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Abstract 

This paper details the numerical study of laminar natural convection in a square enclosure filled with a 
non-Newtonian fluid. Thermal boundary conditions of the Dirichlet type are applied on the vertical 
walls of the enclosure while the horizontal ones are assumed adiabatic. A Power-law model is used to 
characterize the viscous behaviour of the purely viscous non-Newtonian fluids. The governing 
differential equations have been solved by the standard finite volume method and the hydrodynamic 
and thermal fields were coupled together using the Boussinesq approximation. 
      The effects of Power-law index (𝑛) in the range 0.50 ≤ 𝑛 ≤ 1.50 on the heat and momentum 
transport are investigated for the values of Rayleigh number (𝑅𝑎) in the range 101 ≤ 𝑅𝑎 ≤ 104 and a 
Prandtl number of Pr = 10. 
      We report accurate results of a systematic study with a focus on the most important buoyancy- 
induced flow and heat transfer characteristics. It is shown that the mean Nusselt number values 
increases with the increasing values of Rayleigh number for Newtonian as well as Power-law fluids. 
However, shear-thickening fluids (n > 1) are characterised with smaller 𝑁𝑢̅̅ ̅̅  values. Finally, the onset 
of convection dominated heat transfer mechanism is shifted towards lower values of 𝑅𝑎 for the shear-
thinning fluids (n < 1). 
(Received in April 2014, accepted in January 2015. This paper was with the authors 4 months for 2 revisions.) 
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1. INTRODUCTION 

Today more than ever, controlled heat transfer plays an important role in the development of 
energy-efficient heat transfer systems and fluids which are required in many industries and 
commercial applications [1-4]. Natural convection (i.e. flow caused by the temperature 
induced density variations) is one of the most extensively analysed heat transfer 
configurations because of its fundamental importance as the “benchmark” problem for 
studying convection effects (and comparing as well as validating numerical techniques). For 
example, an accurate benchmark solution for natural convection of air in a square cavity with 
vertical boundaries kept at different temperatures are presented in [5], with reference to 
103 ≤ 𝑅𝑎 ≤ 106. Another benchmark solution for natural convection of air in a side heated 
square cavity is reported in [6] for 104 ≤ 𝑅𝑎 ≤ 106. Finally, Nonino and Croce [7] have 
extended the results presented in [5, 6] to the case of higher values of Rayleigh number; i.e 
105 ≤ 𝑅𝑎 ≤ 108. 
      In spite of geometrical simplicity, buoyancy driven flows are complex because of 
essential coupling between the transport properties of flow and thermal fields. In particular, 
internal flow problems are considerably more complex than external ones. This is because at 
large Rayleigh number classical boundary layer theory yields the simplifications for external 
flow problems, namely, the region exterior to the boundary layer is unaffected by the 
boundary layer. For confined natural convection, in contrast, boundary layers form near the 
walls but the region exterior to them in enclosed by the boundary layers form a core region. 
Since the core is partially or fully encircled by the boundary layers, the core flow is not 
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readily determined from the boundary conditions but depend on the boundary layer, which, in 
turn is influenced by the core. The interactions between the boundary layer and core constitute 
a major complexity in the problem. In fact, the situation is even more intricate because it often 
appears that more than one global core flow is possible and flow sub-regions, such as, cells 
and layers, may be embedded in the core. 
      In addition to the obvious academic interest and flow richness, this configuration has 
occupied the centre stage in many fundamental heat transfer analysis which is of prime 
importance in various technological applications [8, 9]. Although quite some various 
configurations of the enclosure problem are possible [10, 11], one of the most studied cases is 
the two-dimensional square enclosure with differentially heated isothermal vertical walls and 
adiabatic horizontal walls. Such a configuration is one of the most extensively studied 
configuration for Newtonian flows. On the other hand, a range of materials encountered in an 
engineering practice display a complex behaviour and this is generally due to their large 
molecular structure. As a consequence, the viscosity of these fluids may depend on the 
deformation rate and some of them also show elastic behaviour, i.e. they combine the 
characteristics of a solid and a fluid. Such materials can be conveniently grouped into three 
general classes: 
 Fluids for which the shear stress at any point is determined only by the rate of shear; these 

fluids are variously known as ‘time independent’, ‘purely viscous’, ‘inelastic’ or 
‘generalised Newtonian fluids’ (GNF). 

 More complex fluids for which the relation between shear stress and shear rate depends, in 
addition, upon the duration of shearing and their kinematic history; they are called ‘time-
dependent fluids’. 

 Substances exhibiting characteristics of both ideal fluids and elastic solids and showing 
partial elastic recovery after deformation; these are categorized as ‘viscoelastic fluids’. 

      Regarding the generalized Newtonian fluids, the most common type of viscous behaviour 
observed is shear-thinning, characterized by the viscosity which decreases with the increasing 
shear rate. Although the Power-law model offers the simplest representation of purely viscous 
behaviour [12], it is perhaps the most widely used rheological model in the literature dealing 
with the process engineering applications. Table I provides a compilation of the Power-law 
constants for rheological modifiers (which are present in the cosmetic formulation to give a 
product with the desired viscosity) as well as cosmetic (i.e. personal care) products. 

Table I: Typical values of Power-law constants. 

Rheological modifier [13] 𝒌(𝑷𝒂 𝒔𝒏) 𝒏(−) 

Liporamnosan 1.8 % 4.744×10-3 0.67 
Natrosol 250 MR 2.0 % 1.194×10-3 0.87 
Methocell M312 0.9 % 9.915×10-3 0.55 
Lubrajel DV 2.3 % 3.514×10-3 0.33 
Personal care product [14] 𝒌(𝑷𝒂 𝒔𝒏) 𝒏(−) 

Nail polish 750 0.86 
Mascara 200 0.24 
Sunscreen lotion 75 0.28 
Oil of Olay 25 0.22 

 
      In comparison to the vast body of literature regarding the natural convection of Newtonian 
fluids, a comparatively limited effort has been directed towards understanding of buoyancy 
driven flow of non-Newtonian fluids in rectangular enclosures. Kim et. al [15] studied 
buoyant convection in a side heated square cavity filled with the shear-thinning (𝑛 ≤ 1.00) 
Power-law fluids. Their study concluded that the mean Nusselt number increases with 
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decreasing Power-law index for a given range of values of Rayleigh (𝑅𝑎 = 105 … 107) and 
Prandtl numbers (𝑃𝑟 = 102 … 104). Lamsaadi et. al [16, 17] have studied the effect of the 
Power-law index in the high Prandtl number limit of tall and shallow enclosures where the 
side-wall boundary conditions are subjected to constant heat fluxes. Turan et al. [18] have 
studied steady natural convection of Power-law fluids in a square enclosure with differentially 
heated side walls with the Power-law index ranging from 0.60 to 1.80 for a range of values of 
Rayleigh and Prandtl number given by 𝑅𝑎 = 103 … 106 and 𝑃𝑟 = 101 … 105. Their 
simulation results show that the mean Nusselt number increases with increasing values of the 
Rayleigh number for both Newtonian and Power-law fuids. Furthermore, the Nusselt number 
was found to decrease with increasing Power-law index. 
      In the present work a steady and laminar buoyancy-induced flow of generalised 
Newtonian fluids in a differentially heated square enclosure has been studied by numerical 
means. A parametric study has been performed for a range of Rayleigh number values 
101 ≤ 𝑅𝑎 ≤ 104, while the Power-law index values mapped the 0.50 ≤ 𝑛 ≤ 1.50 range, 
allowing for the investigation of both shear-thinning and shear- thickening effects at the 
conduction as well as convection dominated heat transfer regime. 

2. NUMERICAL METHOD 

The governing equations were solved by taking the advantage of the open-source OpenFOAM 
CFD software package which employs the standard finite volume method. It is written in C++ 
and uses classes and templates to manipulate and operate scalars, vectorial and tensorial fields 
[19]. The advantages of using OpenFOAMas a CFD framework are that the software is freely 
available (with open source, licensed under GNU General License Software) and both flexible 
and highly extensible. Its hierarchical, open structure allows the user to make transparent 
modifications to the governing equations being solved, to tailor them to specific applications 
whilst retaining the benefits of a stable and general numerical framework. 
      Each governing equation is discretised in a space by integration over the set of control 
volumes forming the computational mesh. Such a process results in a system of linearized 
equations of mass, momentum and temperature conservation joined with the constitutive 
equation. In these equations all variables are evaluated (and stored) in the centre of control 
volumes populating the physical domain being considered. 
      The steady incompressible solver buoyantSimpleFoam (version 2.1.1) has been modified 
and used for the present study; governing equations were solved in a segregated manner, 
followed by the SIMPLE pressure–velocity correction loop [20]. For solving the linear 
systems of equations a preconditioned conjugate gradient schemes have been used for 
velocity, temperature and pressure. All, velocity, temperature, and pressure equations were 
solved to tolerances 10−8. 
      In spite of some compelling features of finite volume method there are some undesirable 
numerical effects (for example, artificial diffusion [21]) that are influenced by the low-order 
interpolation of the convection terms in governing equations. In order to overcome those 
undesirable numerical effects, the second-order accurate linear upwind differencing scheme 
[22] was used in the present study. 
      The rest of the paper is organized as follows. The necessary mathematical background and 
numerical details are presented in the continuation of Section 2, which is followed by the grid 
refinement, numerical accuracy assessment and validation study (Section 3). Following this 
analysis, the results are presented and subsequently discussed (Section 4). The main findings 
are summarized and conclusions are drawn in the final section of the paper. 
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2.1  Governing equations 

For the present study a steady-state laminar flow of an incompressible Power-law fluid is 
considered. For such a flow the governing equations (mass, momentum and energy 
conservation) take the following form: 
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where the cold wall temperature 𝑇𝐶 is taken to be the reference temperature for evaluating the 
buoyancy term in the momentum conservation equation. 
      In momentum conservation equation (2) the constitutive (rheological) model is needed for 
the viscous function, which for the Power-law model takes the following form: 

𝜂(�̇�) = 𝐾|�̇�|𝑛−1 (4) 

where 𝐾 is the consistency parameter, 𝑛 is the flow index and |�̇�| = √(1 2⁄ ) ∑ ∑ �̇�𝑖𝑗�̇�𝑗𝑖𝑗𝑖  is 
the II. invariant of the symmetrical rate of deformation tensor with Cartesian components 
�̇�𝑖𝑗 = (𝜕𝑣𝑖 𝜕𝑥𝑗⁄ ) + (𝜕𝑣𝑗 𝜕𝑥𝑖⁄ ). 

2.2  Geometry and boundary conditions 

The simulation domain is shown schematically in Fig. 1, where the two vertical walls of a 
square cavity are maintained at different and constant temperatures (𝑇𝐻 > 𝑇𝐶), whereas the 
other boundaries are considered to be adiabatic in nature. Both velocity components are 
identically zero on each boundary because of the no-slip condition and impenetrability of 
rigid boundaries. The adiabatic temperature boundary conditions for the horizontal insulated 
boundaries are given by 𝜕𝑇 𝜕𝑦⁄ = 0 at 𝑦 = 0 and 𝑦 = 𝐿. 
 

 
Figure 1: Schematic diagram of the simulation domain (left) and expected flow field (right). 

      In the present study, the heat transfer characteristics of Power-law fluids in a differentially 
heated square enclosure are analysed in terms of the mean Nusselt number: 
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obtained for different values of 𝑛 with the same values of Rayleigh and Prandtl number [23]. 

𝑅𝑎 =
𝑔𝛽∆𝑇𝐿2𝑛+1

𝛼𝑛(𝐾 𝜌⁄ )
; 𝑃𝑟 = (

𝐾

𝜌
)𝛼𝑛−2𝐿2−2𝑛 (6) 

3. GRID REFINEMENT AND NUMERICAL ACCURACY STUDY 

The aim of most (if not all) numerical analysis is to achieve a certain accuracy with the 
smallest amount of a computational work. The difficulty to accomplish this usually lies in the 
unknown behaviour of the flow under numerical investigation. For that, the grid independence 
of the present results has been established on the basis of a detailed analysis of shear-thinning 
fluid (𝑛 = 0.50) at 𝑅𝑎 = 10000 using three different non-uniform meshes (elements were 
concentrated towards each solid wall), the details of which are presented in Table II. The table 
includes the number of elements in a particular direction, as well as the normalized minimum 
cell size. With each grid refinement the number of elements in particular direction is increased 
and element size is reduced. Such a procedure is useful (and encountered in many numerical 
studies [24, 25]) for obtaining a higher-order estimate of the flow value (value at infinite grid) 
from a series of lower-order discrete values [26]. 

Table II: Computational mesh characteristics. 

 Mesh 𝑀𝐼 Mesh 𝑀𝐼𝐼 Mesh 𝑀𝐼𝐼𝐼 
𝑁𝑥 × 𝑁𝑦 50 × 50 100 × 100 200 × 200 
∆𝑚𝑖𝑛 𝐿⁄  0.002 0.001 0.0005 

 
      For a general variable 𝜑 the grid-converged value (i.e. extrapolated to the zero element 
size) according to the Richardson extrapolation is given as: 

𝜑𝑒𝑥𝑡 = 𝜑𝑀𝐼𝐼𝐼 − (𝜑𝑀𝐼𝐼 − 𝜑𝑀𝐼𝐼𝐼) (𝑟𝑝 − 1)⁄  (7) 

where 𝜑𝑀𝐼𝐼𝐼 is obtained on the finest grid and 𝜑𝑀𝐼𝐼 is the solution based on next level of 
coarse grid, 𝑟 = 2 is ratio between the coarse to fine grid spacing and 𝑝 = 2 is the theoretical 
order of accuracy. 
      The numerical uncertainties for the mean Nusselt number and the maximum non-
dimensional vertical velocity on the horizontal mid-plane of the enclosure are presented in 
Table III. 

Table III: Grid refinement and numerical accuracy study. 

 Mesh 𝑀𝐼 Mesh 𝑀𝐼𝐼 Mesh 𝑀𝐼𝐼𝐼 𝜑𝑒𝑥𝑡 Error 
𝑁𝑢̅̅ ̅̅  6.6848 6.7071 6.7129 6.7149 0.12 % 

𝑣𝑦,𝑚𝑎𝑥
∗  125.4665 126.5854 126.8781 126.9757 0.31 % 

 
      Results of calculations of the numerical accuracy (Table III) indicate that as the mesh is 
refined successively from 502 to 2002 there is a consistent improvement in the accuracy of the 
predicted values, and the agreement between the predictions obtained with mesh MII and 
extrapolated values is extremely good for both flow variables under consideration (the 
discretisation error levels are smaller than 0.50 %). Based on this, the simulations in the 
remainder of the paper were conducted on mesh MII which provided a reasonable 
compromise between high accuracy and computational effort. 
      In addition to the grid-dependency study, the results for Newtonian fluid (𝑛 = 1.00) have 
also been compared against the numerical results of Turan et al. [27]. The comparisons 
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(summarised in Table IV) between the present and corresponding benchmark values are very 
good and entirely consistent with our grid-dependency studies. 

Table IV: Comparison of present results for Newtonian fluid with the benchmark [27] for 𝑃𝑟 = 7. 

 𝑅𝑎 = 103 
𝑁𝑢̅̅ ̅̅  

𝑅𝑎 = 104 
𝑁𝑢̅̅ ̅̅  

Present study 1.117 2.272 
Turan et al. [27] 1.118 2.274 

4. RESULTS AND DISCUSSION 

4.1  Velocity and temperature distribution 

It is instructive to inspect the distributions of dimensionless temperature 
𝜃 = (𝑇 − 𝑇𝐶) (𝑇𝐻 − 𝑇𝐶)⁄  and dimensionless vertical velocity component 𝑣𝑦

∗ = (𝑣𝑦𝐿) 𝛼⁄  in 
order to understand the effects of Power-law index on the heat transfer characteristics (i.e. 
variation of the mean Nusselt number 𝑁𝑢̅̅ ̅̅ ) during natural convection of Power-law fluids in 
the side heated square enclosure. The variations of 𝜃 and 𝑣𝑦

∗ along the horizontal mid-plane 
(𝑦 𝐿⁄ = 0.50) are presented in Figs. 2 and 3 for different values of 𝑛. The distributions of 
dimensionless horizontal velocity component 𝑣𝑥

∗ are not shown as the horizontal velocity 
component is of the same order of magnitude for square enclosure. 
 

   
Figure 2: Variations of non-dimensional temperature 𝜃 for 𝑅𝑎 = 101 (left), 𝑅𝑎 = 103 (middle) and 

𝑅𝑎 = 104 (right). 
 

   
Figure 3: Variations of non-dimensional vertical velocity 𝑣𝑦

∗ for 𝑛 = 0.50 (left), 𝑛 = 1.00 (middle) 
and 𝑛 = 1.50 (right). 

      It is evident from Fig. 2 that at lower values of Rayleigh number (𝑅𝑎 = 101) the 
distribution of 𝜃 is completely linear and the vertical velocity component 𝑣𝑦

∗ is essentially 
negligible due to very weak flow as the effects of buoyancy forces are dominated by viscous 
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effects. Under this circumstance, the heat transfer takes place principally by conduction across 
the square enclosure. The effects of buoyancy force strengthen relative to the viscous force 
with increasing 𝑅𝑎, which, in turn, augments the heat transfer by convection due to stronger 
buoyancy-driven flow with higher vertical velocity magnitude. This effect is clearly evident 
from Fig. 3, which indicates that the peak values of the vertical velocities increase due to the 
intensified convective activities with increase in Power-law fluid Rayleigh number. The steep 
rise in the 𝑣𝑦

∗ velocity gradient in the near hot wall region also confirms the increased 
convective activity at higher 𝑅𝑎 values as observed in Fig. 3. 
 

 
Figure 4: Isotherm contours. 

      Furthermore, it is evident from Fig. 2 that the distributions of 𝜃 become increasingly non-
linear as the value of Power-law index decreases, which suggests that the effects of 
convection become increasingly strong for decreasing values of 𝑛 when Rayleigh number is 
kept constant. This is further supported by the plot in Fig. 3 which shows that the magnitude 
of 𝑣𝑦

∗ increases as the Power-law index decreases. This in turn means, that the strength of the 
buoyancy forces becomes increasingly strong in comparison to the viscous flow resistance for 
decreasing values of Power-law index and this effect is particularly effectual for the shear-
thinning Power-law fluids (𝑛 < 1.00). On the other hand, the effects of convection become 
increasingly weak in comparison to viscous forces with increasing for the shear-thickening 
Power-law fluids. These effects can be seen in smaller values of vertical velocity component 
and more linear distribution of dimensionless temperature for 𝑛 > 1.00. 
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      These findings are entirely consistent with earlier findings in the context of the natural 
convection of generalized Newtonian fluids [23, 27] as well as nanofluids [28, 29]. 
Furthermore, the scaling analysis [23] suggests that both hydrodynamic and thermal boundary 
layer thickness become progressively thin as the Power-law index value decreases when 
Rayleigh number is kept unaltered. 
      Moreover, the thinning of both hydrodynamic and thermal boundary layer thickness with 
decreasing 𝑛 can be further seen from the isotherms shown in Fig. 4. It can be observed from 
Fig. 4 that the isotherms become progressively more curved with decreasing value of Power-
law index as a result of the strengthening of convective heat transfer transport. 

4.2  Mean Nusselt number 

Fig. 5 presents the variation of the mean Nusselt number along the heated wall with the 
Rayleigh number. For smaller values of the Rayleigh number convection in the Power-law 
fluid is extremely weak (practically negligible), and the thermal transport is principally 
conduction-driven, so the mean Nusselt number equals 𝑁𝑢̅̅ ̅̅ = 1.00 and its value is 
independent of the Rayleigh number value for both shear-thinning (𝑛 < 1.00) and shear-
thickening fluid (𝑛 > 1.00). As the Rayleigh number increases, the shear-thickening fluid 
remains in the conductive heat transfer regime, while convective thermal transport becomes of 
significant importance in the shear-thinning fluid. 
 

  
Figure 5: Variation of the mean Nusselt number with the Rayleigh number (left) and onset of the heat 

transfer convection (right). 
 

 
Figure 6: Variation of the critical Rayleigh number with the Power-law index. 

      The point above which the convective heat transfer starts to play an important role in the 
thermal transport (i.e. the critical value of the Rayleigh number at which the mean Nusselt 
number equals 1.01) depends on the value of the Power-law index. The higher is the value of 
the Power-law index, the more delayed is the onset of heat transfer convection (Fig. 6). When 
the Power-law fluid is in the convective heat-transfer regime (𝑁𝑢̅̅ ̅̅ ≥ 1.01), the mean Nusselt 
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number is a monotonic increasing function of the Rayleigh number (Fig. 5) and attains lower 
values for the shear-thickening fluids (𝑛 > 1.00) at a given Rayleigh number. 
      One should note that a detailed analysis of the precise onset of fluid motion in this 
configuration is beyond the scope of the current analysis. In the present work, we are 
interested in identifying the point above which the convective heat transfer in Power-law 
fluids starts to play an important role in the thermal transport by using the criterion of 
𝑁𝑢̅̅ ̅̅ > 1.01 (similar as in [28, 29]), and this serves the main purpose of the current analysis. 
 

 
Figure 7: Variation of the normalised mean Nusselt number with the Power-law index. 

      Finally, Fig. 7 illustrates the variation of the normalised mean Nusselt number (i.e. the 
mean Nusselt number for each 𝑛 is normalised by the corresponding value for a Newtonian 
fluid) with the Power-law index; such a normalisation elucidates the role of the Power-law 
rheology in an unambiguous manner. 
      When the Power-law fluid is in the conduction dominated regime, the corresponding 
value of the normalised mean Nusselt number equals 1.00 and is independent of the Power-
law index value. On the other hand, when the Power-law fluid is in the convection dominated 
regime, the variation in the overall heat transport for a non-Newtonian fluid is remarkable. 
Qualitatively, for the shear-thinning behaviour (𝑛 < 1.00), the heat transport increses with 
the increasing Rayleigh number and decreases for the shear-thickening behaviour (𝑛 > 1.00). 
Similar results were also observed in the numerical study of Kim et al. [15] for natural 
convection of the shear-thinning fluid in the range 105 ≤ 𝑅𝑎 ≤ 107 and 102 ≤ 𝑃𝑟 ≤ 104. 

5. CONCLUSION 

In the present study, the heat transfer characteristics of two-dimensional steady and laminar 
buoyancy driven flow of inelastic generalised Newtonian fluids in a square enclosure with 
differentially heated side walls subjected to constant temperatures have been studied by 
numerical means. The shear-thinning, Newtonian and shear-thickening viscous behaviour of a 
fluid has been considered with the well known and widely used Power-law model. The 
system of the mass, momentum and energy conservation equations has been solved by the 
open-source OpenFOAM CFD software package based on the SIMPLE algorithm. The effects 
of the Rayleigh number 𝑅𝑎 and Power-law index 𝑛 at Prandtl number value 𝑃𝑟 = 10 on heat 
and momentum characteristics in conduction and convection regime have been systematically 
investigated. 
      The influence of computational grid refinement on the present numerical predictions was 
studied throughout the examination of spatial (grid) convergence for the flow of shear-
thinning fluid (𝑛 = 0.50) at Rayleigh number value 𝑅𝑎 = 104. In addition, Richardson’s 
extrapolation technique was used to quantify the numerical accuracy for the mean Nusselt 
number and the maximum non-dimensional vertical velocity component. By utilizing 
extremely fine and mesh refinement towards each solid wall, the resulting discretisation error 
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levels are well below 0.50 %. The numerical method was validated for the case of natural 
convection of Newtonian fluid at 𝑃𝑟 = 7 which the results are available in the open literature. 
Remarkable agreement of present results with the benchmark results yields sufficient 
confidence in the present numerical procedure and results. 
      For a range of the Rayleigh number 101 ≤ 𝑅𝑎 ≤ 104 the conductive and convective 
buoyancy driven flow of the Power-law fluid was thoroughly examined with focus on the 
effects of shear-thinning and shear-thickening viscous behaviour on the flow features. Based 
on the present numerical results, the following important conclusions can be emphasised: 
 For smaller values of the Rayleigh number (𝑅𝑎 < 𝑅𝑎𝑐𝑟) the heat convection in the Power-

law fluid is practically negligible and the thermal transport is principally conduction-
driven; therefore, the mean Nusselt number equals 𝑁𝑢̅̅ ̅̅ = 1.00 and its value is independent 
of the Rayleigh number value for both shear-thinning (𝑛 < 1.00) and shear-thickening 
fluid (𝑛 > 1.00). 

 The point above which the convective heat transfer starts to play an important role in the 
thermal transport (i.e. the critical value of the Rayleigh number at which the mean Nusselt 
number equals 1.01) depends on the value of the Power-law index. The higher is the value 
of the Power-law index, the more delayed is the onset of heat transfer convection. 

 In the convection dominated heat-transfer regime mean Nusselt number rises 
monotonically with increasing values of the Rayleigh number. However, mean Nusselt 
number (at the same value of the Rayleigh number) decreases as the Power law index 
increases. 

 When the Power-law fluid is in the convection dominated regime (𝑅𝑎 > 𝑅𝑎𝑐𝑟), the 
variation in the overall heat transport for a Power-law fluid is remarkable. Qualitatively, 
for the shear-thinning behaviour (𝑛 < 1.00), the heat transport increses with the increasing 
Rayleigh number and decreases for the shear-thickening behaviour (𝑛 > 1.00). 
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