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ABSTRACT

Thermo-solute natural convection with heat and mass lines in a uniformly heated and soluted rectangular
enclosure for low Prandtl number fluids is studied. The left and right walls are maintained at constant
temperature and solute while the bottom and top walls are adiabatic and non-diffusive. The finite difference
method, together with the successive over-relaxation (SOR) technique, is used to solve the flow governing
equations after converted into the vorticity-stream function form. Heat and mass lines visualization techniques
are used for the better visualization of energy and solute distribution in the enclosure. The results obtained in
this study are compared with experimental and numerical those from literature and found to be in good
agreement. The influence of Rayleigh number (Ra=10%10%10°), Prandtl number (Pr =0.015,0.025,0.71),
Lewis number (Le = 1,2,5), and Buoyancy ratio (N = —1,0, 1) on streamlines, isotherms, isosolutes, heatlines,
masslines, total heat and mass transfer are examined. The parameters mentioned above considerably influence
the total heat and solute transfer rates; moreover, the heat and mass lines play significant roles in understanding
the distribution of energy and solute transfers in the enclosure.

1. Introduction

The thermo-solute natural convection is a process of buoyancy
driven flows induced by the combined temperature and solute gra-
dients. Alternatively, the buoyancy force is developed by combined
concentration and temperature gradients. Technical applications of
this type of thermo-solute natural convection process are e.g., geo-
physics [1,2], solar collector [3], drying technology [4], food en-
gineering [5], biomechanics [6], distillation [7], and building engi-
neering [8]. Rectangular enclosures are widely employed in many
industries. Examples include tank storage, energy transfer devices,
reactor systems, solar collectors, and engine cooling systems. Liquid
metals are characterized by a very low Prandtl number due to their
very high heat diffusivity. Pr = 0.015 and Pr = 0.025 represent liquid
mercury and liquid gallium respectively. Liquid metals are considered
in many nuclear and non-nuclear processes. In the frame of the future
generation of nuclear reactors, liquid metals are foreseen to be used as
a primary coolant. In the non-nuclear energy generation, liquid metals
are used as a heat transfer medium in solar plants, where the sunlight
is reflected by numerous mirrors onto a heat exchanger operated with
liquid metals.

* Corresponding author.

Natural convection in three-dimensional rectangular enclosures uti-
lizing a very low Prandtl number fluid (Pr = 0.008) has been investi-
gated by Crunkleton et al. [9]. The influence of Rayleigh number and
aspect ratio on flow structures and heat transfer have been discussed in
detail. Zhang and his group members have been done some good works
on low Prandtl number fluids. Effect of surface heat dissipation, flow
pattern transition, and destabilization mechanism on thermocapillary
convection for low Prandtl number fluids in shallow and deep annular
pools have been analyzed in [10-12]. Xu and his group (Xu et al.
[13]; Yu et al. [14]) studied transient natural convective heat transfer
of a low Prandtl number fluid from a heated horizontal circular cylinder
to its coaxial and inner coaxial triangular enclosures. Flow structures
and heat transfer in different types of geometries utilizing low Prandtl
number fluids have considered in [15-17]. Deshmukh et al. [18] inves-
tigated the natural convection in different aspect ratios cavities utilizing
moderate Prandtl number fluid. Zhang et al. [19] have investigated
double-diffusive Rayleigh-Bénard convection of a moderate Prandtl
number binary mixture in cylindrical enclosures. On recent application,
Liu and his group (Ma and Liu [20]; Ge et al. [21]) developed novel
applications using liquid metals for cooling of electronic chips and high
power devices.
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Nomenclature

D mass diffusivity, m?/s

H dimensionless heat function

L inclosure length

M dimensionless mass function

P dimensionless pressure

S dimensionless solute

S* solute

T dimensionless temperature

T* temperature, K

u,v dimensionless velocities in X- and Y-
direction

X,Y dimensionless cartesian coordinates

Le lewis number

N buoyancy ratio

Sh local Sherwood number

Shayg average Nusselt number

Pr Prandtl number

Ra Rayleigh number

Nu local Nusselt number

Nugyg average Nusselt number

g gravitational acceleration, m/s?

h heat function

m mass function

P pressure, Pa

t time

u, v velocities components in x-, y-direction,
m/s

X, y cartesian coordinates

Greek Symbols

a thermal diffusivity, m?/s

P+ coefficient of solute expansion, m? kg

P coefficient of thermal expansion, K™!

u dynamic viscosity, kg/ms

v kinematic viscosity, m?/s

Q non-dimensional vorticity function

1) dimensional vorticity function

14 non-dimensional stream function

v dimensional stream function

P fluid density, kg/m>

T non-dimensional time

c, specific heat at constant temperature

k thermal conductivity

Subscripts

h higher

/ lower

max maximum

min minimum

Unsteady and study double-diffusive convection utilizing different
Prandtl number fluids in different type of geometries in the presence
of uniform and non-uniform boundary conditions have been studied
in [22-29]. Ren and Wan [30] studied the heat and mass transfer
simultaneously in laminar moist air inside a vertical channel. Wang
et al. [31] has investigated unsteady double-diffusive convection in
the presence of Soret and Dufour effects in a horizontal cavity and
discussed the impact of buoyancy ratio on flow, heat, and mass transfer.
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Fig. 1. Geometry of the considered problem.

Numerical investigation of buoyancy effect on thermosolutal convec-
tion in a horizontal annular porous cavity has been performed by Ja
and Cheddadi [32]. Sheremet [33] numerically analyzed the influence
of thermal diffusion (Soret) and diffusive thermal (Dufour) effects on
nonstationary regimes of conjugate convective heat and mass transfer
in an enclosure in the presence of heat conductive walls of finite
thickness. Results obtained refer to investigating processes in chemical
reactors, in growth of bulk single crystals, and in material working,
e.g., during melting. Grosan et al. [34] numerically investigated the
effect of thermophoresis on double diffusive natural convection in a
differentially heated square cavity having a wavy wall filled with a
Newtonian fluid containing suspended aerosol particles. Streamlines,
isotherms, isoconcentration contours, average Nusselt number, and
fluid flow rate are presented and discussed in detail. Kuznetsov and
Sheremet [35,36] have investigated double diffusive natural convection
in two and three dimensional geometries respectively. The results
showed that the flow structure, heat, and mass transfer phenomenas
are significantly influences by the Rayleigh number, Lewis number,
buoyancy ratio and other parameters.

In literature, due to increasing mathematical complexities with a
comparison to purely thermal diffusion problem, most of the study is
limited to buoyancy imposed by temperature gradients only, thereby
neglecting an interaction of the flow field with the solute gradients.
This interaction with appropriate solute boundary conditions is con-
sidered in the present work. From a very recent study of [37] for
thermohaline stratification modeling in mine water for geothermal
energy recovery from flooded mines, one can understand the applica-
bility of double-diffusion processes. In their study, authors claimed that
no scientific explanation is available for the layering phenomenon of
both temperature and salinity in large bodies of subterranean water
(e.g., mine water). An experimental study of this kind is a quite
cumbersome task. Besides, from earlier numerical studies, it is hard
to understand the flow behavior of double-diffusion processes com-
pletely. Therefore, conclusions from a few cases are not transposable
to another case. The demands for additional information and a better
understanding of this phenomenon have also increased.

Heat transfer utilizing very low, low, and moderate Prandtl number
fluids and combined heat and mass transfer convection utilizing mostly
moderate Prandtl number fluids in the different types of cavities have
been investigated widely in the literature survey of the present study.
But only limited studies have been done for the combined heat and
mass transfer convection utilizing low Prandtl number fluids. In all
the literature articles, to visualize the fluid flow, authors have used
streamline techniques, whereas heat and mass transfer variation in
enclosures have been discussed by the isotherms and isoconcentrations
contours. But those are not enough to do the tasks because they
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Fig. 2. Grid independent test for (a) U-velocity, (b) V-velocity, and (c) Temperature (7') along the mid of the enclosure.

indicate the temperature and concentration along the lines joining the
points which have equal temperature and concentration respectively
and fails to induce the energy and mass distribution in the enclosures
in the context of magnitude and direction like streamlines. So we need
something similar to the streamlines for better visualization of heat
and mass transfers in the enclosures. For better visualization of heat
transport in enclosures filled with fluids, the first time the heatline
technique introduced by Kimura and Bejan [38], which gives better
insight over isotherms approach. Later on, this visualization technique
was adopted and extended for heat and mass transfer by Costa [39]
and introduced mass function and massline analogy to visualize mass
transfer in the fluid flow, which gives comparatively better insight
to mass transport characteristics of fluid flow than isoconcentrations
(isosolutes) approach. The limited use of heat and mass lines techniques
are noticed in the literature so far. We are listing some research articles
in which authors have used these techniques.

Rahman et al. [40] numerically investigated unsteady heat and mass
transport with heatline and massline inside a ventilated cavity. Hussain
[41] considered an inclined square cavity with non-uniform heating
and salting to study the double-diffusive natural convection in the
presence of an inclined magnetic field with heatlines and entropy gen-
eration. Alsabery et al. [42] studied the conjugate natural convection
in a square cavity filled with a nanofluid with sinusoidal tempera-
ture variations on both horizontal walls is visualized by heatlines. Hu
et al. [43] numerically investigated the natural convection heat and
moisture transfer simultaneously in an inclined building enclosure
filled with moist air. Heatline visualization of natural convection in a
thick walled open cavity filled with a nanofluid has been investigated
by Bondareva et al. [44]. Results showed that heatlines visualization
technique is quite useful to study the transport of heat transfer inside
the enclosure in addition to the isotherms. In these studies authors

have been discussed the heatlines and masslines in addition to the
isotherms and isosolutes for better understating of heat and mass
transport phenomena inside the enclosures.

In order to increase the perception and understanding of this kind
of processes where thermal and solute gradients develop due to natural
convection phenomenon utilizing low and moderate Prandtl number
fluids using heat and mass lines techniques, a typical study is consid-
ered and well documented the various conditions of technical processes
by varying the considered parameters. To the author’s best knowledge,
thermo-solute natural convection with heat and mass lines in a uni-
formly heated and soluted rectangular enclosure for low Prandtl num-
ber fluids has not reported yet in the literature. To analyze the flow,
heat and mass transfers for low Prandtl number, results are presented
in terms of streamlines, isotherms, isosolutes, heatlines and masslines
for the various parameters like: Rayleigh number (Ra), Prandtl number
(Pr), Lewis number (Le), and Buoyancy ratio (N).

2. Mathematical formulation
2.1. Physical description

The geometrical description of the present problem, along with the
thermal and solute boundary conditions, is shown in Fig. 1. The laminar
unsteady incompressible flow is considered in a rectangular enclosure.
We are considered the low and moderate Prandtl number fluids in the
enclosure. The aspect ratio of the enclosure is assumed to be 2. The
left wall maintains higher temperature (7},) and solute (5,) while the
right wall is kept at lower temperature (T;) and solute (5;) such that
T, > T, and S, > S,. No-slip velocity boundary condition is applied to
the boundaries of the enclosure. The horizontal walls are adiabatic and
non-diffusive. The thermosolute natural convection effect is modeled
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Fig. 3. Comparison of local Nusselt number along the (a) hot wall and (b) cold wall with Kishor et al. [45].

(a)

Fig. 4. Comparison of concentration distribution in the enclosure (a) experimental, (b) numerical of Han and Kuehn [46], and (c) present study.

by using Boussinesq approximation. Effect of Joule heating, thermal
radiation, chemical reaction, and viscous dissipation are assumed to be
neglected. Furthermore, the cross-diffusion effects are assumed to be
neglected.

2.2. Governing equations

The two-dimensional, unsteady, laminar, and incompressible fluid
is considered in the domain of the problem. The effect of density on
temperature and solute is considered only in the body force term. The
dimensional and non-dimensional governing equations with boundary
conditions are presented below.

2.2.1. Governing equations in the dimensional form

The dimensional form of the governing equations are the continuity,
the x- and y-components of the Navier-Stokes equations, the energy
equation, and the solute equation as given below:

du  Ov
— + —=0, 1
ox  dy M
Ju ou ou dp %u  0%u
L I 4 gu , ou 2
”(az+“ax+”ay) ax+”<ax2+ay2 ’ @

Jv dv Jdv
P (E +u£ +Ua})

(c)

F) 2 2
9 (ﬂ ‘ ﬂ) 0 [ (T° = T7) + b5 (5* = 5)] 5. 3)

T oy 0x2  0)?
aT* | oT* oT* °T* | 9°T*
=k s 4
pc”(dt +u0x +U6y> (6}:2 + 0y2> (C)]

* * * 2 Qi 2 Qi
as os* 98 _D(as +as>. ®)

+ =
or " ox oy oxz | oy

2.2.2. Initial and boundary conditions in dimensional form
The initial and boundary conditions in dimensional form for the
governing Egs. (1)-(5) are as follows:

at t=0:u(x,y0)=0(xy0=T"(y0=5(y0=0 6
at >0,
* *
u=v=0, E = Q =0, along the bottom wall,
dy 0y
u=v=0,T*=S* =0, along the right wall, ( &)
* *
u=v=0, ar = 95~ =0, along the top wall
dy 0y
u=v=0,T"=S5"=1, along the left wall,
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Hpax = 2.81

Fig. 5. Comparison of streamlines (top row), isotherms (middle row), and heatlines (bottom row) for Ra = 10* and Pr = 0.71 with Zhao et al. [47].

2.2.3. Non-dimensional governing equations

The non-dimensional form of Egs. (1)-(5) in stream functign, vor-
ticity, temperature, and solute are obtained by defining u = a—w and
y

v = v and the vorticity o = v _u and using the following
d dx 0y

pe
non-dimensional parameters

X=3 ¥v=2 vu=t v=i =% w=¥
a a a
12 2 T -TF
=2 pr=Y Le=% =9 po__— L 8
pa? a D a T, - T, (8)
3
G S* - S; Ra— gbrs (T —T;) L*Pr N Bs« (S5 —S7)

TS 7 e (1)

is as follows:

i A 4
0X2  9y2
92 o2
0 X
or . dT
— 4+ U—
or TUox t
28 .98
= +UZ=+
or TUox

=_Q (C)]

o 22 9?0 oT aS

22 _pr (252,282 Lrape (2L 4N —) 10
oy r(ax2+ayz>+ ar(ax+ ax) (0
oTf  0°T 9T

ve_="= 42 11
aY  9X2  oY? an
S 1 [0%S 028§

V==—(—=+2=2). 12
aY Le <ax2 * aY2> a2



D. Kushawaha et al.

Ra = 10°

Ra = 10*

International Journal of Thermal Sciences 148 (2020) 106160

Ra = 10°

Unin = —1.872, Upay = 0
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Fig. 6. Isotherms (top row), isosolutes (2rd row), streamlines (3rd row), heatlines (4th row), and masslines (bottom row) for different Rayleigh numbers at Pr = 0.71, Le = 1, and

N=1.

2.2.4. Non-dimensional initial and boundary conditions

The non-dimensional form of initial and boundary conditions [48,
49] for the non-dimensional flow governing Egs. (9)-(12) are as fol-
lows:

at 7=0:7X,Y,00=Q2(X,Y,00=T(X,Y,00=S(X,Y,00=0 (13)

at >0,
2
¥=092= —ﬂ, Ir _ 95 _ 0, along the bottom wall,
Y2’ oY dY
g .
Y=002= “oxe T =S =0, along the right wall, (14
2
¥ =0, —ﬂ, ar _ 95 _ 0,along the top wall,
Y2 9y 9Y
g
¥ =0,2=-—,T =S5 =1, along the left wall,
0X?

We consider the no-slip velocity boundary conditions, i.e. U =V =0
along all the walls of the cavity.
The stream function is obtained from the definition

ik d b4

Which yields a single equation:

¥ ¥ _oU oV

2 2L =7 16

0X? * aY?2 oY oX (16)
The minus sign of ¥ indicates that the direction of flow is clockwise

while the plus sign of ¥ denotes the direction of flow is anti-clockwise

in the enclosure. It is taken that ¥ = 0 at the solid boundaries.

We denoted the local heat transfer coefficient along the left vertical
wall as the local Nusselt number (Nu) and is defined by

oT

Nu=-—.
0X

a7
The total heat transfer from the left vertical wall is denoted by the
average Nusselt number (Nu,,) and is defined as

1
Nuy,, = /0 Nu dY. (€F))

The local mass transfer coefficient along the left vertical wall is
denoted by the local Sherwood number (Sh) and is given by

0S5

Sh=-22
0X

19
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Fig. 7. Variation of (a) horizontal velocity, (b) vertical velocity, (c) temperature (T), and (d) solute (S) along the horizontal mid of cavity for different Rayleigh numbers at

Pr=071,Le=1, and N=1.

The total mass transfer from the left vertical wall is denoted by the
average Sherwood number (Sh,,) and is defined by

1

Shyye =/ Sh dy. (20)
0

2.3. Heat function

Heat function [38,39] in the dimensional form is denoted as 4 and
defined as

h . aT*
=y = Pav (T*-T7) -k % 21
oh oT*
0_y = pe,u (T* - Tl*) —k o (22)

We express Egs. (21) and (22) in the dimensionless form by em-
ploying the non-dimensional parameters defined in Eq. (8) as follows:

0H JaT
T _yr- & 23
0X Y (23)
o0H JaT
= —yur-& 24
aY X (24)
where H is the dimensionless heat function and it is represented as
He (25)
k(T; =17

The manipulation of Egs. (23) and (24) yields the following partial
differential equation for the heat function.
’H + 0*H _o(UT) 9(VT)
0X2 oy oY X

(26)

We can get the dimensionless heat function H in the inner region
of the rectangular enclosure considered by solving either of Eq. (23)
or Eq. (24) or Eq. (26). The drawing of isolines of the heat function
provides heatlines.

The initial condition in non-dimensional form for the heat function
His H(X,Y,7)= Hy(X,Y) =0.

The corresponding non-dimensional boundary condition for the heat
function H are as follows:

for, X=0and X =2, E=0,

0X
for, Y=0, H=0, (27)
for, Y=1, H= Nuavg.

2.4. Mass function

Mass function [39,50] in the dimensional form is denoted as m and
defined as

om . 25*
_9 o (S —SF) = pD 28
. v ( ) -p % (28)
om . aS*
I — pu(S* = S¥) — pD 29
PN pu ( ¥)-» = (29)

We express Egs. (28) and (29) in the dimensionless form by em-
ploying the non-dimensional parameters defined in Eq. (8) as follows:

oM 1 0S
ox ST Teoy G0
M _ e 108 @1
oY Le oX
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Fig. 8. Comparison of (a) Local Nusselt number, (b) Local Sherwood number, and (c) Average Nusselt and Sherwood number for different Rayleigh numbers at Pr =0.71, Le = 1,

and N = 1.

Table 1
Comparison of average Nusselt number along hot and cold walls with Kishor et al. [45].

Ra Wall Numerical [45]

Experimental [45] Present study

9.7 x 10° Hot 5.496 7.209 7.181
Cold 5.962 7.209 7.181
Table 2
Comparison of average Nusselt number with previous works for different Ra-values.
Ra=10° Ra = 10* Ra=10°
Ref. [51] 1.118 2.243 4.519
Ref. [52] 1.108 2.201 4.43
Ref. [53] 1.118 2.245 4.522
Ref. [54] 1.087 2.195 4.45
Present study 1.32 2.80 4.35

where M is the non-dimensional mass function and it is defined as

m

M= ———— (32)
LepD (S —S¥)

The manipulation of Egs. (30) and (31) yields the following partial

differential equation for the mass function.
2 2

PM  PM _oUS) _9¥S) -
0X2  oy? Y 0X

We can get the dimensionless mass function M in the inner region
of the rectangular enclosure considered by solving either of Eq. (30)
or Eq. (31) or Eq. (33). The drawing of isolines of the mass function
provides masslines.

The initial condition in non-dimensional form for the mass function
M is M(X,Y,r) = My(X,Y) =0.

The corresponding non-dimensional boundary condition for the heat
function M are as follows:
oM _

for, X=0and X =2, — =0,

X
for, Y=0, M=0, (€2))
for, Y=1, M =Sh

avg -

3. Solution procedure

The governing Egs. (9)-(12) are discretized by the finite differ-
ence method. The diffusion term in the vorticity, energy, and solute
equations is approximated by a second-order central difference scheme
which gives a stable solution. Furthermore, a second order central
differencing scheme is adopted for the convective terms. A second order
accurate formula is used for the vorticity boundary condition, which is
based on Woods [55]. The set of discretized governing equations are
solved from the initial stage. Vorticity equation Eq. (10) is solved for a
time step to compute the vorticity field in the computational domain.
Then, the stream function equation Eq. (9) is solved by successive over-
relaxation (SOR) method and once we have the stream function field,
we obtain the velocity values. The value of relaxation parameter is
assumed 1.3. At the same time step and using the new velocity values
are used to solve the set of discretized equations for energy Eq. (11) and
solute Eq. (12) transports in the computational domain. A computer
code is written in the FORTRAN-95 to solve the algebraic equations
obtained after the discretization process. Throughout the calculations,
all the dependent variables are considered to be converged, if,

27 =y <107 (35)
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Fig. 9. Isotherms (top row), isosolutes (2rd row), streamlines (3rd row), heatlines (4th row), and masslines (bottom row) for different Prandtl numbers at Ra = 10*, Le = 1, and

N=1.

where y = (U,V,¥,Q,T,S), n is the iteration number and (i, j) denote
the calculation node point.

4. Results and discussion
4.1. Grid independent test

The grid independent test has been performed and presented in
Fig. 2 to make sure for the grid free solutions. We are considered
five different grid systems: 21 x 21, 41 x 41, 61 x 61, 81 x 81, and
101 x 101 for Ra = 10%, Pr = 0.71, Le = 1 and N = 1 for this purpose.
There is no significant change is found after the grid size 81 x 81.
Therefore all the results are obtained by using the grid 81 x 81 as an
optimal grid size.

4.2. Experimental and numerical code validations

4.2.1. Experimental code validation

The numerical code developed to solve the flow governing equations
in the present study has been validated with the experimental and
numerical results of local Nusselt number along the hot and cold
walls with Kishor et al. [45] presented in Fig. 3 and concentration

distribution in the enclosure with Han and Kuehn [46] shown in Fig. 4.
Table 1 shows the comparison of average Nusselt number along the hot
and cold wall with the experimental and numerical values calculated
in Kishor et al. [45]. For any given Rayleigh number, the observed
difference may be attributed to the inherent experimental errors that
include noise in the data, possible loss of fringes in the region very
close to thermally active walls of the cavity (this factor also gets
compounded due to the spatial resolution of the CCD camera employed
in the experiments), etc. [45, p. 83]. So, in the light of authors above
considerations, we may conclude that the numerical results of the
present study have a satisfactory agreement with Kishor et al. [45], in
fact, our numerical results are closer to experimental of Kishor et al.
[45].

4.2.2. Numerical code validation

To validate the developed code in the present study, we compare
streamlines, isotherms, and heatlines with Zhao et al. [47] presented in
Fig. 5, and they show a good agreement. We are also compared the av-
erage Nusselt number for different Rayleigh numbers (10° < Ra < 10%)
of the present study with various benchmark research articles and given
in Table 2. The average Nusselt number calculated in this study at
10% and 10* is better than the literature ones, and for 10°, there is a
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deviation of ~ 3%. Similar values of average Nusselt of this study is
also noticed in Zhao et al. [47].

4.3. Interpretation of results for the rectangular cavity

The numerical simulations are performed for different parameters:
Rayleigh number (Ra = 10%,10%, 10°), Prandtl number (Pr = 0.015,0.025,
0.71), Lewis number (Le = 1,2,5), and buoyancy ratio (N =—1,0,1).
The results, streamlines, isotherms, isosolute, heat and mass lines,
horizontal and vertical mid velocities, temperature and solute along
the horizontal mid of the enclosure, local and average Nusselt and
Sherwood numbers are discussed for the above mentioned parameters.

4.3.1. Effect of Rayleigh number on fluid flow, thermal, and solute transfer

The ratio of the buoyancy forces to the viscous forces is defined
as the Rayleigh number (Ra). The effects of buoyancy forces become
stronger in comparison to the viscous force with the increment in
the Rayleigh number, which significantly increases heat and solute
transfers by convection due to the stronger buoyancy-driven flow with
higher vertical velocity magnitude. Fig. 6 indicates the streamlines,
isotherms, isosolutes, heatlines, and masslines for different Rayleigh
numbers at Pr = 0.71, Le = 1, and N = 1. At Ra = 103, the isotherms
are parallel to the sidewalls of the enclosure, which indicate that the
conduction is dominated over the convection. The isotherms between
left and right walls travel more distance to reach top wall from the
bottom wall and become more curved when the Rayleigh number Ra
augmented from 103 to 10%, and this shows that the convection process
significantly augmented.

Moreover, there is a significant increment in the temperature gra-
dient on the left wall with the increment of the Rayleigh number.
The isosolutes showed similar behavior when the Rayleigh number
increases and solute gradient augmented significantly. This shows that
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Table 3

Comparison of horizontal and vertical velocities, temperature and solute along the
vertical mid of the cavity for different Rayleigh numbers at Pr = 0.71, Le = 1, and
N=1.

Ra = 10° Ra = 10* Ra = 10°

Upnax 5.77 18.87 18.85
Upin -5.79 ~18.80 -16.33
Vimax 4.72 27.76 89.09
Vinin -5.65 ~27.80 -89.86
Toax 0.66 0.74 0.72
Tnin 0.35 0.27 0.28
Shnax 0.66 0.74 0.72
Shnin 0.35 0.27 0.28

the solute transfer enhanced considerably with the increase of Rayleigh
number Ra from 10% to 10°. These processes happen because, for low
values of Rayleigh number, the buoyancy force is dominated by viscous
force and causes the thermal and solutal boundary layer thicknesses
thicker. With the rise in Rayleigh number, thermal and solute boundary
layer thickness becomes thinner due to the domination of buoyancy
force over viscous force. Consequently, strengthen in heat and solute
transfer convection processes. At Ra = 103, the shape of streamlines
are elliptical in the enclosure; it depicts that conduction is dominated.
The shape of streamlines becomes non-elliptical with the increment of
Rayleigh number and indicates that the fluid is rise from left and down
from the right, which shows that the flow transfer becomes stronger;
consequently, the convection process strengthens significantly. The
same can be noted from the values of stream function for different
Rayleigh numbers. The magnitude of ¥,,;, enhances considerably with
the increment in Rayleigh number yields progressively strengthens in
the flow transfer and hence convection process.
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Table 4
Comparison of average Nusselt and Sherwood numbers for different Rayleigh numbers
at Pr=0.71, Le=1, and N=1.

Ra = 10° Ra = 10* Ra = 10°
Nigye 0.794 2.349 4.353
Sh 0.457 2.269 3.962

avg

In the process of heat and solute transfer from higher temperature
and solute wall to the low temperature and solute one, some heat and
mass lines start to travel from the left wall and end on the right wall,
and such heat and mass lines have positive values. These heat and mass
lines are responsible for heat and solute transfer from left to the right
wall, in other words, these can be turned as direct heat and solute
transfer. And others have negative values and being generated inside
the enclosure; these are responsible for the internal transfer of heat and
solute, these may be called as thermal and solute mixing.

At Ra = 103, the H;, = —0.725 and M, = —0.949 and H,,
0.794 and M., = 0.457, this indicates that the conduction is dominated
over convection. As Rayleigh number is augmented from Ra = 10° to
Ra = 10°, the magnitude of both the positive and negative values is
enhanced, and this depicts that the direct heat and mass transfer, as
well as internal transfer, enhanced. Consequently, the convection rates
due to heat and solute enhance significantly. We notice both positive
and negative values significantly augmented with the increment in
Rayleigh number. The internal heat transfer rate is dominated by the
direct heat transfer rate for Ra = 103 because the magnitude of Hy;,
is less than H,,,. As Ra increases from 10° to 10° the magnitude of
Hi, and H, both augmented significantly and the magnitude of
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H i, is greater than the H,,,,, this shows that the internal heat transfer
rate dominates the direct heat transfer rate. Moreover, the magnitude
of M, and M., both augmented significantly and the magnitude
of M, is greater than the M, , from this we may conclude that
the internal mass transfer rate dominates the direct mass transfer rate.
Furthermore, it can be noticed that the magnitude of H_;, is less than
the magnitude of M,;,; this indicates that the internal mass transfer
rate dominates the internal heat transfer rate. However, the magnitude
of H_,. is greater than the magnitude of M,,,,; from this, we depict
that the direct heat transfer rate dominates the direct mass transfer rate.

Fig. 7 illustrates the velocity components, temperature and solute
distributions along the horizontal mid of cavity for different Rayleigh
numbers at Pr = 0.71, Le = 1, and N = 1. For the smaller values of
Rayleigh number, the horizontal and vertical velocities are low because
of the domination of viscous force over the buoyancy force. When
Rayleigh number increases the viscous force is strongly dominated by
buoyancy force yields strengthens in the velocities. At Ra = 10°, the
distribution of temperature and solute along the horizontal mid of the
cavity vary in almost linear manner; due to this, the heat and solute
transfer occurs by pure conduction. The distribution of temperature
and solute follows a nonlinear profile and enhancing the convention
process with the increment in Rayleigh number. Fig. 8 depicts the local
and average Nusselt and Sherwood numbers along the left wall of the
enclosure for different Rayleigh numbers at Pr = 0.71, Le = 1, and
N = 1. At Ra = 103, the local Nusselt and Sherwood numbers are almost
equal to one; this indicates that the heat and mass transfer occurs due
to the pure conduction process. As the Rayleigh number augmented,
the buoyancy forces dominate the viscous ones. Table 3 presents the
maximum and minimum values of horizontal and vertical velocities,
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temperature and solute along the vertical mid of the cavity for different
Rayleigh numbers at Pr = 0.71, Le = 1, and N = 1. Fig. 8(c) and Table 4
illustrate that there is a significant enhancement in average Nusselt and
Sherwood number with the increment in Rayleigh number whereas the
average Nusselt number dominates the average Sherwood numbers, it
means the total heat transfer dominates the total mass transfer.

4.3.2. Effect of Prandtl number on fluid flow, thermal, and solute transfer

The ratio of momentum diffusivity to the thermal diffusivity of the
fluid is defined as the Prandtl number (Pr). In other words, we can
say that the Prandtl number represents the ratios of the hydrodynamic
boundary layer to the thermal boundary layer thicknesses. Fig. 9 Illus-
trates the streamlines, isotherms, isosolutes, heatlines, and masslines
for different Prandtl numbers at Ra = 104, Le = 1, and N = 1. Most of the
isotherms are parallel to the sidewalls of the enclosure, and it depicts
that the pure conduction process is being happened. The isotherms
between left and right walls, travel more distance to reach the top wall
from the bottom wall and become more curved when Prandtl number Pr
increases from 0.015 to 0.71, this indicates that the convection process
significantly augmented. Moreover, there is a significant increment in
the temperature gradient on the left wall with the increment of the
Prandtl number. The isosolutes show almost similar patterns when the
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Prandtl number augmented and solute gradient increase significantly.
This shows that the solute transfer enhanced considerably with the
rise in Prandtl number Pr from 0.015 to 0.71. These effects may be
noted because, for low values of Prandtl number, thermal diffusivity is
dominated by momentum diffusivity. When Prandtl number rises the
thermal diffusivity dominates the momentum diffusivity, this causes
the enhancement in the heat and solute transfer, consequently, the
convection process due to heat and solute. At Pr = 0.015, the circular
type streamlines depict unicellular vortex with value, ¥;, = —4.221 at
the center of the enclosure but do not cover the whole enclosure, and it
shows that conduction is dominated. The shape of streamlines becomes
elliptical with the increase of Prandtl number and indicates that the
fluid is rise from left and down from the right, which shows that the
flow transfer rate is augmented significantly and at Pr = 0.71, the flow
transfer rate is significantly high. The same may be noted from the
values of stream function for different Prandtl number. The magnitude
of ¥.in enhances significantly with the increment in Prandtl number
yields progressively strengthens in the flow convection process.

At Pr = 0.015, the heat and mass lines do not cover the whole
enclosure, and the H;, = —1.769 and M;, = —1.794 and H,, = 0.979
and M., = 0.913, this illustrates that the conduction is dominated
over convection. As Prandtl number is augmented from Pr = 0.015
to Pr = 0.71, the heat and mass lines cover the whole enclosure,
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Fig. 13. Variation of velocity, temperature, solute, heat function, mass function, and stream function distributions in the mid of cavity for different Lewis numbers at Ra = 10%,

Pr=0.71, and Le = 1.

the magnitude of both the positive and negative values are enhanced,
and this indicates that the direct heat and mass transfer, as well as
internal transfer, enhanced. Consequently, the convection rates due
to heat and solute enhance significantly. We notice both positive and
negative values significantly augmented with the increment in the
Prandtl number. The magnitude of H,;, and M, is greater than the
magnitude of H, and M., this shows that the internal heat and
mass transfer rates dominates the direct heat and mass transfer rates.
Furthermore, it can be noticed that the magnitude of H_;, is less than
the magnitude of M_;,; this indicates that the internal mass transfer
rate dominates the internal heat transfer rate. However, the magnitude
of H ., is greater than the magnitude of M_,,,, from this we can notice
that the direct heat transfer rate dominates the direct mass transfer rate.

Fig. 10 depicts the velocity components, temperature and solute
distributions along the horizontal mid of cavity for different Prandtl
numbers at Ra = 10%, Le = 1, and N = 1. For the smaller values of
Prandtl number, the horizontal and vertical velocities are low because
of the domination of momentum diffusivity over the thermal diffusivity.
When Prandtl number increases, the momentum diffusivity is strongly
dominated by thermal diffusivity yields strengthens in the velocities.
With the rise in Prandtl number, there is significant fall in temperature
and solute along with the horizontal mid of the cavity, this cause
enhancement in convention process due to heat and solute. Fig. 11
illustrates the local and average Nusselt and Sherwood numbers along
the left wall of the enclosure for different Prandtl numbers at Ra = 10%,
Le=1,and N=1.

At Pr = 0.015, the local Nusselt and Sherwood numbers are almost
equal to one, and this indicates that the heat transfer occurs due to the
pure conduction process. Table 5 shows the maximum and minimum
values of horizontal and vertical velocities, temperature and solute
along with the vertical mid of the cavity for different Prandtl numbers
at Ra=10*, Le = 1, and N = 1. Fig. 11(c) and Table 6 show that there
is a significant enhancement in average Nusselt and Sherwood number
with the increment in Prandtl number, however, the total heat transfer
rate dominates the overall mass transfer rate.
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Table 5
Comparison of horizontal and vertical velocities, temperature and solute along the
vertical mid of the cavity for different Prandtl numbers at Ra = 10*, Le = 1, and
N=1.
Pr =0.015 Pr = 0.025 Pr=0.71
Upnax 15.30 17.29 18.87
Upin -14.11 -17.07 -18.80
Vinax 9.63 8.99 27.76
Vigin -9.30 -8.96 -27.80
Tonax 0.67 0.67 0.74
Thnin 0.39 0.35 0.27
Sinax 0.67 0.67 0.74
Simin 0.39 0.35 0.27
Table 6

Comparison of average Nusselt and Sherwood numbers for different Prandtl numbers
at Ra=10% Le=1, and N=1.

Pr=0.015 Pr = 0.025 Pr=0.71
Nuyyg 0.979 1.197 2.349
Sh, 0.913 1.168 2.269

avg

4.3.3. Effect of Lewis number on fluid flow, thermal, and solute transfer
The Lewis number (Le) is a dimensionless number defined as the
ratio of thermal diffusivity to mass diffusivity. It is used to characterize
fluid flows where simultaneous heat and mass transfer occur. Fig. 12
presents the isotherms, isosolutes, streamlines, heatlines, and masslines
for different Lewis numbers at Ra = 10*, Pr = 0.71, and N = 1.
There is no significant effect of Lewis numbers on isotherms, but the
temperature gradient decreases as Lewis number augmented, this indi-
cates that the convection rate is dominated by conduction rate. When
the Lewis number Le increases from 1 to 5, the shapes of isosolutes
change and the solute gradient increases slightly on the left wall, it
shows that the convection rate is high at Le = 1 however, convection
rate is dominated by conduction with the increment in Lewis number.
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and N = 1.
At Le = 1, the elliptical type streamlines depict unicellular vortex
with value, ¥,;, = —6.278 at the center of enclosure. The shape of

streamlines almost the same with the increase of Lewis number. The
magnitude of ¥,;, decreases significantly with the increment in Lewis
number from Le = 1 to Le = 5, and this indicates that the rate of fluid
flow decreases significantly in the enclosure, and hence the rate of flow
transfer decreases significantly.

AtLe = 1, the H,;, = —2.429 and M,,;, = —2.489 and H,,,, = 2.349
and M., = 2.269, this represents that the pure convection. As Lewis
number is augmented from Le = 1 to Le = 5, the magnitude of both, the
positive and negative values decreases significantly, and this shows that
the direct heat and mass transfer as well as internal transfer decreases
significantly. Consequently, the convection rate reduces significantly.
The magnitude of H,;, and H,, is almost the same; it shows that
the direct heat transfer as well as internal transfer almost same. The
magnitude of M, is greater than of M,,,,; this indicates that the
internal heat and mass transfer rates dominate the direct heat and mass
transfer rates. Furthermore, it can be noticed that the magnitude of
H.;, and H_,, are greater than the magnitude of M ;, and M,
(except M, at Le = 1), this depicts that the internal as well as the
direct heat transfer rates dominate the internal as well as the direct
mass transfer rate. However, the magnitude of M_;, is greater than
the magnitude of M., from this we can notice that the internal mass
transfer rate dominates the direct mass transfer rate.

Fig. 13 shows the velocity components, temperature and solute
distributions along the horizontal mid of cavity for different Lewis
number at Ra = 10%, Pr = 0.71, and N = 1. When Le increases, both
the velocities components are significant decreases, and this indicates
that buoyancy forces become weaker than the viscous effects, and

Le 5

(c)

Fig. 14. Comparison of (a) Local Nusselt number, (b) Local Sherwood number, and (c) Average Nusselt and Sherwood number for different Lewis numbers at Ra = 10*, Pr = 0.71,
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Table 7
Comparison of velocity, temperature, and solute along the vertical mid of the cavity
for different Lewis numbers at Ra = 10*, Pr =0.71, and N = 1.

Le=1 Le=2 Le=5
Upax 18.87 15.75 13.40
Upin -18.80 -15.74 -13.39
Vinax 27.76 24.92 21.68
Vinin —-27.80 -24.95 -21.30
Thnax 0.74 0.75 0.76
Tonin 0.27 0.26 0.26
Sinax 0.74 0.72 0.66
Snin 0.27 0.28 0.30

Table 8

Comparison of average Nusselt and Sherwood numbers for different Lewis numbers at
Ra=10%, Pr=0.71, and N = 1.

Le=1 Le=2 Le=5
Nuyyg 2.349 2.132 1.905
Sh, 2.269 1.694 1.003

avg

hence, convection is dominated by conduction. The distribution of
temperature and solute along the horizontal mid of the cavity shows the
opposite behavior to each other. Fig. 14 presents the local and average
Nusselt and Sherwood numbers along the left wall of the enclosure for
different Lewis numbers at Ra = 10*, Pr = 0.71, and N = 1. At Le = 1,
the local Nusselt and Sherwood numbers curve is on top, started from
3.5 and reached to 0.5 while Lewis number augmented the curves are
started from 3 and reached to 0.5, and we can say that the convection is
dominated by conduction with the increment in Lewis number. Table 7
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illustrates the maximum and minimum values of horizontal and vertical
velocities, temperature and solute along with the vertical mid of the
cavity for different Lewis numbers at Ra = 10*, Pr = 0.71, and N = 1.
Fig. 14(c) and Table 8 illustrate that average Nusselt and Sherwood
number decreases significantly with the increment in Lewis number.
The average Sherwood number decreases more significant than the
average Nusselt number, this indicates that the total heat transfer rate
dominates the total mass transfer rate.

4.3.4. Effect of buoyancy ratio on fluid flow, thermal, and solute transfer

Buoyancy ratio (N) is defined as the ratio of the solute and thermal
buoyancy forces. The coefficients of thermal and solute expansions
can be either positive or negative, and hence buoyancy ratio can be
either positive or negative. Fig. 15 displays the streamlines, isotherms,
isosolutes, heatlines, and masslines for different buoyancy ratios at
Ra = 10 Pr = 071, and Le = 1. When N = -1, this indicates
that the solute and thermal buoyancy forces are equal but acts in
opposite directions. The isotherms are parallel to the sidewalls of the
enclosure, and it depicts that the pure conduction process is being
happened. The isotherms travel more distance to reach the right wall
from the left wall and become more curved when the buoyancy ratio
N augmented from —1 to 1, this indicates that the convection process
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significantly enhanced. Moreover, there is a significant increment in
the temperature gradient on the left wall with the increment of the
buoyancy ratio. The isosolutes show almost similar patterns when
buoyancy ratio augmented and solute gradient increase significantly
on the left wall of the enclosure, this indicates that the solute transfer
enhanced considerably with the rise in buoyancy ratio N from —1 to 1.
At N = —1, there are two circulations are formed; one is in the right
part of the enclosure in the anticlockwise direction, and another one
is in the right of the enclosure in the clockwise direction. However,
Yoax = 2% 107 and ¥, = —4 x 107 are quite low in fact negligible,
this shows that the fluid flow is weak hence conduction is completely
dominates the convention. The shape of streamlines becomes elliptical
with the increase of buoyancy ratio and the magnitude of the ¥,
augmented significantly; this indicates that the convection is enhanced
and maximum convection rate is for N = 1.

At N = —1, the heat and mass lines do not cover the whole enclosure,
and the H;, = 0 and M,;, = 0 and H,,, = 1.127 and M,,, = 0.014,
this indicates that there is no internal heat and mass transfer however
H,.x > M,y this indicates that the direct heat transfer dominates the
direct mass transfer. As buoyancy ratio N augmented, the heat and mass
lines cover the whole enclosure, the magnitude of both the positive
and negative values are enhanced, and this indicates that the direct
heat and mass transfer as well as internal transfer enhanced notably.
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Fig. 16. Variation of velocity, temperature, solute, heat function, mass function, and stream function distributions in the mid of cavity for different buoyancy ratios at Ra = 10*,
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Table 9
Comparison of velocity, temperature, and solute along the vertical mid of the cavity
for different buoyancy ratios at Ra = 10, Pr =0.71, and Le = 1.

N=-1 N=0 N=1
Upax 14.05 14.05 18.87
Upin -13.98 -13.98 -18.80
Vinax 0.00 17.37 27.76
Vinin 0.00 -17.34 —27.80
Tnax 0.73 0.73 0.74
Tpin 0.28 0.28 0.27
Smax 0.73 0.73 0.74
Somin 0.28 0.28 0.27

Table 10

Comparison of average Nusselt and Sherwood numbers for different buoyancy ratios at
Ra=10*, Pr=0.71, and Le = 1.

N=-1 N=0 N=1
Nug, 1.127 1.738 2.349
Sh, 0.014 1.592 2.269

avg

Consequently, the convection rate enhances significantly. The internal
heat transfer dominates the direct heat transfer as depicted by the

magnitude of H;, is greater than the magnitude of H ..

Similarly, the internal mass transfer dominates the direct heat trans-
fer. The magnitude of H;, and M, is greater than the magnitude of
H
dominates the direct heat and mass transfer rates. Furthermore, it can
be noticed that the magnitude of H_;, is less than the magnitude of
M,

min>

max and M., consequently the internal heat and mass transfer rates

this indicates that the internal mass transfer rate dominates the
internal heat transfer rate. However, the magnitude of H,,, is greater
than the magnitude of M.;

‘max> from this, we can conclude that the direct

heat transfer rate dominates the direct mass transfer rate.
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Fig. 16 illustrates the velocity components, temperature and solute
distributions along the horizontal mid of cavity for different buoy-
ancy ratio at Ra = 10%, Pr = 0.71, and Le = 1. At N = —1 and
N = 0, the horizontal (U-velocity) velocity is identical while for
N = 1 it is considerably enhanced. At N = -1, the fluid flow is
negligible in the vertical direction of the enclosure, as depicted by
the vertical (V-velocity) velocity is zero. When N increases, both the
velocities components are significantly increased, and this indicates
that buoyancy forces dominate the viscous ones and enhancing the
flow convection rate. The distribution of temperature and solute follows
a nonlinear profile and enhancing the convention process with the
increment in buoyancy ratio. Fig. 17 displays the local and average
Nusselt and Sherwood numbers along the left wall of the enclosure
for different buoyancy ratio at Ra = 10%, Pr = 0.71, and Le = 1. At
N = -1, the local Nusselt and Sherwood numbers are almost equal to
one, and this indicates that the heat transfer occurs due to the pure
conduction process. As the buoyancy ratio augmented, the buoyancy
forces dominate the viscous effects, and the local Nusselt and Sherwood
numbers started from 2.5(N = 0) and 3.5(N = 1) and reached to 0.5 with
decreasing manner. Table 9 shows the maximum and minimum values
of horizontal and vertical velocities, temperature and solute along with
the vertical mid of the cavity for different buoyancy ratios at Ra = 10%,
Pr = 0.71, and Le = 1. Fig. 17(c) and Table 10 show that there is a
significant enhancement in average Nusselt and Sherwood number with
the increment in buoyancy ratio, however, the total heat transfer rate
dominates the total mass transfer rate, this happens because of thermal
buoyancy force dominates solute buoyancy force.

5. Conclusions
Thermo-solute natural convection with heat and mass lines in a

uniformly heated and soluted rectangular enclosure for low and mod-
erate Prandtl number fluids has been numerically investigated by finite
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Fig. 17. Comparison of (a) Local Nusselt number, (b) Local Sherwood number, and (c) Average Nusselt and Sherwood number for different buoyancy ratios at Ra = 10*, Pr = 0.71,

and Le = 1.

difference method. The present study has been carried out for the
various dependent parameters in the ranges: the Rayleigh number (Ra =
103,104, 10%), Prandtl number (Pr = 0.015,0.025,0.71), Lewis number
(Le = 1,2,5), and buoyancy ratio (N = —1,0, 1), and the streamlines,
isotherms, isosolutes, heat, and mass lines along with average Nusselt
and Sherwood numbers at the left wall of the enclosure have been
displayed graphically for the above mentioned parameters.

+ The isotherms and isosolutes give only the temperature and solute
along the lines joining the points of equal temperature and solute,
respectively. To visualize the heat and solute transfer phenomena
inside an enclosure filled with fluids is incomplete unless the path
followed by the heat and mass flux is known; for this purpose,
the concept of heat and mass function has been introduced. The
drawing of isolines of heat and mass functions provide heatlines
and masslines.

The total heat and mass transfer rate are strongly influenced
by the Rayleigh number, Prandtl number, Lewis number, and
buoyancy ratio, but the heat transfer rate dominates the mass
transfer rate.

As the Ra and Pr augmented, the fluid flow transfer significantly
enhanced and maximum for Ra = 10° and Pr = 0.71. The
internal heat and mass transfer rates, as well as the direct heat
and mass transfer rates, notably augmented. The internal heat and
mass transfer rates dominate the direct heat and mass transfer
rates. Moreover, the internal heat transfer rate is governed by the
internal mass transfer rate. Furthermore, the direct heat transfer
rate dominates the direct mass transfer rate.

The fluid flow transfer declined with the increment in the Lewis
number and low at Le = 5. The internal heat transfer rate is higher
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than the direct heat transfer rate for Le = 1. Both internal heat
transfer as well as the direct heat transfer rates almost equal as the
Lewis number augmented from 2 to 5. The internal mass transfer
rate, as well as the direct mass transfer rate, significantly decrease
with the augmentation of Lewis number, both are maximum at
Le = 1. The internal mass transfer rate dominates the direct mass
transfer rate. At Le = 1, the internal mass transfer rate domi-
nates the internal heat transfer rate and the direct mass transfer
governed by the direct heat transfer rate. The heat transfer rates
dominate mass transfer rates as Le increases from 1 to 5.

At N = -1, almost negligible fluid flow transfer in the enclosure.
The fluid flow transfer significantly enhanced in the enclosure
with the increment in the buoyancy ratio. The only direct heat
transfer rate for N = —1, whereas both types of mass transfers are
negligible. Both the internal heat and mass transfer, as well as
the direct heat and mass transfer rates significantly enhanced as
the buoyancy ratio augmented from —1 to 1. The internal heat
and mass transfer dominate the direct heat and mass transfer.
Moreover, the internal heat transfer rate is governed by the
internal mass transfer rate; however, the direct heat transfer rate
dominates the direct mass transfer rate.

From the detailed analysis of all the considered cases, we can conclude
that the heat and mass lines approach play significant roles for the
better understanding of energy and solute distributions in the enclosure
over isotherms and isosolutes approach.
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