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The present maerical investigation aims to analysis the enhancement heat
transfer in the nanofluid filledomplex geometries saturated with a partially
layered porous medium. The vertical walls of the cavity are taken as
complex wavy geometries. The horizontal wallghef cavity are flat with
insulated temperature. The complex wavy cavity is filled with a nanofluid
and the upper half of the wavy cavity is saturated with the porous medium.
In the analysis, the governing equations are formulated for natural
convection uder the Boussinesq approximation in various environments
including purefluid, nanofluid, and porous medium. In this investigation,
the effects of the Rayleigh numbgrm Y& p 1, Darcy parameter

pmm Ow pm , thermophoresis parameter i 00 T ,
nanofluid buoyancy ratiotg 01 7@ , Brownian motion parameter

™ O @ ™, inclinaton angle m [ wm, and geometry
parameter§ and'Y have been studied on the streamlines, temperature,
nanoparticles volume fraction, local Nusselt numbér 6 and the local
Sherwood numbéeiQ It is found that, the performance of the heat transfer
can be improved by adjusting the geometry parameters of the wavy surface.
Overall, the results showed that the nanofluid parameters enhance the
convection heat transfemnd the obtained results provide a useful insight for
enhancing heat transfer in two separate layers of nanofluid and porous
medium inside complexavy cavity.

Key words Wavy enclosure, nanofluids, gricansformations, muHiayers,
Buongiornods model

1. Introduction

In the past few decades, the natural convection heat transfer in cavities has been received
several attentions due to its industrial and environmental applicdfibn$he heat transfer for the
traditional fluids such as water, oil or ethylene glycol is enhanced by adding nanofluids. The nanofluid
can enhance the heat transfer because it consisting nanoparticles with high thermal conductivity (e.g.,
Al203, Cu or TiO2).The term of the nanofluid was introduced by Choi in 1995 [2]. In the recent
studies, several nanofluid models have been examined for estimating their heat transfer enhancement
[3-12]. From the previous investigatiof$3-30], it is found that the nanoflds yield an effective



enhancement in the heat transfer compared to base fluids with a low thermal conductivity (e.g., water,
oil or ethylene glycol).

On the other hand, there are numerous studies related to the problem of the natural convection
inside conplex cavities due to its engineering applications. The applications include the manufactory
of the cooling systems for microelectronic devices and underground cable systdms et al. [31]
studied the effect of a hot wavy wall on the natural convection in an inclined ddisiglioglu et al.

[32] investigated numericallyysing the Galerkin Finite Element Method (FEM), the free convection
inside bentwavy cavity saturated with a porous medium. Das and MaHB8®]dstudied the thermal

and hydrodynamic fluid behaviors inside wavy cavity. Raitadl. [34] studied the naturaonvection

flow in inclined open shallow cavitiger a powerlaw nonNewtonian nanofluid. In addition, Algt

al. [35] investigated the effects of the wavy nanofluid/porous interface on the mixed convection of
nanofluid—filled a double liddriven cavity Mahmudet al.[36] presented a numerical investigation of
natural convection in an enclosure bounded by two isothermal wavy walls and two adiabatic straight
walls. Oztopet al. [37] studied the convective heat transfer in wawglled enclosures under the
effects of the volumetric heat sources. Ahreeal. [38] studied numerically MHD mixed thermimo
convection in porous cavity filled by oxytactic microorganism. Nagarejaal. [39] investigated the
effects of presence thin heater on MHD mixed convediiow and heat transfer for nanofidfitled

porous enclosure.

In the recent years, Arooet al. [40] summarizedhe convective flow and heat transfeym
wavy surfaces for viscous fluids, porous media, and nanofluids in heat transfer devices. Séteremet
al. [41] studied the effects of sinusoidal temperature for side walls on natural convection in a wavy
porous cavity filled with a nanofluid. In addition, Shereraetal. [42] investigated the effects of
thermal dispersion on free convection in a poroasity filled with a nanofluid using Buongiorno's
mathematical model. Sherenedtal. [43] modelled the free convection in an inclined wavy enclosure
filled with a Cu-water nanofluid including isothermal heater at the corner. In addition, Shexeaiet
[44] studied the entropy generation in natural convection of nanofluid-fileed; cavity. Hamid and
Alireza [45] used the lattice Boltzmann method to investigate the hybrid nanofluid inside an open
wavy cavity under the effects of a uniform magneticdfiesheikholeslamet al. [46] applied finite
element methodo report the effects of V shaped fin angle on the copper oxide nanoparticles. In
addition, Sheikholeslanj7] adopted a new recent method CVFEM to study the nanddid flow
through complex speof porous cavity. Sheikholeslami and his-aathors[22, 4852] introduced
nice studies by applying innovative numerical method for the MHD nanofluid on complex cavities
shapes under the effects of several physical circumstances and conditions.déévethet. [53]
introduced a numerical analysis for the natural convection in a wavy cavity filled with CuO/water
nanofluid. In their model, one of the sinusoidal walls is maintained at the volatile high temperature and
the opposite wavy wall is at a stabbw temperature. For our knowledge, there are few studies related
to the fluids with dispersed nanoparticles in a partitioned cfifty 5456]. Moreover, there are no
published studies related to the effect of the porous layers on the wavy cavilywitle the
nanoparticles. Hence, the aim of this study is to investigate the enhancement heat transfer in nanofluid
filled-wavy cavity saturated with a partially layered porous medium. The vertical walls of the cavity
are taken as complex wavy geometri€ae horizontal walls of the cavity are flat with insulated
temperature. The complex wavy cavity is filled with a nanofluid and the upper half of the wavy cavity
is saturated with the porous medium. The governing equations are formulated for the natural
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corvection under the Boussinesq approximation in various regimes includinglygdrenanofluid,

and porous medium. The effects of the geometric parameters of the wavy surface including amplitude
ratio of the wavy surfac®& and amplitude of the wavy surface on the fluid flows, heat transfer and
nanoparticles volume fraction were investigated. The effects of the Rayleigh nhumber, Darcy number,
and nanofluid parameters on the overall heat transfer of nanofluid were also investigated. From the
current invesgation, the geometry parameters of the wavy surface have clear effects on the heat
transfer improvement. Thethese parameters provide a useful insight for enhancing heat transfer in
two separate layers of nanofluid and porous medium inside comjalexcavity. Overall, the results
showed that the nanofluid parameters enhance the convection heat transfer and the obtained results
provide a useful insight for enhancing heat transfer in nanofluid and porous medium layers inside the
complexwavy cavity.

2. Model description

Fig. 1 presents the initial schematic diagram of a complex wavy cavity partially filled with the
nanofluid and the porous medium. The left and right side walls are wavy walls, one of the sinusoidal
walls is maintained at the high temperatumed the opposite wavy wall is at a low temperature. The
bottom and the top walls of the cavity are adiabatic. The following points have been assumed in the
current investigation:

Figure 1. Initial schematic diagram for wavy cavity partially filled with nanofluid and porous medium

T The height of the enclosure is mentioned®while the length of nanofluid layer &

1 The inclination angle is denoted byand the gravity acts in the normal direction.

1 The left wavy wall othe enclosure is described by following dimensionless equations
Qo | OER YOER Q& p | OEH— YOEHR



where| is the amplitude of the sinusoidal functign,is the wave length an¥ — is

amplitude ratio.
The flow is considered twdimensional, unsteady and laminar and nanofluid is incompressible.
The base fluid and nanofluids are in the thermal equilibrium and the flow is laminar.
The twophase modelBu o n g i oathemwdtical model) is applied to simulatase of
nanofluid
The Br i-extemdedrbarsy model is applied to represent the flow inside the porous layer.
The local thermal equilibrium model (LTEM) between porous medium and nanofluid is satisfied.
All the fluid properties are assumed constants except the density which approximated by a linear
Boussinesq approximation.

1 The Joule heating, viscous dissipation and radiation effects are ignored.

2.1. Mathematical analysis

Taking into account all the abovassumptions, the continuity, momentum, energy and
nanoparticles volume fraction equations (in vortigtgeam function formula) are expressed[a9,(
35, 57):
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In the above equations, pEDI Ol BOAO p is a binary parameter to combine the

dimensionless equations for the fluid layer and the porous layer in one systami ane-, 'Y &

0% —, 01 6B

1 l'j c‘) Ll

0oQ —, Y —,, are Prandtl number, the Rayleigh number, the Darcy number, the

buoyancy ratio, the dimensionless Brownian motion parameter, the dimensionless thermophoresis
paraméer, the Lewis number, the thermal conductivity ratio and the ratio between the heat
capacitances. In addition, the following dimensionless quantities are used to transform the governing
eguations to dimensionless form:
t —hnd -hd -hY —he® —ho h— s —AY —ho
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The appropriate boundary conditions are:



Onthe leftwalld "Q & d,
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The local Nusselt and Sherwood numbers at the wavy walls are defined as:
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The average Nusselt and Sherwood numbers are, also, expressed as:

o —, 00Q 9)
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3. Numerical solution

The first step in solving the system of equations(4})is mapping the physical coordinates

dto the rectangular coordinates (&, n). To sat
and n are introduced:
v 8 | i Qe— Yi Qe— h - o (12)

Substituting Eq. (11) into the governiﬁg Eqs—3), tr;e following system is obtained:
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Present Results Choet al.[58].

Figure 2. Comparison of the present results and those obtained by Cho et al. [58]

The dimensionlesisoundary conditions are converted to:
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The local Nusselt and Sherwondmbers at the side walls are defined as:
0o Y pop —, A0, OBET — s Ai"O s OFEI (19)
006 —, Al"0 , 0BT — s AI"0 s OFI (20)

Secondly, the fully implicit finite volume method is appliedsolve the resulting system (12)
(15) subjected to the boundary conditions (16). The central differences scheme is used to approximate



the first and second derivatives. However, the time derivatives are approximated using the backward
scheme. The alteate difference implicit (ADI) scheme is applied to solve the resulting algebraic
system. h-house code written in Fortran 90 (programming language)infipiicit finite volume

method was used during this study. The grid sge; p p ¢ pis selected after producing a grid
independent study (Table 1) while the time siép p m is used for all computations. For
convergence to the steady state it is assumed that for any dependent variable

pT (21)

In order to check the accuracy of the present results, comparisons with previously published
results are performed and presented in Fig. 2. It is observed that there are very good agreements
between the present results and those obtaingchbyet al. [58]. In addition, in order to choose the
suitable grid for these cal cul ati ons, a numeri c
[ 121 x121] h a v eTalh ke Ia this fablet we cltbwed that the gnid independence study
of minimum steam function atNr 0 o T®AY® p MO® pmh ¢h ™ fiy
chﬂ,Fﬁi g > Qpfir omh- ™ It is noted that a [121 x1
meet the requirements of both the grid independence study and the computatioliraitisme

Table 1. Gridstudy atNr 4 <« 8 R + hr F o b 8 R g h
» 8 R w hsx ht 8
Grids [
op op -5.6919270
TpIp -5.4126310
op @op -5.1517150
Up Yp -5.0272490
pTIpp TP -4.9535170
pcppecoep -4.9042870

4. Results and discussion

In this section, the simulations of the natural convection for a nanofluid-filetpblex wavy
cavity saturated with a partially layred porous medium. The-dimensional parameters were
assigned as followsRayleighnumber p m Y& p 1, Darcy parameterpm  O® p 1T
thermophoresis parametem® 0 0 T® , nanofluid buoyancy ratiomg 0 i 1@ , Brownian
motion parameter T 0 ® T® , inclination angle T 9 w7 . Geometry parameters:
Amplitude ratio of the wavy surfac¥ and amplitude of the wavy suriac were taken as|
™ 1h'Y pc®ﬁ| @ x iy C8’p and | @ X Y 1818 During the whole
simulations, the base fluid is taken as pure water Ritt6.28 and the porosity is appliedrs T@.
The obtained results from the current investigation are presented in graphical forms by the streamlines,
dimensionless temperatures (isotherms), nanoparticles volume fraction, local Nusselt Buéadret
the local Sherwood numbéiQ



- Effects of Rayleigh number 4 =

Fig. 3 shows the féect of Rayleigh numbetY ¢on the streamlines, isotherms, nanopatrticles
volume fraction Generally, at higher Rayleigh numbers (stronger buoyancy force), the natural
convection inside the wavy cavity becomes strorgerthe convective transport is enhanced. In the

YO pT YO pT YO pT

Figure 3. Effect of Rayleigh number =| =|mn the streamlines, isotherms, and nanoparticles volume fraction

whend 4 4 » 4 « 8h+ F o 8 M ght» 8 Mg h h
8

current inegigation, Fig. 3 shows the increase on the streamlines intensity according to an increase
on the Rayleigh number froiWf &0 p 1 to p T. Also, as theRayleighnumber increasethen the the
streamlines are highly penetrate through the porous structurs, which are located on the top part of the
wavy cavity The isotherms are transformed from the vertical distributions (conduction regime) to the
stratified patterngconvection regime) with increasing Ra number. Also, rihaoparticles volume
fractions are changed from the purely vertical lines along the wavy cavity strétiied patternsis

a result, the local Nusselt numbér 6and local Sherwood numbé&iQalong the hot wavywall also

depend on thealues of theRayleigh number, as shown in Fig. 4. Both of the local Nusselt number



0 6and local Sherwood numbé¥Qare increase according to the increase onR&geigh number
especially at the lower region of the hot wavy cavity due to larger gradients of the temperature and
nanoparticles volume fraction at this region.
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Figure 4. Profiles of local Nusselt and Sherwood numbers (4l ¢and 4| Jfor different values of 4 swhen
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- Effects of Darcy number =
Fig. 5 shows the effects of Darcy numbércon the streamlines, temperature, and nanoparticles
volume fraction. Distributions of the streamlines show that incre@afgomp 1 top T increase
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Figure 5. Effect of Darcy number =|=on streamlines, isotherms, and nanoparticles volume fraction when
A4 4 4« 8K+ o h 8 M off» 8 g N h 8



the penetration of the nanofluithrough the porous layer due to the increased permeability. The
isotherms transit from the conduction regime to the convection regime at high Darcy r@dber

p 1t . The nanoparticles volume fraction lines are highly penetrate through the porous l&yer wit
horizontal distributions at high Darcy numb®rd p 1 . It is noted that, the porous medium layer
acts as a rigid body against the fluid flow. There are almost no changes lopathHusselt number

0 6and local Sherwood numbéiQalong the hot wawyall under the effects of the Darcy number.
On the crest region of the top wavy cavity, the local Nusselt nuiid@nd local Sherwood number
"YQare decrease as the Darcy number decreasepfrontop 1 .

Figure 6. Profiles of the local Nusselt number 4 ¢ and the local Sherwood number | [for different
valuesof pfwhend 4 4 » 4 « 8H + o 8 R g k> 8 K g
h = he 8

- Effects of nanofluid parameters

Figs. 7, 8 and 9 show the effects of the thermophoresis paraiméteanofluid buoyancy ratio
0 1, and Brownian motion parametet @on the streamlines, isotherms, and nanoparticles volume
fraction, respectively. As the thermophoresis paramét@rincreases from 0.1 to 0.5, then the
streamlines and isotherms haseslight enhancement in their strengths. While, the nanoparticles
volume fraction lines were affected clearly by increasing the thermophoresis parameter. The patterns
of the nanoparticlegolume fraction are change to almost parallel distributions along the horizontal
lines. As thebuoyancy ratio 0 i increases from 0.1 to 0.5, then the penetration of the streamlines
across the porous layer decreases. The isothermal lines have ahsligie @ccording to variations on
the buoyancy ratio0 i. The nanoparticles volume fraction change their patterns at the center of the
wavy cavity from the wide circulation to small circulation. TB®wnian motion parameted ¢has
also a slight effaécon the streamlines and isotherms. The variation on the Brownian motion parameter
0 cvaries the distributions of the nanoparticles volume fractions patters across the wavy cavity.



Figure 7. Effect of thermophoresis parameter 4/ @n the streamlines, isotherms, and nanoparticles
volume fraction when JV-H- d» 8RH + hr =+ o h 8 M g flF»

8 Mg h h 8



Figure 8. Effect of nanofluid buoyancy ratio 4 »on the streamlines, isotherms , and nanoparticles volume
fractionwhen 4 4 4 « 8H + hr + o h 8 M ghlk» 8 M g

h h 8



Figure 9. Effect of Brownian motion parameter < -Hon the streamlines, isotherms, and nanoparticles
volume fractionwhen Nr 4 <« 8 R + hr =+ o h 8 M g flF»

8 Mg ha he 8

In addition, the variations of tHecal Nusselt numbeds 6and local Sherwood numbeéiQalong
the hot wavywall under the effect®f the thermophoresis parameter) nanofluid buoyancy ratio
0 1, andBrownian motion parameter whave been introduced in Figs.-12. The profiles of the
local Nusselt numbei 6are decrease according to an increase oth#menophoresiparametef) o
nanofluid buoyancy ratid) i, andBrownian motion parametet & Thelocal Sherwood numbékQ
increasess thethermophoresis parametéroand Brownian motion paramete dincrease, while it
decreaseas thenanofluid buoyancyatio 0 iincreases.
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Figure 10. Profiles of the local Nusselt number 4 ¢ and the local Sherwood number | [or different
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Figure 11. Profiles of the local Nusselt number 4 ¢and the local Sherwood number | for different
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- Effects of geometry parameters

Figs.13-14 show the #ects of the inclination angle andamplitude ratio of the wavy surface
( and?) on the streamlines, isotherms, and nanoparticles volume fraction, respectively. The
obtaired results from Fig. 13 show that when 71, the streamlines distributions are denser on the
nanofluid layer compare to the porous medium layer. As the inclination angle increasesto,
the intensity ostreamlines increases with more denser on thefhaah layer and penetrationkrough
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Figure 13. Effects of the inclination angle  on the streamlines, isotherms, and nanoparticles volume
fractionwhen 4 » 4 « 44 8K F hr =+ o h 8 M g k> 8 A
ia R 8

the porous layer were occurred. Extremely increasing of the inclination amgle ¢gomt andw 11, the
streamlines generate two separate circulations at@ 1tand three separate circulations at w Tt

The denser circulations with intensified flows were generated on the nanofluid layer, which strengthen



the convection. The isotherms change their distributions and manifest the convection in both of the
nanofluidand porous layers according to an increase on the an inclinations drgiert andw Tt

Also, an inclinations anglefrom 1t andw T, then the nanoparticles volume fraction patterns change
their distributions from the mostly vertical lines acrosswaey surface within one circulation at the
center to the several circulations and denser lines across the wavy surface.
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Figure 14. Effects of » and=| on the streamlines, isotherms, and nanoparticles volume fraction when
Nr 4 «d4 8hq{+ hr =+ ¥  ha Ak» 8 hd g Hht 8

Fig. 14 depicts theféects off and'Y on the streamlines, isotherms, and nanoparticles volume
fraction. From this figure, the patterns of the streamlines, isotherms, and nanoparticles volume fraction
are strongly dependent on tlnplitude ratio (i.e., waveform) of theomplexwavy surface.At
| ™ my P ) the streamlines are denser on the nanofluid layer and are still penetrate through
the porous layer. And when 1@ X ity ® o the streamlines generate three main separate



circulations along the wavy surface. The denser circulaazur on the nanofluid layer and the lighter

one occur on the porous layer. While at 1@ x fiY 18t only two circulations of the streamlines

are formed on the wavy surface with denser one on the nanofluid layer and lighter on the porous layer.
In addition, it is seen that, the differeméiveforms induce different flow patterns of the isotherms and
nanoparticlesvolume fractiondistributions. Fig. 15 illustrates the profiles of the local Nusselt number

0 6and the local Sherwood numb&Runder he effects of different values of . The local Nusselt
number decreases as the inclination angle increases 1t to w mat the lower region of the wavy
cavity, while it increases at the crest region of the wavy cavity. In additionptaé Sherwod
number~“YQhas similar tendencies asdecreases as the inclination angle increasassthe lower

region of the wavy cavity and it increases at the crest region of the wavy cavity.
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Figure 15. Profiles of the local Nusselt number 4 ¢ and the local Sherwood number | for different
valuesof mwhend 4 4 » 4 « 8H + hr =+ b 8 M g flF»

8 hd g ht 8

Conclusion
A computational study has been performed on rthural convection in a nanoflufdled
inclined wavy cavity saturated with a partially layered porous medium. The complex wavy cavity is
filled with a nanofluid and the upper half of the wavy cavity is saturated with porous medium.
The obtained resultsale led to the following concluding points:
1 At higher Rayleigh numbers (stronger buoyancy force), the convection inside the wavy cavity
becomes stronger with more penetrations of nanofluid through the porous layer.
1 At higher Darcy number (higher permedlilof the porous medip the nanofluid penetrate
more through the porous layer.
1 The local Nusselt numbei 6 decreases as thtaermophoresis parametér ¢ nanofluid
buoyancy ratiol i, andBrownian motion parametei care increase.
1 Thelocal Sherwood numbéiQincreasesas both of thehermophoresis parametéroand
Brownian motion parametefi care increase, while decreasess thenanofluid buoyancy
ratio U iincreases.
1 The stream, isothermal, and nanopatrticles volumeidradines are strongly affected by the
geomtry parameters of the wavy cavity.
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NOMENCLATURE

H enclosure height ofto Cartesiandcoordinat
O arlcength of the si & di mensionless coord
0 specific heat Greek symbol s

Ow Darcy parameter | amplitude of the sin
O Browni an diffé‘usionl thermal difif fusivity,
O thermophoresis cVbliifT thermal expamsion co
0 per meadbi |l ity, - porosity

0QLewis number B solid volume fractioa
0w Browni an motion pa.. layer recognition

01 buoyancy ratio ‘“ viscosity

00 thermophoresis par’ kinemati & Ivi scosity,
00 Nusselt number " Dens@my,

0 Presgfar e, ., Capacity ratio

0i Prandtl number _ wave length

S length of nanofluit di mensionless ti me

S'" tangent of the sidf] stream d@incti on,

Sh Sherwood number " any potChtonna tsiiodher ovae |
YO Rayl eumiher 1 vorticity

Y amplitude ratio Subscripts

Y Tempertatur e, Q fluid

6l di mensi on veItS"'piityr‘] di spersed nanopartic
"M di mensionless velo
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