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ABSTRACT

This report provides the results of accident simulation tests of three typical light
water reactor containment penetration systems to provide a technical basis for the
support and development of equipment qualification procedures at design basis load
levels and to determine safety margins at se ere accident load levels. The three systems
tested were (a) an 8-in. gate valve system modeling a containment spray system; (b) an
8-in. butterfly valve system modeling a purge and vent system; and (¢) a 2-in. globe
valve system modeling the numerous small-bore piping systems. The valve types, valve
sizes, piping configurations, penetrations, and supports used fur the tests are typical
of those found in commercial U S. nuclear power plants for containment isolation
applications. The three systems tested were mounted in a fixture and exposed 'o simu-
lated severe accident mechanical loads by displacing the penetrations relative to the
piping. Thermal and pressure loads were also apphied. The test results indicate that
valve, penctration, or piping system failure during hypothesized accident events is
unlikely due to accident-induced loads

|
|
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EXECUTIVE SUMMARY

This report presents the test resvlts of the
mechanical displacements and thermal loads
applied to penetration systems as part of the Con-
tainment Penetration Systems Testing Task. The
test program was performed by the Idaho National
Engineering Laboratory for the United States
Nuclear Regulatory Commission (USNRC), Office
of Nuclear Regulatory Research.

The purpose of the Containment Perctration
Systems Testing Task was to provide an experimen-
tal basis for support and development of equip-
ment qualification procedures with loadings up to
the design basis level and to understand the margin
of safety of equipment during severe accident load-
ings. Specificaily, the test program addressed the
operability and integrity of representative pressur-
1zed water reactor (PWR) containment penetration
systems (CPS) when subjected to thermal and
mechanical loads characteristic of design basis
accident and severe accident events. Loads included
displacement of penetrations relative to anchored
piping, heating of valve bodies t¢ elevated tempera-
tures, and increased pressures in the penetration
piping. The valve operator inside containment was
not subjected to high temperature steam or radia-
tion because that testing is more effectively per-
formed in separate effects testing. Containment
penetration systems include the piping, penetra-
tions, isolation valves, and supports associated
with piping systems that penetrate light water reac-
tor containments.,

The two mniain criteria used to select systems 1o be
tested in the CPS test program were (a) systems
with a relatively high potential frr leaking from the
containment envirenment to the outside atmos.
phere and (b) systems that would be required to
mitigate the results of an advanced severe acoident,
The three PWR CPS systems identified and tested
were (a) an 8-in. gate valve system modeling a con-
tainment spray system (important to containment
integrity as it is the final heat removal system),
(d) an N.in. butterfly valve system modeling &
purge and vent system (c¢ritical to containment
integrity because of the direct path to the outside
environment), and (¢) a 2-in. globe valve system
modeling the numerous small-bore piping systems,

The 8-in. piping systems were configured to be
typical of nuclear industry piping designs so that
the results would be directly applicable to existing
plants, Numerous PWR CPS piping configura-
tions were reviewed to establish the test piping lay-

m

outs. Important piping characteristics included
pipe lengths fram containment wal! to valves,
lengths to first elbow, and direction of first bend.
In order to maintain test modeis that were as repre-
sentative as possible, only nuclear-grade equip-
ment and fabrication processes were used in the
assembly of the three piping systems. Full-scale,
complete systems (valve, penetrations, piping and
supports) were tested to avoid the uncertainties
inherent in analytical extrapoiation of small-scale
test results.

The 2-in. piping system was configured so that
extreme loads could be applied to the piping and
valve to look for failure thresholds without being
limited by a simulated CPS geometry. As in the
8-in. tests, full-size nuclear-grade equipment was
used,

The test apparatus consisted of a large welded
test frane, coustructed from 14-in, square tubing.
Each piping system was individually supported in
the test frame using nuclear-grade supports includ-
ing rigid struts, spring hangers, and box beam sup-
ports. The support sizing and placement were
based on typical ASME Section 3 Class 11 dead-
weight and seismic analyses. The 8.in. penetrations
were mounted on guided roliers and displaced by a
hydraulic ram to simulate containment wall expan-
sion due to the effects of accident pressures and
temperatures inside containment. The 2-in, pene-
tration was mounted solidly to the test frame, and
the piping was displaced. Valve bodies and selected
portions of piping were heated with flexible electric
resistance heaters. Piping systems were pressurized
with air or nitrogen (depending on system) for eval-
uation of valve operability and leakage. Piping sys-
tems and pipe supports were instrumented with
strain gauges, thermocouples, and pressure trans.
ducers to measure the various physical phenomena
of interest.

After checkout of the valves and instrumenta-
tion, cach piping system was subjected to thermal,
mechanical, and pressure loads simulating design
basis and severe accident events, Containment wall
displacements as large as 18 in. and temperatures to
380°F were achieved in incremental steps. Load lev-
¢ls were developed from a review of other USNRC-
sponsored projects and information obtained in
plant final safety analysis reports. The primary
areas of interest dwing testing were CPS valve
operability and piping svstem pressure boundary
integrity,



The review of the test results was based on exami-
nation of measured parameters such as piping
strains, valve stroke times, operator currents, and
leak rates as well as visual observations during and
after the tests. Based on the parameters studied, the
following conclusions concerning the operability,
leakage, and structural integrity of CPS valves,
piping, penetrations, and supports were deduced.

All valves maintained as-installed leak integrity
through the design basis accident simulation. Only
the most highly loaded gate valve (inside contain-
ment) showed increased leakage during the severe
accident test and after load release. The heated
inside butterfly valve leaked on cooldown.
Although leakage occurred through the inner
valves, the outer valves did not leak: thus, the dual-
valve systems maintained leak integrity of the over-
all penetration for all test conditions in all systems.
None of the valves experienced any difficulty
cycling during or after any of the tests, In terms of
operability, ail valves performed well and were
unaffected, either during or after mechanical load-
ing. No observable structural damage occurred to
any of the valves or penetrations. Some piping
components experienced significant strain (A.$%)
but showed no signs of buckling or failure of the
pressure boundary. Some spiral-wound gaskets
leaked due to bending moments at flanged joints

during severe accident tests. Most of the pipe sup-
ports were not damaged or deformed. Two excep-
tions were a support strut near the penetration that
failed ir tension and another support strut that
failed in compression (buckled) during the 8-in.
butterfly valve test.

Although the three containment penetration sys-
tems were not tested to failure, system integrity was
maintained through simulated containment dis-
placements well beyond design basis accident val-
ues and through hypothesized severe acciden’
loads. Valve operator performance parameters
remained constant throughout the test indicating
that valve operability should not be a concern at
design basis accident or seere accident loading lev-
els. In summary, the loads applied during mechani-
cal testing did not:

®  Increase the required operator torque for
CPS valv.s,

* Induc leaks through contzinment pene-
trat.on systems, or

¢ Cause structural failures in CPS piping,
valves, or penetrations.

However, it was verified that water trapped
between valves can experience significant pressure
buildup during design basis accident conditions.



ACKNOWLEDGMENTS

The efforts of many people were required to successfully conduct the containment
penetration system accident simulation tests. The author wishes to thank personnel
from the Idaho National Engineering Laboratory (INEL) Test and Evaluation Labo-
ratory and the following INE" staff for their technical assistance: R. A. Larson who
provided on-site supervision for the initial test set-up; K. G. DeWall, D. K. Moerta,
and R. Steele, Jr. who wrote the document which defined the tests and provided
consultation throughout the proiect; and to R. C. Hill who supervised the project.
The author also would like to acknowledge the important and helpful support of
Dr. G. H. Weidenhamer, the NRC project manager for this task.



35  CRoul TN SRR ootk v Tn i n SHe S Sk LA VAR RS 5 0 o o8 Wi N

4.1 Containment Spray: 8-In. Gate Valve Testingand Results . ... ... ... iiienns

............................................................

.............................................................

-
e e b -
;-

3_

4.2 Purge and Vent: 5-In. Butterfly Valve Testing and Results .. .. ...

4.3 Small-Bore CPS System Testing and Results . ... .. ..o chiiiiiinniimnanes

BEE VR o« o« viors amis 55 5 am S G eh KAk 4 aBTEAR LA At kA A A A DR A4

SR PRI s rohen aovviine e amicn xacsme ¥arsmwns s e e BandkE il e
BT PRI 5060035 & v 350 CETES 1% 9% 55 PRIBESTHES $ BHFARS 4 F uERRENS S 0% up P SN
DL  CORRE s ocnissrnii iredihtssiintertris s EnsFvehsrsnsieeias s

AL CHIEEEIREIR - - . o vn va e oncs s v v v sy s sgwiahocesasminainbl smieeias 2 vien b a0h

vi

e
T

555 &t tE2:==

-
=

-
—



6.

REFERENCES ... . itooonimsmsomarvanossasatsnsssdssnsstdissassssdssadnsosssse

APPENDIX A—INSTRUMENTATION LOG FOR GATE VALVE TEST (CPS-8) .............

APPENDIX B—INSTRUMENTATION LOG FOR BUTTERFLY VALVE TEST (CPS6) .......

APPENDIX C—INSTRUMENTATION LOG FOR 2-IN. GLOBE VALVE TEST (CPS-7) ......

10.
1.
12
13
14

15

16.
17,
L}

19.

FIGURES

Typical containment penetration installation .. ... oviiiiiiiiiiiiiiiiiiiii i
Containment penetration test assembles ... ... . .ooiviiiriiiiiiiiiii i
Isometric of 8-in. CPS piping arrangement . .. ........oovvuiiaraiiaraiiarisiieiiiiins

Overhead view of test fixture, penetration, and most piping of the 8-in. gate valve
L A TR T L L

Outside piping with typical box beam support and pipe struts of the 8-in. gate valve
L L LT L LR

Cross saction of the $:0n. BBIe VEBIVE ... .vvvvnvrvrrnnnsnsnasnoiasvabasunssanensessssn
Cross section of the 8-in. butterfly valve .. ... . .....oii ciiiiiiiiiiiiiiiiiiiiiiiie
Plan viow OF 80, PIPIRE .. . . oo cvevviiiriirrisratvsanninssrasiasasrssesdssssoreses
DAVBON OF B0 BRI <. ¢ v oo nmis o 208 506550 0 NRAH 2 EES FUFCRE T0000 MBS0 DSBS
Penetration assembly mounted On FRIS . . . . ..o vn i n et
Penetration assembly, hydraulic cylinder, inside valve, inside vertical strut .. ..............
Isonvetric of 2-in. test system with Instrumentation .. .......cooviiiiiiiiiriiiianins e
Crom saction of the 2:40. SIODE VEIVE . .....o.vvivinnvrarirrernssionrssinsaieinerbanys
Isometric of 8-in. test system with instrumentation .. ... .. ..oooiiiiiiiii i

Horizontal displacement and average i side valve temperature during 8-in. gate valve

Typical current vs, time curves for inside valve during 8-in. gate valve test .. ........ adsa
Opening currents for inside valve during §-in. gate valvetest ... ................ o KA
Gate valve leakage vs. horizontal displecement for 8-in.. gate valvetest ... ... ... ........
Strain on inside gate valve for &in. gate valve test . ... ... o000 PSR e BN

Distorted pipe clamps near inside 8-in. gate valve . ... ... ... oo it

Vil

10

1
12
13
14
15
16
16
18
19
21



21.

“

28.

.

3.

n

1.

AL B

n.

<

4.
a2

43

Strains on pipe supports near inside valve of 8-in. gate valvetest .. .................
Strains on inside piping for 8-in, gate valve test . . . ... oviiiiiiiiiiiiiiriiies

Misaligned outside strut and pipe clamp for 8.in. gate valvetest .. .................

Misaligned inside vertical strut and bent piping between valve and penetration for 8-in.
DRI » oo is 58 0isnd 1606508 dEdek o 08 CRRPEES LATLNER TADD FRINAS SRS Dha ARk

Bent horizontal section of inside piping for 8-in. gate valvetest .. ......... ........

Valve temperature and dispizcement vs. test duration - first portion of 8-in. butterfly

BB « . o 66 Gt B Ay Yo Bt R B o b eSS el B R - RrR i it T N B

Valve temperature and displacement vs. test duration - second portion of 8-in.

U SR+ 00543 54 ¢ 100 N a 344N S ¢ S4BT 00 S+ R INE S5 M Arii ¥ o Cnaiad :
Typical current vs, time for inside valve of &-in. butterfly valve test . .. .............

Current vs. displacement for 8-in. butterfly valve test showing unsce g current

generally higher with UpSUream Pressures . ... ..........ooiiiiir srerririniionins
Broken eve of lower end of vertical strut from 8-in. butterfly valvetest ... ........ ..
Strain vs. displacement for horizontal strut for 8-in. butter{lly valvetest ... ... ........
Strain vs. displacement for vertical strut for 8-in. butterfly valve test . .., ............
Buckled horizontal strut from S-in. butterfly valve test . ... ... ........coivviinnn.
Strain on piping upstream of penetration for 8-in. butterfly valvetest .. .............
Clamp and strut downstream of outside valve for 8-in. butterfly valve test .. .........
Broken inside vertical strut for 8-in. butterfly valvetest .. ................co000in,

Permanently deformed horizontal sec.ion of inside piping for 8-in. butterfly valve test

Thermal and pressure transient in piping of 2-in. globe valvetest ... .. ..............
Two-in. globe valve test operator curient vs. displacement .. . ... .......oocvivrini
Two-in. globe valve test operato” current opening against upstream pressure .. ... ..
Two-in. globe valve test operator cutrent opening against downstream prossure . . ... ..., ...
Load vs. deflection for system piping in 2-in. globe valve test ... ...................
Left-side view of deformed pipe from 2-in. globe valvetest . .. ................co0iiinnns

Right-side view of deformed pipe from 2-in. globe valve test . ... ........................

viil

ooooo

-----

.....

|||||

.....

uuuuu

-----

ccccc

-----

-----

.....

-----

.....

-----

.....

.....

.....

g 9

n

n

]

41

-
-

2 2 & ¢ &£ ¢ &



10.

TABLES

Containment design and ultimate capacity predictions . . .........ooooviiiiiiiiin

Equip. ent qualification standards and regulatory guides potentially affected by CPS

BOBLING POBUMEE . ... . cvviniiiiiiira i e

Containment penetration displacement and valve temperature for 8-in. gate valve test

Maximum pipe system strains for 8-in. gate valve test ... ... oo

Containment parameters for design basis accident severe accident conditions for 8-in.
Dutterfly valve test (FIrst FRIP) . . . . . o vovvivreiirmrrraiisiriraiiirtatiriasints

Containment parameters for design basis accident /severe accident conditions for B-in.
Duttorfly valve t00t (S000RE FRIP) . ...« oot iviir i s i e e

Pipe system strains at maximum deflection for 8-in. butterfly valve test (first ramp) . .
Pipe system strains at maximum deflection for 8-in. butterfly valve test (second ramp)
Containment parameters for design basis accident severe accident conditions for 2-in.

n

cccccc

......

------

------

------

......

------

-----

......

g 2 8B o

S

4]

Q2

a8



CONTAINMENT PENETRATION SYSTEM (CPS)
TESTS UNDER ACCIDENT LOADS

1. INTRODUCTION

A number of light water reactor systems are criti-
cal to plant recovery and protecting the public from
the possible release of radiation during an accidert.
Such systems are designated safery-related. One of
the important considerations in evaluating the
safety of nuclear power plants is to ensure that
safety-related systems will indeed function during
and after accidents. Safety-related systems are typi-
cally evaluated based on analysis, qualification
testing of major components, and code-certified
construction, The U.S. Nuclear Regulatory Com-
mission (USNRC) is sponsoring research to further
develop the technical basis for the current equip-
ment qualification portion of rhe system qualifica-
tion process.

One important group of safety -related systems is
the hardware which allows the reactor coolant pip-
ing to penetrate the containment walls. A contain-
ment penetration system (CPS) includes the piping,
penetration, isolation valves, and supports assogi-
ated with a piping sy<tem that penetrates the con-
tainment. In conjunction with the containment
structure and electrical penetrations, CPSs provide
the last barrier to fission product release. The
USNRC is especially concerned with the uncertain-
v involved in determining whether containments
will leak during an accident. | Because of the large
number of piping penetrations (100-200 per plant of
U.S. design), CPS valves are among the prime
potential sources of localized leakage This issue s
being addressed in the USNRC sponsored Equip-
ment Qualification Research Program at the ldaho
National Engineering Laboratory (INEL), under
the task of Containment Penetration Systems Test-
ing. The CPS Testing Task was established to evalu-
ate the operability and leak integrity of
safety-related equipment when subjected to condi-
tions typical of design basis and severe accident
events. The first phase of this work consisted of
design basis and safe shutdown earthquake load
tests of three full-scale nuclear-grade CPS configu-
rations. The results of those tests are presented in
Reference 2 and indicate that light water reactor
CPSs will continue to properly operate and not leak
during and after worst case seismic events. This

report presents the response of rypical pressurized

water reactor CPSs when subjected to quasi-static
thermal and mechanical loads resulting from contain.
ment wall displacements and elevated temperatures
representative of design basis accident and severe acci-
dent conditions in a light water reactor containment

The CPS tests were not intended to be component
qualification tests but rather a series of accident sim-
ulations which would provide in-situ performar ce
data under combined thermal and mechanical loads
applied to both the system and individual compo-
nents. The systems approach was taken to eliminate
the uncertainties imvolved in calculating the com-
bined loads on each .ndividual component and to
account for the redundant capacity caused by system
responses which redistribute the loads. Exhaustive
testing of all valve types and sizes in many different
piping configurations was neither practical nor nec-
essary in light of the test objectives. A testing scheme
was sought which included systems, piping configu-
rations, and loads representative of the majority of
U.S. plants. Systems were chosen which represent
both (a) systems with the potentiai for radioactive
release during a severe accident and (b) systems in
which valve operation is required to mitigate the
effects of an accident. A system was also selected to
represent the numerous small-diametcr penetrations
in a typioal containment.

It should be roted that the effects of high tem-
peratures, radiation, steam, and chemical spray on
the performance of the CPS inside valve operatcrs
and their associated cables and connectors were not
investigated in this project. Motor-operated valve
operato. performance dur'ng design basis acci-
dents is demonstrated by the normal valve qualifi-
cation process. The need (o address these effects for
severe accidents is the subject of other USNRC
rescarch. Penetration and piping performance is
not affected by radiation, steam, or chemical spray
(no susceptible materials) The ability of purge and
vent valves to close againat a rising flow has been
investigated in a companion USNRC-sponsored
project and reported by Watkins? and discussed in
Section 1.1,

The design basis and severe accident loadings ini-
nally were developed from other NRC research
including



NUREG/CR-3234, Loads From Severe Accident
Studies on Generic Containments (Appendix B)
(Zion, Bellefoute, Watts Bar, and Browns
Ferry-1)*

NUREG/CR-2228, Containmen! Response Dur-
ing Degraded Core Accidents Initiated by Tran-
sients and Small Break LOCA in the Zion/ Indian
Point Reactor Plants’

NUREG/CR-3278, Hwdrogen Bum Analyses of
Ice Condenser Comtainments (Sequoyah,
McGuire)®

NURFG, CR-1891, Reliability Analysis of Con-
tainment Strength (Sequoyah, McGuire)”

NUREG CR-1967, Failure Eveluation of Rein-
Jorced Concrete Mark 111 Containment Structure
Under Uniform Pressure (Grand Gulf)®

NUREG/CR-4913, SAND 87.0891, Round-
Robin Pretest Analysis of a 1:6 Scale Reinforced
Concrete Containment Modvl Subject to Static
Internal Pressurization ¥

From these NUREGs and others, Tolle | was
developed.

The last document contains predicted contain-
ment growths due to pressurization significantly
greater than any of the early work. Radial growths
of up to 18 in. in full-size containments are
predicted.

Although severe accident containment tempera-
tures have been reported, the available literature did
not c¢ontain containment thermal growth
responses. Therefore, a study was performed at the
INEL to develop a generic thermal growth
response. It was found that the radial thermal
response wvas about equal to the radial growth from
pressure. However, the thermal response study also
revealed a relatively strong vertical response. The
amount of vertical growth due to thermal expan-
sion that could be expected depended on how high
in containment a piping penetration was located.
For the purposes of conservatism, 2/3 of typical
containment height was chosen for the vertical
growth test requirements.

A one-to-six-scale reinforced concrete contain-
ment model was recently tested to failure (caused by
static internal pressurization) at the Sandia
National Laboratory. The containment liner tore at
an equivalent radial growth of about 12 in, and
depressurized the containment before total con-
crete failure. The INEL tests reported here were
conducted at equivalent displacements of 13.2 to
18.0in. and can be considered conservative.

1.1 Related Research

The primary purpose of the work presented in
this report was to assess the response of representa-
tive containment piping penetration systems to the
mechanical lcads caused by the radial and vertical
movement of a containment structure during
design basis accident and severe accident tran-
sients. Mowever, there are other important CPS
equipment loadings during design basis accident
and severe accident transients that can affect con-
trol and recovery of the plant. The INEL has per-
formed NRC-sponsored research which involved
testing of three of these loadings.

The first work dealt with requirements for con-
tainment purge and vent valve closure when
exposed to the internal containment pressures of a
design basis loss of coolent accident. This work
wmmonumIMmm NUREG-
0660, Item 11.E 4.2.'0 Elastomerically sealed but-
terfly valves are generally used on light water
reactor containment purge and vent lines Butterfly
valves are unique when determining closing torque
requirements in a compressible flow environment.
The butterfly disc acts much like a wing of an air-
plane where the peak force occurs just before the
wing stalls. Unlike a gate valve where the maximum
closing forces are in the last 10% of closure, the
butterfly valve peak torque occurs at 70 = 10%
open. The utility responses to the TMI action plan
indicated that very | rtle research had been accom-
plished on butterfly . ulve closure requirements in a
compressible Mluid environment. The NRC deter-
mined that it required a better technical basis on
which 10 judge the analytical responses it was
receiving from the utilities. A test program was
devised wherein two 8-in. butterfly valves from dif-
ferent manufacturers and a 24-in. butterfly valve
were tested at inlet pressures up to 60 psi with the
downstream vented to atmosphere to establish
worse case conditions

The two &-in. valves of different manufacture
established a baseline, and the 24-in. valve results
provided data for validating the extrapolation of
small valve results, which is industry's normal
practice. The inlet pressures, valve installation
geometry, and piping inlet conditions were varied
1o match most of the possible field applications.,
The work also included single effects leak testing
at design basis accidant and severe accident tem-
perature and pressure conditions. The results of
the work did cause a change in the American Soci-
ety of Mechanical Engineers (ASME) Standard
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Table 1. Containment design and ultimate capacity predictions

Predicted
Design o Ultimate Capacity
Pressure Temperature Pressure Temperature

BWR-Mark | 62 281

Dresden 2 6238 1757281

Oyster Creek 62 281

Millsione 62 28]

Arnold 56 281

E. Fermi 2 6 28]

Browns Ferry 6 281 1 378
BWR Mark 11 Drywell

Cham,

Zimmer 48 278

LaSalle 48 340278

WPPSS 2 133
BWR-Mark 111

Perry | 100

Grand Gulf 2

MK 111 Standard 14 6
PWR-1¢e Condenser

Sequovah 0.8 220 60 2%0

McGuire 15 190 84 250

Watts Rar 13§ 220 120 1%
PWR-Subatmosphere

North Anna 48 280
PWR-Large Dry

' L3 283

Diablo Canyon 47 246

St. Lucie 96 274 958

Midland 0 120

Rancho Seco A1) 286

Zion 4 27 125 324

1. M. Farley 4 220

SONGS 241 60 00

ANO 2 “ A0

Summer L 283

Comanche Peak Q0 280

Cherokee 16

Indian Poimt 118 %0

Beliefonte 130 150

Maine Yankee we

Byron Brardwood e

QV-4. Functional Qualification Requirements for
Power Operated Amn Valve Assemblies for
Nuclear Power Planis!!, which is the ASME
rplacement standard for the currently rdund
ANSI B16.41 standard of the same title. '3 The
complete results of this work can be found in Ref-
erence 3,

C-

The second containment solation valve flow
interruption project involved research 1o assist in
the resolution of the NRC's Generic Issue 87, “Fail-
ure to HPC Steam Line Without Isolation.” This
issue includes concerns about uncertainties in gate
valve operator sizing and torgue switch settings for
high pressure coolant njection, reactor core



isolation cooling, and reactor water ¢cleanup system
isolation valves. The test program is currently in
progress. The valves are full-scale 6-in. gate valves
typical of those irstalled in BWRs, The test condi-
tions are tvpical blowdown conditions with BWR
primary conditions at the valve inlet and the valve
outlet vented to atmosphere. The first part of the
test program is being conducted with subcooled
water at the valve inlet. The second phase is sched-
uled 10 be performed with steam. A report on the
water portion of the test program will be published
in FY-89.

The third loading 1o which containment pene-
tration and isolation valves have been subjected is
seismic. Prior 10 performing the testing docu-
mented in this report, portions of the piping,
valves, and penetrations mounted on & tubular
steel frame were subjected to simultaneous triaxial
acceleration at levels up to and equivalent to west
coast safe shutdown carthgquakes. The results of
this work indicate that adverse valve, penetration,
or piping system behavior during typical seismic
events is very unlikely. The complete results of this
work are documented in Reference 2

Design basis and severe accident environments
can be very harsh. Radiation, temperature, and
steam must be considered in the gqualification of
valve operators, |[EEE Standard 382, “Standard

for Qualification of Safety-Related Valve Actua-
tors™ is one of the most complete standards cur-
rently issued for environmental qualification.
Considerable work in the environmental qualifi-
cation of valve actuators has been completed by
industry. In addition, the Central Electricity Gen-
erating Board (CEGB) of the United Kingdom
(UK) is about to undertake a large effort for Size-
well B, Sizewell B is a standard design Wes-
tinghouse PWR being built in the UK. The CEGB
has invited valve and valve operator manufactur-
ers to cooperate in a complete qualifi-~L.on pro-
gram before valvis can be approved for
installation in Sizewell. This includes valve life
testing, motor operator environmental qualifica-
tion, valve qualification, and, when required,
flow interruption testing. Sizewell is being built to
the ASME Code, and US gualification standards
are being used for equipment qualification. This is
probably the most complete checkout of nuclear
equipment and qualification standards ever per-
formed, as most of the current qualification
standards were issued after the peak plant build-
ing activity in the US. It is hoped that the Sizewell
harsh environment qualification of valve opera-
tors will provide insights into the adequacy of the
current qualification of operators for harsh
environments.



2. OBJECTIVES

The following objectives were established for ¢ Characterize the response of typical
the physical loading tests of the CPS Testing safety-related CPS installations exposed
Project: to simultaneously applied pressure, tem-

perature, and displacement loads at
o Characterize the response of typical severe accident event levels; and
safety-related CPS installations exposed
to simultancously applied pressure, tem- o Provide experimental resulis 10 support
perature, and displacement loads at in.provements to the equipment qualifi-
design basis event levels: cation standards and regulatory guides
listed in Table 2.

Improve the understanding of valve oper-

Gusign basis loads; these objectives is to determine if the effects of
I loads M so, t

Determine whether valves with hardened ’“"“‘, ."mm . z';:m, 80, this

metal seats can seal tightly enough to seal
Tt . ‘ associated with one of the major potential sources
.I Mc:'unp'-'drmn water expansion pressute of iocalised sontuinment leakass.

Improve the ability to analytically predict
system response to design basis loads,;

Table 2. Equipment qualification standards and regulatory guides potentially affected by

CPS test.g results

ANSI ASME Bl6 41, Functional Qualification Requirements of Power-Operated Active Valve
Assemblies for Nuclear Power Plants (currently being revised as ASME QV-4)

ANSL ASME N278 1.197€, Self-Operated and Power-Operated Safety-Related Valves Safety
Specification Standard

IEEE Standard 3821980, Qualification of Safety-Related Valve Actuators

IEEE Standard 627-1 80, Design Quaiification for Safety Systems Equipment Used in Nuclear
Power Generating Stations

Regulatory Guide 1148, Functuional Specification of Active Valve Assemblies in Systems Important
to Safety in Nuclear Power Plants

Regulatory Guide 1.73, Quahification Tests of Electric Valve Operators Installed Inside the
Containment of Nuclear Power Plants




3. TEST DESIGN

The objective of the CPS tests was to determine
the response of typical containment penetration
system; to accident conditions. The considerations
involved in the design of the physical load tests of
containment penetration systems included the
following:

1 Selecting representative systems for
testing,

2. Determining the important thermal and
mechanical loads and load combinations
that should be included,

3. Selecting appropriate hardware for the
tests, and

4. Determining which parameters would best
characterize the resporise 0 the physical
loads.

Table } gives the nomenclature used for this
series of CPS tests. The folloving sections provide
dicussion of each of the considerations,

3.1 Selection of Representative
Systems

The criteria for selecting which CPS systems to
test were (a) choose systems with a potential for
veaking the containment environment directly to
the outside atmosphere and (b) choose systems
that would be required to mitigate an advanced

Table 3 Nomenclature

severe accident. The most likely systems to be
involved in a release to the outside containment
atmosphere are systems that open to both the con-
tainment environment and the outside environ-
ment. The leading candidates fitting that

mitiga.¢ severe accidents are most likely the con-
tainment spray and sump recirculating and cocling
systems.

Therefore, it was decided to create three typical
CPSs that represent a large number of low-to-
medium pressure systems, which in turn would pro-
vide generally applicable resuits from the testing.
An 8.in. gate valve system (Sch. 40 piping) model
ing a containment spra\ - stem was chosen because
this larter system is . ~ortant 10 containment
integrity as the final heat removal system. The
characteristics important for containment spray
systems are leak integrity and valve operability.
Containment spray systems are closed-loop, hiquid-
filied.

Another system that was chosen was an 8-in.
butterfly valve system (Scl.. 40 piping) modeling a
purge and vent system. A purge and vent system is
critical to containment integrity beause of risk of
leakage 1 the outside environment  Purge and vent
systems are gas-filled, open-loop systems using
clastomerically sealed valies, requiring feak integ-
rity and valve operability for prevention of leaks of
radioactive materials to the outside eny ironment .

The following terms are used for describing hardware and instrument locations

Inside - equipment located inside the simulated containment building wall.

Outside - equipment 'ocated outside the simulated containment building wall.

Upstream - toward source of flow, assuming low from inside to outside of containment .

Downstream  opposite of upstream.

X - direction parallel 10 axis of nenetration pipe; pesitive from inside to ou’side

Z - direction perpendicular 1o aus of penetration, positive from left 1o right when facing along the axis of
the penetration from inside 1o outside (XY, Z form a right- handed coordinate system, with Y vertical,

positive up).
Axial - mnﬂd to centerline of pipe.




The third system selected was a 2-in. globe valve
system (Sch. 160 piping) modeling the many small-
bore piping systems that make up a large fraction
of containment penetration systems. Piping sys-
tems of this size show a large ratio of valve stiffness
to pipe stiffness, when compared 1o larger piping
systems.

To establish the system configuration, informa-
tion was oblained from Peference 13 which
reviewed five containments considered to be repre-
sentative of most types of US containments. This
task analytically studied containment piping pene-
1ration stresses in an accident environment. Review
of the piping penetrations and piping geometry
established that most PWR CPS installations are
similar on the inside of the containment. The pipe
comes out the penetration and within 18 ft makes a
90" bend. In some systems, the valve is ia the
straight run and in others it is after the bend. For
the loadings being considered in this research, it
was determined the most conservative results could
be obtained with the valve in the straight run before
the bend. The piping geometry finally arrived at for
he CPS test is considered generic; however, it is
modeled very closely after one of the containments
identified in the containment leak rate estimate
task mentioned abov .

The &.in_ test systems modeled piping inside and
outside the containment. The 2.in. test system
maodeled only piping inside the containment The
flexibility of the 2-in. pipe compared 10 the 2-in.
globe valve is such that no effect on valve perform-
ance would be expected for severe accident loads
applied in the manner ured for the 8-in. tests. Sim-
plifying the system allowed testing at higher loads
In an attempt to investigate failure modes and
thresholds Typical of systems that operate at ambi-
ent temperature, the three configurations tested did
not include pipe snubbers Ambient temperature
systems are considered to be the systems most sus-
ceptible to anchor movements.

3.2 Hardware Considerations

The sysiems used for the tests were designed to be
representative of systems found 'n actual plants;
this applied to design and installation as well as
hardware. All tests were performed with full-size
components. The piping sys'ems were designed in
sccordance with ASME Section 111 Class 2.14 The
N-stamped Class 2 valves were acquired from the
cancelled Hope Creek Nuclear Power Staiion
Unit 2 and the Washington Public Power Supply

System Unit 4 (WPPSS4). The Class 2 penetra-
tions also came from the WPPSS-4 plant, and the
piping and piping supports were purchased from
nuclear power plant suppliers. Typical containment
wall ngidity was simulated using heavy steel mem-
bers. Figure | shows a typical containment pene-
tration installation for a west coast plant. Figure 2
shows the fixture developed for mounting the pene.
trations in the CPS test program. A flued head
design was use for the 2-in. assembly and a fanged
piping penetration design was used for the 8-in.
assembly. Fabrication of the systems was per-
formed to the ASME Code without third party

The 8-in containment spray and K-in_ purge and
vent test systems were similar in design and used
much of the same hardwar:. As mentioned above,
piping configurations were based on studies of
numerous nuclear plants and are typical of the pip-
ing located neur the containment penetrations of
the respective systems. However, the layout used is
more typical of containment spray systems than
purge and vent systems but provided a convenient
test bed for the butterfly valves: the additional
upstream piping created conservative piping loads
and valve reactions. It is estimated that enough of
the piping was included in each test configuration
to develop essentially all of (he mechanical loads
typical of valves and penetration assemblies in an
actual nuclear plant system with comparable wall
motion. Both §-in. systems modeled piping both
inside and outside the containment wall with two
isolation valves. An isometric diagram of the 8-in.
system: is presented in Figure 3. Photographs of
the gate valve assembly installation are presented as
Figures 4 and §. The S.in. gate val ¢ were 1 £0-1b
class Anchor Darling butt weld gute valves with
Limitorgue SMB motor operators. Figure 6 shows
a cross section of the valve. The butterfly valves
were |80 Ib Class elastomernically sealed units built
by Allis Chalmers. The inside valve was operated by
a Limtorque SMB motor operator The outside
valve utilized a hydraulic valve operator, Figure 7
shows a typical butterfly valve cross section. Both
8.0 test systems used the same rigid structure and
floor-mounted piping supports and restraints. The
plan and elevation views of the §-in. systems are
shown in Figures § and 9. The penetration assem-
bly was mounted with rollers on rails to permit a
controlled displacement. A hydraulic ram was used
1o incrementally move the penetration, simulating
expansion of the containmeni during an accident
(se¢ Figures 10and 11).
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The 2-in. test system was not based on any par-
ticular piping system geometry, but rather was
designed to allow the valve and piping to be 1estel
with measured loads (shear and moment) in an
effort to define failure th-esholds without being
constrained by predetermined displacement limits,
An isometric sketch of the 2-in. system is shown in
Figure 12. The one valve was a socket-weld 1500-1b
carbon steel Y-pattern globe valve. A cross section
of the valve is shown in Figure 13. The pipe was 304
Sch. 160 stainless steel. The penetration consisted
of a 2-in.-by-12-in. stainless steel flued head welded
to a 12-in. carbon steel pipe, All welds were socket
welds except the attachment to the flued head p.ne-
tration which was a butt weld.

3.3 Load Considerations

The CPS tests were designed 10 test the mechani-
cal integrity and operability of penetration system
valves and piping in response to mechanical, ther-
mal, and pressure loads. Mechanical loads were
appli < by displacing the penetration relative to the
piping which was anchored in a solid framework.
The framework was constructed so that there
would be no interference with valve operators dur-
ing piping displacements. Thermal loads were
applied to the valve bodies and selected portions of
piping. Valve motor operators were not heated,
Pressure (air or nitrogen) was applied to check for
leakage across valve seats and to provide additional
loading during valve operability tests (opening
cycle). Sustained flow was not used. Mechanical
loads on the containment systems were formulated
and applied in terms of penetration movement (dis-
placement). Radial displacement of the contain-
ment for design basis accidents was taken from
published design data, which was reviewed and
documented in the original test description and
used for the 8-in. piping systems.

As mentioned in the introduction to this report,
the severe accident loads applied to the two 8-in,
CPSs were based on the pretest predictions and test
results of a 1/6-scale model concrete containment
experiment recently conducted at the Sandia
National Laboratory.? Radial deflections of up to
18 in. were calculated for containment pressures up
to 160 psig. The 1/6-sqale model reinforced con-
crete containment liner tore at an equivalent radial
growth of about 12 in. during the experiment.
Therefore, 18 in. of radial deflection was used for
the purge and vent system (butterfly valve) test and
13,2 in. of radial deflection was used for the ¢on-

tainment spray (gate valve) test. A lower, but still
conservative, value was used for the gate valve test
because of tacility limitations, Both tests used the
0.27 (15-degree) vertical-to-horizontal rise ratio
typical of predictions for relative growth ratios for
moderate elevations in the centainment. Loads
were applied in increments to produce the desired
deflection, Measurements of valve operability and
leakage were made at the incremental positions,

Mechanical load on the 2-in. globe valve test was
based on a computer analysis of the test assembly
which predicted the displacement and lcad neces-
sary to achieve Section 111, Class |, Level D stress,
This stress level was defined as the stress at the end
of a design basis accident. Displacement at the end
of a severe accident was initially defined as
four times tne design basis accident displacement.
Since displacement was not limited by the 2-in.
assembly test setup, displacement was eventually
continued 10 24 times the design basis value in
search of a failure threshold.

The pressure loads (for 8-in, tests) chosen were
those that would test the leak integrity and opera-
bility of each valve type under typical load condi-
tions. For example, the differential pressure across
the butterfly valve was set at 60 psig for the design
basis accident part of the test and 120 psig for the
severe accident part of the test. These were near the
maximum values expected for valve ouperation
under the stated conditions, The differential pres-
sure across the gate valve was set at 100 psig. For
the gate valve leak checks and valve function tests,
pressure was applied to the piping section between
the valves. For the butterfly valve test, pressure was
applied to the piping upstream of the valve being
tested. The test fluid for the 8-in. tests was air,

The differential pressure across the seat of the
2-in, globe valve was set at 1500 psig. The test {Tuid
was nitrogen gas. Leak checks and valve function
tests on the 2-in. valve were done with pressure
applied alternately in both directions across the
seat. The design basis accident porticn of the 2-in,
globe valve test also included a pressurization tran-
sient resulting from thermal expansion of water in
the downstream piping.

The maximum temperature for the design basis
accident portion of the tests was 280°F, Tempera-
ture loading on all systems varied with mechanical
loading up to @ maximum of 350°F for the severe
accident portion of the tests. Only the inside valve
was heated during the 8-in. gate valve test. Both the
inside valve and the penetration piping were heated
during the %-in. butterfly valve test. Both the valve
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and piping to the penetration were heated during
the 2-in. globe valve test.

3.4 Instruments

The systems were instrumented to measure leak
rates, pressures, temperatures, valve motor opera-
tor current, valve stroke times, and strains on the
valves and piping. Isometric drawings snowing
instrument locations for the gate valve and butter-
fly valve tests are presented as Figure 14. A typical
strain gauge installation on the piping consisted of
six strain gauges mounted at each axial location,
Four gauges wers axial and mounted 90° apart
around the pipe circumference. The other two
formed a standard rosette configuration with one
of the axial gauges (for torsion measurements). The
instrumentation on the 2-in. globe valve test system
is shown in Figure 12. Lists of the measured
parameters  r all three tests are presented in
Appendixes A, B, and C. Valve seat leak measure-
ments were taken with calibrated variable-area flow
meters (0.0003 - 0.8 scfm). Flows exceeding the
meter range were calculated from pressure decay.

3.5 General Testing Sequence

Each of the three systems was separately sub-
jected 1o a testing sequence simulating design basis
and severe accident conditions. The basic testing
sequence consisted of (a) performing operational
baseline tests on the system and (b) heating the
inside valve and displacing the penetration (or pipe)
in a stepwise fashion until reaching the desired ¢on-
ditions, while monitoring valve function, valve scat
leakage, and strains on the piping. The testing

0

sequences for the 8-in. and 2-in. systems are sum-
marized in Table 4. Baseline and valve function
data included leakage measurements through the
valve, valve stroke time from open-to~close and
close-to-open, and valve actuator current measure-
ments when opening and closing. Opening current
was measured both with the system at atmospheric
pressure and with the system at increased pressure
(on one side of the valve at a tim~) for the initial
unseatiug of the valve. In all cases, the valve func-
tion and leakage tests were repeated regularly
throughout the test to detect any changes in leakage
or actuator demands,

While the 2-in. piping system was mechanically
the simplest of the three systems tested, the opera-
tional sequence involved a greater variety of condi-
tions, The Cesign basis accident simulation portion
of the 2-in. test included a heatup of the water-
filled penetration pipe to 280°F with the valve
closed to check for overpressurization due to ther-
mal expansion of the water. The severe accident
simulation portion of the 2-in. test included valve
function and leakage tests with increased displace-
ment and temperature. Valve testing was done with
1500-psig nitrogen pressure applied alternately
upstream and downstream from the valve. After
the severe accident simulation testing sequence, the
vertical support strut was disconnected to allow
more direct loading ¢ f the penetration assembly,
Valve function and lea .age data were not taken dur-
ing this portion of the test. After attempting to
induce damage in the penetration assembly, the ver-
tical strut was reconnected to maximize moment
loading on the valve. Vertical displacement was
continued (with valve function and leakage tests)
until the pipe was sufficiently bent to the point that
additional displacement would have caused the
valve operator to contact the pipe.
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Table 4. Summary of testing sequence

Monitor pipe for pressure
buildup

2

Regularly monitor for
leakage and valve function

After
Design Basis Severe Accident
System Integrity and Pretest Accident Simulation Severe Accident Simulation Simulation
8-in. Sysiems:
Radiography of Piping Welds Heat valve to 280°F while Heat valve to 150°F while Release load
300 psi Pocumatic Test displacing penetration displacing penetration to
1.04 in. (horizontal) 13.2 in. (gate valve) and Check for
100 psi Bubble Test 18in, (butterfly valve) leakage and
(Butterfly Valves Only) Regularly monitor leakage valve function
Baseline Valve Function and valve function Regularly monitor leakage
and valve function
2-in. System:
4750 psi Hydrotest Fill pipe with water Drain water from pipe Apply load to
Dye-Penetrant Exam downstream from valve flued head
Baseline Valve Function Heat valve 1o 350°F while
Heat valve and pipe to 280°F displacing pipe 8 in. Displace to
while displacing pipe (vertical) disfunction or
2.0 in. (vertical) failure

Valve function
4750 psi
hydrotest

Dye-penetrant
exam




4. TEST RESULTS

This review of test results is directed at providing
information to answer three questions:

Are qualification testing loads conservative com-
pared to measured DBA loads?

What effect did the thermal, pressure, and
mechanical loads have on CPS valve

operability?

What effect did the thermal and mechanical
loads have on containment penetration system
integrity?

The first question addresses the issue of consery-
atism in qualification testing methods. The last two
questions address the issue of whether typical con-
tainment peretration systems can perform their
intended safety function during and following a
design basis or severe accident event, This section
of the report presents results from the tests and
interprets the results to answer these questions.

A separate section is presented for each of the
three systems tested. Each section includes a
description of the test as conducted and an evalua-
tion of the performance of individual system
components,

4.1 Containment Spray: 8-In. Gate
Valve Testing and Results

The purpose of this part of the test program was
to evaluate the ability of a containment spray CPS
instaliation with gate valves to remein leak tight
and maintain valve operability when exposed to
design basis and severe accident temperatures, pres-
sures, and mechanical loads. The gate valves were
equipped with a flexible wedge, hardened seats,
weld ends, packed stem, and a bolted bonnet (see
Figure 6). The valve was N-stamped and met all of
the qualification requirements for installation in
the Hope Creek Nuclear Power Plant. The system
was assembled and pressure-tested at 300 psig prior
to starting the design basis accident portion of the
test. Piping welds were radiographed and inspected
to ASME, Section 111 standards. Stem packings in
the valves were replaced, and the va'ves were given
baseline operability and leakage tests. The electri-
cal heaters and insulation were installed on the
inside valve. Instruments and heaters were checked
for continuity and operability.

Temperature and displacement were increased
during the 8-in. gate valve CPS test, as shown on
Table S. Both valves were kept closed except for
specified operational tests. At each displacement
increment, leakage was measured through each
valve by pressurizing the piping between the valves
10 100-110 psig and measuring leakage through cal-
ibrated variable-area flowmeters. Where valve
operability tests were specified, the center section
was again pressurized to 100-110 psig, and the
upstream pipe was vented to the atmosphere. The
inside valve was then opened and closed while mon-
iicring operator current and measuring stroke
times. The sequence was then repeated for the out-
side valve. Leak measurements were taken prior to
proceeding with the next displacement step.

The pace at which the test was conducted
depended on the heatup rate of the valve (limited to
~0.6°F/min) and time required to perform leak
checks and valve function tests and to fix problems
in the test hardware, both mechanical and elec-
tronic. A plot of the horizontal displacement and
average temperature of the inside valve vs. time is
presented in Figure 15. As shown in this figure,
there was an 8-h interruption at the end of the
design basis accident simulation portion of the test,
during which the temperature was reduced from
280 to 200°F., The temperature was increased to
280°F again in preparation for continuation of the
experiment. The penetration position was held con-
stant during the 8-h hold. Displacement and tem
perature were then gradually increased to 13.2 in,
and 350°F during the severe accident simulation
portion of the test. Displacement was interrupted
at 2% h to add extensions under the base of the
hydraulic ram,

There were no catastrophic failures during the
testing of the 8-in. gate valve system. Nore of the
supports parted, the valves continued tc operate
(with some increase in leakage through the inside
valve), and the piping did not experience local
buckling or any significant reduction in flow area.

With the exception of the horizontal strut, all
strains increased with increasing penetration dis-
placement. Valve leakage reached a nuximum of
about 0.89 scfm after the driving load was relieved
from the penetration. The following sections pro-
vide a more detailed description of the behavior of
the various components during the displacement
and heatup cycle.



Table 5. Containment penetration displacement and valve temperature for 8-in. gate valve
test

Horizontal Inside Valve
Displacement Temperature
(in.) (°F)
0.0 AMB
0.035 AMB
0.31 AMB
0.39 120
0.45% 120
0.52 120
0.64 120
0.73 120
0.81 120
0.94 120
1.01 120
1.08 160
1.17 200
1.28 240
1.3§ 280
End DBA -
Start SA —
1.39 284
1.47 288
1.54 292
1.61 296
1.69 299
.M 303
]1.84 0

1

24

Valve Horizontal Inside Valve
Function Displacement Temperature
Test (in.) (°F)
Yes 1,90 i
_ 1.9% 318
— 2.01 319
Yes 2.08 323
- 2.12 27
— 2.18 33
- 2.24 RRE
Yes J 2.26 338
- | 2N 342
- 2.45 146
Yes ‘ 2.54 150
— ;‘ 2.70 350
Yes 3.28 150
- 4.2 150
Yes $.37 150
— 6.43 150
- 7.00 150
— 8.5% 350
— 947 150
— 10.72 150
Yes 11.77 1%0
- 12.84 150
- 13,34 150
Load release 150
ot ‘L 9.%0 -

Yalve
Function

Test

Yes

EaR
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Figure 18. Horizontal displacement and average inside valve temperature during 8-in. gate valve test.

4.1.1 Valves. Valve performance was character-
ized by operator current, stroke time, and valve seat
leakage. Typical current-vs.-time curves for open-
ing and closing the inside valve are shown in
Figure 16. The initial low-level spike on the open-
ing stroke is attributed to motor startup; the opera-
tor was then lcaded by the force required to
unwedge the valve disk from the seat and to over-
come friction drag between the disk and seat result-
ing from the pressure load of the applied 100 psid.
Once these two loads were relieved, the operator
motor attained the steady-state running cutrent
required 1o overcome stem packing load and fric-
tion in the gears of the operator. A position limit
switch interrupted current to the operator once the
valve reached its fully open position. The closing
stroke also started with a small inrush current peak,
then maintained a steady load until the disk made
contact with the seat, The load and current then
increased rapidly until the torque switch inter-
rupted current. The highest currents occurred as
the disk was lifing off the seat at the beginning of
the opening stroke and at the end of each closing
stroke, Since the start of the stroke was (he time at
which maximun: pressure load (about 100 psid)
was applied and the disk was simultaneously being
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unwedged from the seat, the higher current would
be expected. The peak opening currents for the
inside valve as a function of pipe displacement are
shown in Figure 17. The opening and run currents
were not influenced by the penetration displace-
ments and were similar to the values measured
betore the test (baseline). At the end of the test, the
valve was left in the fully closed position and
allowed to cool from approximately 350°F to ambi-
ent. The first opening stroke after cooldown
required a peak motor current of 1.46 A; subse-
quent cycles remained within the data extremes pre-
viously recorded. Valve stroke times for both valves
remained essentially constant throughout the test
and were from 36.6 to 178 s as measured from limit
switch operation. Operator current traces for the
outside valve are similar to those for the inside
valve. The inside and outside valve operators were
not measurably affected by the loads imposed on
the piping.

The leakages through the seats of the inside and
outside valves are plotted on Figute |8 versus dis-
placement. The inside valve leakage remained
below the 0.008 scfm required to meet specifica-
tions for tight shutoff until the displacement
exceeded twice the design basis accident
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specification. At a 2.6-in. horizontal displacement
and 146°F, the leakage increased to about
0.103 sefm after cycling the valve. Leakage then
decreaed to a range of about 0,02-0.04 scfm for the
remainder of the displacement ramp. When the load
was released from the penetration, the piping system
returned about 4.2 in. toward its original position,
and the leakage through the inside valve immediately
increased. This leakage, calculated on the basis of
pressure changes, was 0.89 s¢fm. It remained at this
level when closing the valve with the operator. By
manually closing the valve with the integral hand-
wheel, the leak could be reduced to levels similar to
those measured at the beginning of the test.

Strain measurements on the piping next to the
inside valve nozzle indicated that yield stress
(approximately 1220 win./in.) was exceeded in this
area (see Figure 19). Posttest measurements have
shown the bonnet gasket locating ring to be elon-
gated by 0.010-in. in the axial direction. There was
also 0.008-in. clearance on each side of the top of
the gate. The measured strains on the valve body
and piping suggest that the seat wedge at the top
was in compression during the test. Therefore, the
opening of the seat at the top of the wedge was
caused by yield of the valve body and release of

by

residual compressive stresses when the load was
relicved after maximum displacement. This theory
is consistent with the fact that the largest leak
occurred upon relaxation of the load. Strains in the
valve bonnet area remained well below yield
throughout the tests. Moments calculared from the
measured strains did not exceed the moments
which would have been required in valve qualifica-
tion testing to ANSI B16.41 (QV4).

A stem packing leak also occurred on the inside
valve late in the displacement cycle and was calcu-
lated to be 0.81 scfm. It should be noted that the
packing was dry, new, and had not been tightened
during the test, The packing was sealing dry gas
and had been at a temperature over 350°F for more
than 12 h.

The outside valve leakages are also plotted on
Figure 18 and indicate no significant leakage and
no change in leakage throughout the test.

4.1.2 Pipe Supports. Strain was measured in the
two highly loaded inside struts. On the basis of
these measurements and strut geometry, the peak
loads were calculated to be 15,0008 Ib for the

o Based on 30,000-psi yield, strut body was elongated 0 24%
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Figure 19. Strain on inside gate valve for 8-in. gate valve test.

horizontal strut (7.7 times the rated capacity) and
61,000 Ib (7.6 times the rated capacity) for the ver-
tical strut. Visual examination of the struts and
attachinents revealed the following: the bushing at
the piping end of the vertical strut had broken; the
bolt at the vertical strut attachment to the pipe
clamp was severely bent; the pipe clamp was
severely deformed (see Figure 20); the pipe under
the clamp was locally yielded; and the clamp had
slipped along the axis of the pipe. The pin in the
fixture attaching the vertical strut to the frame was
also beni, The end connections on the vertical strut
had permanently elongated about £%. The support
loads calculated from the measured strains greatly
exceeded the support design loads,

The horizontal strut was not damaged to the
same degree, and there was no external evidence of
bushing or pin failure. The pipe clamp for the hori-
zontal strut was also deformed and had slipped
along the pipe, and the pipe had locally yielded.
The horizontal strut was permanently elongated
0.2% in the barrel section; no damage was appar-
ent in the threaded end connectors, The attach-
ments of the horizontal strut 1o the test fixture were
undamaged.

The force vs. displacement curves for the struts
are presented in Figure 21,

4.1.3 Piping. The piping behaved in a ductile
manner and survived local deformations and large
bending moments that caused significant yielding
through the cross section. The highest measured
straii. occurred on the inside piping at its entry into
the penetration assembly. As illvstrated in
Figure 22, this strain reached 4.7% (0.12% s
approximately yield).

In addition to seme minor and very localized
deformations associated with pipe supports, the
piping exhibited a significant amount of ovalizing
in the last (farthest downstream) outside elbow.
The external shape had changed from a circular
cross section with a diameter of 8.67 in. 10 oval with
major and minor axes of 9.16 and 8 36 in. respec-
tively. The pipe strains i.ieasured at various loca-
tions throughout the svstem at the maximum
horizontal displacement of 13.2 in. are listed in
Table 6. Appendix A provides additional informa-
tion on the locwion at which the strains were
measured.

After the hydraulic pressure to the ram was
relieved, the elastic strain in the piping system
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Table 6. Maximum pipe system strains for 8-in, gate valve test
Strain
Gauge Measurement
e System Location Orientation? (10-%in./in.)
Horizontal piping near tee (right branch facing penetration R} ~ 13,450
from inside containment)
Horizontal piping near tee (left branch) 4 20,330
Vertical piping near tee b 1,470
Horizontal piping near inside elbow ) 3,200
Horizontal piping near inside valve, upstream s ~1,7%0
Inside valve nozzle, downstream | - 2,290
Piping near inside struts, downstream | - 7,000
Near penetration, inside piping | 46 860
Near penetration, outside piping L) - 17,7%0
Outside valve nozzle, downstream 2 ~ 280
Near first downstream elbow, upstream b) 7,700
First downstream elbow 3 12,870

& Onertations of strain gauges were as follows: (1) on top of pipe mensuring avial strain, (2) on right side of pipe, facing
downstream, measuring asial strain, (3) on bottom of pipe measuring axial strain, (4) on left side of pipe, measuring axial strain,

(£) on top of pipe, measuring circumferential sirain
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Given the judgment that the 13.2-in. horizontal
and 3.3-in. vertical displacements and the 350°F temi-
perature are near or exceed most containments’ ulti-
mate capacities, the results from this test show that
typical containment spray piping penetrations are
most likely capable of performing their intended
safety functions during a severe accident.

4.2 Purge and Vent: 8In. Butterfly
Valve Testing and Results

The purnose of this part of the test program was (o
evaluate the ability of a containment purge and vent
CPS with elastomerically sealed butterfly valves to
remain leaktight and maintain valve operability when
exposed 1 design basis and severe accident tempera-
tures, pressures, and mechanical loads. The main
concerns for failure were possible deterioration of the
elastomeric valve seat due 1o prolonged exposure to
heat and failure of the piping or pipe supports due to
the large displacements.

Since the valves used in this test nad been exposed
to temperature and pressure loadings in previous
single-<component leak tests,} all the elastomeric seals
were replaced in both valves before installation in the
test system. Piping sections damaged during the gate
valve testing were replaced, and the whole piping sys-
tem was pressure-tested at 300 psig to ensure inechan-
ical integrity. The valves were leak-checked after
installation to ensure a bubble-tight seal at 120 psig.
The whole system was checked for leak tightness at
138 psig. All pressure testing was done with nitrogen
gas,

The upstream valve was checked for operability by
opening the valve with differential pressures of 0, &0,
and 120 psig. Differential pressures were applied
from the upstream side with nitrogen. After operabil-
ity tests, the center piping section was vented (o zero
pressare, rechosed, and connected to a flow meter
which was monitored for 1172 to 2 min to check for
valve leakage. The downstream valve was chevked for
leakage by pressurizing the center piping section and
monitoring the flow meter connected to the down-
stream piping. Since the downstream butterfly valve
was not heated directly, it was felt nothing would be
learned by operating the valve; therefore it was left
closed throughout the test.

The upstream valve and penetration were then
heated, displaced, pressurijed, and checked for aper-
ability and leakage according to the schedule pre-
sented in Table 7. The downstream valve was also
pressurized and checked for leakage

a3

After two hours at 350°F, due to electrical diffi-
cultics, the inside valve was allowed to cool down,
Prior to reheatup, leakage was checked at 100°F.
The valve was found to be leaking. It was decided 10
replace the seals in the valve and restart the test.
The load on the piping was relaxed and the scals
were replaced in the inside valve. Both valves were
again checked for leakage at 120 psig and found to
be bubble-tight. The flange upstream of the inside
vave was tightened to hold 135 psig nitrogen pres-
sure. The upstream valve was again checked for
operability, and the test restarted from the new no-
load equilibzium position of the piping.

The upstream valve and penetration were heated,
pressurized, displaced, and chacked for operability
according to the schedule presented in Table 8. The
time-at-temperature sequence was kept approxi-
mately the same as on the first butterfly valve tes!
until the no-load equilibrium disptacement of the
initial test was exceeded. A plot of inside valve tem-
perature and displacement-vs.-test duration is pre-
sented in Figure 26 for the first test and the initial
part of the retest. A plot of the complete tempera-
ture and displacement history of the complete sec-
ond test is presented in Figure 27.

During the test of the purge and vent system, the
CPS displacement was large enough to cause the
failure of twe pipe supports (ong in tension and one
in compression). There were no other equipment
{ailures or loss of function. There was no measur-
able leakage through either valve and no noticeable
change in valve operation.

4.2.1 Valves. Valve performance was again char-
acterized by operator current, stroke time, and
valve seat leakage, Typical current-vs -time curves
for the inside valve are shown in Figure 28. The
initial current spike on valve opening is attributed
o motor startup and the initial breakaway of the
disk from the elastomeric seat, After the initial
startup, the motor settled into a steady-state oper-
ating condition of 0.84-0.60 A, with moderate
uscillatory behavior of unknown origin. Shutoff on
the opening cycle was accomplished with a position
limit switch.

The closing stroke started with a smaller inrush
of current and settled into the same oscillatory
steady-state behavior until the seal disk made con-
tact with the seat. The current then rose as the disk
was forced into the seat and the closing limit
switch interrupted the current. As shown on Fig-
ute 29, the unseating current was generally higher
with higher upstream pressures as expected. Aver-
age steady-state operator current also varied



Table 7. Containment parameters for design basis accident/severe acciient conditions for
8.in. butterfly valve test (first ramp)

Total
Horizontal Inside Butterfly
Penetration Valve Valve
Displacement Temperature Pressure Function
. tn) MTIEY « ; KA _Apsi) L Test

Design Basis Agcident Conditions

0,00 AMB 60 —a
0.23 140 60 Yes
0.51 140 60 -
0.53 160 60 -
082 160 60 Yes
0.82 200 60 -_
0.89 200 60 Yes
0.89 240 60 -
0.96 240 60 -
0.96 280 60 —
1.08 280 60 Yes
Severe Accident Conditions
1.0% 314 90 -
1.7% 31 90 Yes
1.7§ 150 120 -
2.18 350 120 -
100 180 120 Yes
5.00 150 120 -
6.61 150 120 -

4. Baseline tests
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Table 8. Mmmmsm«unmmwmmwmm
8-in. butterfly valve test (second ramp)

Total
Horizontal Inside Butterfly
Penetration Valve Valve
Displacement Temperature Pressure Function
o in) L _Aps) _ Test

Design Basis Accident Conditions

3.00 AMB 60 Yes
3,088 120 60 Yes
J.o08 160 60 Yes
3.08 200 60 Yes
3.08 250 60 -
3.08 280 60 Yes
Severe Accident Conditions
3.08 31 90 Yes
3.08 150 120 —
3.08 350 120 —
£.00 150 120 Yes
7.01 150 120 —
9.04 350 120 e
12.7 150 120 -
14.77 150 120 -_
18.01 150 120 Yes
16.13 150 90 Yes
15.50 150 60 Yrs
1433 150 60 Yes
14.33 100 60 -
8. Piping was maintained at no-load equilibrium posilion uatil ume-at-lemperature histor y from fird test was replicated
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somewhat (0.54-0.61 A), but there was no obvious
effect of the simulated accident conditions on the
start, unseat, or run currents. Stroke time for the
inside valve varied from 8.0 to 8.2 s for both open-
ing and closing cycles. The outside valve was not
operated.

Neither valve showed any measurable leakage
during the heated portion of the test. The inside
valve showed some slight leaks during heatup tran-
sients, but these went away when the valve reached
temperature equiiibrium. The inside valve showed a
sustained leak of 0 .88 scfm with 60 psip differential
pressure when cooled below 210°F after the high
temperature portion of the test.

4.2.2 Pipe Supports. The ends of (he 'wo struts
near the inside valve which were hit *" ' ad d dur-

ing the gate valve test were repli -« . 0o Jter-
My valve test. Strain gauges clectronically
rezeroed for the butterfly valve . 1ne horicontal

strut was now equipped with 4 2-m. Sch. 40 body
with 1-in. rad enas while the vertical strut was
equipped with a 2-<in. Sch. 160 body and 1-1/4-in.
rod ends. Due to the difference in the distribution
of the stiffness of the two struts, they also had a
different distribution of strain. The horizontal
strut experienced itx exrension it the main body of
the strut, while the rod ends and attachments wete
not damaged. The vertical strut experienced defor-
mation in the bal! joimt rod ends, one of which
failed completely at & load of about 7.8 1imes its
rated capacity, Both clamps again slipped along the
axis of the pipe during the test. The lower rod end
o” the vertical strut yielded enough to pull tue pin
through the end of the eye (see Figure 30), Force vs,
displacement curves for the struts are presented 1n
Figures 31 and 32. The horizontal sirut on the
right side of the upstream piping buckled under
compression loading (see Figure 33),

423 Piping. A major problem with the 8-in.
piping during the butterfly valve tests was the diffi-
culty in maintaining a tight seal with the 150-Ib-
class raised face flanges and spiral-wound
(stainless asbestos) gaskets. Since the seal on the
upstream face of the outside valve was critical to
ieak measuremants, this joint was given special
attention. The holts were drawn up to give metal-
to-metal contact on the compression gavge arcund
the periphery of the gasket.

During the second butterfly valve test, the flange
upstream: from the inside valve experienced a major
leak at a displacement of 5.0 in. and a temperature

LE

of 350°F. The !>ad was released and the bolts
retightened, which fixed the leak until another
small leak developed at a displacement of 18 in,
The leak continued until the vertical strut broke. A
general observation concerning the piping is that it
behaved in a ductile manner and swvived local
deformations and large bending moments that
caused significant yielding through the cross sec-
tion. The highest measured strain occurred on the
inside piping at its entry into the penetration assem-
bly. As illustrated in Figure 34, this strain
reached 6.2%.

In addition to some minor and very localized
deformations caused by the pipe supports, the pip-
ing became somewhat oval at both outside elbows.
The external shape had changed from a nominally
circular cross section with a diameter of
8.64 x 867 in. (inside) and 8.59 x 867 in. (out-
side) to an oval cross section with major and minor
axes of 9.36 x 8,10 in. and 9.34 x §.12 in. respec-
tively. The elbow upstreamm from the inside valve
was alio deformed from a cross section of
8.68 x 8,65 in. to a cross section of 7.80 x 9.34 in,
The pipe strains measured at various locations
throaghout the system at the maximum horizontal
displacement of 18.0in. are listed in Tables 9
and 10. Figure 14 provides additional information
on the location at which the strains were
measused.

After the hydraulic pressure to the ram was
relieved, the elastic strain in the piping system
caused the piping to return 3.2 in. horizontally
(18% of the maximum displacement) toward its
original position, Figures 15, 36, and 17 show the
conditions of selected parts of the CPS following
load removal. The strut immediately downstresm
of the outside valve 1s obvious!y misaligned and the
pipe clamp has rotated around the pipe as can be
seen in Figure 35, Figure 36 shows the broken
inside vertical strut. Also apparent i this figure is
the bending in the pipe between (he inside valve and
the penetration. Finally, Figure 17 shows the per-
manent bending in the long horizontal section of
the inside piping.

4.2 4 Penetration and Yest Fixture. A thorough
visual inspection of the test fixture and the penetra-
tion assembly identified no significant damage to
cither. The box beam support located at the end of
the right-side bran-h of the internal piping main-
tained the 3-degree misalignment carried over from
the gate valve tests. No other damage was
chserved,
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Table 9. Pipe system strains at maximum deflection for 8-in. butterfly vislve test

(first ramp)
Strain
CGauge Measurement

System Location Orientation® (10 *in./in.)
Horzontal piping near tee (left branch facing penetration V4 - 1442920022
from inside containment)
Vertical piping near tee 5 1470
Horizontal piping near inside elbow 24 = 107.2:2364
Horizonwl piping near inside valve, upstream 173, 2°4 86471582, - 499|387
Inside valve weld neck, downstream 13,24 = J29% - 316, - 877411
Piping near inside struts, downsiream 173, 2/4 ~ 69646753, - 998 3691
Near penetration, inside piping 173, 2/4 46881 - 38016, 24580 - 8954
Near penetration, outside piping 1/3, 274 16992 — 17731, 1994 - 1620
Outside valve weld neck, upstream side 173,274 206 -241, -267/183
Near first downstream elbow, upstream 173, 2/4 =~ 1389/ 1692, 951,969

Firsi downstream elbow 173, 2°4  BI05/12868, - 9199 650

@ Orentations of sirgin gauges were as follows: (1) on top of pipe measuring axial strain, (2) on right side of pipe. facing
downstream. measuring avial strain, (J) oo bottom of pipe measuring axial strain, (4) on left side of pipe. measuring avial strain, (%)
on op of pipe, measuring circumferential wrain
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Table 10. Pipe system strains at maximum deflection for 8-in. butterfly valve test
(second ramp)
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425 Conciusions. The test on this representa-
tive purge and vent containment penetration sys-
tem clearly demonstrates that there is a great deal
of safety margin in such hardware with respect to
proper performance under design basis conditions.
At these conditions, the valve performance was
unaffected, and maximum pipe strains and support
loads were well within material yield levels. Valve
operation remained unaffected throughout the
design basis accident and severe accident tests, The
inside valve leak integrity remained unaffected
until the valve was cooled to 210°F after the severe
accident test. The outside valve maintained leak
integrity throughout the test program and thus pre-
vented the potential of a containment leak to the
outside atmosphere after the simulated severe
accident.

At the maximum horizontal displacement of
18.0in. in the severe accident portion of the test,
the performance of the inside valve was still
unchanged—operator current was normal and
leakage at 120 psid was less than 0.001 scfm. Two
struts failed (one in tension and one in compres-
sion), and the piping responded in a ductile manner
with no local buckling. The pipe clamps distorted
and slipped 1o a sufficient extent to accommodate
much of the pine movernent

wiven the judgment that 'he 18.0-in. horizontal
and 4.8.in, vertical displacements and the 3S0°F
temperature exceed most containments' ultimate
capacities, the results from this test show that typi-
cal purge and vent containment piping penetrations
are capable of performing their intended safety
functions during a severe accident

4.3 Small-Bore CPS System
Testing and Results

The purpose of this part of the test program was
to evaluate the atility of a small-bore CPS system
with a globe valve equipped with hardened seats to
remain leak tigh’ and operable when exposed 1o
temperatures and mechanical loads typical of
design basis and severe accidents. It was also
intended to determine whether valves with hard.
ened metal seats seal tightly enough to seal a
heatup-driven water expansion pressure transient.

The test system was assembled and instrumented
as shown in Figure 12. The globe valve was
repacked and the entire system was hydrotested at
4780 psig. The flued hecd weld and socket welds
were dye-penetrunt tested to be sure there were no
initial cracks. After the dye-penetrant tests, heaters

were installed on the valve and on the pipe between
the valve and the penetration. The heated valve and
piping were thea insulated. Baseline valve function
and leakage tests were performed with zero pressure
and 1500 psig (N3) applied alternately under the
plug and over the plug (upstrean-o-downstream
and downstream-to-upstream’ lem;erat.re, prus-
sure, load, and strain dat: were recorded on strip
charts.

The enclosed-volume water expansion test was
performed first ¢ part of the design basis accident
simulation. This test was performed due to utility
questions to the NRC over (he need (0 backfit oldey
plants with relief capabilities to prevent entrapped
water from overpressurizing the system during an
accident. The valve was close4 and the downstream
section was filled with wate: «nd vented at high
points to remove all air. The valve and downstream
piping were heated to 120°F. The end of the piping
was then displaced (lifted) in 0.25-in. increments to
1.5 in. as shown on Table 11. The vulve and piping
were then heated to 200°F and displaced 1.78 in.
Heatup to 280°F was then initiated. Power to the
heaters was shut off when pressure in the down-
stream pipe reached 3875 ps. v, Pressure continued
to rise until it reached a meximum of 4016 psig. A
plot of the pressure-temperature transient is pre-
sented in Figure 38, The pipe wus then vented to
release pressure and heated 10 280°F The pipe was
then cooled to 200°F vented, and dried. After
reheating to 280°F, a two-way valve function test
was performed at 1500 psig, first pressurizing the
downstream pipe and then the upstream pipe, with
leak checks in both directions. This completed the
design basis accident simulation sequence.

The heatup and displacement were continued 1o
3S50°F and 8.0 in. (end of severe accident simula-
tion with leak checks and valve function tests as
specified on Table 11). After reaching the full
severe accident condition, arbitrarily set at
four times the design basis accident displacement,
the vertical support strut was disconnected, and
displacement continued (according to Table 11).
This was done to investigate the effects of high
bending moments on the flued head and nearby
piping. Since bending moments on the valve were
reduced from tue severe accident test levels after
disconnecting the strut, leak rate and valve fung-
tion tests weie not per forryed during this portion of
the test. Temperature was maintained at 350°F, The
displacement range for this portion of the test was
from 8 1o 24 1.

The system was allc aed to cool to ambient tem-
petature. The support strut was reconnected, and



Table 11. Containment parameters for design basis accident/'severe accident conditions

for 2:in. globe valve test
Vertical
Displacement Temperature Leak Valve
(in.) R Check Function
0.0 — X \
Design Basis Accident Water Full
0.2% 120 — —
0.50 120 — -
0.7% 120 - -
1.00 120 - -
1.28 120 - -
1.50 120 - -
1.78 200 - -
2.0 280 X X
End Design Basis Accident
Severe Accident System Dry
2.28 288 X
2.5 118 X X
1.0 150 X x
1.8 380 )
4.0 150 X
L0 150 X X
6.0 350 X
7.0 150 \
L] 150 X A

End Severe Accidert

Penetration Bending Tests. Vertical Strut Disconnected.

9.0
10,0
11.0
12.0
14.0
16.0
17.0
18.0
20.0
2.0
240

350

48



Table 11. (continued)

s e i e e e

Vertical
Displacement Temperature Leak Valve
o Ain) (“F) Check Function

Ambient temperature valve tests. @ Vertical strut reconnected.

20.0 Ambient - —
207 - b -t
2 - - .
24 - \ .
26 - - .
28 - X -
0 - - -
n - X X
9 - o <
16 - x X
40 - X X
44 - o A=
47 — X X
a. Upstream pressure only @ | 500 psi
300 T T 4500
x  Temperature
o Pressure °° ® o . - ‘ooo
x x x * ‘ x Q
276 ~
- . - ® - 3500
o
£ " < 3000
250 |- ’ " x 3
’ "« 4 2600
x - 2000
226 + )
4 4 1500
200 + * 1 o
°
® -4 8§20
1+
‘n Qo o i — 1 o
0 10 20 30
Time (min) PAST WHT-1087-08

Figure 38. Thermal and pressure transient in piping of 2-in. globe valve test.
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an attempt was made (o load the valve and piping to
effect a measurable ¢change in valve performance.
Leak checks and valve function tests were per-
formed as according to Table 11. After final dis-
placements, the valve sockei welds and flued head
butt weld were checked with dye penetrant for
cracks, The system was also hydrotested to
4750 psig.

There were no failures nor loss of function of any
of the equipment tested during the small-bore CPS
test.

431 Valve. The valve used in the small-bore
CPS tests was characterized by motor current,
stroke time, and seat leakage. The main component
of the motor current was the inductive ¢urrent
needed to operate the motor regardless of the load
(~0.42 A). Stem packing friction added from
0.04 A for well-broken-in packing to 0.14 A for
fresh packing. Lifting the plug off the seat against
1800 psi differential pressure required up to 0.14
additional amps. Closing the valve agains' 1000 psi
typically took 0.02 A more current than opening it
This would indicate about 0.01 A for stem rejec-
tion load. None of the components of the vaive
motor current showed a response to valve tempera-
ture or pipe displacement. Motor starting current
was also unaffected by system variables.

A plot of operator current vs, displacement is
shown in Figure 9. Typical operator current curves
for opening against upstream and downstream
pressure are shown in Figures 40 and 41. Valve
cycle times varied from 38.0to 35,5 & for the open-
ing stroke and from 34.2 to 35.0 s for the closing
stroke.

For the most part, the valve leakage rema.ed
below the threshold of the flow meter
(0.0003 scfm). After one valve function test al
280°F, and |.7%-in. displacement, with 1500 psi in
the upstream section (under the plug), the valve
showed a leak rate of 0.0198 scfm. After repeating
the valve function test, the leak rate again dropped
below the threshold of the flow meter.

Packing leakage was measured with 1400 psi
internal pressure. At a temperature of 350°F and a
displacement of 2.8 in, the packing leakage was
0.54 scfm. At ambient temperature and 48-in. dis-
placement, the packing leakage was 1.2¢ s¢fm.

4°

4.3.2 Pipa Support. The pipe support for the 2-

“in. globe valve test was construgted with a 1-in.

Sch. 80 pipe section and 3/4-in. threaded end con-
nections. Loads in the stiut as measured by a strain
gauge on the strut body reached the rated capacity
of 650 Ib at a piping displacement of 1 in. The
measured load at 2.0-in. displacement (end of
design basis accident simulation) was 1277 Ib,
which compares well 1o the pretest prediction of
1107 1b. The load reached 2200 1L at the end of the
severe accident portion of the test (8.0-in. displace-
ment) and 3550 Ib at the maximum displacement
of 48 in. Stresses in the strut remained well within
the elastic limit throughout the test ($£50 psi maxi-
mum at 47-in. displacement ).

4.3.3 Piping. The piping behaved in a ductile
manner with no ¢racking or buckling and no leak-
age, even after displacement under hydrotest pres-
sure of 4750 psig. Although the pipe experienced
significant yielding, the cioss section remained cir-
cular, within 0.6% . There was no cracking, leak-
age, or noticeable yielding in the socket welds.

The load curve vs, deflection for the test system
piping is shown in Figure 42. The measured lond at
a deflection of 1.992 in. (end of the design basis
accident s.mulation) was 448 1b, which was very
¢lose to the pretest prediction of 469 |b at a deflec-
tion of 1.994 in. It is also interesting to note from
the load vs.-deflectivn curve that the design basis
accident simulation condition is very near the elas-
tic limit for this system. Figures 43 and 44 show the
final deflected condition of 1he test piping.

434 Conclusions. The test on this portion of
the small-bore containment penetration system
demonstrates that there is a great deal of margin in
such hardware with respect 1o proper performance
under design basis or severe accident conditions
and beyond. The valve and flued head are
extremely stiff relative to the attached piping, and
the piping is flexible enough to withstand large
deflections without failure or transmitting failure-
producing loads (e the attached components.

Water-filled closed systems can develop signifi-
cant elevated pressures due 1o thermal expansion of
trapped water at design  basis  accident
temperatures.
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6. FINAL CONCLUSIONS

Comparing the analyses of the experimental
results with the project objectives provides the fol-
lowing insights:

The measured response of these generic piping
systems exposed simultaneously to pressure,
temperature, and displacement loadings equal to
a design basis containment response echious a
great deal of performance margin, wiich is veri-
fied in the severe accident testing.

Valve operability =nd leak integrity also show
considerable safety margin at design basis load-
ings.

Water-filled piping systems penetrating contain-
ment without relief capability can build up exces-
sive pressure at design basis temperatures. The
NRC's congern with this problem is valid. Not all
valves will be as tight as the one tested in this
project; however, the experimental results do
show pipe rupture is possible.

The analytic procedures of the ASME ("ode for
Level “D" allowables are based on component
limit load concepts. These are ultraconservative
when one considers the load redistributions
which generally occur in a system. ANCO Engi-
neers (Culver City, CA), Energy Technology
Engineering Center (Los Angeles, CA), and the
INEL aork all show piping system failure levels
will be greater than 3% strain even when oscillat-
ing seismic loadings are considered.

The response of the piping systems and valves
under severe accident loadings up to ultimate
containmant capacity show that high levels of
strain can be sustained without piping system or
penetration failure, and the redundant valve out-
side of the harsh containment enmvironment pro-
vides leab integrity. Operability was not affected
&en in the gate valve where some permanent
plastic response was observed. A solid wedge

gate val.e may have had more problems than the
flexible gates in these valves,

The experimental results from this testing pro-
vide insights in two areas where current qualifica-
tion standards may require improvement. The first
of these is the pipe reaction End Loading Qualifica-
tion Test, Annex D of ANSI B16.41. During the
analyses of the actual end loadings sustained dur-
ing the CPS tests, analysts compared loadings to
the qualification requirements of Annex D. Incon-
sistencies in the procadures were found particusarly
with valves mating with pipe thicknesses greater
than Schedule 40. As previously mentioned, CEGB
is using the US qualification standards at Sizewell.
They also had trouble with the procedures of this
annex. The ASME valve qualification subcommit-
tee has been notified by both CEGB and the INEL,
and they have agreed o review the problem.

The second area of concern is that the ASME
does not have a released qualification document for
nonmetallics. The purge valve elastomeric seal
experiences compression set in the closed position
over time, and the compression set is accelerated at
temperature. This allows a potential leak path out
of containment. The new standard is in draft review
and our concern: about the valve seals have bc.n
made known to the committee. These concerns are
being considered.

The only failures in the CPS tests were the two
strut failures. The horizontal strut that failed due
10 buckling failed because the load caused the pipe
clamp to slip. Friction pipe clamps cannot be
expected 1o hold during this type of overload. The
vertical strut end failed in tension at ereater than
seven times its rated load. Both failures reduced the
stress on the piping system.

Reviewing the results of these CPS tests and
those of the CPS seismic test provides confidence
that the containment piping penetrations and
valves have considerable margin to fallure during
any credible design basis or severe accident

mechanical (oading.
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APPENDIX A
INSTRUMENTATION LOG FOR GATE VALVE TEST (CPS-5)
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APPENDIX A

Channe: numbers refer to the Data Acquisition System.

Instrument identifiers containing the same numeric designator are nominally located at the same axial
location on the system test pipe.

To define orientation, flow is assumed to be fro.n the inside of the containment 1o the outside. “Left" and
“right" assume the observer is facing in the direction of the flow, or toward the penetration, from inside the
contair ment.

Pipe strain gauges (SG-XX) are welded or bonded 10 the pipe. Locations are referenced from the center of
the gauge to the edge of the weld joining the pipe to the referenced fitting or component. Gauges designated
“{R)" are part of a three-gauge rosette. 3train gauge data provided qualitative understanding of piping
system performance, but generally was not consistent enough to allow reduction to forces and moments with

uneguivocal results.

Idenuification

10

Thermocouples

TCS-10

TCi9

TCl-10U
TCL10D

SG-6A

SG-6B

SG-6D

SG-6k
SG-6F

INSTRUMENTATION LOG FOR GATE VALVE TEST (CPS-5)

~ Location Comments
Upstream valve Models inside valve (inside
containment) Type K
thermeouples
(Chromel-alumel)

Outside surface

Inside valve

Upstream seat

Dow nstream seat

_.. Horizontal pipe, near “Tee"

At longitudinal centerline

Top of Nlow path. 3 in.
upstream from valve sea

Top, inside valve
Top, inside valve

Bonded

Top, circumferential (R)

Top, 45° (R)

Top, axial (R)

Right uide, axial (toward penetration)

Bottom, axial
Left side, axial

Al

~1-1/2 in. from wrid

Failed at a displacement of
1.74 in.
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Channel  Identification Horizontal pipe, near “Tee” Bonded
1 SGIA Top, circumferential (R) 1172 in. from weld
12 SG-78 Top, 45° (R) -

13 SG-IC Top. axia! (R) -
14 SG-7D Right side, axial -
14 SG-TE Bottom, axial -
6 SG-F Left side, axial -
Vertical pipe, near “Toe" ~ Bonded
17 SG8A Side opposite from penetration (R) 1-3/4 in_ from weld
18 SG-5B Same as above, 45° (R) -
9 SG-8C Same as above, anial (R) -
20 SG-8D Right side, axial -
2 SG-8E Opposite SG-8C, axial -
2 SG-8F Left side, axial -
23 SG-9A-A Top. circumferential (R) 1174 in. from weld
24 SG-9A-B Top, 44° (R) -
3 SG-9A-C Top, axial (R) -
26 SG-9A-D Right side, axial Lin from weld
n SG-9AE Bottom, anial | in. from weld
b SGYAF Left uide, avial 1 in. from weld

T ———
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. Welded

1-3/4 in. from weld (pipe to
valve)

1:3/4 in, from pipe weld
1-3/4 in. from pipe weld
1-3/4 in. from pipe weld

Welded

1-3/8 in. from valve body

On cross section with SG-10-§
On cross section with SG-10-8
On cross section with §G-10-S

! | Short mm
r Channel  Identification _of valve
l 2 SG-9B-A Top, circumferential (R)
i 30 SG-9B-B Top, 457 (R)
| 3 SG9B-C Top, axial (R)
| n SG-9B-D Right side, axial
| n SG-9B-E Botiom, axial
i 34 SG-9B-F Left side, axial
? Inside valve weld neck,
downstream side
A SG-10-8 Top, circumferential (R)
36 SG-10-T Top, 45° (R)
» SG-10-U Top. axial (R)
3" SG-10-V Left side, axial
| 0 $G-10-W Bottom, axial
0 SG-10-X Right side, avial
|
T 4l SG-10-AA Downstream side
i 2 $G-10-DD Right side
| 43 SG-10-EE ‘}stream side
44 SG-10-FF Left siae

At
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a8 $G-11-A Top, circumferential (R) 18 in. from valve
% SG-11-B Top, 45° (R) -
© $G-11.C Top, axial (R) -
| an SG11-D Right side, axial -
} ™ SG-11-E Bottom, axial -
50 SG-11-F Left side, axial -
|
Upstream from penetration Bonded
: 51 SG-13-A Top, circumferential 1-172 in. from penetration
2 SG-13-8 Top, 48° -
. 3 $G-13-C Top, axial -
“ SG-13-D Right side, axial -
| 5 SG-13E Bottom, axial -
% SG13F Left side, axial -
| ~ On pipe inside penetration Bonde<
o SG-19A Top, circumferential (R) -
" SG-158 Top. 48° (R) -
i “ SG-15C Top, axial (R) -
0 $G-15D Right side, axial -
61 SC-1$F Bottom. avial -
: 0 SG-18F Left 5" de. aial -
i
!
|
A6

PR — e —
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Weld neck, downstream

Channel  Identification valve, upstream side _ Bonded
6 $G-22-8 Top, circumferential (R) I in. downstream from
machined diameter reduction
64 $G22T Top, 45° (R) -
68 $G-22:U Top, axial (R) -
" $G-22.V Right side, axial As above
0 $G-22-W Bottom, axial As above |
o $6.22-X Left side, axial As above |
|
cieumientiol 13/8 .
helow bonnet flange Bonded
69 S$G-22-AA Downstream side -
0 $G-22-DD Right side - |
" $G-22-EE Upstream side -
” $G-22-FF Left side - I
f
n SG24-A Top, circumferential (R) - |
" $G-24-8 Top, 48° (R) - |
7 SG-24-C Top, axial (R) - |
%% SG-24-D Right side, axial - :
” SG-24-E Bottom, axial -
" SG-24-F Left side, avial -
"y $G-24G Strut, near first Bonded
outside elbow

i e Sk
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80 SG-25-A Top, circumferential (R) -
L] SG-25-B Top, 45° (R) —
82 SG-28-C Top, axial (R) -
LE $G-25-D Right side, axial -
x4 SG-25-E Bottom, axial -
&8s SG-28-F Left side, avial -
Strut Locations - Bonded
86 §G-25.Q Vertical strut near far outside elbow -
87 SG1-Q Vertical strut near inside valve -
88 SG-11-R Horizontal strut near inside valve -
External measurements
&9 SP-24 Hydraulic pressure to ram S/N 208770
90 SP-21 Pressure, upstream pipe SN 662553
9l P22 Pressure, middle pipe SN 662552
EN SP-23 Pressure, downstream pipe SN 662554
9 DP-1 vertical displacement SN
94 DP-2 In-line displacement SN A
9 Vil Position, inside valve stem -
9 VP2 Position, outside valve stem -
Ll Vel Electrical current, inside valve -
s Ve2 Electrical current, outside valve -~
» Vv Vahe voltage d



APPENDIX B
INSTRUMENTATION LOG FOR BUTTERFLY VALVE TEST (CPS-6)



APPENDIX B
INSTRUMENTATION LOG FOR BUTTERFLY VALVE TEST (CPS-6)

Channel numbers refer to the Data Acquisition System.

Instrument identifiers containing the same numeric designator are nominally located at the same axial
location on the system test pipe.

To define orientation, flow is assumed to be from the inside of the containment (o the outside. “Left” and
“right” assume the observer is facing in th: direction of the flow, or toward the penetration, from inside the
containment,

Channel Identification Location Comments
Thermocouples Upstream valve Models inside valve (inside
containment) Type K
thermocouples
(Chromel-alumel)

0l TCA Flange, right side Embedded 1-1/4 in. im0
3/8.in.-thick seat retainer
flange

02 TC2 Flange, left side As above

03} TC3 Pipe surface Near inside valve

04 TC4 Pipe surface Near outside valve

0 TC-§ Outside valve Nange

06 1C6 Ambient temperature

Pipe strain gauges (SG-XNX) are welded or bonded to the pipe. Locations are referenced from the canter of
the gauge to the edge of the weld joining the pipe to the referenced fitting or component. Gauges designated
“(R)" are part of a three-gauge rosette

R-1



Horizontal pipe, near

7.3/4 in. from C/L

Channel Identification tee, right side of tee, bonded
07 SG-6A Top, circumferential (R) 1/24n. from weld
08 SG-6B Top, 45° (R) -
09 SG-6C Top, axial (R) -
10 $G-6D Right side, axial (toward penetration) — —
1" SG-6F Bottom, axial -
12 SG-6F Left side, axial -
Horizontal pipe, near 7.3 4 in. from C/L of
tee, lefl side tee, bonded
13 SG-7A Top, circumferential (R) -
14 SG-78 Top, 45° (R) —
14 SGC Top, axial (R) ors
16 $G-D Right side, axial -
17 SG-TE Bottom, axial -
18 SG-7F Left side, axial -
172 in. from weld,
Vertical pipe, near tee bonded
19 SG-§A Side opposite from penetration (R) -
20 SG-8B Same as above, 447 (R) -
2 SG-AC Same as above, avial (R) -
2 SG-8D Right side, avial -
bi SG-SE Opposite SG-8C, axial -
24 SG-8F Left side, axial -
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Horizontal pipe, 32 in. from valve
Channel  ldentification upstream from inside valve fange face, bonded
24 SG-9A Top, circumferential (R) 1/2 in. from weld
26 SG-9-B Top, 45° (R) -
n SG9-C Top, axial (R) -
b SGOA-D Right side, axial 172 in. from weld
¥ SG-9A-E Bottom, avial 172 in. from weld
o SGOAF Left side, axial 172 in. from weld
Inside valve weld neck, 412 in. from valve
upstream side Nange face, welded
L} SG-10-A Top, circumferential (R) )
n SG-10-B Top, 457 (R) -
n SG-10-C Top, axial (R) -
L) SG-10-D Left side, avial -
L SG-10-E Bottom, axial -
kL) SG-10-F Right side, anial -
Horizontal pipe downstream Sheared off during
from inside valve test S
» SGALA Top, circumferential (R) -
L1 SG-11-B Top, 457 (R) -
» SG-11C Top, avial (R) -
&0 SG-11-D Right side, avial e
4 SG-11-E Bottom, avial -
EN SGAL-F Left side, axial -
B

—— i ————
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Between clamp and

37.0/4 in. from

I in. from penetration

Identification _penetration
SG-12-A Top, circumferential
SG-12-B Top, 45*
SF12-C Top, axial
SG-12-D Right side, axial
SG-12-E Bottom, axial
SG-12-F Left side, axial
- Not used
- Not used
On pipe upstream from

penetration
SG-13A Top, circumferential (R)
SG-138 Top, 45° (R)
SC 1M Top, axial (R)
SG-13D Right side, avial
SG-13E Bottom, | vial
SG-1 Left side, avial

On pipe inside

penetration
SG-15A Top, arcumferential (R)
SG-148 Top, 45" (R)
SGA18C Top, aval (R)
SG-14D Right sde, anial
SG-14E Bottom, avial
SG- 1 SF Left side, axial
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2 2 3 38

L

8

mmm“x.., 43/4in. from valve

Identification upstream side Nlange face. bonded
$G-22-A Top, circumferential (R) -

§G-22-B Top, 45° (R) -

$G-22-C Top, axial (R) -

$G-22.D Right uide, avial 18

SG-2-E Bottom, avisl -

SG-22-F Left side, axial -

- Not used ot

On outside pipe, 1-3/4 in. upstream from
near elbow clamp, bonded

SG-24-A Top, circumferential (R) -

$G-24-B Top. 457 (R) we

$G-24-C Top, axial (R) -

$G-24-D Right side, axial -

SG-24-E Bottom, axial -

SG-24-F Left side, axial —

§G-24-Q Outside strut, near first downstream Bonded

elbow
On center ine of first
outside elbow B nded

SG-28-A Top, circumferential (R) —

SG-24-B Top, 45° (R) -

$G-24-C Top, axial (R) -

SG-25-D Right side, axial -

SG-25-E Bottom, avial -

SG-25-F Left side, avial -



Channel Identification Strut Locations Bonded
86 $G-25-Q Vertical strut near far outside elbow —
87 SG-11-Q Vertical strut near inside valv2 -
88 SG-11-R Horizontal strut new: inside valve —
External measurements Bonded
89 SP-24 Aydraalic pressure to ram S/N 205770
90 SP-21 Pressure, downstream p.pe S/N 3315
91 — Not used -
92 SP-22 Pressure, middle pipe S/N 662555
93 DP-1 Vertical displacement S/N 703
94 DP-2 In-line dispiacement S/N A27609
9 VP-1 Position, inside valve stem -
96 SP-23 Pressure, upstream pipe S/N 662553
97 V-l Electrical current, inside valve -
98 — Not used —
99 YVl Valve voltage --



APPENDIX C
INSTRUMENTATION LOG FOR 2-IN. GLOBE VALVE TEST (CPS-7)



APPENDIX C

INSTRUMENTATION LOG FOR 2-IN. GLOBE VALVE TEST (CPS-7)

PS-6, during CPS-7 strip chart recorders were used for




Recorder #/

Pen Color (#)  Identification Location Comments
Valve Parameters
141 POSII ION — Open/Closed signal
3.42 AMPS - -
3. VOLTS - —
Pressures
344 P-UPST Upstream pressure Tap between elbow and valve
3-8 P-DWNST Downstream pressure Tap at penetration end of pipe
Temperatures Type K thermocouples
442 TC.V On valve body -
4.43 TC-P On pipe 'bct ween valve and —
penetration
Load cell
4-44 LC In series with lifting link at end of -

pipe

C-4
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17 SUPPLEMENTARY NOTES

[ ITARETRACT 0 wed & o0

This report provides the results of accident simulation tests of three typical light water reactor containment
penetration systems to provide a technical basis for the support and development of equipment gualification
procedures at design basis load levels and (o determine safety margins at severe accident load levels. The three
systems tested were (a) an 8-in, gate valve system modeling a containment spray system; (b) an 8-in. butterfly valve
system modeling a purge and vent system; and (¢) a 2-in. globe valve system modeling the numerous small-bore
piping systems. The valve types, valve sizes, piping configurations, penetrations, and supports used for the tests
are typical of those found in commercial U.S. nuclear power plants for containment isolation applications, The
three systems tested weie mounted in a fixture and exposed to simulated severe accident mechanical loads by
displacing the penetrations relative to the piping. Thermal and pressure loads were also applied. The test results
indicate that valve, penetration, or piping system failure during hypothesized accident ever:'s is unlikely due to
accident-induced loads
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