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Motivation

[Ibrahim 2005], [Gasch 2012]

Dynamics of a
rotor partially filled
with a viscous

: : Rotors filled with liquids are of technical relevance for
incompressible
Fluid

» centrifuges,
» liquid-filled projectiles,

NP » drives and turbines with inner cooling.

InCar®plus solution

...... Coning —— Lubricaton fncon

E-drive with active COO|ing inside https://incarplus.thyssenkrupp.com
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Introduction

rotor partially filled with a liquid

goal: minimal model for simulation and control
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I PEE Y T Warning! This problem and its results (in some

with a viscous

IR variations) are not new!

Kollmann 1962: Experimentelle und theoretische...

Introduction Moiseev, Rumnyantsev 1968: Dynamic Stability of Bodies...
Hendricks, Morton 1979: Stability of a Rotor partially...
Ibrahim 2005: Liquid Slooshing Dynamics

Brommundt, Ostermeyer 1986: Stabilitit eines fliegend...
Keisenberg, Ostermeyer 2015: Synchronization effects...

However, the methodolgy developed here should be new (in
some way) and be extendable to more complex models.
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planar model of
» rigid circular rotor, elastically mounted;
» partially filled with an incompressible, viscous liquid;
» rotating with prescribed angular velocity Q(t) > \/Rza;

» and subjected to gravitational field.
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2

0 = mpily + kyug — l/p(ra,so) cos p radep
0
27

0 = mpgily + kyuy — l/p(ra,gp) sin ¢ rodp
0
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boundary conditions
Qr, Qrg

Qr,

(N

Qry

Navier Stokes equation for incompressible fluids

O:Q<%V—|—V-VV>—Qb+vp—7’]AV

B.C.: vp(t,ra,0) =0, wuo(t,1a,0) = Qry, p(t,73,90) = Pin
I.C.: v-(0, 7, 0) = vro(T, ), Up(0, 7, ) = V0
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boundary conditions
Qr, Qry

Qrg
Qr, "

I\

Evolution of the free boundary

a?’};(t, 90)
ot

1.C.: 7:(0,¢) = rio(p)

+v- VT'Z‘ = vr(t’ Tiy 90)
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equations

rotor  ug(t), Uz (t), uy(t), uy(t) 4 ode (state space)

fluid  ve(t,7,9),v,(t, 7, 9) 2 pde (N.S.eq. 7, ¢)
fluid (¢, ) 1 pde (F.B.eq.)

7 7

pressure
fluid rotor
no-slip condition
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with a viscous » Firstly, circumferential component v, ~ 7,

incompressible ~
Fluid » @, is solution of ode % = 6 “’ (incompressibility)

Discretization

L o,
Vor(t, T, ) = Qr

oot 7, ¢) = (ra — 1) Vo(t)
Vo1 (t,7,0) = (rq — ) (Vas(t) sinp + Vic(t) cos @)

’DT‘R(t7 T, Q@) =0
Vro(t, ) =0
U1 (t, 7, 0) = 2= (1 — 14)? (Vis(t) cos ¢ — Vie(t) sin o)
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rotor partially filled

with a viscous » Firstly, circumferential component v, ~ 7,

incompressible ~
Fluid » @, is solution of ode % = 6 “’ (incompressibility)

Discretization

Vor(t, @) = Qr
Vpo(t,r, @) = (1o — 1) V()
Vo1 (t,7,0) = (rq — ) (Vas(t) sinp + Vic(t) cos @)

or(t,r,0) =0
TJTO(t T (P) =0
U1 (t, 7, 0) = 2= (1 — 14)? (Vis(t) cos @ — Vie(t) sin o)
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with a viscous » Firstly, circumferential component v, ~ 7,

incompressible 8( ~ ) o
Fluid ~ . TUr) __ _ OUyp
> Oy is solution of ode =5~ = e

Discretization U

Vor(t, @) = Qr
Vp0(t,r, @) = (1o — 1) V()
Up1(t, 7, ) = (rq — 1) (Vis(t) sing + Vie(t) cos @)

(incompressibility)

or(t,r,0) =0
@TO(t’ T, 4,0) =0
'Drl(ta r, 90) - 2_17~(r - Ta)2(V15(t) COos @ — Vlc(t) sin SO)



TELHNI)(HE UNIVERSITAT

Technische Approximation of the free boundary

Mechanik/Dynamik

Dynamics of a
rotor partially filled
with a viscous
incompressible
Fluid

Discretization

free boundary is approximated by an excentric circle
< R, — R;) of radius R;

(e(t) =

ex()? + ¢y(1)?

ri(tv 90)

ex(t) cos p + ey( ) sin ¢

+\/R2

)sin ¢ — ey (t) cos @)2
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Discretization

@R(fw r, 80) -

with
pO(t’ r, (;0) =

pi(t,rp) =

pin — 300 (r* — R} + ¢(1)?)
+ 00227 (e, (t) cos ¢ + €,(t) sin )

_ _ _ Uytg
i v &y = ——qr

(r — ) Po(t)

(r — 1) (P15(t) sing + Pi.(t) cos p)
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Discretization

pin — 5002 (r? — R} + e(t)?)
+09%7 (e, (t) cos o + e,(t) sin p)

with e, = — 5% eyz—%?

]30(’; T, 90) = (T' - ri)PO(t)

Pt ) = (r— 1) (Pis(t)sin + Pi.(t) cos @)



R TECHNISCHE UNIVERSITAT
CHEMNITZ

Technische Approximation of the fluid pressure field
Mechanik/Dynamik

Dynamics of a
rotor partially filled
with a viscous
incompressible

Fluid

Discretization

pin — 5002 (r? — R} + e(t)?)
+09%7 (e, (t) cos o + e,(t) sin p)

with e, = — 5% eyz—%?

po(t, o) = (r— 1) Po(t)

pi(t,r,0) = (r— 1) (P1s(t)sinp + Pic(t) cos @)
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NG Eight unknowns for the fluid field
with a viscous

incompressible

Fluid Vo(t), VlS(t)7 Vlc(t)y Po(t), Pls(t), Plc(t), ez(t), ey(t).

Eight ODEs by method of weighted residuals

27 1q 1
Discretization 0 = //NSEr -sing  rdedr
0 7 < COS
27 1q 1
0 = //NSEP -singp  rdedr
0 7 - COS

27
0 = /FBE{ sme rdedr
- COs
0
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Assuming e¢/R; < 1

27 Tq

/NSE rdepdr

0 7
(T’ — T’i)Po(t)
(r—ri)(Pr1s(t)...)

Discretization

Ti(tv 90)

~

Q

Q

21 g

/NSE rdepdr

R;i + ex(t) cos ¢ + ey(t)sing
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Discretization
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Discretization
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incompressible
n+c=

Mz =Lz+n+c

[ o VG +oVE +eVi ]
o Vo Vi,
[ ] VO Vlc
o)
Discretization o Vo Vie
oV Vi,
[ VO (7%
[ ] VO €y
o)

O O ©€ @€ O O e @@ O e o o

(¢]
(¢]
(¢]
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Dynamics of a
rotor partially filled

with = viscous DAE is solved numerically with the /DA algorithm from
SUNDIALS. Here for a run-up prescribed by the angular

velocity

Q(t) = 2wp(1 — e=4/7).

100¢

801

Results

40

. . . . -
005 010 015 020 025 0.30

angular velocity during run-up (7 = 0.1s)
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Uy

—0.003-0.002-0.00 01 0.002 0.90:

Results

T

-0:002 -0.003

Excentricity Rotor displacement (¢ =0...0.3s)
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Velocity field
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Results

...0.03s,7, )
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Dynamics of a
rotor partially filled
with a viscous

incompressible The minimum model for a fluid filled and elastically
Flud mounted rotor, obtained in this contribution, is a

Domin

nonlinear DAE of dimension 12,

which is small enough for inclusion into simulations of
composed systems and controller design.

Summary

Future work is related with
» verification (limit cases, literature results),
» further analysis types (modal, stability, bifurcations),
> algorithmic speed-up, enable large slooshing,

» 3D model (rotor as beam, bearing models).
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model parameters initial conditions

D‘m :[7‘ . Ra 002 m Vo(O) 0 (m/s)/m
R 00175  m Vi5(0) 0 (m/s)/m
Din 10° Pa Vie(0) 0 (m/s)/m
o 1000 kg/m? e, (0) 0 m
n 550-107% Pas ey(0) 0 m

e g 981 m/s uz(0) 0 m
I 05 m 4(0) 0 m/s
ke 111929  N/m uy(0) 0 m
k, 111929  N/m iy(0) 0 m/s

mgr  3.93 kg
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el Navier Stokes equation in polar coordinates for an
ul

incompressible fluid

ov ov vy v V> Op
0 — ry 9, Yo _ Yo} _pp 4+ 9P
¢ ( ot + or et dp r ) ebr +
(82vr 10w, 1 0%, v 2 8%)

or? + ror + 2002 12 12 dp
Summany ov, ov Ovy, v VU 10p
0 p ) e Yo r w) b+ 2
<8t+8r T+8<pr+ T 0be +
821)@ L1 1 8% 1 8211@ Vg n 2 0v,
orz " ror 2 02 12 r2 Qe
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