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ABSTRACT

Large turbine-generators have proven to be very
difficult to field balance with the application of weights
at only single or two planes. This paper presents a
method of multi-plane balancing based on actual
measured system influence coefficients and theoretically
derived coefficients for an 1150 MW turbine-generator
system. This class of turbine-generator cannot be
balanced by the repeated application of single- or two-
plane balancing. A simultaneous, multi-plane balancing
procedure such as the method outlined in this paper is
required.
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1 INTRODUCTION

This paper presents the dynamic analysis for a large
1150 MW 11-bearing nuclear turbine-generator system,
which weighs approximately 1.6 million 1b (727,300 Kg)
and is 2,427 in (61.65 M) long. It is composed of a
high-pressure turbine, three low-pressure turbines, a
generator and an exciter, which is one of the largest
nuclear turbine-generator units in the world. The system
has a normal operating speed of 1,800 RPM. A previous
paper was presented on the static deflection, characteristic
bearing loads, and bearing stiffness and damping
characteristics for the turbine-generator. The objective of
the study was to understand the dynamical characteristics
of the entire turbine-generator system in order to better
understand and facilitate the field balancing process. It
was also desirable to determine whether initial component
balancing of the turbines and generator would facilitate
field balancing.

2 CRITICAL SPEEDS OF INDIVIDUAL
TURBINE-GENERATOR COMPONENTS

As the first step in analyzing the dynamic
characteristics of the 1150 MW turbine-generator set, the
critical speeds and mode shapes were generated for each
component of the system. The major components of the
turbine-generator set consist of a high pressure turbine
(HP) and three low pressure turbines connected to a
generator, which in turn has an exciter attached.

2.1 High Pressure Turbine

Figure 1, for example, represents the first mode for
the HP turbine. The turbines and generator were
analyzed using the transfer matrix program CRITSPD-
PC. The HP turbine is approximately 380 in. (31.7 ft.)
long and weighs over 150,000 1b (75 tons). For an
assumed bearing stiffness of K,= 4,0E6 Ib/in, Figure 1
shows the first HP turbine critical speed to be
approximately 1,200 RPM (120 Hz).

Figure 1 - High Pressure Turbine 1st Critical
Speed with K, = 4.0E6 Ib/in
N1 = 1,200 RPM (20 Hz)
A reduced mass station model was next generated to
match the original model’s first three critical speeds.
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This step is necessary in the construction of the entire
system model from the individual components.

Figure 2 represents the HP turbine second critical
speed predicted to be 1,710 RPM (28.5 Hz).

i i
Figure 2 - High Pressure Turbine 2nd Critical
Speed with K, = 4.0E6 lb/in

N2 = 1,710 RPM (28.5 Hz)

This value is verv close to the operating speed of 1,800
RPM (30.0 Hz).  >te that the coupling on the right end
is attached to the first low pressure turbine. Since the
coupling has considerable amplitude and slope, this mode
will be influenced by the stiffness of the adjacent low
pressure turbine.

2.2 Low Pressure Turbine

There are three low pressure turbines attached to the
right of the high pressure turbine. These turbines will be
referred to as LP1, LP2, and LP3. The coupling
connecting the HP turbine to LP1 will be referred to as
C1 and the coupling connecting LP1 to LP2 will be
referred to as C2. Coupling C3 connects LP2 to LP3.
The LP turbines are approximately 425 in. long (35.4
feet) and weigh 340,000 Ib (170 tons) each. The low
pressure turbines are larger and have over twice the
weight of the high pressure turbine. Therefore, the low
pressure turbine first critical speed is lower. Figure 3
indicates that the third critical speed is 1,890 RPM (31.5
Hz) with an assumed bearing stiffness of 2.0E6 Ib/in.
The operating speed of 1,800 RPM is above the predicted
second critical speed for the LP turbines. After the
completion of the detached LP rotor model, a reduced LP
model was generated with only one-half of the stations of
the original LP model.
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Figure 3 - Low Pressure Turbine 3rd Mode
at 1,890 RPM (31.5 Hz) with
K, = 2.0E6 lb/in



2.3 Generator

The generator is over 651 in long (54 feet) and
weighs over 428,999 Ib (214 tons). Since the generator
has the longest span of any of the components and is the
heaviest, it has the lowest first critical speed. Figure 4
represents the generator mode shape for the third critical
speed at 2,062 RPM (34.4 Hz) for an assumed value of
bearing stiffness of 2E6 Ib/in.

©od i
Figure 4 - Generator 3rd Critical Speed
with K; = 2E6 Ib/in
N3 = 2,062 RPM (34.4 Hz)

Figure 5 represents the first four generator critical speeds
as a function of bearing stiffness. At a high bearing
stiffness of K, = 7.0E6 1b/in, the generator second critical
speed will be at the operating speed. The operating speed
on Figure 5 is shown as a dot-dash line.

ath Crilical Spead |-~
4000 2 = [

T S T IMES OPERATING SPEED
3000 -l —— . yecnticar spesd ! i
————en 2nd Gritica) Spesd ]
—-—=="  ara Critical Specd i g
...... 4th Critical Bpeed ;| 3ard Critical Spaed___—"
2000 ; - T : -
OFERATING SPEED [ 1] T
: S e
1000 : : =
2ng Criticat Speed._ ; — 1|
T " 1{st Critical Spéed

4 s s 7 108 185 2 2 & 8 7 107

Figure 5 - Critical Speeds of Generator as
a Function of Bearing Stiffness
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It is seen that the generator would be operating above
the second critical speed for bearing stiffnesses less than
6E6 Ib/in. The third critical speed is above the operating
speed. The plot of the fourth critical speed is also shown
on this figure. It is not desirable to have the rotor fourth
critical speed to be exactly twice the operating speed. It
is also undesirable to have a generator critical speed at
exactly 60 Hz. Electrical line faults will cause 120 Hz
excitation in a generator, which can excite the higher
order torsional-lateral modes. The 120 Hz excitation has
caused LP3 torsional blade vibration and subsequent
blade loss in other nuclear turbine-generators.

2.4 Generator-Exciter

The generator was combined with the exciter to
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determine the combined generator-exciter modes. Figure
6, for example, represents an exciter mode at 1,452 RPM
(24.2 Hz). This mode can be excited by unbalance at the
exciter or by suddenly applied unbalance at the LP3
turbine due to blade loss.

Figure 6 - Exciter-Generator Critical Speed
at 1,452 RPM (24.2 Hz)

There is no monitoring probe between the outboard
generator and the exciter bearing to monitor the exciter
behavior. This mode shows the importance of placing a
vibration pickup between the 10th (generator outboard)
and 11th bearings (exciter) to monitor exciter motion.

3 Turbine-Generator System Critical Speeds

It was determined that there are only minor
gyroscopic effects involved with the turbines or the
generator at or below 1,800 RPM. Finite element models
were generated for each component which matched the
transfer matrix models. The finite element method of
analysis is preferred to the transfer matrix method for
large turbine-generators. The finite element method has
the distinct advantage over the transfer matrix method in
that it does not miss modes that are closely spaced. In
addition, it has fewer numerical convergence problems,
particularly when flexible foundations with mass are
included in the model. The finite element program
MSC/Pal was employed for the calculation of the natural
frequencies.

The finite element model was also used to determine
the static deflected mode shape of the system, as well as
the combined dynamical modes of motion. Also, the
finite element model could be used to determine the
system forced response with unbalance and bearing
stiffne  and damping.

Figure 7 - First Turbine-Generator Mode
Generator First Mode at 496 RPM



The first five modes of the system involve the
component mass center of the generator and the various
turbines. The first system critical speed is shown in
Figure 7 at 496 RPM. __is mode is the generator first
critical speed, as would be expected, since it is the
longest and heaviest of the components. Its natural
frequency is relatively unaffected by the LP3 turbine.
This mode is driven by unbalance at the generator mass
center. This mode can be corrected by low speed
balancing of the generator on a balancing machine.
Center span unbalance can also occur during operation
due to the thermal effects of the merator electrical
conductors, which can cause shaft bowing.

The next three turbine-generator mod involve the
mass centers of the LP turbines. These modes occur
within a narrow range of each other. When using the
transfer matrix method to compute these modes, several
modes were initially missed due to the frequency
marching method and step increment used in the transfer
matrix procedure. A great advantage of the finite
element method is that it does not skip or miss modes.
In Figure 8, which is the turbine-generator system second
mode at 562 RPM, the motion of the three mass centers
is in phase.

Figure 8 - 2nd Turbine-Generator Mode
LP Rotors in Phase at 562 RPM

Figure 9 represents the third turbine-generator mode
at 569 RPM. In this mode, the mass center of LP1 is out
of phase to the mass center of LP3. The second and third
system modes would be well controlled by the rigid rotor
balancing of the LP rotors. Coupling alignment would
have little influence on this mode.

Figure 9 - 3rd Turbine-Generator Mode
LP1 and LP3 out of Phase (569 RPM)

The fourth turbine-generator mode at 585 RPM, as
shown in Figure 10, shows that the LP1 and LP3 turbines

are moving out of phase to the LP2 turbine. These three
modes are similar to the behavior of a large three-mass
rotor model.

Figure 10 - 4th Turbine-Generator Mode - LP2
Out of Phase to LP1 and LP3 (585 RPM)

The fifth system turbine-generator critical is identical
to Figure 1 for the high pressure turbine at 1,182 RPM.
The mode shape and first critical speed of the HP turbine
is relatively unaffected by the LP turbines.

Figures 11 and 12 represent the turbine-generator
sixth and seventh modes at 1,037 RPM and 1,162 RPM.
These two modes are bifurcated modes of the generator
second critical speed interacting with the turbines. The
sixth mode at 1,037 RPM, as shown in Figure 11,
corresponds with the original turbine-generator second
critical speed.

Figure 11 - 6th Turbine-Generator Mode
Generator Second Mode (1,037 RPM)

In Figure 12, the slightly higher speed of the seventh
mode (1,162 RPM) is caused by the interaction of the
LP1 and LP2 turbines with the generator. Modes six and
seven would probably appear as a single mode in the
experimental test data. Note that unbalance at the No. 2
coupling C2 can have a strong effect on this mode.

Figure 12 - 7th Turbine-Generator Mode
Generator 2nd Mode with LP
Turbines (1,162 RPM)









and 33.5  at 102° on the steam end of the LP3 rotor.
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Figure 22 - Resolution of LP3 Turbine Balance Weights
into Static and Dynamic Components

The computer program ROTORBAL-PC was used to
predict the rotor response due to the static unbalance of
64 oz. at 353°. The influence coefficients as shown in
Figure 20 were used to perform the calculations. Using
these values of predicted amplitude, it was then possible
to compute the response of the rotor to a pure dynamic or
couple balance set for the LP3 rotor. Figure 23
represents the computed response of the turbine-generator
due to a couple unbalance on the LP3 turbine. Note the
large response of the LP3 couple on the generator
response. It is apparent that high generator response may
be controlled by dynamic balance shots placed on the
LP3 turbine.
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Figure 23 - Turbine-Generator Influence Coefficients at 1,800
RPM Due to LP3 Dynamic Unbalance
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Table 2 represents a summary table of the influence
coefficients for the turbine-generator for 100 oz. of
unbalance per plane.

5 Multi-Plane Balancing of Turbine Generator

The influence coefficients for the various coupling
balance planes and the LP3 turbine static and dynamic
balancing coefficients are shown in Table The
response is shown in mils of amplitude per 100 oz. of
unbalance at the various locations. These coefficients
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were used to generate the space curves as shown in the
previous figures.

By means of the influence coefficients, various
balancing predictio ~ were generated using the couplings
by themselves and the addition of the couplings and a
dynamic couple on the LP3 turbine. Table 3 represents
various multi-plane balancing corrections generated for
three planes of coupling, five planes usi a dynamic
balance on LP3, and six planes of balancing using the
theoretical influence coefficients generated for the first
coupling. Table 4 represents the initial amplitude and the
final amplitude predicted with three, five, and six | es
of balancing. In the first balance prediction, using
couplings 2, 3, and 4, it was found that the rotor
amplitude would increase at bearing locations 1, 3, 7, and
11. The increase in amplitude at these locations is
shown with a plus. It is therefore apparent that with only
three coupling locations used for a simultaneous balance,
eight of the bearing amplitudes reduce, while three
become larger. For example, the amplitude at probe 3
has increased to 5.25 mils. Also, it is desirable that the
amplitude does not exceed 3 mils at the exciter. The
amplitude at the exciter, after the three coupling balance
shots have been added, has increased to 3.42 mils, as
shown in Table 4.

In the second balancing calculation, two planes on the
LP3 turbine were used in addition to the three coupling
locations. Although five physical pla  are used in the
balancing, from a computer standpoint this is a four-plane
balance prediction, since a dynamic couple placed at the
LP3 turbine is treated as one balanci entity. By
applying the dynamic couple at the LP3 turoine, it is seen
that all planes have been improved in amplitude. There
has been a considerable reduction in the amplitude at
bearing 3 from 5.25 to 2.16 mils. Also, the amplitude at
the exciter is less than 3 mils. However, with the five
planes of balancing, it is not possible to reduce all levels
of vibration below 3 mils. For example, bearings 4, 5,
and 8 have amplitudes above 3 mils.

In the six-plane balancing calculations, the first
coupling location was used in addition to the other
planes. The influence coefficients generated for the first
coupli location are based on theoretical predictions.
Theretore, the calculations of the balance weights for
these cases cannot be actually applied to the rotor until
the actual influence coefficients for the No. 1 coupling
are determined experimentally. However, this
computation does illustrate the improvement in the
overall balancing by employing the No. 1 coupling for
additional balancing. In the first six-plane balance



calculation, no weighting was applied to any of the
vibration measurements. One of the advantages of the
multi-plane balancing ROTORBAL-PC program is the
ability to emphasize particular amplitudes of vibration for
the purpose of balancing. In the first balancing
calculation with six planes, all vibration readings were
treated with equal emphasis. In this case, very low levels
of amplitude were obtained at bearings 1, 3, 5, 6, and 7.
However, the amplitude at the bearing 8 is 3.56 mils and
the exciter has increased to 3.89 mils. This is considered
to be undesirable. In the second six-plane calculations,
weighting functions were employed at probes 3, 4, 8, and
11. The weighting function of .8 was used at bearing

». 3. This allowed the amplitude to increase. A
weighting function of 1.5 was used at bearings 4, 8, and
11. The final theoretical six-plane balancing prediction
demonstrates that the amplitude at all levels can be
reduced below 3 mils.

6 Summary and Conclusions on Multi-Planc _ .rbine
Generator Balancing

The following are concepts of multi-plane balancing
that have been developed from the computation of the
theoretical rotor dynamical response and from the
application of Unit No. 2 turbine-generator measured
influence coefficients from various balanci  runs.

1. The four coupling locations are inadequate to
balance the entire turbine-generator system. This is
because the turbine-generator operates through at least ten
modes, so four balancing planes are insufficient.

2. The rotor will require at least six to seven
simultaneous planes of balancing to reduce the vibrations
at all probes below 3 mils.

3. Low-speed balancing of the individual turbines
and generator on a balancing machine is recommended to
balance out the rotor mass centers. The first five critical
speeds encountered by the turbine-generator syst  are
essentially excitations due to the mass centers of the
various LP, HP, and generator rotors. By properly
balancing the rotors on a balancing machine, the vibration
of the lower modes will be minimized.

4. After the rotor passes through the first five critical
speeds, the turbine and generator rotor mass centers
become node points. This means that the mass centers
have very little motion and most of the amplitude of a
particular turbine component is a conical motion in which
the ends are out of phase. No attempt should be made to
place balancing weights at the turbine rotor centers to
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balance out amplitude at running  eed, as this will cause
excessive motion at the lower critical speeds.

5. The use of static balancing components on the
turbines at running speed is to be discouraged. A static
balancing distribution is one in which the weights are
placed in phase on the two ends of the turbine. This is
equivalent to adding mass center unbalance. This
balancing weight distribution can cause an extremely
large turbine response when passing through the lower
turbine-generator critical speeds. The resulting rotor
response can be large enough to cause bowing of the
turbine rotors.

6. A dynamic couple placed on the LP rotors can
have a significant effect on controlling amplitude of the
LP rotors, as well as the generator at running speed.
Dynamic couples for balancing at running speed are
encouraged, rather than the use of static balance
components. A dynamic balancing set is one in which
two equal weights are placed out of phase on opposite
ends of the turbine. This weight distribution will cause
a minimal response at the lower turbine-generator critical
speeds, which are mainly driven by mass center
imbalance. Generator amplitude can also be controlled
by means of dynamic or couple balance weights on the
LP rotors without having to specifically balance the
generator. Field balancing of a generator is to be
avoided.

7. The influence coefficients due to a pure dynamic
couple on the LP3 rotors can be been computed based on
static and quasi-dynamic balancing shots placed on the
LP3 rotor. The balancing combination of the dynamic set
on the LP3 along with three coupling balance weights
will reduce the overall vibration levels. This represents
five simultaneous planes of balance correction.

8. The least squared error based RODYN computer
program, ROTORBAL-PC, may be used to predict multi-
plane balancing corrections based on the combination of
the various influence coefficients generated from the
coupling balance runs and the LP3 balance runs.

9. Influence coefficients should be developed for
both no-load and fully-loaded conditions. This is
equivalent to using two speed cases in the balancing
program. Substantial changes in the balancing influence
coefficients can occur under full power operation.
Vibration data taken at different power levels should not
be mixed.

10. The number one coupling and the exciter location






can be used to provide additional planes of balance.
Actual system influence coefficients should be generated
for these locations.

11. The change in turbine-generator rotor response
due to either changes in coupling balance or unbalance in
the LP3 rotor may be predicted from the measured
turbine-generator influence coefficients using the RODYN
balancing program.
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