DIAGNOSTICS .

SCIENTIFIC PROBLEMS
OF MACHINES OPERATION
AND MAINTENANCE

2 (154) 2008

ALEKSANDER MAZURKOW

The research of the dynamic proprties of rotating units
in turbochargers

Key words

Turbocharger, rotating unit, slidinbearing with a floating ring bearing, rigidity and damping
factor.

Stowa kluczowe

Turbospezarka, zesp6t wiragcy, tozysko slizgowe z panewk plywajaca, wspoétczynniki
sztywndgci i ttumienia.

Summary

The dynamic model of a rotating unit of a turbocharger has been designed. Both masses of
the rotors and shaft have been modelled as concentrated masses. The rotating unit has been
propped on two supports forming lateral sliding bearings with a floating ring bearing. Each
bearing is designed including the floating ringaling mass. The shaft afrotating unit spins at
angular velocityw;. whereas, a floating ring bearing spins at angular spedthe angular velocity
o, has been determined from the equilibrium of friction moments on both the outer and inner
surfaces of a floating ring bearing. A mathematical model constitutes a system of differential
equations, mutually coupled. The mathematical model has been solved by determining
acceleration, velocity and displacement in eaode. This work deals with the influence of the
imbalance of rotating elements, bearings clearances, rotational speed of a shaft on rigidity and
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damping factors of bearing supports as well as the amplitude chckspénts imodes of rotating

units. Having analysed the results of the research, we noticed the crucial influence of imbalance
and a quotient of radial clearances on displacement amplitude in beadag. Also, it has been
stated that the growth of quotient of radial clearances causes the growth of displacement
amplitude.

1. Introduction

From the point of the generation o$cillation, a turbocharger is a self-

generating system. The essential sourcesofllations is rotatig units [3], [5],
[7], [10] with bearings. Because ahe simple structure, good dynamic
properties [1], [2], [6], [11], and a@pd heat transmission in these types of
structures, we use sliding bearings watfloating ring bearing. Good examples
are turbochargers installed in engines of cars and fishing boats (Fig.1).

This research deals with the uince of the imbalance of rotating
elements, bearing clearances, the rotatispaed of a shaft, bearings load on
rigidity and damping factors in bearing supports and also displacements
amplitude in nodes of the rotating units.

EXHAUST GASES FROM DIESEL
AIR TO DIESEL INDUCTION
SYSTEM

SLIDING BEARINGS WITH
A FLOATING RING BEARING

AIR TO DIESEL INDUCTION
SYSTEM

AIR INTAKE FROM
ATMOSPHERE

Fig. 1. Section of a CO -45 turbocharger
Rys. 1. Przekrdj turbosgrarki C0-45

2. Dynamic model of rotating unit in a turbocharger

The discussed model of the rotating unit has been described in the Fig.2. In
this model, each bearing is modellegluding a floating ring bearing mass.
Through rigidity and damping factorsjl films capacity towards oscillations
damping has been also considered. The motion of the model has been examined
in two planes: 0XZ and 0YZ.
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Each of rotors with masses distribuieda constant way has been replaced
with a concentrated mass found in theteenf mass. Thus, a compressor rotor
has been replaced with masgand a turbine rotor with mA distributed mass
of a shaft has been replaced with two massesmnFloating ring bearings have
masses mand m. Shaft sections among supports have been treated as
components with constant stiffness E-l. Driving forces, which affect magses m
and m, constitute either forces of gravity or forces deriving from the imbalance
of rotating masses. Having assumed that additional masgeandh m, are
placed respectively at distana®sandd,, the effect of dynamic imbalance [10]
has been ignored. The action of each point mass constitutes an outer driving
force that equals - 0, - w?and my. 8, wi2. Having assumed that these forces

do not act together in a phase, and the angle of displacement phase is
represented by.

2

nl
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Fig. 2. The model of a rotating unit
Rys. 2. Model zespotu wirggego

3. Mathematical model of a turbocharger rotating unit

Motion equations for the discrete model have been described in Fig. 2 and
have been written by the force method for each mass model. In planes 0XZ and
0YZ, these equations are written in the form:
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Whereas, motion equations for the discrete model written as a matrix in
planes 0XZ and 0YZ have the form:

)69 4L 0.] B} +[o, |8 +[c.] B4 +lc, [ =[F. ]
2
I, 51+ [0, 51+ 0, + ., |00 L, Il = [ 0

The description of particular element$ a matrix of the equation 2 is
presented in the work [9]. the mathematical model of a bearing unit, we have
considered impact factors,s oy (Where; x -defines plane 0XZ, y-defines
plane 0YZ, r = 1, 2, 3, 4, s = 1, 2, 3, #hpt are deflections measured in a
specifics-point, which result from the applitan of elementary force F=1 [N]
in a specifia-point Fig. 2.
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Impact factors for plane 0XZ are:
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For plane 0YZ impact factorsx,  =a, by using the substitution
K, =K,,, andk,; =K, we obtain the equation (2).

Substitute rigidity factors (g Ca, Cua, Ce Go, Ga, Gu, Cs) and substitute
damping factors of oil film (@, dis, du, G, d2, s, ds, djg) for planes 0XZ and
0YZ are equal:
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where: ¢, ¢ are rigidity factors of oil film in plane 0XZ,
Cyx Gy are rigidity factors of oil film in plane 0YZ,
dw, dyy are damping factors of oil film in plane 0XZ,
dy, dy are damping factors of oil film in plane 0YZ,

Factors g, d, consider the impact of acting forces in plane 0YZ on
displacements in plane 0XZ. While, factotg, ¢l determine the influence of
acting forces in plane 0XZ on displacements in plane 0YZ.

4. Rigidity and damping factors of tre sliding bearing with a floating ring
bearing

Constructional elements of a bearing #Fig.3) journal (1), fixed bearing
bush (3), and loosely fixed floating ring (2) separating journal and the fixed
bearing bush, known as floating ring begriithe oil is supplied into outer and
inner bearing under the pressure throbgkes (4), which are in fixed bearing
bush and floating ring bearing. Circumferential grooves (5) in the fixed bearing
bush or floating ring bearing provide regular oil feed to lubricant gaps.
Directions of oil flow in a bearing (6).
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Fig. 3. The sliding bearingith a floating ring bearing
Rys. 3. Layskoslizgowe z panewk ptywajaca

Resultant pressure in oil films and hydrodynamic bearing load capagity (F
balances a bearing outer load (F), whistattached to a bearing journal. The
isothermal model of a short bearing [4] has been accepted to calculate the work
parameters in a static equilibrium. Forces and the moment system are described
in Fig. 4.

Work parameters of a bearing are described by forces and moment
equations:

2
+
Sommerfeld Number for inner oil film 801:’7(501 wZ)[DlB( R j (5)

F Cri

w,D,B( Ry )
Sommerfeld Number for outer oil film 802:,7 2-2 3 (6)
F Cro
Equations of balance of forces are:
2,2
B (1-£7)
(7

D_ [801: 2 2
2 51\/1651 +772(1—£1)
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Equations of the equilibrium of momis on the outer and inner surfaces of
a floating ring bearing MO;,)= M3(O;,) are:
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Fig. 4. Forces and moments system in a bearing
Rys. 4. Ukfad sit i momentow w gsku

5. Research of dynamic properties

The analysis of dynamic properties of a rotating unit in Fig.1 has been
carried out for structuradases described in Chart 1.
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Chart 1. Given parameters from calculations of the rotating unit
Tabelal. Parametry zadane od obliczespotu wiruicego

Concentrated masses in particular nodes [is/m]

m, m my ms
0.3 0.25 | 20 0.055
Bearing loads [N]

in the second node F = 400, 600 \ In the third node F = 370, 550

Radial clearances in bearings [m]
Cr:= 0.110°3 0.1710° \ Cro= 0.0610° 0.310°
Journal radiuses for inner bearing and outer bearing [m]
Ry = 15.8210%m] R;.= 18.89107[m]

Me
0.055

Bearings width [m]
in the second node B = 0.174 in the third node B = 0.174
Geometric parameters of rotating unit
b =0.075[m] ¢ =0.045 [m]
Material constants

a=0.055[m] «30.1510° [m?]

E = 1.91510"N/m?| \ n = 0.028[Pas]
Rotational speed of a shaft [rpm]
N,=500, 400
Imbalance of rotating masses [M]
N, = 0.1810* 0.8810* N,.= 0.510° 0.6510"

For the presented given parameters in Chart 1, the following have been
determined: rigidity and damping factors in bearings supports and amplitudes
and displacement phases as well as acceleration and velocity phases in

particular nodes. Moreover, the stabildf/ the rotating unit has been checked.
The results are given in Charts 2- 4.

Chart 2. Stiffness and damping factors
Tabela 2. Wspotczynniki sztywadi i ttumienia

Given parameters

Task 1 Task 2 Task 3 Task 4 Task 5 Task 6
[N 32] Nwi= Nwi= Nwi= Nwi= Nwi= Nwi=
0.1810* 0.1810* | 0.1810* @ 0.1810* 0.1810* 0.8810*
[N 32] Ny2= Nuw2= Nyo= Nuw2= Nuw2= Nuw2=
0.510° 0.510° 0.510° 0.510° 0.510° 0.510°
[rpm] N,=500 N=500 N=400 N=500 N=500 N=400
[N] in the in the in the In the in the in the
second node second nodesecond nodesecond nodsecond nodsecond nod
F=400 F=600 F=400 F=400 F=400 F=400
[N] in the third | in the third | in the third In the third| in the third in the third
node node node node node node
F=370 F= 550 F=370 F=370 F=370 F=370
[m] Cri= Cre= Cri= Cri= Cri= Cre=
0.110° 0.1:10° 0.110° 0.1710° 0.110° 0.110°
[m] Crr= Crr= Cr= Crrm Cro= Crrm
0.0610° 0.0610°  0.0610° 0.0610% | 0.310° 0.0610°
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Given parameters
. Taskl = Task2 | Task3 | Task4 @~ Task5| Task6
Stiffness and damping factors: J=1, I=1
by [N-s/m] 4520 10320 8765 4297 6468 8765
by, [N-s/m] 2415 3514 2970 1368 2071 2970
by, [N-s/m] 2415 3514 2970 1368 2071 2970
by, [N-s/m] 7301 5118 4819 1393 4340 4819
KN/ 8.71810° | 1.633510° @ 9.8381C° | 9.6331C°  8.01410° @ 9.8381(°
Ky [N/m] 1.63210 2.38210° | 1.59710° | 9.8071C° | 1.6810° | 1.59710'
kx[N/m] | -6.73510° -6.11310° | -5.16210° -5.95710° -8.11310° -5.16210°
Ky, [N/m] 9.3281¢° 1.34310°  9.12610° 4.89110° | 9.4691C° @ 9.12610°
Stiffness and damping factors: J=1, 1=2
by [N-s/m] 58560 89540 73510 85210 8061 7351
byy [N-s/m] 19930 29550 24740 28280 1703 24740
by [N-s/m] 19930 29550 24740 28280 1703 24740
by, [N-s/m] 28660 33910 31300 33230 875.1 31300
KoIN/M] 1.8410 3.53510° | 2.10710° 2.29210° | 1.50810° @ 2.10710
Kyy [N/] 2.64710 4.05710"  2.66610° 2.69310" | 7.7531C° 2.66610
ko [N/m] | -6.58810° @ -4.88710° |-4.63610° -3.58210° | -1.19310° | -4.6361C°
Kyy [N/m] 1.48910° 2.13410° | 1.45210° 1.4310° | 2.40510° @ 1.45210°
Stiffness and damping factors: J=2, I=1
by [N-s/m] 6885 9533 73510 3952 6126 8204
by, [N-s/m] 2247 3243 24740 1273 1920 2763
by, [N-s/m] 2247 3243 24740 1273 1920 2763
by, [N-s/m] 4431 4969 31300 1343 4264 4707
KN/ 7.74510° 1.42710° | 8.71710° 2.29210° 7.1310° 8.8171C°
ko [N/m] | 1.52810°  2.18610° | 1.48510°  2.69310° | 1.58310° @ 1.48510
kx[N/m] | -6.80810° -6.28910° | -5.25210° -3.58210° -8.210° @ -5.25210°
ky[N/m] | 8.6911C° 1.24310° 8.5081C° | 1.4310° | 8.8181C° @ 8.5081C°
Stiffness and damping factors: J=2, 1=2
by [N-s/m] 54320 81400 67760 78390 7241 67760
by [N-s/m] 18490 27140 22940 26240 1563 22940
by [N-s/m] 18490 27140 22940 26240 1563 22940
by, [N-s/m] 27870 32610 30320 32120 826.6 30320
K N/M] 1.62510°  3.07210° 1.85910° 2.02310° | 1.33110° 1.85910’
Kyy [N/] 2.4510° | 3.69110" | 2.45710° | 2.47610° 7.03710° 2.45710°
ko [N/m] | -6.80110° | -5.35410° -4.88510° -3.84810° | -1.04710° | -4.8851C°
Kyy [N/m] 1.38910"  1.97510°  1.35510° 1.33410° | 2.23510° @ 1.35510’
Stability research of rotating unit
. unstable | stable | stable | stable’ stable stable

Chart 3. The influence of rotors imbalance on displacement amplituel@s of rotating unit
Tabela 3. Wptyw niewywezenia wirnikéw na amplitugprzemieszczew weztach zespotu

wirujacego

Displacement amplitude in nodes of rotating unit [m]

X1 Xo X3 X4 X5 Xg

Y1 Y2 V! Ya Ys Ye
Task 3 2.26710° | 1.26610° | 1.16210° @ 2.34410° | 0.268210° | 0.235110°
Task 6 6.00810°  6.1910° 8.43110° 13.1610° | 1.57710° @ 2.07610°
Task 3 3.64110° | 3.18510° | 2.97110° @ 3.20310° | 0.545510° @ 0.379910°
Task 6 17.6310° | 22.0410° | 29.4310° | 34.8210° | 3.441210° @4.06710°
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Chart 4. The influence of radial clearances on displacement amplitnddes of rotating unit
Tabela 4. Wptyw luzéw promieniowych na ampligyatzemieszczew weztach zespotu

wirujacego
Displacement amplitude in nodes of rotating unit [m]

X1 X2 X3 Xa X5 Xs

Y1 Y2 Y3 Ya Ys Ys
Task 2 2.3310° | 1.43710° @ 1.44510° @ 2.78510° | 0.287210° | 0.273310°
Task 4 | 3.27710° 2.83810° | 2.64510° 3.0310° | 0.263610° 0.250810°
Task 5 3.55710° @ 3.19610° 2.8610° 2.8510° | 1.43610F 1.22810°
Task 2 3.74510° | 3.310°  3.09610° @ 3.3510° | 0.568710°  0.397310°
Task 4 3.81610° 3.50910° 3.21910° 3.1410° | 0.208810°  0.164610°
Task 5 3.60610°  3.26410° 2.80610° 2.5410° | 3.8810° | 3.26510°

Conclusions

The case study of a rotating unit running at high rotating speed (n=400 —
500 rpm) and under light load F= <370 — 600> [N] has been considered. The
analysis of the research results indicates the following:

- Structural sample Nol is the unswl@dxample. The stability of a rotating
units (structural tasks 2, 3, 4, 5, 6) has been achieved due to the boost in
bearings load, the reduction in rotational speed of a shaft, and the boost of
radial clearances.

- The value of rotors’ imbalance (Tasks-6) has an essential influence on
oscillation level. The amplitude of displacements (Chart 3) in the node 4 for
a coordinate yhas increased by 11 times.

- The rapid growth in the value of the quotient of radial clearances causes the
growth of displacements amplitude in nodes (5 and 6) which form bearings
supports.

The concluding remarks are as follows:

- A journal bearing geometry has a significant impact on the amplitude of
displacements in the bearing nodes and, in consequence, on the proper
operation of a turbocharger,

- The imbalance of rotating masses has an unfavourable influence on the
vibration level of the rotating unit of a turbocharger.
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Badanie wiaciwosci dynamicznych zespotow wirujcych turbosprezarek
Streszczenie

Opracowano model dynamiczny zespotu wicego turbosmzarki. Mag wirnikow i watu
zamodelowano jako masy skupione. Zespot wayjzostal podparty na dwoch podporach
stanowicych popeeczne tayskaslizgowe z panewk ptywajaca. Kazde tazysko zamodelowano
uwzgkdniajgc mag panewki ptywajcej. Wat zespotu wiracego obraca siz prdkoscia katowa
w,, natomiast panewka pltywema z pedkoscia katowa . Predkos¢ katowa w, wyznaczona
zostala z réwnowagi momentoéw tarcia na powierzchni zowmej i wewrtrznej panewki
ptywajacej. Model matematyczny stanowi uktad réwmézniczkowych, wzajemnie spgzonych.
Model matematyczny rozazano wyznaczaf w kadym weZle: przyspieszenie, mdkosci
i przemieszczenia. W pracy przedstamo wplyw: niewywaenia elementéw wiragych, luzéw
tozyskowych, pedkosci obrotowej watu na wspotczynniki sztyw§wd i ttumienia podpor
tozyskowych oraz amplitugdprzemieszczeweztéw zespotu wirujcego. Analizuic wyniki bada
stwierdzono wplyw niewywzenia i ilorazu luzéw promieniowych na amplitugrzemieszcze
w wezlach tayskowych. Ze wzrostem ilorazu luzéw promieniowych i niewssvaa rosa
amplitudy przemieszche



