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The Effect of Aerated Oil Considering Live Oil Surface
Tension on High-Speed Journal Bearing
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Abstract: The influence of aerated oil on high-speed journal bearing is examined by classical thermohydrodynamic lubrication
theory coupled with analytical models for viscosity and density of air-oil mixture in fluid-film bearing. Convection to the walls
and mixing with supply oil and re-circulating oil are considered. The live oil surface tension is considered as functions of
temperature, API gravity and air volume ratio. With changing eccentricity ratio, it is investigated the effects of air bubbles on
the performance of a high-speed plain journal bearing. Just at the moderate eccentricity ratios, even if the involved aeration
levels are not so severe and the entrained air bubble sizes are not so small, it is found that the bearing load and friction force may
be changed so visibly for the high speed bearing operation.
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Introduction

The onset of turbulence in connection with bearings had not
become evident until Wilcock (1) discovered its effects on
bearing performance by a series of experiments. The basic
turbulent lubrication theory had been developed by several
researchers (2-7). The most of researchers handled lubricant as
incompressible pure oil.

Meanwhile, a simple empirical viscosity relationship for
gas-liquid mixture was found by Hayward (8) using a
parameter of air-oil volume ratio.

Smith (9) assumed that the aerated oil was isoviscous, but
accounted for the effects of bubble surface tension on density.
He found that the load capacity was virtually unaffected by
aeration rate.

Abdel-Latif et al. (10) considered circular pad thrust
bearings. They used simply density and viscosity models,
extended to account for temperature effects, and found that
aeration rate had little effect on load capacity.

Chamniprasart et al. (11) derived an extended Reynold’s
equation to account for the fact that aerated oil is non
Newtonian. They used a viscosity model similar to Haywards
[8]. They found that the bearing pressure increases initially
with aeration rate, but that the trend is reversed at very high
aeration rates when the lubricant starts to behave as a gas.

A first effort to derive an analytical model for aerated oil
viscosity is presented in Nikolajsen (12). This model predicts
an increase in viscosity with increasing aeration level due to
the surface tension of the entrained air bubbles. The predicted
viscosity increase is confirmed by the experimental findings of
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Hayward (8). A corresponding density model for aerated oil is
also presented in Nikolajsen (12). Nikolajsen applied the
mixture theory for aerated oil to one-dimensional Reynolds
equation by assuming that the bearing is long (13). However,
he did not consider energy equation.

The problem of predicting bearing performance when
lubricating with bubbly oil could be attacked in two different
ways. One could attempt to derive an effective viscosity and
density like Nikolajsen (12) for bubbly oil which, when
substituted into the classical Reynolds equation, predicts
bearing performance correctly. Another method employs the
viscosity of the oil itself but changes the Reynolds equation to
accommodate a mixture lubricant like Chamniprasart et al.
(11).

In this paper, the Nikolajsen’s viscosity and density models
(12) are used together with classical Reynolds equation and
energy equation to investigate and predict numerically the
effects of oil aeration on the performance of a high-speed plane
journal bearing with an axial groove under the various
conditions of eccentricity ratio.

Also, the convective conditions on the walls, the contraction
ratio at cavitation region, and the mixing between re-
circulating oil and inlet oil are included.

Governing Equations

The Reynold’s equation (2,3) for a steadily loaded journal
bearing for finite width may be written as
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The appropriate values G, of G, and are given by the
following (4,5) in the range 1,000<Re<30,000.

G, = L @
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The steady state two dimensional energy equation (5-7) with
heat transfer boundary conditions at the bearing walls may be
derived under turbulence conditions as
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where,

qst = HsT(T— Ts)

Gyt = Hy(T-Tp)

The values of H, and H, (14) are chosen as shown in Table 3.
In the range 1,000<Re<30,000, appropriate values of

Tc(= rc/%U) are given by the following (4,5):
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The density (kg/m®) and kinematic viscosity (cst) of engine
lubricant (15) can be expressed by equation [6] and equation
[7] with constants, aa, bb and cc which vary depending on the
kinds of the oil:

Po = 0.0361(aa — 0.000354T;) » 27680, ©6)
(bb—cclog((T,))

y =2 _ 10" -06. 0

where T; and 7T, represent the Fahrenheit temperature and
Rankin temperature, respectively. The values of aa, bb, and cc
are 0.9070, 9.8500 and 3.5180, respectively, for a current oil.
And C, is the specific heat (J/kg. °C) of oil (16) that may be
correlated with Celsius temperature 7, as equation [8].
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The density (kg/m®) and dynamic viscosity (Pa-s) of aerated
oil is derived in (12) as shown below. Non-dimensional density
can be described as
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r is the real root between 0 and r
equation

of the polynomial
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And ¢ is the reference clearance, T is the absolute oil
temperature, p,; is the density of pure oil, ¢ is the surface
tension of a bubble (N/m), and R is the gas constant (J/kg K).

The surface tension (N/m) of a bubble in gas-oil mixture can
be expressed as (17):

G = 0,[1/(1+0.02549V**T)* 107 (10)

Here o, AT(38.085-0.259API), AT =1.11591-0.003057.,
API = 141.5/SpGr-131.5, SpGr = SpGr60-0.00035(7;— 60.),
SpGr60 is a specific gravity of oil at 60 degree Fahrenheit.

Non-dimensional viscosity (12) can be expressed as:

p=4=p+p oA

where li, = :1 =P R = . F}_z?,,/z; /Jl:1,
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And U is the bearing surface speed. d is the distance
between bubbles. ZI; represents the viscosity reduction due to
the near-zero air viscosity within the bubbles. [i, represents
the viscosity increase due to bubble surface tension. 7;,/d;y,
represents oil aeration level illustrated in Fig. 1.

Air volume ratio can be expressed as equation [12] in
geometrical aspects of oil aeration level.

v=2E (12)

where A = 1/[2(r/d)in] + 1.

Note that the density of equation [9] and the viscosity of
equation [11] are functions of the absolute oil film pressure p ,
whereas Reynold’s equation [1] and energy equation [4] are
written as usual in terms of the gage pressure p g -
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Fig. 1. Oil aeration levels.

Film thickness, 4, can be defined by the expression using
bearing coordinates (18):

h = c(1+ecos(8-@)) (13)
Boundary Conditions

The gage pressure at the ends of a finite length bearing is taken
to be equal to the ambient pressure that is defined as being
zero. Thus

Pi=t12 =0 (14)

At the point of film rupture, the pressure boundary
conditions are

p=L=0uo=e (15)

At the ends of bearing, it is reasonable to assume that no heat
will be transferred to the surrounding in the axial direction at
the ends of the bearing. That is, the oil temperature having
come out to the surrounding is assumed the same as of that at
the end of the bearing, so

dr=+1,2 = 0. (16)

For oil mixing condition, at the groove, the oil temperature
is assumed as the mixing temperature between the re-
circulating oil and inlet oil as shown on Fig. 2. The detailed
expression is defined as

(Qin - QL)Tin + LchecTrec
T, . = . 17
e (Qin - QL) + Lchec ( )

where L, is contraction ratio (19) of oil film that defined as

L2 [MEDu(6*, 2)dydz
L.(6) = $£20 . (18)
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This ratio is the effective wetted width of the bush in the
cavitating region. Then the heat transfer coefficient to the bush,
adjusted for the reduction of wetting area in the cavitating
region by the contraction ratio, becomes

H,=LH*, + (1 = L)H,,. (19)
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Fig. 2. Diagram of lubricant flow, with Q,, the inlet oil flow
rate, (... the re-circulating flow rate and Q, the side oil flow
rate going through groove land. ¥* is the angle of the
beginning of the cavitation region.

where H*,, is the mixed heat transfer coefficient of aerated
oil that is adjusted with air volume ratio (V). It can be
expressed that H*,, = H,,(1 - V) + H,,V.

The cavitation model of this study is shown on Fig. 2 that
shows several oil strips and oil covering over shaft as usual.
The size of air bubble varies depending on pressure.
Meanwhile, the distribution of air inside oil is viewed as
uniform. It is assumed that the air bubbles still exist uniformly
even inside oil strips. The temperature distribution at air in
cavitation region is the same as the temperature of aerated oil.
The gage pressure in cavitation region is zero as mentioned as
the boundary condition.

Therefore, synthetically speaking, for the turbulence
treatment of fluid inside bearing, the mixed oil is treated as a
sort of virtual oil whose physical properties appear the mixed
viscosity, the mixed density and the specific heat of oil itself.
However, the heat transfer to the bearing walls is handled
separately from both oil and gas.

Calculation of Parameters

The non-dimensional load parameter components V_Vc and
W, , parallel and normal to the line of centers respectively, are
given by:

2n L/D

= _ W e\L 1 = -
W, = 17)(1_3) (5)/'%1\]_ _4_1{ L.[Dpcos 6dzd0 (20a)
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and
2n L/D
— W (¢ 2 L 1 o i
= £ = - = =
Wp LD[R) (D)/uoN i { Lj/ Dpsmedzde (20b)

Note that the total load parameter, V_V will be

W= JWe+ WD), (200)

For turbulent flow, the non-dimensional form of total
friction force can be expressed as follows
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The frictional torque is equal to friction force multiplied by
the radius of a bearing and the frictional power loss is friction
force multiplied by the velocity of the bearing shaft.

Computation

The turbulent Reynolds and the energy equations with
turbulent similarity parameters have been solved by finite
difference method using relaxation factors. Here, over-
relaxation factors are used for solving Reynolds equation and
under-relaxation factors for solving energy equation. The
central finite difference technique is applied to the non-
dimensional Reynolds equation. The backward difference
scheme in the circumferential direction, and backward and
forward difference schemes in the axial direction are used to
the non-dimensional energy equation. In this study, the grid
used comprises 43 X 15 nodes.

In order to create finite difference model in the cavitation
region, the total width of oil strips are divided by total numbers
of meshes in z-direction, then the small oil strip is allocated at
each node. So it is assumed that the oil strip exits at each node.

With the pressure and temperature distributions thus
specified, the load and friction parameters can then be
computed from equation [20c] and [21].

Results and Discussions

In this study, the analysis results of bubbly lubrication are
performed under high-speed operation considering the
convective conditions on the walls, the contraction ratio at
cavitation region, and the mixing between re-circulating oil
and inlet oil.

The bearing geometry parameters and the lubricant
properties used, are summarized in Table 1. A bearing with
one axial groove has been examined. The basic algorithm of a
numerical model used for this study had been verified by Chun
(20).

The model of Chamniprasart et al (11) is based on the idea

Table 1. Journal bearing operating conditions

Bearing Diameter

L/D Ratio

¢/R Ratio

Eccentricity Ratio

Rotational Speed

Lubricant Viscosity at 40 °C
Lubricant Density at 40°C
Lubricant Specific Heat at 40 °C

D = 73.6 mm

0.5

0.0039837
€=0.1~0.8

N = 40,000 rpm

Mo = 0.0206 Pa - s
Po= 869.53Kg/m’
Cy = 1968.751/kg °C

Convective Heat Transfer

— 2 o,
Coefficient of Lubricant to Bush Hyor = 7700 W/m®*C

Convective Heat Transfer

—_ 2 o,
Coefficient of Gas(Air) to Bush Hyer = 2400 W/m™°C

Coctcent of Lubricant 0 Shafe  Fbr = T700Win’*C
T,, = 45°C
T, = 40°C
P, = 0.7x10° Pa

17.1 ° (2 grids size)

Bush and Shaft Temperature
Inlet Lubricant Temperature
Inlet Lubricant Pressure(gage)
Axial Groove Width

of mixture homogeneity. If the ratio r/c is sufficiently small, the
roughness of scale of observation permits viewing the mixture
as homogeneous. But the allowable upper limit of this ratio is
not known. With the parameters of D = 38.1 mm, L/D =1.3, ¢/
R =0.005984, £ = 0.4 and N = 4,000 rpm, they concluded that
bubble size has only small effect on bearing pressure when
changing from r;, = 0.1 to 0.45. But changing the air volume
fraction of the bath from V = 0.02 to 0.2, the lubricant pressure
changes significantly.

Nikolajsen (13) applied his air-oil mixed model of density
and viscosity on a long bearing with D = 100 mm, c¢/R = 0.001
and N = 3600 rpm under the condition of bubble radius below
Fin = 1/20 (0.05). As ry, is 1/20, the bearing loads are nearly
not changed under the conditions of the aeration level,
Fin/ din , from 1/8 to 1/2. However, if r;, is 1/200 (0.005), it is
shown that the bearing loads increase with increasing aeration
level. ‘

In this study, under high speed operating condition, the
aeration levels, 7,/ diy , investigated are 1/8, 1/5, 1/4 and 1/
3.5. These values are corresponding to the air volume ratios, V,
of 0.0335, 0.0977, 0.1551 and 0.2383 respectively. And the
sizes of air bubble, r;, () examined are 1/20 (7.3 um), 1/15
(9.8 um), 1/10 (147 um) and 1/7 (209 pum). As r;,/dis
increases, it is not able to handle the case of small air bubble
size due to difficulties in numerical calculation. Therefore, the
handled aeration levels are not so severe and the considered air
bubble sizes are not so small as compared with those used by
the previous studies (11, 13).

Under the bearing operating conditions of Table 1, the non-
dimensional load and friction are shown in Fig. 3, Fig. 4, Fig. 5
and Fig. 6 for (v/c),, = 1/20, 1/15, 1/10 and 1/7 respectively.
Generally, the non-dimensional load and friction increase with
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Fig. 3. Non-dimensional load and friction vs. eccentricity ratio
at (r/c),, = 1/20.
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Fig. 5. Non-dimensional load and friction vs. eccentricity ratio
at (r/c),, = 1/10.
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Fig. 4. Non-dimensional load and friction vs. eccentricity ratio

at (r/c),, = 1/15.

increasing eccentricity ratio. And the higher the aeration level
is, the more the non-dimensional load and friction occur. Also,
the smaller the air bubble size, the more the non-dimensional
load and friction. As the bubble size, (#/c),,, increases, the non-
dimensional bearing frictions are appeared lower than those
under pure oil application, especially at small eccentricity
ratios. Meanwhile, the non-dimensional bearing loads under
pure oil application are similar to those at aeration level, (v/
d),,=1/8 for the most bubble size. If the aeration level
decreases, it is appeared that the non-dimensional loads

Non-dimensional load & Non-dimensional friction

0 0.2 04 06 08 1
Eccentricity ratio

Fig. 6. Non-dimensional load and friction vs. eccentricity ratio
at (r/c), = 1/7.

approach to those of pure oil application at all eccentricity
ratios without regard to air bubble size.

From the results shown in Fig. 3, it is found that the aerated
oil can increase the bearing load of high speed journal bearing
by a factor 2.5 with 8% increase of friction force at eccentricity
ratio of 0.5, even if the involved aeration levels are not so
severe like (r/d),, = 1/3.5 and the entrained air bubble sizes are
not so small like (#/c),, = 1/20. Also, under the conditions of (r/
¢)»=1/20 and €=0.5, the low aeration level like (r/d),, = 1/8
can reduce the bearing friction force by 3.5% with keeping the
bearing load in the same level as pure oil application.

From the results shown in Fig. 4, it is also found that the
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Fig. 7. Maximum pressure and temperature vs. eccentricity
ratio at (r/c),, = 1/15. :

aerated oil can increase the bearing load of high speed journal
bearing by a factor two with 5% increase of friction force at
eccentricity ratio of 0.65, even if the involved aeration levels
are not so severe like (r/d),,=1/3.5 and the entrained air
bubble sizes are not so small like (r/c),, = 1/15. Also, under the
conditions of (r/c), = 1/15 and € = 0.65, the low aeration level
like (#/d),, = 1/8 can reduce the bearing friction force by 3%
with keeping the bearing load in the same level as pure oil
application.

From the results shown in Fig. 5 and Fig.6, if the air bubble
size is greater than (r/c), = 1/10, the bearing friction force is
appeared as lower than that of pure oil application. Meanwhile,
the bearing load increases with increasing aeration level and is
appeared as greater than that of pure oil application. As the air
bubble size increases, the friction force at the low eccentricity
of 0.1 increases with decreasing aeration level. On the other
hand, at the high eccentricity of 0.8, the effect of aeration level
on the friction force is diminished. This phenomenon can be
understood by figuring out the maximum temperature
distribution shown in Fig. 7 and Fig. 8.

Under the bearing operating conditions of Table 1, the
maximum pressure and temperature are shown in Fig. 7 and
Fig. 8 for (r/c),, = 1/15 and 1/7 respectively. It is appeared that
the maximum temperature of aerated oil is higher than that of
pure oil at any eccentricity ratio. The maximum pressure of
pure oil is similar to that of (v/d),, = 1/5.

However, with increasing eccentricity ratio, the maximum
temperature is changed following a concave curve. As the air
bubble size increases, at small eccentricity ratio of € = 0.1, the
maximum temperature increases with decreasing aeration
level. But at the moderate range of eccentricity ratio,
£=10.3~0.5, the change of maximum temperature is seen very
small with changing the aeration level. Further, at the higher
eccentricity ratios, €>0.65, the maximum temperature
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Fig. 8. Maximum pressure and temperature vs. eccentricity
ratio at (r/c),, = 1/7.

increases with increasing aeration level. However, the
maximum pressure increases all the way with increasing
aeration level and eccentricity ratio.

The maximum temperature appears at the bearing
downstream in front of the oil supply groove. The bearing
clearance at this area increases with increasing eccentricity
ratio. The small ratios of eccentricities do not generate sever
differences in bearing clearance through whole bearing area.
Therefore, for an example, under the condition of a small
eccentricity ratio, € =0.1, the maximum temperature at the
downstream weakly increases with decreasing aeration level as
shown Fig. A2 in Appendix. Specially, it can be seen clearly
with smaller air bubble size.

Even if, under the condition of small eccentricity ratio, the
relatively smaller clearance exists at the bearing downstream
compared with the case of higher eccentricity ratio. The
change rate of clearance is very small. So, the change of
pressure gradient is not so severe in the circumferential
direction on oil film. The friction induced by the journal speed
on fluid film rather than by the mixed viscosity increase
created by the surface tension of air bubble may dominate the
temperature distribution of oil film. Therefore, the less the air
bubbles exist, the greater the friction occurs and the higher the
temperature appears.

But at the moderate range of eccentricity ratio, € = 0.3~0.5,
the bearing clearance at the downstream taken place maximum
temperature is larger than that at small eccentricity ratio.
Therefore, the oil flow may not make sever shear at the
downstream. So, the change of the maximum temperature does
not clearly appear with regard to the aeration level. At these
moderate eccentricities, a little lower bearing clearance can be
expected locally at the bearing middle area. But it does not
help to increase the temperature notably.

However, if the eccentricity ratio increases larger than 0.65,
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Fig. 9. Pressure distribution at bearing mid-plane, (r/d),, = 1/5
& (rf/c)y, =1/7.

Temperature distribution at bearing mid-plane
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Fig. 10. Temperature distribution at bearing mid-plane, (/
d)in = 1/5 & (r/C),',, =1/7.

the smaller bearing clearance can be expected locally at the
bearing middle area. At this area, the shear of oil film may
increase so that the surface tension due to air bubble increase.
Therefore, the viscosity and temperature can increase sharply.
This brings about the maximum temperature increase at the
downstream with increasing aeration level.

Under the relatively bigger air bubble size, (r/c), =1/7
shown in Fig. 8, at the mid-range of eccentricity ratio below
0.65, the variation of maximum temperature does not appeared
with changing aeration level. However, from the eccentricity
ratio of 0.65, it is appeared that the maximum temperature
increases with increasing aeration level.

In order to understand the results in Fig. 4 and Fig. 7, under
the bearing operating conditions of Table 1, the distributions of

x 10" Viscosity distribution at bearing mid-plane
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Fig. 11. Viscosity distribution at bearing mid-plane, (r/d),, = 1/

5 & (rlc), =1/7.

pressure, temperature and viscosity at the bearing mid-plane
for (7/c),, = 1/15 are shown in Fig. Al, Fig. A2 and Fig. A3 for
£=0.1, and Fig. A4, Fig. A5 and Fig. A6 for € =0.5, and Fig.
A7, Fig. A8 and Fig. A9 for € = 0.65. These nine figures are in
Appendix.

In order to figure out the results for the case of (r/d), =1/5
and (#/c),,=1/7 in Fig. 6 and Fig. 8, the distributions of
pressure, temperature and viscosity at the bearing mid-plane
for (r/d), = 1/5 and (r/c), = 1/7 are shown in Fig. 9, Fig. 10
and Fig. 11 under the bearing operating conditions of Table 1.
The pressure distribution increases with increasing eccentricity
ratio as usual. The temperature distribution appeared at the
bearing downstream increases with decreasing eccentricity
ratio. The smaller the eccentricity ratio is, the smaller the
clearance appears at the downstream and the more the shear
occurs on oil film. Exceptionally, at eccentricity ratio 0.8, the
temperature increases sharply from the bearing middle area
existing the minimum oil film thickness. Therefore this sudden
increase in temperature influences the rise of maximum
temperature at the bearing downstream. The viscosity
distribution generally increases with increasing eccentricity
ratio. Specially, at the high eccentricity ratio, £=0.8, the
viscosity distribution is appeared with severe fluctuation. The
viscosity decreases moderately due to temperature increase
along the circumferential direction from the front of the
location existing the minimum oil film thickness. Then the
viscosity sharply increases due to the high shear. After passing
through this area, the viscosity decreases again due to the
temperature increase in front of the oil supply groove. At the
starting area of oil supply groove, the viscosity increases due to
the lower mixing temperature.

Conclusions

1. The non-dimensional load and friction increase with
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increasing eccentricity ratio as usual.

The higher the aeration level is, the more the non-
dimensional load and friction occur. Also, the smaller the
air bubble size is, the more the non-dimensional load and
friction appear.

As the bubble size increases, the bearing frictions are
appeared lower than those under pure oil application,
especially at small eccentricity ratio.

If the aeration level decreases, it is appeared that the
bearing loads approach to those of pure oil application at
all eccentricity ratios.

. It is found that the aerated oil can increase the bearing load

of high speed journal bearing by a factor two with small
increase of friction force at moderate eccentricity ratio,
even if the involved aeration levels are not so severe and the
entrained air bubble sizes are not so small. Also, the low
aeration level can reduce the bearing friction force within
small range with keeping the bearing load in the same level
as pure oil application.

increasing eccentricity ratio, the maximum
temperature is changed following a concave curve.
However, the maximum pressure increases all the ways
with increasing eccentricity ratio.

Nomenclature
c = radial clearance between journal and its bearing (m)
C, = specific heat of lubricant(kJ/kg °C)
d = distance between two bubbles (m)
d, = distance between two bubbles at inlet condition (m)
d = non-dimensional distance between two bubbles = d/c
d;, = non-dimensional distance between two bubbles
at inlet condition = d,/c
D = bearing diameter (m)
D,, = degree of misalignment (the percentage reduction of
’ minimum film thickness at the bearing ends)
e = eccentricity(the offset distance between journal and
bearing centers)
F = friction force
F = non-dimensional friction force = (F/LD) (¢/R)/(N)(L/
D)
h = oil film thickness (m)
h = non-dimensional film thickness = /¢
h, = oil film thickness at inlet (m)
hin = non-dimensional film thickness at inlet = h,/c
H,;, 4= convective heat transfer coefficient at bush and shaft
(W/m?°C)
L = bearing length (m)
N = rotational speed (rpm)
p = mean absolute pressure for turbulent flow (Pa)
1:) ¢ = mean gage pressure for turbulent flow (Pa)
p = p/(p,uRT) _ s
P = non-dimensional mean pressure (p,(c/R)"/1,N)
P = non-dimensional effective pressure (H3/2P/ ,Bl/z )
P, = inlet gage pressure (Pa)

= turbulent heat transfer to the bush and shaft (W)
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= lubrjcant side leakage (m’/s)

= non-dimensional lubricant side leakage (Q,/NcR?)

= bubble radius (m)

bubble radius at inlet condition (m)

non-dimensional bubble radius = =

= non-dimensional bubble radius at fnlet condition
=r,lc

= journal bearing radius (m)

mean temperature for turbulent flow(°C)

= non-dimensional mean temperature

2 —
= M/—R)—(T—Tm)
2N

= inlet oil temperature (°C)
temperature of the bush (°C)
temperature of the shaft (°C)
Fahrenheit temperature (°F)

= Rankin temperature (°R)

speed of journal (m/s)

air volume fraction

applied load

= non-dimensional load parameter

- (zpl&) (B )

= coordinates of circumferential and axial directions,
respectively

= non-dimensional coordinates (0 = x/Rz = z/R)

viscosity-temperature coefficient(1/ °C)

vertical misalignment angle (degree)

air/oil mass ratio

eccentricity ratio = e/c

oil viscosity (Pa.s)

inlet oil viscosity (Pa.s)

pure oil viscosity (Pa.s)

Wi

oil density (kg/m®)

pure oil density (kg/m’)

non-dimensional density = p/p,;

= surface tension of air bubble (N/m)

o/ ( Poi lR Tc)

oil kinematic viscosity (cSt)

pure oil kinematic viscosity (cSt)

= misalignment directional angle, i.e., the angle
between the plane of the misalignment and the axial
plane containing the load vector

= attitude angle, i.c., angle between the line of centers
and the axial plane containing the load vector
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Appendix

Pressure distribution at bearing mid-piane
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Fig. Al. Pressure distribution at bearing mid-plane,
(rlc), = 1/15 & £=0.1.

Temparature distribution at bearing mid-plane

220
200 T it
180
'l..III.....l.'..l..II-...‘.."'.....'I..
~ 160 ‘
B !
g 140 ;
2 i
§_ 120+ ,
§ |
= 100 i
— (r/d), =1/3.5 ‘
80+ (11, 114
e (11, =115
80+ — (i/d),=1/8
(rlc), =115, e=0.1 | pueoll
Y ) ———— e Tl !
0 1.57 3.14 4.71 6.28

Circumferential Loaction[radian)

Fig. A2. Temperature distribution at bearing mid-plane,
(r/c),=1/15 & £ =0.1.
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Fig. A3. Viscosity distribution at bearing mid-plane,
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(rle), =1/15 & €=0.1.

Fig. AS. Temperature distribution at bearing mid-plane
lc),=1/15 & £=0.5.
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Fig. A4. Pressure distribution at bearing mid-plane, °o 157 314 71 6.28
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Fig. A6. Viscosity distribution at bearing mid-plane,
(rlc),, =1/15 & e= 0.5.
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Pressure distribution at bearing mid-plane
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Fig. A7. Pressure distribution at bearing mid-plane,
(rlc),, = 1/15 & e= 0.65.

Temperature distribution at bearing mid-plane
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Fig. A8. Pressure distribution at bearing mid-plane,
(rlc),, = 1/15 & &= 0.65.

x 10" Viscosity distribution at bearing mid-plane
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Fig. A9. Viscosity distribution at bearing mid-plane,
(r/e),, = 1/15 & € = 0.65.



