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Abstract The rotor of the locomotive turbocharger
is prone to malfunction of the turbocharger, and it is
also the most important part of the turbocharger. The
reasonable establishment of rotor dynamics model is
very important in the study. It determines the accuracy
of analysis. The influence of the shaft quality on the
turbine and impeller was not considered in the process
of analyzing the dynamic model in the passed research.
But the quality of locomotive turbocharger rotor shaft
is relatively large, it cannot be ignored because it will
have a large bending moment in the model simplified.
So the rotor dynamic equation was deduced in the case
of considered the quality of the rotor axis. The rotor
of the turbocharger rotor was simplified firstly, the var-
ious parts of the simplified rotor were analyzed, and
the dynamic model of the rotor was established. And
the dynamic model was verified by the hammer exper-
iment. The factors considered in the dynamic model
were more comprehensive, so the model would be more
practical for the future research.
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1 Introduction

The fuel for diesel locomotives accounts for 60 % of
oil consumption in the modern society. Meanwhile, the
emissions of diesel engine exhaust gas are an impor-
tant source of pollution. Although the state has intro-
duced a new energy plan, its implementation is not yet
mature. So as a kind of energy saving and environmen-
tal protection technology, the working principle of the
turbocharger is the exhaust gas to drive the turbine to
rotate, the turbine drives the impeller to rotate through
the shaft, and the air is pressed by the impeller into
the engine. So the turbocharger technology has impor-
tant significance for the development of economy. Tur-
bocharger is an important system of engine. The torque
and efficiency of the engine with turbocharger will be
increased by 30% ~ 20%, that can reach the affect
of 20% ~ 10% of gasoline engine energy saving and
20% ~ 10% of diesel engine energy saving. Scholars at
domestic and abroad have carried out a lot of research
on the turbocharger.

Li [1] established the dynamic equation of the rotor,
calculated and analyzed the modal frequency and mode
shapes of the free rotor. The relationship between the
natural frequency of the rotor system and the stiff-
ness of the bearing was studied, and the relationship
between the two was analyzed by means of the vibra-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11071-015-2497-z&domain=pdf

288

J. Yang et al.

tion mode and the Campbell diagram. Ying [2] stud-
ied the modeling and analyzed the method of the rotor
dynamics of the turbocharger under the consideration
of the base excitation. The basic excitation identifica-
tion of the turbocharger was carried out. The dynamic
problem of the rotor under the action of the nonlinear
oil film force was discussed. An effective method was
used to realize the system simulation, and a method of
fault diagnosis and state detection was proposed. Wan
[3] researched a new type diesel engine exhaust tur-
bocharger rotor, Compared with the experimental data,
the results showed that the finite element method was
more close to the engineering practice. Zhang [4] had
analyzed the dynamic characteristics of the rigid rotor
system by using nonlinear dynamic theory and method
under some certain conditions. The results showed that
the system was rich in nonlinear dynamic behavior in a
certain range of parameters. The method had fast con-
vergence rate and high accuracy, which provided a the-
oretical basis for the stability of the rotor-bearing sys-
tem. Liu [5] used the finite element analysis method
to calculate the strength and dynamic characteristics
of the rotor. A finite element analysis software was
used to analyze the dynamic characteristics of a tur-
bine engine, and the critical speed of the rotor system
was calculated. Yu [6] studied the dynamic character-
istics of flexible rotor system, rotational speed ratio,
unbalanced amount, damping ratio, viscosity as control
parameters. The numerical results of the system were
presented, and the long-term state of the system was
predicted by the Lagrange interpolation. The numeri-
cal results of the dynamic oil film force model and the
steady oil film force model were compared. The ratio-
nality of the dynamic nonlinear oil film force model was
demonstrated. Wu [7] established the dynamic model
of the bearing rotor system according to the actual sit-
uation. The nonlinear dynamic model of the bearing
rotor system was established. The effect of the non-
linear oil film force on the rotor system was analyzed
by numerical simulation. The bifurcation and chaotic
motion of the system under different conditions were
studied. The effects of the nonlinear responses were
obtained. The complex motion forms and their evolu-
tion processes of the system were analyzed. Luo [8]
considered the influence of the gravity and the unbal-
anced inertia force on the shaft deflection of the rotor
of the high speed rotor of the turbocharger rotor. He
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had analyzed the overall structure of the turbocharger,
improved the machining accuracy, reduced the axial
vibration and improved the service life of the machine.
Zhu [9] used machining process of the impeller and
the impeller shaft modeling and numerical simulation.
Leng [10] established the dynamic equation of 20 wm
steam turbine rotor-bearing system. Xiao [11] took a
discussion on the reasonable dynamic model and the
corresponding efficient algorithm for the sliding bear-
ing, gas seal and complex rotor system as the research
purpose. The project with local nonlinear characteris-
tics of rotor system of high latitude had been focused.
Some innovations had been made in theory and appli-
cation, and the results obtained had a positive guid-
ing significance for the engineering application of the
analysis of complex rotor system’s stability. The finite
element model of the flexible rotor-bearing system was
established by Li [12], and the influence factors of the
nonlinear factors of the oil film force support were
added. The results showed that the nonlinear charac-
teristics of the two models were significantly different,
and the nonlinear characteristics of the rotor system
could be obtained by using the finite element model.
Ying [13] used the nonlinear oil film force and non-
linear oil film force database method to derive the tilt-
ing pad bearing. For considering the influence of iner-
tia on tile oil film force, he analyzed the variation of
the dynamic stiffness and dynamic damping coefficient
with the increase in rotational speed. The linear stabil-
ity index of the rotor system with different mode orders
at a certain speed was calculated, and the stability of
the system was obtained. Pubio [14] proposed a new
method to analyze the nonlinear dynamics of a cracked
rotor. The proposed method is 100 times higher than
the conventional method. In addition, the use of simpli-
fied methods based on the quasi-static stiffness matrix
could not be adequate. Avramov [15] considered the
effect of the oil film between the asymmetry and the
short bearing of the rotor, the rotor rotating torque. The
oil force of the bearing was deduced, and the four non-
linear equations were derived to study the vibration of
the rotor. The origination of self-sustained vibrations
of rotor is studied by means of Shaw Pierre nonlin-
ear modes. The harmonic balance method is applied
to study the self-sustained vibrations with large ampli-
tudes.
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Fig. 1 Simplified model of the turbocharger rotor

y

xy

Fig. 2 The position of the axis of motion and the rest

2 The establishment and verification of the
dynamic model of the rotor of the turbocharger
roto

2.1 Establishment of rotor dynamic model

(1) Dynamic equation of the 7 disk
From Fig. 1, the rotor of a locomotive turbocharger
rotor can be simplified to four disks and three axis seg-
ments, black circle represents the position of a shaft,
and the red circle represents the position of axis rota-
tion stability. In Fig. 2, the black circle is the static
axial position and the blue circle is the center where
the movement of the position. point O is the center of
the axis, point C is the center of gravity and the length
of OC is e, where e is eccentricity. The angle is 6 after
the disk of the rotor rotated in the counterclockwise for
the time of ¢
0 = wt
The i disk projection displacement in the X" and Y’ are
X! = X; + e cos (wr) W
Y/ =Y; + e; sin (o)

X; is the displacement of the i disk along the X axis, Y;
is the displacement of the i disk along the Y axis, ¢; is
the eccentricity of the i disk, w is the angular velocity
of the disk rotation, and ¢ is the time of the rotation.

Because TFy =0, ¥ F), = 0. So by Newton’s sec-
ond law, it can be as follows:

[ FL — FR — Fyyi = m; X .
FY; = FR — Fpyi = m;Y]
So the formula can be :
F;“l —FE — Fppi + mieiw2 cos (wt) = miXi
3

F)I;; —F}% — Fpyi —|—m,‘€,‘a)2 sin (wt) = m;Y;

F ; is the force on the left side of the disk in XZ plane,
and F )5 is the force on the right side of the disk in the
XZ plane. F{; is the force on the left side of the YZ
plane, and Fﬁ is the force on the right side of the disk
in the YZ plane. X; is the displacement of wheel along
the X direction. ¥; is the displacement of wheel along
the Y direction. The m; is the quality of the i disk, and
w, s the angular velocity of the rotor rotation. Fpy; is
the force of bearing on the wheel along the X axis, Fpy;
is the force of bearing on the wheel along the Y axis.

(2) The derivation of the equilibrium equation of the
inertia moment for the i disk.

The torque along the X axis and the torque along the
Y axis are:

ng = Ja‘%
ng = Ja‘;é
R L . . “)
MG — My — Jai§i + o Jpidi =0
o) .. )
MR — MY+ 1y i +wdpigi =0
MyLl. is the moment of the i wheel on the left side
of the XZ plane. ME is the moment of the i wheel on
the right side of the XZ plane. M;Ifi is the moment of
the i wheel on the left side of the YZ plane. MY is
the moment of the i wheel on the right side of the YZ
plane. ¢; is the i wheel rotation by X, and ¢; is the i
wheel rotation by Y. In summary, the kinetic equation
that be obtained from (3) (4) is:

FL —FE — Fpyi + m,-eia)2 cos (wt) = m; X;
My; = My = Jai$i + @Jpidi = 0
F;‘i —Fﬁ. — Fpyi + mie;w?sin(wt) = m; Y,-
MR — MY+ Jidi + wJpigi =0
i=1,2,3,4
(3) The derivation of the mechanical equation of the

i axis

@ Springer



290

J. Yang et al.

The mechanical equation in the ZX plane is:

Xit1=Xi+ Ligi +2E1 MR +_FR

6FE1;
Pit1 = @i + g7 MR + mFR (5)
My = MY +FR
kFxLz+1 = FR

The stress analysis of the shaft section in the YZ plane
can be:

kL?
Y=Y — L¢,+2E‘ MR+6E‘ FR SEF
— . l R 1 R
biv1 =& — g, My — 357, F it 6EI (6)
L R R 2
sz—i—l —M -+F~ i_kai
L _ pR
Fy:+1 Fyl—i—kL

Mechanical equations of the i axis could be obtained
from (5) and (6),

Xz+l X +Lz§01+251 MR+_FR

6EI;

=@ - -|- FR
Qi+1 = @i EI 2E1

L R R
Myl+l M ~+inLi

L R
Fx i+1 = F
¢i+1 ¢z +L Mf, 2511 FR + 6E1

R R kL}

Yiqi1 =Y, —Li¢; + 251 M + 6EI Fu SEL

L R R 1,72
Mx i+1 — =M + FyiLi o szi

L R
Lsz+1_Fyi+kLi
i=1,2,3 (7N

L; is the length of the i axis, the E is the elastic
constant, and /; is the moment of inertia of the I wheel.

(4) Dynamic model of the rotor without damping
could be obtained from the mechanical equation of the
i disk and the i rotor. The dynamic model of the rotor
is:

¥+ 12E L 6E1 12E 1L
m — —
111 L:;’ 1 L% 1 L:I’ 2
6E1 kL 2 . p
—0 5 2 — 5 = mlejw,Smwy
Ly 2
. . 6E11 4E 1,
Ja1 @1 + wp Jp1 ¥ — Y +L—€D1Ja1@1
1
tap sy — BNy BN
w _
rJpl ¥l L% 1 L 1
6E1 2EL )
Y kL =
L% 2+ I ¥2 + 3

@ Springer

12E 1 6E1
7 it —
Ll Ll

12E1; 12E1, 6EI, O6EI
+ s+ — th )2+ —5——5 |22
Ll L2 Ll L2

12E1» 6EI, kLo 0
R T T2 3T T, T
L3 L2 2

6EI1Y + 2ELL
2L

6FE L 6EI 4E11 4E12
e )"
0

mzi}g — Dy

3

Ja2®2 + wp Jpagn — D

6E1, 2E]2
L2

— —kL2 =

12E1» 6EI
7 12 2
Ly L3

12EI, 12E1; 6EIl, OFEI;
+(T+T+k”)y3+(?_7)¢3
2 3 2 3
12E1T 6EI kL
L33 - L23(p4_73=0
3 3
6E1, 2ED

J3®3 + wp J393 — Y, + —=
a3P3 rJz393 L% 2 L (%)

n 6EI, O6FEIl y. +(4E12+4E13)q)
L3 2 )7 Ly Ly )
6E 13 2EL 2 5 1, 5
Y. 1) —kL5 — -kL5 =0
L% 4+ L3 4 + 3 3 6 2
12E1; 6E1; 12E13
ERRE 2 3
L3 L3 L3
6E1; kLj

_ 2.
2 Dy + > = mye4w; Sinw, t
3

m3Y3 — D,

Yy

myYy — D3 + Yy

+

Toaba + o, T oa 6EI3Y +2EI3¢ +6EI3
w _
ad¥4 r p4¢4 L% 3 L3 3 L%

4

4EI 1
3@, — ~kL2 =0
L3 6

12E1 6FE L

X 4+ 12E1LL
3 A4l 2 -
Ll Ll

m1551+ 3
1

@1 2

6E1
2
Ll

+ P2 = mlela)rzcosa)rt

Ay Sy + By 4EL - OEDL
W _
al®P1 rJpl¥1 L% 1 L »1 L%

2
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12E 14 6E1
e
Ll Ll

12E1; 12E1,
+ 3+ + kp
Ll L2

(6E11 6E]2) 12ED 6E 1L
_ or—

my Xy — 1

X3+ v3=0
2 2 3 h 2 7
Ly L L; L3
6E 1 2ELL
Ja2 @2 _erpZ(p2+ —— X1 + ¥1
Ll Ly
" 6E 1 +6E12 X, 4 4E1; +4E12
L3 2 )" L L )
6EIL, 2EI
— X =0
2 3+ I, ¥3
12E[2 6EI,
m3X3 — X2 ——5¢»
L
2

12E12

+

( 12E13 )
+ kb

6E]2 6E13 12E 13 6E1;
+ $3—

X4+ 04=0
2 3 2
12 L3 12
6E12 2ED,
Ja3p3 — wp Jp3®3 + Xo + 2
2 L,
6EI + 6E1; Xs 4+ (4E12 n 4EI3)
2 ) L, L )%
6E1; 2EI
= + =0
. 12E 13 6E1; 12E13
my X4 — L§ X3 — L% @3 Lg Xy
L2 Q4 = M4e4w, CoSwyt
6E I3 2E1;
Jaags — erp4<P4 + —X3+ 3
L3 Lj
6E1; 4E 15
_2=3 -0
L% 4+ s ©4

Ly, Ly, L3 are the length of the first, second and
third axis, E is the modulus of elasticity of the shaft,
11, I, I3 are the moment of inertia of the first, sec-
ond and third axes. ¢ is the eccentric distance of the
first disk, e4 is the offset of fourth wheels, and w, is
the angular velocity of the rotor. J,1, J42, J43, Jaa and
Jp1, Ip2, Ip3, Jpa are the first, second, third and fourth
wheel of the equatorial and polar moment of inertia. k,
is bearing stiffness, and K is the gravity of the shaft sec-
tion of the unit length. The rest of the variables have

been defined above. The general form of the model is:
M. X, +w,G. X, + K, X, +C = F,

M is the mass matrix, G is the top matrix, K is the
stiffness matrix, F, is the excitation matrix, and C is
the constant matrix.

3 Validation of rotor dynamic model

The modal calculation of the free state of the rotor is
carried out in this paper. When the vibration mode of the
free rotor is calculated, the supporting force of the oil
filmis not to be played, as the rotor is not spinning so the
gyro effect is not up to the effect. K, = 0, w, = 0, but
gravity still has a role in the rotor, so the F; is not a zero
matrix. So the type M,X,—i—w,GrX,—}—KrX,—l—C = F,
is rewritten into: M,Xr + KrXr +C=0().

The characteristics of rotor physical and geometrical
parameters into MATLAB solution, you can get natural
frequency. Parameter reference Table 1.

The rotor with a soft rope suspension under the stain-
less steel frame is used to simulate the free-free bound-
ary conditions. Using the method of multi-point exci-
tation, the rotor of the turbine impeller and the two axis
of the neck were, respectively, with the hammer pulse
excitation.

The layout of the sensor is shown in Fig. 3, and
the sensor arranged on the impeller is corresponding
to the arrangement of the sensor. Figure 4 is the sen-
sor, and Fig. 5 is the LMS detection equipment; LMS
is modal, vibration, noise test and analysis system. It
is the equipment that was often used in experiments;
firstly, we choose the appropriate acceleration sensors
according to the selected layout. The collected signals
need to be processed by the computer.

If the error of the natural frequency of the experi-
mental results is in the range of the requirements, the
establishment of the dynamic equations is reasonable.

Table 1 Parameters of the rotor parts of the locomotive tur-
bocharger

Modulus of Poisson’s Density

elasticity (GP) ratio (g/cm?)
Turbine 169 0.29 7.93
Shaft 206 0.3 7.8
Impeller 87.5 0.3 2.7
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Fig. 3 Vibration sensor

Fig. 4 The arrangement of the sensor on the impeller on the
impeller

Fig. 6 From left to right for
the one two three four
modes

100.00 (mm)
50.00

100.00 (mm)
50.00
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Fig. 5 LMS test equipment

Take the first four order results as Fig. 6.

Usually, the error is not more than 5 %. The theo-
retical results and the experimental results are in error
according to Table 2. Because in the process of survey-
ing, mapping and the layout of the sensor will cause
errors. But it can be seen from the above analysis that
the inherent frequency of the theoretical calculation and
the experimental results are within the allowable error
range. So the rotor dynamics that deduced under the
consideration of bending moment of the shaft is rea-
sonable.

100.00 (mm)
50.00

100.00 (mm)

50.00
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Table 2 Comparison of the results of the calculated and exper- 5. Liu, X.: Strength and Rotor Dynamics Analysis of One Type
imental natural frequencies Turbocharger. Dalian Maritime University, Dalian (2013)
6. Yu, H.: The bifurcation and chaos of the flexible rotor with

Order Natural Standard natural  Error (%) the dynamic oil film. Mechanics 34(5), 827-831 (2002)

number frequency frequency 7. Wu, Q-I: A certain type of turbine rotor engine strength and

One 314.52 310.11 264 E(z)gz)rgciynamic analysis. J. Liao Ning Shi Hua Univ. 2, 53-57

Two 623.36 643.31 3.22 8. Luo, B.-B.: Machining process and dynamic balancing of

Three 642.59 638.59 4.12 the rotor parts of the turbocharger. Highw. Car 1, 12-14
(2006)

Four 1083.1 1064.64 436 9. Lei, Z.: Study on the dynamic behavior of the rotor system of
the turbocharger rotor system considering the floating ring
bearing, vol. 6, pp. 26-32. Hefei University of Technology
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