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parameters of ferrofluid, such as magnetic saturation, ferrofluid radius, surfactant thickness, and
ferrofluid concentration, are considered in this model. Then, various factors that affect the lubricant KEYWORDS
flow, such as load, entraining velocity, ferrofluid type, ferrofluid specification, and concentration on Friction
lubricant film thickness variation and friction coefficient, are investigated. The governing equations Ferrofluid
of ferrofluid flow, such as continuity, modified Reynolds equation, ferrofluid properties relationships, Elastohydrodynamic
magnetic intensity, film thickness, and load equation, are derived and simultaneously solved in Lubrication
Matlab to find the pressure variation and local film thickness. The results show that by increasing Magnetic Field

the load, the particle size, and the volume concentration, the lubricant film thickness decreases, and
the friction coefficient rises. Also, by increasing the speed, magnetic saturation, and magnetic field
intensity, the thickness of the lubricant layer will increase, and the friction coefficient will decrease.
At low loads, using ferrofluid will improve the friction coefficient by about 15% and at high loads by
about 40%. The effect of ferrofluid at different speeds is about a 30% reduction in the friction
coefficient. The optimum ferrofluid concentration was also estimated to be 2% by volume. Finally,
the optimal state of using ferrofluid based on type, mixing percentage and coating thickness have
been obtained.

1. INTRODUCTION

Ferrofluids are stable colloidal liquid mixtures made of ferromagnetic nanoparticles and carrier fluid. The fluid can
be an ester, a diester, a hydrocarbon, water, etc. Ferrofluid is an innovative material that exhibits natural liquid behavior
with superparamagnetic properties. Ferrofluids do not retain their magnetic property until they enter an external magnetic
field, so they are classified as superparamagnets. Each magnetic particle in the solution is covered with a surfactant, which
prevents coagulation. The chosen surfactant molecules interact with magnetic particles to avoid the formation of a strong
monomolecular layer over the particles. This prevents the particle aggregation by Van der Waals forces [1].

Ferrofluids have garnered significant attention because of their unique chemical and physical properties. Since their
introduction five decades ago, conventional engineering applications of ferrofluids include sealing, separation, dampers,
inkjet printing, grinding, and more [2,3]. Lubrication represents a common application for ferrofluids. The main advantage
of ferrofluids over conventional lubricants is that their position can be influenced by an external magnetic field while the
fluid flows. Other advantages include reduced lubricant requirements, minimal leakage, and controlled fluid flow paths
[4]. Furthermore, when exposed to an external magnetic field, the lubricant viscosity increases, thereby enhancing its load
capacity. These factors have led to significant applications of ferrofluids in lubrication engineering, particularly in thrust
bearings and short bearings [5-7]. Shah [8] demonstrated that ferrofluids could enable a bearing with two parallel plates
to support loads and that incorporating these materials into conventional bearings boosts load capacity. Chao and Huang
[9] discovered that using ferrofluids facilitates changes and improvements in the dynamic characteristics of hydrodynamic
grooved journal bearings.

Various factors affecting ferrofluids' bearing under a magnetic field have been studied in numerous studies. Singh and
Ahmad [10] considered the thermal effect on a porous sliding bearing, Patel and Deheri [11] considered the slip parameter
for a transversely porous parallel plate sliding bearing, and Shimpi and Deheri [12] discussed how porosity, deformation,
and roughness affect the bearings. Huang et al. [13] showed that the magnetic field intensity distribution has a
considerable effect on the tribological characteristics of ferrofluids. Their experiments show that ferrofluids have a proper
friction reduction in the presence of an external magnetic field compared to the base fluid. Patel et al. [14] attempted to
investigate the effect of roughness and sliding speed on the performance of a ferrofluid porous sliding bearing. Laghrabli
et al. [15] claimed that rotational viscosity, magnetization, and volume concentration of the ferromagnetic particles can
control the static characteristics of finite journal bearings. Their results showed that by using ferrofluid, the pressure, load
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capacity, attitude angle, and side leakage increase, and the friction coefficient decreases. A study by Huang et al. [16]
investigates the tribological characteristics of ferromagnetic ferrofluids at starting motion and evaluates the formation of
lubricant film, friction coefficient, and temperature effect. Zhao et al. [17] modeled the elastohydrodynamic ferrofluid-
lubricated simple gears under a transient thermal condition. The transient film thickness, pressure distribution, and friction
coefficient variation of contact were compared for various ferrofluids.

Shah and Shah [18] studied ferrofluid-lubricated long journal bearings using both the rotational and translational
approaches of the journal. A uniform transverse magnetic field controls the ferrofluid, which significantly modifies
bearing performance. Huang et al. [19] proposed a model for mineral-based ferrofluid lubrication by deriving the
governing equations. The effects of magnetic particle size and bulk concentration on the Kkinetic properties and film
hardness were examined. Finally, the impact of magnetic field intensity was discussed. Shah and Shah [20] derived the
generalized ferrofluid-based lubrication equation based on the Sheliomis model. Atlassi et al. [21] investigated the effects
of roughness orientation on the load capacity and squeeze time of ferrofluid-lubricated finite journal bearings. They show
that using ferrofluid in the presence of transverse roughness is more beneficial than longitudinal roughness.

When the contact surface features a non-conformal geometry (the centers of curvature of the two surfaces are not on
the same side of the contact line), a large load is applied to a small contact area, resulting in an increase in pressure at the
contact area. Consequently, the surface undergoes elastic deformation. In such cases, the elastic deformation can be
comparable to the film thickness of the lubricant, leading to this lubrication regime being termed elastohydrodynamic. As
the lubricant enters the contact interface, it experiences increases in both pressure and dynamic viscosity. In
elastohydrodynamic lubrication, several parameters, including surface hardness, non-conformality, and the relationship
between viscosity variation, pressure and temperature, are of significant importance. This domain of ferrofluid lubrication
has recently garnered attention; for instance, Vaziri et al. [22] investigated the performance of a conical hydrodynamic
ferrofluid bearing through finite element analysis. They predicted and analyzed plug formation zones, which are hardly
detectable at low shear rates. Liu et al. [23] studied the tribological features of a ferrofluid within a mixed lubrication
condition. The mixed lubrication model is established by integrating the film thickness and the surface roughness model
into the hydrodynamic lubrication model. This model can estimate the lubrication state change, the minimum film
thickness, the asperity bearing rate, the boundary film failure rate, the friction coefficient, and the operational dynamics
of fluid under various operating conditions. Azzala et al. [24] studied the elastic deformation of the surfaces on the
characteristics of a journal ferrofluid bearing. The modified Reynolds equation was solved using the finite difference
method to derive the pressure distribution. Their findings revealed that the inclusion of magnetic fields significantly
enhances the performance of both rigid and deformable journal bearings.

In this research, a model for ferrofluid elastohydrodynamic lubricated contact is presented. At first, the governing
equations and important relationships are extracted, and their discretization and solution methods are stated. According
to the modeling presented in this research, the important parameters involved in ferrofluid lubrication between two
nonconformal surfaces, such as applied load, surface speeds, ferrofluid type, magnetic field intensity, ferrofluid particle
size, and their concentration, will be investigated.

2. GOVERNING EQUATION

Figure 1 shows the geometry of the lubricated contact surfaces. It is assumed that the linear contact between the pin
and the disk is carried out inside a magnetic field created by a ferrofluid lubricant. The pin is fixed, and the disc is stirred
with constant velocity. Fully flooded lubrication conditions are maintained. The fluid flow within the contact area of two
bodies, while under the influence of the load applied between the two bodies, creates pressure in the lubricant layer. This
pressure separates the two surfaces from each other. The presence of magnetic effects in the flow field and the influence
of the magnetic fluid can help this lubrication process. It controls the path of fluid movement and makes the lubricant last
longer between the two contact surfaces.

Solenoid

Figure 1. The study geometry
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Therefore, there is a set of equations governing the problem that, considering the assumption of isothermality, these
equations are separated into mass conservation, momentum conservation for fluid motion, fluid rheology equations,
surface deformation equations under the influence of an applied load, equations related to calculating the force due to the
magnetic field, and the load equation for balancing the pressure created in the lubricant layer. The governing equations,
which are successively presented, should be solved simultaneously.

2.1  Reynolds Equation

The lubricant is assumed to flow in the x direction, and the distance between the two bodies is in the z direction. Since
there is a thin lubricant layer, the pressure can be assumed to be uniform across this layer. The continuity equation can be
written for the 2D velocity (u, v) assumption of a magnetic fluid with a density of pr as follows:

%Jra(pfu) N 9(psv) _ 0

1
at ax ay @
The momentum conservation equation of a ferrofluid under a magnetic field can be written as follows [16]:
dav N H H oM — = o 1 =
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where ny is ferrofluid viscosity, uo is vacuum permeability, M is magnetization, V is velocity vector, and H is magnetic
field intensity. The first term on the right-hand side is the gravitational body forces, the second one is the pressure forces
resulting from fluid pressure and magnetic effects, the third term is the magnetic body forces, and the next terms are the
viscous forces and forces resulting from fluid rotation due to the magnetic field. Since the magnetic effects pressure can
be ignored compared to the fluid pressure, the equation is simplified as follows:

—

dv — — = 1 =
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where g is the gravitational acceleration vector, £ is the rotational angular velocity of the ferromagnetic particle, and @
is the vortex angular velocity of the base fluid. The Brownian moment of momentum and rotational inertia of magnetic
particles can be neglected. After ignoring the inertia and gravity forces and assuming that the magnetic vector of a
ferrofluid is parallel to the magnetic field, the following equation can be written.

VP = poM - VH + 0y V2V + 314V (V - V) @)

When two sufficiently long, non-conformal surfaces are contacting each other in the presence of a lubricant, side
leakage can be neglected. The side leakage effect on most contact areas does not make sense. This is called line contact
elastohydrodynamic lubrication, and the pressure variation along the side direction can be ignored. The contact of roller
bearings and gears is categorized as line contact. In this situation, by calculating the velocity components from the
momentum conservation equation in the form of equation (4) and putting them in the continuity equation, equation (1),
the ferrofluid modified Reynolds equation can be derived:

a (ph3ap\ _ a(ph) d (ph3 oH a(ph)
2 (o) = 12u 00 + oM (20 + 20 )

ny 0x

where h is the film thickness of the lubricant and M:s is the saturated magnetization.
2.2 Properties Equation

The Dawson-Higginson relationship for an arbitrary pressure and Temperature (p, T) for density in ambient
temperature (To), i.e., po, is used for the carrier fluid of ferrofluid and is presented by the following equation [25].

c1p
1+cp

Pc = Po (1 + —¢3(T - To)) (6)

where ¢; = 0.6x107°Pa™1, ¢, = 1.7x107°Pa™?1, and ¢c; = 0.00065 K 1.
The density of ferrofluids can be expressed as the following equation [26]:
p=@0-0)p.+ 0ps (7

where p is carrier fluid density, or and & are the density and the volume concentration of the ferromagnetic particle,
respectively. Viscosity has a key role in lubrication and has an important effect on film formation. The pressure increases
drastically in an EHL contact, which causes an enhancement in the viscosity. Therefore, the pressure-viscosity correlation
has to be considered in the EHL simulation. When a ferrofluid moves into the magnetic field, the magnetic moment
amongst the magnetic particles holds them aligned. Then, the rotational velocity difference between the base fluid and
the particles increases. As a result, the shear force of the solid and liquid phases increases. In a macroscopic view, this
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increases the viscosity of the ferrofluid [27,28]. The ferrofluid's viscosity under magnetic field stimulation can be stated
in the following equation [29].

5\3 5\° 1.5k ~So
np.TH) = <1 +25 (1 + E) ®—1.55 <1 + ;) 0% + W) X {noexp {Al [(1 + Azp)ZO(AgT —a) 1]}} (8)

0" 2rr3ug(ur—DH?
where §'is surfactant thickness, and r, is the ferromagnetic particle radius. Also,
Al = ln(no) + 967, AZ = 51 X 10_9le A3 = To/(To - 138), A4_ = 138/(T0 - 138)

So = BTo/(A143), Zy = apy/(4,143) ©

2.3 Magnetic Field Intensity Equation

The magnetic field around the current-carrying wire is considered a closed circular line. The intensity of the field on
any circle (or any point in space) is indicated by H. It can be said that the amount of magnetic driving force that falls in
each unit along the path of the field lines, or the force that enters the single pole N particle from the field. In this relation,
Lo is the material's absolute permeability coefficient, and o shows the value of the diffusion coefficient in vacuum.

According to Bio-Savar's law, the intensity of magnetic induction in a point (X, y) can be calculated [30,31],
R+\/m _ R+\/m (10)

r+y12+y%+(x+L)>? T+12+y2+(x-L)2

H=1|(x+Lmn (x—L)In
wherej = NI/[2L(R — r)]. L, R, and r are the half-length, outer and inner radius of the solenoid, respectively. N indicates
the number of turns of the coil, and 1 is the current.

2.4 Film Thickness Equation

If the geometry is assumed to be similar to the contact of a long roller with an equivalent radius, R, and a flat surface,
then the film thickness equation is only determined in the flow direction. Due to the non-conformal surface contact, very
high pressures will be produced within the gap formed by the contacting surfaces. This pressure causes elastic deformation
of the solid surface. This deformation appears in the equation with the expression &x) [32].

2
h=nhy+ ’Z‘—R + 6(x) (11)
— Xend
__ _ N2 ’
o6(x) = —— me pIn(x — x")*dx (12)

where hg is the undeformed surface's minimum film thickness and £ is the reduced modulus of elasticity.
2.5 Load Balance Equation

The pressure distribution, which can be found after solving the modified Reynolds equation, has to tolerate the applied
normal load, W. This equation is used to modify the initial guess of the minimum film thickness. This equation can be
expressed as follows:

Xend
W= bj pdx (13)

Xmin

where b is the contact width.

3. SOLUTION ALGORITHM

The material properties, contact geometry, and magnetic field characteristics are model inputs. The solution domain
is meshed uniformly, and the finite difference method is used to discretize the governing equations. The modified
Reynolds equation (Eg. 5) has two unknown parameters that should be solved simultaneously. In the elastohydrodynamic
problem, surface deflection is an important term in the film thickness equation, and it is related to the pressure distribution
on the surface. Therefore, the solution should first make a convenient guess for the pressure distribution and then modify
it. The fluid properties, especially the fluid viscosity, change drastically with the pressure, causing very large pressures
and sudden changes in a small part of the solution field. It greatly affects the convergence of the solution, and an initial
guess of the pressure is also very important to prevent divergence. The most reasonable guess mentioned in the articles is
the Hertzian pressure distribution. This pressure distribution is formed when two bodies without lubrication exert a load
on each other. After this initial guess, the lubricant properties and the surface deformation are calculated. Then, the
lubricant layer thickness is determined by considering a proper initial guess for the minimum film thickness. An initial
guess of the minimum thickness of the fluid layer can be effective in the convergence of the solution. The magnetic field
intensity in each mesh point is calculated, and its derivative is determined to be used in the Reynolds equation. By
determining the thickness of the lubricant layer, the modified Reynolds equation can be solved in terms of pressure. The
solution obtained from this step is compared with the previous pressure distribution. If their difference is within the
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tolerable range, the pressure distribution solution is obtained according to the initial guess of the thickness. The
convergence criterion is defined as:

<1075 (14)

n old
i=1 Pi

In this step, the normal load calculated by integration of the solution's pressure distribution is compared with the
normal load entered from the input data according to the load equation (Eq. 13). If this equation is satisfied, the solution
is complete. Otherwise, the minimum of the lubricant layer thickness is modified, and the modified Reynolds equation is
resolved according to this modification. The convergence criterion is defined as:

O ((Pisy — P;
w— ; {(127) X (Xj4q — X,-)} <1073 (15)

The flowchart of the solution algorithm is shown in Figure 2.

Data: Geometries, ferrofluid
properties, Load, Velocities,
Magpnetic field data

v

Initial guess: Minimum of film thickness and Hertzian pressure

v

Calculate the film thickness variation <
v

Solve Modified Reynolds equation for an updated pressure
distribution considering relaxation factor

A 4

N
{1=1|Pinew _ Piald
1i1_=1 Piald
Min. film thickness
adjustment
Load balance check
Results:
Pressure, film W - N
. n (Piz1—Pi)
thickness, i=1 {T x
friction Kir — X)) <

Figure 2. Solution algorithm

4. RESULTS AND DISCUSSION

Ferromagnetic particles in a lubrication system can have both harmful and beneficial effects depending on how they
are managed. When uncontrolled, these particles act as abrasives, increasing friction and wear on components such as
bearings and gears, potentially leading to system failure. They can also clog filters, reduce lubricant flow, and promote
corrosion. However, in a controlled context, their magnetic properties allow for efficient removal through magnetic
filtration, improving system cleanliness. Additionally, monitoring the presence of ferromagnetic debris can serve as a
valuable diagnostic tool for detecting early signs of wear, enabling predictive maintenance and extending equipment life.
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Ghaednia et al. [33] observed the flow of lubricant through the contact area and perceived the formation mechanism of
obstructed or plug flow. This flow reduces friction by allowing only a few layers of lubricant molecules to slide against
one another. Small nanoparticles penetrate the very thin gaps between the in-contact surfaces, locally changing the
characteristics of the lubrication process. The nanoparticles can alter the flow pattern of the contact area to further reduce
friction. Singh et al. [34] reviewed the influence of nanoparticles on the lubrication system, statistically analyzing their
effects. Various factors were studied regarding their impact on tribological performance. The most noticeable parameter
was the size of the nanoparticles, which affects both friction and wear. The operating conditions and lubrication regimes
are necessary for size optimization. Additionally, the morphology of the nanoparticles can affect friction, with onion and
sheet-like morphologies outperforming others. The interaction between the nanoparticles and the environment determined
the frictional performance.

Ferromagnetic lubrication systems are influenced by several key parameters that determine their performance and
reliability. Particle size and shape affect how the particles interact with both surfaces and magnetic fields, with finer
particles offering better suspension stability and larger ones enhancing magnetic response. The concentration of
ferromagnetic particles plays a role in viscosity and lubrication efficiency, although excessive amounts can lead to
sedimentation or increased wear. Magnetic field strength and orientation directly impact the behavior of
magnetorheological lubricants by altering fluid properties in real time. The carrier fluid’s viscosity, thermal stability, and
compatibility are also crucial for maintaining particle suspension and system efficiency. Temperature influences both the
fluid's and particles' behavior, potentially affecting magnetization and stability. Wear rate and surface roughness are
important indicators of lubrication performance, while corrosion resistance is essential to prevent particle-induced
damage. Ensuring dispersion stability helps maintain consistent lubrication, and sensor-based monitoring allows early
detection of particle buildup or wear. Overall, tribological performance, including friction, load capacity, and anti-wear
characteristics, depends on the careful balance of these parameters. In this section, various factors that affect the flow of
the lubricating fluid between two surfaces are examined in relation to the lubrication parameters, such as the pressure
distribution in the fluid, the thickness of the lubricating layer, and friction. According to the modeling presented in the
third chapter, the important parameters involved in ferrofluid lubrication between two uneven surfaces are applied load,
surface movement speed, ferrofluid type, magnetic field intensity, ferrofluid particle size, and composition percentage.

The minimum film thickness calculated for line and point contact modes is very close to each other [32, 33]. Therefore,
this parameter is selected for comparison and validation. The present model is validated with a more complicated model
introduced by Huang et al. [19]. The data was obtained at a normal load of 40 N and a current intensity of 1 ampere. As
shown in Figure 3, at lower speeds, the error is close to 20%, but at higher velocities than 0.3 m/s, the error is less than
10%. This error can be reasonable in the point contact Huang model [19]. Since Huang's model [19] considered lateral
leakage and was point contact, the difference between the results of the present model, which is linear contact, was
predictable. Considering the point contact, with the increase in the speed of the surfaces, the lubricant entrance and its
lateral leakage speed increase, and the overall fluid speed is higher in this case, and therefore the pressure is lower and,
as a result, the thickness of the lubricant film is more predictable. At sufficiently low speeds, the pressures rise
tremendously to balance the applied load, and therefore, the thickness of the lubricating layer drops a lot. In the case of
linear contact, the one-dimensionality of the load balance with the applied pressure across the contact width provides
more favorable situations for the formation of a slightly thicker layer. Wang et al. [35] reported similar results when
comparing the linear and point contact minimum film thickness.

250

—&— Huang et al. Results Present Study
200

150 A

100 -

Minimumum Film Thickness (um)

50

0.1 0.2 0.3 0.4 0.5

Velocity (m/s)
Figure 3. Concordance of the present model and Huang et al. [19] results
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Table 1 lists the conditions of numerical calculation in the parameter study. These parameters are the same for all the
simulations, and other operational parameters are changed in a wide range to investigate the effect of these parameters.

Table 1. Main parameters for all simulations

Parameters Values Parameters Values
Po 840 kg/m?3 E 211 GPa
Mo 0.02 Pa.s b 0.02m
o 2.0x108 pa’! To 298 K
B 0.045 K1 Ks 1.3806505%10% J/K
R 0.025m

4.1 Load Effect

According to Figure 4(a), it can be revealed that with the increase of the load applied to the contact surface, the
pressure formed in the fluid also surges. The pressure integral over the contact surface should be balanced with the applied
load. Since the contact surface has limited changes in the range of 6 times the Hertzian contact half-width, this increase
in load must be balanced by an increase in pressure. At low loads, the expansion of the pressure effect surface is enough
to compensate for the load increase, but at higher loads, the entire pressure distribution will grow. The maximum pressure
does not change up to a load of 40 N; after this, the maximum pressure increases by almost 90%.
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Figure 4. Non-dimensional pressure distribution and non-dimensional film thickness variation on the contact surface for
different vertical loads
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According to the results shown in Figure 4(b), as the applied load increases due to rising pressure, the thickness of the
lubricant film decreases. When the load increases from 10 to 70 N, the minimum thickness of the lubricant film reduces
by up to 25 times. The maximum reduction in the minimum thickness of the lubricant layer occurs at loads between 40
and 50 N, resulting in about a 2.5 times decrease. At loads exceeding 50 N, these changes diminish, and the minimum
thickness of the lubricant layer alters more slowly. Under relatively high loads, significant surface deformation is observed
due to high local pressure, with inward buckling noted at loads of 50 N and above. As the lubricant passes through the
contact center and approaches the atmospheric pressure region, a process is carried out to prevent the fluid from escaping
naturally. Consequently, a drastic reduction in thickness is observed at the outlet to reduce the flow rate.

In a light load, the pressure spike does not form. The film thickness becomes flat around the center of the contact area.
When the load is high enough, i.e., more than 50 N, the pressure increases, and film thickness takes on a converging
shape. At higher loads, a rapid change in pressure is finally observed, but it deviates from the typical characteristics of
the elastohydrodynamic lubrication pressure profile. The magnetic term of the Reynolds equation serves as a fluid film
formation mechanism, and it can reduce the pressure produced in the fluid film to a lower level.

As the load increases and the two surfaces compress against each other, resulting in a reduction of the lubricant layer,
the velocity gradient increases, which signifies a larger shear stress. The friction force is calculated by integrating this
stress over the contact surface. Therefore, as the load increases, so does the friction. As shown in Figure 5, the friction
coefficient rises with the increased load. The use of ferrofluids compared to the base oil does not alter the rising trend of
the friction coefficient, but the intensity of the increase with oil is much greater than that with ferrofluids. At light loads,
the impact of ferrofluid is not very noticeable, but this effect becomes evident at medium and high loads. It appears that
the presence of the magnetic field itself acts as a mechanism for lubrication.
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Figure 5. Base oil and ferrofluid friction coefficient comparison for different normal loads for constant condition:
V= 0.1 m/s, Ms= 95000 A/m, 1=10 A, $=0.01, r,/6=0. 5

4.2  Velocity Effect

As the speed of the surface increases, it results in greater shear stress. The friction force is calculated by integrating
this stress over the contact area. Therefore, as the speed increases, the friction decreases. It can be seen in Figure 6 that
the friction coefficient decreases with increasing speed, and friction also decreases. As expected, Ferrofluid has a positive
effect in reducing the friction coefficient, but this effect is more obvious at low speeds.

0.14

012 - T DOBaseoil |-
F B Ferrofluid

©

[N

o
1

o

o

oo
!

o

o

(o)}
!

Friction Coefficicent

2

NZERN 77BN

0.9 1

o

o

N
!

fo T
0.3

0.00 *

o Witz
NN

o

NN

Velocigi7(m/s)

Figure 6. Comparison of friction coefficient variation for different velocities between ferrofluid and base oil for
constant condition: W= 50 N, Ms= 9500 A/m, 1=10 A, ¢=0.01, ry/5=0.5
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4.3  Ferrofluid Type Effect

Several types of ferrofluids are utilized in studies, differing mainly in magnetic saturation and particle size. The state
where the magnetization of a magnet remains constant despite the amplification of the magnetic field is referred to as
magnetic saturation. A higher magnetic saturation in a ferrofluid indicates an increase in the lubricant layer thickness,
which results in lower viscous shear stress. Therefore, with greater magnetization saturation, friction decreases. It can be
observed in Table 2 that increasing the magnetization saturation from 1.5e4 to 9.5e4 A/m results in a reduction of the
friction coefficient by over 100 percent. The friction coefficient is closely related to magnetic saturation, showing a
significant reduction once it exceeds 7e4 A/m. The magnetic saturation parameter can be particularly effective. An
increase in this parameter enhances the second term on the left side of equation (5), which serves as a mechanism for
bearing the contact load. Due to the non-linear relationship between pressure and the thickness of the lubricant layer, it is
not possible to comment on the rate of change of these two based on this parameter, but a decrease can be anticipated
with increasing magnetic saturation.

Ferrofluid particles are considered to be spherical magnetic material coated with a certain thickness of surfactant. The
coating thickness to the sphere radius fraction is a key factor in the lubrication system performance. According to the
results, with the increase in this ratio from 0.25 to 1.5, the lubricant layer thickness decreases, the minimum film thickness
decreases by 65%, and the friction coefficient, as shown in Table 2, increases by 35%.

4.4 Magnetic Field Intensity Effect

As the intensity of the current entering the solenoid increases, the magnetic field becomes stronger, and the magnetic
orientation increases. By increasing the intensity of the magnetic field, the lubricant layer thickness increases, and by
increasing the electric current intensity passing through the solenoid from 1 to 20 A, the minimum film thickness of the
lubricant layer increases up to 3 times. The maximum reduction in the minimum thickness of the lubricant film has been
obtained at 20 A, which can be seen as up to a 100% increase. In the intensity of currents below 20 A, these changes are
less, and the lubricant layer minimum thickness changes slowly. In the different current intensities, the surface severely
deforms due to the high local pressure, and the inward buckling can be observed. This means that after passing through
the contact center and returning the fluid to atmospheric pressure, a process is carried out to prevent the fluid from
escaping naturally. Therefore, a drastic reduction in thickness is seen at the outlet to prevent fluid escape. As shown in
Table 3, the friction coefficient decreases with the increase of magnetic field intensity, and when the current intensity
changes from 1 to 20 A, the friction coefficient decreases by 40%.

Table 2. Friction coefficient variation for different ferrofluid types for constant conditions

Load: 50 N Load: 50 N

Entraining Velocity: 0.1 m/s Entraining Velocity: 0.1 m/s

Current intensity: 10 A Magnetic Saturation of Ferrofluid: 95000 A/m

Ferromagnetic particle concentration: 1% Current intensity: 10 Amps

Surfactant thickness per particle radius ratio: 0.5 Ferromagnetic particle concentration: 1%

Magnetic s_aturation of Fric’giqn Reduction _The ratio of sutfactant_ Fric'Fiqn Difference
ferrofluid (A/m) Coefficient thickness per particle radius  Coefficient

15000 0.188 0.25 0.068
35000 0.161 13.96 0.50 0.076 12.50
55000 0.154 4.68 1.00 0.081 6.67
65000 0.150 2.59 1.30 0.084 3.13
70000 0.105 29.67 1.50 0.092 10.61
75000 0.087 17.64
95000 0.076 12.26

4.5 Ferromagnetic Particle Concentration Effect

Increasing the concentration of ferromagnetic particles alters the lubricant’s viscosity and density. According to
equation (8), this change occurs in such a way that viscosity increases with higher concentration. Greater viscosity
enhances the thickness of the lubricant layer, but its effect on friction force can be somewhat different. An increase in
viscosity leads to higher shear stress and friction force; however, an increase in the thickness of the lubricant layer results
in reduced friction. The effect of thickness, particularly at a specific concentration of 2%, yields a reduction in friction.
Yet, as concentration rises, the influence of the viscosity coefficient prevails, causing friction to increase. It is anticipated
that increasing the volume concentration of ferromagnetic particles will elevate the pressure in the fluid. This pressure
rises by 20% when the volume concentration shifts from 0.01 to 0.08. The minimum thickness of the lubricant layer
diminishes by 82%. The greatest reduction in this minimum thickness is noted at a volume concentration of 0.08, where
a reduction of up to 70% can be observed. As shown in Table 3, the friction coefficient escalates with increasing volume
concentration of the ferrofluid; when this concentration changes from 0.01 to 0.08, the friction coefficient rises by more
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than 100%. Notably, at a volume concentration of ¢ = 0.02, there is an abrupt increase in the lubricant layer, which
contradicts the prevailing trend. At this concentration, the coefficient of friction decreases due to the thicker lubricant
layer.

Table 3. Friction coefficient variation for different ferromagnetic particle concentrations and current intensity

Load: 50 N Load: 50 N
Entraining Velocity: 0.1 m/s Entraining Velocity: 0.1 m/s
Magnetic Saturation of Ferrofluid: 9500 A/m Magnetic Saturation of Ferrofluid: 9500 A/m
Ferromagnetic particle concentration: 1% Current intensity: 10 Amps
Surfactant thickness per particle radius ratio: 0.5 Surfactant thickness per particle radius ratio: 0.5
. C_urrent Fric'_[iqn Reduction ferromagneti_c particle Fric'gic_Jn Difference
intensity (Amps) Coefficient concentration (%) Coefficient
1 0.089 1 0.076
5 0.083 6.95 2 0.068 -10.70
10 0.076 8.62 4 0.080 17.37
15 0.070 8.18 6 0.101 26.53
20 0.054 23.29 8 0.156 54.44

5. CONCLUSIONS

In this study, a detailed model for line contact elastohydrodynamic lubrication of a long cylinder and flat surface is
developed. In ferrofluid lubrication, the existence of a magnetic field is considered as a lubrication mechanism along with
the movement of surfaces. The magnetic effects cause changes in the pressure profile and lubricant film thickness in
lubrication with ferrofluids. The pressure spike and the sudden decrease in thickness at the end of the contact zone are
not seen for low loads. Compared to elastohydrodynamic lubrication with non-magnetic lubrication, a thicker film
formation is expected in ferrofluids. Increasing the thickness of the lubricant layer means reducing friction. On the other
hand, adding ferrofluid to the base fluid increases the viscosity of the final ferrofluid, which can cause an increase in
friction. Therefore, the concentration of the ferrofluid and the type of magnetic particles used should be investigated.

The effect of various parameters on the friction coefficient of the elastohydrodynamic contact of ferromagnetic
lubricant is investigated. These parameters are tribological conditions, ferrofluid properties, magnetic field characteristics,
and nanoparticle concentration. The model outputs are pressure and film thickness distribution, which are used to calculate
the friction coefficient. The following results are found:

i)  Increasing the load and reducing the entraining velocity increase the friction coefficient. Using the ferrofluid even
in a weak magnetic field causes a notable reduction in the friction coefficient. The effect of ferrofluid in low
entraining velocity and higher load is much more significant.

ii) Ferrofluids have different magnetic saturations; the higher magnetic saturation causes a decrease in the friction
coefficient. A sensible effect of this parameter is obtained when it reaches over 70000 and higher.

iii) The size of the ferrofluid can affect the lubrication condition. The higher ratio of surfactant thickness to particle
radius increases the friction coefficient. The fraction 0.25 can be a practical good choice.

iv) The intensity of the magnetic field is an important factor when it reaches the effective range. Choosing 20 amperes
for electric current intensity causes a sensible reduction in the friction coefficient.

v) Particle concentration is a key factor in nanofluid application. Lower concentration causes a weak magnetic effect,
while higher concentration increases viscosity and also the accumulation of particles in higher magnetic field
intensity regions. Both can increase the friction coefficient, and there is an optimum concentration, which under the
conditions of the problem, is calculated as 2 percent.

This study also has limitations, the most important of which is the assumption of line contact lubrication, isothermal
fluid, and smooth surfaces. Each of these assumptions can be considered by adding effective parameters to the presented
model, but this also makes the study more complicated and harder to solve. The model introduced in this study provides
a balance between the level of complexity and the accuracy of the results.
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NOMENCLATURE

b Contact length, m ts Newton relaxation time, s

E’ Reduced elasticity modulus, Pa T Temperature, K

g Gravitational acceleration, m/s? To Ambient temperature, K

h Lubricant Film thickness, m V=(uyv) Velocity, m/s

ho Minimum film thickness, m W Load, N

H magnetic field intensity, A/m X Length dimension, m

| Coil current, A y Width dimension, m

j Excitation current, A 1) Surfactant thickness

J Central moment of inertia of magnetic particles, m* @ Volume concentration of magnetic particles
k The Ferrofluid thermal conductivity, W/m.K p Density, kg/m3

Kg Boltzmann constant Po Density in ambient temperature, kg/m?

L Half length of the solenoid, m Pe Carrier fluid density, kg/m?®

M Magnetization, Tesla pf Ferrofluid density, kg/m3

Ms Saturated magnetization, Tesla Mo Vacuum Permeability (= 47 X 1077 N/A2)
N Number of turns of the coil I Relative permeability

p Pressure, Pa K Proportionality coefficient

r Inner radius of the solenoid, m n Ferrofluid viscosity, Pa.s

M Ferromagnetic particle radii, m Mo Ferrofluid viscosity in ambient temperature, Pa.s
R The outer radius of the solenoid, m ® Vortex angular velocity of carrier fluid, rad/s
t Time, s Q Rotational angular velocity of the magnetic

particle, rad/s
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