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ABSTRACT

This report documents the results of the main projects undertaken under the
Environmental and Dynamic Equipment Qualification Research Program (EDQP)

sponsored by the U.S. Nuclear Regulatory Commission (NRC) under FIN A6322.
Lasting from fiscal year 1983 to 1987, the program dealt with environmental and
dynamic (including seismic) equipment qualification issues for mechanical and
electromechanical components and systems used in nuclear power plants. The
research results have since been used by both the NRC and industry.

The program included seven major research projects that addressed the follow-

ing issues: (a) containment purge and vent valves performing under design basis
loss of coolant accident loads, (b) containment piping penetrations and isolation
valves performing under seismic loadings and design basis and severe accident
containment wall displacements, (c) shaft seals for primary coolant pumps per-
forming under station blackout conditions, (d) electrical cabinet internals respond-

ing to in-structure generated motion (rattling), and (e) in situ piping and valves
responding to seismic loadings. Another project investigating whether certain con-
tainment isolation valves will close under design basis conditions was also started
under this program. This report includes eight main sections, each of which pro-
vides a brief description of one of the projects, a summary of the findings, and an

overview of the application of the results. A bibliography lists the journal articles,
papers, and reports that document the research.

FIN A6322--Environmental and Dynamic Equipment Qualification
Research Program
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EXECUTIVE SUMMARY

The Environmental and Dynamic Equipment research projects described in the following
Qualification Research Program (EDQP) was discussion.
sponsored by the U.S. Nuclear Regulatory Com-
mission under FIN A6322. The program was ini- 1. Nuclear containment purge and vent valves
tiated in late 1982. Activities began in FY 1983 were subjected to flow interruption and leak
and continued until nearly all the main issues of integrity tests. These were the first such

the program were completed. Activities then con- tests performed with full-scale valves and
tinued in FY 1988 with the Equipment Operabil- piping at design basis conditions. The
ity Program (FIN A6857). The objectives of the results of these tests contributed signifi-

program were to improve the technical basis for cantly to the nuclear industry's understand-
developing qualification requirements for ing of the torque requirements of the
mechanical and electromechanical equipment in butterfly valves typically installed in these
nuclear power plants. The requirements were eva- applications.
luated against acceptance criteria, which included

dynamic (seismic) and environmental conditions 2. Containment penetration systems, including
for qualification of mechanical equipment and the penetration itself, the two isolation
dynamic (including seismic) conditions for quali- valves, the associated piping, and the piping
fication of electrical equipment, supports, were subjected to seismic tests.

The results confirrned that these cumpo-
nents are resistant to earthquake loadings, in

The sets of equipment prioritized for research terms of the structural integrity of all the

under this program were selected from a number components and the leak integrity and func-
of sources, including components and systems tionality of the valves.
identified in several Nuclear Regulatory Com-

mission (NRC) plans and research priority lists. 3. Containment penetration systems were also
Among these plans and priority lists are the subjected to design basis accident and
Nuclear Power Plant Severe Accident Research severe accident containment responses,

Plan (NUREG-0900), the NRC Action Plan as a including significant displacement of the

Result of the TMI-2 Accident (NUREG-0660), penetration relative to the anchored piping.
Clarification of TMI Action Plan Requirements The results raised some minor concerns, but
tNUREG-0737), and A Prioritization of Generic in general, testing showed that containment

Safety Issues (NUREG-0933). penetration systems are extremely strong.

4. Reactor coolant pump shaft seals were eval-
This report tbrmally documents the work of a uated and some of their components tested

major research program. The program has pro- for their resistance to station blackout

duced technical insights to support the NRC conditions. This project identified some
effort regarding Generic Safety Issue 23, "Reac- temperature concerns with the polymer
tot Coolant Pump Seal Failures at Station Black-- materials used in the secondary seals in the
out Conditions," Unresolved Safety Issue A-46, seal assemblies in some designs. The project

Seismic Quahfication of Equipment in Operating also investigated the tendency of the pri-
Nuclear Power Plants (NUREG- 1030, 1987), mary seals to pop open during station black-
and the containment integrity portion of the out conditions.
NRC's severe accident research (NUREG-1264).

The program also included preliminary work to 5. The significance of rattling in electrical cab-
address Generic Safety Issue 87, "Failure of the inets subjected to earthquake motion was
HPCI Steam Line Without Isolation." The evaluated, along with the effect of the rat-

research program included the following major tling on relays, switches, and other electrical

xi NUREG/CR-5935



devices mounted in the cabinets. The e _,alu- vohydraulic shakers. In the most severe test,

ation included seismic testing ot' rel_tys at t!le magnitude of the loading:_ imposed by
conditions simulating the high-frequency the shakers on the piping system, the valve,
effects of cabinet rattling. Tile results of the and the snubbers, struts, and other piping
study showed that cabinets respond at supports was approximately eight times that

higher f:'equencies during a seismic event of a typical sate shutdown earthquake. The
than the frequencies for which many of results provided insights on the failure loads
these cabinet-mounted devices are quali- and failure modes of ,_'nubbers subjected to
fled. Relays were also found to be sensitive high loadings. Both of these in situ test proj-
to low frequencies, ects (items 6 and 7) provided insight on the

ability of piping and valves to maintain their
6. A full-scale piping system was subjected to structural integrity when subjected lO earth-

seismic loadings to determine the piping quake-like loadings.
system's in situ response. The seismic loads
were simulated by a large shaker mounted

high in the containment building, a decom- 8. The program also supported early research
missioned test facility in Germany. The pip- on the ability of isolation valves in the high-
ing system included a naturally aged, pressure coolant injection steam line and
motor-operated gate valve. The aged valve other high-pressure lines to close against

was not affected by the seismic loadings, design basis line break flows. Two full-scale
but other anomalies in valve performance test projects followed, funded as part of a
became the source of two NRC information subsequent research program. The results of

notices, one on aging in motor operator those test projects challenged some of the

torque springs and the other on undersized equations the industry uses to size operators
dc power cables, on motor-operated gate valves and set the

operators' control devices. The results have
7. In a follow-on test project, the piping sys- also contributed to the industry's under-

tem described in item 6 above was subjected standing of the behavior of motor-operated

to seismic loads simulated by two large set- gate valves.

NUREG/CR-5935 xii
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Summary of Work Completed Under
the Environmental and Dynamic Equipment

Qualification Research Program (EDQP)

1. INTRODUCTION

The Environmental and Dynamic Equipment Research was designed by the INEL and per-
Qualification Research Program (EDQP), formed at a number of sites, including the INEL,

conducted by the Idaho National Engineering the Santa Suzanna Field Laboratory in California,
Laboratory (INEL) and sponsored by the U.S. Chalk River National Laboratories in Ontario,
Nuclear Regulatory Commission (NRC) was per- Canada, and the decommissioned Heissdampf-
formed because much of the safety equipment in reaktor facility located near Frankfurt, Germany.

nuclear power plants experiences very limited
operation at design basis conditions. Similarly, In most cases, research on a subject was
some of the components were not tested during reported in more than one document. The bibliog-
initial qualification phase because of the corn- raphy section contains a complete list of the jour-

plexity and expense of performing tests at maxi- hal articles, meeting papers, and reports
mum design conditions. Such equipment published for each major topic of the EDQP. This
generally was qualified through analysis and lira- report summarizes the research results in a single
ited testing. As a result of this limited operating document.
experience, it was difficult to answer some ques-

tions that arose concerning equipmentperfor- Each of the major research projects is
mance. These questions, typically brought about described in a section of the report. The material
by observed anomalous behavior in operating is summarized but presented in sufficient detail
plants or identified by related research, chal- that the reader can become reasonably familiar

lenged earlier assumptions or judgments applied with the research subject.
in the qualification process. New research was

The report covers the following major researchneeded to answer these questions. The program
plan for the EDQP is presented in NUREG- 1209. projects:

1. Testing to determine the requirements for
typical nuclear containment purge and vent

Although the EDQP performed research on valves to close against design basis flows
diverse equipment, there were some common and to maintain leak-tightness against

threads. All research included component or sys- design basis accident and severe accident
tern testing at design basis conditions. Thus, the pressures and temperatures
research provided empirical data for comparison

with the results of the analytical methods used in 2. Testing the response of containment piping
the earlier qualification processes. The accident penetrations and associated piping and
load simulations were realistic, and in most cases isolation valves to simulated earthquake

the tested hardware was typical of that installed in ioadings
nuclear plants. The research requirements, meth-
ods, and results were reviewed by representatives 3. Testing the response of containment piping
of the NRC and, in most cases, by the nuclear penetrations and associated piping and
power industry, other national laboratories, and isolation valves to the containment tempera-

international organizations, tures and pressures and the containment

1 NUREG/CR-5935



Introduction

wall displacements that would occur in the 6. Testing the response of a full-scale in situ
event of a design basis loss-of-coolant acci- piping system and a motor-operated gate
dent and a severe accident inside the valve to simulated earthquake loadings pro-
containment duced by a building shaker

7. Testing the response of the same piping sys-

4. Evaluating the performance of primary tern (described in item 6 above) to normal
coolant pump shaft seals during station and high-level simulated earthquake load-
blackout conditions ings produced by servohydraulic shakers I

8. Preliminary work preparing for full-scale

5. Testing the response of relays to seismic testing of motor-operated gate valves at
excitation typical of earthquake-induced very high design basis pressures, tempera-
rattling in electrical cabinets tures, and flows.

NUREG/CR-5935 2



2. NUCLEAR CONTAINMENT PURGE AND VENT VALVE
DESIGN BASIS FLOW INTERRUPTION TESTING

2.1 Thelssue 2.2 Background

2.2.1 Torque Requirements. Dynamic torqueThe containment purge and vent systems con-
sist mostly of air conditioning ducting and filters, requirements for a butterfly valve are typically

These are open loop systems where the contain- determined by the following equation:
ment atmosphere communicates directly with the

atmosphere outside the containment. The only T d = C T D3Ap (1)
ASME code class piping in the system is the con-

tainment penetration, a short length of piping, and where
two isolation valves, typically butterfly valves

(see Figure 2-1). The penetration and the valves Td = dynamic torque (torque required
are a part of the containment barrier. If a design to overcome loads imposed by
basis loss of coolant accident (LOCA) were to flow through the valve)
occur inside the containment, failure of the isola-

tion valves to close and seal might allow the envi- CT = torque coefficient
ronment inside the containment to escape to the
outside. D3 = valve diameter cubed

Following the Three Mile Island (TMI) acci- AP = pressure drop across the valve.
dent in 1979, NUREG-0660, NRC Action Plan as

a Result of TMI-2 Accident, was published. Item The total torque requirement is the sum of the
II.E.4.2 of that document, "Containment Isolation dynamic torque and the torque required to over-

Dependability," formalized the concern about the come bearing and packing resistance. Bearing

ability of the containment purge and vent valves and packing torques are easily measured and were
to close against design basis pressure loads, not subject to controversy. The variable CT (the
NUREG-0737, Clarification of TMI Action Plan torque coefficient) is usually developed from test
Requirements, was published in 1980, adding results with scale model valves using the follow-

leak integrity to the purge and vent valve ingequation:
concerns.

Td

The research summarized here provided CT D 3 AP (2)
information to address those concerns. Specifi-

cally, the purpose of the research was (a) to pro- Industry methodologies for extrapolating
vide empirical data to determine the requirements torque requirements are based on the assumption

for typical nuclear containment purge and vent that in geometrically scaled systems, when all
valves to close during a design basis LOCA inside other conditions are the same, the flow character-
the containment, (b) to evaluate the methods used istics and pressure drop across the valves that
in the nuclear industry to estimate those require- have been scaled to each other will be the same.

ments, (c)to determine whether the results of test- This assumption was originally based on testing
ing of small valves can be extrapolated to reliably using incompressible fluids.
predict the torque requirements of larger valves,
and (d) to determine whether typical purge and 2.2.2 Background Research. To obtain back-

vent valves will maintain their leak-tightness ground information to support the test project, we
when subjected to design basis accident and surveyed the available literature to determine the
severe accident temperatures and pressures, manufacturers, types and sizes of valves used,

3 NUREG/CR-5935



Purge and Vent Valve Testing

seals

Metal seat

PT seal ring

©

5 2978

Figure 2-1. Cross section of a typical butterfly valve used in containment purge and vent applications.
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Purge and Vent Valve Testing

and operational status of valves installed in lation of installed valves. Their different internal
nuclear containment purge and vent applications, designs are typical of most of the designs and
In addition, we conducted a literature search to sealing fcatures of other manufacturers' offset

investigate related research done previously by disc designs installed in commcrcial power
others, plants.

We found butterfly valves in sizes 2 to 66 in. The 24-in. valve was the same design as one ot'
(,diameter) to be the predominant design. The the 8-in. valves: thus, testing of this valve pro-
valve manufacturers had done very little testing to vided insight for extrapolation methodologies.

qualify the valves for nuclear purge and vent The 24-in. valve also represents the largest butter-
applications, and most of that testing had used fly valve installed in purge and vent applications
incompressible fluids. Testing performed with in operating nuclear power plants that is allowed
incompressible fluids does not necessarily vali- to open to the full open position. (Larger valves

date industry equations being used for extrapola- installed in purge and vent applications are typi-
tion; butterfly valves installed in purge and vent cally blocked, preventing them from opening
applications are expected to operate with flow of more than 70%, and in many cases, 40% open.)
compressible fluids. Previous testing performed
using compressible fluids was done at pressures
too low and usually with valves too small to fully Testing was conducted at the Energy Technof
characterize valve performance at design basis ogy Engineering Center (ETEC), a Department of
LOCA conditions. The INEL butterfly valve test Energy laboratory operated by Rockwell Interna-

project described in the following discussion was tional at their Santa Suzanna Field Laboratory in
the first full-scale test project performed with a California. Facility preparation and checkout
gaseous flow medium at full design basis condi- started in late 1983, and testing started in early
tions and incorporating more than one valve size. 1984.

2.3 Description of the Test The valves were subjected to two separate test

Project series. Testing of valve operation with the valves
closing against flow is described in the following

Three butterfly valves typical of valves used in discussion, with results and conclusions pres-
ented in Sections 2.4 and 2.5. Testing of thecontainment purge and vent applications were
valves for leak integrity when subjected to acci-

tested, two 8-in. (nominal pipe diameter) valves
and one 24-in. valve. The valves were American dent loadings is discussed separately in Sec-

tion 2.6.
National Standards Institute (ANSI) 150-1b class,

elastomer sealed, offset disc, high-aspect-ratio

valves. (The aspect ratio is the ratio of disc thick- In all, the three valves were subjected to 64
ness to disc diameter.) High-aspect-ratio offset flow tests, with valve inlet pressures ranging from
disc designs were chosen for testing because they 5 to 60 psig. (The design basis pressure l_brmost
are typical of most installed valves, and because containments is between about 40 and 60 psig.)

their response to flow is known to be one of the The flow medium was nitrogen at ambient tern-
most demanding of the valve designs installed in perature. The valves were tested in various
purge and vent systems. In the offset disc design, orientations relative to the flow. Figure 2-2 shows
the seat or sealing surface is offset from the the uniform flow test section (straight pipe) and

centerline of the valve shaft. This configuration Figure 2-3 shows the two valve orientations
maintains leak tightness better than the in-line tested in that section. Figure 2-4 shows the non-
seal configuration, uniform flow section where the valves were

installed immediately downstream of an elbow,

The two 8-in. valves, made by different and Figure 2-5 shows the four valve orientations
manufacturers, are representative of a large popu- tested in that section.
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Figure 2-2. Diagram of the test section with uniform inlet flow (straight section of pipe), showing loca-
tions of instrumentation

 Fow --
Flat face fo_ard Cuwed face fo_ard

(FFF) (CFF)
5 2980

Figure 2-3. Valve orientations installed in the test section with uniform inlet flow.

It was necessary to flow test these numerous (FSU), these forces resist closure. If the valve
installation orientations and upstream piping con- closes with the curved side of the disc facing

figurations because of the wide variety of purge upstream (CSU), these forces assist closure.
and vent valve installations in the plants. There

was some evidence that valve orientation and For each test, the control valve was opened to
upstream piping configuration have an influence establish the inlet pressure at the test valve at the

on the torque loads imposed on the valve during specified value with the test valve fully open, and
closure against flow. When a valve is partially then the inlet pressure was maintained as constant
open, the shape of the high-aspect-ratio disc as possible as the valve closed.

causes it to behave somewhat like an airplane

wing as the fluid flows around it, with high and The test loop was instrumented to take up to 48
low pressure areas applying forces on the disc to separate measurements of temperature, pressure,
either assist or resist closure. If the valve closes differential pressure, valve torque, and valve

with the flat side of the disc facing upstream position. Figures 2-2 and 2-4 show the pressure

NUREG/CR-5935 6
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Figure 2-4. Diagram of the test section with nonuniform inlet flow (upstream elbow), showing locations
of instrumentation.

- /

FFF-CCW CFF-CCW
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Figure 2-5. Valve orientations installed in the test section with nonuniform inlet flow. The CW and CCW
notations identify orientations with the disc rotating clockwise or counterclockwise relative to the figure.
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and temperature measurements made on the lest 2.4.1 Downstream Pressure. Choked and
sections. The direct, in-line torque cell mounted supersonic flow downstream of tile disc

to the test valve shaft, and the rotary transformer influenced the downstream pressure measure-
used to monitor valve disc position, are not ment, thus affecting the differential pressure inca-
shown. All 48 measurements were input to a surement or calculation. Figure 2-6 is a plot
Hewlett-Packard-based data acquisition system at showing typical measurements of the static pres-
155 data points per second, sure 15 diameters downstream of the test valve.

The downstream pressure prot'iles are different
for each valve and are different from what one

2.4 Test Results would get from measurements involving incom-
pressible flow. We found thal by using the

The results of the tests provided evidence that upstream static pressure instead of the differential
the methods typically used in the industry for pressure (in Equation !), we could more consis-

determining closing torque requirements and for tently characterize valve performance in these
extrapolating small valve torques to predict large tests with compressible flow. in essence, we
valve torques were not consistently conservative, assumed that the downstream pressure was
We found that because of irregularities in the 0 psig.
downstream pressure, the differential pressure

measurement was not very helpful in characteriz- We found the peak torque for a given valve in a
ing valve performance at high flows. More given installation to be linear with upstream static
important, we found that valve installation pressure, regardless of valve design, size, or

orientation and upstream piping geometry signifi- orientation or upstream piping configuration. Fig-
cantly affected the magnitude of the torque load ure 2-7 is a typical plot of upstream static pressure
imposed on the valve during closure, versus peak torque. Note, however, that the slope

40_1-- i I I 1 I

3O

'_alve 3
•-_ Valve 1
03

= 20-

P
O..

tmosphere ..... _-10 - A

'.------pressure -_

0 I l t I I 1 1 1
90 80 70 60 50 40 30 20 10 0

Valve position s 2983

Figure 2-6. Static pressure 15 diameters d_w|lstream of valve versus valve positi{m. Valves I and 2 are
the g-in. valves: Valve 3 is the 24-in. valve.
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Figure 2-7. Peak torque versus upstream static pressure, first g-in. valve.

of the linear responsewits not the sameI'or differ- 2.4.2 Valve Orientation. Early review efforts
enl valves or for different installations. This fact revealed thai lhe accepted industry method
prevents any universal extrapolation of valve (Equation I)for estimating buUerfly valve perfor-

response based on upstream pressure, but such an mance wits based on the symmetrical disc design
extrapolation of the response of a huuerl]y valve used in a t'ew nuclear plants built in the early
is possible, provided thai pressure response 196()s. The symmetrical disc design is not as sen-
curves tire developed for each valve size and strive to the orientation of the disc relative to the

design, each orientation, and each upstream pip- flow as the offse! disc design. The industry guid-
ing configuration. Note also that though the peak ante did nol account for the facl lhal valves with
torque for a given valve in a given installation offset, high-aspect-ratio discs exhibit different

was linear with pressure, the disc angle at which torque performance, depending on which way the
peak torque occurred was different for different valve is installed. In addition, the industry guid-
valves, different installations, and different ante in the use of scale model test data did not

upstream test pressures, account for this difference. The following discus-
sion addresses these two issues.

After our tests were performed, we used the
measured results and Equation i to develop CT We found that not only is the direction of the
curves for each valve, except that we used the lorque response different for the different valve

upstream static pressure instead of the differential orientations, bul the magnitude of the peak torque
pressure. We also calculated large valve torque iuad the predictability of the response are differ-
requirements from small valve C-[ curves, and we ent. Generally (within reasonable t()lerances

evaluated the typical industry equations and allowing for dala scalier), the magnitude of the
assumptions by comparing the calculations lo the peak lorque measured with lhe valve oriented
test resulls, with the curved side of lhe disc facing upslream
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was greater than that measured with the flat side To evaluate the relationship between scale
upstream. This result indicates that the torque model test data and valve orientation, we pre-

response of the valve in the curved-side-upstream dicted the response of the 24-in. valve from the
orientation can be used to bound the response of measured response of the 8-in. valve of the same

the same valve in the flat-side-upstream orienta- design, then compared the predictions with the
tion, but not vice versa, measured response of the 24-in. valve. We found

that extrapolations based on the response of the

We gained confidence in this method for small valve with the flat side of the disc facing
bounding valve response by comparing the vari- upstream con:_istently failed to bound the
ous valve responses as indicated by carpet plots, response of the larger valve in either orientation.
(Similarity among carpet plots is an indication of However, when the small valve was oriented with

predictability of response from one design and the curved side of the disc facing upstream, the
one valve size to the next.) All carpet plots from resultant torques could always be extrapolated to
tests with the curved-side-upstream orientation conservatively bound the response of the large
and were geometrically similar, even those from valve in either orientation, provided that the
tests with an elbow immediately upstream of the upstream pressure was not greater than 60 psig
valve. However, the plots from tests with the flat- (see discussiol_ below). (Note that we are speak-

side-upstream orientation were not geometrically ing here of valve response in terms of the magni-
similar. Figures 2-8 and 2-9 are carpet plots from tude of the peak torque, regardless of the direction
an 8-in. valve and from the 24-in. valve oriented of the torque. As explained earlier, valves ori-

with the curved side upstream. Figures 2-10 and ented with the flat side of the disc facing upstream

2-I1 are carpet plots from the same valves ori- respond with forces that resist closure, while
ented with the flat side upstream. The geometric valves oriented with the curved side facing
similarity of Figures 2-8 and 2-9 is evident, upstream respond with forces that assist closure.)

100 -

15

0- 0

90 80 70 60 50 40 30 20
Angle 10

5 2989

Figure 2-8. Torque versus upstream pressure and angle for the second 8-in. valve, curved-side-upstream
orientation, with uniform flow.
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Figure 2-9. Torque versus upstream pressure and angle for the 24-in. valve, curved-side-upstream
orientation,with uniform flow.
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Figure 2"-10. Torque versus upstream pressure and angle for the second 8-in. valve, tlat-side-upstream
orientation, with uniform flow.
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Figure 2-11. Torque versus upstream pressure and angle for the 24-in. valve, flat-side-upstream orienta-
tion, with uniform flow.

We also evaluated the validity of the diameter valve oriented with the curved side of the disc
cubed term in Equation ! as it is typically used to facing upstream is assigned a value of 1.0(). All

predict the response of larger valves from the other responses are compared to this value.
response of smaller valves. (This is simply

another way of looking at the issue discussed in As stated previously, the response with the
the previous paragraph.) We found the exponent curved-side-upstream orientation with uniforrn
of 3 adequate for extrapolation purposes with the flow (straight piping) generally bounds the
curved side upstream at inlet pressures up to response with the flat-side-upstream orientation

60 psig. At higher inlet pressures, the prediction with uniform flow. The exception shown in
tended to become unconservative. With the flat Table 2-!, where the flat-side-upstream resp¢"' _nse'
side upstream, the prediction tended to be uncon- of the first 8-in. valve is 106% of the curvcd-

servative regardless of the upstream pressure, side-upstream response, can be attributed to data
scatter.

2.4.3 Upstream Piping Configuration. "Fable 2-1 shows that it] some instances the

Table 2- 1 lists results frorn tests with the test presence of an elbow upstream of the test valve

valve installed in the straight section of piping for had a significant effect on the peak torque
comparison with results from tests with the test response of the valve. One of the curved-side-up-
valve installed downstream of an elbow. The val- stream orientations with an elbow had a peak
ues listed in the table are nomlalized peak torques torque thai was 129% of the curved-side-up-

measured in tests with a nominal inlet pressure of stream response ot" the same valve in a straight
60 psig. For each valve, the peak torque from the section of pipe, and one of the flat-side-upstream
test with a straight section ot"pipe and with the orientations with an elbow had a peak torque

NUREG/CR-5935 12
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Table 2-1. Normalized peak torques.

Valve Upstream piping First 8-in. Second 8-in. 24-in.
orientation _ configuration valve valve wdve

CSU Straight pipe 1.00 1.00 !.0()

FSU Straight pipe 1.06 0.81 0.94

CSU-CCW Elbow 1.29 1.00 1.04

CS U-CW Elbow I. 14 0.95 0.92

FSU-CCW Elbow 0.90 0.83 !.33

FS U-CW Elbow 1.02 O.84 O.87

a. CSU indicates valve orientation with the curved side of tile disc facing upstream, FSU with the llal side facing
upstream. CW and CCW indicate direction of rotation relative to Figure 5.

response that was 133% of the curved-side-up- upstream elbow are accounted for. These three

stream response of the same valve in a straight issues are not subtleties, they were not widely
section of pipe. We did not attempt to analyze for known before this work, and their effect on the
extrapolation purposes the responses of valves analytical determination of torque requirements
with upstream elbows, because there is no appar- can be significant. "l"heseconclusions are based
ent pattern to the responses. Our best recommen- on the following findings.
dation for installations downstream of an elbow is

to estimate the required torque using the best In our testing of three butterfly valves, the
available test information available, taken with upstream static pressure served belier than the

the curve side upstreanl, and then to multiply the differential pressure as an indicator of the torque

result by 1.5. This method should bound the response of offset-disc, high-aspect-ratio butter-
worst-case response with an upstream elbow with fly valves closing in compressible high-flow
either valve orientation, applications.

The torque response of these valves oriented
2.5 Conclusions with the curved side of the disc facing upstream

was predictable, but the response with the flat-
In analyses involving offset-disc butterfly side-upstream orientation was not. However, the

valves, torques for larger valves using compress- response with the curved-side-upstream orienta-

ible fluid can be determined using Equation (1) tion generally bounded the response with the tlat-
and torque coefficients (CT curves) determined side-upstream orientation, in terms of the
from realistically scaled smaller valves tested in magnitude of the peak torque.
compressible fluids, providing the following
conditions are met: (a) upstream pressure is used Nonuniform llow caused by an elbow upstrean3

instead of AP in the development of the CTcurves of the valve can have a significant effect on the
and in their application, (b) the torque coeffi- torque response of the valve. This effect varied
cients are determined from scale model valves depending on the orientation of the valve and the

oriented with the curved side of the disc facing direction of rotation ofthedisc. A multiplier of 1.5
upstream, and (c) upstream flow perturbations times the curved-side-upstream response of the
(nonuniform flow) such as those caused by an valve with uniform flow conservatively bounded
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the worst-case response of a valve downstream of pressures, with no s;gnificant leakage detected.
an elbow. The 24-in. valve did not leak during exposure to

the design basis accident temperature and pres-

2.6 Leak Integrity Testing and sure, and it leaked only a very small amount dur-
ing exposure to the severe accident temperature

Results and pressure.

2,6.1 Testing. The leak integrity part of the test Two of the valves leaked on cooldown. The
project was performed to provide information on first 8-in. valve, which has the elastomer seal in

the generic potential for purge and vent valves to the valve body, leaked after exposure to the
leak during or after a design basis LOCA or a design basis temperature and after exposure to the
severe accident. The loads resulting from design
basis accidents and severe accidents are radiation, severe accident temperature. The 24-in. valve,

which has the elastomer seal on the disc, leaked
pressure, and temperature. Because the elasto-

after exposure to the severe accident temperature.
mers used in the seals of purge and vent valves

Leakage through the 8-in. valve was as high as
have high radiation allowables, this load was not

470 scfh (standard cubic feet per hour), and leak-
addressed in this test project. A pressure of

= 6() psig was chosen to represent the design basis age through the 24-in. valve was as high as
320 scfh. This leakage occurred because the seals

pressure. (The design basis pressure for most con-
tainments is between about 40 and 60 psig.) A experienced compression set at the elevated tem-

peratures. Compression set was obvious in the
design basis temperature was set at 280°F, the sat- first 8-in. valve after cooldown; one could see
uration temperature for the pressure. Two times

daylight between the disc and the seat. The
the design basis pressure (120 psig) was chosen

second 8-in. valve, which has the seal on the disc
for the severe accident pressure, and 350°F was

chosen for the temperature, the saturation temper- (the design shown in Figure 2-1), did not leak on
cooldown. The seal in this valve may have been

ature fbr that pressure, less susceptible to compression set because of the
seal's smaller cross section.

Investigating the elastomer sealing material
[ethylene propylene terpolymer (EPT)] used in

2.6.3 Conclusions. Containment purge andthe valves, we found that the design basis condi-
vent valves exposed to design basis conditions or

tions were well within the specified allowables
severe accident conditions may leak after cool-for the material. On the other hand, the severe
down. These valves are installed in pairs, with one

accident temperature typically exceeded the valve inside the containment and one valve out-

material temperature allowables, side. In most accident scenarios, the outside valve

would be less likely to leak than the inside valve.
All three of the valves we tested had relatively

new seals. Each valve was pressure tested at both

the design basis accident temperature and pres- 2,7 Application of the Research
sure and at the severe accident temperature and
pressure. Each valve was pressure tested at ambi- The results of the research were provided to all

ent temperature before and after each high-tern- leading manufacturers of butterfly valves. Two of
perature pressure test. In each instance, pressure them, Allis-Chalmers and Henry Pratt, actively
testing consisted of pressurizing one side of the reviewed the project from the planning through
disc while monitoring for leakage on the other the testing and analysis.
side, then releasing the pressure, pressurizing the

other side. and monitoring for leakage. The results provided criteria for evaluating
utility submittals on containment purge and vent

2 _.2 Test Resuts. The two 8-in. valves per- valves, and were used in checking utility
formed well during exposure to the design basis responses to the TMI action plan (NUREG-
accident and severe accidenl temperatures and 0660).
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The results are also being incorporated in the nuclear industry. EPRI is also expected to use the
Electric Power Research Institute (EPRI) butter- results in their MOV prediction methodology

fly valve application guide. It is expected that this being developed to address the NRC's Generic
application guide will be widely used by the Letter 89-10.
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3. SEISMIC TESTING OF TYPICAL
CONTAINMENT PIPING PENETRATION SYSTEMS

3.1 The Issue 3.2 Research Methods

3.2.1 Background Research. A review of

Among the important safety-related contain- CPS designs used in a considerable number of
ment features used in nuclear power plants are the plants determined that most plants are unique.

containment penetrations, installed wherever pip- However, there are some similarities in the piping
ing, electrical cabling, etc. penetrate the contain- layouts for CPSs, especially inside the contain-

ment. (The piping in most CPS installationsment structure. A typical piping penetration
system consists of the penetration itself along makes a 90-degree bend within 15 ft of the

with piping, adjacent piping supports, and two penetration, with the inside valve either before or
after the elbow.) We decided to set up three typi-

isolation valves, usually ol_e on each side of the
cal CPS configurations that would represent a

penetration. These containment penetration sys-
tems (CPSs) are as important as the containment large number of systems. We also chose to repre-

sent systems that are important to plant safety,structure itself in serving as the last barrier to t'is-
that is, systems with a potential for leaking the

sion product release in the event of an accident
containment environment directly to the outside

inside the containment. Because of the large num-

ber of piping penetrations ( 100 to 200 in plants of atmosphere, and systems that would be needed to
mitigate a design basis accident or an advanced

U.S. design), CPS valves are among the prime severe accident.
potential sources of local leakage through the

containment. Design basis loads vary a great deal among dif-
ferent plants and plant locations. Gravity, prcs-
,;ure, flow-induced vibration, and earthquake

The research summarized in this section loads were considered.

addressed the operability and leak integrity of

CPS isolation valves during and after seismic We conducted a study of the analytically pro-
events and the structural integrity of the valves, dieted acceleration response spectra for opera-
piping, and other CPS components when sub- tionai basis earthquakes (OBEs) and safe
jected to seismic loads. Thus, this research served shutdown earthquakes (SSEs) for numerous types
to support the NRC effort regarding Unresolved of containment vessel designs at varying building

Safety Issue A-46, Seismic Qlml(l'ication of elevations, as reported in the appropriate NUREG
Equq_ment in Operating Nm'lear Power Plants reports anti Final Safety Analysis Reports for 17
(NUREG-1030). We opted to perform full-scale nuclear power plants. From that study wc devel-

tests of complete systems (valve, penetration, oped eight response spectra as specified spectra
piping, and supports) to avoid the uncertainties for the test project to address horizontal and verti-
inherent in extrapolating results from small-scale cal acceleration at two building elevations (the
tests or from tests of individual components, lower third and the upper half) for OBEs and
These tests, conducted in 1986, were the first full- SSEs. For an example, .see Figure 3-I, which
scale, triaxial seismic tests performed on piping shows the specified horizontal response spectrum

and valves. The purpose of the testing was to pro- (labeled "test specit'ication") for the upper half of
vide empirical data on the behavior of valves sub- the containment tk)ran SSE. The analytically pre-
jetted to seismic loads and to provide results that dieted spectra for several plants are also shown
would serve to either support or challenge the for comparison, as is the spectrtlm derived fronl

analytic assumptions used in the design of CPS the measured test input. Figure 3-I is addressed in
piping, valves, anti supports, more detail later in this discussion.
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Figure 3-1. Comparison of the measured SSE lest response spectrum with the SSE required response
spectrum and with the analytically predicted SSE response spectra for selected plants; horizontal response

spectra tk)r the upper half of the building.

3.2.2 Description of the Test Project. One measuring 23 x 13 x 8 l't (7.6 x 4.3 x 2.6 m)
of the three configurations chosen for testing was constructed of 14-in. square steel tubing and
an 8-in. gate valve system (Schedule 40 piping) mounted on pressurized air bags. Each piping
modeling a containment spray system. This sys- system was individually installed in the test frame

tern was chosen because it is important to con- using nuclear grade supports, including rigid
tainment integrity as the final heal removal struts, spring hangers, and box beam supports.
system. A containment spray system is a closed Support configurations were designed to approxi-
loop, liquid-filled system that requires leak integ- mate those in existing nuclear power plants. Inde-
rity and valve operability for plant safety. An pendent triaxial motion was input into the frame

8-in. butterfly valve system (Schedule 40 piping) by large, computer-controlled hydraulic actuators
modeling a purge and vent system was also cho- mounted to the frame. A sketch of the 8-in. gate
sen. This system is important to containment valve system installed in the test fixture is shown

integrity because of the risk of leakage to the out- in Figure 3-2.
side environment. The other configuration chosen
for testing was a 2-in. globe valve system (Sched- The test fixture was designed to test only the
ule 160 piping) modeling the many small bore inside halfofa CPS. The connection of the piping
piping systems that make up a large fraction of a to the containment at the penetration is stiff

power plant's CPSs. One concern with these enough that no significant interaction between the
small diameter systems is the large ratio of valve- inside piping and the outside piping would occur
plus-operator mass to pipe size. during at] earthquake.

The piping systems were designed and fabri-

We designed a test fixture that would accom- cated in accordance with ASME Code require-
modate either the 2-in. CPS or the 8-in. systems, ments. The valves and penetrations were obtained
The test fixture itself consisted of a large frarrle frorn cancelled nuclear power plants. The piping
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Figure 3-2. Sketch of the test fixture with the 8-in. gate valve assembly installed.
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and supports were purchased from nuclear power shown in this figure are those that have the great-
plant suppliers, est horizontal response spectra of the 17 plants

whose data we reviewed.

The systems were instrumented to measure
leak rates, pressures, temperatures, valve motor 3.3.1 Valve Operability. The seismic loads
operator current, and valve stroke times. In addi- imposed during the test sequence had no adverse
tion, strain gages and accelerometers were effects on the operability of any of the three

installed on supports, valve assemblies, and pip- valves we tested. Small variations occurred in the
ing to provide test data for comparison with pre- stroke times, but these were caused not by the
dictions derived from analytical methods widely seismic loads, but by such factors as wear-in of
used in the industry, new valve packing. In some cases, the measure-

ments of motor current were slightly lower during

Each of the three CPSs was subjected to the seismic loading than after the loading ceased.
same test sequence, shown in Table 3- 1. The Apparently, the vibration associated with the sets-
fluids and pressures shown in the first column are mic loads caused a slight reduction in friction

those typical of the systems being modeled. The during valve operation.
two low-amplitude vibration tests, conducted for
5 min each at one tenth of OBE loads, served not 3.3.2 Valve Leakage. The seismic loads did not

only to test the operability and leak integrity of cause any significant leakage through the valves.

the valves at those loads, but also to impose an The 8-in. butterfly valve did not leak at all during
arbitrary but reasonable amount of vibratory the test sequence. The 8-in. gate valve leaked
aging on the piping before subjecting it to the slightly during the simulated OBE (approxi-
OBE and SSE loads. In the OBE and SSE tests, mately 300 cm2/h); leakage returned to zero with

the 8-in. gate valve CPS and the 2-in. globe valve cycling after the simulated OBE, and remained at
CPS were tested using the input respor, se spectra zero during and after the simulated SSE. Leakage
for the lower third of the building, while the 8-in. through the 2-in. globe valve is shown in Fig-

butterfly valve CPS was tested using the input ure 3-3. The valve leaked more than expected
response spectra for the upper half of the build- during leakage tests conducted before the simu-
ing. After each step of testing, the acceptability of lated seismic loads. The general trend during the
the previous test step was checked to make sure test sequence was for leakage to decrease with
that desired load levels were achieved and that successive operation and with cumulative expo-

system responses were adequately measured, sure to seismic loads.

3.3 Results 3.3.3 Structural Integrity. The seismic loads
did not cause any observable structural damage in
CPS piping, valves, penetrations, or supports. No

In general, the acceleration measured at the
base of the test stand during the simulated OBEs leakage occurred at any of the welds, but some
and SSEs was equal to or considerably greater very minor leakage occurred at a flange. (The

8-in. gate valve and the 2-in. globe valve were
than the required response spectra specified in the
test plan. In a few cases, the input spectra derived welded in place, while the 8-in. butterfly valve

was welded on one side and flanged on the other.)from the acceleration measurements failed to
No leakage occurred through any of the valvecompletely envelope the predicted response spec-

tra specified in the plant reports we researched, bonnets.
but only at very low frequencies (2.0 to 2.5 Hz).
For an example, see Figure 3-1. We judged these 3.4 Conclusions
results to be acceptable because the lowest natural

frequency for our piping systems was 3.9 Hz, so These tests were the first full-scale triaxial sets-
no amplification would occur at the low frequen- mic tests ever performed on complete piping sys-
cies in question. Note also that the plant spectra terns. Although the three CPSs discussed here
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Table 3-1 Overview of measurements during seismic testing of the three containment penetration systems.• .-_

Baseline measurements and conditioning Seismic training _"

Preseismic During During During During

Frequency baseline 0. l OBE After 0. l OBE After OBE SSE

System characteristics testing measurements (5 rain) 0.10BE (5 min) q.10BE (30 s) After OBE (30 s) After SSE

2-inch, globe valve. Determine Stroke a and Stroke Visual Seat Visual Seat Visual Stroke Visual

gas, pressure = 150 psig first three seat leakage test a inspection, leakage inspection, leakage inspection, test a inspection,

( 1.03 MPa) system test stroke a test stroke a test stroke a stroke a and

frequencies and seat and seat and seat seat

8-inch, butterfly valve, leakage leakage leakage leakage
bo
c gas, pressure = 60 psig test b test test test

(0.414 MPa)

8-inch, gate valve, water,

pressure = 100 ping Sequence -"-
(0.689 MPa)

a. The stroke test consisted of measuring valve operator motor current and the stroke time as the vai,,e moved full stroke (from closed to open or vice ve_a).

b. The stroke and seat leakage test consisted of at least seven stroke time and operator current measurements (two open-to-close and five close-to-open) and four leak rate measurements (two with

pressure on the piping side and two with pressure on the penetration side).



Seismic Testing of CPSs

ever, the test results also raised one concern. Data
:000- from accelerometers nloullted on the valve and

'°°°__ k_ operator showed a dynalnic response at frequen-16oo- cies higher than those for which the operator1400-

12o0- components are qualified. The implications are
- _'_ that vibration at these higher frequencies might• I000- _- _

'- 800. cause electrical components such as relays to
6o0. chatter, thus affecting the switches they control.
•oo. These results concur with the results of the SHAG

200. seismic test project, where a similar phenomenon

Sloge Pfo-|elem_ _ Poet _ Poel POll Poet
II,eee_ine 03 OnE 0 _ODE I0 ORE I o., report.

Figure 3-3. Leak rates across the seat of the 3.5 Application of the Research
2-in. globe valve.

were not tested to failure, the applied loads were These tests provided useful insights into the

close to the most severe response spectra pre- loads that piping systems might see in an earth-
dieted for U.S. commercial plants. Of the changes quake environment. The results of this work,
in performance that occurred during the test along with the results of the work reported in Sec-
sequence, any that could be attributed to the seis- tions 7 and 8 of this report, contributed to the data

mic loads tended to be improvements. No opera- base that supported the NRC effort regarding
tional or structural failures occurred. Unresolved Safety Issue A-46, Seismic Qualifica-

tion of Equipment in Operating Nuclear Power
These results indicate that the worst case earth- Plants (NUREG-1030). The fact was established

quakes anticipated in the design of nuclear power through our work and the work of others that

plants will not (a) increase the torque required for nuclear valves and piping will not be damaged by
operation of CPS valves, (b) induce leaks in any credible seismic loading. The implementa-

CPSs, or (c) cause structural failures in CPS pip- tion plan currently in effect for addressing USI
ing, valves, penetrations, or supports. A-46 incorporates this important finding by

allowing that older plants built before the modem

The performance of these CPSs alleviated seismic requirements were imposed can be
some concern that bench testing of individual judged by criteria less strict than a full seismic
CPS components might not be adequate. How- requalification.

21 NUREG/CR-5935



4. TESTING OF CONTAINMENT PENETRATION SYSTEMS
AT ACCIDENT LOADINGS

4.1 The Issue 4.2.2 Description of the Test Project. The
three CPSs modeled and tested in the seismic test

A companion project to the testing described in project described in Section 3 were also used for
Section 3 of this report was the testing of full- testing in tllis test project: an 8-in. gate valve sys-

scale CPSs under design basis load|rigs and tern, an 8-in. butterfly valve system, and a 2-in.
severe accident load|rigs. (For a brief description globe valve system. Some of the hardware used in

the seismic testing was used again in this testing,of CPSs and a discussion of their importance to
plant safety, see Section 3.1.)The concern for the and some new hardware was installed. The test
containment penetration, piping, and isolation fixture used tk_rthe seismic tests was modified
valves was that the containment could grow both and used in this test project. The 8-in. CPSs were

installed in the test fixture with the penetration
vertically and radially in response to a severe
loss-of-coolant accident inside the containment, assembly mounted on rollers that traveled on rails

to provide for a controlled displacement of theBecause the piping is supported either from the
basemat or from an internal structure that would penetration relative to the piping, which was

not grow with the containmen', the containment anchored to the frame of the test fixture with
struts and other supports. A hydraulic ram wasmight literally pull the piping apart, causing a

leak to the outside, used to incrementally move the penetration. The
rails on which the penetration rode sloped upward
at 15 degrees, so that movement of the penetra-The tests described in this section consisted of
tion would simulate both the radial and vertical

subjecting the valves and piping to elevated tern-
displacement of the containment wall during an

peratures and pressures and displacing the
accident. Figure 4-1 is a diagram of the test fix-

penetration relative to the piping to simulate th"
ture with one of the 8-in. CPSs installed. Fig-

thermal and pressure expansion of the con-
ure 4-2 is a photograph of the 8-in. gate valve

tainment wall during design basis accidents and assembly installed in the test fixture.severe accidents. The tests were conducted in late

1987 and early 1988. During the tests, we
The 8-in. containment spray test system and

monitored the operability and leak integrity of the
the 8-in. purge and vent test system modeled pip-valve, and we monitored the effects of the wall

displacement (as much as 18 in.) on the piping ing inside and outside the containment: thus each
of the 8-in. systems used two valves. The two

and supports. The effects of radiation, steam, 8-in. systems were similar in design and used

chemical spray, and very high temperatures much of the same type of hardware.
(temperatures above the saturation temperature
for the simulated containment pressure) were not

The 2-in. system modeled only the inside pip-addressed. Those loads would be better addressed
ing, with the penetration end of the pipe capped to

in special effects testing of individual
simulate the outside valve in the closed position.

components. The configuration of the system was simpler, fea-
turing one strut and one elbow. Containment wall

4.2 Research Methods displacement was modeled by anchoring the
penetration and displacing the piping. At the

4.2.'I Background Research. A search of the request of NRC, the 2-in. system testing included
available literature and a study we conducted on enclosed-volume water expansion testing to

therrcal effects indicated that combined thermal determine whether overpressurization might
and pressure expansion of the containment wall occur in the piping between the two closed valves
during a severe accident could be as great as in a plant CPS when subjected to|he high temper-
12 in. atures anticipated in accident conditions.
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Insidevalve _ \
il ,\I.

Verticalstrut , _--_

"< >I"

Outside.,!. valve

Spring _.. ,,,<._
hanger "_ ",_ strut

I

Figure 4-1. Sketchot"the test fixture with an 8-in. gate valve system installed.

The piping systems were designed and fabri- from cancelled nuclear power plants. The piping

cared in accordance with ASME Code require- and supports were purchased from nuclear power

ments. The valves and penetrations were obtained plant suppliers.
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CPS Testing at Accident Loadings

Figure 4-2. Overhead vie_ ol the test fixture v,'ith the X-in. gale valve assembly installed.

"/'he systems were instrumented to measure etc.), but none of the supports in the X-in. gate
leak rates, pressures, temperatures, valve motor valve CPS failed.
operator current, and valve stroke times, and

strains on the valves and piping. The piping responded in a ductile manner with
significant yielding but no local buckling. In

The basic testing sequence foreach of the three addition, some minor, local defornlations

CPSs consisted of (a) performing operational occurred where the piping slipped through the
baseline tests on the system and (b) heating the clamps that provide lot connection to the piping

inside valve and displacing the penetration in a supports. Ovalization occurred at one elbow,
stepwise fashion until reaching the desired condi- changing the external shape of the pipe from a cir-
tions, while monitoring valve function, valve .seat cular cross-section with a diameter of 8.67 in. to

leakage, and strains on the piping. Table 4--1 sum- an oval cross-section with major and minor axes
marizes the temperatures, pressures, and dis- ofg. 16and 8.36 in., respectively. None of the pip-

placements imposed during the test sequence, ing experienced a significant reduction in flow
area.

4.3 Results
Valve operation was not affected by the loads.

4.3.1 8-in. Gate Valve System. The 8-in. gate However, leakage through the inside valve
valve CPS was subjected to a horizontal displace- increased from an insignificant amount (less than

ment of 13.2 in. with a corresponding vertical dis- 0.(1()5 scfm) to about 0.103 scfm (standard cubic
placement of 3.3 in. Two of the struts wcrc feet per minute) when the horizontal displace-
subjected to loads more than seven times their merit reached 12.6 in. (more than twice the design
rated capacity. Some of the supports showed evi- basis accident specification). As the displacement
dence ol"damage (for example, a bent end pin, a increased, leakage decreased to about 0.(12 t¢7

bent pipe clamp, tin elongated end connection, ().()4scfm. The leakage immediately increased to
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Table 4-1. Sur,)murv of testing sequence.

After

Svstenl integrity are.! Design basi,; Severe accidellt severe accident
pretest accident simulati_m simulation simulatit)n

X-in. systems:

Radit)graphy ()f }|cat valve It)28(I':I: Heat VillVCIt) 35(1'I: Release load
piping ,a;ehls wtlile displacing while displacing
3()(1psi pneumatic lest penetratitm i.(14 in. penetration to, 13.2 in. ('heck for leakage

(llorizontal) (gate valve)atld 18 in. and valve lut)cti()n

!()() psi bubble lest (butterl)y valve)

(butterfly valves onl'+;) Regularly monitor
Baseline valve leakage and valve Regularly mtmitor
ftmction functitm leakage and valve

ftinction

2-in. system:

475(I psi hvdrotest [:ill pips with water l)rain water from pipe Apply load to t'lued
Dve-penetrant exarn dowt)stream lrom lmad
Baseline valve valve Pleat valve to 3S()°F

function while disphtcing pipe Displace to

Heat valve and pipe to 8 in. (verticall disfunction t)r
280°F while failure

displacing pipe 2.()in. Regularly monitor for
(vertical) leakage and valve Valve function

function 4750 psi hydrotest

Monitor pipe fl)r
pressure buildup Dye-penetrant

exam

().89 sct'm 'd_en, at the end of the test sequence, As in the gate valve testing, the piping
the load was released from the penetration and the responded in a ductile manner with significant
piping returned about 4.2 in. toward its original yielding but no local buckling. Some minor, local
position. A posttest examination indicated that defomlations occurred at the clamps. Ovalization
the valve body had yielded slightly. No signifi- occurred at three elbows.
cant leakage occurred through the outside valve.

The displacement loads did not affect valve
operation. Neither valve leaked during the heated

4.3.2 8-in. Butterfly Valve System. The 8-in. portion of the test. However, the inside valve
butterfly valve CPS was subjected to a horizontal leaked at about ().88 scfm after cooldown after the

displacement of 18.0 in. with a corresponding test sequence. (.This same result was produced in
vertical displacement o!"4.8 in. Two of the struts earlier testing of butterfly valves. See Sec-
failed: a horizontal strut buckled under very high tion 2.6.2.) We attributed this leak to elevated
compression loads, and one rod end of a vertical temperatures imposed on the valve with the valve

strut yielded enough tO allow the pin to pull in the closed position. Under those conditions, the
through the end of the eye. valve's elastomeric seal is especially susceptible
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to compression set, thus reducing the seal's eft'ec- temperature Ioadings imposed on the inside
tiveness after cooldown. (New seals had been valves. Neither of the corresponding outside
installed in the valves at the beginning of the valves leaked during or after our CPS testing,
testing.) indicating that in an in-plant installation, both of

these valve leaks wc observed would have bccn

4.3.3 2-tn. Globe Valve System. The contained by the redundant valve on the outside
enclosed-volume water expansion test of the 2-in. of the containment.
globe valve system (Schedule 160 piping) was
performed as part of the design basis accident

Tesling showed that CPSs are extrernely tough
simulation. After the temperature reached 280°F,

and forgiving. Damage to the piping even at
the pressure rose to over 4000 psig and would severe accident displacements was minor andhave continued to rise had we not shut off the

showed no evidence of affecting the integrity of
heaters to prevent pipe rupture, the piping. Instances of strut failurc and clamp

The globe valve CPS was tested beyond the slippage served to reduce rather than increase the
stress on the piping.

severe accident displacement of 8 in. (vertical

displacement of the end of the pipe section) to a
maxirnum displacement of 48 in. There were no Water trapped in the piping between the two
failures nor loss of function of any of the equip- valves in a CPS can buih.t up excessive pressure at
ment. Stresses in the strut remained well within design basis temperature if no pressure relief is

the elastic limit throughout the test. (The strut was provided. Rupture of the pipe and possibly the

disconnected alter the displacement reached 8 in.) valve could result. Such an occurrence would not
The piping behaved in a ductile manner with no necessarily cause a breach of containment, but it
cracking, buckling, or leakage in either the piping would disable the systern (or at least part of the
or the welds. Although the pipe experienced system) in which the piping and valve arc

significant yielding, the cross section remained installed.
circular.

4.4 Conclusions 4.5 Application of the Research

The pressure, temperature, and displacement Part of the NRC's severe accident research was
loads imposed on the three CPSs we tested did not to determine the existing margins for compo-
affect the operation of the valves: no noticeable nents, systems, structures, etc. if subjected to

changes occurred in operating current or stroke conditions more severe than the design basis
time. conditions. Our work, along with the work of

Sandia National Laboratory (SNL}, addressed the

No valve leakage occurred at or below design containment integrity portion of that research

basis accident conditions. The plastic deforma- (NUREG-1264). The results provided many
tion of the valve body of the inside gate valve at insights on the available margins of the ccmtain-
higher displacement loadings was unexpected, ment and the containment penetration piping sys-
but the resulting leak was small. The leak through terns in accidents that progress beyond design
the inside butterfly valve after cooldown raised basis loads. The results of our testing showed that
concerns about the resistance oi the elastomeric the components of the containmerlt piping

se_.dsto high temperatures, penetratiorls (the penetrations, associated piping,
and isolation valves) would not be the weak link

The CPS val;'e,, installed outside _>I"the in any credible severe accidenl scenario that
containment were not subjected to the high threatened the integrity olthe c(mtainment.

NUREG/CR-5935 26



5. REACTOR COOLANT PUMP SHAFT SEAL PERFORMANCE
DURING STATION BLACKOUT

5.1 The Issue occurrence of flashing between the seal faces
could cause one or more of the seals to pop open
(seal instability), ultimately leading to a small-

A typical reactor coolant punlp (RCP) shaft break loss-of-coolant acciclent. The research
seal assembly consists of three (or four) seals in a
series. The first and intermediate seals are reported here addressed these concerns and thus

designed to contain a portion of the pressttre provided infornlation to support the NRC effort
while allowing some leakage through a small path regarding Generic Safely Issue 23, "Reactor

toward the next seal and out through a leakoff Coolant Pump Seal Failures ;,ItStation BlackoutConditions."
line, while the final seal contains the remaining
pressure with little or no leakage. Cooler water

(1()0 to 160°F)is injected into the flow path ahead Figure 5-!, a sketch of a typical pump shaft
of the first seal to keep the seals and the leakage seal, shows the components of interest: a static
path cool, because typical operating temperatures O-ring, the secondary seal, and the main seal
of approximately 550°F in PWRs can damage rings. The primary hydraulic seal occurs at the

certain polymer components of the seal assembly, main seal rings and is provided by the proximity
and because otherwise the pressure drop in the of the rotating seal ring and the nonrotating seal
leakage path might cause hot water to flash into ring. One of the main seal rings (in this particular
steam between the faces of the main seal rings, design it is the nonrotating seal ring) is mounted
One of the concerns with these seal assemblies is so that limited axial motion is permitted, thus

that during a station blackout, the pumps that sup- maintaining a very small, virtually constant gap
ply the cooler water to the seals will be without between the main seal rings as the shaft moves
power, allowing the hotter water to reach the vul- axially relative to the housing in response to
nerable polymer components. In addition, the thermal and pressure-induced expansions. The

Normal leakage flow _ _.__-x._N_--_N'_'_ _ _\\,%.. ,,\ _
(high pressure, _ Gap _ \"__._.'_.._" N'_.'_-_

l_$pring _._

//y..] /Typical. Rotating main I:l Non-rotating Sec°nda7 Jim ,t__,,_
static o-ring seal ring main seal ring s _rln.1 j_ "_'" "'_.

rli_l_statico-ring seal ring [1 ._Q__._ __
_,,%,"%%, %-,,">,>,

Figure 5-1. Simplified diagram of a cross-section of an RCP shaft seal: this represents one of the three or
four seals that constitute the entire seal assembly,
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RCP Shaft Seal Perfornmnce

opening between the seal faces is controlled by a Jackson and Bingham International pump seal

balance of t_pening and classing forces. As the seal assemblies. This evaluation was based on (a) tile
faces close down, tile flmv is reduced, and tile information available on the materials used and

pressure drop across the seal changes. The resull- lhc pressures and gaps to be sealed in these

ing change ill opening forces causes the seal faces assemblies and(b) the results of the earlier testing

to own until a balance of forces is achieved. The of the Weslinghouse seal assemblies. The evalua-
secondarb seal accommodates axial motion of the lion included several assumpl ions on these

non-rotating main wal ring rclalivc to the housing designs lhal would require proprietary informa-

without allowing leakage between the two. These ti¢m to confirnl, so the results are tentative. "File

sec_mdary seals are among Ihe polymer compo- evaluation found one static O-ring in the BJng-

nents thai can be damaged by high temperatures, ham lnlemalional seal design, immely the O-ring

The seal assembl_ includes several other polymer that seals the interface between the stalJonilry

()-rinos ;.is static seals: one such ()-rin_ is shown main seal ring and its carrier, to be at risk durine

in i::igure 5-1 as an example. These static O-rings a station blackout.

seal interfaces between cornfuments thai renlairl

stati_marv relative to each olher. Some of these 5.2.2 Testing of Secondary Seals. The

static ()-rings can also be damaged by station investigation sumnlarized here included iabora-

blackout temperatures and pressures, tory testing of secondary seals. The purpose of

this testing was ta) to determine the response of

The inxesligation summarized here consisted the seals (whether or not they would extrude or

of (a ) conducting ali nl ited eval ualion of the blow out), (b) to determine the effects of relative

potential for static ()-rings to blow out during sta- n-lovement of the surfaces being sealed on the

lion blackout, (bt testing the polymer seal compo- extrusion behavior of the seals, and (c) to deter-

nents ,.;f the secondary seals in three different mine the friction forces developed between

de:dgns, with displacement of the sealing surface degraded seals and the movable main seal rings

relative to the seal under conditions simulating they are intended to seal. The tests were con-

the high temperatures and pressures anticipated ducted by the Atomic Energy of Canada Limiled

during a station blackout, (c) conducting a corn- Research Company (AECL) at Chalk River

purer analysis ol the effects of flow, pressure, Nuclear Laboratories in Ontario, Canada. Three

fluid conditicm, and seal design on the stability of types of secondary seals were tested: Wesling-

the main seals (their resistance to popping open), house O-rings with channel seals, Byron Jackson

(d) conducting limited testing of RCP shall seals U-cups, and Bingham International O-rings with

to validate the computer analysis, and (e) review- backup rings. See Figures 5-2 and 5-3. 'fhe

ing the available results of full-scale pump shaft Westinghouse O-rings were not the same as the

seal tests conducted by others. The tests were O-rings typically installed in Westinghouse
conducted in 1986. applications; the test project used O-rings of a dif-

ferent material, in anticipation of a material

5.2 Assessment of Polymer replacement by Westinghouse.

Seal Performance The test rig included a smooth cylindrical

sleeve (simulating the nonrotating movable main

5.2.1 Evaluation of Static O-rings. Earlier seal ring in Figure 5-1) that was inserted into a

research (reference 3) investigating the behavior concentric housing containing two secondary

of typical polymer seals used in Westinghouse seals of the same design oriented back to back.

RCP shaft seal assemblies showed that at sortie Pressure was applied to the cavity between the

station blackout conditions, some of the static two seals by distilled water supplied from a vessel

O-rings would blow out. The investigation sum- pressurized by nitrogen cover gas. A linear actua-
marized here included a limited evaluation of the for attached to the sleeve provided for axial

potential for failure of static O-rings in Byron motion of the sleeve relative to the housing. The
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Ls,..,, Low Pressure Side
b. Byron Jackson round-back U-cup.

b. Byron Jackson.

High Pressure Side

I TO I,IAoll AClullOtanO Load Gill

flacku_ Ring I_

.,.. _1 . O-Ring

Backup Ring

tTosl £,411 id Bloo4

--Low Pressure Side

L SJ_evo
|

c. Bingham International O-ring with backup
c. Bingham International. ring.

Figure 5-2. Test cell for extrusion and friction Figure 5-3. Cross-sections of the typical sec-
testing of secondary seals, ondary seals subjected to testing.
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linear actuator was instrumented with a load cell 5.3.1 Analytical Model. The computer analy-
to measure the force required to slide the sleeve sis used a computer code developed by Atomic
past the polymer seals. During testing, the hous- Energy of Canada Limited Research Company

ing and sleeve were heated and maintained at uni- (AECL) of Chalk River National Laboratories.
form temperature in laboratory ovens. Tests were Given (a) the seal face inner and outer diameters,
conducted at temperatures as high as 550°F and at (b) the gap convergence or divergence (see Fig-
pressures as high as 2200 psi, with sleeve-to- ure 5-1), (c) the inlet state of the fluid, and (d) the
housing diametrical clearances varying from back pressure, the code calculates the leakage, the
0.009 to 0.035 in. state of the fluid through the gap, and the critical

balance ratio (a dimensionless value relating to
the balance of opening and closing forces at

In five tests of Westinghouse O-rings with which the seal becomes unstable) for a wide
channel seals, all the channel seals extruded.

Leakage occurred in only one case; in all other range of seal face separations.
cases, the O-ring took over the sealing. The force

required to initiate axial movement of the sleeve The results of the computer analysis are sum-
marized in the following discussion.at high temperature was as high as 210 lb (for two

seals), almost twice that measured for the seals

before exposure to high temperatures. Assuming zero back pressure and 100 pin. con-
vergence in the seal gap, unstable operation of the
seal was predicted if the subcooling of the inlet

Seven tests using Byron Jackson U-cups were fluid is less than 20°F (the seal pops open to the

run. No significant extrusion occurred, but the limit of its travel). Bistable operation (the seal
U-cups did experience permanent set and severe opens to a larger gap and remains stable in that
embrittlement. Significant leakage attributable to position) was predicted with inlet subcooling
the test conditions occurred only in the test with between 20 and 50°F, and stable operation was
the most severe conditions, at 550°F and predicted with inlet subcooling above 5()°F.
2200 psi: the lip of the U-cup fractured. The force
required to initiate axial movement of the sleeve

Assuming a seal gap convergence of 100 pin.,
in that test was 625 ib, the highest measured in the

stable operation was predicted if the back pres-
U-cup tests, sure is greater than about 5()e,_of the inlet pres-

sure, even with the inlet fluid conditions at

Nine tests using Bingham International O-rings saturation.
with backup rings were run. No leakage occurred.

Some extrusion of the back-up ring occurred in The effect of gap convergence depends greatly
all the high-temperature tests (500 to 550°F). on other conditions. The computer analysis pre-

(Three tests were run at 70°F). The highest lorce dicted that with an inlet temperature of 530°F and
required to initiate axial movement of the sleeve with zero back pressure, seals with a convergence
was 660 lb. of 100 uin. are more likely to be stable than seals

with a 10 _in. convergence as fluid co_ditions

5.3 Shaft Seal Stability approach saturation.

5.3.2 Testing of Seal Stability. Testing to val-
Our investigation of RCP shaft seal stability, idate the computer analysis used the test device

that is, the seal's resistance to popping open when illustrated in Figure 5-4. Most of the tests used a
t!ashing occurs between the seal faces, consisted main seal ring with 100-btin. convergence. Repre-
of (a) a computer analysis simulating two-phase sentative temperatures and pressures were estab-
flow through the seal assemblies, and (b)limited lished and a closing load was applied to the

experimental testing to validate the computer movable main seal ring. The closing load was
analysis, then gradually decreased until the seal popped
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amount of detail authorized for public disclosure,

Steam .,_ some of the information being proprietary. In a

_"_ joint effort, Westinghouse Electric Corporation,
Pressurizer the Westinghouse Owners Group, and Electricite

de France (EdF) tested a 7-in. diameter seal

assembly similar but not identical to the 8-in. seal
assemblies used in U.S. RCPs. This full-scale test

was conducted at a coal-fired plant in France in
1985. Although leakage occurred briefly through

Heaters i the first seal, and there were indications of brief

,,,,....j leakage through the second seal, sustained insta-
Isolation Polymer bility of the seals did not occur. No static O-rings
valve secondaryeeal_ blew out, and there was little indication ot"extru-

sion of O-rings or channel seals. It cannot beassumed that the 8-in. seal assemblies normally
N.N

_-', used in Westinghouse plants in the U.S will per-
! _,.,_-" k-_ form as well as these 7-in seal assemblies,

N.\ _ P_"M

,.-, because there are potentially significant differ-
ences between the two.

Seal rings "_ _N,,_'_"_ Southern California Edison Company tested a

I 4-l/2-in.-diameter seal assembly in California in
Openingor 1985. The tests used an operating boiler recircula-
closingload 6,30 tion pump equipped with Bingham International

Figure 5-4. Sketch of the device used for the seals similar to the 9-in. seals used in some U.S.
seal stability tests, nuclear applications. At some high-temperature

conditions, flow fluctuations occurred consisting
open. This testing allowed us to determine empir- of brief excursions from the normal flow of
ically the critical balance ratios for the conditions 1.5 gallons per minute (gpm) to flows approach-

being tested (that is, the conditions at which seal ing 3 gpm. No damage to the main seal rings or
instability occurs), the secondary seals was observed during posttest

examination of the seal assembly.
The results of the testing of convergent seal

faces showed agreement within about 7% The flow excursions are indication of the exis-

between the critical balance ratios measured dur- tence of the kind of bistable behavior predicted by
ing testing and the values calculated by the com- the computer analysis described earlier in this

puter analysis. One test using a seal with the seal summary. However, these test results consistently
faces divergent by about 400 _tin. (that is, the demonstrated lower leakage and much more
minimum gap was at the outside diameter of the stable behavior than predicted by the analysis.
seal instead of the inside) showed less agreement

between calculated and measured values. The 5.5 Conclusions
seal popped open at balance ratios at which the

computer analysis predicted stability. In addition to the Westinghouse static O-rings
determined by earlier testing to be susceptible to

5.4 Review of Full-Scale blow-out during station blackout conditions, one
Testing by Others static O-ring in each stage of the Bingham

International seal assemblies might be likewise
The results from two full-scale seal tests were susceptible. Certain assumptions that led to this

made accessible to us, with restrictions on the conclusion need to be confirmed.
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In general, polymer secondary seals are not simulation. Full-scale tests conducted by others

expected to degrade enough to lose their sealing indicate that the computer simulations are conser-
ability, though degradation of the seals can occur, vative; for example, tcsts showed the seals to be
Degraded secondary seals operate with higher stable under conditions predicted b_ the simula-
friction, and the extra friction greatly increases tions to produce unstable behavior.
the risk of movable seal ring popping open under

conditions where seal stability is marginal. 5.6 Application of the Research
Computer simulations indicate that RCP seals

will remain stable during station blackout pro- The results of this research were used to sup-

vided that inlet pressure is sufficiently above sat- port the NRC effort regarding Generic Safety
uration or back pressure is sufficiently high. Seal Issue 23, "Reactor Coolant Pump Seal Failures at
face convergence or divergence and seal face Station Blackout Conditions." At the writing of
condition can also affect the likelihood of seal sta- this report, the resolution of this issue might
bility during station blackout. In a comparison of include emergency provisions to provide cooling

the computer simulations with the results of labo- water to the seal assemblies under station black-
ratory testing of convergent seal faces, the critical out or other loss-of-seal-cooling conditions, or
balance ratios measured during testing agreed pump testing to verify seal stability under station
within about 7% with the values calculated in the blackout conditions.
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6. SIGNIFICANCE OF RATTLING IN ELECTRICAL CABINETS
DURING EARTHQUAKES

6.1 The Issue trical cabinets, (b) to determine the effect of cabi-
net rattling on the electrical components mounted

In some instances, electrical cabinets and the in the cabinet, and (c) to provide information to

components they house were not subjected to support the effort to determine whether current

seismic qualification testing for nuclear applica- qualification testing needs to be revised to
lions. Where qualification testing was performed, address this problem. The research consisted of
the cabinets and components were generally qual- (a) a review of selected qualification test reports
ified at frequencies within the normal seismic fie- and an analysis to determine the existence and the

effects of rattling in those tests, and (b) laboratoryquency range of 33 Hz or less. (Earthquakes can
be expected to produce a dynamic response in the testing of typical electrical equipment to investi-
reactor building in the frequency range of 3 to gate their susceptibility to vibratory response typ-
15 Hz.) If rattling occurs in an electrical cabinet ical of that induced by rattling in electrical
during an earthquake, the rattle can produce a sig- cabinets. The research was conducted in 1988.

nificant response in the cabinet at frequencies
higher than 33 Hz, as well as introduce additional 6.2 Review of Qualification
response at lower frequencies. In some instances, Tests
the components were qualified in tests along with

the cabinets in which they were installed, so that One hundred test reports were selected from
if rattling occurs in the test, the effects of rattling seismic qualification programs conducted at both
on the components will have been considered by the Norco and the Huntsville facilities of Wyle

the qualification testing. In other instances, how- Laboratories. The reports were reviewed for the
ever, particularly in the earlier plants, the compo- occurrence of anomalies and the occurrence of

nents were tested separately or were subjected to response amplification at frequencies higher than
analyses without testing. In those cases, depend- 33 Hz.

ing upon the component's characteristics and
functional requirements, neglecting frequencies The review identified anomalous behavior in
above 33 Hz raises the question of whether the several components. Most of the anomalies
component will perform its design basis function involved relays, switches, and circuit breakers.

in an earthquake. Contact chatter in relays was the most common
anomaly. The review gave possible indication,

The idea of simply fixing a rattle assumes that but not conclusive proof, of a relationship
the rattling can be detected during the qualifica- between the occurrence of rattling and the anoma-

tion test, the cause of the rattling can be isolated, lous performance of the components. Sources of
and some acceptable amount of rattling is known rattling identified in the review were loose cabi-
not to affect functionality of supported electrical net doors and loose device-mounting fasteners.
components. Without this information, reduction
of rattling to acceptable levels in cabinets is Of the 100 tests, six selected tests were ana-
uncertain. In addition, the practical effects of the lyzed in detail. The analyses revealed that a con-

fix must be considered; for example, rattling of a siderable amount of rattling occurred in five of
cabinet door may be reduced to acceptable levels the six cabinets. However, anomalous component
by applying screws all around, but this makes the behavior occurred in only two of the five. Thus, it

door unacceptably difficult to open. was not possible from the available data to make
a conclusive correlation between rattling and

The purpose of the research summarized here component malfunction. A serious limitation of
was threefold: (a) to determine the extent to this review was that the available data indicated

which the potential for rattling may exist in elec- only the occurrence of the anomaly, not the time
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during the test at which the anomaly occurred or were performed on two test tables at Wyle

the corresponding component response Laboratories: abiaxial seismic test table, anda
frequency, single axis vibration table.

6.3 Testing of Electrical Monitoring of the tests was designed to obtain

Components data on (a) occurrence of contact chatter orchange of state, (b) chatter duration and number
of chatter events during each test, (c) acceleration

To further investigate the possibility that rat- level and frequency at which chatter occurred,
tling in cabinets subjected to earthquake excita- and (d) the effects of contact chatter on other

tion can cause electrical components to devices connected to the relay. To monitor item
malfunction, we conducted tests at Wyle Labora- (d), each of the on-table relays was connected to

tories. Relays were selected for testing because an off-table relay, with the off-table relay
the review described above indicated that of the energized by the on-table relay. The selection of
electrical components typically installed in the off-table relays represented relays with different
cabinets, relays were most susceptible to the coil sizes, thus possibly oft_ring different current
effects of rattling. Six relays were tested: three of and collapse-time sensitivities to on-table relay
the Westinghouse model AR660, and three of the chatter.
General Electric model CRI20B. Both models

are relays with normally closed contacts. Most of The test sequence included (a) a resonance

the tests were conducted with these relays search consisting ofa low level (0.2 g)sinusoidal
de-energized, in the closed position (,the configu- sweep test to characterize the response of the fix-
ration most susceptible to chatter), ture and the relays in the frequency band of 1 to

100 Hz; (b) random excitation of the relays at spe-

The six relays were mounted on a fixture as cified peak acceleration levels (varying from 2 to
shown in Figure 6-1, with eight accelerometers 10 g) throughout three frequency ranges: 3 to
mounted at four locations as shown. The tests 15 Hz, 15 to 100 Hz, and 3 to 100 Hz; and (c) sine

8y5x 6y _ 5x 6y

,F lx 2y _//-" lx 2y
J \ , \

Side view Front view
8-7545

x = horizontal
y = vertical

Figure 6-1. Sketch of the test fixture showing where the accelerometers were mounted.
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sweep excitation in the 4 to I00 Hz frequency nied by sustained changes in velocity literally
range at successively increasing acceleration icy- throw the contacts momentarily open. Note in
els. The random tests in the 3- to 100-Hz fre- Figure 6-2 that chatter in the Westinghouse relay

quency band were perfomled to best replicate the is associated with a change in velocity in the neg-
waveforms expected during an earthquake with alive direction, whereas chatter in the GE relay is
rattling occurring in a cabinet. The excitation was associated with a change in velocity in the posi-
applied in the horizontal direction parallel to the live direction. This difference is due to the differ-
relay contact line of action (the direction most ences in the particular arrangement of the moving

likely to cause relay chatter) and in the vertical and stationary contacts in the different relays,
direction, providing further evidence that contact inertia,

not resonant response, plays the important role in

6.4 Test Results relay chatter.

A summary of the testing is presented in Comparison of the responses measured at the
Table 6-1, with the test runs numbered from I to inception of chatter (see Table 6-2) provides addi-
41. Random tests in the horizontal direction in the tional insights. Note that the instantaneous read-

low frequency range (3 to 15 Hz) produced relay ings of acceleration on the relay case are lower at
chatter with the peak acceleration level at about chatter events in test 16 (composite frequency)

10 g, but not at lower peak accelerations. No chat- than in test 5 (low frequency). Apparently the
ter occurred in the high-frequency tests (15 to high-frequency loads combine with the Iow-
100 Hz) even with peak acceleration as high as frequency loads in such a way as to produce chat-
15 g. In the composite frequency tests (3 to ter events at lower accelerations in the
100 Hz), chatter occurred at about 10 g (peak composite-frequency test than in the low-
acceleration), but not at lower peak accelerations, frequency test. A possible explanation for this
No chatter occurred in any of the random tests in phenomenon is that a momentary high-frequency

the vertical direction. Test runs that produced acceleration, when superimposed upon a sus-
chatter were run again later with the on-table tained low-frequency acceleration, adds a reso-
relays energized; no chatter occurred, nance effect to the inertial effect to trigger a

chatter event at the lower instantaneous accelera-

The occurrence of chatter in both the low- lion. However, note also that we are speaking

frequency and composite-frequency random tests here in terms of instantaneous acceleration. In
at 10 g peak acceleration, along with the absence terms of peak acceleration levels, tile tests did not
of chatter in the high-frequency random tests, indicate a difference between the threshold levels
indicates that chatter response to random motion for composite frequency tests as cornpared with
is low-frequency sensitive. This sensitivity to low frequency tests. See Table 6-1. Chatter

low-frequency acceleration is more likely a prod- occurred at both frequency ranges at 10 Hz peak
uct of contact inertia than of any resonant acceleration (tests 5 and 16), but in neither fre-
response, quency range at 6.75 Hz, the next lowest peak

acceleration tested (tests 4 and 15).

A close examination of the data indicated that

the duration of a measurement of high accelera- In an effort to more clearly characterize the fre-

tion corresponded more closely with a chatter quency dependence of the relay chatter, we per-
event than did the measurement of a peak accel- formed uniaxial swept sine tests in the 4- to
eration. This phenomenon is illustrated in Fig- 100-Hz range, as summarized in Table 6-1. The
ure 6-2, where chatter is closely correlated with a peak acceleration levels indicated in the table for

sustained period of relatively constant accelera- each of the swept sine test runs are the control
tion, indicated by the periods of relatively limits that were supplied to the shake table con-
constant slope in the velocity trace in the figure, troller and were intel_ded to be maintained
In effect, low-frequency displacements accompa- throughout each sweep. The sweep function used
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Z Table 6-1 Fc.,,;t run sumtnarv. =

re.

Horizontal direction excitation frequency range Vertical direction excitation frequency range tim

"_ (Hz) (Hz) _"
N:3 t'eak accclmation t'H

i ,I,.

'.._ |2"sl level a

'..,o description (g) Relax .+'status 3 to 15 15 to 101) 3 to 101) 4 to 1011 15 to 71.) 3 to 15 15 to 11.t0 3 to 1011 4 to 10t) 2".
'.._

,¢.,;

2.() _ - , --- -- 18 21 24 -- (_
Random l)c-enerei/ed I. I I 7 I "_

Randorn _,t) De-encrgi/cd " 8 ! 3 19 _ 25 --o

Random 4.5 l)¢-encrgized 3 9 14 -- -- 20 23.23-1 26 -- e,,,,+

Random 6.75 I)¢-er|crgi zed 4 1(I 15 ......

Random 111.1) Dc-eru+'rgizcd 5c I I. I I- I. I 1-2 16': ......

2._) + - 27 --Ralldt_lll I I)c-cncr_i/cd ......
#

i
R an dora 15. tI De- c ne rg :i]cd ..... 2 8 ........

Randtml l (l.l) Encrgi/ed 6 --- 17 ......

"4,,.a

Sv+ept sine l.() l)c-cncrgi/cd ...... 33 .....

Sv,'cpt sine 1.5 l)c-cncrgi/ed ....... 32 c .......

2._) . -.............S+_opt sine De-encrei/ed 3 !c 40

S_ opt >,me 2.5 Dc-cncrgiz.cd ...... 3(F .... 39 c

Sx_opt ,,inc 3.11 Dc-cnergi/ed .... 29 c ..... 38 c

Sv, opt ,,inc 3.5 De-energized ......... 34 c .... 37'-

S_ cpl sine 4.11 l)c-energizcd .............. 35 c ....

Sx_opt sine 3.5 Energized ........ 36 .... 4 1

a Pc;tk _ dclmiluql-,: Random - -_mplit]ed portnm ol the re,,ponxc sl+mctraol the table acceleration tlleaxurcd at the control accelerometer.

Sv,cpl ,.me-.-+.kpprtv,,imalc lwak table input I11olion.

b RcIc/', It, both (;E and \_, rclax,

t. ('hatter t+,..TCtll+red Oil ;+itleaxt one on-table relax during till,, tc.,t.
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Figure 6-2. Velocity and displacement of the GE rehly during recordecl chatter events. Chatter events ;ire

indicated by the voltage pulses hlbeled W and GE.

in each of the test rurls was plotted against time to exhibiled longer chatter duralioris Ihlin the corre-

determine the excitation frequency lit the spondingon-lable relays.

recorded time of chlitter on the relays. (_'hailer

occurred in horizontal test runs wilh peak accel- 6.5 Conclusions
eration levels of !.5 g or greater. The data incli-
caled sensitivity to chatter in the Westinghouse

relays in the 45- to 85-ttz range lind in the tIE The rattling en,_'ironnlerll is indeed real, ;is evi-

relays in the 6()- to 85-Hz range. Both iypes of dented b\' the rest;its of seine equipment qualifi-

relays were sensitive to chatter in tile low fre- cation tests of cabinets, llowever, the existence of
cluency rallg¢ less than 15 tiz. rattling cities not necessarily nlc'an thai a cabinet-

supported device is going Io malfunction. Mal-

On-table relay chatter event durations ranged function depends not only on the existence of
rattling in the cabinet but also on the character;s-from 23 to 20 ms, with 30 to 5()</<of the events

having a duration oI5 Io !()ins. Almost ;ill of the tics o1 the device and the characteristics oI" the
vibrations induced in the cabirlel and componerli.

off-table relays thai were energized by the on-

table relays chattered ;it some lime during the

testing in response to the chatter o1 the corre- There may he dynamic characlerislics thai

spending on-table relay. The causality between better reflect operability than the commonly used
on-table challcr cluralillrl and otl'-tahle chatter (ltLEF. 344)peak acceleration paraln¢ler, int'erred

duration could not be clearly del'ined ll'lllll the lroll-1 the COlllplirisiln of lest response spectra to
data. but it was clear thai the _lfl-lahle relays required l'esponse speclra. For the relays iesled in
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Table 6-2. Waveform characterization at time of chatter. _-

,,.,a Instantaneous measurement of dynamic respon_ at the relay at chatter _"
,.,,,.,

General electric relay We.stinghou_

Test time Chattering relay sustained _..

Test run Chattering at chatter Acceleration Veltxcity Displacement Acceleration Vekx'itv Displacement average acceleration :::

number relay type (see) _g) (in.lsec) (in._ (g) lin./._) (in.) _g) _.

5 GE 8.232 4.2 21) (1.4 5.9 23 0.4 2.7

5 W i ().()68 -5 -30 4.6 -6 -25 '_ 1 "_

5 _' 14.9 ! 9 -6.8 -22 5.2 -8.2 -20 5.2 -3.6

u., 5 W !7.065 -5.5 - ! 8 3.8 -6.0 - i 8 3.(_ -3.3

16 GE 13.483 1.6 11 -0.6 2. I -9 - 1.4 1.4

16 GE 16.151 2.(1 8 1).4 2.5 8 1 1.5

!6 G E 16.508 3.0 10 -4).6 3.6 16 0.6 ! .6

16 GE 16.842 3.2 9 0.7 3.5 14 1.4 1.7

16 W 11.152 -I. 1 -22 -I -2 -22 -! -I.2

16 W 15.996 -4).8 3 3.4 - i 0 3.0 -2.1



f_ l° i" SRattling in Electrical c anther,

this study, levels of susiained acceleration corr¢- dents and Ihe responsecharacleristics of the inter-
hlled belier with ammlalous operation (chalter) facing equipment should also he considered.
than did peak acceleralio'_ response.

These results nlay also have implications t'or
ii appears thai high-frequency loads combined seismic probabilisiic risk as,_¢sslncllls (PRAs),

with low-frequency loads reduce the acceleration which presently ignore lhe efl'ecis of relay chatter
level at which chailer occurs, compared to low- on interfacing electrical equipment. The concern
frequency loads alone, Thus, the frequency con- here is the possibilily thai increased chatter dura-
tent of the inpul spectra used in qualification tion in secondary relays could cause failure of a
lesling may be more important than previously safety sysletn. This, coupled with lhe facl thai
assumed, some safety-related circuits with auxiliary relays

;ire not easily reset if chatter should cause them lo
Relay chatter and its effects on interfacing trip out, highlights the need for more research in

electrical equipment requires some consideration this area of concern.
beyond the present seismic qualification Iest pro-
cedures. IEEE 344 presently requires the record-

6.6 Application of the Researching of only those chailer durations that are greater

than 2 ms. The effect on secondary relays of chat-
ter in primaryrelays, as observed in this study, The information was made available lo the IEEE
indicates that time intervals between chatter inci- Standards Committee for seismicqualification.
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7. SHAG TEST SERIES:
IN SITU SEISMIC TESTING OF A VALVEAND A PIPING SYSTEM

The SHAG (Shakergeb_iudembuilding shaker) mass, coastdown shaker installed on the upper
test series was an international project conducted tloor of the HDR. See Figure 7-I. For each test,
by Kernforschungzentrum Karlsruhe (KfK). the shaker was weighted with a specified amount
Researchers Dora the INEL joined researchers of weight bolted to the two shaker arms. With the

from the Argonne National Laboratory (ANL), weighted arms opposite each other, the shaker
the Electric Power Research Institute (EPRI), was spun up to a specified speed corresponding to
Kraftwerk Union (KWU), and the Staatliche the starting frequency for that test (varying from
Materialprtifungsanstalt (MPA) in participating !.6 to 8 Hz). The arms were then allowed to
with KfK in the test series. The tests were con- swing together, creating a revolving eccentric
ducted in 1986 at HDR (Heissdampfreaktor), a mass that shook the building as the shaker coasted

decommissioned experimental facility located down, The building and the equipment installed
near Frankfurt, Germany. in the building responded in much the same way

they would respond to an earthquake imparting

7.1 The Issue dynamic energy to the building from the ground.

Our testing focused on the VKL (Versuchs-
Seismic qualification of nuclear equipment is

kreislauf--experimenlal piping loop), an existing
typically performed to industry standards, some stainless steel piping system located between the
of which are justified by only an analytical or
extrapolated basis. This is especially true of qual- 18 and 24 m elevations in the HDR building. We
ification standards for valves and line-mounted modified the VKL by installing an aged 8-in. dc-

powered motor-operated gate valve and by instal-
equipment (transducers and other equipment ling snubbers, spring hangers, and struts to create
mounted on the piping), for which seismic input

is always analytically determined. SHAG testing a piping support system designed to be typical of
provided an opportunity to measure actual, three- U.S. nuclear installations. The configuration of

the U.S. stiff support system was based on a corn-
dimensional loads and actual responses to a simu- purer analysis of the VKL and on acceptance cri-
lated earthquake, thus providing empirical data to

either confirm or challenge the analytical meth- teria specified in the ASME Code. The 8-in. gate
ods used in equipment qualification standards, valve was a 25-year-old valve from the decom-
The tests also provided an opportunity to evaluate missioned Shippingport Atomic Power Station.
the performance of an aged, motor-operated valve Figure 7-2 is a drawing of the modified VKL.

when operated during simulated earthquakes. The We installed 103 instruments on the VKI, and
results served to contribute to the technical data

on the HDU (Heissdampfumlk)rmer_steam gen-
base supporting the NRC effort regarding Unre-
solved Safety Issue A-46, Seismit' Qualifit'aticm erator), a large vessel to which the VKL is

attached. The instruments measured acceleration,
oJEquilmwnt in Operating Nuclear Power Plants
(NUREG-103()). These tests were the first in situ displacement, strain, forcc, tcmpcrature, pres-

sure, differential pressure, valve position, valvc
experiments subjecting an entire containment

motor amperage, and motor w_ltagc.
building and its components, including a full-

scale piping system, to simulated earthquake The simulated earthquake tests wcrc conducted

loadings, with hot and cold pressurized water at pump flow
in the piping. Wc monitored the operability of the

7.2 Test Description valveby opening and closing the valve during
and after the simulated earthquakes, with flow,

Earthquake Ioadings were simulated in the pressure, and temperature loads imposed on the
HDR building by means of a large, eccentric valve.
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Figure 7-1, A simplifiedcrosssectionof theHDRfacility, showingthelocationsof the shaker,theVKL,
andthereactorpressurevessel.
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Figure 7-2. A schematic of the VKL showing the 8-in. gate valve and the U.S. stiff piping support sys-

tem as configured for the SHAG tests.

The piping support configuration described participants were also installed at various times

above was designated the U.S. stiff system. Six during the testing (see Table 7-1 ).The seven piping

other piping support systems sponsored by other support systems used different combinations of
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Table 7-1. Type of supports used in the SHAG test series.

Viscous

System mass Impact Flexure
Support system number a Struts Snubbers supports supports supports

U.S. stiff 3 6 6b 0 0 0

KfK very flexible 1 2 0 0 0 0

KWU flexible 2 5 0 0 0 0

EPRI/Cloud impacting 5 6 0 0 6 0

EPRI/Bechtel energy-absorbing 4 6 0 0 0 4

GERB energy-absorbing 6 5 0 2 0 0

ANCO energy-absorbing 7 6 0 6 0 0

a. We have retained the numbers chosen by KfK in order to facilitate cross-referencing among reports.

b. Fivemechanical snubbers and one hydraulic snubber.

various kinds of supports to represent piping sys- shutdown earthquakes (SSEs) and West Coast

terns ranging from stiff to very flexible. The operational basis earthquakes (OBEs). The accel-
VKL's dynamic response to simulated earth- eration responses cf the piping averaged 1 to 3 g
quakes was monitored with each of the support throughout the VKL. Some of the snubbers expe-
systems installed so that the results could be rienced loads approaching their ASME Code
compared. In all, 25 tests were run, with eight Level C allowables. Struts experienced loads of

tests at 8 Hz, six tests at 6 Hz, and the others at up to 11,000 ib force.
lower starting frequencies. Seven of the 25 tests

were conducted with the U.S. stiff support system 7.3.1 Comparison of Piping Support Sys-
installed, terns. The philosophy reflected in the stiffness of

the U.S. stiff syste;,1 is to avoid amplification and

7.3 Test Results reduce resonant response by using snubbers and
struts to stiffen the piping system so that the natu-

The actual forces applied to the building in the ral frequencies in the piping are higher than the
frequencies of interest for piping and valve frequencies at which the building responds to an
research (6- and 8-Hz tests) met the requirements earthquake. The U.S. ,';tif" system performed as

of the SHAG test project. Input spectra of 0.3 g designed, raising the resonant frequency of the
ZPA (zero period acceleration) were measured at piping system. In general, the U.S. stift" system
the HDU vessel and the piping system supports, and the KfK very flexible system enveloped the
The VKL responded not only to input from the response of the VKL. As expected, the stresses in

building through the supports, but also intensities the stiff system were lower than in the KfK very
to even greater input from the HDU vessel flexible system, but the differences were not as
through the piping connected to the top of the ves- great as we expected. The moderately flexible

sel. Input to the VKL exceeded the inputs typi- KWU support system, with only half as many
caily calculated for U.S. East Coast safe supports as the U.S. stiff design, responded with
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fewer high-peak responses and a smaller total investigation produced three findings, one that
system stress than any of the other systems, relates to motor-operated valves in general, and

two that relate to de-powered n,iotor-operated
7.3.2 Performance of Piping and Snub- valves:
ber$. The structural integrity of the valve and

piping was not compromised by the seismic 1. The aged torque switch spring in the opera-
loads. None of the seven piping support systems' tor had taken a permanent set tit about 1/2 in.
responses resulted in piping strain measurements shorter than its specified original length.
that reached 50c,_of yield. Thus, it was necessary to changc the torque

switch fron,i the nominal setting of 3 to a
Snubbers are designed as either a hydraulic or higher setting of 3.75 to achieve thc speci-

a mechanical device to allow the low velocity fled torque tit torque switch trip.
motion typical of thermal expansion yet resist the
high velocity motion typical of seismic events.

2. Resistance caused by hcating in the dc
Thus, snubbers can fail in two different ways:

motor degraded the motor's perforrnance,
either by locking up when they should allow
motion, or by allowing motion when they should especially at the high currents that occur at

higher loads. Heating incurred during a
lock up. The U.S. stiff system used five Pacific
Scientific mechanical snubbers and one Bergen- given test run affected the motor's perfor-

marlce in ,_ubsequent test runs if the motor
Patterson hydratilic snubber. All of these sriub-

windings did riot have a chance to cool
bers furictioned properly except t'or erie brief between runs.
instance (3 to 4 sec) with one mechanical snubber.

The low force measurements in the snubber pin
and the high acceleration measurements at the 3. Resistance in the external circuit (the circuit
adjacent pipe indicated that the snubber tern- supplying power to the motor operator at
porarily failed to lock up. The anomaly was sell" HDR) likewise degraded the performance
correcting, of the motor at high currents. Even though

the circuit tit HDR was typical of circuits for

7.3.3 Operability of the Motor-operated this application in U.S. nuclear power
Valve. Operability of the motor-operated valve plants, and even though the cables were
was not adversely affected by the seismic load- sized according to conventional methods,
ings. However, analysis of the data revealed the circuit was not adequate when the motor
anomalous pertormance not related to the seismic drew higher currents tit higher loads. The
loadings. During several of the tests, the torque configuration of the circuit was such that

switch in the motor operator failed to trip at the four hmg cable runs contributed to the rests-
end of the closing stroke. The result was motor lance, not two. The circuit configurutioi.i
stall, also made it difficult to rneasure voltage

drops across all four cable runs. Thus, one

An extensive investigation erlsued to discover of the main causes of the motor operator's
the cause of the anonlalous perfornlance. The anomalous performance, undersiz.ed cables

investigation included additional in situ testing at in the external circuit, was difficult tc_
HDR (more than 50 tests with various torque diagnose.
switch settings and various flow and pressure
loads), dynamometer testing of the Limilorque 7.3.4 High-Frequency Amplification in the
motor operator at Limitorque Laboratories, Valve Assembly. HDR test results indicated an

inspection of the torque spring, dynamometer unexpectedly large high-frequency resp,mse in
testing of the motor (without the operator) tit the valve assembly. High-frequency accelerations
Peerless Winsmith (the motor rnariufacturer), and were significantly amplified from lhe valve body

an analysis of the ltDR circuit that supplied to the valve operator. Figure 7-3 shlows power
power to the motor operator during the tests. The spectral density (a ialathenlalical represerltaticm (_1
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acceleration) calculated from measurements in nuclear power plants. If the spring has taken a
taken in the Z axis at three locations: the standard permanent set, and the switch is not set at a
tee (see Figure 7-2), the valve body, and the valve higher-than-nominal selling to compensate, the

operator. The results presented in the figure are switch might trip too soon and leave the valve in
from two tests, one with the KfK flexible support a partially open position. Motor heating in a de-
system installed and one with the U.S. stiff sup- powered operator can degrade the valve's perfor-
port system installed, both with a starting fre- mance if the valve is opened or closed more than
quency of 8 Hz. Amplification at the valve once without time for the motor windings to cool.

operator in the high-frequency range (33 to Undersized cables in the external circuit can pres-
50 Hz) is evident, ent sufficient resistance to reduce the perfor-

mance of the motor at high loads, when the motor

This high-frequency response is not peculiar to demands high current. This problem (undersized
the SHAG test series. A similar response was cables) has appeared in several U.S. nuclear
observed in an earlier test project, discussed in power plants. If power to the valve is marginal,
Section 3 of this summary report. Results from whether because of motor heating or undersized

that test project were compared with the results cables, and the marginally powered valve is sub-
from the SHAG tests to confirm the occurrence of jeered to high loads on closing, the motor might

this high-frequency response, stall, possibly with the valve in a partially open
position. Motor stall can cause the thermal over-

7.4 Conclusions load switches to open and render the motor opera-
tor temporarily unavailable for use. If the thermal

The stiff piping support systems typical of U.S. overload switches have been bypassed or set too

nuclear designs have disadvantages. The relative high, or if they malfunction, the motor will burn
movement of the anchors in a stiff support system out. Conventional in-plant testing with no loads
can actually add stress to a piping system during or with static pressure loads alone cannot detect
an earthquake or a water hammer event, and potential deficiencies caused by motor heating orundersized cables,
stresses caused by thermal expansion during nor-

mal operation may be large if snubbers malfunc- The appearance of the high-frequency dynamic
lion by locking up when they should not. In response in the valve operator is important
general, the stresses measured with the KfK very because frequencies higher than 33 Hz are gener-

flexible support system installed were indeed ally not accounted for in valve qualification pro-
higher than those measured with the U.S. stiff cedures. It is not expected that response in this
system installed, but the differences were not frequency range will affect the valve structurally.

great. Overall, stresses were lowest with the However, high-frequency response may affect
KWU moderately flexible system. These results valve operation by causing switches, relays, and
support cunxenl thinking in the United States that other valve control devices to chatter.
the best design lies somewhere between stiff and

flexible. 7.5 Application of the Research

SHAG testing at HDR verifies that structurally, The results from seismic testing at HDR, as
valves and piping are inherently tough. Earth- reported both by the INEL and by ANL, were
quakes of credible magnitude are not likely to included in the technical data base supporting the

cause structural failure of valves or piping in pip- NRC effort regarding Unresolved Safely Issue
ing systems designed according to methods com- A-46, Seismic Quai(fication of Equipment in
monly used in the U.S. nuclear industry. Operating Nut'lear Power Plants (NUREG-

1030).
Torque spring aging, motor heating, and under-

sized power cables can adversely affect the per- The valve test results formed part of the basis
formance of dc-powered motor-operated valves for Generic Letter 89-10, "Safety-Related Motor-
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Operated Valve Testing and Surveillance." The Rated Torque Because of Improper Cable Siz-
cabling issue that surfaced during HDR testing ing." The torque spring issue provided informa-

provided insights that helped resolve a problem tion that contributed to Information Notice 89-43,

with a dc-powered valve at a U.S. utility and "Permanent Deformation of Torque Switch
contributed to NRC Information Notice 89-11, Helical Springs in Limitorque SMA-Type Motor

"Failure of dc Motor-Operated Valve to Develop Operators."
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8. SHAM TEST SERIES:
HIGH-LEVEL SIMULATED SEISMIC TESTS AT HDR

Following the SHAG seismic tests described in tests were conducted with pressurized water in
Section 7 of this report, another international seis- the piping at ambient temperature with no flow. In
mic research project, the SHAM (Servohydrau- all, 51 experiments were conducted, with six dif-

lische Anregung Maschinetechnik) test series, ferent piping support systems varying from stiff
was conducted in 1988 at HDR. Joining KfK in to very flexible installed on the VKL during dif-
this effort were researchers from INEL, ANL, ferent segments of the test series. Table 8-1 lists
EPRI, KWU, the Fraunhofer Institut ftir Betriebs- the supports used in each of the six support sys-
festigkeit (LBF), and the Central Electricity terns. Nine of the tests were conducted with the
Generating Board of the United Kingdom U.S. stiffsupport system installed. Table 8-2 pres-
(CEGB). ents the test matrix for those nine tests and three

pretest runs. Figure 8-1 shows the locations of the
8.1 The Issue supports installed on the VKL for the U.S. stiff

system.

The SHAM test series provided additional
information on the issues addressed by the SHAG The U.S. stiff support system used earlier in the

test series. Specifically, the SHAM tests were SHAG test series was modified for the SHAM
designed to impose even higher earthquake-like testing to accommodate the hydraulic shakers. As
loads on the aged, motor-operated valve (MOV) in the SHAG tests, the U.S. support system for the
and on the VKL (experimental piping loop), with SHAM tests was based on a pretest analysis of the

the following objectives: (a) determine the effects VKL piping system using the NUPIPE-II corn-
on valve operability and valve and piping struc- puter code, commonly accepted industry prac-
tural integrity, (b) determine safety margins and rices, and ASME Code criteria.
failure modes of piping supports (snubbers,
struts, etc.), (c) determine the effects of single and The instrumentation system included over 300

multiple support failures on the response of the instruments to measure acceleration, displace-
piping system, (d) provide data so that the perfor- ment, strain, force, fluid pressure, valve stem
mance of the various piping support systems position, valve motor current and voltage, and
could be compared, and (e) provide additional other parameters. As in the earlier SHAG testing,
data for the NRC effort regarding Unresolved the performance of the valve was monitored with

Safety lssue A-46, Seismic Qualification of the valve operating during the simulated earth-
Equipment in Operating Nuclear Power Plants quakes. For the SHAM tests, however, the valve's
(NUREG-1030). motor operator was powered by an ac motor

instead of the dc motor used in the SHAG testing.

8.2 Test Description
8.3 Test Results

The SHAM test project used two large 40-ton
servohydraulic shakers, each mounted with one 8.3.1 Valve Operability. The ac-powered
end attached to the structure of the HDR building motor-operated gate valve performed smoothly
and the other end attached to the VKL. The shak- during all the SHAM seismic tests. The valve

ers provided dynamic input to the VKL at loca- body sustained accelerations as high as 7 g in the
tions H-5 and H-25, as shown in Figure 8-1. 800% SSE test, and the valve operator sustained
Earthquake-like displacement histories were accelerations as high as 12 g, without adverse
input to the shakers to produce input spectra effect. As in the CPS seismic testing and the
intensities ranging from 0.6 g ZPA in the 100% SHAG seismic testing discussed in Sections 3 and
SSE (nominal) tests to 4.8 g ZPA in the 800_ 7 of this report, an amplified response was mea-

SSE (nominal) tests. The simulated earthquake sured in the valve operator at frequencies higher

i
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Figure 8-1. A schematic of the VKL showing the 8-in. gate valve and the U.S. stiff piping support sys-
tem as configured for the SHAM tests.
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Table 8-1. Participants' support configurations for the SHAM test series, a

Support EPRI/ EPRI/
number KfK KWU U.S. Bechtel Cloud CEGB

H-2 -- -- S -- SS

H-3 -- -- RS RS RS

H 4 RS RS RS RS RS RS

H-5 HS HS HS HS HS HS

H-6 -- -- S -- SS

H-7 _ -- S EA SS RS

H-8 -- _ S EA SS RS

H-9 _ RS RS RS RS RS

H- 10 _ RS RS RS RS

H- 11 -- RS RS RS RS

H-12 -- _ S _ SS RS

H-22 _ -- S EA SS

H-23 RS RS RS RS RS RS

H-25 HS HS HS HS HS HS

a. S = snubber, RS = rigid strut, HS = hydraulic shaker, EA = energy absorber, SS = seismic stop.

Table 8-2. U.S. stiff support system test matrix.

Test number Load type Load level

T41.35.2 Checkout 0.2g

T41.30.2 Random 0.3g

T41.30.1 Random 0.3g
T41.31.0 SSE 100% SSE a

T41.31.1 SSE 100% SSE

T41.31.2 SSE 100% SSE

T41.31.3 SSE 200% SSE

T41.31.4 SSE 300% SSE b

T41.31.5 SSE 300% SSE

T41.81.1 SSE 200% SSE

T41.81.2 SSE 600% SSE

T41.81.3 SSE 800% SSE

a. 100% SSE = 0.6 g ZPA input.

b. Incomplete test, malfunction of test equipment.
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than those at which typical wllve assemblies are anchors loosened somewhat, but no failures
qualified. Some contact chatter occurred in the occurred. Even with loads as high as five times
switches in the rnotor operator, but operation of their rated Ioadings. no rigid struts failed.
the motor was not affected. No visible structural

damage occurred to the valve or the operator. Several snubbers failed. In most instances, the
snubber failures occurred at loads well above

8.3.2 SnLIbber Failures, One of the objectives their rated Ioadings. However, the snubber :it

of the SHAM testing was to determine the loads location H-7 failed in test T41.35.2 tit a loading
at which snubbers and other dynamic piping sup- lower than its rated loading. A replacement snub-
ports would fail. The investigation also consid- ber of the same manufacturer and model likewise
ered some of the more common devices for failed in a subsequent test at a loading lower than

attaching piping supports to the building structure its rated loading. Table 8-3 lists the snubbers
and to the piping. Among these were piping trun- installed at the six snubber locations during the
nion attachments and concrete anchors. None of twelve test runs and provides information on
the trunnion attachments failed. Some concrete snubber tailures.

Table 8-3. Snubber installation matrix for U.S. stiff support system.

Snubber installed a

Test No. H-2 H-6 H-7 H-8 H-22 H- 12

T41.35.2 PSA-I PSA-I/2 A/D 150b A/D 70 PSA-I/4 A/D 40

T41.30.2 PSA-I PSA-I/2 A/D 150_: A/D 70 PSA-I/4 A/D40

T41.30.1 PSA-I PSA-I/2 A/D 15()c A/D 70 PSA-I/4 A/D 4(1

T41.31.0 PSA-I PSA-1/2 A/D 150d A/D 70 PSA-I/4 A/D 41)

T41.31.1 PSA-I PSA-I/2 A/D 150_: A/'D 70b PSA-I]4 b A/D 4()

T41.31.2 PSA-I PSA-I/2 b PSA-1 PSA-I/2 PSA-I/4 c PSA-I/4

T41.31.3 PSA-I PSA-I/2 +-' PSA-I PSA-i/2 h PSA-I/4 c PSA-i/4

T41.31.4 PSA-I PSA- 1/2': PSA-I PSA-I/2 e PSA-I/4 _: PSA-I/4

T41.31.5 PSA-1 PSA- 1/2c PSA-I PSA- 1/2c PSA- I/4c PSA- 1/4

T41.81.1 PSA- 1 PSA- 1 PSA- 1 PSA- 1 PSA- i PSA- 1

T41.8 !.2 PSA- 1 PSA- 1 PSA- I A]D 70b PSA- I/4 h A/D 40 b

T41.81.3 PSA- 1 PSA- ! PSA- Ib A/D 70c e AID 40c

a. PSA denotes a snubber provided by the Pacific Scientific Corporation, whereas while A/D denotes a snubber
provided by Anchor/Darling Industries.

b. Snubber failed during this test.

c. Snubber was left inplace but failed during a previous test.

d. Snubber was replaced for this test and failed during this test.

e. Snubber was removed; it failed during the previous test.
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One snubber, the PSA- I/4 snubber installed at Where snubber failures did not occur, snubbers

H-22 during lest T41.81.2, experienced a "rigid successfully performed their design function,

mode" failure' though it allowed excessive keeping displacements to a tninimum. In some
motion, it also resisted some force. The other cases, snubbers resisted loads several times their

snubber failures consisted of intcrnal damage that rated Ioadings without failure. Table 8-4 provides

allowed excessive rnotion without resistive information on some of the loads successfully

behavior, resisted by some of the snubbers.

Table 8-4. Maximum loads for struts and snubbers installed in the U.S. stiff support system.

Predicted vs measured loads Rated vs measured loads

(KIP) a (KIP) a

Predicted Measured Measured Measured

Support Support for 2()()_£ in lest I_I. i _ in test 81.2g in lest t41.3g

location type b SSE test c (2(R) SSE lest) Rated d (600 SSE test) (8()() SSE test)

H-2 S 2.6 ! - !,69 2.10 5.(14 4.73

H-3 RS 3.05 3.47 2. i() 10.3 13.5

H-4 RS 3.57 NA 24.73 NA NA

H-6 S 1.27 ! .36 2.10 5.64 9.17

H-7 S i.8() 4. i 9 2. I() _).75 -26.4 c

H-8 S 0.85 - i.32 0.87 1.87 c NA I_

H-9 RS 1.28 -0.62 ().87 2.12 4.()2

H- 1() RS 0.77 -0.94 ().87 -2.97 4.85

tt- I 1 RS 1.78 - i.27 0.87 --3.23 -4.36

H- 12 S ().71 --0,55 0.52 I .()7'- NA r

H-22 S ().52 -0.47 ().52 -1.75 _' NA t

t-I-23 RS 9.()9 NA 49.5 NA NA

a. To calculate loads in KN. multiply by 4.448.

b. S = Snubber RS = Rigid strut.

c. Predictions based on analysis ()I the VKI, in it', modified, as-tested ctmligurati(m.

d. Service i,evel (" maximum rated Ioadings for the snubbers ;.lnd struls that were installed in tests 81.2 and _ 1.3.

c. Snubber failed during finis test.

f. Snubber failed during previous text.

g. Negative signs denote compressive loads.

NA = Not applicable,
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8.3.3 VKL Response, is the possibility that failure of a support during
an earthquake would cause higher loads l() he

Predicted versus Measured Loads. imposed on a nearby support, causing it, too, to

Bet'ore testing began, we conducted a typical fail. F'ailure of a second support would, in turn,
design analysis of the VKL t(i configure tile slip- catlse a third support to fail, and so on. This phe-

port system and t(! predict the loads thal would be nomenon, known as the zipper etTect, occurred
imposed oll the various support system conlpo- during the 6()()_/_ SSE test, during which three
nents (snubbers, struts, etc.) so that the c'ompo- snubbers failed, one after the olher. A fourth
nents could he sized. The VKL underwent nlodest snubber failed during ltle 8()()t/_SSE lest 1hat fol-

modifications after thai pretest analysis wits con- lowed. With several of its supports ()tit ()t" service,

ducted, so we conducted another analysis of the the VKL became nlore tlexihle and responded at

VKL in its as-tested configuration. We then lower frequencies, especially in the Y (vertical)
compared the response of the VKL its predicted direction of the section that runs lrom the spheri-
by the analysis with the response measured dur- cal tee DF21 through hram:h connection DF44 in
ingtesting, the DFI6 comportent (see Figure I_-I). As

expected, the lest dilta indicated thai displace-

The comparison showed fairly good agreement rnents and strains increased with the failures of

in most instances. The analysis predicted maxi- the snubbers. Strains were measured in excess of

mum stresses in the piping at the same locations the 0.3q value used to define yJehl in stainless

where rnaximurn strains were measured during steel, with the highest strains measured at Elbows

the testy. Measured piping responses (displace- I and 2. Some plastic deformation occurred at

ments and accelerations) were generally in he these elbows, hut no other structural damage

same frequency bands as predicted by the analy- occurred and no leakage occurred in any of the

sis, Of the loads imposed on the struts and snub- piping.

bers during the tests, half were underpredicted by 8.4 Conclusions
the analysis, and halt" c,verpredicted, in most cases

by not too large a margin. Table 8-4 compares the
SHAM test results indicate that earthquake

support loads predicted for a 200_,4 SSE lest with
the loads measured in test T41.81. !. loadings will not have a significant adverse effect

on valve operation, unless contact chatter in

relays or switches in ttle nlotor operator consists
The most significant underprediction wax for of chatter events of sufficient duration to cause

the snubber at location H-7. This underprediclion the motor controller to shut (_I't"power I(i the
may have been influenced by the sensitivity of the motor. This (lid not occur during the SHAM tests

model to the support location and stiffness. The Further investigation ()1 this issue was outside the

project scope did not include a posttest sensitivity scope of the SHAM lest project.
study, so the exact cause of the underprediction
was not determined. (Note that sensitivity studies !I1 most instances, the measurements taken on

are not usually perfommd in the design of piping the VKL during the tests agreed reasonably well

systems in nuclear power plants.) In any case, the with analytical predictions, but they did not

conservatism in the support design usually pro- exactly match. Ii1 particular, there was some dis-

rides functional margin at all credible loads. The agreement between predicted support loads and

Pacific Scientit'ic snubber installed Ill the t1-7 measured loads. Generally speaking, piping sys-

location during the later tests in the series suc- tern analyses using the ASME Code rules and

cessfully resisted the loads it experienced in the procedures that we i'ollowed provide assurance

6()()c)f SSE test and failed only ill severe ()verloads that the piping system will perform its function

during the X()()_/_SSE test. with an adequate safely margin. This was the case

with the analysis of the VKL piping system ill

Zipper Effect. One of the concerns addressed I-ll)R. Sensitivity studies could have improved

in seismic probabilistic risk assessments (PRAs) the correlation between predicted and measured
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support loads, but such studies are typically not to allow a lessstiff supp¢_rtconl'i_uration and that
performed unless the ASME Code rules cannot be such revision would not reduce the structural
met. safety margins of piping to an unacceptable level.

The tests also indicate that the zipper etTect may

The rigid struts used in the SHAM test project be less of a concern than many people in the LJ.S.
pertbmled very well, resisting loads several times nuclear industry have supposed. No significant
greater than their rated ioadings without failure, structural damage occurred to the piping cvcn at
Likewise, many of the snubbers pertorrned with- very high simulated earthquake Ioadings with

out failure while resisting loads well above their several supports disabled.
rated Ioadings. All snubber results were supplied

to the manufacturers tor their intbnrmtion. Most important, the results from the SHAM
tests show that when commonly accepted design

Most of the snubbers that failed did so at loads methods are applied, piping systems will likely
well above their rated Ioadings. One snubber maintain their pressure boundary during a cred-
resisted loads more than eight times its rated load- ible earthquake: sufficient safety margins were
ing before it failed. Two snubbers of the same shown to exist even with severe earthquake load-
model failed at loads lower than their rated load- ings and the loss of multiple supports.
ings. All snubber results were supplied to the

manufacturers for their inlbrmation. 8,5 Application of the Research
Test results from the SHAM test series reaffirm

the structural toughness of valves and piping. The results from seismic testing at HDR, as
Tests conducted with multiple snubber failures reported both by the INEI. and by ANL, were
show that piping can successfully withstand included in the technical data base supporting the
earthquake-type ioadings when allowed more NRC effort regarding Unresolved Safety Issue

flexibility than is typical of piping support sys- A-46, Seismic Qualij'ic'ation of Equipment in
terns installed in U.S. plants. The results of other Operating Nuclear Power Plants (NU R EG-
SHAM tests conducted at HDR by KfK and 1030).
KWU using more flexible support systems (fewer

piping supports) concur with this finding. This ANL used the test results in their effort tb
finding agrees with some of the current thinking verify the Seismic Methodology Analysis Chain
in the U.S. that design practices could be revised with Statistics (SMACS) computer code.
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9. EARLY RESEARCH FOR
THE GENERIC SAFETY ISSUE 87 TEST PROJECTS

9.1 The Issue understood. The only t'ull-scale l'low interruption
testing that had been performed up to that time
was the testing of" 3- and 4-in. power-operatedThe turbine steam supply line of the high pres-

sure coolant injection (HPCI) pump communi- relief wdves (PORVsl and PORV block wdves in
tales directly with the reactor vessel and runs a test program performed by the Electric Power
outside the containment to the auxiliary building, Research Institute (EPRI) at the Duke Power,
where the HPCI turbine is located. The contain- Marshall facility in 1980, after the accident at

ment isolation valves in this line are normally Three Mile Island. (The results of thai testing are

open. The concern with these isolation valves is available in EPRI NP-2514-LD, 1982). The tests
whether or not they would close against the large were of tbe go/no-go variety, and several of the

pressure and flow loads that would occur in the block valves initially failed to close at their
event of a guillotine break in this steam line out- design basis load. The EPRI tests, even after thor-
side the containment. In such an event, their fail- ough review, had only marginal applicability to
ure to close could result in common-cause the smallest of the GSI 87 systems.

failures of other equipment in the auxiliary build-
We surveyed industry data bases to determine

ing that were not qualified for a harsh environ-
the type and sizes of the valves used in the threement. This concern is the substance of Generic

Safety Issue 87 (GSI 87), "Failure of the HPCl GSI 87 systems. We contacted valve manufac-
Steam Line Without Isolation." lurers to determine the extent of hardware qualifi-

cation and to determine the methods used to

calculate the valve forces necessary for closing
Our early GSI 87 research, performed as part of

against high energy flows. The results of the ear-the Environmental and Dynamic Equipment
lier valve testing were studied, sizing methodsQualification Research Program (EDQP) that is
used by the motor operator manufacturers were

the subject of this summary report, included
efforts to determine which systems are applicable determined, and a limited study of utility methodswas conducted.
to the GSI 87 concern, determine the type and

qualification of the installed valves, and develop 9,3 Research Results
a research plan that outlined the work necessary

to provide the technical basis for the NRC effort We found that the flexible-wedge motor-
regarding GSI 87. operated gate valve was the predominant valve

design used for containment isolation in all three

9.2 Research Description systems. The predominant valve size was 4 in. for
the RCIC system, 6 in. for the RWCU system, and

Our work included a review of available indus- !0 in. for the HPCI system. In addition, we found
try and research information. That review deter- that none of the valve designs installed in the sys-
mined that two additional reactor systems are tems of interest had been qualified for their

applicable to the GSI 87 concern: the reactor core respective design basis flow interruption loads.
isolation cooling (RClC) turbine steam supply (An exception might be the Velan valves installed

line and the reactor water cleanup (RWCU) sys- in RCIC systems. They were tested in the EPR1
tern supply line. (In some early plants the system block valve tests.)
is designated by another name, but the function is
the same.) The valve manufacturers and utilities all used

basically the same equations to determine a

At the time we performed this preliminary valve's operator torque and stem force require-
study, the qualification of containment isolation ments. (These calculations make it possible to size
gate valves for flow interruption was not well the operator for the valve and set the operator
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control switches.) However, there were inconsis- those research projects. Two 6-in. RWCU valves
tencies in how some of the important variables in were subjected to testing at design basis condi-
the equations were determined. For the operator tions at the Wyle Test Laboratories in Huntsville,

torque equation (which calculates the operator Alabama. The test results showed that the
torque needed toachieve agiven stem torce), some industry stem force equation was in fact not
utilities used the stem nut friction coefficients spe- conservative. We also found that one of the two
cified by Limitorque, the operator manufacturer, valve designs tested was susceptible to internal
while others used different stem nut friction coef- damage when closing against the design basis
ficients specified by the valve manufacturer, load. This internal plastic deformation and shear-

ing of metal could not be predicted by any linear
Similar inconsistencies were evident in the use friction equation. The nuclear industry was reluc-

of the stem force equation (which calculates stem rant to accept the results, because the two-valve
force for a given set of valve dimensions, fluid sample was too small to form a basis for such
pressures, etc.). The disc load portion of the stem important decisions,
force equation is basically the disc area multiplied

by the differential pressure across the disc multi- A second full-scale test project followed, with
plied by a disc factor, typically 0.3. We found that three 6-in. valves subjected to flow interruption
there were no standards on either the disc area tests with both high energy water and high energy

term or the disc factor. Everything from the valve steam (to cover the RWCU and the RCIC con-
orifice area to the nominal pipe size was used to cerns), and with three 10-in. valves subjected to
define the disc area. This difference alone made flow interruption tests with high energy steam (to

comparisons of one piece of work to another dif- cover the HPCI concerns). These tests were per-
ficult. The biggest problem we found in the stem formed at the Kraftwerk Union (KWU) facilities
force equation was that the disc factor was analyt- near Frankfurt Germany. The results of this test
ically based and loosely associated with a friction project confirmed the results of the first test
factor. We could find no record of full-scale flow project and established once and for all that the

interruption testing having been performed to industry stem force equation did not adequately
support the use of a disc factor of 0.3 to determine characterize valve behavior and did not conserva-
the stem force requirements of valves installed in tively bound valve requirements. Several reports
GSI 87 applications, on the results of these tests have been published.

These are listed in the Bibliography for the

9.4 Conclusions reader's information.

The NRC issued a number of information

We concluded that although some additional notices as the research results were being ana-

study would be helpful, full-scale flow interrup- lyzed, and later, because of the results of these
tion testing of typical gate valves would be neces- GSI 87 test projects and because of other regula-
sary to provide the information needed to address t_,,'y initiatives, the NRC issued Generic Letter
the GSI 87 concerns. Our conclusions as to the 89-10, "Safety-Related Motor-Operated Valve

state of the industry with regard to GSI 87, along Testing and Surveillance." The generic letter rec-
with a plan for the proposed test project, were ommends that the utilities reanalyze the design

submitted to the NRC in July 1987. The report, basis conditions for each safety-related motor-
Generic Issue Number 87 Research Plan (EGG- operated valve, ensure that the operator control
REQ-7676_, is listed in the bibliography, switches are set high enough to perform the

design basis function, and, where possible, test
9.5 Application of the Research the valve at design basis conditions to assure

operability. The GSI 87 test results, along with
The rest of the GSI 87 research was performed other research results, also supported supple-

under NRC FINs A6857 and B5529. For the sake ments to Generic Letter 89-10 that were issued to

of continuity, we will briefly discuss the results of provide clarification for its implementation.
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10. GENERAL CONCLUSIONS

The results of the Environmental and Dynamic some of the early results of this work. The seismic

Equipment Qualification Research Program testing performed in this program is expected to

(EDQP), funded under FIN A6322, contributed to contribute significantly toward a new ASME

the technical basis tbr the NRC's effort involving standard on snubber qualification.

several generic safety issues, one unresolved The work also identified a number of areas
safety issue, and several other NRC initiatives. where further research was needed. That work is
The work has already been implemented in some being performed in the Equipment Operability
industry consensus standards and is being Research Program (FIN A6857) and the Nuclear

reviewed for implementation in others. The valve Plant Aging Research Program (FIN A6389). The
qualification standard ANSI B !6.41 is an exam- EPRI is also working on a valve research program
pie; it is being superseded by a new ANSI/ASME to address research needs identified by the results

valve qualification standard that incorporates of the EDQP and its follow-on work.
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