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Chapter

The Multiphase Flow CFD
Analysis in Journal Bearings
Considering Surface Tension and

Qil-Filler Port Flow

Masayuki Ochiai, Fuma Sakai and Hiromu Hashimoto

Abstract

This chapter presents the multiphase computational fluid dynamics (CFD)
analysis on oil-lubricated high-speed journal bearings considering the oil-filler port.
Journal bearings are widely used for high-speed rotating machinery such as tur-
bines, compressors, pumps, automobiles, and so on. They can support the rotating
shaft utilizing the oil lubrication film wedge effects used in the bearing clearance.
Previously, in the analysis of journal bearings, which clearance is very narrow
compared with shaft diameter, the Reynolds equation has been used on journal
bearing analysis because of its applicability on the narrow space calculation and its
low calculation cost. However, the gaseous-phase area generated in the journal
bearing and the effect of oil-filler port cannot be reproduced accurately using the
method. Under these backgrounds, some researchers use the CFD analysis to calcu-
late the journal bearing characteristics in recent years. In this chapter, the authors
describe the multiphase flow CFD analysis on journal bearing based on our previous
studies . At first, the multiphase CFD calculation model on journal bearing and the
experimental method are explained. Then, four types of calculation results under
flooded and starved lubrication conditions are compared to the experimental ones.
Additionally, the effect of surface tension on journal bearing characteristics is
discussed. Finally, the CFD thermal analysis results under two types of supply oil
conditions are shown.

Keywords: journal bearing, multiphase flow analysis, oil-filler port, cavitation,
temperature, stability

1. Introduction

High-speed rotating machinery such as compressors, pumps, gas turbines, and
automobiles is used all over the world [1, 2]. Oil-lubricated journal bearings are used
widely as a support element of high-speed rotating shafts for reducing friction,
enhancing the rotating accuracy. On the journal bearing, many researchers and
engineers have been interested in the gaseous phase generated in the bearing
clearance, and they tried to predict the existence of the gaseous phase because the
bearing characteristics are strongly affected by the gaseous-phase areas. For
example, Hashimoto and Ochiai clarified the stability characteristics under starved
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lubrication both theoretically and experimentally, and they propose a stabilization
method utilizing the starved lubrication [3]. Furthermore, Naruse and Ochiai have
experimentally studied the relation between gaseous-phase area and temperature
distribution [4]. However, these observations have not been theoretically investi-
gated [5], because the calculation method for the detailed gaseous-phase area has
not been proposed. In addition, in actual bearing systems, if the lubricant is not able
to supply the bearing sufficiently, it means there are starved lubrication condition
and also a high possibility of serious erosion damage or serious seizure on the
bearing surfaces. Therefore, it is believed that predicting the gaseous area in journal
bearings is very important.

Generally, to analyze the oil-lubricated journal bearing, the Reynolds equation is
used, and the half-Sommerfeld condition or the Swift-Stieber condition has been
applied [6, 7] in determining the gaseous areas for the Reynolds equation. However,
in these models, it is assumed that the negative-pressure areas exist only in the gas
phase and there is no oil in the bearing clearance area. Therefore, the flow-rate
conservation does not hold in the calculations. As a more advanced method, Coyne
and Elrod’s condition [8, 9] is used. This model assumes oil-film rupture calculates
the surface tension between the oil film and gaseous phase which is ignored in the
half-Sommerfeld or the Swift-Stieber conditions. However, it is impossible to esti-
mate the cavitation area of the entire journal bearing including the oil-filler port.
Therefore, boundary condition models that consider the cavitation have been stud-
ied. For example, Ikeuchi and Mori have analyzed the oil-film cavitation areas while
using the modified Reynolds equation [10, 11]. In this method, the two-phase flow
is considered as an averaged single-phase flow of oil and gas. However, in the case
of high eccentricity ratio and starved lubrication condition, they did not conduct
the experimental verification with the cavitation area. On the other hand, consid-
ering the finger-type cavitation, analytical methods have been proposed by
Boncompine et al. [12] and Hatakenaka et al. [13]. However, the estimations of the
variation of the gaseous-phase area against the changing of amount of oil lubricant
have not been able to for bearing engineers or researchers. Furthermore, it is
reported by Hashimoto, Ochiai, and Sakai that the oil-filler port and supply oil
quantity affect the journal bearing characteristics [14, 15]. However, the internal
flow of the oil-filler port has not been mentioned specifically. Therefore, a different
approach is required to analyze the journal bearing while considering the internal
flow of an oil-filler port.

The computational fluid dynamics (CFD) treating a two-phase flow has been
proposed [16] recent years. The volume of fluid (VOF) method has the advantage
of convergency and calculation times comparing with other methods [17]. More-
over, the VOF method also has the merit of reproducibility of slag flow in journal
bearings. Therefore, there are some studies treating a two-phase flow CFD analysis
utilizing the VOF method. For example, Zhai et al. and Dhande et al. [18, 19]
studied the effect of vapor pressure and rotational speed on the gaseous-phase area
of a journal bearing.

However, the experimental verifications have not been done in this study. On
the other hand, a combination of the Reynolds equation and CFD analysis consid-
ering the two-phase flows was reported by Egbers et al. [20]. Furthermore, the
gaseous-phase area in the oil-filler port and the opposite load side that was obtained
by the analytical method in this study have been compared with that obtained in the
experimental results. However, the analytical results cannot precisely produce the
gaseous-phase scale and shape, because the influence of the surface tension has not
been calculated.

In this situation, the authors have tried to reproduce the gaseous-phase area on
both the bearing surface and the oil-filler port in a small-bore journal bearing under
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the flooded and starved lubrication conditions while using a CFD model. Further,
effects of VOF, surface tension, and vapor pressure of the setting condition were
studied, and these analytical results were compared with the experiment, and the
applicability was verified. Then, the authors considered the influence of surface
tension on journal bearing from the Weber number, W,. Furthermore, thermal
analysis results under two types of supply oil conditions are shown. The effect of
supply oil on bearing temperature characteristics was discussed from the results of
calculation and experimental results.

2. Theory and calculation model

As mentioned above, the VOF method has some advantages of calculation cost,
convergency, and easy to handle compared with other methods [21-24]. Therefore,
the authors selected the VOF method, and actually ANSYS FLUENT 15.0 is used in
this study. The used methodology is explained below.

2.1 Governing equations
Instead of the Reynolds equation, we applied the Navier-Stokes equation con-

sidering the surface tension to the journal bearing analysis in this study. The mass
conservation equation and the momentum equation are shown as follows:

V-u=0 1)

Pl ot

a_> — — — — —
e V(u u)] = —Vp +uVu +pg + (VG+07n>5int (2)

where p is the fluid density, u velocity vector, p fluid pressure, u fluid viscosity,

pg gravitational force, o surface tension, 7 normal vector, y curvature of the
boundary surface, and 6;,; Dirac’s delta function.
Moreover, Vis a differential operator, defined by

0 0 0
V:<&,6,£> (3)

In this VOF calculation model, the fluid density and fluid viscosity are expressed
as follows:

p="Fp +(1-F)p, (4)
p="Fu + (1—F)u, ©)

where F is the volume fraction and subscription 1 means oil and 2 means gaseous
phase.

This CFD analysis can analyze the internal flow of an oil-filler port with the
bearing clearance simultaneously because the inertia term is considered in the basic
equation.

On the other hand, the energy equation is shown as follows:

pey [ﬁvm] = VT +S), + (mvzﬁ) (6)
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where ¢, is the specific heat and 4 thermal conductivity. Moreover, the second
term in the right side means the volume heat term and the third term in the right
side means the viscous dissipation term.

2.2 Surface tension and cavitation model

To consider the effect of surface tension, the continuum surface force (CSF)
model proposed by Brackbill et al. [25] was used as the surface tension model

implemented in FLUENT out-of-the-box. The last term of (Va + ayﬁ) Sine in Eq. (2)

represents the surface tension. In Brackbill et al.’s CSF model, the effect of surface
tension is included as the surface tension term in the Navier-Stokes equation.

In addition, the cavitation model proposed by Schnerr and Sauer [20] was also
used. The equation for the volume fraction of fluid is as follows:

9 _ Pp DF

dt(sz) + V(Fpy) = » Dt (7)
The vapor volume fraction ? is related to the number of bubbles 7, per unit

volume of liquid and bubble radius R, as shown in the following equation:

ny %ﬂ'Rhg
BT (®)
1+ n, 3 7Ry,

where 7, is the number of bubbles which was set as 10" in this study.

While considering the vapor pressure, the volume of air that is dissolved in oil
expanded caused by a negative pressure which was observed in the journal bearing.
Therefore, the vapor pressure was set to zero in this study. Moreover, the flow is
laminar, and the analysis was conducted in a steady-state condition.

2.3 Calculation model

Figure 1 depicts the outline of a bearing treating in this study. We chose a full
circular-type journal bearing in this study. The upper position of the bearing is
provided with an oil-filler port, allowing the lubricating oil to flow into the bearing
clearance by using gravity. Table 1 lists its major dimensions. This model is one of
the typical bearings for a small-size rotating machinery.

The model of bearing CFD calculation in this study is depicted in Figure 2. The
bearing clearance with oil-filler port and oil-supply groove were set as flow calcu-
lation regions. The symmetrical configuration against the bearing center is used in
reducing the calculation cost. The clearance around the minimum part contains

Oil filler port

Journal

Figure 1.
Geometry of the test journal bearing [1].
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Diameter (D) [mm] 25.0

Length (L) [mm] 14.5

Clearance (C,) [mm] 0.125

Width-diameter ratio (L/D) 0.58

Diameter of oil-filler hole (D,) [mm] 8.2
Table 1.

Specifications of bearing.

Inlet

Qil filler port QOil filler groove

Boundary of symmetry

Stationary wall
Bearing surfac

Moving wall  Computational grid
X(Shaﬁ (Shaft surface)

Computational grid x ¢

(Shaft surface)

Figure 2.
Calculation model of the journal bearing [1].

Multiphase model Volume of fluid
Calculation procedure Implicit method
Calculation conditions Vaporization pressure (P,) [Pa] 0
Surface tension (S) [N/m] 0.04
Fluid property Density (p) [kg/m’] Oil 860
Air 1.23
Viscosity (u) [Pa-s] Oil 0.019
Air 175 x 10 >
Thermal conductivity (f), [W/m-K] 0il 0.13
Air 0.024
Specific heat (Cp), J/kg-K oil 19.5x 10 *
Air 10.1x 10 *
Table 2.

Calculation conditions.

six-layer grids in the direction of the bearing clearance. The total mesh number
under flooded and starved lubrication conditions were 64 x 10° and 18 x 10°,
respectively. The confirmation of mesh size was conducted, and enough calculation
results were obtained as a pre-test study.

Table 2 shows the calculation conditions. The tension between oil and air was
also considered while performing the calculations. The vapor pressure is set zero the
same as the ambient pressure. Because, in this study, the side of the bearing and side



Computational Fluid Dynamics Simulations

of the oil-supply groove are open to the outside, the outside gas is easy to flow into
the bearing and easy to generate the gaseous-phase cavitation at the position of
negative-pressure generation. The surface tension was set to 0.04 N/m, which was
measured while using the du Noily method (ASTM 971-50).

3. Experiment setup and experimental method

The schematic of the experimental test rig is depicted in Figure 3. This rig
consists of a rotor installed at its center and a rotating shaft supported by two
bearings on its left- and right-hand sides. The right one is the test bearing for
visualizations. It is manufactured while using transparent acryl, which allows us to
observe the formation of the oil film and the generation of the gaseous phase. The
shaft is driven with a DC motor that can control the rotational speed continuously
by an inverter. The displacements in the horizontal and vertical directions of the
journal are measured with eddy current-type proximity probes. The lubricating oil
is supplied from the oil tank positioned on the top of the bearing through a control
valve. The leaking oil from the side end of the bearing is returned using the pump.
The VG22 oil is used and the oil temperature in the oil tank is fixed to 40°C with a
heater.

In this study, we also conducted the measurement of temperature distribution in
the journal bearing clearance using sheathed thermocouples. Figure 4 shows the
positions of the thermocouples in the bearing. Two lines of bearing centerline and
halfway between the center and side end of the bearing are installed, and they are
positioned 45° apart on the bearing’s circumference. Moreover, the thermocouples
were only installed on one side of the bearing in order to be able to visualize the
gaseous phase in the bearing clearance at the same time. It was found in the
previous experiments that the temperature measurement error was almost negligi-
ble in the case of the obliquely installed thermocouple. The thermocouples were
secured by feedthroughs, and oil leakage through the insertion hole was prevented
by applying a sealant. As the experimental method, the temperature of the supplied
oil was fixed at 40°C, while the rotating speed of the shaft was increased to
7500 rpm. Moreover, the ambient temperature was fixed at 25°C. In this study, the
temperature in the bearing clearance was measured under two kinds of supply oil
conditions.

Eddy-current | Opposite
type pro};qrruty wedge side
robe
’ Oil tank
i Oil flow 4

Rotating shaft ol control valve

T .

Wedge sid est bearing

\

Oil filler port
Coupling p—— \IElE/_ Ci

Pum
........... J--F=-[®--4 P

Rotor/

Qil retaining bearing

Figure 3.
Geometry of an experimental test rig ([1] partially modified).



The Multiphase Flow CFD Analysis in Journal Bearings Considering Surface Tension and Oil...
DOI: http://dx.doi.org/10.5772/intechopen.92421

Fixing tool Thermocouples Thermocouples

180° 14.5mm | il

Figure 4.
Positions of thermocouples [2].

4. Results and discussions
4.1 Gaseous-phase area reproducibility
4.1.1 Under flooded lubrication conditions in the journal bearing

In this study, four types of calculations were calculated to clarify the effects of
vapor pressure and surface tension. Results of (i) analysis of the volume fraction F
distribution of oil and (ii) experimental visualization under flooded lubrication
conditions are depicted in Figure 5. The red color in Figure 5(i) indicates the phase
of complete oil, whereas the blue color indicates that of complete gas. Further, the
solid and dotted black lines perpendicular to the circumferential direction of the
bearing indicate the maximum and the minimum clearance, respectively. The 0°
means the position of the most upper part of the bearing and the oil-filler port of the
bearing exists at this position. The black arrow means the rotational direction and,
consequently, the main flow direction of lubrication oil is the same.

In this study, we have presented the results for the surface of the rotating shaft.
Moreover, in Figure 5(ii) of the experimental result, the yellow areas represent the
gaseous phase, and the remaining areas indicate the oil film. The conditions of these
calculations and experiment are as shown below. The rotational speed was
n = 3500 rpm. The volume of oil supply was g = 2.6 cm?/s, the eccentricity ratio
e = 0.54, and the attitude angle ¢ = 72.9°. These values are based on the
experimental result.

In the case of VOF and VOF with surface tension as shown in Figure 5(i-a, i-b),
the volume fraction around the side end of the bearing decreases between 270° and
135°, and the volume fraction of the remaining area is approximately 1, which
means complete oil. Around the oil-filler port, the volume fraction is most
decreased. In the case of VOF with vapor pressure as depicted in Figure 5(i-c), the
volume fraction around the side end of the bearing slightly decreases between 300
and 100°. The range of the volume-fraction decrease in this case is smaller than that
observed in the case of VOF alone or in the case of VOF with surface tension. On the
other hand, in the case of VOF with vapor pressure and surface tension as shown in
Figure 5(i-d), the volume fraction around the bearing side end is approximately 1
between 300 and 0°. This tendency is quite different from other cases. Moreover,
between 0 and 135°, the value of volume fraction decreases, and the decreased area
which means the gaseous-phase area is wider than that of VOF with vapor pressure
shown in Figure 5(c-1). The tendency found in Figure 5(i-d) of the gaseous-phase
area is also found in the experiment. Therefore, it is concluded that Figure 5(i-d) is
in good agreement with the experiment compared with the other cases.
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0il volume fraction

0
180° 225° 270° 315° 0° 45° 90° 135° 180° 180° 225° 270° 315° 0° 45° 90° 135° 180°
I I P —_— | | I [ R —

1 ) (s
Wedge side Opposite wedge side Wedge side Wedge side Opposite wedge side Wedge side
> >
(i-a) VOF (i-b) VOF with surface tension
180° 225° 270° 315° 0° 45° 90° 135° 180° 180° 225° 270° 315° 0° 45° 90° 135° 180°

Wedge side Opposite w;dge side Wedge side Wedge side Opposite wedge side Wedge side
> >
(i-c) VOF with vapor pressure (i-d) VOF with vapor pressure and surface tension
(1)

180° 225° 270° 315° 0° 45° 90° 135° 180°
| [—

" 0l film Gaseou s-phase
(i)

Figure 5.
Comparison of calculation and experimental results under flooded lubrication conditions ([1] partially
modified). (i) Calculation results and (ii) Experimental vesult.

4.1.2 Under starved lubrication conditions in the journal bearing

The calculation results of oil volume fraction and experimental visualization
result under starved lubrication conditions are depicted in Figure 6. Further, the
volume of oil supply under this condition was g = 0.5 cm?/s, the eccentricity ratio
was ¢ = 0.76, and the attitude angle was ¢ = 71.5°.

From these results, it is found that the volume-fraction distribution and gaseous
area under starved lubrication differ from the results under flooded lubrication. In
the case of VOF, the volume fraction as shown in Figure 6(i-a) is one which means
a complete oil phase at the minimum clearance of 180°, and the range of the
decrease of volume fraction increases for the remaining ranges. In a wide range of
around the side end of the bearing, the volume fraction decreases compared to that
of the flooded lubrication conditions.

In Figure 6(i-b), in the case of VOF with surface tension, a similar tendency is
observed in the case of VOF. In contrast, from Figure 6(i-c), the volume fraction
increases at the side end of the opposite wedge side, and the volume fraction
between 0 and 130° decreases at a greater rate than that observed in the cases of
VOF and VOF with surface tension. Further, the volume fraction of the opposite
wedge is observed to moderately decrease between 180 and 295°.

On the other hand, in the case of VOF with vapor pressure and surface tension
shown in Figure 6(i-d), the different tendency is observed. The volume fraction in
the vicinity of bearing centerline and side end decreases from 270 to 0°, and
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0il volume fraction

0
180°  225° 270° 315° 0° 45° 90° 135° 180°  180° 225° 270° 315° 0° 45° 90° 135° 180°

Wedge side Opposite wedge side Wedge side Wedge side Opposite wedge side Wedge side

Lol L
(i-a) VOF (i-b) VOF with surface tension
180° pp50 270° 315°  0°  45° 90° 135° 180° 180° 225° 270° 315° 0° 45° 90° 135° 180°

Wedge side Oppogiae wedge side Wedge side Wedge side Opposite wedge side Wedge side
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(i-c) VOF with vapor pressure' (i-d) VOF with vapor pressure and surface tension

(1)
180° 225° 270° 315° 0° 45° 90° 135° 180°
I N S A N A M

Qil film (.:vaseousﬁphase
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(i)

Figure 6.
Comparison of calculation and experimental results under starved lubrication conditions ([1] partially
modified). (i) Calculation vesults and (ii) Experimental vesult.

between them, striped bands of oil are observed. Additionally, the volume of frac-
tion in the vicinity of the bearing center between 0 and 120° is zero, and this range
is observed to be the full air phase. From the above results, it is found that the
gaseous phase changes before and behind of oil-filler port.

In the case of VOF with vapor pressure and surface tension as shown in
Figure 6(i-d), the tendency of the gaseous-phase area is in good agreement with
that of the experiment shown in Figure 6(ii). On the other hand, other calculation
results which are shown in Figure 6(i-a—c) are very different from the experiment.
The differences are more clear than the case of the flooded lubrication condition.
Therefore, it is important to consider both vapor pressure and surface tension in the
case of starved lubrication conditions especially. From these results, we were
interested in the oil-film rupture shape at the end of the wedge side in the case of
starved lubrication conditions as shown in Figure 7.

Figure 8 depicts the calculation and experimental visualization results of the oil-
film rupture under starved lubrication conditions. It is found that the volume
fraction near the moving shaft surface is one, and the value is decreasing gradually
as approaching the bearing surface in the case of VOF with vapor pressure, as
shown in Figure 8(i-a). This tendency is the same as the model of the Coyne and
Elrod which define the gas-liquid boundary between the bearing gap. However, in
this case, the strong fluctuation is found between the boundaries of the volume
fraction.
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Shaft

Bearing

Cavitation \

0il
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," ‘ Interface
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Figure 7.
Oil-film rupture position.
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Figure 8.
Calculation and experimental vesults of the oil-film rupture under starved lubrication [1]. (i) Comparison of
calculations and (ii) Experimental visualization result.

In the case of VOF with vapor pressure and surface tension as shown in Figure 8(i-b),
a two-phase flow exhibits a similar tendency as that exhibited by VOF with vapor
pressure shown in Figure 8(i-a). However, the interface between the oil film and
gaseous phase is smoothly curved with an increase in clearance. From these results, it is
confirmed that our proposed 3D CFD calculation model considering the vapor and the
surface tension can reproduce the oil-gas boundary and it is in good agreement with the
experiment shown in Figure 8(ii).

4.2 Inner flow difference on the oil-filler port

From the abovementioned results, we focused on the inner state of the oil-filler
port, because the gaseous area around the oil-filler port including the supply groove
was large especially under the starved lubrication conditions.

Figure 9 depicts the results at a cross section of the oil-filler port in the case of
under flooded lubrication conditions of Figure 9(a) and under starved lubrication
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Figure 9.
Results of inner flow on the oil-filler port [1].

conditions Figure 9(b). Figure 9(i) indicates the calculation results in volume
fraction, Figure 9(ii) indicates the calculation results in velocity distribution, and
Figure 9(iii) indicates the experimental visualization results. These figures depict
the view from the front. The dash-dotted lines indicate the surface of symmetry.

From Figure 9(i-a), under flooded condition, the oil phase is observed through-
out the structure of the oil-filler port and the oil-supply groove. Furthermore, from
Figure 9(ii-a), it is observed that the velocity vectors are directed from the
entrance surface of the oil-filler port to the oil-supply groove and bearing clearance
in strong momentum. Hence, it is considered to be a less gaseous phase in the
bearing clearance under flooded conditions. Here, the comparison between the
analytical and experimental visualization results shows that the obtained results are
close to the experimental results under the flooded lubrication conditions.

On the other hand, under starved lubrication conditions as shown in Figure 9(i-b),
itis observed that the gaseous phase exists in the major area of the oil-filler port whereas
the oil exists around the inlet of oil-filler port and at the upper center area of oil-supply
groove. Further, from the velocity vector result of Figure 9(i-b), it is found that the oil

11
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flows from the top surface of the oil-filler port to the oil-supply groove along the walls
whereas outer air flows into the oil-filler port through the oil-supply groove. One of the
main causes of these flows is considered due to the surface tension of oil and air, and the
effects appear to be significant especially in the case of starved lubrication.

Furthermore, oil is supplied from the oil-supply groove to the bearing, thereby
causing the occurrence of the gaseous phase at the center of the bearing of the
wedge side of the journal bearing under starved lubrication conditions.

The same tendencies are confirmed from the experimental visualization results

of Figure 9(iii).

4.3 Influence of surface tension in the journal bearing

In the previous section, it is confirmed that considering the surface tension to
calculate the gaseous-phase areas accurately in journal bearings especially under
starved lubrication is important. In the next step, we considered the influence of
surface tension on journal bearing from the viewpoint of Weber number W,. The
Weber number is expressed in the following equation:

B pU*H
o

W, 9)

where U represents the speed and H represents representative length.

In the Weber number W,, the meaning of the numerator is the fluid inertia force
and that of the denominator is the surface tension. Generally, it is known that if W,
is less than one, the influence of surface tension is strong.

First, we examined the surface tension influence on bearing clearance. In this
case, it was assumed that the representative speed U is the peripheral speed of
moving the journal surface. Since the rotational speed is high, the Weber number
extremely exceeds, and the influence of surface tension is negligible. This result is
reasonable. Because many previous studies have been neglected, the surface tension
effect and the reliability have been verified. However, as mentioned above, it is
found that the influence of surface tension on gaseous-phase areas under starved
lubrication is significant. Therefore, we focused on the internal flow of the oil-filler
port. As the representative speed, the internal flow speed which is determined from
supply oil flow rate was used.

2
L 15 /
b
|5}
g
2 1 — S ———————————
= ; Hashimoto and Ochiai,
- Large area of the 2010(D =25mm)
B 0.5 effect of surface tension -
Tanaka, 2000 Taura, 2011
0 | 1 1 1 1 1 1 I

55 5 45 4 35 3 25 2 15 1 05 0
Amount of supply oil O [cm?/s]

Figure 10.
Relation between the Weber number and amount of supply oil [1].
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Figure 10 depicts the calculation result of the Weber number W, against the oil
flow rate. The continuous line indicates the value, whereas several plots indicate the
value in other studies of journal bearings under the starved lubrication conditions
[3, 26, 27]. Focusing on the continuous line, the Weber number W, drop below 1
approximately under the amount of supply oil of 4 cm’/s, and the influence of
surface tension in the internal flow of the oil-filler port becomes too large to ignore.

Moreover, it is found that the Weber number W, of another research of journal
bearing under starved lubrication is remarkably smaller than one. Therefore, it is
concluded that the cause of surface tension influence is related to supply velocity
from the oil-filler port.

4.4 Temperature analysis

In this section, the thermal CFD analysis in journal bearing under two kinds of
lubrication conditions is discussed. In our previous study [3, 4], it was found that
the supply oil quantity affects the journal bearing stability, and the critical oil-
supply quantity of transition state is determined. Therefore, two types of oil-supply
quantity, one is transition state and the other one is starved lubrication condition,
were selected in this chapter. The conditions of supply quantity and journal center
positions are shown in Table 3. These conditions were decided by the experiment.

4.4.1 Oil-film temperature and volume fraction

Figure 11 shows the thermal CFD analysis results under two conditions of
supply oil quantity. Figure 11(i) indicates the volume-fraction distribution of oil
under both conditions. The red color means full oil and the blue color means full air.
Figure 11(ii) indicates the analytical results of the temperature distribution of
bearing. From Figure 11(i-a), under transition condition, the volume fraction of the
wedge side becomes zero at the side end. Thus, these areas are the gaseous phase.
Moreover, the volume fraction increases at the centerline of bearing. On the other
hand, the volume fraction of the inverse wedge side decreases with increasing of
clearance. From Figure 11(ii-a), the temperature slightly rises caused by the shear
friction, but it is found that the temperature is almost 40°C at the full area of the
bearing. Thus, it is found that the heat quantity by the shear friction is small in the
case of the transition region.

On the other hand, from Figure 11(i-b), the volume fraction of the wedge side
increases at the center of bearing, while it is zero around the side end. The volume
fraction of the inverse wedge side decreases with increasing of clearance, while it
becomes zero around the oil-filler port. From Figure 11(ii-b), it is found that the
temperature around the oil-filler port is about 38°C while it decreases compared to
the temperature of supply oil. Moreover, the temperature of the around centerline
on the bearing is smaller compared around the side end.

Figure 12 shows the theoretical results of temperature distribution on the tran-
sition region and starved conditions at the point of centerline under (a) transition

Oil supply amount Q, cm?/s Eccentricity = Attitude angle ¢, deg.
Transition region 37 0.47 66.9
Starved lubrication 0.5 0.83 43.3

Table 3.
Specifications of calculation conditions [2].
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Figure 12.
Analytical vesults in temperature distributions [2]. (a) Transition Q = 3.7 cm?/s and (b) Starved Q = 0.5 cm?/s.

and (b) starved lubrication conditions. From Figure 12(a), the temperature eleva-
tion in the bearing clearance against the supply oil temperature which is 40°C is not
so high. In addition, there is a little difference from 22.5 to 90°. On the other hand,
from the results for the starved lubrication condition, as shown in Figure 12(b), the
temperature distributions are extremely different from those of the oil transition
conditions. The temperature distributions of the starved lubrication condition
increase with an increasing bearing angle after 135°, and the highest temperature
area is found around the bearing angle of 250°. This is because the minimum
clearance around the bearing angle of 250° decreases and the share friction resis-
tance of oil film rises in the starved lubrication conditions. The temperature differ-
ence of the bearing center is found from 22.5 to 90° same as the transition region;
however, the amount of difference is larger than that of transition region. More-
over, in the low-temperature region, the value of temperature is lower than the
supply oil temperature of 40°C.
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Figure 13.

Results of temperature distributions and gaseous-phase visualizations [2]. (i) Experimental vesults in
temperature distributions ((a) Transition Q = 3.7 cm?/s; (b) Starved Q = 0.5 cm?/s). (ii) Experimental
visualization vesults of gaseous-phase region ((a) Transition Q = 3.7 cm?/s; (b) Starved Q = 0.5 cm>/s).

Figure 13 depicts the experimental visualization results of (i) temperature dis-
tributions and (ii) results of gaseous-phase visualization. In Figure 13(ii-a, b), there
are typically four results which are indicated due to some fluctuation of gaseous-
phase existing under actual rotations.

From the results in Figure 13(i), it is found that the same tendencies of temper-
ature distributions are shown between calculation and experiment. As shown in
Figure 13(i), the temperatures are almost constant against the bearing angle in the
case of transition condition. Hence, the same tendencies of temperature distribu-
tions are found between the calculation and the experiment. On the other hand,
under the starved lubrication condition, the temperatures are higher against the
bearing angle, and the difference of temperature between two bearing positions is
found. Here, the temperature at the center of bearing is lower than that of between
the center and side despite being closer to outside the edge. Generally, the temper-
ature of the bearing is larger than that of the side. Therefore, the reason could be the
cooling effect from the visualization results shown in Figure 13(ii).

As shown in Figure 13(ii-a), the gaseous phase rarely existed at the center of the
bearing at bearing angles between 0 and 135°. However, the temperatures are
almost constant. This is because the friction resistance is not so high due to the
relatively large amount of oil-film thickness existing in this case.

On the other hand, under starved condition shown in Figure 13(ii-b), the
gaseous phase exits at the center of the bearing. The gas is considered the inflow air
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from the oil-filler port. Hence, it is believed that the oil film at the center position
was cooled down by an inflow air. Comparing with it, the position of between
center and side, oil phase exists. Therefore, the cooling effect is lower than that of
bearing center position.

From the abovementioned results, the authors considered that the internal flow
of the oil-filler port influenced the temperature characteristics of starved lubrica-
tion conditions. Therefore, we focused on the calculation results in the oil-filler port
under starved lubrication conditions.

4.4.2 Results in oil-filler port

Figure 14 shows the calculation results of the oil-filler port. Figure 14(a) indi-
cates the results of the internal oil-filler port at the center of the bearing width of
starved lubrication condition. Figure 14(i-a) indicates the volume fraction, while
Figure 14(i-b) indicates the temperature. Moreover, Figure 14(ii) indicates the
analytical results in the front view of the oil-filler port. From Figure 14(ii), the
temperature is high near the shaft, and the volume fraction decreases in that area.
From the above, it is considered that the gas phase in this region is a circulating
flow. In contrast, the gas phase exists in the wide area in the inside of the oil-filler
port, while the temperature of the gaseous phase is smaller than the temperature of
supply oil. Moreover, it is found that the temperature of oil is commensurate with
the temperature of supply oil or less than. Furthermore, the temperature of the
gaseous phase from the bearing clearance is about 40°C at the center of the oil-filler
port. In Figure 14(ii), the gaseous phase exists in the wide area in the inside of the
oil-filler port as with Figure 14(i), while it exists also in the oil-supply groove. The
temperature of gaseous phase around the side end of the oil-supply groove is the
same as the ambient atmosphere temperature set on the analysis; thus, it is found
that outside air counterflows the oil-supply groove. From these results, in the case
of the starved lubrication condition, it is considered that the outside air flows from

43
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Figure 14.
Calculation vesults in the oil-filler port under starved lubrication conditions [2]. (i) Results in the center surface

from the view of the side ((a) Volume fraction; (b) Temperature). (ii) Results in the front view ((a) Volume
fraction; (b) Temperatuve).
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the oil-supply groove and the side end of bearing cooled the supplied oil and the
circulating flow; thus, the temperature of the center of bearing is controlled.

5. Conclusion

In this chapter, using a two-phase flow CFD analysis, the calculation of gaseous-
phase areas in journal bearings under flooded and starved lubrication conditions
was conducted, and the surface tension effect on multiphase flow CFD analysis of
journal bearing especially generating the gaseous-phase area was studied.

As a result of comparing the calculation results and the experimental results, the
VOF calculation considering the surface tension and vapor pressure was observed to
be in good agreement under both lubrication conditions.

Furthermore, under starved lubrication, the calculation results of the interface
of the oil film and gaseous phase during oil-film rupture agree rather well with
experimental visualization result if they consider both vapor pressure and surface
tension. While using these results, the effect of surface tension was discussed from
the viewpoint of the Weber number, and it is concluded that the Weber number is
strongly lower than one by using the supply oil speed as the representative speed
and strongly influenced.

Moreover, thermal CFD analysis of a two-phase flow was conducted under two
conditions of supply oil, and they were compared with the experiment. As a result,
it is believed that in the case of the starved lubrication conditions, the air flowing
outside of the oil-supply groove created a circulating flow; thus, the temperature in
the bearing is controlled.

It is concluded that the two-phase VOF CFD analysis considering the vapor
pressure and surface tension is applicable in reproducing the gaseous phase on the
journal bearing.
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