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Results are described of operating function verification tests of a PWR RHR
pump during an earthquake. Of the active reactor components, the PWR residual
heat removal pump was chosen from view points of aseismic classification, safety
function, structural complexity and past aseismic tests. Through survey of the
service conditions and structure of this pump, seismic test conditions such as
acceleration level, simulated seismic wave form and earthquake duration were
decided for seismicity of the operating pump. Then, plans were prepared to evalu-
ate vibration chracteristics of the pump and to estimate its aseismic design
margins. Subsequently, test facility and instrumentation system were designed
and constructed. Experimental results could thus be acquired on vibration chara-
ctetistics of the pump and its dynamic behavior during different kinds and levels
of simulated earthquake. In conclusion: (1) Stiffeners attached to the auxiliary
system piping do improve aseismic performance of the pump. (2) The rotor-shaft-
bearing system is secure unless it is subjected to transient disturbunces having
high frequency content. (3} The motor and pump casing having resonance frequencies
much higher than frequency content of the seismic wave show only small amplifica-
tions. (4) The RHR pump possesses an aseismic design margin more than 2.6 times

the expected ultimate earthquake on design basis.
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1. Introduction

Nuclear power plants are designed, erected, operated and maintained
so that the public and workers are subjected to essentially no radioactivity,
To this end, various measures are taken so that the radiocactivity is kept
below a certain level and radicactive substances do not leak away in excess
of the allcowable limit. Furthermore, it is required that the reactor will be
stopped immediately when any serious accident takes place , i.e. the loss of
coolant, and that the reactor be safely secured, It is reduired that leakage
of radioactive substances to the surrcundings does not exceed the restricted
value even if wvioclent earthqguakes should ccceur during a loss cof coolant
accident. The engineering safety system, that is, emergency reactor scram-
ing devices (such as control rods and safety rods and their driving mechanism
and the emergency boric acid injection system), emergency core cooling
system and container spray system must have sufficient resistance against
earthquakes.

. This system and the associated machinery consists of complicated structural
elements, which invclve non-linear spring characteristics due to clearance
gaps. Consequently, it is difficult to establish a correct model for'aseismic
analysis, and, hence, tﬁe response anayses are not widely evaluated for seis-
mic leoads at the present time. For the so called active ccmponents, that is,
the structural eiements for which mechanical motion is required in order to
secure the reactor safgty, the verification of safe functioning by means of
the operating function verification test of the actual elements (cr the egui-
valent) under earthquake conditions is especially desired.

This report presents the outline of the research results of the operat-

ing function verification test of a PWR, RHR pump during an earthquake,
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carried out by Mitsubishi Heavy Industries Co., Ltd. for the Japan Atomic
Energy Research Institute. This RHR pump, which is expected to operate for the
long term after the loss of coclant accident, is among the pumps belonging to

the engineering safety systems.
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2. Pump to be teéted
2.1 Selection of the pump
The pumps used in the safety system of the PWR type nuclear power plants
are listed in Table 2.1. These pumps are classified into AS or A class in the
aseismic categories in view of their function in the nuclear power plants.
According to the pump structure, the pumps in Table 2.1 are. divided as follows;
(1} Horizontal and centrifugal

a. Multiple stages: Filling up/ High pressure injection pump (3
or 4 loops), High pressure injection pumps
(2 or 4 loops), Motor driven auxiliary water
feed pump, Turbine driven auxiliary water
feed pump.

b. Single stage: Boric acid pump, RHR pump (EVloops), Auxili-
ary machinery cocling water pump, container
spray pump (2 loops), Depleted fuel pit pump.

» (2) Vertical and centrifugal
a. Single stage: RHE pump (3 or 4 loops), Container spray
pump (3 or & loops)'
(3) Miscellaneous
a. Reciprocal: Filling up pump (2 or 4 loops)
b. Vertical and oblique flow: Sea water pump
The RHR pump has been selected for this research because it has the functions
.of removing residual heat when the reactor operation is suspended and ccoling
the core for a long term in case of a loss of coolant accident. The fact that a
very large pump is not suitable for an available shaking table has teen

taken into consiseration.
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The types of‘RHR pumps are different between plant outputs of 500,000 KW
class (2 loops) and those of the 800,000 to 1,100,000 KW class (3 or 4 loops),
as seen in Table 2.1. The former case is the horizontal type, and the latter,
the vertical type. Figure 2.1 shows both the horizontal RHR pump and vertical
ﬁHR pump.

Ais seen in Fig.2.1, the herizontal RHR pump is connected with the motor in
series through the gear coupling. The vertical RHR pump is integrated with the
motor, and the motor casing and the pump césing is fastened.by the tolts.

The factors causing damages to the pump's functioning are supposedly (a)
contact of the pump impeller with the casing wear ring, (b} seizure and bite in
the bearings supporting the pump rotor-shaft due to increased loading, {c) leak-
age from the shaft sealing due to variation in the pv¥ value in the mechanical
seal and (d) mutual interference between the motor, gear coupling and pump. It
is difficult to judge whether the horizoﬁtal pump or the vertical pump is more
sensitive to a given earthquake. The pump type for a PWR plant of 800,000 to
1,100,000 KW class will be standardized tc the horizontal type considering the
ecase of periodical inspections and/or repairs. Thus the horizontal pump has
been selected for the test planned.

2.2 Service conditions of the pump

The pump is used in the residual heat removal system. The service condi-
tions of the pump are given below;

(1) Functions of the RHR pump

The residual heat removal system is designed to meet various opera-
tion modes for both normal operation and loss of coolant accident and

has the following functions:

* py means contact pressure x sliding velocity.
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{(iv)

(v)
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Decfease in the temperaturé of the primary coclant loop
following the normal shut down of the plant.

Removal of decay heat in the core to make possible fuel ex-
change following temperature decrease in the primary cooling
system, and suppression of temperature rise in the system.
Filling the reactor cavity with water at the time of fuel
exchange, and transfer of this cavity water to the fuel
exchange water tank after the fuel exchange.

Injection of boric acid water contained in the fuel exchange
water tank to the core, together with the action of safety
injection system, in the case of loss of coolant accident.
Recycling of the container sump water in the case of loss of

coglant accident.

Operational conditions

The operational conditions of the residual heat removal system may

be summarized as fcllows:

(i)

(ii)

Normal plant operation

(a) Stand-by conditicns

The system is on stand-by alert for the extremely low

probable less of cooclant accident,

{(b) Periodic testing

Confirmation of normal operation can be made by operating
the pump periodically.

Operation frequency: Once a year

Operating duration: 15 - 30 mimutes

Plant outage
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(a) During the reacter ocutage, the heat generated in the
core is removed.
Operation frequency: Once a year
Operating duration: about three months
Water temperature: 177 - 60 *C
{b) During the fuel exchange, the water is transferred from
the reactor cavity and the fuel exchange water tank.
Operation frequency: Once a year
Operating duration: about ten hours
{iii} Loss of coeclant accident
(a) The pump injects the boric acid water from the fuel
exchange water tank into the core, and acts as a low
pressure injection pump. Furthermore, the pump recir-
culates the water in the reactor container sump to the
core, when the water level in the fuel exchange water
. tank 1s lowered.

Operation frequency: Once in service life at most

Operating duration: One year
Flow rate: _ the rated flow to maximum
Water temperature: 27 - 100 ¢

(3) The pump locaticn in the building
The RHR punp ;s placed near the container on the lowest floor of
the building so that it lies below the water level in the container
at the time of the lecss of coolant accident. This location meets the
requirements of the NPSH¥* for the pump at the time of recycle and

to inject the water in the container sump into the core.

¥ NPSH means Net Pumping Suction Head,
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2.3 Structure and specifications of the pump

(1)

Structure of the pump

Since the service temperature and suction pressure are high, the
RER pump is suitable for operation at elevated temperatures and high
pressures, being backed up by a suitable pressure-resisting structure
of the shaft sealing and ccoling method.

The cross-section of this pump is shown in Fig.2.2. It is a hori- -
zontal, single stage, double suction, center supported, vertical

opening type pump.

Every part of the pump wetted by liquid is made of austenitic stain-

less steel, except for some parts of the wear ring and so forth.

The casing is the double volute type for equilibriating the radial
thrust throughout the range cof flow rate,

The impeller has four vanes connected to the rotor by means of
shrinkage fitting. A single stage, double suction type is used, and
thus the axial thrust force is well balanced, and, at the same time,
the necessary suction head is kept low.

The rotor is connected to a driver by the gear coupling of the
double c¢law. The primary critical speed cof the rotor-shaft-bearing
system is 4,122 rpm which is considerably higher than the normal
operating speed of 1,77C rpm.

The sealing method of the shaft is the mechanical seal type. The
bellows mechanism is applied to the mechanical seal so that the seal-
ing performance is not affected by a rapid change in temperature.

The bearing on the shaft end is JIS No.7311 DB, this double row

angular ball bearing is able to support both radial and thrust loads.
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The bearing on the coupling side is JIS No.631ll, this single row
ball bearing supports only a radial load.

Both the casing and impeller are equipped with wear rings; and
the design gap is 0.33 + 0.03 mm. Figure 2.3 shows the accessorles
attached to the pump.

Specifications of the pump

Table 2.2 lists the specifications of the pump.



Table 2.1 List of pumps used in the safety systems of Japanese PWR plants
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Use Item 500,000 KW 800,000 KW 1,100,000 KW
class class class
Boric acid Kind Horizontal, Horizontal Horizontal
injection centrifugal centrifugal centrifugal
pump 3 3 3
Flow rate! 10.2 m™/h 17.0 m™ /h 17.0m /h
Filling up Kind Variable - Variable
pump speed, speed,
reciprocal reciprocal
Flow rate} 14.3 m3/h - 22.3 m3/h
Filling up/ Kind - Horizontal, Horizontal,
high ' multistage, multistage,
pressure centrifugal centrifugal
injection
pump Flow rate - 34.1/147 34.%/147
m3/h m’/h
Motor Kind Horizontal, Horizontal, Horizontal,
driven multistage, multistage, multistage,
auxiliary centrifugal centrifugal centrifugal
feed water 3
., pump Flow rate|60 m™/h 110 m3/h 85 m3/h
Turtine Kind Horizontal, Horizontal Horizontal,
driven multistage, multistage, miltistage,
auxiliary centrifugal centrifugal centrigugal
feed water 3
pump Flow rate|110 m3/h 123 m3/h 171 m”/h
Residual Kind Horizontal, Vertical, Vertical,
heat remo- ' centrifugal centrifugal centrifugal
val pump (double {double (double
) suction) suction) sucticn)
Flow rate 454 m/h 681 - 852 681 5 1020
: m
m”/h /h
Auxiliary Kind Horizontal, Horizontal, Horizontal,
machinery centrifugal centrifugal centrifugal
cooling {double (double {double
water pump suction) suction) suction)
Flow rate {850 -_900 1100.,- 1150 1140 m3/h
3 3
n~/h m~/h




Table 2.1 continued
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Sea water Kind fVertical, Vertical, Vertical,
pump oblique oblique oblique
flow flow flow
Flow 2400 - 2500 | 3200 w /h 1 1200 m°/h
3
m~/h
High Kind Horizontal, - Horizontal,
pressure multistage, multistage,
injection centrifugal centrifugal
pump 3 -3
Flow 159 m™/h - 96.5 m/h
Pressure Kind Horizontal, Vertical, Vertical,
vessel multistage, centrifugal centrifugal
spray centrifugal (double (double
pump suction) suction)
3 3 3
Flow 630 m~/h 423 m~/h 1180 m~/h
Depleted . Kind Horizontal, - Horizontal Horizontal
{  fuel pit centrifugal centrifugal centrifugal
pump {double
suction)
Flow 200 - 22 523 w’/h 522 w/h
m /h




Table 2.2
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Specifications of the pump.

Type

Flow rate

Horizontal, single stage, double suction,

Mitsubishi MLC - 15358

454 m3/h {(max. 635 m3/h)

@ Total head 86 m
9.3 B 2 ’ 2
g & Suction pressure Min. 0 kg/em” + G, max. 35 kg/em” - G
Ao ' '
%E Design pressure 42 kg/cmZ-G
= 9

@

o Operation tempera- Room temperature - 177%

ture
Operation speed 1770 rpm
Type Horizontal, water protection, cage type,
three-phase electric motor

2 Revolutions per 1800 rpm (synchronous)
“ Q minute
o
o m
B o OQutput 185 kW
2%
5 g Voltage 3300 ¥
— :
Hoa
=) Frequency 60 Hz




JAERI-M B354

(3y811) °d£1 Tedyjaea pue

dund yuy Teoriiea Jo @ouezeaddy (q)

34 o0gYy

TeloL

3% 00sz
8% ooy
84 po9t

1ydtem 1030l
Jy31eom aseq
JyBtom dung

002

B
[
o]
|A8]
[41]
O
oTlons —
L ,.p 38aeyosIp
: kn
_ 3
LAY
UoTantoasg
J© uoTyd8aTp
_.LOpos
:

Sove

S0IE

(3327) @d41 tejuoztaoy jo sdund yuy

1°z "81a

dund yuy Teauvoziaoy jo asueaeaddy (®)

3 pg1E  TEIOL
83 0001 030K
8% 059 oseq
3% pogt  dung
Y3 TapM
95BQ uounos
! 7
|
-
L
" | ]
” |.1|J_l
: I 5
] gl o
- .\ Buttdnos
) \M mm aBad BO1OW
05/ 619 SovI9 GZIC
SEel 002 3¢l
7 1952
/




- bl ~£1 -

A1quasse dund WHY 7'z ‘912

T £T S0€ Futse) T m
T £T S08 J8A02 JUTSE) 25 e c
1 £T SO8 JoA0D Butrse) 1-26 5 =
I B0t SiS : Joq0y Lot o g2 o
T tT SOS . a7 Todwr 9LT 8 g . 3
1 ¢ S08 Buta aaTTedur 102 = 88 =
T ¢ 808 Buta JsTTeduwy 1-102 o e w o
T £T §08 Buta JFutse) 602 p 1
T £T S05 Futa Burse) 1-%0Z B @& , e o
T #0E S48 BA88TS 1JRUS L1z o BB BS
T 70t SO 3A3DTS 1JRUS T-L.12 " B N "B
Z 70€ SNS Jutysng jeody ogez 2 o : B, &
T 9 08 JOJBTOST J9}BM hz ] o : g
< 9 04 JOJETOST J37EM 1-14%2 _ 1 : ! i -
T J0e S nu BuTaesq 3snJayg 642 + } . —t * L
T 28 S Butd 311ds 1-952 @@ _‘
T J &g Juty LGz -
T J 6E ¢ Butd 117ds JsutElsy 862 - 1 _
T 68G aod JA9A0D Buraesg 6.2
T G% aod J5A00 Sutaesg 08¢ —n; B LE — _
T GG ad4 J8A00 Butaesg 182 b ‘ . \ ¢
T S dAD (8pTs TBTpeJ U0) X0q FutJesq Lge 1t
1 GG oS (9PTS 3Snuyj uo) Xoq Jutdesq 882 1] _ ‘ ==t=> . )
1 dos Buta 110 01g T | u J_,
1 dos Buta T10 1-01€ . E=1-F -
T D 6L S Jautelsd Bura 110 6TE / iy -
< - SJISTTQ £9E . o _
T J GES 2A82TS Jutaesq TTeq TEIpPERY 9%g a % .
T da Ticl# Sutaesq 1Teq 3snJyl ?59 3 L] o |1
T TIES# Butaeaq [Teq TEIPBY 5G9 H..‘ WA - & |
T T 5dS (8pIS 3snJyj Uo) JayseM €29 & — e
T 0 G4 S Aoy FurTdnoy 9.9 < / 2
T ?0€ SNS A3 aatradur | 1-9.9 o o .
e s01899s®e ¥ L2 SNS s98)s®en il o .- 5
> 129Us TTO sjo%sen | T-n4l o & = 4
2 199ys TT0 syasen | z-wyl & & . o
8y £ WOS s3710q pnis 108 y 2 . £
8k J &% 8§ 3NN 208 Il 6 & ._,_M
- STB9S TEOTUBRLDS - i ™ _ Bo L1 e
sesE M TIOHAYHS OA T 1 m.wc..ﬂMU.mHM M!M DittereYriafree e Xon o2 (z-<Y 28 M ”. UL @@M@ attfioz X0 @ Yoo oY .ﬁmlm .‘r‘g%
c UuoTIel S31938en =g )
T §G go4 Jsqqna FuTJdeeqg ~082 ®
A3TquEnp TETJIS3EY uoT3dTJaoss(q *ON




JAERI-M 8354

jorIno a93em Surood”

19700d Butaeay--

dund sy punoJde SSTJOSSDIOY £°¢ *8T1d

apTs Jugydnod uo 1ajoon

. 9pTs Suraweq uo 1afoo)

JoTuT a\jea

adyd jueyood
' 1E®E TROTUBYIBY

s3uydrd

faep{IXne 10j 12u83ITIS

wnﬂﬁoou



JAERI-M 8354

3. Excitation test conditions

The main aim of this aseismic test is to find the operating function limit
of the pump during an expected earthquake and the resistance limit of the struc-
ture. The vibration characteristics and the dynamic response of the pump during
éxternal excitation should be elucidated in order to analyse the principal
factors involved in the deterioration of the pump function and the strength of
the structure. To this end, both excitation tests at key points and sinusoidal
sweep tests on the shaking table were carried out at low lévels of ioad or
acceleration.

Following the above dynamic characteristics tests, the aéeismic test condi-
tions were determined as follows:

3.1 Selection of acceleration level

The acceleration level used in the aseismic design of a nuclear power plant
is taken to be equal to the larger valuelof either the acceleration at the site
(as obtained by dynamic earthquake response analysis of the building) or three
times the value of the static degree of an earthquake, given in the Japan Archi-
tecture Standard Regulations. Figure 3.1 shows, for RHR pumps presently exsist-
ing in Japan the values of the static design acceleration as "o" marks and the
dynamic values as "x" marks. The static design acceleration is larger than the
dynamic value since the RHR pump is placed on the lowest floor of the building.

The static design acceleration raises static force together with the mass
exsisting at that locat;on, which results in shear force and bending load on the
structural members. The static force is used as the design earthquake force at
the time of the static loading test. However, it seems more reasonable to take
the dynamic design acceleration as the standard in the case of direct exitation

of the foundation in the aseismic test of the pump, Since 300 Gal is the maximum
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value (Fig.3.1l}, 450 Gal, (300 Gal + 50%), is sufficient for the aseismic veri-
fication test of the RHR pump. However, in this test, a target value of the maxi-
mum acceleration is taken as 500 Gal.

3.2 Simulated seismic_waves, taking into account input wave characteristics

The major items used to identify the input wave characteristics are the

response spectrum and duration. The former indicates the frequency characteri-
stics of the simulated seismic waves, and the latter, the duration of earthquake
conditibns. |

The input wave can be expressed as a displacement wave, a velocity wave or

an acceieration wave. The acceleration expression is used in this test to pro-
vide an easy physical concept or understanding of inertia force. The following
three waves were adopted as the input waves for these aseismic tests.

(a) Observed seismic waves: E1 Centro 1940

{b}) Artificial seismic waves: Artificial seismic waves such that the
response curve envelops the design response curves of the pre-

. ceding plants at the pump installation site and which take into
account the duration and slope (rise-~up, plateau and decaying
parts) of the earthquake.

{c} Intermittent sinusoidal beat waves: Uses the beat wave form deter-
mined by consideration of the amplification of the plant building
and the duration of the plateau of a seismic wave, and is a sim-
ple testing wave that always gives severe conditions regardless
of the floor on which the machinery is placed.

The nature of these waves is stated in the following:

(1) Observed seismic waves

The seismic waves used are the NS and EW components of the El
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Centro 1940 earthquake; the time'history wave form and response spec-
trum are shown in Figs.3.2 and 3.3.
(2) Artificial seismic waves
The response spectrum of the artificial seismic waves is made by
consideration of the folliowings:
(a} Earthquake conditions for the exsisting PWR plant sites in Japan
{b} Conditions for PWR plant sites expected in the future in Japan
(¢c) Information on the domestic aﬁd overseas standérds in relaticn
to earthquake conditions
(d) Vibration characteristics of the tested pump
When forecasting an earthduake, the magnitude and distance to the earth-
quake center should be determined with respect to the scale of earthquake; an
in-land type earthquake of 7.0 in magnitude and 20 km in distance to the epi-~
center is taken as a standard design earthquake on the basis of earthquake
history and geclogical structure. This means that the assumed input is severe
since the short period component is more predominant than with an off-shore type
earthquake and the natural period of the pump being tested is short. The fre-
quency characteristics are determined based on examples of existing plants,
US NRC Regulatory Guide 1.60 "Design Response Spectra for Seismic Design of Nuclear

(1) (2) on the relationship between

Power Plants" and a paper by H.B. Seed et al,
the predominant period and the magnitude and epicenter distance,
(1)‘ There are three examples of predominant periods (0.1 - 0.2 sec.,
0.1 - 0.25 sec, and 0.1 - 0.3 sec.,) for a design earthquake at
exsisting plants, depending on the rock property.
(2) The Regulatory Guide recommends 0.11 - 0.4 sec. as predominant

period.
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(3) Accordihg to Seed's proposal, the predominant period is 0.31 sec.

for magnitude of 7.0 and epicenter distance of 20 km.

The frequency characteristic of the input seismic wave in this test con-
siders the factors mentioned above, and the predominant period is from 0.1 -
0;4 sec. The standard floor response curve thus obtained is shown in Fig.3.4.

Much research has been reported on the method for generating artificial
seismic waves. The method adopted here is that of modeling an earthquake by
irregulér processes which are steady in freduency and unsteady in amplitude.

This means that earthquake acceleration is determined by a pseudo steady
random process ?s(t) of the frequency charaqteristics expressed by superposed
sinusoidal waves and the envelope function E(t) that expresses the unsteadi-
ness of the amplitude, as given below.

¥(t) = E(t)._'fs(t),

where
L 1) N
y (t) =n-0 a, . sin @ .t +¢n)
a, ! amplitude of nth frequency component
Wy - nth natural circular frequency
¢a} : phase angle of nth frequency component

t ¢ time.

The frequency band for a, andajn is 5 - 30 Hz at the least. The uniform
regular random number is allotted to ¢n' within the range from 0 to &ZW.

The envelope form of the amplitude is shown in Fig.3.5 (as suggested by
Jennings'et al.(3)). Figure 3.6 shows the acceleration wave made by the means
discussed above and adjusted to fit with the standard floor response curve of
Fig.3.4. The maximum value is normalized to 100 Gal, aﬁd the floor response

spectra are shown for damping ratids of 0.01, 0.03 and 0,05.
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Figure 3.7 sﬁows the response spectrum of the artificial seismic wave made

for the aseismic test when the damping ratio is 0.0l and compares it to the floor
response curve described *as the standard,

(3} Intermittent sinusoidal beat waves

The vibration response of the building acts as the input to the machinery,
hence, a part of the frequency component of the random seismic input is fil-
tered by the foundation-building system. As a result it is transformed into a
random sinﬁsoidal wave, the frequency of thch, becomes predominant in the
vicinity of the building natural frequency and the envelope is in the form of a
sinusoidal beat wave. Figure 3.8 illustrates the appliaction of the sinuseidal
beat wave to the aseismic test.

The resonance test is the most severe for machinery from the stand point of
the seismic test, and a sufficiently severe aseismic test can be conducted by
using the resonant beat wave, assuming the resonance frequencies of the building
and machine are equal. Consequently, the response amplification can be appro-
priately simulated for the case of the rescnance of the building equal to the
resonance of the machine {which takes place under the condition of an actual
seismic wave), when the number of the beﬁts, the wave number in the beat and the
beat interval of the resonént beat wave are chosen suitably. Accordingly, for

this simulation, the following intermittent beat wave is generated and used.

(i) Beat number 1 5 (determined from the duration of seismic
wave)
(ii} Beat interval : 2 sec. {least interval free from the inter-

ference between the beats)
(iii) Wave number per beat: 10 cycles (to give amplification nearly equal

to the response amplification of seismic wave)
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{iv) Frequency of sinusoidal
wave in the beat : Natural frequency of the machine
(v) Maximum amplitude
of the beat : Test acceleration at the natural
period of the machine

The wave form is shown in Fig.3.9. The sinusoidal beat wave is the basis
for the quasi-resonant test of the machine. The response curve of the sinusoi-
dal beat wave is shown in Fig.3.10.

3.3 Analysis of the wave form used in the test

The wave forms described above are usgd in the aseismic test, but the fre-
quency component is cut off below 4.5 Hz because ‘the exciter used is not capable
of producing a maximum acceleration equal to 500 Gal below 4.5 Hz. Figures 3.11,
3.12 and 3.13 are the acceleration waves measured on the shaking table during
the test and their response spectra. A low pass filter was used to cut off the
frequency components above 28 Hz in order to cut off a pump-rotation freguency
component of 29.7 Hz.

Comparison is made between the response spectrum of the artificial seismic
wave measured on the shaking table and the standard floor response curve in
Fig.3.14. When the response spectrum of the test wave is multiplied by 1.15,
the standard floor response curve is enveloped approximately. For this reason,
it is necessary to divide the nominal input acceleration of the artificial
seism;c wave by 1.15 when the earthquake resistance of the machine is evaluated

with respect to the standard floor response curve,
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Fig. 3.8 Meaning of application of sinusoidal beat wave as

aseismic testing wave
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4, Test plan, facilities and instrumentation

4,1 Test plan

It is necessary to know the vibration characteristics of the punmp as a

rotating machine and to conduct functional verification test of the RHR pump

subjected to the simulated seismic wave. The purpose is to elucidate the resis-

tance of the operating pump during an earthquake._To accomplish this the test
plan requires (1) prior-to-pump assembly test, (2)'prior-to-excitation test
and (3) excitation test. Table 4.1 lists the items, test ihgredients, measure-
ment items and test conditigns.- | H
4,2 Te&t facilities
(1) Piping loop
The flow.diagram.of the piping loop is illustrated in Fig.4.1. Siﬁce the
loop is a closed type, the temperature of the inner liquid rises due to pump
operation. A pump is therefobe added to‘introduce water at room temperature so
that the.liquid temperature is kept nearly constant (at room temperature).
v Flexible pipes are attached to the suction pipe, discharge pipe and cooling
water so that the pump installed on the shaking table is connected indirectly
to the piping loop. The flexible pipe on the discharge side is mounted on the
downstream side of the outlet pressure reduction valve because of the pipe stren-
gth, The size of the pipe loop is the same as that of the actual piping (PWR 2
loop RHR pump). The piping arrangement on the shaking table is depicted in
Fig.4.2.
(2) Loop operation conditions
The pump loop is operated under the following conditions in the aseismic

test.

(i) Kind of water : Industrial use water
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(ii) Water temperature: Room temperature
(iii) Flow rate I 454 m®/h {rated), 635 m®/h (maximum)
(iv) Suctioﬁ pressure : 3 ke/cni G |
(3) Shaking table
The shaking table used is installed in and owned by Takasago Research
Center of Mitsubishi Heavy Industries Co., Ltd. The major specifications are
given below,
(1) Excitation force: 50 tonG in.two horizontal directions

(ii} Maximum amplitude: 50 mm

(iii} Table size: tmxb6mx1lm

{iv) Table weight: 2l tons

{v) Installation capacity: 100 tons (maximum)
(vi) Frequency range: 0.1 - 50 Hz

(vii) Vibration wave form: Arbitrary
{(viii) Control system: Electric~coil pressure servo system
423 Measuring instruments used and data processing
{1) Vibration measurement
{a) Monitoring of pump operation
Rotating machines, such as the pump, always vibrate during operation
owing to the unbalanced force and fluid force. Abnormal vibration is
likely to take place when the bearings are damaged or wear ring seilzure
occurs. Thus, the following items were measured to detect abnormal
vibration.
(i) Vibration acceleration of the pump bearing box
{ii) Vibration acceleration of the casing mandrel, piezo type

accelerometer
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{b} Measurement of vibration response
The following items were measured to find the vibration response
during the excitation test.
(i) Horizontal, vertical and axial displacements of the shaft
(Fine displacement meter)
(ii) Horizontal and axial accelerations of the bearing box
{iii} Vibration acceleration of piping (on discharge and suction

sides), casing and motor mandrel

(Electric resistance strain gage type accelerometer)

(iv) Bearing reaction on the coupling side (Force gage)

(v) Draw force of the pump casing fixing bolts

{vi) Draw force of the pump anvil plate fixing bolts
(Electric resistance strain gage)

The bearing reaction was measured on the coupling side, rather than on the
thrust bearing side of the pump, since the two ball bearings caused difficulty
in attaching the force gage. Also, the lcad due to the relative displacement to
the motor acted to produce the coupling during the excitation of the shaking
table. The stiffness of the force gage is 10? kg/cm, and the ball bearing

5 _ 4 x lO5 kg/cm. Consequently, the vibration characteris-

gtiffness is 2 x 10
tics are hardly affected by the force gage attached to the outer case housing
of the ball bearing. Fig.4.3 shows the locations of vibration measurement.

(2) Performance measurement

The pump performance was measured before and after the excitation test to
find the vibration in pump performance due tc the excitation tesﬁ. The total

head and pump efficiency were measured at O, 25, 50, 75 and 100 % of the rated

flow rate and the maximum flow rate. The measurement items were as follows:
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{i) Discharge flow rate (flow rate measuring orifice manbmeter)
{ii) Discharge pressure
(iii) Suction pressure (Bourdon tube pressure gage)
(iv) Revolutions per minute (tachometer)
(v) Wéter temperaure
(vi) Motor input (Watt meter)
(3) Data processing
The data'prqgessing used in the test is oﬁtlined in the foilowing:
(i) Frequency analysis

Frequency analysis is the basis for analysing the pump vibration.

In this test, a real time analyser using the time compression method

is used for the analysis.

The Band-selectable Fourier analysis method is applied to the

analysis of the vibration characteristics of the pump in the case of

a rated flow rate. This method is otherwise called the zoom FFT and is
wseful when high resolution is required, since the frequency domain
can be extended in the vicinity of the frequency where-the analysis

{ is required.

| (ii) Mechanical impedance measurement

Mechanical impedance was measured when the vibration characteri-
stics of the pump rotor were analysed.

The block diagram of the mechanical impedance measurement is
illustrated in Fig.4.4. The resonant frequency and damping coefficient
can be read directly from the mass effect of the exciter.

Figure 4.5 illustrates the whole testing facility and measuring

instruments schematically.

—39 -
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5, .Test results
5.1 Vibration characteristics test
(1) Vibration test of a single rotor

The pump rotor and shaft was hung as shown in Fig.5.1, and the mechani-
cal impedance and eigen vibration modes were measured in the free-free
condition by exciting the rotor with an electro-magnetic exciter in the
horizontal direction.

Figure 5.2 shows the measured result of the point impedance, and Fig.
5.3 the vibration modes at the rotor-shaft natural frequencies obtained
from this test. The test results are listed in Table 5.1.

{(2) Vibration characteristics test of the pump assembly (Pcint excitation
test)

In order to understand the vibration characteristics of the pump

~ shaft at the pump body alone, at thé pump coupled with the motor, at the
pump-motor-piping assembly without water, at the pump-motor-piping assembly

. with water and at rated flow rate operation, the pump shaft on the coupling
side was excited through a ball bearing to measure the mechanical impedance
at the location of excitation.

Table 5.2 shows the natural frequencies at major modes. These freque-
ncies were read from the results of measurement of the point impedance of
the pump shaft. Among these natural frequencies, given in Table 5.2, are
those at the bending primary mode of the pump shaft which are given in
Table 5.3, The natural frequencies of the bending primary mode of the pump
rotor-shaft are difficult to determine from measurement of the mechanical
impedance for the cases where the pump-motor-piping assembly is filled

with water and operating at rated flow. In these cases the band-selectable
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Fourier analyéis method is applied to magnify the resolution by means of
the enlargement of the frequency domain under consideration.

The damping ratics in the test conditions given in Table 5.3 are
calculated by reading the natural frequencies and the damping coefficients
{(F/V values at the frequencies) of the bending primary mode of the pump

rotor-shaft and using the stiffness k read from the stiffness line, as is

given below,

(2Kfn).c
h =z ——Fp— X 100 %,
where fn: natural frequency Hz,

k : stiffness kg/cm,

C : damping coefficient kgsec./cm and
h : damping ratio %.
It should be noted that error is appearently included in the damp-

ing ratio to the same extent that error ié included in the reading of the
| stiffness k. This may be as large as 20 - 30 %.

5.2 Sinusoidal sweep test

The sweep test was conducted over frequency range from 5 - 100 Hz at an

é acceleration level of 30 Gal. The purpose was to investigate the correspondence of
these.results to those obtained from the point excitation test discussed in the
preceding section. The list of the resonant frequencies fer excitation perpen-
dicuiar te the rotor-shaft axis is given in Table 5.4. Major response modes up
to 40 Hz are due to the accessory piping around the pump body and the suction and
discharge pipings, as are also shown by the point excitdtion test, see Table 5.2.

Figures 5.4 and 5.5 show the acceleration response curves of the pump
casing mandrel for excitation in the axial and perpendicular'directions. Pre-

dominant modes of the response of the discharge and suction pipes exist at 20 Hz
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and 30 Hz in the axial and perpendicular directions respectively. Table 5.5 shows

the resonant frequencies and damping ratios of these modes. In these modes the

discharge and suction pipes are resonant, and the pump casing was excited forcibly.
5.3 Function verification test

The pump was verified for operation under earthquake conditions by assembling
the pump, motor and piping on the shaking table and applying the following waves
at input levels of 100 Gal, 300 Gal and 500 Gal in both the axial and perpendi-
cular directions under conditions of rated flow and maximum flow:

{i) El Centro wave, NS, 1940,

{ii) El Centro wave, EW, 1940 (used only in the case of simultaneous

excitation in the X- and Y-direction),

(iii} Artificial seismic wave and

(iv) Intermittent sinusoidal beat wave.

For the testing waves mentioned aboﬁe, in (i), (ii) and (iii) the frequency
component below 4.5 Hz was cut off in order to carry out the test up to the level
of R00 Gal.

{1} Response amplification

Table 5.6 gives the response amplifications for each part. The response
amplification has the maximum value at the discharge pipe in all cases. The
response amplification at the discharge pipe is less than 2 for the arti-
ficial seismic wave and the El Centro waves, and the response for the inter-
mittent sinusoidal beat wave is 5 - 15 times., From the point of view of the
résponse amplification, the test using the intermittent sinusoidal beat wave

is the most severe aseismic test,

{2} The Fourier spectrum obtained at each part of the pump during

excitation test
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Figure 5.6 shows the Fourier spectrum of the bearing reaction force on
the coupling side for variocus input levels during the simultaneous excitation
in two directions. The El Centro NS and EW waves were used in their tests.
The spectrum shows only small changes due to excitation; the components

which have frequencies much lower than 30 Hz increase with the input level.

In this functional verification test, the excitation duving'the-pump operation
was at input levels of 100 Gal, 300 Gal and 500 Gal using E1 Centro NS and EW
waves, an artificial seismic wave and an intermittent sinuscidal beat wave. No
special'anomaiy-was detected in the comparison of the Fourier spectrum of the
pump parts.

5.4 Aseismic design margin test

In order to observe the anomaly of the operating pump at the rated flow
which could occur during an exccessive groﬁnd excitation, the pump was installed
on the shaking table and excited in the axial and perpendicular directions
using a contineous sinusoidal wave of each resonant frequency of the total
assembly comprizing the pump and its major piping and support structure. The
duration of the excitation was taken as about 10 seconds which corresponds to
the duration of the major part of a seismic wave. The excitétion levels were
300, 500, 600 and 700 Gal.

(1) Response amplification of the pump parts (Comparison with response

amplification in the case of function verification test)
The response acceleration of the pump parts is plotted in Fig.5.7

for various excitation levels of the sinuscidal wave at the resonant fre-

guency of the pump and piping assembly. It is seen in this figure'that the

rate of increase of the response acceleration of the pump body is different -
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from that of the piping for various excitation levels. The acceleration
response of the discharge pipe is the largest. The pump casing shows smaller
response and the motor mandrel shows the least respénse because of the loose
connection between pump and motor.

The response acceleration due to the perpendicular excitation is larger
than that due to the axial excitation, but the response is varied at the
input excitation level of 100 - 200 Gal. This means that the whole assembly
behaves elastically at low acceleration levels, At higher levels some parts
of the resonant structure enter a plastic region which results in the energy
absorption and a decrease in response amplification. Namely, the major pipes
of the pump and the supporting members are likely to absorb a large amount
of vibration energy above the level of 100 - 200 Gal at the resonant fre-
quency, and the possibility of member failure seems to rise.

(2) Comparison of response amplification in the aseismic margin test and
function verification test

., Owing to the nuclear plant arrangement, the RHR pump is considered to
be subjected directly to a ground level seismic wave because the pump is
installed in the lowest floor of the building. On this account, the res-
ponse amplification for the seismic wave is compared with that of the reso-
nant sinusoidal wave used in the test to check the severity of the sinu-
soidal wave testing. The results are given in Table 5.7.

The response amplification is 12.3 - 14.8 with respect to the discharge
pipe location where the amplification takes the largest value and is nearly
equal to the one for the beat wave. The amplification factor of the arti-
ficial seismic wave and El1 Centro waves are from 1.2 - 1.8, which gives a

ratio of about eight to ten between the two tests.,
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(3) Response of the parts sensitive to vibraticn

The displacement response of the coupling that qonnects the pump and
motor was investigated. A displacement of 1 mm is observed for the sinusoidal
resonant wave of 500 Gal, but the pump function is not affected.

The bending moment was measured at root portion of the pump discharge
and suction pipes. The maximum bending stress is about 4 kg/mmF, and is
lower by one order of magnitude than the yield stress of the pipe steel
(=30 ke/mf ).

Also the force in the anchor bolts that fasten the pump to the foun-
dation énd the reaction force of the bolts that fasten the pump body to the
pump bench were measured. The data show-that the force exceeds the proof
strength of the bolts in some‘cases, but the belts did not break.

In the case of the axial excitation over 500 Gal, an impulsive wave
was detected on the ;asing mandrel. The magnitude was 15 g in acceleration
and 1/400 second in duration, No anomaly, such as seizure, was discovered
though the pump was disassembled and inspected carefuliy after the test
was completed. This observation is, however, considered to be a symptom of
deteriorating the pump function.

5.5 Pump performance test
The flow rate, discharge pressure, suction pressure, revolutions per minute,
water temperature and motor input were measured at various flow rates within the
service range of the pump jO, 25, 50, 75, 100, 125 % and maximum flow rate), and
the pumb perfomance was checked in regard to the total head, pump efficiency and
power consumption.
Figure 5.8 shoﬁs the results obtained from the performance tests carried

out before the preliminary tests and after the aseismic design margin test.
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The total head rémained unchanged but the pump efficiency is a little higher
after the test. It may be that the sliding parts of the rotor-shaft system, such
as gland packing, are made smooth by the pump operation during the aseismic test,
thus giving rise to a decrease in the friction torque. Any deterioration in the
pump performance is unperceptible even after a series of the tests.

5.6 Pump inspection results

The only anomaly detected up to the function verification test was the
damage to the small diameter pipe around the pump. These éaused no further
trouble after being repaired by attaching a stiffner support.

The aseismic design margin test was done by a category of resonant testing
of the whole pump assembly and, during these tests, the accessories and piping
around the pump and weldment connected the main pipes with support structure
were damaged. Table 5.8 gives the results of the inspection carried out by
disassembling the pump after the aseismic test. No damage to the pump rotor-
shaft itself was discovered in the series of the vibration and aseismic tests

cenducted in this research.
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Table 5.1 Natural frequencies of pump rotor in free-free

condition
~
Item Measured
Mode Damping ratio Natural frequency
First mode 2.4 % 165.4 Hz
Second mode 2.1 % 389.1 Hz
Third mode 2.5 %2 . 625.0 Hz

Damping ratio is calculated by the following equation

h= ——0o x 100,
mp
n

'Where h: Damping ratio (%),
C: Modal damping coefficient at excitation point (kg sec./cm),
w_ i Zﬁfn; natural cirecular frequency (rad/sec.) and
m: Modal mass at excitation point. |

c, w , m are read from Fig.5.2. The accuracy of the damping ratio 1is

determined by the reading accuracy of m.
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Table 5.5
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Resonant frequencies and damping ratios of discharge and

suction pipes for excitation on shaking table

Pump
condition

Excitation
direction

Axial direction

Perpendicular
direction to axis

Rated flow Resonant
rate 5 frequency 21.4 12.0
(454 m”/h) Hz
Damping ratio
6.0% 1.3 2
| Maximum Rescnant
| flow rate frequency Hz 21.4 32.0
5 (635 m/h)
Damping ratio
7.3 % 2.7 2

Remarks (1)
(2)

Resonant frequency at input 100 Gal on shaking table

Damping ratio calculated by half power method from

response curve for

discharge pipe
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Table 5.8 Inspection results after disassembling after

aseismic design margin test

Part name

State of wear and damage

Remark

1.

Wear ring

. Bearings

Mechanical
seal slid-
ing faces

Gear
coupling
ring

. Mechanical

seal cooler

. Wear of

casing
fastening
bolts

No flaw on casing ring and impeller ring

{1)Cn thrust bearing side
Ne flaw on balls, retainer or outer race

(2)0n coupling side
Ne flaw on balls, retainer opr outer race

(1) On bearing side
No anomaly on runner surface

Twe slight flaw on ring surface and
no flaw on bellows

(2} On coupling side

No anomaly on runner, ring and
bellows

Grease discolored more rapidly than in
usual operation (blackened)

Trace of strong contact left at center
of gear

Slight contact trace on cooling coil,
cooling tube and spiral ceoil

Thread of a bolt fastening cooler
deformed due to resonance

Threads of two belts fastening casing
and base on motor side deformed
slightly

No leakage from
mechanical seal
during operation

Pump side vibrated
fiercely during exci-
tation test, and mov-
ing of gear coupling
perceived

Strokes remarkable at
mechanical seal cooler
during excitation

at pump resonant

point

Threads deformed at two
places subjected to
vibration ¢f major

pipe
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Table 5.8 continued

Part name State of wear and damage Remark

! 7. Auxiliary Fitting part of inlet line of cooling
E : pipes water to bearing box on bearing side
! damaged at time of final test

8. Reinforcement| Cracks initiated in weldment of Weldment not related

of discharge fixing frame of discharge and suction directly to aseismic
and suction pipes during aseismic margin test property of pump main
pipes body
i 8. Cracks on weldment
of discharge and
suction pipe support
Location of the troubles inspected l “a?— =
is shown in the right figure. r‘%\ =4
f(_ ]\|‘\ .,' 7T
1y v ;i
0y Fr
Iy foal
AT / 4 I
! '\ \ / fl I
4, Strong contact of ) NS l
gear coupling teeth ! ; \ \ff {I
) YA !
t | AV |
=1 1 )\,Y\ : 1
[ TAVIRY i |
” | f/’)\ \ | |
f H { /7 \\ L l
! | . i ;7 Y \I I
1 a 'r’_,/ \ \I I
» 1/ / i \l
¥V A
! LAY
| N
L1 i
/ |
7. Inlet line of cooling water

i to bearing box damaged
6. Casing fixing belts worn

5. Mechanical seal cooler fixing
bolts worn and cooling ceils
in contact
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Overhead travelling crane

Wire

Electromagnetic
exciter

Pump rotor

——

Excitation
direction

Fig. 5.1 Pump rotor excitation testing method
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Fig. 5.2 Impedance obtained by point excitation

of pump rotor in free-free condition
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' Excitation

Bearing end Coupling
& location side
/) |
Bs |y oyns & S N ] AN S @) RS e
Id Vw8 i
No.l No.2 Gear coupling
bearing _ bearing

Primary mode 15,4 Hz

N

"\.‘___V
Second mode  389.1 Hz

Third mode 625.0 Hz

Fig. 5.3 Measured vibration mode of pump

rotor in free-free condition
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excitation in pump rotor direction
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Fig. 5.6 Fourier spectrum of bearing horizontal reaction at rated

flow rate and excited in two horizontal directions by El

Centro 1940 NS and EW waves
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6. Conclusions

A series of vibration tests were carried out to evaluate the aseismic
performance of the RHR pump. This pump, wvhich also acts as the low pressure
injection pump, is used in present and will be used in future PWR plants. The
ltest results may be summarized as follows:

(1) In addition to the fundamental structual elements (impeller, shaft and
casing), certain additional auxiliary equipments (bearing lubricaticn system
and seal cooling system) are necessary, and this auxiliary.equipments require
small diameter piping. To insure smooth, long term ocperation of the fundamen-
tal structural elements the auxiliary equipments must not be damaged by the
earthquake. Therefore, the stiffener attached to the auxiliary system piping
is essential for improving the aseismic performance of this pump.

(2) The pump integrity or the rotor-bearing dynamic system seems to be
secure provided that it is not subjected to a transient disturbunce having high
frequency content and/or it is not overloaded.

, {3) Those parts of the structural system {motor and casing mandrel) which
have a resonance frequency which is much higher than the frequency content of
a seismic wave have only a small amplification factor. Furthermore, the value
of the amplification factor is essentially the same for all of the seismic
wvave tests, i.e. artificial, E1 Centro or two axis E1l Centro.

(4) When the aseismic property of the whole structural system is evaluated
on the basis of a resonant vibration test, it is necessary to make clear the
relationship between the structure inducing resonance and the whole structure
assembly. In this research, the excitation test was conducted at the resonant
frequency of the major piping (suction and discharge) and the supporting struc-
ture that connects that piping to the shaking table. This excitation.was effec-

tive in increasing the response amplification of the main body of the pump.
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However, since the structure used in these tests to support the piping is
different than that used in the actual nuclear power plant this should be in-
vestigated further.

(5) The aseismic design margin may be estimated from the experimental
fesults by assuming that the aseismic property of the pump structure can be
evaluated by the inertia force criterion of the pump mandrel. It is seen from
Table 5.6 that the response amplification of the pump mandrel has a maximum
value of 1.3 for the artificial seismic wave and El Centro waves in the axial
excitation. The response amplification of the pump mandrel in the axial exci-
tation is 3.0 when the excitation is at the sinusoidal resonant frequency of
the major piping, as shown in Table 5.7. The excitation acceleration level of
the shaking table, at which the abnormal signal (impulsive wave} was observed
in the pump operation, was 500 Gal in the axial excitation. Therefore, we may
estimate that the seismic amplitude Pequired to produce the same effect (an
impulsive wave) would be 3.0/1.3 x 500 = 1,150 Gal. The RHR pump is installed
near, the foundation of the reactor building, and it is reasonable to take the
dynamic magnitude of the probable strongest earthquake on design basis as 300
Gal and the expected ultimate earthquake on design basis equal to 1.5 times
this value, i.e. 300 Gal x 1.5 = 450 Gal. Then it can be concluded that the RHR pump
has an aseismic design margin more than 1,150/(300 x 1.5) = 2.6, that is, 2.6

times the expected ultimate earthquake on design basis.
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