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fluid behavior. A special attention is paid to the impact of rheological parameters (n,
a, E and s), the thermal Rayleigh number Ray, Dufour number, Dy, Soret number, S,.,
Lewis number, Le, buoyancy ratio, N, and the inclination angel, y. The numerical
findings are represented in terms thermal fields, iso-concentration, and viscosity
apparent contours, and the influence of certain parameters on the variation of stream
function, Nusselt and Sherwood numbers, and apparent viscosity is also inspected. The
findings suggest that the rise of the time constant parameter, E, causes an increase in

Keywords: thermal and mass exchange for various power-law indices, n. The decrease of the of
complex fluids; Rayleigh-Bénard ratio of infinite-to zero-shear-rate viscosities, s, and parameter, a, enhances the both
thermosolutal convection; Carreau- thermal and mass transfers. The rise of the orientation angel y from 0° to 90° yields an
Yasuda model; Soret number; Dufour increase in thermal and mass transfer, but without a specific pattern in the different
number parameters studied.

1. Introduction

The thermosolutal natural convection through enclosures with complex fluids is highly utilized in
engineering or environmental applications such as; astrophysics, oceanography, and processing of
food, geophysics, petrochemical, etc. [1-4]. The natural phenomenon of double diffusive convection
was well documented and well mastered in the books [5-7]. Many authors inspected this
phenomenon for Newtonian fluids, but with less focus on thermosolutal convection in complex fluids.
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Performing a literature review up to date, several works on double diffusive convection resume
interesting results. In square and rectangular enclosures, we can mention the work of Ohta et al., [8]
for pseudo plastic fluids. Kim et al., [9] and Turan et al., [10] inspected the convection a square
enclosure differentially heated from the vertical sides, while Pericleous [11] and Lamsaadi et al., [12]
considered a cavity isothermally heated from the vertical sides. Lamsaadi et al., [12] performed a
scaling analysis with a good agreement found with the computed findings and they derived a
correlation for Nusselt number. Balmforth [13] study, the linear stability theory led to Raz, = oo,
which meant that the system was unconditionally stable. These findings were the results of the
unsuitability of the rheology model for very weak shear convective flow. Convective flow bifurcations
from the rest state occurs at zero flow amplitude convection, therefore at zero shear-rate. Thus, any
kind of bifurcation that occurs at zero shear-rate will not be detected by any power-law model that
was suggested for high shear-rate. However, the results of the nonlinear model indicated the
existence of a threshold for finite amplitude, and it was predicted numerically vs. the main
parameters. The threshold of the subcritical convection could be physical as the flow at the onset of
convection is of finite amplitude type. The study achieved by Benouared et al., [14] and Alloui and
Vasseur [15] for Carreau-Yasuda fluids in a vertical cavity showed an important impact of the
rheological parameters on the velocity, temperature and apparent viscosity variations within the
enclosure. For inclined porous cavities, Kefayati et al., [16] reported that the increased Soret and
Dufour parameters alter the thermal behavior of power-law fluids. Khechiba et al., [17] observed for
Carreau-Yasuda fluids an important impact of the rheological parameters on the convective thermal
exchange and flow behavior. Moreover, a significant influence was observed for the rheological
parameters on the threshold for the onset of subcritical convective flow and Hopf bifurcation. Krishna
and Reddy [18] utilized the Carreau-Yasuda model to examine the convection of power-law fluids
through stumpy permeable porous medium. Wu et al., [19] examined the influence of rheological
and physical parameters on the convection in a cylindrical enclosure. Khellaf and Lauriat [20]
analyzed the impact of the apparent viscosity of a Carreau shear-thinning fluid on the onset of
oscillatory flows. The inspection realized by Raisi [21] on the convection of a complex fluid in a cavity
having a pair of baffles illustrated that the reduced flow index improves the natural convection within
the enclosure. Shahmardan and Norouzi [22] reported in their study on the convection of a complex
fluid in a duct with a cavity that the decreased flow behavior index yields an augmentation in the fully
development length. The survey realized by Guha and Pradhan [23] on the thermal exchange for
complex fluids on a horizontal plate claimed that the shear-thickening fluids have a significant
thermal exchange against Newtonian and shear-thinning fluids. Kefayati [24] verified and proved the
efficiency of the lattice Boltzmann method for solving the thermal exchange of molten polymers in
cavities. For both square and rectangular cavities, Vinogradov et al., [25] observed the same
hydrodynamic behavior for Newtonian and shear-thickening fluids, despite the clear difference in the
thermal exchange rate for these fluids. Ben Khalifa et al., [26] reported that the onset of stationary
convection of a dilatant fluid in cavities occurred at a critical Rayleigh number of zero. For a Carreau-
Yasuda fluid, Kefayati and Tang [27] remarked a gradual decrease in the rate of thermal and mass
exchange with augmented power-law index within cubic cavities. Bihiche et al., [28] interested in the
case of a horizontal rectangular enclosure. Other interesting works may be found in Refs. [29-31].
Lamsaadi et al., [32] reported that for a very high Rayleigh number, the Carreau and power-law
models provide almost similar findings.

This inspection focused on double-diffusive natural convection across an inclined square cavity
filled with a Carreau-Yasuda fluid. Thermal and solutal boundary conditions of the Dirichlet type are
set on the upper and bottom walls, while the other walls were assumed well insulated. An attempt
is conducted to present further demonstration on the impact of different main parameters.
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2. Mathematical Foundation

The active walls of the studied enclosure are subjected to uniform temperature and
concentration conditions, while the other walls are considered adiabatic. The enclosure, as show in

Figure 1.
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Fig. 1. (a) Geometry of the physical problem; (b) Mesh generated.

=]

(b)

The flow behavior is modeled using the Carreau-Yasuda model, where the fluid density, p, varies

linearly with the temperature and solutal concentration as:

P=p5 [1_:BT (T'-To)+ B (C!_C(;)]

(1)

where p, is the fluid mixture density at reference temperature T’ and T and solute fraction, C' =
Cy and, Br and B; are the thermal and concentration expansion coefficients, respectively. The
subscript 0 refers to the reference condition at the origin of the coordinate system.

The governing equations are [33]:

WLV (2)
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(6)
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ST A2
where 1’ and v’ are the velocity components, P’ is the pressure, t’ is the time, i is the fluid viscosity,
7;; is the deviator stress tensor, g is the gravitational acceleration, and a and D are the thermal and
solutal diffusivities, respectively. The properties Dy and Dsr are respectively the Dufour and the
Soret diffusion coefficients. Utilizing the Carreau-Yasuda model [34-37], the viscosity, u, is varying as:

— , ona](0-D/a
M:[H(Ey) ] (7)
lLlO_ﬂoo

where uy and u., are the fluid mixture viscosities at of the fluid at zero and infinity shear rates,

respectively, E’ is the time characteristic of the quid,7}' is the second invariant of the shear rate
tensor, a is a dimensionless parameter describing the transition region, and n (less than unity for the
pseudo-plastic fluid) is the power-law exponent characterizing the shear-thinning regime (degree of
shear-thinning). Typically, for shear-thinning fluids: 0.2<n<1 and 0.1<E'<100s.

The following scales were used:

(x.y), (U, V)H' ta . v QH?. P T'-Ty).

%, T uVv)=——"", t:—’ =—,0= ,Pz_*y T = * ’

c=C %) ar - T;-Tg;Ac*:c;-cg;ﬂ:/:fY (8)
0

As noted, the dimension of the fluid layer has been utilized as a typical size in Rayleigh-Bénard
convection. The governing equations that inform the method activeness are uttered in cost of
vorticity, 2, temperature, T, concentration, C and stream function, ¥, are obtained as follows:

ag+a(ug)+a(vg):P{WZQ+2(6_#6_Q+5_#5_QH+YQ ()
ot OX oy OX OX oy oy

ﬁ+a_l//ﬂ_5_l//ﬂzva+vazC (10)
ot oy ox ox oy

LWL _yX | ayicesve) (1)
ot oy ox oOx oy

and the vorticity, {2, is characterized specified that:
Viy=-Q (12)

The source term Yq, in Eq. (9), is given by:

2 2 2
Y,=Pr af—a’;—za“ o +RaT[ﬁ+¢@JCOSy+ gw@ siny (13)
oy> oxoy \oy ox ox - ox o oy
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The apparent viscosity, i, namely:

u()=s+@-9)[1+(EN* | (14)
2 1/2

oy ’ o’y Oy
. _| 4 B
7 (8x8y} +(8y2 OX? (15)

The power law index, n, characterize the fluid behavior and E =E'a/H"js 3 dimensionless
characteristic time of the fluid. The corresponding dimensionless thermal boundary conditions
applied on the walls of the system are [38]:

1 1
u=V=0and1//=OatX=iEand y:iE (16a)

while the thermal and solutal boundary conditions:

a—T—£:o at x:ii;andT:C:il at y:il (16b)

oX  Ox 2 2 2

In Egs. (9)-(13), one notice the presence of thermal Rayleigh number Ra, the Lewis number Le, the
buoyancy ration N, the Prandtl number, Pr, and Dufour, D¢, and Soret, S, parameters they are

expressed as:

_BACT
BAT™

AT'H"

- DSTDC . S - DTSDT (17)

pr=+o; D, :
aDT DDC

N =
Po%

Ra ;
T av D

The local and average Nusselt and Sherwood numbers (Nu, Num) and (Sh, Shn), respectively, are
given as:

12
Nu _ar -D, o« , Nu, =I Nudx (18)
oy y=+1/2 oy y=x1/2 -1z
12
sh=-L —srﬂ , Sh. :j Shdx (19)
8y y=£1/2 8y y=£1/2 -1/2

3. Computations

A second order finite difference method with a uniform grid size was utilized to solve the main
equations. The discretized vorticity, energy and the concentration Eqgs. (9-11) were solved using the
alternative direction implicit method (ADI). The following convergence criterion was verified:

Zizj‘wikfl—wilfj‘

<1078 (20)

100



CFD Letters
Volume 14, Issue 3 (2022) 96-118

In this study, uniform mesh size was used for both x and y direction show that the numerical values
of ¥y, Nu, Nu,,, Sh, Sh,, and u determined at the enclosure center. Preliminary tests showed the
grid of 150x150 to be adequate to simulate accurately the convective and the reduced computational
time. These results are presented in Table 1 has a value for different mesh size (50x50; 75x75;
100x100; 150x150; and 200x200).

Table 1
Grid sensitivity study for Rar = 10%, Pr =10,e = 10, N = —0.5,n = 0.6, E = 0.1,
s=10"2, a =2and S, = D; = 0.

Ny XN, 50 x 50 75 %75 100 x 100 150 x 150 200 x 200
Yy 13.712 13.530 13.596 14.326 14.320

Nu 3.761 3.535 3.584 3.819 3.816
Nu,, 2.878 2.771 2.821 2.952 2.955

Sh 9.637 7.917 8.105 9.111 9.106

Sho, 6.394 5.722 5.854 6.378 6.375

u 0.260 0.261 0.261 0.261 0.261

The numerical code was validation by comparing the present results against the experiment [39]
and Plows [40] for a Newtonian fluid (n = 1),y =0°, S, = D = 0, N = 0 and variation value of Ray.
The results in Table 2 compare the averaged Rayleigh number values and a good agreement is
remarked.

Table 2
Comparison of Rayleigh number for a high Prandtl number.
Rar Experiment Plows Present study  Present study vs. Present study vs Plows
[39] [40] Experiment [39] [40]
2000 1.13 1.20 1.19 6.0% 0.8%
2500 1.46 1.33 9.3
3000 1.60 1.65 1.53 4.4 7.5
5000 2.03 2.09 2.07 1.9 0.9
6000 2.15 2.23 2.19 1.8 1.8
8000 2.35 2.43 2.39 1.6 1.6
10000 2.50 2.60 2.58 3.1 0.7
20000 2.93 3.09 3.01 2.6 2.6

4. Findings and Analysis

The results of thermosolutal convection occurring in an inclined square cavity for Pr = 10 are
presented here. The findings are carried for different amounts of the Carreau-Yasuda parameters,
namely, n, E, a, and s, Rar, Soret number, S, Dufour number, D¢, buoyancy ratio, N, Lewis number,
Le, and inclined angel, y. Numerical results are obtained inrangeof: 0.4 <n < 1,0 < E <£100,0 <
§s<1,01<a<2 -06<D<06, -1<S5,<1, 1<Le<50, —1<N<1land0° <y <
90° .

Figure 2 presents the streamlines, isotherms, iso-concentration and viscosity apparent contours
forn = 0.4,0.6,and 1. The decreased n yields intensifies the flow patterns and increases the thermal
magnitudes and iso-concentration on the hot wall, which means an enhancement in the convection
process. As well as the fluid velocity, the viscosity decreases with decreasing of power-law index
considerably.

Figure 3 displays the flow patterns, i, isotherms, T, isoconcentration, S, and apparent viscosity,
U, contours for different time constant parameter, E, (1, 0.6 and 0). The flow patterns are considered
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single-cell, filling the entire cavity. A certain value of the stream lines in the enclosure center shows
that the increased parameter E enlarges the vortices.
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Fig. 2. Respective presentation of (a) streamlines; (b) isotherms; (c) is-concentration; (d) apparent
viscosity, for Ray = 104, Le = 10, N = —0.5,E = 0.1,a = 2,s = 1072, and y = 0°.
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Fig. 3. Respective presentation of (a) streamlines; (b) isotherms; (c) is-concentration; (d) apparent

viscosity, for Ray = 104, Le = 10, N = —0.5,n = 0.6, a = 2, s = 1072, y = 0° and different time

constant parameter, E.

Moreover, the pattern is seen in the isotherms as they tilt toward the hot wall and their gradient
increase slightly. The comparison between the iso-concentration demonstrates the rise of the
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parameter E from 0 to 1 reason the gradient of the iso-concentration on the hot wall to increase
considerably. This means an improved mass exchange due to the augmented E. As the parameter E
increases, the viscosity decreases. In addition, the fluid becomes very viscous with decreased
parameters E.

Figure 4 depicts the hydrodynamics, thermal fields, iso-concentration, and apparent viscosity.
The flow patterns reveal an improvement in the convection process with decreased parameter s. In
addition, the contours show that the density of iso-concentration on the hot wall increase with
decreasing parameter s, which means an enhanced mass transfer. Furthermore, as the parameter s
decreases, the apparent viscosity is reduced (s = 1, Newtonian fluid).

Figure 5 displays streamlines, isotherms, is concentration, and apparent viscosity in different
values of parameter a. The motion of the streamlines confirms the model become the elliptical shape
of the flow patterns change into a circular shape, which shows that the convection process increases
considerably with decreasing parameter a. The contours show that the density of iso-concentration
on the hot wall increase with decreasing parameter a. Hence, the patterns confirm that mass transfer
improves with decreasing parameter a. In fact, the both thermal and solutal gradient on the hot wall
is augment with the decreasing in parameter a, indication an increase in convective thermal and
mass exchange rates. As the parameter a decrease, the apparent viscosity part fills almost the entire
cavity, with the exception of a few small surrendered section near with walls. In fact, the viscosity is
augment with parameter a decrease.

s=0.5

Wo = 13.720 Nu = 3.606 Sh =8.337 u=0251
(a) (b) (c) (d)
Fig. 4. Respective presentation of (a) streamlines; (b) isotherms; (c) is-concentration; (d) apparent viscosity,
for Ray = 10*, Le = 10, N = —0.5,n = 0.6, a = 2, s = 1072, y = 0° and different time constant
parameter, E.
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a=05

Nu = 3.572

s=0.2

Wo = 23.593 Nu = 4.897 Sh=12.701 u=0.113
(a) (b) () (d)
Fig. 5. Respective presentation of (a) streamlines; (b) isotherms; (c) is-concentration; (d) apparent viscosity,
for Ray = 10*, Le = 10, N = —0.5,n = 0.6, E = 0.1, s = 1072, y = 0° and different parameter, a.

Figure 6 displays the Soret number, S,., effect on the streamlines, isotherms, is concentrations
and viscosity apparent, contours. The streamlines do not vary noticeably with improved Soret
number. The circulation of the thin core in flow patterns develops a little with the advancement of
the Soret number. There is no significant alteration into isotherms with the component of the Soret
number. While the Soret number is added to the concentration equation. The important effectuate
of S, observed in the isoconcentration gradient augment near the hot wall as the Soret number
decrease from S, = 0.6 to -0.6, which leads to the increase in convective mass transfer. No significant
change in isotherms is noted. The site alteration of apparent viscosity is not significantly noted for
different values of Soret number, this alteration is observed according to the parameter used in this
mode.

Figure 7 resumes the Dufour effect, Dy, on the streamlines, thermal fields, is-concentrations and
viscosity apparent contours. The flow is single-celled and fills the whole cavity; a cell rotation
clockwise is observed. The specific vortex is enlarged and the gradient of isotherms is gradually
augmented on the hot wall according to the augmented Dufour parameter. Also, an increase in the
convection process and buoyancy force is observed due to the increase of the temperature.
Moreover, the apparent viscosity increases with increased Dufour parameter from Dy = —0.6 to 0.6.
However, no significant impact of Dufour parameter on iso-concentrations is observed, where the
iso-concentrations move toward the hot wall slightly.

The profiles of apparent viscosity, u, across the enclosure at mid-width location (x = 0) are
plotted in Figures 8(a)-8(d) for Ra; = 104, Le =10,N = —0.5,y = 0°and S, = Dy = 0. According
to Eq. (14), it is seen that u = 1 when n = 1,E = 0 and s = 1, respectively. Upon decreasing the
amounts of n and s or increasing those of E and a, the shear-thinning effect becomes considerable
near the walls or at the cavity center, reducing thus the fluid viscosity and owing to high shear-rates.
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Fig. 6. Soret impacts on the (a) streamlines; (b) thermal fields; (c) iso-concentration; (d) viscosity apparent,
for Rar = 10*, Le =10,N = —0.5,n=0.6,E=0.1,a=0,s = 1072, y = 0° and Df =0.
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Fig. 7. Present the Dufour parameter effects, Dy, on (a) streamlines; (b) isotherms; (c) isoconcentration;
(d) viscosity apparent, for Ray = 10%, Le = 10, N = —=0.5,n = 0.6, E =0.1,a=0,s = 1072,y = 0°

and S, = 0.

105



CFD Letters
Volume 14, Issue 3 (2022) 96-118

1.2

1 =1 (Newtonian)

p=1 (Newtonian)

0

71T
—eee
4=

-y e
A kil e e

. (b) ,
0
-0.5 -0.25 0 0.25 0.5
Yy
(b)
0.7
i — 2
p=1 (Newtonian) n=0.6 a
1
n=0.6 —e— 5|
E=0.1 - s=0.5
08| - 02 - 5=0.1 -
x L —e— s5=0 - .\‘
-. .. -
K iy T - m,
06F -~
n
.
™
"
AA
o4l 4 ., A
A.A e e VPP
4
oz}
() (d)
PP TN - . soe: PSSO
1 1 1
90.5 -0.25 ] 0.25 0.5 ?0‘5 -0.25 0 0.25 0.5
y %

(© (d)

Fig. 8. Present the Apparent viscosity at x = 0: (a) influence of n; (b) influence of time constant

parameter, E; (c) influence of s; (d) influence of parameter, a, for Ra; = 104, Le =10,N = —-0.5,y =0°
and S, = Df = 0.

Comparing the results to a Newtonian case, the shear-thinning behavior is seen to enhance the
convective circulation. This observation is identic to the findings claimed by Lamsaadi et al., [12],
Benouared et al., [14] and Alloui and Vasseur [29] in their works on pure thermal convection in
horizontal and vertical cavities.

Figure 9 shows the apparent viscosity versus shear rate. Figure 9(a) reveals an increase in the
apparent viscosity with decreasing shear rate for different values of n. As shown by the computed
results for n = 1, the apparent viscosity occurred at u = 1. From Figure 9(b), the increased
parameter, E, induces a decrease in apparent viscosity. For E = 0, it was found that the apparent
viscosity occurred at 4 = 1. Figure 9(c) shows that any increase of, s, yields an increase in apparent
viscosity and u = 1 fors = 1. Figure 9(d) shows the effect of the parameter, a, on apparent viscosity.
For a varying from 0.2 to 2, the apparent viscosity increases with increasing, a.
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The impact of flow behavior index, n, on the stream function, Y, apparent viscosity, i, Nusselt
number, Nu, and Sherwood numbers, Sh, vs. Ra for Le = 10, N = —0.5,y = 0°and S, = Df=0is
presented in Figure 10. For n = 0.4 it is was found that both the stream function, the thermal and
mass exchange rates, raised monotonically with augmented Rayleigh number Ra; and that the
apparent viscosity decreased shows in Figure 10(a)-(c). Figure 10(a) shows for n = 0.4 subcritical
birufication is represented. The flow is defined by a passage from the rest state to a convection of
delimited amplitude at ¥, = 3.637. This passage occurs at a subcritical Rayleigh number Ra%’éb =
2270. Under the critical value, the result was purely conductive ¥y =0, Nu =Sh=1and u = 1.
Arises station at a Rayleigh of supercritical Ra?ép, then the characterized regime is convective. For
n < 1, the critical Rayleigh number (subcritical Rayleigh) is increased. For a given amount of Rar, the
n value is decreased. In fact, that subcritical convection is highly influenced by the flow behavior
index. In addition, the thermal and mass exchange rates are significantly enhanced. The apparent
viscosity is significantly reduced with decreased n (Figure 10b).
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Fig. 10. Impact of Rar, n, on: (a) P,; (b) apparent viscosity, u; (c) Nu; and (d) Sh, for Le = 10, N =

—-0.5,y=0°and S, =

Figure 11 displays the effects of parameter, a, on stream function, apparent viscosity, Nusselt
number and Sherwood numbers as variations versus power-law index, n, at Ray = 10%, Le = 10,
N=-05E=01,s=10"%y=0%and S, = Dy = 0. Where the decrease in parameter, a, the
stream function increase presented in Figure 11(a). The stream function is small for n = 1 and
increases with decreasing n. Figure 11(b) shows the changes in the apparent viscosity vs. the flow
behavior index, n, for various amounts of the parameter, a, when the parameter, a , increase the
apparent viscosity augment. Then we consider the influence of decreasing n on the decrease in
apparent viscosity from top (4 = 1) at Newtonian fluids to bottom at shear thinning fluids. From
Figures 11c and 11d, Nu and Sh increase with the decreasing parameter, a. The convective thermal
and mass exchange is improved by decreasing the parameter, a, while the behavior of Sherwood
number becomes asymptotic. The apparent viscosity drops considerably as the parameter, a,
decreases with decreasing n from 1 to 0. It is interesting to note that both Nu and Sh for Newtonian
fluids are less and more than shear thinning fluids (pseudo-plasticn < 1).
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Figure 12 displays the effect of time constant parameter, E, and flow behavior index, n, on stream
function, apparent viscosity, Nusselt number and Sherwood numbers vs. n, at Ra; = 10%, Le = 10,
N=-05 a=2 s=10"% y=0° and S, = Dy = 0. From Figure 12(a), the stream function
changes and increases rapidly with augmented E at 1, = 6.177. Figure 12(b) evaluates the influence
of E on apparent viscosity, where it increases with decreased E. The apparent viscosity increases for
various amounts of n, as the E parameter decreases. In addition, for E = 0 the apparent viscosity is
close to 1, which confirms the Newtonian behavior. The results demonstrate also a considerable
decrease in the apparent viscosity with decreasing, E, from 100 to 0. The apparent viscosity increases
for shear thinning fluids (pseudo plastic fluids) (n < 1) and it decreases with increasing n.
Furthermore, Nu and Sh increase with augmented E. So, the convection rates increase with the rise
of E parameter. Figures 12(c) and 12(d) summarize the effect of n on Nu and Sh for different E. The
thermal and mass exchange rates increase with increasing n, from 1 to 0.2. The drop of n augments
Nu and Sh, which mentions that the decreased n enhances the thermal and mass exchange. Nu and
Sh numbers are sensitive to the amounts of n and E. The augmentation in n and the decrease in
E yield an important rise in the convection rates.
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The influence of s and n on stream function, apparent viscosity, Nusselt number and Sherwood
numbers for Ray = 10* Le =10, N=—-05,E=0.1,a=2,y =0°and S, = Dy = 0 shows in
Figure 13. Figure 13(a) it shows that the stream function remains constant at Y, = 6.177 fors =1,
then it increases gradually with decreased s. The stream function increases according to the
decreased n. The apparent viscosity augments with the rise of s, reaching the topatu = 1 fors = 1.
The viscosity decreases from top to bottom with n values for various amounts of s. Figures 13(c) and
13(d) exhibit the effect of the parameter s on Nu and Sh. The decreased s provokes an augmentation
in Nu and Sh. Therefore, it proves that the convection rates rise with decreased s, which clearly
shows the influence of n, demonstrating thus that the important enhanced convection with
decreasing n (from Newtonian to shear-thinning fluids).

Figure 14 shows the effect of Dufour number, Df, and n, on the stream function, apparent
viscosity, Nu and Sh for Ray = 10* Le = 10, N = —0.5, y = 0° and S, = 0. In Figure 14(a), the
stream function increased with decreasing Dufour number, Dy, for n < 1. In addition, the stream
function decreases with decreased Dy for n = 1. From Figure 14(b), the influence of D on the
apparent viscosity is highlighted. The apparent viscosity increases with increased Dy. Also, the
viscosity apparent is increased to the maximum value for n = 1.
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n

However, for the small values of shear thinning fluids (n < 1), the viscosity is weak. Figures 14(c)
and (d) show high Nu and Sh values with increasing Dy. As n, decreases, Sh increases with decreasing
Dy. The mass transfer increases with decreasing n. It is observation to notation that the both Nu and
Sh numbers for n < 1 are much than that of Newtonian fluids (n = 1).

The effect of Soret number S, and n on the stream function, apparent viscosity, Nu and Sh is
illustrated in Figure 15 at Ra; = 10* Le = 10, N = —0.5,y = 0°and Dy = 0. From Figure 15(a), the
stream function slightly increases with increased Sr from -1 to 1. For high values of n, 1, gradually
increases with decreasing n. In addition, the stream function increases with increased Sr for shear-
thinnig fluids and it decreases with increased Sr for Newtonan fluids (n = 1). Figure 15(b) plots the
apparent viscosity profile for different valeus of Soret number, whre no significant change is observed
with decreased Sr. It is also observed that decreasing n from 1 to 0.4 decreases the apparent viscosity
for all values of Soret number. Figures 15(c) and (d) resume the Sr influence on Nu and Sh. The
increased Sr yields an increase in Sh and a small decline in Nu. Moreover, Nu and Sh increase with
decreased n from 1 to 0.4. Also, the augementation in the thermal and mass exchange for shear-
thining fluids is in contrary to the Newtonian fluids.

Figure 16 resumes the Le and n influence on the stream function, apparent viscosity, Nu and Sh
for Ray = 10, N = —0.5,y = 0°and S, = Dy = 0. When Le is increased from 1 to 50, the stream
function increases. The decreasing n decreases the stream function for all values of Le. The effect of
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Le on apparente viscosity is displayed in Figure 16(b), where the apparent viscosity increases slighthy
with decreased Le. Decresing the value of n, the apparent viscosity decreases in a monotonic way
until a constant value for shear-thinnig fluids, n = 0.4.
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Figures 16(c) and (d) show the variation of Nu and Sh vs. n. Indeed, the increasing Le causes a
consdierable rise in Nu and Sh. As a result, the pattern confirms that thermal and mass exchange is
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improved with the rise of Le, for various n. The convection intensity is lower for Newtonian fluids and
in contrast to psuodoplastic fluids.

The impact of bouyancy ratio, N, on the stream function, apparent viscosity, Nu and Sh is given
in Figure 17 for Ra; = 10%* Le = 10,y = 0°and S, = Dy = 0. As N increases, the stream function
is increased. In addition, with increase n, the stream function is small for Newtonian fluids and it
increases for large values of n in shear-thinning fluids. Figure 17(b) illustrates the influence of N on
apparent viscosity, where a slight variation in the apparent viscosity is remarked vs. N. The apparent
viscocity u = 1 for Newtonian fluids, then it decreases rapidly to constant values for shear-thinning
fluids n = 0.4. Figures. 17(c) and (d) show that Nu and Sh increase with N. When n decreases from
1to 0.4, Nu and Sh tend towards an asymptotic value wich is a function of N from -1 to 1. This is due
to the increase of the volume forces in the momentun equation. Morevere, the augementation of
buoyancy ratio enhances the thermal and mass exchange. The mass exchange reaches a maximun
asymptotic value faster than the thermal exchange. This is a direct consequence of the Lewis number
(Le = 10) in the mass exchange. As n decreases from Newtonian fluids (n = 1) to shear-thinning
fluids (n = 0.4), the thermal and mass exchange increase for all valeus of N.
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Fig. 17. Effect of bouyancy ratio, N, on: (a) Y; (b) apparent viscosity, u; (c) Nu; (d) Sh, for Ra; = 10%,
Le =10,y =0°and S, = Dy = 0.

The change of Y, 1, Nu and Sh with the flow behavior index, n, for various cases of y (0° to 90°)
at Ray = 10% Le =10 and S, = Dy = 0 is shows in Figures 18(a)-(d). The results demonstrate that
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the highest values of Nu, and Sh are found when y = 60°. Decreasing the flow behavior index, n,
enhances both the thermal and mass exchange. It clear from Figures 18(c) and (d) that for a given
value of n, an increase in the inclination angle increases significantly both Nu and Sh. Figure 18(b)
shows a decrease in viscosity with increased y°. From Figures 18(c) and (d), it is proven that at 0.4 <
n < 0.6, Nuaty = 60° ismore thanthataty = 90°. However,at 0.6 <n < 1, Nuaty = 30°is more
than that at y = 90°. Nu increases significantly at y = 0°. Sh augments with increasing y from 0° to
90° and it is considrably enhanced.
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Fig. 18. Effect of inclined angel, y, on: (a) 1,; (b) apparent viscosity, y; (c) Nu; and (d) Sh, for Ra; = 10%
Le =10and S, = Df = 0.

5. Conclusions

The thermosolutal convection in an inclined cavity filled with non-Newtonian fluids was
numerically examined. The effect of the Carreau-Yasuda rheological parameters, Rayliegh number,
Ray ,Lewis number, Le, buoyancy ratio, N, Dufour and Soret numbers and inclination angle, y, on
the thermal and mass exchange was demonstrated. The main conclusion of the present investigation
can be summarized as follows:

i.  Thethermal and mass exchange augments with decreasing s and a parameters and rising for
the time constant parameter E, and a, and causes the apparent viscosity to drop slightly as
the power-law index, n, decrease from Newtonian fluids to shear-thinning fluids.
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The decreased Rar improves both the thermal and mass exchange and apparent viscosity for
different power-low index, n.

The decrease n promotes the convection in the cavity and significantly increases the thermal
and mass exchange. Thus, the decreases n favours the subercritical convection finit
amplitude.

iv.  The thermal exchange increases for rising Soret and Dufour parameters. The mass transfer is
enhanced with increased Sr and Ds.
v.  The apparent viscosity drops with increasing Soret and Dufour numbers.
vi.  Theincrease in the Lewis number augments the thermal and mass exchange for various values
of power-law index, n.
vii.  The rise of buoyancy ratio increases considerably both the thermal and mass exchange. But
the increase is not uniform for different power-low indices.
viii.  The increase of buoyancy ratio yields a decrease in viscosity with decreased n.
ix.  The maximum Nu and Sh increase with increased inclination angle for 60° to 90°, i.e., the
convection process is enhanced at 60°.
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