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A B S T R A C T  

 
Heat transfer analysis in channels and enclosures has significant attention nowadays. In the present work, 
fluid flow and heat transfer of a vertical channel consisting of a rotating cylinder utilizing nanofluid have 
been studied, numerically. Uniform magnetic field has been applied to the fluid field. Different cylinder 

rotation directions, Hartmann number and rotational velocity of cylinder configurations have been 
considered. The results indicate that by increasing the Hartmann number, for low values of non-
dimensional angular velocity the average Nusselt  number increases. In addition, in higher Hartmann 
numbers, the average Nusselt  number does not change remarkably with non-dimensional angular 

velocity. Furthermore, studying lift  and drag coefficients demonstrate that in a constant Hartmann 
number, the highest drag coefficient takes place in maximum cylinder angular velocity. Additionally, 
almost uniform distribution of drag coefficient can be seen in higher Hartmann numbers. The numerical 
results have been compared with the previously reported results. This comparison illustrates excellent 

agreement between them. 

doi: 10.5829/ije.2021.34.01a.25 
 

 
1. INTRODUCTION1 
 
Poor thermal characteristics of working fluids such as 

water, ethylene glycol, and oil are the main obstacle of 

the convectional heat transfer. In order to assess high 

thermal conductivity, the idea of adding metallic and 

non-metallic particles to common fluids was already 

existed. Because of the low development of technology 

in the past, they added coarse particles with average 

diameters of the millimeter and micrometer to base fluids 

to improve their thermal characteristics. Adding coarse 

particles to the convectional fluids causes to increase 

pressure drop, gravitic sedimentation, clog the entrance 

of channels and pipes and erosion of the walls. One of the 

innovative ways to overcome these problems is adding 

the metallic – nonmetallic nanoscale particles to the base 

fluids and make nanofluids. Nanofluids are combinations 

of nanoparticles with a maximum volume fraction of 5% 

added to the base fluids. Additionally, the average 

diameters of those particles are lesser than 100nm. 

Furthermore, the general types of nanoparticles which 

used in nanofluids are oxides of metallic and metallic  
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particles such as alumina, Cu, CuO, magnetite and 

organic particles such as carbon nanotubes. In addition to 

high stability of nano size particles in base fluid, using 

nanofluids leads to increase thermal conductivity of fluid 

significantly [1-6]. Many researchers have investigated 

the influences of adding those particles on applications 

such as drug targeting, heat exchangers, power plants and 

etc. Gravndyan et al. [7] have investigated the effects of 

ribs mounted on channel surface utilizing Ti2O/water 

nanofluid. They reported in all values of Reynolds 

number and ribs aspects ratios, increasing volume 

fraction of nanoparticle raise the average Nusselt 

number. In another study, Ahmadi et al. [8] reported, 

despite pressure drop increases, augmenting 

nanoparticles volume concentration has positive impacts 

on thermal conductivity. Thermal conductivity increase 

with temperature increment is reported in Bahiraei and 

Mashaei investigation [9]. They reported that by utilizing 

small nanoparticle, effects of temperature on thermal 

conductivity increase. Ho et al. [10] experimentally  

investigated the effects of nanoparticle volume fraction 

on heat transfer efficiency in a microchannel. The results 
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indicate that in a special Reynolds number by raising 

nanoparticle volume fraction, the average Nusselt 

number enhances. In addition, they obtained 53% 

increment in average Nusselt at Re=1641 and volume 

fraction of 1% in comparison with the pure water. 

Additionally, Heydari and Kermani [11] studied effects 

of blocks attached to the bottom wall of the channel 

utilizing nanofluid. Their results show that in all values 

of Reynolds number and volume fractions of 

nanoparticles, augmenting numbers of blocks enhances 

top wall average Nusselt number. Khanafer et al. [12] 

presented a numerical simulation of nanofluid inside a 

cavity for various Grashof numbers. They reported 

increases in volume fraction of nanoparticles at any 

Grashof number enhances the average Nusselt number, 

although intensity of increasing is severe in higher 

Grashof numbers. Santra et al. [13] studied the influences 

of Reynolds number and volume fraction of 

nanoparticles on the flow and heat transfer in two parallel 

plates utilizing nanofluid as Newtonian and non-

Newtonian fluid. Their results show that the 

enhancement of the average Nusselt number due to 

increasing volume fraction in consideration of non-

Newtonian fluid is higher than Newtonian fluid. Roslan 

et al. [14] numerically investigated square enclosure with 

a inner rotating cylinder utilizing different types of the 

nanoparticles. They reported Ag particles shows better 

efficiency in convection heat transfer with comparison to 

Ti2O, Cu and Al2O3. In addition, their results illustrate 

cylinder rotation in any direction in case of R=0.2, 

(dimensionless radius of the cylinder) has negative 

impacts on the average Nusselt number.  

Hydrodynamical study of electrical conductive 

liquids under the influence of magnetic field is called 

Magnetohydrodynamics. In the other word, MHD is the 

investigation of the flow-structure by applying a uniform 

magnetic field and considering effects of Lorentz force. 

Lorentz force is the magnetic force which rises from the 

electrical conductivity of fluids and acts as a braking 

force. MHD flows has a wide range of industrial 

applications such as crystal growth, metal casting, 

polymer industry, and liquid metal cooling blankets for 

fusion reactors[15-19]. Aminossadati et al. [20] reported 

by applying a uniform magnetic field, horizontal velocity 

profile along centerline of the channel decrease whereas 

at the vicinity of the walls increase. As well as, they 

indicated that raising Hartmann number augments the 

convective heat transfer. Heydari et al. [21] numerically  

investigated the effects of nanoparticles concentration 

and effects of Lorentz force in the horizontal channel. 

Their results demonstrate that exerting magnetic field  

leads to reduce temperature layer thickness and 

consequently accelerate heat removal from the surface. 

Additionally, they reported raising nanoparticles volume 

fraction enhances the temperature layer thickness. 

Selimefendigil and Oztop [22] studied numerically  

mixed convection lid-driven enclosure with a inner 

rotating cylinder. Their results show that existing 

magnetic field has negative impacts on convective heat 

transfer. Furthermore, augmenting Richardson number 

results in average Nusselt number enhancement. 

Hosseini et al. [23] reported, the uniform magnetic field  

affects the velocity profile and forces it to be uniform. On 

the other hand, the magnetic field increases velocity 

gradient near the walls which results in convective heat 

transfer improvement. Oztop et al. [24] numerically  

investigated the effects of Grashof and Hartmann 

numbers in lid-driven cavity. Their results indicate that at 

any Grashof number, the existence of a magnetic field  

causes convective heat transfer decrement. Aminfar et al. 

[25] numerically investigated the effects of magnetic 

fields in straight duct utilizing ferrofluid by considering 

both FHD and MHD approach. They concluded that by 

increasing the strength of Lorentz force, the velocity 

profile becomes flat and velocity gradient near the walls  

enhances. Consequently, the Nusselt number and friction 

coefficient rise due to increasing the strength of Lorentz 

force. Ma et al. [26] investigated flow in channel with the 

extended surface under the influence of a uniform 

magnetic field utilizing hybrid nanoparticles. They 

observed that Lorentz force strongly affects the structure 

of flow and weaken the strength of the recirculation  

zones. Besides, augmenting the magnetic field results in 

better convection heat transfer. Mahmoudi et al. [27] 

concluded that applying a uniform magnetic field leads 

to reduction in convection heat transfer. Additionally, in 

all values of Hartmann and Rayleigh numbers, by raising 

volume fraction of nanoparticles the average Nusselt 

number enhances. 

To the best of our knowledge, there is no prior study 

on the MHD flow in the vertical channel with an inner 

rotating cylinder utilizing nanofluid. The goal of our 

study is to investigate the effects of magnetic field and 

cylinder rotation on convective heat transfer. 

 

 

2. MATHEMATICAL FORMULATION 
 

Schematic view of the study domain is represented in 

Figure 1. Consider two parallel vertical plates with wide 

H and length L=3.5H that Cu-H2O nanofluid flows 

through it. A rotating cylinder has been considered 

between the plates . The left wall of the channel is 

assumed to be adiabatic, while the right wall maintained  

at constant higher temperature Th. No-slip boundary 

conditions are imposed on the left and right walls. 

Nanofluid with temperature of Tin (Th>Tin) and velocity, 

Vin , flows through the domain. An adiabatic cylinder 

with a diameter of d=0.4H is placed in the channel with 

the coordinance (0.5H, 0.5L) and rotates at constant 

angular velocity .Uniform horizontal magnetic field  

applies to the channel. In addition, the gravitational 



226                         F. Mobadersani and S. Bahjat C. Y. / IJE TRANSACTIONS A: Basics  Vol. 34, No. 01, (January 2021)   224-233 

 

acceleration acts in the opposite y-direction. The 

geometry is assumed to be long enough to ignore end 

effects at the z-direction and can be considered as 2D 

dimensions. Ultrafine nanoparticles are assumed to have 

uniform shape and size. In addition, fluid phase and 

nanoparticles are assumed to be in thermal equilibrium 

with no-slip velocity between them. Thermophysical 

properties of the water and nanoparticles are taken to be 

constant except for density which changes linearly with 

Boussinesq approximation. The thermophysical 

properties of water and nanoparticles are shown in Table 

1. According to the above assumptions , the continuity, 

momentum, and energy equations for the laminar, 

Newtonian fluid, incompressible and steady state flow by 

considering Boussinesq approximation with negligible 

viscous dissipation and Joule heating can be written as: 
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Density and the specific heat capacity and the thermal 

expansion of the nanofluid are defined, respectively as 

[28-30]: 
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where ϕ is volume fraction of nanoparticles and the 

subscripts ‘bf’, ‘p’ and ‘nf’ denote the base fluid, 

nanoparticle and nanofluid, respectively. 

Furthermore, dynamic viscosity of the nanofluid 

according to the Brinkman [31] model is represented as: 
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Thermal conductivity of the nanofluid by using uniform 

spherical shape of nanoparticles according to Wasp [32] 

can be expressed as: 
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Electrical conductivity of the nanofluid due to the 

Maxwell [33] model is: 
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2. 1. Non-dimensional Equations           By defining 

non-dimensional parameters and substituting in the 

equations of (1-4), the dimensionless equations can be 

written as follows: 
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Figure 1. Schematic diagram of vertical channel with an 

inner rotating cylinder 
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TABLE 1. Thermophysical properties of water and Cu 

nanoparticles 
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Copper 8933 385 401 5.96×10
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2. 2. Boundary Conditions         Non-dimensional 

boundary conditions of the channel with an inner rotating 

cylinder are: 

Left wall: 

0,U V  0
X






  & Right wall: 0,U V  1   

Inlet condition: 0,U  1,V  0   

Cylinder: ,    0









 

where η is the normal vector to the surface and non -

dimensional rotational speed of the cylinder can be 

obtained from: 
2

in

d

V


  . 

Local Nusselt number along the vertical hot wall of the 

channel is: 
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Furthermore, by integrating the local Nusselt number 

along the hot wall, the average Nusselt number can be 

expressed as: 

0
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Lift and Drag coefficients over the cylinder due to the 

Magnus and the flow separation effects are respectively 

presented as follows: 
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3. NUMERICAL PROCEDURE 
 

Non-dimensional governing Equations 12-15 along with 

the corresponding non-dimensional boundary conditions 

are solved by using the Galerkin finite element method. 

Modification of the computed field variables and leading 

the residual to be zero over the computational domain is 

accomplished by using weighted functions.  

( ) 0wf x Rd


  (20) 

where w, f, R, ω and Ω are weight function, residual, 

location variables and entire domain, respectively. Using 

weighted residual scheme, governing PDEs are 

simplified to integral equations, which are then solved in 

a matrix by the Newton-Raphson iteration method. The 

relative error for each field variable (Γ) should satisfy: 
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where n represents the iteration number. The velocity 

components and pressure are discretized by utilizing P2-

P1 Lagrange finite elements. In addition, Lagrange 

quadratic finite element was used to discretize 

temperature. Unstructured triangular grids are employed 

to the domain, which consisted higher resolution near the 

walls and the cylinder to augment precision at positions 

of higher gradients. 

 
3. 1. Validation             To ensure the accuracy of the 

numerical solution, the problem of Park et al. [34] is 

modeled to validate the present code results. 

Figures 2 and 3 demonstrate the comparison of the 

streamlines and the isotherm contours versus different 

Rayleigh numbers for the present work and those of Park 

et al. [34] Furthermore, Figure 4 illustrates the Nusselt 

number variation along the walls of the cavity at Ra=103 . 

According to these figures, the results of the present 

computational code are precise enough and are in 

excellent agreement with those of [34]. 

 
3. 2. Grid Independency            In this study, to find 

out the solution mesh independency, the domain 

discretized to various numbers of elements. Figure 5 

demonstrates the average Nusselt number in terms of 

element numbers of 2090, 4608, 7434, 11372, 52032 and 

195692. According to this figure, by considering finer 

elements, results converge to a specific value and do not 

change  significantly   by   increasing   the   numbers   of  
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Present work 

   

Park et al. [34] 

   
 Ra=104 Ra=105 Ra=106 

Figure 2. Comparison of streamlines for present work and that of Park et al. [34]  in a square cavity with hot and cold inner stationary 

cylinder for different range of Rayleigh numbers 

 

Present work 

   

Park et al [34] 

   
 4Ra=10 5Ra=10 6Ra=10 

Figure 3. Isotherm contours comparison in square cavity with cold and hot inner stationary cylinder with present work and Park et 

al. [34] versus varying Rayleigh numbers 

 

 

 
Figure 4. Comparison of the Nusselt number between 
present work and Park et al. [34] at Ra=103 

 
Figure 5. Average Nusselt number versus elements number 

for Ha = 60 and  Ω = -10 
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elements. As the figure shows, the average difference 

between Nusselt numbers for 52032 and 195692 grids is 

less than 0.15%. Thus, the 52032 grid is used in the rest 

of the simulations. 

 

 

4. RESULTS AND DISCUSSION 
 

The study aims to investigate the effects of Hartmann  

number (0 ≤ Ha ≤ 60) and non-dimensional angular 

velocity of the cylinder (-10 ≤ Ω ≤ 10) on the fluid flow 

and heat transfer in the channel. Simulation results are 

carried out for constant parameters of Re = 200, ϕ =0.04 

for all cases. 

 

4. 1. Effects of Hartmann Number              Figure 6 

illustrates the effects of different Hartmann numbers on 

the flow structure and isotherm contours. Constant 

parameters of Ω = 3 and varying Ha = 0, 20, 40, 60 are 

considered for these simulations. As the streamlines 

show, in the case of no magnetic field (Ha = 0), a large 

vortex is formed before the outlet on the hot wall. This 

vortex is formed because the separation occurs after the 

cylinder. As it can be observed, by raising the Hartmann  

number, due to the flow momentum reduction, the flow 

structure changes to a uniform configuration and the 

vortices eliminate disappear. In addition, there are two 

stagnation points in the flow field. The first stagnation 

point is at front of the cylinder and the second one is 

located at the left side of the cylinder, due to the 

counterclock-wise rotation of the cylinder. It can be seen, 

by augmenting the Hartmann number that locations of the 

stagnation points change and move toward the centerline 

of the channel. Despite the flow around the cylinder, the 

flow far away from the cylinder is not affected by the 

cylinder rotation in the higher Hartmann numbers. As 

evident from Figure 6, the cylinder rotation in the center 

of the channel causes to temperature boundary layer 

clings to the hot wall and consequently accelerate the 

convection heat transfer. As it is obvious from 

streamlines, the cylinder counterclockwise rotation 

conducts fluid flow from the hot wall to the adiabatic wall 

and leads to temperature layer thickness  increment. 

Furthermore, at the front of the cylinder, the isotherms 

are squeezed gradually toward the hot wall by 

augmenting the Hartmann number. Similarly, the Lorentz 

force suppress the vorticities behind the cylinder, with 

this in mind that the size of the recirculation zones 

restrain as the Hartmann number increase.  

Effects of the Hartmann number on the velocity 

profile at y/L=0.125 are depicted in Figure 7. As the 

figure shows, the Hartmann number increment results in 

flattering of the velocity profile at the mid-section of the 

channel, and accordingly, the velocity gradient adjust the 

walls increases. Similar conclusions have been reported 

in previous works as well. [20-21, 23, 25] 

Figure 8 reveals the effects of Hartmann number 

variation on the local Nusselt number. As this figure 

shows, at the entry region of flow, by raising the 

Hartmann number, the local Nusselt number increment. 

This is due to the velocity increment at the vicinity of 

walls, resulting in improvement in the convective heat 

transfer. 

 

 

 
Ha = 0 Ha = 20 Ha = 40 Ha = 60 

Figure 6. Streamlines and isotherm contours for numerous 
values of Hartmann number for  Ω = 3 

 

 
Figure 7. Influences of the Hartmann number on velocity 

profile at Y = 0.125 for Ω = 3 
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Figure 8. Local Nusselt number variation along the hot wall 

against varying Hartmann number for Ω = 3 

 

 

However, at the location of the cylinder, the flow 

structure is in the opposite of the entrance region. In 

where, the flow section area is smaller which leads to 

higher velocity on the hot wall and applying the magnetic 

field causes to reduce the velocity so as the Nusselt 

number. Furthermore, as shown in Figure 7, at the back 

of the cylinder, further raising in Hartmann number 

yields in local Nusselt number enhancement. This 

phenomenon corresponds to suppression of the vortices 

by increasing Hartmann number that leads to improve 

convection heat transfer efficiency.  

 
4. 2. Effects of Non-dimensional Angular Velocity 
of the Cylinder            Figure 9 demonstrates the effects 

of the cylinder rotation on the structure of flow and the 

isotherm contours for different non-dimensional angular 

velocity. Positive and negative values of Ω represent 

counterclockwise and clockwise rotation of cylinder, 

respectively. As shown by streamlines, in the case of Ω = 

0, there is one stagnation point at the channel which takes 

place in front of the cylinder. This point appears when 

free stream encounters the cylinder. In addition, by 

enhancing non-dimensional velocity, second stagnation 

point appears at the left of the cylinder due to the 

counterclockwise rotation of the cylinder. Nonetheless, 

the density of the streamlines at the right side of the 

cylinder increases as the non-dimensional angular 

velocity increases, and hence the local velocity at this 

region rises. Furthermore, in the cases of CCW, the 

cylinder rotation diverts fluid flow from the hot wall to 

the adiabatic wall, which causes a recirculation zone to 

form behind the cylinder. In the cases of CW, however, 

the aforementioned influences are in opposite with CCW  

cases. According to the isotherms, in the direction of 

CCW, at the location of the cylinder, the cylinder rotation 

pushes isotherms to the hot wall which leads to a thin  

 
 

Streamlines 

       

Isotherms 

       
 Ω = -9 Ω = -6 Ω = -3 Ω = 0 Ω = 3 Ω = 6 Ω = 9 

Figure 9. Impacts of the cylinder rotation on streamlines and isotherm contours for Ha = 30 
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temperature layer. In addition, as mentioned in the 

previous section, the cylinder rotation forms a vortex 

behind the cylinder and this phenomenon widens the 

isotherms behind the cylinder. 

However, in the cases of CW rotation of the cylinder, 

due to the streamlines, the net effect of the inlet velocity 

and the cylinder rotation causes the creation of a 

stagnation point before the cylinder. Therefore, the 

dominant heat transfer mechanism in this region is 

conduction. Moreover, due to the streamline compression 

after the cylinder on the hot wall, thickness of the 

isothermal lines decrease and therefore the convective 

heat transfer mechanism share increases. 

The variations of the local Nusselt number alongside 

the hot wall with respect to the effects of 

counterclockwise rotation of the cylinder are 

demonstrated in Figure 10. As the results show, before 

the cylinder, any increment in Ω has positive effects on 

the Nusselt number. It is due to the rotational velocity 

increment of the cylinder that pushes fluid flow to the hot 

wall and reduces the thermal boundary layer thickness. 

Oppositely, at the behind of the cylinder due to vortex 

generation on the hot wall, raising Ω leads to reduce local 

Nusselt number. 

Influences of the clockwise rotation of the cylinder on 

the local Nusselt number are illustrated in Figure 11. 

According to this figure, at the front of the cylinder, 

increment in angular velocity yields to the Nusselt 

number reduction. Because the net fluid flow velocity 

decreases by raising angular velocity that causes to 

thicken the thermal boundary layer. in contrast to the 

front region, at the back of the cylinder, increment in 

angular velocity has positive effects on the Nusselt 

number. The reason for the mentioned influence is 

related to pushing fluid flow to the hot wall by the 

cylinder which makes the thermal boundary layer thin 

and increases convective heat transfer. 

Figure 12 represents the effect of Ω on the average 

Nusselt number for different Hartmann numbers. As this 

figure depicts, in the condition of no magnetic field (Ha 

= 0), in the ranges of -2 ≤  Ω ≤ 0 and 0 < Ω ≤ 3, any 

change in the rotational speed of the cylinder has negative 

impact on the average Nusselt number. Additionally, in 

higher values of Ω, due to the thermal boundary layer 

thickness reduction in the  back of the cylinder, the 

average Nusselt number for both cases of CCW and CC 

rotations enhances. Furthermore, as the magnetic field  

augments, the effects of Ω on the average Nusselt number 

is insignificant. For instance, at Ha = 45 and 60, the 

effects of Ω on the average Nusselt number have almost 

been eliminated and its variations are independent of Ω. 

 
4. 3. Lift and Drag Coefficients            The effects of 

the non-dimensional angular velocity with varying 

Hartmann number on the lift coefficient are shown in  

 
Figure 10. Effects of non-dimensional angular velocity of 

the cylinder in direction of counterclockwise rotation on the 
local Nusselt number for Ha = 30 

 

 

 
Figure 11. Variation of non-dimensional angular velocity of 

the cylinder in direction of clockwise rotation with the local 

Nusselt number for Ha = 30 

 

 

 
Figure 12. Average Nusselt number variation versus the 

cylinder rotation against various Hartmann numbers 
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Figure 13. As this figure illustrates, any increase in Ω in 

terms of CCW and CW rotations of the cylinder causes 

to decrease and increase lift coefficient, respectively. In 

contrast to CW rotation, as Ω rises in CCW direction, the 

flow at the right side of the cylinder accelerates which 

forces the pressure gradient to lower and consequently, 

the lift force becomes higher. Moreover, as the magnetic 

field strength increases, the magnitude of CL at both 

rotation directions decrease. This phenomenon 

corresponds to the momentum reduction due to the higher 

Hartmann number that leads to a decrease in lift force. 

Moreover, the negative values of the lift coefficient 

represent the opposite direction of the lift force. 

Additionally, it is worth to mention that, the value of the 

lift coefficient at stationary case of the cylinder (Ω = 0) 

is zero and does not changes with the Hartmann number. 

It is due to symmetric fluid flowing on the stationary 

cylinder. 

Figure 14 demonstrates the effect of varying Ω on the 

drag coefficient for different Hartmann numbers. As 

shown in this figure, in the case of no magnetic field (Ha 

= 0), any enhancement in Ω magnitude, in turn, increases 

the drag coefficient. Moreover, by increasing Ω, the 

rotational cylinder causes to guide the flow to the back of 

the cylinder that leads to creating a negative pressure 

gradient and therefore the drag force increases. Similarly , 

as the magnetic field is increased, for lower numbers of 

Ω  (-5≤ Ω ≤5) drag coefficient increases. It is worth to 

say that applying the magnetic field eliminates wake 

regions behind the cylinder. As Figure 14 shows, any 

increment in the Hartmann number results in a uniform 

distribution of the drag coefficient. In other words, the 

Hartmann number decreases the dependence of the drag 

coefficient on non-dimensional velocity. This 

phenomenon is due to the braking action of the Lorentz 

force that controls fluid flow and restrains fluctuations. 

 

 

5. CONCLUSION 
 

Heat transfer and fluid flow of the straight vertical 

channel with adiabatic rotating cylinder utilizing  

nanofluid affected by uniform magnetic field are 

numerically studied. Effective parameters such as 

Hartmann number and direction of rotation are examined . 

Following points can be concluded from this study: 

 Magnetic field reduces the velocity of the core flow 

while it increases the velocity near walls, and 

therefore enhances the convection heat transfer. 

 In absence of the magnetic field, the cylinder 

rotation causes vortex to form behind the cylinder 

near the walls. However, by applying magnetic field  

the vortex weakens. 

 The highest Nusselt numbers achived at Ω = -10 in 

the case of no magnetic field and enhancement due 

to the motionless cylinder is 51%. 

 In higher Hartmann numbers, the average Nusselt 

number does not change remarkbaly with Ω  . 

 Magnitude of the drag and the lift coefficients of the 

cylinder increased in higher Ωs. In addition, 

applying the magnetic field leads to a decrease in 

lift coefficient and reduces the dependency of the 

drag coefficient to Ω. 
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Persian Abstract 

 چکیده
 یمودع کانال کی در الیسونان حرارت انتقال و انیجر قرار گرفته است. در کار حاضرگران پژوهش از یاریها مورد توجه بسها و محفظهدر کانال حرارتانتقال  لیامروزه تحل

 ⸲همختلف چرخش استوان یهاجهت ریاثت ومال شده اع الینواخت به سکی یسیمغناط دانیاست. م دهیمطالعه گرد یبه صورت عدد ،باشد یچرخان م یاستوانه کی شامل که

 یم شیعدد ناسلت متوسط افزا ⸲کم استوانه یدوران یهادر سرعت ⸲هارتمن عدد شیدهد که با افزایم نشان جیاست. نتاشده یاستوانه بررس یعدد هارتمن و سرعت دوران

 دهدیدرگ و برآ نشان م بیضرا یمطالعه ⸲بعد ندارد. علاوه برآنیب یاهیبا سرعت زاو یریچشمگ راتییعدد ناسلت متوسط تغ ⸲در اعداد هارتمن بالاتر ⸲. برخلاف آنابدی

 هارتمن اعداد در درگ بینواخت ضرکی باًیتقر عیتوز ⸲بیترت نیهم بهافتد. یاستوانه اتفاق م یاهیسرعت زاو نیشتریدرگ در ب بیضر نیشتریب ⸲ثابتکه در عدد هارتمن 

 دهد.یم نشان را آنها نیب مناسب اریبس تطابق سهیمقا نیشده و ا سهیگذشته مقا یهاگزارش با یعدد جینتا. شودیم مشاهده بزرگتر
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