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ABSTRACT

A theoretical computer approach is developed
that can be used for producing the shaft locus path of
a dynamically loaded journal bearing. The approach
employs a finite element technique to solve a one-
dimensional form of Reynold's Equation so that results
are achiseved with the same speed of solution as current
approximate methods. _Howeﬁer, the method realises én
accuracy of solution and genérality of application that
is normally only asspciated with more coétly finite
difference solutions. |

The finitg difference programmes used to develop
this technique are also described. A two-~dimensional
finite difference method 1s first produced to evaluate
an axial pressure profile laﬁ that allows the problem to
 bé reduced to a one-dimensional form. The one-dimensional
equation is also solved by finite difference methods.

Both finite difference programmes are used in casse.
studies of the behaviour of steadily loaded bearings
when allowance is made for certain geometric features of
the bearing. The features considered are; the inclusion
of oil feed holes, oil feed grooves, reliefs and chamfers
in the pressurised region of the oil film, and the effect
of surfacé roughness. Conclusions are made from the

results with regard to including these features in the

dynamic problen.



The finiteelement approach is employed to produce
the shaft centre lo¢l of a range of externally loaded
big-end bearings. Plots are also produced for a big-end
bearing when allowénce is made for the reduction in load
capacity associated with an oil feed occurring in the
pressurised region of the oil film., Case studies are
shown for the whirl characteristics of heavy rotors
when operating_both with circular and non~circular,

three lobed bearings..
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Nomenclabture

area of pressure field, ins?,

bearing radial clearance, ins.

minimum clearance in a three sector bearing, ins.

diameter of oil hole, 1ins.

diameter of bearing, ins,

depth of relief, ins.

length of relief, ins.

eccentricity of journal centre, ins.
card factor for the indicator diagram.
friction generated in the bearing, 1lbs.f.

non dimensional frictional force,

=0
T dz 4 = —F . .
. Ra
o/ -1 Imu(3)

centrepetal force acting at the big-end, lbs.f.
gas pressure force acting on the piston, 1bs.f.

(section 7.2 only) reciprocating force acting
on the big-end, lbs.f.

Componeut of the integrated oil pressure force

acting alonb the x axis, lbs.f. e

Component of the integrated oil pressure force
acting along the y axis, lbs.f..

26° 2
((2123% 31 abhy¥g, zp7
2 B 362 4 pa 9

Two non dimensional terms used in solv1ng the
Reynold's Equation.
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L/D

M
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N

M

t

it

o]

M

@

&
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W o =2 B <L

oil film height, ins,
non dimensional film height, 2/e.

film thickness in a three sector bearing.

local film béight inside a relief, ins.

power used in the axial pressure profile
B = B, (1-25).

mean value of K for a bearing profile.

ratio depth of relief/radial clearance.

leng%h of a'bearing, ins,

length of an oil groove, ins.

length of conmecting rdd, ins.

length/diameter ratio of bearing.

rotor mass, lbs,

force/ﬁeloéity mobility constant.

non dimensional mass parameter.

m Pa Cm
2u,2LRS
non dimensional pressure height parameter.
3E 72,

squeeze component of M = P_ h .

L

‘rotational component of I = Pp h .

centre line value of I,

mass of coﬁnecting rod, 1lbs.
mass of piston assembly, lbs.
number of elements per regime.
rotor speed, revs/sec.

0oil film pressure, lbs/in®.

reduced oil pressure for dynamic case.
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i

Pc?
mE

component of oil film pressure along the
X axis, lbs/in®.

component of o0ll film pressure along the
y axis, 1lbs/in®.

non dimensional pressure at the sides of
the bearing. ,

pressure on the centre line, lbs/inZ®.
non dimensional pressure for pure rotation.

pc?
nUR

non dimensional pressure for pure sgueeze.

ol

Pc?
neR?

mean axial pressure integral.
1
Podz
-1
z
indicated mean effective pressure of engine
cycle, lbs/inZ.

atmospheric pressure, lbs/in®.

non dimensional centre line pressure for
steadily loaded bearing.

reduced centre line pressure for dynamically

loaded bearing.
side leakage of bearing, inB/Sec.

non dimensional side leakage.

2n o
1 3,3P 2rQ
3 -9z z=1 Lel
o .

compression ratio of engine.
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al

ﬁ'

. ol

L

I}

i

journal radius, ias.
craenkshaft throw, ins.

Sommerfeld number.

n
P

0!kj~
] oo

time in seconds.
tangential shaft velocity, ins/sec.
normal shaft velocity, ins/sec.

conponent of imposed load parallel to the
line of centres, lbs.f.

componsent of imposed load normal to the lins
of centres, lbs.f.

component of imposed load along the x axis
of the bearing, 1lbs.f.

component of imposed load along the y axis
of the bearing, 1lbs.f.

X coordinate, ins.
y cooxdinate, iuns.
Zz coordinate, ins.
non dimensional coordinate, z = 2z/L.

L/D length/diameter ratio.

Km+4

X +3 weighting functions s
o — for the working

Kmfl eqQuation.

L
2R\? D

(jj) =(3) -

non dimensional load capacity for rotating
bearlng.

W/L
@

non dimensional load capacity for bsaring
under squeeze conditions.
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“4"T (%) -
€n .

non dimensional length of each finite
element, x/n.

(Log e (4.0&))
log e (0.25)

e/c = non dimensional eccentricity.
rate of change of & with respect to time.

dimensional distance of Jjournal mass
from the Jjournal centrs..

non dimensional speed parameter.
6u w R3 .
2
Py Cp”
0il viscosity lbs sec/in®.

angle of line of centres to the y ax1s of
The bearing.

angle measured clockw1se from the llne of
centres. :

rate of change of d with respect to time.
angle of load line to the y axis of the bearing.
rate of change of ¥ with respect to time.
rotational speed of the rotor, rads/secc.

angular speed of rotation of the crankshaft,
rads/sec. B

non dimensional shear stress.
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Chapter T

' Introduction

Journal beariggs are used in a very wide range of
industrial applications that involve an equally diverse
array of working conditions. To meet the operating
requirements of these applications it is_necessary.to
be able to design new bearings from a knowledge of the
working conditions and the performance of existing
designs. This situation dictates that it is desirable
to theoretidally predict the performance of besarings
rapidly and inexpensively rather thaﬁ resoxrt to costly
and time-conéuming practical rig tests. It is also
useful to be able %o theoreticélly investigate par-
| ticularly stringent operating conditions that are causing
failures of existing designs so that design featurses can
be modified to eliminate the failures and to optimise
the location of o0il feeds etc.

In considering the performance of bearings sub-
ject to steady lioeding conditions the fi:st requirement
is to specify the geometry of the system. This involves
the fixed physical boundaries of the bearing and the
shaft and also the gccentricity of the centres of
symmetry of these two boundaries. It is then possible
to apply Reynold's Eqﬁation to the prescribed gsometry.

This equation is integrated to establish the local oil
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film pressure. The procedure is repeated over the entiie
bearing area and thé'resulting pressure'distribution is
integrated to produce the magnitude of the load and the
attitude angle of the load vector relative to a fixed
coordinate axis.

The main difficulty with the analysis of unsteadily
loaded bearings is that the geomefry is alsp unsteady and
is related to the_inétantaneous load vector. Hence at
any instant in time it is necessary to solve the problem
in the reverse manner., Having calculated the instantaneous
load vector it is requisite to find the related shaft
position and velocity. When the centrepetal force gen~
erated by the product of the shaft mass and shaft centre
acceleration is of the same order as the externally
imposed forces then the load vector and shaft positiog
are interrelated and have to be solved simultaneously.
This situation arises in the case of the whirl of heavy
rotors.

In its standard form Reyﬁold's Bquation is a non-
1ineér, second oriler, partial differential equation., As
in the dynamic problem the geometry is unspecified, this
implies that the oil filw boundary positions are also
unknown.  Although many methods have been developed to
solve this equation for these conditions they have all
basically fallen into two categories. One type of

solution involves the use of numerical methods to solve
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the dynanic squations. The numerical methods are either
applied directly to the unmodified equations or to the
equations for the separate components of wedge and sQueeze.
The solutions for the two components then have to be
vectorially summed in the correct proportions. The
numerical solutions, although accurate, necessitate the |
use of iterative procedures and are extremely éostly to
apply on any computer.

The second type of app;oach involves the use of
imposing radical assumptions, e€.g. Ocvirk theory, on the
preSsure gradient in one direction to reduce the differ-
ential egquation to a more tractable form. The assumptions
then allow an approximate form of Reynold's equation to
be solved directly to produce an analytical solution to
the dynamic problem. This type of solution is not only
" subject to considerable error at high walues of eccentricity
but the technique is also very restricted in the types of
bearing geometry that can be analysed. '

A survey of the existing methods of analysis is de-
tailed ih Chapter two. This survey provoled the present
research programme. It was decided to develop a metho&
that combined the best points of each of the two schools
of thought. The terms of reference for the research were
that a computer programme was to be developed that could
be used to predict the shaft centre loci of any dynamically
loaded bearing. The types of loading were to include

;
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(a) bearings subject to external predescribed loads
only e.g. sutomotive bearings and (b) bearings subject
to large centrepetal loads from the rotor, e.g. the whirl
of turbine rotors. The programme was designed to invoke
the use of approximations so that the time involved in a
solution was comparable with that of existing analytical
methods. In addition the technique should be éapable of
dealing with non-circular, non-~symmetrical bearing geo-
metries and also the inclusion of oil feed holes or grooves.
It was decided to limip theoaccuracy criteria to a value
compatible with the approximations made in the calculations.
The programme was designed to produée results that wers
within 10%o of the more accurate '"exact ' theoretical
solutions. |

Finite difference cbmputer programmes were developed
to consider the specific steady loading conditions of
. motion that consisted of pure rotation, and of pure radial
squeeze. These results were used to develop an expression
that was a realistic approximation to the axial pressure
profile under dynamic loading éonditions. This work is
discussed in Chapter three.. The early unsuccessful atﬁémpts
to develop an approximate technigque are discussed at the
beginning pf Chapﬁer six.

The finite difference programmes were also used to
conéider the effect of o0il feed holes and surface geometry
on the performance of steadily loaded bearings. This work

which is described in Chapters four and five resultgd in
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the calculation of modifying coefficients for use in the
axial pressure profile theory. The devélopment of the
procedure adopted, which is based on finite element
principles, is described in Chapter six. The mathematical
derivationlof the expressions used are outlined in
Appendix A. The application of this method to various
dynamic loading conditions is described with case studies

in Chapters seven and eight.
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Chapter 2
Suf&ey of Bxisting Work

2.1 Historical Developnment

The origin of all the present methods adopted for
analysing the performance of Jjournal bearings is the
work of Reynolds (1). This work was published in 1886
and has been under éontinual development from that time.
Until the advent of the computer all the early work was
devoted to producing analytical solutions that at least
enabled results to be achieved that were tolerably cor-
rect. As soon as fast digital cdmputers became readily
‘available a new approach emerged. This second typevof
solution relied on the speed of the computer to produce
more accurate results by solving the finite difference
form of Reynold's Equation using numerical techniques.
However, some researchers continued to develop more
refined approximate solutions so that currently there
are two distict schools of approach.

2e2 OQutline of the Problem '

2.2.1 Low mass rotors

In engine crankshaft systems the mass of the
crankshaft is relatively small hence the force due to
"the insrtia of this mass is considerably smaller than
‘the externally applied load. After the transient starting
conditions this externally applied load is periodic

consequently the shaft will follow a particular periodic



locus path. The establishment of this shaft centre locus
path is one of the fundaumental problems'associated with
bearing design.

Throughout this text the coordinate system used is
one that is fixed relative to the stationary bearing.
These coordinates are shown in figure 2.1.
| Similar force balance equations are established
for each of the coordinate axes in terms of the x and
¥y components of the loading parameters. For simplicity
only the equations for the y coordinate are shown in
this section.

At every position the sum of the integrals of the
o1l pressure field and the frictional force are equal to

the applied external load.

Film pressure force + Film friction force = Applied load

/P, + [[Friction = Fy‘ ' S 2.1

The balancing of this equation provides the required
values of the instantaneous shaft centre velocities.

2.2.2 Heavy Rotors

With systems involving heavy rotors the inertia‘x{
force of the rotor assembly becomes important compared
with the other applied forces., Once the shaft has
started from rest its locus path will not nécessarily be
Aperiodic but will be determined by the relative value of

the inertia force.
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Fig. 2.1. Bearing coordinate systemn.
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At each point the equation to be balanced is:-

Inertia force = film pressure force + film friction force

+ weight component

my = /Py + S/Friction + W, 2.2

2.2.% Basic Assumptions

All the work considered in this text assumes that
the bearing geometry is rigid and that the oil viscosity
is constant throughout the bearing. Although it has been
foupd possible to relax either or both of these assump-
tions it then normally becomes hecessary to only consider
steady loading conditions. The reason for this is that
with the increase in the number of variables the nuﬁber
of iterations necessary to solve the equations at each
point is greatly increased. The‘resulting increase in
the computer time needed.for sacn solution is so enormous
that it becomes impracticable to consider dynamic loading.
However, Lloyd and lMcCallion (18) in 1968 did produce a
design study for a distorted beéring. The method used
to determine the distorted shape was very approximate
and the cost involved was prohibitive with regard generdl
application to computing dynamic problems. |

The motion of the shaft centre relative to the
bearing centre resﬁlts in an unsteady shape to the
clearance space between the rigid shaft and bearing sur-

faces, This causes unsteady oil flow within the clearance
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volume. The inertia forces caused by the oil movements
are small compared with the viscous shear forces within
the oil hence the basic Reynold's Equation can be used

to describe the o0il pressure.

3 (h3£) + ) (h3aP)= 6U sh + 6h aU + 12V,

3X \n 9x 3z \n 9z ax X

2.3

U and Vb are the iocal tangential and normal surface
velocities of the shaft.

For a circular shaft' U and v, are defined by;

U=Rw + C 3c siné ~ ced¢ cOsH o4
at at 0

V, = C 3¢ cose + ce 3¢ sine , o 245
ot ot ‘,

For most computational purposes equation 2.3 is

normally transformed into a reduced form‘by the following

substitutionsy-
x = RO
z = z/1
h = h/c’
P = EnR/c?

Reynold's Equation then becomes
@..(Bs_a_lz‘)’+ z&)zg_ h? 2p"
30 36 L /asz\ 3%

= 6U ah + 6h U + 12RV, . 2.6
a6 26 C .



The subsequent work described in the remainder'of

this thesis is concerned with solving this equation.

2.3 Approximate lMethods
2.3.,1 Infinitely long bearing

The first paper describing this type of approxi-
mation was published by Sommerfeld (2)4in 1904.. In this
method the bearing is assumed to be infinitely long and
hence the method neglects. the pressure flow in the axial
direction due to the side leakage from the bearing.

Equation 2.6 reduces to;-

+ 6h

=

aU + 12RY, 2.7
50 c

|

L(E33Px)=6Ua

Q

8

- It is also assumed that there is no film disruption

i.8. the filnm ié continuous all the way round the circum-
ference of the bsaring. As a result of these two assump-
tions it is found that if this technique is applied to

"bearings of finite length the calculated pressure distri-

bution is too high., The technique, therefore, overestimates

the load capacity of finite length bearings. 1In 1925
Gumbel and Everling (3) suggested an improvement for this
method}. The same equation 2.7 was used but the boundary
conditioﬁs were altered. The pressure distribution was
initially calculated assuming no film disruption and then
all negativé preséures,were~discardedm This reduced ths
amount by which the load capacity was overestimated.

In 1947 Stone and Uﬁderwood (4) published the first

serious attempt to produce a shaft locus path for a
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dyhamically loaded journal bearing using the principles
of an infinitely long bearing. The authours adopted ths
Sommerfeld assumptions and devoted their research to
developing an approximate method for the R.H.S5. of
equation 2.7. They assumed the rate of change of the
attitude angle of the load with time to be constant and
the eccentricity to be constant. These assumptions have
since been found to be greatly in error.

With this metﬁod the dynamic load capacity of a
bearing is found by modifying the steady load bearing

capacity by a factor R,

where - R ;l 1- 2y 2.8

w

Hence to obtain the shaft locus path of a bearing the
polar.load»at each point is matched by a modified steady -
load capacity using the above modifying factor. However,
for some polar load diagrams there are conditions whsere
the load vector rotates at half the rotor spegd, con-

sequently the modified load capacity using 2.8 would be

it

zero. This is due to putting ¢ = O i.e. neglecting the
"squeeze "' term. = Although the bearing capacity due o
the '""wedge " term will eventually reduce to zero it is
not an instantaneous action as it takes a finite time %o
squeeze the lubricant from the bearing.. The concept of

squeeze was introduced into this approach shortly after-

wards by Burwell (5).



To find the fluid film forces at any point it is
necessary to integrate equation 2.7 twice with respect

to ©.

P-PBB =Fu+Fd¢+Ec¢ 2.9

where Fl’ F2 F5 are functions of ¢ , 8. The integrals

of the terms (Fk?o)sine and (?—fz)cose over the extent
of the film are produced to find the x and y components
of the pressure forces. These directly result in the load

and attitude angle Y. Assuming the film continuous between

0 and 2%« o

cins = PR L (e - 26%)
f21rg)S (2 +€2) (1-€2 ) o 42.10

2.11

cOS4 "“_E_Tfé‘ i€
I2m2Ss (1 + &y ¢

(3

The non-dimensional load S and attitude angle ¥

where S =

%

are known from the polar load diagram so that if ¢
is known then ¢ and €  can be found from equations
2.10, 2.11. This method allows the shaft locus path to
be marched out from any arbitrary starting point.. Aftef
several enginé cycles the locus path is found %o converge
to a limit cycle. This method although subject to con-
siderable error has been employed for analysing some
specific loading conditions.

If , and & are both egual to zero (i;e. the

shaft speed and load vedtor speed. are zero) and the
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squeeze motion is along a diasmeter then;-

1_.¢c?2 . sP dt =
6w R2p 1—€2t=0

€ jt =t . 2.12

The theory for pure squeeze loading was originally
illustrated by Swift (6). An example of the motion.

resulting from squeeze loading is shown below. !

T

Parus oF NoxnrorTatine Journar CoyxTer UNpER ANY
Tyre or Loapixe
(From Swift.) B R &

D - T

Fig. 2.2. Illustration of shaft locus path under pure radial

squeeze loading.

This figure is copied from Swifts original work. The
pure radial squeeze concept was later developed by
Booker (7) and employed in his mobility method (see

section 2.3.3). This method forms the basis of present



day graphical techniques used for marking out shaft loci.
Burwell applied appfbximate side leakagé factors to his
infinitely long solutions so that finite length bearings
could be analysad.

2.%.2 Short bearing theory

This theory is first attributed to work by Dubois
and Ocvirk (8) in 1953. It is only suiteble for bearings
with a small U/D ratio. It is assumed that the axial
~ pressure gradient is large compared with the circum-
ferential pressure gradient, which is subsequeptly neglected.

Equation 2.6 reducses to:-
(Q)z a__(h3_a_1>_"> = 6U ah + 6h aU + 12RV, 2.13

This can be integrated directly with respect to 2z to

attain:~-
P* = 6 [Ush + h AU + 2RV || 7%~ 1] L ’ 2. 14
- B[ 3 38 c 2R -

where Z = O at the bearing centre line and +1 at the
edges of the bearing. Substituting for U and VO
Milne (10) develops Equation 2.14 into the form

p* = }%[e'cose - e<_¢§_ - cp')siner] [22- 1](%?)2 ’ 2;’.21.5

This method is summarised by Booker (7) and Sternlicht (9)
but is most completely developed for dynamically loaded
bearings by Milne (10) in 1962. Dubois did, however,

apply this theory to various case studies and these are
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reported in reference (ii), (12).
It is evident that equation 2.15 produces a
pressure profile that is parabolic in the axial direction

and varies as
P =P, (1 - 2Z2) ) 2.16

Equation 2.15 can be readily integrated to obtain the
components of the load Wd and Wk:,normal and parallsl

to the line of centres.

W

. - JSP*R cose deo dz | 2.19

1 S/P*R sine de dzZ : 2.18

¢

i

If the oil film is to be assumed continuous these reduce

to; B
£ = Wg c? '.'1' - '5’2)25 |

nRIEZ n( 1T + 2¢2) : 2.19
¢ = w - WQC2' 1 ~e2f 2;20
X 2 nRL T

If the components of the polar load are predescribed
then the instantaneous shaft centre velocities can be
directly calculated. Milne (10) provides several
'examples of locus paths for different forms of loading.
He also shows the effect of the starting position on the
locus path when an uncavitated film is assumed.‘

With the Ocvirk assumption and cavitated films
then the beginning and end positions of the film are

directly related. If the pressure is zero at the start
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of the film then this position is derived from equation

2.15:

6. = TAN"Y  2e . ' '
s G;Iri_7$)> | 2.21

and the end position by
6 = 05 + m | . 2.22

Milne (10) uses these boundary conditions to find
expressions for the instantaneous values of € and ¢
from a knowledge of the magnitude and direction of the

applied load.

2.23

2.24

’wheré.,cl, 02, C5 are functions of QS’ QE and hence
- functions of e, ¢ » Therefore, at each locus position
it is necessary to iterate betweeﬁ equations 2.17 and
2.23, 2.24 until the values of ¢ and ¢ satisfy all
"the equations. Ocvirk theory is rapid in solution,
however, its main disadvantage is that it is very
inaccurate for finite length bearings of L/p > 0.3,
particularly at high values of eccentricity.

Booker (7) provides»a comparicon between Sommerfeld
and Ocvirk theories and also a seﬁi-exact theory by
Warner (13). This comparison is reproduced in Fig. 2.3.

The theories of Warner are referred to later in
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section 2.5.4., P. 53 . Both the Ocvirk and Sommerfeld
theories overestimate the load capacity of finite length
bearings, consequently it is untrue to say that the
corbect value lies in between that obtained by these
theories.

2.3.% Mobility method

The mobility method of Booker (7) is the most
sophisticaﬁed semi-analytical solution'currently available.
The principle,of the method is to combine the various
angular velocities associated with the shaft centre into
a representative velocity w If an observer is assumed
to be rotating at the instantaneous value of ® then he
will observe the shaft to be moving with only a pure.

)

squeeze motion:

L (u * w,) - ow, | 2.25

€1
i

[
il

angular speed of rotation of the shaft

angular speed of rotation of the bearing

€
o
[

w, = angular speed of rotation of the load

The shaft centre will then follow one of the squeeze
paths shown in Fig. 2.4, 2.5. It will be either a, b,
or c¢ depending upon the approximate method adopted.
The Warner (13) solutions referred to as (c¢) sbove are
explained lateé (Secfion 2e5.4., P.ss); Foi each
loadihg,conditioh the shaft centre foilowé one of the
squeeze'paths shown above.. However, its velociﬁy

varies with time. This velocity .can be found by using
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{0} KMobility plot for Ozvirk solution (b} Mobility plol for Sommerfcld solution
F)G‘ 24. Characlerislics of complele-film (22} beerings ‘

3 5 e
la) Mobility plot for Ocvirk solution - [b) Mobitity plot for Semmerfeld sclutien {e)_Lombda plot for Vomer =clution
A .- _ Characteristics, of ruptured-film (w rorings
Fig. 2-5 h f d-film (=) b
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Fig. 2.4. Booker mobility plot for a complete ‘film.

Fig. 2.5. Booker mobility plot for a cavitated film.



precalculated force/velocity calibration constants or
"mobilities " M.

. = F R)2 ‘ '
v = E(c/RN. M 2.26

Figs. 2.4, 2.5 are, in effect, plots of lines of
constant M and can easily be obtained from the reduced
form of Reynold's Equation, where the R.H.S. contains
sdueeze terms only. This motion is, however, relative to
a rotating observer and to transform it so that it is
relative to the fixed bearing axis it is necessary to add
in the observer's motion o . This is aéhieved by vec-
torially adding w perpendicular to the line of centres.
| This addition is shown below. |

Starting from an arbitrary position the shaft
centre locus is marked out until a limit cycle is attained.
The locus, as shown in Fig. 2.7, is relative to the load
line. If the attitude angle of the load is taken into
account this can be transformed into a locus relative to
the fixed axis on the bearing as in Fig. 2.8.

In ref. (7) exact formulae are derived:for cal-
cluating.values of M at any value of ¢ and ¢ for
all six types of solution considered. The method can be
computerised but it is possible to marh out solutions by
hagﬁ, using transparent mobility charts, placed over
suitable pﬁlar load diagrams. There are {two main dis-
advantages to this method. Firstly it can only be used

for circular bearings without considering the oil feeds
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Fig. 2.6. Resultant instantaneous shaft velocity calculated

on a mobility chart.

as it relies on geometric symmetry for its method of
solution. Secondly the squeeze paths are calculated
using techniques such as the Sommerfeld or Warner methods
which involve the use of approximate boundary conditions.
For the Sommerfeld Solution the oil film is assumed to be
of =« extent and the position of the boundaries is

established using this premise. For the Warner Solutlon
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Predicted {curnal motion ralotive {o 1oad

Fig. 2.7

Fig. 2.7. Locus path by mobility method relative to load line.
Fig. 2.8. Locus path by mobility method relative to fixed

bearing axis.

the length of the film is wvariable but it is determined
by considering the static load only.

A similar type of procedure is described in
reference (14). This is Blok's iso-impulse method which

strongly resembles Booker's work in its mode of solution.



2.4 Methods Using Stored Solutions

The basic principle of this type of solution is
to precalculate the solution of Reynold's Equation for
a wide range of € , € and ¢ . 'These values are con-
veniently stored in a computer system and then at each
calculation step of the locus path the known value of
the load vector is balanced against a value interpolated
from the stored data. The different applications of this
principle vary in the method used for calculating the
prestored data and also in the way the locus path is
marked out incrementally., One of the most popular ways
of calculating the prestored data is to use a form of
numerical solution using the finite difference form of
Reynold's Equation. This technique has been used vhrough-
dut the extensive research programme conducted at
Nottingham University by Professor McCallion..

In 196% Horsmell and McCallion (15) first reported
the use of this method. In their particﬁlar approach the
pressure generation was split up into three component
equations; for pure wedge action, for pure squeeze action,
and the load generation resulting from a pressurised oil
feed to the bearing when stationary. These equations were
put into finite difference form and solved for a range of
values of L/D,e , ¢ and @' . To find the total pressure
force at any dynamic condition the relevant values are

interpolated from the stored data and are superposed using

45



46

the correct multiplying coefficients. The authors explain
the details of the relaxation method used for the finite
difference solution and the criteria used for determining
the size of the mesh., This work is more fully considered
in Chapter three.

Further details of the Nottingham research pro-
gramme were reported by Lloyd and McCallion in refs. (16,
17, 18) and by Horsnell, Lloyd and McCallion refs. (19, 20).
The advantage of this type of solution is that once the
standard values have been calculated the time of solution
for a dynamic case study is relatively short. This approach
is normally restricted to considering circular bearings
.Without oil feeds. However, the oil feed was considered in
one case study but this incréased the time for solution by
40 times. This was because the relevant standard solutions
had to be calculated for each particular loading condition
as the condition was generated.

Lloyd and McCallion also established a non-iterative
method for finding the correct values of € and ¢ at each
calculation point. Their method ensured that the oll film
force calculated using these values directly equalled the
applied load. - The oil film force along the line of centres
Fr can be found from;

F, = JJ/P cose ds dz
2.27

This is equated bto the components of the applied load
along the line of centres

Wy cos¢ + Wysing + Fp, = 0O | ' 2.28



If equation 2.28 is then written so that it gives a
forcs balance after time s t 1t becomes
(W, + w;at)cos (¢ + ¢8t) + (W, + W,8t)sin (¢ + ¢ét)

+ F_ + F 6t =0
R R 2.29

o

WX’ Wy, WX’ WY are knbwn directly from the polar load
diagram.
Equation 2.29 is written so that the force balance

is satisfied at the end of a time interval rather than

at the beginning. A similar equation is written in terms

of the tangential component of force FT‘ In this way the

values of ¢+ and 4 for the completed time step are

-- found. This principle of balancing the forces at the end

of a time step leads to greater stability in marching out

the shaft locus path and was adopted in the current re-

search at Imperial Collegs.

2.5 Methods Using the Separstion of Variables
2.5.1 The Work of Fedor |

‘One of the fifst people to develop a worthwhile
method based on this approach was Fedor (21). Reynold's

Equation for pure rotation is quoted in the form

o (R9P )+ Re2_(h?3P) = 6UR 3
56\n 30 3z \n 22 3

E

[es]

For this method equation 2.%0 is split into several com-

ponent egquations. First the non-homogeneous part is

2.30
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removed by putting:
P (s,2) = P, (0,2) + P, (o) 2,31

P2(9} satisfies the two-dimensional eqﬁation for bsarings

of infinite length

3 /h®3P\ = 6UR »h

SE(/ 3?) 26 ~ G
and the other function Pl(e,Z) satisfies

3 _(h? 3B \+ Ry [h® 3P\=0

(0 ) ma(F )

The method of separation of variables is applied to the

homogeneous equation'2.55 where;

B = X (8)Y (2) —

X(®) and Y{E) are found by satisfying the following

ordinary differential equations

d?X - 3gsine dX + m2X = O

dez T +eccosods 2435
d Y - m Y = O 20 6
dze (R§ ' : 2

where m® 1is the separation of variables parameter.

Fquation 2.%6 is a standard form and is easily soluble.
However, equation 2.35 is a‘special form of the Hill
equation and is fér more difficult. It is proved by
Fedor that X(©) can be solved by presenting a solution

in the form;

X(6) = & B e - 2.37



where the constants K and Bj are determined from
the boundary conditions.

This principle is then applied to Reynold's
Bquation 2.30. The pressure distribution is found by
adding the solution of equation 2.%0 for the infinite
bearing with Sommerfeld boundgry conditions plus the
solution of the Reynold's homogeneous equation. The

‘solution of 2.30 with Sommerfeld boundary conditions

‘results in 2.32 which is rearranged to provide Ibo‘

1 A '

P_ = 6nURe . (2 + €cosg)sineo :
c2(2+e2) (L + ecos )? P : 24358

1
i

'This is expanded as a Fourier series

P_ = 12nUR (-1 a1+ siné |
C2i2+52) 21 )n l' 1-¢c2 2.59
whers a" = e | 2.40
. .1 + (1 _82)12. .

The solution of 2.35 provides P,

P, = >A,sin(n6). cosh n %/R
1

2.41
where A = -B /cosh/{nL ' 2.42
5 ;
and B = 12qUR(-1Y7" a1 + n 2:43
c2(2 + e2) (1 - c2)
The source pressure is represented as.

P, = >C,cosne cosh(ng) - qly cosh(z - cosB)
° R/ R 2,44
where Co = - 4q - 2.45

n(l+e®p )



Hence the pressure distribution is found from

P = Poo + P‘l + PS ) 204‘6

When 2.%9, 2.41, 2.44 are substituted into 2.46
the resulting expression is formidable. However, this
type of solution has been used to compute thé results for
some special loading conditions and for the standard values

for stored results. Feder (22) later developed this

approach so that it could be applied to more general prob-

lems. Hoever, he still adopted the Sommerfeld boundary
conditions. In reference (22) equation 2.46 is presented

in a more tractable form:

P(e,z) = R,(l - Z\+ 6nURe(2 + ecosp)sine
2 L) c2(Z+e?) (L + ecose)?

- > A, (Z)sin(me) ] 2.47

The first term represents the circumferential source

- function, the second term the pressure profile for the
ihfinite bearing and the third term the correctlion function
‘to allow for the finite length of the bearing. The co-
efficients Am are determined by use of recurrence
formulae which are quoted in the paper. The expression
for the infinitely long bearing is again replaced by a
Fourier series.

In reference (23) Feder reduced equation 2,47 still

further to;
P(e,z) = P_(8) 1 - cosh(x,2)\
‘ EGEHTX:ET . 2.48

where ;2 - ¢(3 + (1-e?} ) 2.49

(1 + (1—82% 2
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This improvement was achieved by approximating the
Fourier series expansion of the third term of equation

2.47 to the Fourier series expression for

Pul8) oonflel) 2.50
The results obtained using this approximate analytical
method with Sommerfeld or half Sommerfeld boundary con-
ditions have been found to compare reasonably well with
the results attained using finite difference methods.
The applicaﬁions are, however, limited and the solutions
are liable to instability due to the Fourier series
failing to converge.

2.5.2 The Work of Tao

Tao (24, 25) used a similar variational approach

but presented equation 2.35 as

" d®X - 3esing dX + AX = O o o
dé?  T+ecose de 2.51

This equation is solved by Sturm~Liouville theory (26)
using the Sommerfeld boundary conditions. This results
in a series of sclutions corresponding to a sequence of
real, non negative.eigenvalues hi. ‘The solution of

2.%6 then yields

Y, = Aicosh(ri )tz + B; sinh(A; )t z » 2f52
With v, = A,z + B

and 2.51'yields a form of Heun's equation (27). Tao

explains the method for solving the Heun equation so’
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that an expression can be attained for the pressure
distribution. This solution involves the cosh and sinh
‘of functions that contain elgenvalues of rather complex
expressions. This method was only applied to steadily
loaded bearings and even then from the nature of the
eigenvalue problem was liable to produce inaccurate
results,

2.5.3 The work of Hays

Hays (30) developed an approach that is similar to
that of Tao's in every respect. He did, however, specify
the eigenvalues and eigenvectors that were calculated for
the Hill equation 2.51. The eigenvalues were obtained
using'numerical techniques and the results are compared
with those of Ramachandra (31). In earlier work Hays
(28, 29) had developed a further approach that involved
the use of the solution for the infinitely long bearing
Sommerfeld boundafy conditions. The expression used to
modify this solution so that it was applicable to finite
length bearingsvwas represented by a Fourier sine seriss.
The coefficients of the series were found by establishing
the values that produced a pressure distribution that
. minimises the function J. |

J = /[ hPYP.vP + nU.U + ZV.(PQ)] dA |
A[I?ﬁ T 2423

and the flux vector Q is given by

Q = - hvyp + hU | 2.54
12n -7 , .
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All these researchers used Fourier series and produced
methods which were complex and not really suitable for
use in producing shaft . locus paths for dynamically loaded
bearings. |

2.5.,4 The work of Warner

In 1963 Warner (13) produced a method that involved
the separation of variabies but was applicable to dynami-
cally loaded bearings. However, Warner states that "if
film rupturse is assumed to occur then the problem becomss
non-linear and the calculations are restricted to the case
where the dynamic load is moderate compared to the static
load '". The derivation of the pressure profile expressions
is similar to that of Fedor's and is fully outlinedrin the

paper. The resﬁlting expression for P 1is;

P(o,z) = [1 - %7(1)1] E_aNcheJ 2.55

where gN(Q) corresponds to the Nth characteristic

value - AN and satisfies the boundary condition

g, (8,) = g (6, +8) =0 2.56
a is the appropriate coefficient and |1 “K'CZ)]

N PRRor K 5)

represents a correction factor for the side leskage of
the bearing. Although this method can be used to

" accurately solve é particular dynamic load it is too
complex to be used to directly march out a locus path.

It has, however, been used to calculate the stored values

for standard dynamic conditions for interpolation methods

!
i
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(section 2.4 P.45), because it is as accurate as, but
much faster than iterative finite difference technigues.

2.6 Finite Difference Methods

This area of research stems from the work of
Christopherson (32). He was the first person to trans-
form Reynold's Equétion into a finite difference form
and to solve the resulting equation by a relaxation tech-
nique. This work was considerably advanced by Cameron and
Wood in 1949‘(33). The disadvantage of this method is that
although the finite difference equations can be solved
precisely for any specified R.H.S. of the equation, it is'
not possible to reverse the process. In practical terms
this means that it is impossible to find directly the
values of ¢ and ¢ +that will produce the requisite
pressure distribution which, when summated, satisfies the
prescribed load.

The finite difference method has been used in two
ways; (a) to produce ''exact' solutions to steadily
loadsd béarings to examine the influsnce of varying such
parameters as the bearing clearance and L/D ratios;

(b) to calculate solutions to specified dynamic conditions
to produce standard values for methods involving inter-
polation from stored results section 2.4 P.45 .

Smalley, Lloyd, Horsnell and McCallion (20, 3%5)
developed these finite difference technigues fo a hiéh
degree of proficiency. In this work they explain the uss
of variable mesh sizes so that the greatest density of

mesh pbints occur where the pressure gradient. is highest.
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They also describe the work of Carre/(54) to provide a
variable over relaxation factor so that the number of
iterations is minimised. Although they succeeded in
obtaining accurate solutions using a two~dimensional
mesh in a very efficienf manner the method Wés still
found to consume a considerable quantity of computer

+timse.

2.7 Use of an approximate Axial Pressure Profile

The earliest reference to this technique is in
the work by Holland (36). It was proposed that the axial
pressure profile shoﬁld~be preset as being parabolic and
that the form of the centreline pressure should follow

that of the infinitely long Sommerfeld solution.

P = Pm.K(l-(é)m) . T 2.57
where m is an integer and K an attenuation factor.
Although Holland suggests varYing M he does not Jjustify
this ana appears to set m=2 for £ <0.8 and m=2.4 for
€>0.8. Because the general slope of the centreline
-pressure has been specified as being similar to the
Sommerfeld case it is easy to find an overall value for
the factor K. The pure wedge and pure squeeze terms were
evaluated separately and then added vectorially.

A similar type of approximation to the axial pres-
sure profile was used by 0'Donoghue (37) in conjunction'
with a short bearing analysis. However; m was kept

constant at 2. Before discovering this published work
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research was performed at Imperial College in connection
with this thesis and a paper was published by Shelly and
Ettles (38) justifying the use of a variable value of m.
This work is descfibed in Chapter 3.3.

2.8 Sumnmary

In the previous sections the various types of
approach have been discussed in terms of published re-
search papers. These are, however, many more research
workers who have published papers and although it was
found expedient to read most of those available it was not
| thought necessary to refer to them all.. The work quoted,
therefore, presents é selection that is considered to be
representative of the most important methods. |

The work of each section suggested a different line
of attack for the current research and several of these
ideas are discussed in the subsequent Chapters. The
dominant criteria governing this research was fo try to
combine the two extremes of existing methods so that the
resulting method would be rapid in execution but at the
same time general in application and also accurats.

It was decided to first develop a two-dimensional
finite difference iterative solution, This was based on
the work of section 2.6 and is discussed in Chapter three.
' The resulting programme was used to analyse steadily loaded
bearings to produce a considerable range of standard re-
sults. The results were analysed o produce a general
- expression for an axial pressure profile approximaticn
as in section 2.7. The Reynold's Equation was consequently

reduced from a two-dimensional partial second order equation
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to a one-dimensional ordinary second order equation.
The research that followed was concerned with
solving this one-dimensional equation. The initial
attempts were of an approximate form and were prompted
by the work of section 2.5. This work, though later
abandoned was the basis for the current research and is

outlined in section 6.
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Chapter 3
The Finite Difference Approach

3.1 Introduction

On completion of thé literature survey it was
decided to first produce a two-dimensional finite
difference solution. The initial ideas for this pro-
gramme were drawn from the work outlined in Sections
2.4 and 2.6. There were several reasons ior choosing
this type of approach as a étarting point.

It was decided that although there was a con-
siderable volume of results published, very few were
sufficiently detailed to be worthwhile as standard values.
Many of the sophisticated methods available would have
produced accurate results more cheaply but this fact was
outweighed by other disadvantages. Firstly the finite
difference teéhnique was well documented by the Nottingham
Researchers (15, 16, 17, 18, 19, 20), Christbpherson (32),
. Cameron (33, %9) and Pinkus (9), whereas the other methods
are less weil detailed. The finite difference technique
is very simple to apply and can be easily understood |
whereas methods ihvolving Fourier Series etc. are complex,
and lack the flexibility of the finite difference method
in the ability to tackle all possible film shapes. I%
was felt that as this was not intended to be a final

method but merely a means of producing accurate results
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and for trying various ideas, it was besﬁ to adopt an
approach that was adaptable aﬁd easy to modify.

It had al:eady been decided that predescribed
exial pressure profile was one of the most likely areas
of research and consequently the two-dimensional approach
was used to produce axial profiles suitabie for curve
matching.

| 3.2 Development of a two~dimensional programme

3.2.1 The working equations

It was decided to use this programme for the steadily
loaded conditions of pure radial squeeze and pure rotation.

The Reynold's Equation for these conditions are:;-

._.a__(_n3zlz)+ 2 (11312): F(0) ., 5.1

aX | n 9x EYA n 9z

For pure rotation:-

F(e) = 6U sh 3.2
X

For pure squeeze;-

F(o) = 12 V, | 3.3

For pure rotation:-

U = Ry

and pure squeeze;-

V, = c¢' coso



The equation 3.1 is then non-dimensionalised using:--

h = hc
z = zL
2
x = Re
hence;~-
“c¥ s R 8P\ L a 533)_1?(9) 3.4
Rz 3% (n ae)*(g)ﬁ(;{ 3z ) ~
For pure rotation,
P = P UnR : 5.2
c2: '
Hence (3%.4) becomes;
3 [h? 3B _(ZR 23 /h?® 3B\ _ 63h .6
ae( ae)+r)ﬁ(a_zs’3_ | -2

For pure squesze,

P=I35n i_{zs’
C

Hence (3.4) becomes:

o (K aB) ., [2rRV 3 /R® 3R\ _ 12 cose
ae( a_es)‘“(f")'a'f( 32 ) © 2+7

3

From Cameron (39) P.428 it was realised that the circum-
ferential bressuie distribution was subject to a very

pronounced peak., This implied that even with a very fine
mesh the resulting solutions were likely to be inherently

inaccurate. The Vogelpohl (41) substitubtion of;

M =AP T‘lg 508
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was, therefore, adopted. This substitution resulted in
two equations in . which were more suitable for a
finite difference approach. Equation 3.6 becomes;-

3 53L(MR1‘1‘§)) + B3_ ( Py (MED) _ 6 3h
EY) 30 B )

3.9
where B = [2RY\?
t)
and (3.7) becomes;-
a_(R’a (M "%)) Ba_ (h®a_ (M ED\ _
X ( 58 Y Y7 : = 1Z coss 3.10

Throughout this work the film height is assumed constant

across bthe axial width of the bearing and consequently,
h # £(2)

. If we consider the first term of the equations 3.9, 3%.10

in general bterms:
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of oh , WM _ 3 % B2 dR
36 96 g2~ 2 26
— - - _ — — - a5
_3 Mk Re_ 3 WMEFERY| , | h#4 _ 3 M AE4R
2 36 236 4 36 2 2 362
éM(_a_h
4 26 :
Hence eguation 3.9 becomes:
®M, - 3 M °h - 3 Mg gif + 8 M= 6 2h
362 Z K 062 4R (ae 322  h4 36
3,11
Putting Ge)= (31 ¢p +31 (&%)
2 R 982 4 H2\ 36
Mg - G@ M, + & 3°My = 6 8h '
36° " 322 T3a6 .12
and 2.10 bescomes:-~-
2°My - G )My + B 32M, = 12coss
362 7 2

hg

3.13

The egquations are now in a form suitable for transforming
to the finite difference form.

It was decided that a five
point two-dimensional model would be sufficiently accurate
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and this is found in Crandall (40) P.246, The pressurs

field is covered by a mesh.

> B . : Z'IT
0 : '
p n
h =123
m
Ao, A0,
L 3ard
6 JENSUIN SO E - —
4
3 .
AZ
2 (i
: AZ
z

Fig. 3.1. The two dimensional mesh for the finite

difference approach.
If the mesh is a constant length in each direcvion then;-
AB, = A8, = .iiien.n A,é,,_1

AZ, = AZ, = vuren. AR,

The differentials of the function M can then be

represented by:
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>0
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*

Fig. 3.2. Computation model for finite difference.

o\ - /M -®. N1
(ﬁ) = ( (i,j+1) “"J 1))'—2-—&—2:

™
ol ™
~y =
o
-\_/
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(Mﬁmj)_ My F MUM4)>Ag2

obtained from Crandall (40), p.246.



Hence equation 3%.12 becomes;-

MRNJ) = [ (wajgg * MRﬁﬂ,i) ) - B.Meii-ny * Magijery )
AB? AZ?2
_ 6, 2h /[ 2 28 Gce)]
hi se } rez ¢ aze * 3.14

and %.1% becomes;-

M

S j)

Megieniy * Mooy ), pMsjony # Msqjony )
' IXE AZ 2

_ 12 coss 2 28 G(e)]
n3 ]///[Ae2 toaze T 3.15
With regard to G(9) ;-
h = 1 e e COSH
QE _ - € sine
98
3%h N tose
382
G, (0) . é(; il ;(zf_a)z
4\ h Je? h2{3e/ |,
. - 3 (25 cose (1 + e cosB) - e2sinfy )
4 (1 + ¢ cose)? i
o - 3 [2¢ cose + e®cos®e + ¢ cos2e
7 (T + ¢ cos0)? ,
%.16

It was, therefore, possible to solve either equations

3.14 or %.15 at each nodal point using equation 3.16.



The iterative solution of Reynold's Equation could be
achieved once a criteria was established for the boundary
conditions and the starting values. The stérting criteria
was simply that the whole mesh was initialised as zero.
For fhe boundary conditions the following were adopted.

1) M=0 at the sides of the bearing

S M(i,1) =0 i=1-=>n
¥(i,m) = 0 i=1->n
2) M at €=0 = I at ©=2x
Joo M(1,3) = M(m,3) = 1—>m
%) The film ends where the oil cavitates hence

according to Reynold's boundary condition

Wheré M= =

Qi
Bl

the film starts where M=0.

This means that no negative pressurés are used. These
boundary conditions ére accommodated by putting all
negative pressures to zero as soon as. they ate calculated
in the iterative process, see Smalley et al (35) P.l36.
The technique adopted was the standard-Gauss-Seidel
process. In this process for each sweep of the mesh the
udeated values are always used for each nodal point.

3.2.2 The iteration technique

The mesh adopted was of constant length With n=200

in the circumferential direction and m=30 in the axial’
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direction. In the first instant the programme was rﬁn
for a fixed number of 500 iterations for a range of
values of L/D, € . The solutions attained viere compared
with those published in Cameron (39) and Booker (7) and
found to be within 0.5% . The coméutation_time‘wés
large and various schemes were tried to improve the pro-
gramme efficiency. It became clear that the pressure
field rapidly converged to a solution very close to the
final result, and that a large percentage of the computer
time was used in final refinement of the values. Hence
the use of a convergence criteria was introduced whereby
the process was halted as soon as the rate of change pér
iteration satisfied a set criteria. It was decided that
the iteration pfocess could be truncatsd when the highest

value of;:-

Mgy mew - Mg, existing 1 x 107 5,19

M(i,j) nax

This criteria implies that the highest normalised value
of the local rate of change between two successive
iterations is less than 10”°. The number of iterations
was, therefore, related to an accuracy criteria rather
than an arbitrary number.

The use of over-relaxation was now investigated.

The first method tried was the method of Carre (34) as

suggested by the Nottingham Researchers. The formula

£e



suggested to produce the optimum over-relaxation»factor

8] 1 S v

opt 15

e = ‘ 2 L .18
opt I + V(L - Opae *0-1) 7 02} 5+

where eopt is calculated for the Kth iteration.

NK = the square root of the sum of the squares of the

changes.
I
max NK--l

© 1is the present value of the over-relaxation factor.

A

The scheme adopted was, as in Smalley et al. (35),

was set to unity for the first iteration and equal to
1.%375 for the next eleven. Using the values of change
between the 10th, 1llth, 1l2th iterations a new approx-
imation to o was evaluated as equation 3.18 and used
for the next twelve iterations. A new value of g was
calculated every 1lZ2th iteration. After several runs it
became apparent that o tended to a value of arouund 1l.35
under most conditions considered. As it takes time to
evaluate the‘coefficients for the Carre’ formula it was
decided that it might be possible %o find an approximate
constant value of 0o suitable for the whole range of
donditions. A series of runs was made for a range of

€ L/D with © képt constant. The runs were repeated
for © wvarying between 1.0 and 2.0 in increments of 0O.l.

The number of iterations to reach a set convergence

68
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criteria was noted to establish the bptimum value of' 0 o
It was found that tﬁe number of iterabtions required
decreased with increasing o but that above e =1.70 the
iteration process tended to oscillate about the flnal
value without fully converging. This was especially pre~
valent at high values of eccentricity.

The scheme adopted for the over-relaxation factor
was to set © =1.0 for the first iteration and then to a

valueg of 1.60 until;

>

L M
G,j) new G,i) _existing

<1 x 10° 2.19
(i, 1) max

® was then reduced.to a value of 1.30 until the second
convergence criteria 3,17 was satisfied. The reduction
in © %o 1.30 was to ensure that the iterations always
converged to a final’soluﬁion. The high value of ¢ was
retained at the start when it had the greatest effect.
At tﬁis stage of the development the programme required
approximately 250 iterations for a 200x3%0 mesh.

It was realised that for most conditions the
problem was symmetrical about the centre line. The pro-
gramme was, therefore, rewritten to solve for only half
the bearing width.

After each iteration the dummy line of points
J=m+l, i=l->n waé always put equal to the line
J=m~1, i=l—->n. .Tbe use of this procedure naturally
halved the size of the mesh required and reduced the
iteration time by a factor of four. '

!
The actual size of.the mesh was now considered,
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Fig. 3.3. The two dimensional mesh for a symmetrical

bearing.

to try to reduce the number af points from 200x1l5. It had

been suggested in the literature by Lloyd et al (19), that
a variable mesh size could be used. The local values of
mesh increment AQ,AZ‘ were functions of the pressure
gradients %g, %% . This ensures that the greatest density
of points occurs in the region where the pressure varies
most rapidly. Though this was tried with some improvement
in the speed of solution it was felt a greater ilmprovement

could bs achileved by merely optimising the size of the

constant length mesh, as a variable mesh size involves
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more complex finite difference models. It was found that
to maintain a 0.5% accuracy compared with the large mesh
it was necessary to use a mesh of size 10lx1ll points.

This was acceptable at the most arduous conditions con-
sidered of €=0.98 and “/D=1.

One final speeding ﬁp process was tried. It was
noted that the first convergence criteria (3.19) was
atbtained in a few iterations and then the procedure con-
verged very slowly bto the second criteria (3.17). The use
of an extrapolation technique Crandall (40) P.97 was there-
fore considered. As soon as criteria (3.19) was satisfied
the pressure away was stored as M(I,Jd,1). ,After a further
25 and 50 iterations with o =1.0 the arrays (I,J,2),
WI,Jd,3) were also stored. The final array M(I,J) end

was predicted using the three stored arrays.

M.y end = Moo X May,ay = Mug,2?

- 2xM

(1,4,2)

3,20

(.4, 1) + M(I,J,ai

The completed form of the programme would solve for the
most stringent steadily loaded conditions in approximately
v150 iterations. This represented an improvewent in the
time per solution from 100 secs. for the initial runs to

20 secs. of central processing time with the London
University CDC 6600 computer. It was decided that at this
stage the programme was sufficiently accurate and efficient
to be used to produce standard values for steadily loaded
conditions. The values attained for loadkcapacity were
compared with Cameron (59) P.318 and Booker (5) P.544 and

found to agree almost exactly.
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%43 The Derivatives from the two-~dimensional programme

A

The first application of this programme was to
investigate the possibility of producing an approximate

axial pressure profile of the form:-

P = P, (1-32"%) | 3,21

&
where 7 = 2z/L

so that Z extends as il from the centre line. This
work was summarised in a paper by Shelly and Ettles (38)

which is included in Appendix B. The details of the work

are described bselow. It was decided to consider the load-

capacity as one of the most important of the parameters

determining the bearing performance. The two-dimensional

programme was run at a range of values of L/D, € and for
each condition the following parameters were calculated.
At 5° intervals around the circumference a local value of

K was found from the relationship

2 1) Bydz - 2R (-2 dz 3,202

2

where the L.H.S. represents the numerical integral of the
finite difference pressures along an axial line at the
circumferential position ©. From (3.22)

- 1
/P, dz P |z - 'z"‘“>
0 ® [ % [ . (E:].—I ] A 5. 25

o]

H—l
o'-U'
jal
[\
I

=] &8

FU o

The local value of K can be found directly from 3%.24
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Fig. 3.5. Variation of exponent K with circumferential -

" position 6 for pure radial sq ueeze.
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for each circumferential position. The local valuesAof
the exponent X shdwn in Figs. 3.4, 3.5, which are re-
produced rrom ref. (58}, are for conditions of pure
rotation and pure radiél squeeze.

It can be seen that for e <0.8, K is approximately
two but rises sharply for higher values of € ., 1In both
caseés the maximum value of K occurs at the position of
maximum pressure.

The curves of the axial profile obtained using the
finite difference values andjthe approximate profile ex-
pression were plotted to establish that the profiles them-
selves were similar, as opposed to the integrals of the
profiles. The agreement was found to be almost exact.

The other figures derived from the finite difference

results were the values of Km s Where Km satisfies.

200 /PR de dz = 203 2B, (1 - z°") R de dz

= 2 '(Km‘ )JiP¢Rde

Kooy 5.25

Tt was decided that rather than use an sxnression for

K that was a function of the circumferential position it
would be easier and sufficiently accurate to assume a
constant value Kﬁ . The value of Km was attained by

sequating the finite difference load capacity to that

given by the integral of the centre line pressures weighted

by the axial profile integral < K ) . The variation

I +1
of X with L/p and € is shown in Figs. 3.6, 3.7,
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Up to a value of ¢ =0.9, Km is approximately 2, but

above e =0,9 the vélue of X rises abrﬁptly. However,

it was found that all these higher values of'Km the changes
in the weighting factors B and B8' with changing K,

are less pronounced, equation 3%.40. Km is '‘a function

of ¢, ¥/D and as such, expressions for K, in terms of

€ , L/D were produced by curve matching the values shown
in Fig. 3.6 and Fig. 3.7. As K, 1ncreases slowly up to

€ =0-90 and then rises abruptly two expressions were pro-
duced. The expression for e <0.90 fitted the curves

almost exactly; for e >O.9O the expression had an increasing
error as € 1increased. However, this error is less pro-
nounced in the expressions for B, B' . These are the |
weighting factors employed in equation 3.39 and are used

instead of K, directly.

K, = (2.0 + 0.1&) (1.0 + (e2a))’ 3.26

& = L/D

W,V are ekpressions that vary accordiﬁg to the loading

conditions.

T = 1o .c. (4.0_ . '
VT REtoirey | 3.27

For pure rotation:

e < 0.90

v= 1.0 - | 3,28
19.0 + 10.0« '

g
i
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e > 0.92
v = 1.50 - 0.50 Y
w=25.0 + 5.0 y _ 3.29

For pure radial squeeze;

e < 0.90
v=1.0 3.30
W = 1700 + ll-OY *

e 2 0092

v = l- O - O. O
5 5 Y 3. 31
W= 2200 +6-O Y
For dynamic lgading conditions;

€ < 0.90
v = 1.0 3,32
w = 18.0 + 10.5Y !

€ > 0.90
v =1.50 - 0.50%

3.35

w = 23.50 + 5.50 v

The axial prassure profile approximation was intro-
duced into Reynold's Equation to produce a one-dimensional
second order computing equation. From 3.6 and 3.7,

2 (ﬁs_a;f:) +F 92 (fﬁa_fz_ = F(o) .
36 50 3z2\ 9z 3434

This becomes;

o (33_2%_)(1 - z"ré) + BR’ 2, (PQ (- 2“"‘)) = F() 3,35

DN
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P is the appropriate non-dimensional form of P

depending on- whether;:

F(e) = 63h or F(6) = 12cose
36 -

]

Equation 3.35 is integrated twice with respect to Z,

3 (5333) 'z - Z ]+ En*B 3 [}'- sz]
36 36 (K, +1) 3z

= F(8)Z + K, 3.36
a_ B2k [F- i ] A - 2
30 EL) 2 (K,+1) (K_+2)

= F(0)z®+ K,z + K, 3.37.
2 .

Hence: -
3 (53&1) [z-“_ zm- 2 - Kp(Ky+3)
a6 3 2 (Km+1)(Km+2) 2(K,+1) (K +2)

+ Bh°P_ (1 - z¥m) = F(e) [gz- _1_]
Z 2 3.38

This equation is integrated with respect to Z from O
"to 1 to attain a mean value for the weighting coefficients
of the equation.

Hence 3.38 becomes:-

B a_(ﬁ%_fg).— 38h°B, = g'F(e) 3.39
a0 "a6 ’ ~ '
where
B = (—Km+4) B = (Kytl) 5.40
K,+3 -
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Equation 3,39 was comsidered to be the working>
equation for all thé later one-dimensional work. It is
dependent_on the weighting coefficients 3.40 and the-
,expreésions %.27 to 3.33., A one-dimensional finite dif-
ference iterative solution was produced based on equation
5.29 and using the over-relaxation techniques developed
in section 3.2.2. Equation 3.39 was transformed using

the Vogelpohl (41) substitution of

_ -3 =
M{ = h2 PCL.

s[__azm-_s_m ;&(@j
202 2 h 2362 4 h2 |39

-~ AN = 1
3BM, %%'F(e)
.41
Hence putting,
G(e) = 3103°h +31 (ahV| g + 38 |
([% K 362 % H2(—6» 5.42
B Mg - G(o)M, = g F(0)
392 ’ £ ﬁ% 5.45
In finite difference form this becomes,
M{i = | B(Meqi-1y  + Meginay ) - 8 F, (8
AB2 h3
[2_6 + éice)]
A 62 3,44

The same convergence criteria, extrapolation techniqgue
and over-relaxation process were used as for the two-

‘dimensional finite difference method. However, to achleve
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the required accuracy a line array of 121 points was
found desirable. DPlots of the load capacity and percen-
tage error compare& with the two-dimensional approach and
Ocvirk theory are shown in Figs. 3.8 to 3.11l. These are
reproduced from reference (38). With the axes used the
proposed approximate method is coincident with the full
finite difference solution. To emphasise the greater
accuracy of the proposed method, compared with Ocvirk
theory, the percentage errors compared with the full.
solutions are shown below.

3,4  The Application of the Finite Difference Programmes

It was concluded that the final approximate method
should employ the axial pressure profile developed in
section 3.%. However, at this stage the form of the
approach waé undecided. The development of the final tech-
nique for oompuﬁing the shaft locus path is described in
Chapters six onwards. It was intended to teke into account
the effect of oil feeds, grooves, etc. on the dynamic load
capacity. It was considered to be easiest to determine
some preliminary idéa of the attenuating effect of these
geometric features by investigating thgir inclusion under
steady loading conditions using the finite difference pro-
grammes. This work is described in Chapters four and five.
In Chapter four the effect of oil feed holes, grooves,
chamfers and reliefs occurring in the pressurised region
is inveétigated, and in Chapter five the effect of surfacse

roughness is considered.
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Chapter 4

The Use'df the Finite Diffefence

Approach to investigate the effect of oil grooves,

holes, reliefs and chamfers.

4.1 Introduction

It is common knowledge that the positioning of oil
grooves in the loaded region of a Jjournal bearing is bad
design practice. However, no quantitative information as
to the reduction in load capacity appears to have been
published.

The main aim of the projeét is to compute the theo-~
retical shaft locus path teking into account these geometric
features of the bearing design. The purpose of this facet
of the research was to use the programmes developed in
Chapter three to investigate the changes imposed on the
load capacity under steady loaded conditions. It was
thought that it would be possible to use these results as
a basis for determining the attenuating effects for the
dynanic loading cenditions. The results of the investi-
gation were reported‘in a paper presented at the Institution
of Mechanical Engineers, 9th tribology Convention in 1971
(Shelly and Ettles (42)). This paper is included in
Appendix B. It 1is genefally accepted that the best
circumferential position for introducing oil into the

clearance space of a journal bearing lies between £90° of

the load line on the unloaded side of the bearing. Several
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investigations (e.g. 43, 44) have been made as to the
effect of groove poéition aﬁd size on oil flow and load
capacity, but little information exists as to the effect

of non-optimum placement of oil feed. Current opinion
accepts intuitively that a bearing is severely down-rated
if a groove is inadvertently placed in the loaded region.
Clayton (43) describes a comprehensive series of experiments
in which‘a single 0il hole on the load line is successively
extended as a circumferentiel groove in the upstream and
downstream directions. The effect of placing oil grooves
in the loaded area is described qualitatively by Bartz (45).
So far as the authors are aware, no quantitative informa-
tion exists as to the extent of the down-rating effect.

For steadily loaded bearings the positioning of oil
feeds in the loadéd region is likely to occur only through
error; but in dynamically loaded bearings the situation can
easily arise Whére the load vector is in line with a groove
or oil hole. Important examples are those of crankshaft
and big-end bearings where the positioning of oil-feed
positions is largsly intuitive. The practice of providing
3.5600 central circumferential groove is relatively common,
particularly on larger engines. In big-end bearings the
lubricant is sometimes supplied through one Or MOre Cross-
drillings in the crank pin. If a single cross-drilling is
used, this is usually placed to break out approximately

40° in advance of top dead centre, this being considered

the best feed position to accommodate loads during the
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firing stroke. However, in high-speed sngines the
'inertia loop' éppeéring on the polar load diagram can
dominate the forces due to gas pressure.

There is little information available as to the
effect of multiple oil-feed arrangements on the perfor-
mance of engine bearings. ILloyd and McCallion (18) des-
cribe an analytical method for obtaining the shaft centrs
locus in which the presence of up to four oil inlets can
be accommodated. This method is applied to experimental
results obtained by Radermacher (465 for a bearing with
two axial oil-feed grooves situatedllBOo apart. The bearing
is subject to a polar load that is approximately triangular
about the origin. The full. theory considering the presence
of grooves was found to follow the experimental locus more
closely than theory, ignofing the groove effect. It is
significant that the greatest discrepancy between the two
theories occurred in regions where the load vector was
close to a groove.

A further causs of asymmetry in the film is the
_ presence of reliefs or chamfers at the Jjoint interface
between the two halves of the bearing shell.. It is par-
ticularly prevalent amongst automobile bearing manu-
facturers to incorporate such features to reduce any
sudden change in film geometry due to misalignment of
locating surfaces or differences in overall thickness of

the bearing shells. For high speed internal combustion

engines the reliefs are generally arranged to be between
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0.3 => 1.5 of the radial clearance over a few degrees
of arc. Current opinion seems to be that reliefs and
chamfers do not drastically affect the load capacity of
the film. It is, however, shown in this Chapter that
conventionally dimensioned reliefs and chamfers have

- almost the same attenuating effect as a fuil groove in
reducing the load capacity.

4,2 Calculation method

All the geometric features invest;gated vere con~
sidered to be symmetric about the circumferential centre
line. For the oil holes and slots the two-dimensional
programme was emnployed over half the bearing width. The
second half of the bearing was considered as a mirror
image. The reliefs and chamfers were known to extend over
the complete axiel width of the bearing. It was; therefore,
considered justifiable to use the one-dimensional pro-
gramme to solve for the centre line pressures. The loading
conditions considered were those of pure rotation and pure
radial squeeze.

4.2,1 011 Slots or Grooves

3

By only calculating the pressure distribution for
half the bearing width it was found acceptably accurate
to use a constant length mesh of size 101x12 points. The
voil slots were considered to extend over two circum-
ferential mesh lengths. This is equivalent to,

0 ' '
28 ¢ = 7.2 | b1

The axial length of the slot was varied from a single



line of three points along the centre line to the
complete axial width of the bearing. The length of the
slot was coansidered non-dimensionally as beilng a percen-
tage of the bsaring width.

As the slot was deep compared to the radial
clearance of the bearing the pressure in the slot was
considered to be uniform at the feed pressure. Hence the
pressures were.held at the feed pressure of zero at all

the nodal points on or inside the boundaries of the slot.

+e

1 {'1 4’; {¢ 1 *
e——~ — :L — — Rl - — - — 101
1 !
(L t iy ? Fat - ;?~ © - - —

2 () by

Points marked O are at zero pressure.

Fig. 4.1. The two dimensional mesh for an axial slot.
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In the circumferential direction the mesh extends

from i=1 , to i=10l. The line Ty 3>. is equivalent
,3)

to the line M for the unwrapped bearing.

(101,3)
In the axial direction the line Jj=1 occurs at the edge
of the bearing and Jj=11 at the centre 1ine; Line

j=12 is'a dummy line to allow for the second half of the
bearing and is always equated to the line Jj=10. 1In

Fig. 4.1 the siot (a) with only the centre line pressures
zero is considered to be a slot of 5%4) of the axial
bearing width, the total width of the bearing being twenty
mesh lengths. SlotA(b) is considered to be 20% of the
axial width as 1t extends over two mesh lengths on either
side of the centre line.

4.2.2 0il holes

The case of the circular oil hole is slightly more

difficult. It was intended that the hole represented by

92

the mesh points should always be circular for the physical

geometry as opposed to the mesh geometry. For the mesh,
the number of points in the circumferential direction was
kept at a constant value of 10l. If the diameter of the
bearing is arbitrarily taken as two inches then the mesh

length in the circumferential direction, 49 is given by,

A = wD = 2XT pohes 4.2

100 100

The number of points in the axial direction is also a
constant value of eleven for the half width. However,

as the /D ratio varies the mesh length AZ also varies.
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If the diameter is again set at two inches and L/Dzl;

then I=2ins.

= L 1 . :
Hence; AZl = 10 10 inches 4.3

If however, Lp = 1/4, then 1<0.5ins.

and [ = - ﬁ% inches | bty

2 2x10

The diameter of the hole is always expressed as being a
percentage of the bearing width. A hole referred to as
having & diameter of 50%0 of the bearing width, therefore,

has a dliameter that is equivalent %o,
10 x 17 | 4.5

The value of (4.5) represents a different physical size

of hole as the L/D ratio and hence &7 wvaries.

1r /D = 1, the dismeter = 10w%, = Lins,

i

0'251ns.

r L/D %, the diameter

i

leAzzv
The value of A9 1s constant, hence a diameter that is
a constant percentage of the axial widbta w%ill be represented -
by a different ﬁumber of mesh lengths in ﬁhe clrcum-—
ferential dirsction as the value of L/D varies., It was
found to be easiest to produce scale dfawings of the mesh
sizes representing the three p/D ratios and to super-
impose on these the different sizes of hole. All nodal
points falling on or inside the boundary lines were kept

" equal to zero..
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Fig. 4.2. The two dimensional mesh used for a circular

feed hole.

In Fig. 4.2 both (2) and (b) represent a holeg that extends

over 40% of the bearing width, hence the diameter of the

hole is 8x47. .
In case (a) the L/p ratio is equal to l/2, con-
sequently the diameter of the hole 4 1is,

- = - L. _  8x
dv— BxhH7, = 8}{72'6 = m . 4,6

In case (b) the L/D ratio is equal to 1, hence the

diameter of the boie d 1is,

= - L 8xD
d=8xhg = 8X355 = 35 4.7
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This means that the same percentage diameter is repre-
sented by twice as many mesh lengbths in the circum-
ferential direction in case (b) as opposed to case (a).

A hole that was 5%0 of the bearing width was represented
by holding one centre line point at zero.

4,2.3 Reliefs

The reliefs considered were set to sizes that are
currently adopted by the manufacturers of thin wall bear—
ings for the automobile industry. The depth of the relief
was consequently of the same order as the radial clearance
of the bearing. The values of the pressures were left
unfixed and the relief was accommodated by altering the
local value of the film height geometry. The standard

value of the circular film height was fourd from;
h = c¢(1l + ecoss) o 4,8

The film height inside the relief was found by adding h
to the local depth of the relief. As the relief extended
across the complete axial width of the bearing the
approximate one-dimensional programme (see C?apter 343%)
was used to solve for the centre line pressures. The
one-dimensional array contained 101 nodal points so that

the mesh length 49 was given by,
_ %D . 4.9
M = 00~ inches .

The length MO is the same as that used for the oil holes
and slots. For the 2 in. diameter bearing, with the half

length of the relief D, = 0.25'" , D, is approximately



Interface .of two halves

of bearing
Back of bearing

&\\Sj NN

Bearlng

surface

)
1

1/2 length of relief.

)
1]

depth of relief.

Fig. 4.3. The representation of a bearing relief.

1/25 of the bearing circumference. The relief was,
therefore, represented as a linear wedge extending over
four mesh lengths in either direction from a predescribed
position. The depth of the relief D, was represented

non~-dimensionally.as a ratio { of the radial clearancs.
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/)]

Journal surface

h = Film height

D

1

D

depth of relief = {x c.

(o]

relief half length = 14.4

2

Fig. 4.4. The film height for a relief.

Local film height H; inside the relief at position 1 is

given by:-

H, = h, + D, = c(1 + ecoso, + L)

H ., =H,,, =h,, * 3D, =c(l + ecosg, _, + éﬁ)
4 | 7

H,., =H,, =h,, + 1D, = c(l +ecoso, , %t’)
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Hy.y = Hyoy = h, ., + 1D, = c(1l + ecose,_, + 1) 4,10
4 ]
Hn-4 = th4 = hn_4 = C(l + ECOSBn_4)

4,2.4 Chanfers

Chamfers are similar in principle to reliefs in
that they are a finishing process applied to the ends of
the two halves of the bearing shell. ILike the reliefs
they are Wedge’shaped. ’However, in practice chamferé are
linited in circumferential :exbent but are relatively deep,
belng gﬁ in. deep for a 2 in. diameter bearing. The most
appropriate method of representing a chamfer was found to
be that of holding a single axial line of pressures to zero.
The one-~dimenslonal approach was again adopted so
that the préblem was solved for the centre line pressures.
In this context it was merely necessary to hold one centre
line point to zero. The use of this procedure was Jjustified
by considering the difference in the circumferential oil |

flow q per unit width between two adjacent points;

qyﬁg (32"32\
| 12n \ 38, 30,
4,11
where 27 and 27 are the clrcumferential pressure
ael 8Q2

gradients on the upstream and downstrean edges of the
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chamfer. The Poiseuille flow along the axial length of
the chamfer was calculated and found able to accommodate
the flow q with only a very small axial pressure gra-
dient. This suggested it was legitimate to hold the
axial line of pressure values equal to zero..

4,2.5 Computation procedure

In the investigation the programmes were operated
with exactly the same method of solution as outlined in
sections %.2 and %.3. The speeding-up techniques of over—
relaxation and extrapolation to the final solution were
applied in a similar manner. ZFrom previously calculated
results for the standard bearing it was possible to de-
Termine in advance the extent of the oil film, and the
position of the following values; the direction 6f the
load line, the position of ?max and the position of
% Plax . It was concluded that some idea of the general
behaviour of the bearing could be ascertained by succes-
sively positioning the geometric features at each of these .
three positions. For all four geometric'features studied
the programmes were run for a range of values of € and
L.

- For the case study of the oil holes the programme
was initially run as for a standard bearing. The pressure
profile attained was stored and used as the starting value
" for a point hole. As the hole was progressively enlarged
the end value of the previous solutlion was used as the

starting value for the case being considered. This pro-

cess reduced the number of iterations necessary for each
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case. The oi} slots were dealt with in a similar manner.
The computing'time involved in solving the one-
dimensional programme for the reliefs and chamfers was
very much less than for the two-dimensional programme.
It was, therefore, decided to successively position the
three reliefs and one chamfer considered at incrementally
increasing values of © 1in the pressure field as well as
at the three specific positions described above. The ini-
tial value of & was set as the start of the film and this
was then incremented by 10° to the cavitation point.

4,3  Computed Results

4,%,1 0i1l holes and slots

It was at once apparent that the general shape of the
preséure profiles was similar for a hole or a slbt positioned
at any of the three specified positions. However, as ex— .
pected, the attenuation compéred to the standard bearing
was least for the position of % ﬁmaxA and greatest for the
position of Emaxf The load line position was intermediate.
The values presented below are for the load line position
and the ?hax position as these were undoubtedly the mos?t
interesting cases{ '

The degree of attenuation also varied with the value
of eccentricity.. It was more pronounced with the higher
values of € . wa valueé of eccentricity are plotted, one
at either énd of the normal operating range. The values
are ¢ =VO;6O and € = 0.85., For both cases an L/D ratio
of 0.5 is used. The values plotted in Figs. 4.5 to'4.8

are for the mean axial pressure integral ?I against
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angular position. ?I is the integral of the pressures
-Te

across the bearing, at the position O, divided by the

non-dimensional bearing width.

ﬁle = Qe_ az

3]

4.12

The plots, therefore, show the variation of the attenu-

ation of the load capacity of unit length of the bearing
with circumferential bosition. The values of ?I are
plotted to a linear scale for Figs. 4.5 and 4.6 and to a
log scale for Figs., 4.7 and 4.8.

The graphs plotted illustrate the range of the
values attained for the steadily loaded condition of pure
rotation. Several nbticeable trends to the plots can be
identified. The general trend shown is that as the.size
of the holevor slot is increased the attenuation is more
pronounced. For the case of a slot the value of ?I is
greatly attenuated for the complete circumférential extent
of the slot. PFor the hole the greatest attenuaticn occurs
only over the centre portion. It is in this region that
the axial length of the bearing surface is réduced the_most.

The other bearing parameter considered in this study
was the overall load capacity of the bearing. Below are
presented the results for a range of conditions, which are
representative of the total series of sclutions.

The conditions of pure squeeze and of pure rotation
were found to produce similar attenuation factors for all

combinations of the bearing parameters of € and IJ/D.

This fact is borne out by the similarity between Figs. 4.0
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and 4.11., Both are for a slot positioned at the load line,
but Fig. 4.9 refers to the case of pure rotation and 4.11
to the case of pure squeeze. Referrihg to the lines for
-2 and = = 0.85 on both graphs, it is seen that the
load capacity is reduced to about 0.45 of the unslotted
case for a slot of 40% of the axial width. A similar
correlation can be found for all corresponding points on
the two figures.

Fige #.10 shows the case of a hole positioned at the
load line for pure rotation. The basic downward trend in
load capacity with increasing hole size is the séme as
Figs. 4.9 and 4.11, but the slope of the lines is greaﬁer.
Considering a hole with the equivalent parameters to the
slot above, the load capacity is reduced to 0.38 of the
unslotted case for a aogé'nole. It must be remembered

L
that when comparing a hole with a slot for the same i% and

% ratios that a far greater area of bearing is reduced to
zero pressure for the hole. One of the aims of the investi~
gation was to diescover how to represent a two-dimensional
hole or slot in the one-dimensional progremme. The con-—
clusions drawn from the Figs. 4.5-4.11 are outlined in

saction 4.4,

4,%2,2 Reliefs and chamfers

 As stated in the introduction it was a prerequisite
condition that the reliefs and chamfers extended over the
couplete axial width of the bearing. There was, therefore,
no need to plot the mean axial pressure integral il to

determine how to represent the features in the one-dimensional
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programme. Hence the investigation into the behaviour of
the reliefs and chamfers was totally orientated to a study
of the load capacity attenuation.

Figs. 4.12 and 4.1% both show the variation in the
attenuation of the load capacity with a relief or chamfer.
positioned at the load line. The former is for the con-
dition of pure rotation and the latter for pure squeeze,
The two reliefs considered have a depth that is 0.75xc
and 1,.50xc respectively, where ¢ 1s the radial clearance
oflthe bearing. The general trends of the two graphs are
analégous. The only major difference between them is in
the behaviour of the plot for the chamfer with L/D set
equal to 1. Whereas the sqeeze line is almoét horizontal
the pure rotation line dips abruptly for values of ¢
above 0.7. |

A typical working condition for a big-end bearing
is for /D = 0.5 and - % = 0.85 . PFrom the graphs it
can be seen that for pure rotation the chamfer reduces the
load capacity to 0.5 of the ungrooved case while the two
reliefs considered reduce it to 0.475 and 0.425 respectively.
For pure squeeze the corresponding values are 0.50, 0.385
and 0.35.

Fig. 4.14 shows the attenuation in load cepacity as
a relief traverses the ﬁressurized region, both for con-~
ditions of pure rotation and of pure squeeze. The great-
est attenuation occurs in the region of the maximum pressure.
The load capacity is only seriously reduced if the relief

or chamfer falls within about *30° of the position of
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—

Pmax' The attenuation is more pronouncea with increasing
values of eccentricity.

Fig. 4.15 shows the variation in the attenuation of
the load capacity with a varying depth of relief positioned
at the load line. ZEven a comparatively shallow relief
has a marked effect on the load capacity.

- The curves for sach value of eccentricity ars
asymptotic to the case of a full-width axial groove. If
the depth of the relief is greater than the radial clearancs,

the relief can be considered as a full groove or slot.

4,4 Conclusions

Considering the values plotted the following con-
clusions were made with regard to representing the geometric
features in the one~dimensiona1 approach.,

1) The positioning of an oil inlet on the load line of a
bearing down—rates the Sommerfeld capacity by as

much as 70%0 .

2) The down-rating effect is more sensitive to increases
in the value of ¢ réther than increases in the oil-
inlet area, particularly for narrow bearings.

3) 1In the case of the pressure field being répresentedﬁ

in terms of the one-dimensional line of points along

the centre line i.e.,

P =P (1 - z") 4.13

it is necessary to imply all holes and slots included
extend over the complete axial width of the bearing.

It can be seen that little error is introduced in



assuming Pp = 0 over

vided

L
1
I > 0.40 .
For the case of a hole
in the one-dimensional

over the extent of the

116

the extent of the plot pro-

it was found most accurate

case to put values of ?I =0

side of the square for which

the hole was the circumscribing circle, rather than

over the extent of the

hole diameter.

d = diameter of hole

side

of square

Fig. 4.16. The one dimensional representation of

a two dimensional hole
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4y The presence of a chamfer or relief in the loadéd

| region reduces the load capacity more than is
commonly supposed.

5) The attenuation of load capacity increases rapidly

' with relief depth up to depths of approximately
0.4 x radial clearance. Common practice 1s for
reliefs to be of this depth or greater.

6) The load capacity is affected when the load vector
lies within approximately *30° of the relief
position. j

7) In narrow bearings (L/D=~ 0.25), chamfers give less
load~capacity reduction than éommonly dimensioned'
reliefs. ' ,

8) In long bearings (L/D= 1.0), reliefs appear to be

5 superior to chamfers.» |

9) TFor all cases considered the load attenuation for
_pure squeeze is approximately the same as for pure

rotation. |

10) Allowing for the distortion of the bearing due to
the squeezing together of the two halves, the |
effective depth of the relief is probably reduced -
to about 0.30x bearing clearance. The load attenu-

ation is then less than that for chamfers.

The shaft ldcus path programme is dependent upon
solving for a dynamically loaded bearing. It was concluded
that as the attenuation in load capacity was approximately
the same for both pure squeeze and pure rotation if Was

reasonable to apply the above findings to the dynamié case.
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Chapter 5

The Use of the Finite Difference

Approach to investigate the Surface Roughness

of Bearings.

5.1 Introduction

This particular aspect of the research can be con-
sidered more as an interesting by-product rather than as
an integral part of the mainstream of development. It is
of interest to the automobile industry to establish the
relative merits of various finish machining processes.

As the finite difference programmes were in existence and
could be used for this purpose it was felt sxpedient to
do so. It is ndt intended to include the effect of sur-
face roughness in the shaft locus path programme in ths
first instant, but this may be introduced later.

The present work was carried out to find the effect
of two different finishing processes used in the mass pro-
duction of automotive thin wall journal bearings. The
two processes concerned are high speed aero-boring which
produces long wave circumferential grooves and broaching,
which gives predominantly transverse, axial grooves with

4

longitudinal chatter near the ''leading' bearing edgs.
However, the results are applicable to any process that
produces & similar pattern of surface roughness. This
work was reported in a paper by Shelly and Ettles (47),

which is included in appendix B.
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5.2 Survey of the existing work on surface roughness

Mathematical models used in the analysis of hydro-
dynamic lubrication generally assume that the opposing
éurfaces are smooth. In practice the machining processes
used to gensrate bearing surfaces result in a variety of
surface finishes. The term ''roughness '' usually implies
short wave variations resulting from processes such as

" implies long wave

lapping or grinding while ''waviness
undulations caused by tool feed or other machine artefacts.
Both types of surface finish are usually strongly direction-
ally dependent. -

Little work appears to havé been done on the effect
of surface finish for fluid film bearings. A well known
treatument is given by Michell (49) who derived solutions
for a thrust pad without side leakage containing sinusoidal
grooves. running parallel to the direction of motion. An
analytiéal solution for this case is available when the
grooves are either very large or very small compared %o the
minimum film thickness.

A more difficult problem occurs when the roughness
runs perpendicular to the direction of motion. The inte-
grations required are intractable and must be found
numerically. This was done by Cameron (48) in the early
1950's, shortly after the publication of Michell's book.

A series of cases was solved with increasing numbers of
grooves n, showing that the load became asymptotic as n

was increased. These results are shown in Fig. 5.1.
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Similar theory was used by Salama (50) in an attempt to
explain the operation of the "paréllél" surface thrust
bearing., Salama assumed that machine tool artefacts pro-
duced long wave transverse undulations and applied the
Reynold's cavitation boundary condition in diverging
portions of the film.

More recently Christensen (51) was able to treat
randomly distributed roughness by déveloping a stochastic
model for either longitudinal or transverse roughness in
an infihitely long slider. This treatment was later ex-
tended to finite sized sliders (52). A general trend of
Christensen's work was that traﬁsvérse roughness gave an
increase in load capacity. It was therefore possible that
loadsd bearingslwere superior to those produced by boring.
This work is concerned with the analysis of journal bearings
with simulated broached or bored finishes to establish the.
relative merits of the two processes.

As the grooves produced by the broaching process
extend over the complete axial width of the bearing it was
possible to use the one-dimensional programme, developed
in section 3.3, to solve for this case. However, for the
bored case where the grooves wers circumferential it was
necessary to use the two-dimensional programme., Only half
the width of the bearing was analysed as it was assumed vo
be symmetrical about the centre lins.

It was realised that to represent the actual surface

!
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roughness even approximately would require an extremely
large size of mesh. if only seven nodal points were used
to describe each wave-profile then for only 100 waves in
the circumferential direction a mesh of size 700x6l would
be required. This size of mesh was obviously impossibly
large, for although the CDC 6600 computer could have
stored sufficient information, the time reduired for each
solution would have been enormous.

It was thought that it was possible that the sams
asymptotic trend would occur as shown by Cameron's results.
Fig. 5.1. The procedure tried was to initially run each
case with only a small number of waves superimposed and
then to progfessively increase the number of waves until
the asymptotic effect was observed. This approach proved
successful. The general form of the circumferential
groove pioduced by the aero-boring is shown in Fig. 5.2.
The peak to valley amplitude is of the order 0.0001 ins.
and the pitch is 0.004 ins. In the mathematical model,
the central portion of the groove between 7 = %'-9 %? is
approximated by a sine curve. To allow for a roundsd top

to the machining marks, the portions between y =-i‘%' are

described by a parabola giving continuity of slope at the

intersection points y = * Z. The peak to valley depnth

A

of the groove is thus fouhd to be 0.6% of the sine wavs
amplitude used to describe the central portion of the
groove. These details describing the groove depth h, are
essentially arbitrary, but the shape given 1s a satis-

factory.approximation to the typical grooves found by
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surface finish measurements.

The particulaf case of interest was for bearings of
two inches diameter and 0.70 ins. axial length. This
dictates that if the pitch of the grooves is 0.004 ins.
there will be approximately 180 waves if circumferential
and 1500 if axial. For the bored surface with the circum—'
ferential waviness the initial run of the programme was
made with one wave included in the half length of the
bearing.. This nunmber was successively increased up to a
maximum of sixteen. At this stage the asymptotic tendency
was clearly visible. The same shape of groove was assumed
for the broached case to make it easier to compare the two
sets of results. For the study of the surface produéed
-by broaching the initial run of the one-dimensional pro-
gramme was made with twenty waves. The number of waves
considered was increased‘up to a maximum of 160 to esta-~
blish ths asymptotic tendency.

5.4 Numerical Analysis

5.4.1 The working equations

The bearing surfaces were analyssed under the con- .
ditions of pure rotation and pure sdueezs. For both -
types of surface the 0il film was assumed to be of uniform
viscosity and density and in the steady state. The appropr-
iate forms of the Reynold's Equation in non-dimensional

terms ars;

) <H3§_13)+ gh33P = L(s)
306

30 2 - 5.1

[ ]
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Lo) = 5%%51 for pure rotation

L(e) =12cos o  for pure squeeze

The overall film thickness h was found by adding the
depth of the groove hg to the basic shape of,

c(l+ fcos®). Equation 5.1 was transformed into the
appropriate finite difference working equation as in
sections 3.2 + %.,3%3. For the bored surface which requires

a two-dimensional mesh the equations solved at each nodsl

point are (%.14) and (3.15). For pure rotation 3.14 is

used,
Meciy = [ﬂ’]m- 1, n+ MR(:~1 ) * B(MR(I._!'1)A; Magi,j-1) )
]/ o)
for pure squeeze 3,15
Mooy = [(Msn-uh+ Mscionjn) + B(Msgi, i+ Mseijon)
’ Ag2 Az 2

12 cose ] /T2 +2 + G, (0)
3 ]/[m v ] 5.3

For the broached surface and the one-~dimensional approach
the equation solved at each nodal point is the appropriate

form of (%.44) which is;
M, - [B(Mw-,, + Meiony) - 8 F (o)
A A62 h3
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for pure rotation F;(0) =6 %ﬁ
_ 0
= 12 cose

for pure squeeze F, (0)

M, 1is the corresponding non-dimensional form of Mg
depending on the form of F;(®) . For pure rotation the
component is I ,

where M_ = P.h

njw

with P, = PnUR 5.5

For pure squeeze the component is ﬁs ’

where Mg = P.h

Ol

with ?S

C

Pné (R)z 5.6

Ei(e) ~and  G;(0) are defined in equations 3.42, 3.12

respectively
G;(8) = (§1825+31 3h\? 5.0
7R 55T 4 b (50 :
G;(e) = 31 3%h + 31 oh B + 3B
2 R 362 7 R2 (3¢ ’ 5.8

The method of solution is exactly the same as that
developed in Chapter three. It is based on the Gauss-
Seidel technique of iteration and employs the same
speeding up processes of over-relaxation and extrapolation
to the'final solution. In all cases the cavitation
boundaries were treated as being free and were allowed %o

form their own position by applying the Reynold's boundary
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= 0) to the end point of the film

&R

condition (P =

only. |
The following non-dimensional parametefs were esta-

blished at the same time as the load capacity, |

the bearing side flow Q@

Q=2 rn’ (3_13) de = 2mQ :
1z ° 3% )3 -1 LU 5.9

and tiue friction T

F=/"/"T7 37 30 = F -
[o] -1 HU—(T{)_‘? ~ . 5.10

Cc

The approximate adiabatic temperature rise T was found

from

5.11

S5.4.2 Details of the finite difference mesh

For both programmes the mesh length was fixed at a
constant value for each case study. However, the number
of points used varied with the number of waves included.
With the two~dimensional programme the number of points
in the circumferential direction was fixed at 61. The
size of the mesh used was 6lxm, where m 1is defined below.
If n equals the number of waves included and q the

number of points used to define each wave then

m= (n(g-1)+1) ‘ ' 5.12

I3

i.e. if seven points are used to describe each wave then,

n = (6n+l) 5.1%
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The actual value of a was found to be of importance

for some cases. The number of points, q, must be ade-
quate to describe the physical geometry, but if gq is
unnecessarily large the time for convergence becomes ex-
cessive, Fér the circumferential grooves, test cases
were run with values of @ of 7, 11, 15. With aq = 15
it was found that the results for load capacity and side
flow were within the round-off error for those results
with g9 = 7 . Therefore, t0 save on computer time, ¢
was set equal to 7 and hence the mesh size involved was
6lxm where m = (6n+l). PFor the axial grooves using the
one~dimensional prograﬁme the value of g was found to
affect the stability of the solution. The initial com-
puter runs were made with q = 7 and the number of waves
varied from 20 to 160, It was found that as the number
of waves around the bearing was increased, the iterationsA
for the pressure profile were liable to diverge rather
than converge. This became more prevalent with increasing
eccentricity and reduced radiai clearance.

It was established that the only cause of the di-
vergence was that too coarse a representation of the
waviness had been adopted in the portion of the film where
the amplitude of the waves was large compared to the basic
thickness, h = c(l+ €cos®) . This problem was overcomse
by increasing thevnumber of.points qa from 7 to 15.
Although the computer time per solution was increased, it

was still not excessive as only a single line mesh was

involved..
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With all cases the solutions for the large numbers
of grooves were obtéined by beginning with a smooth bearing
and solving for the converged pressure profile. The nodal
point pressure values were stored and used as the starting
values for the subsequent solutions involving the surface
roughness. As the number of waves was successively in-
creased it was necessary to interpolate the stored values
to attain a complete starting profile.

5.5 Cases evaluated

Three values of the clearance ratio ¢ were adopted;
0.0005, 0.0010, 0.0015 ins. The manufacturing processes
being studied produced a wave with a peak to valley depth
of 0.0001 ins. The non-dimensional amplitude of the ﬁave,
distance (A-B) in Fig. 5.2, was therefore defined as
0.000l/c.‘ For a bearing of two inches diameter, this
ratio becomes 0.126, 0.063, 0.042 respectively, for the
three values of clearamce ratio. Each case was evaluated
in pure rotation and pure squeeze conditiohs for a range

of eccentricity values., However, the I'/D ratio was fixed

at | »

_:][_)l= 0. O - 0.55 ] 5.14

Once the pressure field had been obtainéd, the dependent
non-dimensional parameters of side flow § and friction
force T were calculated, together with the related
adiabatic temperature rise T = F/§ .

5.6 Results

The following parameters of the bearing have been

plotted against eccentricity ratio:



For pure rotation; Fleure numbern
Load capacity 5:3
Silde leakage A : 5.5
Friction ' 2.7
Coefficient of friction | 5.8
Adiabatic temperaturé rise 5.9

For pure squeeze;

Load capacity : , ' 5.4
Side leakage 5.6

From these graphs it can be seen that under all conditions

the load capacity of the broached bearing is marginally
greater than the bored bearing. This slight advantage in
load capacity-is accompanied by an increase in friction
and an increase in side flow over the bored case., Figure
5.9 shows the adiabatic temperature rise to be increased
for the bored bearing but lower than the smooth case for
the broached bearing.

5.7 Conclusions

Both the bored and broached bearings are fdund to
have a reduced load capacity as a result of machining
merks. This occurs because in the mathematical model the
film thickness 1s increased at all points over the bésic
geometry except at the peaks. The results are difficult
to compare with those of Christensen and Tonder C52) who
assumed random variations of film thickness about tﬁg
basic geometry. Buch results on a basis of mean film

thickness can be found approximately if the curves are
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' Fig. 5.4. Variation of 1load papécityiwith eccentricity

~for pure squeeze.
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moved on the eccentricity scale by half of the dimension-
less amplitude. If Qiewed in this way both types of
machining are found to give a glight increase in load
capaclty over the smooth case. This corresponds with
Christensen's result.

These considerations of load capacity imply that
bearings with machined waviness run ﬁith a lower minimum
film thickness than the smooth caée. However the area of
low film thickness is more localised than the smooth case
and, depending on the scale of the waviness, would not
produce correspondingly high local temperatures. It is
likely that normal bearing materials would be able to
accommodate such a situation by local ''running-in'" of
the waviness peaks.

In all cases except for side leakage the bored and
broached bearings are found to have performance parameters
that are almost identical., It can be seen that for both

machining techniques, the effect of waviness is more pro-

138

nounced at higher eccentricities and as the ratio (machining

depth/radial clearancs) is increased.

It would appear that surface waviness is a possible
source of error in experimental work, depending on the
type of instrument used in the measurement of film thick-’
ness. A.capacitaﬁce or inductance transducer rotating
with the shaft would give an integrated film thickness of
similar valﬁe to the smooth case. However if mounted
statically in a bearing with surface waviness, soﬁe allov-

'

ance for surface finish should be made if the transducers
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are calibrated in situ by finding the extent of the
clearance circle.

The general trends resulting from waviness are
similar for rotatioﬁ and squeeze and it would appear
that bored and broached bearings of the same surface
finish are virtually identical in both static and dynamic
performance. The main departure is that the broached |
bearing has an enlianced sidé leakage which allows it to
run at a slightly lower temperature and reduced eccentri-
city. Allowing for normal machining tolerances and safety
factors, it is unlikely that a bored bearing will not have
a load capaclty equal toﬁﬁiat of a similar broached bear-

ing.



Chapter 6

Development of the Finite Element Approach

6,1 Introduction

The content of the last.two chapters has been con-
cerned with investigating aspects of bearing design using
the comparatively simple but proven technique of finite
difference. The programmeé were applied to solving the
Reynold's Equation for steadily loaded conditions. 1In
this instance the pressure profile was calculated from
the left hand side of the equation 6.1 from a knowledge

of the fixed right hand side.

_a__(ﬁ’
26

where for pure rotation;:

L(e) = 6 3(h)
28

@
avl]

) + Bh? 3%P = L(e)
3z 2 6.1

[+3
[ev]

P = P_nUR
c?

for pure squeeze;

L(e) = 12 cose

av}

il

i

(7
=3

M

P e
Olx
———r
(8]

This equation was reduced to a cne-dimensional form by

predescribing the axial pressure profile.

P=P, (1 - z*m) | 6.2

Km is g function of (%,s:) and is defined in section

3.3 P, 72. he one-dimensional Reynold's Equation is
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from equation 3%.39
D (H3 al) - 38R°P; = g'L(o) | 6.%

where 1I(8) 1is defined as above.

This becomes:

25 T3 = = = -3 =
3°P¢ h® + 3 ok h? aB - 3BR°P. = g'L(o : : e
=57 35 55 . 3 8 L(e) 6.4
. — _ _ _
9 Pe + 3 3h 1 3R - 38R, = g'1 L(e
382 . 36 B 30 A (e 6.5
where
B = (Q2
L
B = K, + 4
K, + 3
B = Ky +1
K

To debermine the shaft locus path of a bearing it
is necessary to solve the dynamic form of equation 6.5

which is given by

P - 3ER =
3

(6U 3h + 6h U + 12V, R

6.6
30 28 c)

wheras

U= Rw + ce sing - ce¢ coss

=
I

= CE COSe + ce¢ sineg - . 6.7

@
a
It

CE COSB + ce¢ sinsg ' _ :

3|
L
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WheI‘e P = P:n R

In the dynamic case the only known values'atlany par-
ticular instant are the magnitude and direction of the
applied load. It is,therefore, essential to solve
gquation 6.6 in the reverse direction i.e. to establish
the current values of ¢ and ¢ from a knowledge of the
integrated values of the pressure profils.

It had already been decided- from the results of the
previous work to adopt the one-~dimensional app;oacb as
depicted by equation 6.6. It was necessary to develop a
method of solution for this equation that was faster than
the finite difference iterative technique and that was
more easily reversible. Several ideas were outlined in
principle and these were first tfied for the steadily
loaded conditions to establish the order of accuracy be-
fore attempting to apply them ﬁo the dynamic problem. The
unsuécessful ideas are briefly described in sectioﬁ 6.2
and then the selected finite element method is dealt with
in the remainder of the chapter.

6.2 Approximate methods that were found unacceptable -

There were three types of approach that were tried
to solve the one~-dimensional equation 6.5 and that were

later abandoned.

6.2.1 The use of successive integrabion or differentiation

In this approach it is attempted to modify the
existing equabtion to a more tractable form by eliminating

the various unknowns. The basic one-dimensional equation
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6.5 can be written as;

h™ 3°Pg -+ 3 dh h® 2P + Aﬁsﬁ; = B sine + C cose
36 :

6.8

where A, By, C, D are constants.

Rearranging this equation we get,

=

P, = 1 —(1'13 2°Pe + 3 3
0 36

h? aﬁ% + B sine + C cosﬂ

(o34
Lo

[
(o34

609

If a first approximation is made to P, +then this can be
substituted into the right hand side of equation 6.9. The

equation is then solved to produce a second approximation

to P, . As a first approximation to FP¢, P, is put
3P
equal to a constant and hence’ 7Tl = Q0 . Equation 6.9
consequently becomes ' »
P, = _ i |
° K%F [B sine + C cose} 6.10

This expression for P2 is now substituted into thevright
hand side of equation 6.9 and ‘PE is obtained. This pro-
cess can be repeated as many times as convenient. There
are, however, several disadvantages; The algebra rapidly
becomes extremely cbmplex and hence takes a long time to
evaluate. It appears that the boundary conditions are
built in, since P2 is always an explicit function of

$°, © ., It is impossible to impose Reynold's

€ 2 € 9
boundary conditions so that the film was always assumed
to be of =w extent. The process was very dependent on
the initial approximate value. If the initial value was

too much in error then the process diverged from the
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correct solution. It was found to be only suitable for
-steadily loaded conditions and then to be both laborious
and inaccurate.

For successive integration the equation 6.9 is
rearranged as,

P, = h™ [I(B sine + C cose - AR’P, ,)de + D{]de + [82
.11

where Di and D2

initial approximation must be made to ?l, for example,

are constants of integration. An

the Ocvirk approximation, and then the coefficients Dl’
DZ can be found. The successive values Fi’ i=2—->n
can then be ev&luated; The disadvantages. of this nethod
are the same as for the successive differentiation except
that the boundary conditions are not built in and hence

cavitation dould, in theory, be allowed fox.

6.2.2 The pressure profile expanded as an infinite series

This epproach is essentially based on representing
The pressure profile as being a Fourier sine series or
some other form of inifinite series. The methods tried
were in principle the same as the work of Warner (13). |

The main difference was that the method was applied to-

the one-dimensional equation 6.5 as opposed to the various

approximate'equations developed by the other authors..
Though this method proved to be reasonably accurate it
was limited in its application. The main disadvantage
was that it could only be applied to circular bearings

without oil feeds. The infinite series was liable to
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fail to converge for some imposed loading conditions. It
was also found impoésible to reverse the problem so that
the approach could not be applied directly to producing a
shaft locus path.

€.2.3 The pressure profile represented by a polynomial

The pressure at any point was assumed to be of the

form,

P = 2 3 e o

P = a + be + co® + do’ + . 6.12
2} = 2 e .

ge{ b + 2ce + 3de° + 6.13
25 . « o o

geP{ 2c + 6doe  + : 6.14

As the polynomial will not exactly satisfy the equation

6.8 this is rewritten as

h*3°P + 3 3h h® 3P + AR®P, - (Bsino + Ccose) = R
302 30 6.15

@

where R = the residual.

The expressions 6.12 -> 6.14 are substituted %nto equation
6.15. To evaluabe the coefficients of the polynomial it
is necessary to minimise the value of the residual. Four
methods were tried; Collocation, Galerkin, Subdomain and
the method of least squares. These methods are outlined

in Crandall (40) P.147. All of the methods are basically
similarvin that the number of residual equations formed

is egual to the number of terms in the polynomial., A matrix
of coefficients is formed and it is then necessary Lo solve

this matrix by an inversion method or successive elimination.



It was possible to include the correct boundary
conditions but it was found that even for steadily loaded
conditions it was necessary to have a considerable num-
ber of terms in the.polynomial. The time per solution
was then of the same order as the finite difference
approach. This method was far more restricted with re-
gard to bearing shape and the inclusion of oil feeds. It
was, however, possible to reverse the problem as the poly-
nomial representation of the pressure profile could be
readily integrated. As the method was able to produce a
shaft locus path but was considered to be rather lengthy
in solution.it was put to one side to be used if nothing
else proved faster.

6.3 The Principles of the Finite Element Approach

Referring back to the equation 6.6 it was realised
“that one of the problems associated with solving the left
hand side of the equation was that the coefficient of the
second term was a function of 6, (aﬁ%@g) . This made
the equation non linear. 1f this term could be reduced
to a constant then the equation would be immediately

soluble by standard methods.

i.e, if 3E£86 = constant 6.16

To satisfy this condition it is essential that h is of
the form,
6.17

where b and a are constants.
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It was decided that rather than attempt to predescribe
the circumferential pressure profile, this profile would
be left free and the form of the definition for T would

be modified to the above expression. The opened out shape

of the oil film of a circular bearing is shown in Fig. 6.1.

1 + ecose

Fig. 6.1. The basic circular film shape.

The first immediate problem is that the function
beae can only increase in value with increasing ©. The
function (Ll+ € cos®) on the other hand reaches a minimum
at ©=n. The problem as depicted by Fig. 6.1 was, there-
fore, transformed to an equivalent form Fig. 6.2. The
essehtial charges are; (a) the origin of the sysfem of

]

coordinates is moved from the position of maximum film
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Fig. 6.2. The transformed circular film shape.

height to the position of minimum film height. (b) whereas
'© increases from 0 —» s o

S changes as +mx - O - 7 .

The problem is now considered in terms of two'regimes

A and B, Both are increasing in film height with regard -
to increasing values of § . Considering first the regime -
B where the film height is defined by the function

T = be?®

for 8 =0 -—=x,

hence the Reynold's Equation 6.8 becomes;

2 X ‘ x
9 Pg + 3a 3P¢g - 3

382 38

P: = B

\ (6U sh + 6h aU
6.18
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For regime A the problem is slightly more invoived.
The Reynold's Equation is normally written for increasing
values of 8. It was decided to keep to this convention.
in the present work but to write the equation for increas-
ing values of 8 . The tangential velocity, U, for this
regime A is therefore effectively reversed for increasing
values of s . However, there is no discontinuity be-
tween the two regimes at the interface of § = 0 as U is.
still increasing with increasing € for vhe completse
circumference of the bearing: Hence the equation 6.8 is

written for this regime A as;

3°Pg  + 3a 3P - 3 Py = 8'1 (- 6U oh -
362 36 B B h3 30
6h 3U + 12V, _Ig) : 6.19
P c -

For the first simplé analysis it was sufficient to
use one function, bea6 , +to describe the film height in
each regime. To approximate the circular bearing the two
exponential regimes were taken as being symmetric about
s =0. Hence the two expressions 6.18 and 6.19 describing
the pressure in regimes A and B were identical except for
the reversed sign to the tangential surface veloclity.

The values of a and b were found by equating
the values of the film height at the regime boundaries to
the expressions given by h = beag . Assuming the actual

film was given by h =1 + € cos & , then for regime B;

1 + ecosw = be®’ at § =0  6.20

1 + ecos 21 = be®™" at § =g 6.21
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hence 1 -¢e=5» 6.22
1 + ¢ = be” 6.2%
a = log (1 £ n 6.24

1 - ¢

The values of a and b were identical for regime A.
Considering the steadily loaded conditions equation 6.5

was rewritten for regime B and pure rotation as,

afi/0s 6.25

°Pe  + 3a 3B, - 3
962 3¢

P, = 128" coso
B

B
—B_ H3 © 60 26

For regime A the analagous equations are for pure

rotation,

.o _ A

3"Py  + 3a 3P, - 383 P, = - 6 g'sh/96

962 36 E’.l 8 é3 6.27

and for pure squeeze edquation 6.26 is applicable. 'These
equations were solved by the method described later in
section 6.5. Solutions were obtained for a rénge of
values of & and °/D but the results were found to be
seriously in error. It was concluded that the reason
for this error was that the approximation to the film
shape was far too inaccurate. Although the approximate
film shape matched the profile given by (l+ ¢ pos@) at
the two boundaries of the regime at § =0 and § =x and

~ reasonably well over the range o = ﬂig- it was found to

. . . w T
be seriously in error in the range © = 0 =* 5 .
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The next logical step appeared to be to split the
regimes into sub—regimes or elements. A different approxi-
mate film height profile h = bead‘ was formed for each
element. Continuity was maintained throﬁghout the film
by equating the following parameters between adjacent
elements at the element boundaries; the pressure, the
pressure gradient, and the film height. The local dif-
ference between the approximate film height profile and
the exact profile was dependent upon the number of elements.
The time to establish a solution was also dependent on this
number. Hence it was necessary to optimise the number of
elements so that the time per solution was minimised and
yet at the same time achieving the accuracy criteria. This
criteria was that the steadily loaded load capacity was,
at the most stringent conditions, within 5% of the finite
difference value. Graphs showing the variation of the
error in load capacity with the number of elements are
shown in section 6.5, P.158 for a range of steadily loaded
conditions.

i Derivation of the equations used in the finite element
aQEroach

The representation of the problem consists of two

regimes, each subdivided into n elements, With respect

to increasing © , regime A is converging and regime B is
diverging. There are n elements in each regime, hence
there are n+l boundary points. The length of eacﬁ element

is given by

6.28

oo B I T
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L/‘ Regime A Regime B N
™~ ~ 1
! |
| |
F\ . ., f_
. 9
| @
element h
K= £ -
n 3 3 m n
. ! | ) i
- N ! !
1 | ) |
1= { 1 : :pO}gt ! 1 I i | .
nk " n 4 3 2 izt | | | C St
I j'—'1 2 3 4 m m+l n n+
i .
| I
oL ] N ] \I 27
| - e
Tl S E S N g

Fig. 6.3. The multi element representation of the circular

bearing.

Consideriﬁg the 'm'th. element of regime B the geometry

is described by;
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Aw X
|
! |
. | - N
/.\.‘ - /
€ element € = m
in regime B
h,, hp.y
V. -~V
j=m ) j=m+l

Fig. 6.4. The geometry of an element.

The oil film heights at the lower and upper boundaries

j=m and j=m+l respectively, are given by

h, = (1 + ecose_) = 5me°m3m | 6.29
By = (1 0+ eéosem‘,) = b e'mOmet 6.30
where B =7 * Ad x (m - 1) 6.31
Om 1 =-ﬂ + A3 X (m) 6.%2
8§y = AG X (m - 1). | 6.%3

Gm. = Al X (m) 6.5’4—

-
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Hence for the element € =m the exponential expression

for the film height is found from

(l + £ cosem‘1) = bmeamgm +1 60‘35
(1 + ¢ cose_) b e m%m '
- eum(dm 01-d‘m)
Spmeqy ~— 6, = AG
eumAm = (l + e co'sem.1) i 6.36
(1 + € coseg,)
am =1 log |l + € COSOnp.q 6.37
An 1 + ¢ coso,
b, = (1 + ¢ cosby) 6.38

e°m€m
Hence from a knowledge of the actual geometry of the film
heights at the element boundaries it is possible to de-
ternine the counstants 8,9 ba(& = 1 ~>n) for each element
of regime B. For a circular bearing the film height is

defined by,
hm =L+ e cos | ' 6.39

The“constants: 8 bK(K = 1 -=> n) for the elements
of regime A are identical to those of fegion B in this
instance, as the film shape is symmetrical about ¢ = O.
The dynamic forms of the Reynold's Equation, equations
6,18 and 6.19 for regimes B and A.reSpectively; are now
transformed using the film height substitutlon., This

transformation is outlined in appendix Al. The resulting



equations are shown below. Tor regime B from equation

6.18.

(D2 +3aD - 38) P = - g' 6 - a Re
» B8 E b2 e2ac :

+ c¢ fa sins + cos§ + 2R coss\ - ce¢
c bed

a cosé + siné - 2R sins
C bead

For regime A from equation 6.19.

2 -
D® + 3aD - 3§ P: = -3 & T+ aRe
B B bZezadd

+ Ce (a siné + coss + 2R cosa) + ced

E 56“6

a cos§ + sins - 2R sinsg
C Bedd‘

6.40

6.41

Individual equations of the fbrm 6.40, 6.41 are produced

for each of the elements of the two regimes.

The only

differende between the equations is the values of the
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coefficients a and b, which are determined by the bearing

geometry.

The general solutions of these equations are now

found in terms of the complementary function and the par-

ticular integral. The complementary function is obtained

from

2 -
(D® + 3aD - 3 %) Py = 0

The particular integral is found by operating the

6.42



function 1 on the right hand side of
(DZ + 3aD - 38)

. B

equations 6.40, 6.41l. This process is outlined in

Appendix A2. Two equations for the pressﬁre are defined
for each element, at the lower and upper boundaries.
For regime B at the lower boundary, where Jj=m the pres—

sure is defined by equation A.37.

P¢ = C,QA; + D;QB; + Q, 6.43
at the upper boundary where J=m+l by equation A.38.
P = C;QD; + D,QE; *+ QH, 6.4
For regime A the equation at the lower boundary, whefe
i=m, is definediby equation A.35 |

P, = A;QA; + BQB;, + QC | 6.45
énd at the upper boundary where i=m+l by equation A.Bé.
P, = A;QD; + B;QE, + QF; " 6.U6

It is also necessary to determine equations for the pres-
sure gradient at the element boundaries. These equations
are derived in Appendix A% and are stated below.

For regime B the pressure gradient at the lower boundary,

where J=m, 1is given by equation A.54.

gge = C;QI; + D;QJ; +.QO; | 647

at the upper boundary, where J=m+l, by equation A.57.
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3P¢ = C;QK; + D,QL; + QP 6.48
3

For regime A the pressure gradient at the lower boundary,

[o%]

where i=m, is given by equation A.47.

3P¢ = A.QI; + B;QJ; + QM; 6.49
a6

and at the upper boundary, where 1i=m+l, by equation A.51.

3P¢ = A, QK; + B;QL; + QN; 6.50
3aé

It is now possible to link all the elements together by
equating the‘appropriate equations for the pressure and
pressure gradient at the element boundaries. The only
essential requirement is to be able to determine the boun-
daries of the pressure profile in order to evaluate the
coefficients of the above equations.

The pressures at the upper boundaries of each element

for the regimes A and B are given by equations 6.46, 6.44

respectively.
P, = A;QD; + B;QE; + QF, 6.51
Py = C,QD;

It was found sufficiently accurate to position the start
of the pressure profile by finding where the particular
integral at the upper boundary tended to zero, The par-
ticular integral of the equations 6.51 and 6.52 is re-
presented by QFi for regime A and by QHj for regime B.
The method adépted was to scan these two arrays'to find

the maximum positive value., The array values were traced
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back from this roint until a change of sign was recorded
This array value was designated as the starting value,
i=8. 7For the dynamic case this would occur in either of
the two regimes. The érray values were also traced for-
ward from the maximum point until a change of sign was
recorded to establish an approximate end point, i=E. A
method was derived for producing the correct end point of
ﬁhe film for Reynold's boundary conditions using these
approximate values. To illustrate ﬁhis method the simpler
problem of solving for the sféadily loaded conditions is
first discussed in the next section, 6.5. The evaluation
of the true cavitatioﬁ point enables the coefficients »
Ay B; (i=l—>n)‘ and. Cj’ Dj (j=l->n? to be determined
for each of the elements. |

6.5 The use of the mult1 element aooroach for steadily:
loaded condltions

From equation 6.5 the steadily loaded form of

Reynold's Equation is given by,

i

. 82:-[‘){ + 3 al-'i 1 P} e - SE— - B1- 1 L 9
30T 5 F 50 E.{ T R (e) 6.53
where L{e) = 6 sh , for pure rotation
30
L(e) = 12 coss for pure squeeze .

6.5.1L Pure rotation conditions

The elemental equations for the pressure and pressure
gradient are in general terms the same as in section 6.4,

equations 6.43 to 6.50. However, the third term dn the



right hand side of each equation representing the par-

ticular integral is now different from the dynamic case.

For pure rotation;

Pe

QC;

QF,

QG;

QH,

QM;
QN;

Q0;

QP;

From scanning the arrays &F.

B qUR
L 6.54
E- bi2 g29i6; (ZaiZ + SE) 6 55
B
E-1. 6a| ....... 1 6.56
g bI2 92°l£| 1 (Zaiz + SE)
B
- QG 6.57
- QF, 6.58
- 2a,QC; 6.59
- QR 6.60
T 2EQG = 2a QG 6.61
- 2a;QH; = 2a; QF; S 6.62

i and QHi it is apparent
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that the starting position of the o0il film is approximately

at the beginning of regime A. The starting point occurs
in the element

6.4’ P.-:le L

i=5

and is established as in section

Referring to equation 6.46 for the starting

element
P =0 =A,QD, + B,QE, + QF, . 6.63
A =

- ( B,QE, * QF,

QD

) 6.64
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Having related A, o Bg 1% is possible to equate the
elemental equations for element s at its lower boundary
to the equations for element s-1 at its upper boundary.

B to be found in terms

This allows the coefficients. Ay, s

of As—l? Bs—l‘ This process is repeated at the next
element interface and continued round the bearing circum-
ference., A residual egquation iS;formed at each of the
interfaces. The residual equation for an element i 1is
written in terms of the coefficients Ai’ Bi for the
particular element and also fhe residual arrays. These
arrays are used to relate the coefficients of the element
to the‘coefficients of the preceding elements and also‘the
| starting position.

When a change of sign is recorded in the residual

- equation the cavitation point is established and the co- .
efficients of that element can be evaluated. By using

the already established residual arrays the coefficients
of the other elements can then be determined. The for-
mation of the residugdl arrays is outlined in Appendix A#4.

At the cavitation boundary the condition imposed is

that

P, = ig. = 0

34 6.65

For pure rotation it is iﬁitially assumed that this con-
dition occurs in regime B. The cavitation point is only
found tb an accuracy of one element length and is.pre-
described as occurring at the upper boundary of the |

glement for which i=c . If these conditions are imposed
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in general on the upper boundary egquations of regime B;

with 1i=c¢ 1in equations 6.44 and 6.48.

ﬁ‘t = 0 = CCQDC + DCQEC + QHc ' . 6.66
3% =0 = C.QK, + D_QL, + QP 6.67
96

The actual value of ¢ 1is as yet unknown. A residual
equation is formed from the residual arrays derived in
Appendix A4 and equatibns 6.66 and 6.67. The cavitation
conditions are, therefore, being successively imposed on
gach of the elements to find which element most nearly
satlsfies the boundary condition.

This procedure is initiated for the element i=F,
where E is determined from the particular integral, as
in section 6.4. The.value'of 1 1s incremented and the
value of the residual tested for a change of sign. From
.equations 6.66 and 6.67 the coefficients CC, Dc can be

expressed at the cavitation point as;

6.68

C. = (QP,QE, = QH.QL) 6.69
(QD. QL. - QK.QE.)
From equation A92 Appendix A4 the coefficients of an

element in regime B cen be related to the residual arrays

by;
O =-D;(QJ; SE;.; -~ QB;SG;.,) - C,(QL,SE;.y - QA;SG,;.,)

+ (SF;.18G; .y = SH;.{SE;.4) = 6.70

where ©Sr, SF, B5G, SH are the residual arrays.
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Equations 6.68 and 6.69 are substituted into equation 6.70

to form the required residual.

R=- (QP;QE; - QH;QL;)J(QI; SE;.5s - QA;SG;.1)
(QD; QL; - QK;QE;)

- (QP;QD; - QH,QK;)(QJ; SE;i.1 - QB; 8G;.1)
(QE; QK; - QL;QDb;)

+ (SFi‘1SGi'1 - SH;_1SEi_1) 6 71

where R = the residual
1 is incremented from E

i = ¢ where R changes sign.

Having established thé value of ¢ the end coefficients
can be evaluated from equations 6.68 and 6.69. The co-
efficients of the.remaining elements can be found from
recurrence formula involving the residual arrays. These
are derived in Appendix A4 as equations A97-A102.

Once the values of the coefficients for each element
have been found it is possible to obtain the pressure
equations for each elemenﬁ. It was found to be sufficiently
accurate to solve these equations only at the element
boundaries to form an array of pressure values. These
values were infegrated numerically by the extended
Simpson's method, Crandall (40) P.161, to evaluate the
load capacity of the bearing. This approach was. also
applied to the steadily loaded condition of puré radial

squeeze.



163

6.5.2 Pure saqueeze conditions

”

The elsesmental equations for pressure and pressure
gradient are in general the same as for the dynamic case
equations 6.4% to 6.50. However, the particular integrals

are again different and are defined belowy

— 2 .
P, =P ne '(R)
* + c _ : 6.72
QC; = E1 ...... 6 C ZG,

B b,Zex& R 6.73
QF, = B‘l 44444 6 . C YG' =

B bFe#gi.i R 6,74
QGi = QC‘ 60-75
QHi = QFi . o ‘ 6.76
QM; = g 6 ¢ (zI;, - 2a,IG,

5 bTem® R : 677
QN; = g' 6 " C (YI, - 2a;YG, : (

s bTemsT R (YI; i YG;) 6.78
QOi = QIVI| 6079

where arrays 2%G, 2I, YG, YI are defined in Appendix A2
P.273 . The starting point, cavitation point and the
elemental coefficients are evaluated in exactly the same
way as for the coﬁdition of pure rotation. The load
capacity is again found using numerical integration.

6.5.,3 The accuracy of the results for the steadily
Toadsd condlitions

The steadily loaded conditions were evaluated using

a varying number of elements, n, in each regime. The
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value of n was varied from 1 to 100. The solutions
obtained were compared with the values produced in
Chapter three using the two-dimensional finite difference
approach. The percentage errors were calculated for a
range of values of ¥/D, & and n.

.In Fig. 6.5 the variation in the percentage error
with increasing value of n is plotted for L/D = 1 and
the condition of pure rotation. The computing time in-
volved in each solution was directly proportional to the
number of elements. A similar plot was obtained foxr the
condition of pure squeeze. The values of the percentags
error for any particular loading condition were almost
identical. It was decided to adopt a value of 60 elements
per regime, This meant that there was a boundary point
every 50 of the circumference. The computing time in-
volved per solution for the steadily loaded conditions
was 0.05 secs. compared with 1 sec. for the one-dimensional
finite difference approach. The accuracy obtained using
‘this number of elements is more closely examined in:

Fig. 6.6 where the percentage error for variqus.L/D
ratios is plotted for a range of eccentricity values.

An analagous graph was obtained for the condition of pure
squeeze.

It can be seen that the greatest error occurs at
an ;/D =1 and € = ,99. The percentage error is then
3% of the two-dimensional finite difference value. For

values of € less than 0.98 the error never exceeds 196.



This technigue was considered to be sufficiently accurate
and rapid in solutidn o be used to attempt the dynamic
problem. The application of this technique for circular
bearings subject to dynamic external loading e.g. auto-

motive bearings is discussed in the next chapter.

l67
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Chapter 7

The Use of the Finite Element Approach to produce

the shaft centre loci of a dynamically loaded

bearlng

7.1 Introduction

In the previous chapter the technique used to evalu-
ate the boundaries of the pressure field was established
for steadily loaded conditions. The load capacity wvalues
for a range of L/D ana eccentricity values were calculated
to determine the number of elements required to satisfy
the prescribed accuracy criteria for circular bearings. In
this chapter the work is extended to include dynamically
loaded bearings. There are several aspects of the problem
that are basically‘different from the steadily loaded case.
It was primarily essential to extend the method for finding
the pressure field boundaries so that unsteady loading con-
ditions could be incorporated. Having established a method
for finding the boundaries it was necessary to reverse the
problem so that the instantaneous values of € and ¢
could be found. This was achieved from knowing the values
of the pressure field boundaries and the magnitude of the
applied load vector. A method was devised for linking
these individual solutions so that a shaft centre loci
could be ''marched-out' directly.

The first aspect of this work dealt Withcwas to

produce an ancilliary programme for calculating'the applied
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loads. This part of the work was entirely associated
with automotive bearings so that it was necessary to be
able to calculate the forces acting on the big-end and
wmain bearings from a knowledge of the engine masses,
Speed and geometry.

7.2 Calculation of the polar loads scting on a big-end
Or maln De&rling Ol ah 1lnTernal combustlon engine

The computer programme for evaluating the polar load
diagramn was based on Chapter two of Shaw and Macks (54).
The problem essentially consists of calculating the bié—end
forces and then vectorially adding these, together with any
crankshaft out of balance forces, to produce the resultant
main bearing forces. Tae big-end force itself consists of
three components; the gas pressure force on the piston,
the force produced by the reciprocating mass, and the force
produced by the rotating mass. .

The programme was written in a general form so that
various types of input data could be accepted. It is
possible to elther read in experimentally attained gas
pressures or to calculate these from a theoretical indi-
cator diagram, which is evaluated from the enéine geometry.
- The pressure values for the diagram are calculated at B
every 2.50 of 6rankangle.

For a four stroke engine the line 1-2-3 represents
the compression stroke, where point 2 is the position at
which the inlet valve closes. Line 3-4~1 represents the
expansion stroke where point 4 is the position ét which
the exhaﬁst valve opens. The loop 1l-5-1 represents tne

induction-exhaust cycle. The broken line represents the
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Piston displacement % !

0 ' crankangle >180°

Fig. 7.1. Theoretical indicator diagram.

theoretical values calculated from the air-standard
formulae. The full line represents the accepted values
and includes varioug rounding factors. The gas is com-
pressed from the inlet pressure Pl to the pre-combustion

pressure P2 according to the polytropic gas law

PV" = constant : : 7.1
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where n 1is a constant.,. A similar law is applied to
the expansion from pressure Eé to pressure P4 .

The value of n is normally set to 1.30 for both
curves. JFrom a knowledge of the output power of the
engine, the engine speed and the swept volume of the
cylirnders it is possible to calculate the brake mean
effective pressure. This value is then divided by the
figure set for the engine mechanical efficlency to cal-
culate the indicated mean effective pressure PIM‘ The
engine efficiency is normally set at 859&)if no actual
figure is available. It is then possible fo evaluate the

pressure 34.0

[(n—l)(r-l)]f]k,+p1‘ | s

where is the compression ratio

n 1is set equal to 1l.30

£ is the card factor, normally 0.90

The formula expressed by equation 7.2 is derived in ref-
erende (54) P.17. It is forﬁed by equating the net work,
as expressed by the difference in the expansion and con-
pression’curves, to the work as expressed by the indicated
mean effective pressure. The clearance volume in the

piston V, is related to the total volume V by;

V. = 100 % of V =+7%
¢ r-lo ’ . 7'3

where r 1s the compression ratio.



The gas pressure in‘lbs/in2 absolute for a given percen-
tage of piston travel X for the compression stroke is

derived from;:

P, =P (100 + zY '
X+Z 7.4

and for the expansion stroks,

P, =P (100 + z\

xe (Trz—‘» 7.5

The values calculated by the formulae 7.4 and 7.5
produce the broken line of Fig. 7.1l. These curves are
then rounded to allow for valve timing etc. It is par-
ticularly necessary to reduce the calculated pesak pfessure
value. The accepted practice is to set Py to 75%0 of
the calculated maximum value. The position EMID is.
established half way between the value of Pi and the
corrected value of Pz . A parabola is fitted between the
position Py and the position P, , 2.5° of crank
rotation after the pbsition E% . Tbe coefficients of the
parabola are determined from a knowledge of the pressure
values and crank angle positions of the points Fyqj and

P and that the slope is zero at the point P5 . It is

3

necessary to blend in this parabola ending at position

Pa with the existing expansion curve. - A fourth order
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polynomial is constructed which matches the parabola values

for the pressure and pressure gradient at the position Pa
and also the existing curve values at an arbitrary point

25° after the position P, » & fourth order polynomial



was also used to blend in the value of Fyrp Wwith the
existing compression curve at the position at which the
inlet valve opens. A polynomial was constructed to fit
the pressure value at PMID and also the pressure and
pressure gradient at the position Pé . The opening of
the exhaust valve was accommodated by employing a linear
decrease in pressure from the position P4 » when the
valve opens, to the atmospheric pressure Pl + The pres-
sure values were kept constant at atmospheric pressure
throughout the exhaust and induction cycle 1-5-1.

The pressure values generated were multiplied by +the
piston area and stored as the gas pressure forces, FG’
acting on the piston. '

There are two mess systems'generatipg forces that
act on the big-~end. The piston mass assembly generates
a reciprocating foice that acts along the axis of the
cylinder. If the piston acceleration is represented as

¥ , the reciprocating force, F, , 1s expressed as;

FR = M j’ . 7-6

where Mp is the mass of the piston and gudgeon pin.

The remaining force is due to the connecting rod. This
force system can be considered in two ways. If the only
known fact about the connecting rod is its weight then it
is accepted practice to consider that one third of the

con~rod mass acts as a reciprocating mass with the piston

and two thirds acts as a mass rotating at the big-end.
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This latter component rotates at the crank shaft radius

to produce a centrepetal force, F, s at the big-end. The
alternative method is to determine the moment of inertia
and position of the centre of gravity of the connecting

rod. If the former method is adopted,

F_ = %MC R.© 2.9
where Mc = mass of the connecting rod
R, = crankshaft radius

The reciprocating force is now expressed by;

Fp =¥ (M + M, ) , | 7.8

The displacement of the piston from the position of

T.D.C is expressed by,

-y = R+ L - R cosep - L cosy 7.9

This expression can be differentiated twice with respect
to time to'produée an expression for the linear accelersa-~

tion of the piston mass..

e 1A -
-y = 6 RC [cos 6 + R.LZ cos26 + Ri sin“e
(L2 - RZ sin?o}

+ Rcé [sin ® + Re sin26 ] ‘
2(Lz - R_ sin®0); 7.10

1}

This formula is similar to that in Swanson, (55) P.138,

buv includes the extra second term, which makes allowance

for the engine acceleration. As B 1is normally small
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’ Mp’ piston mass

Centre of gravity

+ve C
y \\/ .

e x
LC = length of connecting rod.
RC = crankshaft throw.

Fig. 7.2. The connecting rod systen.

compared with & it is accepted practice to neglect
‘this second term unless high engine accelerations are
experienced. The angular acceleration of the centre of

gravity of the connecting rod is determined froum;

v " 2
¥ = R 6 cose + 6 [~ sine + R./L. cos?@
L_n [ ( nz )] 7.11

C
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i

. 2 -

where n' = ( L - (%c) sin 9)2 7.12
. C

- If the first method of cohsidering the connecting
rod forces 1s being employed the component forces can be
vectorially summed to produce the forces FX’FY acting
on the big-end. FY acts along the direction of the cylin-
der axis and FX Aat right angles to it. The sign convention
for both the accelerations and forces 1s to consider the
+ve direction to be up‘tbe cylinder axis eand to the right
of the axis. Hence the forces acting on the big-end can

be expressed byy

F

Y FR - FG + FC' c0s9 } 7.15

Fx

F. sine - (Fp —'FG)tanw 7.14

If the moment of inertia of the connecting rod is known
it is possible to calculate the forces in a more accurate
manner,

It is required to find the forces FlY’FlX acting
on the big-end. The force FEY represents the vertical
force acting on the small end and is the sum of the gas

forces and the reciprocating forces.

Foy = Fr = Fg | 7.15

The following force balance equations can be formed from
the free body diagram.

-

Fix * Fox = Mo X¢ | 9,16
= Vv .1

Fiy * Fay = Mo ¥ | | 7.17

IGﬁ = Fiy a siny + FlX a cosy 7.18
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’%; Centre of gravity

> Fix
1y

Fig. 7.3. Free body diagram of a connecting rod.

where %C; yc are the linear accelerations of +The centre
of gravity.

I is the moment of inertia of the connecting rod.

G
FlY can be found directly from equation 7.17 as the other
two terms in this equation have already been evaluated.

Fix i1s found by eliminating FEX from the other two equations.
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FERRAR! 3-LITRE 9000 R.P:M. : "~ BIG-END N

Fig. 7.4. The'polar load diagram for the big-end of a

: high_speed_racing engine;



RUSTON AND HORNSBY BVEB-X HK.2 " B1G-END

Fig. 7.5. The polar load diagram for the big—end

medium speed diesel engine.

of

a
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The forces FlX’FlY are vectorially summed to produce the
polar load ecting on the big-end. Two examples of polar
load diegrams are shown in Figs. 7.4 and 7.5. The former
is for the big-end of a high speed racing;car engine at
9000 r.p.m. For this diagram the inertia loading is of
the same order as the peak gas force. The latter diagram
is for a medium speed diesel engine at 600 r.p.m. TFor
this diagram the peak gas force far exceeds the inertia
forces. The difference in shape between the two diagrams
is quite readily noticeable. Allowing for the difference

in scale used in the two diagrams it can be seen that the
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peak pressure spike occurring at the ignition point is much

more dominant for the diesel engine.
To produce the polar load acting on a main bearing

it is necessary to vectorially add all the component

forces influencing the individual bearings. It is, however,

expedient to neglect the elasticity of the crankshaft and
crankcase., To allow for these is a major problem and any
such treatment would lack generality. Hence in Fig. 7.6
the crankshaft is assumed hinged at main bearing two so
that the system is statically determinate and the load
vectors can be found by simple statics. |
For the crankshaft system shown in Fig. 7.6 the
three main bearings each have different loading systems.
Main bearing one is considered first. The only component
acting to the left of the bearing is the force generated

by the out of balance of the pulley. To the right of the
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BIG END 1
FLYWHEEL
N\
PULLEY
MAIN (2) (3)

BRG.

(1)
INAUA-

BIG END 2

Fig. 7.6. A typical crankshaft system.

bearing are the big-end forces from cylinders one and two

and. any out of balance forces associated with the crank-

shaft, e.g. crankshaft wébbs, between the main bearings

one and two. IKach of these component forces act at a pre-~

scribed distance from the'bearing and the effect of the
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moment arm has to be taken into account when vectofially
sunning. For the big—end forces it is ﬁecessary to cor-
rectly phase the stored force values relative to the
cylinder axis by allowing for both the firing order and

the gngle of the cylinder bank relative to the engine

axis. The centre main bearing, two, is influenced by all
the big-ends and out of balance forces occurring inside

the engine. The rear main bearing, three, is influenced
by the flywheel out of balance and the forces generated

. between the main bearings two and three.

. All crankshaft systems can be dealt with in a
similar way. Each main bearing is analysed in turn and

the component forces are vectorially summed allowing for
the phase angle generated by the firing order and the angle
bf the cylinder bank to the engine axis. Having formed the
polar load diagram of a bearing 1t 1s necessary to produce
the related shaft centre loci.

7.3 The reversed solution of the Reynold's Equation

The basic method for finding the boundaries of the
0il film at any particular inst{ant is similar to that
developed for the steadily loaded conditions in Chapter
six. The arrays represenﬁing the particular integrals,

QFi and QHi were scanned to find the position of the
maximum positive value. However, the arrays were expressed
in their most general form as in Appendix A4; equations Az4,
The arrays contain € and § as well as € and & .
Depending on the relative contributions of the squeesze

and rofation terms it is possible for the stant position
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of the oil film to occur in either the converging regime,
A, or the diverging regime, B. If the start position
occurs in regime A the proceaure'for forming the residual
arrays and the residual equation 1s identical to that for
the steadily loaded case, sectioﬁ 6.5. If the start posi-
tion occurs in regime B the method adoptéd is analagous
- but the formation of the residual arrays must be initiated
in regime B. The formation of the arrays is continued in
a clockwise direction around the bearing. The various
calculation arrays formed whilst finding the boundaries of
the oll film were stored so that they could be used later
in reversing the solution of the Reynold's Equation.

It was assumed that at any instant it was possible
to predict the shaft velocity in terms of € and ¢ ,

from a knowledge of the previous values. The predicted

[ ]

values. ¢é._ and dp were used to establish the bpundarieé
of the oil film and to form the various, stored calculation
arrays. New values of éR and 83 at that instant were
found by equating the summation of the elemental pressure
values for the range of the predetermined boundaries, %o
the applied polar load forces.

The elemental equation for the pressure at the upper

boundary of each element in regime B is given by equation

6.46,

P."-

A = AiQDi + BiQEi +VQFi 7.19

From the Appendix A equation A.34 QFi can be split up



into three components.
QF; = YEiYFi+c € YGiYEi+cedYEimi 7,20

Similar equations exist at the lower boundary for regime
B and also at the upper and lower boundaries of each
element for regime A. The values of Ai’ Bi’ QDi,(QEi,YEi
YFi, YGi, YH. were evaluated using the predicted values

L

of ép and Zp . Hence it was possible to summate the

equations to produce the two components of the pressure

integral Pl and Pé .

1 x
P, =/ JEP'LR cose do dZ = RLSE P K, cose do

¢ M
s s K +1
7.21
P, = RL/°%€ P sine K,  de :
2 e ¢ K.+ 7.22
o, = the start of the oil film .
GE = the cavitation point of the oil film
X x --Km
P = P (12 )

The values of Pl and P2 were determined by
using the extended Simpson's Rule to integrate the array

values., The resulting forms of equations 7.21 and 7.22

were;
P, = G,(6) + c& G, (0) + ced, G, (o) 7.2%
P,= G,(8) + cE,6,(8) + ce¢ G, (0) | 724

These values were squated to the components of the applied

load acting along, Fl, and at right angles to, FE’ the

184
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line of centres.

1
I
d
|

1 = Gi(8) + c& G, (8) + cef G (o) 7.25

3]
It
ae)
|

» 2 = G, (8) + c& G (8) + ceq G, (o) 7.26

The required values for éR and 3ﬁ were found directly
from the above two simultaneous equations. However, these
values were evaluated employing the boundaries and arrays
calculated using the predicted values of ép and Bp .
It was therefore necessary to repeat the calculation pro-
cess at this point, using the calculated values of éR

and 33 to evaluate the revised boundaries and arrays.
The i1teration between the wvalues of éR ~and KR and the
calculation of the boundaries was continued until a pre-
sgribed convergence criteria was attained..

7.4 The production of the shaft centre loci

It has been established that providing a reasonable
approximation to ép and 3p can be predicted at any
.instant then it is possible to evaluate the correct values
of € and ¢ from a knowledge of the applied load. The
predicted values were found uéing an Adams-Bashforth pre-
dictor method, Conte (56), P.226.

€nuy = €, ¥_AT (SSEn - 59€,.4 + 378 _, - 9€n_%

24 7.27

where AT 1s the constant time step between each position.
This formula required a knowledge of the values of

€ at the previous four time increments and hence a different

method was rsquired to initiate the process. The process
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was. started at a position where the bearing was operating
under the influence of the inertié loading only. TFor
these conditions the approximate short bearing theory is
reasonably accuraté and the formulae quoted in Milne (10)
can be used to establish approximate starting valuss for
€, d, € and 4. The value of § was arbitrarily set at
the rotation speed of the load vector and ¢ was set So
that the line of centres was in line with the load vector..

From Milne,(i0),

; (nRLa) &% %1 + 262) '
C2 l = 82)—% - 7028

RL’ Y - § - .
n (ncz ) € (%,. ﬁ) T 7.29

where Fa, Fn respectively are the forces acﬁing along

ki
]

r vl
fi

and normal to the line of centres and , is the angular
,sbeed of rotation of the crankshaft in radians. The only
unknbwn values in equations 7.28 and ?7.29 were € and ¢
which'were found directly. It was assumed that € and g
were constant for the previous three time ilncrements so
that € and ¢ were evaluated for the three previous
positions as well., ”

A fourth order polynomial was fitted to each of

the arrays éi and 31 y (L =1 to 4). The polynonmial
expressions were differentiated to establish the values

Ei and 5; , (L =1 to 4). These values were substituted
in the Adams-Bashforth formula 7.27 to establish the

values ésp and Hsp. A fourth order polynomial was



fitted to €5, (i = 2 o 4), é5p and d;, (i= 2 to 4),
35p' The. resulting expressions were used to evaluate the
values of €5p and dsp. The predicted values at the
fift iti : 7 ; :

ifth position €509 dEP’ £5p and d5 were used to

P
establish the boundaries of the oil film. Equations 7.25

and 7.26 were used to evaluate the required wvalues éSR
and 35R that would have satisfied the force balance
equation for the calculated boundaries. The difference
between the required and predicted values was used to

Judge the degree of convergence.

e5p - EBR = Aes 730
If Aé5 exceeds two percent of é5p a modified pre-~
dictor value ésp' is found from the expression
A' A .
- 2 | .
Ecp E5P + 5 732
A similar formula was used to evaluate 35P"
ﬂé{ .
.. ' - ., 2 . .
Pop’ = P5p * R : 732

R is an under relaxation factor and‘was normallyﬁ
set at a value'of 1.50. However, at the gas ignition
point where the shaft experienced a sudden reversal of
movement it was found necessary to introduce a modified

&

scheme. The initial valus of db was set to 25 times the
actualiy prediced value and R was set to a value of 20

in equations 7.%2 and 7.3%3., The iteration procedure then
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stabilised to a true value. For the subseguent five

points the predictof values were used but R was set

equal to 5. The iteration procedure was by then sufficiently
stable to return R +to a value of 1.50. The valuss

€y (1= 2 to 4), €5p' and Zi, (i =2 to 4), 859' were

used in the Adams-Moulton formula, Conte (56), P.235.

5p 4 =

ot =, * AT (gésp, + 108, - 8é, é2> 9.3

A similar formula was used to evaluabs ¢5p" Tne wvalues

€5p”, d5p', é5p' and Bép' were now recycled and used
instead of the original predicted values to establish the
boundaries of the oil film,

The new values of AéB' and A&B' were established
as before and the itsration process was repeated until the
convergence criteria was attained. It was normally necessary
ﬁo recycle the corrector values about four btimes to achieve
a value of Aéi that was less than 2% of the value of

-

€] . The value of 1 was then incremented by one and the

Adams-~-Bashforth formuia 7.27 was used to predict values

for the next time step. The value of the time step AT was
normally set as being the time reguired for the crankshaft
to rotate 5°. However, in the region of the gas ignition |
point the predicted values were sufficiently in error for
the iteration process to become unstable. If the first'
value of A€ exceeded 103 the step length AT was reduced
by a facﬁor of two and the Adams-Bashforth formula was aban-
‘doned for the simpler Euler formula, Conte (56), P.214.

However, the previously described technique of iterating
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between finding the o0il film boundaries and establisﬁing
a new predicted valﬁé using the Adams-lioulton formula

was retained. The reduced time step AT and the Euler
formula Were‘employed until the firsf value of A€ was
less than 10®. This usually required twelve time steps.
AT was then returned to its original value and ths
Adams-Bashforth Predictor technique was re-established.
The marching out process was continued around the loading
cycls until the start position was overlapped by 300. It
was then found that the newly calculated shaft loci position
and the values calculated on the first cycle were prac-
tically identical.

The marching out technique was particularly stable .
as the force balance equation was satisfied at the end of
a time step rather than at‘the beginning. Hence the pre-
dicted values were calculated using values of € , g, €
and ¢ that were already known to satisfy the applied
forces. The technique required forty-five seconds of
central processing time on the London University CDC 6600
computer to form the shaft locl path of the big—-end
bearing of a four stroke engine. A large range of big- -
end bearings were analysed to establish the general shape
of the‘locus path of the Jjournal centre when the oil feed
was neglebted. A selection of these are shown in Figs. 7.7
to 7.12 for a range of rotation speeds.

Figures 7.7 to 7.10 show the locus path of a Citroen

big-end bearing as the rotation speed is progressiﬁely
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CITROEN' AT 2000 R.P.M. -

Fig. 7.7. Shaft locus path for a Citroen big-end bearing
at 2000 r.p.m.
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CITROEN- AT 3000 R.P.M..

Eig. 7.8. Shaft locus path for a Citroen big-end bearing

at 3000 r.p.m. - .
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260 43
EGUENTRICITY

- Fig. 7.9. Shaft locus path for a Citroen big-end bearing

“at 4000 r.p.m.
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CITROEN' AT 6000 R.P:M.

oan !

LR R .40
ECCENTRICILTY

Fig. 7.10. Shaft locus path for a Citroen big-end bearing
at 6000 r.p.m.
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HELS
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1
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o ridu

ECCENTIRIC

Fig. 7.11. Shaft locus path for a Ferrari big-end bearing

at 9000 r.p;m.



RUSTON AND HORNSBY 6VEB-X MK.3 AS C.L.R.

C.50 C.40
ECCENTRICITY

FIg. 7.12. Shaft locus path for a Ruston and Hornsby
big-end bearing at 600 r.p.m.
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increased from 2000 to 6000 r.p.m. The basic shape of
the plot is similar'in each case with an inertia loop
for one cycle and a different path in the second cycle
where the gas forces influence the motion. The shape of

" path can be seen to be similar at

the '"inertia force'
each speed except that the value of the eccentricity at
each point is increased with increasing speed. The in-
fluence of thé gas force varies more noticeably with
speed. The greatest influence is seen at the loﬁer speed
where the ratio of gas force/inertia force is highest.
The higher the engine speed the further tihs second
cycle of motion follows the inertia loops before shooting
across the bearing rapidly under the action of the gés
forces. TF.g. 7.1l shows the shaft locus path for the
Ferrari engine polar-load diagfam that was depicted 'in
Fig. 7.4. At this high speed the path of the Second
cycle can be seen to follow the inertia loops for a con-
siderable distance before moving across the bearing under
the influence of the gas forces. Fig. 7.12 shows the
shaft locus path for a Ruston and Hornsby engine opera-
ting ét 600 r.p.m. The polarAload for this plot was
illustrated in Fig. 7.5. The locus path can be compared
with previously computed results shown in Figs. 7.1 and
7.14 which are reprdduced from ref. (14). Again the
second cycle»of notion can be seen to follow the inertia
loop for a considerable distance before moving across

the bearing rapidly under the influence of the gas forces.
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welic path by Blok’s graphical nic[};od as carricd .out by the d Computed cyclic path as computed and carricd out by
uthors (using iso-impulse map based on Herrcbrugh and : Herrebrugh and Mocs (8). ‘ :
focs (8)). - : ) . o .

.”A
1
P
" g Cyclic path computed by Horsncll (2). s :j,' R
“dic path based on Hahn-Someya solution, computed by 2007 . .
s#nstahl Hanomag Programme 2 (.8, b/d = 0'5 instead of m Cyclic path from the dynamic similarity machine at Glac
B ' N - Metal Co. Lid. o

Fig. 7.13. Shaft loci for a Ruston and Horﬁsby big-ehd

bearing reproduced from reference (14).
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- . CONHECTING-ROD AXIS
/DEGREFS Of CRANK . '.

' & ¥ ROTATION FROM
CLEARANCE CIRCLE ‘ ’50“'40“ o honoL CENTRE

POSITION

b Cychc path bascd on Booker (6) (short bcnrmg thcory) (uu.no:s
S - ~° graphical mcrhod)

.

) 360°
¢ Cyclic path computed by Booker (6) (using short bcariné theory Cyclic path compu:cd b) Booker (6) (using Warner finitc bearing
. yeuer ? and 1r¥cma J;admg only) v . theory and incrtia loading oaly).

i C:Cm. path based on Hahn-Someya solution, computed by
Riristune Technical University (N.B. b/d = 05 instead of k C) clic path baSCd on modified Holland solution, computed by
¢232). ) Rheinstahl Hanomag Programme 1.

Fig. 7.14. Shaft loci for a Ruston and Hornsby big-end

bearing reproduced from reference (14).



In this sense this slow speed diesel engine plot most
closely resembles the very high speed petrol engine plot.
This 1s because in these two cases the ratio-of inertia
force/gas force is.high. In one case bthe high inertia
force is caused by a low mass system rotating at high
speed and in the case of the diesel by a high ﬁass
system operating at low speed. These two systems could
be said to be operating at the two extremes of the range
of big-end bearings considered.

The plots shown in Figs. 7.7 ~ 7.10 represent com=~
binations of speed of rotation and mass of components
that allow the gas forces far greater influence over the
resulting journal centre motion. It was concluded that
the resulting shaft centre motion for any big-end would
depend on the :atio of the wedge and squeeze components
of the’resulting oil film., 7This ratio is in turn influ-
enced by the ratio of the size of the inertia forces/gas
forces. The general trend is for tﬁe engine to run at a
higher eccentricity with higher inertia forces whether
these are due to high speed or high mass. The point at
which the sharft shopts across the bearing on the second-
cycle of motion depends on the size of the gas force com-~
pared to the size of the inertia force. For a very high
value of inertia forem,such as an extremély fast racing
engine , it would be possible for the inertia force to
dominate the resulting locus path and generate a secbnd
cycle of motion that closely followed the inertia loop

at all points.
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The locus was also incluenced by other factors
such as; the value of the radial clearance, the size of
the bearing and the positioning of the oil feed. The
positioning of the.oil feed hole was of particular in-
terest. The preliminary vork on this was conducted by
plotting the shape of the pressurised region of the
opened out oil film. The position of the o0il feed was
superimposed on this plot to establish when it colncided
with this region. The position of the oil feed was
adjusted until it had least influence on the pressure
field. A typical oil film extent plot is shown in _
Fig. 7.15, which was produced from the data of Fig. 7.11.
The extent of the pressurised region is marked as
Kmmmmmmm X. The oil feed is represented by a 0. The
boundary of the oil film where the oil pressure exceeds
the féed pressure is marked by a figure 2. This plot
éhows the position of a point oil hole situated on the
crankshaft 90O before T.D.C. This was found to be an
optimum position for this engine and it can be seen that
the oll féed position rarely encroaches on the pressurised
region of the oil #ilm. A large number of case studies
were performed and the optimum position for the oil feed
was found to be about 40° - 90O before T.D.C. In the
next section shaft loci were computed taking into account
the oil feed.v The bearing analysed was the Ferrari big-
end at 9000 r.p.m.

7.5  Non-Symmetrical Bearing Geometries

In the previous section the shaft centre locl were

calculated without taking into account the oil feed holes
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and grooves. The bearing geometry was assumed to be
syametrical about the lins Joining the centres of the
joﬁrnal and the bearing. The computer programme used
for this previous section was rewritten in a completely.
general form although the basic solution technique was
retained.

In this section allowance was made for the oil
feed positions but the bearing geometry was again re-
strictgd to circular bearings only. In future research
it would be possible to use this programme in conjunction
with a stress analysis approach to allow for the distorted
shape of the bearing when under load.

The basic cbanges to the original programme were
that the size of the calculation arrays had to be doubled
and a separate calculation process had to be included for
’tbe occasions when the oil feed occurred in the pressur~
ised region. At each loci position it was initially
assumed that the bearing geometry was symmetrical and that
the oil feed was outside the pressurised region. Tﬁe
approximate oil film boundaries were established in exactly
the same manner as before by scanning the particular inte-
gral arrays QF.

i
was calculated relative to these boundaries by taking into

and QHi . The position of the oil feed

account the crankshaft rotation and the attitude angle of
the position of the minimum film thickness. If the oil
Afeed position occurred outside the pressurised region the
method of solution was identical to that of tke previous

section. If the oil feed position occurred inside the



oil film boundaries the film had toibe split up into two
sub-films. The film'pressure was set eqﬁal to the feed
pressure over the extent of the oil feed position.

One sub-film was assumed to start at the approxi-
mate start position as predicted by the particular inte-
gral arrays and to end at the start of the oil feed
position. The residual arrays described in Chapter six
were formed using the information that the pressure and
position at the end of the film were known. The values
of the arrays were formed using the recurrence formulae
of Appendix A#. The process Waé started at the fixed end
point and continued anti-clockwise back through the sub-
film to the approximate start position. The pressure
array was calculated from the elemental coefficients.
The exact start position was established at the position
where the pressurs array values became zero.

The second sub-film was assumed fo start at the
oil feed position and end at the cavitatign point where

x oP

Reynold's boundary conditions, P =____. =0, were
' 14

satisfied. The residual arrays were formed as in Chapter
six from a knowledgé of the start position. The cavi-~
tation point was found in an analagous manner by estab-
lishing where the residual equatidn 6.71 registered a
change of sign. The pressure values from the two sub-
films were integrated, using the extended Simpson's Rule,

to find the instantaneous load capacity.

203
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FERRQRI.HT 9000 R.P.M. WITH GRGOVE AT 30 DEGREES

Fig.-7.16. Shaft locus path of a Ferrari big—end'at'

9000 r.p.m. with a 6 o0il feed groove at 30 before

T.D.C. on the bearing surface.
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FERRARI AT 9000 R.P.M. WITH GROOVE AT 60 DEGREES

[} ]

ECLENTRIC

5.4
1

o
Y

Fig. 7.17. Shaft locus path of a Ferrari big-end at
9000 r.p.m. with a 6 o0il feed groove at 60" before

T.D.C. on the bearing surface.

-
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This value was equated to the applied load to

establish the required values of € and 8R to
balance the equation. The shaft locus'path was marched-
out in a similar manner Yo that for the symmetrical
filwm..

Figs. 7.16 and 7.17 show the resulting shaft locus
paths where allowance was made for the influence of an
oil feed groove situated on the bearing surface.. The
bearing amalysed was the Ferrari big-end bearing which
was shown in Fig. 7.7 with the oil feed neglected. The
feed groove was assumed to reduce the oil film pressure
to zero over the complete axial width of the bearing fof
6° of circumference. In the first locus the 0il feed was
positioned at 30° befére 7.D.C. and in the second at 60°
before T.D.C. From the oil film extent plot for the
ungrooved beéring Fig.715 it can be seen that oil holes
located on the bearing, as opposed to rotating with the
crankshaft, must traverse the pressurised region of the
oil film at least twice in the 7200 operating cycle of
the crankshaft. . With the groove positioned at 60° befors
T.DLC. the groove was coincident with the pressurised oil
film when the c:ankshaft was between the following angles
of rotation; 100° and 2800, 4500 and 660o and ‘710o and
30°. The cycle was repeated from 720°. Fig. 7.17 shows
that there was very little change in the values Qf eccen;
tricity, compared with the ungrooved bearing Fig.711,
for the first two instances but that there was a more

perceptible change for the third éase. ~For the first two
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cases, when the bearing was subject to inertia loading,
the increase in the value of € was <596. In the third
case the Jjournal was in the process of traversing‘across
the bearing under the influence of the gas forces. As
the value of € 1in this third case was at all times less
than 0.60 the change in € was of 1little consequence.

It was found that the occurrence of an oil feed
insidé the pressurised region of an oil film did reduce
the load capacity of a bearing. However, only a small
increase in the wvalue of eccentricity was needed to res-—
tore the wvalue of load capacity ngn the bearing was run-
ning at a value of ¢ of about 0.80. In most cases the
increase was found to be less than 596 of the value of & .
The resulting locus plots were very similar to the un-
grooved case even when an olil hole was allowed to traverss
the pressurised region of the bearing. Hence it was de-
cided that the oil feed hole could be adequately located
by establishing the shaft locus path neglecting the oil
feed, as in Fig. 7.11 and to then position the oll feed
according to the oil film extent plot Flg.Z1l5. The oil
feed was located so that its position occurred outside
the pressurised_region of the oil film for most of the
operating cycle..

Although the occurrence of an oil feed inside the
pressurised region did not apparently increase the valus
of € by more than 5% it would prevent the oil feeding

into the bearing. This would result in a starved bearing
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FERRARI WITH CRANKSHAFT BIL HOLE AT 90 DEGREES

(=]
o

Fig{ 7.18. Shaft locus path of a Ferrari big-end af 9000 r.p.m.

with a 6° o0il feed hole in the crankshaft 90° before T.D.C.
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FERRARI NLTH CRANKSHAFT GIL HOLE AT 30 DEGREES

- Fig, 7.19. Shaft locus path of a Ferrari big-end at 9000 r.p.m.

with a 6° o0il feed hole in the crankshaft 30° before T.D.C.
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c.40
TRICITY

- Fig, 7.20. Shaft locus pati of a Ferrari big-end at 9000 r.p.m.

with a 6% 0il feed hule on the crankshaft 30 after T.D.C.
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and consequenﬁly inba far greater increase in the wvalue
of € , compared with the increase shown by the computed
-results, which assume the bearing was fully flooded at
all times. Hence the computed loci are only valid if
the oil feed was sufficiently well placedAto allow a
fully flooded bearing at all times.

Figs. .18 to 7.20 were plotted to show the very
limited effect on the load capacity of a Ferrari big-end
including a 6° o0il hole on the crankshaft. Only the
inertia loop is shown for the three cases with the oil
hole located at +90°, +50°‘and -500 with respect to T.D.C.
The broken line reprsesents the path of an ungrooved
‘bearing and the solid line the path with the crankshéft
drilling, It can be seen that the value of € varies
by less than 5% in all cases. The inclusion of thé oil
groove led to far greater instability in the predictor-
corrector technique, used for computing the shaft position
at any instant. This caused considerable trouble and
necessitated the locus path values being calculated
evary 2.50, instead of 50, of rotation and also the use
of an under-relaxation factor of 10 instead of 1.5 in
gquations 7.%2 and 7.33. The time per solution for the
calculation of the inertia loop only was increased from
20 secs. of central processing time for the ungrooved
case to nearly 60 secs. for the grooved case. This was
a further reason for suggesting that the position of oil
feeds could be established by using fhe oil film extent
plot calculated for the ungrooved bearing. Both the oil

film extent plot and the shaft locus paths for the inertia
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loops indicate that an optimum position for the oil feed
?osition for this bearing was at about 60° to 90° before

TC DQ C.'
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Chapter 8
0il Whirl

8.1 Introduction

In this chapter two case studies associ ated with
the phenomena of journal bearing oil whirl are described.
The‘analytical approach uses the previously developed
finite element approach‘to determine the behaviour of
vhe rotor. In section 8.2 circular, symmetrical bearings
are considered without the inclusion of oil feed positions.
In section 8.3 the bearings analysed consist of three sec-
tors of 110° arc length each separated by 10° oil grooves.
For both case studies the predictor-corrector technigue
described in the previous chapter was used to ''march-out "
the shaft centre loci.

The method used for finding the boundaries of the
oil film and establishing the load capacity of the bearing
was in all ways analagous to the method of Chapter seven.
However, instead of balancing the oil film load capacity
with an applied external load to evaluate the regquired

instantaneous values_of éR and dR it was necessary to
simultaneously caléulate the instantaneous loading on the
Jjournal. Two types of bearing assemblies were considered,
either with the journal mounted vertically or horizontally.
For a vertical journal the load vector was composed of

two components; the force gensrated by the product of the

Jjournal mass and the instantaneous Jjournal acceleration

and the component generated by the journal unbalance.
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For a horizontal journal there was an extra constant
component generated by the downwards force of the journal
weight.

In the second case study only vertical balanced
journals were considered so that there was only one com-
ponent to the'instantaneous applied load. However, the
béaring consisted of three sectors so that it was necessary
to consider the oil film of each sector separately. The
0il film boundaries and residual arrays were established
for each sub-film and these values were used to find the
cavitation point for each sector. The vector sum of the
load capacities of each sector enabled the instantaneous

load capacities of the complete assembly to be calculated.

8.2 Circular oil films

8.2.1 Outline of the case study

The work of this section was completed to establish
tbét the finite element approach was applicable to the
problem of oil whirl. The analysis undertaken was similar
to that.of Kirk and Gunter (57). The results were com-
pared at all stages to establish the accuracy ,of the
approach coupared with previously computed work. Having
achieved similar results for circular bearings it was
felt to be reasonable‘to analyse the three sector bearings
described in section 8.%. The analysis was completed
using the following bearing data:‘

Bearing length, L = 1.0 ins.

Bearing diaueter, D = 2.0 ins.
/D ratio = 0.5
Bearing radial
clearance, C = 0.005 ins.
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1x1077 lb-sec/in?.

0il viscoscity, M =.

Journal weight = 50 1bs.
Journal unbalance = variabie
Journal speed = variable

In each case the locl was initiated with the journal
centre situated at the centré of the bearing.

8.2.2 Instability of horizontal balanced journal bearings

For this study a horizontal bearing is defined to
be a bearing that has the journal effective weight acting
at right angles to the axial coordinates of the Jjournal.

The force balance equations to be satisfied at any instant

are;

MRy = FI + Wt . 8.2
where,

MR = mass of the journal

Wt = weight of the Jjournal

% = linear acceleration in the x direction

s =- linear acceleration in the y dirsction __ -
EX and FY are the components of the integral of the

oil film force acting along the x and y axes respectively.
¥ = €cos¢ - 2edsing ~ e(d%coss +_¢sing) 8.3

X = &'sin¢g + 284cosd ~ e($?sin - Pcosg) 8.4
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Line of e

centres

Fig. 8.1. Bearing geometry for circular oil whirl.

The oil film force terms for the journal are expressed

by
FI = Py cos. g - P2 sin & ?.5
Fy = Pl sin 4 + P, cos d 8.6
wherey v
' 1 GE . .
P, = RL P cos 0 do dz 8.7
Q GS
P, = RL P* sin © 49 4z 8.8
o J8e
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RGLANCED HORIZONTRL ROTOR. 4000 R.P.M. S o0 LBS.

Fig. 8.2. Journal orbit of a balanced horizontal. rotor

of mass 501bs. at 4000 r.p.m.
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BALANCED HORIZONTAL ROTOR.65G0 R.P.M. ' : 56 LBS.’

- Fig. 8.3. Journal orbit of a balanced horizontal rotor

-~ of mass 501bs. at 6500r.p.m.
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BALANCED HORIZONTAL ROTOR. 1650C R.P.M. 50 LBS.’

Fig. 8.4. Journal orbit of a balanced horizontal rotor .

of mass 501bs. at 10500 r.p.m.
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Oq is the position of the start of the oil film

@E is the position of the end of the oil film

The wvalues of QS and QE’ the boundaries of the
oil film, are evaluated as in Chapter seven. The inte-
grated pressure terms Pl and P2 are functions of €

and ¢ and were derived as equations 7.25 and 7.26

1 G'l (e) + CéRGQ(e) + C€¢.RG3(6) 8.9

av]
]

2 G, (0) * ce, G _(6) + quSRGa(e) 8.10

o
I

The shaft centre loci were produced by solving these
equations at gach instant in time.

Figure 8.2 shows the orbital path of the 50 lbs.
journal when opefating at 4000 r.p.m. Ten cycles of
journal rotation are shown. It can be seen that the
journal has settled to a very small limit.cycle centred
‘about an eguilibrium eccentricity of about 0.3. The
bearing is obviously operating under a stable loading
condition. In Fig. 8.3 the previous run was repeated with
the speed increased to 6500 r.p.m. The 1limit cycle has
increased in size and the bearing was seen to be operating
at a condition that was on the threshold of instability.
The timing marks on the plot are in degrees and these
indicate that the whirl Speeq is approximately half the
rotor rotation speed. TFig. 8.4 shows the shaft with
speed increased further to 10500 r.p.m. The bearing has

now become completely unstable as is shown by the spiral

!
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SALANCED HORIZONTAL ROTOR. 65GC R.P.M. 260 LBS.” -

j
(=)

Figf 8.5. Journal orbit of a balanced horizontal rotor

 of mass 2001bs. at 6500 T.p.M.
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RALANCED HORIZONTAL ROTOR 1G500 R.P.M. 200 ILBS.

1} C.hT C.40
CCENTRICUTY

»Fig.-8.6; Journal orbit of a balanced horizontal rotor

1[00 Ty°

of mass 2001bs..at 10500 r.p.m. .
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BALANCED HORIZONTAL ROTOR:65GC R.P.M. - 18C6C LBS.

Fig. 8.7. Journal orbit of a balanced horizontal rotor

of mass 18001bs. at 6500 r.p.m. -
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motion for the first five cycles of rotation. If the

plot was continued theorbit would reach a limit cycle

and contipue the violent half speed Whirling motion.

For Fig. 8.5 the conditions of Fig. 8.% were repeated
with the shaft weight increased to 200 lbs. These con-
ditions were again on the threshold of stability although
both the size of the limit cycle and the mean position of
the orbit have increased in value. In Fig. 8.6 the speed
was increased further to 10500 r.p.m. for the same 200 lbs.
rotor. The motion was again unstable but it can be seen
that the roto: spirals out more rapidly than for the 50 lbs.
rotor. Figr 8.7 shows the results of increasing the
welght to 1800 1lbs, It can be seen that the motion has
now become more'stable although the equilibrium position
is at a higher value of eccentricity.

8.2.3% Instability of Vertical Balanced Rotors

The bearing configuration studied was exactly the
same as that for section 8.2.2., the only difference being
that there was no longer a constant rotor weight term

acting downwards. Hence equation 8.2 becomes;
MRY = FY 8.11

It was expected that a vertical unloaded journal would be
unstable for the entire range of operating conditions.
The analysis proved this to be correct. The origin of
coordinates was taken as the equilibrium position for
the unloaded bearing. To investigate the stability of

this point the system was given a small initial dis-
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BALANCED VYERTICAL ROTOR 4GCC R.P.M. ’ - 50 LBS.:

T

1
C.60

C.4
ECCENTRICITY

Fig. 8.8. Journal orbit of a balanced vertical rotor

of mass 501bs. at 4000 r.p.nm.
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BALANCED VERTICAL ROTOR'ESGO R.P.M. . 18GC LBS.

]
-
3zsn CWA

7 C.4
ECCENTRICITY

| Fig. 8.9. Journal orbit of a balanced vertical rotor

of mass 18001bs. at 6500 r.p.m.
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BALANCED VERTICAL ROTOR 10660 R.P.M. 1860 LBS.

T T
C.WR3 .

A
ECCENTRICIT

Fig. 8.10. Journal orbit of a balanced vertical rotor

‘of mass 18001bs. at 10500 T.p.m.



placenent from the origin of €= 0.0l and released.

If the system was stable the subsequent motion would
return the Jjournal centre to the origin, otherwise the
orbit radius would grow with time until a limit cycle was
reached. Fig. 8.8 shows the rotor operating at 4000 TaDoeMe
The centre spirals outwards with a path displaying half
speed whirl. The plot was shown for six cycles. It was
found in ref. (57) that after 25 cycles the centre
followed a limit cycle of radius approximately € = 0.65.
The ngxt two plots Figs. 8.9 and 8.10 vwere produced for
the 1800 1lbs. Jjournal at 6500 r.p.m. and 10500 r.p.m. res-
pectively. This Jjournal was stable for the horizontal
position. Both plots can be seen to rapidly spiral out-
wards to establish limit cycles and exhibit violent whirl
characteristics.

~ 8.2.4 The effect of unbalance on the performance of
vertical rotors

In this section the effect of Jjournal unbalance
was investigated by assuming that the journal mass was
situated at a prescribed distance from the true centre of
the journal. This distance, EB’ was defined
dimensionally as a ratio of the beaping_radial clearanéé;

The modified versions of equations 8.1 and 8.1l become,

=
b
[

F_ + M sino? | 8.12

R X

=
;U
~
H

E, + Mge cosaw’ 8.13

where a is the angle of the out of balance vector to

the y axis of the bearing.

228
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UNBALANCED VERTICAL ROTOR-ZGQO R.P.M. - 5C LBS-.

Fig. 8.11. Journal orbit of an unbalanced vertical rotor

of mass.501bs. at 2000 r.p.m., unbalance €5 = 0.2 x c.
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UNBALANCED VERTICAL ROGTOR- 4CCC R.P.M. R 56 LBS.

Fig. 8.12. Journal orbit of an unbalanced vertical rotor

of mass 501bs. at 4000 r.p;m.,-unbalance eB.='O.2 X C.’
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UNBALANCED VERTICAL ROTOR- 40060 R.P.M. - o0 LBS.

k&ﬁx NETCT

Fig. 8.13. Journal orbit of an unbalanced vertical rotor

" of mass 501bs. at 4000 r.p.m., unbalance gg = 0.01 x c.
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UNBALANCED VERTICAL ROTOR .10500 R.P.M. = 4 50 LBS.

Fig. 8.14. Journal orbit of an unbalanced vertical rotor

~of mass 501bs. at 10500 r.p.m., unbalance eg- = 0.01 x c.
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{NBRLANCED VERTICAL ROTOR 4G0C R.P.M. : 56 LBS.

Fig. 8.15. Journal orbit of an unbalanced vertical rotor

of mass 501bs. at 4000 r.p.m., unbalance ¢

g = 0.10 x Cf
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JNBALANCED VERTICAL ROTOR-40C0 R.P.M. : o6 LBS.

G.50

0,83 OhAG
ECCENTRICITY

Fig. 8;16. Journal orbit of an unbalanced vertiéal,rotor

of maéé 50lb5. at 4000 r.p.m., unbalance e, = 0.16 x c.
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Eig. 8,11 shows the initial transient motion of a
50 lbs. journal operating at 2000 r.p.m. with
EB = 0,20 xCcC. This.gondition was equivalent to an un-
balance load of 5.68 pounds at this speed. There was a
small half frequency.whirl component superimposed on the
main circular motion. In time the non synchronous com-~
ponent would disappear as the inner loops increased in
size and the outer.lmxﬁ decreased in size %o produce a
steady state orbit. An increase in Journal speed to 4000
T.p.m. resulted in the greater transient motion of Fig.
8.12. The same behaviour of the inner and outer loops
converging was also observed in the figure. If the un-
balance was réduced to a very small value, as in Fig. 8.13,
EB = 0.01lxc, the motion approaches that of the balanced
rotor. In Fig. 8.1% it can be seen that the‘motion results
in a spiral orbit similar to that of Fig. 8.8. The Jjournal
would eventually establish a limit cycle with a radius of
approximately €= 0.65. If the speed was increased to
10,500 r.p.m., Fig. 8.14, there was an obvious increase
in the rate of growth of the spiral for the same degree
of unbalancse, 'EB =.O.lec.

In the next series of plots the speed was maintained
at 4000 T.p.m. but the degree of unbalance was varied.
In Fig. 8.15 with EB = 0.10xc, it can be seen that the
transient half frequency whirl component diminishes and

the Jjournal path settles to an unstable spiral that would

eventually reach a limit cycle. In Fig. 8.16 the value
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UNBALANCED VERTICAL ROTOR.65CC R.P.M. . 50 LBS.

Fig. 8.17. Journal orbit of an unbalanced vertical rotor

of mass 501bs. at 6500 r.p.m., unbalance e, = 0.20 x c.
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{INBALANCED VERTICAL ROTOR-105GC R-P.M.  5C LBS. ..

Fig. 8.18. Journal orbit of an unbalanced vertical rotor

LI SRV o
-—

of mass 501bs. at 10500 r.p.m., unbalance ¢, = 0.20 X C.
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of €q Was increased to EB = O.l§:<c. The motion was
now just on the limit of stability. The half frequency
whirl was maintained throughout the plot whilst the
extremity of the locus path remained of cénstant size.

The motion with € = 0.20xC was plotted in Fig. 8.12

and this showed a stabilised motion once the transient

half speed whirl had died out.

In the following series of plots the degree of un-
balance was set at EB = O.EOzn; while the speed was prb—
gressively increased. In Fig. 8.17 the speed was set at
6500 r.p.m. The motion was then on the verge of instability
with a constant half speed Whipl component precessing
around the orbit. In Fig. 8.18 the speed was increased to
10500 r.p.m. The motion has become unstable with the
inner laxs both precessing and becoming smaller, indica-
ting the predominant non-synchronous component of motion.
The following conclusions were made with regard to the
stability of the motion of a vertical rotor.

1. The-balenced unloaded rotor was always unstable.

2. TFor low values of unbalance, EB < 0.16xC, the
‘system will exhibit nonsynchronous motion for all
Speeds, _

3. With the unbalance € > 0.l6xC the degree of

| unbalance necessary fo: stabllity increased with
increasing rotor speed.

4, TFor lafge values of rotor_unbalance EB > 0.75xcC
then the resulting orbit will be synchronous for all

rotor speeds. However, stabilising the rotor by the

addition of large unbalance values is undesirable
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0
4

UNBALANCED HORIZONTAL ROTOR 65GC R. o0 LBS.

Fig; 8.19. Journal orbit of an unbalanced horizontal rotor

of mass 501bs. at 6500 r.p.m., unbalance sB'=AO.80 X c.



240

UNBHtHNCED HOR1ZONTAL ROTOR, 10500 R.P.M. 50 LBS.

Fig. 8.20. Journal orbit of an unbalanced horizontal rotor

of mass 501bs. at 10500 r.p.m., unbalance eg. = 0.20 x c.

L LU
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due to the large bearing forces generated.

8.2.5 Horizontal unbalanced rotors

Although various loading configurations were con-
sidered only two are shown here as the effect of the
unbalance vas merely to introduce transient nonsynchronous
motion. The resulting orbits were therefore in many ways
similar to that of thevertical rotor but with the equili-
briumAposition displaced due to the Jjournal weight.

Fig. 8.19 represents the behavipur of a horizontal 50 1lbs.
journal operating at 6500 r.p.m. The unbalance load was
created by €, = 0.80xC. Due to the high degree of un-

B
balance the non-synchronous term is swamped and the orbit

" limit cycle. For

rapid;y moves out to a-"synchronous
Fig.'8.20 the speed was increased to 10500 r.p.m. with

€y = 0.20xC. This motion was also beyond the stability
threshold and was unstable. Omce the transient motion has
diminished the orbit spirals out to a 1limit cycle. It can
be seen that the non-synchronous component is present for
several cycles and is evident by the gradually diminishing
inner loop.

The curves presented here have shown that unbalance
in horizontal rotors will increase the forces being trans-
mitted to the bearing and therefore should be reduced to
the smallest possible value. No advantage, as was found

for the vertical rotor, can be established for the case of

unbalance in a horizontal rotor.



8.3 Case study of a vertical journzl rotating in a
non-cilrcular, Taree sector bearing

8.3.1 The bearing analysed

The work undértaken_for this section was instigated
by a N.A.S.A. contract and was related to the performance
of bearings operating in a space environment. The
bearing was considered to operate in a non-gravity situ-
ation and hence the force equations used were equivalent
to the vertical bearing analysed in section 8.2.3. The

geometry of the bearing was defined by

Bearing length, L = 1.50 ins.
Bearing diameter, D = 1.50 ins.
L/p ratio = 1

Kinimum bearing vector clearance C, = variable
0il viscosity, w = 1.45 x 1077 1lbs sec/in?

200 1bs.f

Rotor weight, Wt =
_ Wt _ 200
Rotor mass, m = =z = 3o % 12 1b m

Rotor speed, w = .variable

0

Rotor unbalance

‘The béaring geometry was of the form;

242
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est . T 4ss
Sectior 1. e

o : _»””w - T SO 10" o1
10 groove P e - - groove

=

10 groove

A and B are difections of externally applied forces.

Fig. 8.21. The three sector bearing geometry.

Each sector was considered to be of 110° arc length and
was divided by 10° feed grooves. The grooves were of
sufficient depth for the pressure to be considered to be
Zero bvér the extent of the grooves. The film thickness
in the unloaded position, with the centres of symmetry

of the bearing and rotor coincident, was defined for
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sector one asy
~
e

hg = C_(1+ (l-cos8)) 8.14

s
where; —550 <8< 550

The wvalue of Hﬁ

to produce vearious bearing profiles.

was varied in the range 0.25 to 4.0

8.%.2 The analysis undertaken

The performance of the bearing was assessed in terms
of the stability of the Jjournal orbit when initiated from
the centre of the bearing. It had been suggested by
Schuller and Andersoh (58), in an experimental survey,
that even in an unloaded condition these bearings should
be stable for certain operating conditions. The bearings
were analysed in terms of the parameters of non—dimensional
mass MR and the non-dimensional speed M ., |

m F, Cm5 R
M, = 8.15

“R Zua LRS

) .
n_ égmgu%r 8.16
PCl Cm

the atmospheric pressure

where, P
a

= 14,5 1bs/in®.

The bearing was analysed for values of MR in the range
0.01 to 100. The radial clearance was set in turn to
four values, (0.70, 1.00, 1.40 and 2.00) x 1077 ins. which
produced values of M of, 0.08%4, 0.5, 2.7, 16 respec-

tively. The value of the speed of rotatvion, Il r.p.m.,
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was-progressively increased from 500 r.p.m. to 10,000 r.p.m.
for esach of the four vslues of clearance, for each bearing
geonetry. In this_survey Hi was set to values of
0.25, 2.0 and 4.0 so that three bearing geometries were
considered.

The rotor was gtarted at a pocition defined by
€ = 0.01 and # = 180.0°, with zero velocity. Schuller
and Anderson (58) had predicted that at low speeds the
rotor would move inwards so that the rotor centre was
exactly coincident with the bearing centre. They pre~
dicted thalt as the speed was increased a point would be
attained when the rotor became unstable and the centre
whirled oubwards. They plotted experimental stability
curves from the results they obtained. In this theore-
tical investigation these predictions were not ''"born out'.
The bearing configuration was found to be unstable over
the entire range of bearing mass and speed combinations
for all three geometries analysed. To show the type of
results attained shaft locus plots are presented for one
bearing configuration.

The bearing geometry employed was that generated

with H set to 2.0 and <3m to 0.0007. This shape pro-

L
duced a value of ;R of 0.08%, which was supposedly
stable up to a value of M of about 22. The values of
eccentridity plotted in the following figures were evalu-
ated in terms of the minimum sector clearance, Cm .

Hence, at a value of € = 1,00, the rotor would only
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‘Fig. 8.22. Rotor orbit of an unloaded, balanced rotor at.

1000 r.p.m.
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Fig. 8.23. Rotor orbit of an unloaded, balanced rotor at

3000 r.p.m.
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Fig. 8.24. Rotor orbit of an unloaded, balanced rotor at -

7500 r.p.m. o o



249

touch the bearing surface at three points.

Figs. 8.22 to 8.24 show the resulting shaft loci
‘when the bearing was operated at.rotational speeds of
1000, 3000 and 7500 r.p.m. respectively. The related
values of ' were 7.2, 22 and 54. From the timing marks
on the plots it can be seen that the rate at which the
rotor sbiréls outwards increases with decreasing rotational
speed. All three plots clearly show the influence of the
three sector shape of the bearing. The outward spiral
motion has at three positions a converging tendency super-
posed on it. The three ''cornmered effect ' of the spiral
was more nobticeable at higher wvalues of speed and eccen-
tricity. The plots suggest that although the three sec—
tors do tend to stabilise the bearing performance, the
influence is insufficient for the bearing to operate in
an unloaded, vertical condition withouv other stabilising
factors. 1Two types of influence were investigated;
1) a constant unidirectional load,
2) rotor unbalance.

The same bearing geometry as before was,considergd
at two rotation speeds of 3000 and 7500 r.p.m. Figs. 8.25
to 8.30 show the effect of gradually increasing thé value
of a constant load in direction A, Fig. 8.21, at a rotation
speed of 2000 r.p.m. The load was expressgd as a function
of the weight, W&, of the rotor. In Fig. 8.25 the value
of the load is Wt/100. The resulting spiral plot was

very similar to that of fhe unloaded rotor, Fig. 8.23.
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Fig. 8.25. Rotor orbit of a balanced rotor at 3000 r. p.m.

with a load of Wt/lOO in direction A.
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- Fig. 8.26. Rotor orbit of a balanced rotor at 3000 r.p.m.

with a load of Wt/25 in direction A.
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Elg. 8.27. Rotor orhit of a balanced rotor at 3000 r.p.m.
W1th a load of Wt/20 in direction A.
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“Fig.'8;28. Rotor orbit of a balanced rotor at ‘3000 r.p.m.

with a load of Wt/15 in direction A.



254

"AD 0.4 5,20

ECCENTRICITY

?,_____,—~—””/////

AFig. 8.29. Rotbr_brbit'of a balanced rotor at 3000 r.p.m.

with a load of Wt/10 in direction A.
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Fig, 8.30. Rotor orbit of a balanced rotor at 3000 r.p.m.

with a load of Wt/6 in direction A.
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However, the rate at which the rotor spirals outwardé
was increased and the entire plot was displéced in the
direction of the applied load. In Fig. 8,26_the load
was increased to Wt/25. Compared with Fig. 8.25 the
rate at which the rotor spirals outwards decreased but
the displacement in tbe direction of the applied load
increased. For Fig. 8.27 the load was increased to
W5/20 and for Fig. 8.28 to Wt/15. In both cases the
displacement was increased with increasing load. However,
although Fig. 8.27 showed a very slow outward spiral
motion Fig. 8.28 displayed a small stable limit cycle.
When the load was increased further the displacement was
increased further but‘the size of the stable limit cycle
was decreased. Fig. 8.29 was produced with the load
equal to Wt/10 and Fig. 8;36 with a load of Wt/6. Above
this value of applied load the rotor moved directly out
to a value of eccentricity greater than 1.00. The same
tendency was found at all rotor speeds. The motion be~
came more stable with increasing applied load, until a
small stable limit cycle was attained. The displacement
of the plot in the directioh of the applied load increased
with increasing value of the load. The higher the rotor
speed the higher the wvalue of load needed to establish
the stable limit éycle and also the higher the value of
applied load that the bearing could support before the

rotor attained a value of eccentricity greater than 1l.0.
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Fig. 8.31. Rotor Urblt of a balanced rotor at 7500 r.p. m._.

with a load of Wt/8 in dlrectlon A.
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Fig. 8.32. Rotor orbit of a Balaﬁced rotor at 7500 r.p.m.

with a load of Wt/4 in direction A.
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Fig. 8.33. Rotor orbit of a balanced rotor at 3000 T.p.m.

with a load of Wt/25 in direction B.
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Fig. 8.34. Rotor orbit of a balanced rotor at 3000 r.p.m.

with a load of Wt/8 in direction B.
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Fig. 8.31 shows the plot for a rotor at 7500 r.p.m.
with an applied load of Wt/8. The plot still displays
unsfable whirl although at the lower speed of 3000 r.p.m.
stability was attained with a load of only Wt/10. Fig.
8.32 shows the plot for the lowest value of load that was
found to be stable. This was produced with an applied
load of Wt/4. At this speed the bearing was found to be
stable until an applied load of Wt/2 was employed. The
rotor then achieved an eccentricity greater than 1.0.

The next series of plots was made with the load
applied in the reverse direction, i.e. direction B in
Fig. 8.21. The same general trends were found as for the
applied load in direction A. However, the shape of the
displaced whirl patterns or limit cycles, depending on
whether stability had been achieved, were different. This
was due to the aprlied load displacing the rotor path into
a different clearance shape. The first case displaced the
rotor directly towards a feed groove and area of maximum
clearance. The second case displaced the rotor towards
a convergant—divergeht area of ninimum clearance. It can
be seen that in the §econd case the final result was for
the rotor centre to move into an area of maximum olearance;
This was due to the combined effect of the applied logd
and the influence of the bearing geometry. _In Figs. 8.33%
and 8.3%4 the rotor was operated at 3000 r.p.m.‘with an
applied load of Wt/25 and Wt/S8 respectively. The first
plot shows an unstable whirl pattern and the second shows

a stable limit cycle. The onset of a limit ecycle pattern
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Fig; 8.35. Rotor orbit of a balanced rotor at 7500 r.p.m.

with a load of Wt/6 in direction B.
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Tig. 8.36. Rotor orbit of a balanced rotor at 7500 r.ﬁ.m.

with a load of Wt/S,in directidn B.



264

was found to be with an applied load of Wt/10. This
behaviour was continued with increasing load until the
load was equal to Wt/6. For values of load greater than
this}tbe rotor ran at a value of € greater than 1.0.
Pigs. 8.35 and 8.3%5 were produced at a rotor speed of
7500 r.p.m. with applied loads of Wt/6 and Wt/3 res-
pectively. The fi?st plot shows the rotor path when the
motion was just unstable and the second vwhen a stable
limit cycle had been achieved.

It was found that the load required for the onset
of stability and the maximum load capacity of the bearing
were similar for both directions of applied load at all
rotor speeds. However, the shape of the stable limitp
cycle was different for the two load directions analysed.
It was concluded that this type of bearing shape could be
stabilised by applying a specific constant load in any
direction. The size of the load required was dependent
on the rotational speed.

The bearing was alsd run with the rotor subject to
varying degrees of unbalance. The unbalanqe was defined,
as in the circular bearing study, section 8.2.4, by assu-
ming that the rotor mass was situated at a prescribed dis-
tance from the true centre of the rotor. This distance,
€, Was defined Ydimensionally as a ratio of the bearing
radial‘clearance, Cm.' Very little advantage could be
found ffom adding unbalance to this bearing configuration.

In nearly all cases the bearing was found to move outwards
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Fig. 8.37. Rotor orbit of an unbalanced rotor at 7500 r.p.m.

witﬁ'én uhbalance of €eg = 0.14 x Cm.
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in an unstable spiral. TFor a very narrow range of un-

balance at each valiie of rotor speed it was possible to

produce a plot similar to Fig. 8.37. This plot was pro-
duced at 7500 r.p.ﬁ. with EB = O.lé—x:Cm . The rotor
motion can be seen to have sebtled to a large limit

cycle displaying a pronounced ''three cornsred influence'.

At lower values of €g the motion was an unstable spiral,

at higher values the rotor attained a value of &£ in

excess of 1.00.

It was concluded from this analysis thatb;

1) The bearing in an unloaded vertical condition was
unstable over the entire range of non-dimensional
speeds and masses analysed.

2) The bearing could be stabilised so that the rotor
followed a small limit cycle by applying & constant
load in any direction.

3) The size and shape of the limit cycle was dépendent

| on the direction of the applied load.

4) The load’capaﬁity of the bearing increased with in-
creasing rotor speed.

5) The applied load reguired to stabilise the beariﬁg
increased with increasing rotor speed.

6) The application of rotor unbalance was of 1little

advantage and resulted in a large limit cycle if

stability was achieved.



Chaptexr 9

Conclusions and Summary

9.1 Results achieved

The results shown in this text demonstrate that
the primary aim of the research has been attained. A
method has been derived for producing the shaft centrs
loci of a dynamically loaded bearing. This method satis-~
fies the design criteria that the results are produced
using approximate techniques of rezsonable accuracy.
This enables the loci to be obtained in the same tims as
existing approximate methods. However, the generality
and the accuracy of the method are similar to that of
two-dimensional finite difference techniques. In the
development.work assbciated with the project a two-
dimensional finite difference programme was developed tp
establish standard results for steadily loaded bearings.
From the results obtained it was possible to derive an

approximate expression for the axial pressure profils.
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This profile technique was used to develop & one-dimensional

finite difference approach for steadily loadsed bearings..

The progranmes as developed use the assumption that

the viscosity of the oil is constant throughout the

operation of the bearing. The value of the viscosity used

is that quoted by the manufacturers for the oil at the

running'temperature of the engine. However, the frictional

work generated in the bearing, which is dissipated as heat,
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and the oil leakage that removes the heat are both cal-
culated. From thesé figures it would be possible to
calculate the temperature rise for the oil flowing through
. the bearing. The value of fhe temperature rise would
enable a more accurate value of the viscosity to be cal-
culated. This could then be used instead of the original
value based on the average engine temperature and the
calculations could be repeated.

As secondary areas of research the two types of
finite difference programmes were used to investigate
various features of the bearing geometry. Results were
presented showing the effect on the bearing performance
when these features occurred within the pressurised fegion
of the oil film extent. The design featurss considered
were, 0il feed holes and grooves, reliefs and chamfers.
Further results were presented showing the effect of the
surface finish on the bearing performance.

The results from the first part of the research pro-
ject led to the finite element approach. The development
of this technique has been outlined and the results for
steadily lbaded bearings compared with those attalned by
finite difference processes., The subsidiary programme
used to calculate the polar load diagram for big-end
bearings was desgribed and'two examples of loading diagrams
were illustrated.

The finite element approach was applied to.these

diagrams and the shaft centre loci were produced. The
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mathematical techniques used to ''march out ' +the loci
‘Were described. A ¢ase study is given for the shaft loci
including the effect of an oil feed hole. The position of
the oil hole is vafied and the effect on the loci can be
clearly seen. The finite element approach was also applied
to the problem of oil whirl. Two case studies were under-
teken. The first study outlined the performance of cir-
cular bearings blaced in both vertical and horizontal con-
figurations when operating with either balanced or unbal-
anced rotors. The general behaviour of heavy rotors be-
comes readily apparent from this work. The second case
study described the analysis of a non-circular, three
sector bearing. Stability maps were drawn for the bear-
ing to show the‘effect.of varying the bearing geometry.
The difference in performance compared with the normal

circular bearings was very pronounced.

9.2 Curfent and Future Work

The last case study discussed is currently being
extended to analyse further three sector bearing profiles.
The basic sector shapes being analysed,‘though of 110°
length, are different in that for the unloaded position
the first has sectors that produce a convergent clearance
space for 60° and a divergent shape for 440, whereas the
originél shape was symmebtrical about the sector centre
line. The second shape produces a clearance space that
is convergent for the compléte 110° of arc. The resulbs
of this research should provide useful comparisons between

the merits of various three sector configurations.
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The developed programmes are noﬁ in a reliable>and
usable condition and have been proven for several applica-
tions. It would be reasonable to accept the current pro-
grammes as the starting position for further prdjects.

In the area of rigid geometry and constant viscosity
it has been shown to be relatively easy to znalyse various
bearing shapes allowing for such geometric features as oil
feeds. The relative merits of the designs could then be
determined. The programmes could also be used in conjunc-
tion with a stress analysis programme to simultaneously
compute the distorted shape of the bearing at any instant.
It would be possible to produce a shaft centre locus by
iterating between the two programmes and hence produce a
more realistic fepresentation of the actual shaft motion.
By relating the frictional'work generated in the bearing tq
the 0il flow it would be possible to include the variation
‘in the oil fiim viscosity. This introduces a further
variable and the simultaneous inclusion of these results
in the calculation technique involves further iterations
to solve for the motion at each instant in time.

The programmes as such do, however, provide a very
powerful tool that has been developed to a considerable
degree of accuracy and speed. It 1is left to future re-
searchers to combine this approach with stress analysis or
energy-balance programmes to remove some of the currenf;y

imposed restrictions on the conditions being considered.
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A.1. Derivation of the dynamic form of Reynolds’ Equation

for the multi element approach.

Starting with the standard form of Reynolds’ Equation given

by equation 6.6.

32 P% +33£13P’§—3§_P:=_3_‘_1=(
962 38 h a6 8 B h3 26
where P = P, nR

C

U= Ry + cesind - ce¢coso
V, = c€cosd + ce¢sineg

U = cecosb + ce¢'singd
36

This 1s rewritten with respect to ¢ for regime B

3°Pg + 3a AR’ - 3P = g'l
36 2 36 B g h3

where 3h / = a
26/

36

This is then expressed in terms of the differential

parameter D.

=

|

(D2+3aD-3§ Pe =81 [6U 3
B g h3 3

(o]

3aé
§ =6 - 7 for regime B,

hence expressions A.2. become

U = Ry + cesin(nw +S) - cegcos(m +§)

V, = cécoé(w + §) + ce¢sin(m + §) }—
hence, '

U = Rw - c£siné + cedcoss

<

o =-CeCOS§ - ce¢sing -

dU = -cdcoss - cedsins
R

3

e

+ 6h 3U +12V R

C

(6U ah +12V,R + 6h 3U
' 9

)

6U 3 + 6h 3U + 12V, R

C

)A.l.

A.4,

A.S.

A.6.
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Equations A.4. and A.6. are combined;

(D2+ 3aD - 38\ P = g'6 aRw- acesiné + ace¢coss
B E b2 e205
- CE€CO0S§ - ce¢sing + 2R (- ce€coss -~ Ce$sin6)] A.7.
cbe®s

_For regime B this becomes

D? + 3aD - 3B\ B = -8' 6 - aRuw + cé('a siné+ coss
B B DbZeze6 ,
+ 2R cosé - ced' [ a coss - sins - 2R sinsé A.8.
Chese cbews |

Equation A.1l. is also rewritten with respect to § for

regime A to produce equation A.4.

However, & = 7 - 6 and U = -U so that expressions A.2.
become
U= -(Re + cesin(r - §) - cegcos(r - §) )] -
V°‘= cecos(n - §) + Ce$éin(j - §) }— A9
hence, |
U = -Ry - c€siné - ce¢coss
Vo, = ~cecosé + cedsiné A.10.
3U = -cécosé + ceg¢’sing
36
For regime A equations A.4. and A.10. are combined;
(D2 + 3aD -_3@) Pl = -g'6 aRo + ci( a siné + coss$
B B bZezF
+'2§_*~_cosa) + Ce&( a cosé - siné - 2R sins ) ] A.11.
cbecs c bed® .

These are the forms of Reynolds’ Equation used in the

finite element approach.'
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A.2. The derivation of the particular integral and the

complementary function of the dynamic equations A.8. and

A,11.

The function 1

operates on each of the

(D2 + 3aD - 3

a

terms on the right hand side of these equations. To obtain

the particular integral it is necessary to evaluate the

following factors.

38
(a) 1 629  ging = -g2%¢ (1 + 2a®2+ B)sins
(D2-+3aD-3§) - (L + 2a%+ 38)2 + a2

8 B

- a C'O'Sc‘i] A.12.

These are derived from Dwight (53) p.135. The component

functions were used several times throughout the computer

programme and were stored as constants or arrays.

UB = (1 + sg) ]
B
UA; = [1 + 2a;2 + 33)
B |
UC~, = UA;2 + ai2
UD; = UB® + 9a; - |

Hence A.12. becomes

....... 1 .o . e_zqs

sing
(D2 + 3aD - 3B
B
Similarly;
(b) ...... 1 ...... e—zué‘ FCOSG
D2 + 3aD - 3§ '
g
(C) ..... 1 e—3q6 COS(S

(b2 ¥ 33D = Sgﬁ
8

= 'v_.e-zué’ (

A.13.

A.14.

UA; siné - a cossé
UucC;

uG;

_e—zué"(

= -g39d (UBCOSS + 33 sina> A.16.

UA; coss$é +‘a‘sins) A.15.

D,
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(4) - 1 638 sing = -g°° (UB sin§ - 3a coss§\ A.17.
(D2 + 3aD - 3B UD;
: B
(e) 1 €2 Ry = -62?° Ru ' A.18.
(D2 + 3aD - 33) (Zaa2 + SE)
8 . 8

The values expressed in equations A.14. to A.17. are

further stored as arrays;

ZA; = UA; siné - a cos$ ]
ucC;
ZB; = UA; cosé + a siné
UCi . Aolgo
ZC; = 3a; sins + UB cos$é
UD;
ZD; = -3a; coss§ + UB sinsg
UD;

The particular integrals of A.8. and A.11. can be expressed

as;
g'6 -a; Rw + ce [ a; ZA; + 2R ZIC; + ZIB;j
B bi2 28l (2&;2 + 3'_8—_) EE; edid
B
_ce¢ [a; ZB; - 2R ZID; - ZAq A.20.
cb; e%i _
and
§_16 +a; Rw + ce [a; ZA; + ZB ZC; + 1B;
B b‘,2 e2di s (Zaiz + 35) C Bi CHY )
B
+ ce¢ [a; ZB; - ZA; - 2R ZD; |\ | A.21.
, c b; evis
Putting
2G; = & ZA; + 2R IC; + 7B; : A.22.
c b; et
ZH; = a; ZB; - 2R ZD; - ZA; . A.23.
Cc b; efi
7F, = ajRe | | A, 24,

Zaj? + 38
[ )



ZE; = §1 6
B bi2 e2aq; ¢

From equations A.20. to A.25. the particular integral of

equation A.8. for regime B is

P* = ZE; (- ZF; + céiG; - cedZH;)

<
and for equation A.11l. in regime A is
PX = ZE; (+ IF, + c€ZG, + cedZH;)

The complementary functions are found from

(D2 + 3aD - 35) PX = 0
B

Hence the complementary function for regime A is

Py = A; e*i% + B, ec®iS

where CA; = -~ 3a; + CX;
2
CBi = - 38.'; - CX,
2
CX; = /9a2 + 128
B

Similarly for regime B the complementary function is
given by

P¢ = C;e%i% + D, e°8i¢

The complete solution for regime A is found by summating

equations A.27. and A.28.
Py = A; %% + B, €% 4 ZE, (ZF; + céIG; + cedZH;)
For regime B equations A.26. and A.29. are added.

P: = C;eCAid + DieCBid' + ZE, (- ZF, + CéZG; - CE(IJ.ZHi)
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A.25.

A.26.

A.27.

A.28.

A.29.

A.30.

A.31.

Equations A.30, A.31 are general equations that apply over

the complete extent of each element. It is intended to

equate the pressures at the element boundaries for adjacent

elements. Referring back to Fig. 6.3 the equations for the
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pressure; A.30 and A.31, are made specific relative to the
element boundaries. Cénsequently a pressure equation is
formed for each of the upper and lower boundaries.

At position j = m, § = é&m,

and at j =m + 1, § = ém + 1.

Both are for regime £ = m so that the constants involved
are a, and b_ . The arrays defined earlier ZA;, ZB;, ZC;,
ib;, ZE;, ZF,, ZG;, ZH;, are all defined at the lower
boundaries with § = Sm. Equivalent arrays are formed for

each of the upper boundaries with 6§ = ém + 1.

Hence equations A.30 and A.31 refer to the lower boundaries

of the elements. For the upper boundaries the equivalent
equations are: |

Pe = A; €M% 4+ B &M% + YE, (YF, + céYG, + cedYH;) A.32.
P = C; %" 4 p ™% YE, (- YF, + c€YG; - cedYH;) ©  A.33.
where YA, YB,, YC,, YD,, YE, , YF, , YG,, YH, , are

equivalent to ZA, but are evaluated for § + 1 as opposed

to ¢; . ‘

For convenience it was found necessary to define new arrays:

QAi = eCAiGi s
QB, = &Bifi
QD, = &*isit!
[}
E. = eCBisi'1 .
QE, __ A.34.

QC; = ZE; (ZF; + c€ZG; + ce¢ZH;)
QF; = YE; (YF; + céYG; + ce¢YH,;)
QG; = ZE; (- ZF, + céZG; - cedZH;)
QH;

YE, (- YF;, + ceYG, - Ceq;YHi)
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Hence A.30 to A.33 became

Py = A;QA; + B; QB; + QC; ' A.35.
P = A;QD; + B;QE, + QF, - A.36.
P = C;QA; + D;QB;, + QG; A.37.
P = C,QD; + D;QE; + QK A.38.

These are the elemental equations for pressure at the

element boundaries.
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A.3. The derivation of the expressions for the pressure

gradient at the element boundaries.

From equation A.35 the pressure at the lower boundary of
an element in regime A is defined by
Py = A;QA; + B;QB; + QG .

Hence the pressure gradient at this point is

3_Rq_x = A| BQH, + B‘ BQBi + BQC, A-Sg.
36 36 36 ad ' _
3QA; = CA; €% = CA,QA, = QI; A.40.
36
Similarly
3QB; = CB; QB; = QJ; | A.41.
R
BQD; = CA;QD; = QK; | ' A.42.
ad ‘
3QE; = CB; QE; = QL; : A.43.
36
a_(_{(QC‘) = ‘g_g_ [ZEl (ZFx + CE.ZGi + CEd).ZHi )J
3 3
9 _(QC;) = 3 (ZE;) (ZF; + c€IG; + ce$ZH;) + LE; (3 _(ZF)
s 36 R

+ ce 9 (ZG;) + CEK_Q_(ZH;)\ A.44.

36 : R :

Each of these terms in equation A.44 is differentiated below.

aé a6 | B Bﬁ 82%5\

3 _(ZF;) =0

36

A_[ZGi) =23 fa;ZA; + 2R IC; + ZB;

38 38 c b;ess

ZI; = iﬁ(ZG') = (a; ZB; - ZA; - 2R (ZD; +,a;ZC;))
g cb; e®id

N
o

i
QO
FannY
. o3
P
P
| -

n

- a,ZA; - ZB; - 2R (IC, - a,ID.)
: » CBAGMS !
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Hence A.44 becomes

3 (QC,) = - 2a;ZE, (ZF; + c€2G, + ce§ZH,;) + ZE, (céZl,
26 '

+ cedld,) | A.45.

e
=
]
UL
—
2
(]
—
1

in[ - 2a; ZF, + ce@; - 2a;ZG;)

+ ce¢(Z; - 2a;ZH;)] A.46.
Hence cquation A.39 for the lower boundary of an element

in regime A becomes

3P¢ = A;QI; + B;QJ; + QM o A.47.
24 )

The other equations defining the pressure at the element

boundaries are differentiated in a similar way. Hence the

differential of equation A.36 is

aP¢ = A; 3QD; + B; 3QE; + 3QF, | A.48.
3% 36 36 35

3 (QF,) = 3 (YE;(YF; + CEYG; + cedYH;)
38 35 \
This is solved in the same way as equation A.44 and hence

becomes;

QN; = 2 (QF;) = YE, [- 2a,YF; + c(YI; - 2a;YG;)

ad

v ced(YT, - Za,YHi)] | A.49.
where,
YI,. = a; YB; - YA; - 2R (YD; + a;YC;)
| cb; e9id;*!
and ' [ A.50.
YJ; = - aiYA; - YB; - Z.._R (YC, - a;YD;)

cb;ea;5 A

Hence equation A.48 for the upper boundary of an element

in regime A becomes
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aP{ = A.QK, + B;QL; + QN, A.51.
36 .

The differential of equation A.37 is

a (P) = C,2 QA, + D 3 QB; + 3 QG, | A.52.
36 24 3é 38
where,
3 (Q6;) = 3 [ZE,(- zF; + c€LG; - ce$ZHi)]
38 36
Q0; = 3 _(QG;) = ZE, [ZaiZFi + ce(ZI; - 2a; ZGy)
36

- ce¢(2d; - ZaiZH;)] A.53.
Hence for the lower boundary of an element in regime B

¢ = C;QI; + D;QJ; + QO; A.54.
98

From equation A. 38

3P = C;3 QD; + Dj3 QB; + 3 QH; , A.55.
36 36 36 36 -
where,

QP; = 3 QH; = YE; [ZaiYFi + cE(YI; - 2a;YG;)

EE) ‘
- ced'(YZ; - ZaiYHi)] A.56.
Hence for the upper boundary of an element in regime B
g@g{ = C;QK; + D;QL; + QP ' | A.57.

Equations A.47, A.51, A.54, A.57 represent the pressure
gradient at the lower and upper boundaries of the elements

in the two regimes.
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A.4. The formation of the residual equation and the element

coefficients.

From equation 6.64 the elemental equation at the start of
the o0il film is given by;

A, = - (BSQEi+ QFS) A.58.
: QD

The pressure at the lower boundary of the element is from

equation A.35.

Py = A,QA, + B,QB, + Qc; A.59.
The pressure at the uppef boundary of the next element is

from equation A.36.

P/ = A,,QD,.; + B, ,QE., + QF,., A.60.
The pressures are equated at the element interface, hence

A,QA, + B,QB, *+ QC, - A,.,QD,, - B, QE,.; - QF,., =0  A.6l.
The pfessure gradients are similarly equated from equa?ions
A.47 and A.51.

AQI, + BQJ, + QM, - A, _,QK,_, - B, QL ., - QN,_., =0 A.62.
Equation A.60 is now substituted into equations A.61 and

A.62 to eliminate A_. Hence A.61 becomes

RB

RB, = B,RA, - A__,QD,_, - B, ,QE,_, A.63.
and A.62 becomes '
RD, = B,RC, - A,.,QK, , - B, ,QL,, | A.64.
-where |
RA, = QB, "QBégﬁs A.65.
D
, = QF,., - QC, +QF0A, | A.66.
s
= QJ; -‘QE; T; A.67.

RC,

s
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RD, = QN,_, - QM, + QF.QI, A.68.

S
Equations A.63 and A.64 are now combined to eliminate B,.
Hence,

A, ,=|-B, (QL..,RA, - QE._,RC,) + RB.RC, - RD,RA, | = A.69.
RAS_" QD5-1 RCS

: Ks"

The coefficients for the element next to the starting
element have now been related to the starting position.
The same procedure of equating the pressure and pressure
gradients at the element interfaces is continued around
the bearing to generate the.arrays RA,, RB;, RC;, RD;for
i=s-> 2. |

Once the starting values of the arrays with i = s
have been found by the method as above, the remaining terms
are evaluated from the following recurrence formulae.

For i = (s - 1) » 2

RA; = QB; - (QL;RA; ., - QE;RC;.,) QA; A.70.
(QK; RA; .,y - QD;RC;,, )
RB, = QF,., - QC; -[ RB;.;RC;.; - RD;.,RA;.; | QA, A.71.
QK; RA; ., - QD;RC;.,
RC; = QJ; -[QL;RAi.1 - QE;RC;.q ]QI; A.72.
QKiRAio'l - QDi RC;,,
RD; = QN;.y - QM; -] RB;.sRCj.1 - RDiotRAio1]Qj:i A.73.
QK;RA; ., - QD;RC;.q .

Ai = - FB'i.('QL'iRA'iof - QE,’RC;.1) + RB;.1RCE‘1 -~ RDi.1 RA;.‘[ Ao74.
RAi,1 - QDIRCi’l

For i = s » 2,

=
=
[}

B;RA;, - A;.4QD;-.1 - B;j.1QE;-, A.75.

=
)
]

i = BjRC; - A;,QK; .4 - B ¢QL;., | A.76.
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At the lower boundary of thefirst element of regime A the
adjacent boundary is the lower boundary of the first element
of regime B. The pressures can again be equated. Hence

from equations A.35 and A. 37,

PJ = A,QA, + B,QB, + QC, A.T77.
P = C,QA, + D,QB, + QG, A.78.
A,QA, + B,QB, +QC, - C,QA, - D,QB, - QG, =0 A.79.

However, the sign convention of the two regimes is both

positive outwards, hence the pressure gradient of regime

A is the negative of the pressure gradient of regime B.

Hence from equations A.47 and A.54,

A, QI, + B,QJ, +QM, = - (C,QI, + D,QJ, + QO,) A.80.
The values of the arrays RA; etc. for i = 1 are theref&re

found from;

RA, = QJ, - (.QL1RA; - QE,RCa) QI, ‘ ’ “A.81.
QK1 RAz - QD1 RCa
RB, = - Q0, - QM, - (RB;RCQ’F'RDZRA2> Ql, A.82.
QK,RA, - QD, RC,
RC, = QB, - (QL1RA2 —’QE1RC2\ QA, A.83.
QK,RA, - QD, RC,
RD, = QG, - QC, - /RB,RC, - RDZRAZ} QA, A.84.
QK,RA, - QD, RC, ,
hence, |
C, = = D,(QB, RA;* + QJ, RC,) + RB,RC, '~ RD, RA, A.85.

QA SA, + QI, SC,
For the remaining elements in regime B the elemental
equations for the pressure and pressure gradient are
equated as for regime A. The equivalent residual arrays

SE; , SF,, SG;, SH; are formed for each element of regime B.



For 1 = 1,

SE,

]
L2
tr
1

QB, RA, + QJ,RC.\ QD,
QA1 RA1 + QI1 RC1

SF, = QG, - QH, - {RB,RC, - RD,RA,\ QD,
QA RA, + QI,RC,

SG, = QL,

1

QB,RA, + QJ,RC,} QK,
QA1 RA1 + QI‘I RC‘I

SH, = Q0, - QP, - /RByRC, - RD,RA\\ QK,
QA,RA, + QI4RC,

and for 1 2 > n, (where n is the number of elements in
regime B),

SE; = QE,

’(QJ:'SE’;'-1 - QB,SG;_,\ QD;
QI;SE;-y = QA;SC, )

SF; = QG;,y - QH; - [SF;4 SG;.y - SHiw'SEf-1) QD;
' QL; SE;., - QA;SG; .,

SG;

It
1

QL;

(QJ;SEi.1 - QB;SG;;,) QK;
QIiSEi-“ - QAiSGi-‘I

SH; = Q0;., - QP; - (SF;_,S8G;_.; - SHi-1SEi-1) QK;
QL; SEj.y = QA;S5G;.;4

For i = 2 + n

C; = - D;j(QJ;SE;.s - QB;SG;.,) + SF;.8G;., - SH;.; SE;.,

QL; SE; ., - QA;SG;
Hence at the element interfaces for i =1 + (n - 1)
SF; = D;SE; - C;,,CA;., - D;.,QB;,,
D;SG; - C;.1QL;., - D;.,QJ;.

%2
ga
I

At the end of regime B the upper boundary of the last

element is adjacent to the upper boundary of the last

284

A.86.

A.87.

A.88.

A.89.

A.90.

A.91.

A.92.

A.93.

A.94.

A.95.
A.96.

element of regime A. At this boundary the pressure gradient

of one element is equated to the negative of the pressure

gradient of the other. This is exactly the same procedure

as at the previous inter-regime interface. The residual

;
i
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arrays RA;, RB;, RC;, RD; are then determined from i = n
to 1 = s in the same étyle as before.

The residual arrays are used to link together the
coefficients of each element. The cavitation point is found
by the method described in section 6.5 p.158. The cavitation
coefficients C_, D. are then evaluated. It is necessary to
relate the coefficients of the adjacent element to these
values. This is achieved by using the recurrence formulae

equations A.96 and A.94.

D, = (SH; + C,,,QI,., *+D;QJ;.,) A.97.
SG;
C, =-D;(QJ;SE;.y - QB;{S8G;.4,) + SF;_,SG;., = SH;.,SE;_, A.98
(QL; SEj.y — QA;SG;.,)

This enables the coefficients for all the elements of
regime B to be evaluated. At the inter-regime boundary,
equations A.79, A.80 are used to form an expression for A,
and B, in terms of C, and D,. Hence,
, = [2€,QA,Q1, + D,(QB,QI, + QJ,QA,) + QI,(QG, - QC,)
+ QA,(QM, + QO, ):,/[_QB1QI, - QJ,Q4,] A.99.
A, = (C,QA, + D,QB, + QG, — B, QB, —Q(:,)/QA1 . A.100.

The remaining coefficients for regime A are found by the

B

recurrence formulae A.75, A.74 in a similar manner to

regime B. .
Bio= (RB, + A, QD + B, ,QE.,) /R A.101.
A, = < B, (QLRA;., = QE;RC;,;) * RB..; RC;,, — RD;,, RA;,,  A.102.

QKiRAio1 - QDiRcio1
These coefficients are then substituted back into the elemental
expressions for the pressure to determine the bearing pressure

profile.
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A TRACTABLE SOLUTION FOR MEDIUM-LENGTH JOURNAL
BEARINGS :

P. SHELLY axp C. ETTLES
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{Received June 16, 1970)

SUMMARY

The numerical methods conventionally used for the solution of pressure in
journal bearings can be too lengthy for some applications. By making reasonable
assumptions for the pressure profile in the axial direction, it is possible to treat the
regime in terms of an ordinary differential equation and solve for the load capacity.
These results for load capacity are compared with Ocvirx and conventionally com- .-
puted finite difference solutions. The difference between the present semi-approxi-
mate method and the normally accepted computed values is shown to be negligibly
small. The suggested theory shows considerable saving in computer time when -
evaluating pressure fields and has applications in the study of whirl, dynamic
loading, bearing distortion and thermohydrodynamics.

NOMENCLATURE

oil viscosity, .

film thickness, ¢(1+¢ cos 0),

RO, circumferential coordinate,

axial coordinate, '

length of bearing,

bearing radius,

tangential surface velocity of shaft,

eccentricity of the shaft relative to the bearing centre,

radial clearance, '

diameter of bearing,

centre line pressure,

oil pressure,

power for axial pressure distribution,

angular coordinate from the position of maximum film thickness,

(RIL)2, '
B’ weighting functions due to ¢,

3(0h/c0)/h.

Wear, 12 (1970) 221-228
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) INTRODUCTION

The most precise way of establishing the performance of journal bearings is by
solving ‘the oil flow equations derived from the three-dimensional Navier-Stokes

_ relationships. Although this is now possible using numerical techniques, the computer

cost involved can be prohibitive, particularly if allowance is made for variable oil

- properties and the flexibility of the bearing housing. Due to the complexity and ex-

pense of obtaining a “full” solution it is current practice to adjust approximate
methods to obtain the relative performance of bearing designs.

ACCEPTED APPROXIMATE METHODS

For steadily loaded bearings, the oil flow characteristics are normélly Te-
presented by the appropriate form of the two-dimensional Reynolds equation

2

0z

127 Oz

0 (}z" aP) 0 (1;3 6P) a«i(U}z)

— (= = I

O0x \129) 0x 1)
This partial znd order differential equation is intractable for most configurations and
an accepted technique for obtaining a solution is to adopt the Ocvirk assumption?.

This method assumes that the pressure gradient in the circumferential direction is

small compared with the gradient in the axial direction. If

o°P _ 0P

e T o
eqn. (1) reducés fo

(2)

ox

0 (h3 8P) _ 0 (Uh)
0z \127 0z 2

If the film pressure is zero at the edges of the bearing, eqn. (2) can be developed to
provide an analytical solution for the pressure field.

__3Unesin® (L2 | ‘
" c®R(1 + e cos §)? (4 z) (3)

. )
The Ocvirk assumption has been specifically used in several treatments of journal
bearing theory. These include whirl by Huccixns?, dynamic loading by MiLNES, and
temperature rise calculations by MarTIN4, Although this form of solution is known to
be subject to considerable error, it has found favour due to its simplicity and low
cost. The error involved is found to increase rapidly with journal eccentricity and

.L/D ratio. Little information has been given in the literature with regard to the

magnitude of the error, ,

BooxER® and FEDORS compare more exact theories with OCVIRK-type
approximate solutions for /D=1 only. The magnitude of the error associated with
OcvIrk solutions and with a proposed approximate method are discussed in a later
section of this paper.

Wear, 16 {(1970) 221~228
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TRACTABLE SOLUTION FOR MEDIUM-LENGTH JOURNAL BEARINGS - 223
PARABOLIC EXPONENT FOR AXIAL PRESSURE PROFILE

An outcome of the OCVIRK assumption is that the pressure profile varies
parabolically in the axial direction, .e.

2z\2 :
p=re(c= (7)) | | @
O’'DONOGHUE ef al.7 substituted this relationship back into Reynolds equation giving
d dP. 8h3P, dh o :
— {h3 il A — -
G ey e L | G)

This operating equation is now an ordinary differential equation and is readily
soluble using the normal Reynolds boundary conditions. This method was used by
O’DoNOGHUE to study short bearings subjected to distortion, but was earlier proposed
by FRANKELS? in 1944 and used by HOLLAND? in 1958 and EBERHARD AND LaNG!0 to
study dynamically loaded bearings.

As this simple assumption was found to be reasonably accurate for eccentrici-
ties less than ¢=0.8, it was decided to modify the method so that its useful range was
extended. To achieve this aim a computer programme was developed employing a
two-dimensional finite difference iterative technique with a 21 x 101 mesh so that
accurate pressure fields would be produced and analysed. This programme was run
assuming a rigid geometry and with the bearing subjected to three types of journal
motion, pure rotation, pure radial squeeze and a combination of these. The pressure
ficlds produced were curve-matched in the axial direction with a profile of the forin

L

porfe- () ~ o

The variation of ¢ with circumferential position is shown in Figs. 1 and 2 for condi-
tions of pure rotation and pure radial squeeze. A mean value of ¢=¢m was derived
fromn the expression

[froie - [ s (o= [l a0

In Figs. 3 and 4 values of ¢m are plotted for conditions of pure radial squeeze

and pure rotation. These values were analysed for the two types of loading to produce:

general expressions:
pa=1(g, L/D) pure rotation . (8a)
mn=g(¢, L/D)‘ pure squeeze (8b)

and a combined general expression
¢u=H (¢, L/D) combined motion (8¢)

THE USE OF A MODIFIED PARABOLIC EXPONENT

The axial parabolic assumption was modified to be of the form

Wear, 16 (1970) 221-228
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Fig. 1. Variation of exponent ¢} with circumferential position @ for pure rotation.

Yig. 2. Variation of exponent ¢} with circumferential position § for pure squeeze.

i . ,
, 7 i _
. L/D=1/
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0. 05 0.7 ¢ 09 1 04 05 o7 0.9 1

Fig. 3. Variation of ¢m with eccentricity for pure rotation.

Fig. 4. Variation of ¢ with eccentricity for pure squeeze.

) g

with )= and not 2 as in Ocvirk. The profile was substituted into Reynolds
equation to produce the following dimensionless operating equation.

L L T (- ) FRL

Wear, 16 (1970) 221—228
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This is integrated twice with respect to z and the boundary conditions-used that
P=oatZ=L[2,P=P atz=0.

(Z)¢m+2 )
__\L _ ¢m(dn+3)

(Pt I)(Pm+2)  2(Pu+ f)(¢m +2)
() |

oo~ () - 8(E

’ 22\2
22\

(x0b)

This is integrated with respect to z from z=LJ2 to z=0 to attain an equation weighted

for the mean value of 2.

d dP. ,dh _ :
ﬂ(m (iz3 ?1‘0~) — 3xh3P.=f 0 (11)

-3 -G

The most general form of this relationship is the operating equation for dynamic
loading. ’ '

d2P, dP. i oh g_q + I2R Vo>

B g + BB —-ocPcziz_—a(6Ué—0—+-6h 3 (12)

fand §’ are functions of (L/D, ) only.

_3dh/d)  —3esinf -

B = h (I+ecosb)
for circular films.
RESULTS

Solutions were attained in two ways, both using finite difference techniques.
Full solutions were generated from eqn. (1) using a two-dimensional (21 x 101) mesh
and approximate results from eqn. (11) using a one-dimensional line of 121 points.
Tigures 1 and 2 show the variation of ¢) with angular position 0 for the conditions of
pure rotation and pure radial squeeze. It is seen that for £ >0.8, ¢ is approximately 2
but rises sharply for higher values of £. In both cases, the maximum value of ¢ is at
the position of maximum pressure. The “‘negative” eccentricity shown in Fig. 2 is
for the case when the journal centre is moving away from the point of closest ap-
proach.

The ¢m values obtained from the two-dimensional solution are plotted in
Figs. 3 and 4. Up to a value of g=0.9, ¢n is approximately equal to 2, but above
£=0.9 the value of ¢ rises abruptly. However, at higher values of ¢, the changes in
the weighting factors g and 8 with changing ¢ are less pronounced.

Wear, 16 (1970) 221-228
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Exact

— = Ocvirk
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Fig. 5. Comparison of OcVIRK, exact and liric solutions for pure rotation.

Fig. 6. Comparison of Ocvirk and exact salutions for pure squeeze.
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Fig. 9. Variation of ¢m for films of different shape between Amax and Amia.
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\

ACCURACY

To establish the relative accuracy of the proposed method, comparisons
(Figs. 5 and 6) are needed of the non-dimensional load predicted by the present
method, the finite difference solutions, OcvIRK theory and theory for an infinitely
long bearing. With the axes used, the proposed method is coincident with the full
finite difference solution. The approximate values plotted were obtained by solving
eqn. (12), employing the value of ¢m indicated by the empirical relationships eqns.
(8a-c). To emphasise the greater accuracy of the proposed method, compared with
OcvIrk theory, the percentage errors when compared with {ull solutions are plotted
in Figs. 7 and 8. It can be seen that the OcvIrRk values are subjected to large errors for
LiD<}ande>o038.

10 < < < 100 < < ~
\ \
N \ \ A \———"—'OCtlil‘K
Ocvirk N\ \
- — Ocvirk N N N\ — — Qcvirk AN N
——0=z2 N \ —— w:g N \
¢ =om N\ AN 1% - 0 ’wm N\ AN 1‘
TouppiaN e\ AN N
\
N \
10\\ N \
. N \
6 \ N
s ' . N e
) \ N 8
R:) o
S . . L
4 \ v
[ 7 . [e:]
[« o]
1 \ jg
IRV ¢
\ &
Xz\
01 \ ) 01
oot . o1 1 [

(1-¢) : (1-€)
" Fig. 7. Percentage error of approximate methods compared with full solution for conditions of pure
rotation. :

Fig. 8. Percentage error of approximate mecthods compared with full solution for conditions of
pure radial squeeze.

NON-CIRCULAR FILM SHAPES

In practice it is likely that the coefficients of eqn. (12) will take different forms
due to non-circularity of the bearing clearance or variation in the oil properties. To
form different coefficients, the film profile shape was altered but the isoviscous
assumption was retained. The variation of ¢m with the ratio (min/fimax) is plotted for
various wedge-shaped films in Fig. 9. The film shapes considered were circular,
lincar and two exponential profiles of the form % =/oee?. Where Jto=/lmin=¢(1— &)

Wear, 16 (1970) 221~228
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and a is evaluated by making kee?? exactly match % at a particular valuc of 6. It can
be seen from Fig. ¢ that the values of ¢m are basically similar for circular and non-

circular films.

CONCLUSIONS

It was found from this initial investigation that an axial pressure profile

assumption presents a useful and potentially rapid form of approximate bearing
analysis. The generating equation is a 2nd order ordinary differential equation and
not partial and is hence easier to solve. In finite difference form its solution is over

100 times more rapid than for the equivalent “exact’” mesh solution, but it is still

acceptably accurate under all loading conditions. The flexibility of this approach
allows for the inclusion of o1l grooves and different bearing geometries and has wide
application. By using an approximate film shape it is possible to derive a direct
analytical solution that is extremely rapid in generation but lacks generality.
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Corrigenda to, and discussion 'on, this paper wili be published in the Tribology Group conference volume
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SOLUTIONS FOR THE LOAD -

CAPACITY OF JOURNAL BEARINGS WITH OIL

GROOVES, HOLES,

RELIE

=FS, OR CHAMFERS

IN NON-GPTIMUM POSITIONS

-

S =7 pSHELLY*.

C. ETTLES}

T

It is common knowledge that the positioning of oil grooves in the loaded region of journal bearings is bad
design practice. However, no quantitative information as to the reduction in load capacity appears to have
been published. Solutions of the pressure ficld are given for the placement of oil grooves, holes, and reliefs
of varying size at two alternative positions in the high-pressure arca. Plots of load attenuation are presented
shomng the loss of load capacity with grooves of varying axial length situated on the load line. It was found

INTRCDUCTION: =~
IT 15 generally accepted that the best circumferential
position for introducing oil into the clearance space of a
journal bearing lies between 4:90° of the load line on the
unloaded side of the bearing. Several investigations [e.g.
(x)~(4)$] have been made as to the effect of groove position
and size on oil flow and load capacity, but little informa-

_ tion exists as to the effect of non-optimum placement of oil

feed. Current opinion accepts intuitively that a bearing is
severely down-rated if a groove is inadvertently placed in
the loaded region. Clayton (x) describes a comprehensive
series of experiments in which a single oil hole on the
load line is successively extended as a circumferential

groove in the upstream and downstream «irections. The -

effect of placing oil grooves in the loaded area is described

qualitatively by Bartz (2). So far as the authors are aware,

no quantitative information exists as to the extent of the
down-rating effect.

For steadily loaded bearings the positioning of oil feeds
in the loaded region is likely to occur only through error, -

but in dynamically loaded bearings the situation can easily
arise where the load vector is in line with a groove or oil
hole. Important examples are those of crankshaft and big-
end bearings where the positioning of oil-feed positions is
largely intuitive. The practice of providing a 360° central
circumferential groove is relatively common, particularly
The MS. of this paper was reczived ar the Institution on 4th
November 1970 and accepied for publication on 21st December
1970. 33 .
* Research Student, Mechanical Engineering Dept, Imperial College,
Exhibition Road, London, S.87.7.
1 Lecturer, Mechanical Engineering Dept, Imperial College, Exhibi-
_tion Road, London, S.W.7.
1 References are given in Appendix 56.1.
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that under these conditions the load capacity 1s, in general, reduced by about 60 per cent.

on larger engines. In big-end bearings the lubricant is
sometimes supplied through onc or more cross-drillings
in the crank pin. If a single cross-drilling is used, this is
usually placed to break out approximately 40° in advance
of top dead centre, this being considered the best feed

position to accommodate loads during the firing stroke. .

However, in high-speed engines the ‘inertia loop’ appear-
ing on the polar load dlagram can dominate the forces due
to gas pressure.

There is little information available as to the effect of
multiple oil-feed arrangements on the performance of
engine bearings. Lloyd and McCallion (5) describe an
analytical method for obtaining the shaft centre locus in

which the presence of up to four oil inlets can be accom- -

modated. This method is applied to experimental results
obtained by Radermachier (6) for a bearing with two axial
oil-feed grooves situated 180° apart. The bearing is sub-
ject to a polar load that is approximately triangular about
the origin. The full theory considering the presence of
grooves was found to follow the experimental locus more
closely than theory, ignoring the groove effect. It is
significant thar the greatest discrepancy between the two
theories occurred in regions where the load vector was
close to a2 groove.

A further cause of asymmetry in the film is the presence
of reliefs or chamfers at the joint faces of bearing shells,
These are incorporated to reduce any sudden changes in
film geometry due to misalignment of locating surfaces or
differences in overall thickness of the bearing shells.
Such reliefs are generally arranged to be between 0-3-1-5
of the radial clearance over a few degrees of arc. It appears
to be generally accepted that reliefs or chamfers do not
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affect the load capacity of the film, but it is shown in this
paper that conventionally dimensioned reliefs and cham-
fers have almost the same cffect as a full groove m reducing
Joad capacity. -

Notatmn e ‘ o _
b  Bearing width. ’

+ ¢ Radial clearance. S :
D Diameter of bearing. o -

- Dy Depth of relief.

D,  Depth of half relicf,

d Diameter of oil hole. .

h Film thickness {¢(1+4-€ cos 6)}. -

h Non-dimensional film thickness (h/c). °
Maximum value of film thickness.

Length of axial slot.

P Non-dimensional oil pressure {(P*c®)[(UnR)}.

Py, Non-dimensional oil prcssurc inthe bcarmg centre-

line.

P, Axial integral of the non-dimensional oil pressure.
* Py,; Non-dimensional oil pressure at any nodal pointin
’ ‘the finite difference mesh.

P.x Maximum value of the non-dimensional oil pres-

. sure,

P*  Oil-film pressure,

R -Bearing radius.

S 4 with groove. R

- 4 ungrooved
U Tangential surface velocity of shaft
V. Normal surface velocity of shaft.
W Loadocqpqcity of bearing,
(fo +5/2 P*R d9 dz)

X - Circumferential co-ordinate (R).

z Non-dimensional axial co-ordinate {(22)/b}.

4 Non-dimensional Sommerfeld load capacity

= AURRJeF ' .

€ Eccentricity of the shaft relative to the bearing

centre.’

7 Oil viscosity. -

[/ Angular co-ordinate measured from the position of

: maximum film thickness.

§  Cavitation angle measured from the position of

maximum film thickness.

¢ Power of the axial-pressure distribution.

CALCULATION METHOD
‘The resulis used in this paper were calculated by itera-
tively solving the two-dimensional finite difference form of
the Reynolds equation for cases of pure rotation and pure
radial squecze. The Reynolds equation for pure rotation is:

o [ K opr* 0 cpP* ¢ (Uh
5;(127,—)+ (12,, )-—x(“z‘) (36.1)

" and for pure squeeze is:

o (13 &P\ & [} eP*
'E;;(”——:—)*l'— (E) -;:-:) =V (56.2)

127 ¢x

Instn Mcch Engrs

For computation purposes the two forms of the Reynolds

dimensional equations:

o [, cP 2R\? ¢ oP ¢ -- i
— /R —= =6 —
b ( ! 59) ( b ) (h ) 6 cé h) (56.la)

2 (,, 2P\ (2R R
il b < il ks = =
ao'(’ es) (b) a—([’."-) 12V

The film area was divided by a finite difference mesh of
uniform length in each direction.

The standard finite difference forms of the differeatials
were substituted into equations (56.1) and (56.2), a=d the
subsequent equations solved by a standard Gauss—Seidel
technique using successive over-relaxaiion. The first
forms of the computer programmes were based on the
work of Smalley and McCallion (7) and Carré (8).

“The initial form of the programme used a uniform mesh
size in the axial direction with a variabie mesh size in the
circumferential direction. The local circumferential mesh
length was made a function of the film beight so that the
mesh points were closest where the film height was least.
The relaxation factor was set cqual to unity for the first
iteration and thercafter recalculated every 10th iteration
according to the formula quoted in (8).

This programme was run for a range of 5/D and eccen-
tricity values, and the load capacity predicted was com-
pared with values published by Camercn (9) and Booker
(x0). The agreement was found to be within 0-5 per cent
if the programme was allowed to run f@-: a large number
of iterations.

However, the computation time was excessive and at-
tempts were made to accelerate the convergence rate. A
series of contro] runs was mnade to obtain reference con-
vergence times using the criterion that the iteration was
stopped when the highest value of

(56.2a)

"PrJnew"'PrJ exlst!ng’

(56.3)

1x10-8
PlJmax < :

The effect of the ovcr-relaxation factor was then investi-

gated by running the programme with this final cenver-
gence criteria but with different fized over-relazation
factors, F, rather than adopting the Carré methed. By
plotting Py, and the rate of change of P..., it was found
that beyond a certain value of F, P_,,, failed to convarge.
In general, this initial convergence was fast with 2 large
value of F, but this tended to give o\*xllatxons in thc
region of the expected final value.

Thc scheme finally adopted for the solution of these
equations, that optimized both a fast rate of convergence
and minimized the risk of oscillation, was as follows. The
relaxation factor F was ser equal to uaity for the first
sweep from the initial values of Py ; = 0-0, and thereafter
to a value of 1-60 until an initial criterion was satisfied.
This criterion was:

z {lP(CL J)new"‘P(CL J)e‘(lfllngl} < lx 10 5 (56:4)

PCL max

The use of centre-line pressures only was found to give a

Cs5/71
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sufficiently accurate convergence criterion while econo-
mizing on calculation time. It is shown by Crandall (x1)
that the end point of an iteration can be predicted once

P. SHELLY AND C. ETTLES

the iteration process has settled to a certain state of

convergence.,

This technique was applied to the solution as soon as s
the first convergence criterion, equation (56.4), had been
satisfied. The pressures were then stored as an array
P, ,,1, and the iteration continued with F=1 for a
further 25 and 50 iterations. These values were stored as

Instn Mech Engts

P(I.J’)cnd =

2
P 3.0 X P35 Par 3.2

H

e e

o297

arrays Pyy ;.9 and Py ; g respectively. The final array
Py, 5y cna Was then predicted from these three stored arrays
according to the general method of reference (11):

-

10

VARIABLE AXIAL SLOT . - No'
o
——= Direction of motion slot
o 1 .
08f—.cc i . = f
’ g3 . .Ale2
o 3 - > ¥ -
Q 5
06—
8/D-0-5

€ =06

D = Extent of slot at cl.

. Mean oxial pressuresp¥®
[=}
o

Values £/6

<
N

o

o° 360”.

72° 108° R
’ 6=Position from Apqx -

Fig. 56.1a. Variation in mean axial pressure withas

T

-0

pure rotation

4° . 180° - 26°

lot positioned at P, for

v

0-8

VARIABLE HOLE '

~———= Direction of moticn

.

£
N

diameter
~

d~hole

-

081~ 4ip-0s
b "€ =06 N
& 1 =Extent of hole atcl.
.2 - -
504 _ \
E - .
s
P>
02 — \
/;/ Yalues o/ 040 \
. 0-60 )
Oo" 36° 72° 08° 144 ° 180° -

Fig. 56.1b. Variation in mea

8=Position from Apgx

line for pure rotation

~

216°

n axial pressure with a hole positioned at the load"

Piq, 5, yF Paa, 3.5—2X Py, 3.2

The value of load capacity found from this pressure array
was within the allowable error of 4-0-5 per cent. Equation
(56.5) tended to over-correct if values of F greater than
unity were used to obtained the second and third arrays.

(56.5)
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" The use of a uniform mesh was then investigated. The
Reynolds equation was first transformed by using the
substitution:

M= Pﬁ“"" [pagc 428, ref, 9)]

The rcsultmg cquations were thcn solved by the ﬁmtc
difference technique outlined above, but in terms of M.
The same convergence criteria were adopted and the final
solution transferred back with respect to P,

Tests were made using a uniform mesh to establish the
number of mesh points necessary to obtain the desired
accuracy, A mesh size of 21x 101 was finally sclected.
If the mesh size was decreased to 11 x 51 it was found that
the time of solution was reduced by one-third, but the
error increased from 0-5 to nearly 8 per cent. This form of
solution using the extrapolation procedure, equation (56.5),
was found to take only half the time of the original solu-
tion using the Gauss-Scidel procedure throughout,

The usc of a one-dimensional finite difference solution
was also established using the same convergence criteria and
relaxation factor values, but with the axial pressure profile .
represented by P = P (1—~2°). This type of solution
[fully described in (x2)] was later used for the cases where
relicfs and chamfers extended over the complete axial
width. The accuracy of this method was tested at a range
of values by comparison with results from the two-
dimensional solution. The advantage of using this pro-
gramme was that its time of solution is 1100 of the most
refined form of the two-dimensional case. In all cases the
boundaries were treated as being free and were allowed to
form their own position by applying the Reynolds boun-
dary conditions (P = dp/df = 0) to the end point of the
film only. This was accommodated in the finite difference
solution by putting all negative pressures equal to zero as

- soon as they were calculated.

As stated above, the one-dimensional finite difference

o 10
- ' VARIABLE AXIAL SLOT .
- ) - Dire'ction'of motion No
. " ’ slat
s |-Es B ]
N ] _{0o%
- . _g; \33
- ' <] - L. |
. S : — Zdegrees .
. . ' 8/0=05 .
’ - L . € =0-85
- T O =Extent of slot ot c.L
2
~ 3
4 ~ :
a ‘ . - D
) p
x
o
3 .,
& ‘Values £ /8
p3
o5 o
: : o-solkij . ST
. a
Al
: o1 Inlin
v 54° 90° 126° 162° 199 -

6 = Position from A .

Fig. 66.2a. Variation in mean axial pressure with a slot positioned at

P fOor pure rotation
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-solution was used for all cases where the alteration to the

bearing geometry extended over the complete axial width -

of the bearing: Hence the one-dimensional solution was
.used to compute the results shown in Figs 56.4 to 56.6
inclusive, which are for reliefs and chamfers. The two-
dimensional solution was used in Figs 56.1 to 56.3
inclusive for variable-size slots and holes.

The programmes were run with a range-of /D and

eccentricity values with the bearings in the ungrooved
form to establish the positions of P .., +P.. and the
load line. The effect of oil holcs, etc., was then investigated
by including these in the geometry at one of the above
positions. The end-pressure values for one hole would be

. used as the starting values for the next largest hole. This -

reduced the number of iterations necessary. The oil holes
and slots were accommodated by placing all pressures
equal to zero over the area covered by the hole. The
reliefs were subject to alterations in the geometry of the
film hcxght only . L

S 299

CONFIGURATIONS CONSIDERED

" Reetangular grooves
For the study of axial rectangular grooves or slots the -

boundaries of the grooves were placed co-linear with the
finite difference mesh lines. The pressures at all the points
occurring within or on the boundaries were put equal to
zero. In all cases the circumferential length of the groove
was two mesh lengths, and hence equivalent to 7-2°, The
axial length was varicd from 2 nominal line on the centre-
line, which is equivalent to a groove 5 per cent of the axial
width, to the full-width groove case.

Holes -_ . T

For the study of c1rcular holes the finite dlfference mesh _

was drawn out for the various b/D ratios considered. Circles
were superimposed on this mesh with diameters equi-
valent to set percentages of the axial width. The pressures
at_all the mesh points occurring within or on the circular

z

. o 10 -
. . VARIABLE HOLE~
- -—=- Dircction of motion
.
"3
o
~. 51 S & £
5% 5.8
- Dt Lo
0> 5
\ u &)
‘ Q
5/¢=05
€ =085 .
N O =Extent of holeat ct,
.
- |
05
/ N : {
iy
ofl i}

54° 90°
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126° 162° 199°

6 = Position from 4 . . ‘ S

Fig. 66.2b6. Variation in mean axial pressure with a hole positioned at f‘
the load line for pure rotation : :
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boundaries were put céual to zero. This method ensured
that the holes were physically circular,

Rchcfs _ E . .
For the study of reliefs the pressures were left unﬁxed
while the geometry of the film height was altered to
accommodate the relief. The standard circular film height
- was found from # = ¢(14-¢ cos §). The film height inside
-a relief was found by adding # to the depth of the relief.
~The relief extended circumferentially over four mesh
lengths in either direction from a prescribed position and
was represented as a linear wedge. Hence each half of the
“relief extended over 1/25 of the circumference, i.e. ap-
proximately 4 in for a 2-in diameter bearing. The depth of
the relief was varied but was represented non-dimension-
ally as a ratio 7 of the radial clearance,

Chamf ers”

In practice these are limited in cxrcumfercnnal extcnt but
are relatively deep, being approximately ¢ in for a
bearing of 2 in didmeter. The most appropriate method of
representing a chamfer was found to be that of holding a
single axial line of pressure to zero. The difference in the

" VARIABLE AXIAL SLOT

R - —— Direction of motion
fe =% ’
gle ~l 'z
S|F 3
tef-* »
"'l;gdeqrees
b0
— .__n;a :/2
—— — 8/Dal/y
10
218 - -
b B AN : : —
Zlo 08
Fle S~ y 1
i< RN 2 \\Me-sf;o'j___ PR S,

{
$3

NN e

]

04

0-2

0
005 020 040 060 0-80 10
Lib

Fig. 56.3a. Variation in the load ¢apacity of a bearing
- with a slot positioned at the load line for pure rotation
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circumferential oil flow per unit width between two
adjacent points is ¢: '

LA SN
1% 75,\30, 70,) - - (0O

-where 2P*/¢8, and ¢P*[¢0, are the circumferential pres-

sure gradients in the upstream and downstream edges of
the chamfer. The Poiscunille flow along the.axial length of
a chamfer was calculated and found able to accommodate
the flow ¢ with a very small axial pressure gradient, This
suggested that it was legitimate to hold the axial line of
pressure values equal to zero.

- ' RESULTS

In Flgs 56.1 and 56.2 the integral of the axial pressure P,
is plotted for the casc of pure rotation when a slot is

- positioned at Py, or a hole is positioned at the load line.

Two values of eccentricity, e = 0-6, 0-85, are considered.
It should be noted that the values of P are plotted to a
linear scale for Fig. 56.1 but to a logarithmic scale for
Fig. 56.2. It is apparent that the load capacity is consider-
ably reduced, even by a small hole or groove. The reduc-
tion of load capacity is greater for the higher value of
eccentricity. For example, in Fig, 56.2a for ¢ = 0-85 the

YARIABLE HOLE o

-4}~ —— Direction of mation

¢

A with hole
A ne hole

S=

N
Values ¢ \ > 23
Ry

0-05 020 040
: 16

02

Fig. 56.35b. Variation in the load capacity of a bearing
with a hole positioned at the foad line for pure rotation
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VARIABLE AXIAL SLOT
_H | -_——Direction of motion
] ' T
5% i35 ¢
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1] ]
k2 ‘ - ~
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0
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Fig. 66.3c. Variation in the load ca.'pacity of a bearing

0-60

0-80

mteoratcd pressure Py falls by 84 per cent from the un-
grooved case for a groove of 60 per cent axial width and by

95 per cent for a groove of 80 per cent width. Tigs 56.3a, -

56.3b, and 56.3¢ show the attenuation of the load-carrying
capacity of a bearing for the cascs of a slot at the position
of the load line for pure rotation, a hole positioned at the
load line for pure rotation, and a slot positioned at the

- load line for pure squecze, respectively.

As would be expected, the load capacity falls with
increasing size of slot or hole at all values of e and 4/D.
If a slot 1s considered on Figs 56.3a and 56.3c it can be
secn that with a /D ratio of 0-5 and ¢ = 0-85 the load
capacity is reduced to about 0-45 of the ungrooved value
for a groove of 40 per cent axial width.

For the case of a hole with the cquivalent parameters,
the load capacity is reduced to 0-38 of the ungrooved
value if dfb = 0-4. Figs 56.4a and 56.4b show the
cffect on the load capacity of positioning a relicf or

- chamfer at the load line under conditions of pure rotation

1-00

with a slot positioned at the load line for pure squeeze

1

and pure squeeze respectively. For pure rotation at 2 /D
value of 0-5 and «'= 0-85 it can be seen that the chamfer
reduces the load capacity to 0-5 of the ungrooved value,
while the two reliefs considered reduce it to 0-475 and
0-425 respectively. For pure squceze the corresponding
values are 0-50, 0-385, and 0-35,

Tig. 56.5 shows the attenuation in load capacity as a
relief traverses through the pressurized region, both for

“conditions of pure rotation and pure squeeze. It can bc

seen that the greatest attenuation occurs in the region of
the maximum pressure. The load capacity is only seriously
attenuated if the relief falls within about +.30° of the
position of Py,,,. The attenuation is more serious at high
eccentricities. Fig. 56.6 shows the variation in load

capacity with increasing depth of relief. It can be scen

: 3 10
by . ) aq * ”
) ) _Chamfer, )
08 T~ L*\—\ \¥.
. T Relet I — :
’ ——— \\-1.; ~— E
5 Refief 2 -«\&\\\\\ <
el oo/ : d
N Ay ) Chamfer N«\: AN
B2 N o
.‘-;3 g0 Chamfer N N
ajaq . : N\
- Relief 1 Relief 2 .
. M v D1:075xC D1=1-50xC §
I “DEi44° D2144° ) \
i t \
L x}r_z'%fzo_n-i motion | | \\
- 02— 21 — b/D=1 ]
—— b/D=} ’
Reliet C o 503 :
0 | | |
03 04 05 06 0-7 . 08 09 0'95
) : . - €

Fig, 56.4a. Variation in the load capacity of a bearing with a relief/chamfer
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at the load line tor pure rotation
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Fig.56.4b. Variation in the load capacity of a bearing with a relief/chamfer

that even a relatively small relief has a marked effect in the
Yoad capacity. The curves for each value of eccentricity
are asymptotic to the case of a full-width axial groove. If
the depth of the relief is greater than the radial clearance,

N

I-0

at the load line for pure squeeze

the relief can be considered a full groove.

\

CONCLUSIONS

(1) The positioning of an oil inlet on the load line of a
bearing down-rates the Sommerfeld capacnty by- between

b -
08 _ ,
= — L Reliel 1.
QB\ - \\ ] Chamfer
— == -dx |
ol o6 el T .
£ SR |
2z I NN :
Si2 04 - AN
28 Rehef 1 Relef 2 . XL
e D1-075xC  DI=1-50xC ) \b
. f 4 s g g WA D280 3 S
£z Direction of motion L \\
o-2f-2i2 Lr o ThD-] AN
) \V ——=5/0-1; N -
——blD =4 .
Retiet
0 t ! !
03 04 05 0-6 0-7 08 09 095
€

(2) The dowh—rating cffect is more sensitive to increases
in eccentricity rather than increases in oil-inlet area,
particularly for narrow bearings.

" (3) In the case of the pressure ficld being represented

in terms of a one-dimensional line of points along the
- centre-line, i.e. P = P, (1—z29), it is nccessary to imply
that all holes and slots extend over the complete axial

width. It can be seen from the graphs of the axial pressure
integral that little error is introduced in assuming. P

30 and 70 per cent. equals zero over the extent of the slot provided L6 > 0-40.
. l‘-O \; =~ ~ Lo )
v R \\ \ Elz <~ Direction of n\;lion
AWWAY . SE o2
08 . \ <= L b0=ly
- ) 08 . V
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- d
: . \ 06 ! "
o 0 g ~
Elo 0 9\ \—\\—. 07
3 Vo T
=204 Values ¢ 09 \ sle ~ 1 | . 08
: : . Refief | ¥ “: 0-4 E—
DI1=075x € . £is '
D2=14-4° \E Zia Values ¢
E]LLL—L‘L“, bl0=114 . .
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02 : f.' b D(recmn of motion — 09
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\“" — — Squeeze
Pesition of
.. Relief o Io?:sdltllganeo
0 ] .
0 36 72 108 144 180 0 .
6 = Position of refief from A\ . ) 10 20 30 4.0 50
. . . . ’ Ic
Fig. 56.5. Variation in the load capacity of a bearing with b ;
relief 1 at various positions in pressured region for Fig. 56.6. Variation of load capacity with relief
pure rotation and pure squeeza positioned at load line for pure rotation
) - C56/71
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For the case of a hole it was found most accurate in the
one-dimensional case to put the values of P equal to zero
over the extent of the square for which the hole was the
circumscribing circle, rather than over the extent of the
hole diametcr.

(4) The presence of a chamfer or rehcf in the loaded
region reduces the load capacity more than is commonly

supposed.

(5) The attcnuation of load capacity increases rapidly
with relicf depth up to depths of approximately 0-4Xx

radial clearance. Common practlce is for reliefs to be of

this depth or greater,

(6) The load capacity is affected when the load vector -

“lies within approximately -4 30° of the rclief position.
(7)) In narrow bearings (/D x 0-25), chamfers give
Jess load-capacity reduction than commonly dimensioned

- reliefs, )
(8) In long bearings (b{D =~ 1-0), reliefs appear to be

superior to chamfers.

(9) For all cases considered the load attenuation’ for
purc squeeze is apprommately the same as for pure
rotation.

(10) Allowing for the distortion of thc bearing due to
the squeezing together of the two halves, the effective depth
of the relief is probably reduced to about 0-30 X bearing
clearance. The load attcnuanon is then less than that for
chamfers. ' . :

ACKNO'\VLEDGEMENT
The authors wish to thank Vandervell Products Ltd for

- financial support of this pro;ect

fnstn Mech Engrs

_ (8) Carst, B. A.

APPENDIX 56.1

REFERENCES

(1) CrayToN, D. ‘An exploratory study of oil grooves in plain
bearings’, Proc. Instn mech. Engrs, Appl. Mech. 1946 153,41.

(2) Bartz, VoN W. ‘Uber den Einfluss von Olnuten auf die
Ausreichende Olversorgung von Gleitlagern’, VDI Z. 1969

) (March), 3 (No. 5), 338.

(3) GERSDORFER, VON O. ‘Dic Becinflussung der Oldurchstrd-
mung von Gleitlagern fiir hohe Drehzahlen mit radial und
axialgleitflichen’, Scluniertechmk Tribologie 1969 (No. 1,
January/February), 15.

(4) Engincering Sciences Data Unit Item 66023,
mecthods for steadily loaded pressure-fed hydrodynamic
journal bearings’, 1966 (September).

(5) Lioyp, T. and McCaLrioN, H. ‘Journal bcarmos without
circumferential symmetry under dynamic loading’, Proc.
Instn mech. Engrs 1968-69 183 (Pt 3P), 1

(6) RADERMACHER, K. ‘Das Instationir Belastete zylindrische
Gleitlager’, Thesis, Karlsruhe T.H., 1962,

(7) SMALLEY, A. J., Lroyp, T., HorsxELL, R. and McCarrion,

. H. ‘Comparison of performance predictions for steadily
loaded journal bearings’, Proc. Instn mech. Engrs 1965-66
180 (P’t.3K), 133. -
“The determination of the optimum acceler~
. ating factor for successive over-relaxation’, Compur. F.
1961~62 (No. 4), 73.

(9) CAMERON, A. Prmczples of lubrication 1966, Chapters 13 and

18 (Longmans, London).

(10) BOOKER,J.F. ‘Dynamically loaded journal bearings mobility,
method of solution?, ¥. bas. Engng, Trans. Am. Soc. mech.

" Engrs 1965 87 (Series D), 537.

(x1) CRANDALL, S. H. Enginecring analysis 1956, 97 (McGraw-
Hill).

(Iz) SHELLY, P, and ETTLES, C. ‘A tractable solutlon for medium-
Jength )oumal bcarmgs » Wear 1970 16 (No. 3), 221,

- o C56/71

‘Calculation



CREVISED VERSION . = -~ =i -

THE EFFECT OF TRANSVERSE AND LONGITUDINAL SURFACE WAVINESS .

ON_THE OPERATION OF JOURNAL BEARIHNGS
Gipa Pe SHELLY *
C. ETTLES + = &

imperial'Co1iege;3-

o Leéndon, S. W. 7. .t T May 1971

'__# PostgraduatefStudent, Mechan1ca1 Eng1neer1ng Department
e Lecturer, Mechan1ca1 Eng1neer1ng Department o

ary s aeseas ot BaE e Poh wris s Casin

e @ 24 oy g i i o - N i 2

304 -



Page No..2

SYNOPSIS B
. ‘An ana]ys1s is made to eva1uate the effect of surface
f1n1sh produced by the two final mach1n1ng processes of high
speed aero bor1ng and broaching. A finite difference method of
sqution}is used‘in whicﬁ the numbervof waves superimposed on the

basic geometry is successively increased. A strong asymptotic

trend was found for all bearing characteristics beyond a relative-

1y small number of waves. It is found that the load capacity

compared to a <mooth bear1ng 1s reduced for both processes if the ;

surface wav1ness 1s 1nc1uded as an add1t10n to the film he1ght.

If the film thickness is assumed to extend to the mean wave

hejﬁht ‘;_the’10ad capacity isvincreased; . The effect of surface

wavigness becomes more pronounced at higher eccentricities or as

the amplitude of the waviness is increased. The variation of _

bearing friction and.oi1 flow are shown: Iivis concluded that

ne1ther finishing processes would have a serious de1eter1ous

~effect on journal bearing performance° .
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INTRODUCTION

The machining processes used to generate bearing sur-

faces result in a variety of surface finishes of different types.
The term "roughness" usually implies short wave variations result-
ing from precesses such as Tapping or Qrinding while "waviness".
'impTies long wave undulations caused by tool feed or other machine ,;
artefacts. Both c]assee of surface finish are usually strdng]y _
directionally dependent. Any departure of bearing surfaces from
smoothness gives a repeat1ng macro wedge effect superimposed on the ;
Abas1c film geometry wh1ch can apparent]y alter the 1load capac1ty

STh papar ooy
;

of the bear1ng Y | , ) :L,H.er! ‘ ééf”

e e e

L1tt1e work appears to have been done on the effect of
surface finish onvf]u1d film bearings. A well known treatment
iskgiven by Michell (]) who derived soldtions for a thrust pad’
without side 1eakage cbntaining sinusoida]lgrooyes running parallel
to the direction of motion. An analytical solution for this case
is available when the grooves are éither very large or very small .
compared to the minimum film thickness. _ |

’ A more difficult problem occurs when the roughnesses
run perpendicular to the direction of motion. TheAintegretions -
required are intractable and must be found numerically. This
was done by Cameron (2) in the early 1950's, shortly after the
pub]icatien of Miche11's book. A series of cases were solved
with indreasing numbers of grooves n, showing that the Toad
became asymptotic as n was.ﬁncreased. These results are‘shown
in Figure (1). Simi1er theory was used by Salama (3) in an

attempt'to'exp1ain the operation of the "para]IeT“ surface thrust



3
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Y
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bearing. Salama assumed that machine tool crtefacts prodﬁced
| long wave transverse undulations and applied the Reyno]ds caV1ta—
“tion boundary condition in d1verg1ng port1ons of the film.
More recently Christensen (4) was able to treat randomly
~distributed roughness by developing a stochastic model for either
llongitudinai or transverse roughness in an‘infinite1y Tong s]ider;
This treatment was Tater extended to finite sized s]iders‘(S). B
The phesent'work was carried out to find the effect of
two different finishing processes used in the mass productioh ofA’
automotive thin wall journal bearings;c LThe two processes concer-
ned are high»speed aero boring which preduces fong wave circumfer-
~ential _grooves and broaching, which gives predominantly trans-
Verse‘groqves With Tongitudinal chatter near the edgenfirst
yéug.”. . A general trend of Christensen's work was that trans-.
verse . roughness gave an 1ncrease in load capaczty It was there-
.fore possible that broached bearings were‘supermor to those pro-
~duced by boring. This work is concerned with the analysis of
jouhna] bearing§ with simulated broached or bored finishes., It
should be emphasised that these finishes give a regu1ar super-

1mposed waviness rather than a random]y d1str1buted roughness

- -.307
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NOTATION -

8
¢

Peak to valley depth of wave

Bearing width |

Radial clearance

Diameter of bearing»

Total friction force on shaft surface
Local film thickﬁess,

Local depth of wave

Number of waves in bearwng i rhIA
e emred and on one sida of

Shaft speed

~Film pressure

Side flow
Bearing radius

TangentfaT surface velocity of shaft

'Norma1 n . ST o .;l

Bearing load
Axial coordinate

Eccentricity ratio

'OiT'Viscositygreyns'»

Angular coordinate measured from posi-

%10n of maX1qum film thwckness
xial power law exponeé

D1mens1on1ess Parameters

[ Pc®/UnR

B VE

= 22/b
T = 2nQ/bcu

in.

in3/sec
in/sec

bf

"il’}

in
in

in

1bf

uin_

R.P.M.
1bf/in?

b sec/in?



F/6nU(R/c)

F/T

periodfc coqfdinate across a wave
W/nUb(R/c)? |

= (ih %%_ + —%—) N o

Sl o= W/n;bD[R/c)z'

-
I

o =
i

. >‘
it

]
{
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GENERAL METHOD OF SOLUTION

In the stochastic theory deve]oped by Chr1stensen 1t is
a necessary condition that the roughness 1s a rap1d]y varying
quant1ty5 _Chr1stensen draws a distinction between roughness and
"slowly changing components", which define the geometry and ani-;i
ness. He reJects the finite difference method of so1ut1on due |
to the extremely fine grid mesh requ1red to adequate]y descr1be
high frequency roughness - ' R , i
While it was clear that even a small number of waves
'(e.g one hundred)'would re§d1t 1n an 1mposs1b1y large number of |
‘nodal point equations, the present writers thought it possible
thet the same asymptetic effect would occhr as. shown by Camerqn's'
result in Figure 1. Since a computer with a 60K fast'core was |
| available, a sufficiently large number of waves could be incorpo-:
rated to observe any asymptotic effect as the number of waves wae:
increased. This approach was successfut. = = . | .

*'It‘is necessary to define the shape of wave normally
produced by the finishing process. - The general form of circum-
ferential wave produced by aero bohing is shown in Figure (2).

The peak to va]]ey amplitude is of the order 0.0001 ins. and the
pitch 0.004 ins. . In the mathematical model, the central -

portion of the wave between Y = v/6 —> 5v/6 is approximated by f

a sine curve. To allow for a rounded top to the machining
" marks, the portions between ¥ = % n/6 are described by the

parabola giving continuity of slope at the intersection
hpoints y =1t a/6. The peak to valley depth of the vaves

is thus found to be 0.63 of the sine wave _ ' ?'

e = i [ —— - e o e 8 e . i 5
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- These details describing the wave depth h

amplitude used to describe the central 2/3 of the wave surface.

g are essentially
arbftrary, but'thE_shape given is a satisfactory approximation
to the typical waves found by "Talysurf" surface finish ‘
measurement of production bearings.

The particular casé of interest to the writers was
for bearings of two inches diameter and 0.70 inches axial
length.A This dictates that the number of waves involved is
appfpximate]y 180»?6;fb6}iﬁ§ Qﬁ}iiéoo fq?lﬁ;oaching. The

same shape of waves is assumed for both directions.

- 311



| The adiabatic temperature rise is approximately proportional to:

-.312

NUMERICAL ANALYSIS

The overa]] f11m th1ckness was found by adding the depth

) / as shown in Figure 2.
of the wave_, hg to the basic form c(1 + ¢ cos 8)/ The film

thickness at any point can then be specified for 5 given number

of vaves .
For both circumferential and transverse waves the film
was assumed to be of uniform viscosity and density and in the

steady state.

The appropriate forms of Reynolds equatxon in

d1mens1on1es= terms are

> -3 3] R\Z 3 0By _ L o

23 2By 4 (2 )2 2w By e (1)
where 8 =.635(H) for pure rotation

B o= 12V R/C . for pure squeeze}

The var1ous dimensionless forms are defined in the
notation. The dependent parameters of side f10w and friction

are found from:

’ 2 - ' : . S
q =.%?}of 3 (20, .40 = 2nQ/6cU Ceee(2)
= 2wl ) R.? | ' -
F = of{f t.dZ.db= F/bnU () Ceve. e (3)

~

T=TF/T | | ....7(4)
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" Numerical solutions to Reyndlds equation were obtained

using a f{nite‘difference technique with uniform grid spacing.

The equations for each grid point were solved by successive over
re]axafion with specia] techniques used to accelerate the conver-
’gence (6). In all cases the cavitation boundaries were treated
as being free and were a]]owed to form their own position by : g
! applying the Reyno]ds boundary conditions (p = dp/d8 = 0) to tue |
end point of the film only. | | |
The number of mesh p01nts q used to describe an 1nd1v1d-'

ual wave was found to be of 1mportance for some cases. For cir-
I cumferent1a] waves f{{é; mach1n1ng marks in the direction of motion)
a two dimensional mesh of (6],m)‘was'used, i.e. there were always
61 points in the circumferential direction. The number of points

- m in the axial direction varies with the effective degree of des-

e et o e

cretisation q and the number of waves n. It will be apparent that
i_-m = (n(q-1)+1), or that m = (6n+1) if each wave is defined by seven

-po1nts. The number of points q must be adequate to describe the

phys1ca1 geometry, but if q is unnecessar11y large the time for con-
vergence’becomes excessive. For circumferential waves values of q
.of 7, 11, 15 were used. With q =15 it was found thai the resu]ts‘.
fur load capacity and flow were within the round off error for o
- those, reéuTts with q = 7. However for transverse wavé§~ (i.e.
broached bear1ngs) the value of q was found to affect the stab111ty
of the solution. A one d1mens1ona1 method assuming a power law
p ='pc(1-?¢) was used where p is the pressure on the centre p]ane;_

: of the bearihg and ga2. Th1s method is fu1]y described in-
. (7) and allowed a re]at1ve1y :
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large number of waves (up to_]éO) to be_inc&rporated; It was found

that as the number of waves around the bearing was increased, the
iterations for pressure were liable to diverge rather than con-
verge. This became more preva]ent With 1ncrea51ng eccentr1c1ty

and reduced radial clearance. It was estab]xshed that the on]y

cause of the d1Vergence was that too coarse a representat1on of thef

waviness had been adopted in the port1on of the film where the

waves were large compared to the basic film thicknesé |

h =c(1 + e cos 8). This problem was overcome by increasing the

number of points g from_seven_to fifteen. ‘fThis éreat]y increased

the computation timeph huw T v
. The finite difference form of the'ReynoIds'equation at

each nodal pdint of'the mesh was so]vediby a standard Gauss-Seidel

technique using successive over-relaxation. Initially the over-

relaxation factor was set to 1.60 until an'initiaT convergence

criterion was satisfied. « This criterion was that considering the

stored va]qes for the mesh after a complete iteration cycle_then

51 F(isilnew - F(ﬁ,j)existiqg b < 1 x 1075

(1,J)max ‘ _§v

At this po1nt the over- re]axat1on factor was set equa] to unity and;'

the 1terat10n process continued until the value of the above .ex-

pression became less than 1 X 1079, These convergence criteria

i

were used for both the one dimensional and two dimensional
solutions. For the one dimensional mesh used to analyse the
broached bear1ng the maximum number of p01nts 1nvoTVed was 2241

for ]60 anes For the two d1mens1ona1 mesh and the bored bear--
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ing fhe maximum size of the mesh was 61 x‘i93 for 32 wavea.
| With a]]rcases so]utfonS“for 1afge nambefs of waves Waré

_obtained Ey beginning-wifh a smooth bearing and obtaining the con-
verged pressure field. The point pressures'Were stored for uSe asi
the starting va]ues for the solutions involving waves. As the
number of waves was success1ve1y doubled it was necessary to 1nter—
polate the stored values to attain a complete starting profile. R

Bearings with aero bored type waviness were assumed to bej
symmetrical about the1r centre line and hence only half the axial '
length was cons1dered It was faJAd that as the number of anes':
across the bear1ng was 1ncrea$ed from-one to thirty-two an asymp~
totic tendency (shown in Figure (1)) was indeed abparent.

For bearings with transverse waviness .the number of -
waves around the bearing was'varied from 20 to 160.  These results

showed the same asymptotic'trend., A1l values of dependent para-

meters quoted in the results Section are asymptotic values. g :

' Cases Evaluated R B o ;'

Three.c1earance ratios of .0005, .0010 and .0015 were
adopted. ,These‘c1eafahce‘ratios are uséd to describe the basic
. fj]m thickness h to whiéh the depth of wave hg is added as shdwﬁ
in Figure (2). In theicase of practica] interest, the peak and:
‘valley depth of the wavéa;i was 0 000] inches so that the non-
d1mens1ona1 amplitude of the waves - (A B) is defined as . | é

(0.0001/C). For a bearing of two inches d1ameter, this ratio
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<
o

becomes‘.lzﬁ,..053,..042 respeciive]y.%or the three values of D
clearance ratio. Each cdse was evaluated in pure wedge and pure |
squeeze conditidns for.a range-of eccentricity>ratios; Once thé}
pressure field had been obtained; the dependent parameters of side
fiow § and frictional force F were cé]cu]ated,'togethervwith the

relative adiabatic temperature rise F/Q.
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RESULTS ’

The following parameters of the bearing have been

 p1otted against eccentr1c1ty ratio: L |
For pure rotation: ‘ Figure Number
Load capacity ' :: ' H_» . 3.
Side leakage 5
Friction ° L e
Adiabatic'temperature rise . 7.
“ v L S R czstricelyvad
. . thhe Trering ipndicn ten deof
“For pure squeeze: ,_}h;ﬁ-cﬁy
Load capacity'A | . | B

From these graphs 1t can be seen that under all condi- -

tions the Tfaf capac1ty of the broached bearing 1s marginally~

"greater thaw bored bear1ng._ This s11ght advantage in load.

capacity is accompanied by an increase in friction and an increase

"in flow over the bored case. Figure (7) shows the adiabatic tem-

perature rise to be increased for the bored bear1ng but lower than

Athe smooth case’ for the broached bearing.

- 317




- 318

| Page No...] 5

CONCLUSIONS

"Both the bored and broached bearangs are found to have a

_ reduced load capacwty as a result of mach1n1ng marks.- This

| ocqurs because in the mathematical model the film thickness is
increased at a11'point$ over the basic gedmefry except at the
peaks. The results are difficult to compare with those of ed i ,,"
‘ " shorter wavelength - - ' 8
Chr1stensen and Tonder (5) who assumed random/variations of f11m
thickness about the basic.geometry. . Such resu]ts on a basis of
mean film thickness-can be found approximately if the curves are
moved on the eccen£}1c{t;ﬁeca1é §§°"f ?i% ihe d1men31onless ?
amplltude If V1ewed in this way both types of mach1n1ng are
found to give a slight 1ncrease in load capacaty over the smooth
case. This corresponds with Chr1stensen s result. o 'fpj.;,
These considerations of load capac{ty imply ghac!Peaﬁéft-
ings with machined;waviness ruﬁ with a Tower minimum film %h%ck- '1.<<
ness than the'smooth case. Howevefathe'area of Tow film thick; -
; ness is more localised than the smoech case and, depending on the ;:
“scale of the Waviness, would not prbduce,correéponding1y high '
local temperatures, It is likely fhat normal bearing materials
would be able to accommodate »SUCh'a situation by lecal "running-
~in" of the waviness peaksg, | | . |
o In all cases except for 51de 1eakage the bored and ? .
broached bear1ngs»are found to haye performance parameters that o

, are almost identical. It can be seen that for both machining

techniques, theveffect of waviness is more pronounced at hjgher'

| | eccentricitieé and as the ratio (machihing depth/radial clearance)
z T , ' , ,

te—-is.-increased, -

e R A Y 3 e B R St o e s 1 78 s | e i e e a1 e s e 4 e
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It wou]d appear that. surface wav1ness is a p0551b1e'
q'source of error in exper1menta1 work, depending on the type of
instrument used in the measurement of film thickness. A capaci- :
" tance or inductance transducer rotatihg with the shaft would give
an integrated film thickness of similar value to the smooth cése.
However if mouhted staticd11y ih a bearing wfﬁh surface waviness,

some allowance for surface-fihish'should be made if the transducers

are calibrated in situ by find{ng the extent of the clearance

4

circle! | | ~
' Tvpe in r’owo‘e soacing strictly w x*hn

The general trends resulting from-waviness are similar

for rotat1on and squeeze and it would appear that bored and broach—

ed bear1ngs of the same surface f1n1sh are-V1rtua11y identical .i
b&th:siatic and dynamic perfokmance. The main.departUﬁg‘is that f
the broachéd bearing has an enhanced side 1eak§ge which alldWﬁ;iﬁf
fo run at a slightly lower temperature and feduced‘ebcentricity;
.Al]owing for ndrmal»machining to1érah¢és and safety factors,‘it;“
is unlikely that.é bored bearing will not have a load capacity,

'eQUal to that of a similar broached bearing.
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