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Abstract 

This research work is part of a broader comprehensive issue, which is the analysis of flow and operating 
parameters of journal slide bearings lubricated with ferro-oil. In this article, the author presents only the main 
assumptions and essential transformations of the analytical and numerical model for determining the pressure 
distributions in the gap of a slide journal bearing lubricated with ferro-oil. It is cardinal that the rheological and 
magnetic values of ferro-oil parameters adopted in numerical calculations are based on the results of actual values 
obtained in the author’s earlier research work. There are presented the pressure distributions by abovementioned 
method in the article for cases of bearings lubricated with ferro-oils with different concentration of magnetic 
particles. The obtained results are shown in the form of a set of four complementary characteristics of the 
dimensionless pressure distributions. First and main of them are the calculations for classical Newtonian lubrication 
but they take into account the influence of the magnetic field on the distributions. The next of the presented 
characteristics are so-called "corrections" of pressure distribution values, taking into account as follows: effects of 
changes in ferro-oil viscosity related to temperature changes, impacts of ferro-oil viscosity changes related to 
pressure changes and the effect of non-oil properties of the lubricant. The article includes a qualitative and 
quantitative analysis of the obtained results as well as observations and conclusions are presented in it. 
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1. Introduction

Knowledge of the distributions of the hydrodynamic pressure in the oil film of the slide bearing 
can be a valuable source of information on the conditions of its operation, in particular information 
on the nature of the tribological processes taking place in it. The specific physic-chemical 
properties of ferro-oil that distinguish it from other classical lubricants may determine the 
necessity to account for these properties in determining the flow and operating parameters of the 
bearing. It is necessary to take into account in the used analytical model both non-Newtonian 
properties of ferro-oil as well as the influence of the external magnetic field.  

The first of them is a derivative of the modification that the base oil undergoes with the 
addition of both magnetically susceptible particles and surfactant. These modifiers make the ferro-
oil begins to exhibit, in addition to the classical viscosity of the oil depending on the pressure and 
temperature [2, 3] dependence of viscosity on shear rate [4]. These additives increase the viscosity 
of the ferro-oil relative to the base lubricating liquid.  

In the second case, modelling of the hydrodynamic problem of lubrication of slide journal 
bearings with ferro-oil must take into account the influence of the external magnetic field on 
viscosity properties of the lubricant [5].  

Obviously, proper modelling must also take into account the influence of both temperature and 
pressure on ferro-oil. Of these two, particularly the temperature change in the oil film results in 
significant changes in the viscosity value and, as a result, in the change in the lubrication gap 
height. The analytical and numerical model presented below for lubricating slide journal bearings 

ISSN: 1231-4005 
e-ISSN: 2354-0133 
DOI: 10.2478/kones-2019-0089 



 
M. Frycz 

with ferro-oil takes into account all of the listed factors and presents them in the form of a set of 
basic equations and their respective corrections to these equations.  
 
2. Analytical and numerical calculation model 
 

The analytical model of magnetohydrodynamic lubrication of slide journal bearings has been 
presented so far in several publications of the author [i.a. 6, 8, 12], therefore, due to limited 
volume of this article, only the key assumptions and transformations of the model closely related 
to the topic of the article will be presented and discussed.  

The model was derived from fundamental equations, i.e. equations of momentum conservation, 
equations of flow continuity, equations of energy conservation as well as Maxwell’s equations 
[1, 13, 15-17]. There was assumed a non-isothermal bearing lubrication model with a laminar and 
steady lubricant flow rate and an external magnetic field was adopted as stationary, transverse to 
the ferro-oil flow in the bearing gap [7].  

The constitutive equation for ferro-oil was adopted from non-Newtonian viscoelastic model of 
Rivlin-Ericksen’ fluid [13, 16, 17]. The dependence of the dynamic viscosity of ferro-oil on 
magnetic induction, temperature and pressure was taken into account η = η(B, T, p) [2, 3, 8, 10], 
whereas material factors α, β were assumed to be constant. 

The constituent relationships between the coordinates of the stress tensor and coordinates of 
the shear rate tensor were substituted to the equations of motion. Non-stationary members and 
inertial forces in momentum equations were omitted. The next step in solving the system of 
equations was its equalization and estimation of the order of values of the unit members [13, 15]. 

For further analysis of the basic equations, it was assumed that the dimensionless density ρ1 = 1 
of the lubricant was constant and independent of both temperature and pressure.   

The Reynolds boundary conditions in order to determine the hydrodynamic pressure in the 
ferro-oil were taken [8, 12, 13].  

Using the continuity equation and previously calculated peripheral and longitudinal 
components, after integrating the equation and applying appropriate boundary conditions, 
a velocity vector radial component and a Reynolds type equation were obtained for four cases: 
a) for the first set of equations, which takes into, account the Newtonian properties and the 

influence of the magnetic field [8]: 

  (1) 

b) for the second set of equations, which takes into, account the influence of temperature on 
viscosity [8]: 

 

  

(2) , 

c) for the third set of equations, which takes into, account the influence of pressure on 
viscosity [8]: 
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(3) , 

d) for the fourth set of equations taking into account the effect of non-Newtonian properties [8]: 
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,   ,  

1 1[1 cos cos( )],ph a zγλ ϕ ϕ= − ⋅ + ⋅ ⋅   1 tan( ),Laγ γ
ψ

=   

0 ≤ r1 ≤ hp1,  0 ≤ ϕ < ϕk,  −1 ≤ z1 < +1,  s ≡ r1/hp1, 0 ≤ s ≤ 1, 0 ≤ r1 ≤ r2 ≤ r3 ≤ hc1  
aγ – misalignment factor,  
r1, z1 – dimensionless radial and longitudal coordinate,  

 − dimensionless density of heat stream, 
hp1 – dimensionless height of lubrication gap,  
hc1 – dimensionless overall height of the lubrication gap,  
φ – peripheral coordinate,  
γ − skew angle,  
λ − angle of misalignment,  
χ – magnetic susceptibility coefficient,  
ψ – dimensionless value of radial relative clearance, 
Ω1 – dimensionless heat supplied from outside sources to ferro-oil, 
L1 – dimensionless length of bearing, 
Rf – magnetic pressure number, 
η1B – dimensionless dynamic viscosity depends on magnetic field induction,  

)0(
1p  – dimensionless hydrodynamic pressure,  

αo, βo – dimensional values of ferro-oil material coefficients,  
v1, v2, v3 – dimensionless velocity vector components of ferro-oil,  
H1, H2, H3 – dimensionless vector components of a magnetic field strength, 

)1(
1

)1(
11

)1(
10 ,, ppp  – dimensionless hydrodynamic pressure correction taking into account respectively: 

temperature influence on dynamic viscosity, effect of pressure on dynamic viscosity and influence 
of non-Newtonian properties. 
 
3. Results of modelling 
 

In order to determine the function of distribution of hydrodynamic pressure, the small 
parameter method has been used. This method consists in exchanging the wanted dimensionless 
quantities with convergent series related to small parameters [11, 13, 14]. As the small 
dimensionless parameters, the following values have been accepted. Deborah's number Deα that is 
responsible for determining the impact of non-Newtonian ferro-oil properties on changes in flow 
and performance parameters. Dimensionless QBr factor describes the changes in viscosity on 
temperature. In turn, changes in dynamic viscosity under the influence of hydrodynamic pressure 
have been determined by changes in the dimensionless value of piezo-factor ζp. The appointment 
of the small parameters and the appropriate designations has been taken as applied in the 
monography of A. Miszczak [13].  

Table 1 below presents the determined and adopted values of the small parameters for 
particular concentrations of magnetic particles in ferro-oil. 

In addition, the characteristic dimensional values of dynamic viscosity ηo for T = To = 90ºC 
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and p = pat as well as values of magnetic susceptibility coefficients of a ferro-oil have been 
determined experimentally [9] and their adopted values [2, 3, 8, 10] are shown in Tab. 2. 
 

Tab. 1. The small parameters values adopted in the paper: QBr, ζp and Deα 

The small 
parameters values 

Magnetic particles concentration ncs 
0% 2% 4% 6% 

QBr 0.044603 0.061210 0.083820 0.213011 

ζp 0.001579 0.002815 0.003834 0.008493 

Deα 0.025856 0.020626 0.015396 0.006106 
 

Tab. 2. Values of viscosity coefficients and magnetic susceptibility coefficients adopted in the paper 

Values of the 
parameters 

Magnetic particles concentration ncs 
0% 2% 4% 6% 

ηo
(90ºC) [Pa⋅s] 0.01547 0.01939 0.02598 0.06550 

χ [–] 0 0.06007 0.08227 0.11764 
aB [T–δ1B] 0 0.57169 0.78382 1.09677 
δ1B [–] 1 0.24601 0.25433 0.21690 
aT [–] 0.93535 0.73721 0.72791 0.68873 
δT [K–1] 0.04805 0.05261 0.05377 0.05419 
ap [–] 1.35221 1.60595 1.68489 1.75598 
ζ [Pa–1] 4.59⋅10-8 6.53⋅10-8 6.64⋅10-8 5.83⋅10-8 

 
There have been adopted the following dimensional and dimensionless quantities for all 

calculations of operational parameters: a low-speed bearing with an angular velocity of the journal 
ω = 20 s–1 was assumed; the journal radius was R = 0.15 m and the dimensionless bearing length 
L1 = 1; a constant dimensionless radial relative clearance value ψ = 0.003 has been adopted; the 
ferro-oil thermal conduction coefficient was established as unchangeable and was equal κ = 0.15; 
the material coefficients of a ferro-oil were respectively: α = 0.000020 and β = –0.000010; the 
value of the magnetic field intensity vector was assumed at the level ensuring full magnetic 
saturation of a ferro-oil Ho = 280000 A⋅m–1 [9]. In the calculations carried out, it was assumed that 
the bearing placement effect will not be taken into account in the model, hence the misalignment 
angle was γ = 0º. 

Calculation of operating parameters was carried out for the assumed concentrations of 
magnetic particles ncs in ferro-oil of: 0%, 2%, 4% and 6%, taking into account the relative 
eccentricity of the slide bearing λ = 0.6.  

There have been realized the calculations of hydrodynamic pressure distributions for cases of 
ferro-oil bearing lubrication taking into account the influence of external magnetic field and 
subsequent corrections of these parameters responsible for the effect of temperature changes and 
the effect of pressure changes on changes in dynamic viscosity of ferro-oil as well as corrections 
taking into account the viscoelastic properties of ferro-oil. Following figures, Fig. 1-4, show the 
results of distributions of a calculated hydrodynamic pressure in the form of four successive 
characteristics of basic values and abovementioned three corrections values. Designation (a) 
concerns results that take into account the Newtonian properties of ferro-oils subject to the 
influence of the external magnetic field; designations (b) refers to corrections of hydrodynamic 
pressure derived from the impact of temperature changes on the dynamic viscosity of ferro-oil, 
mark (c) means corrections from the impact of pressure changes on dynamic viscosity, mark (d) 
means corrections from non-Newtonian properties. 
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4. Conclusions 
 

Analysing particular cases of hydrodynamic pressure distributions and corrections of these 
distributions can be concluded that the use of ferro-oil instead of the base oil as a lubricant in the 
slide journal bearing results in a significant increase in the maximum pressure in the lubrication 
gap. This increase reaches 79% at the highest concentration of 6% of the value relative to the 
pressure calculated for the base oil. It should be noted that these changes result only from the 
action of magnetic members in the Reynolds equation.  

The change in the maximum value of the hydrodynamic pressure correction associated with 
changes in viscosity from temperature is similar to the initial values for the base case of ferro-oil 
lubrication. The relative change in the minimum hydrodynamic pressure depends significantly on 
the concentration of magnetic particles in the ferro-oil. The largest change gradient applies to the 
base oil and low-concentration ferro-oils and decreases with the increase in the concentration of 
magnetic particles.  
 

a) 

 
 

b) 

 

c) 

 

d) 

 
Fig. 1. The hydrodynamic pressure distribution (a) and three corrections of this pressure (b), (c) and (d)  

in the gap of the slide journal bearing lubricated with base oil for relative eccentricity λ = 0.6 
 

The change in the maximum value of the hydrodynamic pressure correction associated with 
changes in viscosity and pressure strongly depends on the lubrication conditions in the bearing. 
Despite the relatively high values of the relative change in the correction of the maximum 
hydrodynamic pressure, their absolute change achieves much lower values than the corrections 
related to temperature changes due to the much smaller value of the small parameter ζp compared 
to the QBr parameter.  

Changes in hydrodynamic pressure corrections related to non-Newtonian properties of 
a lubricating ferro-oil bearing with the concentration of magnetic particles assume negligibly small 
values. In addition, the shape of the pressure correction distribution itself is almost unchanged in 
the aspect of changes in the concentration of magnetic particles in ferro-oil. 
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a) 

 
 

b) 

 

c) 

 

d) 

 
Fig. 2. The hydrodynamic pressure distribution (a) and three corrections of this pressure (b), (c) and (d)  

in the gap of the slide journal bearing lubricated with 2% ferro-oil for relative eccentricity λ = 0.6 
 

a) 

 
 

b) 

 

c) 

 

d) 

 

Fig. 3. The hydrodynamic pressure distribution (a) and three corrections of this pressure (b), (c) and (d)  
in the gap of the slide journal bearing lubricated with 4% ferro-oil for relative eccentricity λ = 0.6 
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a) 

 
 

b) 

 

c) 

 

d) 

 
Fig. 4. The hydrodynamic pressure distribution (a) and three corrections of this pressure (b), (c) and (d)  

in the gap of the slide journal bearing lubricated with 6% ferro-oil for relative eccentricity λ = 0.6 
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