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Abstract 

In this paper, the magnetic nanofluids and magnetic field are used to provide the coating around 

the wall of a channel. The magnetic field is induced by the direct current wire. Iron oxide is used 

as magnetic nanoparticles. A finite volume method is used to solve the Navier stokes equations 

and the Eulerian–Lagrangian approach is employed to track the magnetic nanoparticles. The 

effects of magnetic strength, the position of current wire, and the diameter of magnetic 

nanoparticles on the trajectory of magnetic nanoparticles and coating efficiency are investigated 

by providing contours are diagrams. The results showed that the length of coating decreases 

about 55% with increasing the particle diameter in the range of 500 nm to 1 μm. Further, the 

coating efficiency, defined as the ratio of the number of trapped particles on the wall to the 

number of injected particles at the inlet of the channel, improves by increasing the magnetic 

strength and decreasing the vertical position of current wire. 

Keywords: Coating; Magnetic field; Magnetic nanoparticles; Finite volume method; Eulerian-

Lagrangian approach 
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Nomenclature 

Magnetic field magnitude (T) B 

Maximum magnetic field magnitude (T)  
max

B 

Width of channel (m) D 

Particle diameter (m) d p 

Drag coefficient (-) 
DC 

Total force on cell (N) F 

 Magnetic field intensity ( 1.A m  ) H 

Current (A) I 

Length of channel (m) L 

Saturated magnetization of nanoparticles ( 1.A m  ) satM 

Magnetization ( 1.A m  ) M 

Number of particles (-) N 

Reynolds number (-) Re=
ρeffUD

μeff

 Re 

Average velocity ( 1ms   ) U 

Velocity in x direction ( 1ms   ) u 

Velocity vector ( 1ms   ) V 

Volume of particle (𝒎𝟑) pV 

Velocity in y-direction ( 1ms   ) 𝒗 

Vertical position of current wire y
mag

 

Subscripts 
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Brownian B 

Drag  D 

Fluid F 

injected i 

Magnetic M 

Particle P 

trapped t 

Greek symbols 

Efficiency (-)   

Dynamic viscosity (
1 1. .kg m s 

)   

Magnetic permeability of vacuum (
1. .T m A 

) 0  

Density ( 3.kg m  )   

Magnetic susceptibility (-)   

 

1. Introduction 

Coatings play an important role in many technological areas including thermal industries, 

manufacturing of gas turbine engines widely used in aerospace industry, industrial power 

generations, color sciences, insulation industries, solar cells, and marine applications. Providing 

a proper coating can enhance the performance and useful life of the system [1-3]. Moreover, 

most of metals are working under varying harsh conditions and environments. For example, in 

different industrial processes, even flexible metals can be exposed to serious damage. In these 

situations, they should be protected by proper coatings. Researchers have used a number of 
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techniques for coating including blade coating [4], spin coating [5], spray coating [6] and dip 

coating [7] to name few.  

Aziz and Ismail [8] reviewed the printing and coating techniques. Their review showed that the 

spray coating technique has no limitation in coating layer thickness and low usage of polymers 

that is suitable to replace the conventional spin coating techniques. Jafari et al. [9] employed the 

plasma spraying technique to provide the composite coating along the surface of the 304-

stainless steel. They described this method as being very controllable and economical, which can 

be used to provide the coatings against the wear and corrosion. Sing et al. [10] used the dip-

coating technique to provide the proper absorber layer for perovskite solar cell. They reported 

that a uniform coating can be achieved by using the optimized dipping, deposition, and 

evaporating parameters. 

Recently, using nanofluids has attracted significant attentions especially in the field of thermal 

sciences and many studies used nanofluids to improve the heat transfer rate in different thermal 

systems [11-13]. A large part of the investigations performed in the field of nanofluid have been 

numerical studies. Several models are employed to simulate the heat transfer characteristics and 

flow structures of nanofluids in the recent years [14, 15]. A promising and accurate model to 

simulate the flow and heat transfer of nanofluids is the discrete particle model [16, 17]. In this 

model, the particles can be individually tracked employing a Lagrangian trajectory analysis 

technique, while the base-fluid can be modeled employing an Eulerian frame [18]. Rashadi et al. 

[19] employed the discrete particle model to simulate nanofluid flow and heat transfer across a 

triangular cylinder. They compared the results obtained by both discrete particle and single-

phase models with the available experimental data. This comparison showed that the discrete 

particle model provides the results with more accuracy as compared with the effective single-
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phase model. They also found that the concentration of nanoparticle reduces as the nanoparticle 

size increases. In another numerical study, Bovand et al. [20] used Eulerian-Lagrangian model to 

simulate nanofluid flow and heat transfer inside a channel. They considered two particle 

boundary conditions, trap and reflect boundary conditions, at the walls of the channel. They 

concluded that for a reflecting surface, the concentration near the surface increases marginally 

which can lead to a slight diffusion away from the surface. However, for a trapping surface, a 

sharp concentration gradient around the surface occurred and the particles diffused toward the 

surface. 

Recently, magnetic nanofluids and magnetohydrodynamics are widely used in different thermal 

systems due to their ability of controlling the flow and heat transfer process by a magnetic field 

[21 to 24]. Moreover, the thermo-physical properties of magnetic nanofluids can be controlled 

using an external magnetic field. Nkurikiyimfura et al. [25] and Bahiraei and Hangi [26] 

reviewed the studies performed in the field heat transfer in magnetic nanofluids. Nkurikiyimfura 

et al. [25] and Bahiraei and Hangi [26] concluded that the thermo-physical characteristics of 

magnetic nanofluids are heavily dependent upon the conditions of the imposed magnetic field 

including the strength and direction of the magnetic field. Besides the application of magnetic 

nanofluids in thermal systems, they may be used in biological systems. Rashidi et al. [27] 

reviewed the potentials of magnetohydrodynamics and magnetic nanofluids in different 

biological systems. These authors focused on the numerical studies performed in this field and 

showed that the external magnetic field can be utilized to deliver the particles towards a target 

region. Choomphon-anomakhun et al. [28] presented a model and simulated the dynamics of 

magnetic particles near a Ferromagnetic wire. In their model, Navier-Stokes equations are solved 

for fluid flow and the continuity equations are used separately for the base fluid and the magnetic 
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particle phases. Moreover, a Laplace equation is considered for simulating the magnetic potential 

of the wire. Bernad et al. [29] conducted experimental and numerical work to study the effects of 

a magnetic field on the particles deposition in a coronary bypass graft. Their results indicated that 

particle deposition is related to the bypass graft angle. 

In this numerical study, the magnetic field is used to provide the coating around the wall of a 

channel by Iron oxide-water nanofluids. The magnetic field can be induced by a direct current 

wire. An Eulerian–Lagrangian approach is employed to track the magnetic nanoparticles. The 

effects of magnetic strength, the position of current wire, and the diameter of magnetic 

nanoparticles on the trajectory of the magnetic nanoparticles in the base fluid and coating 

efficiency are investigated. This is for first time that this method is used for coating purposes. 

2. Physical model 

Figure1 shows the geometry of the computational domain. As shown in this figure, a channel 

with width D=0.01 m and length L=20 D is considered. It is assumed that the Fe3O4-water 

nanofluid enters the channel with a uniform velocity. A current wire is located at vertical 

position of ymag to generate the magnetic field. The following assumptions are made throughout 

this study: 

 The flow is steady, laminar, two-dimensional, incompressible, and Newtonian. 

 The density and susceptibility of Fe3O4 nanoparticle are 5100 kgm-3 and 2.1, 

respectively. 

The physical properties of magnetic nanofluid are presented in Table 1. 

Insert figure 1 here 

Insert Table 1 here 

3. Mathematical model  
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An Eulerian-Lagrangian method is employed to simulate the nanofluid flow inside the channel 

[30]. In this method, the Eulerian approach is considered to analyze the fluid flow, while the 

Lagrangian method is used to track the trajectories of magnetic particles. In this approach, the 

discrete phase magnetic particles are carried by the continuous phase. Indeed, the momentum can 

be exchanged between the particles and base fluid by the drag force between them [30]. The 

governing equations of the two phases are presented as follows. 

3.1. Governing equation 

3.1.1. Continuum phase  

For the continuum phase (water), the following equations are used: 

Mass conservation equation: 

0V   (1) 

Momentum equation: 

21
. .

Re
V V p V      (2) 

where V , p, and Re are velocity vector, pressure, and Reynolds number, respectively. 

3.1.2. The dispersed phase  

Motions of the magnetic nanoparticles or dispersed phase are simulated employing the 

Lagrangian particle trajectory approach. Hence, the particle inertia is balanced with the other 

forces exerting on the particles. The equation of motion for the magnetic nanoparticles is 

presented as follows: 

c
c

du
m F

dt
  (3) 

where parameter �⃗� is the total force acted on the magnetic defined by,  
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�⃗� = 𝐹𝐷
⃗⃗ ⃗⃗⃗ + 𝐹𝑀

⃗⃗⃗⃗⃗⃗ + 𝐹𝐵
⃗⃗⃗⃗⃗ (4) 

where 𝐹𝐷
⃗⃗ ⃗⃗⃗, 𝐹𝑀

⃗⃗⃗⃗⃗⃗ , and 𝐹𝐵
⃗⃗⃗⃗⃗ are drag, magnetic, and Brownian forces, respectively. 

The Stokes drag force on a spherical particle presented by Morsi and Alexander [31] is used in 

this study. This force is calculated by 

224

Re18

pp

Df

D
d

C
F




  (5) 

where dp, ρp, and CD indicate nanoparticle diameter, nanoparticle density, and the drag 

coefficient respectively. The drag coefficient can be calculated by  

2

32
1

ReRe

aa
aCD    (6) 

where 𝑎1, 𝑎2, 𝑎3 are constants. 

The magnetic force is defined as [32], 

𝐹𝑚𝑎𝑔 = 𝑉𝑝𝜇0𝑀∇𝐻 (7) 

where 𝜇0, 𝑉𝑃, M, and H denote permeability of vacuum, volume of magnetic nanoparticles, 

magnetization of magnetic nanoparticle, and magnetic field intensity, respectively. The 

magnetization of the magnetic nanoparticle can be calculated using the following expression 

[32]: 

�⃗⃗⃗� = {
𝜓�⃗⃗⃗�              𝑓𝑜𝑟 𝐻 < 𝑀𝑠𝑎𝑡/𝜓

𝑀𝑠𝑎𝑡Ĥ        𝑓𝑜𝑟 𝐻 > 𝑀𝑠𝑎𝑡/𝜓
 (8) 

where 𝑀𝑠𝑎𝑡 and 𝜓 denote the magnetism saturation and magnetic nanoparticle susceptibility, 

respectively. The magnetic field intensity, H, created by wire carrying the current of I is 

calculated by, 

𝐻 =
𝐼

2𝜋(𝑦 − 𝑦𝑚𝑎𝑔)
 (9) 
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where 𝑦𝑚𝑎𝑔 denotes the vertical position of the current wire.  

3.2. Boundary conditions 

3.2.1. Continuum phase  

At the inlet section of the channel the following boundary condition is used for the continuum 

phase: 

,inu u  v=0 (10) 

where u and v are the horizontal and vertical velocities, respectively. 

At the outlet section of the channel, the zero gradient boundary condition is used as follows: 

/ 0u x    (11) 

At the walls of the channel, the following no-slip boundary condition is used: 

 0,u  v=0 (12) 

3.2.2. The dispersed phase  

At the inlet and outlet of the channel, the escape boundary condition is used for the dispersed 

phase (magnetic nanoparticles). This indicates that the trajectory calculations are terminated for 

particles after leaving the channel. Moreover, the trap boundary condition with the coefficient of 

restitution equal to 0 is used at the walls of the channel. Note that it is assumed that the trajectory 

calculations for the particles are terminated on the walls by using the trap boundary condition. 

3.3. Coating efficiency 

The coating efficiency is defined as follows: 

i

t

N

N


 

(13) 

where Nt and Ni are the number of trapped particles on the wall and the number of injected 

particles at the inlet of the channel, respectively. 
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4. Numerical solution 

A pressure base finite volume method is used to solve the governing equations for the continuous 

phase, equations 1 and 2, with their boundary conditions. A staggered computational grid is used 

to store the pressure and velocity terms at cell center and cell faces, respectively. SIMPLE 

approach [33] is employed to couple pressure and velocity terms. A second-order upwind 

differencing method is utilized to discretize the equations. For dispersed phase, the modified 

Euler technique is employed to discretize the particle equation. Finally, the converged solution 

criteria are passed as the summation of residuals to be smaller than 10-7 for all equations. All 

simulations are carried out by the commercial software Ansys-Fluent. 

4.1. Grid independency study 

The typical grid generated inside the computational domain is shown in Fig. 2. As shown in this 

figure, a square mesh is used in this study. This mesh is fined near the channel walls, where there 

are large gradients. A grid independency study is conducted here to ensure that the results are 

independent of the grid size. Table 2 presents the effects of grid number on coating efficiency for 

Re=100, ymag=2.5cm and dp=10-7. It can be seen that the percentage difference of coating 

efficiency for grid numbers of 160×1000 and 320×2000 is only 0.4%, which is negligible. 

Accordingly, the grid number of 160×1000 is selected for the rest of simulations presented in this 

study. 

Insert figure 2 here 

Insert Table 2 here 

4.2. Validation  

To validate the numerical solver, the particle trajectory in the microchannel in the presence of the 

magnetic field is determined and compared with the analytical results presented by Nandi et al. 



11 
 

[34]. The dimensions of the simulated microchannel is 150 μm×7.5 mm and a magnetic dipole 

with strength of 1.98×10-6 and position of  x=3.72×10-3 μm and y=-3× 10-5 μm from the origin is 

exerted. The magnetic particle with diameter of 2μm is inserted. Figure 3 compared the 

trajectories of the magnetic particles inside this microchannel in the presence of magnetic field. 

As shown in this figure, a good agreement between the two results can be observed. 

Insert figure 3 here 

5. Result and discussion 

The results of numerical simulations are presented in this section for magnetic strengths in the 

range of 1 to 2 Tesla, the vertical positions of magnetic dipole in the range of 1.25D to 3.75D, 

and the diameters of magnetic nanoparticles in the range of 500 to 1000 nm. All simulations are 

performed for a fixed value of Reynolds number at Re=100. The effects of magnetic strength, the 

position of current wire, and the diameter of magnetic nanoparticles on the trajectory of magnetic 

nanoparticles and coating efficiency are investigated by providing contours and diagrams. 

Figure 4 plots the contour of magnetic field at Re=100, Bmax=1.5 Tesla and ymag=2.5 cm. As 

shown in this figure, the magnetic field is stronger near the top wall of the channel as the wire is 

located near this wall. Note that in this study, the channel is exposed to a non-uniform transverse 

magnetic field produced by an electric current going through a wire placed in parallel and at the 

vertical distance of ymag from the coordinate system. Based on Eq. 9, there is an indirect 

relationship between the strength of magnetic field at a point and the vertical distance of wire 

from that point.  

Insert figure 4 here 

Figure 5 shows the effects of magnetic field on the particle trajectory at Re=100, ymag=2.5 cm, 

Bmax=1.5 Tesla, and dp=500 nm. As shown in this figure, for the case of without magnetic field, 
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the particles are moving through the duct without any deviation from the flow streamlines. 

However, the particles are deviated towards the upper wall by exerting the magnetic field. The 

particles are affected by the magnetic force generated by the magnetic field. This force acts on 

the particle and the particles are deviated towards the upper wall of the channel by the vertical 

component of this force. As a result, a coated layer of particle can be generated on the upper wall 

of the channel by exerting the magnetic field. 

Insert figure 5 here 

The effects of magnetic particle diameter on particle trajectory at Re=100, ymag=2.5cm, and 

Bmax=1.5 Tesla are disclosed in Fig. 6. It should be mentioned that with increasing the diameter 

of nanoparticles, the nanoparticle volume increases by a factor of three, resulting in a large 

magnetic force (see Eq. 9). Accordingly, particles are affected by a larger magnetic force, 

resulting in the higher sediment yields. This figure shows that larger particles are absorbed by the 

upper wall in a shorter distance from the inlet as compared with the smaller particles. This 

indicates that it is possible to provide a local coating only at the entrance regions of the channel 

by using particles with larger diameters. It is worth mentioning that the color of the particle 

trajectory in the contours also indicates the strength of the magnetic field with the unit of Tesla. 

Insert figure 6 here 

The effects of strength of the magnetic field on the particle trajectory at Re=100, ymag=2.5 cm, 

and dp=300 nm are shown in Fig. 7. This figure shows that as the strength of the magnetic field 

increases for the particles with same diameter, more nanoparticles are absorbed by the upper 

wall, which results in better coating. Note that the magnetic force is strengthened with increasing 

the magnetic field intensity and this increases the power of the wire to absorb nanoparticles. 

Insert figure 7 here 
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Variations of coating efficiency with magnetic nanoparticles diameter for three magnetic field 

strengths at Re=100 and ymag=2.5cm are shown in Fig. 8. As implied by this figure, the coating 

efficiency enhances with increasing the magnetic nanoparticles diameter for all magnetic field 

strengths. The coating efficiency improves by about 1020%, 900%, and 540.1% as the magnetic 

nanoparticles diameter increases in the range of 0.1 to 0.7μm for the magnetic field strengths of 

1, 1.5, and 2 Tesla, respectively. Note that, the drag force increases with increasing the particles 

diameter, which has a effect on the coating efficiency. However, the magnetic force enhances as 

the particles diameter increases, leaving a which has positive effect on the coating efficiency. 

With considering both forces and the fact that the magnetic force has a dominant effect on the 

coating efficiency, a better coating can be achieved by using larger particles. Moreover, the 

coating efficiency enhances with increasing the magnetic field strength. A larger magnetic force 

can be generated by exerting a magnetic field with higher strength. The coating efficiency 

enhances by about 1900% with increasing the magnetic field strength in the range of 1 to 2 Tesla 

for the magnetic nanoparticles with diameter of 0.1μm. However, for magnetic nanoparticles 

with diameter of 0.7μm, the coating efficiency does not change as the magnetic field strength 

increases from 1.5 to 2 Tesla.  

Insert figure 8 here 

The effects of wire positions on the particle trajectory at Re=100, Bmax=1.5 Tesla, and dp=300 

nm are illustrated in Fig. 9. As shown in this figure, if the vertical distance between the wire and 

the channel decreases, the coating efficiency increases, and the particles are absorbed by the 

upper wall in a shorter distance from the inlet of channel. As mentioned earlier, the magnetic 

field intensity induced by the wire increases as the vertical distance between the wire and the 
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channel decreases. This leads to generation of a stronger magnetic force, which results in a local 

coating at the entrance regions of the channel.    

Insert figure 9 here 

Variations of coating efficiency with magnetic nanoparticles diameter for three wire positions at 

Re=100 and Bmax=1.5 Tesla are disclosed in Fig. 10. It can be seen that the coating efficiency 

enhances with increasing the magnetic nanoparticles diameter for the wire positions of 2.5D and 

3.75D. The coating efficiency improves by 764.30% and 2072.72% as the magnetic 

nanoparticles diameter increases in the range of 0.1 to 0.7μm for the wire positions of 2.5D and 

3.75D, respectively. However, for the wire position of 1.25D, the coating efficiency does not 

change with increasing the magnetic nanoparticles diameter for dp>0.2μm. In addition, the 

coating efficiency enhances with decreasing the vertical position of the wire. The coating 

efficiency enhances by 2969.76% with decreasing the vertical position of the wire in the range of 

3.75D to 1.25D for the magnetic nanoparticles with diameter of 0.1μm. However, for the 

magnetic nanoparticles with diameter of 0.7μm, the coating efficiency does not change as the 

vertical position of the wire decreases from 2.5D to 1.25D. 

Insert figure 10 here 

6. Conclusions  

In this paper, a numerical simulation was performed to evaluate the potentials of the magnetic 

nanoparticles and magnetic field to provide the coating around the wall of a channel. The effects 

of different parameters including the magnetic strength, the position of current wire, and the 

diameter of magnetic nanoparticles on the trajectory of magnetic nanoparticles and coating 

efficiency are investigated by providing contour plots. The following conclusions are made from 

this study: 
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 The length of coating decreases about 55% with increasing the particle diameter in the 

range of 500 nm to 1 μm. 

 As the strength of the magnetic field increases for the particles with the same diameter, 

more nanoparticles are absorbed by the upper wall, which results in better coating. 

 The coating efficiency improves by about 1020%, 900%, and 540.1% as the magnetic 

nanoparticles diameter increases in the range of 0.1 to 0.7μm for the magnetic field 

strengths of 1, 1.5, and 2 Tesla, respectively. 

 The coating efficiency enhances by 2969.72% with decreasing the vertical position of the 

wire in the range of 3.75D to 1.25D for the magnetic nanoparticles with diameter of 

0.1μm. 

 The coating efficiency enhances by about 1900% with increasing the magnetic field 

strength in the range of 1 to 2 Tesla for the magnetic nanoparticles with diameter of 

0.1μm. 
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Fig.1. Schemitcis of the computational domain  

 

 

 

 

 

 

 

 

 

 

 

In
le

t 

O
u

tl
et

 

Centerline 

Walls 



21 
 

 

 

 

 

 
Fig. 2. Typical grid generated inside the domain 
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Fig. 3. Trajectories of the magnetic particles inside the microchannel in the presence of magnetic 

field. 
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 Fig.4. Contours of magnetic field at Bmax=1.5 Tesla and ymag=2.5 cm. 
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Without magnetic field 

 
With magnetic field 

Fig. 5. Effects of magnetic field on the particle trajectory at Re=100, ymag=2.5 cm, Bmax=1.5 

Tesla, and dp=500 nm. 
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Fig. 6. Effects of magnetic particle diameter on the particle trajectory at Re=100, ymag=2.5cm, 

and Bmax=1.5 Tesla. 
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Magnetic field with strength of 1 tesla 

 

 
Magnetic field with strength of 2 tesla 

Fig. 7. Effects of magnetic field strength on the particle trajectory at Re=100, ymag=2.5 cm and 

dp=300 nm. 
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Fig. 8. Variations of coating efficiency with magnetic nanoparticles diameter for three magnetic 

field strengths at Re=100 and ymag=2.5cm. 
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Fig. 9. Effects of wire positions on the particle trajectory at Re=100, Bmax=1.5 Tesla, and dp=300 

nm. 
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Fig. 10. Variations of coating efficiency with magnetic nanoparticles diameter for three wire 

positions at Re=100 and Bmax=1.5 Tesla. 
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Table 1: Physical properties of magnetic nanofluid at 293 K  

Fe3O4 Water Properties 

5200 998  3
kg

m
  

__ 0.001003  2
.N s

m
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Table 2: The effects of grid number on coating efficiency for Re=100, ymag=2.5cm and dp=10-7 

No. Grid number Coating efficiency (%) Percentage differences 

1 40×250 9.9290 1.7 

2 80×500 10.0978 0.9 

3 160×1000 10.1887 0.4 

4 320×2000 10.2294 ----- 

 

 

 

 

 

 

 

 

 


