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This study investigated the effects of two oscillating fins on the heat transfer rate and flow
characteristics of a nanofluid inside a square enclosure. Both fins were attached to the hot
wall and both fins oscillated at the same frequencies and amplitudes. The finite element
method implemented in the arbitrary Lagrangian-Eulerian (ALE) technique was used to
solve the equations describing the interactions and movements of the nanofluid and fins.
Comparisons of our results and those reported in previous studies demonstrated that the
modeling and numerical investigations were valid and reliable. The results showed that
the increase in the heat transfer rate was due to the oscillation of the fins. In addition, the
increasing trend in the heat transfer rate due to the oscillating fins decreased as the ratio
of the thermal conductivity of the fins relative to the nanofluid increased. Increasing the
thermal conductivity and viscosity parameters enhanced and weakened the heat transfer
rate, respectively.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

The application of convective heat transfer has been developed in various industrial fields, and its importance has
been noted recently by researchers. Mixed convection flows are combinations of free and forced convection flows, and
they occur in many technological and industrial applications as well as in nature, e.g., solar receivers exposed to wind
currents, electronic devices cooled by fans, heat exchangers placed in a low-velocity environment, and flows in the ocean

and atmosphere [1].

Numerous studies have investigated mixed convective heat transfer. In particular, Iwatsu et al. [2] numerically inves-
tigated two-dimensional convective heat transfer based on a vertical temperature gradient, where they determined the
thermofluid characteristics of fluids inside a cavity for different Richardson numbers. Oztop and Dagtekin [3]| performed nu-
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merical studies of two-dimensional mixed convection in a differentially heated square cavity. The left and right walls were
moving and considered at different constant temperatures. Their results showed that the Richardson number and direction
of the moving walls simultaneously affected the thermofluid characteristics inside the cavity. Lamarti et al. [4] performed
numerical investigations based on the lattice Boltzmann method to study the mixed convection heat transfer inside a square
cavity driven by a periodically oscillating lid. They found that the Reynolds and Grashof numbers affected the energy trans-
fer process. Radhakrishnan et al. [5] performed numerical and experimental studies of mixed convection based on a heat
generating element within a ventilated cavity. They determined correlations between the average Nusselt number and the
maximum dimensionless temperature within a heat source. The heat transfer performance was boosted by changing the po-
sition of the heat source. They compared their numerical results with experimental tests and they were in good agreement.

The mixed laminar convection inside a square cavity was investigated by Houat and Bouayed [6] using the lattice Boltz-
mann method. The results obtained for a Richardson number Ri = 10 were in good agreement with those produced with
the finite volume method. Alsabery et al. [7] studied transient entropy generation and mixed convection for a rotating hot
inner cylinder within a square cavity. They conducted numerical studies by utilizing the finite element method and arbitrary
Lagrangian-Eulerian (ALE) method. The results showed that the maximum average heat transfer and global entropy gener-
ation occurred under counter-clockwise rotation of the cylinder. The ALE approach has also been utilized in other areas of
physics [8].

Nanofluids have been engineered with enhanced thermal conductivity in order to augment the heat transfer in conven-
tional fluids. Nanofluids comprise stable suspensions of nanoparticles with diameters lower than 100 nm that are dispersed
well in a liquid, and the first was introduced by Choi and Eastman [9] to enhance the thermal conductivity of a fluid.
Nanofluids have been proposed as new passive heat transfer enhancement techniques. Major advantages of adding nanopar-
ticles to the host fluid are improved thermal conductivity and heat transfer. However, nanoparticles also have many other
functions, such as direct solar absorption [10], fuel nano-additives [11], and antibacterial applications [12]. The present study
only considered the heat transfer advantages of nanoparticles.

Mirmasoumi and Behzadmehr [13] examined the effects of the mean diameter of Al,03; nanoparticles on mixed con-
vection heat transfer within a horizontal tube. Their numerical investigations were conducted based on two-phase mixture
models and the results showed that reducing the mean diameter of the nanoparticles led to increased heat transfer. Sarkar
et al. [14] numerically studied the mixed convective flow and heat transfer characteristics of water-Cu nanofluids in a cross-
flow along a circular cylinder. The nanoparticle volume fractions of 0 < ¢ < 25% and the Reynolds number range of 0 <
Re < 180 were considered in simulations. Correlations were determined for the Nusselt number based on ¢ and Re. They
found that the presence of nanoparticles provided a balancing force against the buoyancy force, which helped to stabilize
the flow.

Aghanajafi et al. [15] numerically studied the thermal characteristics of a water-CuO nanofluid with three different vol-
ume fractions inside a triangular channel. A single-phase flow was considered for the fluid in their investigations. Consider-
able heat transfer enhancement was obtained using the nanofluid. In addition, the CuO nanoparticles increased the pressure
loss along the channel. Nanoparticles with two different diameters did not affect the heat transfer rate.

Selimefendigil and Oztop [16] performed numerical investigations by using the finite element method to analyze mixed
convection for various types of nanofluids (water/Cu, Al,03, and TiO,) in a three-dimensional cavity with two inner adiabatic
circular cylinders. They found that water-Cu had the highest heat transfer rate. The direction of rotation for the cylinders
led to either an increase or decrease in the Nusselt number. They also determined correlations with the Nusselt number
based on the Rayleigh number and angular rotational speed of the cylinders. Kareem and Gao [17] numerically studied
mixed convection heat transfer for four different types of fluids (nanoparticles with different diameters) inside an enclosure.
Their simulations were conducted under three-dimensional unsteady flow conditions with a two-phase mixture model. The
results showed that utilizing a nanofluid instead of a conventional fluid considerably affected the heat transfer and flow
pattern. The size and volume fraction of the nanoparticles significantly influenced the heat transfer. Previous reviews have
also discussed the enhancement of convective heat transfer by using nanofluids and inside enclosures [18-20]. Nanofluids
have been applied to improve the design of radiators [21], reduce entropy generation [22], and improve the heat transfer in
boundary layers [23]. Studies have also investigated the thermal properties of nanofluids [24] as well as simulating liquid
flows and heat transfer in nano-passages [25-28].

As mentioned above, the force factor for mixed convection in an enclosure can be the motion of a wall of the enclosure,
i.e., lid driven [29,30]. In addition to the movements of the boundaries of cavities and membranes, the oscillation of a fin
attached to a wall can disturb the fluid and induce a mixed convection flow. For instance, the effects of fluid-structure
interactions (FSI) on mixed convection within a cavity where a flexible elastic fin was attached to the bottom wall were
investigated by Ismael and Jasim [31], who found that a flexible fin increased the Nusselt number more than a rigid fin.

Various characteristics of heat transfer have been investigated in the presence of rigid fins, such as the fin inclination
angle [32,33] and length [34], as well as the presence of fins on the internal parts of a cavity [35], fins in a mixed convection
flow [36], and an array of fins subject to mixed convection [37,38]. Many studies have focused on the thermal effects of
attached fins on heat transfer in a cavity, but few have investigated the effects of the presence of a flexible fin on heat
transfer.

FSI involves a deformable structure as well as the flow field and heat transfer. In general, it is considered that the finite
element method is suitable for handling the structure, and the finite volume method for dealing with the fluid and temper-
ature field. However, in many new numerical schemes, the behavior of the solid structure can be handled using the finite
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Fig. 1. Schematic representation of the cavity with two oscillating fins.

volume method. For example, Barton et al. [39] investigated the large deformation of solid structures using an Eulerian
finite volume scheme. Moreover, the fluid and temperature fields can be solved with the finite element method [40-42].
Hence, recently developed numerical schemes can be employed for handling FSI problems using a finite element method or
finite volume method. In particular, PHOENICS codes can be utilized to solve an FSI problem with the finite volume method
[43]. Many excellent books [44] and other publications [45,46] have described the solution of FSI problems using the finite
element method. The finite element method was employed to handle the evolving FSI model in the present study.

Considering the finite element method, Ghalambaz et al. [47] numerically studied the FSI for an oscillating fin attached
to the hot wall of a cavity. Both the buoyancy forces and excitation were considered for the fin. The results showed that
increasing the amplitude of the oscillating fin enhanced the Nusselt number. The optimized non-dimensional length for
obtaining better heat transfer and greater compatibility with the oscillating amplitudes was 20% of the size of the cavity.
Selimefendigil et al. [48] numerically studied the thermofluid characteristics of a Cu-water nanofluid in a vertical lid-driven
square cavity with a flexible fin attached to the upper wall. The cavity was subject to an inclined magnetic field. The effects
of the fin elasticity on the thermofluid characteristics of the cavity were explored. The results showed that the heat transfer
was better when the fin was more flexible (lower Young's modulus).

Based on flexible fins in cavities and using the finite element method, Raisi and Arvin [49] explored the effect of the
presence of a flexible baffle at the center of a cavity, while Zadeh et al. [50] investigated the effect of the location of a flexible
baffle in a cavity. The results showed that a flexible baffle could improve the heat transfer. Alsabery et al. [51] theoretically
investigated the effect of an oscillating fin on the bottom wall of an oblique cavity and showed that increasing the fin
oscillation amplitude enhanced the heat transfer.

Previous reviews of oscillating flexible fins [47-51| have analyzed the effect of the presence of a single flexible fin or
baffle. However, the presence of two active flexible fins can considerably change the flow behavior in a cavity by inducing
pumping effects on the fluid trapped between the fins. This effect has not been investigated comprehensively in previous
studies. Hence, the present study investigated the effects of two oscillating flexible fins on the mixed convection flow and
heat transfer in an enclosure. Moreover, this is the first study to consider the effects of flexible oscillating fin and nanofluids.

2. Problem description
2.1. Physical model

Fig. 1 illustrates the geometry and physical model of a square cavity with size H* and two flexible oscillating fins. It is
assumed that the length of the Z-direction dimension of the cavity is much greater than that those of the two horizontal
and vertical dimensions, so the assumption of a two-dimensional cavity can be considered in numerical investigations. The
temperatures of the left and right walls are constant, and they are assumed to be the higher and lower temperatures T
and T, respectively. In addition, both of the horizontal walls are considered to be well insulated. Two flexible thin fins are
mounted on the left hot vertical wall. The fins are aligned symmetrically with respect to the mid-height of the cavity (H*/2)
and the distance between fins is H*/5. The fins oscillate at a specified amplitude and frequency. It should be noted that the
fins start to oscillate when the natural convection reaches a steady state. The working fluid comprises nanoparticles with
a volume fraction of C, which are dispersed well in a Newtonian and incompressible base fluid. Furthermore, Boussinesq’s
approximation is considered for modeling the buoyancy forces. It is also assumed that the flow is laminar, and thus the
turbulence effects are neglected.
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2.2. Basic equations

The governing equations based on the FSI principles and ALE for the geometrically nonlinear elastodynamic structural
displacement and energy of the flexible fins are defined as [47,52]:

d2dx
Ps dtzs - V*o* =F; (1)
aT 2
(pcp)sﬁ =k V*T, (2)

where o* represents the stress tensor, di is the vector of solid displacement, and F; is the body force, including the weight
of the flexible fin and the buoyancy force in the fluid. The basic conservation equations for the continuity, momentum, and
energy in the ALE formulation are defined as [47,53]:

vir=o 3)

ou* . . 1 o, 2

WJF(U —w) Vit = *pfnfv P+ vy VU + Brgy (T — To) (4)
8T * * * 2

(0Cp) s 5 T — W) - V*T | = ks V¥, 5)

where u* represents the nanofluid velocity vector, w* is the velocity of the moving mesh, P* denotes the pressure field
inside the nanofluid, T denotes the temperature field, ps and p,y are the density of the solid and nanofluid, respectively, 8¢
and v, are the volumetric thermal expansion coefficient and kinematic viscosity of the nanofluid, and gy is the acceleration
due to gravity. The streamlines can be obtained by defining the following stream function vr*.

VY = -V xur (6)

Assuming that the flexible fin is linear elastic and considering nonlinear geometry effects, the stress tensor is defined as
[47]:

o =] IFSF', (7)
where F = (I + V*d§) and J = det(F). The second Piola-Kirchhoff stress tensor (S) and strain (&) are related to each other as:

S=C: (8)’8 — %(V*d:+V*d:tr+v*d:nv*d:>a (8)
where C = C(E, v). The initial and boundary dimensional conditions can be written as follows.
ut(x*,y*,0) =0,w*(x*,y*,0) =0, T(x*,y*,0) =T, = # (9-a)
wr(0.y".t) = u*(H*,y*, t) = 0 (9-b)
u*(x*,0,t) =u*(x*, H*, t) =0 (9-c)
T(O’y*yt) :Th’T(H*,y*,t) :Tc, % = % =0 (g_d)
y (x+,0,t) y (x*,H*,t)

As mentioned above, the fins start to oscillate due to an external vibration when the natural convection reaches a steady
state. The external displacement of the top part of the fins is defined as follows.
. (27t
y* = A*sin <?> (10)

The displacement is zero at initial times and starts when the flow reaches to about a steady-stated condition. The no-
slip boundary condition is considered for the walls. The walls of the cavity are also impermeable. The continuity of the
kinematic forces and dynamic movements are the boundary conditions for the FSI at the fins, which yield the following.

dd:

o =u", 0" =[P+ pyVur] n (11)
Moreover, the energy balance at the solid-fluid interface can be written as:
aT oT
—| =ks+|. 12
kg on S an (12)
nf s
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The non-dimensional parameters are introduced as follows.

_ d: _o* _ topy x5y, 2w H* _T-T
=g 0= T =g ®N="p ’A_/\*abf’e_TthC
(13)
Af Lty Ly, Ly, L N 2
(A,L,tf,Lb,Lm,Lt) ( f* [>,(u,w)=(u’W)H,p: H P
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The governing equations for Eqs. (1)-(6) are rewritten in non-dimensional form as:
1 d%d
_ Vo =
or dT2 o =E.F, (14)
C
(PGo)s 38 _ 29 (15)
(PCp)ps T
M w—wy . Vu=_Pyp, P ““”fP V2 + Pl Rapro (16)
at Pnf Pnf K /Sbf
C k
Py (90 o _wy.vo) = X1 v2g (17)
(pCP)bf kbf
V2 = -V xu, (18)
where
T, — To)H” Y #
Ra:gyﬂbfl(}ha c) ’Pr:aif’ f:ZHaz
bfObf b
( f) f &5 (19)
Png — ps)H"8gy Puf ks
F=~— "7 = op="" k= ——
v E PR 05 K [

In the equations above, Ra is the Rayleigh number, Pr is the Prandtl number, E; represents the non-dimensional flexibility,
F, indicates the parameter of the body force, and pr denotes the parameter of the density ratio. It should be noted that
when the fluid is heavier than the fin, F, has a positive value. The non-dimensional forms of the initial and boundary
conditions for Eqs (9-a) to (9-d) are also provided as follows.

u(x,y,0) =w(x,y,0)=0,6(x,y,0) =6, =0.5 (20-a)

u0,y,7)=u(l,y,t)=0 (20-b)

ux,0,t)=u,1,7)=0 (20-c)

0(0,y,r)=1,9(1,y,t)=0,g—0 = g—e =0 (20-d)
y (x,0,7) Yy x,1,7)

The non-dimensional solid-fluid interaction and energy balance boundary conditions can be written as:
%zu,Eta-nz —PI + MPrVu -n (21)
a7 Mbf
a0 a0

nf s

It should be noted that the fin oscillation in a non-dimensional form can be represented by y = A sin (A.t) when
T >0.5. The displacement is zero when 7 <0.5. In the present study, it is assumed that the only important parameters
for the nanofluid are the dynamic viscosity and thermal conductivity. Hence, in order to further generalize the study, the
density ratio and thermal expansion ratio are treated as unity [54].

kay _ 4 + NcC (23-a)
kbf
Bnf 14 Nuc (23-b)

Mpf
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Table 1
Grid study using Ra = 10%, Pr=7,L = 0.2, A = 0.1, > = 0.1, and « = 100.
Case number CPU Memory (MB) Run time (min) Domain elements Boundary elements
1 4 1000 31 5625 395
2 4 1150 46 8719 543
3 4 1300 52 11882 694
4 4 1400 71 14987 845
5 4 1500 86 16957 943

2.3. Heat transfer rate

In this study, the Nusselt number is the parameter of interest, where it represents the heat transfer from the hot wall.
The local Nusselt number for the left hot wall is defined as:

N = 1A (24)
kys
where h is the convective heat transfer coefficient at the left wall. Using the energy balance at the hot left wall gives:
h(T, — Tc) = —k, ;0T /0x* (25)
where invoking the non-dimensional parameters yields:
Nunfzf%%. (26)

In addition, considering the energy balance at the interface of the left wall and the fin as well as the non-dimensional
parameters gives the following.
a0
Nus = —K -~ 27
S K X ( )

Hence, the average Nusselt number on the hot wall is defined as follows.

$1 S2 S3 Sy H
Nu; :/ Nunfdy+/ Nusdy+f Nunfdy+/ Nusdy+f Nuy,¢dy
0 S1 Sy S3 S4

H 3t H ¢t (28)
1=377 0l sm=5-5-01
H tf H 3tf

3. Numerical method and validation
3.1. Numerical method and grid examination

Using a numerical method to solve the nonlinear and coupled dimensionless equations presented as Eqs. (13)-(17) to-
gether with the imposed initial and boundary conditions defined by Eqs. (20)-(22) is unavoidable. Hence, the Galerkin finite
element method and the ALE technique were implemented to solve the weak forms of the equations. The numerical ap-
proach was explained in detail in a previous study [55]. Fig. 2 shows the algorithm utilized to solve the equations. In a
numerical study, examining the grid independence is one of the most important steps for ensuring the accuracy of the com-
putations. Hence, grid independence analysis was conducted to ensure that the results were independent of the number
of grid elements. As shown in Fig. 3, triangular non-structured elements and boundary-shape elements were employed to
discretize the fluid domain. Structured elements were used for the solid fins. It should be noted that the grid study was per-
formed using the following non-dimensional parameters: Ra = 10°, Pr = 7, L = 0.2, k = 100, A = 0.1, C = 5%, and A = 0.1.
According to Table 1 and Fig. 4, the difference in the transient average Nusselt numbers was negligible for cases 4 and
5, and thus case 4 with 14987 domain elements and 845 boundary elements was selected for the numerical calculations.
Fig. 5 shows that the maximum velocity magnitude inside the cavity at the steady state was not affected considerably by
the number of the elements, so case 4 could provide accurate and correct results. The run time was 71 min for the grid
with case 4. The system used for the numerical simulations included 16 GB of memory and eight CPU cores, where each
operated at 2.7 GHz.

3.2. Validation

The study described by Kiittler and Wall [56] was employed to validate the FSI code. Kiittler and Wall [56] studied
a cavity with a flexible bottom wall and moving top wall. The top wall of the square cavity was driven at a velocity of
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Table 2

Properties of the fluid and flexible wall according to Kiittler and Wall [56].
Property Fluid Flexible wall
Kinematic viscosity (vy) 0.01 m?/s -
Density (p) 1 kg/m3 500 kg/m?
Poisson’s ratio(vs) - 0
Young’s modulus (E) - 250 N/m?
Thickness - 0.002 m

uy = (1-cos(2mt/5)) m/s, and two free boundaries were considered above the left and right walls. Therefore, the lower wall
was altered by the interaction between the fluid and solid when moving the upper wall due to its effect on the fluid inside
the cavity and the creation of a vortex within. The changes in the form of the flexible wall were studied over time. Table 2
shows the properties of the fluid and the flexible wall. Fig. 6 compares the results obtained in the present study and those
reported by Kiittler and Wall [56] in terms of the shape of the flexible wall after t = 7.5 s. The comparison shows that the
agreement between the results was satisfactory.

The study described by Kahveci [57] was considered in order to validate the nanofluid heat transfer in the enclosure.
Kahveci [57] studied the free heat transfer in a square cavity filled with a nanofluid. The volume fraction range for the
nanoparticles was also treated as between 0% and 20%. However, it should be noted that the volume fraction of nanoparticles
was not considered to exceed 5% in the present study, and thus the high volume fractions was used for comparisons with
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the previously reported results. Fig. 7 shows that the results obtained in the present study and those reported by Kahveci
[57] were in good agreement.

4. Results and discussion

The present study investigated the effects of the non-dimensional variable parameters given in Table 3 on the tem-
perature field, velocity distribution, streamlines within the enclosure, and heat transfer rates on the hot wall. The results
obtained in the present study are generally reported for the default values of the non-dimensional parameters; otherwise,
the values of the non-dimensional parameters are stated.

Figs. 8 and 9 illustrate the velocity and temperature fields within the square cavity during the convection process, re-
spectively. As shown in Fig. 8, at the initial time (t = 10~4), the relative flow velocity was zero and some minor movements
occurred next to the vertical walls. The velocity increased near the cold wall as well as at the upper and bottom part of
the warm wall (Fig. 8(b)). At T = 1073, the flow velocity increased beside the cold wall. Subsequently, all of the small local
vortexes inside the cavity disappeared and a large vortex formed at the center of the cavity. At T = 1072, the maximum
flow velocity occurred next to the cold wall. The fins are allowed to oscillate at t = 0.5. The fins then started vibrating
and the flow velocity reached its maximum at the tips of the oscillating fins and next to the cold wall. Fig. 9 illustrates
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Table 3

Ranges of the non-dimensional parameters.
Parameter Default value Minimum value Maximum value
Ra 10° 10* 106
Pr 7 =
K 100 1 1000
C (%) 5 0 8
Nc 8 - -
Nv 8 4 16
A 0.1 0.05 0.5
A 0.1 0.01 0.1

—

S e /

(): 7= 1.025 (k): 7=1.075

Fig. 8. Velocity contours and flow directions.

the non-dimensional temperature distributions at various times inside the cavity. As time passed, the upper and lower
walls of the cavity became warmer and colder, respectively, because of the flow circulation induced inside the cavity. In the
opened fins position, the temperature gradient was clearly higher than that in the closed position because of the higher
flow velocity in the opened position. The wall at the upper area of the fins finally became warmer compared with the
bottom area because of free convection heat transfer effects.
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Fig. 9. Distributions of non-dimensional temperature in the cavity.
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Fig. 10 illustrates the vorticity contours at different time points. The strength of the vorticity tended to increase before
reaching a steady state. The strength of the vorticity next to the fins accounted for most of that within the cavity. The closed
fins configuration obtained the highest vorticity strength, whereas the opened fins position resulted in the lowest. In fact,
the behavior of the vorticity contours followed the velocity field depicted in Fig. 8.

Figs. 11(a) and (b) show the streamlines and isotherms inside the enclosure at various Rayleigh numbers when the fins
reached the maximum amplitude. Two stagnation points were observed at the tips of the opened fins and one stagnation
point for the closed fins, as shown clearly in the images of the streamlines. At low Rayleigh numbers, the streamlines
indicating uniform patterns exhibited a smooth flow circulation inside the enclosure. At Ra = 10%, the isotherms had a
semi-vertical distribution, thereby demonstrating the dominant influence of the conduction heat transfer regime. As the
Rayleigh number increased, the advection mechanism played a critical role, and thus the isotherms started to follow the
flow patterns and they became horizontal at Ra = 106, At higher Rayleigh numbers, i.e., Ra = 108, the strength of the
streamlines was boosted due to buoyancy effects and the density of the streamlines confirmed this change.

Figs. 12(a), (b), and (c) show the local Nusselt numbers on the bottom, middle, and top segments of the hot wall, respec-
tively, in the last second. These figures illustrate four different states for the fins and fluid, with rigid/flexible fins and pure
fluid/nanofluid. The intense heat transfer variations at the lower part of the hot wall compared with the two other parts of
the wall were due to its primary contact with the cold fluid/nanofluid, which did not occur in the areas on the middle and
upper walls. In general, when the cold fluid/nanofluid approached the lower part of the hot wall, the drastic differences in
temperature between the wall and fluid led to high temperature gradients and heat transfer rates. Thus, the local Nusselt
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Fig. 10. Vorticity contours in the cavity over time.

number was high in the bottom areas. A slight increase in heat transfer along the lowest segment of the hot wall was due
to the increased fluid velocity. There was a significant reduction in the temperature gradient between the fluid and warm
wall, and the fluid along the hot wall contributed to the decreased local heat transfer. On the middle segment of the hot
wall, the low velocity of the fluid adjacent to the heated fins led to a lower Nusselt number.

According to Fig. 12(a), (b), and (c), the local Nusselt numbers were more significant for the nanofluid compared with
the pure fluid. Indeed, the nanoparticles in the base fluid enhanced the conductivity of the nanofluid. Figs. 12(a) and (b)
show that the nanoparticles dispersed inside the base fluid did not significantly affect the local heat transfer rate on the
lowest segment of the wall, but the effects of the dispersed nanoparticles on the local heat transfer rate on the middle of
the wall were increasingly higher when the fins were rigid.

Furthermore, the rigidity and flexibility of the fins affected the local Nusselt number. The flexibility of the fins could
either weaken or enhance the local heat transfer rate. The local heat transfer rate on the lowest segment of the hot wall
was only slightly affected by the flexibility of the fins. However, the local heat transfer rates for the middle and highest
parts of the wall were influenced dramatically by the oscillating fins. The oscillation of the fins improved the heat transfer
rate through the middle part of the wall, but the reverse trend was found for the highest part of the hot wall.

Figs. 13(a) and (b) illustrate the effects of the frequency and oscillation amplitude, respectively, on the average Nusselt
number in non-dimensional time steps from 1-2. According to Fig. 13(a), under a constant oscillation amplitude (A = 0.1) for
the oscillating fins, increasing the oscillation frequency led to a decrease in the Nusselt number amplitude and an increase
in the wavelength. Thus, the peak of the heat transfer for the nanofluid at a higher oscillation frequency, i.e.,, A = 0.5,
was reduced compared with the lower frequencies in the overall time step sequence. In addition, the oscillation amplitude
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Fig. 11. Isotherms and streamlines under (a) opened fins and (b) closed fins conditions at different Rayleigh numbers.
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Fig. 12. Effects of conductivity and viscosity parameters (i.e., Nc and Nv) on the local Nusselt number on the: (a) hot wall below the fins, (b) hot wall
between the two fins, and (c) top of the hot wall above the fins.

was lower at the average Nusselt number for the nanofluid at a higher frequency, i.e.,, A = 0.5, than weak frequencies. The
time-averaged Nusselt number decreased as the frequency increased.

Fig. 13(b) shows the effects of the oscillation amplitude for the flexible fins on the average Nusselt number at a constant
frequency of A = 0.1 in non-dimensional time steps from 1-2. Increasing the oscillation amplitude for the fins was directly
related to increases in the average Nusselt number. Furthermore, according to the pattern obtained, increasing the oscillation
amplitude by up to 10 times (from 0.01-0.1) led to increases in the time-averaged Nusselt number (4.639 to 4.76) in the
overall time step sequence.

Fig. 14 shows the significant impacts of the ratio of the thermal conductivity of the flexible fins relative to the nanofluid,
i.e,, «, on the average Nusselt number. At the primary times (10-8 to 10~%), due to the intense thermal differences between
the nanofluid and hot wall, the average Nusselt number was high at all thermal conductivity ratios. In fact, increasing « led
to greater heat transfer to the flow domain, thereby enhancing the driven buoyancy force. Moreover, increasing parameter x
at the primary times affected the average Nusselt number, where the heat transfer by the nanofluid decreased considerably



86 E. Jamesahar, M. Sabour and M. Shahabadi et al./Applied Mathematical Modelling 82 (2020) 72-90

6
A=0.1, Ra=10’
Pr=7, C=5%
5.5
Z s
4.5
47\\\\1\\\\1\\\\l\\\\l\\\\l\\\\l\\\\l\\\\l\\\\l\\\\
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
T
(a)
6
- A=0.01
- - - - - A=0.025 s
i ——— . A=0.05 2=0.1, Ra=10
55 R - A=0.075 Pr=7, C=5%
- A=0.1
55 <L 7 2 i A\
z > - tl/ v ! '\‘\:\ /'\"\ f’- : /!' 1
LN i\ ’.’~ n ! ;W i \|
L, > J7__ R 7\ j7__
F/‘*N’/’/_\i¥4 1\,//\\\ 94/\‘1\»/[
45F 2 Nz W N~ N2
4 i L L L L el L el L L
1 1.1 1.2 1.3 1.4 1.5

(b)

Fig. 13. Effects of (a) frequency A and (b) amplitude A on the Nusselt number.

even at higher parameter « values. Thus, although the effect of parameter ¥ was significant on the average Nusselt number
during the primary times (10-8 to 10-3), this trend was not observed after ¢ = 10-3. Subsequently (t = 1), the fins reached
a quasi-steady state and started oscillating. As shown in Fig. 14(b), the variations in the Nusselt number from t = 1- 1.5
exhibited an oscillating trend versus time. However, k = 1000 obtained the minimal oscillation amplitude and « = 1 yielded
the maximum oscillation amplitude. Hence, k = 1000 and « = 1 provided the maximum and minimum heat transfer rates,
respectively, because the higher conductivity ratio led to a higher rate of heat transfer.

Figs. 15(a) and (b) illustrate the effects of the thermal conductivity Nc and dynamic viscosity Nv parameters, respectively,
on the heat transfer by the nanofluid. These parameters depend on the material, size, and form of the nanoparticles, as well
as the properties of the base fluid and working temperature. Thus, each nanofluid has particular thermal conductivity and
dynamic viscosity parameters. For instance, a water-alumina nanofluid containing spherical nanoparticles with a diameter
of 40 nm at an ambient temperature of T = 25°C has values of Nc = 23 and Nv = 2.88. Figs. 15(a) and (b) show the plots
obtained for different parameters with a nanoparticle volume fraction of 5% where: (a) Nc = 8 and Nv = 4, (b) Nc = Nv = 8,
and (c) Nc = 4 and Nv = 8. According to the figure on the left in Fig. 15, the heat transfer by the four nanofluids was higher
than that by the pure fluid at the primary times. The fluid flow became uniform after passing the transient section and all
five plots approached each other until the fins started oscillating. According to the figure on the right in Fig. 15, the total
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Fig. 14. Variations in the Nusselt number at different non-dimensional times at several parameter k values.
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Fig. 15. Effects of conductivity and viscosity parameters (i.e., Nc and Nv) on the average Nusselt numbers using the default parameter values.

heat transfer rate increased and decreased as parameters Nc and Nv increased, respectively. In fact, increasing parameters
Nc and Nv increased the thermal conductivity and viscosity resistance, respectively. Comparisons of the heat transfer rates
for a specified nanofluid with rigid and flexible fins indicated that the heat transfer rate increased while the fins oscillated.

Figs. 16(a) and (b) show the effects of the nanoparticle volume fraction on the heat transfer rate. The figure on the left
in Fig. 16 compares the average Nusselt numbers for the three volume fractions of 2%, 5%, and 8% with the pure fluid when
using flexible and rigid fins. At the primary times when the fins did not oscillate, the effect of the nanoparticles inside the
base fluid was significant, and increasing the volume fraction considerably enhanced the heat transfer. The higher range of
the Nusselt number for larger nanofluid volume fractions decreased over time, and all the plots converged for the nanofluids
and base fluid. According to the figure on the right in Fig. 16, dispersing the nanoparticles in the base fluid improved the
heat transfer rate regardless of the flexibility of the fins. The local extrema of the average Nusselt number became more
apparent as the nanoparticle volume fraction increased. Moreover, comparisons of the average Nusselt numbers obtained
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Fig. 16. Effects of the nanoparticle volume fraction of on the average Nusselt number using the default parameter values.

Table 4

Average Nusselt number based on five cycles for various values of «.
K Nu,yg (Flexible fins) Nu,yg (Rigid fins)
1 4.1208 3.9893
10 4.2590 41241
100 4.7564 4.6383
1000 5.0875 4.9762

for the flexible and rigid fins with the nanofluid at C = 5% clearly indicated that oscillation slightly improved the heat
transfer rate. In fact, the increasing the fluid velocity near the fins while the fins oscillated increased the heat transfer rate.

Table 4 shows the time-averaged Nusselt numbers for different thermal conductivity ratio parameters, i.e., k. The heat
transfer rate increased as this parameter increased. When the thermal conductivity of the fins was low, the heat transfer by
the nanofluid only occurred next to the vertical hot wall and the heat at the base of the fins made a minor contribution
to the heat transfer. In this case, the fins only deflected the flow and they were not beneficial from a heat efficiency view-
point. In addition, the effect of the flexibility of the fins on the increase in the heat transfer rate decreased as the thermal
conductivity ratio increased.

5. Conclusion

This study investigated the heat transfer in a cavity filled with a nanofluid. Two types of solid and flexible fins were
attached to the warm wall of the cavity, and the effects of fin oscillation on the heat transfer rate were determined. The fins
started oscillating when the natural convection reached a steady state. The following conclusions can be made based on the
results obtained by numerical investigation.

 The flexibility of the fins could either weaken or enhance the local heat transfer rate. The oscillation of the fins improved
the rate heat transfer through the middle part. However, the local heat transfer was reduced at the highest part of the
hot wall when the fins oscillated.
Increasing the frequency of the oscillations decreased the Nusselt number amplitude and increased the wavelength. The
time-averaged Nusselt number also decreased as the frequency increased.

Increasing the oscillation amplitude for the fins led to increases in the average Nusselt number.
o The maximum and minimum average Nusselt numbers were obtained when « = 1000 and 1, respectively. In addition, the
average Nusselt number had the lowest oscillation amplitude when x = 1000 and the maximum oscillation amplitude
when x = 1. Moreover, the impact of the flexibility of the fins on the average Nusselt number was higher at lower
thermal conductivity ratios.
The local Nusselt numbers were higher with the nanofluid compared with the pure fluid. The heat transfer rates
increased and decreased as the thermal conductivity and viscosity parameters increased, respectively.
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In the present study, the space between the fins and inclination angles of the fins were assumed to be fixed. The results
showed that the presence of fins and their oscillation significantly affected the flow and heat transfer in the cavity. Hence,
geometrical effects such as the fin inclination angle and the space between the fins may be investigated in future studies.

Supplementary material
Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.apm.2019.12.018.
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