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ABSTRACT

The purpose of this report is to analyze the stiffness and damping pro-
perties of fluid film Journal bearings and to determine the force transmitted
to the bearing support. The pesults are presented in practical design charts
and are glven in dimensionless form to muke tham applicable to wide ranges
of geometrically and dynamically similar usnits,

The anelysis agsumes that the rotoy vibrations are of small amplitude,
Thereby the non-linear oll film force is replaced by gradients, denoted
spring and damping cosfficients. The numerical values of these coefficients
are obiained by computer caleulations, Results are given foy 3 bearing types:
the plain cylindrical, the 4~axial groove snd the siliptical bearing, Using
these bearings to support a symmetrical two-hsaring rotor the force trang.
mitted to the bearing pedestals, due to a rotor imbalance, is calculated.

Thus the bearings can be compared for & given rotor and fox known operating
conditiong and the bearing with the optimum force attenuation can be selacted.
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INTRODUCTION

The hydrodynamic oil film force is obtained from Reynold's equation,
assuming constant viscosity, The eguation is approximated by a finite
difference equation and solved on a computer. The resulting oil film force
i» & non-linear function of the eccentrivity, the attitude angle and the
corrasponding velocity components., The non«linearity implies a complex
relationship between the rotor uﬁd its bearings such that in an exact anplysis
the rotor and the bearing canrot he studied separately, but must be millymd‘ "
& system. Even if an exact solation was available it would not he too useful
for design purposes, firstly because of the vast number of bearing and
rotor parameters, and secondly because it would be almost hopeless to tle
the vesults in with the supporting structure. In theé present analyeis, thereivze,
the oil film force is linearized by replacing it with its gradients, mathematically
expresped in the firet order Taylor expansion. This iz a justified approxima-
tion when it is assumed that the journal motion is emall. A linear bearing
force vastly simplifies the rotor analysis and makes it possible to assign
an impedanice to the bearing, 2 necessary presupposition for any overall
investigation of the rotor and its supporting structure,

Three bearing types are studied: the plain cylindrical, the 4~axial
groove and the elliptical bearing, The configurations ars shown in figure 1,
2 and 3, The oil film force gradients are calculaﬁed on the computer ans
shown ih table 1-4 and :l.ntrod\'xcing the numerical values into the linearized
expression for the oil filmforce (see eq. (6) and (7), page 4 ) yields the

bearing spring and damping coefficients as shown in table 5,

Although the thus obtained data are completely sufficient for a rotor
vibration calculation they are not in a too convenient form. The resson is
that 8 coefficients are obtained whereas the normal rotor calculation is set
' up for only 4 coefficients, a spring and damping coefficient in two mutually
perpendicular directions. No provision is made for taking into account the

additional 4 cross-coupling coefficients, Therefore, it is a matter of



practical importance to eliminate them. Unfortunately, they are unsymmetrical
and do not vanish by the introduction of princéipal axis. Instead anothar method
im employed making use of the fact that linear bearing forces result in har~
monic roter motion, Thus, it ie possible to replace the original 8 coefficlents
with 4 equivalent coefficients that will give exactly the same rotor motion,

It im clear that such a reduction depends on the rotor. A symmetrical, two«
bearing rotor is selected since it reprevents the most commonly used rotor
design. Awx a furthey simplification the rotox is given only one degree of
freodom by concentrating the rotor mass at midepan. The simplified system

is ghown in figura 6.

The procedure is as follows: a fovce-balance in the vertical and the

horizontal direction is set up for the rotor combining the rotor inertis, the

unbalance force and the bearing force represented by the computed 8 spring
and damping coefficients. This results in 4 aquations in the unknown ampli-
tudes set up in a matrix, By eliminating the 8 terms, representing the
cross~goupling effect, the matxix is reduced to the same form as the matrix
for a rotor with only 4 spring and damping coefficients and no cross-coupling
coefficionts, Therefore the remaining terms in the reduced matxix are the
desired equivalent spring and damping coefficients. In addition, the matrix
is solved for the rotoy amplitudes, and combining the amplitude with the
spring and damping coefficients gives the force transmitted by the bearing.
All the results are given in dimensionless form as a function of a dimensionless
parameter %% % = ‘ . In plotting the results % is replaced
by the speed ratio (&Y. s;ae eq. (29), page 14 . Curves are given for the
dimensionless spring and damping coefficients, and the dimensionless trans~
mitted force as shown in figures J2-43, The force attenuation, expressed

a8 the ratio hbetween the actual ‘ransmitted force and the force transmitted

by a rotor inv rigid bearings, is easily found from the graphs since the
dimensionless rigid bearing transmitted force is also plotted,
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THEORETICAL ANALYSIS

For an incampwessible fluid Reynold's equatior; may be written:

(1) &[-E *g{[ﬂ!ap] 6Rw3§* + l?.iﬁcoso + lZe&%s‘lno
= 6Rw(l- EQ)SE‘ + 12 35 cose
where h—C+ecosa==C+ecos(§)

Introducing: F\- &Ch X=2Rx =Lz e=Ce

E“}A N(l-ﬂ-a'&) (5)‘ (constant M )

Reynold!s.equation reduces to the following dimensionless equation:

@ E[R4E]+ .)‘3‘["% iR + |aww_-_§wcm

The resulting oil film force is then:

(3) E=pN(l-2&)(ﬁybLS:S:Pm(dedza aw(-28)4 (8, €, 0, G08)

<

For the subsequent analysis it is necessary to linearize the force with respect
to displacement and velocity, The first order approximation of the Taylor

expansion will be used:

£ = o(i-28) 8 de + 3 edu + g&s atd)+ g‘%yd(&)* eopyeda
Writing:

and mking as the raferencm for the 'I‘aylor expanaion the steady state

equilibrium position where

£=0 o =0



we get!

K = Mgk de+ 2 cdu +§-&;d®«-§-&ad&]

To change from polar to rectangular coordinates (see figure 4):
X= CEcosu y = Cesina
de =2 [ cosu di +sina dyl  edo =¥ [~sina dk +easady]
Since the point (CE, 6 ) is the steady state position, dx and dy represents
the dysamic displacements and K = dx and dfj = dig)

Thus we obtain:

(6) dF = ém{ g% cosd = §3§< simx dx * %Ceﬁd + %ﬁsim‘);ﬁ;d&‘
+ (48 cina + Bt cosa) dy +(§ 325 st~ B cosn)es oy ]
oxi dgﬁ‘ K&# dx an dx + ng dq + Cm’ dy
dF’J” KW tlx ’i‘.(:é’g‘ d;( - ‘Kaﬁl dy ’“"ﬂw fizj
Three bearing configurations will be analyzed. For this purpose equation (6)

is not in a convenlant form and must be rawritien in tevms of the force

components normally used in bearing caleulations.

Cylindyrical Bearing

The force is given in terms of a radial component Fr’ positive in the negative
radial direction, and a tangential component SF;:, positive in the poaitive
d~direction, such that

Fe==F cosw ~F; sina F= ~F.sino + Fcoso,
dE = ~dF cose + F sind des ~ d slne ~F; cosol dat
dfy= ~dF, sin = F, cosa dot +ol F; coset = Fy sinw da

whh



~ Expressing dF_and dF, by equation (6), the coefficlents in eguation (7)
e v
can be written: o

K A $8 coste +55 el +(=f + 884 ) cosasing]
0 Corn & Xw[%'j cosh + BB sl + (B + a‘-}gg ) cosatsina]
K=& o P codu =98 girig + (f = gk )'cm.sim]
Wyt [26: o ""’a% slfa+ (B~ f‘% Y cosa s:im}
Kyebheo [k cogu s st (F - 9% cops s |
wCp= &) [3& o= B st (& - ﬁ% ) cosa sin ] |
Ky thw [—E" cos' + g\{gé sty (oo %% ) Coss §Tnd ]
wCy=tAw E%&ccw +§% sin' = ( &k *ffé; ) Cose ST |

: (d)

4-Axial Groove Bearing

The force is given in texms of a vertical componont F, positive in the negative
xedirection, and a horizontal component Fy, positive in the positive y~direction,
such that

o= =R Fy= R

Usging equation (6) directly the coefficients in eq. (7) become!

Ko & Mo [ 3% cosor ~ B gina |

(9) W Gy & Mﬂ[ﬁi‘i cose -+ & lna |

-5”



=

oyt N[~ § sina = i cosu]
0 Gy =t o [~ sl + Bfccona |
Ky e [ cost = s i
wCpmd o [ o + 2 ]
Kydho [~ dhsing = G asa]
twCoym D> Eféﬁ sl + &t |

Eiliptical Bearing

The elliptical bearing is made up ef two partial arc bearings called the lowar
lobe, identified by subscript 1, and the upper lobe, identified by subscript 2.
The radial bearing clearance is taken as the difference betwsen the lobe
radius and the journal radlus, Ths origin of the %, y~coordinate gystem is
located at the bearing center, midway batween the Jobe centers, with the -
axig vertical downwards,

From f{igure 5!

gha €4 m*+ 2Emcose Erw £ m'=LEmeosn
10) .. ESind .
( sbha, = -»-!-;'-’-w sina, = i'%lf’l
Furthermore

de, = & cosa, dx + sine, dy]
(1) .

b m



dey & [cosa, d + sine, dy]

€gd€£g* é [ slnd, dr +eosds dlj]

The two lohes are culeulated separately vesulting in a vertical and a
horizontal force component for exch lobe. Then

(@ Fee(ERy)e-F = (Rife)= R

These squations are analogous to the 4-axial groove bearing. Therefore
equations (9) are aleo applisable to the elliptical bearing. However, a
difficulty is encountered in the calculation of the derivatives with respect te
velocity because a pure radial velocity £ gives rimse to both o radial and a
tangentisl veloeity component for the lobss. Thus ‘}u m~2f does not
hold fox the olliptical bearing as it did foy the cylindrical and the 4-axial
groove bearing, but it is still valid for each lobae taken by iteelf. Using

ag. (5) and (7) together with oq. (12) we get:

»C‘;,dxﬁ-c.;,dyﬂ)\w ﬁ%i-de,ﬁ%(%&»&;d% %‘“Eda, ma,du,]

Coutk~Cyy iy = A0 [ f(%ﬁ& de, - é‘z ok d wada. %fgﬁ,dag]
Using equations (11) we get:

Wl E M [ f{ﬁ cosd, + -&% Cosly '+ 3&‘" stha, -%fih stna,]
w "é/\w [’”g{%‘ 5ing, + %% ¢lna, + ﬁfﬁcos« - Rfu €084 ]
! 8 ' a8 T ! Ey '3

wcqﬁ ?‘f >\(N [31(%{' cosd, + 'g“‘t%% Cohdy + zé‘:“”ﬁihd, + %‘LSIHQ;]

u7n



W‘ng”‘ é‘ Aw{“ g{t‘,‘ §iny, + -g—&‘,-’ Slha, + 3&’"- cosa, = 3%‘3:& cosa,]‘

Thus we may use squations (9) by setting:
aggf'” a%ga ‘

a%!}i ) ""6"‘!% %«i‘f Gl
(18) % g{ﬁ cos (=) +-§}ﬁ-cas(dma Stn(d-d\ *fi{nstn(m.

G G sinaeat) o+ Sfpsinlara + B cos(u-) = B cogfay)
$he St costumat) + § cos (urr) - %“-ﬁ!n(ﬁ‘&} + BB glnfatat)

356"' 3{& IICEES ‘3*-3&; Sth{atdy) -+ %‘cos(w.) - 2&“‘395(‘“%}

The above forces and derivatives nve calculated by meang of a computer as
summarized in tables 1«3, The resulting spring and damping coefficients as
calculated from equations (8), (9) and (13) are shown in table 4, These
results can be usod directly when calculating the vibrations of the rotor,
Howevex, the usual calculation procedure allows for only 4 coefficlonts, one
spring and damping coefficlent in the vertical and in horlzontal direction. No
provision is made for taking into account the 4 cross-coupling texms Kxy,
Cxys Kyx and Cysx. Therefore it becomaes important to eliminate them to
reduce the origmm 8 coefficients to 4 equivalent coofficients. Due to the

non»aymmetw of the ¢ress-coupling terms thoy do not disappear by the
Bom



introduction of principal axis, Instead, the 8 coefficlents may be combined
to 4 by coupling the bearing with the rotor in such a way that the resulting
motion remains the same. This is the purpose of the following analysis.

The rotor is a simple, symmetrical, ono-degree-of-freedom rotor, It is
supported in two identical bearings and the rotor mass is considered con-
centrated at midspan, (see figure 6},

14t 0 be the steady state position of the journal center ( i.s., at zero
unbalance), A is tho actual journal csnter, B is the shaft center at midspan
and G is the center of gravity of the rotor. A fores balance gives:

ME, + k(=% = Mewtcoswmt
K(%,Xu) = 2 Ky ¥ * 200 K= €Kiy a2 Coy G

B4 M k(g =ya) = Mewtsinat
k{y=ya) = =2 Kyn Xo =2Cyekn+ 2Ky Yot ECuy Yo

The following paramatere are introduced!
(15) e

(16) %= tkph

Furthermore the solution is taken in the form;

Ha Agoswt + Bsinwt
X, % coswt + m%«% sinwt
(17) Yo Ecoswl + Felnet

T a%'ﬁ%vcaswt + %&@e]nmt

“9n



" Substituting eg. (18}, (16) and {17) into ey, (14) vields:

(Ke2) wln | “Key | ch’“‘, y

09 wCa | (Kn=%) | wGey | K | o
*k% ~toCpw Gﬁrﬂ)~: wly | o

wlypr | =Ky -t Cyy {’.(K.,,mac)‘ B

It is deeired to reduce this matriz to the same form as & rmatrix for & rotor
without erass~coupling tovme. Such a rotor has only 4 spring and damping
sosfiicients which are denoted K:c’ ‘Ex' K‘y and By. The reduced matrix is

then!

A B E | E
e e Xe | HE
(K,ae) w B, o | o ]
-wB, | (Ko~ | 0 0
(19) x| % | | 0 |
o | o (K, ) wB, | o
0 0 ~wB, | (Ky~%) )

w10 =



After s substantiscl amount of algebra, eq. (18) is reduced to eqg. (19) with
the resulis:

Koo Ko = B [8Ksy ]
wBe= G % Loy =8 (0Cog)
K Kuy =%, [ ke =pluo ]
By toCiy = 5 Ly Ko+ S (10 )]

wheres

{20)

Yom (K =32 +0Cuy )} (Ko =Cyy)
W (Ko =3 =wCyp) + (K twoCoed

@ & (w28 = 0y (K= Cgy) (i =22 +00Cgd (Kogp ¥ Coe)
(Ko =3¢ = 60 Cye)( Ky = 2+ 60 Coy) = (Koy=Cpg) (Ko wCi)

Since aq, (19) are linear they may also be solved for the amplitudes;

_é_ - w(K~w)
| (Kx“xs *Zwas

_g_ . z&(wﬁ.) i
(22) (K~ )+ (wB)

- ""H‘.(waq)'
€ W) (ro By
£ - '!ﬂ,(k‘u“‘&)

€ (K~ )+ (wB)

ul‘lm



1

The %= and y-amplitudes are found by substituting eg. (22) into eq. (17

e €08 ftsf‘“(?ée)'

3 B
ton e g
M, Wmﬁe sin{wh~ G,

iﬁn% (K;,""K

%y, and yy may be found similarly from eq. {17}.

(23)

The force transmitted to the bearing pedeatal is given by:
B L K,;"X@ + B’!,.i“
By Kyt Byt

Substituting eq. (23) into eq. (24) yialds:

(24)

cos(wt = @x + ‘a’n)

(25)

ol KB |
'e& x\‘(rK.pae)’e’(qu)‘ sin{ut- @+

tan g, -‘9%-

In the caloulation the above cguations are made dimensionless by dividing
through by *A%(ﬁg) in order to make them general, As an assistance in
plotting curves of the derived equations the following auxiliary expressions are

set up!

ulZa



For W0
Kﬂw Kgg” wCW
0 By ot Ky

Ky Kyt 0 Cye
(26) o By~ wlyy ™ K

Sl

B |

% v V(“Kw“ﬂl)i:%)a*q ( km’ "'WC}M)‘

! \ e

% == \( Kﬂ“"%ﬁgl} +( qu”‘ W(:yy)‘
Instead of expressing the vrotor araplitude in % and y~cooxdinates a befter
physical picture is obtained by finding the corresponding elliptical path of
the journal center, Combining the first and the third of eq. (I7) we get:

Where a ig the major axin of the ellipse, b is tho minor axia and & is the
angle between the x~axis and the major axis, sae figure 7. ( -é'-‘-), (-?}-)‘. (-§4~v)
and (%:*") are given by eq, (22), Rotor resonance may be defined as the
speed where the major axis is & maximum, This maximum iz found by
plotting the major axis as a function of ¥ . The resuits are shown in
figure 46-47, From these graphs the rotor critical speed can be found

directly for a given rotor by a trial and exrror process.

P PR L APUY %
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Thus the results sre chtained as a function of ® , but to facilitate the
intavpratation of the results, ¥ is replaced by a speed parameter, From
ag. (16) #  in dimensioniess form is:

8) A WA
et -
Arbitratily setiing ﬁ%& m 5 {n ratheyr stiff rotor) we get

W u K.

(z%M (2w ol 4T+ 5 |

(ﬁf is used instead of W to prezent the dimensionless resulis as shown

in figuree 11=43. When a rotor with a dirnensionless etiffneass different from
B is investigated, eq, (28) should be substituted into eq, (29) to find the value
of !&f corresponding to the desired value of ﬁ: + This rejationship is
shown for a wide range of dirmensionless rotor stiffnesses in fig. 1l

The {oyce attenuation may be expressad as the ratio between the actual transg-
mitted forge and the force transmitted with rigld bearings. The following
relationship existes

(30) ﬁ—&wg %Té%‘ .
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BUMMARY OF RESULTS

Effective spring (:oefﬂciqnt in vertical direction!

:Kaﬁ ng - "\%‘[ ékﬂl_{ o+ ”a(wc“’)]
Lifective damping coafficient in vertical divection:

Eifective spring coefficlent in horizonial d‘iwec‘tiam

KQ" Kyy = ﬁ Lg Kyx ) (wcyi)]

Effective damping coefficient in horizontal divection:

00 By <y~ L Ko+ S (0 Cy)]

whare!
X

Y= (K~ + cqu.,)l + (Kiy =t0Cyy)
'lKn‘ ( k’mf B S CuCt;x‘)g"'(K‘l” %wcx")‘*

6 & (E(xg MR Sl 7Y ngx)‘('Kgg’,““”Cqu) ""( Kw ol *wﬁxy)( k’w*wckl)

m= (Kw""lr( - wC;,g)( K.,,wx %qug) - km,:-mC.,, )(kqx +45Cr)
%=tk

kxx, wcxu v Kxcg ’MC“S‘ ,k-,g ) wa ) K‘,;, , and mCW are given in
table 5.

“1B -



Transnitied force in vertical direction

. i + (i By |
ZK#”‘K‘? *(W*BRS

Trangmitted {orce in horizontal direction

F{, = e vl(ﬁqﬂxﬁ ﬁfg ¥ sin(wt-Q,+y,)

tmq}, u WI,T'-?%@’ tanyys %%*

Amplitude of journal center in vertical direction

o e eoeliat=10)
X ety et e

Amplitude of journal eenter in horizontal direciion

Ye™ e +(oB) sinfut-g,

Elliptical path of journal centex

Major axis: a = \/%[M% Ex”" Fa] ”“% J‘EA‘*’B"&‘E"" :]‘ FEAF“‘&E]

Mlém



whe pel
L )

Unbalanoe (laein

e ia potor mass eccentricily, i.e., ¢ = "Rotor Weight (m

eae(ie-x)

A ..

© KrA R
enlwhd

(k,gwu)*?- (wB)
AL

B o= (K.,“X)v"‘“‘ (WBW
- et (K-t}

(K0 + (W)

#17 =



DESIGN INFORMATION

This section has been prepared to assist the degigner. The method is
diroctly applicable and doas not aasume familiarity with the underlying
analysis. Thus, the designer should be able to extract any desired infov-
mation without further reforence.

In selecting the bearing on the basis of minimum transmitied force, the
designey is £med with the problem of how to choose bearing type, unit
bearing load, = D -ratio, clearance and oil vigcosity, To anawsr these
questions, the procedure below can be employed.

It is assumed that the rotor ir given such that the following quantities

are known:

1) The rotor critical speed, (i md/“c“ for rigid rotor supports (1. e.,
the classical critical spoed calculation).

2) The bearing reaction I lbs,

3} The rotor stiffness k lba/itn. Sinca the results are valid only for a two
bearing rotor and for retor speeds below the second critical speed, 2
the rotor stiffness is calculated fxom k= M + Wi where M }»Wm

is the vibratory mass of the rotor. M ir somewhat smsller than the

actual rotor mass and may be estimated by methods as shown in

"Vibration Problems in Engineering”, by Timoshenke, Chapter 1,

Article 4.

4) The journal radius R, in,

For later use, we shall define the bearing parameter A as:

M&-(—C-)z bs « sec

lbs ' Bec
inA
length, in - G radial bearing clearance, in.)

( M 1 viseosity, ~ P bearing radius, in - Li effective bearing

"18"“



In addition we shall define:
A o E y 3§ S ] F
the dimensloniess bearing reacilon! Py
the dimensionless rotor stiffness :th—'
the dimensionloss speed ratio : %’c
(w: operating rotor speed, md‘/emc)

Once these three parameters are kncwn the transmitted foroe can be found
directly. Thus, ths problem ig to choose the hearing dimensions in such &
way that the valus of the above parameters minimize the transmitted forcs,

L
Selection of bearing type and of B = ratio

The selection will be done on a basis of comparison., For thig purpose
it is necessary first to estimate & bearing clearance C and an oll viscosity @,
Since the joursal radius R 1s known it is then possible to computs A for
%g- £ -é.. and -115‘- u 1. In addition 'x,%. and o,  are obtained. For
a given operating speed w Md/aec the tranamitted force can be found aa

follows:
‘ ]
a) calculate the speed gatle G

b) caloulate “j\%: / {}}ﬁ and enter figure £-10 to get the corresponding value

of eccentricity ratio € .
/

¢} enter figure 11 with z‘;f to find the equivalent speed ratio ('ﬁ:) .
d) enter figure 2843 with (&fc)l and the corresponding value of € to find
the dimensionless transmitted forco 5‘;\%@) for all desired bearing types and
A« patio. If the curves aro spaced too far for lincar interpolation it is
D
naceggary to make a cross-plot, Multiply the rosult by %Aw‘;ﬁ( e distance

between shaft center and center of gravity of rotor mass, inches, ¢ may
rotor unbalance, lbs

be calewlated from the squation: e = ' in/:zfotc):v welght, Tha)

o abtain the transmitted force P lbs.,



This procedure can be repesated for a number of operating speeds to
cover the entire opsrvating speed vange., By plotting the curves of transmitted
force versus rotor speed, the effect of bearing type and of 1’%“ wratio ig
readily seen and a seleciion on the basig of minimum transmitted force can
be made. An example of the results obtained by the outlined method is

given in figures 44«45,

Salect:ion of bearing clearance

In principle, the selection of clearance is done by the same procedure
as above. Thus the goal is to obtain curves of {ransmitted force versus rotox
speed for various values of the bearing clearance and from that select the

actual clearance vulue on the basis of minimum transmitted force,

As before, the rotor is assumed known. In addition, an oil viscosity must
be chosen, Since the journal radius R is given, it is then poasible to compuie
A and consegquently x%; and 'gtgs‘@ fox .g... = oy and e ® T oand
for various values of the clearance C.
Ag it would be time consuming to cover the complete spaed range, it
should be sufficient to base the comparison on rathey fow points. This is

most easily done in the following way:

a) enter figure 8~10 with §=.2, .5 and .7 (except for the elliptical bearing
wit? ellipticity ma =, 5 wharae the values ave & =,15,.3 and .5) to find

xw,,x *
F

b) divide the result into o to get "& and enter figure 11 with '{ﬁ; to
obtain the equivalent specd ratio () .

,
c) enter figures 28-43 with the values of (&) to the intersection with the
corresponding £~curve, Read off the value of Al and multiply

by %ch{ﬁﬁ to find the actual transmitited forco P lbs,

L
Thug, fox each clearance value and for each bearing type and D -ratio,

threc points are readily obtained on the curve of transmitted force versus
nzo‘l



rotor speed. A ipurth polnt is P=0 for &ﬁ =0,

Although four polnts are not sufficlent to defipe the graph of P versus
speed with any high degres of accuracy, it may at least be snough to serve
25 a basis for comparison and a subsequent selection of bearing clearance.

The effsct of oil viscosity is treated in the same way,



DYNAMYQ OPERATTION

Attenuation of ctruetura boyne noime through bearings is only one dynamle
charactaristic of bearings, There ave several othar exampies of dynaniic
operations, e.g ¢

a,) Trangient conditions during starting or shutting down,

b,) Orbiting of the journal under & conastant vibrating load,

€.y Motions of the journal center under oscillating loads,

The locus of tha journal may ba in a clomed path of fixed amplituds or 1t
may increase. Yo the latter case the aystam may be unatable causing the
Jjournal to rub the bearing., Fig. 50 shows saveral cases of dynamic behaviox,

The pravious section which deals with the analysis of structura borne noise
through beagings indicates that for most effective noise attenuation the journal
should cperate at low eccentricity ratio. On the other hand it has alsc heen
ghown {(Ref, 1) that rotors opevating at low eccantrleity vatio are susceptible
to instabllity at relatively low speed., In fact it has bean proved theoretically
and experimentally (Ref, 2 ) chat the threshold of instability for vertical
rotor in plain eylindrvical jowrmal bearings ie ze¥o spead, Thase two conditions
are, therefors, somewhat incompatible., 8Since the system must be stable it is,
therefore, necasaary to optimize nolse attaenuation without sacyificing stability,

To meike tha report move complete a section dealing with 8tability and
Balancing is aleo discussed briefly in this repoxt, Beveral definftions are

glven 0 as to clarify the udsge of soma of the terxms used,
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DYNAMIC OPERATION

Under this condition, the journal center moves relative to the bearing

centar and the local flwid £ilm pressures vary with tima., <{(Ref, 3)

Instability

This 4is & dynamic condition in which the journal centex moves away from
the bearing center, until breakdown of the film ocacurs and thora Lo phyaical
contact betwéen the journal and the bearing., Anothey condition that may be
definad as unstable is thet in which the journal center whirls along a random

locus.,

threshold of Instability

Corresponds to frequency at which instability is initiated, -

Regonant Whip

Thia ls a resonant vibration of a journal in a fluide£film baaring which,
for low eccentpicicy ratlo, sets in at approximately twlice the actual first
system critical and perslsts at higher speeds with frequency of vibration
approximately equal to the firet system critical regordless of running speed.
The motion of the shaft center is in the same direction as shaft rotation,
Resonant whip is & solf-gupported vibration, as is half«irequency whixl, In
the case of reaonmant whip, the vibpation Ls supported by tho fluid £ilm action,

while the frequency is controlled by the system critical spead,

Critical Spesd

Critical speod is tho rotating speed of & system which corzesponds to
resonsnce frequency of the system, The system's eritical speeds include
rigld body as wall as bending or towslonal critical speeds. (In this text

when we refer to firse crlvical we mean bending body eritleal.)



Synchyonous Whixl
This 48 & whirling orbital wmotdon of the journal ab a fraquency equal to
the rotational frequency. The motion of tha jougrnal le in the same divection
a8 the direction of the votating mombas.
A example of the syuchronous whirl Ls the cape of unbalanced robating 7
losd, (In the case of vertical rotdr in plain eylindrical journal bearings,
the whivling locus is & circla; in the case of horirzontal machine with plein

eylindrical journal besvings the whirling loeus is an ellipse. See Flg. 50,)

STABILLTY

Using the cocrdinate system of Fig., 51 the dynamic equations may be

rapregentad by

” wfrf" 2£§ ST T
A ¢ 2

i
P

€ C 0e c e’

(3L

ol

X e N ok
i el Tl R U] Rl RCA R

>~.‘ ( ot § 2 wor b ¥ -).

Here the functilons fr, ft and thelr derivatives with respect to ¢, €' are
a1l evaluated ai the equilibrium eccentricity ratio Co and for ¢' = 0,

A 2 demd do =
A W H%E {%) , M is rotor maass, ¢ &,

de 1) :
¥ —;
dC L] m - Cw ] da - Go’

[}

The differential ILys. (31) are linear in the variables éf, N5 X« ¥, and
their solutions contain time as an exponential, These may be expressed in
dimenelonless form ag

eVT whete T ™ “Bt W =

=i

(32
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Hara ub is the apltical speed of the simply supported shaft-wotor system
whoss msee 1s M and whose stiffoess ds &,

From the wight-land palr of Eqm.{31), there results

2 2
X W ow . (V‘UQ} B ﬁ Yy &« WW&WMM (V) 3 {33
kM (vub)‘ ' kM (vwb)

Equation (30 now leada to the determinantal equation

- . 2‘ ﬁ kite 0 (vwa)z" ) ( Bf‘& Bft)"
wff A+ 2vn £ 4 LU e o Ay :
i ot x[k. M (vwo)i] d¢ o 3¢

( o1, o, knG (wo ) ) |
(e * 2vw°f*‘)"‘° =R Tl ey | o
1f we now introduce the dimemsionless ratio
i | (35)
[+

whera & Lia the angular speed at the threshold of instability, we get

he v? d, ¥\
(sfr * 2”& o+ W) (B Ty ‘B-ET)
2
V) wow - =0 (36)
o \ A of, of,
(-sﬁt+2\/fr) (m‘i‘ﬂ'a*é" 'l"Vﬂggf)
whers
A w —RET 37)
2ULR w,
By welting )
'§ o A (38)
L4y



Lg. (36) becomas

o 3\
) ’(afr + 202, 4 eag') (Q 355 Y E”E%) :
o | "

:<;sﬁﬂ + 2”%) (a %% + v ’g%i- +{:’)

w, is not, in geneval, equal to zeyo, so that the factor a52‘can ba divided

out of HZq. (39).

It was asgumed in the derivation of Eq. (34) that the solutions of the
aquations of motion were of the form 0’7 } where v 18 a complex number, If
the system is dynamically stable, the veal part of the complex numbar v is
negative. Copvorsely, Lf the system ip dynamically unstable, the rasl part
of v is positive, Thus, at the threshold of instability, v will be a pure
imaginary numbez,

We now solve Eq, (39) for the condition whare v is wholly imaginary in
order to obtain the value of » at the onset of instabllity,

Considering fivst the imaginary part of Eq.(39), we have

‘ of Of
et | e e0) 5
v -V = 0
) Of, | of,,
| Zlﬂr Ka wé'r'i' | - Bft vy

Since v ¥ 0,
‘ af ‘ af af af bf
§"2£ vegt| ke g ghag, 5k | 42 tg-——frg--
If 8 = 0, we obtaln a trivial solution; for s # 0, we have

C‘ ~2(8, 9L, /3q - £, E 3 ) ~ (£, A Mc' + £, O /ac>

8 2£ +og af /g’

n‘z 6«\

(39)

(40)



Naxt consldering the real part of Iq.(39), wa have

| éft | - Of,
(s, + e0) ot | o | B ST |
5 S 5 w 0
:H ‘ 1 £
] STy | ‘ z
o, (5E ) e
Therefore |

2(r~§-~+itva-~)+5¢(f +cg’-—) 2 +2v( "‘r”a?g‘%)“"

Agaln, for s ¥ 0, we have

e -e(C/0% - (2, 4 € 38 RO (C/a) - 12 O8 B + £, 3, /D) "

8 2 [ft axr/ac' . fryafclbc“]
From Bq. (38) we have

432 M 45 =
Onca again, for s # 0, we can write

-2
az é;(%? -8 A (%) + %; w0

o A (/) & '\/ (s /?]? - 4 Cm ovin? @)

2 ((Vs) (v/m)?
The speed w at which instability starts to occur is now defined, since
W 8w .
The above defined speed at which instability sets in is, in general,
different from the critical spoed of the shaft-rotor~bearing system., For

& gymmetrical, two-bearing system the eritical speed may be calculated &s

followe:
a. Shaft gtiffness = k )
b. Lubrleant film stiffnosg = %g‘u ‘LM&CR 9. %%
gk df
PR e
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The ceitical speed of the ayatam is then

2 1 ) k/M

W, ] " [

CR 1 1  2A 7df A 7df
"(E"’“z"m‘dc) Lt s/?ﬁ
@ ag_/d M

n ‘
or (.&fs) - ("dtr?dc + A8 ) (43) .
x

whara subseript v refers to radisl stiffness,

‘The diﬁanaionlanl number A Edqtincd in Eq. (37ﬂ , is a function of
bearing geometry, shaft stiffness, and fluid viscosity, Calculations for
the threshold of instability in which A vas varied from 0.1 to 100 for 0,1 « e
0.8 and L/D = 0.5 and 1 were performed. The values of £, £, Bfr/Bt, 3f, /3¢,
Btr/bc' and 3f_/3¢' vare obtained from the solution of the dimensionless
Reynolds equstion, By introducing these values into Eqm, (37), (40), (42), and
(43), we obtain the results of Tabla 6, The results indicate that, while for
low eccentricity ratios instability sets in at approximately twice the critical
spaad, this number increases with sn increase in eccentricity ratioc, Thus, the
onsat of instability for eccentriciiy ratios of 0,8 i# dbout four times the
critical spead, This conclusion agrees with cbsexvatione which show that
stability increases with an increase in eccentricity ratio and also that
instability may occur even at high eccantricity ratios,

The number (L/1)(v/s) shown in Table Q (vhexe 1 w W/’TI-) vepresents the
ratio of the frequancy of the oscillation of the mhaft center to the running
frequancy of tha shaft, calculated at the onsat of instability, Note that this

ratio 1s always balow 0.5 and is indepandent of the magnitude of A,

w28



BALANGING

& petor is sald to be balanced perfectly when it wotater in fres apsce
about one of its principal axes of inertis, which would be an axis of symmetxy
1f such onlsts, with so wobbla. If olweulsr jourmals ave now cownsidustad
consentric with this awxils, by dofinielon, these journals would also votate
with no wobble and may be analased in bearing housivpgs with wo wotating fovues,

Prom this it follows that journals which axe not ¢oncentiis with a
prineipal axip of inertin tend to wobble and for & votor to yvavolve about an
axils defined by such journals 1t ewst be driven by a set of applied forces
which votate with the yotor  Lf the center of gravity of the rotor is not on
the line of bearing center thera mugt be a net force which furnishes the
centripetal acreleration of the canter of gravity. This force is equal to the
mess of the rotor times the contpipetal accelevation of the €.G. The C.G. may
be moved to the axis of baaring center by sultable waight or weights. Buch
covrection is commenly called statie balancing.

Once the €.G, 45 moved to the line of bearing centars a rotating couple
must be applied to keap the rotor rotating about an axis at an angle to that
of » principal axis of inevtid. 7Thie couple may be sxerted by the contrifugal
action of two equal and opposite walghts in any two arbitrary planes. This
correction plus that of the C.G, coxrection is known as dynamic balance and
may only be detexmined on a rotating rotor-bearing system.

The most fundamental, but not unugual, descriptlion of unbalance appeans
to be that of the deviation of the line of bearing conters from the principal
axis of inertia, Lt is lmportant to note that the specifipations of unbalance

depends on the location of the line of bearing centers, The twe simplseb

29



descriptions of unbalance would appearto be the displacement of the ¢.G, and

the angle of the imextia sxis from the bearing axis or the displacement of the

goometrle canters of the journals from the béuring axis, (Rafgr te ¥ig., 51)
Under dynamical conditions either € or & or both may not b; constant, The

eonditions of dynemical equilibrium gives rise to the following oquationa,

. . \
¥, & {'6 sz cos (B~ Q) @ sin ® - a)] be e(a)i} + W oeos ¢ (44a)

i
B

it \8[wasm (B ~ ) = wcos (f3~a)] + a0t +2é0}+wuno&(4ab)

€
]

is the angular ascceleration of the rotor (generally very small)

(o]
B

is distance between rotor geometric center and mass centex

These are equations of motion with e and ¢ as the two degrees of freedom,
Once the fluid £1ilm forces are known it is possible to solve these equations,

The £luid film forces are to be found by integrating the pressure over the
projocted journal surfsces normal and parallel to the plane of maximum film

thickneas respectively,

1/2 . 2
Fr " - '/F dz »/ﬂ 48 R p cos @ (45a)
«L/2 )
/2 mn
P, = f dz f 0 R p 8in 0 (45b)
“L/2 0

The fluld £ilm pressure satisfics thoe gemeralized Reynolde equation

%3 [(1 + ¢ cos B)° %%] P %; [(1 + & 008 9)3 %%]

=

(46)

ol

P \ )
mﬁu( ) LCGuwza)ﬂM164~2€cosQ]

30w



© Thus it can be shown that the radial and tangential forces are a function of

Y .

yr " %‘E (%) {w - zc'x) ;e*r (&, m , L/DY | (578}
2 : :

p, = B (%, @ = 20) £, (e, g-fpms s 1/D) (57b)

Thus for & specified bearing geomatry and speed of rotation once ¢, ¢ and,&
ara measured the fluid £1lm forses can be readily caleulated. They way be
congtant par eyele €w0 (e.g., vertical rotor in plain eylindrical Jouwrnal
bearings} oxr they may vary from point to point along the journal losus thia
pase corrvespondes bo the horigontsal rotor with gravity snd unbalance load. Once
these forces are established the magnitude and phase engle of the unbalance
force can be calculated from the dynamic equations (544,b). This permits balancing
of the votor without & trial and error proceduze.

The messuraments of displacement (¢) and veloelty (c,@) of journal cente
can be obbtained by use of twe capacitive or inductive probas located at 90% to
soch othey within the bearing bora., Thoy would then measurs the motion of tha
Journal center with raespect to the bespling center as a function of time. These
capacitive or induetive probes can also serve as monitoring devices to determine
bearing performance in service., Thus they serve a dual function of providing
the necessary measurements for balsncing and monltoring bearing performance.
Figs, 48 and 49 show the locus of the shoft center that such plckups would sce.

Without the use of such instrumentation within the boaring theve is still
anothay method which way be employed for balancing, The analysis presented in
this woport indicates that there ip a relation hotween the driving force and

the transmittod foree, The difforonca being the attonuation,

w3]m



Since the attenuation has been theoretically calculated by measurement of
force trangmitted it is pomaible to caleulste the driving force and the phasge
angle. Once this is done 4% ls possible to balance the rotor without resorting
to trial and arror procadure, -

This analysiz indlcates that by either measurements of journal locus ox
transmitted fovce it is poselble to datermine the megnitude and phase angle of
the unbalance, Corrections can then be incorporated to balance the eystem,

To illustrate this point, theoretical and experimental analysis have boan
carzied out on syuchronous whizxl (e.g., whirl produced at munning speed,
unbalane~ load) with eircular orbit about the bearing center (e.g., vertical
rotor), (Ref. 4 ) The comparison betwean the measured unbalunce forco and

phase angla and caloulated values appaar to be very good, similer comparisons

will be carvied out on horizontal rotor,
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CONGLUSIONS

1. Attenuation of structures borns noise should be done as close to the source
of nolse as pegaible. Fluid film bearings provide the scurge of

attenunation,

QLo ra

2. The report provides means for caleulating nolse attenuation of
rotors supported by bearings of three geometries, The results are
prosented in dimensaionless form o as to be applicable to a large
range of geometrically similar configurations, The vepori also pros
vides means for calculating system critical speeds and the static
load carrying capacity,

3, The veport shows that fluid {ilm bearings can provide considerable
amount of viscous damping which abaerb the vibrational energy and in
this way attenuate the force transmitisd to the setruciure. Bearing
geometry plays a major role on the level of attenuation as exemplificd

by the difforences of the threo boarings studied, see figures 44.45,

4. Since tho fluid film is an elastic media, accurate predictions of the
system critical speeds must inelude the elasticity and the damping

of the Journal bearings, see figures 4647,

5. Indications are that for maximum attenuation one should operate at
low eccentrimty wtia, low st;iffneaa and high dampin . Howavay,

this implies low critzical apmd and“’%"’““aemy for resonant whip.

Therefore, one must optimize the design to ensure stability and at

the same time get maximum attenuation.

6. The dynamic response of a rotor can be measured by _capacitor or o RT@ ?w \)“
inductive pick~ups., These can sorve also as monitory devices for
controlling bearing perfommance. Obtaining the dynamic response and
knowing the bearing characteristics, it is possible to determine the
magnitude and phase angle of the unbalance leoad thus eliminating trial
and exror in balancing.,
«33-
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Other geometries such as pivoted shoes and elastically supported
wambers in which stifiness and damping can be controlled and varied
should be investigated. These studies should be both theoretical and
experimental for these geometries offer considerable potential in noise

attenuation and at the same time bhave a tendency of being stable.

Further studies ghould be continued to determine rotor dynamics
around the second bending critical and higher,

Computational techniques should be set up which would include,

without transformations,the besring cross~coupling coefficiernts,

The application of capacitive or inductive plck-ups as permanent
moasuring devices in bearings should be investigated, Such measure~
menta provide means for continually checking rotor balance and for
monitoring bearing performance,
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TABLE 1

PLAIN CYLINDRICAL BEARING
Computer Results
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