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ABSTRACT

Recently, large capacity steam turbines have come into wider use and have been designed
to perform at even higher performance specifications. As we all know, it’s hard to maintain the
concentricity of rotor-bearing system during operating, especially for multi-rotors within
specified levels of vibration. Rotor vibration could be caused by many reasons. Mass unbalance
and bent shaft are amongst the most frequently occurring of these reasons. Mass unbalance and
bent shafts both give force itation at a freq y corresponding to once per revolution.
Taking a LP B rotor of a 1000 MW USC steam turbine as an example, this paper studies the
lateral vibration of the LP B rotor based on finite element. Responses of mass unbalance and
bent shaft are analyzed and compared.

Keywords: rotor-bearing system, mass unbalance, bent shaft, LP B rotor, lateral vibration.

1. NTRODUCTION

A shaft bent could be caused during shipping, installation, and operation. Bent shaft can
either generate high vibration or create a lot of stress on other components during operation.
Hence, catastrophic failure will result. It is therefore important to be able to recognize such a
fault. For the vast majority of rotating machine, shaft bow (hog and sag) is negligible, and
therefore it can be ignored for practice purposes. On long driving machines as turbo-generators
in power plants or machines with long spacer shaft, bent shaft should be considered. Bend on
shaft could be caused by such factors as: thermal distortion due to fast load changes-cooling or
heating of the rotor, rubbing-the frictional heat produced at the site of rubbing, change of shaft
stiffness, etc. The forcing response caused by the bend is similar to that caused by conventional
mass unbalance, which is function of square of speed, though there is a slight difference in
amplitude and phase angle.

In several decades, some scientists have already studied the vibration phenomenon of by
shaft forcing due to an initial bend. Nicholas et al. [1] had studied unbalance response of a
flexible rotor due to shaft bow through theoretical and experimental work. Parkinson et al. [2]
indicated that the difference in whirl experienced by a rotating shaft due to shaft bow and mass
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unbalance. Shiau and Lee [3] studied the effect of residual shaft bow on the dynamic response of
a simply supported single disk rotor with disk skew and mass unbalance. Edwards e al. [4] gave
a method to determine the modal components of a bend and bend geometry from measure
vibration signal.

In this paper the LP B rotor of a 1000MW USC (ultra-supercritical) steam turbine is studied.
Turbo-generator sets with 1000MW are widely used in generation of electric power. It is large
and complex rotating machine. During operation, many different forces act on it that influences
the dynamic behavior of the machine. Recently, the problems on the LP steam turbine rotor
become more prominent during the debugging process and in the first beginning operation. It
may be caused by temperature ﬁeld of the LP casing inhomogeneous [5]. Non-uniform heating
can be resulted from temp g or d ing too quickly during the period of
start-up or shut-down, which in turn results in rotor bending and adds centrifugal force to the
machine. Figure 1 shows the structure of the LP B rotor-bearing system. The system is modeled
by finite element method including gyroscopic, shear modulus and rotary inertia effects [6, 7).
Both bearings have stiffness k= k,, =2.45x 10° N/m and damping ¢, = ¢y, =3 X 10°N.s/m.
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Figure 1. Modeling of a LP B rotor-bearing system.

2. ANALYTICAL MODELING

Tn general form, the equation of motion for vibration of a multiple degrees of freedom (dof)
rotor — bearing system may be written as

MG +(QG+O)g+Kq=F() [¢))]
where: g is a vector containing the generalize coordinate; M is mass matrix; G is gyroscopic
matrix; C is damping matrix; X 15 stiffness matrix; £2 is rotor spin speed; F(3) 13 generalized
force.

2.1. Unbalance response

The vector of generalizing force acting at node k due to a disk offset by a displacement &
and an angle B usually represents in form [8]
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where § and y are the angle (when t = 0) of the out-of-balance force and moment vectors relative

to Oxy axes. Taking Eq (2) into Eq (1) gives:

Mi+QGq+Cq+Kq =R(Qbe™™) 3)

E()=mo

The steady-state solution is found by assuming a response of the form q(t ) = 9“(%@“')

(g0 is complex). Thus
4 =[(K -@*M )+ jUQG+O)T' 9%, @

2.2, Response of bent rotor
In case of a bent rotor, the equation of motion can be written as [8]
MG+(QG+C)yg+Kq, =0 (5)

where g, is a vector of the elastic deflections at the nodes and q is a vector of the total
deflections at the nodes. Thus, q = g, + qy, where q, denotes the vector of deflections of
stationary rotor due to permanent bend. Hence, g.= q - q,. Therefore, equation (5) can be written

MG+(QG+C)q+Kq=Kq, (6)
The geometry of the shaft bent profile is detailed definition in [9,10]. Because the rotor is
' (t) = 9{(qboelm)

spinning, the bend in the shaft in particular is a function of speed, then and
{qb0 complex). Thus
Mg+ (QG+C)g+Kg=R(Kq,0e'™) w]
= =
Assuming the solution of the fonnq(t) Rlgue ), it gives
0 =[(K - M }+ jQUQG +O) " Kg,, ®)
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3. CALCULATION RESULTS
3.1. Case 1: Rotor supported by isotropic bearings

3.1.1 Unbalance response

\ T —Node11,x]|
! ; —Node31.x(
o 500 1000 1500 2000 2500 3000 3500 4000
Rotor spin speed {rev/min)

2000 2500 3000 T aw
Rotor spin speed (revimm)

Figure 2. Unbalance response of the rotor at node 11, 31 in the x direction.

It’s assumed that an out-of-balance of 0.001m acts on the two sides of the rotor (at node 11
and node 31) m the same angular position (Fig. 1). Figure 2 shows unbalance responses and
phase changes of these nodes to x direction. Because of the symmetric system, the responses 1n
the x direction and in the y direction are coincided. The responses to the out-of-balance force at
the equivalent critical speeds of 1360, 2750, and 3680 rev/min get maximum values. Comparing
with the rotor speeds, these speeds that are coincide with natural frequencies of the system and
only forward whirl modes are exited. When rotor spins at subcritical speed range, these nodes
whurl in-phase. Due to critical speeds, the phases change by approximately 1800 (because effect
of damping, the phase change do not exactly by 1800). The phase changes occur at both
resonances and anti resonances of the system. The phase of the node 11 reverses two times in
regions 2250 rev/min and 2890 rev/min respectively. The node 31 also reverse phase in region
3050 rev/min.

3.1.2. Response of bent rotor
The initial deflection of the rotor is calculated by finite element method, described by

Mueller and Christopher [9, 10]. FEM model and deflection of the shaft in vertical plane are
shown in Fig. 3. Forces act on shaft due to weight of the disks and gravity of the shaft.
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Figure 4. The response of the rotor at node 11 and node 31 in x direction due to a bent rotor.

Figure 4 shows the amplitude and phase response of the system at node 11 and node 31 due
to initial bent of the rotor. Comparing with the response of unbalance force in Fig 2, it is shown
that two responses are very similar. However, there are slight different at low speed and high
speed of the rotor. The response of the rotor at node 11 has a zero value in region of 2670 }
rev/min. The response at both node 11 (and node 31) has no anti-resonance between the second

270



an Comparison behavior of a large turbo machine vibration between unbalance and bent shaft

and third peaks. The maximum values of the response at rotor speeds are 1360, 2750, and 3680
rev/min, respectively. It coincides with the maximum response of the rotor is excited by
unbalance forces. The phase of the node 11 (and node 31) reverses in region of 2170 rev/min
(2870 rev/min).

3.2. Case 2: Rotor supported by anisotropic bearings

This system is the same with previous system, except that the isotropic bearings are
replaced by anisotropic bearings. Original stiffness of each bearing is assumed to be k= 2.45 x
10°N/m and will be changed, by k,, = 2.30 x 10°N/m.

3.2.1. Unbalance response

The response of the system at node 11 and node 31 to out-of-balance 0.001m on both disks

(at node 11 and node 31) are shown in Fig, 5. The response have a maximum when rotor speeds

is 1340, 1360, 2620, 2760, 3360 and 3670 rev/min. We can see that both forward and backward

- modes are excited. The stiffness of the system is difference in x and y directions; hence, the

| amplitude of whirl in these directions are difference. This illustrated in Figs. 6 and 7,
- respectively.

Response magnitude (m)

=Sl

L=

Phase (degeees)
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Figure 5. Responses of the rotor at node 11 and node 31 in x direction due to out-of-balance force at node
11 and node 31 (the length of the semimajor axis of the orbit).
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Figure 7. The responses in x and y direction at node 31 The shaded regions indicate backward whirl.

It can be seen that, the peaks response occur at the same rotor speed in the x and y
directions. At these speeds, responses of phases are changed. The zero value of the response in x
and y directions occur at different rotor speeds; thus the phase of response in the x direction
changes at a different rotor speed from that the y direction. If the phase of response in either x or
y direction changes substantially, the direction of whirl reverse. In Fig. 6 and Fig. 7, regions of
backward whir! are indicated by red regions.

3.2.2. Response of bent rotor

In case of bent rotor (see Fig. 3), the amplitude and phase responses at node 11 and node 31
are illustrated in Fig. 8. It is shown that there are two peaks in the response at both 1340 rev/min
and 1360 rev/min. Thus, both forward whirl and backward whirl are exited. When the phases of
the response in x and y direction are different, the direction of whirl reverses. Fig. 9 and Fig. 10
show the response magnitude at these nodes in two directions. Red regions indicate backward
whirl regions in ranges of rotor speeds. It can be seen that, at some speeds, one part of the rotor
is in backward whirl whereas other is in forward whirl (mix mode). Figure 11 shows the orbits at
these nodes at various rotor speeds, and the orbits are elliptical and can be forward or backward.
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Figure 8. The responses of the rotor at node 11 and node 31 in x drection due to a bent rotor.

272

A
b

anl




2a) Cornparison behavior of a large turbo machine vibration between unbalance and bent shaft

(m)

———————— Node 1, -\ - - - - -
Node 11,

Respanse magnitude

I
Rotorspnspee o)

Figure 9. Response in x and y direction at node 11 due to a bent rotor.
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Figure 10. Response 1 x and y direction at node 31 due to a bent rotor.

o T
oo

{rsim ﬁ

phasd
i Fi
bk |
fdemir
R o0isd

2600 revmin

Figure 11. Whirl orbits at node 11 (red) and node 31 (green) for the bent rotor on anisotropic bearings. The
cross denotes the start of the orbit and the diamond denotes the end.

4. CONCLUSIONS

In this study, the dynamic vibration behavior of the LB B rotor of » 1000MW
turbo-generator under unbalance forces and shaft bent is investigated. The finite element method
(FEM) is applied to model the system. The results can be summarized as follows:

1) The behavior of a rotor excited by out-of-balance is almost indistinguishable from

excited by a bent shaft. Comparing these responses, it 1s shown that the responses of them

are very similar although there are still slight differences. So it’s hard to distinguish bent
rotor fault from out-of-balance fault.

2) The responses of the rotor in two case isotropic and amsotropic bearing systems are

analyzed. In case the rotor supported by isotropic bearing, only forward modes are excited.

Whereas in case of the rotor supported by anisotropic bearings, both forward and backward

modes are excited.
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3) As usual, as the system is linear, the effects out-of-unbalance forces and shaft bent ¢an be
studied separately. And their effects can be added up.

REFERENCES

Nicholas J. C., Guater E. J., Allaire P. E. - Effect of residual shaft bow on unl:talance
response and balancing of a single mass flexible rotor-part 1, Joumal of Engineering for
Power, ASME 98 (2) (1976 ) 171-178.

Parkison A. G, Darlow M. S., Smalley A. J. - Balancing flexible rotating shaft with initial
bend, ATAA journal 22 (5) (1984) 683-689.

Shiau T. N., Lee E. K. - The Residual Shaft Bow Effect on Dynamic Respo:_lse qf a
Simply Supported Rotor With Disk Skew and Mass Unbalances, Journal of Vibration,
Acoustic., Stress and Reliability in Design, ASME 111 (2) (1989) 170-178.

Edwards S., Lees A. W., Friswell M. L - The Identification of a rotor bend from vibration
measurement, Proceedings of the International Modal Analysis Conference — IMAC 2
(1998) 1543-1549.

Luo J., Liu Z., Shi Y., Xie D., Yu X. - The Research on Supporting Stiffness of LP Rotor
of Ultra-supercritical Turbine, In Electrical and Control Engineering (ICECE),
International Conference, 2011, pp. 1846-1848.

Ngo V. T., Xie D. M,, Le H. D. - Finite element modeling for vibration analysis of large
turbo machinery, Journal of Science and Technology 52 (5) (2014) 639-651.

Ngo V. T, Xie D. M., Zhang H. L., Xiong Y. H., Yang Y. - Dynamic analysis of a rig
shafting vibration based on finite element, Front. Mech. Eng. 8 (3) (2013) 244 -251.
Friswell M. I, Penny J. E. T,, Garvey S. D., Lees A. W. - Dynamics of Rotating Machines.
New York, Cambridge University Press, 2010, pp 155-200.

Mueller Jr. D. W. - Introducing the Finite Element Method to Mechanical Engineering
Students Using Matlab, In Proceedings of the 2003 American Society for Engineering
Education Annual Conference & Exposition, (2003), Session (Vol. 3566).

10. Christopher D. W., Michael W. R. - Shaft Deflection —a Very, Very Long Example, 2013
ASEE Southeast Section Conference, 2013.

TOM TAT

SO SANH TRANG THAI DAO DONG MAT CAN BANG VA VONG TRUC CUA
MAY TURBINE CO LON
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Nhiing nam gin day, turbine miy phat dién c& 16n dwoc sir dung ngdy cang rong rii va
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tnbe B duoc thiét ké dé tang hxeu suft ngay cang cao hon. Trong qua trinh vén hanh, vi¢c chim séc bao
dmmg hé thong rotor - & truc thwdng gdp phiéu khé khin, dac biét1a nhlmg hg truc duge lién Két
nhiéu rotor-& truc v&i nhau. Hé truc ndy thutmg gép cdc sy ¢b lién quan dén vén @ dao dong khi
vin hanh. Pbi véi dao dong ciia hé rotor-d tryc kich thude 16n co rét nhidu nguyen nhén, trong
d6 mét can bing khéi lugng va vong truc 14 nhitng nguyén nhan thudng gip nhét. Ca hai trudng
halagey hop nay déu sinh ra céc lyc kich thich dao dong 16n hé truc. Bai béo nay tic gia tién hanh nghién
enng foy ciu 50 sanh trang thai dao ddng ciia LP rotor (Low Pressure rotor) cia turbine 1000 MW do mét
can bing khdi lugng va do d6 vong ban dAu gy ra.

g | Tir khoa: hé rotor-5 tryc, mét cén bang khéi lwgng, véng truc, LP rotor, dao dgng ngang.
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