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Abstracts
Tarapur Atomic Power Station 1&2 (TAPS # 1&2) is a twin Boiling Water Reactor (BWR) nuclear power station, with each unit operating
at 160 MWe. Both the units were commissioned in November 1969 and completed about 40 years of operation. Nuclear power plant operation
requires reliable and continuous operation of equipments confirming to its design intent. These equipments include rotating equipment (such
as pumps, compressor, turbine generator, fan etc) and static equipments (such as heat exchanger, reactor vessel). TAPS has adopted reliability
centered maintenance (RCM) policy for rotating equipments. To execute RCM performance data such as operating parameters, vibration,
bearing temperature, noise, speed and current are monitored. Based on parameters condition assessment of equipment is done. This allows
us to schedule the maintenance programme or other actions to be taken before the failure occurs to avoid the consequences of failure. It
is typically much more cost effective than allowing the machinery to fail. By following these tools TAPS has been able to operate in safe,
efficient and economical manner. For judging rotating equipments condition, vibration monitoring and its signature analysis has significant
contribution. TAPS has solve many uncommon problem of rotating equipment during last 15 years such as rectification of turbine generator
thermal sensitivity, rectification of high pressure multi stage pump high noise problem, rectification of vertical turbine pump high vibration
problem and many more. This paper depicts an overview of TAPS condition monitoring and performance evaluation on the basis of vibration
signature analysis of rotating equipments at TAPS 1&2 with some case studies

Maintenance (RCM) policy for rotating equipments. To
execute RCM, performance data such as operating
parameters, vibration, bearing temperature, noise, speed and
current are monitored. Based on monitored parameters
condition assessment of equipment is done. This allows

1. Introduction

Tarapur Atomic Power Station is a two-unit Boiling Water
Reactor (BWR). It is a dual cycle, forced circulation boiling
water reactor producing steam for driving steam turbine. The
plant schematic diagram is shown in Fig.1. TAPS is designed
to produce 210 MWe but due to operational problem plant
is re-rated to 160MWe since 1985 by isolating secondary
cycle (Blue line in Fig. 1 showing secondary cycle). A nuclear
power plant requires operation in highly safe and strict
regulatory environment. Safe and reliable operation of plant
equipments need continuous monitoring and regular
inspection to evaluate deficiencies so that appropriate design
modification or maintenance activities can be taken-up in
conservative manner to improve the equipment life and
system performance. In nuclear power plant operation, many
important types of equipment are not accessible due to
radiation hazard and operational/ technical specification
requirements. There is also strict control over the outage
period of the equipments which are important for the safe
operation of the nuclear power plant. With all these
consideration, in order to maintain safety, reliability and high
plant load factor, continuous operation of equipments
conforming to its design intent is required. Hence a systematic
and structured maintenance program is necessary for to fulfill
above requirements. TAPS has adopted Reliability Centered Fig. 1
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scheduling the maintenance programme and to take corrective
action in time to avoid the consequences of failure, before
the failure occurs. It is typically much more cost effective
than allowing the machinery to fail. By following these tools,
TAPS has been able to operate in safe, efficient and
economical manner. For evaluating rotating equipments
condition, vibration monitoring and its signature analysis
has given significant contribution.

2. Reliability Centered maintenance (RCM)

Maintenance means correcting the deficiency of the
equipment after it stops functioning so that equipments
continue to do its intended function whereas reliability-
centered maintenance is a process used to determine what
must be done to ensure that any equipment continues to do
what its user want it to do in its present operating condition.
The RCM encompasses all types of maintenance philosophy
such as break down maintenance, preventive maintenance
and predictive maintenance. The RCM considers the function
and performance expectation of concerned equipment and
how its failure affects the plants availability and safety. It
also covers what can be done to predict or prevent failure.
The key issue is the reliability of the equipment and focus
on Root Cause Analysis of failure. TAPS has categorized the
plant equipments based on performance expectation and its
reliability requirement for high plant availability without
compromising on safety. Main categories are (i) Critical
(required for nuclear safety) (ii) Important (will affect
generation) (iii) Normal (their outage can be tolerated for a
limited period). Type of monitoring and maintenance is
decided based on the category of the equipment. TAPS has
adopted systematic condition monitoring programme for
rotating equipments such as pumps, turbine, compressor and
fans. The monitoring is done either fortnightly or monthly
depending on the category of the equipment. The
performance parameters are trended and if any deviation in
any of the parameter is noticed then detailed analysis is done
to identify the probable cause. Vibration is one of the
performance parameter which is monitored. The limiting value
of vibration is decided based on pre-operational data of
concern equipment or as per ISO-10816 or IS- 14817. If the
vibration level is more than the limiting value or appreciable
increase in the vibration level observed between two
consecutive monitoring than vibration signature analysis is
done.

3. Vibration Signature Analysis

Vibration is a cyclic or pulsating motion of a machine or
machine component from its point of rest. Vibration consists
of amplitude (viz displacement, velocity or acceleration),
frequency and phase. It represents a measurable symptom of
a problem associated with rotating equipment which results
in destructive mechanism such as fatigue, stress or wear of
concern equipments. The nature of the developing fault has
unique vibration characteristics and will be determined by
comparing the vibration amplitude, phase and exciting
frequencies in different radial directions of rotating
equipment.

The worst problem usually dominates the vibration.
Vibration of rotating equipments consists of different exciting
frequencies. So, the time domain spectrum will be very
complex to analyze. To simplify analysis, Fast Fourier
Transformation is applied on the time waveform. FFT is a
mathematical algorithm that synthesizes the complex time
waveform into individual sinusoidal waveform contents. For
each sine waveform, amplitude and period of vibration can
be calculated. In turn from period of vibration, frequency of
vibration can be calculated. This information is then
displayed in a different format with frequency in X axis and
amplitude in Y axis.

This representation is known as vibration spectrum,
frequency spectrum, FFT spectrum or vibration signature. A
typical vibration spectrum is shown in Fig. 2. Many methods
are available for vibration analysis such as Bump test, Bode
Plots, Polar Plots, Cascade or water fall plots etc. These
analysis tools are helpful in identifying the probable cause
of high vibration and also help to decide line of action. The
following paragraphs give two case studies of long pending
problem of TAPS solved by systematic vibration analysis
and illustrate the importance of vibration signature analysis
in solving these problems.

4. CASE-1: Rectification of Unit#1 turbo-
generator thermal sensitivity problem

Tarapur Atomic Power Station (TAPS) # 1&2 has two
turbo-generators of 210 MWe capacities each. Both the
turbines are tandem-compounded, impulse type, with one
High Pressure (HP) and one Low Pressure (LP) unit. HP
turbine is dual admission single flow type with 18 stages and
LP turbine is single admission dual flow type with 4 stages.
HP and LP turbines, generator and exciter are coupled in
tandem. The generator is a ‘star’ connected, 3 phase, 50
cycle, 1500 RPM, four pole machine with 248 MVA rating and
12 KV voltage. Generator stator and rotor windings are cooled
by hydrogen. Generator casing hydrogen pressure is
maintained at 1 Kg/cm2. Turbine-generator is supported by
six hydrodynamic journal bearings. Bearings # 1&2 are for
HP turbine, Bearings# 3&4 are for LP turbine and Bearings
#5&6 are for generator. Vibration sensors are installed at
each bearing to monitor turbine-generator shaft vibrations.
As per the original design, one seismically mounted, contact

Fig. 2
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type shaft riding velocity probe is installed on each bearing
for the continuous monitoring of shaft vibrations. In addition
to this, two non-contact type proximity probes of M/s
Bentley-Nevada make are also installed in the X-Y direction
on each bearing. Recorders are provided in control room for
the continuous monitoring of turbine generator. If the
vibration level exceeds the limiting value of 5 mils (127
microns), recorders will give high vibration alarm in control
room to alert the operators to take appropriate corrective
actions. In addition vibration monitoring is done monthly by
portable vibration meter/ analyzer.

In the year 1996, Unit #2 generator rotor developed
ground fault. Since Unit #1 was under outage, Unit #1
generator rotor was installed in Unit #2 for early restart of
Unit #2. After repair of failed generator rotor removed from
the uni#2 it was installed in unit#1. After swapping the
generator rotors, Unit #1 turbine generator shaft vibrations
gradually increased to 5.6 mils (140 microns) at 160 MWe
generation. Casing vibrations were 5 mils (127 microns) and
foundation vibrations were 3.7 mils (93 microns). (Table 1)

The vibration signature revealed that predominant
frequency of vibration is 1×RPM and increase in the vibration
of bearing #5 and bearing #6 was noticed as generator output
was increases from start to full power. All these information
suggest the high vibration was due to thermal sensitivity. In
the mean time grouting repair of turbine generator concrete
foundation and dynamic (trim) balancing of generator rotor
was done to reduce the vibration level to some extent. After
these works vibration level on bearing # 6 reduced to 4.8 mils

at 160MWe. This had also given some times to decide when
to do the generator repair work. Since generator repair work
require large outage period so, it was decided to plan the
generator rotor pulling for repair during up-gradation outage
period Oct 2005 - Feb 2006.

During this period regular monitoring of turbine
generator vibration was done. However, vibration level on
bearing #6 gradually increased from 4.8 mils to 6 mils.

Generator rotor thermal sensitivity is a phenomenon
which may occur on the generator rotor causing the rotor
vibration to change as the field current is increased. The
thermal sensitivity can be caused by an uneven temperature
distribution circumferentially around the rotor, or by axial
forces which are not distributed uniformly in the
circumference. The primary driver of this second cause is the
large difference in coefficient of thermal expansion between
the copper coils and the steel alloy rotor forging and
components. If the rotor winding is not balanced both
electrically and mechanically in the circumferential direction,
the generator rotor will be unevenly loaded which can cause
the rotor to bow and cause the vibration to change. A
thermally sensitive rotor is characterized by a once-per-
revolution frequency response signature due to a change in
the rotor balance arising from the rotor bow. Probable causes
of thermal sensitivity in the generator are a) Blocked rotor
ventilation holes or non-uniform circumferential cooling,
b) variation of inter-turn insulation c) Retaining ring/centering
ring assembly movement d) Heat sensitive rotor forging
e) Tight slot.

Table 1

Year Date
Generation

in Mwe
B#1 B#2 B#3 B#4 B#5 B#6 Remarks

1995
20-Feb-95 160 1.5 2.5 1 0.8 2 2.5

02-Jun-95 157 1.2 1.8 1.3 0.8 2.2 2.8

1997 12-Sep-97 160 0.4 1.5 1.8 1.2 2.8 5.8

1998 31-Mar-98 160 0.5 1.8 2 0.6 2.5 6.2

2000 01-Feb-00 163 1 2.5 2 2.5 6 5

Before swapping of
unit#1 and Unit#2
generatorrotors

After swapping of
unit#1 and Unit#2
generator rotors

Table 2

Year Date
Generation

in Mwe
B#1 B#2 B#3 B#4 B#5 B#6 Remarks

2000 13-Jun-00 160 0.6 1.5 2 1.8 3.8 4.8

2001 03-Mar-01 160 6 1.8 1.8 2 4.2 5.2

2002 19-Aug-02 165 1 2 1.6 1.6 3 3.2

2003 12-May-03 160 1.5 1.5 2.5 2 4.5 5

2004 30-Dec-04 160 1.4 1 2.6 3.4 5.4 6

After dynamic (trim)
balancing and putting
1.975 kg on the
generator fan ring at
the exciter end at 265o

location in the
direction of rotation.
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In the year 2005-06, during the Unit #1 outage for plant
safety upgradation, station could rectify the problem. Details
of the works carried out are described in this report. Rotor
was pulled out for inspection and repair. Retaining rings were
removed for inspection of overhang and inter-turn insulation.
Inspection and thoroughness check of Unit #1 generator
rotor ventilation holes were carried out during the unit outage
and generator retaining ring inspection was also done.

Following were the salient observations and corrective
actions taken.

1. In generator rotor winding slots # 1&40 (Coil#1) inter-
turn insulation, which was replaced in the year 1988-89
after rotor ground fault, got displaced and hence it was
blocking the ventilation holes.

2. Rotor composite insulation of slots 1&40, 29&32 and
28&33 was replaced with new insulation material of 0.3
mm ((12 mils) thickness, which is comparable with the
original GE make inter-turn insulation of 0.33 mm (13
mils) thickness. Summary is given below: -

Coil Slot Thickness of existing Thickness of
No. No. inter-turn insulation (mm) replaced interturn

insulation (mm)

1 1 & 40 0.50 0.30
(Installed in 1988-89) (Replaced in 2005-06)

2 29 & 32 0.35 0.30
(Installed in 1996-97) (Replaced in
Sandwiched insulation 2005-06)

of 0.15 /0.05/0.15 mm

3 28 & 33 0.35 0.30
(Installed in 1996-97) (Replaced in
Sandwiched insulation 2005-06)
of 0.15/0.05/0.15 mm

3. All the ventilation holes were checked after repair for
thoroughness and found to be free from any
obstruction.

4. After removal of retaining ring liquid penetrant
examination and ultrasonic examination was done to
check its healthiness and its condition was found to be
OK in all respect.

5. High vibration of Unit #1 turbine generator was due to
thermal unbalance in the rotor, caused by rotor bowing.
The rotor bowing is either due to uneven cooling of
rotor or inter-turn shorting due to presence of copper
dust or variation of inter-turn insulation.

Variation in inter-turn insulation type and thickness
causes uneven friction forces between the coil and insulation.

Fig. 4

Fig. 5

Fig. 6

Fig. 7
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This result in variation of coil expansion in the axial direction
due to increase in field current and causes uneven loading
on the generator retaining ring subsequently rotor bow.
Uneven cooling of rotor was due to blockage of ventilation
holes in the rotor caused by the displacement of inter-turn
insulation.

In view of above taken actions, Unit #1 turbine generator
vibration values are expected to be low. Therefore, on
25.01.2006 the balancing weight of 1.957 kg was removed
from the generator fan ring at exciter end, at 265o location in
the direction of rotation.

4.1 Performance of turbine generator after maintenance

After completion of above work, Unit #1 turbine
generator was synchronized to grid on 16.02.2006. Vibration
performance of the turbine generator was closely monitored
during the start-up, at no load and at different loads up to
160 MWe (Refer Fig: 7A & 7B).

All the vibration values were found to be within the
acceptable limit. Bearing # 5 vibration was 1 mil (25 microns)
and Bearing #6 vibration was 3.0 mils (76 microns) at 160
MWe. Also at Bearing #5, the maximum bearing casing
vibration was 0.7 mils (17 microns) in the vertical direction.
Similarly, at Bearing #6, the maximum bearing casing vibration
was 2.2 mils (55 microns) in vertical direction. The generator
foundation vibration has reduced from 2.9 mils (73 microns)
to 1.5 mils (38 microns). All the vibrations are satisfactory
and long pending high vibration problem of unit#1 turbine
generator is successfully solved.

5. Case: II Rectification of High Noise Problem
of High Pressure Multistage Pump

Reactor water chemistry is continuously maintained by
reactor clean-up system and this system consists of heat
exchangers, clean-up demineralizer, filters and pumps. Reactor
clean-up recirculation pump of unit#1 1NDO6C was having
high noise problem since long time. The noise level near to
its suction line was in the range of 105 dBA. This pump is
M/s KSB make Horizontal 7 stages centrifugal modular design
pump, with mechanical shaft seal and is driven by 220 HP,
1500 rpm motor (Full load amps-290 amps). Power is
transmitted to pump by gearbox. Pump rotating speed is 5130
rpm. The pump rated capacity is 27 cubic meter / hour at 800
meter head total developed head (450 LPM at 830 meter
head). This pump is running parallel to the pacific pump.
This pump was having high noise near to pump suction
nozzle in the range of 106 dBA. In view of its high noise
problem rectification, various studies were done. Detailed
vibration and noise measurement was carried out on pump
1NDO6C and its suction line of unit#1 in all direction three
directions in consultation with RED, BARC- Mumbai on 23rd

June 2005 and these data was compared with Unit#2 pump
of same make.

Following observations were noticed:

l Overall vibration of suction pipeline varied between 20
to 50 mm/sec (peak) at different locations.

l This was higher than the 12 mm/sec acceptable limit for
piping vibration as per ASME O & M code for nuclear
piping.

l The vibration amplitude corresponds to pump rpm 87.5
Hz was very low. Whereas vibration peaks of high
amplitude found at 365.2 Hz, 1 KHz, 1.5 KHz etc and
these frequencies were not the harmonics of pump
speed. These could be some of the high frequency
piping mode getting excited due to turbulent flow (Refer
fig:8).

l Vibration on and around the pump was low as compared
to vibration on the suction line and bends in the piping.

l Discharge line vibration is lower than the suction line
vibration.

l In the suction line near the bend prominent frequency
peaks were at 325, 337, 362, 637, 700 Hz with different
amplitude.

l The noise level around the suction line of pump 1NDO6C
was in the range of 105 to 110 dBA whereas noise
around suction line of other unit pump (2NDO6C ) was
94 dBA.

Overall vibration in the suction line of 2NDO6C was low
in comparison with vibration of suction line of 1NDO6C. The
prominent frequency peaks in the spectrum were at 87.5, 216,
512 Hz of low amplitude.

The suction and discharge nozzle of the pump is directly
connected with elbows through a very small spool with
length of 2.5 inches whereas same spool length in 2NDO6C

Fig. 8

Fig. 9
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is approximately 6-8 inches. As per pump standards the
straight pipe length after bend/elbow is required to have
length of 5 to 10 times pipe diameter to ensure stream line
flow to pump suction.

Based on above observations its was inferred that high
noise and high suction pipe vibration was due two phase
flow or turbulent flow which excite the piping shell mode. So,
re-routing of pump suction line at the take-off point was
done to minimize the possibilities of two phase flow due to
its inverted U-type pipe line near to take-off point and also
straight spool length between suction elbow and suction
nozzle increased from 2.5 inches to 22 inches to minimize
turbulence at pump suction. Same modification is shown in
the Fig. 9. After above modification the sound level was
measured for different flow. In normal condition sound level
was found to be 102 dBA. But when flow was reached to 490
dBA sound level reduced to 97 dBA. In Dec 2006 sound level
was again measured and sound level was found to be 105
dBA.

For further study and analysis of same expert from RED,
BARC visited TAPS on 22.01.09. Two probes were fixed on
the suction side pipe flanges of 1NDO6C & 2NDO6C, to
obtain real time frequency spectrum. The measured vibration
signature on the suction line of both pumps was compared
(refer Fig. 10). It was observed that the spectral content in
the suction line of 1NDO6C had high amplitude up to
13.5KHz. Some of the dominant peaks were 681.12 Hz, 2.775
KHz and 8.1375 KHz. These frequencies appear to be some
of the higher shell modes of pipe which were excited by the
flow. These shell modes can be physically felt on the piping.

These responses inferred that either pump was
cavitating or there was two phase flow of very high velocity.

During condition monitoring of clean up pump
1NDO6-C on 08.06.07 it was found that vibration at pump
out-board bearing in vertical direction (POB(V)) increased
from 5.0 mm/sec to 13 mm/sec Due to increase in vibration,
daily monitoring of pump 1NDO6-C performance parameter
was done.

Subsequently vibration signature was also taken.
Vibration was in the range of 10-11 mm/sec at POB (V) till
12.06.07 and predominant vibration frequency found to be at
1×RPM. On 15.06.07 pump vibrations were again measured
and maximum vibration was found to be 21mm/sec at POB (V)
and 14 mm/sec at PIB (H). So, there was significant increase
in vibration amplitude. Due to this vibration signature was
again taken and it was found that predominate vibration
frequency was at both 1×RPM and 2×RPM.

l Again pump performance parameter and vibration was
taken for different discharge flow condition.

l There was no change found in vibration level. Probable
causes of high vibration were either rubbing or
amplification of unbalance forces due to mechanical
looseness or both. This caused deterioration of pump
and result in increase in vibration within a short span
of time. After review it had been decided to replace the
1NDO6C pump barrel assembly with spare barrel
assembly to prevent further deterioration.

l After old pump barrel assembly removal visual
inspection was done and following observation were
the made:-

l This pump has balancing drum, which is keyed to shaft,
to balance the pump axial thrust and water from the
radial clearances between balancing drum and balancing
sleeve is continuously discharge to the suction line
near to pump suction nozzle of pump by a ½” SS line
to maintain the required pressure at balancing drum.

l This ½” SS line is connected to the pump suction line
by thread-o-let with restricted orifice and this line joints
to pump suction has erosion (Ref Fig. 12A, B, E).

l Balancing drum discharge line had been disconnected
from the pump casing and pump suction line after
observing the above erosion at its discharge end to
pump suction line. Subsequently, heavy erosion was
noticed in the restricted orifice. (Ref. Fig. 12 C)

l Balancing drum which is keyed to the pump shaft has
serration that use as a pressure reducer when it is in

Fig. 10

Fig. 11
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assembled condition This serration was heavily eroded
in one half. No abnormalities were noticed in the
balancing drum sleeve. (Ref. Fig 12 D)

l There was scratch marks were found over the thrust
bearing pad. Rubbing marks were found on both PIB
and POB bearing metals and also scoring marks observed
on pump shaft PIB journal portion.

l 1st stage impeller of this pump had cavitation damage
at its entrance portion. There is rubbing marks also
found on the shaft under suction end. Similar rubbing
observed on pump suction casing throat portion.

The pump barrel was replaced with spare barrel assembly
and RO of balancing drum discharge line was replaced with
a new fabricated RO (RO material is SS 304) having orifice
size was 7mm. The size of RO was selected after measuring
the restricted orifice of other pump same make pump 2NDO6C.
After pump alignment to gearbox and motor the oil flow to
the bearings, coupling and gearbox was adjusted as per
manufacturer recommendation. Pump performance testing was
done after barrel assembly and RO replacement in both un-
coupled and coupled condition. In coupled condition
performance parameter was taken for different pump flow
condition.

Fig. 12

Fig. 13
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Following were the observations:-

l The pump performance parameter including sound level
and vibration was measured for different flow conditions
by keep other parallel connected in recirculation mode.

l The sound level near the pump suction flange is found
to be 97 dBA whereas before replacement sound level
was 105 dBA (This problem was persisting since many
years).

l The pump parameters are comparable with previous
commissioning data of pump.

l The vibration piping down stream of flow element in
pump suction line is reduced to 17 mm/sec earlier its
vibration was 30-50 mm/sec. (refer Fig. 13) When both
pumps 1NDO6B & 1NDO6C are operated with rated
flow, the performance data was collected and its
performance data are acceptable. Discharge pressure- 88
kg/cm2, Suction pressure-3.1 kg/cm2, TDH- 84.9 kg/cm2

Flow – 371 Lpm, Total system flow- 840 Lpm, Sound
level near suction flange- 97 dBA Maximum Vibration- 6
mm/sec at MIB (H).

l Pump high noise problem was solved to great extent.
This high noise problem was due to flow perturbation
in the pump suction which resulted in the cavitation of
1st stage impeller at its entrance. This perturbation was
caused by high pressure water entry in the pump suction
due to erosion of balancing drum serration which was
due to increase in radial clearances between balancing

drum and balancing sleeve. This caused high flow in the
balancing drum relieving line going to pump suction.
Erosion of restricted orifice and its joint to suction line
was due to high pressure differential and high flow
across RO. When this high pressure water mixed with
low pressure suction water than it generate pressure
pulses which excite the piping shell mode and resulted
in high noise.

6. Conclusion

Systematic vibration signature analysis has assisted in
solving the above specific cases of high vibration. So,
vibration signature analysis is very important diagnostic tool
for reliability centered maintenance.
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