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Abstract. Variable guide vanes turbines are widely applied in turbocharger. To assess the effects
of pulsation inlet conditions on the aerodynamic excitation and the forced vibration of turbine
wheel, the weak fluid structure interaction method was adopted. Firstly, a pulsation flow with the
frequency of 60 Hz (which corresponds to the engine speed of 2400 r/min) was applied at the
turbine inlet to conduct the unsteady flow calculation. The results show that the acrodynamic loads
are highly influenced by the pulsation inlet conditions, which fluctuate with the inlet pulsation
wave in a pulse cycle, and the maximum and minimum blade load corresponding to the peak and
trough of the inlet pulsation wave respectively. For the forced vibration analysis of turbine wheel,
the calculated aecrodynamic loads in pulsation flow were imposed as the loading boundaries to
perform the harmonic vibration and transient structural response by FE calculations, based on the
natural frequency and mode of the blade disk. The results show that the forced response of the
blade disk not only reflects the contribution of low frequency pulsation excitations but also
contains the high frequency pressure fluctuations caused by rotor rotation.
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1. Introduction

Nowadays, most vehicle engines are turbocharged to meet the ever-increasing demands of
stricter exhaust emission, higher engine power and fuel economy. Compared with the heavy
turbomachines applied to the power plants, the exhaust gas turbochargers used in the automobiles
are much smaller and work at higher rotor speeds in various operating conditions. The rotor speeds
of turbine and compressor wheels are up to 120,000 rpm and the maximum circumferential
velocity of turbine is approximately 560 m/s [1]. The aerodynamic and inertial forces acting on
the rotor blades will cause excessive rotor forced vibration and lead to structural high cycle fatigue
(HCF) [2,3]. Therefore, the forced response of the turbocharger turbine caused by the
aerodynamic excitations should be paid special attentions.

In exhaust gas turbocharger system, besides the inherent unsteady flow of turbomachinery, the
non-uniform flow phenomenon is inevitable existed in the turbine internal because of the unsteady
inlet condition. Turbocharger is directly mounted at the downstream exhaust manifold of the
engine, which means the inlet of turbine is pulsation flow due to the reciprocate motion of internal
combustion engine (ICE). Compared with the steady inlet conditions, the pulsation flow through
the turbine stage certainly enhances the unsteadiness of the flow, induces blade pressure
fluctuation and affects the aerodynamic performance of turbine. Investigations on the performance
and the unsteady flow of turbocharger turbines with pulsation inlet conditions had been conducted
both in experimental and numerical methods, such as, by Winterbone, et al. [4], Szymko et al. [5],
Lam et al. [6], Palfreyman and Martinez-Botas [7], Padzillah et al. [8]. The researches most paid
attentions to the effects of pulsation inlet conditions on the turbine’s aecrodynamic performance
and the unsteady flow phenomenon, but few of them considered the effects of pulsation flows on
the blade pressure fluctuation and the forced response of turbine rotor. Hans et al. [9] presented
an analysis of the aerodynamic excitation and blade vibration in a radial inflow turbine. Liu et al.
[10] investigated the forced response of the radial turbine in the frequency domain by numerical
method. Both of them paid attentions to the aerodynamic excitations resulting from the
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interference with guide vanes, but neglected the pulsation inlet conditions in the unsteady
calculations. Filsinger et al. [11] studied the vibration characteristics of a radial turbine wheel for
automotive turbocharger application. But the pulsating nature of inlet flow conditions was also
not considered in CFD modeling.

Additionally, for the blade disk of turbine, mistuning inevitably exits due to small differences
in geometry and material among the blades, which causes the number of possible resonances
increase significantly and leads to mode localization and induces significant dynamic stress
[12-14]. Researches on mistuning identifications have been performed mainly in the aero engine
fields. Recently, mistuning investigations are gradually conducted in automotive turbocharger.
Hemberger et al. [15-17] pointed out that the mistuning of turbine or compressor leads to an
amplification of blade vibration amplitudes and hence to increases the stresses of blades by
theoretical and experimental investigations. And the numerical models of the mistuning effects of
turbine wheels for automotive turbocharger applications were created and validated. Hattori [18]
investigated the mistuned vibration for the turbine blade disk of automotive turbocharger
considering the frequency and geometric mistuning.

In this work, the non-uniform pulsation flow through the turbine was investigated and the
pressure perturbation caused by the pulsation flow was obtained. The application of numerical
method based on weak fluid and structure interaction (FSI) was adopted to evaluate the blade
vibration and forced response of the turbine wheel with the effect of mistuning issue considered.

2. Theory analysis

The partially coupling method was used to solve the coupled fluid and structure problems for
turbocharger turbine. The sequential coupling method introduced by Filsinger et al. [19, 20] was
adopted, which based on the assumption of the sufficient small blade deformation so that
aerodynamic excitation can be calculated by assuming to a non-vibrating structure.

For the unsteady flow calculation, the Reynolds-Averaged Navier-Stokes (RANS) equations
are expressed by the form of integral as follow:

0
Q N S 0]

where, Q is the volume and S is the surface; U is the vector of the conservative variable; F; and
F; are respectively the inviscid and viscous flux vectors; Sy contains the source terms.

By numerical solving the RANS equations, the time-resolved pressures on the blade surfaces
are obtained, which can be divided into two parts, including the time average term and the
fluctuation term, given by:

p(r,0,z,t) =p(r,0,2) + p(r,0,z1t). )

For the pressure fluctuation term, it is time-variation. The Fourier transformation (FFT) is
performed to convert the pressure fluctuation from the time domain to frequency domain.
The general structural dynamic equations are written as follow:

[M + AM]{ii} + [Crn + Caerol{t} + [K + AK]{u} = {F}, 3)

where, K and M are the stiffness and mass matrix; C,, and Cy.,, are mechanical and aerodynamic
damping matrix; u is the displacement, and F is the force. Deviations of the mass AM and
stiffness AK respectively represent the mass and frequency mistuning.

To model the mistuned systems of the turbocharger turbine blade disk, a reduced order model
is used, which has been detailed discussed in ref. [21, 22]. By assuming the aerodynamic excitation
as the sinusoidal disturbance, the steady-state harmonic responses of mistuned blade disk are
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conducted. The mode superposition method is adopted to solve the structural dynamic equations,
which uses the natural frequencies and mode shapes to solve the response of a sinusoidal varying
forcing function. Convert the motion equations to modal form:

G} + 2£;&0} + 7y} = {ps 4

where, the mistuning effects in Eq. (3) are all considered. y; is the modal coordinate, f; is natural
circular frequency, ¢; is ratio of critical damping, p; is pressure in modal coordinate.
For a steady sinusoidal vibration, y; and p; have the forms:

iwt

y; = yjce™t, p; =pjet, (5)

where, yj. is complex amplitude of modal coordinate, p;. is complex force amplitude, w is
imposed circular frequency. Here, the pressure p; is assumed as the harmonic form because the

inlet pulsation is simplified by the sinusoidal, and the pressure fluctuation is similar to the
sinusoidal harmonic form.
Substituting Eq. (5) into Eq. (4), the complex amplitude of modal coordinate is obtained:

= pjc
Yie = (T~ w?) + i2f,08,) ©

The complex displacements are obtained:

{uc} = Z{QDJ} yjc' (7)
j=1

where, u. is complex displacements, ¢; is the mode shape.

After providing all the input parameters and solving the fluid and structural equations, the
transient pressure fluctuations on blade surfaces and the forced response characteristics of turbine
blade disk are obtained.

3. Calculation models and boundaries

In this work, the JK90S turbocharger is adopted, which fixes to a 6-cylinder diesel engine, the
assembly drawing of the turbocharger is shown in Fig. 1(a). The rated speed of the engine is
2400 r/min, corresponding to the pulsation frequency of 60 Hz. In this paper, the turbine stage is
investigated, marking with the red dotted line regions in Fig. 1(a), including volute, guide vanes
and rotor blades. For the rotor, the numbers of blades are 10, the inlet diameter is 83.5 mm, the
outlet diameter is 73.5 mm, and the endwall clearance is 0.6 mm. For the nozzle, the numbers of
vanes are 15 and the endwall clearance is 0.6 mm.

Considering the time-consuming and computing resources of the unsteady calculation with
pulsation inlet conditions, the numerical model of turbine was simplified and the volute was
neglected in CFD simulations, and the numbers of the rotor blade and nozzle vane were reduced
to 2 and 3 respectively according to the blade reduction method of turbomachinery. The structured
hexahedron multi-block topology was adopted to generate computation grids by numerical
software. As shown in Fig. 1(b), the girds of single nozzle passage were about 150,000 and the
numbers of single rotor blade passage grids were almost 250,000. The total grids numbers of
turbine computation domain were about 1,000,000.

The material of impeller is chrome-nickel alloy, the density p = 8000 kg/m?, the Poisson ratio
u = 0.3, the elastic modulus E = 2x10°MPa, the ultimate yield strength o, = 760 MPa. Solid187
element is used to generate the FE calculation grids, which has three degrees of freedom at each
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node: translations in the nodal x, y, and z directions. The element has plasticity, stress stiffening,
large deflection and large strain capabilities; it also has a quadratic displacement behavior and is
well suited to model irregular meshes. The FE grids of the turbine were shown in Fig. 1(c). It was
consisted of almost 90,000 tetrahedron elements. A modal eigen-value extraction of Block
Lanczos method was performed to obtain the eigen-frequencies and mode shapes. In dynamic
calculations, the turbine wheel shaft was cylindrical supported to load the rotational speed, the
radial and axial direction were fixed, the tangential was free, and blades were fixed on the hub.

According to the test results of pulsation exhaust conducted by Dale and Watson [23], as
shown in Fig. 2. It can be observed that the pressures and temperatures of the engine exhaust were
changing with time, and the pulsation wave was similar to the sinusoid curve.
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Fig. 2. Pulsation exhaust features

In this work, the pulsating total pressure and total temperature were simulated by sinusoidal
variation curves of total pressure/temperature and imposed at turbine inlet for the CFD
calculations, as follow:

h = hy — Asin(2nwt), (8)

where, h, is transient total value, h, is the average value in pulsation cycle, 4 is the amplitude, w
is the frequency. Here, the pulsation frequency is determined by the number of cylinders of the
engine rotational speed.

As illustrated in Fig. 3, the solutions of the fluid and structural equations are performed by the
decoupled method. The unsteady flow of the turbine with pulsating inlet conditions, discussed
above, is conducted by solving the RANS equations. The CFD analysis is performed not only to
obtain the aerodynamic excitations due to unsteady interaction of pulsating flow in turbine
internal, but also to get the aerodynamic damping ratio. Then, the aerodynamic loads are
transformed from time domain to frequency domain by FFT. Harmonic vibration of the turbine is
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performed, with considering the aerodynamic excitations provided by periodic aerodynamic
disturbances of pulsating flow, aerodynamic and mechanical damping and the mistuning issue of
the blade disk. The natural frequencies and mode shapes of the turbine blade disk are obtained by
modal analysis using the commercial FE solver. The forced response analysis including the
harmonic vibration and transient structural response are conducted.
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Fig. 3. A schematic diagram of solution process
4. Results and discussion
4.1. Aerodynamic loading

The unsteady flow calculation of the turbine under pulsation inlet condition was performed
using the numerical models and boundaries presented above. The numerical calculation process
consumed more than 100 CPU time with 8 nodes parallel computation and took up more than
300 GB computer memory. Considering the numerical convergence criterion, the mass flows at
inlet and outlet were monitored, and the difference is 1.485 %, which can be acceptable [24].

To observe the variation of aerodynamic loading on the blade surfaces in a pulsation cycle,
three monitoring points were set at the leading edge of blade, which were the crossover points of
10 % chord and 0.1 span, 0.5 span, 0.9 span respectively. Fig. 4 shows the changes of blade
loadings in a pulsation cycle at these three monitoring points. In the figure, the blade loading is
defined by the static pressure difference between the PS and SS side. It can be seen that the
aerodynamic loadings of blade are fluctuating with the change of pulsating inlet conditions. At
various spans, the changes of blade loadings accord with the inlet pulsation conditions. The
maximum and minimum blade loading respectively correspond to the peak and trough of inlet
pulsation pressure. And the significant loading fluctuations are observed near the maximum and
minimum point. The blade loading at high span is larger than that at low spans.
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Fig. 4. Blade loads in a pulsation cycle Fig. 5. Pulsation inlet conditions

Fig. 5 shows the static pressures on the PS and SS at various typical pulsation time steps. In
the figure, t1, t2, t3 correspond to the wave trough, the equilibrium position and the wave peak
of the pulsation inlet respectively. It can be seen that the pressure difference between PS and SS
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side at t1 is the minimum, at ¢t3 is the maximum and at t2 is the middle, which corresponds to the
trough and peak locations of the inlet pulsation waves.

The FFT is conducted to transfer the blade loading from time-domain to frequency domain.
The result of FFT contains the frequency data and the complex transformed results. Meanwhile,
it can also provide the magnitude, amplitude, phase, power density and other computation results.
The power density estimation can be made by three different methods: MSA, SSA and TISA.
Fig. 6 and Fig. 7 shows the FFT results of blade loadings at 0.5 span, including the
amplitude-frequency characteristics and MSA power density features. It can be seen that the low
frequency characteristics of the blade loading are mainly reflected by the inlet pulsating frequency,
especially for the one time and twice of the pulsating frequency. The power spectrum curve also
shows the dominant role of the integral multiple of the pulsating frequency.
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Fig. 6. Amplitude-frequency characteristic Fig. 7. Power-frequency diagram

4.2. Natural frequencies and modes

The finite element analysis of turbine rotor were performed to extract the modal eigenvalues
and to obtain the structure’s vibration behaviors. For the coupled blade disk of turbine, the
vibration modes can be characterized by the node diameter lines of turbine wheel. Nodal diameter
(ND) is used to describe the vibration characteristic of blade disk, and the detailed description can
be referred by refs. [9, 11].

In this work, the blade number of turbine rotor is ten, and the maximum ND number is 5. Fig. 8
shows the first order mode shapes of the blade disk of turbine wheel in various NDs. In these
figures, the blades are marked with 1, 2,..., 10; the blue lines passed through the center of turbine
wheel present the nodal diameter lines; the non-deformed geometry wireframes are presented by
black lines; the arrows show the move directions of mode deformations. It can be seen that the
natural modes of the blade disk are various among different NDs. For ND 0, the mode shape with
zero nodal diameters and all blades vibrate along the circumferential direction which shows an
in-phase vibration. For ND 1 to ND 5, it can be observed that the movement directions of the
mode deformation in both sides of the ND lines are opposed, and the deformation amplitudes are
various. Blades located on the ND lines are not deformed, adjacent blades swing out of phase
when separated by ND lines, such as in ND 4, blade 1 and blade 6 are almost still because they
are situated at one of the ND lines. Meanwhile, blades close to the nodal points on the disk bear
the maximum excitation accompanying with the maximum blade tip deformation, whereas blades
at the antinodes are much less or even stand still.

To further observe the blades mode deformations in various NDs, the mode deformations of
blade tips are presented in Fig. 9. It can be seen that the deformations at blade tips are jumping in
ND 1 to ND 5, but the mode deformations of blade 1 to blade 10 in ND 0 are almost keep the
same. It is also can be found this phenomenon in Fig. 8. For ND 0, the vibration characteristics
are conducted on the tuned blade disk and the modes of the blades is uniform. For ND 1 to ND 5,
the mistuning effects cause the mode localization of the blade disk and the vibration differences
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among blades are generated, meanwhile, the mode deformation fluctuations among blades are also
formed. Fig. 10 shows the first order natural frequencies of the turbine blade disk in various NDs,
it can be seen that the frequency mistuning effects among various NDs are produced. Compared
with ND 0, the natural frequency in ND 1 increases, but the frequencies in ND 2, ND 3, ND 4 and
ND 5 decrease with the same amplitude of frequency.
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Fig. 9. Blade tips deformations in various NDs Fig. 10. First natural frequencies in various NDs

4.3. Forced vibrations

Based on the natural modes and frequencies of the blade disk, the harmonic vibration and
transient response are performed to investigate the forced response behaviors of the turbine wheel,
which are the combined results of the eigen-modes of the blade disk and the time-depended
pressure fluctuations caused by the pulsation flow in turbine internal. For the harmonic vibration
analysis, the pressure fluctuations are transformed from time domain to frequency domain by FFT
method, and then the aerodynamic loadings are applied to harmonic vibration in FE method.
Fig. 11 shows the calculated strains of rotor blades near the first natural frequency. It can be seen
that the strains of the blades are with the pair due to the phase differences among the blades, such
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as, the strains of blade 1 and blade 6 are the same because the phase difference between them is
180°, similar regulars can be also observed from blade 2 and 7, blade 3 and 8§, blade 4 and 9,
blade 5 and 10. Meanwhile, the strains of the five pairs of blades are various due to the mode
localization of the blade disk caused by traveling wave effects. To observe the effects of the phases
on the harmonic responses of the blades, Fig. 12 shows the deformations of the blade disk in
various phases at the first natural frequency. Obviously, the maximum deformations located at the
phase of 90° and 270°, while the minimums are at 0° and 180°, which are according with the
sinusoidal harmonic vibration.
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Fig. 13. Transient deformations in a pulsation cycle Fig. 14. Transient stresses in a pulsation cycle

Further, the transient structural response of the blade disk is performed after putting the
aerodynamic excitations and measured damping, combining with the natural frequency and mode.
The deformations and the stresses of the blade disk in a pulsation cycle are presented in Fig. 13
and 14. It can be seen that both the transient deformations and the stresses and are changing with
the pulsating pressure fluctuations. In a pulsation cycle, the deformations and the stresses of the
blade disk are following by the pulsating wave of inlet condition. Meanwhile, the high frequency
rotational characteristics of the turbine rotor are also reflected in the figures. The deformations
and stresses are jumping in a rotor rotational cycle, and the time is shorter compared with pulsation
steps. Therefore, the forced vibration of the blade disk in pulsation flow is not only affected by
the low frequency pulsating excitation, but also affected by the high frequency excitation of rotor
rotation due to the rotor-stator interaction, wake and potential flow.

5. Conclusions

The work in this paper investigated the aerodynamic excitation and the forced vibration of a
automotive turbocharger turbine with the variable guide vanes under pulsation inlet conditions. A
pulsation flow with the frequency of 60 Hz was applied at the turbine inlet according to the exhaust
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of the engine and the unsteady calculation of the turbine was performed. The calculation process
consumed more than 100 CPU time with 8 nodes parallel computations and took up more than
300 GB computer memory. The results of the unsteady flow in turbine internal demonstrated the
aerodynamic loads of the blades are highly influenced by the pulsation inlet conditions, which
follow the change of the inlet pulsation wave, in a pulse cycle, the maximum and minimum
corresponding to the peak and trough of the pulsation inlet respectively.

A detailed analysis for the natural dynamic behaviors of the turbine wheel was conducted,
especially, the first order natural mode was paid special attentions. The results of the eigen mode
of the blade disk show that nodal diameter vibrations appear in pairs, marked with ND 0, ND 1,
ND 2, ND 3, ND 4 and ND 5. Compared with ND 0, the vibration modes in other NDs are
separated by their ND lines, and the deformations of the natural vibration are various. The phases
among the blades significantly affect the vibration of turbine blade disk. Blades close to the nodal
points on the disk bear the maximum excitations accompanying with the maximum blade tip
deformations, whereas blades at the antinodes are much less or even stand still. The maximum
stress caused by the first order vibration locates at the trailing edge of the blade.

The forced vibration calculations of the turbine blade disk, including the harmonic vibration
and transient structural response were performed based on the calculated aerodynamic loads in
pulsation flow and the natural modes of the blade disk. The harmonic responses of the blades obey
the nodal diameter vibration characteristics of the blade disk and separated by the ND line. The
deformation responses of the blades with the phase difference of 180° have the same response
trend and present in pairs, such as, blade 1 and 6, blade 2 and 7, blade 3 and 8, blade 4 and 9, blade
5 and 10. The results of the transient structural response of the blade disk show that forced
response of the blade disk not only contains the contribution of the low frequency excitations of
the pulsation flow but also reflects the high frequency pressure fluctuations of rotor rotation.
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