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ABSTRACT

7KLV SDSBHRIXW &XUWLVYV -hydtadlic \AcfustoHeD i éhwWidntal and seismic
qualification for Main Steam Isolation Valve (MSIV) and Main Feedwater Isolation Valve (MFIV)
applications. The qualification was performed in compliance with IEEE-382 and RCC-E
requirements qualifying the actuator for US, Chinese and European power plant designs. The
qualification entailed several challenges and application of analytical and test methodologies.
The weight of the actuator/yoke assembly made seismic qualification one of the most
challenging steps in the program. The seismic qualification was performed jointly with the Areva
US Technical Center in Lynchburg, VA. The qualification program was designed to envelope
the requirements power plant designs in US, China and Europe.
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1. Introduction

Main steam isolation valves (MSIVs) continue to challenge the reliable operation of nuclear
power plants. A detailed review of various MSIV designs, maintenance practices and industry
failure databases reveals that there are types of MSIV failures that may have been prevented if
the valve/actuator designs were adequately validated and qualified in accordance with the latest
industry qualification standards such as ASME QME-1 2007 edition.

Both boiling water reactors® (BWRs) and pressurized water reactors (PWRs) rely on main steam
isolation valves to isolate steam going into the main turbine. There are various types of valves
and actuator combinations used in MSIV applications. For a typical MSIV, actuator closing force
is generated by a stored energy in a form of a compressed gas or springs. The closure signal is
sent to solenoid valves that relieve the trapped fluid and allow the stored energy to close the
MSIV. The MSIV has a critical function in ensuring public safety in case of an accident in the
plant. The flow isolation time is typically required to be 2-5 seconds. MSIVs in both PWR and
BWR designs have similar functions however; some of their operational requirements are
different.
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In PWR designs?, there is an MSIV in each of the main steam lines between the steam
generators and main steam turbine. The MSIVs are located in a separate safety-related valve
room outside the containment building. In BWR designs, typically two MSIVs are installed in
each of the main steam lines (e.g., one is inside and one is outside the containment). The
inboard valves are installed in the drywell and the outboard valves are installed in the main
steam line.

The primary function of MSIVs in PWRs are to (1) protect against main steam line break (inside
or outside containment), (2) isolate containment in case if the containment pressure increases,
(3) protect against spreading contamination in case if there is steam generator tube failure and
(4) control thte cool-down rate of the reactor.

In BWRsS, the primary function of MSIVs are to (1) rapidly stop the steam flow from the reactor
to the turbine in case of a main steam line failure, (2) protect against radiation leaking out of the
containment, (3) limit steam loss in case of a pipe break, (4) prevent the core from uncovering,
and (5) prevent radiation release in excess of the requirements regulatory requirements. Since
MSIVs in BWRs perform containment isolation function, they are required to be tested
periodically for leakage (e.g. local leak rate testing or LLRT) and partial stroke surveillance
testing during normal operation.

The typical MSIV size range is DN450-900 and the most typical types of valves include Y-
pattern globe valves, double-disk gate valves or check valves. One of the most common types
of actuators used in MSIVs is the electro-hydraulic/gas actuators.

&XUWLVYV elgdirdKyirfulic actuator for MSIV applications is based on a gas spring
configuration that uses hydraulic fluid to open and gas pressure to close the valve. The actuator
has a safety function to close the main steam isolation valve (MSIV) upon receiving a signal.
The major components that have an active safety function are the solenoid valves, flow control
valves, limit switches, pressure switches and hydraulic dump valves. The actuator qualification
incorporated the yoke to better simulate the interface between the valve and actuator. For
added safety, the actuator design features dual redundant closing circuits that can be
independently operated in case of emergency. Various industry accepted qualification standards
(e.g. IEEE 323,344,382, RCC-E 2005 and IEC 61000-4) were studied to develop a qualification
program that will envelop all the requirements and quality the actuator for use in plant designs
that conform to these standards.

2 Published with permissic

20z Jequaydas ¢} uo jsanb Aq jpd-GzGe-/102SAd-900BE0NL 00N/ ZYL25S5C/900VEDLLOOA/Z0.L0Y/LLOZSAC/IPA-sBUIPea001d/SAd/B10 BWSE  UOIDB) 00| BIPaLUSE MMM//:dlY WOy Papeojumod



2. Qualification Program

7KH DFWXDWRU TXDOLILFDWLRQRGHWVKH LTEXDOD KHEBMWQ R Y BIWHWGY SH
DFWXDWRU DQG VXSSOHPHQWHG E\ DQ\ UHTXLUHG DQDO\VLV DQG I
TXDOLILFDWLRQ 7KH TXDOLILFDWLRQ WHVWV LQ DGGLWLRQ WR HC
DFWXDWRUV FDBDE LMWL QWRHRHEHG VDIHW\ IXQFWLRQ GXULQJ QR
SRVWXODWHG GHVLIRQHEDXS S OHYFPHIQWWD O DQDO\VLYV ZDV SHUIRUPHG
WKH UHTXLUHPHQWYV RI (MWD Q&BHs&IEDOLILFDWLRQ WHVWYV LP&R\
DFFHOHUDWHGVIMQGE DOQHBRIPELQHG HQYLURQPHQWDO FRQGLWLRQ)
GXULQJ LWV SRVWXODWHG VHUYLFH OLIH ZKLFK LQFOXGHV QRUPD
FRQGLWERQY¥WDQFH FULWHULD ZDV GHILQHG IRU HDFK TXDOLILEDW
SHUIRUPDQFH FKDUDFWH UKW LTPVD R M K B VDIFRAQK B WRRMG I RO MFK LY+
DFWXDWRU HQYHORSV &XUWLVV :ULJKW DFWXDWRUV ZLWK VLPLDD
WKH QRPLQDO YDOXH RI WRH FURWQOBO WRWIPHWHUGHILQHG E\eW|
H[WUDSRODWLRQ OLRIUVWVHRILJQ(SDUDPHWHUV RXWVLGH RI WKHWH
TXDOLILFDWLRQ WHVWV RU VXSSOHPHQWDO DQDO\VLV PD\ EH UHT
TXDOLILFOMBRQSRVH RI WKH TXDOLILF D \M LSRR I VIV W DXVHROLF W/ & DA
PRVW DGYHUVH H[SHFWHG DJLQJ PHFKDQLVPV H[SHFWHG GXULQmJ L
WR DFFLGHQW FRQGLWLRQV

0&gbid/SAd/B1

7KH TXDOLILFDWLRQ SURJUDP VWRQWMH® HVWN WRVGHDILLQH YDXFEVE XD W\
RSHUDWLQJ FKDUDFWHULVWLFV 7KURXJK RKW WD XD B WILFD K H R ¢
YHULEHWG&ZHHQ HDFK TXDOLILFDWLRQ WHVW WR HQVXUH WKDW DFW
GHILQHG DFFHS\WP@QGRZOQQRLEADNVHOLQH 7KHUPDO $JLQJ WHVW ZDV !
DFWXDWRU WR LWV HQG RI OLIH FRQGLWLRQ EDVHG RQ WKH WKEU
FRPSRQH®WWPDO DJLQJ SDUDPHWHUV ZHUH GHILQHG XVLQJ $UUXKH
DFFHOHDIQH G (CPHFWUIRVLF FRPSDWLELOLW\ (0& WHVW ZDV SHUWIRLI
WR FRQILUP WKDW WKH DFWXDWRU DQG LWV HOHFWULFDO FRPS%?Q
DSSOLFDEOH VHEWLRQD @G Q(& (0& WHVW LV QRBWVRRRWRBRW 3

DQ\ NQRZQ DJLQJ PHFKDQLVPV VR LWV RUGHU LQ WKH TXDOLILEDYV
5DGLDWLRQ WHVWV IROORZHG (0& ZKHUH WKH DFWXDWRU ZDV VXE
FRQVLVWLQJ RI WKH GRVDJH |URPGHUP FE QRGSHW DRMQ\Q JYTHF® YO\FHRLU [
DIIHFW LV DFFXPXODWLYH LW LV DOORZHG E\ WKH TXDOLILFDWER(
DFFLGHQW UDGLDWLRQ WHVWYVY WRJHWKHU

d-900e€£0}

6HLVPLF TXDOLILFDWLRQ WHVWV ZHUH SHUIRUPHG QH[W ZKHUH WK
VR XODWIHR/®W WR GHPRQVWUDWH LWV RSHUDELOLW)\ GXULQJ DQG;DI
IROORZHG E\ RQH PDMRU VHLVPLF HYHQW ZKHUH WKH DFWXDMR
SUHYHQW D SRVWXODWHKE PDMWRUT X BPILGHRDM[SRY W/ WK S DIFW XD WR U
GHVLJQ EDVLVY HYHQW '%( DFFLGHQW HQYLURQPHQWDO FRQGLWL]
7KHVH FRQGLWLRQV WD N H FSHBVHGE WRJ D \HDU SODQW OLIH

€1 Uojsa

7KH UHVW RI WKH SDSH G BIRK IEFRHAHBR BB AQ TXDOIDERDWLRQ VV\&st
TXDOLILFDWLRQ VWHS LV GLVFXVVHG LQ PRUH GHWDLO E\ KLJKQ@LJ
VROXWLRQ GXULQJ GHYHORSPHQW DQG H[HFXWLRQVRHD TXDOLIEFE
TXDOLILFDMKLRIGPHQWY IRU QXFOHDU SRZHU SOD®@WLVQE X860 VQIGQ *8 6
(XURSHDQ VWDQGDUGYV
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6XPPDU\ Rl WKH TXDOLILFDWLRQ S.UBRHIFMD PRENVIDIO OHWY KLH) PID WR & O H
TXDOLILFDWLRQ VWHSY DQG SDUDPHWHUV OLVWHG

2.1. Baseline Functional Test

7KH EDVHOLQH IXQFWLRQDO WHVW HVWDEOLVKHG UHIHUHQFH SHU
FULWHULD IRU WKH DFWXDWRU 6RPH RI WKH NH\ SDUDPHWHUV ZHL
SUHVVXUH DQG WKH UHVXOWLQJ WKUXVW 7R-OMHWSIEU D @ B WOHDUWIE H
IRU FRPSDULVRQ DW GLIIHUHQW VWDJHV RI WKH TXDOLILFDWLR® S
WKH IROORZLQJ SHUIRUPDQFH DVSHFWV ZHUH UHFRUGHG GXULQJ

e 3URSHU SUHVVXUH VZLWFK DFWLRQ

e 2SHQLQJ FORVLQJ VSHHEOMWXQRBGELAUIFRQGLWLRQV H J PL
PD[LPXP PRWLYH SRZHU

e 2EVHUYH DQG TXDQWLI\ DQ\ OHDNDJH SDVV WKH SLVWRQ D
SUHVVXUH
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2.2. Thermal Aging Test

Thermal aging test was performed at NTS in Santa Clarita, CA. The purpose of the test was to
age the actuator and its components to an equivalent of 55°C for 13.2 years (12 years including
an additional 10% margin). This is based on the elastomer qualified life requirement of 12 years.
The metallic components are not subject to significant degradation from thermal aging, therefore
their qualified life is extended to 60 years. The test parameters were selected in accordance
with the Arrhenius equation using activation energy of 1.0 eV* as a basis for establishing test
durations.

*Based on the non-metallic components in the actuator assembly, Viton was selected as the
material with the lowest activation energy (1.0-1.11 eV) and was used to establish the thermal
aging test duration. After completing the thermal aging test, the actuator performance was
verified by repeating the test sequence established in the baseline operability tests.

2.3 Radiation Exposure

The actuator components were qualified for radiation resilience using previously qualified units
as basis. It was shown that previously qualified similar electro-hydraulic actuators performed
successfully when exposed up to 182 Mrads of gamma radiation from a Cobalt 60 radiation
source. The radiation exposure from previous tests were significantly higher than the radiation
levels for a main steam isolation service application, therefore those tests fully envelop the

maximum specified radiation dose. ,Q DGGLWLRQ VLQFH UDGLDWLRQ KDV IDYU C
than gamma radiation, for additional conservatism, the qualification program considered the
requirement of the total integrate G GRVH WR EH WKH DOJHEUDLF VXP RI WKH ¥ St

radiation levels.
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2.4 Cycle Aging Test

The intention of the cycle aging test was to bring the actuator to its end of life condition
(mechanical cycles) prior to DBE. IEEE 382 suggests a minimum of 2000 cycles for an operator
used in isolation service (on/off application). To qualify for cycle aging, the actuator was
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subjected to 3,305 cycles. Post-cycle aging performance verification test proved that the
actuator still performs within the specified limits.

2.5 Normal External Pressurization Cycle

The qualification for normal pressurization cycle is intended to demonstrate the ability of the

actuator to operate during and after exposure to a series of pressurization cycles expected

GXULQJ QRUPDO RSHUDWLRQ 'XULQJ SUHYLRXV TXDOLILFDWLR
fifteen (15) external pressure cycles, each cycle from 0 psig to 60 psig to 0 psig (0 kPa to 414

kPa and return to 0 kPa). Since the specified environmental pressure during normal and

abnormal operating conditions is atmospheric, the qualified conditions envelop the required

operating conditions.

2.6 Vibration Aging

Prior to DBE testing, the actuator was subject vibration aging. This aging process is designed to
simulate the random vibrations the actuator will experience throughout its life. However,
vibration aging by itself does not qualify the components for any specific plant operating
condition.

The actuator assembly was tested in accordance with IEEE 382 and RCC-E for a minimum of
90 minutes in each orthogonal direction at 0.75g while sweeping from 5-200-5 Hz at a rate of 2
octaves per minute. In the event of the test table limiting the range of the test frequencies, test
duration can increase to account for the required equivalent number of cycles. During this test,
the actuator was cycled every 15 minutes. These tests ensure that the critical components of
the actuator were subjected to sufficient environment induced vibration before the DBE.

2.7 Electro -Magnetic Compatibility (EMC) Tests

The electronic components of the EHO were tested for electromagnetic and radio frequency
compatibility and susceptibility at TUV SUD America, Inc., San Diego, CA. The EMC test was
performed in accordance with MIL-STD-461E and IEC 61000-4. The acceptance criteria were
as specified in NRC Regulatory Guide 1.180. Below are the applicable test specifications from
MIL-STD-461E and IEC 61000-4.

MIL-STD-461E

Emission Testing Susceptibility Testing
CE101: 25 Hz-10 kHz CS101: 25Hz-150kHz
CE102: 10 kHz-2 MHz CS114: 10kHz-30MHz
RE101: 25 Hz-100 kHz RS101: 25Hz-100kHz
RE102: 2 MHz-10GHz RS103: 30 MHz-10GHz

CS115: 2A
CS116: 5A, 10kHz-100MHz
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IEC 61000-4

4-2: E.S.D., Level 4: 8kV contact discharge, 15kV air discharge

4-4: E.F.T., Power: level 4 (4kV), Signal: level 4 (2kV)

4-5: Surge, Combination Wave, Power: level 4 (4kV), Signal: level 3 (2kV)
4-12: Surge, 100kHz Ring Wave, Power: level 4 (4kV), Signal: level 3 (2kV)

2.8 Seismic Simulation Test

The purpose of the seismic simulation test is to demonstrate the operability of the
actuator during and after being subjected to equivalent dynamic effects of five (5)
gualification OBEs followed by one (1) qualification SSE.

2.8.1 Mounting and Configuration

The actuator was mounted on its yoke and the yoke welded to a steel plate. The steel plate was
bolted to the shake table surface with sufficient attachment points to minimize resonance and
ensure the steel plate functioned as a rigid surface. The mounting configuration was
representative of the installed condition and was adequate for line mounted actuator
applications. Electrical, hydraulic and pneumatic connections simulate actual service and were
made such that their impact on the seismic test results is minimized. Input motion was
controlled in all three axes with accelerometers mounted directly to the shake table surface. In
addition, tri-axial accelerometers were mounted on the actuator at various points in order to
monitor accelerations and deflections at significant locations. Throughout the seismic test,
actuator performance was monitored with diagnostic equipment.

2.8.2 Test Conduct

Seismic testing was performed for line mounted applications in accordance with IEEE 382-1996
and IEEE 344-2004. Testing was performed immediately following the vibration aging test
described in Section 5.9. The following is an outline of the testing accomplished for each
condition.

2.8.2.1 Resonance Search

The table was programmed for a resonance frequency search from 1 to 100 Hz in each

orthogonal axis (X, Y, Z) at a constant acceleration of 0.2g with a sweep rate of 1 octave per

minute. Transmissibility parameters were used to determine the resonance. The transmissibility
parameters are software approximations and the data represents am amplification ratio. Natural
frequencies are typically defined by amplifications greater than (4) on the transmissibility curves.
TherHVRQDQFH VHDUFK VKRZHG WKDW WKH DFWXB3MRUYV ILUVW

2.8.2.2 Operating Basis Earthquake (OBE)
Two (2) sine sweeps were performed in each of three orthogonal axes in at 2/3 Required Input

Motion (RIM) shown in Figure 2. The sweeps were from 2 Hz to 64 Hz to 2 Hz at a rate of 1
octave per minute. One sweep was performed with the actuator open; the second sweep with
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the actuator closed. OBE tests were performed at the full 4.4 g (2/3 x 6.69) input as required by
the qualification plan.

2.8.2.3 Safe Shutdown Earthquake (SSE)

The actuator was subjected to a series of single frequency sine beats from 2 Hz to 32 Hz at 1/3
octave intervals, which continued from 32 Hz to 64 Hz at 1/6 octave intervals. There were 12-15
oscillations per beat at each frequency reaching the peak acceleration from the Required Input
Motion (RIM) chart. Actuator was cycled at each octave to demonstrate operability during a
seismic event. The SSE test was repeated in each of three orthogonal axes.

2.8.2.4 Design Basis Event (DBE) Environment Test

The intent of the DBE test was to demonstrate that the actuator can successfully perform its
safety function during exposure to extreme environment conditions that are representative of the
actual conditions that the actuator can experience during accident. The DBE accident is a single
postulated event that can occur at any point during a 60 year installed life. During this event, the
actuator can experience a temperature rise of up to 257°C for a period of approximately 10
minutes. IEEE 323 requires the test temperature profile to envelope the required temperature
profile by 8°C at the peak in order to meet the required standard margins. The required accident
temperature profile extended 14 days of exposure to 53°C environment. In order to shorten the
test time, Arrheneius equation was used to establish an equivalent test duration by increasing
the test temperature accordingly and limiting the test duration to 15 hours. During the test, the
actuator was required to close once at the peak temperature and one more time after the
actuator was subjected to the full temperature transient.

2.8.2.5 ASME QME-1 Flow Interruption Test

7R YHULI\ WKH DFWXDWRUYY FDSDELOLW\ WR GHPRQVWUDWH L
representative actuatorwas WHVWHG DW $UHYDYV 7THFKQLFDO &HQWHU DQ
GmbH at Karlstein. The test was performed with the actuator mounted on a representative size

DN800 " Main Steam lIsolation Valve.

2.8.2.5.1 Test Setup

The test facility is designed for qualification of large steam isolation valves under pipe break
transients. It is a full-size mockup of the secondary circuit of a pressurized water reactor (PWR)
including an accumulator that has a size comparable to a steam generator size. There was a
main stop valve installed on the top of the accumulator to isolate the accumulator from the test
specimen if needed. Downstream of the test specimen, there were two quick opening valves
that were used to initiate the test. After the steam passed through the test specimen, it was led
to a condensing pool. The MSIV valve and the upstream/downstream pipes were thermally
insulated with mineral wool mats. There were measurement transducers connected to the valve
and the piping to measure pressures at different locations. Figure 5 shows the test schematic in
more detail.
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2.8.2.5.2 Flow Interruption Test Procedure and Summary

The flow interruption tests began with initial conditions at 11 MPa of saturated steam. The test
started with quickly opening of the downstream valves. The acceptance criteria for the flow
interruption test was for the MSIV to close between 2-5 seconds against 8.4 MPa and 315°C of
saturated steam. The initial pressure was set high in order to ensure the minimum specified
upstream pressure is available by the time the gate reaches its closed position.

After the valve closes, downstream pressure is atmospheric and the upstream pressure is the
accumulator pressure. Following valve closure, the bypass line around the test specimen was
opened to equalize the pressure across the MSIV. The test valve was then opened using the
hydraulic pump within the required time.

3. Conclusion

SE’Uo1199]|00|e)IBIpaWse’ MmMm//:diy Woly papeojumod

&XUWLVV :ULJK\G UHDOHOAWURFWXDWRU IRU 0DLQ 6WRO B VWIGRE OWDH.QY)LHF
ZDV VXFFHVVIXOO\ TXDOLILHG WKURXJK WKH SURJUDP WKDW ZD¥ G
86 DQG (XURSHDQ TXDOLILFDWLRQ VWDQGDUGY 7KH TXDOLILFD¥VL
H[LVWLQJ DQG QHZ EXLOW QXFOHOW I FRHPS GIOD@RVHVZWW RW KHVH T
VWDQGDUGYV 7KH TXDOLILFDWLRQ FDQ EH H[WHQGHG WR DGGUI—EVV
UHTXLUHPHQWY LQ DFFRUGDQRH( ZLWK ($60 ( BEMEE(
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Figure 2: Actuator Assembly with Valve Yoke
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Figure 3: DBE Accident Temperature Profile
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Legend:

CT - Temperature

CP - Pressure

CF - Differential Pressure (Flow)
CL - Differential Pressure (Level)
CG - stroke position

Figure 4: Flow Interruption Test Schematic
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Figure 5: Curtiss Wright Electro-Hydraulic Operator on MSIV at Karlstein
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Radiation Aging
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Cycle Aging

3300 cycles

Pressure Cycle
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Vibration Aging
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DBE Radiation -rad: 543 Gy
Exposure -rad: 2783 Gy
Seismic Simulation 6.69
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Temperature Profile
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