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ABSTRACT

This paper documents the results of research done under the auspices of the
Nuclear Regulatory Commission Nuclear Plant Aging Research Program. It
examines the degradation imparted to safety related Auxiliary Feedwater System
pumps at nuclear plants due to the low flow operation.

The Auxiliary Feedwater (AFW) System is normally a stand-by system. As such
it is operated most often in the test mode. Since few plants are equipped with full
flow test loops, most testing is accomplished at minimum flow conditions in pump
by-pass lines. It is the vibration and hydraulic forces generated at low flow
conditions that have been shown to be the major causes of AFW pump aging and
degradation. The wear can be manifested in a number of ways, such as impeller
or diffuser breakage, thrust bearing and/or balance device failure due to excessive
loading, cavitation damage on such stage impellers, increase seal leakage or
failure, sear injection piping failure, shaft or coupling breakage, and rotating
element seizure.

INTRODUCTION

Auxiliary feedwater pumps (AUXFPs) are used in safety-related AFW Systems at pressurized
water reactor plants. The function of AFW pumps is to deliver water from either a condensate
storage tank or, as a backup, from the emergency service water system, to the steam generators.
The water that is pumped to the steam generators is evaporated, thereby removing decay heat
from the reactor coolant system.

The pumps are automatically started in response to several emergency conditions, such as low
steam generator level, a safety injection signal, and emergency bus undervoltage. However,
many plants also use the pumps in support of normal shutdown and startup sequences, since the
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main feedwater system pump capacity greatly exceeds demand during these conditions. The
other principal service seen by the pumps, is during testing.

The AUXFPs are multistage (normally 5 to 9 stages) high-head centrifugal pumps, normally
driven by motors or turbines. Rotating speeds for the motor-driven pumps are nominally 3550
rpm, while those for turbine-driven pumps are routinely closer to 4000 rpm. Rated pump
deliveries range from roughly 200 to 1200 gpm.

Much of the operation of AUXFPs is at low-flow conditions. Once the reactor has been shut
down, the reactor decay heat generation rate and the attendant AUXFP flow requirement drop
exponentially. For example, if full pump capacity is required to remove all decay heat at ten
minutes after a reactor shutdown, just over a third of the pump capacity would be required for
heat removal after five hours. Of course the heat removal requirements during reactor startup
following an outage are insignificant relative to typical pump capacity. As a result, much of the
pump operation in support of these startup and shutdown evolutions is essentially at minimum
flow.

Many of the AUXFPs are provided with relatively low minimum flow line capacities, typically
in the range of 5 to 10% of best efficiency point flow. The pumps are normally tested under
minimum flow conditions. Testing is conducted, per plant Technical Specifications, on a
monthly or quarterly basis. In addition, automatic start testing is normally required to be
conducted every eighteen months.

The minimum flow provisions for many of these pumps are not adequate to support continuous
operation. The installed miniflow lines were, in most cases, intended by the pump
manufacturers to be used just during pump starting and stopping. However, the required testing
as well as the necessity of using these pumps for plant startup and shutdown support has resulted
in a considerable amount of operation at low-flow conditions. Operation at low flow results in
accelerated wear of the pumps due to vibration associated with the hydraulically unstable
conditions. The wear can be manifested in a number of ways, such as impeller or diffuser
breakage, thrust bearing and/or balance device failure due to excessive loading, cavitation
damage on suction stage impellers, increased seal leakage or failure, seal injection piping failure,
shaft or coupling breakage, and rotating element seizure.

This paper discusses pump design, historical operating experience, and testing and inspection
methods. Examples of operating problems that have been experienced and potential design
modifications are provided.

1. PRINCIPAL TYPES OF AUXILIARY FEEDWATER PUMPS

AUXFPs (Auxiliary Feed Pumps) for PWR systems are basically small boiler feed pumps
used in small-capacity mostly older, fossil fuel electric generating plants. Thus, they retain most
of the design features, plus the potential operating and reliability problems inherent in the



feed water pumps.
AUXFP configurations are all multistage with low specific-speed, high head-per-stage

(HHPS) impellers, having either vane-diffuser or volute collection chambers at the discharge
section of each stage. The overall construction is always an axially (horizontal) split outer
casing with internal stage-to-stage connecting flow passages (see Figs. 1-3).

More specific details of configuration vary considerably from vendor to vendor. Even
within the array of available designs from a single manufacturer, there can be a considerable
variety of construction details. The main factor that determines these more specific
configuration details is the design approach used in handling the very large axial thrust forces
on the rotor, which arise as a natural by-product in HHPS (High Head Per Stage) centrifugal
pumps. A second factor is the design approach used to avoid cavitation in the inlet (suction),
that is, single-suction (Figs. 2 and 3) or double-suction (Fig. 1) inlet stage.

Some manufacturers use a configuration with all stages positioned in the same axial
direction (Fig. 3 called "in-line" type). Other manufacturers use a configuration with the stages
on one-half of the shaft axially opposed to those on the other half of the shaft (Figs. 1 and 2,
called "opposed" type) for thrust cancellation. The basic difference between these two
configurations involves the previously referenced different design approaches to handling the
very large axial thrust loads inherent in multistage HHPS centrifugal pumps. Opposed type
configurations (i.e., thrust cancellation approach) are often designed with only a thrust bearing.
In-line type configurations are always designed with an additional thrust balancer of either
"balancing drum" type or "balancing disk" type.

Plants have traditionally been configured with two or three AUXFPs per pressurized-
water reactor (PWR). In most plants, one AUXFP is steam turbine driven unit has the
advantage of variable speed, and the maximum design operating speeds are generally in the
4000- to 5000-rpm range. The motor-driven units are usually designed for two-pole induction
motor speed and powered from standby diesel-driven generators. Some plants also empty a non-
safety-related, "startup" AUXFP and use it for all normal plant startup, shutdown, and
nonemergency service. However, the Plant Technical Specification requires readiness testing
of nuclear class (N-class) AUXFPs at least every 3 months.

The rated discharge pressure for nuclear plant AUXFPs ranges from 1100 to 1500 psig.
The rated capacity ranges from 200 to 1000 gal/min. However, rated head and capacity are
generally pegged to the best-efficiency-point (BEP) flow at a given speed, and AUXFPs are
required to operate over a wide range of percent BEP flow. They are typically required to
operate from 10 to 140% of BEP capacity. This is considered a rather abusive operating
requirement from the point of view of acceptable practice for main feedwater pumps.

AUXFPs are used to supply feedwater to the steam generators under plant startup,
shutdown, and emergency conditions. These pumps have a BEP (Best Efficiency Point) flow
at any operating speed, and if used in a continuous operating mode, normal delivered flow is
between 50 and 120% of the BEP flow. However, the AUXFP application is by definition a
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transient operational mode, that is startup, shutdown,2 and emergency. Thus, there are basically
two operating regimes: (1) standby and (2) normal. Normal includes any flow from shutoff or
bypass flow to full run-out flow. Alternately, if the term "normal operation" pertains to that
regime in which the pump resides most of the time, then normal operation would be the standby
condition, and any condition under which the AUXFP is pumping would be considered off-
normal.

It is therefore more rational to categorize operating regimes in a manner that is most
relevant to aging and wear factors. For that reason, the following are the defined operating
regimes: (1) standby (i.e., 0 flow), (2) 0 to 50% BEP Flow, (3) 50 to 120% BEP flow, and (4)
120% BEP flow to full run-out flow (typically 150% BEP flow). The relative importance and
relevance of some operational stressors will be different for each of these defined operating
regimes.

2.1 Pump Operating Information for Each Regime

The following operating parameter ranges are based on a representative number of plants
listed in Table 1.

Table 1. Examples of typical AUXFP BEP operating parameters

Power plant
Number
of

stages

Speed
(rpm)

Flow
fgal/min)

Suction
(psig)

Discharge
(paig)

TVA Sequoyah
TVA Sequoyah
North Anna 1 and 2
North Anna 1 and 2
TVA Watts Bar 1 and 2
TVA Watts Bar 1 and 2
Seabrook 1 and 2
Shearon
Shearon
Ginna 1
Maine Yankee
Maine Yankee
Donald C. Cook Station
Donald C. Cook Station
Beaver Valley Station
Arkansas Power and Light Co.
Three Mile Island
Three Mile Island

5
9
6
8
6
9
9
9
9
10
5
8
6
8
8
9
8
6

3950
3570
4200
3560
3850
3577
3577
4400
3550
3560
4400
3575
4350
3560
35bO
3560
3560
4250

920
440
7 35
370
1000
500
500
850
425
200
530
500
900
450
370
780
470
940

25
25
-2,6
-2.6
10
10
10
0
0
23
0
0
25
25
0

60
23
23

1120
1252
1216
1216
1277
1277
1277
1270
1270
1475
1095
1095
1195
1195
1165
1172
1128
1128

2In some plants, startup and normal shutdown are handled by a
separate (nonclass) motor-driven pump, frequently referred to as
the auxiliary feedwater backup pump, or startup AUXFP.



1. BEP flow, 200 to 1000 gal/min;
2. BEP discharge pressure, 1100 to 1500 psig;
3. available suction pressure, -2.6 to 60 psig;
4. speed, 3560 to 4400 rpm;
5. shutoff head, 115 to 130% BEP head; and
6. pumped water temperature, 60 to 125° F.

These BEP parameter values provide the essential quantitative information for each
regime.

2.2 Pump external environment

1. Indoor installation;
2. atmospheric pressure;
3. temperature, 60 to 105°F;
4. 40-year cumulative radiation, 200 rads;
5. pumped fluid not expected to be radioactive; and
6. maximum relative humidity, 100%.

2.3 Stressor Description

Mechanical

1. Torque transmitted loads (static and dynamic),
2. assembly (fastener) loads,
3. rotor-dynamic loads (e.g., unbalance),
4. piping forces,
5. seismic loads, and

6. vibration (for all sources).

Hydraulic

1. Hydraulic loads (static and dynamic).
2. fluid impingement,
3. internal pressure, and
4. cavitation.

Tribological

1. Rubbing between rotating and nonrotating members,
2. bearing lubricant breakdown (viscosity and various chemical additive breakdowns),
3. surface fatigue (life limiting for rolling contacts and gears),
4. contamination and degradation of lubricant,



5. starts and stops,
6. fretting, and
7. surface oxide abrasive formation.

Chemical

Corrosive (oxidation) of 400-series stainless steels through chemical reaction with
stagnant water can produce an oxide surface scale. Chlorides and other feedwater impurities
have occurred from turbine condenser leakage and can increase the rate of this type of corrosion.
Furthermore, this chemical process can result in atomic hydrogen diffusing into the metal surface
to form molecular hydrogen that can cause surface "blisters."

Other chemical effects that may have influence are stress corrosion cracking, pitting, and
crevice corrosion. Stress corrosion cracking may occur, depending on the impurities present in
the water, but it is very unlikely to happen at the operating temperatures of these pumps. Pitting
is possible, depending on the type of impurities in the water and their concentrations; potential
pitting damage is projected to be small for AUXFPs, however. Crevice corrosion is another
possible factor, but because of the low impurity content and the relatively low temperature of
the water it is not likely to be significant.

2.4 Stressor Influence

The pump has been subdivided into five major segments: rotating elements, nonrotating
internals, pressure-containment casing, mechanical subsystems, and support base. Each of these
segment categories is further broken down into individual components listed below.

Pump segment Parts

Rotating elements Shaft Thrust runners3

Impellers Fasteners
Miscellaneous spacers

Nonrotating internals Diffusers or Wear surfaces
volutes Fasteners
Return channels

3A thrust runner (also called a thrust collar) is the rotating
part captured by a double-acting oil-film thrust bearing. In
addition, the rotating part of a balancing disk assembly is called
a thrust runner. In many AUXFPs, these two components are
superseded by the use of a ball bearing for carrying axial thrust
loads.



Pump segment Parts

Pressure-containment Upper casing Suction and
casing Lower casing discharge

Fasteners nozzles

Mechanical subsystems Thrust bearing Thrust balancer
Radial bearings Coupling
Shaft seals Fasteners

Support Base frame Fasteners

The particular stressors that are significant to each part are enumerated in the following
subsections, segment-by-segment. The relative importance of some stressors is a significant
function of the particular operating mode. The single potentially important chemical stressor
previously listed is carried through this document as a tribological stressor because its relevance
to wear, aging, and failure modes stems from the abrasive surface oxides and blisters that might
potentially be formed while the pump is on standby.

2.4.1 Rotating Elements

Shaft

Mechanical stressors: Transmitted torque, fastener loads, rotor-dynamic loads

Hydraulic stressors: Hydraulic loads

Tribological stressors: Rubbing between rotating and non rotating members, bearing lubricant
breakdown, dirt in lubricant, starts and stops, surface oxide abrasives

Mechanical stressors: Transmitted torque, assembly loads, rotor-dynamic loads, vibration

Hydrodynamic stressors: Hydraulic loads

Tribological stressors: Fretting

2.4.2 Support

Base Frame

Mechanical stressors: Assembly loads, piping forces, seismic loads, vibration



Hydraulic stressors: None

Tribological stressors: None

2.4.3 Fasteners

Mechanical stressors: Assembly loads, seismic loads, vibration

2.5 Operating Regimes

The influence of stressors is described in Tables 2-5. Each of these tables pertains to
specific pump segment as previously defined. Each segment is broken down into specific parts,
and each operating regime.

The relevant stressor influence identified for the standby condition is abrasive surface
oxide and blister formation. However, the potential wear mechanism resulting from this would
arise when the pump is operated, not at standby per se. Also, this is the single significant
chemical stressor identified subsequently herein referenced as a tribological stressor due to its
relevance primarily as a potential wear accelerator at close running clearances.

The approach to AUXFP usage adopted in at least one of the newest plants (Palo Verde)
is the use of an electric-motor-driven nonclass pump (of similar if not same design as AUXFPs)
for startup an shutdown service. This approach renders the AUXFPs on standby at all the time,
except for occasional short duration testing. This approach, which clearly tends to preserve the
AUXFPs for true emergency service, probably also reduces operating costs.



Table 2» Stressor influence on rotating elements

Part

C

Shaft

Impellers

Miscellaneous
spacers

Thrust
runners

Fasteners

Operating
regime

% BEP flow)

0-50

50-120
120-R.0.

0-50
50-110
120-R.0.

0-50

0-50

50-120
120-R.0.

0-50

50-120
120-R.0.

Mechanical

(1)

(I)
(1)

(1)
(1)
(1)

(1)

(1)

(1)
(I)

(1)

(1)
(1)

Stressor influence and remarks^

Hydraulic

(3) Hydraulic
dynamic loads

(1)
(3) Hydraulic

dynamic loads
(3) Cavitation

(1)
(3) Same as 0—50

(1)

(3) Hydraulic
dynamic loads

(1)
(3) Same as 0-50

(2) Hydraulic
dynamic loads

(1)
(2) Same as 0—50

(3)

(1)
(3)

(3)
(2)
(3)

(3)

(3)

(1)
(3)

(1)

(1)
(1)

Tribological

Rubbing at close-running
clearances due to hydrau-
lic-load-induced rotor
vibration

Same as 0—50

Rubbing at wear surfaces
Same as 0-50
Same as O-50

Rubbing at shaft seal
sleeve due to rotor
vibration

Rubbing due to hydraulic
loads

Same as 0--50

aTo indicate a relative measure of importance of each stressor category, an approximate
quantifier is shown as either low (I), medium (2), or high (3).

R.0. = run-out flow.



Table 3. Stressor Influence on nonrotatlng internals

Part

Diffusers or
volutes

Return
channels

Wear surfaces

Fasteners

Operating
regime

(% BEP fLow)

O-50

50-120
120-R.O.

0-50
50-120

120-R.0.

0-50

50-120
120-R.0.

0-50

50-120
120-R.0.

Mechanical

(1)

(1)
(1 )

( I )
(1 )
(1 )

(1)

(1)
(1)

(1)

( 0
(1 )

( 3 )

( 2 )
( 3 )

( 2 )
( I )
( 2 )

( 1 )

( 1 )
( I )

( 2 )

( 1 )
( 2 )

Stressor influence and remarks'1

Hydraulic

Unsteady flow
forces
Same as 0—50
Same as 0—50

Unsteady flow

Same as 0—50

Hydraulic
loads

Same as 0-50

(1)

( 1 )
(1)

(1)
(1 )
(1)

(3 )

(2)
(3)

(1)

(1)
(1)

Tribological

Rubbing due to rotor
vibration
Same as 0—50
Same as 0—50

a..,To indicate a relative measure of importance of each stressor category, an
approximate quantifier is shown as either low (1), medium (2), or high (3).

^R.U. = run-out flow.



Table 4. Stressor influence on pressure-containment casing

Part

Upper casing

Lower casing

Suction and
discharge
nozzles

Fasteners

Operating
regime

(2 BEP flow)

0-50

50-120

120-R.O.

0-50

50-120
120—R.O.

All oper-
ating
regimes

All oper-
ating
regimes

Mechanical

(I)

(1)

(1)

(1)

(1)
(1)

(1)

(1)

(2)

(1)

(1)

(2)

(1)
(1)

(1)

(1)

Stressor influence

Hydraulic

Near shutoff
head, over-
pressure may
cause casing
distortion
sufficient to
allow exces-
sive leakage
at casing split
line

Near shut-off
head, over-
pressure may
cause casing
distortion
sufficient to
allow excessive
leakage at cas-
ing split line

ami remarks3

Tribological

(1)

(1)

(1)

(1)

(1)
(1)

(1)

(1)

T o i n d i c a t e a r e l a t i v e measure of impor tance of each s t r e s s o r c a t e g o r v , an
approximate q u a n t i f i e r i s shown as e i t h e r low ( 1 ) , medium ( 2 ) , or high ( 3 ) .

5 R.O. = run -ou t f low.



Table 5. Stresaor Influence on mechanical subsystems

Part

Thrust
bearing

Radial
bearing

Thrust
balancer

Operating
regime

(X BEP flow)

0-50

50-120
120-R.O.

0-50

50-120
120-R.O.

0-50

50-120

Mechanical

(1)

(1)
(1)

(1)

(1)
(1)

(1)

(1)

Stresaor ini'

Hydraulic

(1)

(1)
(1)

(1)

(1)
(1)

(1)

(1)

luence and remarks3

Tribological

(3) Axial hydraulic load
(static and dynamic)

(1)
(3) Same aa 0—50

(3) Dynamic loads from
hydraulic forces

(1)
(3) Same as 0-50

(3) Radial and axial dynamic
loads can rause rubbing

(2) Static loaiis can increase

Seals

P "

a -

-for pack-
ing gland
type seals

- for mechani-
cal type
seals

Coupling

120-R.O,

0-50

50-120

120-R.O.

0-50

50-120
120-R.O.
All

(1) (1)

(3) pOvertight packing gland
causes excessive wear rate

(3) pSame as 0-50

(3) pSame as 3-50
(2) mExcessive vibration

(3) Axial rotor dynamic loads
originating at the
impellers

(1)
(3) Same as >-50

(3)

(3)

(2)

(1)

gradually with use as
wear-ring clearance
opens up via normal wear
Same as 0-50

^Excessive rubbing possi-
ble due to dynamic hy-
draulic forces
^Potential for oxide
abrasives to cause wear
under ail operating
regimes
pSame as 0-50

(3) ?Same as 0-50

(3) Axial rubbing between
raating teeth on gear
couplings

(n
(3) Same as 0-50
(2) Breakdown or loss or

lubr icant in gear cou-
pl ings

(2) Sunning time on l i f e -
' r a t e d p a r t s , f r e t t i ng

^To indicate a r e l a t ive measure of importance of eacn s t r e s s o r category, an approximate
quan t i f i e r is shown as e i ther low (1 ) , medium ( 2 ) , or hign i 3 ) .

R.O. =• run-out flow.



3. FAILURE CAUSES

Failure Modes are itemized in Table 6. Failure Modes and causes are summarized in
Table 7.

Table 6. Failure Modes

Failure mode Remarks

Failure Co operate Rotor does not rotate

Failure to operate Pump fails to provide required head-
as required capacity pumping characteristics

Critical parameter measurements
outside acceptable ranges

External leakage Escape of contained medium from
component boundary

3.1 Causes of Failure to Operate

Material lodging in rotor clearance spaces can precipitate failure to operate, as can
broken coupling gear teeth. It is quite possible for dirt or loose metallic fragment (particularly
in new systems) to become lodged in small rotor clearances. In most instances, such
occurrences will "clear" themselves with some minimal amount of resulting wear. However,
under extreme conditions, this can lead to galling and rapid seizure of the rotor at some location
with the stationary parts of the machine. Then the rotor will become "locked" against rotation.
A far less likely result would be imposition of excessive torque due to drag that would limit
rotation to slower than normal speeds.

Breaking off gear teeth may cause large side loading on the shafts, which can produce
a locked rotor condition. It may also cause the shaft to break and thus sever the transmission
of torque. In either case, the pump rotor will cease to rotate.

The automatic tripping action that is built into all turbine-driven AUXFPs is an overspeed
trip. In a number of plants and some quite recently, overspeed tripping at startup has been a
problem. When startup action is initiated, the steam valve in the line to the drive turbine
(typically a 6 in. line) fully opens, and maximum torque is applied to the pump, resulting in
rapid acceleration to and above operating speed; this occurs in about 1 s. Before the speed
control governor has time to pressurize its oil system and react correctively, the overspeed trip
value of speed is exceeded and the automatic trip mechanism closes the steam valve, shutting
down the machine.



Table 7. Summary of Failure Modes and Causes

Failure Segments and parts
modea Involved

Failure causes Failure mechanisms Relative probability
of occurrence^

Rotating element at close
clearance with stationary
parts
Pump shaft and coupling

Impellers and nonrotatlng
Internals, seals, wear
surfaces, bearings, thrust
balancer, shaft, coupling

Impellers and nonrotating
internals, Interstage
sealing clearances (wear
surface)

Rotating element, seals,
bearings, thrust balancer,
Internals

Speed control governor,
overspeed trip device

Shaft seals, casing

Binding between rotor and
stationary parts

Loss of drive torque

Seizure or breakage of shaft,
breakage of impellers or non-
rotating Internals, bearing
or thrust balancer seizure

Deterioration of pumping ca-
pacity resulting from rapid
wear, structural failure of
internals

High vibration, high bearing
temperature, abnormal seal
leak-off flow, abnormal pump
performance

Overspsed trip

Deterioration or breakage
of seal components

Leakage through casing
static sealing joint

Erosion, corrosion, or
structural failure of
casing

Dirt or metallic debris,
galling and seizing
Coupling or pump shaft
breakage

Hydraulic forces at high and
low flows, material fatigue,
high vibration

Hydraulic forces, high vi-
bration, cavltation

All of the above under
failure mode 2

Large speed overshoot
on start-up due to ex-
cessively fast speed-up

True overspeed trip

High vibration, Improper
packing adjustment

Casing distortion and
"wire drawing"

M

11

H or L, depending
upon system con-
figuration

H

L

^allure mode legend:

bL - Low
M - Medina
H - High

(1) Failure to operate
(2) Failure to operate as required
(3) External leakage



3.2 Causes of Failure to Operate as Required

Causes include journal bearing or thrust bearing failure, galling and seizure of the thrust
balancer, sudden shaft breakage, sudden disintegration of an impeller(s) or detachment of a
stationary (diffuser) vane(s). None of these causes are uncommon in HHPS multistage
centrifugal pumps. An additional cause is deterioration by cavitation of the first-stage impeller;
others are unacceptable critical parameter readings and automatic tripping.

Operation of these pumps "far" from the BEP flow induces very strong unsteady flow
conditions within the pump hydraulic passages. The strong unsteady flow phenomena result in
very large dynamic forces (radial and axial) on pump internals, both stationary and rotating
parts. The immediate by-product is high-amplitude vibration that causes rapid wear at critical
clearances in the pump due to severe vibration-induced rubbing. This leads to rapid increase
in stage-to-stage leakage, resulting in measurable reduction in delivered pump capacity. In
addition, these large dynamic fluid forces can break loose large pieces of diffuser vanes,
impeller side plates, and impeller vanes. Such rapid deterioration of pump internals will
naturally result in considerable reduction in delivered capacity of the pump as well as
catastrophic structural failure.

Deterioration of the first-stage impeller due to cavitation erosion also degrades
performance. Not having sufficient Net Positive Suction Head (NPSH) available at the pump
inlet over the entire operating range is sufficient to produce this type of first-stage impeller
damage. The net effect will be a slow deterioration in the delivered capacity of the pump.

Monitored parameters such as vibration, bearing temperature, seal leakage, delivered
flow, and rotor speed are typically measured and recorded continuously on main power cycle
pumps (e.g., main feedwater, condensate, and reactor coolant pumps). At present, such
monitoring capability is not typically installed on AUXFPs. One or more of these parameters
can be reliable indicators of an impending pump failure as well as being correlated with aging
and service wear factors and analyses. Obviously, an upward or downward trend away from
normal seal leak-off flow is a fairly sure indication that a seal is wearing out or needs
adjustment. An upward trend in vibration level or a sudden increase in vibration is a sure
indication of impending pump malfunction (if proper action is not taken). Temperatures of
journal bearings and especially oil-film thrust bearings are indicative of impending difficulties
when they climb above established limits for reliable operation. Furthermore, excessive
vibration or elevated bearing temperature has serious deteriorating effects on the pumps and
thus requires immediate corrective action, regardless of the specific cause. A significant
deterioration of delivered pump capacity would also be indicative of a potentially serious
problem with the pump that should be immediately investigated and corrected.

The measured parameters by themselves may not divulge the full nature of a problem.
However, they can at least give warning that the machine must be shut down as soon as possible
for further inspection and possibly disassembly of the pump for inspection of internal parts for
the purpose of determining the probable cause(s) of out-of-normal-range parameter readings.

Any one of these monitored parameters or combination thereof could be incorporated into
various automatic tripping schemes. This is common practice for large steam turbine-generator
units, reactor coolant pumps, main feedwater pumps, large fans, etc., primarily to detect



potentially catastrophic failures before they occur and thus prevent costly damage. However,
the "philosophy" behind using such tripping schemes on AUXFPs should very definitely be
given special examination. It would make no sense at all to trip an AUXFP during an
emergency to save it from life-shortening wear due to excessive vibration or somewhat high
bearing temperatures. The primary purpose of the AUXFP is to protect the reactor system, not
to protect itself.

3.3 Causes of External Leakage

Three causes are related to this failure mode. The first and most common is failure of
the shaft seals to properly control leakage to within acceptable limits. This can occur either
from an outright breakage of sealing component or from a progressively deteriorating seal that
may need replacing or simply a tightening adjustment as in the case of stuffing-box type shaft
seals.

The second cause is malfunction of the flat static sealing joint formed at the split between
the upper and lower casing halves. Though far less common than the first cause (i.e., shaft
sealing malfunction), it is a possibility and does occur on structurally marginal split-casing
multistage centrifugal pumps. When it occurs, it generally indicates that the overall casing
design is marginal from a rigidity or deflection standpoint, and the joint simply opens up a little
at maximum pressure conditions; that is, at or near shutoff head, the casing design is not quite
stiff enough. The worrisome aspect of this phenomenon is that "wire drawing" damage to the
flat-joint sealing surfaces is a possible by-product and thus a continually increasing leakage rate
may develop, even at lower operating pressures, once the "wire drawing" erosion progresses.

The third and least likely cause is associated with erosion, corrosion, and structural
failure of the pressure envelope. Based on extensive field experience with all types of multistage
high-pressure centrifugal pumps, this type of failure should be categorized as one of extremely
low probability.

4. FAILURE CAUSE ANALYSIS

The purpose of this section is to provide more specific discussion on the various failure-
mode causes, based on troubleshooting experience and insight on AUXFPs, main feedwater and
booster pumps (both nuclear and fossil plants), and multistage centrifugal pumps for other
service such as in petrochemical applications. The failure modes herein identified for AUXFPs
are inherent as well in these other multistage pump applications.

HHPS multistage centrifugal pumps remain an engineering challenge. Unfortunately, this
type of pump has not been viewed as the high-technology device that it really is. The amount
of resources for engineering research in the United States devoted to HHPS pumps over the last
25 years has been rather insignificant.

The fact that AUXFPs spend most of their plant life in the standby mode is at the same
time an advantage and a disadvantage. The advantage is that they are, on the average, less
likely to fail from wear than their "big brothers" ~ the boiler feedwater or nuclear feedwater



pumps that are operated continuously. On the other hand, whatever inherent design weaknesses
exist in present AUXFP designs, they are less likely to fully surface on the short-term basis-a
disadvantage that gives considerable importance to the main theme of this paper.

Through recent field troubleshooting, specifically on AUXFPs and on quite similar pumps
for nonclass applications, some specific factors have surfaced that impact significantly on the
reliability of AUXFPs. These factors are discussed in the following subsections.

4.1 Large Dynamic Forces and Vibrations Created by Pump Hydraulics

Further review of stressor influence factors (tables 2-5) and, correspondingly, the
summary of failure modes and causes (Table 7) clearly shows that the large dynamic forces
resulting from pump internal flows is the major failure-mode factor. Within this context, the
most severe operating mode is at low flow (i.e., close to shutoff conditions). The hydraulic
forces generated are large and the resulting vibration levels are high. Consequently, AUXFPs
are installed with a bypass or recirculation line, which has long been standard practice on
nuclear main feedwater pumps and boiler feedwater pumps.

A bypass flow line of 25 % best-efficiency capacity ensures that no matter how low the
delivered pumping capacity is at part-load operation, the pump internally never "sees" less than
25% flow. In main feedwater and boiler feedwater pumps, the bypass flow line is automatically
valved in and out so that, at flow rates above bypass flow, the full capacity of the pump is
available and the energy loss associated with bypass flow is incurred only under low-flow
operation. This same approach of valving the bypass flow line has been applied in some
AUXFP installations. However, most bypass flow lines employ manual valves only, and in
many cases, these are locked open normally.

The required flow of main boiler and nuclear feedwater pump bypass flow lines is
typically a relevant evaluation factor in pump vendors' sales proposals. This is because the
larger the bypass flow required, the more pumping energy is wasted at part-load operation. In
retrospect, pump manufacturers now indicate that this same evaluation philosophy was applied
in the purchase of AUXFPs, forcing them to compete by providing small required (typically
10%) bypass flow figures. Much more attention and engineering investigation is warranted, and
each AUXFP design should be thoroughly tested to determine the true safe minimum flow rate.
Because energy consumption is not a major consideration in AUXFP service during non-
emergency operation, one simply can size the pump so that its full capacity is sufficient to
always "waste" the bypass flow and, thus, protect the pump from the abusive operation and
accelerated wear that it could otherwise encounter.

Obviously, the larger the percentage of BEP flow routed through the bypass line, the
better it is for the pump. In well-engineered pumps, 25 to 35% bypass flow is sufficient to
avoid the dangerous range of off-design operating flows (see Reference [1]). However, for some
pumps any flow below 50% of best-efficiency capacity may cause severe vibration. This raises
a crucial and not yet widely recognized (and thus unresolved) potential safety-related problem.
Apparently, determination of an appropriate AUXFP bypass flow rate has been done only on a
plant-by-plant basis and then only in response to piping vibration problems, not in appreciation
of AUXFP abuse considerations. NRC Bulletin 88-04 was issued to begin the lengthy process



of rectifying the important unresolved problems. However, additional attention is needed, as
discussed in Reference 2.

4.2 Shaft Breakage

Several factors, identified through field troubleshooting, result in shaft breakage as an
initiating event in a failure (see Appendix D of Reference [1] for additional discussion). Because
of the presence of large hydraulic forces, any design or quality control (QC) shortcoming
affecting the shaft can readily lead to shaft breakage. A common such design flaw is an
undersized shaft diameter, generally motivated to improve pump hydraulics by providing larger
impeller inlet flow areas.

In some failures, it was determined that the shaft failed as a consequence of the retaining
bolt (which retains the runner of the thrust balancer) not being square with the mating shaft
shoulder when fully tightened. This results in high bending pre-stress of the shaft, leading to
fatigue-initiated breakage of the shaft. This is a QC correctable problem.

Another source of shaft breakage observed in the field is improper heat treatment of the
shaft. This is also a QC correctable problem.

A further source of shaft failure arises from overheating caused by overtightening of a
shaft seal stuffing-box giand. This is a maintenance correctable problem. Stuffing-box shaft
seals may require frequent tightening adjustment to control shaft seal leakage, even in the
standby mode. Thus, one can envision an inadvertent overtightening of the packing gland in an
effort to reduce the required frequency of adjustment. Although AUXFP manufacturers do not
use forgings for the shaft, this more expensive option would certainly improve shaft durability
and thus increase reliability.

4.3 Impeller and Diffuser Breakage

L" the bypass flow line is undersized, then impellers and diffusers are among those pump
internal components that are subjected to severe dynamic loading at low-flow operation. This
can create fatigue failure resulting from cyclic stresses.

Even if the bypass flow line is adequately sized, a too small radial gap between impeller-
vane outside diameter and diffuser breakage. This breakage results from high-amplitude shock
loads at vane-passing frequency (see Reference [1]). The offending factor here is poor hydraulic
design. This can be fixed in the field by experienced personnel and entails machining and
recontouring the diffuser vanes to a larger radial clearance with the impeller. This fix also
generally is indicative of improved internal hydraulic configuration.

Cavitation damage to the first-stage (i.e., suction-stage) impeller can result in structural
failure of the impeller. Insufficient NPSH is a common problem of feedwater systems in general
and stems from a wide range of mostly optimistic opinions on what constitutes adequate NPSH.

A significantly reduced potential for impeller and diffuser breaks j e could be achieved
if impellers were precision cast rather than using the lower quality sand casings as is presently
done by all AUXFP vendors.



4.4 Thrust Bearing and Thrust Balancer Failures

Even for standardized pump configurations, there exist many possible variations that a
vendor can tailor to meet a given application specification. For all the available designs and
variations thereof, there is simply not adequate engineering test data on hydraulic axial thrust
loads over the full flow range of each specific design. Thrust loads change considerably on a
given pump as a function of flow, speed, and state of wear at wear-ring stage-to-stage leakage
control clearances. Essentially, the axial thrust loads are not accurately known over the full
ranges that feedwater pumps are commonly required to operate. Consequently, thrust balancers
and thrust bearing failures in feedwater pumps are not uncommon because the inaccurate
definition of axial thrust loads (both static and dynamic) often results in undersized thrust
balancer and thrust bearing designs.

Excessive operating temperatures in thrust bearings are common symptoms indicative of
this overall problem. Furthermore, on the thrust balancers, improper heat treatment and
material property control result in galling and seizing events, especially when combined with
undersized geometries (see Reference [1] for additional discussion).

4.5 Coupling Breakage

Coupling breakage is not uncommon. The combination of excessively low-flow operation
of the pump and an undersized thrust balancer can result in excessive axial dynamic loads on
the coupling. Additionally, when the radial gap between impeller and diffuser vanes is too
snail, excessive coupling vibration at vane-passing frequency can readily destroy the coupling
(gear teeth).

Breakage of seal injection piping due to excessive vane-passing frequency vibration also
can occur when the impeller-to-diffuser radial gap is too small.

Seizure is not uncommon in feedwater pumps and has been traced to a variety of causes
including (1) excessive rotor vibration (both lateral and axial); (2) inadequate clearance at thrust
balancer; (3) seizure-prone material hardness and geometry combination at impeller wear rings,
thrust balancer, or any other close-running clearance; (4) overall hydraulic mismatch between
impeller and diffuser; and (5) journal bearing failure resulting from excessive rotor vibration,
poor babbitt bonding to bearing shell, dirt in the lubrication oil system, or combinations of these.

5. CONCLUSIONS AND RECOMMENDATIONS

AUXFPs are critically important safety-related equipment. Several design, operation,
maintenance, and condition-monitoring factors of these pumps warrant investigation. For
example, tighter specification of certain materials of construction and fabrication methods could
potentially provide marked improvements in AUXFP durability and thus higher reliability.



As described, present HHPS multistage centrifugal pumps suffer from years of dormant
engineering research and development efforts. For example, bearing and thrust balancer designs
may in1 some cases be based on marginally reliable definitions of the static and dynamic rotor
loads produced by the complex fluid flow phenomena that occur within such pumps.
Engineering test data of specific pump configurations over the full range of operating conditions
and possible levels of wear are not always available to designers because such testing is not
always performed on every specific configuration. This has often resulted in undersized and
marginal load carrying components in similar pumps used in other (non-AUXFP) applications.

As described, the question of a prudent bypass flow capacity (to minimize dynamic loads
and vibration), which varies from design to design, needs to be further studied and clarified.

AUXFPs are now typically installed with virtually no monitoring devices (see Table 8)
for establishing data trends nor secondary bypass flow loops that would facilitate periodic regular
testing over the full-flow ranges necessary to simulate the various emergency pumping scenarios.
Also, there is presently no standardized requirement for scheduled disassembly and intensive
pump internal inspection as proposed in Reference [1].

In response to these important considerations, the following observations are made.

5.1. Bypass Flow Criteria

Present practice should be reviewed and appropriate research initiated with the intent of
determining if present bypass flow rates are a significant contributor to wear and aging factors.

5.2 Secondary Bypass Flow Test Loop

Present practice should be reviewed with the intent of determining the degree of need for
in-plant full-flow test loops to simulate the various emergency pumping scenarios. Such loops
would permit the pump to be regularly "exercised" at typical emergency condition flow rates,
rather than the potentially abusive bypass flow rates of most present installations. This would
also permit performance monitoring and trend establishment at realistic operating conditions.

5.3 Monitoring and Establishing Trends

State-of-the-art monitoring capability should be studied in regard to its value in assessing
wear and aging factors in AUXFPs. Monitoring factors to be studied should include at least the
following: (1) orbital rotor vibration, (2) bearing temperature and noise. (3) rotor axial position,
and (4) delivered head-capacity performance. Trends in this monitored information should be
studied and correlations with wear and aging factors sought. Details of these topics are covered
in Reference [1],



Table 8. Summary of Important AUXFP Part Failure Assessment

Pare Materials
Significant streaaors/

failure causes Measurable paraaacara

Shaft and
fast«n«rs

Impellers

Thrust
runners

Stationary
vanes (dlf-
fuaer or
volute)

Wear rings

Thrust
balancers

Thrust

bearings

Radial

bearings

Shaft
seals

Coupling

400-series S.S.

CrNi alloy steels,

400-series S.S.

400-series S.S.

400-series S.S.

400-series S.S.

Rolling contact
elements
(Specialty steels)

Bearing white
metal (typically
tin-base babbitt)

Stuffing-box or

mechanical type

Gear type
(usually)

(a) Mechanical/breakage
(b) Hydraulic/breakage ana wear

(c) Trlbologlcal/wear and

•elzing

(a) Mechanical/breakage
(b) Hydraulic/breakage and wear

(c) Tribologlcal/wear-surface
wear

(a) Mechanical/breakage, seizing
(b) Hydraulic/breakage, seizing

(c) Tribologit-al/rubbing, lub-
ricant dirt and breakdown

(a) Hydraulic/breakage

(a) Mechanical/seizing
(b) Hydraulic/seizing
(c) Tribological/wear-surface

wear

(a) Mechanical/breakage, seizing
(b) Hydraulic/breakage, seizing

(c) Trlbological/wear

(a) Mechanical/breakage
(b) Hydraulic/breakage
(c) Tribolofrical/wear

(a) Mechanical/breakage, seizing

(b) Hydraulic/breakage, seizing
(c) Trlbological/seizlng, wear

(a) Mechanical/breakage, wear

(b) Hydraulic/breakage, wear
(c) Trlbologlcal/wear

(a) Mechanical/breakage, wear
(b) Hydraulic/breakage, wear
(c) Tribological/breakage wear

(a), (b), and (c) vibration,
bearing teaperature, appear-
ance, tranaalttcd torqu*

(a) and (b) rotor unbalance
vibration, appearance,
delivered flow; (c) rotor
vibration, appearance

(a), (b), and (c) trananitted
torque, rotational speed,
rotor axial position

(a) delivered flow, appear-
ance, vibration

(a), (b), and (c) vibration,
transmitted torque, deliv-
ered flow, appearance,
clearance

(a), (b), and (c) rotor
axial position, transaltted
torque, rotational speed,
appearance

(a), (b), and (c) rotor
axial position, transaitted
torque, rotational speed,
appearance, clearance

(a), l,b), and (c) rotor
vibration, bearing tempera-
ture, transmitted torque,
appearance

(a), (b), and (c) seal leak-
age rate, rotor vibration,
local shaft, teaperature

(a), (b), and (c) rotor
vibration, transmitted
torque, appearance



5.4 Scheduled Disassembly and Detailed Inspection

Periodic disassembly and detailed inspection of AUXFPs are necessities. The proposed
inspection and component renewal factors are outlined in Reference [1]. The most likely time
for these functions to be performed would be during refueling outages.

5.5 Pump Specifications

It is recommended that, when new pumps are purchased, specifications be written to take
advantage of the latest proven advances in pump design. Results from projects such as those
being carried out by EPRI can be helpful in preparing such specifications.

5.6 Recommendations

It is recommended that the appropriateness and utility of the surveillance and monitoring
methods described in Reference [1] be examined in the next phase of the investigation on
AUXFPs. The measurable parameters identified also are to be evaluated in terms of
effectiveness for use in detecting degradation and estabiirhing degradation trends.
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