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Abstract The present paper examines steady natural convection of Buongiorno’s model
nanofluid flow in a square cavity with enhanced mass flux boundary condition numerically.
The impact of magnetic field, Brownian motion, radiation and thermophoresis is also con-
sidered in this analysis. The governing equations are represented in terms of stream func-
tion, temperature and concentration which are solved by utilizing finite difference method
of second-order accuracy. The results are presented in the form of streamlines, temper-
ature lines, concentration lines, local Nusselt number and Sherwood number for various
values of influenced parameters, such as, Rayleigh number (100 <Ra< 103), Magnetic
parameter (0.1 <M < 0.5), Buoyancy ratio parameter (0.1 < Nr < 1.0), Radiation num-
ber (0.1 <R < 1.0), Brownian motion number (0.1 < Nb < 0.7), Thermophoresis number
(0.1 < Nt < 1.0) and Lewis number (10 < Le < 20) are represented through graphs. The
outcomes indicate that noticeable intensification in rate of heat transfer is perceived after
suspending nanoparticles. Furthermore, increasing the values of both thermophoresis and
Brownian motion parameters augments the values of Nusselt number inside the cavity.

List of symbols

g Gravitational acceleration

kg Thermal conductivity of basefluid

Nt Thermophoretic Parameter

Co Nanoparticle volume fraction reference value
T, Temperature of the cooled wall

T Fluid temperature

C Nanoparticle volume fraction

Nu;  Average Nusselt Number

K* Mean absorption coefficient

Shy Sherwood number

(u,v) Velocity components in x- and y-axis
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Le Lewis number

D Diffusion coefficient

(x, y) Direction along and perpendicular to the cylinder
Nr Buoyancy ratio parameter

M Magnetic parameter

Nb Brownian motion parameter

Nu;  Nusselt number

Ra Local Rayleigh number

H Height of the cavity

Th Temperature of the hot wall

Dg Brownian diffusion coefficient

Dt Thermophoretic diffusion coefficient
Nu;  Nusselt number

o* Stephan—Boltzmann constant

Pr Prandt]l number

R Radiation parameter

Sh;  Average Sherwood number

Le Lewis number

L Square cavity size

By Strength of electrical conductivity
Greek symbols

Om Thermal diffusivity of base fluid

" Fluid viscosity

[0} Dimensionless nanoparticle volume fraction
B Volumetric expansion coefficient of the fluid
(pcp),; Heat capacitance of the nanofiuid
v Dimensionless stream function

v Kinematic viscosity

Pp Nanoparticle mass density

0 Dimensionless temperature

o Fluid density

(pcp)p  Heat capacitance of the fluid

1 Introduction

In recent day’s majority of the research community are working on nanofluids as it is more
extensive area and its gigantic range of significances in transportation, cooling of electronic
devises, biomedicine, food, heat exchangers, double windowpane, etc. Most of the research
works suggest that the incident of nanoparticles in base fluids intensifies the rate of heat trans-
fer due to its higher thermal conductivity. To amplify the general fluids thermal conductivity,
such as, engine oils, ethylene glycol, kerosene and water we have to suspend different types
of nanoparticles, like, Graphene, gold, alumina, silica, silver, copper, carbon nanotubes, etc.,
to the base fluids. Numbers of research articles are recognized in literature survey which deals
the enrichment of base fluids thermal conductivity by adding various types of nanoparticles

[1-10].
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Natural convection nanofluid flow, heat and mass transfer within an enclosure has gained
much research interest in engineering systems, science and technology due to its variety of sig-
nificances in design of nuclear reactors, technology of lubrication, solar collectors operating
systems, ventilation of houses, energy stock filling systems, heat exchangers, high perfor-
mance building insulation, cooling of containment buildings, etc. In all above applications
the model is constructed in terms of natural convection inside a cavity of several geometries.
Noghrehabadi et al. [11] presented finite volume method to analyze isotherms and streamlines
distributions of CuO—Water based nanofluid flow within a closed chamber by considering
double heat sink/source and detected intensification in heat transfer rate with growing values
of Rayleigh number. Elshehabey and Ahmed [12] discussed the impact of thermophoresis
and Brownian motion on nanoparticle volume fraction contours, isotherms and streamlines
distributions of Buongiorno’s model MHD nanofluid flow inside a lid-driven cavity and per-
ceived deterioration in nanofluid flow as magnetic parameter values rises. Sheremet et al.
[13] studied mass and heat transfer analysis of nanofluid flow inside an open porous cavity
with left wall has wavy surface and right wall has flat surface and noticed that with up surging
values of wavy surface parameter the values of Nusselt number elevates. Sheremet et al. [14,
15] analyzed Buongiorno’s model natural convection MHD flow, heat transfer characteristics
of nanofluid inside an enclosure. Ghalambaz et al. [16] presented finite element solution to
investigate mass and heat transfer behavior of Buongiorno’s model nanofluid flow inside a
square porous cavity with radiation and Eckert number and perceived that the rate of heat
transfer up surges with intensifying values of Lewis number. Kefayati and Tang [17] per-
ceived entropy generation of nanofluid flow, mass and heat transfer analysis within a cavity
under the impact of thermophoresis and magnetic field and detected diminutions in entropy
generations with elevating values of power-low index parameter. Kefayati and Che Sidik
[18] studied non-Newtonian nanofluid entropy generation flow, heat transfer analysis inside
an inclined cavity and noticed that with augmenting values of buoyancy ratio parameter the
total entropy generation is intensifies. Chandra Sekhar et al. [19] discussed the impact of heat
sink/source and radiation parameter on isoconcentrations, isotherms and streamlines distri-
butions of Buongiorno’s model nanofluid inside a porous cavity. The resulting equations
are solved by using finite element method and found that the values of Nusselt number are
highly influenced with thermophoresis. Khalili et al. [20] professed water—Al,O3 nanofluid
natural convection heat transport inside an enclosure experimentally and identified that the
nanoparticle volume fraction augments from 18 to 28.74% with Rayleigh number. Selime-
fendigil and Oztop [21] examined heat transport and flow of water—Al,O3 based nanofluid
within a trapezoidal lid-driven cavity by taking inclined magnetic field into the account in
which the resultant equations are solved with finite element method. Bondareva et al. [22]
investigated the impact of thermophoresis and Brownian motion on distributions of isotherms
and streamlines of nanofluid inside trapezoidal open cavity and identified homogeneous dis-
tribution of nanoparticles with respect to Rayleigh number. Raizah et al. [23] scrutinized
that the velocity of nanofluid and heat transfer rates deteriorates with augmenting power-low
index parameter in their work on heat transfer of nanofluid within open shallow inclined
porous cavity. Yu et al. [24] studied mixed convection mass and heat transfer of nanofluid
flow inside a lid-driven inclined cavity with two side walls of the cavity are heated sinu-
soidally. Astanina et al. [25] examined the influence of volume fraction CuO nanoparticles
on isoconcentrations, isotherms and fluid lines scatterings of nanofluid within an enclosure
and found that the strength of the fluid is depending on location of the heater. Mehryan et al.
[26] scrutinized Buongiorno’s model nanofluid isotherms, isoconcentrations and fluid flow
behavior inside a porous cavity which is contained an internal heater. Sun et al. [27] pre-
sented heat transfer and flow analysis of water—Al,O3 based non-Newtonian nanofluid in
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a Rayleigh—Benard cavity. Balla et al. [28] premeditated mass and heat transfer of biocon-
vection flow within a porous cavity saturated by nanofluid and oxytactic microorganism and
determined that with rising values of thermophoresis parameter the heat transfer rate of the
nanofluid elevates inside the cavity. Alsabery et al. [29] examined the influence of thickness
of triangular wall on heat transport of MHD nanofluid flow within a lid-driven enclosure
and detected increment in the migration of nanoparticles inside the cavity with intensifying
values of thermophoresis parameter. Alsabery et al. [30] pondered that at 3% volume fraction
of nanoparticles the fluid heat transport rate is excellent in their work on mixed convection
of nanofluid flow inside an enclosure with wavy vertical walls saturated by rotating cylin-
der. Ghalambaz et al. [31] premeditated flow and heat transfer behavior of nanofluid within
an inclined enclosure saturated by porous medium filled with phase change materials and
detected that the nanofluid has performed excellent rate of heat transfer at inclination angle
of the cavity is 42°. Ghalambaz et al. [32] noticed 80% decline in rates of heat transfer of
nanofluid when the inclination angle of the cavity is — 75° in their work on fluid flow analysis
in inclined cavity filled with mesoporous silica particles. Izadi et al. [33] studied the impact
of two magnetic sources location inside the cavity filled with ferro-magneto phase change
material and detected that the rate melting process is higher when the magnetic sources pair
is at the vicinity of the cold wall. Gorla et al. [34] presented the impact of volume fraction of
copper nanoparticles on isotherms and streamlines scatterings inside a lid-driven enclosure
with heat source. Chamkha et al. [35] perceived the heat transfer and fluid behavior of hybrid
nanofluid made up of water — Al,O3 — Cu within a square partly heated enclosure with
heat absorption/generation and predicted that the rate of heat transfer of hybrid nanofluid is
lesser than heat transfer of water — Cu nanofluid and higher than water — Al, O3 nanofluid.
Rashad et al. [36] discussed MHD nanofluid heat transfer analysis inside a cavity contain-
ing irregular cold obstacles and filled with water — Al,O3 based nanofluid and the results
are illustrated in terms of isotherms and streamlines. Armaghani et al. [37] described that
the Nusselt number values amplify with rising values of Rayleigh number in their work on
isotherms and fluid lines analysis of nanofluid inside an I-shaped cavity. Azizul et al. [38]
discussed water — Alumina nanofluid performance inside a cavity containing solid cylinder
with upper wall of the cavity has wavy shape and found that the properties of inner solid
cylinder and borders wavy shape are highly influencing the rate of heat transfer. Sheremet
et al. [39] presented isotherms and fluid lines behavior of water — Al,03/SiO; based hybrid
nanofluid inside a cavity. Shulepova et al. [40] presented the impact of internal solid block
and adiabatic fin on heat transport phenomena of water — alumina nanofluid within a cavity
and determined that the rate of heat transfer is highly influenced by solid block location
inside the cavity. Very recently, several authors [30, 41-45] presented flow and heat transfer
analysis of nanofluid inside different enclosures filled with nano-encapsulated phase change
materials.

After vigilant scrutiny of formerly published papers and to the best of authors information
no studies have been reported to scrutinize the effect of enhanced zero mass flux boundary
condition on isoconcentrations, isotherms and streamlines behavior of Buongiorno’s model
nanofluid flow in an enclosure with magnetic field and thermal radiation. Hence we have
made an attempt to examine this problem in this paper.

2 Mathematical formulations

In the current study we have considered natural convection, laminar, two-dimensional, steady
square chamber filled with magneto-hydrodynamic nanofluid by taking enhanced zero mass
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Fig. 1 Physical model of the problem and coordinate system

flux condition with the dimensional Cartesian coordinates x, y and the length of the cavity
is L as shown in Fig. 1. Brownian motion, thermal radiation, magnetic field, Lewis number
and thermophoresis are also taken into the account. The top and bottom horizontal walls of
the cavity are both assumed to be thermally insulated. However, the left and right vertical
walls of the cavity are kept isothermally at a constant temperature differences with T, is
the temperature of left vertical wall and is assumed to be higher than the temperature of
right vertical wall T¢. It is also considered that the properties of nanofluid are independent of
volume fraction of nanoparticles and temperature. Under Darcy—Boussinesq approximations
and by employing the reference work of Sheremet et al. [47] the governing equations take
the following form:

2 20 _ (1 =CoprgKBIT (p—pr)gKIC orBiov
0x2  0y2 n 0x In 0x pr 0y
oy T oy T 2T 9T
— T - =0y| >t —
dy ox dx dy 0x2  9y?
dC AT 9C oT Dr aT\*> [oT\?
+1|Dp| ——=+——)+| — - +| —
dx dx dy dy T. 9x ay
_ i(aqix + 361?) ?)
pcp \ 0x ay
1 /8y dC 3y aC ’C  9’C Dr\[d?T 8°T
— 71/_/7__7%7_ =Dp|\ —— +—= | + =T — t = 3)
e\ dy 0x  dx ay 0x2  9y? T. )| 0x2  9y?

Here, ¥ is the stream function, T is the temperature and C is the concentration, p is the
density, | is viscosity, x and y are the coordinates of the system.
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We now introduce the following non-dimensional variables as

x y v T —T C
X=5, o y=T, =4, 0=—0, ¢=_—. @
L L L Th—Tc Co
The radiative heat flux g,, and g, (using Rosseland approximation) is defined as
_ 4o* oT? _ 4o* oT* s
e = "3xx x0TV T T3k gy

We assume that the temperature variances inside the flow are such that the term T can
be represented as linear function of temperature, so, it has Taylor series expansion. After
neglecting higher-order terms from the Taylor series expansion of 7% about T, we get

T4 = 4131 - 372, (©)

Thus substituting Eq. (6) in Eq. (5), we get

16T30* 3T 16T30* T
qrx = — “ Y9y = — et @)
3B, Ox 36, 9y
Using Eq. (4) and (7), the governing Eqs. (1)—(3) take the form
3y 92 20 B 3
TV Ra? rane?® 2 ®)
ax2  9y? dx dx dy
2 2 2 2
%%—%%:(I+R) ﬁ+ﬁ + [ Nb @%+%% + Nt % + 3
dy 9x  dx dy axZ  9y? dx dx  dy dy dx dx
)
1 /3y dp 3y d 1 (3% o> 1 Nt[d%0 %0
e\ dy ox  9x dy Le\ axZ  9y2 Le Nb| axZ = 9y2

Here, Ra is Rayleigh number, Nr is buoyancy parameter, M is magnetic parameter, R is
radiation parameter, Nb is Brownian motion parameter, Nt is thermophoresis parameter and
Le is Lewis number.

With related boundary conditions

3 30
v=0 60=1, N2 N Z 0 ax—o. (11)
dx ax
¢ 30
¥ =0, §=0, Nb— +Nt— ==0at x = I. (12)
0x 0x
30 3
Y=0 — =0, 9% _oa y = 0. (13)
dy dy
30 3
v=0. Y _0 2 _pa y=1. (14)
dy dy
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The non-dimensional parameters are defined as

R (1—Co)prgKBATL (0p — pr)AC b tDTAC N TDTAT
a= s = = —, —_ -
1202 ptBAT (1 — Cp) Qm Teom
16730
Le= ™ p—pByL [T R= %
eDg 122 3B
The local Nusselt and Sherwood numbers are defined as
20 ¢
Nu; = —| — ,Sh| = —| — . (15)
3)6 x=0 3x x=0

The average Nusselt and Sherwood numbers are defined as
1 1

N /Nudy, m:/smy. (16)
0 0

3 Numerical method of solution

Finite difference method of second-order accuracy [46—48] is employed to solve the non-
dimensional partial differential Egs. (8)-(10) together with boundary conditions (11)—(14).
Central difference scheme is used for the numerical approximation of diffusion term and
to approximate convective term we have used second-order up-wind scheme. The succes-
sive relaxation method is instigated to find the solution of corresponding linear algebraic
equations. Based on the computing experiments we have chosen the relaxation parameter
optimum value. We have terminated the computation after getting concentration, temperature
and stream function residuals less than 10710,

Grid sensitivity analysis is conducted to obtain the grid independent solution to inves-
tigate the steady state natural convection heat and mass transport in square cavity filled
with nanofluid with thermal radiation at Ra = 100,M = 0.5,Nb = 0.1, Nt = 0.1, Nr =
0.1, Le = 1.0, R = 0.1. Five cases of non-uniform grid in a square cavity are verified: a grid
of 50 x 50 points, 100 x 100 points, 150 x 150 points, 200 x 200 points and 300 x 300
points.

The uniform grid of 100 x 100 points is selected for this analysis based on conducted
verifications, and an increase in mesh nodes leads to growth in computational time. The
validity of present numerical code with the existing works is made and finds good agreement
which is shown in Table 1. Table 2 displays the impact of mesh parameter on average Nusselt
number inside the cavity.

Table 1 Comparisons of average Nusselt number at hot wall with the results available in literature

Parameter Mahmoudi et al. [49] Bondareva et al. [22] Present study
Ra Nuy Nuj Nuj

104 3.250 3.321 3.329

10° 7323 7.391 7.398

100 14.380 14.404 14.413
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Table 2 Variations of the average
Nusselt number at the hot wall
with the uniform grid

4 Results and discussion

Number of grids Nujy Error % YMax Error %
50 x 50 8.8845 0.071 4.9857 0.035
100 x 100 8.8829 0.068 4.9849 0.033
150 x 150 8.8726 0.032 4.9767 0.027
200 x 200 8.8715 0.024 4.9764 0.014
300 x 300 8.7714 0.021 4.9762 0.011

In this section, we have examined the effect of zero mass flux condition on streamlines,
isotherms and isoconcentrations of MHD nanofluid flow inside a chamber with thermal radi-
ation is analyzed. The numerical results for the distributions of isoconcentrations, isotherms
and streamlines are presented by utilizing finite difference method for various values of influ-
enced parameters, such as, Rayleigh number, magnetic parameter, Brownian motion number,
buoyancy ratio parameter, Lewis number, thermophoresis number and radiation number and
are plotted through graphs from Figs. 2, 3,4, 5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18,

19, 20, 21 and 22.

Figures 2, 3 and 4 reveal the effect of Rayleigh number (Ra) on stream lines, temperature
lines and concentration lines inside the cavity with fixed values of M = 0.5, Nr = 0.1, Nb =

Ra = 500

0.6
X

Ra = 10°

Fig. 2 Streamlines for fixed M = 0.5, Nr = 0.1, Nb = 0.1, Nt = 0.1,Le = 10,R = 0.1

20.65290.12/

Ra =100
Fig. 3 Isotherms for fixed M = 0.5, Nr = 0.1, Nb =0.1,Nt =0.1,Le = 10,R = 0.1
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0.0 0.2 04 0.6 08 1.0
X

Ra =100 Ra =500 Ra = 103
Fig. 4 Isoconcentrations for fixed M = 0.5, Nr = 0.1, Nb = 0.1, Nt = 0.1,Le = 10,R = 0.1

M=0.1 M=0.3 M =0.5

Fig. 6 Isotherms for fixed Ra = 500, Nr = 0.1, Nb = 0.1, Nt =0.1,Le = 10,R = 0.1

0.1, Nt =0.1,Le = 10, R = 0.1. It is seen from Fig. 2 that the fluid circulates in a clockwise
vortex with a single core formed in the center of the cavity and the size of the core augments as
the value of (Ra) rises from 10?>—103. Warming the left vertical wall of the cavity intensifies
fluid motion in the cavity as a result fluid moves from hot wall to cold wall and the lines
having descendent nature at the cold wall and then again having ascendant nature at the hot
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X X
M=0.1 M = 0.5
Fig. 7 Isoconcentrations for fixed Ra = 500, Nr = 0.1, Nb = 0.1, Nt = 0.1, Le = 10,R = 0.1

00 02 04 06 08 10
X

Nr =1.0
Fig. 8 Streamlines for fixed M = 0.5, Ra = 500, Nb = 0.1, Nt = 0.1,Le = 10,R = 0.1

Fig. 9 Isotherms for fixed M = 0.5, Ra = 500, Nb = 0.1, Nt = 0.1,Le = 10,R = 0.1

wall by developing a rotating cell inside the cavity. This is because of temperature differences
between hot and cold walls. With the elevating values of (Ra) the streamlines intensity and
the length of the cell increase because of higher buoyancy forces. The patterns of isotherms
are almost vertical shape near the bottom of left hot wall as well as near the top of right cold
wall due to conduction heat transport; however, the shape of isotherms is almost horizontal
in the middle of the cavity due to convection heat transfer as shown in Fig. 3 with rising
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R=0.1 R=05 R=1.0

R=0.1 R=0.5 R=1.0
Fig. 12 Isotherms for fixed M = 0.5, Ra = 500, Nb = 0.1, Nt = 0.1, Le = 10, Nr = 0.1

values of (Ra). The contours of isoconcentrations reveal a noticeable inhomogeneity, owing
to thermophoresis effect, inside the cavity with rising values of (Ra) as shown in Fig. 4.
Figures 5, 6 and 7 portray the distributions of streamlines, temperature lines and isocon-
centrations with diverse values of magnetic parameter (M) inside the cavity. Irrespective of
the (M) value one major convective cell core is formed inside the cavity which is rotating
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X

Nb =0.1 Nb = 0.4 Nb = 0.7
Fig. 14 Streamlines for fixed M = 0.5, Ra = 500, R = 0.1, Nt = 0.1, Le = 10, Nr = 0.1

00 02 04 06 08 1.0 0.0 02 04 06 038 1.0 00 02 04 06 08 1.0

Nb =0.1 Nb = 0.4 Nb = 0.7
Fig. 15 Isotherms for fixed M = 0.5, Ra = 500,R = 0.1, Nt = 0.1,Le = 10, Nr = 0.1

in clockwise direction. Furthermore, the shape and size of the recirculation cell is highly
wedged by the presence of external magnetic field and the values of (M) rises as shown
Fig. 5. The diminution in the size of the recirculation cell core is because of the presence
of external forces, and these forces reduce the convection currents as a result the length
of the cell is attenuates. The conduction heat transport changes the pattern of temperature
lines inside the cavity which are almost vertical at the corners of left and right walls, while,
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X X X
Nb = 0.1 Nb = 0.4 Nb = 0.7
Fig. 16 Isoconcentrations for fixed M = 0.5, Ra = 500, R = 0.1, Nt = 0.1, Le = 10, Nr = 0.1

X X

Nt=0.5 Nt =1.0
Fig. 17 Streamlines for fixed M = 0.5, Ra = 500,R = 0.1, Nb = 0.1, Le = 10, Nr = 0.1

08

0.6

04

0.2

8 .y o
0.0 0.2 0.4 0.6 0.8 1.0
X

Nt=10.1
Fig. 18 Isotherms for fixed M = 0.5, Ra = 500,R = 0.1, Nb = 0.1,Le = 10, Nr = 0.1

the have horizontal shape at the middle of the cavity as shown in Fig. 6. Furthermore, the
curvature of the isotherms deteriorates within the cavity with up surging values of (M). It
observed from Fig. 7 that an increase in (M) causes almost non-homogeneous distribution of
isoconcentrations inside the cavity. This is due to the fact that higher the values of (M) rises
the dispersion of nanoparticles in the nanofluid. So, that there exist bigger non-homogeneity
behavior of isoconcentrations inside the cavity.
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X X
Nt = 0.5 Nt=1.0
Fig. 19 Isoconcentrations for fixed M = 0.5, Ra = 500, R = 0.1, Nb = 0.1, Le = 10, Nr = 0.1

X
Le=15 Le =20
Fig. 20 Streamlines for fixed M = 0.5, Ra = 500,R = 0.1, Nb = 0.1, Nt = 10, Nr = 0.1

00 02 04 06 08 10

Fig. 21 Isotherms for fixed M = 0.5, Ra = 500,R = 0.1, Nb = 0.1, Nt = 10, Nr = 0.1

The distributions of streamlines, isotherms and isoconcentrations with dissimilar rising
values of buoyancy ratio parameter (Nr) are depicted from Figs. 8, 9 and 10. The scatterings
of streamlines form a clockwise rotating circulation cell of elliptical shape in the middle of
the cavity and most of these lines appear near the hot and cold walls with high intensity with
(Nr). Additionally, the length and shape of recirculation cell elevate with growing values of
(Nr) which is shown in Fig. 8. Figure 9 depicts that the curvature of isotherms intensifies
inside the cavity with rising values of (Nr). Because of the buoyancy convective forces the
temperature lines are almost vertical near the hot and cold walls, whereas, in the middle of
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10;
sl \Ra=100, 500, 1000 ]
I \ ]
ol M=05, Nr=0.1, Nb=0.1 1
3 I Nt=0.1, R=0.1, Le=10.0 ]
i 5
2f :
0;1 1 1 1 1 15
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Fig. 24 Impact of (Ra) on Sherwood number at hot wall
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) e — —— —— —— — T3
: M=0.1, 0.3, 0.5.
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I Ra =500, Nr = 0.1, Nb = 0.1
i Nt =01, R=01, Le=10.0
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Fig. 26 Impact of (M) on Sherwood number at hot wall

the cavity they flatten horizontally. The distributions of isoconcentrations divulge that with
rise in (Nr) leads to the spreading of nanoparticles within the cavity and these scatterings are
normally considered as non-homogeneous (Fig. 10).

The impact of radiation parameter (R) on profiles of streamlines, isotherms and isocon-
centrations is depicted from Figs. 11, 12 and 13 with in the cavity. It is perceived that a single
recirculation cell is formed within the cavity and size of the cell augments with rising values
of (R) from 0.1 to 1.0 as shown in Fig. 11. The vortex velocity and rotation of fluid are both
augments, because of elevation of heat conduction, in the middle of cavity as the values of
(R) rises. The curvature of the isotherms deteriorates with in the cavity as the values of
(R) intensifies (Fig. 12). In the case of radiative heat transport heat can be transferred from
hot wall to cold wall by nanoparticles and these particles have better emitting heat transfer
capabilities. The isoconcentrations which are related to distribution of volume fraction of
nanoparticles inside the cavity is depicted in Fig. 13. Irrespective of the values of (R) the
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Fig. 28 Impact of (Nr) on Sherwood number at hot wall

spreading of nanoparticles is non-homogeneous and is from the reality that the impact of
thermophoresis intensifies in the fluid area because of the heat conduction as a result the
scatterings of nanoparticles have non-homogeneous nature.

Figures 14, 15 and 16 illustrate the impact of Brownian motion (Nb) on streamlines,
temperature lines and isoconcentrations distributions of nanofluid inside the cavity. Figure 14
reveals that high strength streamlines occur inside the nanofluid layer with single recirculation
cell is formed in clockwise direction. Furthermore, there is intensification in the strength and
size of circulation cell with rising values of (Nb). The temperature lines pattern is almost
horizontal in the middle of the cavity and there is nominal reduction in curvature of these
lines due to the enhancement in (Nb) as shown in Fig. 15. The nanoparticles aggregate in the
entire cavity leads a non-homogeneous nature with rising values of (Nb).

The distributions of streamlines, temperature lines and Isoconcentrations with diverse
values of thermophoresis parameter (Nt) are depicted in Figs. 17, 18 and 19 with in the
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cavity. Itis perceived from Fig. 17 that due to the influence of temperature variations between
left hot wall and right cold wall there exist one recirculate convection cell core is presented
with in the cavity and the size and length of the core intensifies with rising values of

(Nt). At the fluid-solid border these fluid lines appear like ascending flows and they appear
like descending flow in the middle of the cavity. Heat conduction is the dominating heat
transport mechanism when the value of (Nt) is high. As the values of (Nt) rises the circulation
intensity of the nanofluid raises as a result the isotherms are parallel to the vertical walls
and in the center of the cavity these lines are parallel to the horizontal lines as shown in
Fig. 18. Furthermore, the bent ness of these lines intensifies with higher values of (Nt). The
distribution of nanoparticles (Isoconcentrations) inside the cavity is depicted in Fig. 19. It
divulges that non-homogeneous distribution of nanoparticles is perceived within the cavity
which is mainly because of thermophoresis effect. This effect raises the rate of conduction
within the cavity as a result concentration of nanofluid elongated horizontally.
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Fig. 32 Impact of (Nb) on Sherwood number at hot wall

Figures 20, 21 and 22 determine the scatterings of fluid lines, temperature lines and
isoconcentrations with dissimilar values of Lewis number (Le). Lesser strength recirculation
cell is formed inside the cavity with lower (Le) values as shown in Fig. 20. This means the
impact of (Le) on streamlines is nominal. It also perceived from Fig. 21 that as Le = 10, 15
there is no change in the behavior of isotherms, however, as Le = 20 the curvature of
temperature lines is augmented. Elongated non-homogeneous distribution of nanoparticles
in the entire cavity is perceived with rising values of (Le) as shown in Fig. 22.

Impact of (Ra) on non-dimensional average Nusselt number at the fluid-solid border is
portrayed in Fig. 23. The profiles of rate of heat transfer augments inside the cavity with
rising values of (Ra) and is because of the fact that heat transfer intensifies as (Ra) values
rises. However, the dimensionless mass transfer rates deteriorate with intensifying values of
(Ra) and is depicted in Fig. 24. It is noticed from Fig. 25 that the values of rates of heat
transfer diminish with augmenting values of (M), however, values of Sherwood number
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enhance inside the cavity region with (M) and is shown in Fig. 26. It is clear from Fig. 27 that
the average Nusselt number values deteriorate with rising values of (Nr). This is from the
reality that the thickness of thermal boundary layer worsens with growing values of (Nr) as
aresult the values of Nusselt number diminish. The values of non-dimensional mass transfer
rates elevate with intensifying values of (Nr) and are portrayed in Fig. 28. The scatterings
of Nusselt number elevate in the cavity region with rising values of (R) as shown in Fig. 29
and is from the reality that thermal radiation enhances heat conduction of the nanofluid as
a result heat transfer rates augments. However, Sherwood number scatterings worsen with
intensifying values of (R) and are depicted in Fig. 30. Figure 31 presents the variations in
average Nusselt number for diverse values of (Nb). Generally, as Brownian motion rises
the convection heat transfer augments as a result the scatterings of average Nusselt number
elevates. However, the distributions of non-dimensional rates of mass transfer attenuate with
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increasing values of (Nb) and are presented in Fig. 32. Both heat and mass transfer rates
augment with intensifying values of (Nt) and is from the reality that higher the values of
(Nt) leads to elevation in the thickness of thermal and solutal boundary layer (Figs. 33,
34). The impact of (Le) on the average Nusselt number at the left hot wall is portrayed in
Fig. 35. Nominal heat transfer enhancement is noticed with rising values of (Le). However, the
Sherwood number scatterings deteriorate in the cavity with rising values of (Le) as depicted
in Fig. 36.

5 Conclusion

Finite difference solution is presented to analyze the distributions of streamlines, temperature
lines and isoconcentrations of Buongiorno’s model nanofluid flow inside a square cavity with
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diverse values of pertinent parameters. Magnetic field, thermophoresis, thermal radiation and
Brownian motion are considered in this analysis. The significant findings of this research are
as follows.

(i)
(i)
(iii)
(iv)
V)

(vi)

The non-dimensional rates of heat transfer augments inside the cavity with (M).
Streamlines are highly effected with (R) and a single recirculation cell is formed with
in the cavity.

It is ascertained that the rate of heat transport intensifies with rising (Ra) values.

The curvature of isotherms elevates within the cavity as the values of (Nt) rises.
Isotherms are almost horizontal in the middle of the cavity and there is nominal reduc-
tion in curvature of these lines with rising (Nb) values.

Sherwood number scatterings deteriorate in the cavity with rising values of (Le).

Data Availability Statement This manuscript has associated data in a data repository. [Authors’ comment:
All data included in this manuscript are available upon request by contacting with the corresponding author.]

References

S.U.S. Choi, Z.G. Zhang, W. Yu, F.E. Lockwood, E.A. Grulke, Anomalous thermal conductivity enhance-
ment in nanotube suspensions. Appl. Phys. 79, 2252-2254 (2001)

M. Ghalambaz, A. Behseresht, J. Behseresht, A.J. Chamkha, Effects of nanoparticles diameter and con-
centration on natural convection of the Al, O3—water nanofluids considering variable thermal conductivity
around a vertical cone in porous media. Adv. Powder Technol. 26, 224-235 (2015)

M. Ghalambaz, A. Doostani, A.J. Chamkha, M.A. Ismael, Melting of nanoparticles-enhanced phase-
change materials in an enclosure: effect of hybrid nanoparticles. Int. J. Mech. Sci. 134, 85-97 (2017)

P. Sreedevi, K.V. Suryanarayana Rao, P. Sudarsana Reddy, A.J. Chamkha, Heat and Mass transfer flow
over a vertical cone through nanofluid saturated porous medium under convective boundary condition
with suction/injection. J. Nanofluids 6, 476—486 (2017)

P. Sudarsana Reddy, P. Sreedevi, A.J. Chamkha, MHD boundary layer heat and mass transfer character-
istics of nanofluid over a vertical cone under convective boundary condition. Propolsion Power Res. 7,
308-319 (2018)

B. Prabhavathi, P. Sudarsana Reddy, R. Bhuvana Vijaya, Heat and mass transfer enhancement of SWCNTs
and MWCNTSs based Maxwell nanofluid flow over a vertical cone with slip effects. Powder Technol. 340,
253-263 (2018)

P. Sudarsana Reddy, K. Jyothi, M. Suryanarayana Reddy, Flow and heat transfer analysis of carbon
nanotubes based Maxwell nanofluid flow driven by rotating stretchable disks with thermal radiation. J.
Braz. Soc. Mech. Sci. Eng. 40, 576 (2018)

P. Sreedevi, P. Sudarsana Reddy, A.J. Chamkha, Heat and mass transfer analysis of unsteady hybrid
nanofluid flow over a stretching sheet with thermal radiation. SN Appl. Sci. 2, 1222 (2020)

K. Jyothi, P. Sudarsana Reddy, M. Suryanarayana Reddy, Carreau nanofluid heat and mass transfer flow
through wedge with slip conditions and nonlinear thermal radiation. J. Braz. Soc. Mech. Sci. Eng. 41,
415 (2019)

P. Sreedevi, P. Sudarsana Reddy, Combined influence of Brownian motion and thermophoresis on Maxwell
three dimensional nanofluid flow over stretching sheet with chemical reaction and thermal radiation. J.
Porous Media 23(4), 327-340 (2020)

. A. Noghrehabadi, A. Samimi Behbahan, I. Pop, Thermophoresis and Brownian effects on natural con-

vection of nanofluids in a square enclosure with two pairs of heat source/sink. Int. J. Numer. Methods
Heat Fluid Flow 25(5), 1030-1046 (2015)

H.M. Elshehabey, S.E. Ahmed, MHD mixed convection in a lid-driven cavity filled by a nanofluid with
sinusoidal temperature distribution on the both vertical walls using Buongiorno’s nanofluid model. Int. J.
Heat Mass Transf. 88, 181-202 (2015)

M.A. Sheremet, I. Pop, A. Shenoy, Unsteady free convection in a porous open wavy cavity filled with a
nanofluid using Buongiorno’s mathematical model. Int. Commun. Heat Mass Transf. 67, 66-72 (2015)
M.A. Sheremet, I. Pop, M.M. Rahman, Three-dimensional natural convection in a porous enclosure filled
with a nanofluid using Buongiorno’s mathematical model. Int. J. Heat Mass Transt. 82, 396405 (2015)

@ Springer



Eur. Phys. J. Plus (2021) 136:102 Page 23 of 24 102

15.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

M.A. Sheremet, I. Pop, N.C. Rosca, Magnetic field effect on the unsteady natural convection in a wavy-
walled cavity filled with a nanofluid: Buongiorno’s mathematical model. J. Taiwan Inst. Chem. Eng. 61,
211-222 (2016)

M. Ghalambaz, M. Sabour, I. Pop, Free convection in a square cavity filled by a porous medium saturated
by a nanofluid: viscous dissipation and radiation effects. Eng. Sci. Technol. Int. J. 19(3), 1244-1253
(2016)

G.H.R. Kefayati, H. Tang, Simulation of natural convection and entropy generation of MHD non-
Newtonian nanofluid in a cavity using Buongiorno’s mathematical model. Int. J. Hydrog. Energy 42(27),
17284-17327 (2017)

G.H.R. Kefayati, N.A. Che Sidik, Simulation of natural convection and entropy generation of non-
Newtonian nanofluid in an inclined cavity using Buongiorno’s mathematical model (Part II, entropy
generation). Powder Technol. 305, 679-703 (2017)

B. Chandra Sekhar, N. Kishan, C. Haritha, Convection in nanofluid-filled porous cavity with heat absorp-
tion/generation and radiation. J. Thermophys. Heat Transf. 31(3), 549-562 (2017)

E. Khalili, A. Saboonchi, M. Saghafian, Experimental study of nanoparticles distribution in natural con-
vection of Al,O3z—water nanofluid in a square cavity. Int. J. Therm. Sci. 112, 82-91 (2017)

F. Selimefendigil, H.F. Oztop, Modeling and optimization of MHD mixed convection in a lid-driven
trapezoidal cavity filled with alumina—water nanofluid: effects of electrical conductivity models. Int. J.
Mech. Sci. 136, 264-278 (2018)

N.S. Bondareva, M. A. Sheremet, H.F. Oztop, N. Abu-Hamdeh, Transient natural convection in a partially
open trapezoidal cavity filled with a water-based nanofluid under the effects of Brownian diffusion and
thermophoresis. Int. J. Numer. Methods Heat Fluid Flow 28(3), 606—623 (2018). https://doi.org/10.110
8/htf-04-2017-0170

Z.A.S. Raizah, A.M. Aly, S.E. Ahmed, Natural convection flow of a power-law non-Newtonian nanofluid
in inclined open shallow cavities filled with porous media. Int. J. Mech. Sci. 140, 376-393 (2018)

Q. Yu, H. Xu, S. Liao, Analysis of mixed convection flow in an inclined lid-driven enclosure with
Buongiorno’s nanofluid model. Int. J. Heat Mass Transf. 126, 221-236 (2018)

M.S. Astanina, E. Abu-Nada, M.A. Sheremet, Combined effects of thermophoresis, brownian motion,
and nanofluid variable properties on Cuo—water nanofluid natural convection in a partially heated square
cavity. J. Heat Transf. (2018). https://doi.org/10.1115/1.4039217

S.A.M. Mehryan, M. Ghalambaz, M. Izadi, Conjugate natural convection of nanofluids inside an enclosure
filled by three layers of solid, porous medium and free nanofluid using Buongiorno’s and local thermal
non-equilibrium models. J. Therm. Anal. Calorim. 135(2), 1047-1067 (2018)

M.H. Sun, G.B. Wang, X.R. Zhang, Rayleigh-Bénard convection of non-Newtonian nanofluids consid-
ering Brownian motion and thermophoresis. Int. J. Therm. Sci. 139, 312-325 (2019)

C.S. Balla, C. Haritha, K. Naikoti, A.M. Rashad, Bioconvection in nanofluid-saturated porous square
cavity containing oxytactic microorganisms. Int. J. Numer. Methods Heat Fluid Flow 29(4), 1448-1465
(2019)

A.lL Alsabery, T. Armaghani, A.J. Chamkha, I. Hashim, Two-phase nanofluid model and magnetic field
effects on mixed convection in a lid-driven cavity containing heated triangular wall. Alex. Eng. J. 59(1),
129-148 (2020)

A.lL Alsabery, M. Ghalambaz, T. Armaghani, A. Chamkha, I. Hashim, M. Saffari Pour, Role of rotat-
ing cylinder toward mixed convection inside a wavy heated cavity via two-phase nanofluid concept.
Nanomaterials 10(6), 1138 (2020)

M. Ghalambaz, S.A.M. Mehryan, I. Zahmatkesh, A. Chamkha, Free convection heat transfer analysis of
a suspension of nano—encapsulated phase change materials (NEPCMs) in an inclined porous cavity. Int.
J. Therm. Sci. 157, 106503 (2020)

M. Ghalambaz, S.A.M. Mehryan, A. Tahmasebi, A. Hajjar, Non-Newtonian phase-change heat transfer of
nano-enhanced octadecane with mesoporous silica particles in a tilted enclosure using a deformed mesh
technique. Appl. Math. Model. 85, 318-337 (2020)

M. Izadi, M. Ghalambaz, S.A.M. Mehryan, Location impact of a pair of magnetic sources on melting of
a magneto-Ferro phase change substance. Chin. J. Phys. 65, 377-388 (2020)

R.S.R. Gorla, S. Siddiga, A.A. Hasan, T. Salah, A.M. Rashad, MHD mixed convection in copper-water
nanofluid filled lid-driven square cavity containing multiple adiabatic obstacles with discrete heating. Int.
J. Appl. Mech. Eng. 25(2), 57-74 (2020)

A.J. Chamkha, R. Yassen, M.A. Ismael, A.M. Rashad, T. Salah, H.A. Nabwey, MHD free convection of
localized heat source/sink in hybrid nanofluid-filled square cavity. J. Nanofluids 9(1), 1-12 (2020)

A.M. Rashad, S.E. Ahmed, M.A. Mansour, T. Salah, H.A. Nabwey, Impact of heat corners on magneto-
nanofluids natural convection flow in a square porous cavity with elliptical blocks. J. Porous Media 23(8),
805-820 (2020)

@ Springer


https://doi.org/10.1108/hff-04-2017-0170
https://doi.org/10.1115/1.4039217

102 Page 24 of 24 Eur. Phys. J. Plus (2021) 136:102

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

T. Armaghani, A. Chamkha, A.M. Rashad, M.A. Mansour, Inclined magneto convection, internal heat,
and entropy generation of nanofluid in an I-shaped cavity saturated with porous media. J. Therm. Anal.
Calorim. (2020). https://doi.org/10.1007/s10973-020-09449-6

FEM. Azizul, A.I. Alsabery, I. Hashim, A.J. Chamkha, Heat line visualization of mixed convection inside
double lid-driven cavity having heated wavy wall. J. Therm. Anal. Calorim. (2020). https://doi.org/10.1
007/s10973-020-09806-5

M.A. Sheremet, D.S. Cimpean, 1. Pop, Thermogravitational convection of hybrid nanofluid in a porous
chamber with a central heat-conducting body. Symmetry 12(4), 593 (2020)

E.V. Shulepova, M.A. Sheremet, H.F. Oztop, N. Abu-Hamdeh, Mixed convection of Al;O3—HO nano-
liquid in a square chamber with complicated fin. Int. J. Mech. Sci. 165, 105192 (2020)

S.M. Hashem Zadeh, S.A.M. Mehryan, M. Ghalambaz, M. Ghodrat, J. Young, A. Chamkha, Hybrid
thermal performance enhancement of a circular latent heat storage system by utilizing partially filled
copper foam and Cu/GO nano-additives. Energy 213, 118761 (2020)

M. Ghalambaz, S.A.M. Mehryan, A. Hajjar, A. Veismoradi, Unsteady natural convection flow of a sus-
pension comprising Nano-Encapsulated Phase Change Materials (NEPCMs) in a porous medium. Adv.
Powder Technol. 31(3), 954-966 (2020)

S.A.M. Mehryan, M. Ghalambaz, L. Sasani Gargari, A. Hajjar, M. Sheremet, Natural convection flow
of a suspension containing nano-encapsulated phase change particles in an eccentric annulus. J. Energy
Storage 28, 101236 (2020)

S.M. Hashem Zadeh, S.A.M. Mehryan, M. Sheremet, M. Ghodrat, M. Ghalambaz, Thermo-hydrodynamic
and entropy generation analysis of a dilute aqueous suspension enhanced with nano-encapsulated phase
change material. Int. J. Mech. Sci. 178, 105609 (2020)

AL Alsabery, I. Hashim, A. Hajjar, M. Ghalambaz, S. Nadeem, M. Saffari Pour, Entropy generation and
natural convection flow of hybrid nanofluids in a partially divided wavy cavity including solid blocks.
Energies 13(11), 2942 (2020)

M. Sheremet, T. Grosan, I. Pop, MHD free convection flow in an inclined square cavity filled with both
nanofluids and gyrotactic microorganisms. Int. J. Numer. Methods Heat Fluid Flow 29(12), 4642-4659
(2019)

M.A. Sheremet, I. Pop, Conjugate natural convection in a square porous cavity filled by a nanofluid using
Buongiorno’s mathematical model. Int. J. Heat Mass Transf. 79, 137-145 (2014)

P. Sudarsana Reddy, P. Sreedevi, Buongiorno’s model nanofluid natural convection inside a square cavity
with thermal radiation. Chin. J. Phys. (2020). https://doi.org/10.1016/j.cjph.2020.08.016

A.Mahmoudi, I. Mejri, M.A. Abbassi, A. Omri, Analysis of MHD natural convection in a nanofluid-filled
open cavity with non-uniform boundary condition in the presence of uniform heat generation/absorption.
Powder Technol. 269, 275-289 (2015)

@ Springer


https://doi.org/10.1007/s10973-020-09449-6
https://doi.org/10.1007/s10973-020-09806-5
https://doi.org/10.1016/j.cjph.2020.08.016

	Effect of zero mass flux condition on heat and mass transfer analysis of nanofluid flow inside a cavity with magnetic field
	Abstract
	List of symbols
	Greek symbols
	1 Introduction
	2 Mathematical formulations
	3 Numerical method of solution
	4 Results and discussion
	5 Conclusion
	References




