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Abstract: In order to achieve the model-based fault monitoring and diagnosis, an accurate model for the rotor sys-
tem is necessary to locate and quantify faults. Since the dynamic characteristics of a blade-rotor system is influ-
enced by foundation flexibility, the modeling and dynamic analyses on the foundation were sequentially investiga-
ted. Firstly, the effect of element size on the model convergence was investigated using the forward difference quo-
tient as the slope of the frequency difference, which found that the model converged when the element size refined
to 4 mm. Secondly. a modal analysis and a harmonic response analysis were performed to obtain the dynamic char-
acteristics of the foundation structure. Finally, an optimization to the foundation utilizing an additional stiffener

was conducted to reduce the foundation response and make the critical speed far away from the working frequency

band of 20—50 Hz.
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0 Introduction

In traditional rotor-dynamic analyses, foun-
dation was commonly modeled by lumped mass
elements. This representation was easy to analyze
using standard rotor-dynamic tools. However, in
practice, the dynamic behavior of foundations
were much more complex. Only 3D multi-degree-
of-freedom models could provide representations

close to realityt™.

For many applications, the
dynamic behavior of foundation usually has a sig-
nificant effect on resulting rotor response and the
locations of critical speeds™®. Therefore, dy-
namic behavior of foundation has drawn much at-
tention in the rotor-dynamic analyses. Moorel'?
et al. performed a rotor-dynamic analysis on a
large industrial turbo-compressor including sup-

5] et al. predicted the trans-

porting effect. Hong
lation function at the bearing support of an aero-

engine and used them in a rotor-dynamic analysis.
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[14 et al. presented the results of the dy-

Santiago
namic analysis of a power turbine considering tur-
bine frame, gas generator and shims. The gener-
ated transfer functions were used to represent the
dynamics of these components acting at the rotor

! et al. summarized

bearing locations. Kriiger'"”
different approaches to include the dynamic char-
acteristics of structures like gas turbine casings
and supporting elements in rotor-dynamic analy-
sis.

The primary concern in this study was to
perform the modeling and dynamic analysis for
the foundation of a blade-rotor as the first step to-
ward the model-based fault monitoring and diag-
nosis. A 3D finite element(FE) model was gener-
ated to determine the natural frequencies, the
mode shapes and the dynamic stiffness at bearing

pedestals. The subject of this investigation is

shown in Fig. 1, which is mainly assembled by a
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casing, a main frame, a supporting structure,
two bearing pedestals and four shims. The casing
section is a large cylindrical structure, which is
bolted to the supporting structure. The two ball
bearing pedestals are integrated into the main
frame by vertical bolt connections. The main
frame configuration is a result of the specific geo-
metric characteristics including a lighter mass and

a higher stiffness, which leads to the frame wel-

ded by square tubes.

Casing
pedes Supporting structure

Aft pedestal
Main frame

Shim

Fig. 1 Foundation structure

1 Foundation Model Constructions

In order to predict the foundation dynamic
behavior, a FE model should be developed. The
modeling program of a convergent FE model can
be organized as the follows:

(1) Perform the inspection and simplification
of the model to eliminate the errors generated in
geometric modeling.

(2) Create initial models by coarse elements,
perform gradual refinement of the mesh, obtain
models with different element sizes and conduct
modal analysis for these models.

(3) According to the indicator defined by
Eq. (1), check the convergence of the model with
different element sizes. If it is not convergent,
continue to refine the elements.

To describe the convergence of a model quan-
titatively, the forward difference quotient was u-
tilized, instead of the derivative, as the slope of
the frequency difference

afy = | AL T A g (D
! Vi1 7 Vi

where Af;; is the frequency difference percentage

of the jth modal of the ith model relative to the

most refined model; y; the number of the ith
model’s degree of fredom (DOF); Af’; the slope
of the frequency difference curve, which is de-
fined as a percentage of the change in the frequen-
cy difference for each additional one million DOF.

Some small features, such as bolt holes and
fillets, were not conducive to generate mesh and
should be simplified when the FE model was gen-
erated. Fig. 1 shows the simplified model. Bond-
ed contact elements were used to represent con-
tinuous contacts between different components.
Since the complexity of the model, the combina-
tion of high order hexahedral elements (20 nodes)
and tetrahedral elements (10 nodes) were utilized
to generate the mesh. The initial element size was
selected as 10 mm and gradually refined to 4 mm.
The resulting models are listed in Table 1. The

refined model is shown in Fig. 2.

Fig. 2 Initial solid model

All four bottom surfaces were constrained.
Modal analyses were performed for these models
and the corresponding solving time was shown in
Table 1.

Fig. 3(a) shows the relationship between the
element size and the number of DOF where x re-
presents the element size. It can be seen that the
number of DOF accelerates as the element size
becomes smaller. The curve can be fitted by a
power function.

Fig. 3(b) presents the relationship between
the solving time and the number of DOF where vy
is the number of degrees of freedom. With the in-
crease of the number of DOF, the solving time
increases. The curve can be fitted by a quadratic

polynomial function.
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Table 1 Model information
Model Element size / mm Number of elements Number of nodes Number of DOF Solving time/s
a 10.0 205 746 393 206 1179 618 618
b 9.0 278 246 519 603 1 558 809 858
c 7.5 380 314 720 824 2162 472 2 024
d 7.0 433 464 824 012 2 472 036 2017
e 6.5 600 159 1136 186 3 408 558 3262
f 5.0 1 020 683 1 851 396 5 554 188 5 204
g 4.0 1 839 288 3276 466 9 829 398 8 264
1 3571
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Fig. 3 Laws of the convergent model

Fig. 3(c) illustrates the relationship between
the solving time and the element size of each
model, the curve could be fitted by a power func-
tion where z is the solving time. With the gradual
refinement of the element, the solving time grad-
ually increases.

The curves of average and maximum fre-
quency difference and the slope of average fre-
quency difference to the most refined model are

shown in Fig. 4. In Fig. 4, e, is the average error
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(b) Relationship between the slope of average
frequency and the number of DOF

Fig. 4 Frequency difference and slope

of frequency., e, the maximum error of frequen-
cy, and k, the slope of the frequency average er-
ror. It can be seen from Fig. 4 that the frequency
difference gradually decreases with the further re-
finement. When the slope of the average frequen-
cy difference is less than 1%, the model conver-
ges. So the most refined model can be considered

as the convergent model.

2 Modal Analysis

An undamped modal analysis essentially
solves the following eigenvalue equation

Mx + Kx =0 (2)
where K and M are the stiffness and the mass ma-
trix respectively, x the displacement vector. The

solution of Eq. (2) is
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X =¢; * cosw;l 3
where w; is the undamped natural frequency of ith
mode, @; the eigenvectors.

A modal analysis was performed for the
foundation model to obtain the first six natural
frequencies and mode shapes, and the results
were shown in Table 2 and Fig. 5, respectively.

Table 2 First six nature frequencies of the initial model

Mode Frequency /Hz Mode shape

1 8.996 The 1st bending in XZ plane

2 10. 520 Horizontal translation

3 13. 868 The 1st torsion in XZ plane

4 22.501 Bending-torsional coupling

5 45.003 Casing the 1st torsion in YZ plane
6 64. 804 The 1st torsion in XZ plane

(a) The 1st (b) The 2nd

(c) The 3rd

(d) The 4th

(e) The 5th f) The 6th
Fig.5 The first six mode shapes

The modal analysis revealed that if any natu-
ral frequencies was in the range of operating
speed, a natural mode with motion near the bear-
ing pedestal would ineluctably weaken the sup-
port and further reduce the rotor’ s critical
speeds. The result showed several modes in the
frequency range of interest starting with the first

bending modes.

3 Harmonic Response Analysis

In order to study the excitation of the steady

state centrifugal force caused by an unbalance
mass of the rotor and determine the foundation’s
dynamic stiffness, a harmonic response was per-
formed at pedestals in orthogonal directions resul-
ting in four independent calculations. From the
theory of the theoretical mechanics, the centrifu-
gal force produced by an unbalance mass on a disk
can be written as
F=mro’ 4)
where F is the centrifugal force; m the eccentric
mass; r the eccentric radius and w the rotating
speed of the rotor. The components of F in two
coordinate directions at the center of the rotor
could be written as follows
jFJ = mrw’ coswt
(5)
IF: = mre® singt
That is equivalent to two harmonic forces in
the center of the disk in two orthogonal directions
with the phase difference n/2. Assuming the ec-
centric force at the center of the disk is 1 000 N
which is arbitrarily chosen but is representative of
the force on the rotor and transmitted to the ped-
estals in the horizontal and the vertical directions,

as shown in Fig. 6.

Fig. 6 Harmonic forces and response

Since the modal analysis for the foundation
has been performed, the mode superposition
method was employed. By the resulted mode
shapes vectors, the vibration equation can be de-
coupled

Mx +Kx=f (6)
where f is harmonic force vector. The sub-steps
of the harmonic response were set to 200 and the
first 40 modes were used from zero to 100 Hz,
which cover up twice the frequency range of inter-
est.

The responses in the vertical and the horizon-

tal directions were calculated, as shown in Fig. 7.
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The following conclusions can be observed from
Fig. 7.

(1) The first four horizontal peaks within
100 Hz correspond to the first four modes. Verti-
cal vibration amplitudes are lower, which indi-
cates that the horizontal stiffness is weaker. A
structure optimization will be performed to
strengthen the horizontal stiffness and avoid the
vibration of the rig at low frequency.

(2) The responses at the forward pedestal in
the horizontal and the vertical directions are lower
than those produced at the aft pedestal. This con-
clusion is consistent with the actual rig.

(3) The horizontal and the vertical responses
fluctuate significantly with the operating speed.
Consequently, it is necessary to consider the dy-
namic characteristic of foundation in the investi-
gation of the whole rotor system.

(4) There is a discrepancy between the foun-
dation’ s rigid assumption and dynamic charac-
ters. Dynamic stiffness can better simulate the
characteristics and capture the rotor’ s critical

speed more accurately.

The farward
The aft

20 30 40 50 60 70 80 90 100

The farward
The aft

10 20 30 40 50 60 70 80 90 100
f/Hz

Fig.7 Harmonic responses

4 Model Optimization

To strengthen the foundation and move the

casing modes away from the operating speed, the
structure will be optimized. Since the equipment
has no contact with the external environment, it
is not feasible to strengthen the connection to en-
vironment. The optimized design is presented in
Fig. 8 utilizing an additional stiffener welded at
the support structure. It was identified from the
previous mode shapes that a significant amount of
bending was occurring at the junction between the

casing and the main frame.

Fig. 8 The optimized design

A modal analysis and a harmonic response a-
nalysis of the optimized design were performed in
the range 0—100 Hz. The boundary conditions
and the element size remained the same. The dy-
namic stiffness transfer function could be calcu-
lated by dividing the excitation force by the re-
sponse. The horizontal and the vertical dynamic
stiffness curves of the original and the optimized
models were extracted and comprised in Fig. 9.

It can be drawn from Fig. 9 that the frequen-
cy of the first valley has a little change, but the
corresponding frequencies of the other valleys and
peaks all are improved, especially in the horizon-
tal direction where there is no valley in the range
of 15—50 Hz. Wherein the mode corresponding
to the second horizontal valley is sufficiently away
from the running speed, the response peaks is
significantly decreased except the first peak.,
which indicates that the improvement of the opti-

mization is obvious.

5 Conclusions

The purpose of this investigation was to
model and determine the dynamic characteristic of

the foundation of a blade-rotor system. Firstly, a
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Fig. 9

method to generate a convergent FE model was
investigated. And then a modal analysis and a
harmonic response analysis of the convergent
foundation model had been performed to obtain
the dynamic characteristics. It was found that
there was a discrepancy between the foundation's
rigid assumption and dynamic characters.

The system contained modes both below and
above the designed operating speed. Some of
these modes could be excited by the rotor system.
Furthermore, the compliance of the foundation
due to the presence of these modes caused the sec-
ond mode in the operating speed. Hence, an opti-
mization was investigated, greatly reduced the
dynamic response amplitude of the foundation in
the working frequency band and made the critical
speed far away from the rotating speed.

Owing to the distinct characteristics of the
blade-rotor system, the analytical approach pres-
ented in this paper can be utilized to perform ro-
tor-dynamic analysis including dynamic founda-
tion characters. This methodology can discover a
potential concern with the critical speeds in the
rotor dynamics analysis considering foundation

dynamics.

— Original model
Optimized model

30 40 50 60 70 80 90 100
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b} Compar 1 of the vertical stiff
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Comparison of the dynamic stiffness between the optimized design and the original model
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