
1. INTRODUCTION

Choi and Eastman [1] were the first to refer a two-
component fluid consisting of medium liquid and solid 
nanoparticles with the word Nanofluid. Their pioneering study 
in 1995 opened an endless era of research, innovations, and 
modifications on the subject. Due to higher thermal 
susceptibility, these newly born colloidal fluids proved to be 
an important asset for heat transfer systems. Comparing to 
pure coolants, nanofluids possess higher thermal conductivity 
and unlike microfluids, they were much more stable. So they 
could raise the heat transfer rate of the system without any 
critical concern of aggregation or sedimentation in the 
circulation system components. This was a promising situation 
for many who were looking for more capable coolants [2-7]. 

Khanafar et al. [8] tried to simulate numerically the flow 
and heat transfer of Cu-Water nanofluid using finite volume 
approach. In their work, four different methods for nanofluid 
treatment were examined and the results were compared to the 
experimental data. A numerical investigation on natural 
convection cooling of an oscillating heat source fitted on the 
left wall of an enclosure was performed by Ghasemi and 
Aminossadati [9]. Cu, Al2O3, and TiO2 nanoparticles 
dispersed in water were used as working fluids. It was 
concluded that the inclusion of dispersed nanoparticles into 
the base fluid improves its thermal conductivity and enhances 
the heat removal from the heat source. The most effective 

nanoparticle was reported to be Cu in the heat removal process, 
followed by Al2O3 and TiO2 respectively. Kalteh et al. [10] 
studied the steady laminar mixed convection of water-based 
nanofluid flow in a lid-driven square cavity with a triangular 
heat source. It was found that suspending the nanoparticles in 
pure fluid leads to a significant heat transfer increase. 

Another uprising field of interest among researchers is 
Magnetohydrodynamics. MHD is the study of the dynamics of 
electrically conducting fluids. Examples of such fluids include 
plasmas, liquid metals, salt water or electrolytes, and of course, 
nanofluids. The field of MHD was initiated by Hannes Alfven 
[11], for which he received the Nobel Prize in physics in 1970. 
The fundamental concept behind MHD is that magnetic fields 
can induce currents in a moving conductive fluid, which in 
turn creates forces on the fluid and changes the magnetic field 
itself. The wide occurrence of Magnetohydrodynamics in 
many industrial cases like crystal growth, metal casting, fusion 
reactors and geothermal energy extractions makes it 
undeniable [12-16]. 

Al-Nimr [17] obtained analytical solutions for MHD fully 
developed upward (heating) or downward (cooling) natural 
convection in open-ended porous annuli, in 1995. Later on, 
Al-Nimr and Hader [18] modified their solution for more 
general thermal boundary conditions. Oztop et al. [19] made a 
numerical study on the MHD mixed convection in a lid-driven 
cavity with corner heater. They applied a finite volume 
technique to observe the fluid flow and temperature fields 
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under different Grashof and Hartmann numbers. They have 
taken the Joule effect into account in their study. Ahrar et al. 
[20] simulated the MHD convection of air in a lid-driven
cavity with heated walls. They studied the influence of
Hartmann number and magnetic field direction on the
convection heat transfer rate and proposed the optimum
situations for heat transfer rate.

When nanofluids were applied in MHD researchers' 
projects, not only because of their raised electrical 
conductivity but also for their coexistence with magnetic 
situations in many of their applications, they were targeted by 
many MHD researchers. When unpredictable behaviors of 
nanofluids wed the complexity of MHD, one steps into a dark 
and unknown area of science, which attracts a large number of 
scholars. Different solution techniques and test cases with the 
specific concept about MHD of nanofluids have been 
considered in the open literature so far [21-25] and there is 
always room for more.  

In 2011, Ghasemi et al. [26] also used FV method to 
investigate the Al2O3-Water nanofluid flow characteristics 
under the influence of a magnetic field source. They 
proclaimed that the heat transfer rate increases with an 
increase of the Rayleigh number but it decreases with the 
increment of Hartmann number. They also reported that for 
certain Ha and Ra numbers there could be situations that 
adding Al2O3 nanoparticles would decrease the Nu number. 
Nemati et al. [27] used LBM method to study the Magnetic 
field effects on natural convection flow of different nanofluids 
in a rectangular cavity. They found that the average Nusselt 
number increases for nanofluid when increasing the solid 
volume fraction, while in the presence of a strong magnetic 
field, this effect decreases. 

More recent studies on nanofluids' flow, deal with: different 
cylinders and geometries [28, 29], different magnetic field 
conditions [30], Hybrid nanofluids [31-33] and different 
solution techniques [34, 35]. Although, Hybrid nanofluids 
seem to have a great future in front of them but currently, 
curved boundaries (different geometries), due to their wide 
occurrences in the heat transfer industries and the verity of 
simulation approaches, are very popular among other novel 
contributions [36, 37].  

It is well known that addition of nanoparticles [38, 39], 
magnetic field intensity [38-40] and obstacle [41] lead to a 
decrease in the stream function and heat transfer rate, so in this 
study, we aim to define and observe the combined effect of all 
above-mentioned features. On the other hand, nanoparticles 
higher conductivity, and obstacle temperature gradient are 
meant to increase the heat transfer rate. So, it is tried to 
separate facts from fancies, by simulation of a benchmark of 
more than 1300 test cases including a wide range of Ha (0–90) 

and for magnetic field angles 0  to 90  and phase deviation 

of 90  . Evidently, Cu nanoparticle with 400K
s
  is 

considered as one of the best nanoparticles for heat transfer 
[38, 42]. So in order to increase heat transfer rate, in the 
present work, this nanoparticle was chosen to compare the 
triple effects of adding nanoparticles to the fluid, changing the 
magnetic field intensity and direction and the obstacle aspect 
ratios and positions for this nonlinear boundary condition.     

2. PROBLEM STATEMENT AND FORMULATION

2.1 The classical form of formulation 

The continuity, momentum and energy equations (1-4) for 
nanofluid MHD flow in dimensional form can be written as 
follows: 
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where Fx and Fy are the total body forces in x and y directions 
respectively and can be defined as: 
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In the above equations Ha LB
nf nf

  is the

Hartmann number in which   is electrical conductivity, B is 

the magnitude of the magnetic field, L is the length of the 
cavity and   is the direction of the magnetic field.  

2.2 Simulation of MHD with lattice Boltzmann method 

2.2.1 Brief introduction to LBM 
The LBM method with standard two-dimensional, nine 

velocities (D2Q9) system for both temperature and flow field 
is applied in this study. For the sake of completeness, a brief 
review of Lattice Boltzmann Method is included. The 
discretized LBM equations with external force in nine 
directions can be written as: 
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Equations (7) and (8) are used to solve the flow and 
temperature fields, respectively. Eq. (7) recovers the 
continuity and momentum equations (1–3), where the total 
body forces were considered by the external force of equation 
(7). Eq. (8) describes the evaluation of the internal energy and 

leads to Eq. (4). In the above equations 
eq

if  and 
eq

ig are the

equilibrium distribution functions for flow and temperature 
field, respectively, and can be calculated as follows:  
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where 
sc is the lattice speed of sound which is equal to 

3sc c  and the discrete velocities, or D2Q9 are also 

defined as: 
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In the above equations, c is equal to /x t  , with x  and 

t  being the lattice space and lattice time step, respectively. 

The weighing factors for the D2Q9 model are obtained as: 
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The kinematic viscosity and the thermal diffusivity are 

then related to the relaxation times by equations (13) and (14): 
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2.2.2 Applying body forces in LBM 
In order to apply the effect of magnetic field and 

gravitational forces (body forces), a force term F was added to 
the density distribution function equations. To obtain F all 
variables must become dimensionless with the lattice units. So, 
the external force appears for LBM as follows [39]: 

In the above equations, M is the number of lattices in the 
specific length L direction, and the total body force term F can 
be produced from the summation of (17) and (18). 
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2.2.3 Curved boundary treatment for flow field 
For treating velocity and temperature fields with curved 

boundaries, the method proposed by Yan and Zu [33] has been 
used. An arbitrary curved wall separating the solid region from 
the fluid is shown in Fig. 1. The link between the fluid node xf 
and the wall node xw intersects the physical boundary at xb. 
The fraction of the intersected link in the fluid region 

is f w f bx x x x    . To calculate the post-collision 

distribution function  ,bk
f x t based on the surrounding node 

information, we can write: 
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In this equation, we have: 
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where kk
e e  , fu is the fluid velocity near the wall, 

wu is the 

velocity of the solid wall, and bfu is an imaginary velocity for 

interpolations. 

Figure 1. Discrete velocity set of two-dimensional nine-
velocity (D2Q9) model and curved boundary 

2.2.4 Curved boundary treatment for temperature field 
Following the work of Yan and Zu [43], the temperature 

distribution function can be defined with its equilibrium and 
non-equilibrium parts as: 
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Obviously, both  ,eq

bk
g x t and  ,neq

bk
g x t are needed to 

calculate the value of  ,bk
g x t t . In above equation, the

equilibrium part is defined as: 
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In which 
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bT and 
*

bu can be defined as: 
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where, 
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And finally, the non-equilibrium part may be computed 
from: 

       , , 1 ,neq neq neq
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2.2.5 Non-dimensional parameters 
For fixed Rayleigh, Mach and Prandtl numbers the 

kinematic viscosity can be calculated from the following 
equation: 

Pr
. .f sM Ma c

Ra
        (26) 

Also, the thermal diffusivity can be defined from the Prandtl 
number as: 
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In the above correlations, the Rayleigh number is defined as 
3( )f h c f fRa g M T T    and in order to avoid any

compressibility errors, the Ma number is kept at 0.1. Evidently, 
the Nusselt number is one of the most important dimensionless 
parameters in the description of the convective heat transfer. 
In this paper, the local Nusselt number of each wall, the 

average Nu on the heating part of both walls,
 

 *Nu 

and  ,Nu Ha   are calculated from the following equations:

Figure 2. The schematic outline of the geometry including the 
boundary conditions 
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Here,  *Nu   refers to the ratio of the average Nu with the

nanoparticles volume fraction of   to the average Nu number 

of the pure fluid.   

2.3 Modeling of nanofluid 

In this simulation, the dynamical similarity depends on the 
dimensionless parameters of Rayleigh (Ra), Prandtl (Pr) and 
Hartmann numbers (Ha). Due to the assumption of the 
nanofluid as a pure fluid, the mixture qualities are to be 
calculated and applied in these dimensionless parameters. The 
thermophysical properties of the nanofluid are fixed during the 
iteration process, except for the density which is obtained from 
Boussinesq assumption.   

The density   , the specific heat  pC  and the thermal 

expansion coefficient    of the nanofluid are calculated from

below [39]: 
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Also, according to Brinkman model the viscosity of a 
mixture containing a dilute suspension of small rigid spherical 
particles can be obtained from [39]: 
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And the effective thermal conductivity of the mixture can be 
approximated by the Maxwell-Garnetts (MG) model as [39]: 
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Also, it is worth mentioning that the MG model is only 
restricted to spherical nanoparticles and does not take into 
account the shape of nanoparticles. Finally, the electrical 
conductivity   of the nanofluid is calculated from the 

Maxwell model [39]: 
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(37) 

With being the solid volume fraction and subscripts nf, f 

and s referring to the nanofluid, carrier fluid, and the 
nanoparticles, respectively. The thermophysical properties of 
water and the nanoparticles are presented in table 1. 
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Table 1. Thermophysical properties of nanoparticles and the carrier fluid 

 mskg  3mkg  kgKJCp  mKWK   5101 K   1
.


m

water 0.00089 997.1 4179 0.613 21 0.05 

Cu 
NPs 

--- 8954 383 400 1.67 510596

3. NUMERICAL APPROACH AND VALIDATION

3.1 Geometry and boundary conditions 

Fig. 1 shows a schematic outline of the enclosure filled 
with Cu-water nanofluid. The cavity is bounded by two 
adiabatic walls (south and north) and two sinusoidal varying 
temperature walls (west and east). The phase deviation 

between these walls is equal to 2 . Also, there is a circular 

obstacle with the temperature of Tc and an aspect ratio of Ar 
located in 9 different positions in the cavity.  In this study, it is  

assumed that the nanofluid is Newtonian, the induced 
magnetic field produced by the motion of an electrically 
conducting fluid is negligible compared to the applied 
magnetic field, the nanoparticles are in thermal equilibrium 
with water and they flow with the same velocity due to 
assumption of no-slip velocity mechanism between the base 
fluid and the nanoparticles. The flow regime is also considered 
to be steady, two-dimensional, incompressible and laminar. 
Moreover, the effects of Joule heating, viscous dissipation, 
and Radiation heat transfer are neglected in the current study.  

3.2 Code validation and mesh independence 

0 o 

15 o 

30 o 

45 o 

Figure 3. The streamlines and isotherms for the present study(left) and Park et al. [44] (right) for 
Ra=105, Pr=6.2 and Ar=0.2 for four different cavity angles 

In the present study, an in-house SRT lattice Boltzmann 
code was developed in Fortran to simulate the flow and 
temperature fields in the mentioned cavity. The numerical 
results were validated with 4 different published data. At first, 
the natural convection with the Boussinesq assumption in the 
presence of a circular blockage was tested against the study of 
Park et al. [44] for Ra=105, Ar=0.1. The results for the 
streamlines and isotherms are shown in Figure 3. Then, the 
reliability of the code in the simulation of nanofluids' flow was 
investigated. The predicted data for Gr=105 and 10 %   for 

a uniform temperature boundary condition with Cu 
nanoparticles were compared to Khanafar et al. [8] and 
Jahanshahi et al. [45] results. Fig 4 presents the dimensionless 
temperature distribution along the horizontal middle section 
line of the cavity.  Afterward, in order to show the accuracy of 
the simulations under the influence of a magnetic field, the 
average Nusselt numbers of the present study and Ghasemi et 
al. [26] at Ra=105, for 3 different Ha numbers of: 0, 30 and 60 
and volume fractions of: 0, 4 and 6 % are listed in table 2. The 
nanoparticles of this case are Al2O3 and the boundary 
conditions are uniform temperature BCs. The results in all 
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cases showed perfect match and proved this developed code, 
to be a quality tool in the simulations of MHD natural 
convection for nanofluids. Also to show the simulations are 
mesh-independent, the results of the average Nusselt number 
for the highest Hartmann (Ha=90) and highest aspect ratio 
(Ar=0.2) in this study and for Ra=106 and 6 %  are 

presented in fig 5 for 6 different meshes of 40*40, 60*60, 
80*80, 100*100, 120*120, 140*140. As can be seen, there is a 
negligible difference between the results of the meshes of 
120*120 and 140*140. So in this study 120*120 mesh was 
chosen for the rest of the simulations. 

Table 2. Comparison of the results of (Nu) for the present study and Ghasemi et al. [26] 

0.00 

(present 

study) 

0.00 

(Ghasemi et 

al.) 

0.04 

(present 

study) 

0.04 

(Ghasemi et 

al.) 

0.06 

(present 

study) 

0.06 

(Ghasemi et 

al.) 

Ha=0 4.721503 4.738 4.88497 4.896 4.959111 4.968 
Ha=30 3.142508 3.150 3.111831 3.124 3.090939 3.108 
Ha=60 1.864826 1.851 1.812983 1.815 1.796061 1.806 

Figure 4. Validation of the results for nanofluid flow at 
Gr=105, Pr=6.2 and 10%   for the present study and 

Khanafer et al. [8] and Jahanshahi et al. [45] 

Figure 5. The results of Mesh independence investigation for 
6 uniform meshes

4. RESULTS AND DISCUSSION

Figures 6-a and 6-b present the effects of magnetic field 
intensity and obstacle size augmentation on flow streamlines 
and isotherms, respectively. It is expected that both of these 
increments result in a reduction of the flow velocity and 
stream function and consequently, the average Nusselt number 
of the walls and the heat transfer rate would decrease. But as 
can be seen, the braking effect of each phenomenon is 
different. In the case of Ha increase, one can see that the main 
vortices do not change significantly and they just tend to 

develop in the magnetic field direction (here 0  ) while 

their velocity components are weakening due to MHD forces.  
The mentioned loss of the velocity magnitude can be reasoned 
like this: As the streamlines try to align along the magnetic 
field lines, they dissipate some of the flow energy and thus the 
flow velocity and stream functions reduce. This can be seen on 
the isotherms expansion as the magnetic field intensity 
increases. On the other hand, the growth of obstacle aspect  
ratio also influences the flow energy, directly. The obstacle 
retards the flow streamlines around it and sometimes it will 
cause a break in the main vortices. The new smaller vortices 
do not possess their parent vortex energy and eventually, they 
will lead to a decrease in the velocity field and heat transfer 
rate of the walls. So, the obstacle does not necessarily 
decrease the heat transfer rate and it depends on other flow 
characteristics. 

Figures 7-a and 7-b demonstrate the flow streamlines and 

isotherms at Ra=105, Ha=60 and
 45o  for 9 different 

cylinder positions. The mentioned situation was picked from 
them all, because of its impressive behavior and significant 
results. However, the overall outcomes of other magnetic 
situations are presented in the next coming graphs and figures. 
As can be seen, the obstacle can lead the main vortex to the 
opposite site of the cavity in most cases. This can enhance the 
flow velocity on these walls and eventually, would increase 
the local Nusselt number of that wall. Also, when the obstacle 
is close to a hot part of the wall, it can improve the 
heattransfer due to its temperature gradient with the wall. Thus, 
it compacts the hot isotherms on the wall and increases the 
local Nu number. These two phenomena can define the overall 
behavior of the obstacle in almost every regime of flow. 

But when the obstacle is located in the middle sites of the 
cavity (positions: 0, 2 and 4) it will change the flow differently. 
On sites 0 and 4 the main vortex of the flow breaks down into 
two weaker vortices and as a result, flow velocity on the walls 
would decrease along with the Nu number. Moreover, the 
obstacle is not located in the neighborhood of any hot wall, so 
this phenomenon is not working on these sites either. 
Consequently, the heat transfer of both walls would decrease 
drastically and they would show the least heat transfer rate 
among all other sites. According to this discussion, one can 
expect that the best heat transfer rate would be observed on 
sites 5 and 7 for they have both above-mentioned phenomena 
at their maximum influence on the system. 
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Ar=0.2 Ar=0.1 Ar=0.05 

Ha=0 

Ha=30 

Ha=60 

Ha=90 

Figure 6-a. Streamlines of the flow at Ra=105 and 0   for 0, 30,  60,  90Ha  and 0.05, 0.1, 0.2Ar   for 0  (solid lines) 

and 6%  (dashed lines) 

Ar=0.2 Ar=0.1 Ar=0.05 

Ha=0 

Ha=30 
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Ha=60 

Ha=90 

Figure 6-b. Isotherms of the flow at Ra=105¬¬ and for and for (solid lines) and (dashed lines) 

Figure 7-a. Streamlines of the flow at Ra=105 and 60Ha   for 45  and 0.1Ar   for 0 (solid lines) 

and %6 (dashed lines) for 9 cylinder positions 
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Figure 7-b. Isotherms of the flow at Ra=105¬¬ and for and for (solid lines) and (dashed lines) for 9 cylinder 
positions 

Figure 8. Nu* versus Ra number for different aspect ratios: 
0.05, 0.1 and 0.2 

In figure 8, the Nu* is plotted against the Ra number for 
three different obstacle aspect ratios. As can be seen, the 
Ar=0.1 shows the highest oscillating manners. In which the 
Nu* is in its maximum positions for the low Ra cases (Ra<104) 
and again it reduces to the minimum for higher Ra cases 
(Ra>104). For the other aspect ratios, the behavior of Nu* for 
an increment of Ra is almost smooth and basically, with an 
increase in Ra the obstacle in position 0 can cause a drastic 
decrease in the Nu* in the absence of the magnetic field. This 
is due to the stream function reduction caused by the obstacle. 
This behavior is seen more pronounced in higher Ra numbers 
because in lower Ra numbers the dominant heat transfer 
regime is the conduction and the flow velocity on the walls is 
relatively low. On the other hand, in higher Ra numbers the 
dominant heat transfer regime is convection and when the 
blockage is located in the center of the cavity, it can change 
the flow velocity on the walls significantly.  

Other valuable feature of this graph, tells us that with an 
increase of the blockage size (aspect ratio), the heat transfer 

rate does not necessarily decrease. As was mentioned before, 
this obstacle is cold (Tc) and when it comes near to hot walls, 
due to the temperature gradient it can enhance the Nu number. 
This phenomenon has caused the Nu* to be almost the same 
for Ar=0.2 and Ar=0.05. Also, this is the same reason that the 
Nu* changes manner for Ar=0.1. In lower Ra numbers, the 
obstacle may be looked as a local heat sink but in higher Ra 
numbers, the obstacle mostly acts like a blockage.  

Figure 9 presents the mean Nusselt number of the walls of 
the cavity in the presence of the cylinder, normalized by the 

Nusselt number of the case of its absence ( Nu ). In all graphs, 

Nu is raising with the particles' volume fraction augmentation,

from which one can deduce that in the case of obstacle
presence the nanoparticles addition always would be helpful. 
Many authors [39,42] believe that this assumption is not 
always reliable in the absence of the obstacle. Also, we can see, 
there is one minimum point on the 6%  cases and 1 

relative maximum point on 0%   cases. Which means at 

the magnetic inclination angles around 45o, the circulation is 
in its best situation so the normalized effect of obstacle 
presence is minimized and the overall effect of it on the pure 
fluid is shown as a maximum point for its better circulation.  

According to this figure, Positions 7 and 1 indicate the best 
overall effect of obstacle presence on the flow regime and 
other positions do not indicate any significant preferences. In 
its best situation (obstacle position and magnetic field 
direction), the addition of the obstacle can cause a maximum 
of 30 % increase of the normalized Nusselt number. Almost in 
all cases for 0%   the presence of the obstacle reduces the 

heat transfer rate. On the contrary again in all cases, the 
obstacle can improve the normalized Nu for 6%   and in 

the case of 3%   the obstacle heat transfer enhancing ability 

is squared by its reduction influence on the stream function. 
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Figure 9. Nu for Ra=105, Ha=90 and Ar=0.1 versus different magnetic field directions: 

0%  (solid line), 3%  (dashed line), 6%  (dash-dot line). 

Figure 10. Nu for Ra=105, 6%  and Ar=0.1 versus different magnetic field directions: Ha=30 

(solid line),  Ha=60 (dashed line),  Ha=90 (dash-dot line). 
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Figure 10 demonstrates the variation of the normalized 

Nusselt number Nu  with respect to the variation of the 

magnetic field intensity and direction for the 9 obstacle 
positions. As can be seen, three Ha numbers of 30, 60 and 90 
and 7 magnetic field directions  s are chosen to describe the 

mentioned phenomenon. It is obvious that almost in all cases 
the highest influence of the obstacle is observed for Ha=90. 
This is well predicted because the flow regime has lower 
stream function values and thus lower flow rates on the walls 
in higher Ha numbers. However, it is interesting to see that 
this fact is not valid for Ha=60 and Ha=30. For lower Ha 
numbers, the magnetic forces are weaker so the flow is not 
totally under the influences of these forces. In such cases, the 
position of the obstacle becomes more valuable to the flow 
regime than the magnetic forces. That is why in some cases at 

 s around 45o the Nu for Ha=30 exceeds than the ones for 

Ha=60. 
This magnetic field angle is the magnetic situation that 

provides the best circulation, so adding the obstacle with its 
reduction of the fluid velocity on the walls, may not be a very 
effective idea to improve the heat transfer rate. Also, it is seen 
that for two obstacle positions (namely 5 and 8) the above-
mentioned increase of Ha=30 is not observed but with a more 
precise observation, we can see that in these points the overall 

Nu is reduced. Thus it can be concluded that these positions

can not provide a fine situation for the fluid flow nor for the
heat transfer. These positions showed the same results in 
figure 9. 

5. CONCLUSION

In the present study, the influence of magnetic field 
intensity and direction on a nanofluid-filled closed cavity with 
sinusoidal temperature boundary condition was investigated 
numerically in the presence of a circular cylinder. Three 
different aspect ratios (0.05, 0.1 and 0.2) and 9 different 
locations were chosen for the cylinder to explain its effects on 
the flow and heat transfer rate under the influence of a 
magnetic field. The main findings of the numerical simulations 
are as follows:  

1) It is well known that the blockage and the magnetic

field both has a reducing effect on the stream function and heat 

transfer rate, but in this study, one  

2) can observe that the behaviors of these reductions are

not the same for both phenomena. 

3) The obstacle has an average temperature of Tc, but

from heat transfer viewpoint, it can cause 2 different issues: 

firstly, it will decrease the stream function and Nusselt number 

of the walls and secondly, it can improve the heat transfer rate 

by its temperature gradient with the walls of the cavity. 

4) The effect of the addition of Cu nanoparticles is more

pronounced in lower Ra numbers, but the cylinder size is an 

important issue to be taken into account. As an example, the 

cylinder with Ar=0.1 demonstrates the best heat transfer rate 

in lower Ra numbers.  

5) Positions 7 and 1 indicate the best overall effect of

obstacle presence on the flow regime and other positions do 

not indicate any significant preferences. In its best situation 

(obstacle position and magnetic field direction), the addition 

of the obstacle can cause a maximum of 30 % increase of the 

normalized Nusselt number. 

6) The highest influence of the obstacle is observed for

Ha=90 among other magnetic field intensities due to the lower 

stream function values. However, this fact is not proved to be 

valid for Ha=60 and Ha=30 in which the magnetic forces are 

weaker, that is why in  s around 45o the Nu for Ha=30 

exceeds than the ones for Ha=60 
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