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ABSTRACT

In this report the theory of a rigid rotor supported on squeeze film dampers unassisted by retainer
springs is presented. The short bearing, two land theory is used to model the bearings and both
the half film and variable extent film models employed to calculate the bearing forces. The two
land sealed bearing theory is also briefly considered. Both time domain and frequency domain
methods are used to solve the dynamical equations. A symmetrically unbalanced rigid rotor on
rigidly housed bearings is considered first and the predictions obtained both by the Runge-Kutta-
Merson Method (RKMM) and the Harmonic Balance Method (HBM) are compared with each
other and with experimental results presented in the literature. Fairly good correlation is
achieved. The model is then extended to cover a rigid rotor under general unbalance conditions
running in flexibly mounted bearings which is the model used for a test rig simulating the low
pressure rotor of an aero engine. A fast integration method (FIM) is applied to this 8 degree of
freedom model and adapted for use with the variable extent film model for both unsealed and
sealed dampers. The system is first tested on problems previously solved using RKMM. For
general unbalance conditions, the results obtained for an assumed set of parameters are compared
with both the RKMM and HBM. Consistent results are obtained.






CONTENTS

NOMENCLATURE

1 INTRODUCTION
2 DESCRIPTION OF TEST RIG

3 SFD MODELLING
3.1 Unsealed damper
3.2 Sealed damper
3.3 Computation of squeeze film forces

3.4 Squeeze film forces in cartesian coordinates

4 SYSTEM WITH RIGID BEARINGS-SYMMETRICAL UNBALANCE
4.1 Dynamic equations
4.2 Time domain solution
4.3 Frequency domain solution

4.4 Presentation of results and discussion
4.4.1 Unsealed damper - time domain solution
4.4.2 Unsealed damper - frequency domain solution
4.,4.3 Sealed damper

4.5 Conclusions
5 FLEXIBLE PEDESTAL SYSTEM - DYNAMIC UNBALANCE
5.1 Dynamic equations
5.2 Time domain solution
5.3 Frequency domain solution

5.4 Numerical simulations and discussion
5.4.1 Application to Dogan’s system
5.4.2 Test rig with symmetric unbalance
5.4.3 Test rig with dynamic unbalance

ii

10

10

11
12
12

19
19
20
21

21

22

22

25

28

33
36
37
37






5.5 Conclusions

6 CONCLUSION AND FUTURE DIRECTION

REFERENCES

TABLES AND FIGURES

iii

38

38

39

42






NOMENCLATURE

iy, dy
AL LA
Ay, A,
by, by
B,...,B,
By, By
C, €,,Cy
Crer Cyy
AN o5
e Dy

[SHe!

T N
-
-

PR

) el

g
“

.

b

I -
I
Mh -

3

Mg s Mgy Mg
Mys Myy

M

M,

fy

14

pr:

P,

cosine coefficients in Fourier expansion of steady state displacements

constant terms defined in eqs. 39

cosine coefficients in squeeze film force expansions, egs. 23, 56
sine coefficients in Fourier expansion of steady state displacements
constant terms defined in eqs. 39

sine coefficients in squeeze film force expansions, egs. 23, 56
radial clearance (m)

damping coefficients in squeeze film force expansions eqs. 25, 56
constant terms defined in eqs. 40

constant terms defined in egs. 40

journal eccentricity (m)

oil film thickness at position 8 (m); non dimensional time step size
moment of inertia of rotor about centre of mass (kgm®)

bearing housing stiffnesses (N/m)

stiffness coefficients in squeeze film force expansions egs. 25, 56
rig dimension (m)

land length (m)

maximum number of harmenics in harmonic balance solution
bearing housing masses (kg)

added unbalance masses at positions U1, U2 in Figure 4 (kg)
effective rotor mass per squeeze film (kg)

rotor mass per squeeze film (kg)

number of lands

(gauge) pressure distribution in squeeze film (Pa)

(gauge) cavitation pressure (Pa)

(gauge) long bearing pressure distribution (Pa)

(gauge) pressure at maximum film thickness in long bearing (Pa)
(gauge) supply pressure

(gauge) short bearing pressure distribution (Pa)

cosine coefficients in squeeze film force Fourier expansions
static load per squeeze film (N)

non-dimensional static load, defined eq. 21b

(absolute) atmospheric pressure (Pa)
non-dimensional dynamic load, defined eq. 21c

sine coefficients in squeeze tilm force Fourier expansions
radial and tangential squeeze film forces (N)

Cartesian components of squeeze film forces (N)
constant force terms in squeeze film force expansions

non-dimensional cartesian components of squeeze film forces
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dog but it is free to orbit within the clearance space. The role of the damper is this case is again
to reduce the vibration and transmitted force while negotiating the already existing critical speeds
of the system.

Because the inner member is prevented from rotating, unlike a journal bearing, a squeeze film
damper cannot support a static load in the absence of a dynamic load. Hence, for a squeeze film
damper without retainer spring the rotor will roll or slide along the bearing housing inner surface
until the level of the dynamic load becomes such that sufficient lift is generated in the bearings to
overcome the static load. The fact that the mean position of vibration within the damper is a
function of the dynamic load, complicates the solution of the dynamic equations of the system for
two main reasons. Firstly the specification of the extent of the cavitation region in the oil film
will have a profound influence on the predicted vibration. Secondly, it is difficult to provide
starting approximations to fast iterative methods such as the HBM. For a flexibly housed damper
the problems are compounded not only in the computational sense due to the increased number of
degrees of freedom but in the design concept itself. The damper now becomes part of a series
structure of rotor, damper and housing flexibility and under these conditions the required degree
of damping must be carefully considered. Excessive damping leads to the damper operating as a
rigid link whereas deficient damping leads to large vibrations of the rotor relative to the bearing
housing even though the absolute motions are at acceptable levels [2].

In this report the vibration of a rigid rotor on squeeze film bearings without retainer springs is
considered and the difficulties outlined in the previous paragraph highlighted. The analysis first
starts with a symmetrically unbalanced rigid rotor in rigid bearings considered in [3] wherein the
dynamical equations were solved in the time domain and using an empirically determined factor
b to account for the effect of subatmospheric pressures generated in the oil film. The examples
considered in that work are reworked in this report using a variable extent film model both in the
time domain and in the frequency domain. The analysis then proceeds to a rigid rotor under
general unbalance conditions running in two flexibly mounted squeeze film bearings. All
previous research, with the notable exception of [4] has considered the use of only one damper.
However, as observed in [4] many aero-engine rotor assemblies have at least two dampers and
the interplay between them is an important factor in the overall vibration performance of the
rotor. In [4] the rig consisted of a rigid rotor pivoted at one end in a self aligning rolling element
bearing and running in two SFDs, one at the other end and the other in the middle, placed at
various eccentricities and either flexibly or rigidly housed. Although conclusions as to the
interplay between the SFDs were reached these where quite restrictive since the vibrations at the
dampers were kinematically related to each other. In the case considered in this report there is no
pivoting bearing and the rotor runs in flexibly mounted bearings at each end. It is interesting to
examine the vibrations obtained under general unbalance conditions which result from the
interplay between the two kinematically independent vibrations at the damper positions. In the
present work the RKMM, FIM and HBM were all tested on the system for assumed parameters
and gave consistent results. All programs written could handle both short half film, short full
film and variable film models. In particular, the FIM which has previously been applied with the
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(b) Systemn with flexibly housed dampers. If the unbalance is symmetrically placed the system
reduces to a 4 degree of freedom system and is equivalent to that considered by Dogan [7] with a
flexibly housed damper. For general unbalance conditions the system has 8 degrees of freedom
as previously mentioned. No experimental work for such a system has as yet been published.

3 SFD MODELLING

In this work the SFD is modelled as comprising two lands of length L separated by a deep groove
through which oil is supplied at pressure p; via symmetrically placed holes (Figure 5). This is
the model used by Dogan [7] for both sealed and unsealed dampers without retainer springs. The
choice of the two land theory over the one land theory [8] is explained by the fact that in the latter
theory the supply pressure p, does not come into the equations derived. This makes it unsuitable
for SFDs without retainer springs since the supply pressure influences the extent of cavitation
which in turn strongly influences the load carrying capability of the squeeze film [7]. Referring
to Figure 6, for each land the Reynolds Equation [3] can be written as

%5%{;’3%}+585{h33_§}: 12nc(écos 8 + ey sin 0) (1)

where /= c(1+&cos@) is the oil film thickness..

In the above equation it has been assumed, among other things that the oil is incompressible and

that the viscosity is uniform. The equation (1) can be solved to obtain the pressure distribution
p(8,z) at any instant in time. This solution depends on whether the damper is sealed or

unsealed. Once p{0,z) has been established the squeeze film forces Q,, O in the radial and

tangential directions respectively can be computed from the equations:

Lj2 27

0, =—n LRJ—LI'Z JO p, (0,z)cos6 db dz (2a)
Lj2 el .

0, = _nLRJ-—L/Z , Pu (0,7)sin@ dB dz (2b)

In these equations p, (6,z) is a pressure distribution based on p(8,z) but modified according to
assumptions made as regards the supply pressure and the extent of the effective squeeze film
around the journal. These assumptions lead to different forms of p,, (6,z) and hence different
expressions for Q,,, O, and are critical in assessing the load carrying capability of a squeeze film
damper without retainer spring.

3.1 Unsealed Damper
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R =« :
Orae =1, 55 T ey (8b)
© (-2

The m film (or half film) theory assumes that (a) p; =0, (b) cavitation occurs at atmospheric
pressure. Hence p, (8,z) is now given by

= p(Q,Z)L’s:O ’ p(g’z)lﬂs=0 >0

. p(6.2),_, <O ®

pm (9’ Z)
It can easily be shown that p(B,z)|pg=0 >0 from 0=6,t0 =0, =0, +7 where
sin@, = +, cosf, = ——gl‘[;wm
() +£° () +&
In such a case the equations (2) reduce to:

Lz

O, = —nLRJ

~Lf2

I:z p(ﬁ?,z)iwD cos8 d@ dz

/2

0y =-n,R|

-2

0 .

RL (. .
Orr =, L {gi60 + ) (102

RI? ) X
0, =n, ”C—z{g3ew+gls} (10b)

2¢ec08’ 0,
(1-£% cos® 6, )2

g =

in@, 13+(2—5¢*)cos’ 0 2
2=esm 1{ :—( £ )cos 21}+(1+255)a
(1-&*) (1-€*cos’ 9, (1-¢*)

esin@ {1-2cos’ 8, +£° cos® 6, } 1
gy = 3 +
(1-€?)(1-£% cos™ 6, ) (1-¢)2
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Or = bQR,Zr: + (1 - b)QR,:r
QT = bQT,zn- + (l - b)QT.yz

Comparison of predicted and experimental vibration orbits taken from the rig used in [3] showed
that a particular value of b gave reliable predictions of the orbits. However Dogan [7] observes
that there is not a general value for the factor » which may be representative over a wide range of
operation parameters, even for a given rotating system.

3.2 Sealed Damper

The problem of the two land sealed damper was considered in [10]. In this case the axial flow is
partially restricted by the end seals. In this case the short bearing approximation to the Reynolds
Equation, given in equation (3) is still used but with the following boundary conditions:

L L
p=2p;(0) atz=—-?-.-, p=p;at 2= (13)

p = p,(6) is the long bearing solution of the Reynold’s Equation i.e. the solution of equation (1)

when it is assumed that the oil flow in the axial direction is negligible relative to that in the
circumferential direction:

Pb_ P

gz db

A is the empirically determined end leakage factor, 0 < A <1. A =0 for full leakage (unsealed
damper) and A =1 for zero leakage (fully sealed damper) [10].

p,(6) is obtained by solving the equation

R_lz--(%{h*%} = 12n1c(£ cos O + £y sin ) (14)

and applying the boundary conditions p = p, at 8=0, 27 to give [10]

p,(9)26nR € 1 1 }_2.( € ](2+8c036)sin9 N (15)

¢’ e (1+£cos{5’)2_(1.;.32)2 2+&”) (1+ecosh) 0

p,» the pressure at the maximum film thickness is obtained approximately by putting ¢ =0 in

the short (unsealed) solution, equation (6), and averaging over the land length to eliminate z to
give
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0, = Op (e, W, &, )cosy — O, (&, &,¥ )siny
1 . o
=0 v.e¥)+x 0 ey 9] (18b)

where
T2 el S BV _
e= [0, e= gl +n). W= ley, —ak)

X, =Xp—Xpgs Y= ¥y — ¥

X, =X, =Xg, ¥, =Y, Vs

4 SYSTEM WITH RIGID BEARINGS - SYMMETRICAL UNBALANCE

This 2 degree of freedom system has been considered in [3] and [2]. Dogan [7] considers a
system similar to the rig in Figure 1 but with the left hand SFD replaced by a self aligning rolling
element bearing, acting as a pivot. In the derivation of the dynamical equations he considers the

effective mass at the SFD. Hence the equations presented in this section are identical to to
Dogan’s with a clamped housing.

4.1 Dynamic Equations
The equations in this case are

MX = Q. + Muw”® sin o (19a)
MY = Q, — Muw® cos @t — P (19b)

where M is the effective mass at one SFD and P is the static load on one SFD.

These equations can be non-dimensionalised as follows:

x" =0, +P,sing (202}
P, cosc—P (20b}

B= P= , P = 21ab,c)

11
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Y=Y, + i (ay cosrQt + by sin rQt) (22b)

r=l

Also, the squeeze film forces Q,, @, being functions of X, Y, X, Y must also be periodic

with same period and can be expressed as

Q. =0, + i(p; cosrQt + ¢, sin er) (23a)

r=l

( p; cosrQt + g7 sin r.Qr) (23b)

AN
M=

.+

0, =

1
—

r

where

—_ 1 pe
Q. :;,[0 Q. dz
2 et
r. :”J- Q, cosrot dt
STl ¥

P
q. = J‘D Q. sinrwt dt (24a)

T

0,=1) ¢dr

2 et
Py :;L 0, cosraT d'r_
. 2t .
q, =-T—J.D Q, sinrat dt (24b)

The periodic squeeze film forces can also be expressed mathematically as:

0, =0 +k X+ X+ (A]cosrQt+ B sinrQu) (252)

raN

0, =0, +k, ¥+ e, Y+ E (A; cos Q¢ + B sin er) (25b)

=N

The 2m+1 unknowns on the right hand side (RHS) of equation (25a) can be obtained in terms of
X,, al, bL, O., p’, ¢’ by substituting for X, X from equation (22a) and its time derivative
into equation (25a), equating the RHS of the resulting expression to the RHS of equation (23a)
and equating the mean terms and the coefficients of corresponding cosine and sine terms on both
sides of the resulting identity, yielding 2m+1 equations:

13
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—~ T
F,=[-0, 0 -MPco® -A -B! - - A" -BI|
T
Voz[X, @ by oo ap bY]
"k” 0 0 T
0 Q'M+k, Qc,, : : : : :
P Qe,  Q'M+k, 0 0
M : 0 0 AQM+k,  20c,
Yy : : —2Qc,  4Q'M+k, : :
: : : 0 0 0 0
: : : : 5 MMk,  mQc,
0 v . aes . 0 —mQC_l'_I‘ m2Q2M+ k_l‘_v
~ T
_ 2 2 2 m il
F,=[-0,+P MPco® 0 —A7 —B} - - A -B'|
V . Y 1 bl am bm T
y 140 9y Yy y Py

For given values of V,, V_, the displacements and velocities X , X, Y, ¥ are constructed from
equations (22) and their time derivatives, the periodic squeeze film force signals O, | (X Y, X, Y )

can be constructed as in section 3, the squeeze film force Fourier coefficients are given by
equations (24) and the terms in matrices M, F,, M_, F, fixed by equations (26). Hence

equations (27) constitute a coupled pair of systems of algebraic non-linear equations, each with
2m+1 unknowns contained in V,, V, respectively. Alternatively they can be expressed as a

single system of nonlinear equations in 4m + 2 unknowns

F(V) =40 (28)
where

V = [Vx Vy ]T = [Vl T V4m+2 }T
F(V) = [Mxvx _Fx Myvy —Fy]r = [}71 (Vl""’V4m+2) F:tm-t-Z (K"“’Vdfm-#Z)]T

The non-linear system of equations (27) or (28) is solved by an iterative method where an initial
approximation for V is assumed. The solution of these equations presented three major
computational problems which had to be overcome if the method was to be efficiently
implemented on a 64MB RAM, 333MHz Pentium Il computer.

The first problem was to devise a quick way to construct the periodic squeeze film force signals

by double integration at each of a suitable number of points n over the fundamental period 7,
prior to Fourier analysis, at each iteration. Use of the algorithm described in section 3.3 with n =

15
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[ OF R ]
8‘/l a‘/4m+2

vy=| (32)
( ) aF;lm+2 3F4m+2
a‘/l 8V4m+2

a, is normally set to 1 but in the initial stages of the iteration process is set to as low a value as is
necessary to avoid divergence. J,, of order (4m+2)x(4m+2) is very expensive to compute
since (4m+2)° partial derivatives, each requiring two evaluations of F(V), need to be

evaluated numerically. However it need only be evaluated in full once (or twice, optionally) in
the iteration process. At successive iteration steps H, (=] ') is updated by a rank 1 matrix

requiring only one evaluation of F(V) according to the following formula due to Broyden [17]

H y-— H.
HooH,, - Sth q)g'H, , (33)
q H, ¥y

where q=V,-V,_,, y=F, —F_,. The complete algorithm is summarised below.

1. Select operating conditions such as speed, dynamic load...ezc.

2. Input initial approximationto V, V,
3. Evaluate F,, J, (in full)

4. Set @, to alow value (...¢r; = 0.02 used in this work}

5. While (V, ~V,_, 2 10])OR(i =0) (....tol =107 in this work)
(a) update V, using equation (31)
(b) evaluate F,
(b) update H, using equation (33)

6. Set o, =1

7. Recompute J, in full (optional step)

8. While (V, - V_, 2 eps)OR (F(Vl. )=z eps)
(a) update V, using equation (31)
(b) evaluate F,
(c) update H, using equation (33)

{eps is the smallest number recognised by computer)

17
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4.4 Presentation of results and discussion
4.4.1 Unsealed damper - time domain solution

For the case of an unsealed damper the rig parameters used were M =18kg, P=176.58N,
¢=02082mm, R=635mm, L=109mm. As a preliminary test the load carrying capabilities
of the 7 and 27 film theories were contrasted for the same control parameters S =0.61,
P =090, ﬁd =226. This was also performed in [3] and hence also served as a check on the
computation in the present case. The shaft orbits are shown in Figures 7a (27 film) and 7b (7
film). It can be seen that the full film theory gives no static load carrying capacity: the shaft
simply spirals down to the bottom of the clearance circle. On the other hand, it is seen that the
half film theory gives a circular cenired orbit. This illustrates the fact that for an SFD unassisted
by retainer spring, cavitation, in addition to a dynamic load is a necessary requirement for lift.
The experimental orbit, Figure 7c, is however both smaller in size and positioned at a lower level
than that in Figure 7b. This indicates that the cavitation pressure p, lies somewhere between the
extremes of O (half film) and —ee (full film). An approach taken by many workers [7], [10], [18]
is to employ an experimentally determined cavitation pressure. In [10] it is observed that
pressure recordings show that p_ appears to take one of three approximate values:

(2) p, =0 i.e. atmospheric when the supply pressure p is so low as not to prevent ingress of
atmospheric air, which fills the cavitation zone.

(b) p, =~—P, ie. approximately absoluie zero, when bubbles are formed due to liberation of
dissolved gases and fluid vapour. In this case p, is sufficiently high to prevent ingress of
atmospheric air but not too high as to flush the cavitation bubbles away.

(c) Lower than absolute zero when the oil temporarily supports tension. In this case pg is high
enough to flush the cavitation bubbles away as soon as they are formed.

Case (b), referred to here as the absolute zero theory has also been confirmed by work done by
Feng and Hahn [9].

In the present case the effect of the value of p, on the shaft orbit size, shape and position was
investigated for a constant low supply pressure p; = 13.8kPa and the control parameters in Table
2. The relevant figure numbers of the results obtained are included in this table.

From Figures 8, 9, 10 the following observations can be made.

(a) The half film theory only works reasonably well for very high dynamic load, loci 3 in Figures
8a. 9a where the orbits are practically circular and concentric. Elsewhere it fails, grossly over-
predicting the vibration. _

(b) The absolute zero theory (p, =—P,) works very well both at high dynamic loads, loci 3 in
Figures 8b, 9b and at low dynamic loads, loci 1 in Figures 8b, 9b and all loci 1, 2, 3 in Figure
10b. However loci 2 in Figures 8b, 9b are over predictioned. This indicates that at these
intermediate dynamic loads p, <—P, and the oil supports tension even at such a low supply
pressure. In Figures 8c, 9c the three loci are recomputed in descending values of p_ starting from
p,=—P, loci 1 down to p, = —-27P, (locus 3, Figure 8c) and p, = ~25P, (locus 3, Figure 9¢).
It is seen that best agreement between the predicted loci 2 and the corresponding experimental
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In the HBM it is forces as in iii) that are actually used in the computation. From these figures it
is clear that while x,, y, are very close to x, y, the slight error due to the omitted harmonics in
the displacements and velocities is considerably amplified in the computation of the squeeze film
forces. In particular one notes the mismatch between the three force signals 1), ii), iii) around the
sharp peak in the solid force signals i), corresponding to the tail T of the orbit in Figure 13.
Increasing m from 3 to 5 reduces the mismatch between the force signals 1), ii) iii) above. This
analysis means that if x,, y;, are input as approximations into the HBM, the process will iterate
towards the solid curve in Figure 13 due to the discrepancy in forces explained above.
Notwithstanding this amplification of error in the HBM iteration, the squeeze film forces
computed from the HBM solution with m = 3 were surprisingly close to those computed from the
RKMM solution (Figure 15).

Figures 16, 17, 18 show the predictions obtained with the HBM for the control parameters in
Table 2. The corresponding RKMM results are shown on the same axes. The same cavitation
pressures used in Figures 8c, 9c, 10b respectively were used. Agreement is excellent in most
cases except loci 2 in Figures 16, 17 where the disagreement in the y direction is as great as 10%.
This again indicates that more harmonics need to be taken.

4.4.3 Sealed damper

For this case the model was used with the parameters were M =24.5kg, P=294N,
c=0216mm, R=68216mm, L=9mm. The shaft orbits for the parameters given in Table 3
were computed with both RKMM and HBM (m = 3). The supply pressure was constant at
34.5kPa and the end leakage factor A = 0.09. The experimentally determined cavitation
pressures used in [7] were used. The results are shown in Figure 19 where the HBM orbits are
solid and the RKMM orbits dashed. Agreement between the HBM and the RKMM is fairly good
with disagreement again maximum at the intermediate dynamic load (locus 2) and is as high as
10% in the y direction. This again indicates that more harmonics are necessary in the HBM
solution. However it is evident that the HBM predicts the jump which occurs between locus 2
(3250rpm) and locus 3 (3500rpm). The jump was predicted at 3310rpm by HBM. Good
agreement with the experimental results [7], Figure 20, was also obtained.

4.5 Conclusions
The conclusions reached in this section are summarised as follows

i. For an unsealed SFD unassisted by retainer spring the specification of the extent of cavitation
is critical in the accurate prediction of the vibration orbits. For a given low supply pressure the
half film theory was found to work only for very high dynamic loads giving circular centred
orbits. The absolute zero theory worked very well except at intermediate loads were the
cavitation pressure necessary to give good correlation with experiment was found to be
p.=—CP,_where 1< C<2. At these dynamic loads the orbits were found to be particularly
sensitive to the chosen value of C.
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Note that the z axis has been taken along the line of centres of the bearings at the static
equilibrium position of the rig with the rotor in place. In this case the total forces transmitted to
the foundations at bearing i (i = 1,2 ) in the x and y directions are

F, =kX, (372)
F,=kY, —(P+m,g) (37b)

¥

If the z axis were taken along the line of centres of the bearings before the rotor was loaded the
terms marked * in equations (36) are omitted and the transmitted forces would now be given by

Fy= kXBi (38a)
Fy; =kY, —m,g {38b)

This latter approach was used by Dogan et al. [1], [19].

X,.,-X Y, ~Y
Noting that 6 ~—2—2 g =~ 22 ] =2] and [, -1, =1, -1 the equations were
y 14 X 14 s
simplify o
X, = A0, +4,0, +Amyr, 0" sinot + Am,, 1,0 sin(wr + ¢) (39a)
. ) 5 2P
Y, = A0, +A,0, — Ay 0" cosO— Amy,r,0" cos(af + ¢)— (39b)
R
X, =A,0, +AQ, +Am, 1,0 sinewt + Aymy,r,0° sin(of + ¢) (39¢)
, 5 5 2P
Y, = A0, +AQ, —Amyu, 0 coswt— Aym,,r,,0° cos(or+ gb)—M— (39d)
R
Xsl =B Q. +B,X, (39)
Ym = BzQﬂ + B Yy + B, ¥ (390)
ng = B0, + B, Xy, : (39g)
?32 = BIQ)-Z +B,Y,, + B, ¥ (35h)
where
=IR+MR‘I22 A :IR_MRIZZ A :IR+MRl2(l2—ll) A :IR“MRlz(lz_ll)
YoM, T M, M1, T M.,
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For the special case of symmetrical unbalance the system degenerates to the equivalent system
shown in Figure 21 and a reduced set of equations applies

MX, =Q, + Muw® sinwt (41a)
MY, = Q, — Mu®® cost — P (41b)
myX, =-0 —kX, (41c)
myYy =—Q, —kY, +P * (41d)

or, non-dimensionalising the independent variables,

x” =0, +P,sing (42a)
v’ = QJ‘ - ﬁd cosc— P (42b)
” M\~ k
Xp = —(—]QI - =X (42¢c)
My My
(MY~ ok M~
(e
M, X0, My

All symbols in equations (41) or (42) have the same meaning as in section 4.1 for the clamped
housing system. These equations are also applicable to Dogan’s system with flexible housing [1],
[19], Figure 22. As explained earlier the terms marked * in equations (41) or (42) are omitted
since Dogan measured displacements from the unloaded position of the bearing centreline, which
coincided with the centreline of the pivot (self aligning bearing) on the right hand side. However,
in the present work, unlike Dogan’s, the bearing housing mass is taken into account.

5.2 Time domain solution

Letting s, =¢, 8, =X, 3 = Y;1, S84 =Xjp. S5 = Vyg» Sg = Xpy» 7= Ypr» S5 = Xpas S9 = Vg
S10--- 87 = $5...5, , equations (40) can be expressed as

s’ =f(s) (43)

where s:[s1 sn]T
£(8) = [£i(s10eer8ry) e For(srremnsn)]
=[1 S0 o S Fo(Soensiy) o Fir(sieesi)]

The system can be solved by the RKMM as in section 4.2. However, a much faster method,
referred to here as the fast integration method (FIM), which employs much larger time step sizes
for the same prescribed accuracy (described in [20]) was adapted to the system of equations (43).
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- 1
where J :E(J” +J”“) I J(s”), and i(c) is a 17x1 vector of interpolating polynomials

approximating s over the step [grI N ] Since this numerical integration process is based on the

trapezium rule which is a second order process, the interpolating polynomials were taken as
quadratic functions. The local error [ in any given step was obtained from equation (48) by
setting €" =0. If & is the maximum absolute value of the elements in 1"*! then the necessary
step size /i was adjusted according to the formula

1
A o.Sh(LO?-j3 49)

)

wdjusted

which is similar to the formula for # in the RKMM (section 4.2) but with the exponent 1/3

instead of 1/5 since the local error now varies as n

While this method works in much larger time steps than the RKMM due to its numerical stability
it suffers a major drawback since the Jacobian matrix has to be computed several times each time
step until the iteration in equations (44) converges. Unless analytical expressions for the partial
derivatives of the oil forces are available this can be a crippling constraint, making such a method
unfeasible. However this problem was overcome in this work by making the following
modifications:

() the Jacobian matrix was evaluated once every 4 time steps;

(b) at intermediate time steps, and during the iterations in equations (44) for each time step, the
Jacobian matrix was updated according to the following formula due to Broyden [15] which is
ancillary to that given in equation (33) for use in the HBM:

Joa-y)a'

J. = J,',l _( l—qu y)q (50)
qq

where q =§,—§,,, ¥= f(s‘.)—f(s,.ul).

The numerical computation of the partial derivatives of the SFD forces was reduced by noting
that, for SFD1 for example,

Qe = Qx,yl(32’83’S6=S7’S10’S1}’S14’S15) =0 (52 — 85,83 7 8789 ~ 4.5 "‘Sss) and thus

an,].'l —__ aQ.\‘._\'l an,_\'l _ aQJ:,)'I

Osg ds, s, s,

Likewise for SFD2. Hence for each SFD, four partial derivatives needed to be computed. The
algorithm described in section 3.3 was used to efficiently compute these partial derivatives for
any given cavitation pressure for both unsealed and sealed dampers. For the # film theory
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n =2 in this case. Note that the number of unknowns increases from 4m +2 in the case of one
kinematically independent SFD with rigid housing (section 4.3) to 2n(4m +2) in the case of n
kinematically independent SFDs in flexible housings. The factor 2 is due to the housing
flexibility. For the rig in Figure 3, if general (dynamic) unbalance conditions apply then n = 2
and if 3 harmonics are taken in the solution then 56 non-linear equations have to be solved. If
symmetrical (static) unbalance conditions apply then the number of equations is cut down by half
i.e. n = 1 and 28 non-linear equations have to be solved if m = 3. In either case this large number
of unknowns makes it essential to initiate the HBM solutions with a fast time domain technique
such as FIM and then proceed by the Newton-Raphson Method and continuation as explained in
section 4.3.

5.4 Numerical simulations and discussion

5.4.1 Application to Dogan’s system

Dogan’s model in Figure 22 was solved by both the FIM and the HBM. The relevant dynamic
equations are equations (41) or (42). The rig parameters are M =245 kg, P=294N,
my =3.5kg, k=62IMN/m,c = 0.216 mm, R=68.216mm, L=9mm. The first (rigid body)
resonance of the system occurs around 75Hz (4500rpm).

5.4.1.1 Unsealed damper

An unsealed damper was considered first with oil viscosity 21cP and the response was found for
an unbalance parameter ﬁd =(.229 at nine speeds 3500, 3800, 4200, 4500, 5500, 6000rpm. This
analysis was performed in [1] with RKMM. For the time domain solution the response at each
speed was found for 20 revolutions of the shaft with the final values of the state variables x,, y,,
Xgr Vg» X5, V), X4, ¥, being used as initial conditions for the subsequent speed. The initial
conditions for the first speed (3500rpm) were taken as x,= 0, y,=-I1- Plke, xz= 0,
y, =—Plkc, x. ¥}, xj, ¥, = 0. This corresponds to the journal lying at the bottom of the

clearance circle. For each speed the cavitation pressure was read off from pressure plots in [1]
except for the last two speeds 5500, 6000 rpm which were not considered in [1]. For these
speeds a default cavitation pressure of absolute zero (-101.325kPa) was used. Figure 23a shows
the non-dimensionalised shaft orbits relative to the bearing housings for the last 5 revolutions out
of a total of 20. Figure 23b shows the corresponding plots of the absolute journal displacement
and total force transmitted to the engine frame. The dashed circles on the absolute journal
displacement plots are the corresponding plots with the SFD shimmed out. Likewise, the dashed
circles on the transmitted force plots give the transmitted force in the absence of the SFD. From
Figures 23a,b the following points can be made.

(1) A bifurcation from T-periodic motion to 27-periodic motion occurs soon after 3500rpm as is
evidenced by the double looping. The subharmonic of EO (engine order) 2 persists well up to
5500 rpm. Somewhere between 5500 and 6000rpm the motion reverts back to T-periodic motion.
Such butterfly shaped relative orbits in the region of resonance were also observed
experimentally by Holmes and Dede [18]. The excitation of a strong subharmonic component of

33



12>

oy} SuiseaIour () :sAea 22143 JO 2u0 AQ $32189p Sulkiea Ul poesearoul 2q ued (S ue ur Surdwep
1e1) paalasqo [£] ueSo(T 108 Ul 10910 SUIRDS JY3 ©) onp S SIYJ, "90uBUOSAl punoie A[feroadsd
pauIeIqo St UOTIRIGIA JO [2A9] paonpal B ‘AJISOOSIA [I0 UI uononpal [enueisqns o) adsaq (1)

‘opeu 9q ues syutod SUIMO[[O] UL 0T IS4 oy} Jo
suonN[oA3l § Ise] 2y} Jussaxdar ureSe (aur] prjos) S)NsSAT WL o4l "q‘eSy semdL] ul poajuasaid o
wdIpQst PUe 00TY ‘008E ‘00SE Spaads 10J NI PUB EH Yiog yiim pourelqo s)nsai oyf, ‘[61] ut
sjo1d ainssaid woiy 330 peal urede sem poeds yoes J10] oInssaxd uonelAed oy, WIAY Aq [61] w
paunroprad sem sisAteue stq) uredy ‘67z 0= g 2ooue[eqUN SWeS AY) PUE 6O'Q = ¥ JOI0E] o5ees]
pue ue pue JoG[ 9 AJNSOISIA JO [I0 YIm mdu;ep pojeos ' J0] pauriojiad sem SISA[RUB IB[IWLIS Y

Joduep pofess T I'y's

“(5 J0 uonOUNJ) UMOUUN U SIUO0I2G MOU @ paads 21] 20UlS 9A[0S 0] uonenba [euonippe
ue s[reius ng samd asuodsar Aousnbayy o) uo syurod Suruwing oenodou o3 oqissod 1 soyew
sy, "eAdnd asuodsal Aouanbary syy uo s YiSuo] ok 03 @ poads euorIRIOL 9] W0y paSuByo SI (¢
uonoas) 4 Iseweled [OIU0D AU} UILISYM pajuasdxd s1 onbruyoe) uonenunuoed pajeansiydos alow
e pue [91] ur paropisuod st sdumf yiim pajeroosse aaInd asuodsar Aousnbaiy ayy uo syurod Suiwing
12 anbiuyoe) uonenuUNUOd € Yons Jo sinjre] sqissod oyJ, "AINOIIIP 211 YiIM SUOIIN[OS SUtUIRWAI
oy e Sumeiqo ‘wdigpge ©1 umop paddeys pue widigpOo 1B PolRISAl 9G 01 pRY UOHN{oS
NGH oy 2ouay  wdigQse Jeye uoos smoso yoiym dwnl oyi 03 anp widigpge Jo peads 1xau
a1 01 urpaosoord usym pajre] peads 1xeu oyl Je uonnjos 2y 0 uonewixoidde fenur ue se pasn
sem paads ouo 101 uonNjOs WHH oW} UIsIsym ‘pasn oenbruyod) uorjenunuos odwis 9y I19A3MO0H
"WId Aq peureqo sem widiggee 1o) uonnjos JNGH 2y 01 uonewirxoidde [enrur ayj, -ynsor
AL opouad-77 o1eis Apeals ay) Jo sdoof om) 9 ueamiaq aeipauLtajul st wdip)es e uonnjos
INGH otpotiad-7 ay) 181} poAIasqo aq osfe ueod 3} "wdIgosty pue 0OZy ‘008¢ e s1od Jejod 2010
panrwisuel) ay3 ur pue sdoof 11GI0 SATIR[I 9T} JO Saseq O} Je syuly ay) 301paid 01 soBeuewt NI
a1y 10B) U] “soruoureyqnus Jo osuasaid oy Surpueisyiimiou spaads 19ylo ay; v pood Afue] o1 widl
0009 pue wdIgOSE 18 JUS[[0X0 WOI] Sa5Uel 1ueaISE 1Y) U3 SI I 7 2In1] WOL] ‘SUOIIN[OAdI
1JBYS 00T Ioyje usAo oels Apeels yoeol jou pip wdigosy 10] uonnjos AL OUJ 9IS Apedrs
oraIl O} SUOTIN[OADI IS ()G JOYMNJ B 10] PaNUNUOD Sem pue ¢z 2unSLy ul 91els Apra)s payoes:
1ou pey yoigm ‘wdigozy 10) uonnjos Wi oW Joj 1deoxe ¢z Sy ur peuassaid Ajsnorasid
SIoM 9S3YJ, °SOXE JWBS QU U0 PIR[ISAOC oIk §)nsai LI oYl ‘qQ‘eyz semSig ur pajuasard
QIp SISl 2], (PAIIPISUOD JOU 2Ip SOIUOULILYQNS) UOTIOUI OIpotIdd-f SSWNSSE IOM SIY) Ul
INGH Y} 1o11es paute[dx¥s Sy ¢ = w s AGH YU Paiomal sem paropisuod isnl wapqoid ayp

"UOIS31 SDUBUOSAL
oyl apIsINo ‘speads Jo aSuBI I3pPIM B ISA0 ‘HOTIOAIP-X Y} Ul JATIDAJID JRYMOWOS [[1S 1 SR
QIMEaJ SIYL, "90I10J panusuen oy jo jusuoduros-x oy} Ul SUOTIONPal [eNUBISQNS YIm ‘UCLIodlIp-4
QY3 ur $9210] pannusuen a3 Jo siofd tepod auy s1e8uU0]2 03 )1 S9sNED dURULIONIS IRIUI[-UOH SN 1BY]
POAIISQO SI I ‘spaads [[B 10J “I0AMOH "SluLjul (A[[BO1121091]) oIv $[211d paysep oY) wdiQQst
17 (wdigQcy) 90UBUOSI PUNOIE SATIVSJJS 1SOUW ST (LS U3 38Y] U9s SI I gz samn3Iy wold (g)

"s1sATeue ofdwis
Aq [8] ul xog pue sowjol] Aq paure[dxe Sem WSS (S SOLdS ® IOJ 90UBUOSAI punoie 7 OF



viscosity; (b) end sealing (c) increasing the supply pressure. One also notes that steady state is
achieved in the time domain solutions at all speeds after 15 revolutions of the shaft (including
4500rpm), unlike the unsealed case. This is a further indication of the increase in damping
offered by the sealing effect despite the substantially lower viscosity.

(2) The bifurcation from 7-periodic to 27-periodic motion is delayed, occurring between 4200
and 4500 rpm. The jump is also delayed, occurring between 3800 and 4200rpm and is less

pronounced.
(3) There is excellent agreement between HBM and FIM for all speeds except at 4500rpm where
FIM gives double looping. However, even in this latter case the HBM result is like an average of

the two loops.

It is interesting to note that the simple continuation technique using the rotational speed @ as
control parameter did not fail when passing through the jump. Neither did it fail when going
through the jump in Figure 19 for the sealed damper with rigid housing.

5.4.1.3 Note on the stability of HBM solutions

Tt has been observed for both cases with sealed and unsealed dampers that whenever FIM gave a
double loop steady state orbit (27-periodic solution) the T-periodic HBM solution was
intermediate between the two loops. In fact in cases were the actual steady state orbit is 27-
periodic, the T-periodic HBM solution is unstable. This is explained in [21]. Considering for
simplicity a non-linear dynamic system with just three state variables, the unstable T-periodic
limit cycle is shown in three dimensional state space in Figure 26a. This limit cycle intersects the
Poincare plane at P*. If infinitesimal changes are made to the state variables at any point on the
limit cycle the resulting trajectory in state space will intersect the Poincare plane at consecutive
points P with coordinates «", v*, n = 1, 2, ... relative to a two-dimensional coordinate system on
the Poincare plane such that

w™ = F(u",v") (60a)
v = Fy(u",v") (60D)

where F,, F, are the map functions.

Point P*, with coordinates u*,v* is termed a fixed or equilibrium point on the plane, satisfying

the equations

u* = F (u*,v¥) (61a)
vE=F, (u*,v¥) (61b)

By considering the evolution of the relative coordinates u#” —u*, v" —v* with n it can easily be

shown that the limit cycle is unstable if |M,|>1 and/or |M,|>1 where M,,M, are the

eigenvalues of the Floguet matrix JM given by
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Poincare map are given in Figure 28 for ﬁd = 0.37. The Poincare map is a periodic sampling of
the motion at intervals of nT, n = 1,2..... One can either plot y,(n7T) against x,(nT) as in [23]
or else y,(nT) against y,(nT) as in [24]. The latter approach was used in this work. From
Figure 28 it is seen that, for the rotational speed @ > w, (w = symmetric bounce mode critical
speed) there was practically no relative motion between the journal and bearing. Moreover, for
® >, , when the ratio w/@,, was equal to a whole number r = 1,2,3,4, at 1750, 3500, 5250,
7000rpm respectively n loops appear in the bearing displacement plot and » points (or groups of
points) appeared on the Poincare map. What appeared like quasi-periodic motion, characterised
by a “drift ring” of points on the Poincare map [21], [23] was evident at the intermediate speeds
of 3250, 3750, 5500 rpm. The same state of affairs prevailed at the higher unbalance of

P, =0.74. The waterfall plots in Figures 29, 30 revealed what was happening. For the

rotational speed @ >, the dampers acted as rigid links thereby the first bounce mode was

al

permanently excited and did not decay due to the absence of any other significant damping in the
springs. Hence the peaks along the line f = 29.5Hz in the waterfall plot. Hence, when the ratio
w/w,, became equal to an irrational number what seemed like quasi-periodic motion [21]

appeared. When @/w,, became equal to a rational number, phase locking [21] and hence

periodic motion, appeared to occur. This misleading effect was found to disappear only when a
viscous damper was added in parallel with the springs in the model in Figure 21. However, the
amount of damping necessary to contain the transient motion was found to be considerable. This
simulation served to illustrate how bad design can make a series SFD combination ineffective.
The bad design is most likely in the combination of the small SFD clearance (0.122mm), offering
high damping, and the soft springs (1MN/m stiffness each), causing the journal and housing to
move together. However, a more realistic simulation using the absolute zero theory has yet to be
performed to ascertain these conclusions. Even then however, qualitative tests on the rig need to
be done before modifications are considered.

5.4.3 Test rig with general unbalance

Numerical simulations were also done on the general 8 degree-of-freedom model. For these
simulations the rig parameters were taken as M, =53.8kg, I, =4.325kg/m?, m, =3.9kg,
k=5.55MN/m , ¢, =¢, =0.122mm, R =R, =79.722mm, L, = L, =10mm. The oil viscosity
was 4cP and the dampers unsealed. Unbalance masses of 50g and 200g were assumed at
positions U1 and U2 in Figure 4 at an unbalance radius of [, /2 each and with a relative phase
angle of 180°. Figure 31 gives the unbalance response at the SFD positions for a speed of
2500rpm by the 7 film theory. The solid curves give the time domain solution over the last 40
revolutions out of a total of 100, obtained by FIM. For the initial conditions the rotor was
assumed lying at rest at the bottom of the clearance circles. The z axis was taken along the line of
bearing centres in this position. The RKMM result was verified to be virtually identical. The
HBM solution for m = 3 is overlaid on the same axes (broken line curves). Agreement between
the time and frequency domain techniques was found to be quite good. This simulation served to
illustrate the variety of motion possible with two kinematically independent SFDs.
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(b) Extension of the model to include a flexible shaft. In this case the HBM solution would be
obtained using receptances computed by the program RBF [6]. A time domain solution would be
obtained by a finite element approach.

(c) Finding an alternative to the A theory for a two-land sealed damper which does not make use

of the empirical factor A.
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24, R. D. BROWN, G. DRUMMOND, P.S. ADDISON 1999 Proceedings of the Institution of
Mechanical Engineers Part J (to be published). Chaotic Response of a Short Journal
Bearing.
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M, Iq Mg Mgy k, k,
(ke) | (kem® | (ko) | (k) | (MN/m) | (MN/m)
52.18 | 3.952 3.9 3.9 i 1

Table 1: Parameters of test rig in Figure 1 (refer to Figure 4)

N n ﬁ ﬁ ﬁd locus 7T film p.=- Pﬂ P, experimental
(rpm) | (cP) ne- variable
3100 | 33 | 0,10 { 045 | 0.74 1 Figure 8a | Figure 8b Figure 8c Figure 8d
3100 33 10101 045 1.06 2 Figure 8a Figure 8b Figure 8¢ Figure 8d
3100 1 33 [0.10] 045 | 1.47 3 Figure 8a Figure 8b Figure 8c Figure 8d
2520 | 31 | 0121068 | 0.73 1 Figure 9a | Figure 9b | Figure 9c | Figure 9d
2520 | 31 | 0.12 | 068 | 138 | 2 Figure 9a | Figure 9b Figure 9¢ Figure 9d
2520 | 31 1012 | 0.68 | 2.10 3 Figure %a Figure 9b Figure 9¢ Figure 8d
2520 [ 31 1012 [ 0.68 | 0.73 1 Figure 10a | Figure 10b - Figure 10c¢
3250 | 50 ] 0151041 ] 0.73 2 | Figure 10a | Figure 10b - Figure 10c
2100 | 33 010 | 045 0.73 3 Figure 10a | Figure 10b - Figure 10c

Table 2: Parameters used in simulation in sections 4.4.1, 4.4.2 and associated Figure numbers

N n ﬁ P ﬁd locus
(tpm) | (cP) 1o
2750 | 6.15 | 0.0086 | 0.669 | 1.055 1
3250 {6.15] 0.0073 | 0479 | 1.055 2
3500 | 6.15 | 0.0067 0.413 1.055 3

Table 3: Parameters used in simulation in section 4.4.3 and associated loci numbers in
Figures 19 and 20
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Figure 1: Test .rig

’ 102 746 102 '
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Figure 2: Model adopted for test rig dynamics analysis by program RBF

. point receptance at nods 1 5 transter receptance between nodes 1 and 4

T T T T T T 10 T T T

T T
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2 3

-
f=]
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I I » 1 L t L : 10 L ) ) L
e 50 100 150 200 250 300 350 400 450 500 ¢ 50

100 150 200 250 300 350 400
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cy Y

450 500

(a) point receptance at nodes 1 or 4 (b) transfer receptance between nodes 1 and 4

Figure 3: Predicted receptances at/between bearing locations
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positive pressure region
for p,=0

Figure 6: Schematic cross-section of squeeze film bearing in X-Y plane
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(b) half film theory
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Yigure 7: Predicted orbits by full, half film theories and measured orbit
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Figure 9: Shaft orbits for control parameters in rows 4-6 in Table 2
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Figure 12: Effect of number of harmonics on HBM solution: m = 1 - dotted, m = 2 - dash-dot,
m =3 - dashed, RKMM solution - solid
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Figure 14: Displacements and squeeze film forces for m =3 (a, ¢) andm =5 (b, d)
(ima,b: x,,, y, - dashed, x, y - solid; in ¢, d: Qm(x, v,x,y) - solid, Qx_y (X, Vs Xpps Vo) -

dashed, Qx,y(xm, Vs X Vm)m - dash-dof)
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» i i
-1 -0.5 o] 0.5 1
Figure 17: Shaft orbits for control parameters in rows 4-6 in Table 2: comparison of HBM

solutions (*—") with RKMM selutions (*- - )

-1 -0.5 0 0.5 1
Figure 18: Shaft orbits for control parameters in rows 7-9 in Table 2: comparison of HBM
solutions (“—") with RKMM solutions (‘- - )
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Figure 21: Equivalent system for symmetrical unbalance of test rig in Figure 4 or system in

Figure 22.
! rolor
SFD
self-aligning
. m
bearing B
k

Figure 22: System considered in [1], [7], [19]
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Figure 23b: Polar plots of absolute journal displacement and transmitted force with SFD (‘—) and without SFD (*---")
(continued)
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Figure 24a: Non-dimensionalised relative orbits computed by FIM (‘—) and HBM (*-—-’)
for unsealed damper
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Figure 24b: Polar plots of absolute journal displacement and transmitted force computed by FIM (“—") and HBM (‘-—-") for unsealed
damper
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Figure 25b: Polar plots of absolute journal displacement and transmitted force computed by FIM (‘—) and HBM (‘---) for sealed
damper (continuned)
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(a) (b)

Figure 26: Period doubling bifurcation (reproduced from [23])
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3500rpm © 3800cpm  4200rpm 4500rpm
(a) unsealed

3500rpm T 3800rpm " 4200rpm ._ 4500rpm
(b) sealed

Figure 27: Experimental relative orbits (reproduced from [1], [19])
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non-dimensionalised relative orbit, 3500tpm bearing housing displacement, 3500rom Poincare map, last 48 revolutions out of 100
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ﬁ_m_:.m 28: Non-dimensionalised relative orbits, absolute bearing housing displacement plots and Poincare maps for various speed for rig in
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Figure 4 with symmetrical unbalance, P, = 0.37 (continued)
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nen—dimenstonallsed relative arbit, 7000rpm beating housing displacement, 7000rpm Poincare map, last 5B revolutions oul of 120
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Figure 28: Non-dimensionalised relative orbits, absolute bearing housing displacement plots and Poincare maps for various speed for rig in

—~

Figure 4 with symmetrical unbalance, P, = 0.37 (continued)
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Figure 29: Waterfall plots for bearing housing x (a) and y (b) displacement for ﬁd = 0.37
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Figure 30: Waterfall plots for bearing housing x (a) and y (b) displacement for ﬁd = 0.74
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Figure 31: Unbalance response at the two SFD positions at 2500rpm for dynamic unbalance
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