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Abstract. The present study investigates numerically the laminar mixed convection problem in a 

square enclosure with a mounted rotating cylinder at different sidewalls. The goal is to characterize the 

geometrical model that performs the best and offers the highest heat transfer rate by relocating the 

rotating cylinder. The effect of the cylinder angular speeds defined by Re number for a wide range of 

(100 ≤ Re ≤ 1200) and Grashof number of (7103 ≤ Gr ≤ 4.9104), and the effect of the cylinder radius 

R0, on the heat transfer characteristics are considered. The suggested geometry is a square cavity with 

a bottom wall that is immobile and heated to a temperature of Th and with rotating cylinders mounted 

at different sidewalls and maintained at cold temperature Tc. Remaining walls are considered adiabatic. 

Results revealed that flow patterns and thermal performance are directly affected by the placement 

location of both the chosen heated wall and the rotating cylinder. From the four investigated geometrical 

models, case A (cold cylinder located at the top wall of the cavity + cavity left wall heated), was found 

to be the best performing geometrical model in the range of the investigated flow and thermal 

parameters with a maximum value of Numax = 9.183 for Ri = 0.034.  It was also found that increasing 

the rotating cylinder radius R0 leads to an enhanced heat transfer rate.   

Keywords:  square cavity, rotating cylinder, mixed convection, maximum heat transfer. 

 

Nomenclature 

 
g – gravitational acceleration, m/s2 Tc  – cold temperature, K 

Gr – Grashof number  Th – hot temperature, K 

L  – Cavity’s side length, m u, v  – velocity component, m∙s–1 

Nu  – average Nusselt number U, V  – non-dimensional velocity components  

Numax  – maximum average Nusselt number x, y  – horizontal and vertical coordinates, m 

p  – pressure, N∙m-2 X, Y  – non-dimensional horizontal and vertical coordinates 

P  – non-dimensional pressure Greek Symbols 

Pr  – Prandtl number ν – kinematic viscosity, m2 s–1  

ro  – cylinder radius, m α – thermal diffusivity, m2 s–1 

R0 – non-dimensional cylinder radius  β – thermal expansion coefficient, K–1 

Ra  – Rayleigh number θ – dimensionless temperature 

Re  – Reynolds number  ω – angular speed of the rotating cylinder, rad∙s–1 

Ri  – Richardson number Ω –  dimensionless angular speed of the rotating cylinder 
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1. INTRODUCTION 

Heat transfer through natural convection in partially heated enclosures has been extensively studied [1]. 

Enhancing heat transfer often involves modifying the system’s configuration. Lid-driven cavities with moving 

walls and rotating components, such as internal cylinders or arc-shaped rotating walls, improve convection by 

introducing mixed convection effects [2–6]. The direction of wall or obstacle movement can significantly 

influence thermal performance, which is crucial for applications like electronic cooling, solar collectors, and 

building ventilation [7–9]. 

Geometric modifications also play a key role in optimizing heat transfer. Modifications such as wavy 

walls [10], artificial roughness [11], internal heaters or fins [12], and fixed obstacles of various shapes circular, 

elliptical, triangular, square, and rectangular, are commonly used to alter flow structures [13–18]. Rotating 

obstacles, especially cylinders, are effective in improving heat transfer rates. Given their relevance to practical 

systems, optimizing geometries with rotating cylinders has become an important research focus. Several 

studies have explored such designs using numerical methods [19, 20]. For instance, Dos Santos et al. [21] and 

Lorenzini et al. [22] examined fin-enhanced enclosures, while Hussain and Hussein [23] showed that cylinder 

position and governing parameters like Reynolds and Richardson numbers significantly affect performance. 

Park et al. [24] demonstrated that reduced distance heated and cooled surfaces increases the Nusselt number. 

Recent investigations, such as those by Razera et al. [25, 26], focused on optimizing fin shapes and 

positions, confirming that factors like fin geometry and placement impact heat transfer. Muneer [6] found that 

arc-shaped rotating walls effectively enhance convection. Overall, thermal performance is governed by the 

balance of natural and forced convection, the orientation of rotating elements, and their interaction with 

buoyant forces. 

To the best of the authors’ knowledge, the uniqueness of the present study lies in its focus on a mixed 

convection flow in lid-driven cavities featuring a rotating cylinder mounted on the sidewalls of the enclosure. 

This specific configuration has not been explored in previous research, making it a novel contribution to the 

field. While prior studies have examined various aspects of mixed convection in cavities and the influence of 

rotating cylinders, the combination of these two elements in the context of sidewall-mounted cylinders within 

a lid-driven cavity remains unaddressed in the literature, thus highlighting the originality of this investigation. 

The chosen configuration has various practical applications: For lower Prandtl numbers (Pr ~ 1), such as air 

or gases, it represents scenarios like rotating electronic components positioned along enclosure edges, heat 

wheels, or engine blocks with rotating cylinders. For higher Prandtl numbers (Pr > 7), it applies to lubricated 

rotating cylinders, bearings in water or oil baths, or coating processes. 

2. GEOMETRY AND MESHING STRATEGY 

This study aims to identify the best-performing geometrical model for laminar mixed convection in a 

lid-driven cavity with a clockwise-rotating cold cylinder embedded in one sidewall. As shown in Figure 1, 

four configurations are tested: (A) cylinder at the top wall, left wall heated; (B) cylinder at the top wall, bottom 

wall heated; (C) cylinder at the right wall, left wall heated; and (D) cylinder at the bottom wall, left wall heated. 

All other walls are adiabatic. The cavity is filled with air, assuming constant properties (Pr = 0.71), with density 

variation modeled using the Boussinesq approximation. The objective is to determine which configuration 

yields the highest heat transfer across a range of Reynolds numbers (100 ≤ Re ≤ 1200) and Grashof numbers 

(7103 ≤ Gr ≤ 4.9104). The combined influence of Re and Gr is captured by the Richardson number 

0.0048 ≤ Ri ≤ 4.9, covering various convection regimes. 
 

      

Fig. 1 – Physical domain of the considered problem. 
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Several grid sizes were evaluated, including configurations of 100140, 140160, 160180, and 

180200. The comparison of the computed average Nusselt number, illustrated in Fig. 2, indicates that the 

mesh of 160180 cells provides the best compromise, providing accurate Nusselt number results with efficient 

computation. 

Further analysis on the effect of the rotating cylinder radius on the heat transfer is considered. Three 

dimensionless cylinder radius of R0 = 0.8, 0.5 and 0.2 are considered for the case A only. 

 

 
Fig. 2 – Grid sensitivity test for the case A, Re = 1200 and Gr = 4.9x104. 

 

3. MATHEMATICAL FORMULATION 

For a steady-state laminar convection problem in a 2D laminar air flow, the governing equations of 

mass, momentum, and energy conservation are defined using the following non-dimensional forms: 
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where Rayleigh number Ra is expressed as: 
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So, Richardson number Ri is expressed as: 
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The rotating cylinder center lies along one of the cavity walls with the dimensionless coordinates and its 

dimensionless radius defined as (X0, Y0, R0) = (x0, y0, r0) /L. 

The dimensionless magnitude of the velocity at the rotating cylinder surface is defined as: 

|𝑉| = √𝑈2 + 𝑉2 = Ω𝑅0 (8) 

where U = Ω (Y−Y0) and V = −Ω (X−X0). 

 

9

9.05

9.1

9.15

9.2

80x80 120x120 160x160 200x200

A
ve

ra
ge

 N
u

ss
e

lt
 n

u
m

b
e

r

Mesh



176 Abdelkader FILALI, Farid BERRAHIL, Hamza SEMMARI, Abdellatif M. SADEQ 4 

All fluid properties are assumed to be constant, except the fluid density, which is subject to temperature 

variations and adheres to the Boussinesq approximation; these fluid properties are considered constant [1]. The 

assumption of constant fluid properties is a valid simplification under moderate temperature gradients. This 

assumption has been commonly adopted in previous laminar mixed convection studies [2, 5, 6, 15, 17, 26], 

where the variation in properties was shown to have negligible influence on the overall flow structure and heat 

transfer characteristics under similar conditions. The average Nusselt number is determined as follows: 

𝑁𝑢 = ∫ 𝑁𝑢(𝑋)
1

0
d𝑋        or       𝑁𝑢 = ∫ 𝑁𝑢(𝑌)

1

0
d𝑌 (9) 

where Nu (X) and Nu (Y) are the local Nusselt numbers in the horizontal and vertical directions, respectively, 

defined as: 

𝑁𝑢(𝑋) = −
𝜕θ

𝜕𝑌
|

𝑌=0
    or    𝑁𝑢(𝑌) = −

𝜕θ

𝜕𝑋
|

𝑋=0
 (10) 

4. NUMERICAL METHOD 

The governing equations, denoted by Eqs. (1)–(4), are numerically resolved using the finite volume 

technique in ANSYS Fluent. The well-known SIMPLE algorithm [27] is used to couple the pressure and 

velocity fields. To guarantee the correctness of the solution, a convergence criterion with a tolerance of 10-6 is 

applied to all variables. To improve the accuracy of the results, the second-order upwind technique is utilized 

for discretizing the pressure, convection term, and energy equation, thus minimizing numerical diffusion and 

increasing the overall solution fidelity. The present numerical results were validated with the experimental 

results of Krane and Jessee [28] for natural convection in a cavity filled with air for Ra = 105 and Pr = 0.7. The 

air properities are assumed constant except the density which is estimated using the Boussinesq approximation. 

The cavity’s left wall is maintained at hot temperature Th and the right wall is maintained at a cold temperature 

Tc . As illustrated in Fig. 3, the comparison of the temperature profile across the cavity width show an excellent 

agreement between the present results and the experimental results reported by Krane and Jessee [28]. 

 

 
Fig 3 – Temperature profile across the cavity width. Comparison of the present study’s results  

with the experimental data [38] for Ra = 105 and Pr = 0.7. 

 

5. RESULTS AND DISCUSSION 

The study investigates how the rotating cylinder’s location and size affect heat transfer in a mixed 

convection system. It analyzes three positions right, top, and bottom and explores how changes in cylinder 

radius influence thermal performance. 

5.1. Flow and thermal behavior 

The streamlines and isotherms for the investigated cavity with rotating cylinder for the different cases A, 

B, C and D are presented in Figs. 4, 5, 6 and 7, respectively. The discussion is organized by considering Re and 

Gr numbers as follows: 
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For case A. As shown in Fig. 4, the cavity’s left wall is heated to temperature Th , and a rotating cylinder 

is located at the top wall. For Gr = 7×103 and Reynolds numbers ranging from 100 to 600, the flow develops 

three vortices: a dominant top vortex occupying over 85% of the cavity, a medium-sized vortex in the lower-

left corner, and a smaller one in the lower-right corner. As Re increases, the medium vortex shrinks, while the 

smaller vortex alternates in size-shrinking at Re = 300 and expanding again at Re = 600. At Re = 1 200, intensified 

flow near the top-left corner suppresses the bottom vortices, leaving two major vortices. 

As Gr increases to 4.9×104, natural convection dominates, enlarging the bottom vortex. The two main 

vortices align horizontally, and the top vortex shifts toward the upper-left, exhibiting stronger flow patterns. 

In the isotherms, higher Re leads to a thinner hot layer along the left wall due to the cold flow displacing 

hot fluid. This compresses the thermal boundary layer and enhances heat transfer through stronger interaction 

between the incoming cold flow and the hot fluid near the heated wall. 

For case B. Figure 5 shows the cavity’s bottom wall heated to Th , with a rotating cylinder at the top. For 

varying Gr number and Re = 100 and 300, two main vortices appear: a large one covering  about 95% of the 

cavity and a smaller one in the lower-left corner. At Re = 600, a third vortex forms in the lower-right, and the 

lower-left vortex grows with increasing Re. At Re = 1200, two large horizontal vortices dominate, dividing the 

cavity and minimizing Gr’s effect due to strong forced convection. 

For isotherms, case B shows better cold fluid transport to the center than case A, but at Re = 1200, the top-

left vortex hinders cold air movement. Higher Gr increases air temperature, showing stronger buoyancy forces 

affect thermal and flow behavior. 
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 Gr = 1.75104 

 Re = 100 Re = 300 Re = 600 Re = 1200  Re = 100 Re = 300 Re = 600 Re = 1200 
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Fig 4 - Flow structure and thermal behavior for case A 
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Fig 5 – Flow structure and thermal behavior for case B. 

• For case C. Figure 6 shows the cavity with a hot left wall and a rotating cylinder on the right. 

Streamlines reveal two vertical vortices whose size depends on the dominant convection. At low Gr, forced 

convection prevails, making the right vortex larger. As Gr increases, natural convection becomes more 

influential, leading to the left-side vortex growing larger while the right-side vortex diminishes. 

At moderate Gr, both vortices become similar in size, showing a transition between convection modes. 

For case C, higher Re enhances forced convection, transporting cold air more effectively to the cavity center 

and cooling that region. However, as Gr increases, natural convection dominates, raising overall air temperature 

and reducing cold zones. 
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Fig 6 – Flow structure and thermal behavior for case C. 

 

• For case D. Figure 7 shows the cavity with a hot left wall and a rotating cylinder at the bottom. 

Streamlines typically show two horizontal vortices, except at Gr = 7×10³ with Re = 300 and 600, where the top 

vortex is smaller and situated at the upper-left corner. At low Gr and Re from 100 to 600, forced convection 

dominates, resulting in a larger bottom vortex. As Gr increases, natural convection grows stronger, enlarging the 

top vortex. At Re = 1 200, vortex sizes stabilize as the strong bottom-right vortex limits upward flow, reducing 

natural convection effects. 
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For case D, increasing Re enhances cold air transport to the cavity center. As Gr rises, cold regions shrink 

due to stronger natural convection and higher air temperatures. At Re = 1200, temperature distribution remains 

stable, and cold areas remain nearly unchanged. 
 

5.2. Heat transfer rate analysis 

Figure 8 presents the average Nusselt number (Nu) versus Richardson number (Ri) for the four cases (A, 

B, C, and D). In all cases, Nu decreases as Ri approaches 0.5 and then levels off for Ri > 0.5. Case A shows the 

highest Nu for Ri ≤ 0.5, while case B has the highest for Ri > 0.5. Case D consistently outperforms case C. All 

cases exhibit fluctuations in Nu when Ri < 0.2. The maximum Nu (Numax = 9.183) is recorded in case A at Ri = 

0.034 (Re = 1200, Gr = 4.910⁴), due to the small gap between the cold cylinder and the heated wall, which 

enhances the temperature gradient, and, consequently, enhanced heat transfer. 

Figure 9 shows Nu increasing with Re in most cases. However, in case B, Nu increases initially but drops 

at Re = 1 200. As Gr increases, Nu generally rises, except in case A, where it decreases and then stabilizes at 

higher Gr values, Gr = 3.3104 and 4.9104. 

In case D, at Gr = 710³, the average Nu is lower for Re = 300 and 600 due to a dominant single vortex 

and a smaller one in the top left. For other Gr and Re values, two vortices appear, with their size depending on 

whether forced or natural convection dominates. At low Gr = 7000 and 100 < Re < 600, conduction dominates, 

and the rotating cylinder traps cold air on the adiabatic right side. When Re exceeds 600, convection takes over, 

improving cold air transport to the hot wall and increasing Nu. 

Additionally, the effect of cylinder radius on heat transfer is examined for the best-performing case A at 

Re = 1200 and Gr = 4.9×10⁴. Figures 10 and 11 compare streamlines, temperature fields, and Nu for radii R0 = 

0.2, 0.5, and 0.8, offering better understanding into how cylinder size affects flow and heat transfer. 

For a small cylinder radius (R0 = 0.2), the top vortex is larger than the bottom. As the radius increases, the 

top vortex shifts to the upper-left corner and shrinks, while the bottom vortex grows. At R0 = 0.8, the top vortex 

is smallest due to limited space. Figure 11 shows that a larger cylinder radius leads to a nearly linear increase 

in average Nu, due to stronger forced convection. 
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Fig 7 – Flow structure and thermal behavior for case D. 
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Fig 8 – Comparing the computed average Nusselt number against Ri number for each  

of the four cases under investigation (A, B, C, and D). 

 

       

       

Fig 9 – Comparing the average Nusselt number versus Grashoft number Gr for cases under investigation (A, B, C, and D). 

 

The study concludes that a rotating cylinder enhances heat transfer in a square cavity, with its position 

being critical. Case A (cylinder on the top wall, bottom wall heated) gives the highest Nu, while Case D (cylinder 

on the bottom wall, left wall heated) gives the lowest. Increasing cylinder size consistently boosts heat transfer. 

From an engineering perspective, the study emphasizes the value of numerical analysis for selecting optimal 

designs and developing new technologies. 

 

 

   

R0 = 0.2 R0 = 0.5 R0 = 0.8 

Fig. 10 – Effect of the rotating cylinder radius on the streamlines and temperature for the best performing case A  

at Re = 1200 and Gr = 4.9x104.  
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Fig 11 – Average Nusselt number versus the rotating cylinder radius for the best performing case A  

at Re = 1200 and Gr = 4.9x104.  

6. CONCLUSION 

This study conducted a comprehensive numerical investigation of laminar mixed convection in a square 

cavity with a rotating cylinder placed at various positions relative to different heated walls. Key thermal and 

flow parameters were varied, including Reynolds number (100 ≤ Re ≤ 1200), Grashof number (710³ ≤ Gr ≤ 

4.910⁴), and cylinder radius (R₀ = 0.2, 0.5, 0.8), to identify configurations that optimize heat transfer. The 

main findings can be summarized as follows: 

• Cylinder and heated wall positions significantly affect flow structure and heat transfer. Among all tested 

configurations, Case A (hot left wall + cylinder on the top wall) provided the best thermal performance, driven 

by strong interaction between cold fluid motion and the heated wall, especially at high Re. 

• A distinct behavior of the average Nusselt number (Nu) with Richardson number (Ri) was observed: Nu 

decreases as Ri increases to 0.5, beyond which it stabilizes. Case A achieved a peak Nu of 9.183 at Ri = 0.034, 

corresponding to Re = 1200 and Gr = 4.910⁴. This represents a 250% improvement in heat transfer compared 

to Case C.  

• Cylinder radius plays a key role in enhancing convective heat transfer. A nearly linear increase in Nu 

was observed with increasing R0, due to the intensified flow velocity and more efficient disruption of thermal 

boundary layers. At R0 = 0.8, flow recirculation becomes stronger, and thermal mixing is maximized. 

• Flow patterns changes with Re and Gr values, revealing how the balance between natural and forced 

convection alters vortex structure. For example, in Case A, a dominant upper vortex interacts closely with the 

heated wall at high Re and provides higher thermal enhamcement, while in Case D, the lower-positioned 

cylinder and competing buoyancy forces result in weaker thermal enhancement. 

• From an engineering design point, placing the rotating cylinder near the top wall with a heated sidewall 

maximizes thermal gradients and convective patterns, making this configuration ideal for compact thermal 

devices where enhanced heat removal is critical. 

Finally, the study provides qualitative and quantitative evidence into how geometric arrangement, cylinder 

size, and flow parameters govern heat transfer in mixed convection systems. These findings help optimizing 

thermal management strategies in micro-devices, electronic cooling systems, and cavity-based heat exchangers. 
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