bush, as represented by the lower orbit,'wﬁepebx
opposite end of the journal to 1lift, as seen. by the _uppe

demonstrating that excessive m1sa11gnment C

;fd;beieasi]y obggﬁﬁe

If these latter conditions were allowed tg;cenéj;;;;foverheatinngQqu;~f
occur which was not only detectable by monitoringvihé;joufnai;rumhihg;;‘y‘T;“
positions but also by the embedded—thermOcoup}gs,;fgfther,the whole |

of the test journal would be seen to slowly move due to the thermal

growth of the bearing bush.

In order to provide confirmatory checks, several tests were

repeated but with the direction of the misaligning couple reversed,
repeatability of the journal trajectory was good, however, certgjn

discrepancies were noticed when first applying{;hé;reyersed~coup1e,

ure distribution,

which was thought to be due to the 011 film temp

this explanation was accepted as/t

correct.

Misalignment a10ng the hor1zonta1 p1ane'was a}so\1n'

but only as a preliminary 1nvest1gat1 n as 1t was not 1ntended_tq

condwtion.' The object

provide design charts for thq§-m}§a;

was to briefly find the magnitﬂdé,o made to the averaged
journal trajectory. The/péf: that‘for,a11

ed sl1ght1y and

eccentricity ratios the}Sﬁ}

up to an eccentricity rati gff1c1ent§ were

reduced, and above O 5 the dampnnv . e'inCreased. Howeve

these trends should on1y be taken as a;g, de as te wnat sho 1

expected for a horizoptal mwsa]wgn1 g;couple, such thaty_\‘
engineer is aware of the eff

under this environment




In presenting all twenty- e1ght 01l f11m coe~f,_

is conscious taat it is more than p]aus1b1e that severa1‘
efficients perhaps could have been neg]ected for examp]e, co;ff1c
A{xxX), A(xy?) and A(yx?) could possibly be d1scarded w1thout effect1ng
the overall orbital response. However, to 1nvestxgate this possibility
taking into account the complete range of eccentricity ratfbs\having
differing amplitudes of vibration at various forcing frequencies,

would be prohibitive and not worth the amount of work involved.

The computer program'so1ving the hycrodynamic oil film

coefficients proved to be costly, for exémp]e, in order to so]vé the-

complete fi2ld equation, the number of iterations was in the order

of 650 which is approximately 375,000_noda1 ca1CQ1ations of the typek \

ter:running~time -

given in equations (3.7) and (3.10

of 12 to 15 minutes which only provide ondﬂnon of the;! ,-

bearing. Fur this reason investigaiiohs een . 11m1ted to m1c-f‘

alignment in the vertical plane as this is the most 11ke

to be experienced in pract1ce however it is env1saged'tha ‘other -

planes of misalignment w111/b¢5e/am1ne’ ‘later‘dateﬂ
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CHAPTER THIRTEEN

13.1 Distribution of the hydrodynamic oil film pressures

The nurerical analysis using the boundary condition dP/d6 # 0
together with the selected size of grillage, produced oil film
pressures conducive with experimental work published by Dubois, Mabie

and Ocvirk. The oil film pressure distribution in the axial direction

was shown to be severely effected for only a slight increase in mis-

alignment, vesulting in high intensity of pressure and a moving ofi the

centre of pressure towards one end of the be 5Ih§ifﬁéhav§ng‘in Comnletéf»~

accord with the experimental test journal,

The method of calculating the p

be used for estimating the load carryfs 4
for bearings operating under both steady state anc

conditions. The results also provide a m founda

) position, which are

gating changes made abOut/thé?s%eadyzeq

essential for computing the hydrédyrama icient.

following .

(1) Misalignment 1s‘capa 1@uiva1ent'1§ngth
ceﬁtré”bf préésuré”“thé
chang1ng the rrrrr cr1t1ca1 frequency, qu1te apart to h

to the oil f}?ﬂ force coeff1c1ents.




(II) Misalignment applied to the vertical p

(I11)

13.2 Jcurnal locus aligned and mfsé]%gheaaboﬁdnfichs

The main objective of the experi

this section was to providé’an adequa

b 1oad carry1ng capac1ty,

residual couples along the horizontal piaha,{p,‘
knowledge of this phenomenon;a]]owedithe/test journall;
to be deéigned such that trim weights could be app]ied 

to correct any unwanted residual couples.

Journals operating with an eccentricity ratio of 0.7 or
less, although having a large oil film thickness compared
to a bearing having an eccentricity ratio above 0.7, are

indeed less capable of absorbing a misaligning couple than

bearings having an eccentricity ratie above 0.7.

Tigned journal

erformances are in

bearing revééléd,ﬁ/af't

U]iS; Thus preSenting§7

edff;r determining the

des1gn charts capabie of be\ngiuo

and m1n1mum 01] f11m th1ckn




only be used w

(IT) The experimentally determined'characﬁerls

aligned journal bear1ng are a]so shown to agree well W

the computed values for a stead1]y 1oaded Dear1ng exper1ene‘

cing misalignment in the vert1ca1 p]ane.

(111) For practical purposes the resu]ts may be summar1zed in
the form of design charts which show the re1at1onsh1p
between the misaligning slope, expressed as an end tilt
ratio, and the Sommerfeld duty parameter at various

central eccentricity ratios.

(IV) Misalignment had Tittle effect on the 011 f1ow and bear1ng

d upon for

Hagg and Sankey force coeff1c1ents are of 11m1ted use

hen the mass and the rotat1ona1 speed of the




consideration are similar.

Further the amplitude
also be identical,as averaged va]ues of the oiT fimes if

unwittingly presented due to the non ]1near character1st1cs of -t

0il film which occurs at surpr1s1ng1y sma11 amp11tudes of v1brat10n;

Force coefficients of the Hagg and Sankey type, should in‘the
writers opinion only be used where such coefficients are determined
experimentally from similar machines or rctors, and are the sole source
of information available for computing critical speeds at the design

stage.

Both the 01l film stiffness and damping are shown to be effected

if the bearing was made to run at an altered duty parameter. This

may be achieved by making changes to eithép/théfcflfﬁﬁseosity; Feadingff'*”

or rotational speed, indeed fu]];useiisfmfde

s on actual machines
which are found to operate close

reducing the axial length of the be

ear that a rotor

tica1 speeds due

ipared to each

d/thws has been

found to be true in pract1ce but:o more heav11y 1oaded

rotor where such phenomenon 15 more pronounced



Because of the non-reciprocal nature of the oi
characteristics, the journal response for a distunbingifdr,

rotating in the same direction as the Journal rotat1on, and second?y

in the reverse direction to the Journa1 rotat1on are shown to be
quite different. The two principal d1fxerences be1ng in the suppreer
ssion in vibration amplitude for the reverse wh1r] conditions and a]so;
again under reverse whirl conditions, the direction of the whirT‘orbit
rotates in ihe same direction as the jouraal rotation, indeed ever

the entire vorking range of the bearing the whirl traJectory was never
capab1e of being excited to rotate in the opposite d1rect1on to the

journal rotetion.

Hagg ard Sankey force coefficientSacéh;Qn1y5befCQnsideredeundetgs'

synchronous vibrational conditions,/that;

associated with rotor unba]ance;
also correlation between twoidifge
either the mass is negligible, which i
exciting frequency is Tow. Fa11une to comply w1th

leads to inaccuracies.

whirl, further the success of the 1ow frequency wh1rl vwbrat 0!

produced resu1ts in good agreemevt between theoreticaT pre_



and experimental observations, thus suggesting fha

are minimal.

Clearly the eight calculated dynamic coeffiéients charaéfekizéﬁg}g;,
the dynamical behaviour of the journal bearing, excited at frequencieégi'
equal to the rotational speed of the bearing, are of uncertain accuracy
when presenting realistic dynamic conditions of the oil film. As
previously stated real coefficients do not necessarily approéch
lTinearity for small amplitudes of vibration, a condition which was

evident when investigating synchronous whirl vibrations, even with

amplitudes kapt as small as 0.00005 in (0.00125 mm). Therefore

previous calculations of force coefficientsyfor,a&partjal journal
bearing of the type used throughout this thesis are in quantxtat1vét: 
error, though they may be qua11tat1ve1y corrgp However better'?;
approximations are later p;é;énted'wha
introducing a further twenty t6gff1 ien

restrictions upon the frequéncy 0F$§Jbrat1o

results conducive with physical reality.

tUrbéﬁjst:atlgwinQche
:of%yibrgpjon,have:

t, if indeed

such measurements cou1d'bg;’ - e irregularities

of the test journal. vFurthé/‘ cr1t1ca] speed

purposes such coeff1c1ents wou]d beid1scounted as

v'1ance a rotor to such f1nﬂ 11m1ts wh

would be difficult to

amplitudes of v1brat1on are suff1c1ent1y sma]] such that non



may be neglected. Indeed, acceptable Tevelslaf{

3000 R.P.M. according to British Standard for Electric
could be in the order of 0+ 00075 in (0.0188 mm) which fof'théfi~
geometry of a bearing under investigation would most certainly involve

the non-linear characteristics as found experimentally.

For low frequency of vibration the velocity coefficients were
found te give values greater than those determined analytically,
however, the physical implication would be in producing phase errors
in the anguiar position of the exciting force in the order of 3 to 5

degrees.

13.5 Twenty-eight coefficients - aiigned’éonditiggi*

The main objective of the exper$mentaﬂjﬁmVe*i/g,tign"dé%cfibéﬁ5"\“ﬁ
was for adequate representation
for subsequent analysis relatiﬁé;t
for the purpose of assessing at the de i

and also the possibility of any Oth

critical speeds, a

conS1der1ng the second order terms of Tay]ors Series. It wa




evident from the closeness of the predictedzand;m
trajectories that there is good,agneqmea;:beﬁwéen‘fhg t
force coefficients and experimental obserygtjqns,athereforelaiihﬁugh_
it is an impossible task to compute values of the non 11néaf.fé%éé; |
and velocoty coefficients from experimental results, it may be deduced

that values presented in chapter ten are correct.
Further observations may be Tisted as follows:-

(I) The assumption of Simple Harmon-c Moticn together with the
modified method of Newton using a quadratic Taylor expansion

for solving the resulting second order non-linear simultan-

eous equaticns, appeared in every way to be correct.

(II) The vibrating motion of the tes® journal was always inﬁihg -

same direction as -

of reverse Potation df :
half speed whirl or other instabi

during the tests.

(111)

g peeds were

\aving an error in

‘error of 10:d§bé?i¢éht?forzamp,1 ud 9“6?”V1bré¢jbh:b5

000013 in (0.00325 mm).




Journal trajectories also approac
the frequency of the exciting out of bglance*fj
slight errors in damping were however still presént,uddEE:‘

these conditions of vibration.

(IV) The amplitude of vibration of the journal had no effect on

the temperature field of the oil film wedge.

(V) The maximum vibration amplitude was kept to well within

20.0 per cent of the bearing racial clearance.

(VI) Damping was shown to be increased with a corresponding .

increase in the vibrational frecuency, a condition

cenducive with normal theories of vibration.

(VIT) For all cases of revéﬁgeiyjbf7t

vigorously suppressed compa

conditions.

be capable of predicting the jourh§12§§h

dy are asibelows:e

accuracy. Other results found ihithis/

providing information of suffici
mining the hydrodynamic oil film forces, and may b

with,confidence when investigating rotor dynamics.



(1v)

The introduction of misalignment tdfth‘
journal bearing will have the effect of‘fntreas.J;

magnitude of the 0il film stiffress and damping cdef?iciemts

Other operating conditions such as averaged oil film
temperature, friction losses, Sommerfeld duty parameter

all remained unchanged.

Taroughout all the aligned and misaligned tests, the

rasulting journal trajectory was elliptic which closed for

o1e complete cycle of the pericdic disturbance force,

vindicating the basic hypothesis in the theoreticanapproaqh ;‘;«~

discussed in Chaptersfive and six.

Excessive misalignment causes overheatin

bush within a short time of a
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CHAPTER FOURTEEN

14.1 Recommendations for future inveétigations

The force coefficients have been investigated to such depths,
that results presented exceed the normal capabilities usually demanded
by the present generation of critical speed programs. Therefore the
difficulty in suggesting recommendations for future work, is 1in
deciding if, at this stage, improvements should be made to the
theoretical methods for analyzing the dyramical behaviour of rotors,
k:ng into account all the twenty-eight force coefficients, or

whether to investigate the oil film in even greater detaﬁ], or

indeed, if investigations should take the form of monitoring the .

various pedestal characteristics in order to ev

behaviour having unbalanced asswgned,to;var}gus p]anegféjonglxhe“
length of the rotor. If such a sg]u@po%gqgld be succeésfuliy'

obtained, investigations wi]1,have gone a lon way in,achfeving

"one shot" modal balancing, whereby a d1sp1acem{nt{vect0r obta1ned

_th amount of unba1ance

from the journal bear1ng,,could_dg;g£pT
and its Tlocation, such that ii_wj}? ggt ﬂ}l,conditionjpg;forf §f

the other modes of vibration.

If however, further 1nvest1gat1ons into the behav1our o

hydrodynamic 0i1 film are to be considered as a future resea



programme, the remaining outstanding 1tems of 1n-orm

be of possible assistance to the design eng1neer wou]d begth
effects of the inertia forces generated within the 0il film bear1ngs lf?,
where the film is operating within the turbulant region. However,

this kind of investigation could not he conducted on tﬁe existing
experimental test Jjournal, unless the speed was increased to 9.500°
R.P.M. which because of the kinetic energy stored in the rotor it would
be dangerous if for any reason the rotor became unstable. Further
investigations not covered by the work presented in this thesis is

the behaviour of the 0il film when the jcuwvnal is experiencing conical
whirl, as wiuld be the case for an extrene]y flexible rotor underg01ng

large amp]1tudes of hh1r]

The dynumic characteristics of the 0il film is respon51b7e

providing information as to the behav1ou thefrotor,'cT@

changes experienced by the rotor caused/by a change in the condrtwOQ,;°

of balance, must be transmitted to the bearing support1ng structureg
via the 011 film. Therefore any monitoring system emp]oyxng the \fin .
pedestal vibration to determine the condition of the rotor was o
dependant upon the transmissibility of the 011 f1tm, thas then could

form the basis for future research work wherebv the transmissibility
could be determined as a function of theVSommerfer duty parameter and

upon the flexibility of both the rotor and;fhé bearing pedestal. For .

example, where a journal is m1sa11gned caus1ng an increase 1n the 0111 
film force coefficients, the forces transm1tted through the 01] f1]
could be increased, depending upon the pedestal st1ffnes&a\’ '

- of information could therefore indicate foundation moVementgb




monitoring the journal response characteristics.

of the non linearity of the o] film twice the unbalance does no‘<j{,

give twice the whir] amplitude, a condition which could be mis-

leading if monitoring the state of rotor balance via the jéurna].
However because the‘equiva1ent 0il film force coefficients are
increased cue to the increased unbalance disturbing force, the trans-
missibility of the oil film would also be expected to change, thus

the mechanical impedance of the 0il film plus the bearing supporting

structure nay be altered as to provide d1sp]acements greater than

proportional to the magnitude of unbalanca,

An investigation into the above paenomenoti would be of considerabiw
value to the site engineer for predicting the change in dynam1ca7 par— z

formance of rotating equipment.




»N,’,u/,»/u o
«\“,’,, ) . ‘Iﬁ/i -
p . ~

,\\,,,w,,w 2 e

o

i .

\\,,\,,r/,»\,\«’\ o

.
o ,/«3’*" .
W Q o
. >£4:u v,a\;, e

““?/s«;m,r:,;w

\’lizfa«\’w‘f,i o

. f

i '(m rm . ',;x%,,«l,p,, o
.. fwﬁ

L // o
. ),"w\ .

i : //\\u o ’ '
,,’,’ ,,;.\

APPENDIX A | s -

o
. aq«,a,,( .
o \ \,’ \0\\
w,/

o ,/\.'m:;\\\,,h
.
: L

o 7:4:»7\’/4,, .
?H.’””’/«\ v
.

. ,r, , va b

L o

o w»; v
G
b w\m////",»
i

\”/\\’v i ,
; B ,,\\(

G
o P




APPENDIX A

THEORETICAL ANALYSIS OF THE OIL FILM FORCES

The force exerted by the 0il film onto the vibrating journal ﬁs
a function of the displaced journal, e and ¢ from the equilibrium
running position, and also a function of their respective velocities.
The additional oil film forces due to these perturbations may be
written as Taylors series, extended to include four variables as

illustratec in section 3.4,

Using equations (3.9) which describe the compbnents Qfﬂforce

acting along the radial and tangenfia?ia?

following 1ist of partial differenti

(I)  Incremental force acting alohgithe;%adiai axis

oF afp ' Mot
oF ofp Gl e
afs e i
-SF 56— d¢ Sin(¢“¢o)/i;?ELfoq¢'COS(¢—¢o)
. of . 8 ,,iaf;, A :
oF - R 4€ - ! ._.._I £ o3 -
= < = -SF e d= cos (¢-¢,) = SF G dz sin(¢-9 )
w W w :




. of , - AR
oF R T o
d® = -5 ¢@ -4 ) - ® sintee)
-3 % E 5 €os (¢ q>0) SF T;ﬁi dw sin(¢ ¢>,O).. -
W w W
) .
o2F . 9°Tg 3y .
5e7 de*= ~SF S de? cos(¢~q>o) - SF Frea de? s1n(¢~q>o)
52F ; o 8%fp , ofp
— a = - - (AL 2 1 -
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BfT
2 2
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AL @ cos — )
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w w
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For small amplitude of v?bkatibﬁ?sjn ¢=¢ )= 0 and

cos(¢-¢ ) = 1.0 hence the incremental forte/écting along the radial
0 =y .

axis may be written as:-
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(II) Incremental forces acting along the tangential axis
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Equations (A-1) and (A-2)

force in the radial and tangential directions respective1y, fbr a -

change in journal position and rate of change of position. For
convenience it would be better to consider the magnitude of these
forces in the horizontal and vertical directions i.e. x and y axis

measured positive as illustrated in figure (3.3).

It can be shown that the components of the radial and tangential

film forces in the horizontal and vertical axes méy be written thus:-
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"

FR sing + FT (ofo10)

-
!

FR CoSo j FT sing

dx

it

ce cospdy + cde sing

a
~<
i

~ce singdd + cde cos¢p /:/“

To obtain polar incremental disp]aceme,;§1 Tnzterms of cartesian

coordinates displacements the 1nverse of the above equation may be

obtained by using Cramer's method thus g1v1ngzq‘///5'

dx cosd -~ d sing
do ¢C€ Y

dy cos¢ + dx sing
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i
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Substituting the above demvatwes into equatmns(ﬁ\ T) and

gives the 1ncrementa] forces acting a]ong the hom zonta] an

axes -~
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The above equation may be separated into components of force acting

along the horizontal axis, produced by their respective displacements

and velocities thus:-
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N ,R
s = I ()2
F' = Force acting on journal or reactive

weight on bearing.

Also the hydrodynamic film force acting along the Y axis is

given by:-
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From the foregoing equations the foTTthﬂg

acting along the Y axis may be obtained.
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The faregoing incremental forces acving along the X{anid; Y axi

characterize the non-dimensional force
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APPENDIX B

JOURNAL BEARING DESIGN AND PERFORMANCE TOGETHER WITH SANPLE

CALCULATIONS

The following information sets down a proéedure for se1ectihgk
the size of a journal bearing based on torque requirements etc.
together with general guidance notes on acceptable oil film thitkne3§;

operating t&mperature, and thermal balance. Performance_céfcuiafﬁoﬁ”

sheets are «lso provided to allow the design engineer to predict\bétﬁ

the steady state and the dynamic operating conditions.

(I) Selection of journal diameter based on torque requiréments

4

Yen

STRESS
o)




The majority of important rotor design problem

fluctuating bending stress (i.e. during each revolﬂtidnﬁ‘fp

shaft is subjected to a compressive stress and 180 degrees later the é:
stress changes to a tensile stress, thus a comp]ete reversa] of stress7‘
is accomplished during each shaft rotat1on), and second]y the shaft

may also be subjected to a f]ﬁctuatingrtoréiona] Qtresé. kBoth these
fluctuating stresses will eventually cause fai]ure’by fatiguing tHe
steel if the stress range is great enough, and if applied a sufficient
number of t-mes. Thus when selecting the size of the Journa1 bear1ng
it is essential to include any cyclic variation of strees w1th1n the
journal itself and accordingly choose its diameter and grade of

manufacturing material.

Figure (B~1) sets out the type of stresses,tombe‘expectedfand

engineering applications. Fiquef(Bi




It is usual practice, for shafts manufactured

materials, to apply a stress concentration factor toethe—aI-ek‘”

component of stress, but not to the steady component.

Stress concentration factors/need on]&”be/epplied to shafts
having an abrupt change in section, these 1rregu1ar1t1es of shape’are
of practical importance when designing journal bearings, because they
cause variations in the stress distribution in that section of shaft
continuing away from the 01l throwers. Velues of stress concentration
factors likely to be experienced with journal bearings, are given in

figures (B-3A) and (B-3B).

For a combination of steady and alternating bending stress togethe“'a

with a steady and alternating torsional stress, assuming the alternaﬁinggf

components 1o be in phase with each othe

relationship to be derived by,SOQe{

FACTOR OF SAFETY BASED ON YIELD STREN

W OF MATERTAL

équation:(BfJ)gf

The above is an extenswon of d rberg, to 1nc1uae a 11m1ted num e
of cyc]es taking a Tlinear re1at10nsh1p between stress aga1nstf

logarithm of ‘the number of stress cycles.




t

where o, Steady bending stress

Alternating bending stress

o, =

Oy = Yie]d/streﬁgth (Tension)

Op = Fatigue strength or Endurance strength
T, = Steady torsional stress

T, = Alternating torsional gtfess

N = Number of cycles to feilure

KSB = Stress concentration factor (bending)

KST' = Stress concentration factor (torsion)

The endurance strength, which is often referred to as the
endurance limit, is dependant upon the surface finish of the m@t@*i@lg,ir
and to some extent the amount of hardness, however, for carbon}stée1sfl f

the endurance Timit is approximately 43

tensile strength.

- In the majority of cases»th§¢déq gL:?V

to take into account a limited number of stress cycles
practical purposes it would be satisfactory if the fatigue was

s, hence equation (B-1)

considered for an infinite number

o}

o ;
B
Oy Oe




and a selected factor of safety, a journal diaméf

Shaft dia(m/m) =2

= 2 - 2
where A \j105.16M +(7.41 Tiax = 2:86 Toin)
n = Fector of safety based on yield
o, = Yield of shaft material (Tons/in?)
Tmax = Meximum shaft torque (1b.ins)
Tmin = Minimum shaft torque (1b.ins)
M = Bending Moment (1b.ins)

In deriving the above equation the fo]]gwipg/gssgmptjqn§:hgye;beeh;;‘

Q
tl

12.0 TQns/in?

= Kep = 1.7 which is an

to 200 1b/in% (1.38 MN/m?) T A
machines, under certain cond1t1ons;f
250 1b/in%(1.73 MN/m?) provwded a good 0i1 f11m is obta1ned uﬂder

normal working conditions; :Having ca]cu]ated‘the journal swze?ﬁ

the requ1red torque, and prov1ded the specific pressure i

than 200 1b/1n and not be]ow 50 ]b/1n (0?3450MN/m ) for a g




ratio, figure (B-4) together with ca]culation,$ﬁég?gﬁ

will give the steady running position of the journaT.within,thg ;

bearing bush together with the corresponding friction factor.

s

(ITI) Bearing performance calculations

The step by step calculation sheet as given in figure (B-5)
should be uzed as described below, together with the help of the
additional guidance notes. The first column (E) of the calculation
sheet is the averaged film temperature at which the horsepower
losses are "0 be evaluated, the second column (u) is the oil .
viscosity, n centipoises, for the given tEmperatuke»(T);‘ This
information may be obtained from the tempe?afufe/v1scosityfChath'f~5

supplied by most oil manufacturers. - Substi uting

mation into the Sommerfeld eq

the reactive load plus the journal e gémefﬁy}éf the

bearing, i.e. R and C, provides the Sommerfeld dut -

if used with figure (B-4) allows the value of € to be

¢ + d for the eccentricity ratio e) pre
column four; also for the same value of

(9)

may be determined from curve

of figure

the projection ¢ -+ e.

(IV) Minimum oil film thickness

The minimum cil film thickness which will safeJy\gqu

journal frbm the bearing bush, depends upon the distortiQnFijthe




bush and also on the roughness of the suffaéeég
ation is that the film thickness should be s&fficiehﬁTy g
allow very small particles of foreign'hatferato pasé fhheugh7the
bearing oil film, without 1njuhy to the surfaces. From the majority
of bearing diameters, i.e. 4 in to 20 in dia. (100mm to 500mm) the
designer should try and obtain a film thickness of 0.0015 in

(0.0391 mm) or an absolute minimum of 0.00075 in (0.01% mm) for

commercial habbitted bearings.

(V) Operating temperatures

Normal design operating temperatures are 60°C to 8OOC; belowf‘;

60°C the bearing would be under-rated, and if operating with ae'

1 ambient

o

temperature in excess of 80°C does not allow for hig

temperatures. The film temperature ﬂom1cal des,gn 15
70°C and also allows a mahgfn:of sa

coupled"”,

tial thermal expansxon of the bear1ng supportlng\st ructures
bearing white metal will allow temperatures in excess of 100°C, but

at these higher temperatures 0x1dat19n;gfjthe o11,ww11 commence, and

at 120°C becomes appreciable, '7eﬁfE§eils are used.

(VI) Heat Dissipation =

the bear1ng The 011 1s supp]1ed under pressure to the wor'

of the bear1ng The amount of 011 requ1red to coo] the bea




depends upon the inlet temperature of the 0il and
temperature rise as it passes through the bearing. Experien

that the temperature rise is usually in the order of*héTf<thé .

difference between the film temperature and the oil inTet supply

temperature.
T.e. 0.5 (T, - Ti)
Tf = 011 film temperature °c
Ti = 011 inlet temperature °c

The amount of couling 0il required to remove the heat generated
within the bearing, based on a specific gravity of 0.88 and a

specific heat of 0.46, is given by:-

G.P.M. = ]].GZ(HP .%Sgl(i;ﬂ:‘gﬂ
f_

The diameter of the o0il inlet supplyfpipe-shouldﬂbecfh's'
above quantity of oil, such that the flow velocity is not gr ater

than 5 ft/sec (1.53 m/sec).a

the bearing bush, I c e
side Tleakage. ~The heat then fTows?aiengﬁdifﬁeremtvpaths~toiﬁh”'@ffe

surrounding air.’ This type of heat flow has been 1nve$tiga§ed<




writer using the electrical analogy technique, an
number of machines under both test and site conditions. Tk

heat dissipated was found to be dependant - on the temperature

difference of the o0il film and surrounding air, and the rate of
movement of air in general, however, the following formula will

provide a good assessment of the heat dissipated from a bearing

H.P.dissipated = (Tf - Ta)0.0008 A/746 (B-5)

—
]

£ 0i1 film temperature °c

—
i

. . ... 0
Ambient temperature of surrounding air “C

b=J
4]

Radiation area of the pedesta® (sq.in).

the heat is removed by natural dissi
-an external supply of oil, and;féf ing
higher speeds, all the heat generaieﬁ,hés,teﬁbe;&&

cooling oil,

air, i.e. curve (2). Curve (2) may or may not cross curve (

it does. the intersection will give the_temperature»qy\whf




at a temperature corresponding to 702 ¢ measure

to be removed by an externa]vsupp]yzofcceoling-ﬂiT;wﬂThé7Qd3~

0il 1in ga]jons per minute may be determined by equation (B-4). The
temperature of 70°C is chosen as the best operating temperature,

this value could be adjusted to suit any particular requirement.

(VITI) Method of determining the oil film force coefficients

If the rotor is expected to run thfcugh the critical speed, then
the coefficients should be determined for two speeds below the running
speed, as w211 as the normal speed, thus allowing a curve to be:drawn
giving the approximate oil film stiffness for various speeds. If,

however, the critical speed is expected to be above the: running Cpeed;} ‘

then the fiim flexibility need only be eyalyaiéﬂ;fo:theihormay,g,
running speed of the machine. 'In o .

evaluating the force coeff1c1ents ]

‘.WMere these curves

ves: the operating

b

It s%ou1dﬂbel

B

thermal: equi 1ibrium, the

* 1me taken to reach the

rotating machines.




Having obtained the expected operatiné temp.
film, it is possible to determinerthé"Sommerﬁe?danmSGEJam
eccentricity ratio from the ca]cu}atiOnESheets,*fHus a]Towing the .
non-dimensional coefficients to b° read from the charts g1ven in %h1s
Appendix for the above determ1ned eccentrwc:ty rat1o, and also addugted

for any misalignment expected to be present in the sha.t system.

(IX) Worked Example

It is desired to determine the 0il film characteristics for a
33 M.W. turbo-generator having a bearing 12 in diameter by 12 in long.
From experience it is known that for this size of machine the rotor

passes thrcugh its first critical speed, therefore it will be

necessary io compute the o0il film dynamic characteristics for sevéra1"'

speeds below the normal kuhhéng’spééiz

will be necessary to contract the twenty-eight force

a single stiffness giving the weakest plane.
The starting point ﬁbufdfbe'fo Ee1€§t,‘hé Speeds at which

investigations are to be made, for tbiefexampj§43000, 2000 and

1000 R.P.M. have been se]ected,/where,ﬁOOQ»RiPQM.zis the normal

running speed. Us1ng the ste 1 sheet together

with figure (B-4) will prov1de the;;ota :hor epower ~absorbed 1n
shearing the 0il for V&PiOUS averaged 01] film temperatures,

calculation is ‘given in figure (B-7) which may be plotted,ag




figure (B-8). The above procedure may be repeat.
R.P.M. and 1000 R.P.M., calculation sheets are not showr

exactly the same form as for the speed of 3000 R.P.M. =

N

For this size of bear1ng, where the hor;eperr genefated’by fhé'
0oil film is as Tlarge as 70 H.P. the heat removed by the surround1ng
air is so small compared with this f1gure that it is not worth
plotting, therefore all the heat generated within the bearing must

be removed by an external oil supply, usihg equation B-4 gives

G.P.M. = 11.62 (52.6)/(70—28} = 14.6 A

This quantity of oil is then supp11ed to Lhe bear1nq 1rrespect(ve of

the running up speed of the rotor. The hfat removed by the o0il for ef'“?

various temperatures is shown by curve

gives the expected 0il f11m temperature, i.e.

1000 R.P.M. = 40°C; 2000 R.P.M. 57 C 3000 R[P'M
thus for each temperature the respective Sommerfeld\nUmSerx

eccentricity ratio may be obta1ned by referr1ng buCk to the ca]cu-~\

be 5 = 0.686 and

lation sheet, which for 3000 R.P.M; wouT,

= 0.275.

Calculation of oil film cqeffféw

Speed

19000 Tbs. |

Reactive force Z

Sommerfe]dinumber,\=V05686 3 :
Radial clearance = 0}005115‘:fi~/’ i ;
Eccentricity ratﬁqaéJQLZ%S‘/; e




-19000/0.006 -

SW/C =
SWQ/wC = 0.686 x 19000 x 314.15/314.15 x 0.006 -

SH/C* = 0.68 x 19000/0.006% ~  “:3@5xﬁd
SWR®/w?C? = 0.686 x 19000 x 314,152/314.152x0,006%= 3.16 xylﬁéi
SWR/wC? = 0.686 x 19000 x 314.15/314.15 x 0.0062= 3.16 x 10°
Mo? = 19000 x 314.15%/386 = 4.858 x 10°

Using figures (B-15) onwards allows the non-dimensional force co-

efficients Yo be obtained for the eccentricity ratio ¢ = 0.275, thus

the following cimensional coefficients may be calculated.

Axx = 1.48 x 2.166 x 105 =  3.205 x 10°
Axy = -0.08 x = -1.73 x 10
Axx = 2,08 x " = 4,505 x 10°
Ay = 1.6 x “ 5

Axx* = 7.0 x

i

Axy? = -2.0 «x

Axxy = 2.9 x

Axx% = 0.19 x
Axy? = 3.5 x

AxXy = 5.7 x
AXXX = -3,3 X

Axx& = 15.3 x

Axyy = -0.3 X

Axyx = 86 x " -
pyx = 6'8,\X52i355f3f105ﬁ ;1;473rx¢197%
by - 3b gt s - 7.580 x 10°




Ay x 3.465 x 10°

1.6 x 2.166 x 10°

il

Ayy = 14.3 x " = 3.079 x 107
Ayx* = 10.8 x 3.61 x 10® = 3.899 x 10°
Ayy? = 3.2 x " = 1,155 x 10°
Ayxy = 24.5 x " = 8.845 x 10°
AyX? = -0.11x " = -3.97 x 107
Ayy? = 16.0 x " = 5,776 2 10°
Ayxy = 2.5 " = 9.025 ;: 10°
AyxX = -31.0x " = -1.119 x 1010
Ayxy = 31.0 x " = 1,119 x 109
Ayyy = 62.0 x " = 2,238 » 10%° ‘
Ayyk = 33.0 x " = 1.191 » 1010

The value o7 the exciting force, i.e. my’

equation x =

y = 6.421 cos(wt - 81{29) wh1ch thm wh1r1 tragectory

illustrated in figure (B-]O). By notwng:the max1mum amp11tude of

vibration, and the angular pos1t1o" e focce vector, a?]ows the'

determination of st1ffness coeff1c1ent:a]ong the magor ax1a of

vibration, wh1ch has the most 1nf]u9nce in affect1ng the dynam1\

behaviour of the rqtor.yw




Using equation (5.12) allows the Hagg andﬁf

coefficient for the major axis of vibration, to be evaTQatedéﬁs.

follows:
m?
Ky = © “Z cos(ar - £ ) + M2
where mQ?r = 3800
4y = 0.00075
cos (aar-&) = cos(107°)

M2 = 49.2 x 314.152

giving K, = 3.366 x 10% 1b/in. .

Repeating the entire calculation for 1000

gives:-
1000 R.P.M.
2000 R.P.M.

1l

In addition to the abbve 011 f11m stuffness the 1mpcdance

bearing supporting structure has to be agcounted for. Tests conducted

by Parsons Peebles Limited for éete%m' _éiﬂynamic properties of

the bearing pedesta]s used for works testfi of/tﬁjs 33‘Mw rotor, and

results:-

Equivalent stiffness /9 9 X ’06 Tb/1n.

3 64 x 103 1b/1n/sec.

Equivalent damping

40.6 ]b/wn/sec.\

ll~

‘Equivalent mass

i

Natural frequency 492 rad/sec.




Hence th supporting structure stiffness for the
be:-

1000 R.P.M,

1]

9.5 1b/in.
2000 R.P.M.

i

8.1 1b/in.
3000 R.P.M.

6.0 1b/in.

Therefore the equivalent stiffness of the oil film plus the bearing

supporting structure is as follows:-

1000 R.P.M. = 1.58 1b/in.
2000 R.P.M. = 2.07 1b/in.
3000 R.P.M. = 2,17 1b/in. stet e dleiai

It is now possible to present a graph of support stiffness agaihst1 £

speed, also on the same graph the dynamic behaviour of the rotor,fo

of figure (B-13). The intersection of théééféyrvés with the jr'g?f'

»

equivalent support sfiffness, curve (3), gives the expected ¢r1’

example is:-

N, = 1180 R.P.M. NCZV

cl

;;3é40fR;PfM;;

Actual measured critical frequencies

conditions gave:-

Driving end pedestal ‘meas»urféméﬁt o

+

NC.I = 11@0 R;PaM.~ NC2‘= BZQO.R'P’Mf




Nep = 1200 R.P.M, = 3060 R.P.M.

If, however, the calculated critical speed for this same rotor, only.

considered rigid supports, the critical speeds would be:-

N _, = 1504 R.P.M. N, = 1228 R.P.M.

cl

The response curve recorded by Parsons Peebles for this turbo-

alternator, is present in figure (B-14) and illustrates the degree of

accuracy of this method tegether with the va]ue/of the oil film'fo%cgif

coefficients presented in this thesis. =




F16. B—3A. STRESS
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NOTATION

A(---) Force coefficient, the first subscript describes the direction
along which the coefficient acts and the remaining single or
doub]e‘subscript describes the displacement or velocity

causing a force to be generated from the coefficient.

C Radial clearance.

Cu - 011 film damping along the major axis of vibration.

Cv JOi] 7i1m damping along the minor axis of vibration.

D Diameter of journal.

e Journé] eccentricity. E
FR Pearing force in the radial direction. ?
FT Bearing force in the tangential direction.

fR Non-cimensional o1l film force, radia]{direction,

fT Nqn«dimensiona1 oil film force,jtaﬂéentia] directioh.

h Film thickness. | |

Ky 0i1 film stiffness along the major axis of vibration.

Kv 0i1 film stiffness along the minor axis of vibration.

L Length of bearing bush.

MR Non-dimensional radial movement.

MT Non-dimensional tangential moment.

M Mass of shaft acfing on bush.

m Mass of unbalance.

N Speed of journal,

P Film pressure.

R Radius of bearing journal,

r Radius of unbalance mass.




w

Sommerfeld number %ﬁ (%)2

Time.

Peripheral velocity of bush.
Major axis of whirl trajectory.
Rédia] velocity of bush.

Minor axis of whirl trajectory.

Reactive load on journal.

_Horizontal axis.

Displacement along the X axis.
Pedestal displacement along the X axis.

Circumferential step length of fi'm grillage.

Vertical axis.

Displacement along the Y axis.
Pedestal displacement along the Y axis.

Axial length of bush to ith

node.

Axial step Tength of film grillage.

Phase of journal vibration.

Arc of bearing pad.

Phase of pedestal vibration.

Eccentricity ratio.

Steady state eccentricity ratio.
Circumferential angle of bush to ith node.

Bearing parameter Sk/w

Viscosity.

Inclination of the major axis of vibration to the horizontal axis.

Mass density.

Tilt ratio of journal.




Angle of inclination.

Steady state inclination angle.

Angle of tilt to the vertical axis.

Angular velocity of unbalance vibratory force.
Angular velocity of journal.

Denotes first derivative with respect to time.

Denotes second derivative with respect to time.




