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Abstract: The present paper examines thermal and hydrodynamic behavior of the 

incompressible laminar flow of a non-Newtonian magnetic nanofluid in a vertical 

rectangular channel numerically using two-phase mixture model, Carreau model, 

and finite volume method. The non-uniform transverse magnetic field is created by 

an electric current-carrying wire located along the channel. The Schiller-Naumann 

model is employed to calculate the slip velocity between the solid and liquid phases. 

The flow pattern and nanofluid temperature is assessed by changing effective 

parameters such as Reynolds number, the magnetic field strength, flow rate, mean 

axial temperature, and channel heat transfer. It is observed that the transverse 

secondary flow increases by increasing the magnetic strength due to Kelvin force. 

The hot fluid is transferred more from the sidewall to the center of the channel and 

the cold fluid moves from the center of the channel towards the wall, leading to an 

increase in heat transfer. Also, at low Reynolds numbers, more fluctuations occur in 

the velocity profile due to the dominance of Kelvin force over inertial force. 
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1 INTRODUCTION 

The magnetic field affects different types of fluid flows. 

The study of flows under a magnetic field is called 

magnetohydrodynamics (MHD). MHD has different 

applications such as drug delivery, cell separation, fluid 

mixing, etc. [1-2]. Many investigators have employed 

MHD to intensify heat transfer rate in horizontal and 

vertical enclosures. For instance, Oreper and Szekely [3] 

investigated the effect of a magnetic field on the flow 

and thermal fields in a cavity with fixed temperature 

sidewalls. They showed that in this system, the strength 

of the magnetic field is an important factor in weakening 

the heat transfer (the higher the field strength, the lower 

the heat transfer). Grosan et al. [4] investigated the effect 

of magnetic field on free convection heat transfer in a 

porous closed cavity. They found that the magnetic field 

applied in the horizontal direction was more effective in 

preventing heat transfer than the magnetic field applied 

in the vertical direction.  

Pak and Cho [5] for the first time investigated the heat 

transfer of a nanofluid in a tube experimentally. They 

studied the heat transfer of Al2O3γ/water nanofluid with 

a nanoparticles diameter of 13 nm and titanium 

oxide/water nanofluid with a particle diameter of 27 nm 

in the turbulent flow regime and showed that the heat 

transfer of Al2O3 γ /water nanofluid is higher than 

TiO2/water nanofluid. They also provided a correlation 

for the Nusselt number of nanofluid. Li and Xuan [6] 

investigated the effect of CuO and Al2O3 nanoparticles 

with different diameters on different base fluids. They 

examined four different types of nanofluids, including 

copper oxide in water, copper oxide in ethylene glycol 

(EG), aluminum oxide in water, and aluminum oxide in 

EG. They showed that nanofluids have a higher 

conductivity than their base fluids and CuO 

nanoparticles. Compared to Al2O3 nanoparticles, Al2O3 

ones lead to higher thermal conductivity. Chen et al. [7] 

investigated titanium oxide nanotubes with a diameter of 

10 and a length of 100 nm. The water-based fluid and 

the laminar flow in the tube were under constant heat 

flux. Their results showed that the local heat transfer 

coefficient decreases in the longitudinal direction and 

reaches a constant value of 800 at Reynolds number of 

1700. Also, no significant change in this value was 

observed for different volume fractions (0.5%, 1%, and 

2.5%).  

Khanafer et al. [8] for the first time simulated nanofluid 

flow numerically. They studied the natural convective 

flow of a mixture of water and copper in a square cavity 

and found that the heat transfer and velocity of the 

nanofluid relative to the pure fluid are increased due to 

the increase in thermal conductivity and the turbulent 

motion of the nanoparticles. Maiga et al. [9] numerically 

investigated the forced convection of laminar and 

turbulent nanofluid flow in a tube with constant heat 

flux. They used the single-phase model and considered 

the effect of nanoparticles only by placing the effect of 

nanofluid properties in the governing equations. 

Considering the mixture of water aluminum oxide and 

ethylene glycol aluminum oxide, they concluded that the 

shear stress and heat transfer increase with increasing the 

volume fraction of nanoparticles. Aluminum 

oxide/ethylene glycol nanofluid shows higher heat 

transfer for the same volume fraction and Reynolds 

number. Using the Lattice-Boltzmann method, Xuan et 

al. [10] numerically studied the heat transfer of a 

magnetic nanofluid in the presence of magnetic fields 

within a microchannel. In an experimental study, 

Lajvardi et al. [11] investigated the forced convection 

heat transfer of magnetic water-iron oxide nanofluid in 

a straight tube under constant wall heat flux and uniform 

magnetic field, in the direction of flow for laminar flow 

regime. Hojjat et al. [12] experimentally investigated the 

laminar heat transfer of a non-Newtonian nanofluid in a 

circular tube with constant wall temperatures. They 

showed that the addition of nanoparticles increases the 

heat transfer coefficient of the base fluid and this 

increase is proportional to the increase in the volume 

fraction of nanoparticles and the Peclet number. They 

also obtained these results for the turbulent flow [13]. 

Farooq et al. [14] investigated the natural convection of 

a non-Newtonian nanofluid in a U-shaped cavity under 

a magnetic field. They showed the effect of the magnetic 

field angle on 𝑁𝑢𝑎𝑣𝑒, where 𝑁𝑢𝑎𝑣𝑒 reaches its maximum 

value at an angle of 30°. Wang and Lei [15] investigated 

the effect of the magnetic hydrodynamic flow of liquid 

metal and its heat transfer in a rectangular channel 

containing microchannels. They found that the effect of 

this flow intensifies with the increase of the magnetic 

field. The increase of the heat transfer was due to the jet 

flow on the wall caused by the magnetic field. Their 

results also showed that 𝑁𝑢𝑎𝑣𝑒 increases with the 

Hartmann number, indicating that the magnetic field is 

useful for increasing heat transfer. Salimefendigil and 

Oztop [16] investigated the effect of forced convection 

for CuO-water nanofluid in a circular cylinder and found 

that the wake area of the cylinder is affected by the 

magnetic field and the average heat transfer changes by 

the Reynolds number. Izadi et al. [17] studied natural 

convection heat transfer of a magnetic nanofluid in the 

presence of porous medium under the influence of 

variable magnetic fields for the magnetic numbers of 

100-5000, Hartmann numbers of 0-50, and porosity 

coefficients of 0.1-0.9. They found that for a given 

Reynolds number, the Nusselt number is enhanced with 

the magnetic number. Abdelraheem et al. [18] evaluated 

the impact of magnetic field on nanofluid flow in a 

square cavity containing four fins and an inner obstacle. 

It was revealed that as the Hartmann number is 

increased, the solid and fluid particles are blended more. 

Aboud et al. [19] considered the heat transfer and 
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hydrodynamics of Cu/water non-Newtonian nanofluid 

flow inside annulus cavity under the effect of a magnetic 

field for Prandtl number of 6.2, Grashof number of 100, 

Richardson numbers of 0-1, and Hartmann numbers of 

0-60. The outer rotating cylinder was at a cold 

temperature and the inner stationary one was at a hot 

temperature. It was revealed that the Nusselt number is 

enhanced with the Richardson number and the flow 

pattern affected by the magnetic field significantly. 

Kumar et al. [20] analyzed the influence of 

axisymmetric magnetic field strength on the thermal 

behavior of a ferrofluid and demonstrated that self-

induced magnetic field plays a vital role in the cooling 

process of a wire with electric current. Zheng et al. [21] 

evaluated the effect of magnetic field on the 

hydrodynamic and thermal performance of a plate heat 

exchanger saturated with ferrofluids containing 

spherical particles of Fe3O4. It was demonstrated that 

magnetic particles deposition affects the thermal 

performance of the heat exchanger and changes the flow 

characteristics. Rawa et al. [22] evaluated the effect of 

blade angle on thermal-hydraulic efficiency of non-

Newtonian nanofluid flow in a helical channel under the 

influence of a magnetic field using the Eulerian-Eulerian 

Two-Phase approach. They revealed that maximum 

performance can be achieved for the blade angle of 60. 

In the present work, the thermal and hydrodynamic 

behavior of the laminar incompressible flow of a 

magnetic non-Newtonian nanofluid (assuming a non-

Newtonian base fluid with 4% iron oxide) in a vertical 

rectangular channel in the presence of different magnetic 

fields is investigated. One of the innovations of the 

present work is to examine the impact of non-Newtonian 

fluid and magnetic field on heat transfer rate 

simultaneously. The Schiller-Naumann model is used to 

calculate the slip velocity between the solid and liquid 

phases. The flow and temperature patterns of the 

nanofluid with the non-Newtonian base fluid will be 

investigated and the rate of change in the flow pattern, 

average axial temperature, and channel heat transfer will 

be analyzed by changing the Reynolds number and the 

magnetic field strength. 

2 EQUATIONS, NUMBERS, SYMBOLS, AND 

ABBREVIATIONS 

In the present simulations, the Carreau non-Newtonian 

model is used to model the non-Newtonian behavior of 

the fluid flow. This model uses the following equation 

to calculate the viscosity [23-24]: 

 
η−η∞

η0−η∞
= (1 + (λγ)2)

n−1

2                                              (1) 

 

Where, λ is a time constant, n is the non-Newtonian fluid 

power index, 𝜂0 is the viscosity at zero shear rate and 

𝜂∞ is the viscosity at an infinite shear rate. When γ << 
1

𝜆
, the Carreau model fluid acts like a Newtonian fluid, 

and when the shear rate is maximum (γ >> 
1

𝜆
), the 

Carreau model fluid acts like the power-law fluid.  

The mixed model is used to simulate two-phase fluid. 

The mass, momentum, and energy conversion equations 

for the mixture are expressed by the following equations: 

 

∇.(𝜌𝑚 ∙ 𝜈𝑚)=0                                                              (2) 

 

∇.(𝜌𝑚𝜈𝑚𝜈𝑚)=-∇𝑃𝑚+∇.(𝜇𝑚∇𝜈𝑚)+ 

∇.(𝛼𝑝𝜌𝑝𝜈𝑑𝑟∙𝑝𝜈𝑑𝑟∙𝑝)+μ(�⃗⃗⃗� ∙ ∇)�⃗⃗⃗�                                   (3) 

 

∙∇ [(𝛼𝑝𝜌𝑝𝑐𝑝∙𝑝𝜈𝑝)+(1-𝛼𝑝)𝜌𝑓𝑐𝑝∙𝑓𝜈𝑓)T]= ∇∙(𝑘𝑚∇T)        (4) 

 

Where, 𝜌𝑚, 𝜇𝑚, and 𝑘𝑚 are the mixture density, mixture 

viscosity, and thermal conductivity of the mixture, 

respectively, and 𝛼𝑝 is the volume percentage of 

magnetic particles, which in the present work is 

considered to be 4%. The last term of the right side of 

the momentum equation is related to the Kelvin volume 

force due to the magnetic field: 

 

∇.(𝛼𝑝𝜌𝑝𝜈𝑚)=-∇.(𝛼𝑝𝜌𝑝𝜈𝑑𝑟∙𝑝)                                       (5) 

 

The volume percentage equation is derived from the 

continuity equation for the second phase, in which the 

subtitle p refers to the second phase or magnetic 

particles: 

 

𝜈𝑚=
𝛼𝑝𝜌𝑝 �⃗⃗⃗�𝑝+(1−𝛼𝑝)𝜌𝑓 �⃗⃗⃗�𝑓

𝜌𝑚
                                                (6) 

 

Where, 𝜈𝑑𝑟∙𝑝 is drift velocity which is related to the slip 

velocity 𝜈𝑝𝑓 [25]: 

 

𝜈𝑑𝑟∙𝑝 = 𝜈𝑝𝑓 −
𝛼𝑝𝜌𝑝

𝜌𝑚
(𝜈𝑓 − 𝜈𝑝)                                       (7) 

 

𝜈𝑝𝑓 = (𝜈𝑝 − 𝜈𝑓)                                                          (8) 

 

Since the force acting on different phases is different, 

different phases have a relative velocity or slip velocity 

relative to each other. The slip velocity caused by 

magnetic forces is calculated by the following equations: 

 

∑ 𝐹𝑝=0 → μ∙𝑚𝑝L(ξ)∇�⃗⃗⃗�-3П𝜇𝑓𝑑𝑝𝜈𝑝𝑓=0                      (9) 

 

𝜈𝑝𝑓 =
𝜇∙𝑚𝑝𝐿(𝜉)

3П𝜇𝑓𝑑𝑝
∇�⃗⃗⃗�                                                     (10) 
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To obtain the properties of the mixture, the volume 

properties of the phases are averaged, which is expressed 

by the following equation: 

 

𝜙𝑚 = 𝛼𝜙𝑝 + (1 − 𝛼)𝜙𝑓                                           (11) 

 

The dimensionless number is expressed as follows: 

Magnetic number: 

 

Mn = 
𝜇∙𝐻𝑚𝑎𝑥

2 ℎ2

𝜌𝑚𝛼𝑚
2                                                             (12) 

3 PROBLEM DEFINITION AND NUMERICAL 

MODELING 

The thermal and hydrodynamic behaviour of the laminar 

and incompressible flow of a magnetic non-Newtonian 

nanofluid (assuming a non-Newtonian base fluid with 

4% iron oxide) in a vertical rectangular channel in the 

presence of a magnetic field is investigated. This non-

uniform transverse magnetic field is created by an 

electric current-carrying wire located along the channel.  

The geometry of the channel with a square cross section 

is drawn in Design Modeler software. The channel is 

considered vertical with dimensions of 20×2×2 cm. 

Figure 1 shows a schematic of the channel in this 

software. 

 

 
Fig. 1 A schematic of the channel in Design Modeler 

software. 

 

As shown in “Fig. 2ˮ, the mesh contains structured grids. 

Near the walls, where the variables change more and the 

simulation is more important, a finer grid is used. The 

naming of the channel walls is shown in “Fig. 3ˮ. The 

wall next to the wire is considered wall 1 and the channel 

walls are counted clockwise. 

After the computational grid is generated using ANSYS 

Meshing software, it is imported into FLUENT 

software. The simulations are performed in three 

dimensions and steadily, and a pressure-based solver is 

used due to the nature of the problem. For calculations, 

a mixture multiphase model is used. In addition, the slip 

velocity is activated in the software to consider the slip 

effects between the solid phase and the fluid phase, and 

a subroutine is written for the slip velocity considering 

the magnetic force due to the non-uniform transverse 

magnetic field [26-27]. 

 

 
Fig. 2 Structured computational grid for the channel. 

 

 

 

Fig. 3 The naming of the channel walls. 

 

The nanofluid used is a mixture of non-Newtonian fluid 

water and Fe3O4 particles. The properties of fluids and 

particles are given in “Table 1ˮ. 

 
Table 1 Properties of fluid, nanoparticles, and ferrofluid 

Ferrofluid  Nanoparticles  Fluid  Properties 

1191 5200 1024 Density, kg/𝑚3 

3419.36 670 4001.1 
Specific heat 

capacity, J/kg.K 

0.6514 6 0.596 

Thermal 

conductivity, 

W/mK 

 

Since the fluid is non-Newtonian, the non-Newtonian 

fluid model must be determined, as well as parameters 

such as time constant, power-law index, zero shear rate 

viscosity, and infinite shear rate viscosity. Properties of 
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non-Newtonian fluids and the parameters of the Carreau 

non-Newtonian model are given in “Table 2ˮ. Non-

Newtonian fluid is selected as the first phase and Fe3O4 

particles as the secondary phase. The effects of the 

phases on each other, such as drag force, must be 

determined. In the simulations, the Schiller-Naumann 

model is used to determine the drag coefficient of 

particles. 

 
Table 2 Properties of non-Newtonian fluid and parameters of 

Carreau model 

Infinite 

shear 

viscosity 

(𝜂∞) 

Zero shear 

viscosity 

(𝜂𝑜) 

Power 

law 

index 

n 

Time 

constant 

𝛌 
Case  

0.00249 0.209 0.756 0.576 1 

 

The inlet velocity boundary condition is used for the 

inlet and the pressure output one is used for the channel 

outlet. For walls, the boundary condition is no slip. The 

inlet velocity varies according to the Reynolds number, 

for example for the Reynolds number 50, the inlet 

velocity is assumed to be 0.0025 m/s. The fluid inlet 

temperature is 300 K. All walls are considered at a 

constant temperature of 370 K. The fluid begins to heat 

up as it enters the channel. The outlet pressure of the 

channel is assumed to be atmospheric pressure and the 

temperature of the reverse flow is assumed to be 370 K. 

4 RESULTS AND DISCUSSION 

4.1. Grid Independence and Validation 

First, the independence of the results from the 

computational grid is examined. Figure 4 shows the wall 

Nusselt number changes along the channel for the three 

computational grids of 21×21×100, 46×46×300, and 

51×51×400 at the Reynolds number of 50 and the 

magnetic field strength zero. As can be seen, by 

increasing the grid points from 46×46×300 to 

51×51×400, there is no significant change in the Nusselt 

number. As a result, in order to reduce the cost and time 

of calculations, the 46×46×300 computational grid is 

used. To validate the results, simulations of Aminfar et 

al. [28] are used. They investigated the effect of a 

transverse magnetic field on the flow field and heat 

transfer of Newtonian nanofluids. Therefore, it is 

considered that the fluid is as Newtonian at Reynolds 

number 50 and 𝑀𝑛 = 8.5 × 102. Figure 5 shows the 

velocity profiles at the cross-section of x/a = 1 and z/a = 

10. It can be seen that the results are in good agreement 

with the reference results. 

 

 
Fig. 4 Nusselt number along the channel for three 

computational grids at Reynolds number of 50 and zero 

magnetic field strength. 

 

 

 
Fig. 5 Velocity profile at the cross section of x/a = 1 and 

z/a = 10. 

4.2. Results  

In this section, the results obtained from the simulations 

of non-Newtonian nanofluid are presented. 

4.2.1. Effect of Non-Uniform Transverse Magnetic 

Field on Flow Pattern and Heat Transfer 

In this section, the effect of increasing the magnetic field 

strength on the vertical velocity profile, temperature 

distribution in the middle sections of the channel, 

streamlines, and temperature changes in the direction of 

the channel is investigated. One of the methods to 

increase the strength of the magnetic field is to increase 

the intensity of the electric current passing through the 

wire that produces the magnetic field. By changing the 

intensity of the electric current, four magnetic fields with 

Mn = 0, 1.0 × 108, 1.17 × 108, and 1.34 × 108. Figure 

6 shows the effects of increasing the magnetic field 

strength on the dimensionless profile of the axial 

velocity at z/a=10. It is observed that the axial velocity 

is pushed more towards the channel wall.  
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Mn=0 

 
Mn=1 × 108 

 
Mn=1.17 × 108 

 
Mn=1.34 × 108 

 

Fig. 6 Three-dimensional profile of dimensionless axial 

velocity with inlet velocity at cross section z/a = 10 for 

different magnetic field strengths and Reynolds number of 

50. 

 

 

 
Mn=0 

 
Mn=1 × 108 

 
Mn=1.17 × 108  

 
Mn=1.34 × 108 

Fig. 7 Streamlines and the axial velocity contour at cross 

section z/a = 10 for different magnetic field strengths and 

Reynolds number of 50. 
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In “Fig. 7ˮ, the streamlines and the axial velocity 

contour at the cross-sectional area z/a = 10 are plotted 

for Mn = 0, 1.0 × 108, 1.17 × 108, and 1.34 × 108 and 

the Reynolds number of 50. As the strength of the 

magnetic field increases, the density of the streamlines 

and secondary flow strength are enhanced. Also, the 

center of the vortex is transmitted to the current-carrying 

wire and a stronger vortex is created. 

Figure 8 shows the effect of increasing the strength of 

the magnetic field on the axial velocity profile at the 

cross section of z/a = 10 and x/a = 1. As can be seen, the 

curvature of the left side of the velocity profile increases 

with increasing the magnetic field strength compared to 

the case with no magnetic field. 

 

 
Fig. 8 Vertical velocity profile at the cross section of z/a = 

10 and x/a = 1 for different magnetic field strengths at 

Reynolds number of 50. 

 

Changes in the fluid flow pattern cause variations in the 

temperature pattern and heat transfer of the fluid. For 

this purpose, the fluid temperature contour at the cross-

sectional area, z/a = 10, is shown in “Fig. 9ˮ. As the non-

uniform transverse magnetic field increases, the 

transverse secondary flow increases due to Kelvin force 

and hot fluid is transferred with more intensity from the 

side of the wall to the center and cold fluid is transferred 

from the center to the lower wall, leading to an increase 

in the heat transfer. 

Figure 10 shows the fluid temperature contours at the 

cross section x/a = 1 for four different magnetic field 

strengths. As expected, with increasing magnetic field 

strength, most of the channel is occupied by hot fluid and 

on the other hand, the flow pattern changes in such a way 

that at each axial section, there is no difference between 

the temperature changes in the center and in the vicinity 

of the wall. It is just a function of the distance from the 

channel inlet. 

 

 

 

 

 
Mn=0 

 
Mn=1 × 108 

 
Mn=1.17 × 108 

 
Mn=1.34 × 108 

Fig. 9 Fluid temperature contours for different magnetic 

field strengths at cross section z/a = 10 at Reynolds number 

of 50. 

 

In order to investigate the effects of increasing the 

strength of the magnetic field on the total heat transfer 

from the walls, the amount of total heat transfer rate from 

each wall is calculated. The heat transfer rate of the walls 

is shown in “Fig. 11ˮ. In the absence of a magnetic field, 

the heat transfer from all walls is equal to 36.55 W. By 

applying a non-uniform transverse magnetic field, a 

secondary flow is formed in the channel, which causes 

the hot fluid to be transferred from the side of wall 1 

upwards, resulting in a significant increase in the rate of 

heat transfer from this wall. 
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Fig. 10 Fluid temperature contours for different magnetic 

field strengths at cross section x/a = 1 at Reynolds number of 

50. 

 

 

 

 

 

 

 
Fig. 11 Total heat transfer rate versus magnetic number 

calculated on channel walls for different magnetic field 

strengths at Reynolds number of 50. 

 

On walls 2 and 4, which are located on the sides (“Fig. 

3ˮ), the amount of heat transfer is increased, but the 

amount of this increase is not as much as the increases 

in heat transfer in wall 1. In the case of wall 3, the heat 

transfer pattern is slightly different and is reduced by 2 

W by applying a magnetic field. The reason for a 

reduction in heat transfer is the motion of hot fluid from 

wall 1 towards wall 3. 

4.2.2. Effect of Reynolds Number on Flow Pattern 

and Heat Transfer 

In this section, the effect of Reynolds number on the heat 

transfer rate of nanofluid exposed to a transverse non-

uniform magnetic field generated from a current-

carrying wire is investigated. Fluid flow with Reynolds 

numbers 25, 50, 100, and 200 is considered. To increase 

the Reynolds number, the flow velocity at the channel 

inlet is increased. The nanofluid velocities for the 

Reynolds numbers 25, 50, 100, and 200 are 0.00125, 

0.0025, 0.005, and 0.01 m/s, respectively. 

First, the three-dimensional axial velocity profile of the 

nanofluid is investigated. Figure 12 shows the axial 

velocity profile of the ferrofluid. At each Reynolds 

number, the axial velocity is dimensionless with the 

fluid inlet velocity. As shown in “Fig. 12ˮ, the velocity 

profile at lower Reynolds numbers has a higher 

maximum; but as the Reynolds number increases, the 

velocity profile becomes more uniform. 
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Re=25 

 
Re=50 

 
Re=100 

 
Re=200 

Fig. 12 Non-dimensional profile of axial velocity on plane 

z/a = 10 for Reynolds numbers 25, 50, 100, and 200 and 

magnetic field strength of 1.17 × 108. 

Figure 13 shows the streamlines and velocity contours 

for plane z/a = 10. As can be seen at the Reynolds 

number of 25, the dimensionless velocity of the fluid in 

the central region of the channel is greater. As the 

velocity increases, the density of the streamlines 

decreases. 

 

 
Re=25 

 
Re=50 

 
Re=100 

 
 

Re=200 
Fig. 13 Streamlines and velocity contours on plane z/a = 10 

for Reynolds numbers 25, 50, 100, and 200 and magnetic 

field strength of 1.17 × 108. 
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Figure 14 shows the effect of the Reynolds number on 

the axial velocity profile at the cross section of z/a = 10 

and x/a = 1. As the Reynolds number decreases, the 

curvature to the left of the velocity profile decreases. 

This is due to the greater dominance of the Kelvin force 

over the inertial force at these Reynolds numbers, 

creating more distortion in the velocity profile. 

 

 
Fig. 14 Dimensionless axial velocity plane z/a = 10 and 

x/a=1 for Reynolds numbers 25, 50, 100, and 200 and 

magnetic field strength of 1.17 × 108. 

 

Figure 15 shows the nanofluid temperature contours at 

z/a = 10, Reynolds numbers of 25, 50, 100, 200, and 

magnetic field strength of 1.17 × 108. At lower 

Reynolds numbers, the average fluid temperature is 

higher than the mean fluid temperature at higher 

Reynolds numbers. It may be expected that since the 

heat transfer rate is higher, the nanofluid temperature is 

higher at lower the Reynolds numbers. But it should be 

noted that the rate of heat transfer is higher at higher 

Reynolds numbers. These contours show the 

temperature of the fluid and do not give information 

about the rate of heat transfer.  

 

 

 
Re=25 

 

Re=50 

 
Re=100 

 

Re=200 

Fig. 15 The nanofluid temperature contours at z/a = 10, 

Reynolds numbers of 25, 50, 100, 200, and magnetic field 

strength of 1.17 × 108. 

 

The higher temperature at low Reynolds numbers is due 

to that the fluid stays in the channel longer due to its 

lower velocity and has more time to transfer heat. Based 

on the equation )( walleq TThq  , it should be noted that 

although eqT  is higher at lower Reynolds, the amount of 

h at higher Reynolds is so large that it compensates for 

this reduction. Therefore, at higher Reynolds, the rate of 

heat transfer increases. 
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Figure 16 shows the nanofluid temperature contours at 

x/a = 1 plane at Reynolds numbers of 25, 50, 100, 200 

and magnetic field strength of 1.17 × 108. At lower 

Reynolds numbers, the fluid temperature reaches the 

surface temperature sooner. This is because, at lower 

Reynolds numbers, the fluid stays in the channel longer; 

therefore, the average channel temperature is lower at 

lower Reynolds numbers. Meanwhile, at lower 

Reynolds numbers, the temperature is uniform across the 

channel. 

 

 
Fig. 16 The nanofluid temperature contours at x/a = 1, 

Reynolds numbers of 25, 50, 100, 200, and magnetic field 

strength of 1.17 × 108. 

 

 
Fig. 17. The fluid temperature along the centerline of the 

channel for Reynolds numbers of 25, 50, 100, and 200 and 

magnetic field strength of 1.17 × 108. 

 

Figure 17 shows the temperature of the nanofluid along 

the channel at its centerline. The temperature changes 

correspond to the results of “Fig. 16ˮ. The fluid remains 

in the channel longer and is exposed more to heat 

transfer at low Reynolds numbers, due to its lower 

velocity, and therefore has more opportunity to transfer 

heat. At Reynolds number of 25, for example, the flow 

of fluid through the half channel reaches approximately 

the temperature of the walls. 
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e 

Fig. 18 Heat transfer in terms of Reynolds number for 

magnetic field strength of 1.17 × 108. 

 

Figure 18 shows the rate of heat transfer from the 

channel walls and the total heat transfer for the Reynolds 

numbers of 25, 50, 100, and 200. By applying a non-

uniform transverse magnetic field, a secondary flow is 

formed in the channel, which causes the hot fluid to be 

pushed from wall 1 upwards. Thus, a significant increase 

occurs in the heat transfer rate from this wall. In walls 2 

and 4 (located on the sides), the rate of heat transfer is 

increased; however, this increase is not as much as the 

increase in heat transfer of wall 1. 

Figure 18e demonstrates that the total heat transfer 

through the duct for different Reynolds numbers. As 

expected, as the Reynolds number increases, the heat 

transfer increases. This increase in heat transfer is due to 

the increase in fluid velocity and forced fluid 

convection. The increase in heat transfer has an almost 

linear relationship with the increase of Reynolds 

number. For example, by increasing the Reynolds 

number from 25 to 200, the total heat transfer rate has 

increased eightfold. 

5 CONCLUSIONS 

Heat transfer limitations and performance optimization 

of heat transfer systems have long been considered as 

constraints for engineering design. Recently, cooling 

efficiency has become a very important technical 

challenge and has limited the further development of 

various applications, such as military applications, 

electronic systems, and heat exchangers. One technique 

to increase heat transfer is to use magnetic nanofluids or 

ferrofluids. Ferrofluid is a mixture synthesized from a 

non-magnetic and non-conductive base fluid such as 

water and magnetized solid particles such as 𝐹𝑒3𝑂4 with 

a diameter between 5 and 15 nm. Due to some 

properties, magnetic nanofluid behaves such a smart 

fluid. Since it is possible to control and operate the heat 

transfer process using an external magnetic field, the use 

of ferrofluid exposed to a magnetic field is an excellent 

solution. 

In this paper, the flow field and heat transfer of a non-

Newtonian magnetic nanofluid with 𝐹𝑒3𝑂4 

nanoparticles in a vertical channel with a square cross 

section exposed to a magnetic field were studied. This 

non-uniform transverse magnetic field was created by an 

electric current-carrying wire located along the channel. 

Effects of presence, magnetic field, and Reynolds 

number (flow velocity) on three-dimensional profiles 

perpendicular to the channel, two-dimensional axial 

velocity profile on the plate passing through the current-

carrying wire, velocity contour and streamlines, 

temperature contours, temperature axial changes in 

channel centerline, and the amount of heat transfer of the 

whole channel were investigated.  

The general results are as follows: 

- The magnetic field exerts a force called the Kelvin 

force on the magnetic fluid. 

- The magnetic force creates a transverse secondary flow 

and forms two vortices in the channel. 

- The secondary flow pushes the hot fluid from the side 

of the wall to the center of the channel and moves the 

cold fluid from the center of the channel to the wall. 

- The forced convective flow increases heat transfer and 

improves the performance of the heat exchanger. 

- The amount of heat transferred from the channel is a 

function of the strength of the magnetic field. 

- The amount of heat transfer is a function of the 

Reynolds number. 

- At low Reynolds numbers, the Kelvin force overcomes 

the inertial force. 

- In the absence of a magnetic field, heat transfer from 

all walls is equal. 
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