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Abstract

The paper expands the work by Kinnear and Westanj1]
squeeze film bearing design to the general case@mgares
the revised methodology with classical bearinggtggi,3,4]
and hybrid bearing design[5]. The analysis, whiciplys a
partial differentiation of the Poisseuille and Hag®oiseuille
bearing flow equations, enables a mathematical hfodéhe
bearing squeeze film to be developed. This yieldarasfer
function between bearing displacement and loads&yuent
parameter maps are developed from the transfetifumfor
stiffness and damping coefficients.The method essaby/brid
journal bearings under pulsatile load to be considleCurrent
design methodologies employed do not cater forsitigtion
adequately which limits effective design of thesardings in
applications such as in internal combustion engraekshaft
bearings.
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1. Introduction

Journal bearings provide a cylindrical bearing fane
which the shaft running through the bearing lidssT
creates wear between the bearing face and shaiftirep
bearing performance and shaft life. To combat ity
journal bearings are lubricated to reduce the \edr
resistance. Hybrid journal bearings are so namekegs
combine the features of hydrostatic externally puesed
bearings with those of plain lubricated journal firegs.
Three different phenomena provide support for tiafts
within the bearing.

Hybrid bearings use orifices to supply fluid under
pressure to effectively lift the shaft away frone flace
when there is zero or low speed operation of tladt.sh
(figure 1.1)This removes the metal to metal contact
normally found in a lubricated journal bearing, weithg
wear at start up. However, as the operating speed
increases the effectiveness of this phenomenon

is reduced and the pressure at which the lubriceust be

supplied increases.

Figure 1.1 Hydrostatiteet

When the shaft is rotating at the operating speedli
rise upon a film of oil as, through viscous dragcés, the
shaft creates a film between itself and the bedeng.
(figure 1.2) This reduces wear and resistance wittne
bearing but requires the shaft to be turning atdpe
provide adequate support. By combining this effeth
the hydrostatic effect at start up a hybrid beaisnaple
to provide a stiff, smooth bearing with very attrae
wear and resistance properties.
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Figure 1.2 Hydrodynamifeet



The pressurised film generated by the hydrodynamic
phenomenon has the effect of damping any motidghean
shaft. As the shaft’s speed alters, its positicencies
within the bearing. Also any change in the loadipgn
the shaft will move the shaft with respect to tkating.
The pressurised film has the effect of damping this
motion generating an effect known as squeeze film
damping. This phenomenon has the effect of incngasi
the bearing stiffness providing improved supporttfe
shaft.

Considerable research into hydrostatic and hydraayn
effects has been undertaken[5,6,7] but little Bqaeeze
film damping effects[8]. This paper will deal withe
situation where a hybrid bearing is subjected teatile
loading as would be experienced if the bearing uszsl
on the crankshaft of an internal combustion endime.
this situation the loading would cause the shafhtwe
relative to the bearing generating a velocity betvthe
two which brings the damping effect into play. itlw
compare the design methodologies for hybrid journal
bearings given pulsating loading in an attemphtwéase

Eccentricity, e Y| Line of Eccentricity

understanding of the squeeze film damping effést; i
causes and how it can be utilised to improve bgarin
performance

2. Review and Mathematical Model

Flow will take place within the hybrid bearing in a
number of ways. Pressure induced flow causes the
lubricant to flow axially and circumferentially lve¢en
the bearing face and shaft. This is governed by the
Poiseuille equation and Kinnear and Weston [1] uked
to describe the flow caused by the squeeze filecetind
compressibility flow caused by the shaft eccentiricihe
squeeze pressure could also cause reverse ofdige f
with the pressurised lubricant flowing back alohg t
supply orifices. A fast response non-return vabaated
in the supply line to stop reverse flow prevents.th
The bearing layout considered is as shown in figure
with the land area being equal to the width, Z,tipliéd
by the length, L. This also shows the axial and
circumferential flow described above.
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Figure 2 Dual Hole Entry Hybrid Bieg

The developed Poiseuille equations, used by Kin&ear
Weston[1], are applied to the bearing lands tordsites
the axial and circumferential squeeze flows so:

_2xZH°(P, - Ru)

8 127L /2 0
2xtH?(p, - Ry, i
c 1277 /2 )

where:Q, = Axial flow,

Qc = Circumferential flow,

Z = Bearing width ,

H = Bearing/Journal Gap

L = Bearing length

n = Viscosity (Ns/m)

Pso = Squeeze pressure (Pa)

Pg = Bearing or supply pressure (Pa)
PLagy = Labyrinth pressure (Pa)

The supply(B) and outlet(Pagy) pressures are neglected,

as they are second order compared with the squeeze
pressures. The addition of the partial differdntia
equations for axial and circumferential flow, eqoas (i)
& (i), with respect to the two variables presemtlie

bearing; the gap 'H’ and the squeeze pressugg jfreld
the squeeze film flow. The addition of the equadifor
displaced volume and compressibility flow allows th
total flow to be described. This is equated to zxdt is
assumed that no return orifice flow takes placeabse
of the installed check valve which yields equatiin
o:{é';l_ + ;';Z}psq +{Z/7'T_ + LqHz }Psqh+A§dh/dt+\édp/dt(“|)
where lower case p and h represent perturbations fr
mean values of P and H.
Equation (iii) is rewritten with the squeeze pressand
gap terms redefined in terms of load and displagm
yielding the relationship between shaft load and
displacement given by equation (iv)

y(C+AeD):lve[B +\éDj (iv)

where gg= W/Ag, h=-y,
B=zH%3nL+LH?>*3nZ and
C= (ZH'ML +LH?*MZ)Pso

This, in turn yields the transfer function desedkoy
equation (v) whiclallows the bearing stiffness and
damping frequency response characteristics toditepl

Y _ (1#7D)

w °(1+15D) N



where ko = B/AEC, N = V/KAEand T = AE/C

The coefficient, K and time constant, allow the
bearing stiffness, k, and bearing damping, 10 be
plotted for varying squeeze pressures and visessiti
respectively.

3. Rationalising Kinnear Weston parameter
maps:
Kinnear and Weston'’s paper, [1] developedameter
maps which allowed the bearing stiffness and dagimn
be determined for varying squeeze pressures and
viscosities. However, these were based upon thengea
dimensions used in the Yamaha YZ 125 research
motorcycle engine. To maximise the use of theirkntor
the engine designer the equations governing therlgea
stiffness and damping need to be normalised to vemo
the effect of bearing size.The previous work alyelaad
a term for the effective area of the bearing lakd,
defined as the length multiplied by Z, equal to the
diameter.
Now a new term is introduced, aspect ratig sinilar to
that used in compressor design. This is defined as:
R= Z/L
and allows normalisation of equations (i) and gy
subsequently the parameter maps (figures 3.1 &)d 3.

Substituting the expression for bearing aspeab Rt
into (i) and (ii) yields equations (vi) and (vii)hich
describe axial and circumferential flows as a figrcof
the newly described bearing aspect ratio.

2R, H? .

Qa zlzfl;T sQ (vi)
2H3 )

Qc :—12,7RA /ZPSQ (vii)

Carrying out the partial differentiation to thespiations
with respect to the same variables, supply pressuie
1lbearing gap, yields the following modification to
equation (iii).

2:10

2H3 RuH? | H? SV (V”I)
+ Pso + +—— [Psgh + Ach+—Pg,
127R, 12 n nRA K

_[2R,H?
12712

which will yield the transfer function as descriiad
section 2.

For parameter mapping, stiffness, k, is define/kgor
AeC/B. Damping is defined fronn = ¢/k which yields

Cp = kAg/B. The new functions now allow the equations
for stiffness and damping to be written as:

2
AE,;'(RA+1/RA)F>SQ

k = 3 (ix)
a (Ra +1/R,)

3 2

Cp =20k ()
H® (Ry +1/R,)
These simplify to form the equations:
k = ﬁ PSQ (xi)
2

c, = Mhe (xii)

H® (R, +1/R,)

With these equations values of k/@éan be plotted
against bearing gap H for varying squeeze pressumes
values of (R + 1/Ry)co/Ac? can be plotted against h for
varying viscosities.

This yields the theoretical stiffness and damgorgany
size hybrid bearing conforming to the same constrnc
and could be used by the bearing designer to etstitha
bearing performance regardless of the size usgdrés
3.1 and 3.2 show the bearing parameter maps.
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Figure 3.1 Graph showing bearing stiffness agdirating gap



—1=003

—1=004

=7=005

—1=006

=n=0.07

100

o 0.005 0.01 0.015 0.02

0.03 0.035 0.04 0.045 0.05

H(rarm)

Figure 3.2 Graph showing bearing damping agairetihg gap

Label ‘A’ indicates the bearing design point reifegrto

the proposed hybrid bearing design for the research
engine.The load locus is included by way of an example
of the parameter maps use. X axis variations in€ica
bearing clearance variations due to the pulsatiag.|

The bearing is designed with 0.025mm gap. At toisitp
the eccentricity is 0. However, the shaft can mwithin

the bearing to create a gap of 0.0125mm if with an
eccentricity ratice = 0.5. This will move the locus to B

Notee = e/H where e = shaft eccentricity and H = bearing

clearance. Vertical load locus variations indicate
performance variations with squeeze pressure and
viscosity changes as indicated by labels ‘C’. This
technique allows the bearing designer to speciy th
stiffness and damping characteristics requiredtand
design the bearing with these desired characsisti

4. Comparison of design methodologies
Revision of the Weston Kinnear design methodolagy i
compared against traditional design methodologies
[2,3,4] and hybrid bearing design[5].

The methodology described in the BP publication
‘Lubrication Theory and its Application’[4] is bad®n
the work of Michell[9] in 1929 and extended by @kv
and Dubois[10] in 1953. It defines the bearing paters
of ‘short’ bearings where the ratio of bearing lgmtp
diameter is 1 or less. The circumferential pressure

distribution within the bearing is estimated anertlithe
external bearing load is related to these pressndesed
which, in turn, allow the load capacity of the begro
be calculated.

Ocvrik and Dubois’ work centred on extending the
Sommerfield Number, & which relates the clearance
ratio h to the viscosity, speed and load. Theypohiced
a length to diameter ratio, L/D, to create whatéfined
as the bearing Capacity Numbeg§ CEquation (xiii)
defines G in terms of Summerfield NumbegS

2
Cy =Sy (%) (xiii)

Reference [4] explains that it is of more use tt he
reciprocal, 1/G, which is named the Load Number. The
Load Number is non-dimensional and is describatén
following manner in terms of the eccentricity ratio

12 .
L. ® [ 7 (1-¢%) +16¢7 | (xiv)

o (-
The bearing designer is now able to use a serieargés

to plot Load Number (1/¢) against performance
parameters such as the eccentricity ratio of tlaeihg.

Figure 4 shows eccentricity ratio vs load number.
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Figure 4 Lubrication Theory Design Chart[4] showlraad Number against Eccentricity Ratio



The purpose is now to alter the factors affectitygy
where possible so that the minimum film thickness i
maintained to a sufficient level under normal ofiata
conditions.

The methodology described by W. B. Rowe is very
extensive and covers all factors affecting the iess
performance of the hybrid bearing. This methodrai
the bearing size required for a given load. Theealf
the load that able to be supported is describeiys
strongly dependent upon the Power Ratio K. Thikés
ratio between the frictional power and the pumping
power. The Power Ratio is used extensively to descr
the operation of the bearing and it allows the prtpn
of hydrostatic and hydrodynamic effects to be dateal.
Where K= 0 the bearing is relying purely on the
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Figure 4.2a Design chart[5] with K=3

The formulae controlling bearing performance irs thi
method requires the eccentricity to be estimatetithere
is no mechanism for fluctuating eccentricity doe t
pulsatile loads to be considered. The chartsstisav
the effect of the land ratio, a/L, on the capacityis is
the ratio between the bearing length and the distan
between the bearing edge and feed capillarieslesing
entry bearings will have a land ratio of 0.5, whattows
how their capacity is lower than that of the doudahéry
bearings. The data in the top right shows thatetlobsirts
are only true for an aspect ratio of 1, and havwdoeen
normalised as described in this paper.

The revised Weston Kinnear method describes how the
effect of a pulsatile load can be considered inbt&ring
design process. The traditional methodology does
consider dynamic loading but only constant cyclical
loading such as shaft out-of-balance and acckatghe
method described only works when the designer
considers the eccentricity over a period of timee T
designer thus carries out the calculations withinfiel

hydrostatic effect, i.e. there is no rotation. When3 the
load contributions of the two effects are of thenea
magnitude.

For hybrid design Rowe recommends the Power Ratio
range to be 3 K <9. The load capacity at K= 3 will be
lower than that where K=9 so the maximum permissibl
load that the bearing should carry is given whe@ K=
The bearing designer now consults the design cuhas
will determine the load parameter possible. These a
shown in figures 4.2a and 4.2b.

Figure 4.2a shows the load capacity when K= 3.1igigu
4.2b is shown to illustrate the increase in logubcdty if
the bearing is designed with Power Ratios outdide t
recommended range, in this case, K=12.
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Figure 4.2b Design chart[5] with12

conditions and then recalculates the parameterstifier
expected conditions using small increments becthese
movement of the shaft is related to its startingifpan.
Dynamical loading is not considered in hybrid begri
design[5] and the method enables load capacitgto b
calculated as long as bearing eccentricity is knanah
constant.

This is in contrast to the partial differentialtbe squeeze
pressure and bearing gap or eccentricity, desciib#te
Weston Kinnear [1] method which allows for dynanhica
loading to be considered.

5. Conclusions

This paper has shown how the Weston Kinnear design
method for specifying hybrid bearings can be useithé¢
designer’s advantage. The revision carried out\alithe
parameter maps to be used over a wide range ahgear
sizes. The comparison to other applicable design
methodologies has shown the advantage the neveckvis
method has as it is able to describe the beatifigess,



and therefore load capacity, at any point in tioreany
load. Both the Weston Kinnear method and the tthero
methods considered the bearing load carrying cgpaci
related to the shaft eccentricity. This causesand with
the prediction of bearing performance when subgetiie
a dynamic load because the position of the shaft is
directly related to the preceding load history, just the
magnitude of the load at any given instant. Thishoe
only suggests solving the equations at small dtepsild
a locus of shaft position over time.

Hybrid design methodology does not allow for thieetf
of a pulsatile load to be predicted whereas thénatket
proposed by Weston Kinnear enables dynamical lgadin
to be considered. The bearing stiffness can bdrata
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