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Abstract

The problem of hydromagnetic double-diffusive convective flow of a binary gas mixture in a rectangular enclosure with the upper and lower
walls being insulated is solved numerically by the finite-difference methodology. Constant heat and mass fluxes conditions are imposed along
the left and right walls of the enclosure and a uniform magnetic field is applied in the direction normal to the left and right walls. In this
study, the thermal and the compositional buoyancy forces are assumed to be opposite and internal heat generation or absorption effects a
assumed to exist. Numerical results illustrating the effects of the heat generation or absorption coefficient and the Hartmann number on
the contours of streamline, temperature and concentration are presented graphically. In addition, results for the velocity, temperature anc
concentration profiles at mid-section of the enclosure as well as the average Nusselt and Sherwood numbers are presented and discussed |
various parametric conditions.
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1. Introduction lar enclosure with aiding and opposing temperature and con-
centration gradients, which were in good agreement with, re-
Double-diffusion natural convection occurs in a wide ported experimental results. Trevisan and Bejan [28] studied
range of scientific fields such as oceanography, astrophysicscombined heat and mass transfer by natural convection in
geology, biology, chemical vapor transformation processes, a vertical enclosure having two adiabatic and impermeable
pollution, and crystal growth techniques, such as semi- horizontal walls and two heat and mass isoflux vertical walls.
conductors and alloys, where temperature and concentra-Alavyoon and Masuda [2] investigated natural convection in
tion differences are combined (see, for instance, [5,7]). vertical enclosures filled with porous media due to opposing
Ostrach [22]) and Viskanta et al. [30] reported complete re- fluxes of heat and mass prescribed at the vertical walls.
views on the subject. Bejan [6] reported a fundamental study  Electrically conducting fluids in the presence of a mag-
of scale analysis relative to heat and mass transfer within netic field have been used extensively in many applications
cavities submitted to horizontal combined and pure tem- such as crystal growth, geothermal reservoir, metallurgical
perature and concentration gradients. Kamotani et al. [14] applications involving continuous casting and solidification
considered an experimental study of natural convection in of metal alloys and others. Oreper and Szekely [21] found
shallow enclosures with horizontal temperature and concen-that the presence of a magnetic field can suppress natural
tration gradients. Other experimental studies dealing with convection currents and that the strength of the magnetic
thermo-solutal convection in rectangular enclosures were re-fie|d is one of the important factors in determining the qual-
ported by Ostrach et al. [23] and Lee et al. [16]. Lee and jty of the crystal. Ozoe and Maruo [24] investigated mag-
Hyun [17] and Hyun and Lee [12] reported numerical solu- petic and gravitational natural convection of melted silicon
tions for unsteady double-diffusive convection in a rectangu- yyo-dimensional numerical computations for the rate of heat
transfer. Alchaar et al. [3] considered natural convection heat
" * Correspondence and reprints. transfer in a rectangular porous enclosure having two insu-
E-mail address: chamkha@kuc01.kuniv.edu.kw (A.J. Chamkha). lated walls and the other two walls are maintained at constant
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Nomenclature
A enclosure aspectratio H/ W w enclosure width
Bo magnetic induction X horizontal coordinate
c concentration of species X dimensionless horizontal coordinatex/ W
cr reference concentration at geometric center y vertical coordinate
of enclosure Y dimensionless vertical coordinatey/ W
C dimensionless species
concentration= (¢ — ¢r)/Ac Greek symbols
D species diffusivity o thermal diffusivity
g gravitational acceleration Bt thermal expansion coefficient
H enclosure height Be compositional expansion coefficient
Ha Hartmann numbet BoW /o /i Ac characteristic concentration
Le Lewis numbet= o/ D difference= m°w /D
m° mass flux ACy  wall-to-wall concentration
N buoyancy ratio= Bem°k/(B1q’ D) difference= C(0,0) — C(1,0)
Nu Nusselt numbes 1/ A6y, ATy  characteristic temperature differenee;’ W/ k
p fluid pressure AO wall-to-wall temperature
Pr Prandtl numbes v/« difference= 6(0, 0) — 6(1, 0)
q’ heat flux ¢ dimensionless heat generation
Qo dimensional heat generation or absorption or absorption= QOWZ/(,ocpa)
coefficient I dynamic viscosity
Rar  Rayleigh numbes gfrq’ W°/(kav) v kinematic viscosity= 1/ p
Sh Sherwood numbes 1/ACy 0 dimensionless temperatute(T — Ty) /AT
t time P density
T temperature p* dimensionless densitg NC — 6
T, reference temperature at geometric center o electrical conductivity
of enclosure T dimensionless time= ot /W?
u horizontal velocity component 70 period of oscillation
U dimensionless horizontal velocity 2 vorticity
component uW /a v dimensionless stream functieay/«
v vertical velocity component ¥ stream function
1% dimensionless vertical velocity e dimensionless vorticity= 2 W2/«
component vW /«a V2 Laplacian operator

heat flux in the presence of a transverse magnetic field. Therigid walls. Other related works dealing with temperature-
effect of a magnetic field on free or natural convection in a dependent heat generation effects can be found in the papers
rectangular enclosure having isothermal and adiabatic wallspy Vajravelu and Nayfeh [29], Chamkha [9], Khanafer and
were also studied by Garandet et al. [11], Rudraiah et al. [25] Chamkha [15].

and Al-Najem et al. [4]. The problem of unsteady, laminar, hydromagnetic, dou-

Natural convection heat transfer induced by intermal pje_giffusive natural convection flow inside a rectangular
heat generation has recently received considerable atten-

ion b ; licati - hysi denclosure in the presence of heat generation or absorption
tion because o nqmerqus applications in geop. ys_lcs a_n has not been considered in the open literature. Because
energy-related engineering problems. Such applicationsin-,, . = .. . . :

. this situation is of fundamental interest and because it can
clude heat removal from nuclear fuel debris, underground . . .
disposal of radioactive waste materials, storage of food- have various possible applications such as crystal growth,
stuff, and exothermic chemical reactions in packed-bed re_geothermal reservoirs, nuclear fuel debris removal and
actor (see, for instance, [13]). Acharya and Goldstein [1] solidification of metal alloys, it is of special interest to
studied numerically two-dimensional natural convection of Consider it in the present work. The top and bottom walls
air in an externally heated vertical or inclined square box Of the enclosure are assumed adiabatic and impermeable
containing uniformly distributed internal energy sources. t0 mass transfer while the vertical walls are maintained
Recently, Churbanov et al. [10] studied numerically un- at constant heat and mass fluxes. The magnetic Reynolds
steady natural convection of a heat generating fluid in a number is assumed small so that the induced magnetic field
vertical rectangular enclosure with isothermal or adiabatic will be negligible.
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2. Mathematical formulation

Consider unsteady, laminar, hydromagnetic, double-dif-
fusive natural convection flow inside a rectangular enclosure
in the presence of heat generation or absorption. The
schematic of the problem is shown in Fig. 1. Uniform heat
and mass fluxeg’ andm® are imposed along the left and
right walls while the top and bottom walls are assumed

adiabatic and impermeable to mass transfer. The enclosure is

filled with an electrically conducting and heat generating or
absorbing binary gas mixture. A magnetic field with uniform
strengthB, is applied in thex-direction normal to the left
and right walls. The fluid is assumed to be incompressible,
viscous, and Newtonian. Both the viscous dissipation and

Joule heating are assumed to be negligible. The magnetic
Reynolds number is assumed to be small so that the induced

magnetic field is neglected. No electric field is assumed to
exist and the MHD Hall effect is negligible.

The governing equations for this investigation are based
on the two-dimensional balance laws of mass, linear mo-
mentum, thermal energy, and concentration modified to in-
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Fig. 1. Schematic diagram of the enclosure.

The boundary conditions for the problem can be written

clude the magnetic field and heat generation or absorption S

effects. Taking into account the previous assumptions along
with Boussinesq approximation with opposite thermal and
compositional buoyancy forces, these equations can be writ-

ten in dimensional form as
du v
—+—=0 1
ox  dy 1)
] ] 9 19 9%u 92
—u+u—u+v—uz—__p v gu_ou (2)
ot 0x ay 0 dx 9x2  9y?
ov v n av
—+u—+v—
at ax dy
19p %v 9%
= ——— V| — _
p dy 9x2  9y2
o B2
—8BT(T —Tp) + gPclc —cr) — TOU 3)
or o7 T 32T 9°T N QO(T T)
- u— V— =0o| —= R == _
ar | ax 9y ax2 " 0y2 ) " pep '
(4)
ac n ac n ac D 92c 9% (5)
—tu—+v— = — 4+ —
ot dx dy ax2 = 9y?

wherex, y andr are the horizontal and vertical distances and
time, respectivelyu, v, p, T andc are the velocity compo-
nents in thex- and y-direction, pressure, temperature an
concentration, respectivelgr and 3. are the thermal and
compositional expansion coefficients, respectively, «,

cp and D are the fluid density, kinematic viscosity, thermal

d

diffusivity, specific heat at constant pressure and the species”

diffusivity, respectively.g, o, Bo, Qo are the gravitational
acceleration, electrical conductivity, magnetic induction, and
the dimensional heat generation or absorption coefficient, re-
spectively.T; andc, are the reference temperature and con-
centration of the geometric center of the enclosure.

x=x,y=0:
oT 0
u=0, v=0, “—=0 —=0
dy dy
x=x,y=H:
oT ac
MZO, U:O’ —:O’ _(,20
dy dy
x=0,y=y:
oT oT
MZO? U:O, _k_:q/v - —:mo
ox ax
x=W,y=y:
oT oT
MZO? U:O, _k_:q/v _D—Zmo
ox ax
(6)

where H and W are the height and the width of the
enclosure, respectively.
The stream function and the vorticity can be defined in
v w3y

the usual way as
- — = 4 7
dx ( 0x2  9y2 ) Q)

4
=%
where? is the dimensional stream function a2l is the
dimensional vorticity.

Egs. (1) through (7) can be reduced (after eliminating the
pressure gradient terms) and made dimensionless by using
the following variables:

u

X Yy . ot
W W w2
LW v T —-T,
L (8)
(= e Cgwo 8T ow
c="" Ar=1T  Ac=
Ac k D
to result the following dimensionless equations:
vV U 2
aX dY v ©)
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1y Iy 13
- = L y=
ar TVax T ey
36 ac v
=Prv2; —RarPr( — — N— | —Ha’Pr—  (10)
X X X
30 36 30
— 4 U—+V—=V?0+¢b 11
ar TPax oy +e (11)
aC aC aCc  _,
— +U—+V—=V?%C/Le 12
or " Cax gy / (12)
where
(o]
D
Ha=Bow <, N:'ch,/
7 Btq'/k
/W4
Ra :gﬁL, Pr=v/a (13)
kov
Lo % g QW
D pCpa
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temperature, vorticity and then the stream function. The ve-
locity components are then evaluated at the desired location
within the enclosure. This method was stable and gave re-
sults that are very close to the numerical results obtained by
Nishimura et al. [20] using the finite-element method for the
case of isothermal vertical walls.

The numerical computations were performed on a high-
speed alpha machine. In all the results obtained, an aspect
ratio AR= 2 was used for the rectangular enclosure. A com-
putational domain consisting of 3441 grid points with uni-
form grid spacing in both the- andy-directions was found
to be sufficient for producing accurate results. A time step
of 10~ was used through out the calculations. The conver-
gence criterion required that the difference between the cur-
rent and previous iterations for all of the dependent variables
be 1074,

The Nusselt and Sherwood numbers are averaged and

are the Hartmann number, buoyancy ratio, thermal Rayleigh evaluated along the left boundary of the enclosure which
number, Prandtl number, Lewis number and the dimension-may be expressed as

less heat generation or absorption coefficient, respectively.

The dimensionless boundary conditions become

Y = 0 (top horizontal wall):

2
U=V=y=0, ;=—<8w)

aC
Yy

Y2

Y = H/W (bottom horizontal wall):
2
U=V =y =0, §=—<a 10)7

aC
Y
X=0

(left vertical wall):

IC
X

-1

aY?

32y
()

X =1 (right vertical wall):
52

9C
X

3. Numerical method

X2

30
- = 0
Y

(14a)
90
Yy

(14b)
36
X

(14c)
36
X

(14d)

£l
c

(15)

(ae)dy

0X

(8C)d
0X

4. Grid convergence and validation

Q|
I

(16)

Ot —n O —

In order to check on the accuracy of the numerical tech-
nigue employed for the solution of the problem considered
in the present study, it was validated by performing simula-
tion for double-diffusive convection flow in a vertical rectan-
gular enclosure with combined horizontal temperature and
concentration gradients and in the absence of the magnetic
field and the heat generation or absorption effects which was
reported earlier by Nishimura et al. [20]. Fig. 2 presents a
graphical comparison of the contour maps of the stream-
lines, temperature, concentration and density for a buoyancy
ratio of 0.8 of the present work and those reported earlier by
Nishimura et al. [20]. It is clear from this figure that good
agreement between the results exists. In addition, Table 1
shows a favorable quantitative comparison of the stream
function extremaymax| and |y¥min| at N = 1 obtained by
three different numerical methods and reported by Morega
and Nishimura [18], Nishimura et al. [20] and the present
work for a period of oscillatiortg. These comparisons lend
confidence in the accuracy of the numerical procedure em-

The numerical algorithm used to solve Egs. (9) through ployed in the present work.

(12) subject to Egs. (14) was based on the finite-difference

The effects of the grid size on the-component of

methodology. The time derivatives are replaced by two-point velocity U and temperature profiles at the enclosure mid-
backward difference formulae and central differencing is section were studied. Three different grid sizes were used.
employed to approximate the spatial derivatives. The ob- These were 16 21, 31x 41 and 61x 81. It was observed
tained discretized equations are then solved iteratively usingthat the profiles ot/ and6 changed slightly with these grid

a line-by-line application of the Thomas algorithm. The nu- sizes and that the 3% 41 grids solution is almost the same
merical procedure starts with calculating the concentration, as that of the 6 81 grids. For this reason, a computational
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Fig. 2. Comparison of present work with Nishimura et al. [20]#&r= 0, Le= 2.0, N = 0.8, Pr = 1.0, Ra = 10° and¢ = 0.

domain consisting of 3% 41 grid points was employed for  as selected velocity, temperature and concentration profiles
all of the results to be reported in the present work. at mid-section of the enclosure for various values of Hart-
mann numbeHa and the heat generation or absorption coef-
ficient ¢ will be reported. In addition, representative results
for the average Nusselt numbBu and the average Sher-

In this section, representative numerical results for the wood numbegh for various physical conditions will be pre-
streamline, temperature, and concentration contours as wellsented and discussed.

5. Resultsand discussion
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Table 1
Comparison of present work with those of Morega and Nishimura [18] and Nishimura et al. [20]<$at.0
Parameter Spectral method Finite-element method Finite-difference method
Morega and Nishimura [18] Nishimura et al. [20] Present work
70 0.0494 00497 00509
maX¥max| 26.8 267 278
min [Ymax| 12.7 129 137
maX ¥min| 5.52 576 585
min|Ymin| 0.333 0351 0333

Fig. 3 presents steady-state contour maps for the stream-concentration increase due to increases in the Hartmann
line, temperature, and concentration for various values of number. The opposite effect is observed in the region close
the Hartmann numbeéfa for Le=2.0, N =1.0,Pr = 1.0, to the right vertical wall of the enclosure. The magnitude
Rar = 10° and¢ = 0. The conditionV = 1.0 indicates that  of the net velocity tends to decrease as the strength of the
the flow is dominated by equal but opposing effects of both magnetic field increases. The left vertical wall temperature
thermal and compositional buoyancies. Whén< 1.0, the and concentration tend to increase as the Hartmann number
flow is primarily dominated by thermal buoyancy effects increases. This produces lower left vertical wall heat and
whereas forv > 1.0 the flow is mainly dominated by com- mass transfer coefficients. The influence of the magnetic
positional buoyancy effects. In the absence of the magneticfield is seen to be more pronounced on the temperature
field (Ha= 0), the flow is characterized by a primary recir- profiles than on the concentration profiles.
culating eddy of relatively high velocity circulating around In Fig. 8, it is observed that foN = 1.0 the presence
the entire enclosure and centered in its core region. Becaus®f a heat sink (absorptionp < 0) within the enclosure
of the boundary-layer effects, both the temperature and con-causes higher heat transfer rates with the thermal recircu-
centration fields are characterized by sharp drops in their val-lation within the enclosure being less stretched and more
ues near the vertical walls of the enclosure. Also, the temper-centered. However, the presence of a heat source (genera-
ature and concentration contour maps are not horizontallytion, ¢ > 0) produces less heat transfer rates and the thermal
uniform in the core region of the enclosure. The applica- recirculation tends to stretch and then separate into two vor-
tion of a transverse magnetic field has the tendency to slowtices, one close to each of the bottom and top walls of the en-
down the movement of the fluid in the enclosure. As a result, closure. The temperature and concentration contours in the
the primary recirculating eddy tends to be stretched or elon- core region of the enclosure tend to become more horizon-
gated in the vertical direction. This process continues as thetally uniform as the heat generation effect is increased.
strength of the magnetic field increases until the flow sep-  Figs. 9-12 depict the influence @f on the profiles of
arates forming two smaller and slower recirculating eddies U, V, 6 andC at the enclosure mid-section fof = 1.0,
positioned close to each of the insulated walls of the enclo- respectively. It is clearly observed that in the vicinity of the
sure. The retardation effect of the magnetic effect is observedleft vertical wall, heat generation reduces theomponent
from the maximum intensity of circulatiofinax. The value of velocity while it increases all of the-component of
of Ymax for Ha= 0 is 7.4445 while it is equal to 6.3937, velocity, temperature and concentration. The opposite effect
5.1369, 4.2013 and 3.0384 fbla = 5.0, 10, 15 and 25, re-  is predicted due the presence of a heat sink. In addition,
spectively. The temperature and concentration contour mapshe right vertical wall temperature and concentration tend
tend to become more horizontally uniformin the core region to decrease ag increases. The effect of heat generation
of the enclosure alla increases indicating the approach to on the temperature profiles is predicted to be more than
a quasi-conduction regime. In addition to the flow retarda- that associated with the heat absorption case for the same
tion effect, the magnetic field is seen to suppress the overallparametric values.
heat transfer in the enclosure. This suppression of convec- The effects of the Hartmann numbkla and the heat
tive flows by the use of magnetic fields has proven to be generation or absorption coefficighbn the average Nusselt
effective in controlling melts and has now been widely prac- number Nu and the average Sherwood numb@r for
ticed in the metals semiconductor crystal growth industries a buoyancy ratio ofN = 1.0 are presented in Tables 2
(see [26]). and 3, respectively. As discussed before, it is observed

Figs. 4—7 present typical profiles for the horizontal and that both of Nu and Sh have a decreasing trend with
vertical velocities, temperature and concentration at mid- increasing values dfla. In addition, it is observed that heat
section of the enclosure for various values of the Hartmann generation(¢ > 0) decreases both the average Nusselt and
number Ha, respectively. These profiles show an anti- Sherwood numbers while heat absorptign< 0) increases
symmetric trend about the mid horizontal direction of the them. These behaviors are related to the left vertical wall
enclosure. It is predicted that, in the region close to the temperature and concentration. When they increase, both of
left vertical wall of the enclosure, the horizontal velocity Nu and Sh tend to decrease. On the other hand, when they
decreases while all of the vertical velocity, temperature, and decrease both dlu andSh tend to increase.
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0.7

1.0 Le=2.0
Le=2.0 N=1.0
N=1.0 Pr=1.0
Pr=1.0 Ra =10’
Ra =10’ $=0.0
Ha=0 $=0.0 0.6
2.0
Ha=25
Ha=25 3
Ha=10 i
/ Ha=o
0.0 = 6 Ha=15
U o =1 Ha=10
Ha=5
0.4
Ha=15
-2.0
0.3
-4.0 0.2
0.0 0.2 0.4 0.6 0.8 Lo 0.0 0.2 0.4 0.6 0.8 1.0
X X
Fig. 4. Effect ofHa on x-component velocity profiles at enclosure mid- Fig. 6. Effect ofHa on temperature profiles at enclosure mid-section.
section.
0.8
0.0 Le=2.0
Le=2.0
— N=1.0
N=1.0 Pr=1.0
Pr=1.0 =1
Ha=5 Rnr=10’
Ha=0 | ¢=0.0
Ha=10
200 Ha=15
Ha=25
\% 0.0 C
-20.0
-40.0
0.0 0.2 0.4 0.6 0.8 10
X X
Fig. 5. Effect ofHa on y-component velocity profiles at enclosure mid- Fig. 7. Effect ofHa on concentration at enclosure mid-section.
section.

Figs. 13—18 illustrate the influence of the buoyancy ratio For a specific value ofe, bothnNu and Sh tend to decrease
N and the Rayleigh numbd®a on the average Nusselt and with increasing values oN for N < N¢ and to increase
Sherwood numberdlu and Sh for three different values  with increasing values o for N > N¢.. For Le= 1.0,
of the Lewis numbeiLe, respectively. It is predicted that the profiles ofNu and Sh with N are symmetric about the
both Nu and Sh increase as the Rayleigh number increases value N¢r = 1.0 for all values ofRa considered. However,
for most of the values oV considered. In addition, it is  for Le= 0.1, the critical value oV occurs aroun&v = 0.5
interesting to observe from these figures the existence ofwhile forLe= 10 it occurs at a value @ > 2 as is obvious
minimum values inNu and Sh for a critical buoyancy ratio  from the trend of the curves for this case. No symmetry
N¢r. The value ofNgr changes depending on the value of aboutN¢, appears to exist in the range df between 0 and
Le. For example, folLe = 1.0, the value ofNg is unity. 2.0. It is possible that this may not be the case if the range
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N=1.0 N=1.0
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0.0 0.2 0.4 0.6 0.8 1.0 -1.0
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Fig. 9. Effect of ¢ on x-component velocity profiles at enclosure mid- Fig. 11. Effect of¢ on temperature profiles at enclosure mid-section.
section.
40.0
Ha=0.0
Le=2.0
N=1.0
Pr=1.0
20.0
A% 0.0 C
-20.0
-40.0
0.0 0.2 0.4 0.6 0.8 1.0
X 0.0 0.2 0.4 0.6 0.8 1.0

X

Fig. 10. Effect of¢ on y-component velocity profiles at enclosure mid-

section Fig. 12. Effect ofg on concentration profiles at enclosure mid-section.

of N is expanded beloww = 0 for Le = 0.1 and above | .2
N = 2.0 for Le = 10. Furthermore, it is observed that the Effects ofHa on the average Nusselt and Sherwood numberkédes 2.0,

values ofNu increase ae increases for most values of Pr=10, N =10, Rar = 10° and$ =0

while the values ofh increase ake increases for all values Parameter Nu F

of N. The physical behaviors illustrated in these figures are ", =00 3.319 4.030

associated with the thermal-dominated and compositional- Ha=5.0 3.215 3.909

dominated regimes discussed earlier and similar trends have ga= 12 g-ggg g-;zz
. . a= . .

been reported in the open literature (see, for example, [8,19, Ha— 25 5 497 3652

27)).
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Table 3
Effects of¢ on the average Nusselt and Sherwood numbersiéoe 0.0,
Le=2.0,Pr=1.0, N = 1.0, andRar = 1¢°

Parameter Nu Sh

¢»=-30 3.354 4.408
¢=-10 3.345 4.210
¢$»=0.0 3.319 4.030
¢$=10 3.239 3.758
$»=3.0 2.769 3.043

Nu

0.0
0.0 0.4 0.8 1.2 1.6 2.0
N

Fig. 13. Effect ofRar and N on average Nusselt number foe = 0.1.

Ha=0.0
Pr=1.0
$=0.0

2.4

2.0

Sh

0.8
0.0 0.4 0.8 1.2 1.6 2.0

Fig. 14. Effect ofRat and N on average Sherwood number far=0.1.

5.0

Ha=0.0
Pr=1.0

Nu

N
Fig. 15. Effect ofRat and N on average Nusselt number fog = 1.0.

5.0

Ha=0.0
Pr=1.0
$=0.0

Sh

N
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6. Conclusions

The application of external magnetic fields to control
the behavior of the melts during solidification processes
including casting and crystal growth is widespread in the
metals and semiconductor industries. These applications
involve understanding of the characteristics of heat and
mass transfer phenomenon occurring in the melt. In this
work, double-diffusive convection flow due to opposing
temperature and concentration gradients of an electrically
conducting and heat-generating or absorbing fluid inside
a rectangular enclosure with uniform side heat and mass
fluxes in the presence of a transverse magnetic field was
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5.0
pay the presence of heat absorption effects while they decreased
=0.0 when heat generation effects were present. Furthermore, as

the Lewis number was increased, both the average Nusselt
and Sherwood numbers were increased for most values of
the buoyancy ratios considered. Distinctive minima in the
values of both the average Nusselt and Sherwood numbers
were predicted for specific values of the buoyancy ratio and
the Lewis number.

Nu
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