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The current study explores numerically mixed convection of thermo-dependent power-law 

fluids in a square lid-driven enclosure, including the thermal radiation effect. The vertical 

sidewalls are sustained at both hot and cold temperatures. On the other hand, the cavity is 

insulated from the horizontal walls. The upper wall is moving along the x-axis. The main 

governing equations that the Boussinesq approximation is used for are solved using the 

finite difference method. The simulations focus on the effects of multiple pertinent 

parameters, including the Richardson number. (Ri = 0.1, 1, 10 and 100), thermal radiation 

parameter (Rd = 0 and 10), power-law index (0.6 ≤ n ≤ 1.4) and the Pearson number (0 ≤ 

m ≤ 6). The findings reveal that improving the Richardson number reduces heat transfer. 

Then, increasing Rd results in a domination of heat conduction for a fluid having a higher 

thermal conductivity. Also, the growth in the power law-index reduces heat transfer while 

improving convective flow. Finally, increasing the Pearson number improves the 

convective flow rate and also the average Nusselt number. 

Keywords: 

numerical study, mixed convection, non-

Newtonian power law fluids, thermo-

dependent viscosity, thermal radiation, lid-

driven square cavity 

1. INTRODUCTION

For many years, the study of both free and forced 

convection heat transfer inside driven-cavities has been an 

important engineering problem owing to its industry 

applications including electronic devices cooling, food 

processing, crystal growth, glass fabrication [1], lake 

dynamics [2], solar energy systems, thermal insulation, 

nuclear reactors [3], lubricating technologies, and many others. 

Mixed convective flow happens in closed cavities because of 

a combination of shear force produced by wall movement and 

buoyancy caused by heat gradient. This phenomenon is 

governed by non-dimensional parameters like the Grashof 

number, Gr, and the Reynolds number, Re, which describe 

buoyancy and shear effects, respectively. Several heat transfer 

and mixed convective flow investigations have been 

previously undertaken, using various temperature gradient and 

enclosure geometries combinations [4-10]. Torrance et al. [11] 

examined numerically fluid motion caused by a shifting upper 

wall inside a rectangular enclosure. They revealed that the 

enclosure’s secondary circulation enhances when the aspect 

ratio increases. Iwatsu et al. [12] analyzed numerically heat 

transfer and mixed convective flow within a square driven-

cavity that was differentially heated from horizontal walls and 

insulated from vertical walls. Heat transfer is reported to be 

intensive for large Richardson numbers. Khanafer and 

Chamkha [13] used numerical simulations to investigate 

mixed convection inside a driven-cavity filled with a fluid-

saturated porous medium. They concluded that the Darcy and 

Richardson numbers are significant characteristics in 

convective flows. Aydm [14] simulated laminar mixed 

convection inside a square cavity that was differentially heated 

with the left wall moving to the top. As the value of Gr / Re2 

increased, three distinct heat transfer regimes were defined: 

forced, mixed and free convection. The opposing-buoyancy 

case’s mixed convection range was observed to be 

significantly higher than the aiding-buoyancy case's. 

Ouertatani et al. [15] explored numerically 3D mixed 

convection flow and heat transfer inside a double lid-driven 

cubic cavity heated from the upper wall and cooled from the 

bottom wall. They found that with two moving lids, the 

estimated average Nusselt number was larger than with one 

moving lid. Sivakumar et al. [16] conducted numerical 

simulations to investigate the impact of heating location and 

size on heat transfer and mixed convection fluid flow in 

driven-cavities. The findings reveal that the heating location 

has a substantial influence on the flow field. Furthermore, a 

better heat transfer rate is obtained by minimizing the heating 

portion in the hot wall. In a lid-driven enclosure with a 

modified heated wall, Yapici et al. [17] examined laminar 

mixed convective heat transfer. They observed that with lower 

Ri, the average Nusselt number gradually enhances with 

raising amplitude. Nosonov and Sheremet [18] analyzed 

numerically conjugate heat transfer and mixed convective 

flow inside an open cavity with different-sized local heaters. 

They proved that increasing the Richardson number promotes 

convection inside the enclosure to intensify as the form of the 

forced flow changes. Gangawane and Oztop [19] conducted a 

numerical investigation to explore the thermal and flow 

characteristics of a non-Newtonian fluid generated by mixed 

convection in a semi-oval driven-cavity. They concluded that 

raising the Richardson number decreases the heat transfer rate 
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and at low Richardson numbers, the power-law index has a 

considerable impact on hydrodynamic properties. 

On the other hand, notwithstanding the fact that the majority 

of fluids utilized in both industrial and domestic applications 

exhibit non-Newtonian behavior, very few studies have been 

undertaken to explore the effects of non-Newtonian fluids. 

owing to its applicability in diverse fields, the non-Newtonian 

fluids convective flow has been investigated throughout latest 

years [20-26]. For various power-law indexes n, Akçay et al. 

[27] examined numerically the boundary layer problem of 

non-Newtonian fluid flow with fluid injection on a semi-

infinite flat plate, with a moving wall in the opposite direction 

of the uniform mainstream. They reported that the wall mass 

injection can diminish the viscous drag of the flat plate for all 

power-law index values excluding (n = 0.01), where the drag 

reduction degree was minimal. Khani et al. [28] investigated 

an analytical solution for cooling turbine disks with a non-

Newtonian viscoelastic fluid using the homotopy analysis 

method (HAM). It was shown that viscoelastic fluids exhibit 

significant rates of heat transfer while minimizing drag. 

Furthermore, non-Newtonian fluids are widely found in 

several other fields, including food processing and medical 

science (blood flow). The problem of non-Newtonian fluid-

food particle heat transfer inside the holding tube involved in 

aseptic processes was conducted numerically by Krishnan and 

Aravamudan [29]. They revealed that the pseudo-plastic fluids 

power-law index had a substantial impact on both heat transfer 

and hydrodynamics at the fluid particle interface. Foong et al. 

[30] analyzed the blood flow inside the artery numerically. 

The findings indicate that the rate of heat transfer in blood 

flow with Newtonian behavior is greater than that with non-

Newtonian behavior. In addition, Newtonian blood flow had a 

lower temperature than non-Newtonian blood flow. 

Moreover, Thermal radiation is important in considering 

several engineering systems. Some researchers [31, 32] have 

performed many heat transfer research inside a cavity with 

thermal radiation. Badruddin et al. [33] examined the impacts 

of viscous dissipation and thermal radiation on heat transfer 

inside a porous cavity. They observed that by increasing the 

thermal radiation parameter, both the local and average 

Nusselt numbers improved at the cavity’s hot and cold walls. 

In the presence of mass transfer, Prasad et al. [34] investigated 

numerically the radiation effects along an impulsively 

initiated vertical plate. They reported that as the time t rises, 

the fluid’s velocity and temperature near the plate increases 

significantly, which is completely missing in the absence of 

radiation effects. In addition, the average Nusselt number 

improves as the radiation parameter is enhanced. In a wavy 

box, Mansour et al. [35] explored the effect of thermal 

radiation on natural convection. They concluded that 

enhancing the radiation parameter values raised the averaged 

Nusselt number. Sheremet [36] demonstrated in their 

numerical study of viscoelastic fluid free convection with a 

radiation effect in a square enclosure that raising the radiation 

parameter rises the rate of heat transfer and intensifies the 

convective flow rate. In addition, at large values of the thermal 

radiation parameter, heat conduction is the dominant heat 

transfer mode. 

Otherwise, the real fluid inside cavities has a varied 

viscosity in many practical applications. As a result, in order 

to control and intensify technological processes, the influence 

of varying viscosity on heat transfer and fluid flow must be 

investigated. Furthermore, the large majority of previous 

studies has focused on Newtonian fluids [37-43]. Bottaro et al. 

[44] explored the onset of two-dimensional convection with 

viscosity that is strongly temperature dependent for an 

Arrhenius-law fluid. It was demonstrated that when the 

Rayleigh number Ra exceeds RC, supercritical steady rolls 

develop firstly, and that at reasonably large Ra values, a 

secondary Hopf bifurcation associated to pulsating cells 

appears. Astanina et al. [45] explore numerically transitory 

natural convection inside a non-Darcy porous enclosure with 

temperature-dependent viscosity. They discovered that 

enhancing the variable viscosity parameter results in the rise 

of heat transfer and convective flow, as well as the creation of 

a single-core convection cell for the porous cavity. Alim et al. 

[46] analysed the impacts of thermo-dependent viscosity and 

a volumetric heating element on free convection flow across a 

wavy surface simultaneously. It was reported that as the 

viscosity variation parameter is raised, the frictional force on 

the wall increases, whereas the rate of heat transfer decreases 

greatly. Umavathi and Ojjela [47] explored the influence of 

varying viscosity on free convection within a vertical 

rectangular duct filled with a Newtonian fluid. They 

demonstrated that negative values of the variable viscosity 

parameter represent the intensive velocity pattern in the duct’s 

left half, whereas positive values of the variable viscosity 

parameter characterizes the intensive velocity pattern in the 

duct’s right half. However, to the best of our knowledge, just 

few investigations have been carried with non-Newtonian 

fluids. Amoura et al. [48] in their numerical study relating to 

thermal convection of thermo-dependent fluid located 

between two coaxial cylinders showed that the thermo-

dependence of the fluid has no influence on the thermal field 

for Reynolds numbers between 150 and 300. Solomatov and 

Barr [49] explored how the initial perturbation form influences 

the convection onset in non-Newtonian fluids with 

substantially thermo-dependent power-law viscosity. They 

revealed that the most efficient thermal perturbations in 

promoting convective flow (optimal perturbations) are 

detected in the rheological sublayer at the weakest viscosity 

region of the fluid layer. Kaddiri et al. [50] simulated 

numerically steady Rayleigh-Bénard convection of non-

Newtonian thermo-dependent power-law fluids inside a 

square enclosure. Thermo-dependence was shown to improve 

flow in the rheological sublayer while decreasing heat transfer. 

However, the bibliography review reveals a dearth of works 

that investigate at the same time the impact of thermo-

dependence and thermal radiation on heat transfer and fluid 

flow inside driven-enclosures. To fill that need, and 

considering the relevance through using non-Newtonian fluids 

and driven lids in confined cavities enclosures as heat transfer 

improvement techniques for exceeding performance 

efficiency limits in a variety of industrial applications. The 

purpose of this study is to explore numerically mixed 

convection flow of non-Newtonian thermo-dependent power-

law fluids in a square lid-driven cavity with thermal radiation 

effect. The influences of important parameters on heat transfer 

and fluid flow characteristics, like the Richardson number, 

thermal radiation, power law index, and Pearson number, are 

explored and explained. 

 

 

2. PROBLEM DESCRIPTION 

 

The physical configuration and corresponding boundary 

conditions under consideration in the ongoing study are 

depicted in Figure 1. It consists of a square lid-driven cavity 
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of dimension Lˈ × Lˈ, the upper wall moves back to the right 

at a steady velocity of 
0u . The left and right walls are 

sustained at hot and cold temperatures 
HT  and

CT , 

respectively, where (
H CT T  ). While the horizontal walls 

are insulated. 

 

 
 

Figure 1. Geometry of the cavity and boundary conditions 

 

The cavity contains non-Newtonian power law fluids with 

thermo-dependent rheological behavior that can be 

approximated using the Ostwald-De Waele model. As regards 

the apparent laminar viscosity, it can be stated as: 

 
T(n 1)

22 2

T

2
' ' ' '

' ' ' '

u v u v
µ K 2

x y x y

'

a

−

          
 = + + +      

            

 
(1) 

 

where, the empirical factors nT and kT denote respectively the 

indices of power-law behavior and consistency. They are, in 

general, temperature dependent, although in most cases the 

temperature dependency of nT can be neglected (nT = n) 

because it is weak in comparison to that of KT [51, 52]. This 

can be stated using the exponential law [53]: 

 

( )( )T rk exp TK b T' = − −  (2) 

 

Thermo-dependency parameter and the consistency index 

at 
rT  the reference temperature are denoted by b and k, 

respectively. Furthermore, for n < 1, the apparent viscosity 

reduces as the shear rate rises, showing shear-thinning (or 

pseudo-plastic) behavior. In contrast, when n > 1, the fluid is 

termed as shear-thickening (or dilatant) because the apparent 

viscosity enhances as the shear rate rises. For n = 1, the 

behavior is Newtonian 
T aK =   (constant viscosity). 

Despite the fact that the power-law model accurately 

describes the rheological behavior of numerous materials over 

a wide shear rates range (or shear stresses), it has the 

advantage of being simple, which supports its usage in vast 

theoretical studies of fluids with shear-thinning or shear-

thickening behaviors. 

For this investigation, we used the following simplifying 

assumptions: 

 

• The flow is known as laminar because the fluid motion 

is slower owing to the minor gradients imposed on the 

enclosure [54]. 

• The fluid is supposed to be incompressible. At 

pressures near to atmospheric pressure, liquids are an 

excellent approximation to incompressible fluids.  

• The effects of viscous dissipation are negligible. 

• Except for density and viscosity in the buoyancy term, 

the physical properties of the fluid are thought to be 

temperature independent. The density is approximated 

using the Boussinesq approximation [55]. 

• The fluid flow is thought to be bidimensional, but the 

third dimension is substantial enough to satisfy this 

assumption, allowing for a better comprehension of 

more complex three-dimensional flows [54]. 

 

 

3. GOVERNING EQUATIONS 

 

Taking into consideration the aforesaid assumptions and 

employing the typical scales
x '

x
L '

= , 
y '

y
L '

= , 
2

0

p '
p =

ρ u
, 

0

t '
t = u

L'
 , 

0

u '
u

u
=


, 

0

v '
v

u
=


 and C

H C

T ' T
T =

T T

−

 −
, which stand for 

length, pressure, time, velocity, and temperature. As a result, 

the non-dimensional governing 2D equations that characterize 

system behavior can be stated as follows in terms of the 

vorticity-stream function Ω-ψ formulation: 
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As seen below, the dimensionless stream function and 

vorticity are linked to the non-dimensional velocity 

components: 

 

Ψ Ψ v u
u     ;    v      and    

y x x y
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= = −  = −
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 (6) 

 

where, 

 
(n 1)

22 22

mT

a

u v u v
µ e 2

x y x y

−

−
         
 = + + +      

           

 
(7) 

 
2 2

a a

2 2

2

a

µ µ u v

x y y x1 T
S Ri

Re xµ u v
2

x y x y



      
− + −   

       = +
     
 − 
      

 

(8) 

 

1177



 

The corresponding boundary conditions are: 

 

T
u 1, v 0, 0

y


= = =


  (The upper wall) 

T
u v 0, 0

y


= = =


  (The lower wall) 

Hu v 0, T T= = =   (The left heated wall) 

Cu v 0, T T= = =   (The right wall) 

 

The preceding equations identified five dimensionless 

parameters, including Prandtl number Pr, Richardson number 

Ri, Reynolds number Re, Pearson number m and radiation 

parameter Rd, which are stated as follows: 

 

( )

( )( )

n 1 n 2 n
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2 2
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d
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(9) 

 

Using the Rosseland approximation [56, 57] for thermal 

radiation, we get the radiative heat flux: 

 
4 4

rx' ry'

r r

4 T ' 4 T '
q       ;      q

3 x' 3 y '

   
= − = −

   
 (10) 

 

Because it is assumed that differences in temperature within 

the cavity are too minimal, we can develop 4T  in Taylor 

series about 
CT  and approximating it, we have: 

 
4 3 4

C CT 4T ' T -3 T    (11) 

 

As a result, the heat flux in the x and y directions owing to 

radiation is reduced to: 

 
3 3

C C
rx' ry'

r r

16 T 16 TT ' T '
q       ;      q

3 x' 3 y '

  
= − = −
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 (12) 

 

 

4. HEAT TRANSFER 

 

The physical quantities of importance in quantifying the 

heat transfer rate are the local Nusselt number Nu along the 

heated wall and the average Nusselt number Nu , which are 

denoted as: 

1

d

x 0 0

4 T
 Nu = 1 R   ;  Nu Nu dy   

3 x =

 
− + = 

 
  (13) 

 
 

5. NUMERICAL SOLUTION 

 

The two-dimensional governing equations are numerically 

solved, using a finite difference approach with a uniform grid 

size, taking into account the corresponding boundary 

conditions. The alternating-direction implicit method (ADI) is 

used to integrate the vorticity and energy equations, Eqs. (3) - 

(4). This classical method, well adapted to study transient 

convection problems. Generally, it gives rise to tridiagonal 

matrices in both directions and the calculation scheme is 

efficient because it is simple and consistent. Ozoe and 

Churchill [58] were the first to successfully apply this method, 

which is commonly used for Newtonian fluids, to non-

Newtonian power-law fluids and also was used in several 

recent studies [59-62]. To satisfy mass conservation, the 

Poisson equation, Eq. (5), is solved using a point successive 

over-relaxation method (PSOR) and an optimized relaxation 

factor obtained using the Franckel model [63]. 

The convergence criterion k+1 k k+1 -5

i,j i,j i,ji,j i,j
|Ψ - Ψ | |Ψ | < 10   

is adopted, where k

i, j  is the value of the stream function at 

the node (i, j) for the kth iteration level. A regular grid size of 

(61 × 61) is appropriate for getting satisfactory results. The 

time step size was changed from 10-6 to 10-4 depending on the 

values of the controlling parameters. 

 

 

6. CODE VALIDATION AND GRID INDEPENDENCE 

 

To check the accuracy of the developed numerical code, our 

results, reported in terms of the average Nusselt number, are 

compared with prior research into mixed convection in a 

cavity. As a result, as indicated in Table 1, a good agreement 

is generally obtained. 

The grid size was chosen to provide the optimal trade-off 

between computing time and results precision. Table 2 shows 

the sensitivity of the results to the grid in terms of |Ψmax| and

Nu , as determined by the selected grid (61 × 61) and a finer 

one (81 × 81). The maximum relative error for |Ψmax| and Nu  

is less than 1.51% and 0.81%, respectively, based on the 

results shown in this table. In terms of CPU time, the 

computational effort was also examined for both grids. 

For the tested cases, a grid refinement from (61 × 61) to (81 

× 81) results in a CPU time increase of more than two times. 

Hence, the mesh dimension of (61 × 61) is jugged sufficient 

to conduct the current investigation accurately. 

 

Table 1. Comparison of the average Nusselt number between present results and previous data in the literature for a lid-driven 

enclosure with Gr = 100 and Pr = 0.71 

 

Re Ri 
Present 

work 

Waheed 

[4] 

Tiwari and 

Das [7] 
Abdelkhalek [9] 

Iwastu et al. 

[12]] 

Khanafer and 

Chamkha [13] 

Kefayati 

[64] 

1 100 - 1.00033 - - - - 1.0094 

100 0.01 2.05 2.03116 2.10 1.985 1.94 2.01 2.09 

400 0.000625 4.38 4.0246 3.85 3.8785 3.84 3.91 4.08082 

1000 0.0001 6.68 6.48423 6.33 6.345 6.33 6.33 6.54687 
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Table 2. Preliminary grid independence tests for m = 3, Rd = 10, Pr = 7 and Gr = 104 

 
Grid 61 × 61 81 × 81 101 × 101 

n Ri |Ψmax| 𝐍𝐮 |Ψmax| 𝐍𝐮 |Ψmax| 𝐍𝐮 

0.6 
0.1 

10 

0.051 

0.531 

47.585 

54.409 

0.051 

0.535 

47.680 

54.666 

0.051 

0.523 

46.047 

53.860 

1 
0.1 

10 

0.066 

0.417 

49.702 

38.280 

0.067 

0.417 

50.108 

38.108 

0.068 

0.417 

50.350 

38.180 

1.4 
0.1 

10 

0.094 

0.342 

52.126 

31.808 

0.093 

0.342 

51.966 

31.688 

0.093 

0.342 

51.870 

31.678 

 

 

7. RESULTS AND DISCUSSION 

 

Several studies have proved that the Prandtl number, Pr, has 

a strong influence on mixed convection, as indicated in Refs 

[65, 66]. However, Lamsaadi et al. [67] and Alloui et al. [68] 

reveal that natural convection is unaffected by high values of 

Pr. In the current investigation, the Prandtl / Grashof numbers 

were kept constant at 7 / 104 to minimize the number of 

controlling parameters. 

Therefore, the mixed convection heat transfer flow 

generated inside the enclosure is governed by the Richardson 

number Ri which simulates mixed and forced convection 

dominating regimes, the Pearson number m, the thermal 

radiation parameter Rd, and the power-law index n. 

 

7.1 Analysis of streamlines and isotherms 

 

Streamlines and isotherms diagrams exhibiting the thermal 

radiation effect on the dynamical and thermal fields are 

displayed in Figures 2 - 4. For m = 0, with multiple Ri values 

and power law index n. Despite of the radiation parameter 

value, it should be noted that the flow remains, in general, 

unicellular and clockwise. 

As can be observed, raising Rd causes the convective flow 

to intensify while diminishing the size of the convective cell 

core. This one appears to be moving from the top cold corner 

to the center of the cavity. Such changes are promoted by the 

less intensive heating of the cavity’s top side. Moreover, a rise 

in the thermal radiation parameter results in a weakening of 

the mechanism of convective heat transfer and an 

enhancement of heat conduction. In addition, the isotherm 

distribution indicates both a straightening of the isotherms in 

the cavity’s center and a diminution in the thermal boundary-

layers near to the vertical isothermal walls. Furthermore, the 

impact of Richardson number (mixed convection parameter) 

on temperature fields and flow is shown to be modest for Ri = 

0.1 (dominate forced convection). Whereas, Ri ≥ 1 reveals 

buoyancy effects owing to the variable density of fluid in the 

enclosure, which improves convective flow. For various Ri 

values, the size and position of the convective cell core depend 

on the power law index n. For n = 0.6 (shear-thinning fluids), 

the convective cell core appears to be moving toward the 

moving lid due to the shear force applied by the moving wall. 

The shear force effect decreases as the power law index rises 

from 0.6 to 1.4. Therefore, the convective cell core seems to 

shift from the bottom cold corner to the middle of the moving 

lid. 

The isotherms exhibit a diminution of convection inside the 

cavity when the isotherm gradient decreases on the hot wall, 

when Ri increases from 0.1 to 10. Hence, it proves that as the 

Richardson number rises, heat transfer diminishes. Moreover, 

the isotherms become more tightened on the hot wall when n 

increase from 0.6 to 1.4, which leads to an increase in the hot 

wall’s gradient temperature. Also, this reflects the 

improvement of heat transfer as the power-law index increases. 

Kefayati [64] makes the same observations. 
 

 
 

Figure 2. Streamlines (left) and isotherms (right), for m = 0 

and Ri = 0.1 with different values of n and Rd 

 

 
 

Figure 3. Streamlines (left) and isotherms (right), for m = 0 

and Ri = 1 with different values of n and Rd 
 

 
 

Figure 4. Streamlines (left) and isotherms (right), for m = 0 

and Ri = 10 with different values of n and Rd 
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In order to investigate the impact of temperature-dependent 

viscosity on dynamical and thermal fields, representative 

streamlines and temperature contours are shown in Figures 5 - 

7. For n = 0.6, Ri = 0.1, Ri = 10 and several values of m and 

Rd. The influence of m can be evaluated using the values of m, 

Rd, and Ri. 

For Ri = 0.1 (dominate forced convection), as indicated, the 

flow is clockwise and unicellular. With a growth of m the flow 

becomes double-cellular and clockwise. 

 

 
 

Figure 5. Streamlines (left) and isotherms (right), for n = 0.6 

and Rd = 0 with different values of m and Ri 
 

 
 

Figure 6. Streamlines (left) and isotherms (right), for n = 0.6 

and Rd = 5 with different values of m and Ri 
 

 
 

Figure 7. Streamlines (left) and isotherms (right), for n = 0.6 

and Rd = 10 with different values of m and Ri 

Moreover, it appears clear that the convective cell core is 

moved to the side of the hot wall. Also, the streamlines become 

tighter and tighter as they approach the heated wall, at which 

the effective viscosity is low. This leads to severe convection 

in this area while also causing a stagnation zone in the high 

viscosity regions. As for the isotherms, the high temperature 

from the left hot wall penetrates the enclosure more intensely 

along the top isothermal wall, whereas the low temperature 

penetration from the right cold wall reduces. These changes 

are due to more intense movement of the low viscosity fluid in 

the high temperature regions. 

For Ri = 10 (dominant natural convection), the flow 

structure has the same aspect of Ri = 0.1. Moreover, the 

streamlines tend to be tighter near the hot wall when m is 

increased to 6. An examination of the isotherms shows that 

their deviations become more and more significant near the 

two walls (cold and hot). This distortion is due to the 

competition between the two flow modes due to the gain or 

evacuation of the heat transfer near these walls. Also, leads to 

the conclusion that natural convection dominates forced 

convection. 

 

7.2 Analysis of heat transfer rate and flow intensity 

 

The evolutions of fluid flow characteristics Nu  and |Ψmax| 

with the Richardson number Ri, are depicted in Figure 8, for 

m = 0 and various Rd and n. 

As displayed in this figure, for Rd = 0 there is a critical point 

where the power law index’s effect is reversed. This is clear 

that for lower values of Ri (dominate forced convection) the 

average Nusselt number Nu  and flow intensity |Ψmax| are 

both enhanced by increasing the power law index. However, it 

exhibits that for high values of Ri (dominant free convection) 

the flow intensity |Ψmax| and the average Nusselt number 

produce an opposite effect.  

On the other hand, regardless of the power law index value, 

enhancing the Richardson number decreases the average 

Nusselt number and improves flow intensity. This behavior 

results from the predominance of natural convection 

accompanying the intensification of the cellular flow 

manifested by the increase in |Ψmax|. Moreover, the forced 

convection is low therefore the speed of the lid is low which 

reduces the heat transfer at the active walls. Because buoyancy 

forces are stronger than viscous forces. Furthermore, the 

increase in Rd increases heat transfer and the fluid flow in the 

cavity. Also, the critical point is moved to lower Richardson 

number values. 

The variations of Nu  and |Ψmax| with thermal radiation Rd 

are presented in Figure 9, for n = 0.6, with various Ri and m 

values. First, it is easy to observe that. Nu and |Ψmax| are 

increasing functions of Rd, because of the buoyancy effects 

that promote convection. 

For Ri = 0.1, an improvement in the Pearson number m 

increases the convection process, which is reflected in the rise 

of the average Nusselt due to the weakening of apparent 

viscosity. While, the augmentation of m decreases the flow 

intensity |Ψmax |, which means that the flow circulation inside 

the cavity weakens for small Ri values because of the viscous 

forces. 

For Ri = 10, the growth of the Pearson number m augments 

Nu  and ameliorate the convective flow within the cavity, as 

indicated by the rise of the maximum absolute value of stream 

function |Ψmax|. 
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Rd = 0 

 

 

 
Rd = 10 

 

Figure 8. Variations, with Ri, of the average Nusselt number, 

Nu , and the maximum value of the stream function, |Ψmax|, 

for m = 0 and various values of Rd and n 

 

 

 
Ri = 0.1 

 

 

 
Ri = 10 

 

Figure 9. Variations, with Rd, of the average Nusselt number, 

Nu , and the maximum value of the stream function, |Ψmax|, 

for n = 0.6 and various values of Ri and m 
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8. CONCLUSIONS 

 

A numerical investigation is conducted in this study to 

explore the combined effect of thermal radiation and thermo-

dependent viscosity on non-Newtonian power law fluids 

mixed convection in a square driven-cavity, based on the 

results, we reach the following conclusions. 

 

• Because of buoyancy forces being greater compared to 

viscous forces, heat transfer reduces as the Richardson 

number enhances for various power law indexes. 

• As the power law index increases, heat transfer 

diminishes but convective flow improves. 

• Increasing the thermal radiation parameter Rd causes the 

convective flow to enhance as well as the convective cell 

core size to diminish. Heat conduction also dominates the 

heat transfer process for high Rd values. 

• The improvement of the Pearson number m leads to the 

movement of the convective core close the side of the hot 

wall. Moreover, the convective flow rate and the average 

Nusselt number increase with the rise of the viscosity 

variation parameter. 
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NOMENCLATURE 

 

b thermo-dependency coefficient 

cp specific heat (J/kg.K) 

g gravitational acceleration (m/s2) 

Gr Grashof number  

( )( )( )( )n 13

T H C 0 g (T -T )L' u L ' k
−   = 

 
 / /  
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k consistency index for a power-law fluid at 

the reference temperature 

L' length of the cavity (m) 

m  Pearson Number ( )T T(1/ K ) / (dK / dT)= −  

n index of flow behavior for a power-law fluid 

Nu  average Nusselt number 

Pr Prandtl number ( )( )( )n 1

p 0c k u L '
−

= / /  

rq  radiation heat flux  

Rd the Radiation parameter ( )3

c r(4 T ) / ( )=    

Re Reynolds number ( )( )n 2 n

0L' u / k−=   

Ri Richardson number  

( )( ) ( )( )2 2

H C 0Gr / Re g T T L' / u  = =  −
 

t dimensionless time ( )0t u' / L =  

T dimensionless temperature 
( ))TT/()TT( CHC

−−=  

T   dimensional temperature (K) 

CT  temperature of the imposed inflow (K) 

HT  dimensional hot temperature (K) 

0u  the imposed flow’s velocity (m/s) 

(u, v) dimensionless velocity components 

( )0(u ,v ) / u  =  

(x, y) dimensionless coordinates ( )(x ,  y ) / L' =  

 

Greek symbols 

 
  thermal diffusivity (m2/s) 

r  extinction coefficient, (m-1) 

T  thermal expansion coefficient (1/K) 

  thermal conductivity (W/(K.m)) 

µ dynamic viscosity for a Newtonian fluid (Pa 

s) 

aµ  dimensionless apparent viscosity of fluid 

 Stephan-Boltzmann constant, (Wm-2K-4) 

  dimensionless stream function ( )0/ u L' =   

 dimensionless vorticity ( )0'  L' / u=   

 

Subscripts 

 

C cold temperature 

H hot temperature 

max maximum value 

min minimum value 

 

Superscripts 

 

 dimensional variable 
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