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The current investigation emphasizes the Aluminum oxide in water nanoparticles’ effect on double-diffusive
mixed convection flow in lid-driven enclosure numerically. The main purpose of the investigation is the
assessment of the changes in heat and transfer, due to variations of the dimensionless parameters of the
Richardson number that covers the range of 0.01 and 100, the Lewis number that changes from 0.1 to 10,
also 0 to 5 are related to the changes of the buoyancy ratio and the nanoparticles volume fraction is fallen
in the range of 0 to 0.06 and the location displacement of the source from the highest to lowest in the left
wall. The control volume method, SIMPLER algorithm, and a hybrid discretization method are applied to the
governing equations. The fluctuations of the mean Nusselt number as well as the mean Sherwood numbers via
the variation of the mentioned dimensionless numbers are illustrated. The results indicate that heat transfer is
enhanced with increasing nanoparticle concentration, while mass transfer is subsided. Moreover, the rate of
both heat and mass transfer is amplified by up to 25% as the buoyancy ratio increases from 0 to 5. However,
the Richarson number increment makes a decrement in both.

Keywords: Al,O3-water nanofluid; Double-diffusion; Heat transfer augmentation; Mixed convection; Nusselt number; Sherwood

number

1. Introduction

The development of advanced heat exchangers, air condi-
tioning systems, and industrial processes has been heavily
influenced by research on mixed convective heat transfer
in recent years [1, 2]. Double-diffusive convection is the
simultaneous heat and mass transfer and so temperature
as well as gradients of concentration are two influencing
factors on buoyancy-driven flow [3, 4]. Notably, the two
buoyancy forces can be effective in aiding or opposing the
flow directions. Double diffusion happens in numerous in-
dustrial and environmental processes. This can happen in
thermal management systems, such as electronics cooling,
heat exchangers, and thermal energy storage devices. Fur-
thermore, chemical processing and separation that involve
both thermal and solutal gradients, for instance, drying,
distillation, and adsorption are the other applications. Air
circulation in buildings, heat and mass transfer in lakes and
oceans, and the dynamics of porous media like soil and
aquifers that happen in environmental and geophysical pro-

cesses as well as transport of nutrients and metabolites in
living organisms, and drug delivery occurred in biological
systems are the other instance for double-diffusion appli-
cations. Additionally, materials processing where the use
of nanoparticles can potentially improve the efficiency of
the processing techniques, such as casting, sintering, and
additive manufacturing are the further applications.

Deng et al. [5] examined the phenomenon of double-
diffusive mixed convection in a 2D and laminar regime
within a ventilated enclosure. Their outcomes were pre-
sented in the streamlines, heatlines and masslines forms.
They tried to minimize heat and mass transfer by proposing
a correlation between Reynolds and Grashof numbers. Al-
Anmiri et al. [6] analyzed the combined influence of diffusion
of thermal and mass on mixed steady-state convection in a
square cavity driven by a moving lid. In their research, the
Galerkin weighted residual method was used for numerical
solving of the transport equations. Their results illustrated
the specific range in which the highest rate of heat and mass
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Nomenclature
c Concentration U, Movable plate velocity
C Dimensionless concentration X,y Cartesian coordinates
D Mass diffusivity XY Dimensionless Cartesian coordinates
H Height of Enclosure Yp Source location
L Thickness of enclosure Greek symbols
Le Lewis number (Sc/Pr) a Thermal diffusivity
N Buoyancy ratio ¢] Dimensionless temperature
Nu Nusselt number (o} Volume fraction
14 Pressure B Volumetric coefficient
P Dimensionless pressure Subscript
Pr Prandtl number avg average
Ra Rayleigh number c Cold wall
Ri Richardson number h Hot wall
Sh Sherwood number T Thermal
T Temperature M Mass
u,v Components of velocity nf Nanofluid
u,v Dimensionless velocity components P Particle

transfer is achieved when the Richardson number equals
a certain threshold. Beya and Lili [7] investigated numeri-
cally a double-diffusive mixed convection in a room under
ventilation. The convection was determined oscillatory. The
oscillation conditions for the flow inside the room were in-
dicated using a non-linear relation between Reynolds and
Grashof numbers. A computational method study about a
cavity in a rectangular shape equipped with lid-driven in the
mixed convection condition was performed by Teamah and
El-Maghlany [8]. The authors studied the dependence of
the Richardson number, Lewis number, and buoyancy ratio
on the characteristics of iso-contours, streamlines, and tem-
perature distributions. The spread of Richardson numbers
and buoyancy ratios was extensive, covering a range of 0.01
to 104 and -10 to 10, respectively. Their findings clearly ex-
pressed that when buoyancy ratio values were negative, the
Nusselt number in opposing flow was more than assisting
flow at the high Richardson number.

Tizakast et al. [9] examined the dynamics of double-
diffusive mixed convection in a horizontal enclosure in a
rectangular shape occupied with non-Newtonian fluids, us-
ing a Rayleigh-Bénard setup. Upscaling the Peclet number
intensified fluid flow, the rate of heat transfer and mass
transfer accelerated initially but then stabilized at a constant
level. Increasing the Lewis number, buoyancy ratio, and
thermal Rayleigh number empowered the natural convec-
tion. A critical Peclet number that changed the transfer
regime was determined, influenced by multiple variables,
for instance, Lewis number, buoyancy ratio, and thermal
Rayleigh number. Gnanasekaran and Satheesh [10] con-
ducted a mathematical investigation on the impact of mag-
netic fields on double-diffusive convection in a cavity with
thermal and solutal sources. The independent parameters
were chosen including Lewis number, Hartmann number,
Reynolds number, and some geometrical parameters. An
increment in the Reynolds number improved the rates of
heat transfer and mass transfer, despite that the Hartmann
number diminished it. Increasing the Lewis number had a
double-faced outcome on the heat transfer as well as mass
transfer. Changing the source location could lead to a rise
in heat and mass transfer rates. They developed empirical
correlations for the mean heat transfer coefficient and mass
transfer coefficient.

As limited specific heat capacity and thermal conductivity
of fluids like water, air, and ethylene glycol are fundamen-
tally the main restrictions against convective heat transfer
coefficient improvement, therefore dispersion of diverse
sorts of nano-sized solid particles in a base fluid called a
nanofluid, can be an applicable method to dominate this
limitation [11, 12]. Ben-Nakhi and Chamkha [13] assessed
laminar natural convection in a cavity with an inclined fin
attached with varying lengths. A mixed convection flow
in laminar conditions filled with a nanofluid including cop-
per nanoparticles and water was investigated in a cavity
in a square shape equipped with a lid-driven by Talebi et
al. [14]. Selected solid volume fraction, Reynolds number,
and Rayleigh number in the study were 0 to 0.05, 1 to 100,
and 10* to 10° respectively. The thermal conductivity was
estimated by Patel models and the Brinkman model was em-
ployed to calculate the effective viscosity of the nanofluid,
similarly. The outcomes show that as the Reynolds number
increased, the solid concentration effect decreased. In a
separate study, Nemati et al. [15] researched the effect of
Cu, CuO, or Al,O3-water as nanofluids on heat transfer im-
provement in mixed convection flow at a boundary-driven
cavity by applying the Lattice Boltzmann technique. Their
published outcomes revealed a consistent trend of increas-
ing effects of solid volume fraction for Al,O3, CuO, and
Cu nanoparticles, with each subsequent material exhibiting
a stronger influence.

Chamkha and Abu-Nada [16] mathematically simulated a
laminar convection flow at individual and paired-lid cavi-
ties. They found that a significant increment in heat transfer
can be obtained due to the nanoparticles attendance and
moderate to large Richardson numbers, accompanied by
increasing nanoparticle volume fractions, intensify this phe-
nomenon. In another study, the role of various properties
of nanofluid was investigated by Abu-Nada et al. [17]. In
the research, the enclosure has warmed up differentially.
The authors investigated the impact of the physical and
thermal properties of nanofluid and found that they play a
determinative role in the estimation of the improvement of
heat transfer. Mahapatra et al. [18] delved into the Darcian
and non-Darcian law for natural convection fluid flow in
a porous cavity under the influence of thermal radiation.
It was illustrated that the radiation heat transfer made no
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considerable effect on the thermal profile and fluid flow,
however, it stood for the variations in the Nusselt number.
Mahapatra et al. [19] considered the effect of thermal radia-
tion on mixed combustion in a partially heated cavity. The
magnetic field magnitude was shown to be an outstanding
parameter for the heat and mass transfer patterns.

Mondal and Sibanda [20] investigated simultaneous heat
and mass transfer in an inclined cavity in unsteady condi-
tions. The results showed the magnetic angle and inclina-
tion cavity angle were the imperative parameters for thermal
and solutal fields. In another study [21] , they investigated
the unsteady double-diffusion problem in a porous cavity
by varying buoyancy ratio. A theoretical investigation on
the double-diffusive convective flow at a stagnation-point
area contained with nanofluid, accounting for the diffusio-
phoresis impact of the binary base fluid, was carried out by
Dinarvand et al. [22] using an analytical-numerical method.
The effects of Numerous aspects, such as the mixed con-
vection characteristic, nanofluid buoyancy ratio, regular
double-diffusive buoyancy parameter, thermophoresis spec-
ification, and Brownian coefficient, concerning temperature
and velocity scaling as well as a concentration of nanoparti-
cles were investigated. The results show that an increment
in the mixed convection characteristic enhanced the velocity
and reduced the temperature and concentration profiles. As
the nanofluid buoyancy ratio increased, the trend reversed,
with a contrasting effect observed when the regular double-
diffusive buoyancy parameter was raised.

Abbasian Arani et al. [23] investigated the double-diffusive
mixed convection in a boundary-driven enclosure in a square
shape filled with an alumina-water nanofluid. The simula-
tions spanned a range of Richardson numbers between 0.01
and 100, buoyancy ratios ranging from -5 to 5, and nanoma-
terial volume percentages in the range of 0 to 4% as well
as considering temperature-dependent properties. The find-
ings indicated that increasing the nanoparticle concentration
left an opposite effect on the mean Nusselt number over
a wide range of Reynolds numbers. Further, the positive
buoyancy ratios consistently yielded higher average Nusselt
or Sherwood numbers compared to those of negative values.
The authors concluded higher convective heat transfer of
nanofluids in contrast to the main fluid by considering the
heatlines’ compactness. Ahamed et al. [24] investigated
nanofluid flow in the presence of an electrical and mag-
netic field in unsteady conditions passing over an inclined
cylinder, while Ohmic dissipation was calculated. The mass
gradient and temperature field are among the results pre-
sented. Hussain et al. [25] studied double-diffusive mixed
convection in a porous enclosure in a square shape contained
with an alumina-water nanofluid of water and alumina, nu-
merically. A hybrid approach was used, involving solving
the governing equations using a monolithic Galerkin finite
element method in conjunction with a geometric multigrid
technique. Besides those parameters commonly used for
such problems, porosity, chemical reaction parameters, and
geometrical parameters were involved.

Alsabery et al. [26] investigated a double lid-driven filled
with alumina-water nanofluid considering Buongiorno’s
two-phase model. The range for the Reynolds and Richard-
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son numbers are respectively 1 to 500 and 0.01 to 100.
The results indicated that suspending nanoparticles in low
Reynolds number and high Richardson number left a de-
creasing effect on the Nusselt number. A study by Nath
and Krishnan [27] explored the numerical examination
of thermo-solutal buoyancy-driven fluid convection in a
backward-facing step channel contained with copper-water
nanofluid. Galerkin’s finite element method was applied.
The mean Sherwood numbers and Nusselt numbers respec-
tively enhanced and mitigated by 34% and 77%, if nanopar-
ticle volume concentration increased from 0.0 to 20%.
Dogonchi et al. [28] numerically investigated the MHD
problem in an enclosure filled with a nanofluid and featured
with wavy walls. The contraction ratio of the wavy wall
abated the convective heat transfer. Chamkha and Al-Naser
[29] conducted an unsteady, laminar double-diffusive flow
in a cavity of porous media. Thermal and solutal buoy-
ancy acted in an opposite direction and the effect of Darcy
number and inclination of the cavity were studied. Hashemi-
Tilehnoee et al. [30] analyzed the first and second laws of
thermodynamics for a cavity with a wavy heater having
alumina-water nanofluid underinfluencing a magnetic field.
The entropy generation number and Nusselt number showed
a monotonic trend with the Rayleigh number and the Darcy
number. Alomari et al. [31] presented a numerical inves-
tigation into the double-diffusive mixed convection of a
MWCNT/water mixture in an enclosure characterized by
a curvilinear geometry and hot elliptical sources. It was
shown that increasing Reynolds, Richardson, and Lewis
numbers resulted in an increment in the Nusselt and Sher-
wood numbers. At low Richardson and Reynolds numbers
of respectively 0.1 and 50, the mean Nusselt number and
mean Sherwood number were found to be 7.4 and 10.7.
Jalili et al. [32] investigated the mixed convection flow
in a channel with the vertical form filled with a nanofluid
using analytical methods. They tried finding some fea-
tures of more efficient heat transfer in devices included
with nanofluid. Brownian motion and thermophoresis were
monitored. The proposed analytical techniques showed
excellent agreement with a numerical method, confirming
their accuracy and reliability. Parveen et al. [33] performed
a quantitative investigation into the double-diffusive mixed
convection in a container filled with Fe3O4-water ferrofluid
by utilizing magnetic induction. The container involved a
thermal source/sink. The researchers attempted to augment
the thermal-solutal behavior. As the Hartmann number in-
creased, heat and mass transfer rates declined, whereas they
rose with growing buoyancy ratio, Richardson number, and
inclination angle. By a twice increment of in the thermal
generation from 5 to 10, the Nusselt number raised 3.5
folds. Devi et al. [34] studied the double-diffusive mixed
convection in the presence of magnetic force and a nanofluid
of Fe3O4 and water in a square cavity. In the given con-
figuration, elevated temperatures and concentrations were
recorded inside the square blockages, with contrasting con-
ditions prevailing on the left and right walls. The incor-
poration of a nanoparticle resulted in a more significant
impact on fluid flow dynamics compared to thermal and
solutal effects. Unlike commonly expected, enhancing the
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nanoparticle volume fraction resulted in a reduction of the
average Nusselt and Sherwood numbers at larger Richard-
son numbers.

As stated above, while mixed convection has been widely
studied, the inclusion of double-diffusion of heat and mass
transfer makes the phenomenon more realistic and closer to
real-world scenarios. This provides more accurate predic-
tions for systems involving coupled transport phenomena.
Studying such topics provides more precise predictions
for systems involving dual transport phenomena. Involv-
ing nanoparticles in the thermal system is beneficial; how-
ever, the effect of nanoparticles on the solutal field needs
to be more investigated. In the current study, mixed con-
vection in a boundary-driven container in a square shape
involved with Al,Os-water nanofluid is explored in the
CFD-based method. Unlike previous studies that used con-
stant nanoparticle properties, the current work considers the
temperature-dependent thermal and physical features of the
Al,O3 nanoparticles. This leads to a more precise numeri-
cal simulation and a better understanding of the effects of
nanoparticles on the flow, heat, and mass transfer processes.
The main objectives of the present work, therefore, are:

* To numerically investigate mixed convection in a
boundary-driven square container involving the nanofluid,
considering the temperature-dependent thermal and physi-
cal properties of the nanoparticles.

* To study the effects of key parameters, such as Richardson
number, Lewis number, buoyancy ratio, and nanoparticle
volume fraction on the resulting flow field, heat transfer,
and mass transfer.

* To provide a more comprehensive understanding of the
underlying physics, especially in real phenomena, and the
influence of these parameters on the mixed convection phe-
nomenon with double-diffusion of heat and mass.

* To demonstrate the practical relevance of these findings by
discussing their implications for the design of engineering
systems involving coupled heat and mass transfer.

2. Materials and Methods

2.1 Physical model and the problem formulation

Fig. 1 depicts schematically the computational domain of
the present research. The boundary condition of the wall
on the left side includes a source with high temperature
and concentration (7}, Cp,), while the wall on the right side
experiences a low temperature and concentration (7;,C,).
According to Fig. 1, the boundary condition of the left wall
is applied only to half of the wall (L/2). Correspondingly,
the insulating and impermeable boundary condition is con-
sidered for the horizontal top and the bottom walls, as well
as, the inactive section of the left wall of the computational
domain. The boundary condition for the top wall of the
enclosure is constant velocity to the right direction (U)).
The center of the source respect to the left wall is character-
ized by the dimension of h. The dimensionless variable, Yp
for the Source location, is defined as Yp = h/L.

In the domain of numerical solution, the Boussinesq approx-
imation is established by supposing a linear relationship
between density, temperature, and concentration, as fol-
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Figure 1. Physical model and the boundary conditions of the present study.

lows.
p=po(1=Pr(T —T.) — Bu(c—cx)) D

The enclosure is filled with nanofluid including the water as
the base flow and Al,O3 as nanoparticles. The assumptions
of the current work are as follows.

* The fluid is Newtonian, incompressible, and viscous.

* The viscous dissipation is negligible.

* The influences of the Dufour and Soret effects, which
describe the mass transport caused by temperature gradient
and heat flux caused by concentration gradients, respec-
tively, are ignored.

* The fluid phase and nanoparticles have identical velocities
and are in thermal equilibrium.

* A uniform shape and size are considered for the nanoparti-
cles.

The properties of the nanofluid, including thermal con-
ductivity and viscosity, are influenced by the nanoparticle
volume fraction and temperature. Assuming these con-
ditions, the system’s governing equations are given as
follows:

Continuity equation

o ov_
ox dy

X-momentum equation:

0 2)

Ju Jdu, dp d du d du
Pnf(”a +ij)——g+$(ﬂnfg)+j(ﬂnfa*y)

y
3
y-momentum equation::

Prr 5% Vay  dy  ox Hof 5% dy 'u"fay

[@ppPr, + (1= @)psPr]e(T —T)+ 4
[9ppBy, + (1= @)psBu;lg(c —cc)
Energy equation:

oT oT 0 oT d oT
(Pcp)nf("‘g +v7y) = a(knfg) + a*y(knfafy) Q)
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Concentration equation:

dc dc d, _dc, d , dc
iy = (DY + = (D=
"ox Vay ax( 8x)+8y( 8y)
The nanofluid effective density at the reference temperature
is defined by:

(6)

Py = (1=@)ps+¢ppo )

and the nanofluid-specific heat capacity is given as
(PB)ny=(1=9)(PB)s+(PB)p ®)
(pS)ng = (1= @)(pcp) s+ @(pcp)p ©)

The nanofluid effective thermal conductivity by using
model of the Chon et al. [35, 36] is derived by

k”ff =14 64.7(p0.4076(ﬁ)0.3690(kl)0.7476Pr(7)_.9955Rel.2321

ky dp ky
(10)

where Pry and Re are:

Prp =1L (11

P&

k, T
Re =PI (12)

37Z,Uflf

in which k,=1.3807x 1023 J/K, is the Boltzmann constant
and [/;=0.17 nm is the mean path of fluid particles [16, 17].
The nanoparticle viscosity is calculated by Nguyen et al.
[36] and also used by Ref. [37]

1,7 = exp(30.003 —0.04203T —0.5445¢ +0.0002553T2+

0.0524¢9> —1.622¢ ') x 1072 (13)

The temperature-dependent viscosity of base fluid (water)
is calculated using the following equation [17, 22]:

pr = (1.27231n3 T —8.736In* T +33.708 In> T — 246.6 In* T+
518.78TInT +1153.9) x 1076 (14)

Using the Grashof number and Reynolds number, the
Richardson number reads as

Gr
Ri= -
! Reé?
L3BAT
Gr= 45 (1)

The following dimensionless variables are defined to
express the governing equations in a dimensionless form.

x=1
L
y=2
L
v="
L
v="
UP
p
p=—"__ (16)
pnng
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0— T-T.
T, —T.
C— c—Cc
Cp—Ce

The governing equation with the dimensionless form can
be formulated as the following equations.
Continuity equation:

aU dv
X-momentum equation:
Ua£ +Val — _Q + i(i&il])_’_i(i&l)
dX JY  0X JX Re*dX’ Y Re* &{18)
y-momentum equation:
oU av
P 9 19U, 9 19V .
Energy equation:
LI
X dY
L0t 98y 0 o 29
of X (pcp)ny 0X Re*Pr* dX’  JY "Re*Pr* dY
(20)
Concentration equation:
acC acC
d 1 aC 0 1 aC
87X(L6*Re*Pr* 37) + W(Le*Re*Pr* 87) @h

where

« _ Hnf Cryy ﬁPr

Pr
Uy CPf knf

_ Pr Coy kg
pnf Cpnf kf

_ P Hp g,
Pr Hny
Pnf By

Boundary conditions in non-dimensionalized form are

Le*

Re*

Ri

X=0,0<Y<1:U=V=0,
0=C=1,

20 _ac
adn  adn

on the source section

=0, on the inactive portion
X=10<Y<1:
U=V=0,0=C=0

260 aCc

"on on

(22)

Y=00<X<1:U=V=0
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Y=1,0<X<1:
00 0C

“on dn

where d /dn expresses the normal direction derivative. Also,
The average Nusselt and Sherwood numbers have been
estimated from the below equations:

U=1,V=0

knf 00
Nugye = —2— —odY 23
avg kf Y, aX|X 0 ( )
n aC
Shavg = =2 . ﬁb(:odY (24)

where Y| =y; /L and Y, = y, /L. The coordinates y; and y»
are defined and depicted in Fig. 1.

2.2 Numerical method

Non-linear governing equations are solved using the finite
volume technique, with suitable boundary conditions ap-
plied. The well-known SIMPLER algorithm is applied in
order to the pressure and velocity field coupling in the mo-
mentum equations. A structured uniform mesh is utilized
for the current investigation. The system of linear alge-
braic equations has been successfully solved using TDMA
(Three Diagonal Matrix Algorithm) with relaxation factors
of 0.6 for velocity, 0.4 for energy, and 0.4 for concentration
equation.

2.3 Benchmarking of the code

Seven mesh sizes for the numerical model with 51x51,
91x91, 131x131, 171x171, 211x211, 251x251and
291x291 cells have been applied for the independence
survey, respectively. For all the grid studies, the average
Nusselt and Sherwood numbers have been calculated. Ac-
cordingly, the mesh size of 251 x251 is suitable for ensuring
the accuracy of numerical solutions based on the mesh in-
dependence test.

A comparison between the current results and those ob-
tained by Teamah and El-Maghlany [8] and Esfahani and
Bordbar [38] has been made and depicted in Figs. 2 and 3.
It is clear that the two sets of results are in good agreement

(b) .

Figure 2. (a) Streamline and (b) isotherm for Le=1, N=10, Ri=1 and U, ,=
-1;Ref. [8] (solid lines), present work(dash lines).

Hajialigol et al.

and therefore, the current computer code can capture the
sought physics.

3. Results and discussion

The change of thermal, flow, and solutal field in a boundary-
driven enclosure in square shape is numerically investigated
based on the variation of buoyancy ratio, Lewis number,
Richardson number,and the source location on the double-
diffusive mixed convection. The buoyancy ratio differs be-
tween O to 5, the Lewis number ranges from 0.1 to 10, the
Richardson number changes from 0.01 to 100, the nanopar-
ticles volume fraction varies from O to 0.06, and the source
location shifts from the top of the wall to the bottom, along
the left side. It is noted that a base fluid Prandtl number of
5.83 is considered for all the results presented in Figs. 2a, b,
and 3.

The influence of N on isotherms, streamlines, and iso-
concentrations for Ri=1, Le=1, Yp=0.5, and different
nanoparticle volume fractions have been demonstrated in
Fig. 4. The top surface of the enclosure is drifting towards
the right and then an induced secondary flow is created with
a center near the moving wall. Consequently, natural con-
vection that arises from the temperature gradient between
the hot and cold sources, and forced convection intensify
each other’s effects.

3.1 Effect of the buoyancy ratio

From Fig. 4, it is clear that when ¢=0.0 and Le=1, the
isotherms and iso-concentrations show the same behavior
because of the similarity between the concentration and
energy equations. As an interesting point, while N >0, the
solutal and thermal buoyancy forces operate in the same
direction. At N=0 and 0.2, the circulating cells are formed
from the moving plate. So, solutal and thermal boundary
layers are considerably created on the left source and above
the right wall.

It indicates that with growing N, no significant changes are
observed in the contours when solutal boundary forces are
more powerful than thermal boundary forces (| N | <1). At
N=5, the nanofluid core cell is smaller than the base fluid
core cell where thermal buoyancy forces are stronger than
solutal boundary forces. In this condition, the boundary
layer is more compact than the corresponding layer of other

Results of Ref. [36]

Present work

Figure 3. Streamlines, isotherms and iso-concentrations for ¢=0.0(solid
lines),=0.05(dashed lines ) andp=0.1 (dashed-dot-dot lines) at Ra=10°
and Le=2: the comparison between the present work and the results of Ref.
[38].
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N cases. This demonstrates that compared to all the cases,
the maximum heat transfer and mass transfer happen in the
case of N=5. Also, a unicellular shape for streamlines can
be seen in all N values.

The effect of nanoparticle volume fraction on the variation
of the average Nusselte number and average Sherwood num-
ber in different buoyancy ratios is presented in respectively
Figs. 5a, and b. As it is evident, at N=0 and 0.2, the val-
ues of the average Nusselte number and average Sherwood
number are not significantly different from each other. By
increasing N, improvement of heat and mass transfer are ex-
pected. It is such that by increasing the buoyancy ratio from
0 to 5, the average Nusselt and Sherwood number increases
from 20 to 25%, on average, in various nanofluid volume
fractions. Further, the increase in nanoparticle volume frac-
tion has been found to lead to a significant improvement
in the average Nusselt number due to an important rise in
thermal conductive features of the base fluid suspended by
nanoparticles.

Despite the increasing mean Nusselt number, the mean

Isotherms

,” ==

Streamlines
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Sherwood number shows a contradictory and decreasing
behavior against the addition of nanoparticles. It is due to
increasing concentration by adding nanoparticles and con-
sequently, decreasing the concentration gradient. While the
decrement in average Sherwood number is about 10%, on
average, the average Nusselt number increases by about
20%, by increasing the nanoparticles concentration from
zero to 0.06. The Nusselt number and Sherwood number
exhibit a higher slope when the volume fraction of nanofluid
is higher and the buoyancy ratio is increased, highlighted
more for the former.

3.2 Effect of Lewis number

The dimensionless Lewis number is determined as a crite-
rion of the ratio of thermal diffusivity to mass diffusivity.
Lewis number is employed in situations where the fluid
experiences both mass transfer and heat transfer at the same
time. In the current study, the variation of the Lewis num-
ber is from 0.1 to 10. The Lewis number impact on the
isotherms, streamlines, and iso-concentrations is illustrated

Iso-concentration

Figure 4. Effect of buoyancy ratio on the isotherms, streamlines and iso-concentrations for various nanoparticle volume fractions:=0.0(solid
lines),p=0.03(dash lines),p=0.006(dash-dot-dot lines) at Ri=1, Le=1 and Y p=0.5.
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Figure 5. Variation of average (a) Nusselt and (b) Sherwood number versus nanoparticles volume fraction in various buoyancy ratios.
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in Fig. 6 at Ri=1, N=1, Yp=0.5, and various nanoparticle
volume fractions.

As can be easily seen, the streamlines will not be signifi-
cantly affected by the Lewis changes. Streamlines have pre
a unicellular structure due to forced and natural convection.
At a Lewis number of 0.1, the core of the nanofluid shrinks
to a size smaller than the base fluid. However, the thickness
of the boundary layer on both the source and top surfaces
of the right wall adjusts as the Lewis number varies. The
effect of increasing the Lewis number is to render the solutal
boundary layer denser and the thermal boundary layer more
extensive.

Fig. 7 illustrates the trends of the mean Nusselt number
and mean Sherwood number as a function of nanoparticle
volume fraction for various Lewis numbers respectively in
Figs. 7a, and b. Following Fig. 7(b), nanoparticle volume
fraction in low Lewis number does not affect the average
Sherwood number, considerably. Furthermore, the variation
of the average Sherwood number is lower than the average
Nusselt number. Increasing the nanoparticle concentration

Isotherms
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leads to a declined trend in the mass transfer, which can
be clearly observed in Lewis number equal to 10 by 10%.
Moreover, because of the densifying solutal boundary layer,
an increase in Lewis number has a beneficial impact on
mass transfer, which can reach by a factor of 6.6. As soon
as the Lewis number rises, mass diffusion diminishes, and
based on the continuity equation, forced bulk flow plays
the main role in mass transfer. Therefore, the average Sher-
wood number grows due to the more powerful effect of bulk
flow on mass transfer in contrast to molecular diffusion
[39]. Conversely, the mean Nusselt number declines with
the growth of the Lewis number.
Thermal diffusivity (a=k/pc;) improves as the Lewis num-
ber rises and it leads to conduction heat transfer to be domi-
nant at a high Lewis number in contrast to the conditions
with a low Lewis number. Thus, as the Lewis number rises,
the Nusselt number tends to decline because the conduction
mechanism becomes weaker compared to the convection
mechanism. Increasing the Lewis number from unity to 10
makes the mean Nusselt number to be increased by about

Iso-concentration

Figure 6. Effect of Lewis number on the isotherms, streamlines, and iso-concentrations for various nanoparticle volume fractions of ¢=0.0(solid
lines),=0.03(dash lines), ¢=0.06 (dash-dot-dot lines) at Ri=1, N=1 and Y p=0.5.
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Figure 7. Variation of average (a) Nusselt and (b) Sherwood number versus nanoparticles volume fraction in various Lewis numbers.
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25%, on average. It is lower than 20% with increasing the
Lewis number from 0.1 to unity. The mean Nusselt number
rises by growing nanoparticle volume fraction with a value
between 13 to 17%.

3.3 Effect of the Richardson number

The Richardson number indicates the dominance of natural
convection over forced convection. In the present investiga-
tion, the variation of Richardson number falls in the range
of 0.01 and 100. The contours of isotherms, streamlines,
and iso-concentrations under the variation of Richardson
number are demonstrated in Fig. 8 for different nanoparticle
volume fractions in Lewis numbers of 1, N=1, and Y p=0.5.
The Richardson number of 0.01 indicates that forced con-
vection significantly outweighs natural convection. Conse-
quently, the moving plate with a unicellular structure will
be formed and affected on the cells. A strong interplay
of heat and mass transport occurs across the thin solutal
and thermal boundary layers. Natural convection empowers
while the Richardson number enhances. As boundary layers
become thicker, heat transfer drops like mass transfer. At

Isotherms
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the Richardson number of 100, in the enclosure core area, it
seems to be the dominant mechanism for heat transfer and
additionally, the flow core cell expands except for ¢p=0.06.
Figs. 9a, and b present the changes in the parameter of
the mean Nusselt number and mean Sherwood number re-
spectively, against nanoparticle volume fractions in diverse
Richardson numbers. As it is inferred from the boundary
layers thickness, heat, and mass transfer decrease when the
Richardson number rises. The trend of the average Nusselt
and Sherwood numbers versus nanoparticle volume frac-
tion is semi-linear and for R;>0.01, the variations can be
assumed negligible. By diminishing the Richardson num-
ber from 100 to 0.01, the average Nusselt and Sherwood
number increases by a factor respectively higher and lower
than 3 for ¢=0.06. Both show an increment lower than 3
times for the base fluid.

3.4 Effect of the source location

The impact of Yp on the isotherms, streamlines, and iso-
concentrations is displayed in Fig. 10 for several nanoparti-
cle volume fractions at the Lewis number, buoyancy ratio,

Figure 8. Effect of Richardson number on the isotherms, streamlines, and iso-concentrations for various nanoparticle volume fractions: ¢=0.0(solid
lines),p=0.03(dash lines),p=0.06(dash-dot-dot lines) at Le=1, N=1 and Y p=0.5.
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Figure 9. (a, b): Variation of average Nusselt and Sherwood number versus nanoparticle volume fractions in various Richardson numbers.
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and Richardson number all equal to unity. By decreasing Yp
by moving the source toward the bottom, the recirculating
cells will occupy a wider area of the enclosure. In this situa-
tion, as the natural convection grows and rises from the base
of the cavity to its upper region, the zones affected by the
convection become wider, inferred from both streamlines
and isotherms. The mass transfer is not expected.

The variation of the mean Nusselt number and mean Sher-
wood number against nanoparticle volume fractions in the
various source locations is demonstrated in Figs. 11a, b,
respectively. It is clear that by decreasing Yp, the heat and
mass transfer are enhanced, earlier concluded from Fig. 10.
The intensification in the mean Nusselt number and the
mean Sherwood number is respectively 15-25% and 7-13%.
By growing the volume fraction, the difference in the mean
Nusselt and Sherwood numbers among the cases with vari-
ous Yp becomes lower.

4. Conclusion

In the present study, a numerical framework was established
so that double-diffusive mixed convection in an enclosure
containing a nanofluid included with Al,O3 and water with
a moving top plate was investigated. Referring to the com-
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prehensive numerical results, the conclusions can be sum-
marized as follows.

* The buoyancy ratio had a positive effect on heat and mass
transfer, so heat and mass transfer concurrently increased
by increasing the buoyancy ratio from O to 5 by a value of
20 to 25%.

* Nanoparticle volume fraction left different effects on the
mean Nusselt and Sherwood numbers, as increasing the
nanoparticle volume fraction increased the mean Nusselt
number and simultaneously decreased the mean Sherwood
number. Both could touch the changes of respectively 20%
and 10%.

* Lewis number also acted dually on the mean Nusselt and
Sherwood numbers. As the Lewis number increased, the
mean Sherwood number increased, while the average Nus-
selt number decreased. The effect of the Lewis number on
mass transfer was more considerable than that on the heat
transfer. It was such that the former could involve a factor
of 6.6 and the latter changed up to 25%.

¢ The enhanced Richardson number caused a reduction in
the amount of heat and mass transferred.

* The positioning of the source at the bottom of the left-hand
wall resulted in maximum heat and mass transfer.

Iso-concentration

Figure 10. Effect of the source location on the isotherms, streamlines, and iso-concentratioat at Le=1, N=1 and Ri=1.
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Figure 11. (a, b): Variation of average Nusselt and Sherwood number versus nanoparticle volume fractions in the various source locations.
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