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Abstract: The aim of this study is to consider the effect of pressure on the viscosity of
lubricating oil in the adopted model of hydrodynamic lubrication and on the calculated flow
parameters and operating parameters of a conical slide bearing. The numerical analysis
consisted in solving the Reynolds type equation for the process of stationary hydrodynamic
lubrication.
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Streszczenie: Celem niniejszej pracy jest zbadanie, w jakim stopniu uwzglednienie wptywu
cisnienia na lepkosé¢ oleju smarnego, w przyjetym modelu hydrodynamicznego smarowania,
oddziatuje na obliczane parametry przeplywowe i eksploatacyjne analizowanego
stozkowego lozyska slizgowego. W badaniach wykorzystano znane z literatury rownanie
typu Reynoldsa, okreslajgce proces stacjonarnego hydrodynamicznego smarowania.
Stowa Kkluczowe: hydrodynamiczne smarowanie, tozysko slizgowe, tozysko stozkowe,
lepkosé¢, cisnienie hydrodynamiczne
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1. Introduction

This paper is a part of the authors' research on the hydrodynamic lubrication theory
of slide bearings. The aim of this study is to consider the effect of pressure on the viscosity
of lubricating oil in the adopted model of hydrodynamic lubrication and on the calculated
flow parameters and operating parameters of a conical slide bearing.

The geometry of the conical slide bearing enables the simultaneous transfer of loads
in the axial direction and in the direction perpendicular to the axis of rotation of the shaft.
However, the non-classical geometry makes the equations of the hydrodynamic lubrication
theory a bit more complicated than in the case of a journal bearings. These equations include
terms resulting from the action of centrifugal forces. The model presented in this paper has
already been used in the article [2], concerning the study of the effect of dimensionless heat
flux on the inner surface of the shell. A similar model was used in the work [1], which
concerned the hydrodynamic lubrication of a conical slide bearing with ferro-oil, which was
under the influence of a external magnetic field.

In order to take into account the influence of pressure on bearing lubricating oil
viscosity, the experimental data presented in the paper [4] was used. In papers [1] and [2],
the experimental data were fitted with the curves described by appropriate models, which
determine the effect of temperature, shear rate and pressure on the viscosity of the
lubricating oil, and hence, on the calculated values of the flow and operating parameters of
the conical slide bearings. In this work, the appropriate model coefficients were used on the
basis of [1] and [2]. The obtained values were compared, i.e. those when the influence of
pressure on the viscosity of the lubricating oil was taken into account, with the results when
the viscosity of the lubricating oil was independent of the pressure. The model uses
the Reynolds type equation in the dimensionless form and all calculated values are also
dimensionless. The flow and operating parameters, obtained in simulations and compared,
are as follows:

o dimensionless hydrodynamic pressure distributions,

e axial and radial load carrying capacities,

o friction forces,

o  coefficients of friction.

This study gives important information on whether and when the influence of pressure
on lubricating oil viscosity should be taken into account when designing conical slide
bearings, which can significantly affect their reliability.

2. Bearing model

In Fig. 1 is shown the geometry of the investigated slide conical bearing. The equations
of the mathematical model were written in the conical coordinate system [1, 2].
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Fig. 1. The geometry of concerned slide conical bearing — radial and axial cross-section

The designations are as follows:
e ¢[°] — circumferential coordinate, where: 0° < ¢ < 360°,
e y[m] - radial coordinate of the conical coordinate system,
e x[m] — longitudinal coordinate of the conical coordinate system,
e Ry[m] —journal radius at half length of the bearing,

. Rol[m] — inner radius of the shell at half length of the bearing,

o g m]= RO' —R, —the radial clearance,

e y["] —the angle, which define the conical bearing geometry (for journal
bearings y =90°),

e L[m] — half the length of the conical bearing, measured in the longitudinal
direction x[m],

e  OO'[m] - bearing eccentricity,

e h,[m] - lubrication gap height of the bearing, measured in the direction of the
thickness of the lubricating layer, i.e. in the transverse direction y[m],

e  w[rad/s] —angular velocity of the bearing shaft.

e WIN] - load supported by the bearing.

In this research, the bearing with a full wrap angle was investigated. The following
assumptions and conditions were adopted in the bearing model:
e the bearing operates in steady state,
e the bearing surfaces are smooth, rigid, without deformations,
e the axis of shaft rotation is parallel to the shell axis,
e the hydrodynamic pressure is generated due to the rotation of the bearing shaft
with constant speed w[rad/s],
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the bearing shell is stationary,

the bearing shaft carries a constant load,

vibrations are neglected,

the incompressible flow of non-Newtonian oil is laminar and non-isothermal,

the pressure at the lubrication gap boundaries is equal to atmospheric pressure,
while the end of the lubricating wedge in the circumferential direction is deter-
mined by the Reynolds [1, 2, 3, 5, 7, 8] (Swift — Steiber) boundary condition:

P o, )

e at the bearing shaft and shell surfaces, the components of the velocity of the oil
layer have the same value as the surface to which they adhere,
o the temperature at the bearing shaft surface is constant, while the temperature at
the shell inner surface is unknown.
The hydrodynamic pressure distribution in the lubrication gap was calculated by
the solution of the dimensionless Reynolds type equation [1, 2], which can be written in the
conical coordinate system as:

h,
a L
G)a .([Fmdyl_hpl -

@)
10°p, cosy ® o%p, |t Rewcosy o | f
-2 le N 7ﬂ+_2 le Irddyl_pl ycosy 0 Ichyl 7
® op Ll axl |_l axl 5 Ll axl 5
where:
e y-= % ~10~3 — the relative radial clearance,
0
o A= 0" _ the bearing relative eccentricity,
gS
h, o o . .
e hy, =— —thedimensionless lubrication gap height, defined as:
gS
1+ Acos
hpa(p) = ===, ®)
siny
o y = Y _ the dimensionless coordinate in the direction of the layer thickness,
&
S

where 0<y, <h,
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o X = - the dimensionless coordinate in the longitudinal direction,
where —1<x, <1,

o L= L the dimensionless bearing length,
RO

e  ®=1+Lyx cosy — the dimensionless (simplified) form of the Lame’s
coefficient of conical coordinate system,
p

e p = p_ — the dimensionless pressure, where p[Pa]is a absolute pressure, while
0
Uo’?o (
Ll 4)
Po= Ro‘/’2

e Uy[m/s]=wR, - the velocity value of shaft surface at half of its length,

e 7o[Pa-s] —the characteristic value of dynamic viscosity,

£sUq po
Tlo

e Re= — the Reynolds number,

o po[kg/m3] — the characteristic value of lubricating oil density.
The Eq. (2) also introduces the functions: T, (@, Y1, %) » Ty (@, Y1, %), T (@, Y1, %,) , where
[1,2]:

h,
h, J ]. dy,dy,
[T dy; = °h . ©)
0 1,
J %
h,, h, Y. h,, h,,
'([Fd dy, = '(['([:;_i dy,dy; — _!:Fm dy, _gj;_i dy, |, (6)

h, 2h, h,, h,,

19 0
_[Fc dy, = A .[Fldﬁ_zﬂjrz dY1+®2IF3 dy;, ()
0 ©d) 4 % % 0

while the integrals of functions I3(e, ¥1,%), Ib(@, Y1, %), I3(@, y4,%) are, as follows
[1,2]:
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(10)

The dimensionless oil viscosity 7 [1], present in the above equations, is defined as:

11)

where 77,[Pa-s] is the oil apparent viscosity, generally dependent on temperature, shear
rate and pressure, hence the dimensionless viscosity values were calculated with

the following equation [1, 2]:

(@, Y1, %) = 1y (@, Y1, %) - 1715 (@, Y1, %) 1715 (2, %) -

The factor

Tt (@,

Y1, %) = exp(— or BrToT1)

(12)

(13)

describes the changes in dimensionless viscosity depending on the dimensionless

temperature T,[1]:
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T-T,
Ty Br

T = (14)

where T[K] is dimensional temperature, T,[K] is the reference temperature, while
the Brinkman number [1,2,8]:

2
Br= —UKO T’70 (15)
0'0

and x[W/(m-K)] is a characteristic value of lubricating oil thermal conductivity.

The parameter o7 [K’l] was obtained by fitting the curve described by Eq. (13) to the

experimental data [1, 2, 4].
The three-dimensional distributions of the dimensionless temperature T, [1] in the

conical slide bearing lubrication gap, were calculated in accordance with the following
analytical solution of the energy equation [1, 2, 10]:

cos cos”y

Ti(p, ylnxl)———_[ IAld Y1 0y — Pl 2L’ Re’y j jAz dy, dy;

,  (16)
Zcos 14

plLlReV/J- J.As dy; dy; Lo £
5 K1

where the dimensionless thermal conductivity: x; =x/x, (x[W/(m-K)] is the thermal
conductivity of lubricating oil) and the dimensionless heat flux is defined as:

O =—K1 (17)

A

y,=0

The paper [2] shows the influence of the value of heat flux, which is exchanged between
the oil in the lubrication gap and the inner surface of the shell, on the results obtained with
this model. In these considerations it has been assumed that g =0

In Eq. (16), the following designations were introduced [1, 2, 10]:

2 2

10py Oy _ 0 |, [ 0Py Ty
A ,X —n |y 5| =0, 18
1@, Y1, %) = 771[@6 v, ayl L2 ox oy, (18)
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The factor 7, (¢, y1, %) in Eq. (12) describes the effect of shear rate on dimensionless

viscosity of generalized non-Newtonian oil [1, 2, 8, 9]. The changes in the viscosity
of the lubricating oil were assumed to be consistent with the Cross model, therefore:

Thzero
My (@, Y1, %) = vt (21)
1+ik» 7i 7
7

where 7,,60[1] is the dimensionless viscosity for low shear rates, i.e. when 5 —0s™,
while k;[s] and n,[1] are experimental factors, obtained by fitting the curve described by

Eq. (21) to the experimental data [1, 2, 4].
The shear rate was calculated according to the following relationship [1, 2]:

3 3
Pox)= 2 i (22)

i=1 j=1

where ;?ij [s'l] are the components of the strain tensor [1, 2, 8]:

A =L+L", (23)
for which:
L=grad V, (24)
where
V:?'v¢+]»vyl+f<'vxl (25)

is the lubricating oil velocity vector.
The dimensionless component in the peripheral direction:
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V=2 (26)

Vs = ; (27)

were calculated in accordance with the analytical solutions of momentum conservation
equations [1, 10] (the transverse velocity component v, was neglected):

10

(%) = G ATy O -, (28)
1 op cosy

V3(@, Y1, %) :68_xlrd -pib ReWTFc : (29)

1

The factor 7,(e.%) in Eq. (12) determines the effect of pressure

on the dimensionless viscosity. Due to the simplifications adopted for the thin lubricating
layer, the model omits changes in pressure towards the height of the lubrication gap. It was
assumed, that the viscosity depends on the pressure according to the following relationship
[1, 2]:

hp (@, %) =In(e+35,PoPy) (30)

where e~ 2.718 is the Euler's number and 5p[Pa'l] is an experimental factor, obtained

by fitting the curve described by Eq. (30) to the experimental data [1, 2, 4].

In order to determine whether it is important to consider the influence of pressure
on the viscosity of the lubricating oil in the modelling of hydrodynamic lubrication
of the conical slide bearing, the results obtained using the Eq. (12) and Eq. (30), were
compared with the values obtained, when this effect was neglected, i.e. the equation has a
constant value:

Thp(,%) =1. (31)

The coefficients in Eq. (13), Eq. (21) and Eq. (30) were determined in papers [1, 2]
by fitting the curves described by these equations to the experimental data obtained for
2% ferro-oil, which is not affected by the magnetic field. These results are presented in the
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paper [4]. The fitting of the curves described with these models was made using the least
squares approximation method and the Isqcurvefit package from the Matlab software [1, 2].
The determined values, are:

o Qg =BrT =3.4224[1],

° Qp =01P, = 2.7097[1],
° Thzero = 2.71[1],
« Kk, =0.7129[s] and n,; = 0.1064{1],

for the following reference values:
e T,=363.0[K]
e 7, =0.0263[Pa-s].
Furthermore, it was assumed, that:
o po=950[kg/m®]and p, =1[1],
o kp=0.15[W/(m-K)],
o i =1[1],
¢ the dimensionless constant temperature at bearing shaft surface: T, =1.

The mesh used in the calculationshad the following dimensions:
e 100 elements in the wrap angle direction,
e 50 elements in the bearing length direction,
e 10 elements in the bearing lubrication gap height direction.

The iterative Newton's method [1, 2, 6] has been implemented in order to determine
the pressure distribution in the lubricating gap of the considered bearing. The first
and second derivatives and mixed derivatives were approximated by finite differences.
In the first step, the initial pressure distribution was calculated by omitting the nonlinear
part in Eq. (2) and for the Gumbel (half-Sommerfeld) condition [1, 2, 7, 8], i.e. when

@ =180°. In the next step the Eq. (30) was used to calculate the viscosity changes caused

by pressure changes. The determined pressure distribution was then used to calculate
the temperature distribution with the Eq. (16). In the next step, the influence of temperature
on viscosity was considered by using the Eq. (13) and Eq. (12). Afterwards, the velocity
components were calculated with the Eq. (28) and Eq. (29). The determined values
of the velocity components were used for the calculation of the shear rate distribution,
by using the Eq. (22). Then, the effect of shear rate on viscosity was taken into account
with the Eq. (21). The updated viscosity values were used to determine the pressure
corrections by solution of the Eq. (2) with the iterative Newton's method, and the improved
pressure distribution was determined. This procedure was repeated until the condition for
convergence and residuum was reached, i.e. when both values are less than 1073, Then it
was checked if the Reynold’s condition was met. If not, then the ¢, value of the angle

determining the end of the lubricating wedge location, was increased by Ag, =1". After
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determining the ¢, , the final pressure distribution was calculated under the condition, that
convergence and residuum: < 1078,

The obtained final pressure distribution was used to calculate the transverse C;[1]
(perpendicular to the axis of shaft rotation) and the longitudinal C;, [1] (parallel to the axis

of shaft rotation) dimensionless component of the bearing load carrying capacity, with the
following relations [1, 10]:

2 2
1o, 1o,
Cr = _H p,Ocospsinydedx, | + .” p,@singsinydedx, | (32)
~10 -10
19, 2 (1g 2
Cy = II p,®cospcosydedx, | + jjp1®sin¢c05yd¢dxl : (33)
-10 -10

The dimensionless friction force Fr;[1] was calculated with the following equation [1]:

12z ov 2 12z ov
o M y,=h,, 10 ty,=h,
and the coefficient of friction g, [1] can be calculated as [1, 2, 8]:
JCir®+Cy, 2
— 1T 1L ) (35)

' Fr,

The simulations were carried out for the bearing with y =107°[1], for the
dimensionless bearing lengths: L, =0.5, L =1.0, L =15, at relative eccentricities:
A=0.1-0.9, every0.1.

3. Results

The simulation results were compared for the case, when the model takes into account
the effect of dimensionless pressure on dimensionless viscosity, by substituting the Eq. (30)
to Eqg. (12), with the calculation results, for which the effect of dimensionless pressure
on lubricating oil dimensionless viscosity is neglected, i.e. when in the Eq. (12), the Eq. (31)
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is substituted. The results for the case, where the pressure effect was included, are marked
in the charts legend as: #(T;,y, p;), while the results for the case where the influence of

pressure on viscosity of the lubricating oil were neglected, were marked as: #(T;,7).

In Fig. 2 is shown the comparison of dimensionless pressure distributions in the
lubricating gap: a) in the cross section, and b) in the longitudinal section, at the point of
maximum dimensionless pressure p,,,.. , for a bearing with dimensionless length L, =0.5

and the lowest tested value of relative eccentricity A=0.1.

a) b

Fig. 2. The comparison of dimensionless pressure distributions p; in the lubricating gap: a) cross
section, b) longitudinal section, at the point of maximum dimensionless pressure Py, , for
a bearing with dimensionless length L; =0.5 and the relative eccentricity 4 = 0.1

The changes in the obtained values of dimensionless pressure in the lubricating gap in
this case are irrelevant. The situation becomes quite different as the value of the relative
eccentricity increases. In Fig. 3 is shown the comparison of dimensionless pressure
distributions in the lubricating gap: a) in the cross section, and b) in the longitudinal section,
at the point of maximum dimensionless pressure p;,,., , for a bearing with dimensionless

length L, =0.5 and the relative eccentricity 4 =0.5.

a) b)

Fig. 3. The comparison of dimensionless pressure distributions p; in the lubricating gap: a) cross
section, b) longitudinal section, at the point of maximum dimensionless pressure Py, , for
a bearing with dimensionless length L; = 0.5 and the relative eccentricity 4 = 0.5
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In Fig. 4 is shown the comparison of dimensionless pressure distributions
in the lubricating gap: a) in the cross section, and b) in the longitudinal section, at the point
of maximum dimensionless pressure p,,.,. for a bearing with dimensionless length

L, =0.5 and the relative eccentricity A=0.9.

a) b)

Fig. 4. The comparison of dimensionless pressure distributions p; in the lubricating gap: &) cross
section, b) longitudinal section, at the point of maximum dimensionless pressure py ., , for
a bearing with dimensionless length L; = 0.5 and the relative eccentricity 4 = 0.9

The comparisons of the calculated pressure distributions show, that taking into account
the influence of pressure on the viscosity of the lubricating oil becomes more important for
the cases, where the pressure generated in the lubricating gap is greater. In Fig. 5 is shown
the comparison of: a) maximum dimensionless pressure p,,..,, b) mean dimensionless

pressure p,, in the lubrication of the bearing with dimensionless length: L; =0.5,
depending on the relative eccentricity 4.

a) b)

Fig. 5. The comparison of: a) maximum dimensionless pressure py,,,, , b) mean dimensionless
pressure py, , in the lubrication gap of the bearing with dimensionless length: Ly = 0.5, for

the considered relative eccentricities A
The effect of taking into account pressure changes on the viscosity of the lubricating oil
becomes noticeable at relative eccentricities of 4=0.7 and greater. The same nature
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of the curves and the differences between them can be observed in the case of the transverse
C;r and the longitudinal C;; dimensionless components of the bearing load carrying

capacity, presented in Fig. 6.

a) b)

Fig. 6. The comparison of: a) transverse C;7, b) longitudinal C;;, dimensionless components of the
bearing load carrying capacity, of the bearing with dimensionless length: L; =0.5, for the

considered relative eccentricities A
Figure 7a shows the calculated values of dimensionless friction force Fr;, while in

Fig. 7b are shown the values of friction coefficient y, , defined by Eq. (35).

a) b)

Fig. 7. The comparison of the calculated: a) friction force Fr, b) friction coefficient
Hy of the bearing with dimensionless length: L; =0.5 and the considered relative
eccentricities A

The results for the bearing with dimensionless length L, =0.5 show, that taking into
account the influence of pressure on the viscosity of the lubricating oil is important for large
relative eccentricities, i.e. 1 =0.7 and greater, which can be considered as extreme values
of the relative eccentricities of the hydrodynamic bearing operation. The differences

in the values of the friction coefficient in the adopted scale are irrelevant, however, they
will even reach 26%, which will be shown later in this paper.
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In Fig. 8 is shown the comparison of: a) maximum dimensionless pressure p; ... ,
b) mean dimensionless pressure p,,, in the lubrication of the bearing with dimensionless
length: L, =1.0, depending on the relative eccentricity 1.

The transverse C;; and the longitudinal C;; dimensionless components of the
bearing load carrying capacity of the bearing with dimensionless length: L; =1.0,

depending on the relative eccentricity 4, are presented in Fig. 9, while Fig. 10 shows the
calculated values of dimensionless friction force Fr; and the values of friction coefficient.

a) b)

Fig. 8. The comparison of: a) maximum dimensionless pressure py,,,, , b) mean dimensionless
pressure p,, , in the lubrication gap of the bearing with dimensionless length: L; =1.0, for
the considered relative eccentricities 1

a) b)

Fig. 9. The comparison of: a) transverse C;7, b) longitudinal C;, dimensionless components of the
bearing load carrying capacity, of the bearing with dimensionless length: Ly =1.0, for the
considered relative eccentricities 4
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a) b)

Fig. 10. The comparison of the calculated: a) friction force Fr, b) friction coefficient My

for bearing with dimensionless length: L; =1.0, and for the considered relative

eccentricities A
In the case of a bearing with dimensionless length L, =1.0, higher values

of dimensionless pressure, generated in the lubrication gap, are observed, than for a bearing
with dimensionless length L = 0.5, therefore taking into account the influence of pressure
on the viscosity of the lubricating oil becomes more significant and is already noticeable
at A=0.60reven 1=0.5, which corresponds to the values of relative eccentricities more
similar to those found in practice under normal operating conditions of slide bearings.

Tab. 1 shows the relative changes of the calculated values, where the value obtained
when considering the influence of pressure on the viscosity of the lubricating oil has been
compared to the value when the influence of pressure on viscosity was neglected, according
to the formula:

(X7 ., = %1.5)

.7

1

OX = 100% , (36)

where:
o  JX[%] - calculated relative change in value,

e Xg;p —the considered value if the influence of pressure on viscosity of the

lubricating oil is taken into account,
e Xy ; —the considered value when the influence of pressure on viscosity of the

lubricating oil is neglected.
The relative changes in the values shown in the Tab.1 are for the bearings with
dimensionless lengths of: L, =0.5, Ly =1.0 and L; =1.5. The minus sign signifies a

decrease in the considered value Xy ; , , in relation to the reference value Xy ;.
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Table 1
The relative changes of the calculated values (calculated according to Eqg. (36))
Ly [1] A | Py 106 | Spy L[] OC7 [%] IC;, [%] OF K [%] St [%]
0.1 0.3 0.7 0.2 0.2 -0.4 -0.6
0.2 0.7 0.4 0.5 0.5 0.1 0.4
0.3 1.3 1.3 0.9 0.9 -0.2 -1.0
0.4 2.1 1.2 1.3 1.3 0.2 -1.1
0.5 0.5 3.5 1.9 21 2.1 0.3 -1.8
0.6 6.0 3.3 3.6 3.6 0.5 -2.9
0.7 11.3 6.1 6.6 6.6 1.0 5.2
0.8 25.4 14.5 14.8 14.8 2.9 -10.4
0.9 79.6 46.1 47.6 47.6 9.4 -25.9
0.1 1.0 0.6 0.7 0.7 0.1 -0.6
0.2 2.2 1.3 1.5 1.5 0.2 -1.2
0.3 3.7 2.2 2.4 2.4 0.4 -2.0
0.4 5.7 3.3 3.7 3.7 0.6 -3.0
1.0 0.5 8.7 5.0 5.5 5.5 0.9 -4.4
0.6 13.6 7.6 8.5 8.5 1.4 -6.5
0.7 23.0 12.6 14.0 14.0 2.5 -10.1
0.8 44.1 24.0 26.6 26.6 5.0 -17.0
0.9 109.7 63.1 68.8 68.8 13.6 -32.7
0.1 1.6 0.9 1.1 1.1 0.1 -0.9
0.2 3.4 2.0 2.3 2.3 0.3 -1.9
0.3 5.6 3.3 3.8 3.8 0.6 3.1
0.4 8.5 4.9 5.6 5.6 0.9 -4.4
1.5 0.5 12.6 7.1 8.1 8.1 1.4 -6.2
0.6 18.7 10.0 11.6 11.6 1.4 9.1
0.7 30.9 16.7 19.0 19.0 3.6 -12.9
0.8 56.6 30.2 34.5 34.5 7.0 -20.5
0.9 125.7 74.0 82.7 82.7 17.8 -35.5

For the greater dimensionless bearing lengths and greater values of relative
eccentricity, the greater values of dimensionless pressure in the lubricating gap are obtained,
therefore taking into account the influence of pressure on the viscosity of the lubricating oil
is more important. The relative changes in the transverse and longitudinal components of
bearing load carrying capacity, of course, are the same in each case, thus the relative
changes of the resultant load carrying capacity will be equal to them. For a bearing with a
dimensionless length of L, =1.5, already at 4 =0.5, the relative changes of components

of bearing load carrying capacity values exceed 8%.

Taking into account the influence of pressure on the viscosity of the lubricating oil
causes relative increases in the calculated values of the bearing load carrying capacities,
which are greater than the relative increases in the values of the friction force, hence there
is a reduction of the calculated values of the friction coefficient.
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4, Summary

The results presented in the paper show, that in some cases, taking into account the
influence of pressure on the viscosity of the lubricating oil is crucial in modeling
of the hydrodynamic lubrication of a conical slide bearing, and this is all the more
important, the higher are the values of the dimensionless pressure generated in the bearing
lubrication gap. The greater the dimensionless length of the bearing and the greater the
relative eccentricity, the higher the dimensionless pressures in the lubricating gap, so
considering the effect of pressure on viscosity also gives greater relative changes.

In this research it was assumed that the considered oil properties, in particular, its
viscosity and its dependence on temperature, shear rate and pressure, are the same as the
properties of 2% ferro-oil presented in paper [4]. This ferro-oil is characterized by quite
high viscosity values compared to other, more popular engine oils, therefore in this work
the influence of taking into account the dependence of oil viscosity on pressure in the
simulations could be clearly visible, thus, the research will be continued in order to verify
and evaluate the impact of taking into account changes in oil viscosity as a function
of pressure, for classic oils with relatively lower viscosity values, on conical bearing
hydrodynamic lubrication simulations results. Moreover, new models will be searched for
determining changes in oil viscosity as a function of pressure.

The adopted hydrodynamic lubrication model can be used for the steady state
lubrication of the conical slide bearings, when a constant temperature and heat flux
at bearing shaft surface are known. Particular difficulties in modeling may be caused by the
unknown value or distribution of the heat flux transferred from the oil in the lubricating gap
to the inner surface of the shell. In the paper [2] was shown the influence of the value of heat
flux at the inner surface of the shell, on the results obtained with this model. In these
considerations it has been assumed that g, =0, which would mean that the heat generated

in the lubrication gap due to viscous heating does not flows out thorough the shell. In
general, it can be expected that the heat flows through the shell from the lubrication gap, so
the temperature of the oil is actually slightly lower, thus taking into account the influence
of pressure on the viscosity of the oil in this case would be even more significant. Of course,
the greater viscosity causes the more heat generation in the lubricating oil, thereby reducing
its viscosity, thus reducing the viscous heating again. It is difficult to determine the final
effect and values of the flow and operating parameters in such a case, without further
testing, therefore such considerations are also the purpose of subsequent works.

The main conclusions of this research are as follows:

e pressure, as well as temperature and shear rate, affects the viscosity
of the lubricating oil, therefore taking into account the effect of pressure may
be important in modeling the hydrodynamic lubrication of slide bearings,

e the greater the dimensionless pressures generated in the lubricating gap, the more
important it is to take into account the influence of the pressure on the viscosity
of the lubricating oil,
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e with relatively low dimensionless bearing lengths, taking into account
the influence of pressure on viscosity is crucial at extremely high values of relative
eccentricity, for greater dimensionless bearing lengths, this influence is significant
already at smaller, more similar to the actual values of relative eccentricity,

at which the bearings usually operate.

In this work, the use of analytical solutions of simplified equations of momentum
and energy causes, that, there is no need to numerically solve systems of equations, in order
to determine the components of velocity vector and temperature values. This significantly
reduced the computer memory usage and the calculation time, because due to the fact that
the mesh had 100 elements in the direction of the wrap angle and 50 in the direction
of the bearing length, a matrix with [100x50]x[100x50] elements was created and inverted
the calculations in each calculation step. The lubricating gap was also divided into
10 elements in the direction of its height, but in this case the values of temperature,
the components of oil velocity vector and shear rate were determined using the analytical

solutions.
5. References

1. Czaban, A., Analiza hydrodynamicznego smarowania ferroolejami stozkowego
lozyska §lizgowego, PhD thesis, Gdynia Maritime University, Gdynia, 2019.

2. Czaban, A., Miszczak, A., Simulations of the influence of the heat flux at the shaft
surface of the conical slide bearing on its hydrodynamic lubrication and operating
parameters, Journal of KONES, Vol. 26, No. 4, Warszawa, 2019, pp. 29 — 37.

3. Flores, P., Ambroésio, J., Claro, J.C., Lankarani, H., Koshy, C., Lubricated revolute
joints in rigid multibody systems, Nonlinear Dynamics, 56, 2009, pp. 277-295.

4, Frycz, M., Wplyw stezenia czgstek magnetycznych w ferro-oleju na parametry
przeptywowe i eksploatacyjne poprzecznych tozysk §lizg., PhD thesis, Gdynia
Maritime University, Gdynia, 2018.

5. Gohar, R., Elastohydrodynamics, Imperial College Press, Singapore, 2001.

6. Kelley, C. T., Iterative Solution of Systems of Linear and Nonlinear Equations,
Philadelphia, Society for Industrial i Applied Mathematics, 1995.

7. Miszczak, A., Analiza hydrodynamicznego smarowania ferrocieczg poprzecznych
tozysk slizgowych, Fundacja Rozwoju Akademii Morskiej, Gdynia, 2006.

8. Miszczak, A., Analiza hydrodynamicznego smarowania tozysk $lizgowych
cieczami 0 wiasciwosciach nienewtonowskich, Wydawnictwo Naukowe Instytutu
Technologii Eksploatacji — PIB, Gdynia, Radom, 2019.

9. Schramm, G., Reologia. Podstawy i zastosowania, Osrodek Wydawnictw
Naukowych, Poznan, 1998.

10. Wierzcholski, K., Miszczak, A., Mathematical principles and methods of biological

surface lubrication with phospholipids bilayers, Biosystems, Vol. 178, 2019,

pp. 32 - 40.

277






