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HYDRAULIC NOISE IN Rl.ACTOP. ClkC'JITS A'JD Lnr.p:,, AMI ITS

tFFECT ON KtCLEAR F i L VEXATION
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V h l t e s h e l l K u d c a r R e ' e . » r c h E s t â t ' ishr>«nt

Atomic Er.erqv rl '. ar atla L i m • t e d

P i ndna f Hrin i ! ot»a
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V l b r a t ' o n of nuclear fuels and p r e s s u r e tubes whi

may lead to frsttlng can be c a u s e d bv • inherent

flow t u r b u l e n c e , ïiructuraI ! y - 1 r j n i m i 1 1 « d excitat

v e l o c i t y f l u c t u a t i o n s and h y d r a u l i c noiie ;n the

c i r c u i t . T h e latter type of e<c i t.it i or., •, M e m

h y d r a u l i c n o i s e , w h i c h r e f e r s tn the absolute

p r e s s u r e f l u c t u a t i o n s In the c o o l a n t c i r c u i t , is

the s u b j e c t of tne present i t u d v .

Thf» paper reports the results of an Investigation

•t UURE to ronitor noise levels in reactor circuits

And loops, SO as to characterize trie systems and

establish the Importance of this noise on fuel

and pressure tube vibration. Some of the techniques

necessary for in-reactor installations of près 1-re

transducers have been developed and measurements

have been obtained in the vertical fuel channels

of a very noisy out-reactor loop as well

as In the WR-I reactor circuits.

A very quiet out-reactor loop ha4 been constructed

to study the vibration behaviour of 37-element

fuel bundles in the horizontal CAIIDU pressurized-

heavy-water reactor systems. In this facility

various types and levels of hydraulîc noise are

be'ng generated to study their effect oti ihe fue!

bundles and flow tube at flow velocities up to

approximately 13 m/s. (j"Ut/1-<n ) — — —

INTRODUCTION

Vt' atlon of nuclear fuel assemblies and press-
ure tubes may cause fretting damage under certain
conditions of contact, and !n certain environ-
ments1»'»'. Host previous studies'"* have concen-
trated on the inherent turbulence in the flow as
the excitation source. However vibration levels
produced by inherent turbulence alone are below
those required to produce the fretting observed on
occasion in reactors3 and in out-reactor endurance
type tests. Tha effects of another excitation cause,
structurally-tnnsmitted excitation, diminish con-
siderably as i,*ie flow velocity is increased in ver-
tical systems, although it Is not known yet if this
is true for horizontal systems. A major cause of
vibration, velocity fluctuations caused by r*iial
flows which are associated with distorted velocity

p s , is d i sc jsst;d , tut the n a i n ca_i5e of v t-

d i s c u s s e d r f n.' s OAper i s the e f f e c t o*

l"; w i 5p i,r-1 ( n refers to the a t s a l u t e

rc f l u c t u a t i o n s t r a v e l l i n g t h r o u g h the

In many previous fundamental f je i vibration

e«per^n Cn!i l'te e' fccts of the system Hydraulic

noise w e e ofierî overlooked because they were

t^ouT^t uninp.-irtant or because tne experiments were

done in loopG wtf" < ow hydraulic noise leve's.

however, the hycrauiic noise in reactors is not

necessarily low, and its effect can be important.

Alio, since endurance tects on new fuel designs

are done in ouc-reactor loops it is important to

know whether the environnent in that loop is repre-

sentative of that in an cperatinq reactor. The re-

foie there is «i need 10 characterize the environ-

ments and to establish the effect of • -» hydraulic

no i se.

In many studies where the effect of the flow

turbulence is investigated, differential-pressure

measurcnent s are mace in t <e boundary- .ayer around

the fuel to characterize the forcing field. These

data are then used in seni-emDiricaI expressions to

predict t ht- fuel vibration. We use out-reactor

endurance tests to prove our fuels and we know

that these are usually more severe on tne fuels than

the reactors themselves', hence, to obtain reaI ;^: .c

data for In-reactor vibration predictions, measure-

ments are being made at the inlet and nutlet, of the

fuel channels and these data related to thor-e obtained

near the fue1.

We have concentrated on absolute-pressure

fluctuations since It is feasible to measure these

at the inlet and outlet of fuel channels in power

reactors. There are many difficulties involved in

installing pressure transducers in power reactors,

especially for high- crequency measurements: but

some of the techniques have been developed, and

measurements of pressure fluctuations up to 200 Hz

have been made in the WR-I reactor.

Possa et a). 5have also measured absolute-

pressure fluctuations in a reactor for the purpose

of early ietection of component failures. Their

measurements were for the 0-30 Hz range.

* Reference k contains the mosi recent compre-
hensive review of fue! vibration studies.



To study the effect of hydraulic ripls» O P fuel
vibration a *ery Qiiicv loop fas teen tuMt in hhlch
various type* «""0 'eveI s of roi»r iijn te aâoed. and
!n which tha 'uel vibration» can be cwnitored
optic*!ty through an acryilc flow tute. The
effects of high flow velocities on the fuel vibra-
tion can also be ituoiea In an attempt to determine
If th« current upper velocity limit on CAttCU
pre*SurI;ed-heavv-«ater (PriWi po**r reactor» can b»
extended.

Figure I shows » simplified sketch of the types
of >uel c^innel system to he discussed in m i s paper.
The verticil channel with tie top support •i used "«
the Wl-I organic-coo led reactor Jnd ii tio IL I
organic loop at WKRE. The fuel bundles are fastened
together to fom< a fuel string which Is held at the
top of the channel; most of the vibration Is
associated with this fuel string rather than with the
Individual fuel elements.* Tr-j horizontal channel
It the type currently used in the P H U power reactor».
The fuel bundles are not fastened toncther in a
string tut are held 'gainst » downs'ream fuel stop
by the thrust of the coolant flow. Less pressure-
tube fretting has been observed in these horizontal
system because there are no large-amplituce string
vibrations, and because the bundles are held again*:
the pressure tube by gravity.

Figure !• Fuel-Channel Types in CANDU Reactors

EQUIPMENT AND INSTRUMENTATION

The pressure transducers chosen to withstand
the high organic-coolant temperatures of 40Q°C were
the CEC model 4-317-0001 which have a resonant
frequency of 8000 Hz. They therefore have good
frequency response In the range of Interest which
I* 0-200 Hz for fuel vibration studies.

The recording and analyzing equipment used for
the noise measurements Is shown In Figure 2. After
amplification the signals were fed to an ultra-violet
strlpchert recorder, an oscilloscope and tape
recorder. The recorded signals were fed back Into
the oscilloscope to compare with the on-line signals
to ensure that good recordings were being obtained.
At the recording speed of 120 mm/s used In these
tests, the signal to noise ratio Is 56. dB and the
total harmonie distortion is 1.2* for the frequency
range of 0 to 2.5 kHz. A spectrum analyser was used
On-Ifne in some cases, and later to give frequency
spectra from the recorded tape for all the tests.

The tape *-." also p'ayod b«ck through the low-pass
filter to JP rwi ineur to give signal amplitudes
for the 0-7C0 Hi frequency range.

Since the energy which Is avallttbte to cnise
fretting Is thought to be impendent Oft the
velocity of the vibration, nagnetlt. velocity trans*
dicers are used to monitor lhe «actions of fuel
eUnenji which Mtr» !nstrvs-ntSd **3th «SSîiStï.
Vibration displaceranll can be calculated fro» the
velocity signal if it I» concentrated at a particu-
lar frequency. To s-casure the displacements
directly, an optical icnsor was used in later tests
khlch hould focus or. the fuct elements through the
acrylic flok tote. Basically the same recording
and analyzing equipment, shown in Figure 2. was

for the vitrai ion sensors.
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Figure 2. Signal Conditioning and Analysis Equip-
ment

HYDRAL'LIC NOISE AND ITS EFFECT IN A
VERTICAL LOOP

The ras amplitudes of the hydraulic noise In
the IL I vertical out-reactor, organ le loop* are
plotted in Figure 3- The predominant frequency was
180 Hz which corresponds to the vane frequency of
the pump.** Acoustic pressure fluctuations are
normally at a discrete frequency as they are In
this case, whereas turbulent pressure fluctuations
are much more broad-banded. The large amplitudes
at coolant temperatures of ieo°C and 200°C were
due to fuel channel resonances which occur when the
180 Hz pressure waves correspond to one of the
resonant frequencies of the organic-filled pipe
from the top of the fuel channel to the Inlet header
at those temperatures. This la explained more fully
in the appondlx. Such resonances may occur in
reactor channels unless they are considered In the
Initial design.

* The vertical fuel channel for this loop Is shown

In Figure I
** The pump rotating speed Is 60 Hz and there are

3 vanes.
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Fljur* 3- Hydraulic Nolle at 111 Fuel Channel Inlet

(n other tests In the above facility, the vib-
ration* of two fuel elements containing magnetic
pellets In a string of four bundles were measured
us Ing magnet Ic velocity transducers. It was found
that when the hydraulic noise levels increased at
the resonant conditions, the vibration levels also
Increased from those at non-resonant conditions.
Appelt et al.7 also found that fuel vibration In a
vertical system was dependent on the system
hydraulIc noise.

There are thres parallel fuel channels In this
loop. With all of the flow passing through only
one of these channels the hydraulic noise increased
at the Inlet and outlet as the*flow rate was incr-
eased. The relative flow distribution between two
fuel channels was varied to observe the effect on
the hydraulic noise in ors of the channels. The.
resonances still existed at 18O°C and 28O°C. The
noise at the channel Inlet varied directly as the
total loop flow when the flou in that channel was
kept constant, as shown in Fig. 3- This is because
the larger opening In the loop flow-control valve
resulted in less attenuation of the pressure fluc-
tuations travelling through the circuit from the
pump. "Control valve noise" would increase as the
opening was reduced but Its effect was less than
that of the pump noise In this case. However this
trend was not evident in the noise at the channel
outlet where there was a more complex effect of
parallel-channel flow.

HYDRAULIC NOISE ADD ITS EFFECT la A
HORIZONTAL IQOP

Host Canadian power reactors are of the horizon-
tal type. To study the effect of hydraulic poise
on fuel vibration In this type of system, a horizon-
tal pipe with an acrylic test-section was connected
vîa rubber hose sections to the RD6 water loop.
This resulted în a very quiet system with absolute-
pressure fiuct'jatlons generally below 3 kM/m2 for all
of the tests. Differential pressure fluctuations
were not measured since it was the absolute pressure

f l u c t u a t i o n s that w e r e of i n t e r e s t in t h i s s t u d y ,

a i O u t l i n e d in t-e i n t r o d u c t i o n . Flow v e l o c i t i e s

u p to 13 m / s , v,hi>f, ,i \U0% o f the c u r r e n t P H W

d e s i g n f l a w , w e r e u s e d .

T h e h y d r a u l i c n o i s e w a s m e a s u r e d w i t h p r e s s u r e

iCâr<=tuuCKf* dl i'"e i n î e t a n d o u ! i e t of t h e a c r y l i c

s e c t i o n . V i b r a t i o n m e a s u r e n e n t s of e l e m e n t s at tne

s i d e , top and b o t t o n of t h e fuel b u n d l e at [he

c e n t e r and u p s t r e a m end w e r e na£e w i t h m a g n e t i c

v e l o c i t y t r a n s d u c e r s ' a s t e i e d to the f l o w t u b e . £

n u m b e r of 37*ele rient fuel b u r d l e c , o' the t y p e d e v -

e l o p e d for the Bruce G e n e r a t i n g S t a t i o n , w e r e irst-

r u n e n t e d w i t h n a Q n e t s and u s e d for the t e s t s .

FIRST PLATE 5ECONO PLATE THIRD PLATE

NOtSE
GENERATORS

Figure '(.Single bundle tests in RD6 Horizontal Loop

In the single bundle tests, the angle of the
stop which held the bundle aqainst the flow (See
Fig. U) had an appreciable effect on the vibration
of its upstream end, particulcrly its vibration
in the vertical direction. lr the bundle was tilted
upwards the upstrean end of the bundle would "lift-
off" the flow tube at high flow causing the fuel
vibration to increase by as much as 5 times.

Ho ! s<? npner^tprs

In order to impose the types of noise which
would be produced by the inlet hardware of power
reactor channels, three noise generators in the
form of plates with various hole patterns were ins-
talled 100 mm (k in.) in front of the bundle as
shown in Fig. k. These were used to study some of
the effects which result at high flow rates from
various shield plug designs used at the inlet of
horizontal fuel channels.

Basically the same level of hydraulic noise was
produced by all three plates, however, the resulting
flow velocity distribution was quite different. The
noise level did not go above 3 kN/m2 In these tests,
which is well below the ILl loop and WR-1 reactor
noise.



Figura S. Vibration of Side Element at Center
(kindle in RD6 Horizontal Loop.

Noise generator number I, which had a uniform
distribution of S run (5/16 In.) diameter holes
causing a 72t reduction in flow area, I tcreased
the fuel vibration slightly as shown in fig*. 5 and
6. Moi so generator number 2, which had >9 mm
(3/4 In.) diameter holes around the outside causing
a 59t flow area reduction, forced the flow to the
outside of the flow tube as well as creating noise.
It produced a considerable increase in fuel vibration
especially at the upstream end of the bundle where
bundle notions of 20-40 Hz were evident. Noise
generator number 3 "as identical with number 2 but
also had a 32 mm (I 1/4 in.) diameter hole in the
center as shown in Fig. 4. This plate, which caused
a SOt flow area reduction, forced some of the flow
to the outside and some to the center of the flow
tube. The resulting vibration levels were between
those of the first two plates.' These differences
In vibration levels were produced primarily by the
differences in flow velocity profiles rather than by
the hydraulic noise-

In later two bundle tests, noise generator
number 3 was placed 470 mm (13 1/2 in.) in front of
th« uostreera bundle. The fuel vibration was approx-
imately 50% less than when this plate had been
placed 100 mm in front of the bundle because the
disruption in local flow velocities decreased with
Increasing distance away from the plate.

Pump Hoise

To détermine the effect of hydraulic noise from
the pump, the flow rata through the by-pass
circuit was varied so as to vary the pump flow
and hence the pump noise, wrti le maintaining a con-
stant test-section flow rate. The vibration of
a side element between the upstream end and the
middle of the upstream bundle was nonttcred using
t1-» optical displacement sensor mounted independ-
ently of the flow tube. With 80^ PHW design flow
rats in the test-section, the ras values of hydraulic
noise and fuel vibration lisp lavement shown in Table
I were recorded.

Figure 6. Vibration of Side Elemeni at Upstream
End of Bundle in RD6 Horizontal Loop.

Table I . Vibration Displacement versus Hydraulic
Hoise.

Hydraulic -
Noise kM/ra

Vibration
Displacement

1.66
2-15
2.59

8.Ô08
0.013
0.016

Since the test-section flow rats was constant,
tha mean flow velocity In the fuel bundle was con*
slant and therefore not a factor, the Increase tn
the hydraulic mils» niBulted primarily from the
pump and It was this noise which accounted for the
increased vibration.

As the hydraulic noise Increased the flow-tuba
vibration also Increased. Hence, mueit of the fuel
bundle vibration was due to the flow îubo movement,
since the bundles rest on the flow tube. The pres-
sure pulses from the pump here predominantly at
30 Hz which correspond* t*> the puMp^shaft rotating
speed. The £s*t*sec|;{©n natural frejqueney^was
approximately 1% H z * % ç h is rièartyiorië-jwif of the
excitation frequency leading to a primary parametric
instabtl Ity fcondiSipn,8^ Wjlim the) f»<5w tubëVvlb^
ration ,»s reduced uy the ifse of additional constr-
aints, the fuel bundle vibrations aiao decreased.

4-



In power reactors s©»« pressure-tube vibration will
occur, however It it not known If the amplitude Is
Uro,« enough to cause fretting.

t««U «r« continuing In this facility to
study ih« effect of test-section vibrations,
hydraulic noise produced by valves, specific shield
plug designs end fuel bundle misaiIgwnent.

IH-ECAtTOft PRESSURE TBAN5jniC£ft INSTALLATIONS

To Obtain hydraulic rtalse data l> a pover
reactor the following problems must ta overcame.
Firstly there Is the protlem of installing tic
connecting luting and wiring In amongst the M.ield-
Ing and other reactor hardware In such a way thai It
does not Interface with this equipment and yet pro-
wl des good signals to the transducers. Since the
transducers form part of the reactor containment,
safety aspects of Che Installation must be Investi-
gated, Also the Installation must be such that It
can easily te connected and disconnected.

To develop and evaluate Installation tecMlques
to met the above requirements a program «as under-
taken to neasuro hydraulic noise levels In the VR-I
organ!c-eOQled reactor. Prior to doing th'f, a
Channel In an out-reactor loop was used to -ornpare
various installation design*,. In the upper portion
of the channel one transducer Mas flush-mounted and
one was connected with various lengths of 9.5 wn
(3/8 In.) tubing. Others wore connected through the
top Of ln« Channel with tubing and a back-filling
arrangeait.

With the top connections the readings were dis-
torted a: high temperatures. For Instance, at coo'.-
ant temperatures above 260°C larger random noise
signals appeared between I30 Hz and 165 »>z. These
Stray signals were not present in the readings
taken at the bottom o? the channel and cou id be
éliminated for only short time periods by back-
fttHng-*' ft was concluded that these distortions
« r e due to vapour bubbles from the multi-component
organic coolant collecting In the Une, and that
this typé of connection Is unsatisfactory for high
literatures.

With the connections at the side, a long length
of tubing M>uld produce resonance in the tine and
magnify the pressure signals considerably. However,
If the length of Una was kept below about 1/6 wave-
length of the highest frequency pressure waves
measured, then no appreciable distortion occurred In
the readings. This was determined by comparing the
readings using various line lengths with the readings
from the flush-mounted transducers.

For thé ÏW-V reactor Installations, short lengths
of 9-5 mm tubing were welded to the inlet elbow at the
bottom:'*>f'en*-i.6f ihe fuel channels and through the
wall of the upper part of the channel. These lines
were Inclined downwards slightly so as to prevent
V«pour bubbles entering the line. Since the trans-
ducers formed part of {he reactor containment they
vieré ffsitoned Into enclosures designed for the
temperature and pressure to protect against the

, possibilities of a diaphragm rupture.

iN-REAÇTOR HYDRAULIC H0I5E

Recordings were first taken during reactor' shut-
down ac II3CC with only the pressurizing puinp runn-
ing and negllble flnw through the channel. With
the circulating purp running and a, near normal,
IS kg/s How rate In tre channel, readings were
taken from 46C3 to AOj^C at various reactor powers.
The amplitudes of the pressure fluctuations were
larger ulth He larger puir-p operating and kith the
higher flow rote, as would te expected. The rms
amplitudes for the frequency range of 0-200 Hz are
plotted In Figure 7- The major frequenty component
In the lignais was 6-8 Hz, however the spectra ware
quite broad-banded up to 200 Hz. Typical frequency
ipectra are shown in Figure 8.

_J_ l
fee M9 «00

Figure 7. Hydraulic Noise (n the WR-1 Reactor

As shown In Figure 1 the WR-1 fusl-channel
Inlets are streamlined compared with typical powi;r-
reactor channel inlets, and do not offer any
obstructions to the flov. before It enters the first
fuel bundle. In power-reactor channels the f iow
must pass through a !T connection" and shie'.s plug
before entering the first fuel bundle. Therefore
the hydraulic noise at the fuel bundles Is likely
higher than in the WR-1 reactor, due to noise
generated at these locations.

Comparing these results with those In Figure 3,
it is evident that the hydraulic noise In this
reactor circuit is much lower than in the H I loop
even though the channel flew rate Is higher. The
lower noise level is due to the damping effect of
the nuch larger multi-channel circuit, differences
in the pumps, and temperature gradients In the core
which tend to eliminate resonances in the fuel
channels.

CONCLUSIONS

From the above Investigations It is clear that
various reactor circuits and leaps can have quite
different hydraulic noise characteristics end that
this noise can have a significant effect on fuel
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Figure 8. Freqw-ency Spect'a for the WR-1 Reactor

and channel vibrations. I:: is therefore important
to characterize both power reactor circuits and
various out-reactor facilities so that testing can
be carried out in representative environments.

Some of the techniques required for measuring
hydraulic noise in power reactors have been developed
and used successfully to cota in data from the UR-I
reactor.

It was found from the III loop tests that fuel
channel resonances are possible under certain con-
ditions. These can have a significant effect on
feel vibration and must be avoided by fuel-channel
designers.

Noise levels in reactor systems are generally
lower than in hydraulics test loops because the
larger coolant volumes in the reactors provide
more damping of the pressure pulsations from the
poops. Hence out-reactor endurance tests are
generally more severe on the fuel than is the
corresponding reactor. However the noise in reactor
fuel channels is larger Man in loops such as RD6
In which rubber hose connections, or filters, are
used to absorb pressure fluctuations. In PHW
reactor channels fuel vibration and fretting is
thought to be less than in the WR-I reactor even
though the noise levels may be higher, because
there are probably no fuel string-like vibrations,
and because the fuel bundles are held against the
fuel channel by gravity.

Tests In the RD6 horizontal loop have confir-
med that hydraulic noise will excite fuel assemblies
and flow tubes, and also show that if the upstream
fuel bundle is allowed to tilt upward the vibration

will increase considerably at Its upstream end.
The noise generator tests have shown the Impor-
tance of the flow velocity profile developed In
front of the fuel bundles by shield plugs and
channel inlet configurations.
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APPENDIX. ill LOOP S£53J«aC£S

The resonances which were detected in the ILI
out-reactor test facility at temperatures af I8O"C
and 280*C can be explained using the following
formula for the resonant frequencies of tho
organic-fiI led,tube:

f • na
" IT

where n - 1,2,3 .....<•
a • sound speed in fluid
L - length of tube

fn the case of the IL? loop, the critical tsngth
of tube is from the top of the fuel channel to the
inlet feeder, which Is 11.8 m. The calculated
frequencies for the 111 test condition!, are listed In
Table 2.



T#bù 2, Kttonant Frequencies of the ILI Loop's
Fu«l Channa).

f>.

gC
Coolant «coustlc

velocity ">/*

180

2*5

280

1041.6

SOI.O

819.6

799-8
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