig. 5 One cycle time history of the flexible fin and the moving me

Da= 10�5 Ra= 107 Kr = 10 and tp ¼ 0:5.
based on the fact that the present model adopts the
Brinkman-Forchheimer model. A Darcy number less than

10�5 leads to a Darcy model that is only valid for slow, viscous

flow. The considered range of the Rayleigh number signifies
the flow of the laminar heat transfer, and considering the
Boussinesq model, the Rayleigh number is valid for the tem-
perature difference between 294 and 324 K. The values of

the Young’s Modulus and amplitude oscillation correspond
to a specific material that can be forced to a constant move-
ment, such as a piezoelectric material which oscillates accord-

ing to a 0.1–10 Watt source.
Fig. 5 depicts the one cycle of the flexible fin and the nearby

moving mesh when S=0.7, E=109, A=0.1, Da=10�5,

Ra=107 Kr=10 and tp ¼ 0:5. This figure shows a zoomed view

of the flexible fin and nearby meshes to demonstrate the mov-

ing mesh motion and deformation of the fin clearly. Each time
step is depicted as subplots (a)-(h). The subplots (a) and (e) are
similar as the figure is plotted for a complete cycle. A

horizontal-symmetrical mesh shape can be observed for the
meshes (see subplots (d) and (f), (c) and (g), and (b) and
(h)). As the tip of the fin follows a dictated displacement, the

sequential subplots display similar tip positions; however, the
sh after semi-steady condition when S = 0.7, E = 109, A = 0.1,
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general deformation of the fin can be different due to the inter-
action with the fluid.

Fig. 6 displays the dynamic streamlines for S=0.7, L=0.2,

E=109, A=0.1, Da=10�5, Ra=107 and tp ¼ 0:5. Initially at

t ¼ 10�4 the clear fluid temperature near the how wall rises,

and the gravitational force contributes to a weak flow above

and below the flexible fin. Then at t ¼ 10�3, this movement cre-
ates a clockwise circulation with two inner vortices at the clear

fluid layer. The first inner vortex locates in the center while the
second vortex locates in the upper part of the enclosure. The
intensity of the first vortex is stronger than the second vortex.
Fig. 6 The streamlines during a cycle at S = 0.7, L = 0.2, E =
Later, the intensity of the first vortex is weaker than the second
vortex, and their locations are also corrected. Denser streamli-

nes are observed at t ¼ 10�2:14, and the intensity of the first

vortex is returned stronger than the second vortex. The fluid

penetration into the porous layer is notable at t ¼ 10�1:64.
The fin tip achieves its maximum upper bending at t ¼ 1:125,
and the first inner vortex separates into a double eye vertical

formation. Later the double eye merge and the second vortex
shape shrink. After a long duration, t ¼ 1:375, the flexible fin
achieves its maximum lower bending with the shape of the first

vortex elongated horizontally. Here, the flow circulation in the
109, A = 0.1, Da = 10�5, Ra = 107 kr = 0.1 and tp ¼ 0:5.
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porous layer is strengthened. It notes that the fin oscillation
impacts the area below the fin rather than above, center, or
right parts of the enclosure. This due to the fluid motion of

the gravitational force is downward, and hence, the influence
of the fin oscillation gathers at lower areas of the enclosure
which are below the fin.

Fig. 7 exhibits the transient evolution of the isotherms for
S=0.7, L=0.2, E=109, A=0.1, Da=10�5, Ra=107, kr=10

and tp ¼ 0:5. The isotherms at t ¼ 10�4 and t ¼ 10�3 are paral-

lel to the vertical wall, in particular at the porous layer. This
indicates that the conduction heat transfer mechanism is dom-
Fig. 7 Time evolution of the isotherms at S = 0.7, L = 0.2, E =
inant in the system. The heat from the clear fluid region
reaches the porous region which results in a slight distortion
and little perturbed isotherm around the fin extend to the mid-

dle. Then at t ¼ 10�2:14, the isotherms evolve and distribute in
the whole enclosure. It appears from the figures that later at

t ¼ 10�2, the global flow and isotherm patterns are fixed where

the boomerang shape is created around the fin. At t ¼ 10�1:64,
the fin tip is moving upward, but no substantial change in the

isotherms can be observed. The fin tip achieves its maximum
upper bending at t ¼ 1:125, and the boomerang shape is disap-
peared. Later, the boomerang shape is returned at t ¼ 1:25,
109, A = 0.1, Da = 10�5, Ra = 107, Kr = 10 and tp ¼ 0:5.
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and it pushed downward as the fin deflection reach its maxi-
mum lower bending at t ¼ 1:375. The isotherms are aligned
in a mostly horizontal manner in clear fluid layer while the iso-

therms are aligned in a mostly vertical manner in the porous
layer. The isotherm patterns are aligned horizontally, indicat-
ing that the heavy-cold fluid leading the fluid circulation, and

the cold denser fluid in the clear region is pushed down. On the
other hand, the isotherms in the porous layer are aligned ver-
tically, giving evidence of that heat is transferred almost

entirely by pure conduction via direct molecular collision.
Fig. 8 Streamlines for different Darcy number and S at L = 0.2, D
Fig. 8 shows the effects of the fluid layer thickness on the
streamlines for several values of the Darcy number for the case
L=0.2, Da=10�5, E=109, tp=0.5, Ra=107 and t ¼ 1:375.
The changing of the semi-steady flow motion as the clear fluid
thickness varies is seen in Fig. 8(a). As the Darcy number
increases (from the left to the right), the flow circulation

strength increases and this eventually breaks up the vortex.
The vortex occupies the zone below the flexible fin at

Da ¼ 10�4; 10�3 while at Da ¼ 10�2, the left vortex occupies
the zone above the flexible fin and the right vortex appears
a = 10�5 E = 109 A = 0.1, Ra = 107, tp = 0.5 and t ¼ 1:375.
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close to the right cold wall. This is due to the porous layer
which acts almost like a solid at a relatively small Darcy num-
ber. The fluid circulation is almost unaffected by the porous

layer thickness. The flow can be seen penetrating into the por-
Fig. 9 Effects of the amplitude of the fin oscillation on the local Nus

tp = 0.1 and S ¼ 0:7.

Fig. 10 Effects of the Young’s Modulus on the local Nusselt number

and S ¼ 0:7.
ous medium completely and the convective flow is deviated
slightly.

Variations of the local Nusselt number against the ampli-

tude for two cycles are shown in Fig. 9 for the case L=0.2,
selt number for L = 0.2, Da = 10�5, E = 109, Ra =107 Kr = 10,

for L = 0.2, Da = 10�5, A= 0.075, Ra = 107, Kr= 10, tp = 0.1
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Da=10�5, E=109, Ra=107, Kr=10, tp=0.1 and S ¼ 0:7. The
transient Nusselt number oscillates with periodic variation of
the fin tip position for all amplitudes considered in this study.

Perfectly sinusoidal laws were found for all small-amplitude
Fig. 11 Effects of the fluid layer thickness on the instaneous Nusselt n

E ¼ 109.

Fig. 12 Effects of the Darcy number on the local Nusselt num
values. When the oscillation amplitudes are large, the motion
of the fin sips a massive amount of fluid, which results in a sig-
nificant amount of the momentum exchange between the fluid

in the vicinity of the hot wall and the fin. The tip spot oscilla-
umber for L= 0.2, Da = 10�5, A= 0.075, Ra= 107, tp=0.1 and

ber for L ¼ 0:2;A ¼ 0:075;Ra ¼ 107; tp ¼ 0:1 and E ¼ 109.



Fig. 13 Effects of the value of Young’s Modulus (a), oscillation period (b), and fluid layer thickness (c) on the average Nusselt number

against the oscillation-amplitude when L ¼ 0:2 and Ra ¼ 107.
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tion with large amplitude (A ¼ 0:075) causes a relatively large
amplification of the momentum exchange; therefore, the
instantaneous of the flow disagree to a high degree from the

weak-oscillating case. The flow amplification brings the
amount of increase of Nu when the fin moves downward.
The lower position of the flexible part assists the convective

flow to absorb the heat from the hot source better.
Fig. 10 exhibits the effects of Young’s Modulus on the

instantaneous Nusselt number for L=0.2, Da=10�5,

A=0.075, Ra=107, kr=10, tp=0.1 and S ¼ 0:7. The transient

heat transfer profiles for E ¼ 5� 109 and E ¼ 1� 109 are
almost matching point by point. This due to the dictated fin
deflection, which is independent from the fluid interaction

effect so that the instaneous heat transfer rate remain
unchanged by increasing E value. In contrast, different condi-
tion occurs when E value is relative low. The shape of flexible

fin modifies the total maximum Nusselt number and the local
maximum Nusselt number. he reason behind this situation is
the deformation of the fin due to the interaction with the fluid
flow.

Fig. 11 depicts the influence of fluid layer thickness on the
local Nusselt number for L=0.2, Da=10�5, A=0.075,

Ra=107, tp=0.1 and E ¼ 109. The larger clear fluid layer

thickness the higher instantaneous Nusselt number at all tip
position. The cold fluid departs from the left upper part of
the enclosure and arrives at the right wall. The cold fluid starts
to dispose of heat from the left wall and agitate again. In this

process, the fluid circulation strength is accelerated then the
overall thermal performance at the hot wall increases. There
are some local apexes for the heat transfer rate which are the

result of the sequence of events. The variation of the size of
the fluid layer does not affect the fluid area circulation, but
the partition reduces the free space for fluid to move from

the hot wall to the cold wall when the porous layer thickness
increases. The impermeable partition does not allow fluid to
pass through it. The impact of the partition/interface to the
fluid circulation would be given in the next figure.

Fig. 12 displays the influence of Darcy number on the
instantaneous Nusselt number L=0.2, A=0.075, Ra=107,

tp=0.1 and E ¼ 109. The stronger the Darcy number the

higher the instantaneous Nusselt number at all tip positions.
This happens due to the Darcy number as it represents the rel-
ative effect of the permeability of the medium. When the per-
meability increases, a significant amount of fluid enters the

porous layer, and the porous layer no longer acts as a hydro-
dynamic barrier to the fluid movements.

Fig. 13 shows the influence of the value of Young’s modu-

lus (a), oscillation period (b) and fluid layer thickness (c) on the
average Nusselt number as a function of the amplitude of the

oscillation when L ¼ 0:2 and Ra ¼ 107. The larger oscillation
amplitude the higher average Nusselt number at the considered

stiffness, oscillation period and fluid layer thickness. When the
oscillation-amplitude increases, the flow movement is intense
and boosts the heat transfer. Fig. 13(a) shows that when the

fin is very flexible, E ¼ 5� 108, the greatest improvement of

the overall heat transfer rate can be seen. This is since the
fluid–structure interaction can work well to deflect the fin for
a very elastic fin. However, when the amplitude oscillation gets

more substantial, the influence of the value of Young’s modu-
lus weakens. It seems that the total Nusselt number is fixed by
changing the period oscillation, as shown in Fig. 13(b).
Increasing the period or decreasing the frequency reduces the
rate of heat transfer slightly.The increase of the oscillation
amplitude from zero to 0.1 could improve the average Nusselt

number from about 6.14 to 6.35, which shows about 3.4 per-
cent improvement, i.e., 100x(6.35–6.14)/6.14.

5. Conclusions

In the present work, the impact of fin elasticity and the fluid
layer thickness on the flow and temperature distribution as

well as the heat transfer rate was investigated. The Arbitrary
Lagrangian–Eulerian (ALE) in a moving mesh system was uti-
lized to couple the large deformations of the fin with the fluid

domain. The numerical simulations were done using COM-
SOL software. The followings are the main findings:

1. The fin oscillation impacts the area below the fin rather
than the area above the fin or the area in the center. The
position of the fin tip modifies the number and location
of the core of the flow circulation.

2. There are some local apexes for the heat transfer rate,
which are the result of the sequence of events. The shape
of flexible fin modifies the global maximum of the transient

Nusselt number and the local maximum of the transient
Nusselt number.

3. The overall rate of heat transfer increases exponentially

with the rise of the oscillation amplitude.
4. The overall heat transfer rate is enhanced by increasing the

Darcy number, the fluid layer thickness and the fin elastic-
ity. The variation of the heat transfer enhancement is

almost independent of the period.
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