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Introduction

Motivation
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InCar®plus solution

<2+ Coolng Lubrication function

functional integration (lubrication, cooling) in electrical drives
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‘ Introduction

Literature

» General rotordynamics

» Laval 1883
» Gasch & Nordmann & Pfiitzner 2006

» Rotors in hydrodynamically lubricated journal bearings
» Reynolds 1886
» Sommerfeld 1955
» Moser 1993
» Fluid filled rigid bodies
» Stokes 1847
Kollmann 1962
Moiseyev & Rumyantsev 1968
Ibrahim 2005
Derendyaev & Vostrukhov & Soldatov 2006
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‘ Introduction

Outline

» Modelling

» rotor model

» bearing model

> liquid filling model
» Results

» transient run-up simulation
» hifurcation analysis of stationary solutions
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Laval-like rotor

mpip+kp(rp —xp) = +mpyg
mpijp +kp(ys —yp) =
mpip +deip +kp(rp —rp) = +mpep(¢3 cospp + Gpsingp)
+mpg
mpip +de¥p + kp(yp —yB) = +mpep(¢%sinpp — Gp cosep)
Jh¢p = +ep(kpyp + dayp) cosop

Mp —ep(kpxp + daip)sinep
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Modelling

[F. Moser, Stabilitat und Verzweigungsverhalten..., Dissertation TU Wien, 1993]

Bearing model

Rotor shaft in radial bearings

Reynolds’ equation describes the pressure distribution in the lubrication film

1 0 (h30p o (h3op oh oh
(= =E 2 EE) 1 il
R, 0y <773 8z> E (773 82) ot T *og
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Modelling

[F. Moser, Stabilitat und Verzweigungsverhalten..., Dissertation TU Wien, 1993]

Bearing model

T el
Rotor shaft in radial bearings

nondimensionalization reveals simplification for short bearings

;22 _h ot _C o
Z_BB7 _C” TEwh _}2%1’]}3(4)7
B oIl 2Rp\°> 0 oIl OH OH
By 5 € e B (3t = 1297 12T
&p( az)+<33) 8,2( az) o 9%,
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Modelling
[F. Moser, Stabilitat und Verzweigungsverhalten..., Dissertation TU Wien, 1993]

Giimbel boundary condition

BB/2

Fpe(ep,ep,7,7) = —RB/ / (®,2,ep,€5,7,7") cos®dddz,
BB/2
Bg/2

Fpy(ep,€p,7,7) = —RB/ / (®,z,ep,€e5,7,7) sin ®dddz.
BB/2
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Modelling

[N.V. Derendyaev et al., Stability and Andronov-Hopf-Bifurcation..., Transactions of ASME, 2006]

¥YD

Liquid filling

OF,VF

mp, J5
Liquid model and its reduction to a rigid body
friction force between rotor (“disk”) and liquid (“ring")
f, = —&Wvr—vp)—C(Ce. x (VR — VD).

integrated along contact line of length L = 27 Ry contributes to resulting force

Fro = —kr(zr—2p)—EL((ér —4p) + (yr — yD)¥D)
+C¢L((gr — D) — (xR — 2D)¥D)
Fpy = —kr(yr —yp) — ((yR —9Yp) — (Tr — D sDD)
*CL((fER —&p) + (yr— YD0)¥D)
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continuous (mp, vp, 0) =

k

K(‘ = kB2 Kd - B
- merw _ MRWEH

I dBD wp/wD—O...O.7 H, = dp
¢~ Mmrwp d me%

0.021

-04 -03 -02 -0.1 0 0.1 0.2 03 04
K

stability limit for a balanced, rigid rotor partially filled with liquid in isotropic, linear
visco-elastic bearings and without external force fields
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Modelling

[N.V. Derendyaev et al., Stability and Andronov-Hopf-Bifurcation..., Transactions of ASME, 2006]

continuous (mpg, vr, 0)

Kc = ka2
FWpH

H,= 4
MpFWpD

=

wp/wD:O...l

1007

discrete (mg, kg, L, CL)

Ky = ko
meD

dp
Hd ~ mgw?
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K

stability limit for a balanced, rigid rotor partially filled with liquid in isotropic, linear
visco-elastic bearings and without external force fields
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Modelling
[N.V. Derendyaev et al., Stability and Andronov-Hopf-Bifurcation..., Transactions of ASME, 2006]
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stability limit for a balanced, rigid rotor partially filled with liquid in isotropic, linear
visco-elastic bearings and without external force fields
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Modelling
[N.V. Derendyaev et al., Stability and Andronov-Hopf-Bifurcation..., Transactions of ASME, 2006]

¥D

OF,VF

S
mD,JD

the discrete model approximates the continuous model under the assumptions of

» aring-shaped distribution of the liquid in the rotor, i.e. the rotational speed must
be sufficiently high and be reached without prior instabilities

» only the slow wave mode is approximated accurately, i.e. the accelerations must
be slowly enough not to excite higher wave modes
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‘ Results

Physical model

for prescribed rotational speed (>, (¢) translational and rotational motion decouple

Mx+ D+ G)x+ (K+Z)x = f(t,x,%x)
Jr¢r +ELRLor = ELRR$D(t)
mp 0 0 0 0 0
0 mpg 0 0 0 0
|0 0 mp O 0 O
M = 0 0 0 mp 0 0
0 0 0 0 mpg 0
0 0 0 0 0 mg
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‘ Results

Physical model

for prescribed rotational speed (>, (¢) translational and rotational motion decouple

Mx+ D+ G)x+ (K+Z)x = f(t,x,%x)
Jr¢r +ELRLor = ELRR$D(t)
0 0 0 0 0 0
0 0 0 0 0 0
D — 0 0 do+EL 0 —¢L 0
- 0 0 0 do +E6L 0 —€L
0 0 —&L 0 &L 0
0 0 0 —£L 0 ¢L
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‘ Results

Physical model

for prescribed rotational speed (>, (¢) translational and rotational motion decouple

Mx+ D+ G)x+ (K+Z)x = f(t,x,%x)
Jr¢r +ELRLor = ELRR$D(t)

0 0 0 0 0 0
0 0 0 0 0 0
c_|00 0 =L o0 CL
10 0 (L 0 —C¢L 0
00 O CL 0 —CL
0 0 —(CL 0 (L 0
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‘ Results

Physical model

for prescribed rotational speed (>, (¢) translational and rotational motion decouple

Mx+(D+G)x+(K+Z)x = f£(t,x,%)

Jr¢r +ELRRor = ELRR¢p(t)

kp 0 —kp 0 0 0

0 kp 0O  —kp 0 0

K — | “fo 0 ko+k 0 -k 0
o 0 —kp 0~ kp + k Q —k

0 0 —k 0 ko0

0 0 0 —k 0 k

with k=kr+CLép
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‘ Results

Physical model

for prescribed rotational speed (>, (¢) translational and rotational motion decouple

Mx+ D+ G)x+ (K+Z)x = f(t,x,%x)
JrPr+ELRRYR = ELRL¢p(t)

00 0 0 0 0

00 0 0 0 0

z_ |00 0 §Lop 0 —&Lép

T 10 0 —£L¢p 0 §Lop 0
00 0 —£Lp 0 §Lép

0 0 ¢&Lgp 0 —&§Lp 0
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‘ Results

Physical model

for prescribed rotational speed (>, (¢) translational and rotational motion decouple

Mx+ (D+G)x+ (K+Z)x
Jr$r + ELRL R

f(t,x,x)
ELR%¢p (1)

Fpx(2B,%B,YB,UB) + MBY
FBy(xB7jjBayB7yB)

f o= mpep($p cos pp + ¢psingp) +mpg
mDeD(gZ% sin YD — QbD [¢0)] (pD)
mRrg
0
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Results
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displacement of rotor disk for empty rotor (dotted line), filled rotor (solid line) and
equivalent-mass rotor (dashed line)
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Results

0 1 2

£ w
IN
o
o

displacement of rotor shaft in bearings for empty rotor (dotted line), filled rotor (solid
line) and equivalent-mass rotor (dashed line)
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‘ Results

Run-up simulation ¢p(t) = ws + at

ri,S -1 —(;.5 70 0.‘5 i 1.‘5 -:‘lO -‘5 }; é 16
trajectories of the rotor disk for empty rotor (dotted line), filled rotor (solid line) and
equivalent-mass rotor (dashed line)
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Results

Nondimensionalization

coordinates ;=% Ui=% i=DB,D(R)
time T=wt w = ¢p = constant
angular frequency w=w\/Clg
masses m; = i=B,D,(R)
damping/friction di=%,/¢ i=a,§¢
stiffnesses k; = m%k:i i=D,(R)
imbalance p=%2
reciprocal load parameter o — L fzBann S, ow

p p —202m Cyg m

_— = In

moment of inertia Jr = oie
rotational damping dp = %
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‘ Results

Dimensionless model

Mo’x” + (D + G)ox’' + (Ko + Kij@)x = f(r,%,%)
Jr*@h + dro@y, = dpw

mp 0 0 0 0 0
0 @mp 0O 0 0 0
|0 0 @mp 0 0 0
M=1"9 0 0o mp 0 o0
0 0 0 0 mp O

0 0 0 0 0 mg
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‘ Results

Dimensionless model

Mo’x” + (D + G)ox’' + (Ko + Kij@)x = f(r,%,%)
Jr* @+ dropy = drw
0 0 0 0 0 0
00 0 0 0 0
D - |00 datde 0 —de O
~ |00 0  datde 0 —dg
0 0 —de 0 de 0
0 0 0 —de 0 de
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‘ Results

Dimensionless model

Mo’x” + (D + G)ox’' + (Ko + Kij@)x = f(r,%,%)
Jr*@h + dro@y, = dpw

00 0 0 0 0
00 0 0 0 0

G - |00 0 —d 0 d
00 d 0 =—d 0
00 0 d 0 —de
00 —d 0 d 0

TU Chemnitz - 16.02.2017 - Dominik Kern 13/15 http://www.tu-chemnitz.de/


http://www.tu-chemnitz.de/

‘ Results

Dimensionless model

Mo’x” + (D + G)ox’' + (Ko + Kij@)x = f(r,%,%)
Jr* @+ dropy = drw

kp 0 —kp 0 0 0

0 kp 0 ~kp 0 0

K. = ~kp 0 kp+kr 0  —kgp O
o= 0 —kp Q kp + kg _O —kgr

0 0 kg 0 kr 0

0 0 0 —kr 0 kr
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‘ Results

Dimensionless model

Mo’x” + (D + G)ox’' + (Ko + Kij@)x = f(r,%,%)
Jr* @+ dropy = drw

00 0 0 0 0 00 0 0 0 0

00 0 0 0 0 00 0 0 0 0
K, |00 d 0 —d 0 | 100 0 d 0 —d

00 0 d 0 —de 00 —d 0 de 0

00 —d 0 do 0 00 0 —d 0 de

00 0 —d 0 de 00 d 0 —de 0
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‘ Results

Dimensionless model

Mo’x” + (D + G)ox’' + (Ko + Kij@)x = f(r,%,%)
Jr* @+ dropy = drw

Smfz(jBulevgBag/B) + T?LB
Smfy(TB,T'5,9B,UR)
mDpoDQ COST +Mp
mpp?sin T

mp

0
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Results

dimensionless rotor angular velocity versus dimensionless rotor disk position for
empty rotor (dotted line), filled rotor (solid line) and equivalent-mass rotor (dashed line)
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Results

Bifurcation analysis

30 T T T T T T

251 1
20 1 1
& 15 1

10

path of the first bifurcation point in dependence on dimensionless angular velocity and
dimensionless reciprocal load parameter for empty rotor (dotted line), filled rotor (solid
line) and equivalent-mass rotor (dashed line)
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‘ Concluding Remarks

» liquid filled rotors in hydrodynamically lubricated journal bearings have been
reduced to a minimal model with 6-DoF (prescribed rotational speed) which is well
suited for repeated evaluations and inclusion in further studies

» the liquid filling has a major influence on the rotor dynamics, so far only
destabilizing effects have been observed

» verify the results by comparison with reference results from the literature

» develop model order reduction of the liquid (“continuous model”) to the rigid body
(“discrete model”) into functional expressions

» investigate influence of all parameters (11 groups)
» search for synchronization and stabilization effects
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parameter values

Rp 3e-3m

Bp 3e-3m

C le-bm

ng  10e-3Pas

mp le-3kg

mp 99e-3 kg

ep le-bm

kp  2e6N/m

dg Tel Ns/m

9.81 m/s?
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parameter values

mpr 15.4e-3kg
Jr  6e-8 kgm?
Rr 28e-3m
kr  1.26e7 N/m
EL 18.8Ns/m
(L  -2.33e3Ns/m
mp  150e-3 kg
v le-bm?/s
1) 09
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parameter values
mp 5.7e-3 10e-3
mp 5.6e-1  99e-]
p 0.1
kp 1162 20.39
o 233 409
dg, 57.5e-3 107e-3

mpr  430e-3
Jr 1247
kr  7.3el
de 0108
d. -13.42
dp 299
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