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ABSTRACT
Confined buoyancy-driven turbulent flows occur in many engineering and thermal systems. There is need for accurate numerical resolution of the flow field to assess the performance of these systems. The Finite Volume Method is a robust discretization scheme due to its ability to adopt to both structured and unstructured flow domains. However, it requires to be coupled with an appropriate interpolation scheme that estimates the values of the flow variables across the boundaries of the finite volumes. Thus, the accuracy of Finite Volume-based numerical predictions of the flow field strongly depends on the choice of interpolation scheme. Therefore, assessing the performance of interpolation schemes within the finite volume framework is of critical importance. This paper provides a scientific evaluation of the performance of Power-law and first-order upwind interpolation schemes in the simulation of confined buoyancy-driven turbulent flows using the finite volume method coupled with the Pressure-Implicit with Splitting of Operators algorithm, with turbulence closure provided by the shear stress transport (SST) k–ω turbulence model. The interpolation schemes are evaluated with respect to numerical stability, convergence characteristics, artificial diffusion, and their effectiveness in resolving dominant flow and turbulence features. The assessment of their performance is based on predicted flow field against benchmark results. The results revealed that the first-order upwind scheme was more stable and had a higher rate of convergence than the power law scheme. However this scheme is overly diffusive leading to smearing of gradients thus spreading momentum and temperature too broadly across the cavity. The power-law scheme more accurately captures flow, thermal, and turbulence structures, particularly turbulent kinetic energy and eddy viscosity fields, though with increased grid sensitivity. The numerical evidence obtained provide a stability-accuracy trade-off between the two interpolation schemes considered in this study. Therefore, for any analysis requiring physically meaningful representation of natural convection at high Rayleigh number, the Power-Law scheme provides far more reliable and accurate results than First-Order Upwind.
Introduction
Buoyancy-driven turbulent flows are a significant phenomenon in many engineering and environmental applications, ranging from air circulation in living rooms to electronic cooling systems, nuclear reactors and atmospheric dynamics [8]. As a consequence, turbulent natural convection continues to attract increasing interest from the thermal science community [3]. These flows are caused by density variations resulting from temperature gradients leading to natural convection phenomena. According to [6], it is important to understand and accurately predict the characteristics of a flow field under flow conditions of interest as a vital step towards designing energy-efficient systems and ensuring thermal safety. 
According to [12], computational fluid dynamics is a field of fluid mechanics that employs numerical modeling and simulation to analyze fluid behavior in different scientific and engineering applications. The techniques play a crucial role in engineering, physics and environmental sciences where analytical and experimental solutions are difficult to obtain.
A numerical approach follows a sequence of well-defined procedures aimed at producing predictions that are in close agreement with experimental observations. Collectively, these procedures form what is commonly referred to as a numerical framework.  According to Reference [7], a numerical framework may be described as a coherent and clearly specified set of steps that systematically lead to the solution of a mathematical problem.
Among the various discretization techniques available in computational fluid dynamics, the finite volume method (FVM) has gained widespread acceptance because of its inherent conservation characteristics and its adaptability to complex geometrical configurations. By integrating the governing equations over discrete control volumes, the FVM ensures that fluxes are conserved across cell interfaces. Its flexibility in grid generation and boundary condition implementation makes it particularly suitable for confined flow domains.
An essential component of the FVM is the evaluation of flow variables at the faces of control volumes. Since primary variables are typically stored at cell centers, interpolation is required to approximate their values at cell interfaces. Different interpolation schemes provide alternative strategies for estimating the variation of flow quantities between nodal points. Each scheme is based on specific assumptions regarding how variables vary within a control volume, and these assumptions directly influence the accuracy, stability, and physical realism of the numerical solution.  Choice of interpolation scheme is particularly important in convection-dominated flows where inappropriate interpolation may affect the accuracy, stability and physical realism of numerical solutions [12]. In buoyancy-driven flows, convective heat transfer plays a central role. Consequently, selecting an appropriate interpolation scheme is crucial in capturing sharp temperature gradients and flow structures. 
This paper has  compared the performance of two interpolation schemes namely power-law and first-order upwind  interpolation schemes in analyzing distribution of temperature, velocity, turbulent kinetic energy and turbulent eddy viscosity in a confined square cavity. The equations governing the mass, momentum and energy transport are discretized using the finite volume discretization method, while pressure has been resolved using the Pressure-Implicit with Splitting of Operators (PISO) scheme. Turbulence has been resolved using the   turbulence model due to its overall accuracy for flows with both wall-bounded and free stream regions [9]. Results are obtained for Ra=109, and Pr=0.71. 
1. Related Studies
In 2017, reference [9] examined the influence of Rayleigh number on spatial distribution of flow variables within a confined turbulent flow domain. The study employed Finite Volume Method coupled with Power-law interpolation scheme. Pressure-velocity coupling was handled SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) scheme. The findings indicated that the flow structure within the enclosure was distinctly non-uniform, with the magnitude and pattern of the velocity, temperature, and turbulence characteristics showing strong dependence on the Rayleigh number. [9].
In 2019, reference [13] used a high order accuracy interpolation scheme coupled with the finite volume method for solving unsteady convection-dominated transport problems. The results revealed that the proposed high order accuracy scheme generated results which were as consistent as the results obtained using the central differencing scheme [13].
In 2019, reference [11] carried out a convection-diffusion flow analysis on a rectangular mesh. The governing equations were discretized using the finite volume method coupled with the first-order upwind differencing scheme. The results revealed that the first-order upwind interpolation scheme generated results which were consistent with experimental results for the convective heat flow [11].
 A comparative study of convection-diffusion flow using the first-order upwind differencing and the central differencing scheme coupled with the finite volume method was carried out by [10] in 2020. Results revealed that both schemes generated results which nearly matched experimental results for convection dominated regions and therefore the upwind scheme can be used to compliment the central differencing scheme in analysis of convective heat transfer [10]. 
In 2015, reference [4] numerically studied mixed convection heat transfer in a lid-driven cavity filled with a nano- fluid. The upper and lower bottom walls of the cavity were thermally insulated while the remaining walls were mobile and deferentially heated. The governing equations with boundary conditions were discretized using the finite volume method coupled with the power law interpolation scheme. Results showed that the mean Nuselt number is an increasing function of the decrease in Richardson number and increases with increasing values of the nano-particles volume fraction [4].
2. Governing Equations
The general equations that govern a fluid flow include the mass, momentum and the energy conservation equations. Each of the equations has certain transported variable(s) as the dependent variable(s). Because the flow examined in this study is turbulent, the governing equations were reformulated using Reynolds decomposition, separating each variable into its mean and fluctuating components. An averaging procedure was then applied to remove the wide range of temporal and spatial scales that characterize turbulent motion. [9]. 
[bookmark: _Toc100068750]3.1 Equation of Conservation of Mass
 According to [2], the general equation of conservation of mass is given as 

                                                                                     			  (1)      


Where      represents the rate of change of mass while   represents the convective change of mass. 
[bookmark: _Toc100068751]3.2 The Equation of Conservation of Momentum
The momentum equation, in its most general Cartesian tensor notation is given as [1].

    				        			   (2)



Where  represents the body force per unit volume and  is the stress tensor.  The stress tensor  is defined as

                         					          			 (3)


 is the Kronecker delta and  is the viscous stress tensor, which is defined as in the equation below 

         				       			    (4)


Where and are the first and second coefficients of viscosity respectively. Substituting equation (4) into equation (3) yield

          			         			  (5)
We now therefore obtain the general momentum equation in Cartesian tensor notation by substituting equation (5) into equation (2) and re-arranging to yield

        		(6)


The terms on the left hand side of equation (6) represent the local and the convective acceleration while the terms on the right hand side represent pressure force, body force acting on the volumetric mass of fluid and the viscous forces respectively. The linear deformation caused by shear forces is defined in terms of the dynamic viscosity   whereas the volumetric deformation is defined in terms of the second viscosity coefficient.
[bookmark: _Toc100068752]3.3 Equation of Conservation of Energy
According to [1], the equation governing the conservation of energy is given by



     			         			  (7)

where                      						          		(8)  
It has been assumed that there is no external heat generation.  Fourier law suggests that

                                                                                                			 (9)

Here, signifies thermal conductivity.
 According to reference [5].

                                                                                                    			 (10)

where  is the specific internal energy. This implies that

                              			                     			(11)
Maxwell’s thermodynamic relation stipulates that

                                                                                       			(12)

where represents specific entropy. Substituting equation (12) into equation (11) and simplifying results to

                                                                                        		               (13)
But since entropy depends on both pressure and temperature then,

					                             		                (14)
However, from the generalized thermodynamic relations,

                  					      		                (15)

                                                                                            		                (16)


where   is the volumetric coefficient of expansion and is the specific heat capacity at constant pressure. Substituting equations (14) and (16) into (13) yields

                                                                      			(17)
Simplification of equation (17) yields

                                 			        			 (18)
We now obtain the final form of the general energy equation by substituting equations (18) and (9) into equation (7), as

         			 (19)
Equations (19), (6) and equation (1) gives the general form of the laws of conservation of energy, momentum and mass respectively. The equations apply for both turbulent and non-turbulent flow regimes. However, a turbulent flow regime is characterized by fluctuation of flow properties with respect to both time and space. Consequently, we need to decompose the flow properties in the above general equations into a mean and a fluctuating component. 
[bookmark: _Toc100068753]3.4 Reynolds Decomposition


Turbulent flows are irregular and the motion is not linear. As a consequence, the flow variables change their direction and location with space and time.  A flow variable therefore consists of an average value   and a fluctuating value, . Hence,


                                  		                       		            (20)                      
This technique is known as Reynolds decomposition.
[bookmark: _Toc100068754]3.5 Reynolds Averaging

The average value  is defined as

                                                                                      			  (21)


where is the time averaging interval chosen such that it is sufficiently large. This implies that the mean value is a function of space only. Consequently, 

                                                            			      		             (22)
Since turbulent fluctuations are random in both magnitude and direction, it implies that the average of fluctuating component of a quantity is zero. Reynolds rules of averaging are as given by equation (23).

                                                                                	               (23)
In equation (23), C is a constant and s denotes a spatial coordinate. 
[bookmark: _Toc100068755]We now apply the above averaging rules to equations (1), (6) and (19) to yield the Reynolds averaged turbulent equations for conservation of mass, momentum and energy respectively.
3.6 Reynolds Averaged Equations

                                                                 			 (24)

         		               (25)

                                      (26)

3. Assumptions and Approximations
The final set of equations presented in section 3.6 contain more variables than the number of equations. We therefore impose assumptions to further simplify the equations by causing the disappearance of some terms. These assumptions are coupled with the Buossinesq approximation to help reduce the number of variables. 
4.1 Buossinesq Approximation and Assumptions
In buoyancy-driven flows, a fluid of density ρ displaces a fluid of less density ρ0.  This variation in density is caused by temperature difference. Fluid particles near a heat source get heated and become less dense. These fluid particles rise and are replaced by denser particles that are further away from the heat source. The density variations present in the flow are minimal and may therefore be treated as insignificant. In 1903, Joseph Boussinesq introduced the concept that when density differences are small, they can be disregarded in the governing equations except where they influence buoyancy effects. This approximation simplifies the turbulence model by eliminating the need to solve the full compressible form of the equations, while still accurately capturing the essential buoyancy-driven behavior of the flow.
 In view of this we will impose the following assumptions: 
1. Density will be assumed constant in the mass conservation equation and in the inertia terms of the momentum equation but not in the buoyancy production term.
2. The flow is Newtonian and turbulent.
3. Gravity is the only body force acting on the fluid.
4. Effects caused by viscous dissipations are neglected.
Applying the above assumptions enables considerable simplification of the turbulence equations presented in section 3.6. The body force term in the momentum equation has also been modeled to become a buoyancy production term. The resulting final set of turbulence equations are presented as follows: 

      					                                                                (27)


                                       (28)

                                                                                            (29)                                             
5. Turbulence Modeling


The decomposition and averaging of the equations using Reynolds rules introduced additional terms with unknown correlations emanating from the fluctuation motion. In addition to the stresses caused by pressure and viscosity effects, a fluid element experiences stresses emanating from the turbulent fluctuations. The term  in the momentum equation leads to additional momentum transfer in turbulent flow. In a similar manner, the term found in the energy equation accounts for the additional heat transfer caused by the fluctuation motion. The presence of these turbulent correlations in the Reynolds averaged equations therefore creates need for closure.
In the current study, the closure problem has been resolved using the SST k–ω model. The model equations for the SST k–ω model are given as [9].

                                                                                    (30)                                     

                                                                                (31)
The unknown correlations in equation (30) and (31) were further modeled to give the final form of the equations as


                                                  (32)

	                                                                 (33)
Model Constants for the SST k–ω model
	

	

	

	

	

	

	

	

	

	

	


	0.85
	1
	0.5
	0.857
	0.31
	0.09
	0.075
	0.0828
	0.09
	0.072
	2.95



The turbulence equations presented contains more variables than the number of equations. In order to reduce the number of variables and obtain the non-dimensional numbers influencing the flow, the equations were further non-dimensionalized. The following scaling variables were used.


Applying the relevant scaling variables in the turbulent model equations, the final set of turbulent equations was obtained as follows:

                                                                                                                                       (34)                                                                                      

                                                         (35)     

                                                                               (36)                                       

                                   (37)

                                            (38)
6. Boundary Conditions
The mathematical formulation is completed by imposing the boundary conditions of the field variables present in the governing equations in section 3.6. In the preceding section, we outline the temperature and velocity boundary conditions for the flow in their dimensionless form. Pressure boundary conditions are however not imposed because pressure is deduced from the velocity field.
6.1 Temperature boundary conditions





The non-dimensional temperature is defined as  where  is the characteristic temperature difference between the hot and cold walls.  is conveniently chosen so that  within the  cavity.  For the adiabatic surfaces of the cavity, is constant. This implies that on these surfaces,

                                                                                                                                    (39)                                                                                       
where n is a scalar of the outward unit vector normal to the surface.
In the current study, the two opposite vertical walls of the cavity are differentially heated. Dirichlet boundary conditions are thus applied on the vertical walls so that

                                                                                                                                         (40)              				                  
[bookmark: _Toc100068786] 6.2 Velocity Boundary Conditions

Since the walls of the cavity are considered solid and impermeable, it means that motion can only be possible in its own plane, and hence, the normal components of velocity are zero.  This is because mass cannot penetrate an impermeable solid surface. Therefore the velocity components .The velocity boundary conditions are thus stated as follows:

                                                                                                 (41)        
7. Computational Domain Geometry
The physical model represents a vertical enclosure with a square base of dimensions 0.75m by 0.75m and a height of 1.5 m. The two vertical walls of the enclosure are differentially heated with the left wall isothermal at 323 kelvins and the right wall being isothermal at 283 kelvins. The top and bottom walls of the enclosure were kept adiabatic. The fluid inside the enclosure was assumed to be air at a Prandtl number of 0.71. The characteristic length L was 0.75M, which is the distance between the two heated and cooled vertical walls. The flow was assumed to be only in the x-y direction, giving a two dimensional flow. 
Figure 1 below shows the physical set-up of the flow domain.
                      [image: ]
                                                   Figure 1:  Geometry of the Flow Domain

7.1 Mesh Generation and discretization of the flow domain






A two-dimensional (2D) computational grid is a mathematical framework used to discretize a physical domain into small, manageable elements so that governing equations can be solved numerically. In 2D problems, all physical variables depend on two spatial coordinates, usually (x, y), while the third dimension is either negligible or assumed uniform. Typical applications include fluid flow in a cavity, heat transfer over a flat plate, and natural convection in enclosed domains. The computational domain is subdivided by grid lines in the (x) and (y) directions to form small rectangular cells, where the intersection points are referred to as grid nodes and the cells themselves act as control volumes. For a uniform grid, the grid spacing is constant and defined as and where  and are the domain lengths and and  represent the number of divisions in each direction. The primary purpose of introducing a computational grid is to enable the transformation of partial differential equations into algebraic equations by approximating spatial derivatives using finite difference or finite volume schemes. 

7.2 Mesh Generation and Grid Resolution (80 × 80 Uniform Grid)
The domain was discretized using a structured uniform mesh of 80 × 80 control volumes, yielding 6,400 computational cells and 6,561 nodal points. The flow domain therefore had 80 cells or control volumes in the x-direction and 80 cells in the y-direction. The nodes or grid points are the corners of these cells. The number of nodal points are more than the number of cells because in each of the two directions, we have N+1 nodes, giving 81 nodes in each of the two directions.  The grid spacing in each coordinate direction was determined as:

 


The finer horizontal spacing ensures adequate resolution of lateral thermal gradients, while the vertical spacing captures the buoyancy-induced plume development and boundary-layer growth along heated and cooled surfaces.
The 80 × 80 mesh was selected following a grid independence analysis, in which simulations were performed using coarser (60 × 60) and finer (100 × 100) meshes. Key flow and heat-transfer parameters, including velocity magnitude, temperature distribution, and turbulent kinetic energy exhibited less than 2% variation between the 80 × 80 and 100 × 100 grids. This confirms that the chosen mesh provides a grid-independent solution while maintaining reasonable computational cost.

[image: ]
Figure 2: A two-dimensional computational grid
[image: A 2D uniform grid showing the finite-difference scheme used in the ...]Figure 3: A nodes at (i, j) with its neighboring nodes

8. Method of Solution
The finite volume method was used to discretize the governing equations presented. In this numerical method, a mesh is generated by subdividing the solution domain into control volumes of finite dimensions. The finite volumes are closely spaced. All the dependent variables share the same finite volume and are computed and stored at its geometrical center.  These geometrical centers are referred to as computational nodes. Each dependent variable is then computed at every computational node in order to determine its distribution in the flow domain. The discretized governing equations, in their integral form, are imposed over the control volumes. Each face of a finite volume is shared either with a neighboring finite volume, or with a boundary of the flow domain. A face shared between a finite volume and the boundary of the flow domain is called a boundary face, whereas a face between two finite volumes is referred to as a face value. In order to compute the values of the dependent variable at the face of a finite volume, interpolation schemes are used.
In the current work, three interpolation schemes namely first order upwind, power law and QUICK interpolation scheme were used to estimate the distribution of velocity, temperature, turbulent kinetic energy and turbulent eddy viscosity across the boundaries of the control volumes. The pressure field was obtained using the PISO algorithm for pressure-velocity coupling.  In the preceding section, we present the numerical results obtained and their discussion.

9.0 Numerical Results and Discussions
This section documents the numerical results obtained by solving the final set of turbulence equations 34-38. The fluent software version 6.3 was used to generate results for Ra=3.11 × 109. Discretization was done using the finite volume method while pressure-velocity coupling was attained using the Pressure-Implicit with Splitting of Operators method (PISO) coupling scheme. Turbulence was modeled using the K- ω SST turbulence model. Numerical results are presented for two interpolation schemes namely upwind differencing and the Power law scheme. Contours were obtained for four flow variables namely velocity, temperature, turbulent kinetic energy and turbulent eddy viscosity. These contours explain the distribution of these flow variables within the computational domain.
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VELOCITY FIELD: FIRST ORDER UPWIND INTERPOLATION SCHEME
VELOCITY FIELD: POWER LAW INTERPOLATION SCHEME
FIGURE 4: VELOCITY FIELDS: FIRST ORDER UPWIND VS UPWIND SCHEME.
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TEMPERATURE FIELD: FIRST ORDER UPWIND INTERPOLATION SCHEME

TEMPERATURE FIELD: POWER LAW INTERPOLATION SCHEME

FIGURE 5: TEMPERATURE FIELDS: UPWIND VS POWER LAW INTERPOLATION SCHEMES
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TURBULENT KINETIC ENERGY: UPWIND DIFFERENCING SCHEME
TURBULENT KINETIC ENERGY: POWER LAW INTERPOLATION SCHEME

FIGURE 6: TURBULENT KINETIC ENERGY FIELDS: UPWIND VS POWER LAW
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TURBULENT VISCOSITY: UPWIND SCHEME
TURBULENT VICOSITY: POWER LAW SCHEME
[bookmark: _GoBack]FIGURE 7: TURBULENT VISCOSITY FIELDS: UPWIND VS POWER LAW SCHEMES























9.1 Scientific comparison of the Velocity fields
The velocity fields differ markedly between the schemes: First-Order Upwind solution shows a very weak, smeared flow with a maximum velocity of 2.97 × 10⁻³ m/s, concentrated in small patches adjacent to the vertical walls/top corners. In contrast the Power-Law solution produces a strong, well-defined plume-driven flow with a maximum velocity of 3.78 × 10⁻¹ m/s, located along the upper central region where the rising hot jet impinges on the adiabatic ceiling and spreads horizontally. These differences arise because First-Order Upwind introduces substantial numerical diffusion that damps vertical acceleration and spreads momentum, producing thicker boundary layers, muted recirculation, and a much lower peak velocity. The Power-Law scheme reduces artificial diffusion, so buoyancy-driven acceleration is preserved: boundary layers are thinner, the central vertical jet is narrow and intense, and the horizontal high-speed layer at the top is captured. Practically, First-Order underestimates peak wall shear and convective transport, while Power-Law reveals the true localization and magnitude of the convective jet and associated high-velocity regions.
9.2 Scientific Comparison of Temperature Fields
In the First-Order scheme, the thermal boundary layers are noticeably thicker, and the regions of highest temperature are broader and more diffused, spreading further upward and sideways from the heating zone due to strong numerical diffusion. In contrast, the Power-Law scheme produces sharply confined hot regions, where the highest temperatures remain tightly localized near the bottom heating surface and rise in a narrow, well-defined plume. First-Order isotherms are nearly horizontal with weak bending, indicating a smooth and overly mixed temperature field, whereas the Power-Law contours bend strongly around the central rising plume, and preserving realistic convection-driven temperature gradients. As a result, the First-Order solution shows a more uniform core, but at the expense of accuracy. With the Power-Law scheme, the peak temperatures are higher in magnitude and spatially concentrated, matching the expected behavior of buoyancy-driven convection.  Even smaller thermal features such as secondary recirculation zones and corner temperature distortions are smoothed out in the First-Order result but remain visible with Power-Law. These discrepancies arise because First-Order Upwind introduces substantial numerical diffusion, which smears steep thermal gradients and artificially softens high-temperature regions, giving a conduction-dominated appearance. The Power-Law scheme, designed to reduce this artificial diffusion in convection-dominated flows, preserves steep gradients and retains the true shape, intensity, and localization of the hottest plume region.
9.3 Scientific Comparison of Turbulent Kinetic Energy Fields
The turbulent kinetic energy (TKE) contours show major differences between the First-Order Upwind and Power-Law schemes, particularly in how each predicts the location and magnitude of the highest turbulence levels. In the First-Order Upwind solution, the maximum TKE is approximately 1.44 × 10⁻² m²/s², but this peak is spread out over a broad region, indicating weaker, more diffused turbulence caused by numerical smoothing. The high-TKE zone is less defined and covers a larger area near the bottom central part of the cavity, because First-Order Upwind introduces strong numerical diffusion that damps velocity gradients and reduces local shear production. In contrast, the Power-Law scheme predicts a higher maximum TKE of about 1.52 × 10⁻² m²/s², and this peak is sharply localized where the hot rising plume collides with the descending cold jet. The turbulent structures are stronger, narrower, and more concentrated, showing that the Power-Law method preserves the steep velocity gradients responsible for generating turbulence. Upward transport of turbulence along the plume is also better captured, whereas First-Order smears these features into a weaker and thicker band. Secondary turbulent structures—such as the small eddies near the corners—are visible with the Power-Law scheme but almost entirely lost in the First-Order result. These differences arise because First-Order Upwind heavily damps gradients through numerical diffusion, while the Power-Law scheme reduces this artificial smoothing, allowing the true intensity and localization of turbulence to appear in high-Rayleigh-number natural convection.
9.4 Scientific Comparison of Turbulent Viscosity Fields
The turbulent viscosity (µₜ) fields predicted by the First-Order Upwind and Power-Law schemes exhibit clear differences in both magnitude and physical sharpness. In the First-Order Upwind solution, the maximum turbulent viscosity is approximately 1.10 × 10⁻³ kg/m·s, and this peak is spread over a large portion of the cavity. The turbulence distribution appears smeared and thick, with no sharply defined regions of high µₜ. This spreading is caused by numerical diffusion, a well-known limitation of the First-Order scheme, which smooths velocity gradients and weakens turbulence production mechanisms. Because shear and buoyancy-induced velocity changes are artificially damped, the First-Order solution under-predicts the peak turbulence intensity and produces unrealistic broad regions of high µₜ.
In contrast, the Power-Law scheme predicts a higher and more sharply localized maximum turbulent viscosity of about 1.95 × 10⁻³ kg/m·s. This peak forms in the central interaction region where the rising hot plume meets the descending cold boundary-layer flow, indicating stronger shear and more realistic turbulence generation. The Power-Law method limits numerical diffusion and preserves steep temperature and velocity gradients, allowing localized turbulence structures to appear accurately. As a result, the Power-Law contours show distinct turbulence lobes, well-defined boundary-layer turbulence near the vertical walls, and a compact central high-turbulence zone that is completely absent or smeared in the First-Order result.
10.0 Comparison between Numerical Results and Experimental Results. 
The numerical results presented above were compared with the experimental benchmark results of Ampofo and Karayiannis, 2003. Since the experimental data was presented in form of profiles, it was necessary that we generate a set of results comparable to experimental data. In this section, we present the numerical results produced against the experimental benchmark. The results were generated using FLUENT 6.3.2 software. 
10.1 Temperature Fields
The horizontal midline temperature profiles show that both convection schemes reproduce the general thermal structure established within the enclosure. The overall decrease in dimensionless temperature from the heated wall toward the cooled wall is consistently predicted by both methods. However, closer examination reveals subtle but important differences. The first-order upwind approach produces a slightly smoother distribution in the interior region, suggesting the presence of numerical diffusion that dampens temperature variations. As a result, temperature values in the core of the cavity are marginally lower than those observed experimentally.

[image: ]

FIGURE 8: TEMPERATURE FIELD: POWER LAW, UPWIND AND EXPERIMENTAL DATA.


The Power-Law formulation, on the other hand, maintains sharper temperature gradients, particularly in the vicinity of the cold-wall boundary layer. This indicates an improved ability to resolve convective heat transport with reduced artificial smoothing compared to the first-order upwind scheme.
10.2 Velocity Fields
In analyzing flow within a confined cavity, the effectiveness of numerical schemes depends on the velocity component being considered. The first-order upwind (UDS) scheme performs best in predicting horizontal velocity, as this flow is generally smooth in the cavity’s core, where gentle gradients prevail and stability is key. 
[image: ]
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FIGURE 9: VELOCITY FIELDS: POWER LAW, UPWIND AND EXPERIMENTAL DATA.



















In contrast, the Power Law scheme slightly suppressed the velocity magnitude in the high-gradient region near the peak and showed a marginally faster reduction downstream. This behavior suggests that the Power Law formulation introduced comparatively higher numerical damping, leading to a smoother but less sharply resolved velocity profile in regions where strong gradients are present.
10.3 	Turbulent Kinetic Energy Fields
Both the first-order upwind and Power Law schemes over predicted the turbulent kinetic energy relative to experimental measurements. However, the Power Law formulation demonstrated marginally improved agreement across both the peak and downstream decay regions. The first-order upwind scheme consistently produced slightly elevated turbulence levels, indicating a tendency toward amplified transport of turbulent quantities.

[image: ]FIGURE 10: TURBULENT KINETIC ENERGY FIELD: POWER LAW, UPWIND AND EXPERIMENTAL DATA.




10.4 Turbulent eddy viscosity fields
The horizontal distribution of turbulent eddy viscosity computed using the first-order upwind (UDS) scheme shows a relatively smooth profile throughout the cavity. Peak eddy viscosity values near the heated and cooled walls are noticeably subdued due to the scheme’s inherent numerical diffusion. As a result, the turbulence intensity in regions with strong velocity gradients, especially near the walls, is underestimated. While the UDS scheme delivers stable and monotonic results, its tendency to smooth sharp gradients limits its ability to accurately capture localized turbulent structures.
[image: ]FIGURE 11: TURBULENT VISCOSITY FIELDS: POWER LAW, UPWIND AND EXPERIMENTAL DATA.



In contrast, the Power-Law scheme yields a horizontal eddy viscosity distribution that demonstrates a closer agreement with experimental measurements. Peaks near the walls are better maintained, reflecting the actual intensity of turbulence generated by velocity shear. The variation from high eddy viscosity near the walls to lower values in the cavity center is more pronounced, providing a realistic depiction of momentum-driven turbulence. Overall, the results obtained with the Power-Law scheme align more closely with experimental data, effectively capturing the horizontal distribution and magnitude of turbulent mixing that the UDS tends to under predict.
11. CONCLUSION
From the numerical results obtained the Power-Law scheme gives a better estimation of the distribution of temperature, velocity, turbulent kinetic energy and turbulent eddy viscosity between nodal points in a finite volume. This scheme captures the sharp thermal and velocity gradients that naturally develop when strong buoyancy forces drive vigorous circulation. Because the Power-Law scheme significantly reduces numerical diffusion, it preserves the steep boundary layers along the heated and cooled walls, resolves the central buoyant plume accurately, and predicts realistic peak values of velocity, turbulent kinetic energy, and turbulent viscosity. Though the First-Order Upwind scheme is quite stable and easily attains convergence, the scheme introduces excessive artificial diffusion that smears these gradients and spreads momentum and temperature too broadly across the cavity. This leads to under-prediction of maximum velocity and turbulence levels and makes the flow appear more conduction-dominated than it physically is. Therefore, for any analysis requiring physically meaningful representation of natural convection at high Rayleigh number, the Power-Law scheme provides far more reliable and accurate results than First-Order Upwind.
12. Recommendation to the User
Understanding and accurately predicting natural heat-driven airflow in confined environments is critical in many practical situations such as buildings, small enclosures and thermal systems. The airflow, often caused by temperature differences, can become highly turbulent and difficult to simulate with precision. This study aims to improve modeling of such flows by developing a structured numerical approach based on the Finite Volume Method. The study seeks to establish the most appropriate combinations of numerical components for generating physically realistic results. The findings of this study will be beneficial to: 
a. Electronic and cooling systems: Accurate modeling of buoyancy-driven turbulent flows assists in optimizing heat removal within electronic enclosures, reducing over-heating risks and improving device reliability.
b. Engineers involved in designing naturally ventilated spaces, energy-efficient buildings and thermal control systems.
c.  Broader scientific community by offering an adaptive framework that others can apply or extend in similar studies. 
d. Industrial and thermal processes such as furnaces, drying chambers, solar thermal systems to enhance heat distribution, efficiency and operational safety. 

13. Recommendation for Further Study
1. Extension of the present work to higher Rayleigh number regimes and a wide range of Prandtl numbers.
2. Extension of the study to other geometries such as spheres and cylinders, and transient thermal boundary conditions.
3. A numerical investigation comparing the performance of the power-law interpolation scheme with higher order schemes like QUICK.
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