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JAN KICIŃSKIl

Nonlinear model of vibrations in rotor-bearings system.
Part I. Calculation algorithm
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oil specific heat [J .kg-r .6-11,
stiffness coefficients of the oil film
[N,--'],
damping coefficients of the oil film
[N,s,m-t1,
global matrix of the system
damping [N .s . m-1],
eccentricity of the beałing Ę,
oil film thickness [m],
oil thermal conductivity
[W . m-1 .6-t1,
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global matrix of the system
stiffness [N ._-1],
global matrix of the system
inertia [N . 

"Z 
, _-1],

width of the bearings [m],
rotational speed of the rotor [rpm],
position of static equlibrium
of the bearing shell arrd journal,
temporary position of the journal
centre during dynarnical
loadings,

The PaPer Presents a theoretical model affording possibilities for a non-linear description of the
oil vibrations occurring in the rotor-beallrrgs-support" 

"y"1"_ 
after exceeding the stability thr."ń"la. ł

new aPProach to the determination of the e}asto-damping properties of th;il film, nof basea 
"r, 

lrre
corrmodY_used PrinciPle of supe_rposition of pressure 

"i tń" łryłoaynamic forces in ihe bearing, is put
forward. The dYnamic featrrres of the oil fitm are deterrnined by the coefficie.rt" 

"f "tifirr""" -rd 
-j!ńt.g,

non-Iinearly variable in time, calculated by using a fast and módified perturbation method. The _*t #
aPPIied to describe the oil film_properties ma.kes it possible to take adiantage of the 

"qo"ti"r." "r 
_"ii"rr,

relating to the entire system, derived on the basis of the finite elements -Jthod.The theoretical model takes also into accor-urt the effect of heat exchange within the beałing. With
regałd to kinetostatics problems the temperatrrre distribution in the film i-s calcu]ated on the f,asis of
a comPlicated, so-called diathermic model of the bearing. On this basis it is possible to determine the
mean "effective" dYnamic viscosity of ,the oil, futher applied to the problem" o} th" system dynarnics.

_ There has been presented a general calculation algóiith_, ." *"1l ." . computer prograrn- consisting
of two Parts clearly separated from each other, the kinetostatic one arrd the dynarnic one.
. The_ PaPer aJso gives examples_of experimental verification of the model at a special large-size test

ring. The exPerimental tests and the verificatign were carried out in the sphere of small oil vibrations.
, P_art II_ of the paper presents results of the simulation investigation rel'ated to the oil vibrati".r" (tń.

rhir]s ałrd the whipping) in the form of trajectories of selected-points in the sy§tem, characteristic's of
lbe amPlitudes_and the phase angles, and also in the form of vib-ration spectra. The investigations were
:arried out both on a two-support testing rotor and on a model of. ".j 200 MW turbine. "
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p-

Po,P -

hydrodynamic pressure in the
oil film [N ._-'],
vector of static and dynamic
external forces of the system [N],
vector of displacernents Ę,
radial coordinate (Fig. 2) Ę,
radius of the bearing journal [m],
absolute radial cleara,rrce [m],
time [s],
temperature of the oil flowing out
of the bearing,
temperature in the lubricating film,
temperature in the bearin6 shell,
components of the'hydrodynamical
Ioad capacity of the oil filrn [N],
rectarrgular set of coordinates colulec-
ted with the static equlibrium posi-
tion of the shell (Figs. 1 arrd 2),
coordinate aiong the bearings axis;
rotor geodesic coordinate (Fig, 5),
angle of line of centres [rad],

oil dynamic viscosity [N . s . m-2],
oil mean "effective" viscosity
[N .s .m-2],
set of coordinates circu:rrferential
arrd along the beaing axis
(Fig.2),
coordinate defining the beginning
and the end of a continuous
noncavitated oil fiIm,
angular coordinate l! = Ęl R |rad],
stifiness coefficients of the external
fixings of the bearing shells,
horizontally and vertically [N/m],
oil density [ks .--'],
angle determińng the position
of the urrbalance vector of the
disk in relation to axis g
[indegrees];T=utt
a.rrgular velocity of the rotor
[rad/s].

1.1
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p-
T-

q
r
R

^Rt
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1. Preliminary remarks - the objective of the paper

Strongly nonlineal propelties of the oil film in slide bearings callse that under
certain conditions the entire rotor-bearings system generates some characteristic
vibrations known as oil vibrations. In genelal, small oil vibrations also referred
to as oil whirls or half-frequency vibrations and big oil vibrations usually defined
as oil whip can be distinguished. The whirling oil film participates thus actively
in the dynamics of the whole system causing the ioss of its stability and further,
already dangerous development of the vibrations.

The whirls and the whipping of oil have already found much space in the
literature [1-9]. First sy§tematic investigations on the natuTe of these phenomena
weTe published in the paper by Hori, about 34 years ago [1]. The next papels

[2-9], also including the work by Muszyńska [2] contribute much to this case by
a number of new interesting aspects connected with the effect of oil vibrations
upon the d,ynamics of the rotor-bearing system.

It must be admitted that the question of oil vibrations has been elaborated
relatively we1l mainly owing to experimental investigations. Attempts made to
plepare the theoretical description are based on extensive simplifications relating
to the opeTation system concerning mainly the slide bearings. The operation of
the bearing wolking under conditions of great vibrations of the journal, that is in
the nonlinear range, is not easily described. Some methods that have been known
so fal, such as the ones by Butenschón [10], Booker [11], Blok [12] or others, are

based on the principle of superposition of the pressure distribution, oI resultant
forces originating from the "associated" velocities of the lotating film and the

"squeezing" of the oil film. This type of superposition results in serious eItoIS

due to the necessity of using different boundary conditions for the film being



Nonlinear model of vibrations in rotor-bearings. . .

"squeezed" and for the rotating film.
In the theoretical investigations reiated to oil whirls and oil whip, the effect of

thermal phenomena occurring in the lubrication film is, as a rule, omitted. The
objective of Part I of the paper is to present a new theoretical model deprived of
the above mentioned simplifications, and also to provide a calculation algorithm
and a computer program that will enable one to carry out a complete computer
simulation of the oil vibrations taking place in the rotor-bearing system. By the
application of such an advanced tool to the simulation tests an attempt wi11 be
made in Part II to find the moment of generating the oil whirls and to follow
their further development. Using the amplitudes and phase angles analyses, and
an analysis of the vibration spectra we will obtain some information and get more
familiarised with the nature of these fascinating phenomena.

The reader will find some useful information on taking advantage of the model
and the computer pTogTam in simulation diagnostics of rotors with slide bearings
on the example of a real turbine mode1 of 200 MW).

2. The theoretical model

Oil vibrations are self-excited vibrations resulting from evidently non-linear
characteristics of the slide bearing. Their occurlence indicates the 1oss of stabiiity
of the system and signals that some greater vibrations may take place. The de-
velopment of these vibrations can therefore be simrrlated exlusively on the basis
of a non-linear description, that is a non-linear equation of motion of the slide
bearings and the whole system. The non-linear analysis creates new qualitative
possibilities for the simulation investigation of rotors. It makes provision for ge-
nerating the vibration spectra (the base of the vibration diagnostics), which can
not be obtained even by using the most complex linear description.

Let us now pTesent the adopted non-linear model of the rotor-bearing system
beginning with the major, and at the same time, the most difficult sub-system to
be theoretically modelled, namely the slide bearings.
Using the system of coordinates and the denotations as in Figs. 1 and 2 the hy-
drodynamic pTessuTe distribution in the lubricating film can be described by the
Reynolds equation in the form of:

93

&l-#]-*l*u*] - 6Ł,op# - lzp#cos(t/ - 7) - tzp"#sin(,ł/ - 7). (1)

The equation (1) is integrated within boundaries determined by the zeTo pres-

=ure gradient condition along the continuity zone and the zeto vallle of pressure
rn the bearing edges, that is:

frl+ei,,:0, P = }lz=łLl2 (2)
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E,},f,r.r*,=",.-,

Fig. 1. Significarrt difference between the linear a) a.rrd nonlinear b) analysis ąt slide bearings usin8 the
sti-ffness coefficients c;,1 and the damping coefi,cients d;,1 of the lubricatin_g fiIm; 1 - trajectory of the
journal centre during dynamic loading, 2 - circle of clearance, 3 - semi-circle of static equlibrium.

Fig. 2. Diagram of elasto-damping characteristics of the oil fibn a) md the model of hea,t exc}range in
the bearing b).
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where {f ,{i are coordinates of the position of the continuous 1ubricating film bo-
undaries. These boundaries are variable in time, i.e. {i(t) and {}(t). A physical
explanation of the condition (2) is given in Fig.3. The determination of the varia-

95
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: ig. 3. PhYsical interpretation of the boundariu" ći, €J of the continuous ałrd cavitated oil film obtained
ipm condition (2) related to dynamic loadings of thl beaing; 1 - continuous oi} film, 2 - cavitation
:n:,bbles.

;:on of functions {f and {{ is a different, very complicated problem. In a general
:łse these functions should be determined on the basis of the equation of flow
:rntinuity in the cavitation zone, treating time t as a normal independent varia-
:^e (the effect of the so-called prehistory). It is possible to show ([13-14]) that in
;'e CaSe of abundant bearing lubrication (which often occurs) the determination
:: functions €i,€j bv means of the condition (2) is sufrcient.

The Reynolds equation (1) together with the conditions (2) defines the hy-
::odynamic pTessule distributions, and thus the time-variable functions of the
l1-drodynamic ]oad capacity components WrrWo of the bearing. Further conside-
*i,;ions will also require data concerning variations in time of elastic and damping
r:,rperties of the lubricating film. Such properties can be determined by applying
l::r stiffness and four damping coefficients of the oil f,lm defined in the following
r:;,,(Fig. 2):

_ _a|
"r, 

: #) Ąz: W, "r, = W, czz = W,
; _0\orr: #i ń.z: W, d,r, = Wi dzz = W'

fif,ele':alat.

(3)
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Coefficients cik,dik similarly to the pressure distribution in Eq. (1) vary in
time in a significantly non-lineaT way) that is c;e(ź) and ńr(t). To calculate them
advantage is taken of the perturbation calculus. The distribution of pressure p,
the shape of the lubricating clearance h and their derivatives are expanded into
a Taylor series in the surrounding of the current position of the journal O. ald
according to the perturbation parameters Ar, L,y, L,b,Ag. As a result we shall
have a set of four differential equations of perturbation, where the unknown ma-
gnitudes are the distributions 0pf 0r,, aplOu, OplOż, aplall.

Let us now pTesent a new, less time-consuming method of calculating the
coefficients of stiffness and damping based on a certain mofification of the per-
turbation equation. It is possible to prove, making use of the Gauss-Ostrogradski
theorem of integration, that in order to find the eight stiffness and damping coef-
ficients it is only necessary to deal with two differential equations of perturbation
in the form of:

An extensive matematical proof connected with this procedure and the calcu]ation
of the above equations wi1l be left out.

Eqs. (a) are integrated exactly within the same alea as the Reynolds equation
(1), i.e. within the boundaries Ę{ and {j. Appriopriate integrals of distribution
)pl}ż, aplai define the searched coefficients of stiffness and damping of the
lubricating film:

#l"&(+)] * &lo"&(#)] - -'2pcos$,

frl"&(#)] * &ln"&(#)] : _tłFshł
(4)

+L/2 Ęi ̂
c71= -ł,) I I #R: ilz dĘ, c2l: -t,_L/2 ći

+Ll2 ć; ̂
cL2 = -a I I #Rł dz dĘ, c22: -t,_L/2 Ęł

+L/2 Ę; ̂  +L/2 Ę; ̂
dtt: - I I ffiror!: d,z dĘ, dtt: - I [ ffisinl! dz dĘ,

-L/2 Ęł _L/2 Ęi

+Llz Ęi ̂
dzz: - _!,, {ffisinll.1 

dz dĘ.

+Ll2 c; 
^I I #R; dz dĘ,

_L/2 Ęł

+L/2 Ę; ̂
I I #R; dz dĘ,

-tlz €i
(5)

dl,z - dzt,

However,

R; = -+sin r/ + h{^H [n.io 
ł * 

#o.o,,.ł] 
_ Pra.o*,/} 

,
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Now it is possibie to determine the viscosity by making use of the known oil cha-
racteristics (viscosity-temperature) or according to various theoretical relations,
for example

tl: 1.1oexp(-b(T- - ą)).

97

Rł = -'żcos i; ł h {'#|n,o,,,b * #',i,,i] -'rr,^ r}
ExPression P denotes in the above reiationships the whole right-hand side of the
Reynolds equation (1), including its dynamic parts:

P=6R ah 0e 0l,FĘ - 12p 
at 

cos(t/ - .y) - 72Fe 
*-- 

sin(,r/ - 7).

Let us notice that the structure of the ieft side of the Beynolds eqrration (1)
and the Perturbation equations (4) is the same (only the unknowo, u,." diff"r""i;.
This makes it possible to solve these equations by means of one numerical schemÓ.
The ca,lculation procedure is simplified by integration within the same bounda-
1ie1 €i, §}. This fact together with the capability of solving only two perturbation
differential equations instead of four traditional ones is ofprimary significance as
far as the numerical calculation time is concerned.

,Calculating in this way the values of the stiffness and damping coefficients for
each new position of the centre of the journal O" at sufficienfly imal1 time inte-
rvals, it is Possible to describe with a satisfactory approximation the non-linear
ProPerties of the oil film for a specifled trajectory of the journal in relation to the
bushing. Such aprocedureis illustrated irrFig. iU. rt sirluld be noted that in a11
methods of linear analysis, the coefficients c;,i" and d,;,1, are assumed as constants,
and thus theY are independent of time along the entire lubricating clearance, or
its great part. Their values are calculated with respect to a specifiód kinetostatic
equiiibrium position of the journal (O")"t - Fig. 1a.

Let us now pToceed to the problems connected with the assessment of the heat
exchange effect in bearings. The form of the formulae (1) and (4) indicates that
Lr the case of dynamic loading a constant dynamic viscosity P'o? the oi1 appro-
Priate for the thermal conditions corresponding to the kinetostatic equilibrium
Position of the rotor has been assumed. The determination of the mean value
of the "effective" viscosity P presents a different problem. For a given geometry
and static loading of the system, the rotationai speed of the rotór n, and for i
specific type of oil and known supply temperature ?6, the viscosity p witl depend
on comPlex conditions of the bearings heat exchange and the equilibrium position
of the journals (O")"r.As an assumption, the viscosity P wiil be determined by
the mean temperature T- of the outlet oil understood as:

(6)

h 2nR

r- = := [ [ ,G,ri drl dĘ.- ZrrhR J Jo0
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Temperature distribution ?(§, ry) in the lubrication film will be determined by
solving three mutually coupled equations:

- the "three-dimensiona1" Reynolds equation

where:

- the energy equation defining the searched temperature distribution ?({, r7)

&l#^] 
- *ly^] : -," l# - T], (7)

A=!|i,r--ffiłł,Ą- ,=lon drt,

p,u*# _ r,,# = ,|(#)'_* (8)(uY^),

where u- denotes the mean, velocity of the oil stream in the circumferential
direction, while (0u 0E)^,(0ulOq)* are the mean derivatives of the velocity
components with respect to t7

- the conductivity equation (for the bearing bush)

02Tp_LOTr_7azTe_n
6rz 

-r; a, *7 6rlr' -"'
The boundary conditions for the energy equation (8) include the tempera-

ture distribttion on the internal surface of the bearing shell (caiculated from the
cond.uctivity equation (9)) and the given mean temperature of the journal T" as-

sumed as the mean value of the temperature distribution on the interna1 sutface
of the bearing shell. It is assumed that the heat from the external surface of the
shell is carried away by free convection. A thermal model of the bearing is given
in Fig. 2b.

3. Algorithm of calculation

Eqs. (7), (8) and (9) enabte us to determine the effective hydrodynamic load
.upu.ity for each bearing node for the assumed position of the journals in the

beirings ({o)i,(lo)i,The opposite procedure, where attempt is made tofind po-

sitionsl{g)i ,UÓi ft, ,o-u giu"r, 
"*i"rnalloads 

(reaction 9! tl" sys_tem_supqolts),

requirei tłró ippń.ution of the iterative procedure, in which Eqs. (7), (s), (9) are

a,ilłitionally coupled with the formula for kinetostatic deformation of the rotor
and the supports in a general form:

(9)

W
h

Ii an

Kq = Po, (10)
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In consequence it is possible to flnd the equilibrium positions ({o);,(7g)i of the
journals, the reaction of the supports and the rotor kinetostatic defórmaiioo 1ine.
The static characteris_tics of the bearings, including also the mean viscosity p are
calculated in the equilibrium position.

Now it is time to return to the dynamics problems. The presented way of
determining the elasto-damping properties of the lubricating film at large displa-
cements of the journal (time-variable coefficients ci,p,d,;,l) enables us1o easily
analYze the dYnamic properties of the entire rotor-bearing system on the basis Óf
the finite elements method. The equations of motion of ńe'system will take the
non-linear form:

M.i + D(q, q, r)ą + K(q, q,l)q = P(ź). (11)

-łt each time step tp, the stiffness and damping coefficients (c,;,p)i,Qti,1,)1 deri-
le.d from_Eq".(4) and the relationship (5) modiiy the system stÓ6.i -ui.i."* or
stiffness K and damping D. Matrices D and K in Eq. (11) ire, therefore not
constant, but variable in time in a definitely non-lin"i, *uoo"r. The equation
11) is integrated numerically using the Newmark method.

The above calculation algorithm is presented in Fig, 4, where the kinetostatic
Part with the main iterative loop 16 is clearly distinguished from the dynamic
Part_ with the looP illuslrating the stepwise proceedins ł, Wit1, arbitrarity varia-
rle but Periodical loadings P(f), the abovó algorithń provides, after numerous
:ePetitions, convergent results. On the basis of this algorithm a computer code
:eferred to as NLDW-O1 was constructed. The results presented in Pait II of the
]apeT we obtained with the help of this code.

The matrices used in equations (10) and (11) contain elements related both
:o the rotor itself and to the bearings ancl more extensively understood supports
external fixings of bearing bush, foundation) of substitute stiffness .od du,111-

:ing A;,7,, 1\ź,k - as seen in Fig. 5a. Making use of the finite elements method it
-. Possible to model the rotor by the beam finite elements discretization, while
,re reaction of the bearings (coefficients cr,n,ń,l) and the supports (coefficients)
,,.F, Ai,ł can be modelled using the point finite elements. The reaction of the disks
,s modelled bY means of stiffflnite elements of known moments of inertia MB and
i-!-Io moments Mn - Fig. 5b.

The Presented method of analyzing the non-linear problems in the form of,:e mutually connected differential equation, (7), (B), (9) and (10) applied to
":retostatics of the system, and Eqs. (1), (4), (5) and (11) for iti dynńics, gi-
"eS an idea of how time-consuming the numerical calculations are. To obtain in
i:propriate acculacy and convergence ofcalculations, Eqs.(1), (4), (5) and (11)
:-ust be calculated hundreds of times to find only one variation'period of 

'thó

'-rciting force. Taking into consideration that the calculations should be carried
,:_ with respect to at least some scoles of periods, and that the system may
:,r'e several supports, the set of equations is calculated thousands of times to ob--,in a single datum relating to, for instance, one speed of the rotor n, The most
'.ne-consuming calculations are the ones that refer to stiffness and damping co-
=ficients of the oil film (in spite of applying a modified perturbation metńod).
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§YsrEM KINETosTATtcs

Programsof KIFł§PIR -seń€s

sYsTEM DYTłA}{ICS

Progransof IYLDW - serics

IMUT DATA II:
- cxternal Ąaarnic forces
- static ąuilibfium journal location

(cg)j , (To)j

- ćynarnic vi§co§ity (Fł

INPUT DATA I:
- Iotor, b€aring§ and

fondation gcometry
- st8tic load- §6u9 lwu
- rotation8l§poed n

CALCIJLATION§:
- joumal displacements inbearings

(ela§todiańcrmic mod€l)
- foundation deflection

CALCtJ-I,ł"TION§ :

- oil filn s;tifress ( c;1)3 and damping

cocfficieils (q})j for cach srpport
calculation of the rctor kineto§tati§

deformations and the §upport reacliotts

Solutionof ńe equation of motion

Mti + D(q,Ą,t){+ K(q,4,0q = P(t)

Irternedi§t re$lts : (e)j ,O)j, (ą ,(ą
CALCUL\fiON Rf,§t]LTS :

- rotor static ąuilrbrium line for
cerlain location of &e journals
in bearings (ął , (vo)i

- slidebearings charaąćristics
(for instancc medium vi§cosity (F)j ) I'INAL RE§I]LT§ :

- tnjectońesofnod€§
- suppoń reactions histońcs

Fig. 4. Calculation aigorithm of program NLDW_O1. Ą - the main "kinetostatic" iterative loop, 16 - the
main "dynamic" Ioop responsible for the stepwise proceeding.

That might be the Teason why in the literature it is hard to find solutions based
on the "method of coefficients" entirely consistent with the physics of the pheno-
menon. The Reynolds equation is usually solved by supperposition of pressure or
hydrodynamic forces.

4. Experimental verifi cation

A broad expelimentai verification of the model, with respect to the kinetosta-
tic characteristics of the sliding bearings is presented in the papeT [15], whiie with
Teference to the rotor itseif with the disks, in the paper |16]. To velify the complex
nonlineaT model, that is the combined model of bearings, suppoTts (foundation}
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|ł.
-fl&

-0K3

Ir,
ff,,il

o
n
U

mĄ

o-
d l.*

b ) ai,t, HaHc
}t.* Ą t,*

o{ BFE G-----o PFE

lig, 5]fvlodel of the rotor-b_earin_gs,supports system a) a.rrd its discretization by rreans of finite elements
: i: BFE - finite elements of the beam, PFE -- point ńnite elements
-.-oil .film,2-disks(plate),3-_clutchplatef4-bushesof theslidebearings,Tni _massof thei-thl:ement ol tłre rotor, rnt - mass of the disk(plate, mo.) - mass of the bering bush, Ma, Mg _ moments of:eńiaanddiskgYro, M3,q"-rnotnentsanłforcesfuetotheinteractionłth."orrplirrgiyŃ.;,ń"-,;:
- arbitrarY extemal moments and forces under the system loading );,1, A;,e - coefici"nti oi stifiness]nł-,"nping of the bush external fixing.

ird the lotoT, analyzed in this papel, a special large-sized test rig as shown in
: -g. 6 has been constructed . The test rig is also deiigned for the veriflcation of
::e model in the Zone of oil vibration occuTTence, i.e. a=fter exceeding the stability--eshold of the syst€m.

_ Some general paTameters of the test rig ate as follows: diameter of the shaft
*- - 0.1m, diameter of the disk D1 - Olm, thickness of the disk 9 : 0.2m,
.;acing of the bearing pedestals L": I.4m, two slide bearings of cylirłdrical cle-
i-*ance A-B : 90 x 10-6m and breadth L : 0.05m, range"of rotational speedt = 0 . 6000rPm. The parametels assumed for the tests: stiffness of fixin§ the
l*:aring bush A11 - Azz 1.0 x 107 N/m, viscosity of the machine oil pg :"0.0B
r i,s at feeding temp. 7o : 30oC, radius of disk unbalance f : 50 x 1Ó-tm. For:li measuTement of the dispiacements of the bearing journals and elements of
l+ rotor, vortex sensoTs 9f Berrtly-Nevada type were used. Advantage was also
,men of entirelY numerical technique in procassing the measuring sig"nals, inclu-
ti:-g the comPuter method of flltering the disturbances originatin! fróm material
:e;erogeneity (known as "tunout'').

Extensive exPerimental tests of forced vibrations caused by unbalanced ro-
a;ilg disk have been carried out for symmetric configuration of the rotor (a
.l-nPle disk in the centre, two identical s§de bearings) aid various magnitudes of-jearance AĘ and the stiffness of fixing the externai bearing shells .{1,,\22. On
ilcount of the fimensions of the test rig and safety m"aro.eslt was impóssńl" to
:::JrY on the experimental research in the case of large oil vibrations (oil ''whip'').
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Fig. 6. Photograph of the experimental test rig.

The vibration amplitude of the entire system exceeded too soon the admissible
level. Thus, the investigation was confined to the uppel lange of rotational ve-
locities, that is to the sphere of small oil vibrations, oI in other wolds, to low
hydrodynamic instability.

Since the conclusions of the investigations carried out for various values of
clearance A,B and fixing stiffness }rr, Azz are similar, we will restrict ourselves to
the discussion of a few examples only of some trajectories picked out. The results
presented in Fig. 7 concern relative vibrations of the journal and the bearirrg bush
(vibrations of the oil film). The results in Fig. 8 are with respect to vibrations
of the disk centre. It is evident that the simulated development of the oil whirls
(characteristic "fission" of trajectory and formation of "half-loop") finds experi-
mentai confirmation. Also a sudden change of the phase angles (location of angles
T : 0o,72ao, and, r : 360o - Figs. 7b,c, and Figs. Sb,c) predicted by the theory
is experimentally proved (Figs.7e,f, and Figs. 8e,f).

The basic dificulty lay in the theoretical modelling of the real shape of the
lubrication gap of the slide bearings as technological errors of shape of the order
of 0.01 mm aTe usually unavoidable. rt was also hard to foresee the thermal de-
formations of the gap, in particular at high rotational velocities. For this rea§on
some gap shape modifications of the order of I0 + 3a% with respect to the con-
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Fig. 7. TrajectorY of the journal in relation to the bearing shell within the area of the occurence of small
oil vibrations (oil whirls) at assurtred radius of disk unbalmce f = 50 X 10-6 m;
?,!.,",- comprrtersimulation_(prograrrNLDW-OI), d,., l - erperirnenta.lmeasrrrements (aftercomputer
"elimination" of the effect of material heterogeneity).

structional shape weTe possible, which could change in a significant the value of
the stiffness and damping coeffcients. This fact can account for the noticeable
fifferences in shape of the lrery tTajectories, though the conformity of the cai-
cułated amplitude value and the measured one can be regarded as satisfactoTy.

on the basis of the verification carried out it seems reasonable to state that
the elaborated theoretical model and the computeT program are a reliable tool
for further simulation TeseaTch.

5. Analysis of the model

The significance of the presented method of the non-lineaT description of the
rotor-bearing system ]ies in the way of defining the elasto-damping properties
of the oil fllm. The properties have been defined on the basis of time-variable
coefficients of stiffness and damping of the oil film obtained by integration of the
Reynolds equation (1) and perturbation equation (a) with boundaries {f ,{{ with
a simultaneous consideration of a]i the elements of the right-side of the Reynoids
equation. These boundaries determine, for each instantaneous position of the
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Fig. 8. tajectory of the disk (centre of the rotor) in the area of the occurence of small oil vibrations. (oil
whirls) at assumed radirrs of r:nbalance f = 50 x 10-6 m;
a,b,c- computersimulation(programNLDW-OI), d,",J -experimentalmeasrrrements(aftercomputer
"elimination" of the effect of material heterogeneity).

journal in the bearing, the area where the lubricating gap may be totaliy fllled
up with oil. Only in such an area the hydrodynamic pTessule, responsible for the
plopelties of the lubricating film, will be generated. This pToceeding is therefore
quite consistent with the physics of the phenomena occurling in the lubricating
gap. Integration within the same boundaries determining a continuous lubricating
fllm is of particuiar importance in the case of great yibrations in the system, that
is in the situation of the oil vibration simulation. The principle of superposition,
so commonly accepted in the slide bearings dynamics should therefore not be
applied to this type of ca§€s.

The theoretical model presented in the paper is based, among others, on two
important assumptions which can be a matter of discussion, namely:

- zone boundaries of a continuous and cavitated oil fllm aTe determined by
the condition of zero pressule gradient (2),

- the oil dynamic viscosity, in the case of great vibrations of the system, can
be averaged to the value P corresponding to the outlet oil temperature Ę
undeT the condition of kinetostatic equilibrium of the system.

The zero-pTessule gradients condition (2) can be applied to determiłe the
boundaries of a continuous lubricating film {1 and {2 in all cases s/here it is
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possible to use excessive lubrication of the bearing, for example when supplying
oil through two lubrication pockets, ot when using a central oit supply frorn thi
circumferential groove. As it has already been indicated in .o-" Óirii.r papers
[13-14],the differences in the determination of the boundaries {1 and {2 by using
the condition_(2) a_nd the more accurate, but also more time-consuming m"tnoa{
e.g. the equation of continuity for the cavitation zone with time as an iridependent
variable known as "the prehistorical" method, are in such cases minima}. Only in
the case of poor lubrication, for example when oil is supplied by one lrrbricaiing
Pocket at a constant supply plessule the condition (2) may introduce .o1n" 

"r.o..]The assumption of a constant mean value of the oil viscosity p for dynamic
Problems is undorrbtedly a simplification in view of the fact that for kinostatic
Problems its value is determined from a complex diathermic heat exchange model.
Ilowever, it is necessary to take into account the time of numerical calculations.
01 the other hand, the process of averaging the oil temperature at great journal
vibrations seems to be probable on account of an inteniive oil flow-(''pumping''
effect) and thereby a better mińng;

It should be noted that in the adopted model the mean viscosity is only
constant in dYnamics problems for specified kinetostatic conditions, Óccurring
mainiY at a given rotational speed n. Along with the change of n, for instance, ii
coulse of constructing the amplitude-phase characteristics of the system, o, ih"
simulation of whirls developing with the rising rotational speed of ihe roior, the

"4o" P is certainly variable. Values of P at rotor speeds in ihe lang€ of hrrndreds
of revolutions pel minute in comparison with speeds of rotor reaching thousands
of revolutions pel minute, differ by an order of magnitude. Such hig}i differences
of oi1 viscosity have a significant effect upon the elasto-damping 

"properties 
of

the oil film and thereby upon the operation of the whole system.-Theiesults of
the exPerimental verification given in the previous chaptei seem to confirm the
correctness of the assumptions.

To sum uP the discussion it may be concluded that the model presented in the
PaPer involves three basic novel elements related principally to the description of
the operation of the slide bearings, namely:

I - the elasto-damping properties of the oil film are determined by a system of
mutually interrelated differential perturbation equations (ł) ind ih" R"y-
nolds equation (1) integrated within physically jrrstified boundaries §f,ijwith a simultaneous consideration of all terms, including the dynami."Ó"Ó.
of the right-hand side of the Reynolds equation (1),

II - in question of dynamics the model takes into consideration the oil viscosity
variations P caused by the change of the mean temperature T- of the outlei
oil depending on the kinetostatic conditions of the system operation,

III - the applied modified perturbation method (relationships (5)) enables us
to reduce the number the perturbation equations from-four'Óo*n to two
indispensable to be solved.
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All the other sub-systems relating to the rotor itself, the foundation, external
fińngs of the bushing, etc. do not include any elements of novelty. Their analysis
of kinetostatic (10) or dynamic properties (11) is based on complex, but known
equations derived from the finite elements method. For this reason they have not
received a wider presentation.

On account of a new, more appToaching the reality, description of the slide
bearings operation the presented model can, of course, not only be utiiized in
computer simulation of oil vibrations, but also in simulating various dynamic
reactions occurring within the rotor-bearing-supports system- Applying at any
point the non-linear variable forces and moments resulting from the interaction
of clutches, various external forces, or unbalanced rotating disks (Fig. 4), it is
possibie to obtain some valuable data relevant to the behaviour of the entire
system, and thereby to construct catalogues of diagnostic relations, for example
on the basis of the vibration spectra.

\lanuscript received in July 1995
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Nieliniowy model drgań w układzie wirnik-łoźyska
Cz. I Algorytm obliczeń

§treszczenie

W pracy przedstawiono model teoretyczny umożliwiający nieliniowy opis drgań olejowych, występu-
jących w ukła&ie wirnik-łożyska-podpory po przekroczeniu grarricy stabilności.

Zaoprezentowanra została nowa, metoda, określałria spężysto-.tłumiących własności filmu olejowego, al-
gorytm obliczeń i program komputerowy z wyraźnym rozdzieleniem części kinestatycznej i dynamicznej
oraz przykła,dy weryfikacji eksperymentalnej modelu na specjalnym wielkogabarytowym stoisku doświad-
czallytn.
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