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1    Introduction 

Natural convection, due to the simplicity of the process, economical advantage, low noise and 
regain, has many applications in various branches of industry, such as refrigeration, air 
conditioning systems, electrical transformer devices and etc. also in a variety of industrial 
equipment such as electronic components, heat exchangers, solar collectors and such cases 
like these, natural convection is used. Always have access to the dimensions of the devices 
smaller, lighter and more efficient for better heat transfer in industrial equipment such as 
electronic components, heat exchangers, etc. is desirable. Since nanofluids have higher 
thermal conductivity than common fluids, in recent years have been considered. Abu-Nada et 
al. [1] studied on natural convection between two coaxial cylinders filled with nanofluids 
using the finite volume method. They investigated different nanofluids containing Cu, Ag, 
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Effect of Magnetic Field on Heat Transfer of 
Nanofluid with Variable Properties on the 
Inclined Enclosure 
The purpose of this study is to investigate the effect of magnetic 
field on the fluid flow and natural convection of CuO-water 
nanofluids with variable properties in an inclined square 
enclosure. The horizontal walls of cavity are insulated, the left 
sidewall assumed as hot wall and the right sidewall assumed as 
cold wall. Effects of Rayleigh numbers 103, 104, 105 and 106, 
Hartmann numbers 0, 10, 50, with horizontal angles of cavity,
0 , 30  and 60 , and solid volume fraction of nanoparticles 
0%, 2% and 4% are explored. Governing equations were 
solved numerically using finite volume and the SIMPLER 
algorithm. The result show that with applying magnetic field 
and increasing it, the velocity of nanofluids and thus the power 
of fluid decreases and behavior of nanofluids is more close to 
thermal conductivity than natural convection. At all ranges of 
studied Rayleigh numbers and volume fractions, with 
increasing the Hartmann number, the average Nusselt number 
decreases. Also with increasing cavity angle with the horizontal 
axis, the values of Nusselt number on the all ranges of Rayleigh 
numbers decreases. 
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Al2O3 and TiO2 nanoparticles were evaluated based on fluid water and its results are 
presented as curves of Nusselt number changes. They reported that at large Rayleigh numbers 
and aspect ratios, nanoparticles with higher thermal conductivity, causes more heat transfer. 
But at middling Rayleigh numbers, nanoparticles with low thermal conductivity reduce the 
rate of heat transfer. Arefmanesh et al. [2] investigated the natural convection heat transfer 
and fluid flow of water-TiO2 nanofluids, into the space between two coaxial cavities with 
different aspect ratios and Rayleigh numbers. According to their results, the natural 
convective heat transfer coefficient in terms of the Rayleigh number increases with increasing 
volume fraction of nanoparticles and aspect ratios. Sheikhzadeh et al. [3] numerically studied 
the water-Cu nanofluids in a cavity with hot and cold vertical walls. Based on their results, the 
minimum average Nusselt number occurs when the local heating on the right and left walls of 
cavity applies on top and bottom, respectively. Fluid flow under the influence of a magnetic 
field in the cooling of the electronic systems which are under the influence of a magnetic 
field, cooling electrical transformers and etc. are discussed. Kandaswamy et al. [4] studied 
effect of magnetic field on the natural convection of the fluid in a cavity with thermal sources 
on the vertical sidewalls at different Rayleigh and Hartmann numbers. According to their 
results, the average Nusselt number decreases with increasing Hartmann number.  
Pirmohammadi and Ghasemi [5] studied numerically the effect of magnetic field on the 
natural convection of fluid in an inclined square cavity. Their results showed that the flow 
field and heat transfer are strongly dependent on the magnetic field and cavity's angle. 
Mahmoudi et al. [6] numerically investigated the effect of magnetic field on the natural 
convection of water-CuO nanofluids in a triangular enclosure. Based on their results, with 
increasing the magnetic field, the Nusselt number decreases. Ashorynejad et al [7] conducted 
a numerical study of the effect of magnetic field on the natural convection of water-Ag 
nanofluids in the space between two coaxial circular cavities. According their results, the 
average Nusselt number and the Rayleigh number increase with increasing volume fraction, 
but decrease with increasing Hartmann number. 
To the best knowledge of authors, no studies that investigated the effect of magnetic field on 
the fluid flow and heat transfer of nanofluids with variable properties on the inclined square 
enclosure have been reported. In present study, fluid flow and heat transfer of water-CuO 
nanofluids natural convection in square enclosure with insulated horizontal walls and hot left 
wall and cold right wall, in various Rayleigh and Hartmann numbers and volume fraction of 0 
to 4% of the nanoparticles is studied. 
 
 
2    Governing equations and boundary conditions 
 
The thermo-physical properties of water as a base fluid and nanoparticles of the CuO are 
presented in table 1 [8]. Solving geometry and boundary conditions are shown in figure (1). 
Horizontal walls of enclosure are insulated, the left sidewall assumed as hot wall (in 
temperature Th) and the right sidewall assumed as cold wall (in temperature Tc). Dimensions 
of the enclosure assumed as L. 
 
 

Table 1 Thermo-physical properties for base fluid and nanoparticles (300 K) [8] 
   (kg m-3) pc (J kg-1 K-1) k (W m-1 K-1) 510   ( K-1) 

Water 997.1 4179 0.613 21 
CuO 6320 535.6 76.5 1.8 
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Using the dimensionless variables (1), dimensionless equations including mass conservation 
(2), conservation of momentum along the x (3) and y (4) directions and energy conservation 
(5) for the two-dimensional, steady and laminar flow are: 
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 is the angle of the cavity with horizontal axis. Magnetic field appears as a body force 
calling Lorentz force. Hartmann number is a measure of the Lorentz body force. Increasing 
the Hartmann number shows the magnetic field strength is increased. Due to the geometry, 
dimensionless boundary conditions are: 

(6) 
On the horizontal walls 0, 0U V

Y


  


On the right wall0, 0, 0U V   

On the left wall0, 0, 1U V   

Nanofluid characteristics as density, heat capacitance, thermal expansion coefficient, thermal 
diffusivity, static part of viscosity [9] and thermal conductivity [10] can be attained by 
equations (7) to (14), respectively: 

(7) (1 )  nf f s   

(8) ( ) (1 )( ) ( )  p nf p f p sc c c    

                                
Figure 1 Schematic diagram and boundary conditions
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Where Brownian  and Browniank  defined as [11]: 
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s  and sR ( 923.5 10 m ) are density and radius of nanoparticles respectively and   is 

Boltzmann constant  231.3807 10 J
K   .For   and   functions which experimentally 

estimated for 300 ( ) 325T K   , for water-CuO nanofluid are [11]: 

 (17)0.8229 0.72720.0137(100 ) 1% , 0.0011(100 ) 1%for for          

(18) ( , ) ( 6.04 0.4705) (1722.3 134.63)    T T    1% 4% for  

The convective heat transfer coefficient is: 
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The Nusselt number according to height of enclosure presented by: 
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With replacing (19) and (21) into (20), the Nusselt number is: 
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And the average Nusselt number at hot wall is: 
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3    Numerical simulation 
 
Governing equations are solved numerically using finite volume and SIMPLER method. In 
order to validate the results which obtained by computer program, a numerical simulation was 
carried out and its results compared with the results presented in the paper [2], in Table 2.  
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Table 2 Average Nusselt number in natural convection 
of wate-TiO2 nanofluids 

Arefmanesh et al. [2] Present work φ Ra 
1.42 1.40 0.02 104 

2.51 2.48 0.04 105 

 
 
In order to find an appropriate grid which led to the independence of resulte fron the grid, the 
average Nusselt number for water-CuO nanofluids for grid with different number of nodes 
obtained and compared in Table (3). Giving the average Nusselt number values, it seems that 
a 111111 grid points is suitable. 
 
 

Table 3 Average Nusselt number on the hot wall for water 
-CuO nanofluids (φ=0.04) at Ra=105. Ha=0, =0 

nodes 7171 9191 111111 131131 
Nuavg 5.04 5.11 5.14 5.15 

  
 
The convergence measure for pressure, velocity and temperature is obtained of equation (24), 
where M and N are the number of grid points in the x and y direction, respectively and   
represents the resolved variable. k is the number of iterations and the maximum amount of 
error is 10-6.    

Error=
∑ ∑ ቚζi,j

k+1-ζi,j
k ቚN

j=1
M
i=1

∑ ∑ ቚζi,j
k+1ቚN

j=1
M
i=1

≤10-6 (24)

 
 
4 Results and discussion 

 
4.1 Streamlines and isotherms 
 
In figure (2) the streamlines and isotherms at φ=0.02, Ra=103 and 106, and different Hartmann 

numbers are shown. At  = 0  and Ra=103, with increasing the Hartmann number, the circular 
streamlines are more stretched in the vertical direction so that at Ha=50, this curve make it 
quite vertical. This behavior of streamlines is due to the effect of Lorentz force due to the 
magnetic field which applied along the vertical direction and down. This force causes 
suppression of natural convection of nanofluids and behavior of it, is closer to thermal 
conductivity. At Ra=106, buoyancy force and thus the natural convection of nanofluids 
compared with Ra=103 is higher and the flow field is stronger, therefore Lorentz force has 

lower effect on the behavior of the nanofluids. At  =30  and  = 60  and Ra=103, behavior 

of streamlines is similar to case with  = 0  at this angles and Ra=106, with increasing the 
Hartmann number, the curvature of the streamlines reduces which indicate decreasing natural 
convection and approaching the behavior of nanofluids to thermal conductivity.  
Isothermal lines at Ra=103 and all investigated angles have very little curvature, which 
represents weak natural convection at these Rayleigh numbers. At all investigated angles, 
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with increasing the Hartmann number, the curvature of the isotherms also decreases and 
behavior of nanofluids approaches to thermal conductivity, so that at Ha=50, isotherms are 

perfectly vertical. At  = 0  and Ra=106 and Ha=0 and 10, isotherms at the edges of the hot 
and cold walls are dense, and central space of the cavity is almost horizontal. At Ha=50, 
compactness of isothermal lines at the edges of the hot and cold walls are preserved, but at the 
central space of the cavity, isothermals are slightly inclined to the vertical direction. This 
behavior is induced because the Lorentz force acting on the fluid flow. At Ra=106 and   =

30  and  = 60 , isothermal lines at Ha=0 and 10, compared to Ha=50, are more curved. 
Reducing the curvature of lines shows a decrease in the natural convection of nanofluids. In 
fact, with increasing the Hartmann number and enhancing the Lorentz force, natural 
convection of nanofluids decreases and therma conductivity is dominant. Reviewing 
isothermals and streamlines in this section, as a general outcome we can say: with increasing 
the Hartmann number, natural convection of nanofluids reduces and behavior of nanofluids 
changes to thermal conductivity. 
 
4.2   Nusselt number changes 
 
 In figure (3), the average Nusselt number in terms of the Hartmann number at various 
Rayleigh numbers and  is shown. At all investigated angles and all Rayleigh numbers, 
Nusselt number decreases with an increase in Hartmann number. The reason for this behavior 
of Nusselt number is reducing the natural convection of nanofluids because of increasing 
Lorentz force due to the increasing magnetic field strength. At Ra=103, flow has no great 
power to move. Indeed, at this Rayleigh number, therma conductivity has major role in heat 
transfer and thus with increasing the Hartmann number, average Nusselt number has no 
supposable changes. This was expressed over that the impact of the magnetic field on the 
convection of nanofluids is reducing the power of motion. 

As shown in figure (3), by an increase of  , Nusselt number values decreases at all Rayleigh 
numbers. This behavior indicates with increasing the angle between cavity and horizontal 
axis, the power of motion of nanofluids due to the reducing the of the influence of buoyancy 
in the vertical direction force, decreases and as result heat transfer rate reduces. 

In figure (4), changes of the average Nusselt number in terms of volume fraction at different 

Hartmann numbers and different angles for Ra=103 and 106 are shown. At  = 0  and  = 60 , 
at all shown Hartmann and Rayleigh numbers, the average Nusselt number increases with 
increasing volume fraction of nanoparticles and thus increasing the thermal conductivity, heat 
transfer rate increases too. So the average Nusselt number, which is a measure of heat transfer 
increases too. In figure (4), it can be seen that at low Rayleigh numbers, such as 103, at Ha=10 
and 50, changes in the Nusselt number are close together while at high Rayleigh numbers, su 
ch as 106, at Ha=0 and 10, changes in the Nusselt number are close together. 

At low Rayleigh numbers, the convection of nanofluids is low and with increasing the 
Hartmann number, there is a deniable impact on the natural convection of nanofluids and thus 
on Nusselt number changes, but art larger Rayleigh numbers, with more convection of fluid, 
the effect of Lorentz force on natural convection of nanofluids is more and reduces the 
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convection and thus reduces the heat transfer. As a result, at Ra=106 and Ha=0 and 10, the 
Lorentz force is not yet significant and changes in Nusselt number are close together. 
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Figure 2 Streamlines and isotherms at φ=0.02, Ra=103 and 106, and different Hartmann numbers 
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Figure 3 variation in the average Nusselt number versus Hartmann number at all Rayleigh numbers 
 and all different angles between cavity and horizontal axis 
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Figure 4 variation in the average Nusselt number interms of volume fraction at different Hartmann 
 and Rayleigh numbers and different angles  

 

5    Conclusions 

In this study, the effect of magnetic field on the flow field and natural convection heat transfer 
of water-CuO nanofluids with variable properties for an inclined enclosure was investigated. 
The horizontal walls are insulated, the right sidewall is cold wall and the left sidewall is hot. 
Study carried out at Rayleigh numbers of 103, 104,105 and 106 , Hartmann numbers of 0, 10 

and 50, horizontal angles with cavity of 0 , 30 , 60  and volume fractions of 0 to 4%. The 
results show that: 
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1) With the increase of applied magnetic field strength (Hartmann number increases) due 
to the effect of Lorentz force, velocity and thus the power of nanofluids in the 
enclosure decreases. 

2) Increasing the Hartmann number, the natural convection reduces and given the 
Hartmann number, behavior of nanoluids gets more close to thermal conductivity than 
natural convection. 

3) At all checked angles and Rayleigh numbers, average Nusselt number decreases with 
increasing the Hartmann number. 

4) With increasing  , the values of Nusselt number decrease at all ranges of Rayleigh 
numbers. 

5) At all studied Rayleigh and Hartmann numbers, with increasing volume fraction of 
nanoparticles, the average Nusselt number increases. 

6) With increasing Rayleigh number at all investigated angles, volume fractions and 
Hartmann numbers, the average Nusselt number increases. 
 

Refrences 
 
[1] Abu-Nada, E., Masoud, Z., and Hijazi, A., “Natural Convection Heat Transfer 

Enhancement in Horizontal Concentric Annuli using Nanofluids”, International 
Communications in Heat and Mass Transfer, Vol. 35, No. 5, pp. 657–665, (2008). 

[2] Arefmanesh, A., Amini, M., Mahmoodi, M., and Najafi, M., “Buoyancy-driven Heat 
Transfer Analysis in Two-square Duct Annuli Filled with a Nanofluid”, European Journal 
of Mechanics B/Fluids, Vol. 33, pp. 95–104, (2012). 

[3] Sheikhzadeh, G.A., Arefmanesh, A., Kheirkhah, M.H., and Abdollahi, R., “Natural 
Convection of Cu–Water Nanofluid in a Cavity with Partially Active Side Walls”, 
European Journal of Mechanics B/Fluids, Vol. 30, No. 2, pp. 166–176, (2011). 

[4] Kandaswamy, P., Sundari, S.M., and Nithyadevi, N., “Magneto Convection in an 
Enclosure with Partially Active Vertical Walls”, International Journal Heat Mass 
Transfer; Vol. 51, pp. 1946–1954, (2008). 

[5] Pirmohammadi, M., and Ghassemi, M., “Effect of Magnetic Field on Convection Heat 
Transfer Inside a Tilted Square Enclosure”, International Communications Heat Mass 
Transfer; Vol. 36, pp. 776–780, (2009). 

[6] Mahmoudi, A., Pop, I., and Shahi, M., “Effect of Magnetic Field on Natural Convection 
in a Triangular Enclosure Filled with Nanofluid”, International Journal of Thermal 
Sciences, Vol. 59, pp. 126–140, (2012). 

[7] Ashorynejad, H., Mohamadb, A .A., and Sheikholeslami, M .,“Magnetic Field Effects on 
Natural Convection Flow of a Nanofluid in a Horizontal Cylindrical Annulus using 
Lattice Boltzmann Method”, International Journal of Thermal Sciences, Vol. 64, pp. 240–
250, (2013). 



Effect of Magnetic Field on Heat Transfer of Nanofluid with … 

 
 

37

[8] Hwang, Y., Lee, J.K., Jung, Y.M., Cheong, S.I., Lee, C.G., Ku, B.C., and Jang, S.P, “ 
Stability and Thermal Conductivity Characteristics of Nanofluids”, Thermochimica Acta, 
Vol. 455, No. 1–2, pp. 70–74, (2007). April 

[9] Brinkman, H.C., “The Viscosity of Concentrated Suspensions and Solution”, the Journal 
of Chemical Physics, Vol. 20, pp. 571–581, (1952).  

[10] Maxwell-Garnett, J.C., “Colors in Metal Glasses and in Metallic Films, Philos”, Trans. 
Roy. Soc. A, Vol. 203, pp. 385-420, (1904). 

[11] Koo, J., Kleinstreuer, C., “A New Thermal Conductivity Model for Nanofluids”, Journal 
of Nanoparticle Research, Vol. 6, pp. 577–588, (2004). 

 

Nomenclature  
 

Magnetic field (T) B 
 Specific heat (Jkg-1K-1)cP 

 )nm (molecule water diameter ofdf 
)nm (nanoparticles diameter ofdp 

 )m (height of the enclosure L 
Hartmann number Ha 

 Thermal conductivity (Wm-1K-1) k 
 )pa (pressure p 

Prandtl number Pr 
Rayleigh number Ra 

 )K (temprature T 
 )K (hot wall tempratureTH 
 )K (cold wall tempratureTc 

 
Greek symbol 

 

 )m2s-1 (thermal diffiusivityα 
 )K-1 (thermal expansion coefficientβ 

)kgm-2s-1 (viscosity μ 
 )m2s-1 (dynamic viscosity υ 

Dimensionless temperature θ 
Density (kgm-3) ρ 
Nanoparticles volume fraction 
 

φ 

Subscripts   
average Av

g 
cold c 
fluid f 
hot h 
nanofluid nf 
particle p 
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  چكيده
  

جايي طبيعي نانوسيال  هدف از اين تحقيق بررسي اثر ميدان مغناطيسي بر جريان و انتقال حرارت در جابه
هاي افقي محفظه عايق بوده،  ديواره. باشد ي مربعي كج شده مي مس با خواص متغير در محفظه اكسيد –آب 

، 104، 103مطالعه براي اعداد رايلي . ي جانبي طرف راست سرد است ديوارهي جانبي سمت چپ گرم و  ديواره
با راستاي افقي و كسرهاي حجمي  60˚و  30˚، 0˚هاي محفظه  ويها، ز50و  10، 0، اعداد هارتمن 106و  105

معادلات حاكم با روش حجم محدود و الگوريتم سيمپلر . از نانوذرات انجام شده است 04/0و  02/0، 0
نتايج نشان دادند با اعمال ميدان مغناطيسي و افزايش آن، سرعت نانوسيال و در . ورت عددي حل شدندص به

جايي طبيعي به رفتار نانوسيال در هدايت حرارتي  نتيجه قدرت جريان كاهش يافته و رفتار نانوسيال از جابه
من، عدد ناسلت متوسط كاهش ي اعداد رايلي و كسرهاي حجمي با افزايش عدد هارت در همه. شود نزديك مي

  .يابد ي اعداد رايلي كاهش مي همچنين با افزايش زاويه محفظه با افق مقادير عدد ناسلت در همه. يابد مي
 


