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Abstract. This study examines the influence of a rotating cylinder on heat transmitted 
by mixed convection in an air-filled square space. The appropriate mathematical 
models for continuous, incompressible, 2-dimensional, laminar flows with 
Boussinseq’s approach are solved numerically, where constant fluid properties have 
been used. The most important parameters examined are: the angular velocity  (Ω = 
0 - 1000) and the angle of inclination (Ɵ = 0 – 90o), the study has been carried out with 
the Rayleigh number (Ra = 104 ), the Prandtl number (Pr = 0.7). The results show 
that the streamlines are affected by the angular velocity, where the forced convection 
becomes dominant at high values of angular velocity. The rotation of the cylinder has 
an effect on the heat exchange between the walls of the cavity and the fluid. Finally 
the average Nusselt number is increased with increases of angular velocity and 
decreases as inclination angles change from horizontal to vertical position. A good 
agreement has been achieved by comparing the results of this work with other 
previous work.Keywords: Inclined square cavity, rotating cylinder, mixed convection, 
numerical method. 

Nomenclature
Cp     constant pressure specific heat                   Greek symbols 
g    gravitational acceleration          α     thermal diffusivity 
H     height (width) of the enclosure       µ  dynamic viscosity  
k    thermal conductivity           ν    kinematic viscosity      
Nu       Nusselt number           ρ   density  
p    pressure            ψ     streamfunction 
Pr  Prandtl number         Ω      angular rotational velocity 
r      radius           φ       inclination angle 
R       radius at the surface of the cylinder 
Ra     Rayleigh number 
Ri   Richardson number 
T       temperature 
u,v  Cartesian velocity components 
x, y    Cartesian co-ordinates 
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1   Introduction 

Natural convection in enclosed spaces has been widely analyzed, because of its use in 
cooling electronic equipment, nuclear and chemical reactors, heat exchangers, and other 
applications [1]. The buoyancy force and partially heated enclosure walls cause natural 
convection, while the rotation of cylinder causes forced convection. Both of them influence the 
resulting flow and create mixed convection. The direction of rotation matching with forced and 
natural convection, therefore it is results in the strengthening or in the weakening of the 
convective flow. The free convection of a porous medium in a vertical square cavity was studied 
numerically [1], the Nu was increased with Ra. The mixed convection is studied in a square 
cavity with a concentric rotating cylinder studied numerically [2]. The impact of the cylinder's 
radius, rotational velocity, thermal capacity, and thermal conductivity were investigated. It can 
be noticed that the cylinder’s size has a significant impact on the resulting flow and heat transfer 
process. Numerical simulations of 2D, laminar mixed convection, and steady-state in a 
sinusoidal corrugated vented cavity with a heat conducting cylinder were performed [3]. 
Richardson and Reynolds numbers are taken in the ranges 0–10 and 50–200, respectively; 
thermal conductivity ratio changed from 0.2 to 10. The results showed that the average Nusselt 
number increased, and the average temperature of the inside corrugated cavity decreased with 
increasing the diameter of the cylinder. A rotating circular with mixed convection inside a 
square cavity at different vertical places and different Richardson number was calculated 
numerically. The study showed that the temperature distribution and the flow field within the 
enclosure relied powerfully on the Richardson numbers and the location of the rotating cylinder, 
the great value of heat transfer rate obtained near the lowest wall of the enclosure [4]. The effect 
of mixed convection on triangular enclosure contains a rotating single or multi cylinders 
investigated numerically [5], three cases were examined: a single rotating cylinder, three 
rotating cylinders in the same and in different directions. The most important parameters 
examined were Rayleigh number with range of 102 - 105, angular velocity with range of (Ω = 
0 - 1000) (for both cases). The result show that the mean Nu number for the single or multiple 
cylinders increased according to increasing Ra, and Ω. Also, the mean Nu number of a single 
cylinder was greater than that of multiple cylinders. 

         Mixed convection of a heated concentration cylinder with the enclosure studied 
numerically. The effect of different values of Lewis and Richardson numbers and buoyancy 
ratio were studied. It can be observed at the same Ri number the value of average Sherwood 
number raised as Lewis number growths. The mean Nu number about the cylinder reduced 
incrementally with the increase in buoyancy ratio at Ri number ¼ 0.01, the for all Lewis 
numbers except at ¼ 0.1 [6]. The effect of surface roughness on the turbulent flow through a 
rotating cylinder was calculated numerically [7]. The study was performed at three values of 
Reynolds numbers (5x105, 106 and 5x106) and fluctuation rates (1, 2 and 3). The study showed 
that the drag coefficient improved with increasing surface roughness and rate of rotation, but 
decreased with increasing Reynolds number.  

The heat transfer of a rotating heated cylinder has been examined experimentally and 
numerically [8]. The experimental study was carried over to a range of Re and Gr numbers from 
1880-6220 and 14,285-714,285, respectively, while numerical calculations were performed for 
different ranges of same numbers. For Re numbers greater than 8000, the Gr number had no 
effect on heat transfer rates and the results for unlike values of Gr are consistent. Heat transfer 
on a rotating cylinder was studied numerically [9]. The forced convection with a constant non-
dimensional rotational speed between 0 and 6 for Re numbers from 20 to 200 and for a fixed Pr. 
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It has been found that the mean Nusselt number decreases with increasing rotational rate and 
increases with increasing Re.  

Mixed convection heat transfer has been studied numerically in a trapezoidal cavity with a 
rotating heated cylinder [10]. The study concentrated on the influence of the variation of the 
inertia effect of the rotating cylinder on the parameters of the Re number for different Gr 
numbers ranging from 103 to 105 and for constant value of Richardson's number of 1.  

         The effect of a thin heated plate located in a square cavity was analyzed numerically 
[11]. The effect of inclination angle and Gr number on flow and heat transfer has been 
investigated, it can be noticed for low Gr numbers, the variation of the inclination angle has no 
influence on the heat transfer. While the behavior changed for higher value of Gr number. It 
was observed that for each case studied there was a direction that delivered best thermal 
performance. 

          Mixed convection heat transfer has been studied a long rotating cylinder for the range 
of the Ri number (0 ≤ Ri ≤ 1), the rotation angle (∝ ≤ 4), the Re number range 1 - 40 and fixed 
value of the Pr number [12]. It was noticed that for the particular value of rotation angle, the 
average Nu number decreased with decreasing Re number, and with increasing the angle for 
fixed value of Ri and Re. Heat transfer using a nanofluid around a rotating cylinder with a 
constant nondimensional rotation rate varying from 0 to 5 was studied [13]. The study occurred 
at nanoparticle volume fractions range of 0–5%, Re number range of (5 – 40). It was noticed 
that the average Nu number was decreased with increasing value of the rotation rate for the fixed 
Re number. 

          The effects of a heated rotating cylinder in a cavity have been studied experimentally. 
The experiments were investigated for the bottom heated plate temperature ranging from 313 K 
to 333 K. The study showed that the heat transfer inside the cavity was improved due to the 
rotation of inner cylinder [14]. Mixed convective nanofluid flow within a triangular cavity with 
a flexible sidewall under the effect of an inner rotating cylinder was analyzed numerically [15]. 
It was noticed that the anti-clockwise rotation of the cylinder increased the heat transfer 
enhancements as compared to clockwise rotation. Also, it can be observed that adding 
nanoparticles resulted in 49.63% enhancement of heat transfer.  

         The heat transfer on a rotating cylinder was investigated for varying rotation rate, Re 
and Pr numbers [16]. It was noticed that for a constant Re and Pr numbers as the rotation rate 
decreased, the average Nu number was also decreased. Mixed convection heat transfer in a 
trapezoidal cavity was studied numerically [17]. It can be noticed as the Ri number increased 
the average Nu number increased for all aspect ratios, and it was reduced as the rotational angle 
increased. The laminar flow over a rotating cylinder within an enclosure were studied 
numerically [18]. It was observed that the local and average values of the Nusselt number 
improved as Reynolds number increased for a specific angle of rotation.  

2   Physical Modeling 

2.1   Model Presumptions and Equations 
 
Fig. 1 shows the description of the problem for mixed convection in a 2D inclined square cavity, 
of width and height H, with the rotating cylinder, the cylinder was located at the center of the 
cavity. Both the vertical walls are completely insulated. The lower wall of the cavity is exposed 
to- uniform heat flux and the upper wall fixed at cold temperature, the rotating cylinder produces 
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a forced flow.The working fluid is air, incompressible fluid and the Boussinseq’s approximation 
is used, the density of fluid is affected by temperature changes. A constant fluid properties are 
assumed for all remaining thermophysical fluid properties. Moreover, a laminar flow and 
neglect the thermal radiation heat transfer have been assumed. The governing equations can be 
applied on fluid flow mixed convection inside the enclosure, in its dimensionless form [19]. 
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The equations of momentum are: 
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The energy conservation equation: 
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The parameters in a dimensionless form which are used in the previous equations can be 
clarified as following [19]: 
The space coordinates: 
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The velocity components: 
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Fig. 1. The geometry and the physical model  
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The driving pressure: 
 
P = (p+ρo gy)/[ρof (αf/H)2]                                                                                                          (8) 
And the numbers of Prandtl and Rayleigh emerge as: 
Pr ൌ  ν/αf                                                                                                                                                 ሺ9ሻ  
                                                                                                                                                                                                   
Ra = g β (Th-Tc) H3/(να)                                                                                                          (10) 
 
The definition of heat transfer coefficient in terms of the local Nusselt number (Nu) and average 

Nusselt number (Nuavg) is given as: 
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The dimensionless governing parameters: 

𝑅 ൌ ௥

ு
                                                                                                                                                         (13)                                            
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஑౜ 
                                                                                                                                (14) 

For the rotating cylinder, the dimensionless formula of velocity modules are explained below: 
 
U = -Ω (Y-Y0)                                                                                                                          (15) 
 
V = (Ω X-X0)                                                                                                                           (16) 
 
The absolute value of velocity at any point of the cylinder can be evaluated as: 
 

|𝑉| ൌ ඥ𝑈ଶ ൅ 𝑉ଶ ൌ |Ω|𝑅                                                                                                                     ሺ17ሻ 
 
For the present study and dimensionless parameters: 
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The boundary conditions used in this study are: 

1- 
డ்

డ௒
ൌ 1                  at bottom wall 

2- T=0                              at upper wall 
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3- 
డ்

డ௒
ൌ 0                 at vertical walls (presumed to be insulated) 

4- 
డ்

డ௒
ൌ 0               at the surface of the cylinder (are assumed to be insulated) 

 

3   Result and Discussion 

  3.1  Numerical Scheme and code Validation 
         The flexPDF package used Galerkins weighted finite element remainder scheme to 
numerically solve the dominant Eq. (1) to Eq. (4). The values distribution of (∂U/∂X + ∂V/∂Y) 
through the domain is presented in Fig.2. It is clear that the continuity equation is exactly 
validated. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the developed model validation, simulations were performed to compare the mixed 

convection case of a heated rotating cylinder in a square cavity, as indicated in [19]. The 

summary of the comparison is shown in Table 1, a good agreement has been achieved by 

comparing the results of this work with other previous work  [19]. 

 

Fig. 2. Validation of continuity equation 
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Table 1. The comparison of the surface average present work Nusselt number with 
(Ri = 103, L/R = 5, Pr = 0.71) [19]. 

 Nuavg  
Ra Present work Liao and Lin [19] 
   
104 6.44 6.5 
105 9.86 9.8 

 
 
3.2  Flow field and Isotherms 
        
 
The effect of tilt angle is examined for Ɵ=00, 300, 600, 900, the flow and thermal field in the 
cavity in the form of streamlines (right) and isotherms (left) for Ra=104 at  Ω =1000 are shown 
in Figure 3. 
  
          In this figure, fluid flow takes place on the space between the cylinder and the enclosure, 
and it consists of longitudinal cells located in the gap area at the bottom and the upper of the 
cylinder this due to secondary flow. At tilt angle Ɵ=0o, there is a big circulating cell cover all 
the whole cavity, and a number of small cells surrounding the great cell at the core of the cavity. 
Figure shows a uniform temperature distribution near the lower wall and upper wall of the 
enclosure, and a weak heat transfer by natural convention is take place between the walls and 
the fluid. 
         With an increase in the tilt angle of hot surface, a recirculation cell develops in the gap 
area at the top of the cylinder and the other at the bottom of the cylinder leading to a significant 
change in the streamlines structure. The streamlines are very dense, thus indicating intense fluid 
flow, this an expected result due to the natural convection effects and rotation effects on the 
fluid motion. By observing Fig. 3, it is at angle 30° that flow changes its behavior from one 
pattern to the other. From angle Ɵ=30° to 90°, the flow field is a strong circulation moving to 
upward along the hot wall and moving to downward along the cold wall, so that the vortices 
merge above the cylinder to form a single longitudinal vortex, also the same vortex is take place 
near the bottom surface of the cylinder, which is located in the core of the enclosure. 
         For isotherms, the figures show that as the tilt  angle of the heated surface increases 
towards the vertical position, the direction of the convection currents tends to become parallel 
to the hot surface and parallel to the direction of fluid movement at the angle  θ =90o , where 
the isothermal pattern becomes thinner. There is a uniformity in the temperature distribution 
within the gap due to the effect of rotation, which is typical of convection problems in closed 
cavities. The streamlines are affected by the rotating cylinder, with increasing angular velocity 
the vortex pattern splits into many cells and thus forced convection becomes dominant. 
  
The case of the anticlockwise rotating cylinder is shown in this figure. Isotherm are spread in 
the fluid where some thermal layers can be observed near the hot and cold walls. The significant 
expansion of the recalculating cell presses the flow path. Convective heat transfer associated 
with the cell causes a removal of heat from the heated wall. The convection heat transfer 
enhanced by the rotation of the cylinder plays an important role in the heat exchange between 
the walls of the cavity and the fluid. The heat transfer process is mainly dependent of the cylinder 
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motion. The thermal field represented by the temperature distribution are uniformly around the 
cylinder at the low and high values of angular velocity.  
 
3.3 Nusselt number 
 
The average Nusselt number changes with angular velocity at different inclination angles at 
Ra=104 is depicted in Fig. 5. 
 
The general outcome from the plot is that Nu increases with angular velocity. For rotating 
velocities close to zero (nearly motionless cylinder), the situation corresponding to inclination 
angle Ɵ=900 presents the minimum average Nusselt number. Apparently, there is only a small 
heat transfer between the walls of the enclosure and the fluid .From the figure it can be seen that 
the value of the Nusselt number increases with the increase in the angular velocity. For rotating 
velocities close to zero (a nearly motionless cylinder), the lowest value for the average Nusselt 
number occurs when the heated surface is in the vertical position where the least heat exchange 
occurs between the gap walls and the fluid. 
 
      When the rotational speed increases, the intensity of the flow lines increases and the thermal 
boundary layer covers the entire area of the gap, which leads to an improvement in heat 
exchange and an increase in the Nusselt number. When the angle  Ɵ = 0o, the direction of the 
flow is perpendicular to the direction of the buoyant force , so the heat is transferred from the 
heated surface  due to the effect of the buoyant force and  with  help of the rotation process 
which lead to an improvement in heat transfer coefficient . When the angle of inclination change 
from the horizontal to the vertical position, the direction of the convection currents resulting 
from the buoyant force gradually change until it becomes parallel to the direction of the fluid 
movement  at Ɵ = 90o , so the heat transfer coefficient decreases with the increase of inclination 
angle. 
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Fig .3: Isotherms and streamlines for different inclination angles at  Ω =1000, Ra=104 
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Fig.4: Streamlines and isotherms for different angular velocity at Ɵ=30o and Ra=104 
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Fig. 5: The average Nusselt number changes with angular velosity at different inclination 
angles for Ra=104 

 
4.   Conclusions         
The important conclusions for mixed convective heat transfer in a square enclosure of the flow 
can be drawn from the numerical simulation results as:  
 
• The effect of circulating flow by the cylinder increases the density of the isotherm lines, 
making it cover most area of the cavity 
 
• When the angular velocity is increased, the results showed a distortion in the streamline 
distributions near the surface of the cylinder due to the strong influence of the secondary flow. 
 
• As the inclination angle increases, the buoyancy force increases and the thermal lines become 
more intense. 
 
• Streamlines are affected by the angular velocity, where the forced convection becomes 
dominant at high values of angular velocity. 
           
• The rotation of the cylinder has a strong effect on the heat exchange between the walls of the 
gap and the fluid 
 
• At angle 30 o and angle 60 o, the effect of angular velocity on the heat transfer process is small 
due to the effect of the direction of the convection currents. 
• The value of Nusselt number increases with the increase in angular velocity and decreases 
with the change of the tilt angle of the hot surface from the horizontal to the vertical position. 
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