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ABSTRACT

This report provides an update on the valve research being sponsored by the U.S.
Nuclear Regulatory Commission (NRC) and conducted at the Idaho National
Engineering Laboratory (INEL). The research addresses the need to provide assur-
ance that motor-operated valves are able to perform their intended safety function,
usually to open or close against specified (design basis) flow and pressure loads.
This report describes several important developments:

e  Two methods for estimating or bounding the design basis stem factor (in nis-
ing-stem valves), using data from tests less severe than design basis tests

e A new correlation for evaluating the opening responses of gate valves and for
predicting opening requirements

e An extrapolation method that uses the results of a best effort flow test to
estimate the design basis closing requirements of a gate valve that exhibits
atypical responses (peak force occurs before flow isolation)

e  The extension of the original INEL closing correlation to include low-flow
and low-pressure loads.

The report also includes a general approach, presented in step-by-step format, for
determining operating margins for rising-stem valves (gate valves and globe
valves) as well as quarter-turn valves (ball valves and butterfly valves).
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EXECUTIVE SUMMARY

The U.S. Nuciear Regulatory Commission
(NRC) is supporting valve research at the Idaho
National Engineering Laboratory (INEL). The
following objectives provided guidance for the
research subjects documented in this report:

e  Develop a consistent and uniform approach
for evaluating motor-operated valve (MOV)

margins

¢ Determine if the stem factor (the efficiency
of the conversion of motor-operator torque
to stem thrust) can be predicted and
bounded from something less than a design
basis test for margins determinaiions

purposes

e  Determine how degraded voltage and ambi-
ent temperature influence motor stall
torques and MOV margins for both ac and
dc motors

e Ascertain if there is method for determining
whether a gate valve will exhibit atypical
behavior.

The authors have conducted original research,
reviewed past research results, and reviewed the
research results of others to address these
objectives.

The research has produced some new findings:

e  We discovered that the primary cause of
atypical gate valve behavior (stem force
peaks before flow isolation in the closing
direction or after flow initiation in the open-
ing direction) 1s tilting of the valve disc in
response to flow through the partially open
valve. This finding provided the insights for
developing new equations for evaluating
and extrapolating in situ atypical gate valve
performance in both the opening and
closing directions.

e  Through the review of the test programs of
others, we found data that supports extend-

xiii

ing the applicability of our original gate
valve closing correlation (for valves with
typical performance) to loads lower than the
previous 400-psi lower limit.

e  We have developed two methods for deter-
mining the design basis stem factor
(efficiency of torque/thrust conversion)
from test loads less than design basis loads.
These methods address what is known as the
rate-of-loading issue. When validated, these
methods will support efforts to determine
the operating margins of rising-stem motor-
operated valves.

e We have completed about 60% of our MOV
electric motor and operator performance
testing. We have not performed an in-depth
analysis of the data, but the preliminary
results question some of the design rules
used in the past.

We have continued to provide independent
review of the Electric Power Research Institute
(EPRI) MOV Performance Prediction Program.
This program is industry’s initiative for predict-
ing valve responses from a prediction model.
Through interaction at the regular program status
meeting with the NRC, the EPRI program has
moved away from a strictly analytical approach
and more towards a performance-based program.
EPRI has also taken the results of the INEL stem
factor work as part of a technology transfer.
Battelle Columbus has been commissioned to
expand the research sample size and to coordinate
with industry how to implement the final product.

Our ASME involvement was successful on two
fronts: the qualification of mechanical equipment
(QME), and operation and maintenance (OM).
The QME family of consensus standards made
their way through the comment and approval
processes and are expected to be published in
1994.

We are processing the enhanced in situ test data

and detailed design information on 12 identical
valves. The data are from industry testing

NUREG/CR-6100



conducted at a domestic nuclear power plant.
This effort is part of our grouping study.

We continued our involvement with th MOV
Users Group (MUG). We made tecanical
presentations of the results of the NRC research at
both the summer and winter sessions. We partici-

NUREG/CR-6100

X1V

pated at the subcommittee level, where NRC
research results have helped form the basis for the
MUG MOV in situ test acceptance criteria guid-
ance document. This document provides a con-
sensus position on the important elements for
both static and dynamic testing of MOVs.
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Gate Valve and Motor-Operator Research Findings
1. INTRODUCTION

The Idaho National Engineering Laboratory
(INEL) is performing motor-operated valve
(MOV) research in support of the U.S. Nuclear
Regulatory Commission’s (NRC) efforts regard-
ing the implementation of Generic Letter 89-10,
“Safety-Related Motor-Operated Valve Testing
and Surveillance.” This report updates the
research reported in NUREG/CR-5720, Motor-
Operated Valve Research Update, published in
June 1992.

1.1 Research Mcthods

The research methods used to meet the objec-
tives stated below include literature review, field
and laboratory testing, engineering analysis, peer
review, and NRC Program Manager review.

1.2 Research Objectives

Research objectives included:

e  Develop a consistent and uniform approach
for evaluating MOV operating margins

e  Determine if the stem factor (the efficiency
of the conversion of motor-operator torque
to stem thrust) can be predicted and bounded
from the results of tests conducted at condi-
tions less severe than a design basis test

¢ Determine how degraded voltage and ambi-
ent temperature influence motor stall torques
and MOV margins for both ac and dc motors

e Ascertain if there is method for determining
whether a gate valve will exhibit atypical
behavior.

1.3 Research Results

Our work this past year has produced some
important breakthroughs in two research areas
identified in the research objectives. One of these

1-1

areas is the stem factor issue (the stem factor repre-
sents the conversion of operator torque to stem
thrust in rising-stem valves), and the other is atypi-
cal behavior in gate valves (the occurrence in some
valves of a peak stem force response before flow
isolation in the closing direction and after flow ini-
tiation in the opening direction, formerly
described as nonpredictable behavior). In addi-
tion, we completed 60% of our electric motor,
under-voltage, and operator testing; a preliminary
look at the results of that work is included in this
report. Our work in these three research areas
supports the first objective, the development of a
consistent and uniform method to evaluate
motor-operated valve margins. These three issues
(stem factor, typical/atypical responses, electric
motor capability and operator efficiency) repre-
sent some of the most troublesome variables in
evaluations of valve operability margins. The
research results have helped us toward defining the
margins issue.

In addition to that work, we provided an inde-
pendent review of a large, full-scale valve test pro-
gram, the Electric Power Research Institute
(EPRI) MOV Performance Prediction Program.
We also completed the second iteration of the
Isolation Valve Assessment (IVA) software
package to the point where it is in the external test
phase. This software package (Watkins et al. 1994)
brings together all the important findings from our
research and presents them in a user-friendly for-
mat to provide guidance and perform calculations
in MOV evaluations. Also, we started to process
the enhanced in situ test data and detailed design
information on about a dozen like valves tested by
industry; this work was part of a grouping study to
develop criteria that might be used to group similar
valves for the purpose of testing only a sample of
the group to meet the intent of the recommenda-
tions of Generic Letter 89-10. Our ASME involve-
ment was successful on both fronts: the
qualification of mechanical equipment (QME),
and operation and maintenance (OM). The QME
family of qualification consensus standards made

NUREG/CR-6100



Introduction

their way through the comment and approval pro-
cesses and were issued in June 1994. Interaction
with the Motor-Operated Valve Users Group
(MUG) continued; we made technical presenta-
tions to audiences of more than 300 people at the
summer and winier MUG meetings. We were
heavily involved at the MUG subcommittee level
in the development of the MOV in situ test accep-
tance criteria guidance document, which includes
a consensus position on the important elements for
evaluation of both static and dynamic MOV test
results. NRC research results contributed to
several sections of that document.

The following sections of this report address
four of the objectives listed above. Section 2
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discusses operating margins for MOVs and pres-
ents a method for evaluating margins. Section 3
addresses typical versus atypical responses in the
disc load of gate valves in both the opening and
closing directions, and proposes methods for
predicting or bounding the design basis responses.
Section 4 addresses the stem factor issue and
proposes two methods for using the results of tests
conducted at conditions less severe than design
basis conditions to predict or bound the design
basis stem factor. Section 5 addresses the motor
capability issue and presents a preliminary look at
the results of our electric motor tests. Section 6
presents conclusions, and Section 7 lists
references.




2. MOTOR-OPERATED VALVE OPERATING MARGINS

For rising-stem valves (gate valves, globe
valves, etc.), the operating margin is the differ-
ence between the design basis required thrust and
the thrust that the motor-operator can deliver at its
control switch setting, with consideration given to
the worst-case design-basis ambient temperature
and degraded voltage conditions. (Operating mar-
gin equals available thrust minus required thrust.)
The definition for quarter-turn valves (butterfly
valves, ball valves, etc.) is the same, except that
the parameter of concern is torque instead of
thrust. (Operating margin equals available torque
minus required torque.)

2.1 Understanding How Valve
Operators Work

Motor-operators produce torque. Their
operation is controlled by limit switches, torque
switches, or both. Some valves controlled by

Sleeve bnrings\ e

STEM THRUST

limit switches also have a torque switch in the cir-
cuit to serve as a safety device, and some do not.
Limit switches are gear-driven, and their opera-
tion is based on position. Torque switches are
displacement-driven, and their operation is based
on compression of the torque spring as it responds
to the increasing torque load expenienced by the
operator. In a motor-operator with a torque
switch, the output torque can be limited either by
the torque switch or by the electric motor torque
at its worst case ambient temperature and
degraded voltage conditions. If the electric motor
torque rather than the torque switch is the limiting
factor, it is possible that when subjected to high
loadings, the motor will slow down to a stall with-
out tripping the torque switch.

Figure 2-1is asimplified sketch of arising-stem
application of the Limitorque motor-operator,

showing the important features. There is one input
path, and there are two output paths. There are no

Stem nut

Sleeve

Belleville
spring pack

)

SPRING COMPRESSION

Lm0
el

Torque switch

2193 rs 039401

Figure 2-1. Simplified diagram of the key components of a Limitorque motor operator.
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clutches in the device. Every revolution of the
electric motor either turns the stem nut around the
stem or causes the worm to compress the torque
spring. The more resistance there is to rotation of
the stem nut on the stem, the farther the worm
compresses the torque spring, until the torque
switch trips, interrupting the power to the motor.
Whether the torque switch serves as a control
device or a safety device, it limits the maximum
output torque of the operator.

In quarter-turn appiications there is usually a
second gearbox mounted on the operator to effect
another gear reduction. Many quarter-tum valves
are limit-controlled, and these may or may not
have a torque switch in the circuit. Limit-
controlled valves without a torque switch or other
safety features (for example, an overload relay)
can be subject to the full stall capacity of the elec-
tric motor. The disadvantages of this arrangement
are the risk of structural overload and the risk of
motor burn-out. If for some reason the motor 1s
not capable of moving the valve to the place
where the limit switch causes the power to the
motor to be interrupted, the motor will stall, over-
heat, and probably burn out.

The rising-stem and rotating rising-stem
valves, whether limit- or torque-controlled, are a
bit more complicated than quarter-turn valves. In
these designs, operator torque in the stem nut is
converted to thrust in the stem. This conversion
takes place at the stem/stem-nut interface, and the
efficiency of the conversion is evaluated by divid-
ing stem torque by stem thrust (torque divided by
thrust equals stem factor). With rotating rising-
stems valves, it is necessary also to account for
rotating packing friction.

Regardless of whether the valve is torque-
controlled or limit-controlled, the operator is a
device that delivers torque. The delivered torque
is limited either by the torque swiich or by the
motor capacity. The conversion of that torque to
thrust is outside the control of the operator. The
efficiency of the conversion must be accounted
for when setting the torque switch or calculating
the required motor capacity. In this discussion of
MOV margins, this conversion of torque to thrust
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is the primary cifference between quarter-turn
valves operated on torque and rising-stem valves
operated on thrust. Except for this conversion of
torque to thrust, the other considerations for oper-
ating margins are basically the same for the two
operating schemes. Design basis valve load, low
voltage conditions, ambient temperature condi-
tions, etc. are considerations for both.

2.2 Getting the Information
Necessary for Determining
MOV Margins

A consistent and uniform method for evaluat-
ing MOV operating margins would include a list
of the major considerations and an indication of
whether the individual considerations are valve-
specific or whether they can be determined from
some other source (utility design documents, pro-
totypical testing, vendor manuals, or government
or industry research reports).

Source of
Consideration Information
Design requirements for Utility design
the MOV documents

Motor size (output Vendor manuals
torque), less degraded
voltage, ambient

temperature losses

Operator overall gear Vendor manuals
ratio, structural strength,
torque output capability,

elc.

Operator efficiencies Vendor manuals

Stem diameter, pitch, Vendor manuals
and lead (for rising-

stem valves)

Stem factor (for rising-
stem valves)

Valve specific
Design basis valve load Valve specific,
prototypical
testing, research

reports
Diagnostic test equip- Vendor manuals

ment accuracy



As stated earlier, a valve's operating margin is
the difference between the operator’s available
output and the valve’s requirements at design
basis conditions. The evaluation of available out-
put starts with the output torque of the electric
motor; the evaluation of the valve’s design basis
requirements begins with the design basis stem
load (a thrust load in a nsing-stem valve, a torque
load in a quarter-turn valve). Most of the calcula-
tions involved in these evaluations are fairly
straightforward, but there are some variables, and
three of the most important variables have been
particularly troublesome in the past.

The first of those troublesome but important
variables is the stem load (stem torque in quarter-
turn valves such as butterfly valves, stem thrusi in
rising-stem valves such as gate valves). The
methods used in the past by valve manufacturers
for determining these loads have made margins
determination quite difficult. Relatively recent
government and industry research has found that
the variables and in some cases the equations
themselves were incorrect or inadequate for mod-
eling a valve's response to actual loads. This is
true for both butterfly valves and gate valves.
Industry research has recently found some of the
same kinds of problems with the industry’s stan-
dard equations for evaluating stem thrust in globe
valves. Section 3 of this report presents our most
recent findings on stem load evaluations of
wedge-type gate valves.

The second of these variables is the stem factor
(in rising-stem valves). In the past, the stem factor
was always calculated as a constant; in fact, two
very early diagnostic systems were based on the
notion that stem factor remained constant with
load. We know now that the stem factor tends to
change withchanges in the load, a phenomenon we
call load-sensitive behavior (also known as the
rate-of-loading effect). In addition, the stem factor
is valve-specific. Valves of the same size and
model do not necessarily have the same stem fac-
tor. Using constants as default values for the stem
fazior in the calculations was considered accept-
able until diagnostic testing showed that in many
cases the actual stem factor can be considerably
lower than the default values. As a result of using
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the default values to calculate the required torque
and set the torque switches, many valves experi-
enced higher than anticipated thrusts. Quite often
these high thrusts may have exceeded structural
allowables on the weak link component of the
valve. On the other hand, plant experience shows
that in some instances the actual stem factor can be
as high as the default values. Using a stem factor
that is lower than the actual value can result, for
example, in too low a torque switch setting, such
that the valve might fail to fully close at design
basis loadings. Thus, it is important to determine
the actual stem factor for a specific valve. Sec-
tion 4 of this report presents our most recent find-
ings on stem factor evaluations for rising-stem
valves.

The third variable is electric motor/operator
output. The output torque of the electric motor 1s
limited by the available torque at the most
degraded conditions. Motor voltage degradation
was thought to be fairly well understood, but the
added degradation due to elevated ambient tem-
perature was not. Limitorque (Limitorque Corpo-
ration, Lynchburg, VA) only recently published
some data on the effect of ambient temperature on
ac motor output. Section 5 of this report presents
our preliminary findings on electric motor
evaluations.

Although we now know how to go about calcu-
lating MOV operating margins, we do not always
know what the specific values are for each of the
variables in the calculations. Of course, the best
method for determining the correct values for the
stem load and the stem factor would be to test the
valve at design basis conditions. This is not always
possible, for anumber of reasons. The design basis
load for some valves is pipe break flow, and it is not
possible to simulate pipe break flow in the plant.
Other in situ design basis tests would require that
the plant be defueled. For a number of valves,
design basis testing in the plant is either very diffi-
cult or simply impossible. For those valves, oper-
ating margins are determined analytically, using
the results of laboratory testing, type testing, or
in situ testing at conditions less severe than design
basis conditions. Of necessity, margins deter-
mined analytically include conservatism in the
calculations.
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2.3 An Approach to
Determining Operating
Margins

Based on the results of our research, we sug-
gest that MOVs be evaluated as described in the
following discussion. The approach presented
here is only one of several possible ways that this
issue could be addressed. Another approach
might work just as well. We have tried to make
this approach complete enough that it will guide
the analyst to cover all the important parameters
and all the possible variables. The discussion is
presented in procedure format to aid the user in
completing the process step by step.

The most complicated analysis is probably that
of the torque-controlled rising-stem flex-wedge
gate valve. We use this valve type as our model
for this discussion, but when one of the other
valve designs requires different considerations,
we note them at that step in the process.

For quarter-turn valves (butterfly valves, ball
valves), we define the operating margin in terms of
torque (available torque minus required torque
equals margin). For rising-stem valves (gate
valves, globe valves), the definition can be based
on either torque or thrust (available thrust minus
required thrust equals margin). We prefer the defi-
nition based on torque, because focusing on the
torque is consistent with our understanding that
except for the conversion of torque to thrust, the
margins evaluations for rising-stem valves and
quarter-turn valves are basically the same. Also,
this approach acknowledges that motor-operators
mounted on rising-stem valves deliver torque, not
thrus.

A definition based on thrust would work just as
well. Both definitions account for the effects of
the stem factor, one in evaluating available thrust,
the other in evaluating required torque. The
following discussion addresses both methods of
determining margins for rising-stem valves. Most
of the steps are the same for the two methods.

The discussion is written to apply to any MOV
that needs a margins evaluation. It is written to be
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as comprehensive as possible without being
cumbersome. We acknowledge that not all the
steps apply to all valves in all instances, and that
where this procedure calls for data from in situ
tests, it might be possible to use information from
other sources.

The following discussion uses six steps to
determine a valve's operating margin at design
basis conditions:

e  Gather specific information

e  Make initial calculations using specified
defaults for the variables in the equations

e  Compare the calculations to the results of an
in situ static test (a test without a flow load)

e Compare the calculations to the results of an
in situ dynamic test (a test with a flow load)

e  Make a final calculation that uses the results
of the tests to specify the variables and to
confirm or challenge the appropriateness of
the torque switch setting and the capability
of the motor

e  Calculate the overstress margins to ensure
that the motor-operator will not damage
itself or the valve.

2.3.1 Gather Specific Information

2.3.1.1 Design Basis Requirement (Plant
Specific). Determine the MOV's design basis
requirements for the parameters listed below.
There may be more than one design basis require-
ment, depending on the load scenario or the acci-
dent scenario. If so, use the one that specifies the
most severe fiuid flow, pressure, ambient temper-
ature, and degraded voltage conditions.

e  System fluid temperature, pressure, flow,
and subcooling

e  Differential pressure across the valve
e Worst case ambient temperature conditions

e  Worst case degraded voltage conditions.



2.3.1.2 The Valve (Valve Specific). Obtain
the design documentation for the MOV. Deter-
mine the following parameters.

e  Valve type and size
e  Valve internal specifics

e  Gate valve mean seat diameter and wedge
angle

¢  Globe valve controlling area (a disc guide
area or a seat area)

e  Butterfly valve disc geometry (symmetric/
asymmetric, aspect ratio)

e  Stem diameter and thread pitch and lead
(rising-stem valves)

e  Packing type and anticipated packing fric-
ton load.

Standard packing friction loads for most pack-
ing types and stem diameters are specified in the
literature, and except for live-loaded (spring-
loaded) packing, actual packing loads in tests are
typically lower than the specified packing loads.

2.3.1.3 The Operator (Operator Specific).

Determine the following specific information for
the operator.

e  Operator size
e  Torque spring part number

e Motor size (speed, output torque, and stall
characteristics)

e  Overall gear ratio (including second gear
box for butterfly valves)

e  Operator efficiencies (running, pullout, and
stall efficiencies).

2.3.2 Initial Calculations. Figures 2-2 and 2-3
are flow diagrams that outline the important steps
in either the initial calculations or the final calcula-
tions. In Figure 2-2, the margin is defined in terms
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of available torque versus required torque. This
flow diagram applies to rising-stem valves as well
as quarter-turn valves. In Figure 2-3, the margin is
defined in terms of available thrust versus required
thrust. This flow diagram applies to rising-stem
valves only. With a few exceptions, the numbered
paragraphs in the following discussion correspond
to the boxes in the flow diagrams.

The purpose of the initial calculations is to
provide

e Sufficient information to evaluate the
torque switch setting and make an 1nitial
estimate of the operating margin

e  Estimates that can be compared to the actual
valve responses recorded during in situ test
ing at nominal motor voltage

B Assurance that the valve's structural limits
will not be exceeded.

The purpose of comparing the results of these
initial calculations with the resuits of the in situ
tests is to assist in the analysis. Gross inconsisten-
cies can alert the analyst to calculation errors or
measurement errors. After the in situ tests are per-
formed, the results of the tests can be used in the
final calculation to provide more specific
information on the valve’s requirements and the
operator's capabilities. If the initial calculation
was accurate enough to provide for an adequate
torque switch setting, as confirmed by the final
calculation, then it will not be necessary to reset
the torque switch and repeat the procedure.

2.3.2.1 Determine the Design Basis Stem
Thrust Requirement (Rising-Stem Valves).
Typically, this is the thrust necessary to close the
valve and isolate flow. (However, some valves
have a design basis opening requirement, and
some have both.) This calculation involves an
equation that converts the differential pressure and
flow loads on the gate (or the plug on a globe
valve) to a thrust load in the stem. It also considers
the packing friction and the stem rejection loads.
There are several equations available for perform-
ing this calculation. The variables for disc factor
or disc friction factor and the basis for their
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Figure 2-2. Flow chart illustrating the process for determining the torque margins for quarter-turn and
rising-stem valves,
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Figure 2-3. Flow chart illustrating the process for determining the thrust margins for rising-stem valves.
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use are typically found with the equations. We
recommend that one of the modern equations be
used, one that is based on recent valve research.
For example, the Isolation Valve Assessment
(IVA) software (Watkins et al. 1994) includes a
method based on the INEL correlation. The disc
factors and stem factors that served as default val-
ues in the old equations originally published by
the vaive manufacturers are out of date and might
produce estimates that are not appropriate.
Section 3 of this report presents a discussion on
disc loads in gate valves.

2.3.2.2 Determine the Design Basis Stem
Factor (Rising-Stem Valves). For this initial
calculation, a stem factor based on an upper
bounding stem/stem-nut coefficient of friction
should be used. (A lower, more accurate value
based on the results of the in situ tests may be
used in the final calculation. Section 4 of this
report presents a discussion on stem factors in
rising-stem valves.)

For margins evaluations based on torque
(Figure 2-2), the siem factor is used along with
the required thrust to determine the required
torque. For margins evaluations based on thrust
(Figure 2-3), the stem factor is used along with
the available torque to determine the available
thrust.

2.3.2.3 Determine the Design Basis
Torque Requirement (All Valves). For ris-
ing-stem valves, this value is a straightforward
calculation using the design basis stem thrust and
the stem factor, determined in the previous steps
(torque equals thrust times stem factor). For quar-
ter-turn valves, this calculation can be made using
an acceptable validated method for butterfly
valves or ball valves, as appropriate. This step
does not apply to rising-stem valves that are being
evaluated according to the method shown in Fig-
ure 2-3 (thrust margin),

2.3.2.4 Determine the Design Basis Avail-
able Torque Based on Motor Output (All
Valves, Worst Case Motor Conditions).
This calculation includes an evaluation of the
available output of the electric motor at its worst-
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case design basis conditions. Considerations
should include

e  Rated motor torque

e  Minimum voltage conditions

e Design basis ambient

conditions

temperature

e  Application factor (Limitorque SEL term)

e Pullout efficiency of the gearbox
(Limitorque SEL term).

This calculation determines the available
torque based on the minimum capability of the
motor. Section 5 of this report presents some
preliminary findings on motor and operator
performance.

2.3.2.5 Determine the Available Torque
Based on the Torque Switch Setting. This
step applies to valves equipped with torque
switches, regardless of whether the torque switch
serves as a control device or a safety device. The
available torque depends on the torque switch set-
ting and on the torque spring installed in the oper-
ator. Typically, a given operator size might be
fitted with one of several different torque springs,
each with a different stiffness. Generic torque
spring calibration data are available from the
operator manufacturer. One can get specific
information by removing and calibrating the
torque spring.

2.3.2.6 Determine Available Torque (Al
Valves). ldeally, the available torque as deter-
mined by the torque switch setting should be less
than the available torque based on minimum
motor capability; otherwise, the motor might
slow down at high loadings and stail without trip-
ping the torque switch. Regardless of which 1s
less, the lesser of the two is the value used in the
calculation of the operability rnargin.



2.3.2.7 Determine the Design Basis Avail-
able Thrust (Rising-Stem Valves). his step
applies only to rising-stem valves that are being
evaluated according to the method shown in
Figure 2-3, where the margin is defined in terms
of thrust. This step is a straightforward calcula-
tion using the 2vailable torque and the design
basis stem factor, determined in previous steps
(thrust equals torque divided by stem factor).

2.3.2.8 Estimate the Valve's Operating
Margin (All Valves). For margins defined in
terms of torque (Figure 2-2), compare the design
basis torque requirement with the available
torque. For margins defined in terms of thrust
(Figure 2-3), compare the design basis thrust
requirement with the design basis available
thrust, If the available torque (or thrust) is larger
than the required value, the operator has a posi-
tive margin. If the available torque (or thrust) is
less than the required value, the operator has a
negative margin. A negative margin suggests a
need for corrective action (changing the torque
switch setting, replacing the motor, etc., as appli-
cable). If the negative margin is small, the analyst
might want to recommend testing the valve and
repeating the margins evaluation, this time using
actual values instead of default values or
estimates for some of the variables.

2.3.2.9 Calculate the Operator Torque (and
Thrust) at Expected Test Conditions (All
Valves). The purpose of this calculation is to pro-
vide information that can be compared to the
results of the in situ tests. The comparison can pro-
vide insights on how to prepare the final calcula-
tions. In addition, discrepancies in the comparison
can alert the analyst to measurement errors or cal-
culation errors. This calculation should be per-
formed for both the dynamic test and the static test,
Conditions for this calculation should be carefully
considered and best estimate values used.
Expected packing friction loads should be used
rather than design basis packing loads. For rising-
stem valves, use the pressures and differential
pressures expected in the in situ tests to estimate
the expected peak stem thrust before seaiing, and
use a best estimate (instead of an upper bound
value) for the stem factor to calculate the corre-
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sponding operator torque. Use the estimate of the
available torque based on torque switch setting
(see above), together with a best estimate of the
stem factor, o estimate the expected siem thrust at
torque switch trip. For quarter-turn valves, use the
pressures and differential pressures ¢ pected in
the in situ tests to estimate the expected peak stem
torque. Considerations include

e  Best esumate motor torque

¢  Nominal motor voltage

e Gearbox efficiency

e  Expected packing friction loads

e Static test conditions

e Dynamic test conditions

e  Best estimate stem factor for dynamic test

e  Realistically low stem factor for static test.
2.3.2.10 Determine the Maximum
Expected Stem Load (Overstress Calcula-
tion). This is the maximum stem torque and
thrust (if applicable) that can be expected. The
purpose of this calculation is to determine that
this maximum expected stem load will not over-
stress any of the valve or operator components.

I'he conditions that should be considered are

e Maximum motor voltage (overvoltage
conditions)

¢ Maximum motor torque

¢ Operator torque at torque switch trip

e  Minimum stem factor (most likely to occur
In a static test with packing friction load
only)

o  Effects of motor controller dropout time

+ Effects of motor momentum

e Gearbox stall efficiency.
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Static test conditions with a minimum running
load (little or no stem rejection load) will
typically provide the highest stem thrust in rising-
stem valves, because at these conditions the coef-
ficient of friction in the stem/stem-nut interface
tends to be at its lowest at the point of interest
(that is, after seating). This is the reason that, for
the maximum thrust calculation, we recommend
using & stem factor based on the minimum
expected (lower bounding) stemy/stem-nut coeffi-
cient of friction; use of the minimum stem factor
will result in the maximum possible thrust
expected for a given torque. Finally, the effects of
motor controller dropout time and motor momen-
tum (considering operator stall efficiency) should
be added to the torque and thrust at torque switch
trip (if applicable) to determine the maximum
final stem load after torque switch trip.

2.3.3 In Situ Test at Static Conditions. A
static test is a test conducted with a packing load
only, or with a packing load and a pressure load,
but without differential pressure or flow loads.
We recommend that the following parameters be
measured continuously, at a sample rate consis-
tent with the timing needs. For example, one mil-
lisecond resolution requires a minimum of 1000
samples per second. The recommended measure-
ments include

e  Stem torque or operator torque (on all valve
configurations)

e  Stem thrust (on rising-stem valves)

e  Motor current and voltage

e  Control switch position (open or closed)
e  Stem position (optional).

Direct measurements of stem torque are better
than indirect measurements that are based on
spring pack measurements, because indirect
measurements introduce uncertainties that must
be accounted for in the analysis; however, indirect
measurements are better than no measurements.
Stem position (vertical position for a rising-stem
valve, rotational position for a quarter-turn valve)
1s an optior.al measurement on all valve configura-
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tions, but it is a very valuable measurement if any
kind of trouble-shooting is required.

The static test provides data that can be used to
determine the actual packing load. This informa-
tion is useful in the analysis of the results from the
dynamic tests of all valve types. [Generally, in
order to determine the stem load attributable to
flow and differential pressure, it is necessary to
subtract the packing friction load and the stem
rejection load (if applicable) from the total mea-
sured load.)

Generally, in torque-controlled rising-stem
valves, static test conditions tend to produce lower
stemm/stem-nut friction at torque switch trip than
will be experienced under dynamic test condi-
tions. Thus, the static test normally produces the
highest stem thrust that is possible with the present
torque switch setting. The actual stem factor at
torque switch trip in the static test is useful for
checking the value used in the structural analysis.

For valves that cannot be tested in situ with a
flow load, such that margins must be determined
by analysis, it might be possible to use the results
of the static test to estimate a stem factor that can
be used in a design basis analysis. Section 4 of this
report proposes a method that, when validated, can
be used to make such an estimate. (See the subsec-
tion describing the fold line method.) A stem factor
thus estimated likely will be less accurate (higher)
than one determined from a test with a higher run-
ning load, but more accurate than default values.

For those limit-controlled valves that cannot be
seated or tested, we suggest dynamometer testing
the operator to provide some assurance of the
operator's capability. In dynamometer tests of
operators used in thrust applications (rising-stem
valves), the test should include appropriate thrust
loads. Otherwise, the calculations must consider
torque losses that may occur when thrust is
applied to the stem.

2.3.4 In Situ Test at Dynamic Conditions.
Next, the valve should be subjected to a diagnos-
tically monitored dynamic test. The dynamic test
provides data for more precisely determining the
values for the variables used in the margins



calculations. In addition to the parameters
recorded in the static test, the following parame-
ters should be recorded:

e Valve inlet line pressure

e  Valve flow rate

e Valve differential pressure
e  Fluid temperature.

If possible, the test should be conducted at
design basis flows, fluid temperatures, fluid pres-
sures, and differential pressures. If the fluid pres-
sure and differential pressure are at least 95% of
the design basis conditions, the test is considered
representative of a full-scale desigu basis test;
extrapolation can be used to compensate for
shortfalls of 5% or less. If the test conditions are
less than 95% of design basis conditions, some
form of analysis or extrapolation will be neces-
sary to relate the test results to valve operability at
dec.gn basis conditions.

Extrapolation of both disc factor and stem fac-
tor is discussed in other sections of this report, but
a summary is presented here for continuity. For a
gate valve that exhibits typical responses (peak
stem force occurs at flow isolation), there are a
number of models that can be used to extrapolate
the results. If the test differential pressure exceeds
either 200 psid or 50% of the design basis differ-
ential pressure, the original INEL correlation can
be used. As presented in the IVA software
(Watkins et al. 1994), this correlation provides a
typicality test and some guidance in predicting
the design basis stem load. The research that pro-
duced the correlation is documented in
NUREG/CR-5720 (1992).

For gate valves with atypical behavior but no
evidence of valve damage, Section 3 of this report
proposes a linear extrapolation method for
evaluating the results and predicting the stem load.
This method, too, is included in the IVA software.

As for the stem/stem-nut coefficient of friction,
Section 4 of this report proposes two methods for
determining a design basis friction coefficient

Motor-Operated Valve Operating Margins

from the results of tests conducted at conditions
less severe than design basis conditions. One uses
the results of a dynamic test, the other uses the
results of a static test.

2.3.5 Final Calculations for Estimating
MOV Margins. The process for the final cal-
culations is very similar to the process for the ini-
tial calculations. The main difference is that
instead of using bounding values or default values
for some of the variables, the final calculations
use more accurate values based, for example, on
the results of the in situ tests.

The values used in the final calculation of
MOV operating margins can be based on one or
more of the following:

. Direct measurements from in situ tests con-
ducted at design basis conditions

¢  Extrapolations or estimates based on the
results of in situ tests conducted at condi-
tions less severe than design basis
conditions

° Calculations based on the best available test
data

¢  Calculations based on analysis.

We recommend values based on test results over
values determined by analysis.

The purpose of the final calculations (as
compared to that of the initial calculations) is to
use data obtained from the in situ tests (or data
from other sources) to verify the initial assess-
ment of the valve’s operating margin. Again, the
margin can be defined in terms of torque (all
valves), as shown in Figure 2-2, or it can be
defined in terms of thrust (rising-stem valves), as
shown in Figure 2-3. The margin is the difference
between what is available and what is required for
the valve to overcome its design basis loadings
(available minus required equals margin).
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2.3.5.1 Determine the Required Design
Basis Stem Thrust (Rising-Stem Valves).
The design basis stem thrust calculation typically
considers some or all of the following:

e  Peak stem thrust measured before seating in
a dynamic test

¢  Actual packing friction load (measured in a
static test)

e  Design basis packing friction load

e  Design basis stem rejection load (design
basis pressure times stem area)

e  Design basis disc (or plug) load (total thrust
minus actual packing friction load minus
stem rejection load)

e  Effective disc (or plug) area
e Design basis differential pressure
e  Disc angle (wedge-type gate valves).

Even if actual values are determined from a
design basis dynamic test, the calculation of the
required thrust typically uses the design basis
packing load rather than the actual packing load.
This saves recalenlating the design basis load
every time the packing is adjusted. [This may not
be a concern with valves equipped with live-
loaded (spring-loaded) packing.] Where any of
the values were determined from a dynamic test
at conditions less severe than design basis condi-
tions, each of the design basis values may have to
be calculated independently, depending on the
method and the equations one uses. Normally,
methods cannot be mixed. For gate valve,, the
design basis disc load should be determined from
the peak stem thrust before wedging, whether that
peak occurs at flow isolation or before flow 1sola-
tion. Section 3 of this report presents a discussion
on disc loads in gate valves.

2.3.5.2 Determine the Design Basis Stem
Factor (Rising-Stem Valves). The design
basis stem factor can be determined directly from
test results, if the dynamic test was a design basis
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test, or if the test meets the threshold requirements
defined in Section 4 of this report. The stem factor
should be determined from the peak stem thrust
measurement in the running portion of the stroke
before seating and from the corresponding torque
measurement (torque divided by thrust equals the
stem factor).

The stem factor should ner be directly deter-
mined from measurements of torque and thrust
recorded at torque switch trip; stem factors
recorded at torque switch trip can be much lower
than the running stem factor. The low stem factor
at torque switch trip is typical of a phenomenon we
call load-sensitive behavior, sometimes referred to
as the rate-of-loading effect. It is very important
that the design basis stem factor used in margins
calculations be a value that has not been compro-
mised by load-sensitive behavior. The running
stem factor at the peak thrust before seating is the
point of interest for determining design basis
requirements. This subject is discussed further in
Section 4 of this report. For the final value of the
design basis stem factor, use the stem factor deter-
mined from a test, plus a margin to account for deg-
radation due to lubricant dry-out, etc.

2.3.5.3 Determine the Required Operator
Torque. This step does not apply to rising-stem
valves that are being evaluated according to the
method shown in Figure 2-3 (thrust margin). The
final calculation to determine the required opera-
tor torque in a rising-stem valve typically consid-
ers the following variables, determined in
previous steps:

¢  Required stem thrust
¢ Design basis stem factor.

Multiply the design basis stem factor times the
required stem thrust to calculate the design basis
operator torque. For rising-stem valves, this value
is the required operator torque that is used in the
margins calculation.

For quarter-tumn valves, the required operator
torque is the peak stem torgue measured during
operation in a design basis test, minus the actual
packing load (determined in the static test), plus



the design basis packing load specified in the
design documents. In the absence of a design
basis test, the required operator torque might be a
value extrapolated or estimated from the results
of dynamic tests at lower loads or from the results
of testing of similar valves. For some low-
pressure applications, the seating torque may
exceed the dynamic torque. Where this is the
case, the seating torque is the required operator
torque. The seating torque can be determined
from a static test.

2.3.5.4 Determine the Available Operator
Torque Based on Motor Output. For opera-
tors that have a torque switch in the control circuit
(whether the torque switch is used as a safety
device or a control device), the available operator
torque may be limited by either (a) the motor
capacity at the motor’s design basis conditions of
reduced voltage and elevated ambient tempera-
ture, or (b) the torque switch setting. For opera-
tors without a torque switch, motor capacity a.
design basis conditions is the single limiting
factor.

The purpose of the reduced-voltage calcula-
tions is to determine if the motor operating at
reduced torque output can operate the valve at the
design basis flow and pressure loads. In a success-
ful dynamic test of a torque-controlled valve, the
torque switch limits the operator output to a certain
value. Generally, the test is conducted at normal
conditions, so the output torque of the motor is
likely to be near its nominal output. The undervol-
tage calculation ensures that even at its reduced
output, the motor is still capable of producing
enough operator torque to successfully close (or
open) the valve at design basis loads. The calcula-
tion also needs to determine that the motor will not
stall before it trips the torque switch. If the calcula-
tion shows that the motor at reduced output is not
capable of producing sufficient torque to trip the
torque switch, it will be necessary to either lower
the targue switch setting or replace the motor with
a more powerful one.

To determine the available operator torque
based on motor capacity, determine the maximum
torque developed by the motor with the output

2-13

Motor-Operated Valve Operating Margins

downgraded to account for degraded voltage and
high ambient temperature. (For more information,
see Section 5 of this report.) Use the standard equa-
tions and the applicable values for the operator
overall gear ratio (sometimes called the unit ratio),
the application factor, and the operator pullout
efficiency to estimate the available operator
torque.

2.3.5.5 Determine the Available Torque
Based on the Torque Switch Setting. This
value is simply the torque recorded at torque
switch trip in either a static test or a dynamic test.
In the absence of a test that trips the torque switch,
one can calculate this value using spring pack data
anc the effective moment arm (the distance
between the centerline of the worm/worm-gear
interface and the centerline of the stem). Ideally,
this value (the available operator torque based on
torque switch setting) should limit the torque
developed by the operator so that the stem torque,
stem thrust, and motor stall limits of the valve and
operator are not exceeded (see the discussion of
overstress margin, below). The torque switch
should be set low enough to avoid such overloads,
yet high enough to provide positive margin at the
valve's design basis condilions.

For rising-stem valves, the torque switch set-
ting must also account for the stem factor, includ-
ing the effects of load-sensitive behavior
(rate-of-loading). The available torque must
produce the design basis thrust required to
perform the valve's safet* function. For margins
evaluated as shown in Figure 2-2 (torque
margins), the stem factor is accounted for in the
calculation of the required operator torque (the
torque required to deliver the thrust needed to
operate the valve). For margins evaluated as
shown in Figure 2-3 (thrust margin), the stem fac-
tor 1s accounted for in the calculation of the avail-
able thrust (the thrust available at a given torque
switch setting or a given motor output).

2.3.5.6 Determine the Available Operator
Torque. For valves equipped with a torque
switch, the available operator torque 1s either the
available torque based on motor output or the
available torque based on the torque switch set-
ting, whichever is lower. For valves not equipped
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with a torque switch, the available operator
torque 1s the available torque based on 1 otor
output.

2.3.5.7 Determine the Available Stem
Thrust (Rising-Stem Valves). This step
applies only to rising-stem valves that are being
evaluated according to the method shown in
Figure 2-3, where the margin is defined in terms
of thrust. This is a straightforward calculation
using values determined in previous steps,
namely the design basis stem factor, and the avail-
able torque based on either the motor output or
the torque switch setting, whichever value is
lower. (Thrust equals torque divided by stem
factor.)

2.3.5.8 Operating Margin. For margins eva-
luated in terms of torque (Figure 2-2), the operat-
ing margin is the difference between available
operator torque and required operator torque
(available torque minus required torque equals
margin). For margins evaluated in terms of thrust
(Figure 2-3), the operating margin is the differ-
ence between available stem thrust and required
stem thrust. If the margin is inadequate, raise the
torque switch setting or resize the motor etc., as
appropriate, and repeat the procedure.

2.3.6 Overstress Margins. The purpose of
calculating the overstress margins is to ensure
that the operator will not damage itself or the
valve during normal operation or under certain
abnormal conditions. One calculation evaluates
the overstress margin related to the torque switch
setting, and another calculation evaluates the
overstress margin related to the maximum output
of the electric motor at over-voltage conditions.

For a valve that has been subjected to a static
test, one can use the results to estimate the over-
stress margin for the torque switch setting. The
conditions most likely to produce maximum
thrust and torque at a given torque switch setting
are static test conditions, where in many valve
stems, the coefficient of friction in the stem/
stem-nut interface tends to be quite low after seat-
ing, and where the effects of motor momentum
are greatest. For the calculation of this margin,
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use the recorded values for final torque and final
thrust. Compare these values to the stress limits of
the valve and operator components. The compo-
nent with the smallest margin (the weak link)
determines the overstress margin for that torque
switch setting. If that margin is not adequate, set
the torque switch at a lower setting and repeat the
procedure. Consider also that small overstress
margins indicate a possibility that some valve and
operator components might experience unneces-
sary wear and fatigue during normal operation
and in-service testing,

For a valve that has not been subjected to a
static test, a calculation based on the recommen-
dations given in Section 2.3.2.10 might be used.

The purpose of the over-voltage calculations is
to determine if the higher torque produced by the
motor at design basis high voltage exceeds any of
the valve and operator structural limitations. The
over-voltage calculations assume that the entire
output of the motor at over-voltage conditions
goes through the operator to the valve. (This
might occur, for example, if the torque switch
were to fail.) This calculation should use a stem
factor determined from measurements taken after
seating in a static test, or a lower-bounding esti-
mate. The calculation needs to determine that the
motor will stall before the operator compromises
a containment boundary by breaking the valve
housing, for example, or by pushing the disc
beyond the seat so that fluid passes over the top of
the disc.

2.4 Changes in the Operating
Margin

The following discussion distinguishes
between the actual operating margin and the cal-
culated opeiating margin of an MOV,

2.4.1 Changes in the Calculated Margin.
The intent of any method for evaluating MOV
margins is to arrive at a calculated value that is
appropriate, thui is, the actual margin is larger
than th= calculated one. Many assumptions are
inherent in the calculations. In some instances,
these assumptions stack up in such a way that the



calculation shows that little or no margin exists,
when in fact the actual margin is adequate.

When a margins evaluation determines that the
margin is inadequate, the analyst may choose to
recalculate the margin rather than declare the
valve inoperative. Such a recalculation would
allow the analyst to reexamine some of the values
used as variables in the calculation and perhaps
identif+ and reduce unwanted corservatism. Note
that in any such effort, the analyst must be very
careful not to introduce nonconservatisms. The
following are suggestions that the analyst might
consider in the effort to reduce unwanted
conservatism.

e  Conduct a best-effort dynamic test to deter-
mine whether a gate valve's response is typ-
ical (peak thrust occurs at flow isolation) or
atypical (peak thrust occurs before flow
isolation in the closing direction or after
flow initiation in the opening direction); if
the response is typical, conservatism to
account for a possible atypical response
might be eliminated.

e  Use a disc factor (or a disc friction factor)
determined from a best effort dynamic test
instead of a higher default value

e  Use a stem factor determined from a best
effort dynamic test instead of a higher
default value

e  Use abounding stem factor derived from the
results of a static test instead of a higher
defaulit value.

Sections 3 and 4 of this report provide addi-
tional information on the use of test results to
determine disc factors and stem factors.

2.4.2 Changes in the Actual Margin. It is
possible that characternistics of the components of
the valve and operator can change over time in
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such a way as to change their behavior during
valve operation. Such changes may be due, for
example, to aging. Under some conditions, these
changes can affect the actual operating margin of
the MOV. The following is a partial list of such
potential changes.

. Disc friction characteristics (due, for exam-
ple, to corrosion)

B Stenm/stem-nut lubrication (dirt, lubrication
dry-out)

e  Stem/stein-nut characteristics (pitting,
wear)

e  Torque spring fatigue

e Overtightening of the packing gland nut
e  Motor degradation

e  Bearing failure

e  Inadequate lubrication.

It might be useful to monitor changes that
occur in the MOV operating margin over time.
Such monitoring would make it possible to antici-
pate future changes and to schedule MOV tests in
such a way as to ensure that the actual margin
does not become inadequate before the next test.

2.5 Conclusions

Logical methods exist for evaluating the
design-basis capabilities and requirements of
MOVs. This section describes one such method.
The operating margin is the difference between
what is available and what is required. For valves
that cannot be tested at design basis loads, in situ
testing at lower loads can make it possible to
reduce the conservatisms required in the
calculations.
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3. DISC LOAD

This section of the report addresses our latest
research findings regarding dynamic loads in
flexible-wedge gate valves. The dynamic load is
defined as that portion of the stem load that
results from the effects of flow and differential
pressure on the disc. Thus, we sometimes call it
the disc load, to distinguish it from the other loads
(stem rejection load, packing friction load, etc.)
that contribute to the total stem load. The disc
load includes the frictional load as well as the
hydraulic load. These latest research findings
address valve disc load requirements rot already
addressed by the INEL closing correlation pub-
lished in NUREG/CR-5720, Motor-Operated
Valve Research Update, published in June 1992,

For this discussion, it may be instructive to
begin by discussing disc friction and making a
distinction between the terms disc factor and fric-
tion factor. The materials of construction for disc,
guide, and seat surfaces have been the subject of
a number of studies to investigate friction factors.
The effects of temperature and load on the hard-
facing material of the seat and disc (typically
Stellite 6) have been noted in evaluations of the
results of laboratory friction tests; generally,
higher temperature and higher loads tend to lower
the friction factor. When evaluating the results of
actual valve tests, where the valves were sub-
jected to flow and pressure loads (in tests where
damage or mechanical interference do not occur),
we have observed that the resulting friction fac-
tors are lower than the friction factors obtained in
the laboratory from material samples. This result
is particularly evident in tests conducted at higher
temperature. In general, test results show that
temperature, pressure, fluid type, and differential
pressure, independently and in combination, all
have an effect on the friction factor.

In analyses of the results of valve tests with
flow and pressure, it is often difficult to separate
the various components that make up the net load
on the stem. In such cases, instead of extracting a
friction factor from the test results, the analysis
might simply extract a disc factor. In such a cal-
culation, the disc factor converts the horizontal

force against the disc (differential pressure times
disc area) into a vertical force resisting the verti-
cal movement of the stem. Thus, the disc factor is
a multiplier like the friction factor, but it does not
represent a calculation of a normal versus sliding
load; it includes other vanables besides the actual
friction. Generally, the results of test analyses or
ca'culations using a disc factor cannot be
compared with those where the actual friction
factor was determined.

During previously reported research, in our
development of the original INEL closing cor-
relation and the model that supports it, we
endeavored to account for all the identifiable
pressure forces that contribute to the net stem
load, so that what was extracted from the analysis
was a normal versus sliding calculation that was
as close a representation as possible of actual
disc-to-seat friction. The closing correlation pro-
vides a useful tool for evaluating the on-the-seat
closing requirements of valves that exhibit typical
responses (peak stem thrust is achieved at flow
isolation) where the differential pressure exceeds
400 psid. However, the original correlation does
not address opening requirements, atypical clos-
ing requirements, or differential pressures below
400 psid. These limitations on the applicability of
the original INEL correlation left a serious need
to extend the method or to develop new methods
to include

e  Typical valve responses during closing at
pressures below 400 psid

e  Atypical valve responses in the closing
direction

e  Valve opening responses (both typical and
atypical).

This section of the report is presented in three
subsections that discuss our latest efforts in
addressing these three kinds of valve responses.
These responses represent areas where, until now,
we were unable to provide any technical support.
For the first of these three areas, we extended the
applicability of the INEL closing correlation. We
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did this by evaluating available low-load test data
and enhancing the INEL closing correlation to
address data scatter in the friction factor at these
lower loads. For the other two areas, we devel-
oped new approaches. We completed the initial
development of a method that uses a disc factor
for directly extrapolating the results of a best
effort dynamic test to bound the design basis clos-
ing requirements of a gate valve with an atypical
response. We also completed the initial develop-
ment of a correlation (similar to the INEL closing
correlation) that uses a friction factor for predict-
ing the opening requirements of gate valves.

3.1 Typical Valve Responses
During Closure Against
Lower Loads

Our analysis of the closing requirements of
valves with typical responses and our develop-
ment of the INEL correlation are documented in
NUREG/CR-5720(1992). So far, the applicability
of the INEL correlation has been limited to
medium- to high-flow applications, where the dif-

ferential pressure is about 400 psid or greater. One
of the reasons for this is because at the time, we
simply did not have the data to extend applicability
of the INEL correlation to lower loads. Another
reason is because in many valves tested at low
pressures and low flows, the analysis of the test
results tends to produce a large amount of data
scatter, regardless of the model used in the analy-
sis. The following discussion first takes a look at
this kind of low-load data scatter, as evidenced in
the results from utility testing of a valve, then pres-
ents an updated version of the INEL closing cor-
relation. This updated version has been extended
to include valve operation at loads lower than the
400 psid limit. A brief discussion of valve pre-
conditioning and 1ts effect on data scatter is also
presented in this subsection of the report.

3.1.1 Test Data From a Utility Valve Test
Program. A classic example of the data scatter
usually seen at low loads is the evaluation of a
14-in. 600-1b-class valve tested recently by a
nuclear utility. A quick look at the test results pro-
vided by the utility is presented in Figure 3-1,
which shows the calculated disc factor by stroke
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Figure 3-1. Results from testing a 14-in. 600-1b-class valve at a utility.
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number. These test results are all from the same
valve. Each of the circles represents the results of
a closing test, and the number next to the circle is
the differential pressure for that test at flow isola-
tion. The solid circles represent tests with the
valve mounted in the vertical position, and the
clear circles represent tests with the valve
mounted in the horizontal position. This prelimi-
nary view of the test results shows the data scatter
mentioned earlier.

Presenting these data as the disc factor plotted
against the differential pressure, as shown in
Figure 3-2, gives a better indication of the data
scatter. This comparison is the result of the utility
analyzing the data with the NMAC stem thrust
equation, which includes terms that account for
the wedge angie. [The NMAC equation (Grant and
Keating, 1990) was developed by the EPRI
Nuclear Maintenance Application Center.] The
plot also shows the bounding limits of the INEL
correlation. As a general trend, the tests at a higher
differential pressure show less scatter in the disc
factor than do the tests at a lower differential pres-
sure. With this much scatter in the data, as pres-

Disc Load

ented in this format, it is very difficult to define a
trend that would be useful for evaluating the per-
formance of the valve at low loads.

Looking at the data using a simplified analysis
that is similar to the INEL methodology, we see a
much better correlation o’ the data. This simpli-
fied analysis, also pro» ided by the utility, is
shown in Figures 3-3 and 3-4. Figure 3-3 presents
data from tests with the valve oriented in the ver-
tical position; data for the horizontal position are
presented in Figure 3-4. These plots represent a
relationship between the dynamic stem thrust and
the horizontal disc load, such that the disc factor
is represented by the slope of the line. (The
dynamic stem thrust equals the total stem thrust
minus the stem rejection load minus the packing
friction load; the disc load equals the disc area
times the differential pressure.) The effect of this
simplified analysis is that both the dynamic stem
thrust and the disc load have been divided by the
disc area term; the vertical axis, though labeled
differently, is equal to the dynamic stem thrust
divided by the disc area, and the horizontal axis,
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Figure 3-2. Disc factor plotted against differential pressure for the 14-in. utility valve. Tests at higher

differential pressure show a more consistent disc factor.
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Figure 3-3. Disc load versus dynamic stem load; data fit for tests performed with the valve in the vertical

position.
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Figure 3-4. Disc load versus dynamic stem i0ad; data fit for tests performed with the valve in the hori-
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also labeled differently, is equal to the disc load
divided by the disc area. In practice, the value for
the vertical axis is calculated as the differential
pressure times the disc factor, and the value for
the horizontal axis is simply the differential pres-
sure. This simplified approach is useful where the
value for the disc factor is already known, and
where it will not be necessary to compare the
results of testing of different valves.

With the data arranged in this manner, what
originally appeared to be a lot of scatter in the
data now appears as a more linear relationship
between the dynamic stem thrust and the disc
load, with most of the individual data points fal-
ling fairly close to the trace representing a best
linear fit.

There are several reasons that the data points
appear to be more scattered in Figure 3-2 than in
Figures 3-3 and 3-4. Figure 3-5, adapted from
Figure 3-3, shows one of these reasons. The slope
of the dashed line in Figure 3-5 represents a disc
factor of 0.39. This represents the best fit for all
of the tests shown on the data plot. In contrast, the

Disc Load

slope of the dotted line represents the disc factor
in a single low-load test, the one conducted at
117 psid. The disc factor represented by this slope
is 0.58. Compared to the best fit of 0.39, the
magnitude of this disc factor, as indicated by the
steepness of the slope of the trace, is partly a
result of a small variation from the best fit but
mostly the result of the low magnitude of the dif-
ferential pressure load. At lower loads, a certain
amount of variation in the data represents a larger
portion of the total than the .ame amount of varia-
tion would represent at higher loads.

Fizure 3-6, adapted from Figure 3-4, shows
another reason. In this figure, the slope of the
dast ed line represents a disc factor of 0.33, and the
slop: of the dotted line represents a disc factor of
.44 (or a test conducted at 161 psid. Even though
this data point falls very near the best linear fit for
tests conducted with the valve in the horizontal
orientation, the corresponding data points, as
viewed in Figures 3-1 and 3-2, appear more like
outliers. In this instance, the main reason for the
difference is that Figures 3-1 and 3-2, as well as
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Figure 3-6. Same plot as Figure 3-4, modified to show one of the causes of the data scatter shown in

Figure 3-2.

the dotted line in Figure 3-6, fail to account for the
offset shown in Figure 3-6, where the dashed line
representing the best linear fit does not intersect
the vertical axis at zero.

These comparisons demonstrate that in evalua-
tions of a single valve or a population of valves,
particularly with tests conducted at low loads, it is
more useful to derive a relationship between the
dynamic stem thrust and the horizontal disc load
than it is to simply plot the disc factor against the
differential pressure load. These comparisons also
show that for valves with typical responses (high-
est load before wedging occurs after flow isola-
tion), it is not appropriate to use a single value for
the disc factor to perform a linear extrapolation.
The results of such an extrapolation can be very
inaccurate, as shown, for example, by the dotied
lines in Figures 3-5 and 3-6, where a linear extrap-
olation would predict a stem thrust much higher
than the stem thrusts actually experienced in the
tests conducted at higher differential pressure
loads.
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3.1.2 Extending the Original INEL Closing
Correlation. Like the utility tests described in the
previous discussion, the low-load tests that we per-
formed as part of our full-scale testing showed a
significant degree of scatter in the disc factor data.
For this reason, we initially limited the application
of the INEL correlation to loads above about
400 psid. The data we had at the time did not sup-
port extending the correlation any lower. How-
ever, from what we now see in the INEL data, the
utility data described above, and other data we
have looked at, it is evident that there is a lincar
trend running through a set of data scatter, even at
lower loads. Based on these observations, we have
extended the INEL correlation below the 400 psid
lower limit. The extended correlation is shown in
Figure 3-7. The equations that support the
extended correlation are presented on page 3-8.
Above a normalized normal load of approximately
415 psi, the first equation should be used, whereas
below this load, the second equation should be
used. The methods that produced the original cor-
relation, including the equations that define the
normalized normal and sliding loads, are
explained in NUREG/CR-5720 (1992).
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For F, 2 415 psi:
(sin a + f. cos a) (Fyp — Fu) = 50 Ay
Fsttm . pat‘hn‘+Fsr”Flop+Fbof f(COSG“‘“;‘-Sinad)
For F, < 415 psi: [ |
sin a + (1.0 £ 03) f. cos a| (Fyp — Fgu)
Fuem = Fpacing + For = Fiop + Foo lcos @ = (1.0 %+ 03) f. sin a|
where
» F. (Fop = Fg) cos @ + (Fyem = Fpouing = For + Fup = Fy,) sin a
n Am
Fstem = stem thrust These limits bound the test data that were used to
develop the correlation.
Fpacking = packing drag
Figure 3-8 shows the utility data described
Fyr = stem rejection load above, analyzed using the INEL methodology,
= Pyp * Astem and plotted in the extended INEL closing correla-
tion (with f. = 0.400). These utility data are
Fiop = Pyp * Ams * tan a included in the figure as an example to illustrate
the concept, not to defend the validity of the
Foot = Pan * Ams * tana extended correlation. In this analysis, we see that
the data still vary somewhat, but the variation
a = valve seat angle falls quite well within the limits of the INEL cor-
F - P %A relation. This analysis, 100, helps us understand
- . T the scatter observed in the disc factor results
o - Py * A shown in Figure 3-2. The slope of the solid line in
e Figure 3-8 represents a friction factor of 0.4.
- Below a normalized normal load of 415 psi, the
Ams . m (seam:a;r :at diameter)? upper and lower bounds of the INEL correlation
are equivalent to friction factors of 0.52 and 0.28.
R = stem area The data at the very low normal loadings are scat-
= 1/4 t (stem diameter)? tered within these limits, but the amount of scatter
appears to be much less than the scatter depicted
Pu = upstream pressure in Figure 3-2. Some of the scatter shown in Figure
3-2 i1s simply the result of the method used to plot
Pan = downstream pressure the data, and some is an artifact of using a disc
factor instead of a true friction factor to assess the
fe = 0.400 (less than 70°F fluid valve's response. Using the INEL methodology
subcooling) and viewing the data in terms of normal load ver-
0.500 (70°F or more fluid sus sliding load ~ccounts for the inherent data
subcooling) scatter and provides a more stable basis of view-

With the normal load plotted against the sliding
load, as shown in Figure 3-7, the resulting cor-
relation is a very close representation of actual
disc/seat friction. The upper and lower bounds of
the INEL correlation are also shown on the figure.

NUREG/CR-6100

ing and assessing the data and predicting valve
responses at higher loads.

3.1.3 Applying the Extended INEL Closing
Correlation. It is our opinion that if a valve can-
not be tested at its design basis differential
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Figure 3-8. Extended INEL closing correlation with data from utility testing.

pressure, the valve should be set up using the best
information available and using a justifiable fric-
tion factor or disc factor for the design basis
loads. Then the valve should be tested at the high-
est differential pressure possible and the results
checked for atypical behavior and for calculation
and measurement errors.

We present the INEL correlation as one of sev-
eral possible means of determining a justifiable
friction factor. The use of the extended correla-
tion for evaluating a valve's closing requirements
is the same as for the original INEL closing
correlation. The evaluation requires that a test be
performed for verification purposes. If a test can-
not be conducted at design basis differential pres-
sure, we recommend that a test be conducted at
the highest differential pressure possible, but at a
minimum of either 200 psid or 50% of the design
basis load, whichever is lower. Thus, 200 psid is
the minimum test pressure for valves with a
design basis differential pressure of 400 psid or
greater. The flow rate must produce the necessary
differential pressures at flow isolation before

3-9

wedging. Differential pressures developed after
wedging do not load the valve disc properly and
will not validate the evaluatior.. The results of a
properly executed test can be used to check the
tested valve's performance against the extended
INEL correlation. If the results of the low-load
test fall within the expected bounds, shown in
Figure 3-7, the extended INEL correlation is con-
sidered applicable. This evaluation verifies that
the response of the valve is typical of the valve
responses used to develop the correlation. If the
less-than-design-basis test results fall within the
bounds of the correlation shown in Figure 3-7,
then the correlation is applicable for design basis
calculations for the specific valve.

The effect of the extended INEL correlation is
to establish a nominal friction factor of either 0.4
or 0.5, depending on fluid conditions, and then to
establish an upper bound for making predictions.
For the correlation shown in Figure 3-8, where
the nominal friction factor is 0.4, the slope of this
upper bound represents a friction factor of 0.52 at
lower loads, that is, normalized normal loads less
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than 415 psi. At higher loads, the upper bound
friction factor determined by the upper bound
becomes a load-dependant friction factor that
decreases toward 0.4 as the load increases. In
effect, the friction factor used to predict the sten
load varies from 0.52 to a little more than 0.4,
depending on the load. For the correlation with
the nominal friction factor of 0.5, the friction
factor varies from 0.65 to a little more than 0.5,
For more information on the concept of a load-
dependent friction factor, see NUREG/CR-5720,
page 51, Section 3.3.5.

This mode! considers disc/seat sliding friction
only; the effects of mechanical interference on
thrust ar2 outside of the basis of this formula. The
upper bound on the extended correlation repre-
sents the upper limit on what we consider sliding
friction. Disc friction factors above 0.65 are out-
side the bounds of the data that support the correla-
tion. This 0.65 limit applies to valves operating in
colder fluids (more than 70°F subcooling). For
vaives operating in hotter fluids (less than 70°F
subcooling), the limit is the 0.52 friction factor
mentioned in the previous paragraph. Friction fac-
tors higher than these limits may represent valve
performance from designs not included in our
research Lase, or they may represent mechanical
interference and possible valve damage rather
than sliding friction alone. Evaluation of valves
that experience mechanical interference is dis-
cussed in Section 3.2 of this report.

Note that with either the original INEL correla-
tion or the extended correlation, the procedure for
making the prediction is not a true extrapolation,
though it appears to be such and though it is
sometimes referred to as such. The prediction of
the design basis stem force requirements is a
straightforward calculation using a friction factor
provided by the correlation and using known val-
ues for the valve dimensions and the design basis
conditions. The calculation itself is independent
of the low-load test results. The low-load test
results do not provide a base from which to
extrapolate; instead, they pro. ide justification for
using the methodology.

3.1.4 Preconditioning. Some of the scatter in
the disc factor data from the utility valve test

NUREG/CR-6100
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program described in Section 3.1.1 (Figure 3-1)
can be attributed to a lack of preconditioning. Pre-
conditioning refers to the breaking-in of a new
valve or a recently overhauled valve. New gate
valves and gate valves that have recently been
overhauled might temporarily have lower-than-
normal disc friction coefficients.

Tribology experts who are currently investigat-
ing this phenomenon disagree as to its cause. The
phenomenon may be the result, for example, of a
residue of machining oil left on the disc and seat
surfaces, or it may be the result of some other yet
to be explained cause. Regardless of the cause, this
phenomenon occurs, and it must be accounted for.
This lack of preconditioning is seen as a general
trend in the results of industry testing; tests run ear-
lier in a test series tend to produce lower disc fac-
tors than those run later in the series. This explains
why in Figure 3-1, the disc factors for stroke num-
bers 28 and 33 (at differential pressures of 117 and
540 psid) appear to be abnormally high; they were
run out of turn, later in the test series.

Data scatter due to lack of preconditioning has
appeared in other test results as well. Following
the NRC/INEL Phase 2 MOV testing (reported in
NUREG/CR-5558, 1990), it was observed that
exposing a new or overhauled valve to hot water
or steam conditions stabilized the friction coeffi-
cient immediately. In recent industry tests,
researchers observed that under ambient tempera-
ture water conditions, many cycles were necessary
to age the friction surfaces enough to yield a stable
friction coefficient. It appears that disc friction
values derived from recently overhauled valves
operated in ambient temperature water may not be
reliable. When such valves are tested in situ and
the results are evaluated, it may be better to use the
friction values obtained befoie the overhaul, or
values from similar valves with aged surfaces.

3.2 Closing Requirements of
Valves with an Atypical
Response

There are several models currently used in the
industry to evaluate gate valve responses and
requirements. All of these models. including the



original INEL model, are applicabie only after
flow 1solation and before wedging, when the disc
is nding fully on the downstream seat, and when
the upstream, bonnet, and downstream pressures
have stabilized. The underlying assumption in the
use of these models is that flow isolation is the
part of the closing stroke that produces the highest
load (before wedging). Experience shows that this
assumption does not always hold true. However,
it appears to be a valid assumption, since this is
the part of the closing stroke where the differen-
tial pressure is the highest and the disc area
exposed to the differential pressure is at its maxi-
mum. For this reason, we call this the classic or
typical valve response. In typical valve responses,
the increase in the stem load is approximately pro-
portional with the increase in differential pressure
and the increase in exposed disc area. Figure 3-9
is a stem thrust trace from a closing test showing
the typical valve response. The peak thrust before
wedging is at flow isolation, where the disc is nd-
ing on the seat.

Over the past few years, as more and more
valve testing has been completed, we have

Disc Load

observed a substantial number of cases where the
peak thrust during valve closure occurred before
flow isolation. We call this an atypical valve
response. This atypical valve response involves
forces that may not be trivial; some of these atypi-
cal valve responses included a stem force before
flow isolation that was 20 to 50% more than the
subsequent thrust required at flow isolation. An
atypical response is shown in Figure 3-10, a stem
thrust trace from a valve closure. This response is
sometimes called a hooked response, because the
thrust history appears to have a hook shape just
before the plateau that indicates flow isolation.
Atypical responses can occur in either the open-
ing direction or the closing direction. Closing
responses are discussed here; opening responses
are discussed later in this report.

The appearance of this atypical response wouid
not be so serious if all valves could be tested in the
plant at their design basis conditions, but this is not
the case. If the hook response is noted in a design
basis test, a check for damage should be
performed. The stem thrust history provides an
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Figure 3-9. Stein thrust trace for a closure test, showing the classic, typical response. The peak thrust

before wedging is at flow isolation.
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Figure 3-10. Stem thrust trace for a closure test showing an atypical response. The peak thrust before

wedging is before flow isolation.

excellent tool for looking for damage. A jagged
appearance in the stem thrust response is often an
indicator of internal valve damage. An atypical
response in a test conducted at conditions less
severe than design basis conditions presents a
problem in the evaluation of the valve's
performance.

None of the current models used to evaluate
valve responses and to predict or extrapolate valve
closing stem force requirements apply to an atypi-
cal valve response, where the peak stem force
occurs before flow isolation. All of these models
rely on the pressures being uniform on the
upstream and downstream sides of the disc after
flow isolation. In ar: atypical response, flow is still
taking place and the pressures are not uniform.

With so many valve responses showing evi-
dence of atypical behavior, there was a serious
need for a method to evaluate atypical behavior.
Testing is the only feasible way to determine
which valves perform with typical responses and
which ones perform with atypical responses. For
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this reason, the methodology presented here
applies only to valves that can be subjected to a
best effort flow test.

Our analysis of atypical responses includes data
from NRC full-scale test programs [reported in
NUREG/CR-5558 (1990) and NUREG/CR-5406
(1989)] and from industry testing. The following
discussion presents our understanding of the cause
of the atypical response, then recommends a best
effort flow test to determine the typicality of the
response. The discussion then proposes a method
for using the best effort flow test as a basis for eva-
luating the valve's response and then performing
an extrapolation to calculate a value that will
bound the stem thrust expected at the valve's
design basis conditions.

3.2.1 The Cause of Atypical MOV
Responses. From our analysis of data from our
test programs and from other data available to us,
we have determined that the primary cause of this
atypical response is tipping of the disc in response
to flow forces as the valve closes. This tipping is
primarily a result of large clearances between the



disc guide slots and the valve body guides (unsup-
ported lower portions of welded-in body guides
can also bend in response to flow forces, allowing
the disc to tip). Figure 3-11 shows what we call a
guide-restrained tipped disc, and Figure 3-12
shows what we call a seat-restrained tipped disc.
These two figures illustrate the worst case tipping
for each of the two cases. The tipping of the disc
produces two effects that can contribute to atypical
behavior: an increase in the mechanical interfer-
ence between the disc and the guides and between
the disc and the seat, and changes in the pressure
distribution around the tipped disc.

Mechanical interference and the physical dam-
age that sometimes accompanies it can contribute
to atypical behavior by adding to the thrust
required to operate the valve, particularly in the
closing direction and under high flow conditions.
This additional thrust, along with the other forces,
can produce a peak stem force condition before
flow isolation. If the angle of the tipping is large
enough in the guide-restrained case, the guide con-
tact area will be much smaller than normal. This
results in an increase in the contact stress, which
can lead to galling and plastic deformation. If the
angle of the tipping is large enough in the seat-re-
strained case, mechanical interference between
the leading edge of the disc and the edge of the seat
will add to the thrust load in the stem. If the leading
edge of the disc is sharp enough, the disc can shear
stellite from the seat as it closes, resulting in loads
that are likely to be even higher.

All of the anomalies described above have been
observed in actual testing. Posttest inspections
combined with careful data analysis have shown
that most damage can be detected from the stem
force history. Figures 3-13 and 3-14 are stem force
histories from our full-scale valve testing. Valve
damage is evident in the jagged appearance shown
in the stem force histories. Figure 3-152 is a stem
thrust history from a valve closure in which the
disc tipped (atypical response is evident), but no

a. Nonproprietary, uncopyrighted data provided to
the NRC by EPRI in a public meeting as part of a prog-
ress report.
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damage occurred. These data are from the low-
flow ambient temperature tests conducted as part
of the Electric Power Research Institute (EPRI)
performance prediction program. This valve and
several other valves from industry test programs
exhibited atypical responses in the closing
direction, but without damage. We do not know the
extent to which mechanical interference can
contribute to an atypical response without causing
damage. Moreover, in an atypical response with-
out damage, it may be that only a small portion of
the atypical response is due to mechanical
interference.

The other factor that contributes to atypical
valve response, and probably the more important
of the two in most cases, is the change in the pres-
sure distribution around the disc while it is tipped,
before it comes in full contact with the seat. Full
seat contact in this sense does not refer to wedging,
but refers instead to the disc sliding in full contact
with the downstream seat, before wedging begins.
Full seat contact typically occurs after flow isola-
tion in the closing direction (and after unwedging
but before flow initiation in the opening direction).
Figure 3-16 shows the area of the disc and the stem
rejection area that the pressures act upon. These
areas and the corresponding loads were the heart
of the early industry gate valve sizing equation.
These early industry equations were basically an
area times a differential pressure times a fractional
disc factor (typically 0.3), plus or minus the stem
rejection load (depending on whether the valve
was opening or closing), plus the packing friction
load. The internal valve pressure is always trying
to expel the stem, so the pressure load on the stem
area assists the operator during opening and resists
during closing. Except for the packing load, the
stem rejection load was the only direct vertical
load that was consideied in the early gate valve siz-
ing equations. The effect of the fractional disc fac-
tor was to account for disc-to-seat friction and any
unknown variables.

During the development of the INEL correla-
tion, we identified an additional vertical area
where pressure in the valve produces a load on the
stem. That work is documented in NUREG/
CR-5720 (1992). Figure 3-17 shows this
additional area. defined as the elliptical area of
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Figure 3-13. Stem thrust trace showing a jagged shape, indicating valve damage.
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Figure 3-14. Stem thrust trace showing a hook shape in the response and showing evidence of valve

damage.
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Figure 3-15. Stem thrust trace from testing of a 6-in. service water valve closing against design basis
flow. The trace shows an atypical response, but no damage occurred.
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Figure 3-16. Valve disc cross-section showing horizontal and vertical forces acting on the disc and stem,
as identified by the standard industry equation.
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Figure 3-17. Valve disc cross-section showing additional vertical forces acting on the disc, identified as

Fiop and Fpey in the INEL correlation.

the seat orifice when viewed from the axis paral-
lel to the stem. This area is a result of the angle of
the seat (nominally 5 degrees) in a wedge-type
gate valve. The bonnet pressure acts on this area
from above, and the downstream pressure from
below. These two pressures produce a net down-
ward load that assists the operator during closing
and resists during opening. Thus, this load tends
to offset the stem rejection load. Typically, the
stem rejection load dominates in valves smaller
than 6 in., and the vertical disc load dominates in
larger valves. All of these loads (including those
discussed in the previous paragraph) maintain
their relationships as long as the disc is closing or
opening in an untipped condition. The result is a
classic, typical response.

However, most valve discs will tip on the
guides before coming into full contact with the
downstream valve body seat, and some will tip
enough to produce an atypical response. Fig-
ure 3-18 shows how the pressure distribution
loads change with the disc tipped. The net down-

ward load shown in Figure 3-17 gets smaller. The
effect of this change is to increase the stem thrust
needed to close the valve. In addition, a tipped
disc area term appears, acted upon by the differ-
ence between the upstream pressure and the bon-
net pressure. This area becomes larger the more
the disc tips. The result is another net vertical
loadin- that resists valve closure. These two
changes in the disc loads either modify or add to
the loads in a classic, typical response, and along
with mechanical interference, they contribute to
the peak thrust seen before flow isolation in the
atypical valve response. The decrease from the
peak thrust point to the plateau at flow isolation,
as shown in Figure 3-14, is caused by the disc
coming into full contact with the seat and
straightening up. This reorientation of the disc
changes the pressure distribution around the disc
back to normal and changes the mechanical
interference loads back to simple sliding friction.

The propensity for a valve disc to tip is not
associated with a single valve manufacturer.
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Figure 3-18. Disc areas that the various pressures act on; as the disc tips, these areas and pressures

change.

According to the manufacturers’ published toler-
ances, it is possible for the disc of almost any
valve of any manufacturer to tip enough to result
in atypical behavior, depending on how the toler-
ances stack up. In addition, no two valves can be
expected to exhibit the same atypical response,
even if the valves are of the same manufacturer
and model. With measurements of individual
clearances in the guides and seats, it might be pos-
sible to predict how much the disc will tip. How-
ever, the relationships between disc tipping, the
flow paths through the bonnet region and under
the disc, and the pressure distribution around the
disc entail so many unknowns that any prediction
of the resulting stem load would by its very nature
require considerable conservatism.

3.2.2 Best Effort Flow Test. The alternative to
blind predictions and the extra conservatism that
they entail is testing. This does not mean that every
valve that closes or opens against differential pres-
sure must be tested at design basis conditions.
However, some best effort differential pressure
test should be performed to determine whether a
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valve performs with a classic/typical or an atypical
response. Our analysis of test data indicates that a
valve tested at a reasonable differential pressure
load in relation to its design basis differential pres-
sure is sufficient for this purpose. We recommend
200 psid or 50% of the design basis load (which-
ever is lower) as a minimum. This minimum dif-
ferential pressure loading should establish a disc
response pattern for buth typical and atypical
valve performance. With the response pattern thus
established, the analyst can select a method for
predicting or extrapolating the design basis
response. At this minimum loading, a valve with
a propensity for atypical behavior will exhibit all
of the signs of its atypical response, provided that
the fluid temperature and fluid conditions are
somewhat representative of the design basis
conditions. (If the valve is tested in ambient tem-
perature water, the resulting disc factor will prob-
ably be higher than it would be if the valve had
been tested with higher temperature fluid.) Addi-
tionally, the flow must be sufficient that the disc is
ioaded to the minimum differential pressure
before flow isolation. Under these conditions, the



tipping of the disc, the pressure distribution, and
the fluid effects will all be exhibited. This means
that bounding the design basis response should be
a ma*ter of a simple linear extrapolation, provided
that valve damage is not a concern.

If the best effort flow test indicates that the valve
has a classic, typical response, one of the conven-
tional seating models can be used to evaluate the
response. If an atypical response is evident, the
next step is to examine the stem thrust history for
evidence of damage. Figures 3-13 and 3-14
(Valve 1, a 6-in. 900-1b-class flex-wedge gate
valve, and Valve 4, a 10-in. 900-1b-class flex-
wedge gate valve, respectively) show stem thrust
histories where damage occurred during the clos-
ing stroke, as indicated by the jagged appearance
of the traces. Figure 3-15 shows a stem thrust his-
tory from a test of a service water valve in which
no damage occurred. In our full-scale test pro-
grams, we were almost always able to correlate
irregularities in the stem thrust traces with the
occurrence of damage during the closure. Some of
the more subtle damage, such as bent guides, was
identified after testing through posttest inspection.

40,000

Disc Load

That response, too, is evident in the thrust history,
now that we know what to look for (see
Figure 3-19, closing portion of the trace). Follow-
ing a flow test, a seat leakage test can also help
identify damage. Such a test might be particularly
important if the flow test is repeated and the hook
is smaller in the second test. This usually indicates
that the disc machined the seat during the first test,
rounding the corners, so that there is less mechani-
cal interference during the second test. (The first
test removes the sharp edges from the valve body
seat and rounds the matching area on the disc seat.)
Figure 3-20 (upper piot, closing stroke) is a good
example of a thrust trace where the hook is less
pronounced in the second test than in the first test
(Figure 3-20, lower plot).

3.2.3 Extrapolation of Atypical
Responses. If no damage is observed, one can
assume that the hooked response will increase lin-
early with pressure as the valve is exposed to
higher pressure loadings. This being the case, the
response at higher flow loads can be bounded
with a linear extrapolation. This assumption is
based on the fact that in the best effort flow test,
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the disc 1s tipped as far as it can tip, so the pressure
distribution around the disc and th. resistance due
to mechanical interference have been established.
Thus, all of the load effects due to geometry, disc
tipping, disc area, and mechanical interference are
present in the best effort flow test. The area, tip-
ping, and geometry will be the same in the higher
pressure case; only the disc factor may change. We
expect any change in the disc factor to be a down-
ward change; the friction term is typically less at
higher loads. Valve testing and laboratory single
effects testing have confirmed that less thrust is
required per pound of differential pressure at
higher disc pressure loads. Because of differences
among individual valves, this technique cannot be
used in a grouping application, nor can the results
of testing one valve be extended to other valves;
this technique is valid only for the tested valve.
Once best effort test data are obtained, the follow-
ing equation can be used to extrapolate the results
to the design basis differential pressure load:

Fom ® Cpns 8P * Py Apn * Foung
where

Fitem = stemn thrust

Chooking = hooking factor

AP = differential pressure

Py = upstream pressure

Astem = sltem area

Fpacking = packing drag

Use the data from the best effort flow test as
input to calculate the hooking factor. The hooking
factor 1s a term that accounts for both the disc fac-
tor and the disc area term. Because the peak force
is measured before flow isolation, the disc area
(the area of the disc exposed to flow and differen-
tial pressure forces) i1s unknown. (In the labora-
tory, it is possible to use stem position data to
estimate the exposed area of the disc, but in the
field this would be difficult, and for the purposes
of the evaluation described here, it is unnecessary.)

3.21

Disc Load

Once the hooking factor is determined from the
best effort flow iest, the hookine factor is used
along with the design basis pressure and differen-
tial pressure to estimate the design basis stem
thrust. We believe that this procedure will bound
the siem thrust at design basis conditions; as
explained in the previous paragraph, the ratio of
actual stem thrust (the force required to move the
disc) to differential pressure decreases as the dif-
ferential pressure across the disc increases, all
other parameters remaining the same. Thus, the
actual stem thrust required for valve operation will
be lower than the stem thrust predicted using this
procedure.

3.3 Opening Requirements

Although there are some similarities between
opening and closing, there are also some important
differences. The stem rejection load, which resists
during closure and adds to the stem load, assists
during opening. Likewise, the Fy,, load, identified
during our development of the INEL correlation
and mentioned earlier in this report (see Fig-
ure 3-17), assists during closure but adds to the
stem load during opening. As with closing
responses, we observed the occurrence of atypical
as well as typical opening responses. Figure 3-21
shows the typical opening response. As expected.
aclassic, typical opening response shows the high-
est load (after unwedging) to occur while the disc
is sliding on the downstream valve body seat but
before flow initiation. This point in the opening
stroke corresponds with the point of interest in the
typical closing stroke, that is, where the full area
of the disc is exposed to the full differential pres-
sure. Because of this similarity, one might expect
that the closing correlation could be modified
(with sign changes for the stem rejection load and
the Fqp 10ad) to predict typical opening responses.
However, we found it necessary instead to develop
a new correlation with a different disc friction
factor that fits the test data.

We found atypical responses to be more com-
mon during opening than during closing. In some
instances and under some conditions, valves that
exhibited typical responses during closing
exhibited atypical responses during opening. The
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Figure 3-21. Stem thrust trace recorded during an opening test, showing the classic, typical response.

atypical response appeared in the stem force his-
tory as a hump in the trace after flow initiation,
indicating an increase in the load instead of the
expected decrease. After a careful study of the
atypical opening responses from the NRC/INEL
full-scale vaive tests, we determined that the
opening correlation we developed for typical
responses also applies to atypical responses.

The following discussion first examines atypi-
cal opening responses observed in the NRC/INEL
full-scale test results. Next, we present a new cor-
relation for evaluating valve opening responses
and predicting opening requirements. Then we
address the applicability of the new correlation to

atypical opening responses.

3.3.1 Analysis of Full-Scale Test Results.
Before the NRC-sponsored INEL valve testing
program was conducted in 1988-89, not many
hirh-energy gate valve test results were available
in the public domain Virtually no results were
available from valves tested in the opening direc-
tion. Most of the analysis presented in the follow-
ing discussion is based on the results of the
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NRC/INEL valve test program. We have also
reviewed a number of recent industry test pro-
grams, and the results of that work do not conflict
with the results presented here.

In our early analysis of data from opening tests
in the NRC/INEL Phase 2 full-scale test pro-
grams (reported in NUREG/CR-5558, 1990), we
observed that with the larger (10-in.) valves
tested with steam, the flow loads after unseating
were higher than the loads during unseating.
Figure 3-20 (upper plot, opening stroke) is an
example of such a response. This result initially
gave us the impression that for valves exhibiting
atypical behavior, there was possibly not only a
hook in the closing direction, but also a
corresponding hump in the opening direction.

On closer examination, we found the atypical
opening response to be more complicated than
that. For both opening and closing, there are sev-
eral mechanisms at work, each contributing to or
subtracting from the total stem load. One of these
mechanisms is mechanical interference between
the disc and the seat, which adds resistance in the
closing direction but not in the opening direction.



In aadition, we found that in the opening direc-
tion, the atypical response is affected more by
fluid condition and fluid pressure than in the clos-
ing direction. Separating these individual forces
and influences was a different challenge for the
opening direction than for the closing direction.
The responses changed with pressure, test fluid
(cold water, hot water, steam), degree of subcool-
ing, and valve size. After analyzing some of the
other data from the smaller valves and observing
the results of industry testing, we determined that
the atypical opening response occurred only with
some single-phase fluids.

After a preliminary analysis, during which we
tried to analyze the data by separating the forces
and solving for the friction factor, we created a
computer model that represented what we thought
should be going on within the valve in the opening
direction and then analyzed all of our close-to-
open-to-close test data against this model. The
model was based on the INEL closing equation,
refitted for the opening direction, with the added
capability to address the tipping of the disc. The
model was designed to estimate the stem thrust
responses using actual valve dimensions and real-
time test pressures recorded in the bonnet and
under the disc as well as upstream and downstream
of the valve. It was not our intent during this effort
to tweak the riodel until it provided accurate pre-
dictions of *ne valves’ responses, but rather to
check all our high-flow reopening and reclosing
data against a common set of predictions based on
what we thought was going on.

We made some simplifying assumptions. For
example, we assumed a constant disc area
throughout the stroke. This simplifying assump-
tion causes the model to overestimate the stem
thrust when the valve is open more than the
1.5-in. stem position (approximately). However,
the model still met our needs. because we were
interested primarily in the response during the ini-
tial portion of the opening stroke and the last part
of the closing stroke, when most or all of the disc
1s exposed to the differential pressure.

Figures 3-22 and 3-23 show the responses of
two of our 10-in. valves during the opening and
closing cycle discussed above. The test medium

=
'

w

Disc Load

is steam. The upper trace in these figures repre-
sents the valve opening stroke, traveling left to
right, whereas the lower trace represents the valve
closing stroke, traveling right to left. The stem
thrust traces have been plotted against stem
position, so the fully closed position for both the
opening stroke and the closing stroke is on the
left. The zero stem position corresponds to the
disc position where the visual flow path is barely
blocked. With the data plotted in this manner, it is
easy to see how closely the opening response mir-
rors the closing response.

Figure 3-22 shows the stem thrust during the
opening and reclosing cycle for Valve 5, a 10-in.
Wm. Powell flexwedge gate valve, and
Figure 3-23 shows the same information for
Valve 6, a 10-in. Velan flexwedge gate valve. As
explained above, the calculated traces on the plots
are the responses estimated by our simple model,
based on the actual test pressures, assuming a spe-
cific disc friction, and adding the effects of slight
tipping of the disc after the disc comes off the seat.

Except for the beginning of the opening
responses, the estimates for both opening and clos-
ing are close to the actual measured values. The
traces for both valves show slight hooks in the
closing direction. (This atypical or “hooking”
response during closure is discussed earlier in this
section of the report.) For both valves, the thrust
measured at the beginning of the opening stroke,
while the disc is still riding on the downstream
seat, is very low compared to the estimate. How-
ever, once the disc moves off the seat and after flow
is initiated, the opening thrust recovers and
matches the prediction quite well. Without this
kind of comparison of measured versus predicted
response, it would be easy to mistakenly assume
that the load before flow initiation is a normal,
expected load, and that the hump after flow initia-
tion indicates an anomalous, unexpected load.
With tne comparisons shown in Figures 3-22 and
3-23, what we see instead is the reverse: the load
before flow initiation is unexpectedly low, and the
hump represents the increase of the load to the
level predicted by the model. We tested three
10-in. valves; all three were tested only with
steam, and the responses of two of the valves are
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represented by the examples shown here. The one
valve whose response we have not shown here is
Valve 4, the Anchor/Darling valve; the response
included extensive valve guide damage, so we did
not include it in this comparison.

The smaller 6-in. valves were subjected to a
number of parametric tests with various pressures
and temperatures, with fluid conditions ranging
from cold water to steam. The unexpectedly low
on-the-seat response observed in the 10-in. valves
during opening is also present in the 6-in. valves,
but only with single-phase fluids (high velocity
cold water and steam blowdown). These result
are shown in Figures 3-24 and 3-25 for Valve 2, a
6-in. Velan flexwedge gate valve.

In contrast, Figure 3-26 shows the responses of
Valve 2 while cpening and closing against hot
water at about 1000 psid with 10°F subcooling. In
this case, the opening response is much closer to
being a mirror image of the closing response. Fig-
ures 3-27 and 3-28 are from tests of Valve 2 open-
ing and closing against hot water with 100°F
subcooling. The conditions for these two tests
were almost the same (the second test was a retest
because the subcooling was slightly out of specifi-
cation in the first test). We present both figures
here to demonstrate the repeatability of the results.
With the fluid at 100°F subcooling, the response is
similar to the response shown in Figure 3-26 with
the fluid at 10°F subcooling; the opening response
looks like a mirror image of the closing response.
Figures 3-29 and 3-30 are from two other tests of
Valve 2 operating with fluid at 100°F subcooling,
but the test pressure is higher. We observe that at
higher test pressures, the model overestimates the
stem thrust in the opening direction as well as the
closing direction. This result is typical of data we
have seen from valve closure tests; the higher the
normal load on the dis >, the lower the friction
factor.

Figures 3-3] and 3-32 are stem thrust histories
for Valve 3, a 6-in. Walworth flexwedge gate
valve, opening and closing with water at 10°F sub-
cooling. Figure 3-31 is from the test with the lower
pressure of the two. These results, like those
shown in Figures 3-28 through 3-30, show that

3-25
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when a fluid can flash in a high-energy test, the
opening direction develops a response that is
nearly a mirror image of that seen in the closing
direction. The pressure effect observed for Valve 2
in Figures 3-29 and 3-30 is also observed for
Valve 3; the model tends to overestimate the stem
thrust at higher test pressures.

3.3.2 A Correlation for Evaluating MOV
Opening Requirements. The pressure effects
and fluid condition effects on thrust in the opening
direction are not unexpected. We observed pres-
sure and subcooling effects in the closing direc-
tion; that analysis is reported in NUREG/CR-5720
(1992). However, the pressure effects and fluid
condition effects we observed in the ciosing direc-
tion are not as great as those we see for opening.

The fluid condition effect in the closing direc-
tion was significant, requiring the INEL closing
correlation to have two different disc friction fac-
tors, one for fluids with less than 70°F subcooling,
and another for fluids with more than 70°F sub-
cooling. The most significant fluid condition
effect in the opening direction is the low on-the-
seat friction factor for the high-pressure single-
phase fluids. The cause of this phenomenon has
not yet been identified, either by us or by other
industry researchers investigating this issue.
While this phenomenon is a curiosity, the fact
remains that once flow starts, the thrust recovers to
a more predictable value. This dictates that we
predict the response without regard for the
unexplained low friction while the disc is on the
seat.

The pressure effects during closing are also
built into the original INEL closing correlation.
The net effect in both the opening and closing
directions is that as the differential pressure
increases, it takes less thrust per unit of differen-
tial pressure to move the disc.

Once we understood that the fluid condition
and pressure effects were greater in the opening
direction than in the closing direction, and that the
hump in the opening direction did not represent a
new flow load, but only an increase to the
expected level, we were able to start developing
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a method to estimate the opening response. After
examining the NRC/INEL and industry valve test
results in light of the effect fluid subcooling has on
the peak opening response of the valve, we
extracted the results of those tests where the fluid
could flash (tests that produced typical responses ).
These results bound all the observed responses,
and the use of these results avoids the difficulties
of dealing with the unexpectediy low apparent
friction during unseating and the subsequent
increase in the stern thrust upon flow initiation, as
seen in the atypical responses. Using the data thus
extracted, we were able (o estimate the normal and
shding loads acting on the disc and to correlate
them over a wide range of differential pressure
conditions. Figure 3-33 is a plot of the normalized
normal versus normalized sliding loads for open-
ing a gate valve. As with the original INEL correla-
tion for closing, the slope of the trace represents
the friction factor.

Based on this effort, we suggest that one of the
following two correlations be used to estimate the
peak stem thrust demands of a valve during open-

Disc Load

ing. Above a normalized normal load of
approximately 350 psi, the first correlation should
be used, whereas below this load, the second
correlation should be used. The correlations are
presented on page 3-32.

Unlike the INEL's linear correlation for closing,
the opening correlations are quadratic. The effect
is that the friction factor is larger when the valve
is lightly loaded {the nominal (best fit) value is
about 0.63], and the friction factor decreases as the
valve load increases. Another difference between
the closing correlation and the opening correlation
can be seen in the limits of the data scatter at higher
loadings. The closing correlation bounded the
response with a % 50 psi band, whereas the open-
ing correlation bounds the data with a = 60 psi
band. These values represent the term necessary to
bound actual valve performance. However, for all
the differences between the opening and closing
methodologies, the on-the-seat typical responses
are quite similar. This fact adds to our confidence
that the opening correlations are vahd.
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Figure 3-33. Normalized sliding loads versus normalized normal loads for the opening stroke for gate

valves,
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For Fy, 2 350 psi:

(sina + f,cosa)(F,, ~ Fg) = !-‘1-:—";‘2—"-(&, - Fu)y & 60A,

Fm-rm+Fw—F~-F,,+

{cosa — f,sina) +

For F,, < 350 psi:

Fo ¥

zﬂpc::.: mn(Fv B F‘,)

(sina + (10 £ 03)f,cosa)(Fy = Fo) = 250220 (F, — F,)°

where
Fytem = stem thrust
Fpacking = packing drag
Fer = stem rejection load
= Pup* Agem
Fiop = Pyp* Aps " tana
Fbo = Pgy*Aps*tana
a = valve seat angle
Fup = Pyp*Ams
Fan = Pon* Ams
Ams = [nean seat area
= 1/4 n (mean seat diameter)?
Agtem = siem area
= 1/4 1t stem diameter)”
Pup = upstream pressure
Pan = downstream pressure
fo = 063
ffo = 0.00013

We know from our closing correlation that
below a disc loading of about 400 psi, the data
scatter becomes dominant. In the extensiot. of the
closing correlation to lower loads (discussed in a
previous subsection), we used the data we
received from utility testing, along with the pub-
licly available data we have reviewed from other
industry testing. All these data for low-pressure,
low-flow testing indicate that when the disc is
lightly loaded, the data scatter can be expected to
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fall within the bounds specified in the previous
paragraph. Based on those test results, we believe
that test results that fall outside the specified
bounas represent valve performance that is not
characteristic of the responses we have observed.

The opening correlation can be used to evalu-
ate the test results and the opening requirements
of valves that can be tested in situ at conditions
less severe than design basis conditions. We
propose a method similar to the one we recom-
mend in the use of the INEL correlation for clos-
ing requirements. With this method, the results of
the in situ test are not used directly in an extrapo-
lation. Instead, the test data are evaluated to deter-
mine whether the results fall within the bounds
defined by the correlation. If so, it can be assumed
that the response of the valve in question is repre-
sented by the data used to develop the correlation,
and that the correlation is applicable. Once appli-
cability has been demonstrated, the upper bound
of the correlation is used to estimate the stem
thrust requirements at design basis conditions.

All the results of NRC/INEL valve testing and
all the industry valve testing we have reviewed
show that the closing thrust requirements typi-
cally exceed the opening requirements, particu-
larly in smaller valves. In our examination of the
various loads that contribute to the total stem
loads for opening and closing, we have found that
the only load that causes an increase in the
opening load compared to the closing load is the
load due to the pressure on the top of the disc (Fiop
in Figure 3-17). This load assists during closing
and resists during opening. In valves smaller than
about 6 in., the effect of this load is offset by the
stem rejection load, which resists closing and



assists opening. In addition, any tipping of the
disc will reduce the F,, load.

A first principles evaluation of the normal ver-
sus sliding loads reveals another difference
between opening and closing. Theoretically, if the
force and the friction were operating on the same
plane, the sliding friction during closure after
flow isolation should be the same as the friction
during opening after unwedging but before flow
witiauon, because either way, the disc is riding
totally on the downstream seat. However, for
wedge-type gate valves, the angle on the wedge
and the seat relative to the plane of the stem is
such that the valve is harder to close than it is to
open. Figuratively speaking, in the closing direc-
tion the stem is pushing the disc uphill, while in
the opening direction the stem is pulling the disc
downhill. The effect of this phenomenon is
always to increase the load during closing and
decrease the load during opening. An exception
to this analysis would be where the guides carry
the disc up to very near wedging, such that the
“uphill/downhill” effect is minimized.

Another difference between opening and clos-
ing involves the occurrence of any type of
mechanical interference. Typically, the effects of
mechanical interference are greater during clos-
ing than during opening, because the leading edge
of the tilted disc contacts the valve seat more
aggressively during closure.

According to the data we have evaluated, the
overall effect of these various differences
between opening and closing seems 10 be that for
valves smaller than about 14 inches (nominal
diameter), closing requirements exceed opening
requirements. In our opinion, if an opening test
cannot be performed but a closing test can, the
results of the closing test can be used to bound the
opening requirements, provided that the valve is
smaller than 14 in.

3.3.3 Estimating an Atypical Opening
Response. The atypical opening response that
we have seen most often is where the disc load
after the initiation of flow is higher than the disc
load on the seat (see Figure 3-20, upper plot,

Disc Load

opening stroke). We do not fully understand the
cause of this response. It is most likely to appear
in high-pressure applications and single-phase
fluids. We have not observed this type of response
at loads less than about 400 psi differential
pressure on the disc.

We know of no way that this response can be
extrapolated. However, we do know that the
increase after flow initiation is an increase from an
unexpectedly low load to the expected level, not an
increase to an unexpectedly high load. We recom-
mend that the opening correlation presented above
be used to estimate the design basis requirements
for valves shown to have an atypical opening
response. After flow is initiated, the stem thrust
increases to the level we would expect for the load-
ing just off the seat. Because the unexpected
response is lower than the expected response, the
best way to bound the valve's overall response is
to ignore the unpredictable low response that can
occur before flow initiation,

Occasionally an opening stem force history
will have a dip or a reduction in the force trace
momentarily after flow is initiated. Figure 3-34 is
an example. This response is the opening equiva-
lent to the hook that occurs in an atypical closing
response. As the disc comes off of the seat, flow
forces cause it to tip. The tipping of the disc
changes the pressure distribution around the disc,
and the stem force reflects that change. In this
instance, some of the forces that cause an increase
in the thrust during closure cause a decrease dur-
ing opening. The apparent effect of these forces is
usually smaller than in the hook seen in the clos-
ing direction, perhaps because the effects of other
forces mask it. This drop in stem force after the
disc comes off the seat is not a consideration in
estimates of valve opening requirements, because
the thrust at that point is lower than the on-the-
seat peak thrust being estimated.

3.4 Conclusions

Atypical behavior, whether in the opening
direction or the closing direction, is a manageable
condition if valve damage is not a consideration.
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Figure 3-34. Stem thrust trace from testing a 6-in. service water valve opening against design basis flow;
the trace shows indications of an atypical response just after flow initiation.

Establishing the tilted disc as the primary cause of
atypical behavior makes it possible to understand
this behavior.

Performing a best-effort differential pressure
flow test in the direction of concern (open or close)
provides important information for evaluating a
valve's ability to perform its design basis function,
For a valve that must open against a design basis
load, the results of the best-effort test provide
assurance that the INEL opening correlation is
applicable. (The correlation is considered applica-
ble if the peak force after unwedging in the best-
effort test falls within the bounds of the
correlation. This verifies that the valve being
evaluated is similar in its operating characteristics
1o the test valves that were used to develop the cor-
relation.) If so, the opening correlation can be used
to estimate the valve - design basis requirement.

For a valve © .« must close against design basis

loads, the best-effort flow test determines
whether the valve's behavior is typical or not. For
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a valve that demonstrates atypical behavior dur-
ing closure (stem thrust before flow isolation 1s
higher than the thrust ar flow isolation), informa-
tion provided by the best-effort test can be used in
the INEL extrapolation method, described in Sec-
tion 3.2.3 of this report, to make a reasonably
accurate estimate of the valve's design basis
requirement. If the best-effort test shows that the
valve's behavior is typical (stem thrust at flow
isolation is higher than the thrust before flow
isolation), the results of the best-effort test pro-
vide assurance that the INEL closing correlation
is applicable. (The correlation is considered
applicable if the peak force before wedging in the
best-effort test falls within the bounds of the cor-
relation. This verifies that the valve being eva-
luated is similar in its operating characteristics to
the test valves that were used to develop the cor-
relation.) If so, the closing correlation can be used
to estimate the valve's design basis requirement.

The estimates produced by these methods are
much better than blind predictions, because they



are based on performance testing, i.c., the best-
effort flow test.

The extension of the original INEL closing cor-
relation to lower loads, the adaptation of the aisc

Disc Load

factor equation for extrapolating atypical closing
responses, and the development of the new open-
ing correlation are advances in MOV research
that provide technical support in areas where little
or ne such support previously existed.
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One of our research objectives for this report-
ing period was to develop a consistent and uni-
form method for evaluating motor-operated valve
margins. At this stage in MOV research, one of
the toughest hurdles to get past in developing the
method was understanding the phenomena that
influence the stem factor, which represents the
conversion of operator torque to stem thrust in
rising-stem motor-operated valves (torque
divided by thrust equals stem factor).

Determining the design basis stem factor is
important because it is the key to determining the
operating margin of a specific valve. We know
that for a specific valve stem and stem nut, the
only variable in the conversion of torque to thrust
is the coefficient of friction. We also know that
the coefficient of friction changes with changes in
the load. If the valve can be tested at design basis
conditions and diagnostically monitored in situ,
determining the operating margin is not difficult.
However, some motor-operated valves cannot be
tested in the plant at design basis conditions. The
ability of these valves to perform their design
basis function (typically, to operate against speci-
fied flow and pressure loads) must be ensured by
analytical methods or by extrapolating from the
results of tests conducted at lower loads. Because
the stem factor tends to vary in response to load
and lubrication phenomena that occur during run-
ning and wedging, such analytical methods and
extrapolation methods have been difficult to
develop and implement.

Early investigations intc vanability in the stem
factor tended to look only at the tip of the iceberg;
they focused on what was happening at torque
switch trip, which usually occurs at full wedging
(in torque-controlled wedge-type gate valves). In
many stem and stem nut combinations, the stem
factor is better (lower) at torque switch trip than
during the running portion of the stroke before
wedging, so working with torque switch trip data
alone led many researchers to false conclusions
about the relationship between stem factor and
load. From our experience with testing of full-
scale valves at design basis conditions, we under-
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stood that it was important to take a close look at
what happens during the running portion of the
closing stroke as well. This shift in focus is
important, because a valve's failure to close con-
sists of failure to isolate flow, not failure to
achieve full wedging. Thus, the stem factor that
must be determined for the sake of a valve's
design basis closing requirements is the stem fac-
tor that corresponds with the highest running load
before wedging.

Calculations involving the conversion of
torque to thrust use the industry's power thread
equations. As stated above, for a given stem/
stem-nut combination and for a given value of
torque, the only variable in the conversion of
torque to thrust is the coefficient of friction at the
stem/stem-nut interface. Results of tests con-
ducted at the INEL indicate that for at least two
lubricants, the stemv/stem-nut coefficient of fric-
tion determined in a test conducted at specific
conditions less severe than design basis condi-
tions provides consistent, useful information
about the friction coefficient that can be expected
at design basis loads. This result provided the
insight for the initial development of two straight-
forward methods for determining the stem factor
for a valve that cannot be tested at design basis
conditions. Both methods require that torque and
thrust be measured directly. The first method (we
call it the threshold method) would require that a
specified minimum stem load (usually a lower
load than the design basis load) be imposed on the
valve stem during the running portion of the
stroke before wedging begins. The coefficient of
friction determined from such a test could be used
directly to calculate the valve's design basis
torque requirement. The second method (the fold
line method) estimates a bounding coefficient of
friction from the wedging load in a test with a
running load below that required for the threshold
method. The threshold method is the more accu-
rate of the two, but a stem factor determined using
either of these methods is likely to be more accu-
rate than some default values or extrapolation
methods currently in use. This section of the
report explains both methods and provides the
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research results that support them. The data that
support these methods were developed from lim-
ited research consisting of tests of a small sample
(8 stems) with two lubricants. We encourage
industry to continue the research and validate the
methods.

The information presented here was derived
from tests conducted in the closing direction. The
results do not apply to the opening direction. At
this stage of our research, we expect that the
threshold method might work in the opening
direction, but only if the differential pressure load
were sufficient to exceed the stem rejection load
by the minimum threshold stem thread pressure;
however, at this time we do not have any data to
substantiate this theorv. Because the mating sur-
faces in the stem and stem nut are different for
opening than for closing, stem factors developed
from closing tests should not be used to determine

operating margins for opening requirements.

The following discussion briefly describes the
full-scale testing and the valve stem testing that
contributed to our research. The discussion then
describes the initial development of the two meth-
ods, mentioned above, for estimating the design
basis stem factor from the results of tests con-
ducted at conditions less severe than design basis
conditions.

4.1 Resuits of Full-Scale Valve
Testing

Figure 4-1 shows the stem force measurements
for four tests of the same valve at four different
flow and pressure loads. These results are from
the NRC/INEL full-scale valve tests conducted in
1989 (as reported in NUREG/CR-5558, 1990).
The torque switch setting was the same in all four
tests. The long vertical line at the end of the low-
load trace indicates the sudden increase in stem
thrust at wedging; the running load before wedg-
ing was fairly low. In the design-basis-load test,
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Figure 4-1.
loads, the valve failed to completely close.
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the valve did not seat. Note that in the low-load
test, the thrust measured at torque switch trip 1s
considerably higher than in the design-basis-load
test. This change in the thrust is due to a change in
the stem factor. We call this phenomenon load
sensitive behavior. Some valve researchers refer
to 1t as the rate-of-loading effect. We had always
expected that the thrust margin at torque switch
trip would decrease with load (as indicated in
Figure 4-1), but we had not expected the thrust
value to decrease at torque switch trip for a given
value of operator torque. This decrease in the
thrust value at torque switch trip converges with
the decrease in margin due to load, resulting in
failure to close at the design basis load for the
valve being tested. The failure to close in the
design-basis-load test dermonstrates the serious
ness of the problem: if an in situ test i1s conducted
at low-load conditions, and if the thrust measured
at torque switch trip 1s sufficient to overcome the
calculated design basis load acting on the disc,
there is still no assurance that the valve will fully
close at design basis conditions. Changes in the
stem factor must be accounted for,

4.2 Testing on the MOVLS

In preparation for the full-scale MOV flow
tests conducted at Kraftwerk Union (KWU) in
Germany in 1989, we built a MOV load simulator
(MOVLS). The purpose of the MOVLS was to
test MOV instrumentation techniques and data
acquisition methods. After the tests in Germany
were completed, we further developed the
MOVLS so we could use it to conduct additional
tests to address the stem factor issue and other
motor-operator issues. The MOVLS, shown in
Figure 4-2, uses motor-operators, valve yokes,
and stems just as they are assembled on the
valves. The flow load is simulated as the valve
stem compresses a hydraulic cylinder that dis
charges to an accumulator. The specific valve
load profile is controlled by the water level and
gas charge in the accumulator, set up before test-
ing. The MOVLS 1s instrumented to take all the
measurements (direct and indirect measurements)
that are used by the commercially available valve
diagnostic systems, as well as a few measure-

Stem Factor

ments unique to the MOVLS., Stem thrust is mea-
sured by a load cell mounted in the stem, and
torque 1s measured in the stem by a calibrated
torque arm. The simulator also has a torque cell
mounted between the electric motor and the gear
box to provide a direct measurement of real time
motor torque. Motor speed is also measured
directly.

Figure 4-3 shows the stem force traces for three
tests conducted on the MOVLS at the same
torque switch setting but at different simulated
valve loads. The same load-sensitive behavior we
observed in full-scale flow testing (Figure 4-1) is
evident here

As previously stated, but repeated here for con-
tinuity, the stem factor for a rising-stem MOV is
the operator output torque (or stem torque)
divided by the stem thrust. Figure 4-4 is a simpli-
fied diagram showing the important motor-
operator mechanical components involved in the
conversion of torque to thrust. Except for very
small variations (due, for example, to worm
spline friction), an operator with a given torque
switch setting will deliver a certain amount of
torque to the stem nut. For a particular valve with
a given stem/stem-nut combination, the only first
order variable in the stem factor equation (assum-
ing a constant value for the torque) is the coeffi-
cient of friction between the stem and the stem
nut; the other components of the equation (for a
given stem and stem nut) are constants (stem
diameter, stem pitch and lead, etc.). Thus, any
change in the relationship between operator
torque and stem Jhrust is the result of a change in
the stem/stem-nut coefficient of friction. This
statement is based on INEL research and review
and consultation with industry researchers and in-
plant test results

As part of this year's research, we conducted a
comprehensive test program on the MOVLS, We
tested eight typical acme threaded valve stems
Seven of the stems were provided by nuclear sup-
pliers, and the eighth stem was built by Teledyne
Engineering as part of their Smart Stem ™ devel-
opment program. (The Smart Stem ™ is a valve
stern that has been equipped with strain gages and
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FiQure 4-2. The INEL's load simulator for testing valve stems (the MOVLS)
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calibrated to measere both thrust and torque
directly in the stem.) Three different sizes of Limi-
torque motor-operators were used in the test pro-
gram. The technical details of the test hardware
can be found in Table 4-1. The test program
included two tests of each stem at each of three dif-
ferent torque switch settings. In each case, the first
test was a static test (simulating a valve closure
against packing load only), and the second test was
a dynamic test (simulating valve closure against
flow and pressure loads). Each stem was loaded in
the range it would be expected to experience in the
plant; that is, we did not load the 1.25-in. stems to
the same load as the 2-in. stems. The test results
were analyzed using the industry's power thread
equations. (We have reviewed these equations
both mathematically and from the evaluation of
very accurately measured test results and found
them to be valid.) By using the measured stem
thrust and the measured stem torque, together with
the power thread equations, we can calculate the
stem/stem-nut coefficient of friction for any point
of interest during the closing stroke.

The entire test sequence was repeated with
each of the two lubricants: SWEPCO Moly 101,
and Nebula EP-1. The purpose here was not to
conduct a lubricant test, but simply to find out if
the lubricant influenced the results. Cleaning of
the stems and stem-nuts between changes from
one lubricant to the other was performed very
carefully. Each stem and stem-nut was washed in
three different fluid baths, the last one being pre-
viously unused. The stems were also subjected to
a light abrasive (Scotch-Brite ™) surface scrub-
bing between the second and third baths to ensure
that the previous lubrication film was broken.
Several stems were lubricated, cleaned, lubri-
cated with the other lubricant, then recleaned,
relubricated with the original lubrication, and
retested. The repeat te:: results were compatible
with the first round of tests results, providing
some assurance of repeatability with the entire
process.

In a recent research report (NUREG/CR-5720,
1992), we discussed stem lubrication memory.
This refers to the fact that the stem friction during
a given closing stroke can be influenced by the
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load imposed during the previous closing stroke.
This effect can be prevented by running an
unloaded valve stroke before running the loaded
stroke. The effect of this unloaded stroke is to
redistribute the lubrication on the working sur-
faces of the stem threads. For valves in the plant
that are not regularly operated, this is the most
likely condition that a valve will be left in after an
ASME Section X1 stroke time test. For the test
results reported here, we were careful that
lubrication memory did not influence the results.
We avoided lubrication memory by running three
unloaded strokes in a row as the preparation for
the next set of tests.

Testing on the MOVLS has produced three
important findings regarding the stem/stem-nut
coefficient of friction:

e  The coefficient of friction definitely varies
with changes in the load. This is true of both
the running portion of the closing stroke and
the wedging portion.

e Different lubricants on the stem threads can
produce different coefficients of friction, all
other conditions being the same.

e  Each individual siem/stem-nut combination
is unique, with its own particular coefficient
of friction profile. Some stems are more
likely than others to exhibit load-sensitive
behavior.

These findings underscore the difficulty valve
researchers have experienced in attempting to
analytically predict the coefficient of friction for
any given valve; no two valves (even valves of
the same size and model) can be expected to
behave exactly alike, and the same valve can
behave very differently, depending on either the
lubricant or the load. One way to address this
difficulty is to assign & value for the coefficient
of friction that is high enough to bound the
worst possible case; for example, Limitorque’s
sizing manuals recommend a value of 0.2. The
problem with this solution is that in some cases
such a value is too high: using too high a value
in the analysis might require unnecessary
replacement of valve motor-operators with more
powerful ones, and it might cause yokes and



Table 4-1. Technical data for eight stems and three operators used in the MOVLS test program.

Stem Factor

SMB-00 SMB-0 SMB-1

Operator stem S7 S1 S2 S3 S8 S4 85 S6
Motor set ratiy 22/43 37/35 3735  25/47 3735 21/51 3240 27/45
Overall ratio 87.8 3496 3496  69.56 3496 8255 42.50 56.64
Running 0.50 0.55 0.55 0.50 0.55 0.50 0.50 0.50
efficiency
Stall efficiency 0.50 0.55 0.55 0.50 0.55 0.50 0.50 0.50
Pull out 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
efficiency
Application 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90
factor
Motor rpm 1800 1800 1800 1800 1800 1800 1800 1800
Motor rated 5 25 25 25 25 60 60 60
torque (ft-lb)
Motor stall 6.6 29 29 29 29 67 67 67
torque
(ft-1b)
Operator rated 250 500 500 500 500 850 850 850
torque (max)
(ft-1b)
Operator torque 220 481 481 870 481 2477 1275 1699
(motor rated)
(ft-1b)
Operator torque 290 558 558 1009 558 2765 1424 1897
(motor stall)
(fi-1b)
Stem diameter 1.25 1.5 1.75 {.29 1.75 2 2.5 2.125
(in.)
Stem pitch 0.333 0.25 0.25 0.25 0.25 0.333 0.333 0.250
Stem lead 0.667 0.25 0.25 0.5 0.25 1.000 0.667 0.500
Stem force (max 14000 24000 24000 24000 24000 45000 45000 45000
rated) (Iby)
Stem force 15308 40642 35941 35198 35941 32956 35056 42958
(rated torque)
(Iby)
Stem force 13441 39073 34554 61209 34554 96018 52585 85876
(motor rated)
(Ib)
Stem force 17742 45325 40082 71003 40082 107220 58719 95895
(motor stall)
(Ibf)
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valves to be subjected to unnecessarily high loads
(too high a torque switch setting), with a potential
to contribute to fatigue failures in the operator
and valve. Another possible solution is to test all
valves in situ at their design basis conditions so
that no analytical predictions would be needed. In
many cases, however, such testing is simply
impossible. Some utilities have attempted to
address this issue by testing a valve at static
conditions (packing load only), deriving a coeffi-
cient of friction from the results at torque switch
trip, and using that value in calculations to predict
the operator torque needed for the design basis
case. As our test results have shown, a single
value of the coefficient of friction obtained during
wedging can be artificially low, so using such a
value without adjusting it to account for
load-sensitive behavior is unreliable.

Although any single value of the coefficient of
friction derived from a static test tends to differ sig-
nificantly from the design basis running coeffi-
cient, results from testing on the MOVLS show
that it is possible to get reliable, useful information
from static and low-load tests. The following dis-
cussion proposes two new methods that use data
from tests conducted at conditions less severe than
design basis conditions to either predict or bound
the design basis coefficient of friction. The meth-
ods are based on the results of our testing of vight
stems. We believe that with additional validat on
these two methods represent a major breakthreugh
in stem factor research. Use of these methods vll
make the stem factor portion of the determi iati on
of MOV margins simpler and more accurat >,

4.3 The Threshold Method

The appropriate coefficient of friction to se in
a design basis calculation is one that corresponds
with the highest stem load during the running por-
tion of the stroke (throughout this discussion, the
word running is used to refer to the running portion
of the closing stroke before wedging, and the word
wedging 1s used to refer to that portion of the valve
stroke when the disc comes to a stop as it wedges
between the seats). In valves that exhibit typical
responses, this highest running load occurs just
before wedging, at a point that corresponds with

NUREG/CR-6100

4-8

flow isolation. This is the point where the entire
area of the disc is exposed to the maximum differ-
ential pressure. Some valves exhibit what we call
atypical responses. In these valves, the highest
stem force occurs before flow isolation, a phenom-
enon that is due to internal valve clearances and
flow and pressure effects. In either case. the coeffi-
cient of friction at the highest stem force before
wedging is the one that is important. Figure 4-5 is
a scatter plot of such data from tests on the
MOVLS with Moly 101 lubricant on the eight
stems. Running data just before wedging are
included for all eight stems and all three torque
switch settings for each stem. Repeated tests for
some stems are also included. The coefficients of
friction were calculated using direct measure-
ments of stem torque and stem thrust.

Coefficient of friction is plotted against stem
thrust in Figure 4-5. We found that stem thrust is
not the best variable to use in a study of stem fric-
tion with stems of different sizes and thread geom-
etries. A 10,000-1b thrust is a very different
condition for a 1-in. stem versus a 2-1/2-in. stem.
We found the most appropriate variable that
includes thrust and also normalizes the effect of
thrust on stems of various sizes was stem thread
pressure. We calculated thread pressure (in pounds
per square inch) using the measured thrust and an
approximate thread area based on one stem thread
revolution, as shown in the equation below. Coef-
ficient of friction is plotted against thread pressure
in Figure 4-6. Although the envelope of the datx
hasn't changed dramatically, the relative position
of data for the various stems has shifted somewhat.

P = 2 Lo
n SP Dyem — 3 SP)
where
TP = thread pressure, psi
Fstem = stem thrust, Ibs
SP = stem pitch
Dsiem = stem diameter at the stem

nut, inches
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Figure 4-6. Friction data plotted against a normalized load, wiih coefficient of friction versus stem
thread pressure for tests with Moly 101 lubnicant

4-9 NUREG/CR-6100




Stem Factor

A careful review of Figure 4-6 shows that there
is a lot of scatter in the coefficient of friction data
at low thread pressures, but the trends, for the indi-
vidual stems flatten out above a thread pressure of
about 10,000 psi. This is the key to what we call
the threshold method of using the results of a low-
load test to predict the design basis coefficient of
friction for a given stem. In practice, if a valve
test can be set up to yield a running stem thread
pressure above the stemn thread pressure thresh-
old, the coefficient of friction (or the stem factor)
derived from the test at the maximum running
load measured during the test can be treated as the
design basis value and used directly in the cal-
culation to determine the valve's design basis
torque requirement. (Design basis stem thrust
times design basis stem factor equals required
torque.) For many valves, the load that achieves
this threshold stem thread pressure is signifi-
cantly lower than the design basis load; for exam-
ple, it might consist of the packing load combined
with a pressure load (stem rejection load), or a
combination of the packing load, a pressure load,
and a low flow load. Normally the packing load
alone is not enough to achieve the minimum
threshold pressure.

The data shown in Figure 4-6 are from tests
with the stems lubricated with Moly 101 grease.
All of the stems we tested on the MOVLS were
also tested with EP-1 grease. A presentation of
the EP-1 data is included in Appendix A. The
thread pressure scatter plot for EP-1 is shown
here as Figure 4-7. The threshold method works
as well with EP-1 as it does with Moly 101. The
absolute values for coefficient of triction are
slightly higher for most stems, but some stems
performed better with EP-1 than with Moly 101.
Figure 4-8, derived from testing of Stem 3,
compares Moly 101 data with EP-1 data. Not all
the stems exhibited the constant offset shown
here for Stem 3. Note that although the coeffi-
cients of friction are different for the two greases,
the results are consistent with our understanding
of the basis of the threshold method; both traces
reach a plateau, and the plateau occurs at about
the same stem force threshold.

The work in developing the threshold method
15 not done yet. This method is based on empirical
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data from a sample of eight valve stems. Before
the method is put to use, it will be necessary to
increase the sample size to ensure that the method
works for a larger population of stems. In
addition, more data are needed to determine the
exact threshold for stems in general, especially
for smaller stems.

However, the threshold method appears to be
very promising for those valves where a partial dif-
ferential pressure test can be run. It is certainly an
improvement over the use of default coefficients;
it takes advantage of the observation that the coef-
ficient of friction in most stems is somewhere near
0.12, as compared with the best default value of
0.15 or the higher default value of 0.2.

4.4 The Fold Line Method

Predicting a design basis stem factor from the
results of a packing load test (static test) is very
attractive because this is the best that can be done
in situ for some valves. Such a prediction has
been difficult to develop because the behavior of
the coefficient of friction is different during
wedging compared to that during the running por-
tion of the closing stroke. It is also difficult
because each stem/stem-nut combination behaves
uniquely inside the larger envelope of the popula-
tion. This is generally shown in Figure 4-6 in the
overall responses of the individual stems. Figure
4-9 shows examples of responses that make up
Figure 4-6. These are typical coefficients of fric-
tion derived from the running portion of dynamic
tests, just before wedging, for three individual
stems. These three responses represent all the
observed responses of running coefficients of
friction: increasing with load, decreasing with
load, and relatively constant with load.

Consistent with what we know about load-
sensitive behavior in many stems, the coefficient
of friction at torque switch trip in a static test is
lower than the running coefficient of friction just
before wedging in a dynamic test. This
phenomenon is probably the result of lubrication
performance at the stem/stem-nut interface. This
difference is shown in Figure 4-10. Note that
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although they are lower, the single data points for
torque switch trip in the static tests generally fol-
low the trend observed in the running data from
the dynamic tests: increasing, decreasing, or a
nearly flat response. This insight provided the
first clue that there might be a link between
wedging and running friction coefficients.

Although the single value for coefficient of
friction taken at torque switch trip does not tell us
what we need to know about the design basis
coefficient, a close look at the entire wedging
transient does provide some important informa-
tion. The transient in this case consists of a small
interval of time from initiation of wedging (at
about 5000 psi thread pressure) through torque
switch trip to the final maximum thrust.
Figure 4-11 plots stem/stem-nut coefficient of
friction against stem thread pressure during the
wedging transient derived from the static test of
Stem 6 at the highest torque switch setting. This
trace represents the value calculated from the
measured stem thrust and the measured stem
torque during the small interval of time in which
wedging occurs. This figure shows how the coef-
ficient of friction changes as the load in a static
test suddenly increases at wedging.

A comparison of the Stem 6 wedging transient
(shown in Figure 4-11) with the Stem 6 running
and wedging data 1s presented in Figure 4-12.
These Stem 6 data points represent the friction
coefficients just before wedging and at torque
switch trip for the dynamic and the static tests at
three torque switch settings. Note that this wedg-
ing transient generally models the trends in the
wedging data from the static tests, and it roughly
models the shape of the running data. This simi-
larity provided the second clue to a link between
running data and wedging data. It also appears
that the variation in the coefficient of friction dur-
ing the single wedging transient for the highest
torque switch setting represents the total vari-
ability among the single data points for the static
tests at torque switch trip for all three torque
switch settings.

To better understand the nature of the wedging

transient, we plotted a family of wedging tran-
sient curves for each of the three representative
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stems (Stem 3, Stem 6, and Stem 7) for dynamic
as well as static tests, as shown in Figure 4-13.
For Stem 3, the top three traces are the dynamic
wedging transients, increasing in load from left to
right. The bottom three are the static wedging
transients; the longest is from the test with the
high torque switch setting, and the shortest is
from the test with the low setting. The six traces
represent three pairs of tests (a dynamic test and a
static test) for each of three torque switch settings.
For Stem 6 there are only two traces from the
dvnamic tests (Stem 6 did not seat in the dynamic
test with the highest load and the highest torque
switch setting, so there is no wedging transient for
that test). For Stem 7, the traces are on top of each
other, and it is difficult to distinguish which is
which. This is because Stem 7 has a very flat
response with aimost no tendency toward load-
sensitive behavior. Notice, however, that in a
given family plot, the shape of all the traces is the
same, regardless of the load before wedging or
the torque switch setting.

We observed that these wedging transients pro-
vide a snapshot of the characteristic behavior of
each stem. For each stem, the absolute value of the
friction coefficient during the transient varies
according to the load the stem experiences just
before wedging, but the shapes are the same. For
a given stem, the range of variation in the friction
coefficient during a wedging transient is
influenced by the duration of the transient, which
is determined by the load just before wedging and
by the torque switch setting. In addition, this range
of variation is different from one stem to the next.
The stem with the greatest range of variation in a
single trace also has the greatest variation among
the absolute values from one trace to the next.

This last observation is shown more clearly in
Figure 4-14. The upper plot is the same as
Figure 4-12, showing the wedging transient and
the individual data points for running and torque
switch trip for Stem 6. Compare these data with
the lower plot, which shows the same data for
Stem 8. Note that in the upper plot, the large
change in the friction coefficient during the
wedging transient corresponds with large differ-
ences between the running data points and the
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torque switch trip data points, while in the lower
plot, the small change during the wedging tran-
sient corresponds with small differences. It is evi-
dent that the wedging transient telis a lot about the
stem'’s propensity for load sensitive behavior; the
greater the change in friction during the wedging
transient, the more load-sensitive behavior is seen
in the comparison betweer, the :tatic torque-
switch-trip data and the dynamic ranning data.
This observation provided the third clue about the
relationship between , .2nin data and wedging
data, and it provided the basis for what we call the
fold line method for bounding the design basis
friction coefficient from the results of a static test.

We also observed that the friction coefficient at
the beginning of the wedging transient (in the
static test) provides a bench mark from which to
anchor the bouading methodology. This is true of
all eight of the stems we tested. (One stem's coef-
ficient of friction did not improve during the
wedging transient, but the methodology is still
applicable; that performance is discussed later in
this section.) By coupling this knowledge with
the friction coefficient’s expected variability, as
defined by the wedging transient, we can now
bound the design basis running coefficient of
friction.

The following exercise demonstrates how the
fold line method works. The upper plot in
Figure 4-15 is the same as Figure 4-11, except
that we have drawn two horizontal lines to mark
the variation in the friction coefficient during the
wedging transient. The top line represents the
bench mark or fold line from which we intend to
extrapolate, and the difference between the top
line and the bottom line represents the range of
variability in the friction coefficient we expect for
that stem. By folding on the fold line, we can
identify the location of a third line that will enve-
lope the running data. The effect is to use the vari-
ability below the bench mark to bound the
expected variability above the bench mark. This
effort is demonstrated in the middle plot in
Figure 4-15. The lower plot shows that the result
bounds the running coefficients of friction near
wedging and the coefficients at torque switch trip
for all thread pressures above 10,000 psi. This
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completes the basis of the fold line method for
bounding the design basis friction coefficient.

Figure 4-15 demonstrates the fold line method
for Stem 6. Figures 4-16 through 4-18 provide the
same information (in a slightly condensed for-
mat) for Stems | through 4 and Stems 7 and 8.
(Stem 5 is discussed below.) In each case, the
dotted lines identify the variability in the coeffi-
cient of friction during the wedging transient, and
the solid line identifies the bound that envelopes
the running data. These results show that the fold
line method consistently provides appropriate
results for all seven stems.

The fold line method also provides appropriate
results for Stem 5, but the analysis is a little dif-
ferent. As stated earlier, most stems experience a
decrease in the coefficient of friction during the
wedging transient of the static test. Stem 5 is the
exception. With Stem 5, the friction coefficient
increases during the wedging transient. The cause
of this behavior is probably that the roughness of
the metal surfaces in the stem/stem-nut interface
precludes the improvement in lubrication perfor-
mance that occurs in the other stems at wedging.
However, even though the wedging behavior of
Stem 5 is different from that of the other stems,
the running data for Stem 5, like those for the
other stems, reach a plateau at about 10,000 psi
stem thread pressure (Figure 4-6). Note also that
the fold line method applied to Stem 5 still
bounds the response. This result is shown in Fig-
ure 4-19. As with the other stems, the wedging
transient provides a snapshot of the stem’s overall
behavior, and we can use the wedging transient 1o
define the expected variability in the friction
coefficient. As with the other stems, we place the
fold line (the bench mark) at the highest value
observed during the wedging transient. The only
difference is that for Stem 5, this highest value
occurs at the end of the wedging transient instead
of at the beginning.

The data plots shown in Figures 4-9
through 4-19 are from tests with the stems lubri-
cated with Moly 101 grease. As mentioned earlier
in this discussion, all of the stems we tested on the
MOVLS were also tested with EP-1 grease, and a
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similar analysis of those data has been performed.
The results are presented in Appendix A. From
that analysis, we have determined that the fold
line method works as well with EP-] as it does
with Moly 101. Figure 4-20 is a representative
example, showing the results of testing of Stem 3
with EP-1. Note that although the friction coeffi-
cients are slightly higher than those for Moly 101
(compare to Figure 4-17), the fold line method
nevertheless bounds the responses.

Our sample is small, 8 stems, but we believe
that with further validation and refinement, the
fold line method will be a useful tool for valves
that can be tested only at static conditions. It pro-
vides the most accurate bound of all the methods
we have studied to date for predicting design
basis response using data from static tests. It may
also provide results that are lower than the default
values for the coefficient of friction.

With further development and validation, an
analysis using the fold line method might not
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always require that the coefficient of friction be
plotted against stem thread pressure, or that the
wedging transient be plotted as we have plotied it
in this presentation. Figure 4-21 is an ordinary
plot of the friction coefficiznt over time for
Stem 3 for two pairs of tests: a static test and a
dynamic test at the low torque switch setting and
at the medium torque switch setting. For Stem 3,
it is easy to identify the wedging transient in the
static test and to use the fold line method te draw
the bounding line. Note also that in each case, this
line bounds the design basis running coefficient
just before wedging in the dynamic test. (The last
20% of the trace from the dynamic test represents
the vaiue that needs to be bounded.)

The dawa presented in Figures 4-15 through
4-19 demonstrate the method using the wedging
transient from static tests with high torque switch
settings. In contrast, the fold line method as
demonstrated in Figure 4-21 uses the wedging
transient from static tests at the low and medium
torque switch settings. We performed a
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Figure 4-21. Real-time coefficient of friction data from two pairs of tests at two torque switch settings
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similar comparison of the other pairs of tests for
the other stems and the other torque switch set-
tings. In each case, the fold line method based on
the wedging transient in the static test bounded
the running friction coefficient in the correspond-
ing dynamic test. This result lends confidence
that the fold line method is applicable not only at
high torque switch settings, but also at lower
torque switch settings.

4.5 Conclusions

The research described here has provided the
basis for two possible methods for determining a
valve's design basis stem factor from the results
of tests less severe than design basis tests. We
present these methods here with the intent that
industry may choose to develop them further.

There are several possible explanations as to
why the stem/stem-nut friction reaches a plateau
at a certain stem thread pressure. Similarly, there
are several possible explanations for the relation-
ship between the wedging friction in a static test
and the running friction in a dynamic test. Tribol-
ogy experts who are currently investigating the
stem factor issue do not concur on an explanation.
We have not endeavored to precisely identify the
friction and lubrication phenomena that produce
the effects that are evident in the data. We have
endeavored instead to perform the initial develop-
ment of methods that are supported by test data.
So far, the data show that these methods work.
Both methods are based on tests that can be per-
formed in situ, and both methods use simple,
straightforward analyses. Both methods provide
appropriate results without imposing excessive
conservatism.

Additional research is needed in several areas.
More data are needed for a wider range of stems
to more closely define the threshold value to be
used in the threshold method. Additional running
data for a wider range of stems would also
increase confidence that the uniform flat response
above the threshold is a universal characteristic.

The data used to develop the methods discussed
here were taken with ideal lubricant conditions.

Stem Factor

Stems were carefully cleaned before lubricant was
applied, and the tests were conducted shortly after-
wards, Aging, dirt degradaticn, and dry-out degra-
dation need to be addressed.

The data used to develop both the threshold
method and the fold line method were obtained
from direct measurement of torque and thrust in
the stem. For valve diagnostic tools that deter-
mine operator torque indirectly, using either
spring pack force or spring pack displacement,
additional validation would be necessary.

The range of variability in the coefficient of
friction for a given stem, as obtained during the
wedging transient of a static test, appears to
depend on the thread pressure achieved during
running and on the duration of the wedging tran-
sient. As presented in this discussion, the fold line
method uses static tests with low running loads
(simulated packing drag loads) and typical torque
switch settings to define the variability in the fric-
tion coefficient. More study is needed with very
low packing loads and very low torque switch set-
tings to determine if the fold line method is still
applicable at those conditions. If there are lower
limits to the packing load and the torque switch
setting, additional research may be able to fine-
tune the fold line method to make it applicable
below those limits.

Of the two lubricants we used in the tests,
Moly 101 had the lower overall coefficient of
friction, but on some stems EP-1 had the lower
friction coefficient. The reason probably has to do
with surface finish and lubricant performance rel-
ative to that surface finish. Future research might
undertake to identify which surface finish charac-
teristics lower the coefficient of friction and limit
load-sensitive behavior, and to determine which
lubricants are best for a stem with a given surface
finish.

Further development might include a normal
versus sliding correlation for the stem/stem-nut
coefficient of friction. We have done a little pre-
liminary work on such a correlation, and it shows
promise. We will report more on possible refine-
ments when more data are available.
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5. ELECTRIC MOTOR TESTING

During this past reporting period we tested three
of the five motors that are scheduled for testing in
this test series. The puipose of the electric motor
testing is to answer questions about degraded volt-
age, elevated ambient temperature, stall character-
istics, inrush current, unbalanced voltage (ac
only), and motor momentum. The MOVLS is an
integrated test device where motor loads are
achieved by loading the motor-operator. Motor
torque is measured directly by an in-line torque
cell mounted between the motor and the gearbox.
Operator output torque is measured directly in the
valve stem. Thus, along with the motor test results,
we are able to look at gearbox efficiencies (dis-
cussed at the end of this section). Motor tempera-
ture was measured using a combination of
thermocouples and an infrared sensor, allowing us
to monitor the air gap between the rotor and stator.
Table 5-1 lists the test matrix for the entire test
series, indicating the motors and operators
included in the tests. The table also indicates
which parts of the test series have been completed.

The only data available at this time are quick
look data. However, some interesting results are
already apparent. One of these results involves
the ac voltage square calculation, which is used
extensively in the industry to predict motor output
at degraded voltage conditions. According to the
voltage square calculation, the theoretical rela-
tionship of torque to voltage at constant speed is

v 2
To = T (‘V‘fﬁ)

where
Tar =  actual torque
T =  rated torque
Vet =  actual voliage
Ve =  rated voltage.

Output at degraded voltage is one of the first
things we looked at after completing testing of

each of the three ac motors. In this initial evalua-
tion, we also compared the actual motor torque/
speed curve with the curve provided by the
manufacturers, and we compared locked rotor
starting current with stall current. All these evalua-
tions are irnportant in evaluating motor margins.

We used a three-phase, 60-amp-per-leg auto
transformer to perform the degraded voltage tests.
In the elevated temperature tests, we wrapped the
motor with three separate sections of heat tape,
placed on the front, center, and back of the motor.
Each section had its own thermocouple and vari-
able voltage control. The motor was also insulated,
creating a custom oven on each motor. Environ-
mentally gualified motors were heated to 300°F.
Because of insulation concerns, the other motors
were heated only to 250°F. All testing at normal
temperature was conducted with an internal motor
temperature between 70 and 80°F. RMS (root
mean square) voltage was measured beiween
phases 1 and 2 and between phases 2 and 3. Current
was measured peak to peak on all three phases.
Motor power and phase angle were also measured.

5.1 Motor Performance Curves

Figure S-1 presents the manufacturer's torque/
speed and torque/current curves for the 5 ft-1b ac
motor. (All the manufacturers’ motor torque/
speed and torque/current curves were digitized
from those published by Limitorque.) We extrapo-
lated the current trace on this plot from the point
of the asterisk through the published stall current
value to approximate what we thought might
occur. Figure 5-2 shows the actual torque curves
derived from our test data. These curves are
produced by running the motor at normal speed
and then applying a constantly increasing load
until the load causes the motor to stall. The major
difference is the shape of the knee of the curve. The
manufacturer 's curve indicates that there is usable
torque down to about 1000 rpm, while the curve
derived from testing shows that the motor will stall
at about 1200 rpm. After the motor speed drops
below 1200 rpm, the increase in the current (from
about 3.0 amp to almost 4.5 amp) does not
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Table 5-1. Matrix for testing of operators and stems on the MOVLS.
Operator Stem Test Lubricant Comments Complete
SMB-0-25 ac Stem 3 LSB# EP-1 Y
LSB Moly 101 Y
Stem | LSB Moly 101 Y
LSB EP-1 Y
Stem8& |LSB Moly 101 SMART STEM 4
LSB EP-1 Y
Stem2 |LSB Moly 101 Y
LSB EP-1 Y
Low Volt EP-1 Low voltage LSB test Y
ac Dynl’ EP-1 Includes stall tests
Stem 9 LSB Ball screw stem/stem Y
nut
SMB-00-5 ac Stem 7 LSB Moly 101 Y
LSB EP-1 Y
Low Volt EP-1 Low voltage LSB test Y
ac Dyn EP-1 Includes stall tests Y
SMB-1-60 ac Stem 4 LSB Moly 101 T
LSB EP-1 s
Stem 6 LSB Moly 101 )
LSB EP-1 Y
Stem 5 LSB Moly 101 Y
LSB EP-1 Y
Low Volt EP-1 Low voltage LSB test Y
ac Dyn EP-1 Includes stall tests Y
SMB-1-40 dc Stem 5 Low Volt EP-1 Low voltage LSB test
dc Dyn EP-1 Includes stall tests
SMB-0-25 ac Stem 3 LSB? EP-1 Y
SB-1-40 ac Stem § LSB EP-1
(3600 rpm) Low Volt | EP-1 Low voltage LSB test
ac Motor EP-1 Includes stall tests
ac Motor EP-1 Elevated temp. 200°F
ac Motor EP-1 Elevated temp. 300°F

a. Refers to a load-sensitive behavior test sequence (described in Section 4 of this report), consisting of three pairs of
tests (a static test and a dynamic test) at low, medium, and high torque switch settings.

b. Refers to dynamometer tests.
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Figure 5-1. Manufacturer's motor performance curves for the 5 fi-Ib 460-volt ac motor.
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Figure 5-2. Actual motor performance curves for the 5 ft-1b 460-volt ac motor.
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produce any additional torque. However, note
that this particular motor is rated at 5.0 ft-Ib and it
produces nearly 6.5 ft-1b of torque.

Figure 5-3 presents the manufacturer’s torque
curves for the 25 ft-Ib ac motor. The asterisk on
the current trace marks the end of the manufactur-
er's curve, and the two Xs are test points from
earlier field testing. The remainder of the curve is
extrapolated through the published locked rotor
current. Figure 5-4 presents the actual torque
curves for the motor. As with the 5 ft-Ib motor, the
knee of the speed curve derived from testing is
much sharper than shown on the manufacturer’s
curve. There is no increase in torque after the
motor speed drops below about 1200 rpm. Both
curves show the motor to be capable of delivering
30 ft-Ib of torque.

Figure 5-5 presents the manufacturer’s torque
curves for the 60 ft-1b ac motor. Again, we extrap-
olated the current from the asterisk through the
published locked rotor stall current. Figure 5-6
presents the actual curves derived from test data.
As with the other two motors, the knee of the
actual speed curve is much sharper than the
manufacturer’s curve; no additional torque is
gained after the motor speed drops below about
1000 rpm. This motor’s output torque is close to
its 60 ft-Ib rating, and the manufacturer’s curve
slightly overestimates the actual performance at
stall.

This comparison of published data versus test
data yielded two findings: (a) in general, the test
data show that the load threshold at which the
motor will drop to a stall occurs at a higher speed
than is indicated by the published data, and
(b) there is some variation between the published
rated torque and the measured torque at stall. All
three motors exceeded their rated output torque.
This result indicates that for these motors, using
the rated output torque in the margins calculations
would be appropriate.

5.2 Degraded Voltage

Figure 5-7 shows motor torque/speed curves
for the 5 ft-Ib motor at degraded voltages down to
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60% of the nominal 460 vac. The results of using
the voltage square calculation to predict a single
value of the running torque (near the knee of the
curve) and the stall torque at degraded voltage aie
also shown. These predicted values are calculated
from the actual output at 100% voltage, not the
rated output. As shown in Figure 5-7, the voltage
square caiculation overestimates the actual stall
torque at degraded voltage by 0.2 to 0.4 ft-1b.
With the 25 ft-1b motor, the voltage square cal-
culation overestimates the torque by 1 to 1.5 ft-1b
(Figure 5-R), and with the 60 ft-1b motor the cal-
culation overestimates by 2 to 6 ft-l1b (Fig-
ure 5-9). These preliminary results challenge the
appropriateness of using the voltage square
method to predict motor torque at degraded volt-
age. Using the motor 's actual output torque as the
basis for the calculation does not always provide
appropriate results. Using the rated motor torque
instead of the actual motor torque for the 5 and
25 ft-1b motors would provide appropriate
degraded voltage predictions, but only because
the actual torque at 100% voltage is higher than
the rated torque. For the 60 ft-1b motor, using the
rated torque in the calculation does not provide
appropriate results.

The small delta symbols at the bottom of the
plot in Figure 5-7 are the locked rotor starting
torques. These individual data points are pro-
duced by energizing the motor with the output
shaft locked so it cannot turn. Note that the speed
curves at motor stall end at the locked rotor start-
ing torques, indicating that the motor torque at
stall and the starting motor torque with a locked
rotor for these motors are the same. Figure 5-10
shows the torque/current traces for the S ft-lb
motor (these torque/current traces correspond
with the torque/speed traces shown in
Figure 5-7). Again, the locked rotor starting cur-
rents match very well with the stall current traces.
Figure 5-11 shows the same data for the 25 ft-1b
motor, and Figure 5-12 shows the data for the
60 ft-1b motor. (Figure 5-12 does not show locked
rotor starting data; locked rotor starting tests were
not performed in the initial tests of the 60 ft-1b
motor.)

Considering that locked rotor starting torques
and locked rotor starting currents match very well
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Figure 5-3. Manufacturer’s motor performance curves for the 25 ft-Ib 460-volt ac motor.
2,600 , - 26
2,400 25 ft-Ib ac motor 124
2,200 \ 122
2,000 | 120
£ 1800 | — 118 @
g ——————_Speed E
£ 1,600 \ 116 &
g wd | T {14 §
‘3 1.200 9 /, 7 12 8
9_ 1.000 8 — 110 3
2 800 s 8
600 Current ( 16
400 g ._.«-——"‘/ i 7 4
200 | 412
0 - o
0 R 8 12 16 20 24 28 32
Motor torque (ft-1b) 2192 13-0384.04

Figure 5-4. Actual motor performance curves for the 25 fi-1b 460-volt ac motor.
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Figure 5-5. Manufacturer's motor performance curves for the 60 ft-1b 460-volt ac motor.
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Figure 5-6. Actual motor performance curves for the 60 ft-Ib 460-volt ac motor.
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Figure 5-7. Actual motor speed versus torque, derived from testing of the 5 ft-1b motor at degraded
voltage.
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Figure 5-8. Actual motor speed versus torque, derived from testing of the 25 ft-ib motor at degraded
voltage. |
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Figure 5-9. Actual motor speed versus torque, derived from testing of the 60 ft-Ib motor at degraded
voltage.
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Figure 5-10. Actual motor current versus torque, derived from testing of the S fi-1b motor at degraded
voltage.
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Figure 5-11. Actual motor current versus torque, derived from testing of the 25 ft-1b motor at degraded
voltage.
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Figure 5-12. Actual motor current versus torque, derived from testing of the 60 ft-Ib motor at degraded
voltage.
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with the stall torques and stall currents, the locked
rotor starting test might be a good test for deter-
mining where a specific motor is with respect to
its rating. Since the output of these motors can
vary from their ratings, such a determination
could be important if there is not much margin in
a specific application. A very simple fixture can
be used in a locked rotor starting test; these tests
are much easier to conduct than the dynamometer
tests that would typically be used to determine
stall torque and stall current.

5.3 Elevated Temperatures

Figures 5-13 and 5-14 show the performance
of the 5 ft-1b ac motor during the elevated tem-
perature testing at 100 and 80% voltage, respec-
tively. The 5 ft-Ib motor is an environmentally
qualified motor, so we heated it to 300°F. The
motor was tested at both voltage conditions at
room temperature, at 100°F, and at increments of
50°F up to 300°F,

Figure 5-14 includes two marks on the torque
axis that indicate the results of using the voltage
square calculation to predict the performance of
the motor at reduced voltage at 300°F and at 80°F.
The prediction is more accurate for the 300°F
case than for the 80°F case. Taken together, the
reduction caused by both the reduced voltage
(80%) conditions and the elevated temperature
(300°F) conditions amounts to about half of the

motor’s capability, compared with normal volt-
age and room temperature conditions.

Figures 5-15 and 5-16 are the elevated temper-
ature plots for the 25 ft-1b ac motor. This motor is
not qualified for service in a harsh environment,
so it was heated only to 250°F. With this motor,
the voltage squared calculation overestimates the
torque at reduced voltage for both the low-
temperature (80°F) case and the high-temperature
(250°F) case.

Figures 5-17 and 5-18 are the elevated tem-
perature plots for the 60 ft-1b motor. This motor is
not qualified for service in a harsh environment,
so it was heated only to 250°F. As with the
25 ft-1b motor, the voltage square calculation
applied to this motor overestimates the actual
torque at elevated temperature conditions (250°F)
by about the same margin as at normal tempera-
ture conditions. Motor torque would be predicted
at 33.5 ft-1b at 80% voltage and 250°F, and it is
only 30 ft-1b. This approximately 10% discrep-
ancy at both ambient and elevated temperature
challenges the use of the voltage square calcula-
tion for this motor.

Figures 5-19 and 5-20 are the current/torque
plots that correspond with the torque/speed plots
shown in Figures 5-17 and 5-18. We used these
data to evaluate the actual degraded performance
of the motor for comparison with the data shown
in Table 5-2. Table 5-2 is based on the 10 CFR
Part 21 notification issued recently by Limitorque

Table 5-2. Limitorque Part 21 predictions for loss in performance with increased temperature.

Current loss Torque loss
(%) (%)
Motor Sfiib  25ft-lb 60ft-lb 40ft-lb  Sfi-lb  25ft-lb  60ft-lb 40 ft-Ib
temperature motor motor motor motor motor motor motor motor
77°F (25°C) 0 0 0 0 0 0 0
100°F (38°C) 1.80 1.90 1.71 1.34 1.81 1.91 1.72 0.97
150°F (66°C) 5.70 6.04 5.44 4.24 5.73 6.07 5.47 3.09
200°F (93°C) 9.61 10.18 9.17 7.14 9.65 10.23 9.21 5.20
250°F (121°C) 13.52 14.32 12.90 10.05 13.58 14.39 12.96 7.32
300°F (149°C) 17.42 18.46 16.63 12.95 17.50 18.54 16.71 9.43
356°F (180°C)  21.8 23.1 208 16.2 219 23.2 209 11.8
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Figure 5-13. Actual motor speed versus torque, derived from elevated temperature testing of the 5 ft-1b
motor at 100% voltage.
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Figure 5-14. Actual motor speed versus torque, derived from elevated temperature testing of the 5 ft-1b
motor at 80% voltage.
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Figure 5-15. Actual motor speed versus torque, derived from elevated temperature testing of the 25 ft-1b

motor at 100% voltage.
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Figure 5-16. Actual motor speed versus torque, derived from elevated temperature testing of the 25 fi-1b

motor at 80% voltage.
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Figure 5-17. Actual motor speed versus torque, derived from elevated temperature testing of the 60 ft-Ib
motor at 100% voltage.
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Figure 5-18. Actual motor speed versus torque, derived from elevated temperature testing of the 60 ft-1b
motor at 80% voltage.
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Figure 5-19. Actual motor current versus torque, derived from elevated temperature testing of the

60 ft-1b motor at 100% voltage.
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Figure 5-20. Actual motor current versus torque, derived from elevated temperature testing of the

60 fi-lo motor at 80% voltage.
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on the subject of degraded motor performance at
elevated ambient temperatures. The table shows
the data for the four motors we are testing. Fig-
ures 5-21 and 5-22 show the actual motor torque
and motor current measured at elevated tempera-
ture for both 100% voltage and 80% voltage for
the 60 ft-1b motor. The figures also show the
Limitorque Part 21 predictions for that meotor.
The test results follow the Part 21 predictizas
very well.

The results reported here are preliminary; addi-
tional motor tests will be performed, and all the
data will be analyzed according to uniform crite-
ria. However, these preliminary results raise some
questions about applying the voltage square
calculation for the motors we tested. On the
positive side, the elevated temperature results
appear to support the Part 21 information issued
by Limitorque on motor performance at elevated
temperature.

5.4 Motor-Operator Gearbox
Performance

Motor-operator gearbox performance is mea-
sured in terms of percent efficiency. Operator
gearbox efficiency is a calculation of the input
(electric motor) torque versus the output
(stem-nut) torque. There are three efficiency
factors: pullout efficiency, stall efficiency, and
running efficiency. The pullout efficiency is the
lowest of the three; it applies when the motor is
lugging at very low speed under a load or starting
up against a load without the aid of the unloaded
run before the hammer blow. The stall efficiency
1s higher than the others because it includes
consideration of motor inertia during a sudden
stall; it is typically used in evaluations of possible
overload problems. The running efficiency 1s the
efficiency of the gearbox at normal motor speed.

Most of the operators tested in this test senes
are rated to be about S0% efficient. That is, it takes
about half the input motor power to overcome
losses (primarily friction) in the gear box. We
have not yet completed all the efficiency evalua-
tions, but we do have preliminary information on

Electric Motor Testing

running efficiencies from full motor speed to near
stall for the three operator/motor combinations
tested to date. We calculated operator efficiency
from measurements of the actual electric motor
(input) torque and the actual stem-nut (output)
torque.

The published running efficiencies of the oper-
ators vary between 50 and 55%, as shown pre-
viously in Table 4-1. These efficiency values
were obtained from Limitorque engineering data
published in November 1989. The SMB-0 opera-
tor has more than one published efficiency. This
is because we installed more than one helical gear
set in the operator to get the stem speed we
needed with the various stems we used with that
operator. We also changed gear sets in the SMB-1
operator, but these changes did not influence the
operator’s published efficiency.

Figure 5-23 is an example of the actual effi-
ciency for the SMB-00-5 operator that we tested.
The plot was derived from a test in which the load
on the operator was gradually increased until the
motor stalled. Thus, the trace represents effi-
ciency values that correspond with the definitions
of running efficiency and pullout efficiency, as
well as the transition from one to the other. Motor
torque (input torque) is plotted against operator
torque (output torque), and the gearbox efficiency
is represented by the slope of the trace. The ploi
includes diagonal lines representing Limitorque’s
published running and pullout efficiencies, along
with the application factor reduction calculation
for each. The tested SMB-00-5 should have had a
running efficiency of 0.5; the actual running effi-
ciency from our tests averaged near 0.36, the
value of the published pullout efficiency times the
application factor (0.4 times 0.9). Figure 5-24
presents the same data for the SMB-0-25 opera-
tor, and Figure 5-25 presents the data for the
SMB-1-60 operato:.

From this preliminary look at the data, we infer
that actual efficiencies can differ from those pub-
lished by the operator manufacturer. It also
appears that using the running efficiency for
available torque calculations may not be
appropriate; the pullout efficiency was more
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Figure 5-21. Motor torque versus elevated temperature at 100% voltage and 80% voltage, compared
with the Limitorque Part 21 prediction.
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Figure 5-22. Motor current versus elevated temperature at 100% voltage and 80% voltage, compared
with the Limitorque Part 21 prediction.
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Figure 5-23. Actual gearbox efficiency measured during stall testing of the SMB-00 motor operator.

Running efficiency
Running x AF - . o
Puliout efficiency ———————8~ ‘

s
i
e

Pullout x AF

200

Operator torque (ft ib)

100 |

SMB-0-25

0

0 10 15 20 25
Motor torque (ft Ib)

Figure 5-24. Actual gearbox efficiency measured during stall testing of the SMB-0 motor operator.
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Figure 5-25. Actual gearbox efficiency measured during stall testing of the SNB-1 motor operator.

appropriate for the operators that we tested. This
was particularly true when the motor-operator
was operated at higher loads. Because of the
potential for widespread use of running efficiency
in evaluations of valve requirements in the clos-
ing direction, we thought it was important to pres-
ent even this preliminary information as early as
possible.
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5.5 Conclusions

Conclusions would be premature in this section
addressing electric motor and operator perfor-
mance. The quick-look review points to the need
to examine these issues very closely before com-
ing to any conclusions, because of potential
implications to MOV margins calculations.



6. GENERAL CONCLUSIONS

This report includes guidelines for an approach
for determining operating margins for MOVs,
The methodology and the findings presented in
this report describe how many of the variables in
the margins evaluation can be quantified.

Qur full-scale MOV test programs together
with in situ testing performed by utility and
industry test programs, have identified three types
of gate valve responses to flow and differential
pressure loadings: (1) those that perform with a
classic, typical response that is consistent with
prediction models, (2) those that perform with an
atypical response, but without damage, and
(3) those that perform with an atypical response
and experience damage.

For valves that perform in the classic or typical
manner, this report presents some new
approaches for determining design basis stem
loads. Embedded in these approaches is the
hypothesis that as the differential pressure load on
the disc increases, the disc friction factor
decreases. This hypothesis is supported by almost
all the test results we have seen. The decrease is
more pronounced in the opening direction than in
the closing direction. For both opening and clos-
ing. the new approaches establish a maximum
friction factor allowed at low loads. Test experi-
ence indicates that friction factors less than 0.65
will not degrade to higher values when the valve
is retested at higher loads. It appears that friction
factors greater than 0.65 in low-load tests are

6-1

probably not the result of sliding friction alone.
By establishing this value as a maximum low-
pressure-load friction factor, we should be able to
eliminate any real outliers and provide a sound
basis for bounding design basis loads.

For valves with atypical responses, the
mechanical interference (due to tipping of the
disc) and the changes in pressure distribution
around the disc generally constitute most of the
atypical portion of the loading. Except for valve
closure against blowdown loads, valve damage
appears to play a less significant role. All tipped
discs experience some mechanical interference,
increasing the value we commonly call a friction
factor or a disc factor. Short of a design basis test,
atypical loads cannot be predicted with certainty,
but reasonable results can be obtained by running
a best effort flow test and then extrapolating the
results.

Our research results indicate that the stem fac-
tor can be determined from tests conducted at
conditions less severe than design basis condi-
tions. Our results also indicate that stem factors
thus determined are usually lower than defac..
values. Using this approach can improve the mar-
gins calculations and may prevent unnecessary
replacement or overstressing of components.

Our analysis of electric motor performance and

operator efficiency is preliminary. More complete
results will be reported in the next update.
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Appendix A

Nebula EP-1 Lubricant Analyses for the
Eight Tested Stems
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Appendix A

Nebula EP-1 Lubricant Analyses for the
Eight Tested Stems

The eight stems that we tested with Moly 101
lubricant were also tested with EP-] lubricant.
Figure A-1 shows the rur ... 2 data for those
tests, with the friction cceffic..  plotted agains
stem thread pressure. These data points represeri
the friction coefficients derived from measure-
ments taken during the running portion of the
closing stroke, immediately before wedging. Fig-

ures A-2 through A-5 snow the analysis for the
fold line method for Stems | through 8, with the
stems lubricated with EP-1. The analysis process
is explained in Section 4 of this report. These fig-
ures are presented here for those who may want to
compaie the response of the stems using EP-1
lubricant with the Moly 101 response, also pres-
ented in Section 4 of this report.

0.20 T - T T
O Stem 1
0.18 | o Stem 2 ]
L Stem 3
016 ® Stemd | 1
- O Stem5
o 014} A Stem 6 .
§ X Stem7
& 012+ + Stem 8 R
- 0.10 } ‘
s " |
I . -
& 0.08
8
o 006} 4
0.04 + y
0.02 1 (Running data only, ¢ll stems, EP-1) ]
0.00 > - ~ ‘
0 10,000 20,000 30,000 40,000 50,000
Stem thread pressure (psi) 2496 119014
Figure A-1. Coefficient of friction versus stem thread pressure for tests with Nebula EP-1 lubricant.

With the data thus normalized, it is evident that the friction coefficient for each of the eight stems is stable

above a load of ahout 10,000 psi.

A-3
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Figure A-2. The fold line method bounds the performance of Stems | and 2
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Figure A-3. The fold line method bounds the performance of Stems 3 and 4
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Figure A-4. The fold line method bounds the performance of Stems 5 and 6.
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Figure A-5. The fold line method bounds the performance of Stems 7 and 8.
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