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Abstract

In this work, we numerically study thermosolutal convection in an inclined square cavity, the aim
being to numerically study natural convection in a square cavity with variable heating and cooling.
The cavity is filled with a non-Newtonian power-law fluid and saturated with a porous medium.
The active walls are subjected to horizontal pressures, while the other walls are assumed to be
adiabitic and impermeable. The equations governing the power-law fluid flow are solved using the
finite-difference numerical method in time and space. The study examines the effects of relevant
parameters such as Rayleigh number, the buoyancy ratio N, and inclination angel, ®, and the
Lewis number. the effects of the guiding parameters mentioned, flow intensity, apparent viscosity
and heat and mass transfer rates, were illustrated and discussed in terms of vapor lines, isotherm,
isoconcentration, apparent viscosity contours, flow function, apparent viscosity profiles, mean
Nusselt number and mean Sherwood number. The results show that increasing the Rayleigh
number improves flow intensity, and that heat and mass transfer are enhanced by increasing the
Rayleigh number. also show that the average Nusselt number and sherwood number increase for
shear thinning fluids. The Rayleigh number and power law index have significant effects on cavity
thermal performance. Heat and mass transfer are enhanced at an angle of inclination of 45°.
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Introduction

The study of natural thermo-solutal convection through an enclosure filled with non-
Newtonian fluids in porous media exhibits a non-linear behavior that differs from that of
Newtonian fluids in porous media. has been the subject of intensive research due to its importance
in many natural and industrial problems, and has been the subject of a large number of
experimental, analytical and numerical studies in recent years, using a variety of models. Many
technical or environmental applications such as chemical engineering, petrochemistry, geophysical

systems, certain separation processes, gas storage, oil extraction, thermal engineering and various
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industrial processes, etc. are based on this technology. Several researchers have studied heat and
mass transfer problems for fluids with non-Newtonian rheology. Various models have been
proposed to explain the behavior of non-Newtonian fluids. Among these, the power-law model
has gained in importance [1-4]

Ostrach et al. [5] have studied heat transfer by natural convection as an important phenomenon
in engineered systems, due to its many applications in heat exchangers, electronic cooling, solar
collectors and double-glazed windows. Tauton and Lightfoot [6] studied the problem of the
stability of a horizontal porous layer saturated with a binary fluid. The horizontal layers were
maintained at constant temperatures and concentrations. Heat and mass transfer in a porous layer
with imposed temperatures and concentrations on horizontal walls has been studied analytically
by Trevisan and Bejan [7]. [8] Have also studied double-diffusive convection in a porous cavity
with vertical walls. They studied diffuse convection in a porous cavity whose vertical walls are
maintained at constant temperatures and concentrations. Order-of-magnitude analysis for a thrust
ratio between -5 and 3, a Lewis number between 0.1 and 10 and a Rayleigh Ra*=200 porous
cavity. The order of magnitude of the heat and mass transfer rates was determined as a function
of the thermal Rayleigh number, Ra, volume ratio N and Lewis number, Le. These results are in
good agreement with those obtained numerically. In addition, they observed a complete
disappearance of convective flow when N = —1 and Le = 1. Chen and Chen [9-10] presented
similarity solutions for natural convection of a non-Newtonian fluid over vertical surfaces in
porous media. The effects of power-law index n on heat transfer characteristics were also examined.

The problem of natural convection of a non-Newtonian power-law fluid in a porous medium
adjacent to a heated impermeable plate with a non-uniform heat flux distribution by these authors.
In this study, the power-law model originally proposed by Christopher and Middleman is used.
[11] And subsequently modified by Dharmadhikari and Kale [12]. The natural convection of a
cylinder and a sphere in a porous medium was presented by Chen and Chen [13-14]. Pericleous
[15] examined how shear-thinning and shear-thickening behaviors affected convection in a
chamber with isothermally heated vertical walls. Yang et al. [16] analyzed the free convection
heat transfer of non-Newtonian power-law fluids over axisymmetric and two-dimensional bodies
of arbitrary shape embedded in a fluid-saturated porous. Turki [17] has numerically studied the
problem of natural convection in a closed, differentially heated rectangular cavity filled with a non-
Newtonian power-law  fluid. Nakayama [18] studied free convection from a horizontal heat
source in a fluid-saturated porous medium with a power-law. Bian et al. [19] examined the impact
of shear behavior on convection in an inclined rectangular porous cavity. Amari et al. [20] propose
the study of natural convection of this fluid inside a porous cavity. The configuration of this layer
is horizontal and heated from below or from the sides, by a constant heat flux. The problem has
been solved analytically in the limit of a thin layer using the modified darcy law. The authors show
the sensitivity of the heat transfer to the index of the power-law.

The study of double diffusion from a plate in a porous medium saturated with a non-Newtonian
power-law fluid studied by Rastogi and Poulikakos [21]. In a recent study, Younsi et al. [22]
investigated the flow behavior flow behavior and transfer in the range of high thermal Rayleigh of
large thermal Rayleigh numbers, when the forces of volume forces of thermal and mass origin are
opposed. Kim and Hyun [23] studied the effects of heat generation on natural convection in a
porous medium saturated with a power-law fluid in an enclosure. Jumah and Mujumdar [24]
investigated heat and mass transfer by natural convection of non-Newtonian power-law fluids with

flow constraint on a vertical plate in a saturated porous medium at variable temperature and
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concentration. Non-Newtonian liquids are characterized by materials that thicken and thin under
shear, with different influences on heat transport operations. Consequently, highlighting the heat
transport characteristics of non-Newtonian liquids at different working stresses helps to increase
their heat transport efficiency. Hadim [25] studied the natural convection of non-Newtonian
power-law fluids in a porous cavity and described it numerically using the modified Brinkman-
Forchheimer model. He found that as the power-law index decreases, the circulation inside the
enclosure increases, leading to a higher Nusselt number. These effects are reinforced as the Darcy
number increases. The result is a higher vertical velocity near the walls and a higher Nusselt
number in the cavity. Cheng [26] studied doubly diffusive natural convection near an inclined
corrugated surface in a porous medium saturated with fluid at Constant temperature and
concentration. The onset of double-diffusive convection in a shallow enclosure subjected to
vertical gradients of heat and solute has been studied analytically numerically by Mamou and
Vasseur [27]. Getachew et al. [28] considered the case where the porous medium is saturated by a
non-Newtonian fluid characterized by a power-law model. Kalla et al. [29] adopted the
Boussinesq approximation in the Darcy model to study natural double-diffusion convective flow
in a shallow porous enclosure, In the first case, the porous layer is subjected to vertical gradients
of heat and mass, which either help or oppose each other. In the second, heat and mass gradients
and imposed horizontally, again either helping or opposing each other. The authors demonstrated
the existence of multiple convective solutions for a wide range of governing parameters. Hyun and
Lee [30] carried out a numerical study of double-diffusive convection in a rectangular cavity with
combined horizontal gradients of temperature and concentration. They imposed boundary
conditions on the vertical so that thermal and solutal buoyancy effects cancel each other out. solute
buoyancy effects cancel each other out, resulting in an opposite-gradient flow configuration.

The study by Lamsaadi et al. [31] investigated the effect of power index in a rectangular cavity
filled with non-Newtonian fluids with adiabatic vertical walls and differentially heated horizontal
walls, the bottom wall being at a higher temperature for the high Prandtl number limit. Compared
with Newtonian fluids (n = 1), a decrease in the power index n (shear-thinning fluids, (0 < n <
1) induces an early onset of the single-cell flow regime and increases the rate of convective heat
transfer, while an increase in n (shear-thickening fluids, n > 1) produces the opposite effect.
Cheng was studied the flow of [32] Heat and mass transfer flow by natural convection of non-
Newtonian fluids with yield stress in a porous medium from a vertical plate with variable heat and
mass fluxes at the wall. He observed that the existence of a threshold pressure gradient in power-
law fluids tends to decrease the fluid velocity and local Nusselt and Sherwood numbers. Similarly,
an increase in the power-law exponent increases the local Nusselt and Sherwood numbers.
Lamsaadi et al. [33] studied heat transfer by natural convection in vertical enclosures filled with
non-Newtonian power-law fluids. In their case, the cavity was heated with a constant heat flux,
using different boundary conditions. The results obtained show that for non-Newtonian fluids
characterized by high Pr values, natural convection in high cavities is essentially controlled by the
flow behavior index n and the Rayleigh number Ra. Cheng [34] studied doubly diffusive natural
convection near an inclined corrugated surface in a porous medium saturated with fluid at constant
temperature and concentration. Makayssi et al. [35] studied the analytical and numerical
investigation of natural double-diffusive convection in a rectangular enclosure filled with a non-
Newtonian fluid. In the case of a shallow cavity, the authors proposed an analytical solution based
on the parallel flow approximation. This analytical solution is in good agreement with the
numerical solution. The boundary finite element method for studying the natural convection of a
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non-Newtonian fluid in a square porous cavity was applied by Jecl and Skerget [36]. The Power-
law and Carreau models are used to model non-Newtonian rheological behavior. The results of
hydrodynamic and heat transfer evaluations have been reported for the configuration in which the
enclosure is heated by a side wall, while the horizontal walls are insulated. Flow in the porous
medium was modeled using Brinkman's extended Darcy model.

Kefayati [37] studied fluid flow and heat transfer of non-Newtonian power-law fluids in an
inclined porous cavity in the presence of Soret and Dufour parameters , Results indicate that the
Improved heat and mass transfer causes the augmentation of the Rayleigh numbers in various
power-law indices, Darcy numbers, Soret and Dufour parameter. Makayssi et al. [38] determined
the characteristics of thermosolutal natural convection in a rectangular cavity with uniformly
heated vertical walls and adiabatic horizontal walls. For a saturated anisotropic porous medium.
Rebhi et al. [39-40] presented investigations of the convection generated by various boundary
conditions in horizontal and vertical porous enclosures using the Dupuit—Darcy model and the
theory of linear stability, the authors predicted explicitly and implicitly the onsets of the triggering
point of bifurcation from the steady- to oscillatory-state. They showed a considerable impact of
the form drag on the critical conditions and the rates of thermal and mass exchanges. In addition,
the authors numerically demonstrated that multiple solutions were possible for a given set of
parameters. governing parameters. Hu et al. [41] examined the effect of cavity inclination and
magnetic field on double-diffusive convection. For inclined enclosures, they found that in both
vertical and inclined enclosures, the increase in thermal Rayleigh number and buoyancy ratio leads
to improved heat and moisture transfer rates. As for the magnetic field, they showed that its
presence leads to the suppression of convection currents, thus reducing heat and moisture transfer.
Nouri et al. [42] reviewed Natural convection for non-Newtonian power-law fluids confined in
a square cavity, heated and cooled from its vertical sides with uniform heat fluxes results obtained
show that an increase in the index, n, reduces thermal convection, while a decrease in this while a
decrease of this parameter produces the opposite effect. The study by Ahmed et al. [43] compares
thermosolutal convection in a horizontal annular space filled with a binary fluid (ADI method)
and around a hot horizontal cylinder immersed in a saturated porous medium (Keller box
method), with both numerical approaches showing that increasing the Lewis number makes the
thermal boundary layer increasingly thick. Khali et al. [44] studied doubly diffusive convection on
a power-law fluid. The study shows that the fluid structure is more important for the thermal base
flow. Sankar et al. [45] have numerically investigated double-diffusion convection in a porous
vertical ring subjected to heat and mass fluxes from part of the inner wall, while the outer wall is
maintained at uniform temperature and concentration. The influence of key parameters such as
thermal Rayleigh number, Darcy number, Lewis number and buoyancy and radius ratios on heat
and mass transfer has been investigated. Numerical results show that flow structure and heat and
mass transfer rates are strongly dependent on the location of the heat source. In addition, the
buoyancy ratio is significantly influenced by the thermal Rayleigh number, Darcy number, Lewis
number and source location. Habibi et al. [46] studied heat transfer by natural convection of a
non-Newtonian power-law fluid in a square cavity with two concentric hot and cold ducts. Their
results revealed that the rate of heat transfer decreases by increasing the power-law index from 0.6
to 1.4. Nayak et al. [47] examined thermosolutal mixed convection of a shear-thinning due to
partially active mixed zones inside a square cavity actuated by a lid. The results showed that the
location and length of the heating and cooling zones have a significant influence on flow, heat and
mass transfer. They found that the rate of heat transfer is maximum for minimum heat source
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length and maximum power-law index. Manchanda et al. [48] Numerical analysis of natural and
forced convection flows in a square cavity closed by a lid on two sides with a heated triangular
obstacle for non-Newtonian power-law fluids. They reported that the effect of the mixed
convection parameter, i.c., has a negligible impact on the fluidic and thermal structure inside the
cavity for fluids with n=0.2. The natural convection of a non-Newtonian fluid in a square cavity
was studied by Kefayati et al. [49] They investigated the effect of a porous medium on the rate of
heat transfer by adding it to the cavity. The natural convection of a non-Newtonian power-law
fluid in a square porous cavity has been studied by Wang et al [50]. The results obtained by these
authors are the problem analytically and numerically using the fourth-order Runge-Kutta scheme
and the shooting method. The reported numerical results showed that natural convection is
triggered if a minimum value of yield stress is provided. Tizakast et al. [51] carried out an analytical
and numerical analysis of mixed double-diffusion convection in a closed rectangular cavity filled
with a non-Newtonian power-law fluid. The results indicate that increasing the thermal Rayleigh
number or Peclet number enhances heat and mass transfer, while the power-law behavior index
strongly affects heat and mass transfer, as shear-thinning behavior enhances convection compared
to the Newtonian case, while shear-thickening behavior reduces it. The stability of doubly diffusive
convection in a vertical rectangular porous enclosure was analyzed by Mamou et al. [52] On the
basis of linear stability theory, thresholds for the occurrence of supercritical, oscillating and
superstable convection were determined. A threshold for the occurrence of subcritical convection
of finite amplitude was calculated analytically as a function of the Lewis number. Earlier studies [
Nield 53 and Platten and Legros 54]. revealed the possibility of the existence of oscillating
convection regimes below the supercritical Rayleigh number. To determine stable, oscillating,
unstable and directly unstable modes a transient linear stability analysis of the problem is required.
The finite-amplitude convection threshold in an elongated porous cavity saturated with a binary
fluid has been studied by Rudriah et al. [55]. The authors used a nonlinear stability analysis based
on a sliced Fourrier series representation. The effects of Lewis and Prandlt numbers on convection
were taken into account. Brand and Steinberg [56] studied convection with finite amplitude near
the stationary convection threshold. The oscillatory time evolution of heat and mass transfer rates
was also demonstrated by these authors. Recently, Rebhi et al. [57-58], have studied asymptotic
and numerical double-diffusion convection in the presence of a magnetic field. The study was
generalized using Neumann and Dirichlet boundary conditions for temperature and solute
concentrations. and solute concentrations, and different convection modes were identified.
Nonlinear thermosolutal convection has been extensively studied in a rectangular porous cavity by
Rebhi et al. [59]. The authors examined numerically and analytically the Soret and Dufour effect
in the presence of a magnetic field, as well as the Hopf bifurcation as a function of the governing
parameters, namely the Rayleigh, Hartmann, Soret and Lewis numbers, the buoyancy ratio, the
enclosure aspect and the normalized porosity of the porous medium on flow structure, streamlines,
isotherm and isoconcertation contours, heat and mass transfer rates and the principles of linear
convection, their results showed that the heat transfer rate increases with the Dufour number and
decreases with the Soret number, and vice versa for the mass transfer rate. Lounis et al. [60]
examined the impact of Dufour and Soret effects on double-diffusive convection inside an angular
square enclosure by simulating the rheological behavior of the non-Newtonian fluid using the
Carreau-Yasuda model. Their main conclusion is that the Lewis number, the Rayleigh Ray
number, stimulates heat and mass exchange for different values of the power-law index. The results
obtained are as follows for different low power indices, n, the reduced Ray increases heat, mass
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and apparent viscosity exchange. Recently, using the Dupuit-Darcy model, Alilat et al. [61]
numerically studied the free convection of an inclined square porous medium filled with a single-
walled carbon nanotube and a non-Newtonian nanofluid, water. The Carreau-Yasuda model was
used to represent the rheological behavior of non-Newtonian fluids. Their main findings are that
increasing the percentage of single-walled carbon nanotubes (SWCNTs) significantly improves
heat transfer, even as fluid viscosity increases.

The aim of this work is therefore to study thermosolutal convection in an inclined square space
filled with a porous medium saturated with a non-Newtonian fluid such as rheofluidizing fluids
modeled by the power-law model, assumed to be incompressible, and subject to Dirichlet-type
thermal boundary conditions of constant temperature and concentration, imposed on the active
walls of the cavity, as well as on the other walls, is assumed to be adiabatic and impermeable. The
aim of this paper is to examine the importance of fluid rheology in porous media on the problem
of heat and mass transfer in a laminar boundary layer by natural convection. The basic equations
are reduced to a set of ordinary equations that are solved numerically using the finite-difference
method. Consequently, the effects of parameters such as Rayleigh number, power-law index, Lewis
number, boundary ratio and anchor angle are examined. Numerical results for streamlines,
isotherms and isoconcentration, as well as local Nusselt and Sherwood profiles, and apparent
viscosity were analyzed.

Mathematical Formulation

In this study, we consider the phenomenon of double diffusion convection in an enclosure. The
spatial configuration of this problem consists of a square cavity inclined at an angle to the
horizontal plane, containing a porous medium and filled with a non-Newtonian fluid of the
power-law type, In the Rayleigh-Bénard configuration, the schematic diagram of this
configuration is shown in figure 1. The active walls are subject to Dirichlet-type boundary
conditions of imposed constant temperature and concentration, while the other walls are assumed

to be adiabatic and impermeable.

¥ (m) C'y(kg/m?)

X' (m)

C'y(kg/m?)
T'um(k)

Figure 1. Geometry of the physical problem.

The flow behavior is modeled using the power-law model, The Boussinesq approximation was
adopted, where the fluid density variation with temperature is described by the state equation.

The flow is assumed to be two-dimensional, laminar, incompressible and non-Newtonian. The
fluid and the porous medium are in local thermodynamic equilibrium. The physical properties of
the fluid are assumed constant, and the Boussinesq approximation is adopted; density is constant
except in the force density term, where it is assumed to vary linearly with temperature and
concentration.
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Where py is the fluid mixture density at reference temperature T and solute fraction, C, S and B¢
are the thermal and concentration expansion coefficients, respectively.

The non-Newtonian fluids considered here are those whose rheological behavior can be
described by the power-law model (also known as the Ostwald-de Waele model or the two-
parameter model), which leads to a relationship between shear stress and shear rate. In terms of

laminar apparent viscosity, this relationship can be written as follows:
n—1

r = k[Z(é—"’)z + (a—‘”)ﬂ ’ @
OX oy

where n, is a dimensionless constant called the power-law index, and k is an empirical coefficient
known as the consistency factor, which is an indicator of the degree of the fluid viscosity. Note
that for n = 1, the power-law model reduces to Newton’s law by setting k = m. Thus, the
deviation of n from unity characterizes the degree of non- Newtonian behavior of the fluid. On
one hand, when n is in the range 0 <n < 1, the fluid is said to be pseudo-plastic (or shear-
thinning) and the viscosity is found to decrease with increasing shear rate. On the other hand,
when n > 1, the fluid is said to be dilatant (or shear-thickening) and the viscosity increases with
increasing shear rate. Dilatant fluids are in general much less common than pseudo-plastic ones.
Though the Ostwald-de Waele model does not converge to Newtonian behavior in the limit of
zero and maximum shear rates, it does present the advantage of being simple and mathematically
tractable. In addition, the rheological behavior of many substances can be adequately represented
by this model for a relatively large range of shear rates (or shear stresses), which makes it useful, at
least for engineering purposes, and justifies its use in most theoretical investigations of fluids having
pseudo-plastic or dilatant behavior.

Under the convection assumptions commonly used, the dimensionless transport equations for
energy, T , concentration, C, and current function the current function, W, are written

respectively:
VZ\PZ—/,I;:L a_ly%_ka_\{l%_'_R[ﬂ_'_N@j (3)
oy oy ox ox x| ox
,2C , 8WC)  oWC) | . 2°C  &°Cy (5)
ot ox oy ox? | oy?
where;
¥ and v — o (6)
oy Ox

The apparent viscosity, f, namely:
[au)z [avjz [éu asz o
u, =12/ = | +| = | |+| =+=
OX oy oy OX (7)

The dimensionless variables are obtained using the characteristic scales;
’ ’ VY ’ ’ ’ [ ol r_ 2
(X,y):(XIY)’(u,V):(U,V)H ,t:taz,\},:i’T:(T ;Fo)’C:(C € ®
H' a H’ a AT AC
The non-dimensional boundary conditions over the walls of the enclosure are;

U=v=0 and w=0 at Xzil and y:il )
2 2
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and the thermal and solutal boundary conditions:

gz@zo at X:il (10)

oX  OX 2

T=C=+2 a y-z1 (11)
2 2

In equations (3), (4) and (5), four dimensionless parameters appear: thermal Rayleigh number
Ra, the Lewis number Le, the buoyancy ratio /V, and the porosity, €. These parameters are defined
as follows;

_ 96 AT H ® le— & N- PBAC” (12)
oN D IBT AT )
Heat and mass transfer rates on the hot wall can be expressed in terms of average and local

Ra,

Nusselt and Sherwood numbers.

1/2
Nu=—g _oc > Nu = _[Nudx
6y y=+1/2 ay y=+1/2 -1/2 (13)
oc oT 12
Sh=-= - »Sh = J'Shdx
8y y=+1/2 ay y=+*1/2 -1/2 (14)

Numerical Solution

The complete governing equations associated with their respective boundary conditions are
solved numerically using the finite difference method. The equations are discretized using a central
second-order finite-difference scheme in time and space on a uniform grid.

The energy and concentration equations, equations (4) and (5), are solved iteratively in a specific
time mode using the implicit alternating direction method (A.D.I). The resulting sets of
discretized equations for each variable were solved by a line-by-line procedure, using the two-
system tri-diagonal matrix (TDMA) algorithm. This method divides a time step into two: in the
first half-step, the system is solved implicitly in the x-direction and explicitly in the y-direction. In
the second half-step, the procedure is reversed. In the second half-step, the procedure is reversed.
the current function equation, which is a second-order partial differential equation containing no
transient term, will be solved by the S.O.R. successive block relaxation method proposed by
Frankel (1950), which directly gives the value of ip at time (n + [)At, at the block of nodes
considered, with a sufficient number of iterations for the desired convergence criterion to be

satisfied. The convergence criterion is adopted:
k+1 k
zizj‘l//i,j _l//i,j‘
K
Zizj ‘Wi,j ‘

<10°® (15)

k. . o . .
where Y/, is the value of the stream function at the k" iteration level. The time step size, &

, is varied in the range 10° <&, <1073, depending on the values of the governing parameters

The numerical algorithm is tested for the classical problem of natural convection in a square
cavity. Clearly, the accuracy of numerical results depends on mesh size. The choice of mesh size
depends on the values of the control parameters. To optimize calculation time and preserve the
accuracy of the numerical solution. Table 1 shows the sensitivity of the numerical solution to the
mesh in terms of Nusselt number, Nu, and flow intensity, Wy, at the center of the cavity for the
case of a non-Newtonian fluid saturated by a porous medium. According to this table, it is justified
and sufficient to take a uniform mesh of 101x101 to adequately model the flow and heat transfer

inside the cavity under consideration.
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Table 1. Grid sensitivity study for; n = 0.6, Ra = 50,Le = 10,N = —0.1,and @ = 0°

NxxNy 25x25 | 45x45 75%75 101x101 125x125
v, 3.1051 | 2.5711 | 3.3119 3.7935 3.6958
Nu 4.0943 | 3.3689 | 3.4873 3.8798 3.6909
Sh 7.5856 | 7.7528 | 11.5782 12.1084 11.5895

X 1.8431 | 2.8967 | 3.8460 4.4927 5.7479

To assess the accuracy of the solution, the current results for heat transfer coefficients are

compared with the results [62-63-64] for natural convection in a cavity for the power-law of non-
Newtonian fluids (see Table 1). This indicates that the current numerical results in terms of

average Nusselt number are in good agreement with the other studies.

Table 2. Value of the average Nusselt number as a function of the power-law index.

n Nu,y, in Error Nu.y, in Error Nu,y, in Error Nuavg in this
[62] (%) [63] (%) [64] (%) Work
0.6 7.3823 1.07 6.9345 0.16 7.020 0.29 6.6578
0.8 5.6201 - 5.5127 - - - -
1 4.7662 0.16 4.6993 0.07 4.741 0.12 4.5802
1.2 4.2227 1.9 4.1709 0. 10 - - 4.0410
1.4 3.8464 3.03 3.7869 2.67 3.770 2.53 3.2161

4. Results and Discussion

In this section, we present numerical results for double diffusion convection. The model studied
is an inclined square cavity saturated by a porous medium and filled with a non-Newtonian power-
law fluid. The control parameters are the thermal Rayleigh number, Ra, the range the Lewis
number Le, the ratio of the solutal and thermal forces of the volume NV, and angle of inclination.
In this study, the values of n is change from from 0.6 to 1.4, including shear-thinning (0 < n <
1), Newtonian (n = 1) and shear-thickening (n > 1) fluids. Streamlines, isotherms and
isoconcentration, stream function distributions, apparent viscosity and average Nusselt and
Sherwood numbers are shown in the figures.

Figure 2 Shows the effect of the power-law index on the distribution of streamlines, isotherms,
and isconcentration contours, respectively. All results presented are associated with single-cell flow,
as indicated. Decreasing n intensifies flow patterns and increases thermal amplitudes and iso-
concentrations on the hot wall, signifying an improvement in the convection process. This
confirms that decreasing the power-law index, n, improves heat and mass transfer. Apparent
viscosity also varies as a function of power index, n, with the transition between a shear-thickening

fluid (n = 1.4) and a shear-thinning fluid (n = 1) being more complex and distorted.

@, T C
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Figure 2. Effect of the power-law index, n, on : (a) streamlines, (b) isotherms, (c) is-
concentrations contours for Ra = 50, Le = 10, N = —0.5 and @ = 0°
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The variations of, ¥y, u, Nu and Sh with Rayleigh number Ra are presented in Figure 3 for
Le =10, N = —0.1 and different values of power-law index, n. This figure also shows the

presence of subcritical convection for the different values of the behavior indexn = 1 (Newtonian

fluis) considered in this problem. The, Nu and S4 increase linearly with Ra, and the effect of n is

casily observed as shear-thinning fluids have higher heat and mass transfer rates with respect to

Newtonian and shear-thickening fluids. In addition, an important observation is that the raise in

the heat transfer coefficient due to increase in the viscosity parameter is more significant when

considered along with thermal Rayleigh number. Whose main role is to reduce viscous resistance

and improve convective flow.

Nu
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Figure 3. Effect of, Ra, and power-law index, n, on: stream function at the center of the
cavity, Y, apparent viscosity, 4, Sherwood number, Sk, and Nusselt number, Nu, for Le =
10,N = —-0.5and @ = 0°.

The angle of inclination of the cavity has a significant effect on heat and mass transfer and flow.
In the following, we will study the effect of four different inclination values on the different
variations that develop inside the cavity. Figures 4 show the effects of inclination angle y on flow
functions, apparent viscosity, heat and mass exchanges as a function of power-law n. According to
this figure, the current function decreases the shear thickening n (from 1.4 to 0.6) and increases
the tilt angle @, (from 0° to 90°). Figure 4 shows that viscosity remains constant for (n =1 —
p=1landn =14 - p < 1),and increases if n = 0.6 with increasing @. The results show that
the highest values of Nu and S/ are obtained when n = 0.6, giving the best heat and mass
exchange at @ = 45°. Resulting in accelerated fluid flows and increased heat and mass exchange
rates up to an optimum value @.

4 10
—e— 14
35 . n=l sl _—
S — e 06 _—
—— _—
k] o T L
- _—
\-\ i)
-
1 o \\_ H —— n=id
e —e— =l
e e arE —pe ). 6
A —e
B R E— 2
-
—
1 1 1 1 L L 0 L L Il 1 L
30 a0 50 60 70 B0 50 30 a0 50 &0 70 80 90
5 20
asp —e— -4
L e o
4 T —e— 106 " e
\\ — “\\_‘
15F
—— -4
35 \ o— n-l
S~ —e— =06
Nu 3fF ~.| Sh
25F e
- - 10
2
e N —
B
4 L 1 L 1 L

1 1 1 I 1
30 40 50 60 70 80 90 530 40 50 60 70 80 90

[} [}
Figure 4. Impact of inclined angel, @, and, n, on: stream function at the center of the

cavity, W, apparent viscosity, 4, Sherwood number, Sh, and Nusselt number, Nu, for Le =
10,Ra =50and N = —0.5.

The influence of buoyancy ratio N on ¥, Nu, Sh and apparent viscosity is illustrated in Figure
5 for Ra = 50,Le = 10 and different values of n, the current function, Nu and Sh increase
rapidly with decreasing n from n = 1.4 to n=1 for positive values of N (N > 0), the region where
flow is purely dominated by thermal effects (thermal flow N = 5).In the case N = 0, i.e., when
concentration effects are absent, convective motion is induced by temperature gradients alone,
leading to counter-clockwise flow (¥ > 0). On the other hand, the flow function increases with
decreasing power-law index, n, as shown in Figure 5. This is due to the increase in volumetric
forces in the equation of motion. In addition, increased buoyancy improves heat and mass

exchange. For negative values of N (N < 0), the region where forces are opposed but flux by solute
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effects (inverse flux N = —5). When the thermal effect is dominant, the flux function is positive.

In the same interval, the transition from conductive to convective regime when the number of, n,
dead for Ra = 50 is less than the number of supercritical, Then, for large negative values, the
solute effect is clearly dominant and the flux becomes negative. Below the critical value, the
solution is purely conductive (¥ = 0,Nu = Sh =1) whatever the amplitude of the
perturbation. Flow behavior is highly dependent on buoyancy rate. Note that mass transfer reaches
an asymptotic maximum value faster than heat transfer. This is a direct consequence of the Lewis
number (Le = 10) on mass transfer. As n decreases from (n =1.4ton = 0.6)and, N,
increases, a slight difference in viscosity is observed at f = 1 (Newtonian fluids), then decreases
sharply to reach shear-thinning values p<1. The viscosity of Newtonian fluids is a constant, while
the viscosity of non-Newtonian fluids is modified by the partial derivatives of velocity over
displacement in the form of a power. On the other hand, shear-thinning fluids have much better
heat and mass transfer performance than shear-thickening fluids, i.e. In other words, as the shear-

thickening index increases, so does the apparent viscosity.
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Figure 5. Influence of buoyancy ratio, N, and, n, on: stream function at the center of the
cavity, W, apparent viscosity, 4, Sherwood number, Sh, and Nusselt number, Nu, for Le =
10,Ra =50 and & = 0°

The influence of Lewis number, Le, and power-law index, n, on the stream function, apparent
viscosity, Sherwood number and Nusselt number is illustrated in Figure 6. an increase in the Lewis
number, the flux function increases significantly for n = 0.6, and for n = 1 the current function
is zero =0, and for n = 1.4 increases up to Le = 50 then decreases from Le = 100 for a zero-
stream function value. apparent viscosity remains constant forn = 1 (4 =1 Newtonian fluids),
forn = 1.4 it is less than unity (shear thickening fluids), and greater than unity forn = 0.6 (shear
thinning fluids). Therefore, Nusselt and Sherwood numbers are low in the range 1 < n < 1.6 as
Lewis increases, we observe that increasing the Lewis number decreases the number of Nu for the
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power-law index value n = 0.6, It is clear that decreasing the Nusselt number decreases the heat
transfer coefficient. In addition, the variation of mass transfer coefficient (Sherwood number, Sh)
with Lewis number. It is observed from these figures that increasing Lewis number increases the
Sherwood number for power-law index n = 0.6. Also, this effect enhances the mass fluxes and
lowers the heat fluxes.
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Figure 6. Influence of Lewis number, Le and n, on: stream function at the center of the

cavity, W, apparent viscosity, i, Sherwood number, Sh, and Nusselt number, Nu, for Le =
10,Ra = 50 and @ = 0°

The type of oscillating flow that occurs in the square cavity is illustrated by numerical results in
terms of the time evolution of ¥, Nu and Sh, obtained for Ra 50. The solution shows the
formation of cells with inclined and counter-rotating rollers stacked vertically. The resulting
oscillatory flow is simply periodic. Snapshots of flow function perturbations (obtained by
subtracting the time-averaged solution from the exact solution in time) at the different time steps
shown in Figure 7.
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Souaad Hamoudi et al.
Numerical Study of Rheological Natural Convection in a Square Cavity of non-Newtonian Power-Law Fluids
Saturated in a Porous Medium

In this paper, heat and mass transfer by natural convection along a square cavity in a porous
medium saturated with a non-Newtonian power-law fluid has been studied numerically. We also
performed a scaling analysis to predict heat and solute transfer. The main results are summarized

below:

. Increasing the Rayleigh number enhances natural convection inside the cavity, resulting both the

flow intensity and heat and mass transfers are promoted upon increasing. At n > 1, natural
convection is further enhanced when the Rayleigh number is increased.

. The average Nusselt number increases for shear-thinning fluids and decreases for shear-thickening

fluids compared to Newtonian fluids. These changes are more pronounced for shear-thinning

fluids (n < 1).

. Reducing the power-law index (n) increase the apparent viscosity of the fluid and enhances natural

convection inside the cavity, which then leads to an increased rate of heat and mass transfers. The
effect of inclination angle on convective heat and mass transfer convective heat and mass transfer

becomes more important as n decreases. Namely, the effect of the load is strongest at 45°.

. Reducing the power-law index (n) increas the apparent viscosity of the fluid and enhances natural

convection inside the cavity, which then leads to an increased rate of heat and mass transfers.
Enhancing natural convection as a result of reducing n is more pronounced at higher angle

inclination numbers.

. In the case of opposing thermal and solutal buoyancy forces N > 0 are found to be more sensitive,

this behavior is not observed in the case of thermal support and solute buoyancy forces N < 0.
This is due to the fact that for a positive thrust ratio, thermal and solutal forces add up, and flow

intensity increases. Increased flow intensity improves heat and mass transfer.

. The improvement in natural convection resulting from the reduction in n is more pronounced at

higher Lewis numbers. The average Nusselt number and Sherwood number increase as the power
index decreases for an increasing Lewis number.

References

Nield, D. A, A., Bejan. Convection in Porous Media, 3rd ed. Springer-Verlag, New York, 200.

Beghein, C., Haghigha, F., Allard, F. (1992). Numerical study of double-diffusive natural convection in a
square cavity. International Journal of Heat and Mass Transfer, Vol. 35(4), pp. 833-846.

Chen, H.T., Chen, C.K. (1988). Free convection of non-Newtonian fluids along a vertical plate embedded
in a porous medium. ASME Journal of Heat Transfer, Vol. 110, pp. 257-260.

Nakayama, A., Koyama, H. (1991). Buoyancy induced flow of non-Newtonian fluids over a non-
isothermal body of arbitrary shape in a fluid-saturated porous medium. Applied Scientific Research, Vol.
(48), pp. 55-70.

Ostrach, S., (1988). J. Heat Transfer Vol Natural Convection in Enclosures. 110, pp.1175-1190.
Taunton, J. W., Lightfoot, E. N., Green, T. (1972). Thermohaline instability and salt fingers in porous
medium. Phys. Fluids, Vol. 15, pp. 748-753.

Trevisan, O. V., Bejan, A. (1987). Mass and heat transfer by high Rayleigh number convection in a porous
medium heated from below. Int. J. Heat Mass Transfer, Vol. 30, pp. 2341-2356.

Trevisan, O. V. Bejan, A. (1985). Natural convection with combined heat and mass transfer buoyancy
effects in a porous medium, Int. J. Heat Mass Transfer, Vol. 28(7), pp. 1597-1611.

Chen, H.T., Chen, C.K. (1988). Free convection of non-Newtonian fluids along a vertical plate embedded
in a porous medium, ASME Journal of Heat Transfer, Vol. 110, pp. 257-260.

Chen, H. T., Chen, C. K. (1988b). Natural convection of a non-Newtonian fluid about a horizontal
cylinder and a sphere in a porous medium. Int. Comm. in Heat and Mass Transfer, Vol. 15, pp. 605-614.

Tob Regul Sci. ™ 2023 ;9(1): 5733-5750 5746



Souaad Hamoudi et al.

Numerical Study of Rheological Natural Convection in a Square Cavity of non-Newtonian Power-Law Fluids
Saturated in a Porous Medium

[11] Christopher, R. V., Middleman, S. (1965). Power-law flow through a packed tube. Ind. Eng. Chem.
Fundls, Vol. 4, pp. 422-426.

[12] Dharmadhikari, R. V., Kale, D. D. (1985). Flow of non-Newtonian fluids through porous media. Chem.
Eng. Sci, Vol. 40, pp. 527 529.

[13] Chen, H. T., Chen, C. K. (1988). Natural convection of a non- Newtonian fluid about a horizontal
cylinder and sphere in a porous medium. International Communications in Heat and Mass Transfer vol.15,
pp- 605-614.

[14] Chen, H. T., Chen, C. K. (1988). Natural convection of non-Newtonian fluids along a vertical plate
embedded in a porous medium, ASME Journal of Heat Transfer, vol. 110, pp. 257-260.

[15] Pericleous, K. A. (1994). Heat transfer in differentially heated non-newtonian cavities. International
Journal of Numerical Methods for Heat & Fluid Flow, Vol. 4 (3), pp. 229-248.

[16] Yang, Y. T., Wang, S. J. (1996). Free convection heat transfer of non-Newtonian fluids over axisymmetric
and two-dimensional bodies of arbitrary shape embedded in a fluidsaturated porous medium. Int. J. of
Heat and Mass Transfer, Vol. 39, pp. 203-210.

[17] Turki, S. (1990). Contribution to Numerical Study of Natural and Mixed Convection Heat Transfers in
Confined Non-Newtonian Fluids. Ph.D. thesis, CNAM, Paris, France.

[18] Nakayama, A. (1993). Free convection from a horizontal line heat source in a power-law fluid-saturated
porous medium. Int. J. of Heat and Fluid Flow, Vol. 14, pp. 279-283.

[19] Bian, W., Vasseur, P., Bilgen, E. (1994). Natural convection of non-Newtonian fluids in an inclined porous
layer. Chemical Engineering Communications, Vol. 129, no. (1): 79-97.

[20] Amari, B., vasseur, P., Bligen, E., 1994. Naturel convection of non-Newtonian fluids in a horizontal poreus
layer. P -185-193.

[21] Rastogi, S.K., Poulikakos, D., (1995). Double-diffusion from a vertical surface in a porous region saturated
with a non-Newtonian fluid, International Journal of Heat and Mass Transfer 38: 935-946.

[22] Younsi, R., Harkati, A., Kalache, D. (2002). Numerical simulation of double diffusive natural convection
in porous cavity: Opposing flow. Arabian J. for Sc. and Eng, Vol. 26(2b), pp. 145-155.

[23] Bin Kim, G., Hyun, J.M. (2004)3. Buoyant convection of a power-law fluid in an enclosure filled with
heat-generating porous media, Numer. Heat Transf, Part A Appl. 45 569-582,

[24] Jumah, R.Y., Mujumdar, A.S. (2001). Natural convection heat and mass transfer from a vertical plate with
variable wall temperature and concentration to power law fluids with yield stress in a porous medium,
Chemical Engineering Communications 185, 165-182.

[25] Hadim, H. (2006). Non-Darcy natural convection of a non-Newtonian fluid in a porous cavity.
International Communications in Heat and Mass Transfer 33, no. 10. 1179-1189.

[26] Ching-Yang Cheng, (2010). Double diffusive natural convection along an inclined wavy surface in a porous
medium. Int. Comm in Heat and Mass Transfer, Vol. 37(10), pp. 1471-1476.

[27] Mamou, M., Vasseur, P. (1999). Thermosolutal bifurcation phenomena in porous enclosures subject to
vertical temperature and concentration gradients. J. Fluid Mech, vol.395, pp. 61-87.

[28] Getachew, D., D. Poulikakos, Minkowycz, W. J. (1998). Double Diffusion in a Porous Cavity Saturated
with NonNewtonian Fluid, J. Thermophys. Heat Transfer, vol. 12, pp. 437-446.

[29] Kalla, L., Vasseur, P., Benacer, R., Beji, H., Duval, R. (2001). Double diffusive convection within a
horizontal porous layer salted from the bottom and heated horizontally. Int. Commun. Heat Mass Transf,
28, pp. 1-10.

[30] Hyun, J.M., Lee, ].W. (1990). Double-diffusive convection in a rectangle with cooperating horizontal
gradients of temperature and concentration gradients, Int. J. Heat Mass Transfer, Vol. 33, pp. 1605-1617.

[31] Lamsaadi, M., M. Naimi, M. Hasnaoui. (2005). Natural convection of non-Newtonian power law fluids
in a shallow horizontal rectangular cavity uniformly heated from below. Heat and Mass Transfer, vol. 41,

no. 3. pp. 239-249.

Tob Regul Sci. ™ 2023 ;9(1): 5733-5750 5747



Souaad Hamoudi et al.

Numerical Study of Rheological Natural Convection in a Square Cavity of non-Newtonian Power-Law Fluids
Saturated in a Porous Medium

[32] Ching-Yang Cheng, (2006). Natural convection heat and mass transfer of non-Newtonian power-law fluids
with yield stress in porous media from a vertical plate with variable wall heat and mass fluxes, Int. Commun.
Heat Mass Transfer, Vol. 33, pp. 1156-1164.

[33] Lamsaadi, M., Nai"mi, M. (2006). Natural Convection in a Vertical Rectangular Cavity Filled a Non-
Newtonian Power Law Fluid and Subjected to a Horizontal Temperature Gradient, Numerical Heat
Transfer, Part A, 49, pp. 969-990.

[34] Ching-Yang Cheng, (2006). Natural convection heat and mass transfer of non-Newtonian power-law fluids
with yield stress in porous media from a vertical plate with variable wall heat and mass fluxes, Int. Commun.
Heat Mass Transfer, Vol. 33, pp. 1156-1164.

[35] Makayssi, T., Lamsaadi, M., Naimi, M., Hasnaoui, M., Raji, A., Bahlaoui, A. (2008). Natural double-
diffusive convection in a shallow horizontal rectangular cavity uniformly heated and salted from the side
and filled with non-Newtonian power-law fluids, The cooperating case. Energy Conversion and
Management; p. 49.

[36] Jecl, R., Leopold, S. (2003). Boundary element method for natural convection in non-Newtonian fluid
saturated square porous cavity. Engineering Analysis with Boundary Elements, vol. 27, no. 10: 963-975.

[37] Kefayati, G.H.R. (2016). Simulation of double diffusive natural convection and entropy generation of
power-law fluids in an inclined porous cavity with Soret and Dufour effects (Part I: Study of fluid flow,
heat and mass transfer).” International Journal of Heat and Mass Transfer, vol. 94, pp. 539-581.

[38] Makayssi, T., Lamsaadi, M., Naimi, M., Hasnaoui, M., Raji, A., Bahlaou, A. (2008). Natural double-
diffusive convection in a shallow horizontal rectangular cavity uniformly heated and salted from the side
and filled with non-Newtonian power-law fluids Energy Convers Manag, 49, pp. 2016-2025.

[39] Rebhi, R., Mamou, M., Vasseur. P. (2017). Bistability and hysteresis induced by form drag in nonlinear
subcritical and supercritical double-diffusive Lapwood convection in shallow porous enclosures.” Journal
of Fluid Mechanics, vol. 812, pp. 463-500.

[40] Rebhi, R., Mamou, M., Vasseur, P., Alliche. M. (2016). Form drag effect on the onset of non-linear
convection and Hopf bifurcation in binary fluid saturating a tall porous cavity." International Journal of
Heat and Mass Transfer, vol. 100, pp. 178-190.

[41] Hu, JT., Mei, SJ., Liu, D., Zhao, FY., Wang, HQ. (2021). Hydromagnetic double diffusive moisture
convection from an inclined enclosure inserted with multi- ple heat-generating electronic modules. Int ]
Therm Sci, vol, 159:106554.

[42] Nouri, R., Kaddiri, M., Tizakast, Y., Daghab, H. (2023). Numerical study of free convection in square
cavities filled with Non-Newtonian fluids and subjected to partial cross thermal gradients. AIP Conf.
Proc. 2761, 040020.

[43] Ahmed, Ja., Cheddad, A. (2017). Etude de l'influence des couches limites sur les caractéristiques de la
convection thermosolutale en géométrie annulaire horizontale poreuse, Congres Frangais Thermique.

[44] Khali, S., Bousri, A., Hamadouche, A., Eddine Ameziani, D., Bennacer, R., Nebbali, R. (2022). Double
diffusive convection of power law fluids through taylor—Couette flow ]. Thermophys. Heat Tran., vol. 36,
pp- 328-341.

[45] Sankar, M., Kim, B., Lopez, J., M., Do, Y. (2012). Thermosolutal convection from a discrete heat and
solute source in a vertical porous annulus, International Journal of Heat and Mass Transfer, vol. 55, pp.
4116 — 4128.

[46] Matin, MH., Pop, I., Khanchezar, S. (2013). Natural convection of power law fluid between two-square
eccentric duct annuli. ] Nonnewton Fluid Mech. Vol. 197, pp. 11-23.

[47] Nayak, A.K,, etal. (2017). Thermosolutal mixed convection of a shear thinning fluid due to partially active
mixed zones within a lid-driven cavity. Int ] Heat Mass Transfer. Vol. 106, pp. 686-707

[48] Manvi, M, a., Krunal, M., Gangawane, b., (2018). Mixed convection in a two-sided lid-driven cavity
containing heated triangular block for non-Newtonian power-law fluids. International Journal of

Mechanical Sciences, Vol. 144, pp. 235-248.

Tob Regul Sci. ™ 2023 ;9(1): 5733-5750 5748



Souaad Hamoudi et al.

Numerical Study of Rheological Natural Convection in a Square Cavity of non-Newtonian Power-Law Fluids
Saturated in a Porous Medium

[49] Kefayati, GR., Tang, H., Chan, A., Wang, X. (2018). A lattice Boltzmann model for thermal non-
Newtonian fluid flows through porous media. Comput Fluids; vol. 176, pp. 26-44.

[50] Wang, Sh., Cha'o-Kuang, Ch., Yue-Tzu, Y. (2002). Natural convection of non-Newtonian fluids through
permeable axisymmetric and two-dimensional bodies in a porous medium. International Journal of Heat
and Mass Transfer, vol. 45, no. 2, pp. 393-408.

[51] Tizakast, Y., Kaddiri, M., Lamsaadi, M. (2021). Double-diffusive mixed convection in rectangular cavities
filled with non-Newtonian fluids, International Journal of Mechanical Sciences 208:106667.

[52] Mamou, M., Vasseur, P., Bilgen, E. (1998). Double-diffusive convection instability in a vertical porous
enclosure. J. Fluid Mech. Vol. 368, pp. 263-289.

[53] Nield, D. A. (1967). The Thermohaline Rayleigh-Jeffreys Problem. J. Fluid Mechanics, vol, 29, pp. 545-
558.

[54] Platten, J. K., Legros, J. C. (1984). Convection in Liquids. Springer- Verlag.

[55] Rudraiah, N., Sherimani, P.K., Friedrich, R. (1982). Finite amplitude convection in a two-component
fluid saturated porous layer, Int. J.Heat and Mass Transfer, Vol. 25, pp. 715-722.

[56] Brand, H., Steinberg, V. (1983). Nanolinear effect in the convection instability of a binary mixture in a
porous medium near threshold.physics letters. Vol. 93A, pp. 333-336.

[57] Rebhi, R.; Hadidi, N.; Mamou, M.; Khechiba, K.; Bennacer, R. (2020). The onset of unsteady double-
diffusive convection in a vertical porous cavity under a magnetic field and submitted to uniform fluxes of
heat and mas. Spec. Top. Rev. Porous Media Int. ], Vol. 11, pp. 259-285.

[58] Rebhi, R.; Hadidi, N.; Bennacer, R. (2021). Non-Darcian effect on double-diffusive natural convection
inside an inclined square Dupuit- Darcy porous cavity under a magnetic field. Therm. Sci. Vol. 25, pp.
121-132.

[59] Rebhi, R.; Mamou, M.; Hadidi, N. (2021). Onset of Linear and Nonlinear Thermosolutal Convection
with Soret and Dufour Effects in a Porous Collector under a Uniform Magnetic Field. Fluids, Vol. 6, 243.

[60] Lounis, S., Redha, R., Hadidi, N., Giulio, L., Menni, Y., Ameur, H., Nor Azwadi, Che. S. (2022). Thermo-
Solutal Convection of Carreau-Yasuda Non-Newtonian Fluids in Inclined Square Cavities Under Dufour
and Soret Impacts. CED Letters, vol. 14, pp. 96-118.

[61] Alilat, Dj., Redha, R., Alliche, M., Ali. J. Chamkha. (2023). Enhacement of Dupuit-Darcy Thermal
Convection of Swent-water Non-Newtonien Nanofluide Saturaterd Porous Medium. Vol. 54, pp. 29-59.

[62] Darya, S., Loenko, 1., Aroon, Shenoy., Mikhail, A. (2019). Sheremet Natural Convection of Non-
Newtonian Power-Law Fluid in a Square Cavity with a Heat-Generating Element. Energies, 12, 2149

[63] Khezzar, L., Siginer, D., Vinogarov, 1. (2012). Natural convection of power law fluids in inclined cavities.
Int. J. Therm. Sci, vol. 53, pp. 8-17.

[64] Sojoudi, A., Saha, S.C., Gu, Y.T., Hossian, M.A. (2003). Steady natural convection of non-Newtonian
power law fluid in a trapezoidal enclosure. Adv. Mech. Eng. 5, 8.

Tob Regul Sci. ™ 2023 ;9(1): 5733-5750 5749



