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Through our paper, thermosolutal convection of viscoplastic materials ‘so called Bingham
plastics’ which occurs into a porous matrix with an inner pollutant source has been treated
numerically, in the aim to light out the impact of some relevant parameters; such Lewis
and porous Rayleigh numbers; as well as the buoyancy ratio and the source dimension one;
on a such conjugate phenomenon. To do so, the physical model for the momentum
conservation equations is made using the Brinkman extension of the classical Darcy
equation. The set of coupled equations is solved using the finite volume method and the
SIMPLER algorithm. The heat and solute source within the porous space has taken a
circular shape. Simply said, our pollutant source is a transport pipe which presented in 2D.
To handle the latter in Cartesian Coordinates; the Cartesian Cut-Cell approach was
adopted. After a careful treatment of such double-diffusive convection within the
Bingham-porous space; powerful expressions that expect the mean transfer rates in such
industrial geometry are set forth as a function of the governing parameters. These
correlations, which predicted with #3% the numerical results, may count as a complement
to previous Newtonian-fluid researches. It is to note that the validity of the computing code
was ascertained by comparing our results with experimental data and numerical ones,

already available in the literature.

1. INTRODUCTION

During the last few decades, the field of heat and mass
transfers within a porous medium has been the subject of a
very intense research activity, due to its importance of related
industries and contemporary technological applications.
Prominent among these applications being geothermal energy
resources; nuclear energy systems; petroleum reservoirs;
analysis of insulating systems; grain storage; pollutant
dispersion in aquifers; processes of crystal manufacture,
foam metals and fibrous media; to name but a few [1-3].

With both temperature and concentration gradients present
to drive the fluid flow, an increased number of transport
configurations was achievable with parallel or perpendicular
gradients, and the body forces augmenting or opposing [4-10].

In the main idea to predict the transfer coefficients within
such configurations, powerful expressions were proposed
over the years. Back to 1987, and within a porous square,
Trevisan and Bejan [11] projected the transfer rates of a
Newtonian fluid as a function of boundary layers’ ratio,
known generally as Lewis number, porous buoyancy, known
as the Rayleigh-Darcy combination (Ra* = Rar Da); as well
as a geometry’ aspect ratio and a thermosolutal buoyancy one;
which is a pure relation between the thermosolutal gradients
and its expansion coefficients (N = Bc AC/ pr AT). A few
years later, Lin et al. [12] accomplished the Trevisan & Bejan
predictions by Nusselt and Sherwood correlations; respect to
the thermal Grashof numbers for small thermosolutal
buoyancy ratios (|N| < 5).
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Reaching 1993, Bennacer [13] treated the square matrix
cases by using a critical ratio between the thermosolutal
buoyancies and the boundary layers’ values (i.e. N/Le). By
the means of such key ratio; Bennacer suggested new and
global expressions for the transfer coefficients within such
geometries. These correlations were judged available through
a wide range of the pertinent parameters; what made a strong
base for future developed investigations.

Recently, Ragui et al. [14] accomplished such correlations
by treating the case of a bottom polluting source within a
porous enclosure. Such numerical work made the pollutants
spreading and the fuel leaks much predictable by using
developed expressions of thermosolutal coefficients which
meant for such problems. These expressions were judged
available for a wide range of the previous pertinent
parameters, side by side with the polluting source length.

On the subject of the industrial flows' problems, within
various geometries, the Newtonian fluids may present a
simple limit of the complex ones, such the Crude Oil and
pharmaceutics' products, to name but a few. The illumination
of Bingham’ researches, done in between 1916 and 1922 [15-
16], has opened a new research axes for such special fluids;
so called, after, as Bingham plastics.

Such Viscoplastic materials can act as a Newtonian fluid
under a specific shear stress value, and a gel-like material up
to that value; what make the transfer rates predictions of such
fluids so complicated, experimentally speaking or
numerically [17]. Going far with its complexity, and within a
porous matrix, both the porosity and the permeability could



present the key factor to predict the behavior of yielded and
unyielded regions [18-19].

Motivated by such complication; and by the fact that
double-diffusive convection of Bingham plastics may less
common in the available literature, our paper will discuss
predictions of such phenomenon within a complex geometry,
as the porous matrix with a centered polluting source of a
circular shape (simply said; a 2D pipeline).

Complement to what’s presented in our previous works
[14-20], the main purpose of this contribution is to light-up
the impact of some pertinent parameters, such the boundary
layers’ ratio and the buoyancy one; side by side with the
polluting source dimension, to come out at the end with
primary expressions that may predict the mean transfer rates
of such complex fluids within the solid matrix. Such studied
geometry may plot an interesting work for many industrial
applications, especially in Refining and Petrochemical fields.

2. PROBLEM STATEMENT & MATHEMATICAL
FORMULATION

The studied configuration, shown by Fig. 1, consists of a
cold “and a less concentric” side-walls of a square porous
space in which; a thermal and solutal circular source is
mounted at the middle. The fluid which filled the porous
matrix is assumed to be viscoplastic and obeying the
Bingham rheological model, (i.e. Bingham case) [21-22]. Its
thermophysical properties are presumed to be constants;
except the density variation in the buoyancy term; which
depends linearly to the local temperature and concentration
[23]; as well as the viscosity “n” which is a yield stress’
function [24]. See equations below for instance:
p.oy=po[ 1 -Pr(T-To)—Pec(C-Co)] (1.1)
where Br and Pc are the thermal and the concentration
expansion coefficients; which can be defined as:
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where || is the magnitude of the symmetric rate-of strain

tensor ;, which can be defined as:
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vv is the velocity gradient tensor; when vv' is its
transpose.

Noted that “m” is the exponential growth parameter of
Papanastasiou [24] which is a function of both the yield
stress 1o and the plastic viscosity p, [17].

The solid matrix is assumed to be rigid, isotropic,
homogeneous and in thermal equilibrium with the complex
fluid [17, 25]. The mass diffusion within the solid matrix is
neglected side by side with Soret and Dufour effects.
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Regarding the present investigation, the permeability of the
porous medium is kept uniform and its equivalent Darcy
value is about 1073, As well, the porosity is equal to 40%.

U=V=0,00/2Y =0, 84/ Y =0 l

Bingham fluid

=0.0=¢=0
H0=A=0

v

0=¢

U

U=V=0.00/2Y=0.8¢/ Y =0
H

Figure 1. Simulation domain with its boundary conditions

which reflects the case of the industrial Silicon Carbide
ceramic (i.e. SiC) [26].

Adopting the 2D Brinkman extension of the classical
Darcy equation under steady-state conditions; the
conservation equations which describe the transport
phenomenon of the viscoplastic fluid within the porous
square can be summarized as follows [17, 27-30]:

VV=0 (3.1)

PN W - nr O .o

ZE(vv)\/_pg—Vp—-va.r (3.2)

VR AL (3.3)
pC,

V.VC=9V?*C (3.4)

where ¢ displays the porosity, C, the specific heat at a
constant pressure, k the thermal conductivity; when 9 is for
the mass diffusivity. 1 is the complex effective viscosity and
1 the viscous stress’ tensor.

3. NUMERICAL PROCEDURE

Regarding the numerical procedure, the Cartesian Cut-Cell
approach, also called Cartesian Grid method [31], is adopted
to handle the pollutant source’ limits, (see for instance Fig.2).
As such, the control volumes found within are assumed to be
inactive, following the inequality equation “Eq. 4”. Simply
said, neither fluid movements nor thermosolutal transfers are
denoted within the inner source “U=V =0, T =Ty, C=C*".

2
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Then, the governing conservation equations are discretized
in space using the finite volume approach, when the



convection and the diffusion terms were treated by a Power-
Law scheme. The resulting algebraic equations, side by side
with the associated boundary conditions, are solved,
consequently, using the line by line approach [32].

As the momentum equation is formulated in term of the
primitive variables (U, V and P), our iterative procedure
includes a pressure correction calculation method, namely

SIMPLE modified [32], to solve the pressure-velocity
coupling. Compared to other velocity-pressure coupling
approaches, such as SIMPLE and SIMPLEC, the adopted
approach has proven to be faster (about 30 to 50% fewer
iterations) [32].

Regular mesh

Cartesian Cut-Cell method

o Temperature and Pressure nodes
----. Calculated surface
e Usednodes for Nu and Sh

Figure 2. Grid arrangement and Cartesian Cut-Cell Method [31]

Noted that the convergence criterion for the computed
temperature, concentration, pressure and velocity as well, can
be defined as follows:
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where both M and L are the grid points’ numbers in X and Y
directions, respectively. & is any of the computed field
variables, k" is the iteration number, when i and j are the
nodes according to the X and the Y directions.

To deal with the small cells which can be found arbitrarily
cut reason to the Cartesian Cut-Cell adoption; Colella et al.
[31] proposed to compute the fluid flow in the first part
without taking these interfaces into account. Then, the loss
interfaces can be calculated and distributed to the
neighboring cells; based on the fluid mass which presents in
each.

Once the velocity field together with the temperature and
the solutal ones are obtained, the transfer rates of the
pollutant surface can be computed using the following
expressions:

[
i,j+ _E.~i,j

<107t ®)
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Heat transfer rate: Ny = »

n source

A
» NUpayg :%J.o Nuds (6.1)

Mass transfer rate: sph = %

1 A
Sh,.=—| Shds (6.2)
on Avg A J.o

source
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where n is the normal direction respect to the pollutant
surface (see for instance Fig. 2), and A is its surface area.
In the same way, heat and mass coefficients across the side
walls of the porous square can be quantified using a wall
surface’ averaged Nusselt and Sherwood numbers, which
based on the enclosure length scale “H”. Then, we write:

Heat transfer rate: Ny = 8

1
; NuAvg:L Nu dY (7.1)

wall

Mass transfer rate: Sh = 9% (7.2)

1
; ShAVg:LSh %

wall

4. RESULTS & DISCUSSION
4.1 Code validation

The performance of the using code against the double-
diffusive phenomenon within a confined porous medium is
established by comparing our predictions with other
numerical results and experimental data; and by verifying the
grid independence as well.

First of all, the present results are consistent with previous
computations, namely those of Hadidi et al. [23]. By taking
into account the same hypotheses, Table 1 demonstrates a
comparison of the mean Nusselt and Sherwood numbers that
computed with various values of the buoyancy ratio. As we
can see, the present results and those of Hadidi et al. are in
excellent agreement with a maximum discrepancy of about
1%.



Regarding the viscoplastic materials, the numerical code
validity was already established in our previous works [33].
As shown Fig. 3, the computed transfer rate of various
Bingham values with respect range of Rayleigh number
within a square enclosure is found to be in excellent
agreement with the ones plotted in the literature [21], as the
maximum discrepancy is less than 1%.

To ascertain the numerical code validity with the
experimental thermosolutal data, those obtained by Weaver

and Viskanta [34] for the mass transfer of an
Ethanol/Nitrogen binary fluid as well as Ethanol/Helium one
has been selected. Fig. 4(a,b) displays the comparison that
made between the experimental data and both; the numerical
Weaver and Viskanta predictions and the present ones, in
term of velocity contours. Once again, our numerical results
show a good qualitative concordance with the experimental
data and a great agreement with the numerical Weaver &
Viskanta predictions.

Table 1. Transfer rates coefficients obtained with our computer code and those of Hadidi et al. [23]. Bn =0, Ra = 10°, Pr=7,

Da=10%Le=10
Hadidi et al.[23] Present predictions A(%)
NUavg Shavg NUavg Shavg Nu Sh
0 2.83 10.25 2.79 10.29 141 0.39
10 3.95 26.30 391 26.33 101 0.11
15 4.57 29.75 4.56 29.81 0.22 0.20

A(%): Computed discrepancy value between the present results and those of Hadidi et al.[23].
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Weaver & Viskanta [34]
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Present predictions

Figure 4(a). Ethanol / Nitrogen within a square enclosure.

(a) Gr = 1.157 10°; N
(b) Gr = 1.121 10°; N
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-2.335; Pr=0.802 ; Sc = 0.555.
-2.328 ; Pr=0.802 ; Sc = 0.557



Weaver & Viskanta [34]

(b)

Present predictions

Figure 4(b). Ethanol / Helium within a square enclosure.
(@) Gr=2.71010*; N =-5.475; Pr=0.531 ; Sc = 1.574.
(b) Gr =2.689 10*; N =-5.411 ; Pr = 0.533 ; Sc = 1.588

Finally, and to check the numerical code validity with an
inner circular pollutant, the obtained Kim et al. [35]
predictions for a cold enclosure that contains a centred hot
cylinder have been selected. Then, streamlines and Isotherm
plots of Kim et al. side by side with the present ones are
displayed through Fig. 5. As well, Table 2 summarizes the
mean transfer rate of the pollutant source, which obtained for
various Rayleigh values.

As far as the mean transfer rate is computed along the hot
surface of the inner source (adopting Eq. 6.1); a great
agreement between our results and both references [35-36] is
denoted, as the maximum discrepancy still less than 1%.
Consequently, our numerical code can be used with great
confidence against the circular pollutant source and the
porous space as well.
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Isotherms Streamlines

Kim et al. [35]

Isotherms Streamlines

Present predictions

)

(Ra=10%)

Isotherms Streamlines

Kimet al. [35]

Isotherms Streamlines

Present predictions

Figure 5. Fluid’ streamlines and Isotherm plots respect to Rayleigh values. Comparison with Kim et al. results, Pr = 0.71



Table 2. Mean Nusselt number computed by the present code and those of references [35-36] for various Rayleigh values,

Pr=0.71
. Sheikholeslami Present Q
3 i Gel [ et al. [36] predictions A(%)
108 4.95 4.97 4.97 0.42
10* 5.03 5.09 5.05 0.40
10° 7.71 7.67 7.72 0.13

A(%): Maximum computed discrepancy’ value between the present results and references [35, 36].
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Figure 6. Mean Sherwood (a) and Nusselt numbers (b) with various uniform grids.
Bn=5,Da=103, Le=10,N =10, Ra* = 100, d/H = 0.40.

In order to determine a proper grid for our numerical
simulations, a grid independence investigation is conducted
for the conjugated phenomenon within the Bingham-porous
square (previously shown in Fig.1). As such, several mesh
distributions; ranging from 1612 to 4012, were tested all
computing the mean transfer rates of the Bingham-square for
the above uniform grids as displayed through Fig.6.

Subsequently, using a 201% uniform grid is judged as
adequate for a grid independent solution. However, a fine
structured mesh of 241? will be adopted to avoid round-off
error for all other calculations in our investigation.

4.2 Lewis & buoyancy ratio’ impacts

The range of the pertinent parameters that has been
examined through our study concerns the cooperating
buoyancy forces' field. The value of the buoyancy ratio has
been taken between 0 to 30 and that, for various porous-
thermal Rayleigh values (Ra* = Rar Da) which range from
100 to 2000. The Lewis value has been taken between 10 and

300. As well; the source' diameter has been taken between 10%

and 90% the enclosure' length; when Bingham, Prandtl and
Darcy numbers are fixed at 5, 10 and 1073, respectively.

As the buoyancy ratio and the pollutant source diameter
are fixed at 10 and 20%, respectively, predictions illustrated
in Fig. 7 have been obtained for two different values of
Lewis number such as 10 and 100, respectively.

By using the vertical velocity profile V/Vmax in the mid-
plane of the enclosure side by side with the temperature and
the concentration ones, the complex fluid flow is found to be
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driven by a pure solutal buoyancy near the side-walls of the
porous enclosure, as the temperature variation is proved to be
insignificant. Near the pollutant source, all the opposite is
denoted as the Bingham velocity is developed by a
cooperating thermal and solutal buoyancies (simply said,
thermosolutal buoyancy); caused by the combined impact of
the temperature and the concentration variations.

As far as the Lewis value increases (as presented by the
case of Le = 100); the mass boundary layer near the active
walls gets slight which reflecting a great concentration
gradient through such area. Contrasting, the thermal
boundary layer gets thick; as the transition from a convection
regime to a conduction one is developed through the porous
enclosure.

Going far with our predictions, and when the Lewis value
is about 10, Fig. 8 displays the impact of the buoyancy ratio
on the Bingham-flow field, side by side with the temperature
and the concentration. As previously found in Fig. 7, and
near the side walls of the porous space, the Bingham' flow is
driven by a pure solutal buoyancy as the temperature
variation still irrelevant. Near the pollutant source, the
buoyancy still caused by the cooperative effect of the
temperature and the concentration variations.

Nevertheless; and unlike the Lewis impact, the increase in
the buoyancy ratio makes the thermal and solutal boundary
layers very thin near the active walls; what reflects the great
thermosolutal gradient in the vicinity of this area. Such
behavior may improve the local transfer characteristics (i.e.
local Nu and Sh) into these regions and so, the overall
thermosolutal transfer within the viscoplastic-porous



enclosure.

Regarding the yielded and unyielded regions within such
geometry, a special behavior is denoted through the
increasing values of the relevant parameters (i.e. Le and N).
In fact, and by presenting the unyielded region by a gray
color within the streamlines, the latter is found to be more

important against its quantity; respect to high Lewis values
(see for instance Le = 100). Indeed, the primary conduction
regime (which developed within the porous enclosure at high
Lewis values) helps the expansion of such rigid structure into
the porous space, as the solutal buoyancy cannot drive the
complex gel structure all alone.

1 L 1 ' | L 1

Le=10 Le=100

TLe=100 ||

——f—
0.20

0.25

H/

T J —
030 035 040 045 050

2

Figure 7. V/Vmax, 8 and ¢ profiles at the mid-section of the enclosure for various Lewis values.
Bn =5, Da =103 N =10, Ra* = 100, d/H = 20%

1.0
0.5+
0.0 47

054,

Figure 8. V/Vmax, 8 and ¢ profiles at the mid-section of the enclosure for various values of the buoyancy ratio. Bn =5,
Da =103, Le = 10, Ra* = 100, d/H = 20%

In a conflicting way, and by increasing the buoyancy ratio
within the porous enclosure, such rigid structure of a
Bingham fluid which appears within the enclosure for low
buoyancy values (or high Lewis ones as pointed before) can
be easily broken, as a cooperating impact of the thermal and
the solutal buoyancies takes control within the porous space.
Such behavior could be taken as a key factor to increase (or
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decrease) the fluid transfers within such geometries as will
be following.

4.3 Impact of the pollutant source’ dimension

As far as the impact of the pollutant source’ dimension is
conducted, Fig.9 displays the transfer rates as a function of



the source geometry (reported by the aspect ratio (d/H)) and
that, for various values of Lewis and buoyancy ratio.
Through this part, the porous Rayleigh number Ra* still fixed
at 100.

For a given value of Lewis (or N as well), a further
increase in the source’ dimension to 80% causes a significant
improvement in thermosolutal convection within the porous
enclosure, as the ratio (d/H) can control such phenomenon by
increasing inner exchange surface into the porous square.

Going far with its value, the use of a pollutant source’
dimension greater than 80% die out the impact of Lewis and
buoyancy ratio on the mean heat transfer. Such phenomenon
can be related to the developed conductive regime within the
enclosure, which takes a full control on the square’ heat
transfer. The overall disappearance of the pertinent
parameters (i.e. Le & N) is ascertained with a pollutant
source’ dimension of about 84%.

However, following such critical value, (i.e. d/H = 80%),
the mass transfer rate decreases a little before starting another

increase as long as the pollutant source’ dimension increases.
Such reduction in the diffusion transfer may be related to the
fluid mass within the enclosure, which found very low and
divided to four parts respect to the corners of the enclosure
raison of the enhancement of the source dimension. The
increase of the mass transfer rate, respect to the source
dimension once again, can be related to the pure diffusion
regime obtained in each corner of the porous enclosure.

Complement to what’s presented previously, the impact of
each pertinent parameter “i.e. the Lewis as well as the
buoyancy ratio” on the transfer rates can be concluded
through Fig.9. Simply said, and reason to the boundary layers’
development within the porous space, both transfers are
found as an increasing function of the buoyancy ratio. On the
other hand, and unlike the mass transfer, the heat transfer can
be only a decreasing function of increasing Lewis within the
porous enclosure.

36 L | L 1 L 1
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—a— N =30, lie=10
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Figure 9. Mean Nusselt (a) and Sherwood numbers (b) as a function of the pollutant source’ dimension. Bn =5, Da = 107,
Ra* = 100
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4.4 Proposed models

Summarizing the numerical predictions; and by taking into
account the previous observations; a powerful correlation that
gives the mass transfer rate within such porous space is
developed; based on the log-log presentation of Sherwood
values with various aspect ratios (d/H) as displayed in Fig.
10(a). The latter, made using the solutal Rayleigh number
[Ra* Le (N+1)] and the aspect ratio [d/H], is found available
for a Lewis range of about 10 to 300, a buoyancy ratio in
between 0 and 50, a porous-thermal Rayleigh number in
between 100 and 2000, and a pollutant source’ dimension
less than 80%.

(8.1)

Ra" L (N 1) 03258
sh|,,., =07524 {W}

(1- (@dH))?
(R2=0.9960)

The success in correlating the mass transfer rate led us to a
search for a similar expression to predict our heat transfer.
Adopting the statistical methods of previous works [37-39],
this search was done successfully by using a Semi-
logarithmic presentation of Nusselt numbers with the
dimensionless group [(Ra* N (d/H)??)/ Le]°“® as shown Fig.
10(b) for instance. Then, a second correlation for the heat
transfer rate within such porous space is found by giving Nu
=f (1/Le, N, Ra* and d/H) as follows:

. 0.48
Nu|,,=2338+17144 l( RT_eN (d/ H)Z'ZJ ]
8.2)
« 04872
~0.034 HR& N (d/H)“] ]
Le
(R2=0.9810)

This new expression still available within the previous
ranges with an aspect ratio d/H less than 78%. Ending, it is
worth to light out that such correlations (i.e. Egs. 10-a & 10-b)
may count as a complement to previous researches which
done in the case a Newtonian-annulus.

5. CONCLUSION

Through our paper, double-diffusive convection of a
Bingham fluid within a Darcy-Brinkman porous space was
numerically investigated. Using a centered thermosolutal
source within the porous space; and by taking into account
the impact of the pertinent parameters (as Lewis and
buoyancy ratio), such double-diffusive contribution to the
flow field is found very complicated; especially when
coupling the impact of Lewis with the buoyancy ratio one.
Then, follows-up the development of the boundary layers
near the active walls was very required to make clear such
complex contribution.

1 1 1 1
Ra=200, N=0
o Ra=500, N=0
Ra =1000,N =0 i
Ra =2000,N =0 »
» Ra=100, Le=10 g
»
» Ra=100, Le=30 », 0%
102 4 Ra=100, Le=100 19 L
a Ra=100, Le=300 pa
== » Ra=1000,Le=10 L (ﬂh"
)
I
2
D
s
>
\l["
10’ e ey
10* 10° 0 10’ 10°
Ra* Le (N+1) [1- (d/H)]
(a)
30 1 1
dH: 020 040 0.60
25,2} A A Ra*=100, Le=10 L
0 Ra* =100, Le=30
) Ra*=100, Le=300 4
3
20 y o Ra* = 1000, Le = 10 N B
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Figure 10. Modeling the transfer rates of the Bingham fluid within the porous square:

(a) Heat transfer rate, (b) Mass transfer rate. Bn = 5; Pr = 10
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Additionally, and going far with its value, the use of a
critical aspect ratio can die out the impact of any investigated
parameter on such complex convection. Subsequently, only a
heat conductive regime and a mass diffusive one can take
control within the porous space.

Summarizing the numerical predictions; new correlations
that compute the transfer rates within such complex geometry
are successfully developed with a great precision. These
original ones could be counted as a complement to previous
researches done with the Newtonian-fluid case, and might
prove particularly useful in verifying any instability analysis
which might be put forth in the future.

Noted that the present investigation doesn't take into
account the impact of other parameters; such as the porosity
and the Darcy number, what provide guidance for future
work.
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NOMENCLATURE

Bn Bingham number

C Dimensional mass fraction

Co Specific heat at constant pressure , J.kg*. K!
Mass diffusivity, m? st

d Pollutant source dimension, m

Da Darcy number, K/H?

g Gravitational acceleration, m.s

Grr  Thermal Grashof number, g fr AT H3/V?

H Enclosure dimension, m

k Thermal conductivity , W. m!. K'!

K Porous medium permeability, m?

Le Lewis number, a./ D

N Buoyancy ratio, fc AC/fr AT

Nu Nusselt number

p Pressure, Pa

P Dimensionless pressure, p/p frAT H

Pr Prandtl number, v/«

Rar  Thermal Rayleigh number, p g fr AT H? /1, o

Ra* Porous Rayleigh number, Rar Da

Sh Sherwood number

T Dimensional temperature, K

u,v Velocity components, m. s°!

U,V  Dimensionless velocity components,

X,y Cartesian coordinates, m

X,Y  Dimensionless Cartesian coordinates, = x (ory) / H

Greek symbols

o Thermal diffusivity, m?. s

Br Thermal expansion coefficient, K!
Bc Solutal expansion coefficient

P Density, kg/m?

¢ Dimensionless concentration

0 Dimensionless temperature

T Shear stress, N/m?

T Yield stress, N/m?

1 Viscous stress’ tensor

Y Shear rate, s™!

Hp Plastic viscosity, N s/ m?

n Apparent viscosity, N s/m?

€ Porosity of the solid matrix

¥ Stream function

dc Mass boundary layer thickness, m

or Thermal boundary layer thickness, m
A%) Computed discrepancy value between the present

results and literature references.
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