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Abstract - A turbulent mixed convective flow in a differentially heated 3D enclosure that contains a thermally insulated 
rotating central cylinder is simulated for different rotational speeds and directions with regards to enhancing the heat 
transfer. A hot stationary bottom wall and a cold lid-driven top wall were used in this investigation whereas all remaining 
walls were fixed and adiabatic. Two different Reynolds numbers, Re = 5000and 10000, were studied in terms of analysing 
their impacts on the heat and flow patterns. The flow simulation and evaluation are completed through isotherm contours, 
velocity profiles and Nusselt numbers. The outcomes show that flow patterns and thermal fields are strongly affected by 
changing either the cylinder rotational speeds and directions or the Reynolds number values. 
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I. INTRODUCTION 
 
The numerical study of heat transfer improvement 
has become one of the most attractive problems for 
researchers due to its wide engineering and industrial 
applications, such as electronic equipment’s cooling, 
solar air collectors and heat exchangers [1-11] 
etc.Over the last few years,the expanded scope of 
turbulent vortices has gained major interests. There 
hasbeen a number ofinvestigations on heat convection 
problems in the 2D cavities containing either a 
rotating or stationary cylinders with different 
diameters, locations and case study boundary 
conditions. A mixed convection heat transfer of a 2D 
heated top lid-driven wall enclosure that contains an 
internal horizontal circular cylinder was numerically 
completed by Ray and Chatterjee [12]. It was 
concluded that the internal rotatingcylinder leads to a 
considerable increment in the heat transfer 
convection. An unsteady free convection of two hot 
horizontal rotating cylinders located inside a 2D 
obstructed square enclosure was numerically 
investigated by Karimi, et al. [13]. It was observed 
that at a low Rayleigh number, Ra<104, the space 
between the cylinders has an obvious impact on the 
heat transfer enhancement. While, when the Rayleigh 
number is in the range of 107>Ra>104, the influence 
of space between the circular cylinders can be 
neglected. A free convection of a 2D square 
enclosure with cold and hot cylinders was simulated 
by Park, et al. [14]. Analysing the effect of changing 
the cylinder location was the aim of their research. 
The results demonstrated that when the cylinders 
arelocated nearby the enclosure walls, the heat 
transfer can be enhanced. The study of a heated 
hollow cylinder within the moving wall enclosure 
was accomplishedby Billah, et al. [15] at different 
diameters of the cylinder, Richardson numbers and 
the thermal conductivities of the fluid. The effect of 
using cylinder inside the enclosure on the mixed 

convection heat transfer coefficient was the main 
target. It was noticed that a significant influence of 
the cylinder on the heat transfer ratio as well as on the 
cylinder diameter size occurred. The investigation of 
mixed and free convection of a 2D square cavity 
study that contains a stationary or a rotatingcylinder 
was done by Liao and Lin [16]. It was concluded that 
changing rotational speed can influence the heat 
transfer, as well as a reduction in the Nusselt number 
happens when the Richardson number reduces.  
A 2D mixed convective transport of Cu-water 
nanofluidinvestigation was simulated by Chatterjee, 
et al. [17] inside a lid-driven wall cavity that contains 
a thermally adiabatic rotating cylinder. It was found 
that the forced convection was commanded at the low 
value of the Ri number. However, the free convection 
has the main influence on the heat transfer and fluid 
at a high Ri. Increasing the Ri leads to increase the 
heated wall Nusselt number. A mixed convection heat 
transfer of nanofluid in a 2D lid-driven square cavity 
that includes a rotating cylinder was simulated by 
Selimefendigil and Öztop [18]. It was figured out that 
by increasing Ri, an increment of the heat transfer 
would occur. The rotating cylinder has a noteworthy 
leverage on the heat transfer enhancement. The study 
of combined convection heat transfer of 
nanofluidwithin an enclosurethat contains a rotating 
cylinderis carried out by Roslan, et al. [19]. It was 
figured out that increasing the nanoparticles 
concentration can raise the heat transfer rate. Besides, 
the positive effect of the rotatingcylinder on the heat 
distribution. Mixed convection heat transfer and fluid 
structure of a 2D differentially heated square 
enclosure containing a central rotatingcylinder is 
studied numerically by Costa and Raimundo [20] 
who investigated the influences of the cylinder 
rotational speed and size. It was concluded that 
noticeable impactson the heat transfer and fluid 
characteristics have been observedby changing either 
the cylinder size or its speed. Overall, it can be 
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concluded from the present literature that only limited 
number of studieshave been done on the heat 
convection in enclosures that contain nanofluids [17-
27]. These studiestake into account the influences of 
the nanoparticles type, size and concentration on the 
heat transfer in every cases, besides the influences of 
the inner cylinders. 
By considering the literature review and to the 
authors’ best knowledge, it can be figured out that 
only the 2D combined convection heat transfer in a 
lid-drivenenclosure with arotating cylinder was 
investigated by using either conventional fluids or 
nanofluids. However, no scholar has given attention 
to simulating a 3D domain by using URANS at 
different cylinder rotational speeds and directions at 
Reynolds number of 5000 and 10000. Therefore, 
filling this gap will form the main research objectives 
of present work. 
 
II. NUMERICAL MODEL 
 
2.1. Physical model 
Themain geometry and parameters of the 3D top lid-
driven wall enclosure containing a rotating cylinder 
are sketched in Fig. 1. The bottom wall of the cavity 
is maintained at a hot temperature. The other walls of 
the geometry are kept adiabatic and stationary, except 
the central cylinder which is assumed as a rotating 
portion(clockwise and anticlockwise directions).  

 
Fig. 1. Schematic representation of the cubic lid-driven cavity 

containing a rotatingcylinder. 
 
2.1.1  Boundary conditions 
The boundary conditions for the present research are 
displayed as: 
Top wall: 
θ = 0, U = U , , V = 0, W = 0 
Bottom wall: 
θ = 1, U = 0, V = 0, W = 0 
Other walls (Adiabatic): 
U = 0, V = 0, W = 0 
Cylinder (Adiabatic): 

ω =
Ω × 2U

d , d = 0.2L 

2.1.2. Numerical procedure 
The Computational Fluid Dynamics (CFD) 
techniqueshave been used to simulate the fluid flow 
and heat transfer in this project. The finite volume 
method (FVM) and SIMPLEC algorithm have been 
involved to discretise the governing equations and to 
deal with the pressure-velocity coupling equations. 
The commercial code ANSYS©FLUENT (version 
R16.2) [28] was adapted to complete the 
investigations. Unsteady Reynolds-averaged Navier–
Stokes equations were solved. The QUICK and 
implicit second order scheme were utilised to deal 
with the convection and the time evaluation terms. 
The outcomes were collected when the convergence 
criteria of 10-5 were satisfied at each time step. 
 
2.2. Code validations 
The validation of the 2D rotatingsolid cylinder inside 
a lid-driven wall cavity is completed in this section. 
The comparison is made by using the following 
dimensionless parameters: Gr = 104, Pr = 6.95, Ri = 5 
and 1 ≤ Ω ≤ 5. The simulation outcomes are 
compared with Chatterjee, et al. [17]results with 
regards tothe velocity profiles along the vertical line 
at x = 0.25. Obviously, the present simulations are in 
good agreement with those from the previous 
publication. Therefore the present simulation methods 
are highly reliable and accurate. 

 
Fig. 2.Current velocity profiles comparison with Chatterjee, et 

al. [17]. 
 
III. RESULTS AND DISCUSSION 
 
Matching lid-driven effect with rotating cylinder 
effect on the convection heat transfer and flow 
patterns under turbulent flow condition is achieved in 
this work. The simulations were completed for 
Reynolds numbers, Re = 5000 and 10000, and 
rotatingcylinder valuesof -5≤Ω≤5. 
 
3.1. Velocity distribution 
The dimensionless velocity distribution along the 
vertical line located at (0.25, 0, 0) and (0.25, 1, 0), for 
the Reynolds number of Re=5000 and10000, and 
speeds, -5≤Ω≤5, are shown in Fig. 3. At rotational 
speeds of -1≤ Ω≤1, minor changes can be noticed on 
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velocity profiles curves, unlike when the rotational 
speeds equal to 5 or -5, which shows clear differences 
in the figures curves. Moreover, raising Reynolds 
number can directly enhance the velocity within the 
cavity, while the rotating cylinder has more control 
on the flow directionsand behaviours. 

 
Re = 5000 

 
Re = 10000 
Fig. 3. Velocity profiles along the vertical line at rotational 

speeds, -5≤Ω≤5. 
 
3.3. Flow and thermal fields 
This section is accomplishedby employing the 
URANS approach to study the heat transfer 
characteristics and enhancementof a 3D lid-driven 
cavity containing a rotating circular cylinder.Fig. 
4displays the impacts of different rotational speeds,-
5≤Ω≤5 and Reynolds numbers, Re = 5000 and10000, 
on three-dimensional isotherms contours for the ten 
cases studies of the cavity in order to understand the 
flow patterns and the related heat distribution. It can 
be seen that when the cylinder is motionless, Ω=0, the 
top lid-driven wall is leading all the fluid flow and the 
heat transfer distribution besides the small buoyancy 
effect that comes by the present of two different 
temperatures between the top and bottom walls. 
However, when the cylinder is rotating at speed of 1 
or -1, the rotating power controls the most areas that 
surrounding the cylinder. In addition, raising the 
rotational speed up to 5 or -5, the most of the cavity’s 
areas is covered by the affected flow due to the 
rotating cylinder’s force. 

Ω
 =

 5
 

Ω
 =

 1
 

Ω
 =

 0
 

Ω
 =

 -1
 

Ω
 =

 -5
 

Re=5000 Re=10000  
Fig. 4. Three-dimensional isotherms and iso-surfaces 

temperatures at different Reynolds numbers and 
rotational speeds. 

 
3.4. Nusselt number 
Fig. 5 illustrates the average Nusselt number for 
different values of cylinder rotational speeds and 
Reynolds numbers at 5000 and 10000 to analyse and 
understand the effects of clockwise and anticlockwise 
rotating cylinder on the bottom wall average Nusselt 
number. Obviously, merging top wall lid-driven force 
with rotating cylinder force (Ω = -1 and -5) shows 
significant enhancement in the average Nusselt 
number. While, when the rotational speed equal to 
one, it has a negative impact on the bottom wall 
Nusselt number,at Ω = 5, it can be noticed that there 
is a positive effect on the Nusselt number. Overall, 
raising the Reynolds number can dramatically 
increase the bottom wall Nusselt number. 
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Fig. 5. Bottom wall average Nusselt number for Reynolds 

numbers of 5000 and 10000, and rotational speeds of -5≤Ω≤5. 
 
CONCLUSIONS 
 
A numerical study of turbulent mixed convection heat 
transfer of lid-driven cavity that contains a rotating 
cylinder has been completed at different rotational 
speeds and directions, and Reynolds numbers. The 
present results have shown good achievements 
concerning the heat transfer enhancement in 
enclosures. 
 Theflow structures and velocity distributions are 

directly affected by the rotational speed of the 
cylinder and Reynolds number.  

 The flow is mainly driven by the moving top 
wall when the rotating cylinder is motionless.  

 At Ω = -1 and -5, when both the lid-driven and 
therotating cylinder move in the clockwise 
direction, better bottom wall average Nusselt 
numberscan be achieved than when they move 
in the opposite directions (Ω = 1 and 5). 
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