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ABSTRACT

Analytical and experimental assessments of the vibration
characteristics are described for two 700 hp, vertically mounted
centrifugal service water pumps following their conversion from
fixed speed to variable speed operation. This work was ac-
complished by the New York Power Authority at the Charles
Poletti Power Project in Queens, New York. Implementation
criteria and a description of the adjustable speed drive system
are presented, as are predicted and measured dynamic perform-
ance of the modified pumps during startup and initial operation.

BACKGROUND

The Charles Poletti Power Project was designed and con-
structed as an oil/gas fired 865 MW base load plant. Since its in-
itial operation in 1975, this plant has been cycling during week-
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days between 150 MW and 865 MW. On weekends, the plant
typically operates at 150 MW,

In general, auxiliary equipment in a base load plant is de-
signed for, and has its peak mechanical and electrical efficiency
at, maximum plant output. As a result, the auxiliaries consume
disproportionately more power at reduced plant output.

The service water pumps supply East River brackish water to
the plant’s service water system. Only one pump operates at a
time while the other is used as a backup. Each pump is rated
15,000 gpm, 70 psi, 1190 rpm, and is driven by a 6-pole squirrel
cage induction motor. However, at reduced power plant load
levels and/or cool river water temperatures (which varies from
30°F to 75°F), flows of only 5,000 gpm are sometimes required.

To mitigate erosion and overpressurization problems caused
by throttling the flow with control valves, and to reduce auxiliary
power consumption at reduced plant loads, the utility elected
to backfit both pumps with adjustable speed drives (ASD). This
approach was chosen because the capital investment for this
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equipment conversion could be returned by energy savings
within approximately five years. It could also provide a learning
experience to implement this type of conversion on other plant
equipment.

In early 1988, each of the two service water pumps was con-
verted from fixed speed to variable speed operation by using
two, six-channel thyristor/gate turn off (GTO) water cooled ASD
units. As shown in Figure 1, each ASD package consists of input
and output dry-type transformers, packaged ASD power elec-
tronics, controls, protection and diagnostics and a skid mounted
housing unit. Prior to the ASD retrofit, the pumps were mod-
ified at the recommendation of the pump manufacturer by ad-
ding two additional bearings and reducing upper shaft diameter
to prevent shaft lateral and torsional critical speeds from occur-
ring within the pump’s running speed range.
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Figure 1. Typical Service Water Pump ASD One Line Diagram.

Except for some initial difficulties with entrained air in the
ASD electronics cooling system, fuses that were too small to han-
dle transformer in-rush current and electronic noise in the
speed control circuitry, no significant ASD electronic problems
have been encountered. O’ Donnell describes in more detail the
justifying criteria for installing the ASD system, and lessons
learned during the installation and startup [1]. The remainder
of this discussion is focused on the vibration aspects of the
pumps performance since conversion to. ASD operation.

PREDICTED ROTORDYNAMIC PERFORMANCE

To verify the vendor’s analytical predictions and to ensure that
the pumps would not be subjected to dangerous vibrations, the
utility undertook an independent effort to assess the vibration
performance of the modified pumps.

To assess the probable effects of running the pumps at speeds
varying from 700 to 1200 rpm, two different mathematical mod-
els of the pumps were constructed —one for the lateral analysis
and one for the torsional analysis. The purpose of the lateral

analysis was to evaluate the pumps for damped and undamped
critical speeds and determine their sensitivity to destabilizing
forces. The torsional model was developed to evaluate the po-
tential for torsional vibration following the conversion to ASD
operation.

Lateral Analysis Results

For the lateral analysis, the pump was modelled as two sepa-
rate levels. The first level consisted of the motor shaft and rotor,
the rotor/pump coupling, the pump shaft, and the pump impel-
lers. The second level consisted of the motor casing and stator,
discharge elbow, and the entire pump column. These two levels
were analytically connected to each other via bearings, and the
entire structure was connected to ground via the discharge
elbow base. A typical vertical pump and associated modelling
stations are shown in Figure 2.
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Figure 2. Typical Modelling Stations for a Vertical Pump.

The lateral model was developed and run using the finite ele-
ment analysis tool for utility rotordynamic evaluation (FEA-
TURE). This computer program performs linear critical speed,
damped response, and stability calculations for a wide range of
rotor geometries, including multiple, concentric, counter-rotating
spools, and large, multispan, rigidly coupled rotors. A finite ele-
ment formulation gives the program numerical stability. This
computer code developed by the Electric Power Research Insti-
tute (EPRI) [2]. The analysis of the service water pumps was con-
ducted using guidelines established by EPRI specifically for
modelling vertically mounted pumps [3].

In general, a computer model is developed by first defining
the appropriate material properties used in the pump. These
properties include the modulus of elasticity, density, shear mod-
ulus and Poisson’s ratio. Each set of properties is assigned a ma-
terial number, for later reference by each segment of the model.

The pump/motor combination is then divided into levels. For
a vertical pump, this typically includes separate levels for the
rotating elements, the bowls and casings, and the outer enclos-
ing tube, if present. A series of locations are then selected along
the length of each level of the model. These locations divide the
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level into elements of finite length. These locations, or stations,
are typically chosen at:

* The ends of the model.

* Area of significant changes in cross section. In vertical
pumps, this is usually at all inline couplings, impellers, collars/
sleeves, motor shaft windings, and the coupling between the
motor and pump.

* Bearing and wear ring locations.

* Locations of likely forcing functions. This typically includes
the motor rotor, impellers and the coupling.

* Areas of changes in material properties.

The next step is to construct a tabulation which accurately
represents the rotor geometry and bearing coefficients. Each
element that has been identified must be represented by eight
parameters: mass (lumped at one end of the element), polar
moment of inertia of the mass, station length, mass diameter,
diameter of the effective stiffness of the mass, inner diameter,
and material reference number.

“Bearing” coefficients need to be developed at each location
the rotor is supported. This includes bearings, wear rings,
flanges, interlevel supports, the sole plate and any other method
of rotor support. If only undamped natural frequencies are of in-
terest, only stiffness properties are needed. For response
analyses and stability predictions, damping details are also
required.

Manufacturer’s catalogs generally contain the needed infor-
mation for most types of fluid film and rolling element bearings.
Computer programs are also available for both standard and
nonstandard bearings [4]. However, “bearing” properties of
wear rings and water lubricated bearings cannot be obtained
from commonly available sources, as most do not account for
axial pressure gradients across these devices. Accurate bearing
and wear ring coefficients can be obtained by using a theory
postulated by Black in the early 1970s, which computes dynamic
coeflicients both with and without the presence of an axial pres-
sure gradient. Black [5] describes the approach, and a 1988 re-
port [3] contains a computer program which applies this theory
to models of vertical pumps.

Cutless, or water-lubricated shaft bearings, represent another
challenge in modelling vertical pumps. To date, a rigorous ap-
proach for calculating stiffness and damping coefficients for
cutless bearings has not been developed. However, order of
magnitude stiffness approximations can be developed by using
bearing. deflection vs load information from the bearing man-
ufacturer. Direct stiffness values can then be calculated. It
should be noted, however, that other important factors such as
bearing clearance, temperature and rotational frequency are not
considered. Damping values can be approximated by applying
a loss coefficient to the stiffness value and dividing it by the
angular velocity. This procedure is also further explained in
a 1988 report to the EPRI [3].

An initial step in the lateral analysis of the service water
pumps was development of a critical speed map. The curves on
Figure 3 show undamped critical speeds for the first nine modes
predicted using typical support stiffnesses, which were varied
from 1 x 10% to 1 x 10° pounds per inch. This type of plot is
important to the dynamic analysis of a rotor-bearing system in
that it shows the “dynamic regime” in which the system is
operating. When the actual support stiffnesses curves are added
to a critical speed map, points at which the curves intersect indi-
cate the locations of the system’s critical speeds. Large motions
and forces may result at these speeds.

Critical speed maps can also be used to evaluate the effect of
changes in bearings stiffness. The predicted critical speeds are
presented in Figure 4 for four hypothetical cases which simulate
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Figure 3. Critical Speed Map.

various pump configurations and conditions. The four condi-
tions shown are as follows:

* Original pump, before modification to ASD operation

* Modified pump, with worn Cutless bearings and worn
packing

* Modified pump, with new Cutless bearings and worn packing

* Modified pump, with new Cutless bearings and new packing
The addition of two bearings, either new or worn (configuration
2 or 3 as shown in Figure 4), significantly increases the third and
fourth lateral modes of the pump.
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Figure 4. Predicted Critical Speeds for Various Pump Configuration.

.

In addition, when stiffness due to the stuffing boxes is consid-
ered (configuration 4), the third mode is moved above the
operating range of the pump. As these items wear, however,
their effective stiffnesses decrease. The result is that the modes
may fall back into the operating speed range. As described
below, the pumps are presently operating in a range that would
place them in the configuration 3-4 region.

A lateral stability analysis concluded that the pump should re-
main dynamically stable throughout its operating speed range.
For a newly installed pump (configuration 4), there are no pre-
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dicted damped natural frequencies present in the operating
range. Of interest, however, are the 1200 rpm logarithmic decre-
ments (log decs) predicted for the first (3 Hz) and second (7.5
Hz) natural frequencies. The log dec is a unitless measure of sta-
bility (i.e., the difference in amplitude between subsequent
shaft revolutions in response to an exciting force). Theoretically,
a machine will be stable if the value of the log dec s greater than
zero. This means that the observed amplitude decreases (de-
cays) between successive shaft revolutions. Values above + 0.4
are generally in the “safe” range. Values greater than 1 represent
“overdamped” modes, and generally are not detected in mea-
sured vibration. For values less than zero, the machine is likely
to be unstable and increasing levels of vibration can result. At
1200 rpm, the predicted log dec for the first two modes were
0.012 and 0.12, respectively, which indicates a positive but mar-
ginal level of stability. Of particular concern is the second (7.5
Hz) mode which could become a “half-times” (1/2 X ) frequency
at pump speeds in the 900 rpm range. Response to both first and
second natural frequencies has been observed in the vibration
data.

Torsional Analyses Results

The torsional vibration model consisted of a series of concen-
trated masses connected by massless springs. Results of the
analysis indicated two torsional modes of interest: one- within
the operating speed range at 1088 rpm and another slightly
above the pump operating range at 1274 rpm. The mode shapes
are presented in Figure 5. The third mode can be excited by nor-
mal amounts of synchronous force within the pump. The close
proximity of the fourth mode to the maximum pump operating
speed may result in some torsional response to full speed syn-
chronous vibration. The inherently low level of damping usually
found in torsional motion may further allow this mode to be ex-
cited.
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Figure 5. Predicted Torsional Mode Shapes.

INSTRUMENTATION

The vibration sensors selected to measure the operating per-
formance of the pumps were based on the results of the rotor-
dynamic analysis, past experience in vertical pump vibration
monitoring, and accessibility constraints. Accessibility restric-
tions precluded use of submerged shaft displacement sensors.
Displacement sensors were also ruled out because of concern
over the debris in the system that would result from disintegra-
tion of a sensor. The sensor types and locations used to monitor
the vibration performance of the service water pumps are shown
in Figure 6. The sensors were installed over a six-month period
as the pumps were taken off-line for maintenance.
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Figure 6. Sensor Placement.

MONITORING RESULTS

Baseline data for the service water pumps was tape recorded
during initial start-up of the pumps after conversion to ASD op-
eration. Following initial startup, both pumps have been moni-
tored and trended online by an unattended automated remote
monitoring system (ARMS). This remote system [6, 7] is used
to collect, analyze, and trend changes in vibration and perform-
ance parameters. Processed data is stored on the computer’s
hard disk. Spectral information and reports of changes and
trends in specific frequencies are transferred from the plant to
offsite personnel via floppy diskettes for future analysis. The sys-
tem also has the capability of transferring this data via modem
and standard telephone lines.

Continuous vibration monitoring can result in mountains of
data. An important feature of a monitoring system should be its
ability to screen incoming data and store only meaningful
changes in the spectra. The function of the remote monitoring
system was used to monitor the service water pumps is shown
in Figure 7. The system multiplexes to each selected sensorand,
as appropriate, sets the antialiasing filter and sampling rate to
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the proper frequencies, samples the data a user-specified
number of times, and calculates an FFT. This sampling/FFT cal-
culation is repeated a prespecified number of times. The FFTs
are then averaged and stored. The averaged levels are then com-
pared with previous levels. Those frequencies which have var-
ied more than a prespecified amount are saved in trend and re-
port files. The system then automatically multiplexes to the next
sensor. The most recent spectra and all trend and report files are
available to the user locally or can be off-loaded for further
analysis. In addition to vibration sensors, the monitoring system
also acquires data from various performance sensors to help as-
sess the overall performance of the pumps.
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Figure 7. Operation of Remote Monitoring System.

Initial startup of the altered pumps disclosed a 1/2 running fre-
quency component at maximum speed, principally at the motor
upper bearings in both pumps. This subsynchronous frequency
was not present at initial (cold) startup, but would soon appear
and slowly vary in amplitude. While the levels on one pump
(three mils, peak-to-peak displacement vs 0.5 mils at running
frequency) were of some interest, the levels on the second pump
(30 mils vs 2 mils at running) were of major concern. Several po-
tential causes included instability in these plain sleeve bearings,
oil whirl/whip, or a rub in the bearing area. In addition, plant
personnel believed the high levels were perhaps caused by
motor electrical problems. Subsequent rework of the second
pump’s motor upper bearing has reduced the 1/2 per rev fre-
quency at maximum speed to less than one mil. The motor bear-
ings from the first pump were also reworked, and the result has
been lower 1/2 per rev vibration.

Typical once/rev vibration response of the pumps as a function
of running speed is shown in Figure 8. The increase in mid-span
vibration at high running speeds is attributed to once/rev excita-

tion of the pumps’ third natural frequency. Analytically, this
mode was predicted at 23 Hz for a newly modified pump (Figure
4). It was also postulated that the frequency for this mode should
decrease as the pump wears. Test data shows that this frequency
varies between 19 Hz (Figure 9) and 23 Hz. At 20 Hz and below,
the natural frequency is within the pump’s running speed range,
and large forces can result. This change in resonance is attri-
buted to the submerged depth of the pump, which varies as a
function of the tide level in the East River. This alters the effec-
tive stiffness and damping present at the bottom end of the
machine. The importance of measuring vibration within the sub-
merged portion of the pump, is also shown in Figure 8. The
pumps’ exposed sensors do not detect the submerged vibration
associated with this mode.
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The typical torsional response of the pumps as a function of
pump speed is illustrated in Figure 10. This data is of special in-
terest as it shows a peak response in the 1100 rpm range, and
increasing response at maximuim speed. These frequencies cor-
relate well with the predicted torsional natural frequencies.

Before all sensors were installed, the shaft in one of the pumps
failed at a notch between the two pump stages. Investigations
concluded that the failure, which occurred after only 1000 hours
of operation, was due to shaft bending stresses and an associated
concentration of stress at the notch. We believe the lateral and
torsjonal response encountered at fast pump speeds (required
during summer operation) hastened the failure. The replace-
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Figure 10. Torsional Vibration vs Speed.

ment shaft was manufactured without the notch. In cooler
weather, the pumps typically run in the 700-900 rpm range. No
subsequent problems have been encountered. Both pumps are
now fully instrumented and the monitoring is continuing.

RESULTS OF WORK ACCOMPLISHED

Analytical modelling and experimental testing of the modified
pumps indicate that:

* The pump responds to a torsional natural frequency in the
1050-1120 rpm range.

* Depending on operation conditions (i.e., tidal height), alat-
eral natural frequency exists in the 1150-1200 rpm range.

* At speeds above 1150 rpm, a one-half running speed fre-
quency is present in the pumps’ vibration signature.

The following recommendations have been made:

* Avoid prolonged pump speeds above 1000 rpm.

* Continue to monitor the pumps for changes in operating
profile.

* Use the computer models for guidance to evaluate design
changes, including adjusting torsional and lateral resonances by
adding another cutless bearing, changing the shaft diameter
and/or modifying coupling properties.

These recommendations are presently under consideration.
It is expected that the monitoring system will enhance the
plant’s ability to operate the pumps based on an accurate assess-
ment of their mechanical condition.
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