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The static characteristics of porous floating ring journal bearing
under hydrodynamic lubrication conditions are theoretically analyzed.
An isothermal finite bearing theory was adopted during this analysis.
To investigate the behaviour of such bearing, it is assumed that oil is
supplied through the outside diameter of the bearing under low supply

pressure.

The computational treatment consists of numerical solutions for
the governing equations of the problem. The effect of different
parameters affecting the performance of the bearing, namely,
permeability, supply pressure, the geometry of the ring and the bearing

are taken into consideration. The steady state characteristics are

obtained numerically by solving the modified Reynolds' equation and

the Darcy's equation together with appropriate boundary conditions to
obtain the leading and trailing edges of the oil — films. The governing
equations are transformed to discrete form using finite difference
technique. A program written in (FORTRAN — 90) language has been

prepared to solve the resulted simultaneous equations.

The angular extent of the oil — film formed in journal - ring and
ring — bearing oil filmsis obtained by applying the integral momentum
equation at the leading edge of the oil — film to define the beginning of
the oil extent while, the continuity of flow across the trailing edge is
used to define the end of the oil extent.

The analysis of the bearing performance shows the occurrence of

anegative film pressure before the trailing end of the oil — films region




as expected when compared the results with the behaviour of porous
bearings obtained by different workers. Numerical results show that the

bearing performance is affected by different parameters namely,

dimensionless oil — fed pressure, permeability, eccentricity ratios of

inner and outer oil — film, clearance ratios, and the radii ratios.
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Vil
NOMENCLATURE

The following symbols are generally used throughout the text.
Others are defined as when used during the articles.

Symbol Description Units
c Mean Radial Clearance m
C1 Journal — Ring Mean Radial Clearance m
C> Ring — Bearing Mean Radial Clearance m
(D)ii Inside Diameter, (D)ii= (2* R)ii m
e Journal Eccentricity m
e Floating Ring Eccentricity m
(F)ii Frictional Force N

. Dimensionless Frictional Force,
(F i . ’ -
(F i=(Fr¢/n R"L);

External Pressure Force Acting on Oil — Film
Font):: N
(Feo)s Surface at Inlet End of Oil — Film Region at (6=0,);;

External Pressure Force Acting on Oil — Film \
Froo)ii
(Froz)i | S rface at Trailing End of Ol - Film Region (6=0,),

External Shear Force Acting on Oil — Film Surface

(F+)ii Adjacent to Journal and the Outer Surface of Ring N
I.e. (y=h);
External Shear Force Acting on Oil — Film Surface
(Fow)ii Adjacent to Inner Surface of Ring and Bearing N
I.e. (y=0)

(h);i Oil — Film Thickness m




(hoa)i

Oil — Film Thickness at Inlet End

(ho2)i

Oil — Film Thickness at Trailing End

(h)i

Dimensionless Oil —Film Thickness,( h " =h/c);;

Permeability of the Porous Matrix

Length of the Ring and the Bearing

(Mel)ii

Circumferential Momentum Flow Rate across Oil
Film Surface at Inlet End of Oil — Film Region,
l.e. at (9 = 91)“

(M"o1);i

Dimensionless Circumferential Momentum Flow
Rate across Oil — Film Surface at Inlet End of Oil-
Film Region, i.e.at (6 =01); ,

(M"01= Moy/(pc(R* ®)°L);

(MOZ)ii

Circumferential Momentum Flow Rate across Oil —
Film Surface at Trailing End of Oil — Film Region,
i.e. at (9 = 92)“

(M 02

Dimensionless Circumferential Momentum Flow
Rate across Oil — Film Surface at Trailing End of
Oil-Film Region, i.e. at (6 = 0,);;,
(M"02=Mg2/ (pc(R* ®)°L);i

(Mec)ii

Circumferential Momentum Flow Rate across Oil —

Film Surface at Both Axial Ends (z = £L/2)

(MAec)ii

Dimensionless Circumferential Momentum Flow

Rate across Oil — Film Surface at Both Axial Ends
i.e at (z=+L/2), (M o= Moo/ (pc(R* ®)°L);

(Mob)ii

Circumferential Momentum Flow Rate across
Oil — Film Surface Adjacent to Inner Surface of

Ring and Bearing, i.e. (y=0)




Dimensionless Circumferential Momentum Flow

Rate across Oil — Film Surface Adjacent to Inner

(M o) Surface of Ring and Bearing , i.e. (y=0) _
(M"oc= Moo/ (pC(R* )L );
N; Journal Rotational Speed r.p.m
N, Floating Ring Rotational Speed r.p.m
N./N; Ring to Journal Speed Ratio -
(P)ii QOil — Film Pressure N/m?*
. Dimensionless Oil — Film Pressure,

(P)i N ) -

(P =c"Pl(wR"n))i

(P);; Oil — Film Pressure Inside the Porous Matrix N/m?
™ Dimensionless Oil — Film Pressure Inside the Porous

(P Matrix, (P =P /(0R?M)); ]
P. Supply Pressure N/m*

. Dimensionless Supply Pressure,

; P = P, (o) /(@R )i '
(Qop)i Poiseuilles' flow m/s
(Goo)ii Couettes' flow m/s
(Q)ii Flow Rate m°/s

R Journal Radius m

R, Ring Inner Radius m

R, Ring Outer Radius m

R Bearing Inner Radius m

R4 Bearing Outer Radius m

Radial Coordinate with Origin at the Center of the
r Bearing _
(S)ii Sommerfeld Number , (S= (RonL / W)*(R/ ©)?); -




(Tii Frictional Torque N.m
. Dimensionless Frictional Torque at the Inner
T e Surface of Ring, T imer= Tinner C1/ najR%L _
. Dimensionless Frictional Torque at the Outer
T o Surface of Ring, T outer= Touter C2/ NoR>L _
(U)ii For i.i.=1 u=u, (Jo-urnal Vel ?city) i
For ii=2 U = U, (Ring Velocity)
(U v, W), Oil — Film Velocity Componentsin 0,r,z Directions s
Respectively
Oil Velocity Components inside the Porous Matrix
UV, W) . — . m/s
in 0,r,z Directions Respectively
(Ui Axial Velocity of Oil in Clearance Gap m/s
(U Radial Filter Velocity of Oil in Porous Matrix m/s
(Ug)ii Circumferential Velocity of Qil in Clearance Gap m/s
Circumferential Velocity of Oil across the Control
(Ugm)ii Surface at Inner Surface of Ring and bearing, i.e. m/s
(y=0)
(W)ii Load Carrying Capacity N
. Dimensionless Load Carrying Capacity,
W (W)i=(W ¢/ noR*L); '
(W), Component of Oil — Film Force Along the Line of N
Centers
Dimensionless Component of Oil — Film Force
(Wi Along the Line of Centers, -
(Wi =(W; ¢*/ noR°L);
Component of Oil — Film Force Perpendicular to the
(Wr)i N

Line of Centers




Dimensionless Component of Oil — Film Force
(W) Perpendicular to the Line of Centers, -
(WD) =(Wr &/ moR®L);
Axial Coordinate with Origin at middle of Bearing
‘ Length _
Coordinate in the Direction of Oil — Film Thickness
Y with Origin at Inner Surface of Floating Ring and
Bearing
Greek  Symbols
Symbol Description Units
(B Angular Extent of Oil Film, (B)ii = (02- 04); Degree
(Ar);; Increment in r — Direction m
(AB);; Increment in 6— Direction m
Az Increment in z — Direction m
€ Eccentricity Ratio -
€1 Journal —Ring Eccentricity Ratio -
€2 Ring —Bearing Eccentricity Ratio -
€ « 18,0 eun,
Errors Ratios -
€ r €on €
n Absolute Viscosity of Oil

pa.s




Angular Coordinate from Maximum Film

0 _ o degree
Thickness Position
Angle from Line of Centersto Inlet End of
(O1)ii o . degree
Oil — Film Region
Angle from Line of Centersto Trailing End
(02)ii . . . degree
of Oil — Film Region
((RIC)p)ii Coefficient of Friction -
Dimensionless Coefficient of Friction
()i = (Ry/cy)y in case of journal —ring oil film -
= (RJ/cy) U2 in case of ring —bearing oil film
o Density of Oil kg/m®
(T )i Dimensionless Shear Stress -
(CD)“ Permeability Parameter, (CD)“ = (kR / ) -
Y1 Journal —Ring Attitude Angle degree
Yo Ring —-Bearing Attitude Angle degree
O] Journal Rotational Speed rad/s
®r Floating Ring Rotational Speed rad/s




Subscripts

b Referring to Bearing

=1 referred for Journal — Ring Oil — Film
=2 referred for Ring — bearing Oil — Film

=1 for Porous Matrix of Floating Ring

I =2 for Porous Matrix of Bearing

] Referring to Journal
ik Grid Number in Radial, Circumferential
v and Axial Direction, Respectively

r Referring to Floating Ring

S Supply Condition

Superscripts

Dimensionless Quantity

Porous Parameters




INTRODUCTION

With the introduction of high speed turbochargers, gas turbines and
compressors, vibration problems and instability were raised. Design
improvement and modifications of journal bearing arrangement were made
to decrease the excessive vibration and increase the stability range; one of
the arrangements was the enhancement of damping characteristics of the
journal bearing by introducing a floating ring between the rotating journal
and the fixed bearing.

Porous journa bearings impregnated with oils are widdly used in industrid
gpplications. Since these bearings have more advantages than the non — porous
bearings because they do not need continuous lubrication, hence their structure is
simple and they dso have low cost. In spite of their wide usage, their performance
can vary from one gpplication to another because of the complex conditions under
which these bearings operate, [1].

The porous floating ring journa bearings, such as that shown in Figure (1-1)
seem to have both advantages mentioned above (self — lubrication and high damping
characteristics). Although, the solid floating ring journa bearing has been
extensively investigated but there seems to be no work in literature dealing with the
performance of the porous floating ring journa bearing. Hence, the present work
represents an attempt to study the performance of such bearings.
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This work conssts of theoretical investigation of this type of bearing using
improved boundary conditions suggested by some Japanese workers in the last
decade, (Kaneko &, d. as be described later), to define the leading and trailing edges
of the ail film. The experimenta analysis carried out by these workers on the
performance of porous bearings shows that the oil film is formed mainly in the
loaded part of the bearing and the oil film is significantly smaler than that formed in
solid journa bearing, even under hydrodynamic lubrication conditions. The
theoretical analyss of the problem is based on the assumption that the bearing
receives subsequent lubrication from an external source, to ensure that the bearing

system operates under hydrodynamic lubrication conditions.

The analysisis carried out to afinite length bearing working under isothermal
condition. A steady state solution has been obtained using the finite differences
technique to solve the governing equations namely, the Reynolds equation, which
has been modified to include the dip velocity effect at the porous surface, to evaluate
the pressure distribution through the journal — ring and the ring — bearing ail films
and the Darcy's equation to evauate the pressure distribution of the oil through the
porous matrix (porous ring and porous bearing). The above equations are solved
together with appropriate boundary conditions required to evauate the oil film
extent.

The momentum theorem is applied in the clearance gap of the ail films and
the integra momentum equations are derived and used to determine the extent of the
oil film at the inlet boundary, while the continuity of flow is used to determine the
trailing edge at the outlet boundary line.

A computer program has been prepared and written in (FORTRAN 90)
language and executed on a persona computer (Pentium 4) of 256 MB Ram, to
solve the governing equations of the problem. An iterative scheme with successive

under relaxation has been adopted to solve the problem numericdly. The outer loop
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of the iterations has been stopped when the equilibrium conditions which
characterize the bearing performance (load and frictiona torque about the inner and
outer surfaces of thering) are satisfied.

As the pressure distribution through the oil films are determined, al the
parameters related to the performance of the bearing such as friction coefficient,
attitude angle, load carrying capecity...etc, can be calculated. The computer program
has been tested on the bases that the solution of the floating — ring bearing problem
merely consists of parald solution of two ordinary porous journd bearing problems.
Hence, a problem related to a porous journa bearing with specified dimensions has
been solved by the computer program and the results are compared to that published
in literatures, agood agreement has been obtained during the comparison.

Thefollowing are the main objectives of the present work;

1- Using an improved boundary condition to anayze the porous floating ring
journa bearing and put forward the mathematical mode for a finite length of
such bearing.

2- Solving the governing equations of the problem by using a suitable numerical.
A computer program had been put forward to solve these equations.

3- Cdculation of the main steady State performance parameters.
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TR Porous Floating Ring

Solid Jour nal

Solid Housing

Porous Bearing

O; Journal Center
O, Floating Ring Center
O, Bearing Center

Figure (1-1) Porous Floating Ring Jour nal Bearing



CHAPTER TWO
LITERATURE SURVEY

Porous oil bearings can be defined as bearings in which the oil comes
out of pores to lubricate fractioning surface (self-lubrication) and, on shut-
down of the operation, oil would penetrate back to the pores. As such,
lubrication of porous oil bearing is efficiently realized with comparatively
small amount of oil. This type of bearing system is widely accepted for
audio-visual (Av.) equipment, domestic electric applications and automobile

electric components.

The most common type of bearings in category of porous oil bearing
Is the oil impregnated sintered bearing, which is made of Cu-base alloy, Cu-
Fe base alloy, Fe base alloy or AL-base alloy. The Cu-base alloy bearings
have superior fitness, while these of Fe-base alloy possesse superior
mechanical strength and these of Cu-Fe base alloy are characterized by well
balanced fitness and mechanical strength, AL-base alloy bearings are
characterized by superior fitness and thermal conduction with comparatively
light weight. Regimes of surface temperature of these bearings would vary
depending on the type of oil employed, (0 — 80 °C) with mineral oils and
(-30 to 120 °C) with synthetic oils. The porous bearings are mainly
characterized by the permeability, which can be defined as the property that
characterized the ease with which a fluid may be made to flow through the

material by an applied pressure gradient or in other word it is the fluid
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conductivity of the porous material, the porosity which is defined as the

fraction of the bulk volume of the material occupied by the voids, [2].

The performances of porous bearings have been widely studied. The
review of literature related to this field can be classified into the following

categories:-

2.1.1

Morgan and Cameron, (1957), [3], studied the oil flow in porous
journal bearings; they used dyed oil for impregnation of porous bearing.
They covered the bearing surrounding with felt cloth in order to see oil
emergence pattern from the bearing surface. They observed that the oil
emerged towards load side of the felt cloth cover and the weight of the
bearing and felt unchanged before and after the oil emergence, which led
them to conclude that the oil must have penetrated into counter — loaded side
of bearing from the felt. Evidences reported by this work seem to ensure the

presence of oil flow in the porous oil bearing system due to pumping effect.

Kaneko, S., (1989), [4], applied porous materials to study the
behaviour of the annular plain seals. The porous material was employed in
pump by insertion into the inlet part of the seal. The static characteristics of
such seals have been analyzed in the laminar — flow regime. The effect of
the porous materials were found to increase the hydrostatic force since these
materials performed as a hydrostatic bearing, and reduced the hydrodynamic
force owing to the seepage of liquid between the seal clearance and the
porous matrix. These effects consequently yield large film force component

along the line of centers and small one perpendicular to the line of centers
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for the porous seal compared to that for the equivalent solid seal. The total
side leakage flow from the outlet end was also significantly affected by the
porous materials, which took larger values for the porous seals than for the

solid one and increased with the axial length of the porous matrix.

Kaneko and Obara, (1990), [5], arranged an experimental model,
using small diameter packed glass spheres to explicate the mechanism of
lubrication in porous bearings, by using the dye — injection method as a flow
visualization technique. They showed a circulation of oil existing through
the porous matrix, which contributed to the lubrication in porous bearings,
and under boundary lubrication conditions, the oil feed pressure (Ps) from an
external source significantly affected the flow pattern, while under
hydrodynamic lubrication conditions, the oil in the porous matrix flew away
from the position of the load line towards the unloaded region. For small
pressure supply (Ps), the oil moved towards the region where the oil film

pressure would be minimum.

Kaneko et al., (1994), [6], arranged an experimental model in order to
investigate oil film formation in bearing clearance to explicate the
mechanism of lubrication in porous bearings. They visualized the oil film in
porous bronze bearing impregnated with fluorescent — dyed oil by using a
pair of ultraviolet lamps. They observed that the oil film was formed in the
loaded part of the bearing and it extended over a wide range for the
relatively small static load and high oil feed pressure, and the angular extent
of the film for the porous journal bearing was significantly small as

compared to that for the solid journal bearing.

Kaneko et. al., (1994), [7], studied the effect of the oil supply

pressure on the mechanism of lubrication in porous journal bearing. In this
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analysis the angular extent of the oil film formed in bearing clearance has
numerically been obtained on bases of the postulate that the oil film extent
remains constant when a balance is established between oil fed into the
clearance and that from the clearance. The computed results indicated that
the dimensionless oil feed pressure has a marked effect on static
characteristics, and an increase in supply pressure yield higher value of the
angular extent of the oil film and load carrying capacity, and lower the

coefficient of friction.

Kaneko and Hashimoto, (1995), [8], carried out an experimental
investigation of the effect of oil supply pressure on the frictional
characteristics under hydrodynamic and mixed lubrication regimes. They
observed that under the same value of dimensionless oil — feed pressure (Ps),
the relationship between the coefficient of friction and the Sommerfeld
number was represented by a single friction curve extending from the
hydrodynamic regime to the mixed regime, even for the different
combinations of oil — feed pressure and shaft speed, and the friction factor
decreased in hydrodynamic regime and then steeply increased in the initial
stage of the mixed regime. The supply pressure was found to be effective at

the transition point from hydrodynamic to boundary lubrication.

Kaneko et al., (1998), [9], made an experimental investigation of the
static and dynamic characteristics for annular plain seals with porous
materials applied to the seal surface by insertion into the middle of the seal.
Experimental results showed that the annular plain with porous materials
had a higher leakage flow rate, large main stiffness coefficient and smaller
cross — coupled stiffness coefficient and main damping coefficient than
conventional annular plain seals with solid surfaces, i.e. an increase of

approximately 30 percent in the leakage flow rate while, the main stiffness
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coefficient for the porous seals were four to six times as much as those for
the solid seals due to the increase in the hydrodynamic force induced by a
friction of the hydrodynamic porous bearing, and reduction of
approximately 30 percent in the main damping coefficient were obtained.
When porous materials were applied to the seal surface, a high stable

operation speed by a stiffer rotor support was obtained.

Shah and Bhat, (2003), [10], studied a porous exponential slider
bearing with a Ferro — fluid lubricant whose flow was governed by Jenkins
flow behaviour considering slip velocity at the porous interface. They
obtained that exponential porous slider bearing had more load carrying
capacity, and coefficient of friction than the corresponding inclined plan
porous slider bearing, and the decrease in load capacity of the bearing owing
to the slip velocity as well as the material parameter could be made good by

increasing the magnetization of the fluid.

2.1.2

Bevers and Joseph, (1967), [11], showed in their experimental study
that the adherence boundary condition, which was valid for impermeable
surface, was not valid at the nominal surface of permeable material due to
the migration of fluid tangent to the boundary within the porous matrix and
an alternative boundary condition was proposed by them which admit a
nonzero tangential velocity at the porous surface, i.e. slip velocity which
could be defined as the slip boundary condition which expresses that there is

oil flow in tangential direction in the porous material.
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Prakash and Vij, (1973), [12], analyzed an inclined plane infinite
slider bearing with an impermeable slider and a porous — faced stator backed
by a solid wall. They concluded that the effect of porosity was to decrease
the load — carrying capacity and friction when the coherent boundary

condition in their analysis used.

Prakash and Vij, (1974), [13], presented an analytical solution for
the performance characteristics of a narrow journal bearing using the
modified Reynolds equation which included the effect of slip velocity.
Results were presented for various bearing characteristics and compared
with results obtained by using no — slip condition. The analysis indicated
that in the no - slip case, the load increase with eccentricity ratio but
decreased as the permeability parameter took large values, and coefficient of
friction increased with permeability parameter, while, in the slip case, the
effect of slip decreased the load capacity, however, with increasing the
eccentricity ratio, the trends were reversed and the load capacity increased,
and the coefficient of friction decreased at large value of permeability
parameter and it would be increased at small value of permeability
parameter. It was seen that porous bearing had higher attitude angle than
nonporous ones, and there was a relative error due to neglecting the of slip
in the calculation, i.e. the results showed that the occurring error could be

reach 70 percent.

Rouleau and Steiner, (1974), [14], developed a practical and accurate
numerical method for the calculation of bearing performance. This method
used Reynolds’ boundary conditions to analyze the porous bearing
performance. The results, in their analysis, were based on a modified form
of the Reynolds’ equation for the film and also accounted for slip at the

film — bearing interface by means of Darcy's law. The analysis showed that
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there were less load capacity and more friction coefficient than that given by
the often used Sommerfeld boundary conditions. Also they concluded that
the sealing of the axial ends of practical porous bearing, in order to increase

load capacity, had little practical effect.

Cusano, (1979), [15], implemented and developed an analytical
solution for the performance characteristics of starved porous journal
bearing. The solution was based on a finite bearing using modified
Reynolds’ equation which included the effect of slip velocity. He concluded
that the porous bearings would operate under steady starved condition in
cases where the bearings received subsequent lubrication from external
source. The results are presented for active film arc from 20 to 90 degrees.
Bearings of active film arc less than 20 degree were not obtained since the
load capacity for such values would be very small if hydrodynamic
conditions were to be maintained. The values of active film arc greater than
90 degree were not obtained since there were few porous bearing
applications where such film extents exist. For higher operating eccentricity
ratios and higher permeability parameters, the flow from the porous matrix
was a large proportion of the total side flow. These values suggested that for
such eccentricity ratios and permeability parameter, it would be
advantageous to close the pores at the ends of the bearing, with such
closure, given oil — film extent could be maintained with a smaller oil

supply to the bearing.

Patel and Gupta, (1983), [16], analyzed an inclined porous slider
bearing with slip velocity at the porous boundary was considered in this
work. They obtained expressions for dimensionless load carrying capacity,
friction coefficient and center of pressure in the form of integrals. Their

results showed that the minimization of the slip parameter was essential to
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increase the load capacity, and the friction force decreased as the slip
parameter decreased and the permeability parameter increased, while the
friction coefficient increased as the permeability parameter increased and
decreased as the slip parameter increased. The parameters which affected
the performance of the bearing were the permeability parameter, and the slip

parameter, although, these were not independent of each other.

Kaneko et al, (1994), [17], made an experimental investigation of the
oil film formed in porous bearings. The results of their analysis showed that
the oil film under hydrodynamic lubrication conditions extended over a
wider range than that under boundary lubrication conditions. Under
hydrodynamic lubrication conditions, the angular extent for the porous
bearing was considerably small compared with that for the solid journal

bearings.

Kaneko et al, (1997), [18], used an improved boundary condition to
analyze theoretically and experimentally the oil film pressure distribution in
porous bearings under hydrodynamic lubrication conditions. In this analysis
they concluded that the integral momentum equation obtained by applying
the momentum theory to the oil film region was proposed for the
circumferential boundary condition of the oil film pressure, and the oil -
film pressure distributions were numerically solved using both the integral
momentum equation and the continuity equation based on the balance of the
oil film across the clearance gap. The study yielded negative pressure before
the trailing end of the oil — film region, which was confirmed in the
measured oil — film pressure distributions, and the location of the trailing
end of the oil — film region obtained in the study moved toward the down
region as compared to the analysis based on the quasi — Reynolds’ boundary

condition yielding better agreement with the measured oil — film region.
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Yousif, Nacy and Abass, (1999), [19], performed a full theoretical
analysis of the problem of two non conformal porous surfaces in line contact
under conditions pertinent of elstohydrodynamic lubrication. Their work
consisted of a computational and experimental treatment for the behaviour
of machine elements made of a porous material. The Reynolds’ equation was
modified to include the slip velocity effect at the porous boundary. They
observed that the maximum oil film pressure increased with increasing the
permeability of the porous material, whilst the oil film thickness decreased,
and the oil film pressure increased and film thickness decreased with
increasing the applied load with porous disks of certain permeability and at
a constant specific speed. The shear stress generated at the permeable
surface increased with increasing the permeability of the porous material,
also they showed that the coefficient of traction increased with increasing
the permeability, and the slip velocity increased with increasing the

permeability.

Erno Baka, (2002), [20], used pressure functions to calculate load
carrying capacity of the porous journal bearings under hydrodynamic
lubrication conditions. Pressure functions were determined and compared to
each other to show the difference of several simplification, assumptions, and
boundary conditions. The porous material was assumed to be isotropic and
homogenous. Four pressure functions ["Cameron”, "Rouleau”, "Beavers and
Joseph”, 'Murti” and "Prakash and Vij”"] were analyzed using the short
bearing approximation and one pressure distribution [Capone function] with
the infinitely long bearing assumption. The load carrying capacity and the
coefficient of friction were calculated and compared to one another. The
solutions presented above of the equation of the hydrodynamic lubrication
for porous bearings and the calculated load carrying capacities showed that

the solution of equation of hydrodynamic lubrication for porous bearings
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were more complicated than for the solid sliding bearings, and the short
bearing assumption gave more simpler solution than the infinite long
bearing assumption. There were many new boundary conditions taken into
consideration with the influence of the porous bearings on the hydrodynamic
effect.

Saha and Majumdar, (2004), [21], studied the steady — state and the
stability characteristics of hydrostatic two — layered porous oil journal
bearings. The effects of the eccentricity ratio, slenderness ratio, bearing
number, feeding parameter and anisotropy of permeability on load carrying
capacity, attitude angle, and friction variable and oil flow rate were
investigated. Stability analysis was performed using linearized perturbation
method. It was observed that a two — layered porous bearing gave higher

stability than a single — layered porous bearing.

2.1.3

Yung and Cameron, (1979), [22], studied the sliding surface of pad
type oil impregnated sintered bearing possessing convex shape surface,
using optical interference technique. They showed that the temperature
gradient must be induced in the micro taper lands rising from the entry to
exit of the bearing due to shearing friction, and the temperature gradient in
micro — lands must lead to comparatively large rear end of the micro — land,

and this must function as the load supporting point of the porous oil bearing.

Braun, (1982), [23], observed the oil film formation in journal type

oil impregnated sintered bearing from the interior of a hollow glass shaft,
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using while light. He showed that about 1/7 of the total circumference of the
porous bearing was covered by oil film, which must support the load of the

bearing.

Terril, (1983), [24], obtained an axisymmetric solution of the
Navier — Stokes equations for potential flow superimposed on Poiseuille
flow. The results were used to obtain fully developed solution for flow in a
porous pipe with variable suction or injection, and the suction distribution
needed to change a specified axial velocity distribution at one cross -

section to a specified axial velocity distribution at another cross — section.

Yoken — Doh, (1987), [25], showed that two effects were considered
to be responsible for film formation in the clearance of porous oil bearing,
namely, the oil feed effect known as pumping effect from pressure in the
clearance, and the oil seepage from pores to bearing surface by reduced oil
viscosity and by increased oil volume due to thermal expansion induced by

friction heat generated at the bearing sliding surface.

Kaneko et al, (1991), [26], made an experimental investigation of the
state of oil film formation in journal type oil — impregnated sintered bearing
made of bronze under different conditions. They used fluorescent dyed oil
fed into the bearing, where this was made visible by irradiation with UV
light. Constant oil supply through the outside diameter of the porous bearing
was delivered to the bearing in order to hold the oil content in the porous
bearing constant. They noticed that the oil film formation in porous bearing
was rather limited to 65° under hydrodynamic lubrication condition as
compared with that in solid bearing, while the oil film formation in porous
bearing was rather limited to 30° under boundary lubrication condition as

compared with that in solid bearing. Also they concluded that commonly
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assumed range of oil film formation, namely 180°, for theoretical analysis of
hydrodynamic lubrication condition was not justifiable for porous oil
bearing possessing no oil fed hole.

Kaneko and Ohkawa (1992), [27], theoretically analyzed the oil film
extent under hydrodynamic lubrication condition in porous bearing. When
the oil film extent reached steady state, the inflow of oil into the bearing
clearance through the porous matrix due to the oil — feed pressure must
make up for the oil leakage from the clearance to both ends and to the
porous matrix due to the hydrodynamic pressure generated in the oil film.
The results showed that the oil film region extended over a wide range for
the higher dimensionless oil — feed pressure and smaller Sommerfeld
number, which could be explained by the balance between the inflow and
outer flow across the oil film region, and the data on the oil film extent were

confirmed to be in agreement with the experimental results.

B ctvcoionof iaing g ot Bsrings

A floating — ring bearing is a special type of hydrodynamic lubricated
journal bearing in which a bush (ring) is maintained floating in the

lubricating fluid between the shaft journal and rigid housing.

The floating ring journal bearing has long been considered as a high
damping bearing for rotor support. It was used extensively by the British in
the connecting rods of Bristol aircraft engines in 1920 — 1930. Since that
time many researchers have worked on the field of floating ring cylindrical

journal bearing.
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Shaw and Nussdrofer, (1947), [28], analyzed the operating
characteristics of the floating ring journal bearing. Their analysis indicated
that the floating ring operated over a wide range of speeds for a given shaft
speed and the failure of the floating ring bearing to start from rest under
load was an important point in designing this bearing. Also they showed that
less total heat was generated in the two oil films of the floating ring journal
bearing than the heat generated in an equivalent journal bearing and the load
carrying capacity of the floating ring bearing was less than that of an

equivalent journal bearing.

Kettleborough, (1954), [29], studied the frictional behaviour of
different ring operating with different clearance ratios assuming an infinite
length and no film rapture theory. In his experimental work he concluded
that increasing the clearance ratio ( cy/c; ) increased the speed ratio
( N/N; ), and thus reduced the journal friction and there was a reduction in
the running temperature for the floating ring journal bearing compared with

that for conventional bearing, due to an increase in oil flow.

Orcutt and Ng, (1968), [30], carried out theoretical analysis which
gave some design data including the steady state and dynamic load
properties for the floating ring journal bearing with pressurized lubricant
supply. They showed that there was a good agreement between the
measured and the calculated journal eccentricity (since the Sommerfeld
number decreased with increasing the eccentricity ratio) a large decrease in
Sommerfeld number occurred for lower values of clearance ratio while the
friction factor increased with Sommerfeld number and it was lower for
higher values of clearance ratio. The floating ring bearing had about (40 %)

lower power loss than a comparable tilted pad bearing, but the load capacity
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based on minimum film thickness was considerably less than that of a tilting

pad bearing because the clearance was split between two films.

Tanaka and Hori, (1972), [31], derived a theory based on the
assumption of infinitely short bearing and the film rapture in negative
pressure region. The experimental work carried out to study the suppressing
effect of the floating ring journal bearing concluded that the floating ring
bearing had better stability than the conventional cylindrical bearing, that
was attributed to the high damping effect of the outer film and the stability
of the floating ring journal bearing was improved by using a stiffer shaft and

larger radii and clearance ratio.

Rohde and Ezzat, (1980), [32], analyzed the performance of the
floating ring journal bearing under highly loaded and dynamic conditions
and they investigated its feasibility for automotive applications. The results
showed that the frictional power losses decreased with increasing the outer
clearance (c;), and there existed a clearance beyond which there was a minor
reduction in power losses, the floating ring concept resulted in an average
friction reduction of (35%). The ring speed dropped with increasing inner
clearance (c;), since under this condition the inner film frictional torque

available to drive the ring was decreased.

Mokhtar, (1981), [33], theoretically investigated the performance
characteristics and design data for floating ring journal bearings based on
the convenient boundary conditions. Results obtained indicated that the ring
dimensions were the dominant factor indicating the final bearing behaviour
and the oil film thickness between the ring and the bearing housing was

much thinner than between the journal and the ring. The floating ring
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bearing showed less frictional power loss than the ordinary bearing, but that

might be achieved at the expense of the load carrying capacity.

Li and Rohde, (1981), [34], analyzed the steady — state and dynamic
characteristics of floating ring journal bearing. They employed the finite
bearing theory rather than short bearing assumption in their study which
concluded that the ring speed decreased with decreasing values of
Sommerfeld number, it decreased more rapidly with increasing the load for
larger value of clearance ratio and for small value of clearance ratio (c,/c,)
the outer film became considerably stiffer, hence it could operate at smaller

eccentricity ratio than the inner film.

Li, (1982), [35], analyzed and gave some information about the design
of the floating ring journal bearing supporting a high speed flexible rotor.
The conclusions in this analysis were that the ring rotated faster when the
inner clearance was reduced and the power consumption in floating ring
journal bearing was lower than that in conventional journal bearing due to
the rotation of the floating ring which caused lower shear force acting on the

journal.

Wilkock, (1983), [36], investigated the load carrying efficiency of
floating ring journal bearings, and examined the general case of the floating
ring bearing under the requirement that capacity number and the load should
be the same as for the single film bearing for both inner and outer films. The
results obtained showed that the floating ring design made possible
significant power savings over the full range of laminar and turbulent
therefore if the reference bearing was laminar, a reduction in the power loss
of (42%) was achieved by increasing the total clearance while, if the

reference bearing was turbulent reduction of (51 to 64%) was achieved by
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reducing the bearing length, the amount of reduction depends on the level of

turbulence.

Yousif and Abass, (1989), [37], made theoretical and experimental
investigations of the behaviour of the floating — ring journal bearing
lubricated with bi — phase (liquid — solid) lubricant. Solid additives used in
this work were in the form of wood and graphite particles of various particle
size and concentration. The theoretical and experimental investigations
showed that the existence of solid particles in suspension in liquid lubricant
improved the performance of the floating — ring journal bearing, giving an
increase in load carrying capacity and a reduction in friction factor and
attitude angle together with a reduction in ring eccentricity ratio and the
bearing operation became more stable when using rings having smaller
clearance ratios. Also they indicated that the ring speed increase linearly
with the journal speed and that there was a slight increase in friction force
and frictional torque when the bearing was lubricated with bi — phase

lubricant in comparison with that lubricated with pure oil.

Dong and Zhao, (1991), [38], presented an analysis of the
performance of floating — ring journal bearing with non — stationary load.
Their observation showed that the experiment, in which floating — ring
bearing replaced the main bearing in an S195 diesel engine, was successful,
and it had invariably insisted that floating — ring bearings were only suitable
to a relatively high — speed and light — load rotating machinery. Floating —
ring bearing could also be in good working order, even when subject to low
speed and heavy, non — stationary loads, however, the use of floating — ring
bearings, had great significance for the reduction of bearing power — loss

and giving longer operating life.
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Yousif and Nacy, (1993), [39], predicted the steady state performance
characteristics for the floating ring conical journal bearing and comparison
had been made with the equivalent conical journal bearing. They indicated
that the load carrying of the floating ring conical journal bearing was less
than that of an equivalent conical journal bearing, and the floating ring
conical journal bearing exhibited less frictional losses when compared to an
equivalent conical journal bearing. Therefore the floating ring conical
journal bearing posses superior stability characteristics as compared with an

equivalent conical journal bearing.

Cheong and Kim, (2001), [40], analyzed the steady state performance
of the counter — rotating floating ring journal bearing with isothermal finite
bearing theory. They confirmed that the counter — rotating floating ring
journal bearings properly designed had considerable load capacity at equal
counter — rotating speeds, and the operating characteristics of the
counter — rotating floating ring journal bearing according to the method of
acceleration and deceleration of the rotational speeds of the journal and
sleeve were clarified. It was theoretically confirmed that floating ring
journal bearing could be used in counter — rotating journal — bearing system
and had the potential to become a good substitute for rolling bearing in

counter — rotating systems.

Andres and Kerth, (2004), [41], put forward a physical model and
fast computation programs in order to improve the design and performance
of turbochargers. They made a thermal analysis to study the performance of
floating ring bearing used in turbochargers. Prediction for the exit lubricant
temperature, power losses and floating ring speeds a greed well with

measurements obtained in an automotive turbocharger test rig, therefore,
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floating ring bearings offer lower power consumption and cooler operating

conditions than plain journal bearing or semi — floating ring bearings.

Although there is a number of theoretical and experimental work
related to the analysis of the performances of the floating ring bearing as
shown in previous articles, however, there is no work (to the best of our
knowledge) dealing with the performances of porous floating ring journal
bearing. So, the present work represents an attempt to analyze such bearing
theoretically using improved boundary conditions as suggested by
Kaneko et. al., 1997, [18] which state that the integral momentum equation
obtained by applying the momentum theorem and the continuity equation to
the oil — film region are proposed for the circumferential boundary condition
of the oil — film pressure to obtain the leading and trailing ends of the

pressure distribution of the oil — film regions.
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CHAPTIR THREE
THEORETICAL ANALYSIS

The theoretical analysis in this chapter forms an attempt to build up a
mathematical model to investigate the behaviour of the porous floating ring
journal bearing.

The main governing equations with appropriate assumptions and

boundary conditions used to solve this problem are described in the

following articles.

The geometry of the porous floating ring journal bearing with the
coordinate system used in this work is shown schematically in Figure (3-1).

The journal rotates with a constant angular velocity (w;) about its
center (O;).When the floating ring bearing works smoothly, the
hydrodynamic action would eventually force the porous ring to rotate at an
induced speed (®,) which isless than that of the journal. The porous bearing
Is inserted into a solid housing having a circumferential groove in the
middle, so as to give strength and also to prevent the escape of lubricant.
Lubricant oil at low pressure (Ps) is supplied to the groove through oil — feed
hole to replenish all the oil losses and to ensure that the bearing system

operates under hydrodynamic lubrication condition.
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Solid Housing N\ X35> Porous Floating Ring

Porous Bearing Solid Journal

Figure (3-1), Geometry of Porous Floating Ring
Journal Bearing and Coordinate System
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The two dimensional cylindrical coordinates (6, Z) were adopted to
describe the behaviour of oil films, while a three dimensional cylindrical
coordinates (r,0, Z) were used to describe the flow of oil through the porous

matrix.

The following assumptions are put forward to develop the
mathematical model required to solve the problem :-
1- All the assumptions used in the derivation of Reynolds' equation are
valid.
2- Surface roughness effect is neglected.
3- The effect of tangential slip velocity is adopted.
4- The porous matrix is homogenous and isotropic.
5- Steady state analysis for laminar fluid flow is considered.
6- Lubricant oil at a relatively small pressure (Ps) is supplied to a groove
through oil fed hole in order to ensure the existence of hydrodynamic
lubrication condition.
7- The boundary lines at the inlet and trailing ends of the film extent are
parallel to the axial coordinate, i.e. the values of (6,);; and (6,);; are constant
in the (Z) direction.
8- The outer surface of the ring is assumed as if it press fitted in a solid

*
N

housing i.e. ai=O.
or
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Using the assumptions mentioned before the governing equations

adopted in this work can be presented as follows;

3.5.1

Starting from the Navier — Stokes and the continuity equations
together with Darcy's law that expresses the flow of fluid within the porous
media, the governing equation for the pressure distribution in the oil filmis
given by the modified Reynolds' equation including a so — called filter term
and the effect of tangential slip velocity. Asfor constant oil viscosity, it can

be written in dimensionless form as, [7, 18];

(ZO)ii :((hAL_i_S)j ......... (3.2)
), =@h's+2a2s? )" +9)}), (3.3)

(s); = (@c/R; )2/ (3.4)
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a : isthe slip coefficient which is a dimensionless parameter that depends
on the porous material, and its value for laminar channel flow has been
estimated to be 0.1, so that A of (0.1) can be used in the present analysis as
done in the previous works [4,7,15,18,19,42].

A full derivation of equation (3.1) can be found in appendix A.
The dimensionless oil — film thickness can be evaluated as;
(h*), =(h/e), =@+ecosq), L. (3.5)

The last right hand term of equation (3.1) is called the filter velocity which
can be evaluated by using the Darcy s equation.

3.5.2

The velocity components of the fluid flow in the porous media are

obtained from Darcy's law which can be expressed as [13,15];

. kg oP
=L, 3.6
N h ox (36)

.k oP
=——1Z A
Ve (3.7)

k, OP"
=—L 3.8
h oz (3:8)

By substituting these velocity components into the continuity equation the

following equation can be obtained as [19];

au v ow
+—+

T e (3.9)
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The governing equation of the pressure distribution inside the porous

ring and the porous bearing can be obtained. This equation can be written in

dimensionless form as [7,18,42];

I\* 2 I\* 2 2 /\*
S P K S +(ﬂj L (3.10)
ry or o ) ) riLoa ). \LJ{a%z2" )
1) ] ]

]

Many previous experimental studies [5,6,7,18], show that the oil film
is formed over the whole bearing width in the loaded part of the bearing and
the oil film region breaks up into a number of striations or steamers at both

ends, extending towards the unloaded part.

In the present analysis, the boundary lines at the inlet and trialing ends
of the oil films regions are assumed to be parallel to the axial coordinate, i.e.
the values of (6,);; and (6,);; are constant in the Z — direction. The inlet and

trailing ends of the oil films are open to the atmosphere which means that;

(P} =0 at g=(@); and g=@2); e (3.11)

"), =0a g=@); ad a=@2); e (3.12)

where; (qq)i and (g,);; are determined by the following two circumferential

boundary conditions derived from the momentum theorem and the balance
of oil flow across the clearance gap of each oil film of the porous floating

journal bearing.
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Applying the momentum theorem to the oil film region, which is
considered as a control volume as shown in Figure (3-2), the integral

momentum equation is given by [18];

(Mql—MqZ_ch—quj :(FPQZ_le—l_ Ftb—thj ......... (313)
(M qc)ii ) al
SRRSO T\ e S W)
(M quyii = (Ol fim)i 1, (Mq2)ii Mai — (Qil film); —> (M)
l z=-L/2 y=0

()i (Mo (@) (Porous Matrix);

(a): Circumferential Momentum Flow Rates

(Fy)i  journal

— z=L/2 y=(h); 3 o
(Ollfllm)“
(Foaii > o [ (Feadi Feahi —> (il film); = (Foad)i
J z=-L/2 y=0 «—
(Feb)ii
()i (Q2i

(Porous Matrix);

(b): External Force Componentsin the Circumferential Direction

Figure (3-2),Circumferential Momentum Flow Rates acrossthe Control
Surfaces(Boundaries of Oil — Film Region) and External Componentsin the

Circumferential Direction acting on the Control Surfaces.



Chapter Three 30 Theoretical Analysis

where;

Mg, Mg2,Mgcand Mg, arethe circumferential momentum flow rates across

the control surface of the oil film, and

quz’qul’F‘b and th are the external forces components in the

circumferential direction acting on the control surfaces of the oil film.

Since the pressure at (g, ), and (g, ), isan ambient pressure,

(g

(FRM )ii _ 2|_i2 lhi (P|qill)”dydz =0 (314)
(e |

(qu2 )ii _ 2|_-(/[2 rhi (P|q=q2 )ii dydz =0 . (315)

The shear forces on the control surfaces at y=0 and y = (h).. are given by
(F.) :(F ) =|2r szqf L@{ulz } +(rﬂj h{l-z,} dqdz
ty Jii i Jii 0aq |\2rdq 371 . h ). 0 !

Substituting equations (3.14), (3.15) and (3.16) into (3.13), the sum of

the external forces becomes zero, i.e.

(Mql—qu—ch—quJ =0 (317)

The momentum flow rates are given as follows [18];



Chapter Three 31 Theoretical Analysis

L2 (o )
(Mql)n = Zj [r [(uq | )zlldydz ......... (3.18)
L 2( 1)”
(qu)” =2£ rhf r[(uq |q Hiidydz ......... (3.19)
Q2(h )u
(Mq, ) =2, )q! ] r[(uq * uz)lzuz]”dydq ......... (3.20)
(qu ),, =2r; L(/)Z((:?))” [(qu ),i * (Ur*)” ]r_( )-_dqu ......... (3.21)

Where r the density of oil film and its value is is assumed to be constant. The
velocity components in circumferential and axial directions in the first and

second oil films are, (uq )ii and(u; ), , while (u;" )jj is the velocity component

of the oil inside the porous matrix (in the bearing and the floating ring). The
different velocity components at the oil films and the porous matrix can be

expressed as follows;

2h(roq

(uq )ii = i[il (y-h, )(y+%hiizlxj + (I;]_Wli (Yd-2 4y )+hz, )ii ------- (3.22)

(u,). :i(gli (y—hi)(y+%h“zlxj ......... (3.23)
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In equation (3.20) (u,), at Z=L/2 takes negative value, i.e.,

loP/ed,_,,) >0 and uy at Z=L/2 is assumed to be zero, since (y); would be

zero just outside the axial end of the oil film. It yields;

(”q|z:L/2)“ =0 if (UZ|Z:L/2)“ <0 (ap/azlz:L/Z)“ >0 e (3.25)

The circumferential velocity component (u, ) across the control

surface at y=0 [bearing and floating ring surfaces| is given for both cases
where the oil in the clearance gap flows into the porous matrix and flow into

the clearance gap. It is expressed as;

(o)

1 (h?oP (rw), : .
e L » >0 ....... 2
121( e (1+zl)jii U (@+z,), if [ur _ j” >0 (3.26)
k[ oP |
u ) = if (u;‘ j <0 (3.27)
( qm)” h [r&q rrili e

By substituting the above velocity components into equations (3.18) to
(3.21) and normalizing each momentum flow rate by rL(crwz)i, equation

(3.17) can be written in dimensionless form as [18];
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(Mql—qu—ch—quj = L (328)

where;

VR
<>
Qa
=
>
Il

() frurfui)- J[{mo( ] (9+15zl+10212)l:q1]“dzﬂ

1 A3 A 1 A
_IH:ﬁ (’;P (3+320+221+42021)J ] dZA+I{(h3 (1+zo+z§)J ] dz”
a a=d1 /jj 0 a= Jii

0

......... (3.29)
A 1 A5 AN2
(quj” =(Mg2); /(rciiriiz\N”ZL)z(j) [1280(5; ) (9+1521+10212)J az’
! q=q2 Jjj
L .
- {h—ﬂe, 1+ 22, +422,) dz +j[(h (1+2,+2 )J ]dz“
1136 o
a=q2 /jj a=a2/ii
......... (3.30)

a1

(MA%j”:(M D llrerawiL)= 712((32(]2 Adqli

Where,

oP" j<0 ’ (8PA
2" ), oz

(Azh (B+X,+2Z,+42 2,
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a-o if |
oZ

j >0 (3.31)

az
[ quJ
a i

My, ] =) freriwit)-

O'—.H

n ..
r =1 ii

S0 e (3.32)

@) -[[£)o2® P
! r oq ” G

-1/

n ..
r =1 jj

A brief derivation of the momentum equationsis given in Appendix B.

The first circumferential boundary condition for the first and second oil

film pressure is given by the dimensionless integral momentum equation (3.28).

On the other hand, the second circumferential boundary condition is
determined on the basis of the following postulate; the first is that the inflow
into the bearing clearance through the porous matrix is due to the oil — feed
pressure, which contributes to the developed of oil film extent. The second is
that the oil leakage from the ends through the clearance gap and that into the

porous matrix is due the hydrodynamic pressure generated in the film.

When the oil — film extent reaches a steady state, the flow rate across thetrailing
boundary line due to Poiseuilles flow equals that due to Couettes flow, [7] i.e.,
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(4, /%, ), —H 6((1112210)) h“zia;; dZ“j ] ......... (3.33)

Consequently, the locations of the inlet and trailing ends of the continuous first

and second oil — films regions can be obtained as the values of (g;); and (95);

that simultaneous satisfy equation (3.28) and (3.33).

Knowing the values of (q;); and (q,); , the angular extent (b); of the first

and second oil films are expressed in the form;

b) =@k -@x (3.34)

The remaining boundary conditions are given as follows;

1-The axia ends of bearing are exposed to the atmosphere giving [7,15,42];
F)=(F)=0 az-e . (3.35)

2- The outer surface of porous matrix consists of two parts as shown in
Figure (3-3),thefirst is the part press — fitted inside the solid housing, where the
pressure is evaluated by the condition that the permeability of the housing

adjacent to the porous matrix is zero [7,18];
®=0; a (r"),>(r,/r), and 05<z’[<1 L (3.36)

The second is the part exposed to the circumferential groove in the housing,

where the pressure is given by;

K A ’P \ )
(P )2: P 7;;—\;[ a ("h=l/r), ad 2’05 ... (3.37)
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3- The flow is symmetrical about the mid — plan (2" =0) for porous media and
oil film regions respectively [14,42,43];,
oP" oP"

r"0/=0 and _@.0)=0 L 3.38
e P @ (338)

4- Furthermore, continuity of pressure at the interface between the porous matrix

and the oil films gives[7,18];

(PA*)“ :(P“)ii at (r“)jj =1; where; r"=r/R, ... (3.39)
J]

For the steady — state condition, modified Reynolds equation (3.1) is
solved simultaneously with the Darcys equation (3.11) using the an
improved boundary conditions [equations (3.28) and (3.33)], the solution
yields the bearing dimensionless pressure fields, so, the dimensionless
forces acting along and normal to the line of centers of the ring and journal

can be obtained as follows [7,43];

(WRJ = —iqu (PA(q ,Z); COSQ )ﬂdqdz“ ......... (3.40)
(V\A/T j = iqu (P"(@.2), sing ) dgdz L (3.41)

The total dimensionless load is;
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The attitude angles (¥); and Sommerfeld numbers (s);; are given by;

(W) =ten e el (3.43)

(S =yw, :(Rihwii)*(R/C)ﬁ /(V\/“/L) --------- (3.44)

For a Newtonian lubricant, the shear stress at the bearing, ring surfaces and

the ring, journal surfaces can be evaluated as,

au

t):=h oy

hi,0

The lubricant velocity field across the first and second oil film can be

evaluated as [42];

1(oP 1 u.
Uji :E(&j“(y_hn)(Y"'éhiizlxj"‘h_”(ya_zw)"'h20x)ii """"" (3.46)
@ :ii(h@j +i(hz_1@j +ﬁ(l_20)ii ......... (347)
Mo DU X))y 2 3ox); h

The friction forces can be evaluated as;
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) =TT {22 - 52

Where;

ii=1 (Fr“)ii = F, friction force at inner surface of the ring and the

negative sign of the first right term would be used.

=2 (Fr“}i = Frg friction force at outer surface of the ring and the positive

sign of the first right term would be used.

The friction coefficient is defined as the ratio of the friction force by
the total load carried;

if ii=1 (m“ )“ = n friction coefficient for journal —porous floating ring oil
film,

and

=2 (m“ )“ =m, friction coefficient for porous floating ring — porous

bearing oil film.
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The hydrodynamic action would eventually force the ring to rotate at a
speed governed by bearing assembly and bearing parameters. To calculate
the load carrying capacity and the frictional torque on the journal, it is
necessary to find those positions of the journal and the ring centers with
respect to the bearing center at which the ring is in steady state equilibrium,
that is the eccentricity ratio, attitude angles for inner and outer films and the
journal speed must be established. So in steady — state operating regimes at
fixed journal speeds, i.e., the magnitude and the direction of inner and outer
films loads must be equal, and the frictional torques acting on ring outer and
inner surfaces must be equal and opposite thus [32,33];

FFRR=F,Ry (3.52)

By substitute equation (3.50) into equation (3.52) torques equation would be

written as;
T =[f hl apl dqdz” jjhl P gz + [ 120 deiz” ... (3.53)
Oa 0q1 3 8q 0qp
outer Oql Oql 2 3 aq Oql h2 ......... .

Numerical integration using Simpson's 1/3° rule would be adopted to
cdculate the dimensonless (load carrying capacity, frictional force, frictiona
torque, momentum and flow rate).
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By equating the dimensional torques equations the ratio of porous
floating ring speed to the journal speed can be determined as follows;

N 3
LU (3.55)
Nj Touter RZ Cl

The second equilibrium condition which specifies the steady state

performance of the bearing is the load balance which states that;
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CHAPTER FOUR
NUMERICAL SOLUTION

The governing differential equations presented previously in chapter
three will be solved using finite difference method. This technique was
presented for steady state and isothermal conditions.

This chapter consists of constructing the grid generation, numerical
solution for the governing partial differential equations, the numerical
calculation algorithm and the computer program which prepared to solve the

problem as will described later.

The solution of system of partial differential equations can be greatly
simplified by awell — constructed grid. The dimensionless oil film pressure
distribution (P“),i and the dimensionless oil pressure distribution through the

porous matrix (PA* )jj can be obtained by simultaneously solving equation

(3.1) and (3.10).
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These equations are discretized yielding the mesh size of (N;) in
circumferential direction, (N,) across the half — width of the bearing and

( N3) across the thickness of the porous media.

In the present analysis 180 divisions in circumferential direction (N;)
(100 divisions for the rupture zone (N1;) and 80 divisions for the effective
zone (N1o)), sixteen divisions in axial direction (N,) and eight divisions in
radial direction (N3) have been adopted.

The mesh size in circumferential direction can be defined as:

+» For effective zone;

(Aq), =% ......... (4.1)
or (Aq), = (IE)I)” ......... (4-2)
Where;

(b)ii = ( 2 —ql)” ......... (4.3

% For the rupture zone;

(Aq); :w ......... (4.4)
or (Aq); Z%Ol\lﬂ ......... (4.5)

Half length of the bearing and the ring has been taken into
consideration due to the bearing symmetry. Therefore, the mesh sizein axial

direction can be defined as:
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_L2
2= (4.6)

This can be normalized as follows;

. AZ

AN =———
L2

The porous floating ring and the porous bearing can be divided
radially into layers;, hence the mesh size for the porous ring in radial

direction can be evaluated as:

Ar = (R2|\T R (4.8)

This can be normalized as follows:

While the mesh size on the porous bearing in radial direction can be
evaluated as;

Ar = (R‘*,\I R) (4.10)

This can be normalized as:

The finite differences grids can be shown schematically in Figure (4-1).
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Figure (4-1a), Finite Difference Grid for Porous Layer of Floating Ring
and Bearing.
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Figure (4-1b), Finite Difference Grid for the Oil Film Layer.

Figure (4-1), Mesh Generation and Finite Difference Grids.
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The numerical techniques used for solving the differential equations
are based on replacing these equations by algebraic equations. In the case of
popular finite difference method, thisis done by replacing the derivatives by
differences so that the governing equations may be written in discrete form
as follows;

4.3.1

The Reynolds equation (3.1) can be rewritten as follows [42];

o oP" D, o (,0P") JaB) P~

L) (2] e x] AE) | T | sz
Where;

(A: h“3(1+z1))ii ......... (4.13)
B=h"@+zo)) L (4.14)

The finite difference analog to Reynolds equation can be written as;
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N N 2
Aj+l_AJ Pj+l,k _Pj—lk +Aj « Pj+lk 2P ; + P -1k (Ej *AJ "
2AQ 2AQ AQ L
T (4.15)
P'1—2P, +P e B, ERRTIr oP"
Az“2 2Aq o'l )
=71

The above equation can be simplified by multiplying both sides by

(Az“2 * AQ 2) to get;

(Ai+1_Aj—1)*(PjA+1,k Py 1k) (0 25+ AZ" ) (PJ+1k 2P, +PA—1,|<)*(A,- *AZ“2)+

D\’ v
(Prea—2P P ) (Aj*qu*(Tj )z(Bm—le)* (3*Aq*AZ )—

r Jn

N

oP
or

N

(lZ*CD*AqZ*AZAZ)*(

which can be rearranged and rewritten as follows,

(Pj“ﬂ,k*(Aj+l—Aj_l)*(o.25*Az“2j—Pj“_l,k*(AM—A. )+ [OZS*AZ j Py

A2 A A2 ( A N ) * 2 D 2
AJ *AZ +Pj—1,K £ AJ *AZ + Pj,k+1+ Pj,k—l * AJ Aq * T _(BJ+1_B]—1)*

I\* 2
(B*Aq *AZA2)+(12*<1>*Aq2*Az“z)*{ap ] =PjA,k*2*£Aj*AZAZJFAj*qu(%j ]
=

N

or
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The dimensionless oil film pressure can be evaluated as;

(ijk =Cp, *Ply +Cy, Py +Cy, (ijm + ijk_l)+ C,, )| ......... (4.18)

where;

( a2 A2
A *AZ )+(Aj+1—Aj_1)*(O.25*AZ j
C, = | e (4.19)

J

CC,

J

(Cz = (Ai * AZAZ)_ (A= AL (0'25* az” )}
j

2

D

A xAQ° x| —
o [Lj

,- CC,

oP"
or’

_(Bj+1 - Bj—l)*(s*Aq *AZAZJ+(12*CD * AQ *AZAZJ*[

,- CC,

(CCJ- =2 A {AZA2 *AQ *(%TD ......... (4.23)
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h; *(hf +S)

j+1 j+1

—h° *£l+ 3x (th+1 *S+2%a° SZ)B

h . *(h,+s)

|

( oh
Np—
|

|

3*(th_1 %S+ 2%a 2 * SZ)N

A3
A =h_ *|1+ A X
j—1 j-1 ( hj—l*(hj—1+s)

(hj“ =1+ecosg i ))”

(h', =1+ecoslg j+1))“

(', =1+ecodlg j_l))“
i)

2, =3h"s+2a2s?)i{h" (h" +9)}),

(s= (dc/ R)”Z/a)ii

Numerical Solution
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4.3.2

To evaluate the filter velocity term at the right hand side of the
Reynolds' equation the Darcy's equation (3.10) must be solved
simultaneously with equation (3.1).

The Darcy's equation (3.10) can be rewritten in discritized form as

follows;

I\2 A2

P|+11k 2P k+P|le 1 P|+11k Pil,j,k_i_ 1 Pj+1k 2P k+P|11k+
Ar T oA ; qu

2 'k
(Dnj Rljsea = 2R+ Pl 0 (4.35)
A2
L AZ Ji

To simplify the above equation multiply both sides by

(2* 0% Ar™ xAq2 *Az“zj. Hence equation (4.35) can be rewritten as;

*

/\* /\* N N /\* N N N /\2
((R+1,j,k+Pi—1,j,k)*(2*r Zqu*AZ 2)+(R+1,j,k_Pi—l,j,k)*(r *Ar” xAq? * AZ )JF

N N A2 A2 N N A2 A2 > [ Dy ’
Pk TPk F2*Ar *AZ" 4B+ B x| 2% *Ar *AQ© * N =

A A2 5 A2 A2 A2 A2 A2 > (D 2
Pik*d*r *Aq°*AZ +\Ar *AZ" J+|r *Ar *AQ°* N
i
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The dimensionless oil pressure inside the porous matrix can be
calculated as;

*

(Pi,Aj,k :Slj *(Piil,j,k +Piil,j,kj+52j *(Piil,j,k _Piil,j,k)—i_ssj' *(R,Ajﬂ,k JFF)i,Aj—l,ijr

Sy *( Pt pifjHD IO (4.37)
I}
where;
st * AQ 2 xAZ"
S, = - e (4.38)
J ]

A A 2 A2
_rkAr xAQTxAZ
i}
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The points at which the above equations fail to describe the pressure
include the points at the inner surface of the bearing and the ring, and the
starting and the end points in the 6-direction of pressure distribution inside
porous matrix. These points are treated as critical points. Suitable

modifications of the above equation adopted at these points are as follows;

1- At the inner surface of the porous bearing and the ring (i.e. 1=1),
a forward central difference in radial direction was adopted, so that the

pressure equation was modifies as follows;

AN

(Pi,Aj,k :Slj *(R+2,j,k _Z*I:)iil,j,k)+82j *(Piil,j,kj—l_%j *(R,Aj+1,k+Pi,Aj—1,k)+

Sy (Pi,Aj,ku + Pi,Aj,k—lj) e (4.43)
]
where;
£ AQ*? xAZ"
=—7\| 4.44
> ss, (4.44)
]
_r“*ArA*AqZ*AZA2 (4.45)
SZJ' - $j [ .
Il
A s Az
== "= | 4.46
. 049
1




Chapter Four 54 Numerical Solution

I\2 2 I\2 N N 2 I\2 1\2 1\2
S5, =\-r *AQ°*AZ )J+\r *Ar *AqQ°*AZ  |J+(2xAr xAZ )+

A2 A2 > [ Dy ?
2xr *Ar xAQ°* T”

2- At the starting point (in theta direction) for the pressure equation of the
porous bearing and the ring (i.e. | = 1), a forward central difference in
0-direction has been adopted, so that the pressure equation in this point can

be written as;

(Pi,j,k =3y *(Pi+1,j,k)+82j *(Pi—l,j,kj+s3j *(Pi,j+2,k)+s4j *(Pi,j+l,k)+

S, *( Pt R*AJ*“D-- ......... (4.49)
1
261" 5 AQ2*AZ" 41w Ar #AG2*AZ"
S, = = | e (4.50)
j
]
Dsr™ * AQ® «AZ" —r" = Ar’ * AQ® «AZ"
S, = = . (4.51)
j
1
2xAr xAZ"
=——\| 4.52
(S\n s J (4.52)
1

A2 A2
(54].:‘4*“ *AZ ] ......... (4.53)
]
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i

3- The end point (in theta direction) for the pressure equation of the porous
bearing and the ring (i.e. when j = N;+1), a backward central difference in
0-direction had been adopted, so that the pressure equation in this point can

be written as;

(Pi,Aj,k =3y *(Piil,j,k)""szj *(Piil,j,k)"'sé;j *(Pij\Nl—l,kj‘*'Sﬁ *(Pi,ANl,ijr

*
N

S, #(Rljat pifj,k_ljj O (4.56)
J]
where,

S,.$,.5,8,,S, ae defined as in equation (4.50) to (4.55).
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The following convergence criteria are used to stop the loops of
iteration when solving the pressure through the oil film and the porous

matrix.

1- To stop loop of iteration when solving the equation which governs the oil
pressure inside the porous matrix, the following convergence criterion may
be used;

" (n+1) *(n)
i, k j.k

2.2.2.R

<e .| (4.57)

A

P
i,j,k

Ii

while, the following convergence criterion is used to stop the loop of
iteration when solving the equation which govern the pressure through the

oil films.

A(n+1) ( )

<e. | (4.58)

2- The loop iterations used to obtain the location of the leading edge line of
the oil — film region, are stopped when the following convergence criterion
IS satisfied:

(Mg, -Map-Mg -Mg M [<e ) (4.59)
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Similarly the loop of iterations used to obtain the location of the
trailing boundary line for the oil — film regions is stopped when the

following convergence criterion is satisfied,;

|

3- To ensure the steady state performance of the bearing, the following

o, /2 61z, | aq

[ (1+z,) hAz}aP dZAj
q=q2

equilibrium conditions must be satisfied,;
e torque equilibrium:

T,

inner

—Touter\ <e. (4.61)
e load equilibrium :

Wo-wgl<e, (4.62)

Always (n) and (n+1) used in above equations denote two consecutive
iterations and the points i, j, k represent the grid number in radial,

circumferential, and axial directions respectively.

The iteration is continued until the above inequalities are satisfied
simultaneously. The values of (1E-5) , (1E-5) , (1E-3), (1E-3) , (1E-3) and

(1E-3) are used for ePA* L ey Eyn s €n s €pn and W respectively.
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The numerical calculation described in the previous articles can be
transformed into a computational algorithm, as follows;

Choose material, geometry, computation zone dimensions and then,

1- Choose a value for the journal — ring eccentricity ratio.
2- Assume a value for the ring — bearing eccentricity ratio.
3- Guess avalue for 0, and 0,.
4- Perform the mesh generation of the porous layer at the bearing and the
ringin(r, 0, z) directions.
5- Perform the mesh generation for the ring — bearing oil film in (6, 2)
directions.
6- Calculate the pressure distribution of the oil inside the porous matrix
(P™) by solving Darcy's equation (4.37), (4.43) and (4.49). Test the
convergence using the convergence criterion (4.57).
7- Calculate the pressure distribution through the oil film (P) use the
iterative procedure with Gauss Seidel method and under relaxation factor
by solving equation (4.18) .Test the convergence using the convergence
criterion (4.58).
8- Apply the boundary condition for the leading edge; use the momentum
equations (3.29) to (3.32). Test the convergence with the convergence
criterion (4.59).

s If not converged modify the value of the 6, and return to

step (4).

¢ If converged the algorithm moves to the next step.
9- Apply the boundary condition for trailing edge; use the flow rate
equation (3.33). Test the convergence with convergence criterion (4.60)
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“ If no converged, modify the value of 6, and return to step (4).
% If converged fixed the value of 6, and move to the next step of
the algorithm.
10- Calculate the load carrying capacity of the ring — bearing oil film
using equation (3.42).
11- Calculate the frictional torque at the outer surface of the ring using
equation (3.54).
12- Repeat the above procedure with journal — ring oil film, and calculate
the load carrying capacity of the journal — ring oil film, also, evaluate the

frictional torque at the inner surface of the ring using equation (3.53).

13- |f([vv

step. Otherwise modify the value of ¢, and return to step (3).
14- Calculate the value of N, and N,/N; using the equation (3.55).
15- Print out the results.

N

Cand (Toe T

i i nner outer

‘<10‘3 ) then move to the next

A suitable computer program was prepared and written in

(FORTRAN - 90) language, to solve governing equations which govern the
performance of the porous floating ring journal bearing. The flow chart and
the structure chart of the computer program can be shown in Figure (4-2)

and appendix C respectively.
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Figure (4-2), Flow Chart of Computer Program " continued"
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The solution of the porous floating ring journal bearing merely
consists of the parallel solution of two ordinary porous journal bearings via
the mobility method [32]. These problems are coupled through equations
(3.28) and (3.33).

Since there is no available information about the performance of the
porous floating ring journal bearing, then the computer program mentioned
before had been tested by comparing the results obtained from the solution
of porous journal bearing obtained by Kaneko et, al., 1997, [18] with that
obtained from the computer program prepared for this study as shown in
Figures (4-3a), (4-3b), (4-3c), (4-4a) and (4-4b).

It seems that there is a good agreement between the results obtained
by Kaneko et, al., 1997, [18] and that obtained by this study.
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Figure (4-3c)

Figure (4-3), Comparison Between Experimental Published Results [18]
with the Results obtained in the Present Work for Pressure Distribution
at P's=0.1.
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Figure (4-4), Comparison Between Published Results[18] with the
Results obtained in the Present Work for Oil — Film Extent.
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CHAPTER HVE
RESULIS AND DISCUSSION

The results presented in this chapter represents the effect of different
operating parameters on the steady state performance of porous floating ring
journal bearing. A finite length bearing working under isothermal condition
had been adopted by this work. The effect of different parameters, namely,
supply pressure, clearance ratio, radii ratio, and permeability and
eccentricity ratio on the performance of the bearing are studied and cleared

in aform of graphs as shown below.

The effect of the bearing and ring permeabilities on the pressure
distribution build up in ring — bearing and journal — ring oil filmis presented
in Figures (5-1) and (5-2). Both figures show that the oil pressure increases
with increasing the values of the permeability of the porous materials. This
can be postulated to the increases of the oil flow out of the permeable
surfaces as the permeability of the porous material increases. This seems to

be the same behavior of the porous bearing, as reported by some workers

[7].

Figures (5-3) to (5-6) show the effect of the ring — bearing eccentricity
ratio and the journal — ring eccentricity ratio on the oil pressure build up in
both films.These figures show that the oil pressure increases with increasing
the values of the eccentricity ratios, as expected. Both ends of the oil curves,
at which the oil — films pressure becomes zero, correspond to the locations

of the inlet and trailing ends of the continuous film regions (6, and 6,).
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Using the improved boundary conditions in this study yields negative oil —

film pressures in the region before the trailing end.

The effect of the supply pressure on the pressure distribution of the
journal — ring and ring — bearing oil filmsis represented in Figures (5-7) to
(5-10). All these figures show that, increasing the supply pressure yields a
higher peak pressure in the positive oil film pressure in both oil films and a
higher oil films extent. This can be proposed to the higher oil flow out of the

porous material with increasing the values of the supply pressure.

The effect of clearance ratio on the oil film pressure of both oil films
can be shown by Figures (5-11) to (5-13). These figures show that the oil
extent increases with increasing the values of the clearance ratio. Also, they
show that the peak of pressure increases with increasing the values of the

clearanceratio. Thisis dueto the increase in the oil — film extent.

Under the same working conditions the peak of the oil film pressure
increases as the radii ratio decreases as shown in Figures (5-14) to (5-16).
Also, it can be shown from these figures that the peak of oil film pressure
increases with increasing the value of the eccentricity ratio. This can be
explained by knowing that the ring speed becomes higher for rings of lower
radii ratios.

The relation between the ring — bearing eccentricity ratio (¢,) and the
journal — ring eccentricity ratio (g;) for a bearing with different values of
ring and bearing permeabilities is presented in Figure (5-17). These figure
shows that the journal — ring eccentricity ratio is greater than the ring —
bearing eccentricity ratio for the porous material permeability (1.9E-13 m?),
while for the permeability lower than (8.98E-14 m?), the journal — ring
eccentricity ratio becomes lower than the ring — bearing eccentricity ratio,
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thisistruein order to maintain the two regions, journal — ring and ring —

bearing hydrodynamically lubricated.

The effect of clearance ratio on the relation between the
ring — bearing eccentricity ratio (¢,) and the journal — ring eccentricity ratio
(e1) is presented in Figure (5-18). It can be shown from this figure that for
higher clearance, namely c,/c, > 1.75 the ring — bearing eccentricity ratio
become lower than the journal — ring eccentricity ratio, while for c,/c, < 1.6
the ring — bearing eccentricity ratio becomes greater than the journal - ring
eccentricity ratio, thisistruein order to maintain the equilibrium conditions

of the bearing and to ensure that the bearing hydrodynamically lubricated.

The correlation between the ring — bearing and the journal — ring
eccentricity ratios is affected by the radii ratio as shown in Figure (5-19). It
Is clear that the ring — bearing eccentricity ratio becomes lower than the
journal — ring eccentricity ratio for abearing with aring of radii ratio is less
than (1.25) while, the ring — bearing eccentricity ratio become greater than
the journal — ring eccentricity ratio for a ring with aradii ratio grater than
(1.25). Thisis true to maintain the steady state performance of the bearing.
Also the ring speed becomes greater as the radii ratio decreases which make

(e1) greater than (g,) in this case.

In all of the above cases, the limit value of the ring — bearing and the
journal — ring eccentricity ratios are equal to unity which indicates that
failure in any lubricant film will account to failure in the other, producing

metal to metal contact condition.

The speed ratio N,/N; , which is the ratio of the rotational speed of the
ring to that of the journal is plotted against Sommerfeld number as shownin
figures (5-20), (5-21) and (5-22). For a specified value of Sommerfeld
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number the speed ratio increases as the clearance ratio decreases, indicating
that the increase in ring rotational speed becomes higher as the ring becomes
closer to the journal (See Figure (5-20)). Also, the oil flow from the
clearance gap becomes larger with increasing the clearance which increases
the oil film extent. Figure (5-20) also, shows that the speed ratio increases
with increasing the values of Sommerfeld number which indicates the
dependences of the induced ring speed on the frictional forces acting on the
inner and outer ring surfaces. The ring speed is greatly enhanced by thering
dimensions as shown in Figure (5-21). It is clear from this figure that for a
given Sommerfeld number the speed ratio increases with decreasing values
of radii ratio, i.e. for lighter ring. Also, this figure indicates that the speed
ratio increases with increasing values of the Sommerfeld number which
indicates the depends of the induced ring speed on the applied load. The
supply pressure seems to have lower effect on the speed ratio as shown in
Figure (5-22). It can be shown from this figure that slight increase in speed
ratio with decreasing the values of the supply pressure is due to the increase
in friction force applied to the both sides of the ring in this case.

The effect of different operating parameters on the oil — film extent
can be shown in Figures (5-23) to (5-30). These figures show the variation
of oil film extent with Sommerfeld number. In all these figures the curvesin
the range 6 < 180 deg. correspond to the inlet end of the film extent (6,)

while those in the range 6 > 180 deg. correspond to the trailing end (6,).

The effect of permeability of the porous material on the oil — film
extent can be shown in Figure (5-23). It is clear from this figure that the oil
film extent increases with increasing the values of the permeability of the
porous matrix since the oil flow from the porous matrix would generally be

higher for large values of permeability. Also, it can be shown from this
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figure that the oil extent increases with increasing the values of Sommerfeld
number, thisis due to the decrease of the oil leakage into the porous matrix
because of the reduction in the magnitude of the hydrodynamic pressure
generated in the film. The same thing can be said about Figure (5-24); which
shows that the oil — film extent increases for higher values of ring

permeability.

The effect of the oil supply pressure on the oil — film extent can be
shown in figures (5-25) and (5-26). The oil — film extent increases with
increasing values of supply pressure, since the oil flow into the clearance
gap increases in this case. Furthermore, increasing Sommerfeld number
mainly decreases the oil leakage into the porous matrix due to the reduction
in the magnitude of hydrodynamic pressure generated in the oil film, hence

the oil film extent increases.

Also, the oil — film extent increases with increasing values of
clearance ratio as shown in Figures (5-27) and (5-28). For a given
eccentricity ratio, higher oil flow through the clearance is obtained in this
case. The oil — film extent increases with the Sommerfeld number as

explained before.

The effect of the ring dimension on the development of oil extent can
be shown in Figures (5-29) and (5-30). The higher values of the radii ratio
of the ring are the lower oil — film extent. The narrow oil gap causes a small
oil flow through the clearance gap which leads to lower values of oil — film

extent.

Figures (5-31) and (5-32) represent the variation of friction coefficient
with the Sommerfeld number. These figures show that the friction

coefficient increases with higher values of permeability of the porous ring
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and the bearing. Also, it can be shown from these figures that the value of
the Sommerfeld number which gives the minimum friction decreases with
decreasing the values of the permeabilities. This is attributable to the fact
that decease in permeability allows the system to operate under

hydrodynamic lubrication conditions.

The effect of supply pressure on the coefficient of friction for both oil
films can be shown in figures (5-33) and (5-34). Referring to these figures,
it is clear that the values of Sommerfeld number which gives the minimum
friction decreases with increasing the values of the supply pressure. Thisis
due to the fact that the angular oil — film extent increases with increasing the
values of the supply pressure which allows the system to work under the
hydrodynamic lubrication condition. The same thing can be said about the
effect of clearance ratio on the friction coefficient as shown in Figures
(5-35) and (5-36). These figures show that the coefficient of friction
decreases with increasing the values of clearance ratio since the higher
values of clearance ratio allow the bearing to work under the hydrodynamic

lubrication condition as shown before.

The effect of the ring dimensions on friction coefficient can be shown
in figures (5-37) and (5-38). These figures show that the minimum value of
Sommerfeld number which give the minimum value of the coefficient of
friction decreases with decreasing the values of radii ratio. This can be
explained by referring to Figure (5-30) which shows that the bearing works
under the hydrodynamic lubrication condition for the rings have lower
values of the radii ratio.

Figures (5-39) to (5-44) represent the variation of the coefficient of
friction with different values of the eccentricity ratio under different
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parameters mentioned before. Again it can be shown from these figures that
the minimum value of the coefficient of friction occurred at higher
eccentricity ratio when the system works under the hydrodynamic

lubrication condition.

The effect of permeability parameter on the attitude angle can be
shown in Figures (5-45) and (5-46). It is clear that the attitude angle
increases with increasing the values of the permeability parameter when the
bearing works under the same conditions. Thisis owing to an increase in the
amount of the oil supplied to the clearance of the bearing through the porous

matrix.

The same effect can be obtained when the bearing works under
different supply pressure as shown in Figures (5-47) and (5-48). It can be
shown from these figures that the attitude angle increases with increasing
the values of the supply pressure. Thisis attributed to the fact that the oil —
film extent increases with increasing the values of the supply pressure which
allows the bearing to work under the hydrodynamic lubrication condition.
This suggests that the effect of the permeability parameter is qualitatively

corresponds to those of the supply pressure as obtained in reference [7].

The attitude angle also increases with increasing the values of the
clearance ratio of the bearing as shown in Figure (5-49) since the increase of
the clearance causes larger oil — film extent as previously shown. The effect
of the ring dimension on the attitude angle can be shown in Figure (5-50).
This figure shows that the attitude angle increases with decreasing val ues of
the radii ratio of the ring. This is attributed to the fact that the oil — film
extent increases with decreasing the radii ratio as has been shown before.
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Figure (5-32), Friction Coefficient of Inner Oil — Film Versus Sommerfeld Number for
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Figure (5-37), Friction Coefficient of Outer Oil — Film Versus Sommerfeld Number for
Various Values of Radii Ratios.
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Figure (5-38), Friction Coefficient of Inner Oil — Film Versus Sommerfeld Number for
Various Values of Radii Ratios.
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Figure (5-39), Friction Coefficient for Ring — Bearing Oil — Film Versus Eccentricity

Ratio for Various Values of Permeability Parameter.
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for Various Values of Permeability Parameter.
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Figure (5-41), Friction Coefficient for Ring — Bearing Oil — Film Versus Eccentricity
Ratio for Various Values of Dimensionless Oil — Feed Pressure.
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CHAPTIR SIX
CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

The steady state characteristics under condition of hydrodynamic

lubrication conditions have been analyzed for the porous floating ring

journal bearing. In view of the theoretical results obtained, the main

conclusions of this work can be summarized as follows;

Sommerefeld number increases with increasing the values of the radii
ratio while, decreases with increasing the supply pressure and
clearance ratio

The load carrying capacity increases for the floating ring journal
bearing working with ring has lower radii ratio.

The journal — ring eccentricity ratio become higher than the ring —
bearing eccentricity ratio for bearings of higher permbility, clearance
ratio and lower radii ratio.

The ring speed increases with decreasing the clearance ratio and the
radii ratio.

The ring speed seems to be slightly affected by the supply pressure.
The oil - film extent increases with decreasing the values of the ring
radii ratio.
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7- The minimum coefficient of friction decreases with increasing the
values of the supply pressure and the clearance ratio. The minimum
value of the friction coefficient decreases with decreasing the values
of the radii ratio.

8- The attitude angle of both filmsincreases with increasing values of
the permeability parameters, the supply pressure and the clearance
ratio.

9- The attitude angle increases with decreasing the radii ratio of floating

ring.
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This special type of self — lubricated bearing is not known yet as

shown in the literature survey done by this work. Thus, much more is

required to reveal all its performance characteristics. An additional effort is

required to model thistype of bearing to make it more realistic to be used by

the designers. It is also suggested that further work should be carried out to

account for the following points:-

1-

An experimental and theoretical study concerning the steady — state
and dynamic performance characteristics of the porous floating ring
journal bearing.

An experimental and theoretical study concerning the steady — state of
porous floating ring journal bearing with orthotropic permeability.
Theoretical study concerning the thermal effect on the performance of
porous floating ring journal bearing.

Theoretical study concerning the steady - state and dynamic
performance of porous floating ring journal bearing lubricated with
Bi — phase (liquid — solid) lubricant using theory of mixtures.

Study of the chamfering effect on the steady — state and dynamic
performance of porous floating ring journal bearing.

Study the steady — state characteristics of the porous floating ring
journal bearing using the Elasto—hydrodynamic lubrication theory.
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Abstract

The static characteristics of porous floating ring journal are theoretically investigated
assuming that the oil fed through outside diameter of the bearing under small supply pressure. The
angular extent of the oil film formed in journal — ring and ring — bearing oil films are obtained by
applying the integral momentum equation to the oil films region. Also, when the oil extent reach
steady state, the in flow of oil into the bearing clearance through the porous matrix due to the feed
pressure must make up for the oil leakage from the ends through the clearance gaps and that into
the porous matrix due to the pressure in the oil film. Numerical results show that the dimensionless

oil — fed pressure significantly influences the static characteristics of such bearings.

1- Introduction:

With the introduction of high speed turbochargers, gas turbines and compressors, vibration
problems and instability were a raised. Design improvement and modifications of journal bearing
arrangement were made to decrease the excessive vibration and increase the stability range; one of
the arrangements is the enhancement of damping characteristics of the journal bearing by
introducing a floating ring between the rotating journal and fixed bearing.

Over the past decades a considerable number of experimental and theoretical studies have
been made to study the characteristics of the solid floating ring journal bearings and various
information have been described in each study, Hill (1958); Pinkus (1961); Tondal (1965); Lund
(1966); Orcutt (1968); Tatara (1969); Tanaka (1972); Chin — Hsiu Li et. al. (1981); Chin — Hsiu Li
(1982).

Dong and Zhao (1990) carried out an experimental and analytical investigations on floating
ring journal bearings for engine applications. They concluded that it is possible for the



floating — ring bearings to be used in engines, where the load is non-stationary. Yeon Min et. al.
(2001) study the operating characteristics of counter rotating floating ring journal bearing which
can be found in the inter shaft bearing of the front drive of the turboshaft engine. Anders and Kerth
(2004) study the thermal effect on the performance of floating ring journal bearings for
turbochargers applications, prediction for the exit lubricant temperature power losses and floating
ring speeds agree well with the measurements obtained in automotive turbochargers.

Porous oil bearings can be defined as those bearings in which the oil comes out from pores
to lubricate the friction surfaces and on shut down operation oil would penetrate back to the pores.
Lubrication performance characteristics (load capacity, friction coefficient, bearing temperature.
etc.) have been the object of many recent investigations, Morgan and Cameron (1957); Rouleau
(1963); Goldstein and Braun (1971); Cusano (1972); Reason and Dyer (1973); Prakash and Vij
(1974). In the above investigations the half Sommerfeld condition was adopted. A theoretical and
experimental work done by Kaneko et. al. (1994) shows that the oil film is formed mainly in the
loaded part of the bearing and the angular extent of oil film is significantly smaller than that formed
in a solid journal bearing even under hydrodynamic lubrication condition. Kaneko et. al. (1997)
uses improved boundary conditions to obtain the angular position of leading a trailing ends of the
oil film regions. They show that the negative pressure occur before the tailing end of the oil film
region.

Elsharkawy and Lotfi (2001) made an analysis to the hydrodynamic lubrication of porous
bearings using a modified Brinkman — extended Darcy model. They found that the numerical model
has been successfully predicting the experimental results of different researchers. Although there
are number of theoretical and experimental work carried out to analyze the performance of floating
ring journal bearings and porous journal bearings as described before but it seems nothing on the
porous floating ring journal bearings. Hence the purpose of this study is to analyze the steady state
performance of porous floating ring journal bearing under different supply pressure. Isothermal
finite bearing theory with improved boundary conditions was adopted to obtain the leading and

trailing ends.

2-  Numerical Analysis:
2.1- Model of the Porous Floating Ring Journal Bearing:

The porous floating ring journal bearing with the coordinate system used in this analysis can
be shown in figure (1). The journal rotates with a constant angular velocity (w;j) about its axis while
the porous ring rotates with an enhanced angular velocity (®;) about its center. The porous bearing

inserted into a solid housing having a circumferential groove in the middle.



Lubricant oil at low supply pressure (Ps) is supplied to the groove in the middle. It should be
noted that the present analysis also has practical limitations, since most porous bearings do not

operate under the hydrodynamic condition.

2.2 Pressure Distribution in Oil Film and Porous M atrix:

The performance of the bearing inner and outer oil films are obtained from the following
Reynolds' equation for finite bearings including the so — called filter term and the effect of

tangential slip velocity. For constant viscosity it can be written as;

...... (@8]

where;

ii=1 refer to the journal — ring oil film and wii= o

ii=2 refer to thering — bearing oil film and wii= o,

and
jj= 1 refer to the porous ring
jj= 2 refer to the porous bearing.

S
ZAa) =|+————1\ 2
o) (m}n (2)
@.); =@h"s+222 )"0+, )
(s); = (@c/R )ﬁ’zla ...... (4)
(q))ii =(R/CS (5)
(P =C’PI(R’no))i (6)
(P =C’PI(R’no))i (7)
A Z
Z =—— 8



The dlip coefficient (o) is a dimensionless parameter which depends on the porous material. In the
present analysis a value of (0.1) is assumed for (o) as done in the pervious studies, Cusano (1979); Quan
and Wang (1985); Kaneko et. al. (1994).

The governing equation of the oil pressure in the porous ring and bearing is given in

dimensionless form as;

/\* 2 /\* 2 2 /\*
iﬂ 8A rAaPA + 12 0 IZD +(&j o°P -~ =0 . (11)

2.3 Circumferential Boundary Conditions for the Oil Films Pressur e:

The following Circumferential Boundary Conditions are used through the solution. The

pressure at the inlet and trailing ends of the oil film can be taken as;

(PA)ii =0 a q :(ql)ii and ¢ :(QZ)“ ...... (12)
(PA*)” =0a g=(@); ad 9=@ ), . (13)

where (01) in both oil films are determined by extending the boundary condition used by Kaneko et.
al. (1997), asfollows;

(Mql—qu—ch—quj =0 (14)

where;

Mg, Mg2,Mgcand Mgy, arethe circumferential momentum flow rates across the control surfaces

of the ail films, as shown in figure (2). The momentum flow rates are given as follows;

o)

(Mg, ). = Zf £ r[(uq|q1)2]idydz ...... (15)
by )
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0 0



ap 0 ),

(Mg, ). =201 I s, * uz)|zl_/2]“dydq ...... (17)
L 2(Q2)ii
qublizzzﬁn)f (L rﬂp%nli*ﬁ#*)”l_ﬁ)“dqdz ...... (18)

where I the density of oil film and its value is is assumed to be constant. The velocity components in

circumferential and axial directions in the first and second il films are, (u, ), and (u,);, while

(u* )” is the velocity component of the oil inside the porous matrix in the bearing and the floating

r

ring. The different velocity components at the oil films and the porous matrix can be expressed as

follows;

T L A o (L @)
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The values of (01);i and (0,);; are constant in z — direction. By substituting the above velocity

components into equations (15) to (18) and normalizing each momentum flow rate by r L(Cr WZ)

equation (14) can be written in dimensionless form as;
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On the other hand the boundary at the trailing edge can be obtained by ensuring the continuity of
the bulk flow a cross the boundary line at (02). This continuity is expressed as in Kaneko et. al.
(1994),

, /%) =0 (30)

where %, and q,_are the flow rate a cross the trailing boundary line due to the Poiseuilles flow and

due to the Couettes flow respectively. Equation (30) can be rewritten as;

cald@ee) -

Knowing the values of (qy); and (a); for each ail film (journal - ring and ring - bearing oil

films), the angular extent (b )ii of the first and second oil films are expressed in the form;

(b )ii = (QZ)ii —(Ch)ii ...... (32
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3- Bearing Parameters:

Knowing the pressure distribution the dimensionless film force components along and

perpendicular to the line of centers can be obtained, respectively as;

(WRJ = _ZLJ/. qu (P(@, 2); cosq ) dadz

ii 0 q ii

[Wr ]H = zLiZZJ'j(P(q ,2); sing )__dqdz

The load components can be normalized as follows;

(V\A/Rj = (W, c? /hwR3L);, :—Jl'qJ'Z(PA(q,z)ii cosq) dgdz”

i oa i

(vvr) — (W, ¢ /hwR3L); = ﬂz (P"(@.2); sing) dadz”
i 0 ii

the total dimensionless load is;

) - s <[

The attitude angles (¥);; can give by;

(\P)ii = tan_l@\é\/wls )ii

The friction force on the inner surface of the ring and at outer surface of the ring can be evaluated

L/2q2 L/2d2 L/202 U
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F, = 2[

The friction coefficient is defined as the ratio of the friction force by the total load carried;

*%h, oP, H2%h, 2, P, L%
—2dqdz + ~—2dqdz +
[T e (15 e 15

if ii=1 (mA)ii = nlA friction coefficient for journal —porous floating ring oil film,
and

=2 (m“ )“ = mg friction coefficient for porous floating ring — porous bearing oil film.

4- Steady State Perfor mance:

For the steady - state condition, the modified Reynolds equation (1) is solved
simultaneously with the Darcy's equation (11) using an improved boundary conditions [equations
(25) and (31)]. The solution yields the bearing dimensionless pressure fields, so, the above bearing
parameters can be calculated. The hydrodynamic action would eventually force the ring to rotate at a
speed governed by bearing assembly and bearing parameters. To calculate the load carrying
capacity and the frictional torque on the journal, it is necessary to find those positions of the journal
and the ring centers with respect to the bearing center at which the ring is in steady state
equilibrium, that is the eccentricity ratio, attitude angles for inner and outer films and the journal
speed must be established. So in steady — state, operating regimes at fixed journal speeds, i.e., the
magnitude and the direction of inner and outer films loads must be equal, and the frictional torques

acting on ring outer and inner surfaces must be equal and opposite thus;
Fr1R1 = Frsz ...... (42)

By substitute equations (39) and (40) into equation (42) the dimensionless torques equation
would be obtained as;

oP" 2h’ z. OP N 1217 n
Tinver H i = dqu H%—?ﬁdqdz +£qjl—A°Cqudz ...... (43)
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Touter ﬂz " aP2 dgdz” I j 2—;“~86P2 dqdz” + | jzl_—ZAO‘qudZ“ ...... (44)
q 0qy 2

By equating the above non — dimensional torque equations the ratio of porous floating ring

speed to the journal speed can be determined as follows;

A

N, T R, Co (45)

N, T. R} ¢

outer

The second equilibrium conditions which specify the steady state performance of the bearing
is the load balance which state that;

5- M ethod of Solution:

The solution of system of partial differential equations can be greatly simplified by awell —

constructed grid. The dimensionless oil film pressure distribution (PA )ii and the dimensionless oil
pressure distribution through the porous matrix (P“* j ~can be obtained by simultaneously solving
1]

equations (1) and (11).

These equations are discretized yielding the mesh size of (N;) in circumferential direction,
(N2) across the half — width of the bearing and ( N3) across the thickness of the porous media. In the
present analysis (180) divisions in circumferential direction (N1) ((100) divisions for the rupture
zone (N1;) and (80) divisions for the effective zone (N;2)), sixteen divisions in axial direction (Ny)
and eight divisionsin radial direction (N3) has been adopted. The difference equations derived from
this discretization are solved by successive relaxation scheme. To obtain the pressure and the
location of the inlet and trailing boundary lines for the oil — film regions, the iteration is continued

until the following inequalities are satisfied simultaneously,

" (n+1) *(n)
i, k j.k

22.2R

i,j|k

i
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A(n+1) A(n)

Px —Px

A(n)
P],k

22
22

<107 | (48)

<10%) (49)

quAl - MC;\Z - M(;\C - MO’l\b/Mf;\l

| -

<10 (50)

Q%p /%

-
((1+z1) hAzjaP dZAj
6(l+z,) o 9 1

To ensure the steady state performance of the bearing, the following equilibrium conditions must be
satisfied;

e torque equilibrium :

T

inner _Touter| <10 (51)
e load equilibrium :

Mf —WZA‘ <10% (52)

Always (n) and (n+1) used in above equations denote two consecutive iterations and the

pointsi, j, k represent the grid number in radial, circumferential, and axial directions respectively.

6- Results and Discussion:

A suitable computer program was written in FORTRAN-90 to solve the governing
equations. The result of the program was tested by solving the problem pf porous bearing and
compared the obtain results with that published in the available literatures Kaneko et. al. (1997),
as shown in figures (3) and (4).

Figures (5) and (6) present the effect of the supply pressure on the oil pressure distribution
generated in both oil films. These figures show that increasing the supply pressure yields a higher

pressure peak in the positive oil film pressure in both oil films and a higher oil films extent. Thisis

12



can be proposed to the higher oil flow out of the porous material with increasing the supply
pressure.

The supply pressure seems to have lower effect on the speed ratio as shown in figure (7). It
can be shown from this figure that slight increase in speed ratio with decreasing the supply pressure
due to the increase in friction force applied to both sides of the ring in this case.

The effect of the oil supply pressure on the oil — film extent can be shown in figures (8) and
(9). These figures show the variation of oil film extent with Sommerfeld number. In these figures
the curves in the range 6 < 180 deg. correspond to the inlet end of the film extent (61) while those
in the range 6 > 180 deg. correspond to the trailing end (0,). The oil — film extent increases with
increasing values of supply pressure, since the oil flow into the clearance gap increases in this case.
Furthermore, increasing Sommerfeld number mainly decreases the oil leakage into the porous
matrix due to the reduction in the magnitude of hydrodynamic pressure generated in the oil film,
hence the oil film extent increases.

The effect of supply pressure on the coefficient of friction for both oil films can be shown in
figures (10) and (11). Referring to these figures it is clear that the values of Sommerfeld number
which gives the minimum friction coefficient decreases with increasing the supply pressure. Thisis
due to the fact that the angular oil — film extent increases with increasing the supply pressure which
allows the system to work under the hydrodynamic lubrication condition.

The attitude angle also increase with increasing the supply pressure, this is owing to an
increase in the amount of the oil supplied to the clearance of the bearing through the porous matrix.
as shown from figures (12) and (13). It can be shown from these figures that the attitude angle
increases with increasing the supply pressure. This is attributed to the fact that the oil — film extent
increases with increasing the supply pressure which allows the bearing to work under the
hydrodynamic lubrication condition.

7- Conclusions:

The static characteristics of porous floating ring journal are theoretically investigated
assuming that the oil fed through their outside diameter of the bearing under small supply pressure.
The integral momentum theorem equation to the oil — film regions was proposed for the
circumferential boundary condition of the oil — films pressure. The oil — films pressure distributions
were solved numerically using the integral momentum equation and continuity equation, the present
analysis yield negative pressure before the trailing ends of the oil — film regions. Numerical results
obtained show that the dimensionless oil — fed pressure significantly influences the static
characteristics of the porous floating ring journal bearing.
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Increasing the oil supply pressure:

° Increases the value of the peak pressure of the oil — films.
° Decreases the minimum value of the coefficient of friction.
L Increasing the oil — film extent.

o It has alittle effect on the ring speed.

° Increases the attitude angle.

In the present analysis a negative pressure was obtained before the trailing end.

0.2

0.04

( €= 06 j
o= published result

( £€=103 J
o— published resul

Q. 00 1

€=103
rogram resul

€=06

rogram result
1 1

-0.04 - ' - 02 '
90 180 270 2 180 270
q (degres) g (degree)
Figure (3), Comparison Between Published and Figure (4), Comparison Between Published
Program Results for Pressure Distribution at Program Results for Pressure Distribution at
P's=0.1,£=0.3 P's=0.1,e=0.6
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Nomenclature:

The following symbols are generally used throughout the text. Others are defined as when

used.
Cc

C1

C2
(D)
(h)ii
(hoa)ii
(ho2)ii
(h i
K1

L
(Moa)ii

(M o0

(Mg2)ii

(M 02

(Mec)ii

(MAec)ii

(Mob)ii

Mean Radial Clearance (m)

Journal — Ring Mean Radial Clearance (m)

Ring — Bearing Mean Radial Clearance (m)

Inside Diameter of Ring and Bearing, (D);i= (2*R);; (m)

Oil — Film Thickness (m)

Oil = Film Thickness at Inlet End (m)

Oil — Film Thickness at Trailing End (m)

Dimensionless Film Thickness,( h " =h/c);

Permeability of the Porous Matrix (m?)

Length of the Ring and the Bearing Length (m)

Circumferential Momentum Flow Rate across Oil Film Surface at Inlet
End of Oil — Film Region, i.e. at (6 = 01);i (N)

Dimensionless Circumferential Momentum Flow Rate across Oil — Film
Surface at Inlet End of Oil-Film Region, i.e. at (6 =01 );
Circumferential Momentum Flow Rate across Oil — Film Surface at
Trailing End of Oil — Film Region, i.e. at (6 = 02);; (N)

Dimensionless Circumferential Momentum Flow Rate across Oil — Film
Surface at Trailing End of Oil-Film Region, i.e. at (0 = 0,);
Circumferential Momentum Flow Rate across Oil — Film Surface at Both
Axial Ends (z = £L/2) (N)

Dimensionless Circumferential Momentum Flow Rate across Oil — Film
Surface at Both Axial Endsi.e. at (z = £L/2)

Circumferential Momentum Flow Rate across Oil — Film Surface
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(Clop)ii
(Qoc)ii
R;

R1

R

R3

R4

R
(Sii
(Dii

N
T inner

A
T outer

Ui
Uy
u,v,w

u,v,w

(Uz)ii

Adjacent to Bearing (y = 0) (N)

Dimensionless Circumferential Momentum Flow Rate across Oil — Film
Surface Adjacent to Bearing (y = 0)

Journal Rotational Speed (r.p.m)

Floating Ring Rotational Speed (r.p.m)

Ring to Journal Speed Ratio

Oil - Film Pressure (N/m?)

Dimensionless Oil-Film Pressure,(P” =c?P/(R* no))ii

Oil - Film Pressure Inside the Porous Matrix (N/m?)
Dimensionless Oil — Film Pressure Inside the Porous Matrix,
(P"=c’P'/(R*no));

Supply Pressure (N/m?)

Dimensionless Supply Pressure, Ps = Ps (C2)%(R* n))ii
Poiseuilles' flow (m*/sec)

Couettes' flow(m?/sec)

Journal Radius(m)

Ring Inner Radius (m)

Ring Outer Radius (m)

Bearing Inner Radius (m)

Bearing Outer Radius (m)

Radial Coordinate with Origin at the Center of the Bearing
Sommerfeld Number , (S= (RnoL / W)*(R/ c)?);

Frictional Torque (N.m)

Dimensionless Frictional Torque at the Inner Surface of Ring,
T inner= Tinner C1/ nojR%L

Dimensionless Frictional Torque at the Outer Surface of Ring,
T outer= Touter C2/ NorRL

Journal Velocity (m/s)

Ring Velocity (m/s)

Oil — Film Velocity Componentsin 6,r,z Directions Respectively(m/s)
Oil Velocity Components inside the Porous Matrix in 6,r,z Directions
Respectively (m/s)

Axial Velocity of QOil in Clearance Gap(m/s)
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(U*r)ji
(Uo)ii

(Uom)ii

(Wi

(Wi
(Wi
(Wi

(Wr)ii
(WD)

(Bii
S

€1
€2

n

0

(01)ii
(82)ii

Radial Filter Velocity of Oil in Porous Matrix(m/s)

Circumferential Velocity of Qil in Clearance Gap(m/s)

Circumferential Velocity of Oil across the Control Surface at (y=0),
(Ring and Bearing Surface)(m/s)

Load Carrying Capacity (N)

Dimensionless Load Carrying Capacity, (W")i=(W ¢/ noR3L);j
Component of Oil — Film Force Along the Line of Centers (N)
Dimensionless Component of Oil — Film Force Along the Line of Centers,
(Wi =(W, ¢/ noR®L);i

Component of Oil — Film Force Perpendicular to the Line of Centers (N)
Dimensionless Component of Oil — Film Force Perpendicular to the Line
of Centers, (W )i =(W+ ¢/ noR>L);

Axial Coordinate with Origin at middle of Bearing Length

Coordinate in the Direction of Oil — Film Thickness with Origin at Inner

Surface of Floating Ring and Bearing

Greek, Symbols

Angular Extent of Oil Film, (B)ii = (62- 641)ii (degree)

Eccentricity Ratio

Journal-Ring Eccentricity Ratio

Ring- Bearing Eccentricity Ratio

Absolute Viscosity of Oil(pa. s)

Angular Coordinate from Maximum Film Thickness Position

Angle from Line of Centersto Inlet End of Oil — Film Region, (Degree)
Angle from Line of Centersto Trailing End of Oil — Film Region, (Degree)

((R/c)p)ii Coefficient of Friction

()i

Dimensionless Friction Coefficient
= (R1/cy)M1 in case of journal / floating ring oil film
= (R2/c,) Y2 in case of floating ring /bearing oil film

Density of oil (kg/m°)
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(x)i
(@);

i]

Dimensionless Shear Stress

Permeability parameter, (®); = (kiR / ¢2);

Journal-Ring Attitude Angle (degrees)

Ring- Bearing Attitude Angle (degrees)

Journal Rotational Speed (rad/sec)

Floating Ring Rotational Speed (rad/sec)

Referring to Bearing

Subscript

=1 referred for Journal — Ring Oil — Film

=2 referred for Ring — bearing Oil — Film

=1 for Porous Matrix of Floating Ring
=2 for Porous Matrix of Bearing

Referring to Journal

Grid Number in Radial, Circumferential and Axial Direction, Respectively

Referring to Floating Ring
Supply Condition

Dimensionless Quantity

Porous Parameters

Superscript
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APPENDIX A

Assuming steady state, thin film, negligible body forces, and an
incompressible Newtonian lubricant having constant properties, the Navier —

Stokes equation of the problem is reduced to

%:hl(%) ......... (A1)
%F’:o ......... (A2)
o*w, 1(oP

8ng :H(E). ......... (A3)

Equations (A1),(A2) and (A3) arethe equilibrium equations for the oil
film of fluid in x, y, and z directions respectively, where;

ii =1 for the journal — porous floating ring oil film

Ii =2 for porous floating ring — porous bearing oil film

Equation (A1) and (A3) can be integrated directly to yield general

velocity distributionsin x, z directions,

1(0oP »
U, =—1| — CC cc,| A4
i Z’](@Xy +LLU Y+ 2) (A4)

1 (6P
W, :E(E y* +CC,y + cc4)” ......... (A5)
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where CC,,CC,,CC; and CC, are constants to be found from the following
boundary conditions,

ifii=1 aty=h; u;=U,

aty =0 u;=u;(x,0,2) =u;(x,0,2)
ifit=2 aty=h, u;=U,

ay=0 ui=u;x%02=u(x,02) ... (A6)
and

ifii =1 aIy=h1 Wii=0
aty = 0w =w;; (X,0,2)=wy(x,0,z) permeable floating ring interface
if il =2 aIy=h2 Wii=0

aty = 0w;; =w;i(x,0,2) = wy(x,0,2) permeable bearing interface

Substitute equations (A6) and (A7) in equations (A4) and (A5)
respectively, the values of constants CC,, CC,, CC; and CC, can be
evaluated as;

cC. = u. —Uu.(x,0,2) —&(a_Pj

h, 2\ ox ),
......... (A8)
CC, =u,(x,0,2)
chz_ﬁ(a_Pj _Wi(x0,2)
21 az i hi
......... (A9)

CC, =w;(x,0,2)

Substitute equation (A8) in (A4) and equation (A9) in (A5) to obtain

general equations of the velocity distributionsin x and z directions,
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_1(oP _ U; —u; (x,0,2)

U = (8X)“ y(y—h )+ n y+u.(x0,2 ... (A10)
_1(oP Ch) y

W= o (azj” y(y-h,)—w, (x,0,2) hi +W (%0,2) (A11)

Again when

11=1 the h;=hy, wi=U;, u,(x,0,2)-u,(x,0,2) , W, (X,0,2)=w1(x,0,2)

and
11=2 the hj=hy, u;=U,, u,(x,0,2)- u,(x,0,2) , W, (x,0,2) =w(x,0,z)

According to the slip velocity model postulated by Beavers and
Joseph, 1967, [11], the boundary condition on u; (X,0,z) and wj; (x,0,z) at
the permeable floating ring and bearing films interface (y=0) are seen in
Figure(Al).

8uII+1
o . \/—1( (x0,2)-u(x02) . (A14)
‘% o %(W” (x02)-w(x02) (A15)

Using the assumption that within the oil film the radial pressure
gradient op/ox and the axial pressure gradient op/6z are independent of the

film thickness, according to the Darcy's law and continuity equation of
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pressure at the interface between the porous (floating ring and bearing) and
the oil film, we obtain ;

u: (x,0,2)= —%[ﬁaix) T (A16)
W, (x,0,2)= —%(%J [P (A17)

Different equations (A10) and (A11) with respect to y at y=0, substituting
the results of equations (A16) and (Al7) in equations (Al4) and (A15),
ui(x,0,2) and w;; (x,0,2) can befound as;

u, (x,0, Z):(hahjf/i (_%Z_z(m 2ax/E)+UFD” ......... (A18)
w;, (x.0, Z)_(hah:-/E/E (_ %Z—Z(h +2a JE)D ......... (A19)

Substituting for u, (x,0,z) and w, (x,0,2), in equation (A10) and (A11)

can be written as;

u; = %(g—zj” (y—h, )(y+:—13h“zlxj +LrJ]—i‘ii(y(1—z o) thzo ) (A20)
" :%@_:Jn(y_hi)(y%hizlzj ......... (A21)

where;
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_ k)
@oc)i = Tohn e (A22)

Y =(z.) - 3(2k1+hii \/El/a)
( lx)ii ( 1z)ii hii (ka/a +hii) ---------

The Reynolds equation is formed by introducing these expressions
into the continuity equation and integrated with respect to (y), with limits
from y=0 to y=h;; . The integral for steady state becomes;

12w Yy + |2 (rw )y + |-2(rv, )y =0 A24
{)a_ruII y + {)8—rw y + {a_y rv,Jdy=0 ... (A24)
which can be rewritten as

h 0 i 0 i |

J(;&(r Uy )dy + J(;&(rwii) y+ "V‘o =0 (A25)

The third term of left hand of equation (A25) can be written as;
r(vhyi —vo) ......... (A26)

Vhii =0 (A27)

and the velocity of fluid equals the volume of flow per unit area,

oP
v, :—':]1[ - ] ......... (A28)
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Substituting equation (A20), (A21), (A27) and (A28) into the
continuity equation (A25) and integrating the result over the film thickness,
the modified Reynolds equation with slip velocity can be written as;

0 (,3 oP 0 (.3 oP 0 oP’

— h?(1 — —| h?(1 — | =6U.h—(h(1 =12k, | —

ax( ( +ZlX)aX)ii +az( ( +ZlX)aZ)ii i aX( ( +ZOX))II 1[ ay OJ
=0 /jj

The modified Reynolds equation as in (A29) by using the cylindrical

coordinates and dimensionless form can be rewritten as [18];

q L) oz oz

S B o P S R R m[ai

ﬁ Solid housing

Velocity profile
u(x,y,z)

Porous material
u'(xy.2)

Figure (Al), The Torn Velocity Profilein
Oil — Film
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APPENDIX ‘B

To derive the momentum equations and the momentum flow rates,

starting from mass flow rate law which state;

m=rQ (B1)
but,
Q=VA (B2)

the equation (B2) can be rewritten as;

m=rVA (B3)
Therefore;

ForVA (B4)
where;

r : The density of oil — film,

A: Cross section area,

m: mass flow rate (kg/sec),
and
V : velocity of flow (m/sec.)
0;

SEF=YM (B5)
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I.e.
momentum=rV?dA L (B6)

Figure (B-1) represents a cross sectional area of the porous matrix.

From this figure it can be shown that;

dA=dy+*dz for M Zand M, (B7)
dA=dy*dq for M, . (B8)
dA=dq*dz for M, . (B9
. M, canbe calculated as [18];
L/2My

(M, ) =2r( 1, )Z‘qldydzj“ ......... (B10)
where;

(ug ) :%{%J” (y—hii)(y+%h“zlxj+£rhﬂJII (YL-zg )+ hz g )i veennnee (B11)

Substitute equation (B11) into equation (B10) to get;

2

[ Tab oo 22 000)

aq J; i hr;\ag h

(y+%hzlj“ (y(1-z4)+hz,), +(r:¥2 li ((y(l—zo)+ hzo)z)ii dedz




119 Appendix B

Integrate equation (B12) with respect to (y) and substitute with (hy,) as;

3
[ j 9+152,+1027 ) (ap) N 32,200, 0 a2,
oq ), 210 | oq ), 36

Using dimensionless form for each term of (B14), (Mql)ii can be written as
dimensionless form as follows [18];

(I\A/Iqu” :(Mql) /(rcr2w?L)= i{{%:o(%y <9+1521+10212)l=q1]._dz

i({%%@ +3,+2,+42 2, )lﬂ] dz +I[(hA (1+z +z )ldJ“dZA

Similarly (M,, ). can be calculated;

] o [ o] e
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From figure (B-1) (M), can be evaluated as [18];

ap 0 ),
(Mg, ), = O O e (B16)
where;
(UZ )ii :%(%)_.(y—hii)(y+%h”2b(} ......... (Bl?)

In equation (B16) (u,);, at z=L/2 takes negative value, i.e,

(aP/az|ZZI_/2)ii >0 and (Up); at z=L/2 is assumed to be zero, since (y, ); would

be zero just outside the axial end of the oil film. It yields[18];

<0 (8P/8Z|Z=L/2)_ >0 (B18)

(”q|z=|_/2)“20 It (UZ|Z=L/2)--

So, (M),=0 a  (pjed, )s0 L (B19)

Substituted equations (B11) and (B17) into (B16), therefore, (M), cane be
evaluated as;

2*rqﬁ ly—yz,+hz }*ia_P(y—h)(y+Ehz jdydq ......... (B20)
° % 2hog 3

a0 ii

Equation (B20) can be integration with respect to (y) and simplified to
equal;

(M, ) ( IhgﬁP 33+, Iozz +4z.7, }dqj__ -------- (B21)
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Multiply and divide equation (B21) by (L/2), then use dimensionless
form for each term, so, (M, ) can berewritten as [18];

(MA ) =(M,.) /(rc rZ\NZL)—_i (RqufAd (B22)
dc ; - qc Jii i Vi Vi - 79 L . q ST
where,

3 oP" . P’
A=h 3+3%,+22,+4z.,2,)—~ <0 if - <0
( ( i ' o 0Z ZAlJii (GZ ZAl]ii

Finally (MA%) can be found as [18];

L 2(0|2)n .
(qu )” =2, )i (qj).. r [(uqm)n * (ur )J.j ]r(r )'_dqdz ......... (B23)
where;
(u: )jj = _hkl (5;* J e (B24)

The circumferential velocity component u,  across the control

surface at (y=0) i.e. (ring and bearing surface) is given for both the case
where the oil in the clearance gap flows into the porous matrix and the case

where the oil in the porous matrix flows into the clearance gap. It expressed

as,
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o) <[ 2o 162

0 g

K, P’
-———¢ |dgdz .. B27
r=r }u *{ h or }“J A ( )

if dimensionless form using equation (B27) can be written as;

(i) -naessa=[1(2) (%)
e

TR__ht P rw K, OP"
(M), :(Z*fn ] I{_mra(“h”?(“zo)} *{—ﬁ -~ }“}dqdz

0 qp

J }dqdzﬁ... (B28)
=1/

r/

but where ((u)
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Use dimensionless form and simplified equation (B29) to get;

@

" 1@2); A2
(quj“ :(qu)n /(r CiiriiZWiizL)=J(; -1‘-)” [®{q—2(l+zl)%iq_%(l+zo)ﬂ”[a;A

Applying the momentum theorem to the oil — film region, which is
considered as a control volume, the integral momentum equation is given by

see Figure (B-1);

(Mql—MqZ—ch—qu) =(F qu—qul+ Ftb—Ft]-j ......... (B31)

Since the pressure at (0,);; and (0,);; is ambient pressure so;
Fea=Fpe=0 (B32)

The shear forces on the control surface at (y=0) equal the shear forces on the

control surface at (y=h);; which mean that;

Fw= th ......... (B33)

If equation (B32) and (B33) are substituted in equation (B31), the sum of

the external forces becomes zero, i.e. [18];

(Mql—MqZ—ch—quj :0 ......... (B34)
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Dividing each momentum flow rate by (r c..r.?w“ZL), equation (B34) can

be written in dimensionless form as;

Journal
PorousRing
Porous Bearing

Journal — Ring Oil Film

Ring - Bearing Oil Film

g=Q2
(M qc)ii . al
z=L/2 y=(h)i SR e > (W)
(M qujii = (Ol film), > (M q2)ii Moz — (Ol film); —> (M2
l z=-L/2 y=0

! Madi (@) (Porous Matrix);

Figure (B1), Circumferential Momentum Flow Rates
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APPENDIX 'C

Initialization program
Call input module (input date)
Call mesh generation module
Assume ¢1=0.05
Assume g,=0.05
Call porous-pressure module
Cdll oil-film pressure module
Call momentum module

Call flow-rate module
Cdll load and torque

End

Figure (C-1) Structure Chart of the Main Program
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Initialization

Cdculation equations

4.37,4.43 and 4.49

Value of convergence
Eq. 4.57

Convergence -0.00001

Negative

Return
End

Z€ero

Return
End

positive

Replace the old value of pressure by
the new calculated value and repeat
the subroutine

End

Structure chart of porous-pressure subroutine
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Calculation equations

Value of convergence

Convergence -0.00001

Initialization

4.18

Eq. 4.58

Negative

Return
End

Return
End

Z€Ero

positive

Replace the old value of pressure by
the new calculated value and repeat
Calculation of eg. 4.18

End

Structure chart of oil — film pressure subroutine
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Appendix C

Initialization

Calculation equations
3.29, 3.30, 3.31and 3.32

Value of
Convergel eg.4
Convergel -0.0

.59
01

Negative

Z€ero

positive

Continue

Continue

Warning Convergence
not verified

End

Structure chart of momentum subroutine
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Initialization

Caculation equations of eg. 3.33

Value of
Convergence eq.4.60
Converge -0.001

Negative

Z€ero

positive

Continue

Continue

Warning Convergence
not verified

End

Structure chart of flow-rate subroutine
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Initialization
Calculation equations of eg. 3.42
Calculation equations of eq. 3.54

Vaue of convergence egs.

4.61 and 4.62
converge -0.001
Negative zero positive
Vaue of
(82 -0.95)
Negative zerg positive
Call sub. speedratio, Call sub. speed ratio,
Print result Print result
Value of Value of
(e, -0.95) (e1-0.95)
Negative zerd positive Negative zerg positive
Assume a
€,=€,+0.05 €,=€;+0.05 module value
£,=¢,+0.05 £,=¢,1+0.05 of 0;,and 0,
and repeat and repeat the call mesh
calculation calculation generation
and repeat
sequence Of
calculations|
End

Structure chart of load and torque subroutine
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