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Abstract

In the present work theffect of bearing compliance on the performancaigh speed misaligned journal bear
lined with a compliant PTFEner lubricated with bubbly ¢ at high speeds has been stu. The effect of induced oll
film temperature due to shearing effect been implemented. Hydrodynaneéfect of the complaint bearing and 1
influence of aerated oil haveeen examined bthe classical thermohydrodynamic lubrication theory ified to
include the effect of oil film turbulencand oil film temperature with sulbée models for bubbly oil viscosity al
density. The effect of lineglastic deformation has been implemented by usimiklt model. "he effects of variable
density andspecific heat on the most importbearing parameters such as maxinpm@ssure, maxinm temperature,
bearing load carrying capacity and power lossex Hmen investigateThe results obtained show that the oil f
pressure and load carrying capacity increasedhi@rbearing lubricated with bubbly oil of higher at@n level anc
smaller size of air bubblesmdluding the effect of elastic deformation of theaking liner reduces the oil film pressu

load carrying capacity and frictional po\ loss for the misalignedearing working at the same circumstai

Keywords: Journal bearings, hydrodynamic lubrication, THD, compliant effect, bubbly oil, misalignment effect.

1. Introduction

Hydrodynamic bearings are used in industr
support rotating shaft®f machine. They are
considered as a good choice due to 1
constructive simplicity, reliability, efficiency,na
low cost. Many assumptions have been mad:
simplify the generalized Reynolds equation s
as, the lubricant is pure and free of air bubt
the bearing is rigidaligned and working und
laminar oil flow. This is not the case for
bearings. Air bubbles awten infiltrated into oil.
which makes the bearing lubricated with buk
oil. It cannot be avoidedinractice and has
substantial #ecton the performance of su
bearingsIn fluid film bearings the transition fro
laminar to turbulent flow is likelyto occur at
Reynolds number of 2000 [AThe basic turbulet
lubrication theory has been developed by diffe

workers [2,3,4,5Maneshian and Nas [6]

presented a thermohydrodynamic analysis

turbulent flow in journal bearings based
computational Ifiid dynamic techniqu The
effect of variable oil density and specific heat
maximum pressure, maximum temperat
bearing load , frictional losses and side leakax
high speed journal bearing have been studie
Chun [7]. All these workers treat e lubricant as
incomepressible pure o Relatively few
published studies concerning the effect of

bubbles on hydrodynamic bearing perform:

have been noticed/hen the oil supplied to tf
lubricatedparts and the air entrained into the oi
the form of small bubbles thlubricant viscosity
and the density found to be dependent or air

volume fraction(volume ratio of air to toi
mixture). Abdel +atife et al[8] studied the
steady state bubbly hermohydrodynamic
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behavior of rigid circular pad thrust bearing. The
variation in the oil density and viscosity due to
the presence of the bubbles as well according to
the pressure differentials and temperature rise
were considered. Hayward [9] measured a small
increase in aerated oil viscosity experimentally. |
has been shown that in low volume fraction range
the viscosity of air-oil mixtures increases as the
volume fraction increases. Smith [10] examining
theoretically the effect of bubble entrainment on
the performance of isothermal, plain inclined
slider bearing subjected to steady loading. The
bubbles are considered to influence the lubricating
film by altering the lubricant’'s viscosity and
density. Goodwin et al.[11] proposed theoretical
model based on Reynolds equation modified to
allow for the effect of aeration on lubricant
viscosity and density. Nikolajsen [12] was the
first to derive analytical models for the density
and the viscosity of aerated oil. The results show
that the oil aeration can double the load capacity
of plain journal bearings. Song ad Kim[13]
theoretically analyzed the effect of air bubbles
evenly distributed in lubricating oil on the beayin
performance. The effects of surface tension and
air bubble radius are taken into consideration.

The rheological properties of bubbly oil are
measured under relatively low to high shear rates
using a rheometer by Yang et al[l4]. A
constitutive equation including shear rate and
temperature is constructed and used to develop the
bubbly lubrication model of journal bearings, in
which cavitation algorithm is applied.

El-Butch and EI-Tyabe [15] studied the
combined effect of surface roughness and bubbles
content on the thermohydrodynamic performance
of journal bearings lubricated with bubbly oil. It
has been shown that the bearing load carrying
capacity is higher at higher bubble content as a
direct consequence of the higher pressure values
attained.EIl-Butch [16] Analyzed the
thermohydrodynamic performance of dynamically
loaded tilting pad journal bearing lubricated with
bubbly oil. A slight increase in oil maximum
pressure has been noticed in this work. The
hydrodynamic bearings used in rotating
machinery are usually faced with a thin layer of
Babbitt material. This alloy losses its strengtld an
starts to creep at elevated temperature. This
thermal constraints treated by the application of
PTFE as a facing material. It has been shown that
with a compliant liner the oil film pressure
decreased while the oil film thickness
increased.Many workers show that using
compliant liners led to improve the journal
bearing operation [17,18,19]. The motivation
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behind the present work is to develop numerical
thermohydrodynamic model to analyze the effect
of bearing elastic deformation on the
characteristics of misaligned journal bearing lined
with PTFE compliant liner lubricated with bubbly
oil working in turbulent regime.

2. Mathematical For mulation

The physical configuration and the coordinate
system of the journal bearing lubricated with
bubbly oil considered in this work is shown in
figure(1).To generalize the study, the following

dimensionless coordinates have been defined:
_ _ = PC?

6 = X , V= Y , Z= z P =
R C L UoUR

The modified Reynolds equation, to include
the effect of air bubbles and journal high speed,
governing the oil film pressure is given in non-
dimensional form as [22]:

ﬂi

=

Y

Fig. 1. Journal bearing geometry and coor dinates.

—3 — —3 _ —

o (ph, 9P}, (RY? 2 (ph o oP) _ 19(ph)

ae(n Gx69>+(L) az(n Gzaz>_z 20
..(1)

The following empirical equations proposed by
[1] can be used to evaluate the turbulence
coefficients Gand G for 1000< Re< 30,000 as

follows:
1

Gx = 1240.0136%(h+%/y))00 .-(2)
and

1
G = 1240.0043+(h+U/,,)0-96 ..(3)
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The steady state energy equation for
incompressible fluid and the hypothesis that the
film thickness is very small compared to other
dimensions of the bearing can be written in
dimensionless form as [22] :

p (E_Fﬁ aﬁ)a(CpT)_
Cpol\2 m *a8/) a0

B (G322 =2+ e, (5) +
5N 2
(%)2 Gy (%) } — (st + Gor) ..(4)

where:
Gst = Hse(T — Ts)andjy, = Hye (T — T))

The increase inmt. is considered by turbulent
Couette shear stress factqras:

7. = CruU/h

Cr can be evaluated as[1]:

Uh
Cr = 1+0.0012(—5)*%*

The density and the dynamic viscosity of the
aerated oil used in Reynolds equation are derived
in [12] which can be rewritten her in as:
=~ _ P _ (+8)[Poy+2(3/M)]

T poit | 8+Poy+2(G/7) (%)
where:- ~
_ Mgir (Poil)in + 2(5/ﬁn)

B Moii B (3/4”) (fin/&in)_3 -1
7. is the real root between 0 ang, of the
following polynomial equation

Pout + 2672 — [(Poi)in + 2(5/Tin)]7 1 =0

The effect of oil film temperature on the oil
density of the pure oil can be calculated as[22]:
Poir = 0.0361(a — 0.000354T) x 27,680

a : is the +constant depending on oil type, a value
of 0.9070 is used through this work as in [22].

Ts: the Fahrenheit temperature of oil

Bubbly oil viscosity can be divided into two parts.

The first is the reduced oil viscosity which
expected to diminish with increasing aeration rate
due to the negligible internal viscosity of the
entrained bubbles. It can be expressed as [12]:
P
=155

In addition to the viscosity reduction discussed
above, an increase in viscosity is expected due to
the surface tension of the entrained bubbles. The
final expression for the viscosity contribution due
to surface tension can be written as [12]
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_ 3 —
i, = =Thy, 272k
oil
where:
2

. o) (rin)3
\/i,lloilUT?’ din

The viscosity of lubricants is also a function
of temperature. The kinematic viscosity can be
evaluated for any temperature by following
equation as in[22]:

Uoil — M — 1010[b—C10g10(Tr)] _
oil

where:

b,c : are constants depends on the lubricant type.

Values of 9.8500 and 3.5180 adopted by [22] for

the constants band c.

T, : oil film temperature in Rankin

C, is the specific heat (I/kd’)Cof oil that may be

correlated with Celsius Temperature, Tas

follow:[22]

C, = 1796+691T
P 160 €

0.6

The final expression for the overall viscosity of
aerated oil is :
...(6)

W=fy + {1
The ail film thickness for the bearing including
the elastic deformation of a compliant bearing
liner can be evaluated as:
H=h+6
where :
(h): is the oil film thickness of aligned journal
bearingwhich can be evaluated as:
h =1+ ecos(8 — @) (7
The procedure used by Bouyer and Fillon[20]
has been followed in the present work to study the
effect of journal misalignment on the journal
bearing performance.
h= c+ecos(d- Q)

+e’(§—%)cos(9—a— ?)

where

e". is the magnitude of the projection of the axis
of the misaligned journal on the mid plane of the
bearing .The dimensionless form of the film
thickness can be written as:

1
h=1+scos(6—Q))+s’(z_—§)cos(6‘—a

)
g is the misalignment eccentricity ratio which
can be evaluated as:

€' = D€' max
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where

D, is the degree of the misalignment in value
fromOto1l.

€'max 1S the maximum possible ' which can be
computed from [20]

& max = 2( /1 — g&sina? — gy|cosal)

The elastic deformation on the working surface
of compliant bearing can be evaluated as [ 21] :

where :
3
wo(R/)” (1 +0)@ -29)
Cd = X 7
E 1-9

Eq.(1) is a differential equation whose main
unknown parameter is the pressure, the boundary
conditions are:

P(6,0) =P(6,L) =0

P = P, (At the oil supply groove)

P
P(6.,2) = 55 = 0.0

The following assumptions are used to define
the temperature boundary conditions as:

At the ends of the bearing, it is reasonable to
assume that no heat will be transferred to the
surroundings in the axial direction. That is, the
temperature of the oil having come out to the
surroundings is assumed to be the same as of that
at the end of the bearing, so:
q,=0.0 at Z=0.0and 1.0

The oil temperature is assumed as the mixing
temperature at the bearing groove as below
T . = (Qin)Tin + LchecTrec
mx (Qin) + Lchec
where L the contraction ratio of the oil film
which is defined as [7]:

Jy 1o (e’ )dydz
fOL foh(e’z) u(6,z)dydz

Lc(e) =

The heat transfer coefficient of the bush,
adjusted for the reduction of wetting area in the
cavitation region by the contraction ratio as
below[7]

Hy = LcHpo + (1 - LC)HZg

where

Hi, is the mixed heat transfer coefficient of aer-
ated oil that is adjusted with the air volume ratio
(V)as:

Hpo = Hpo(1 = V) + H;gV

22

The non-dimensional load parametetg,

and W,, parallel and normal to the line of centers,
respectively, are given by:

_ 21 1_
Wy = —J f P cos6dzdo
0o Jo

. 2m 1_
W, =f f P sin6dzdo

0 0
The total load paramet®, can be evaluated as
W= /Wyz + W2
The attitude angle of the bearing can be calculated
as

W,
— -1 Yy
@ = tan <—_x>

3. Numerical Procedure

The Reynolds and the energy equations are
differential equations governing the fluid pressure
and temperature of the oil film interlinked through
viscosity and density temperature dependence.
These equations are discretized using central
finite difference scheme. The physical domain is
divided into 43 nodes along circumferential
direction, 15 nodes along the axial direction and 6
nodes across the oil film. The initial oil film
pressure and attitude angle have been assumed
and the Reynolds equation is solved iteratively.
The iterative procedure is stopped when the
following convergence criterion is achieved:

kk ) pn—1
Zk=1 ?=1| g?k_PiT,lk

Tkl Zia | Pl

error(p) = <10™*

Once the pressure field converges, the

velocities components and their derivatives are
evaluated.
The energy equation is then solved simultane-
ously with Reynolds equation. The boundary
conditions are incorporated in the iterative system
The temperature iterations stopped when the
following convergence criterion is achieved:

kk T Tn—1
2k Xiea | Tik — Tk

kk T
Yk 2T

error(yy = <10™*

A computer program written in FORTRAN 90
has been used to solve the governing equations,
the iterative procedure is shown in figure(2).
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4. Resultsand Discussion

The results obtained for the performance of
finite length journal bearing lubricated with
bubbly oil are presented herein. The journal
bearing variables as well as the mechanical and
thermal properties of the PTFE liner used in
computer simulations are listed in table (1).The
effect of high speed operation considering
convective condition on the bearing walls, elastic
deformation of PTFE liner, misalignment of the
bearing shaft, the effect of bubble radius, aenatio
level, bubble surface tension on the performance
of the bearing are considered. To validate the
approach used through the present work, a
comparison between some of the results obtained
in this work have been compared with that
obtained by other workers as shown in figures (3
to 6). The pressure and temperature distributions
for a bearing lubricated with bubbly oil of bubble
radius rp= 0.02mm and aeration level¥d,,=1/5
have been obtained and compared with that
published by[22] as shown in figures (3) and (4).
The bubbly oil dynamic viscosity obtained in the
present work has been compared with that
obtained by [22]as shown in figure(5). The
maximum deviation between the results has been
calculated and found to be (5%).The oil film
pressure for infinitely long bearing lubricated lwit
bubbly oil has been obtained and compared with
that published by [12] as shown in figure(6). The
maximum deviation between the results is
calculated and found to be (4.7%). The effect of
bearing liner with different thicknesses on the oil
film pressure generated can be shown in figure
(7). It can be deduced from this figure that the
rigid bearing shows higher oil film pressure. The
oil film pressure decreases as the thickness of the
bearing liner increases. This is can be attribted
the elastic deformation of the bearing liner which
increases as the liner thickness increases and
hence increases the oil film thickness. It is well
known that the oil film pressure is inversely
proportional to the oil film thickness. Figure (8)
shows the oil viscosity distribution through the
bearing for different liner thickness. It can be
deduced from this figure that the oil film viscgsit
is slightly increases as the elastic liner thidee
increases. This figure explains that the mechanical
deformation has the dominant effect on the oil
film pressure than the oil viscosity. The effect of
aeration level on maximum bearing pressure is
presented in figure (9). It can be seen from this
figure that maximum oil film pressure increases
for the bearing lubricated with bubbly oil of
higher aeration level and retains the highest walue
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for rigid bearing. The increase of the oil film
pressure with the aeration level can be attributed
to the higher oil viscosity due to the higher
surface tension of the bubbly oil in this case. It
can also be seen from this figure that decrease in
maximum oil film pressure has been obtained for
the bearing with thicker PTFE liner. This is can be
attributed to the mechanical deformation of the
PTFE liner. Decrease in load carrying capacity
for the bearing with thicker elastic liner can be
explained by referring to figure(10). It can be
shown from this figure that the elastic
deformation of the bearing liner increases when
the bearing lubricated with bubbly oil of higher
aeration level. The bearing power loss seems to
increase when the bearing works with oil of
higher aeration level (r/d) as shown in figure(11).
This can be attributed to the higher surface
tension force in this case. The effect of the oil
aeration level on the maximum oil film
temperature can be shown in figure(12). It can be
shown from this figure that the maximum oil film
temperature increases for the bearing lubricated
with bubbly oil of higher aeration level due te@th
higher bubbly oil viscosity in this case. Figure
(13) shows that the attitude angle decreases for
the bearing working with bubbly oil of higher
aeration level (r/di). A bearing with elastic
liner shows lower values of attitude angle in
comparison with the rigid bearing. The decrease
in attitude angle becomes negligible for a bearing
with elastic liner of higher liner thickness. This
indicates that using a PTFE liner for the bearing
improves its performance since the bearing works
with lower attitude angle shows better stability.
The effect of bubble radius {fp on maximum oil
film pressure can be shown in figure (14). It is
obvious that the oil film pressure decreases as the
bearing lubricated with bubbly oil of larger bubble
radius. Figure (15) shows that the maximum
elastic deformation of the PTFE layer decreases
when the bearing lubricated with bubbly oil of
larger bubble radius. This is can be attributed to
the decrease of the surface tension force in this
case. The liner elastic deformation increases when
the bearing lined with thicker PTFE liner. This is
can attributed to the higher oil film pressure in
this case. Figure (16) shows that the power loss
decreases as the bearing lubricated with bubbly olil
of larger bubble radius. It becomes lower for a
bearing with elastic liner of higher thickness. Shi

is can be explained by knowing that the oil film
pressure decreases when the bearing lined with
thicker PTFE liner. Figure (17) shows the attitude
angle of the bearing increases for the bearing
lubricated with bubbly oil of larger bubbles radius
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which can be attributed to the increase in oil film
pressure in this case. Lower values of attitude
angle have been noticed for the bearing with
thicker elastic liner. It is well known that thel oi
film pressure decreases for the bearing lined with
thicker PTFE liner which causes in lower values
of the load carrying capacity components and
hence lower values of attitude angle. A higher oil
film temperature has been obtained for the bearing
working at higher degree of misalignment as
shown in figure (18). It can also be shown from
this figure that a higher oil film temperature is
obtained for a bearing lubricated with a bubbly oil
of higher aeration level. This indicates that the
shear rate of the oil film increases when the
bearing working at higher degree misalignment.
The increase in maximum temperature becomes
higher for the bearing lubricated with lubricant of

higher aeration level.

5. Conclusions

The effect of bearing liner elastic deformation
on thermohydrodynamic lubrication of a finite
length misaligned journal bearing lubricated with
bubbly oil working at turbulent flow regime has
been studied in the present work. From the results
obtained it is clear that the oil film pressure and
load carrying capacity seem to be significantly
affected when the bearing lubricated with olil
contained air bubbles. The oil film pressure and
load carrying capacity increase when the bearing
lubricated with bubbly oil of higher aeration léve
and smaller size of air bubbles. The oil film

temperature seems to be slightly increased for the

bearing lubricated with bubbly oil of a higher
aeration level while the oil film temperature
decreases for the bearing lubricated with bubbly
oil of smaller size of air bubbles. All the above
results obtained in expense of power loss, which
seems to be higher for a misaligned bearing
lubricated with bubbly oil of higher aeration level
and smaller air bubble size. However including
the effect of elastic deformation of the bearing
liner reduces the oil film pressure, load carrying
capacity and frictional power loss for the

misaligned bearing working at

the same

circumstances mentioned above. Complaint liner
inserted in the bearing seems to improve the
operational safety and prevent the metal to metal

contact of the bearing components.
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Table1,
Parameter s of the oil and the PTFE liner.

Properties Values

Parameters of the oil [22]

Inlet lubricant viscosity ) Pa.s 0.026
journal radius (R), m 0.0368
External bearing radiusyff,), m 0.1
Bearing length (L) m 0.0368
Radial clearance (C), m 0.0001466
Rotation speed (N), rpm 40000
Inlet lubricant pressure {p, N/nf 70000
Eccentricity ratio) 0.65
inlet lubricant temper-ature §J °C 40

bush temperature Y, °C 45

shaft temperature (J[ °C 45
Lugt;::]%ant density at inlet temperatugg,( 869 53
lubricant specific heat ({, J/kg.C 1968.75
Bush and shaft convection heat transfe&700
(Hs), W/nt.C

air convection heat transfer

W/n?.C o 2400
Bubble surface tensios)(, N/m 0.0365
Axial groove width 173
Mechanical propertiesof PTFE [17]

Liner elastic coefficient (¢ 34.65
Liner thickness(t) , mm 0.0-2.5
Modules of elasticity (E) , GPa 0.11
Passion's ratiaf 0.46
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Start

1-Input bearing operating Parameters.
2-Input bearinceccentricitv ratio and initial attitude an

1-Assign assumed pressure values at each node.
2-Assian assumed temperature values at each

1-Calculate the elastic deformation of the elasheii
2-Calculate the oil film thickness.

Compute the oil film pressure by solving the Reysol
equation

Check conver gence of
oil film pressure

Calculate new pressure using
suitable relaxation factor

Yes |

Calculate the load carrying capacity
components and calculate the attitude &

Check the conver gence
of attitude angle

1-Calculate the velocity field u and w and its
derivatives.
2-Solve the energy and the heat conduction
equations to compute the oil film temperature.

Calculate The
physical and Check Temp.
thermophysicalp Convergence
roperities of the
lubricant

Calculatethe bearing
per for mance parameters.

Fig. 2. Flow diagram of solution algorithm.
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Fig. 14. Maximum oil film pressure versus initial
bubbleradius under different PTFE liner thickness.
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Fig. 15. Maximum elastic liner defor mation versus
bubble radius under different PTFE liner thickness.
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Fig. 16. Power losses versus bubble radius under
different PTFE liner thickness.
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Fig. 17. Attitude angle versus bubble radius under
different PTFE liner thickness.
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Fig. 18. Maximum oil film temperature versus
misalign-ment degree under different aeration level.

List of Symbols
Symbol Definition
C Radial Clearance (m)

D Journal Diameter (m)
4 Distance between center to center
" bubble (m)
E Young modulus of elasticity (NAn
F Friction Force (N)
_ Dimensionless friction force=
© @ me
H Bush Convection Heat Transfer
st Coefficient ( W/M.K)
_ Non-dimensional Bush Convection
Hst Heat Transfer Coefficient==t—
pPoCpUC
L Bearing Length (m)
L. Contraction Ratio
N Journal Rotational Speed (rpm)
p QOil Film Pressure (N/M
= Non — dimensional Atmospheric
P Pressure
P. Oil Supply Pressure (N
P Frictional power losses (W)
_ Non-dimensional frictional power
P _ Pt c
¢ losses E (E)
Q. Side leakage Flow Rate {fs)
Qrec Recirculation Oil Flow Rate (¥fs)
R Gas constant for air (J/kg.K)
R. Local Reynolds Number
Ry Bearing (Bush) Radius (m)
rbin Radius of inlet bubble (m)
rbin Non-dimensional Radius of inlet
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bubble=>i
T Qil film TemperatureC)

Dimensionless Oil Film
T Temperature 2 "Tin) AT =Tin)

UoUR

T, Ambient Temperatur€C)
Ty Bearing Temperaturé@)
Tin Inlet Oil Temperature’C)
T i Mixing Oil Temperature®C)
T. Journal (Shaft) TemperaturiC)
T Thickness of bearing shell (m)
_ Non-dimensional Thickness of
t . t

bearing sheIIE
U Journal (Shaft) Speed (m/s)

Greek Symbols
E Eccentricity Ratio
u Lubricant Viscosity (Pa.s)
— Dimensionless Lubricant
H Viscosity=ﬂi
Lo Inlet Lubricant Viscosity ((Pa.s)
P Lubricant Density (kg/r)
B Non-dimensional Lubricant
p Density=’§i
Po Inlet Lubricant density
Q Journal Rotational Speed (rad/s)
Te Local Shear Stress (Nfin
Te Couette Surface Shear Stress (§/m
) Elastic deformation of bearing shell
@ Attitude Angle'®®®
Y Possion's Ratio
Y Kinematic Viscosity (rffs)
) Surface tension of bubble (N/m)
~ Non-dimensional Surface tension of
o bubble=—>
poRTC

5 Non-dimensional elastic

deformation
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