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Abstrace

vibration ot nuclear fuels and pressure tubes which

may lead to frettlng can be caused by inlerent

flow turbulence, structurally~transmitted excitation,

valoclty fluctuations and hydraulic noise in the
circuit, The latter type of eacitation, s -stem
hydraulic noise, which refers tathe absolute
pressure fluctuatinns in the coolant circuit, is
the subject of tne present study.

{ This paper reports the results of an investigation
&t WIRE to ronitor noise levels in reactor circuits
and Joops, 3o as to characterize the systems and
sstablish the importance of this noise on fuel

and pressure tube vibration. Some of the technigues
nacessary for in-reactor installations of pres<:re
transducers have been developed and measurements
have been obtaired in the vertical fuel channels

of a very nolsy ocut-reactor loop as well

as tn the WR-1 reactor circuits.

A very quiet out-reactor loop haé§ been constructed
to study the vibration behaviour of 37-element
fuel bundlies in the horizontal CAIDU pressurized-
heavy-water rcactor systems. . [n this facility
various types and levels of hydraulic noise are
being generated to study their effect on the fue!
bundles and flow tube at flow velocities up to

j approximately 13 m/s. (flq,rkc1) e
INTRODUCT 10N

Vi* atlon of nuclear fuel assemblies and press-
ure tubes may cause fretting damage under certain
conditions of contact, and in certain environ-
mentsle 2,3, Host previous studies®s have concen-
trated on the inherent turbulence in the flow as
the exclitation 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 endurancze
type tests.
structurally-transmitted excitation, diminish con=
slderably as \he 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 raiial
flows which are associated with distorted velocity

* Reference 4 contains the mos. recent compre-
hensive review of fuel vibration studies.

Tha effects of another excitation cause,

prafiles . 5 discussed, Lul the main gause nf v ¢-
ratun discussed r thls paper is the effecr nof
nydraul ¢ noitge whoch refers to the atsolute

prevsure fluctuations travelling through the syste~.

ln many previous fundamental fue! vibration
experiments tne effects of the system rnydraulic
nnise were ofted overlaoered because they were
thounht unimpirtant Or tecause the experiments were
done 1n Inops wotr cow hydraulic noise levels.
However , the hydrau.:c noise in reacters i1¢ not
necessarily low, ard its effect can be important.
Also, since engurance tetts on new fuel designs
are done in out-reactor loops it is important to
know whether the environment in that loop is recre-
sentative of that in an cperating reactor. There-
fore there is ¢ need to characterize the environ-
ments ard to establish the effect ot 2 hydraulic
nQi1se.

In many studies where the effect of the flow
turbulcnce is investigated, differential-pressure
measurements are made in T« boundary-~.ayer around
the fuel to characterize the forcing field. These
data are then used in semni-empirical expressions to
predict the fuel vibration., We use gut-reactor
endurance tests to prove our fuels and we know
that these are usua!ly more severe on tne fuels than
the reactors themselves:. HMence, to obtain realiuiic
data for In-reactor vibration predictions, measure-
ments are being made at tihe inlat and outlet of the

fuel channels and these data related to thoze obtained

near the fuel.

We have concentrated on absolute-pressure
fluctuations since It is feasible to measure these
at the inlet and outlet of fuel channels in power
reactars. There are many difficulties involved in
installing pressure transducers in power reactors,
especially for high-“requency measurements: but
some of the techniques have besn developed, and
measurements of pressure fluctuations up to 200 Hz
have been made in the WR-1 reactor.

Possa et al.Shave also measured absolute-
pressure fluctuations in a reactor for the purpose
of carly vetection of component failurcs. Their
measurements were for the 0-30 Hz range.



Yo study the effect of hydraullc reise on fuel
vibration a very Guiel lcop ras been built in which
varlous types are levels of roise can bte added, an
tn which tha fue! vitraticns can be monitered
optlcally tnrough an acryric flow tute. The
effects of hign fiow velocities on the fuel vibrar
tion can also be stuclea in an attempt to determine
If the current upper velocity timit on CANDU
prassurlzed-heavy-water (PrW) power reactora can ta
extended.

Figure | shows a simptified sketch gf the types
of .uel channel system to be discussed in this napgr.
The vartical channe! with tnhe top support 15 wsed in
the WR-1 organic-cooled reactor and o tho 1w
organic loop at WNRE. The fuel bundies are fastened
togethar to form a fusl string which is held at the
top of the channel; mcst of the vitravion is
assoclated with this fuel string rather than with the
Individual fual elements.® Tra horizontal channel
ls the type currently used in the PHW powcr reactors.
Tha fue! tundles are not fastened toncther in a
string but are held against & downstream fuel stop
by the thrust of the coolant flow. Less pressure-
tuba fretting has been observed in these horizontal
systers because there are no large-amplituce string
vibrations, and tecause the bundles are held sgains:
the pressure tute By gravity.

Fual-fhannel Types in CANDUY Reactors

Flgure |.

EQUIPMENT AND INSTRUMENTAT ION

The pressure transducers chosen to withstand
the high organic-coolant temperatures of L0QOC were
the CEC model 4-317-0001 which have a resonant
frequency of 8000 Hz. They therefare have good
frequency response In the range of interest which
Is 0=200 Mz for fuel vibration studies.

The recording and analyzing equipment used for
the rolge measurements is shown in Figure 2. After
smplification the signals were fed to an ultra-violet
stripchart recordar, an oscilloscope and tape
recorder. The recorded signals were fed back Into
the oscilloscope to compare with the on~1lne signals
to ensure that good recordings were teing obtained.
At the recording speed of 190 mm/s used In thess
tests, the slgnal to noise ratlo is 5€ dB and the
total harmonlz distortion is 1.2 for the frequency
range of 0 to 2.5 kHz. A spectrum analyser was used

on-lfne in some cases, and later to give frequency
spectra from the recorded tape for all the tests.

The tape was also p'ayed back through the low-pass
fiiter to ar rms metar to glve signal amplitudes
for the C-2C0 Mz frequenty range.

Since the energy which ia avallubte to cawss
fretting Is thought to be cependant on the
velocity of the vitration, magnetic velocity trens-
dicers are used to monitor the eotions of fuel
alaments whish vers Ingtruemntad with sapnery,
Yibration displacerents can be calcutated from the
veloclte signal Uf it is concentrated at & particu-
lar frequency. To woasure the displacements
directly, on optical sensdr was used i later tests
which would focus or the fuc! elements through the
acrytle fiow tuta. Basicaily the same racording
and analyzing equlpment, shows la Figure 2. waiy
used for the vitration sensors.
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Fligure 2.
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Signal Conditioning and Analysls Equlp~

HYDRAULIC NOISE AND 1TS EFFECT IN A
VERTICAL LOOP

The rms amp!lltudes of the hvdraulle nolse in
the IL{ vertical vut-reactar arganic [oop® are
plotted in Figure 3. The predeminant frequency was
180 Hz which corresponds to the vane freguency 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 largs amplitudes
at coolant temperatures of 1807C and 2809C were
due to fuel channel resonances which occur when the
180 Mz pressure waves cofrespond to one of the
resonant frequencies of the organic=fllled pipe
from the top of the fuel channel to the Inlet header
at those temperatures. This Is explained more fully
in the appendix. Such resonances may accur in
reactor channels unless they are considered In the
inltlal design.

* The vertical fuel channel for this loop Is shown
in Flgure |

** The pump rotating speed Is 60 Hz and there are
3 vanes. '




fluctuations that were of interest in this study,
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TR i) The hydraulic roise was measured with pressure
s 5 transducers ol the inier and outiet of the acrylic
g section, Vibration measurements of elements at tne
N side, top and bottom of the fuel bundle at the
5 “r 7 center and upstream end were race with magnetic
; ! velocity transducers “astened to the flow tube. £
il 1 number of 37-element fuel burdles, of the type dev-
i l eloped for the Bruce Generatirg Station, were irst-
I rufcnted with rmagnets and used faor the tests.
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In other rests in the above facility, the vib- = E .= )
rations of two fucl elements containing magnetic ‘ — o |
pellets in a string of four bundles were measured FLOW ——— | 1 e ———) ! R —
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using magnetic velocity transducers. It was found £
that when the hydraulic noise Jevels increased at 3 _ 1 = ! =
the resonant conditions, the vibration levels also [4:‘ TFTTT T ‘4~_iéJ;;J
Increased from those at non-resonant conditions, N M | J
Appelt et at.? also found that fuel vibration in & thggf;ons Bﬂﬁgls gﬁgt
vertical system was dependent on the system
hydraulic noise. fFigure 4.5ingle bundle tests in RD6 Horizontal Loop
There are thres parallel fuel channels in this
loop. With all of the flow passing through only in the single bundle tests, the angle of the
one of these channels the hydraulic noise increased stap which held the tundle against the flow (See
at the Inlet and outliet as the flaw rate was incr- Fig. 4) had an appreciable effect on the vibration
eased. The relative flow diBiribution between two of its upstream end, particularly its vibration
fuel channels was varied to abserve the effect on in the vertical direction. |f the bundle was tilted
the hydraulic noise in orz of the channels. The upwards the upstrean end of the bundle would "1ift-
resonsnces stil) existed at 180°C and 280°C. The off'" the flow tube at high flow causing the fuel
nolse at the channel Inlet varied directly as the vibration to increase by as much as 5 times.
tota! loop flow when the flow in that channel was
kept constant, as shown in Fig. 3. This i5 because Nolse henerators
the larger opening In the loop flaw-control valve
resulted in less attenuation of the pressure fluc- In arder to impose the types of noise which
tuatfons travelling through the circuit from the would be produced by the inlet hardware of power
pump. "Control valve noise' would increase as the reactnr channels, three noise generatars in the
opening was reduced but its effect was less than form of plates with various hole patterns were ins-
that of the pump noise In this case. However this talled 100 mm (4 in.) in front of the bundle as
trend was not evident in the noise at the channe!l shown in Fig. 4. These were used to study some of
outlat where there was a more complex effect of the cffects which result at high flow rates from
parallel-channel flow. various shield plug designs used at the inle: of
torizontal fuel channels.
Basically the same level of hydraulic noise was
HYDRAUL IC NOISE AND ITS EFFECT IH A produced by all three plates, however, the resulting
HORIZONTAL LOOP flow velocity distribution was guite different. The
: - naise level did not go above 3 kN/m? in these tests,
Most Canadian power reactors are of the horjzon- which is well below the JL! loop and WR-1 reactor
tal type. To study the effect of hydraulic noise noise.

on fuel vibration in this type of system, a horizon-

tal plpe with an acrylic test-section was connected

via rubber hose sections to the RD6 water loop.

This resulted in a very quiet system with absolute~

préssure: Fluctiations generally below 3 kN/m? for all ’
of the tests, Differential pressura fluctuations

were not measured since it was the absolute pressure
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Figure 5. Vibration of Side Element at Center of

Bundle in RD6 Horizantal Loop.

Nolse generator numter 1!, which had a uniform
dlstribution of 8 mm (5/16 in.) diameter hotes
causing a 72% reduction in flow area, iwcreased
the fuel vihration slightly as shown in Figa. 5 and
6. MNHoise generator number 2, which had 19 rm
(374 in.) diameter holes around the outside causing
a 592 flow area reduction, forced the flow to the
cutside of the flow tube 23 well as creating noise.
It produced a considerable increase in fuel vibration
especially at the upstream end of the bundle where
bundle motions of 20-40 Hz were evident. Hoise
genarator number 3 was identical with number 2 but
also had a 32 mm (1 1/4 in.) diameter hole in the
center as shown in Fig. b, This plate, which caused
a 502 flow area reduction, forced some of the flow
to the putside and somg to the center of the flow
tutc. The resulting vibration levels were between
thasc of the first two plates. These differences
in vibration levels were produced primarity by the
differences in flow velocity profiles rather thac by
the hydraulic nolse.

In later two bundle tests, noise generator
number 3 was placed 476 mm (18 1/2 in.) in Ffront of
the uostrecn bundie. The fusl vihration was approx-
imately 503 less than when this piate had been
placed 100 mm in front of the bundie because the
disruption in local flow velocities decreased with
increasing distance away from the plate.

Pump Noise

To determine the effect of hydraulic noise from
the pump, the flow rata through the by-pass
clrcuit was varied so as to vary the pump flow
and hence the pump noise, wiile maintaining a con-
stent test-section flow rate. The vibratior of
a side element between the upstream end and the
middie of the upstream bundle was manitored using
t e optical displacement sensor mounted independ-
ently of the flow tube. With 80% PMW design flow
rata in the test-section, the rms values of hydrautic
noise and fuel vibration displacement shaown in Table
! were recorded.
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Figure 6. Vibration of Side ElementL at Upstream

_End of Bundle in RD6 lorizontal Lowp.

Table 1, Vibration Displacement versus Hydraulic
Hoise.
Hydraul ic 2 Vibration
NHoise kN/m Displacemant
m
i.66 ¢.008
2.15 0.013
2.59 0.016

Since the test-section flow ratc was constant,

tha mean flow velogity in the fuel bundle was con-
stant ‘and thereforg not & Factor. The Therease in
the hydrzulic noiss rogulted primarily from the
pump and It was this nolse which accounted for the
increased vibration.

As the hydraulic noise Encraased tho flow-tuds
vibration alao inureased. Herice, muci; of the fus}
bundle vibration was due to Flom iube movemant ,
since the bundles rest on the flow tubs. The pres-
sure pulsas from the pump were predominantly. at
30 Hz which corfesponds: to the pumpe=shaft rotating
speed. The Xz st-section natural freai ¥
apnroxlmuely 1 Rz w ‘ r.h is néar)

ration Jas reduced uy the of .additional. constr-

aints, tha fuel-bundie vibrations aisa decreaged.




In powar resctors soma pressure-tube vibration will
ageur, however It is not known If the amplitude U5
largs enough to cause fretting.

Hore tgsts are continuing In this facllity to
study the effect of test-section vibrations,
hydraul ic nolse produced by valves, specific shield
plug deslgns and fuel tundie mivalignment.

IN-REACTOR PRESSURE TRANSDUCER INSTALLATIONS

To obtain hydraullc nulse data I+ a power
reactor the foliowlng problems must be overcome,
Firstly thare is the protlem of instailing tiwe
ctonnacting futing and wiring In amongst the ihield~
{ng and other reactor hardware in such a way that It
does not Interfere with this equipment anrd yet pro-
vides good signals to the transducers. Sinze the
transducers form part of the reactor containment,
sofety aspects of the [nstatlation must be fnvesti-
goted, Also tha Instatfation muse be such that It
con easliy te connected and disconnected.

To develop and evaluate Installation tect-igues
to meet the above requirements a program was under-
taken to measurs hydraulic nolse levels in the WR~1
organic~conled reactor. Prior to doing this, a
channel In an out-reactor loop was used to -ompare
varfous fnstallation designy. {n the upper portion
of the channe) one transducer was flush-moynted and
one was connected with various lengths of 9.5 mm
{3/8 1n.) tublng. Others were connacted through the
tp of the chonnel with tubing and a back~filling

arrangemeat.

With the top comnections
torted &% high temperatures. For Instance, at cool-
ant temparatures above 2609C larger random nolse
slgnals eppeared between 130 Hz and 165 hz, These
stray signais were not present in the readings
taken at the bottom of the <hanne! and could be
sllalnited for only short time periods by back-
f111irg. )t wes concluded that these distortions
were due to vapour bubbies from the multi-component
organlc coolant collecting In the line, and that
this type of connection s unsatisfactory for high
tamperaturas.

the readings were dis-

VWith the connectlons at the slide, a long length
of tubing would produce resonance in the line and
magnlfy the pressure signals considerably, However,
the ‘Yength of Yine was kept below about 1/8 wave-
h of the-highest frequency pressure vaves

y then no appreciable distortion oceurred in
.ving;, ‘This was determined by comparing the
idings using various Tine lengths with the readings
from the flush-mounted transducers.

/‘Foﬁ*ihevﬂﬁ-l*reuctor installations, shart lengths

“one of the fuel channels and through the
the’ upper port of the channel. These lines
5 Lined downwards slightly so as to prevent
vapour bubnles entering the Iine. Since the trans-
ducers formed part of the reactor contalnment they
i €d {nto oniclosures designed for the

temperature and pressure to protect against the

ing wére welded to the inlet elbow at the

. passibilities of a diaphragm rupture.

IN-REACTOR HYBRAULIC NOISE

Recordingt were first taken during reactor shut-
down at 1135¢ with only the pressurizling pump ryunn-
ing and neglible fiaw through the charnel. With
the clrculating purp running and a, near normal,

15 kg/s flow rate in tre channel, readings were
taken from 1607 to L03Y at various reactor powers,
The amplitudes of the pressure fluctuations were
larger with tie larger pump operatlng and with the
higher flow rote, as vould te expected. The rms
amp)itudes for the frequency range of 0-200 Hz are
plotted in Figure 7. The major frequen.y component
in the signals was 6-B Hz, however the spectra were
quite broad-banded up to 200 Hz, Typlcal frequency
ipectra are shown in Figure 8,
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Figure 7. Hydrauile Noise in the WR-1 Reactor

As shown In Figure 1 the WR-1 fusl-channet
inlerc are stream!ined compared with typical powrr-
reactor channel inlets, and do not offer any
obstructions to the flow before It enters the first
fuel bundle. In powsr-reactcr channeis the fiow
must pass through a *T connection' and shicla pluy
before entering the first fuel bundle. Therefore
the hydraullc 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 hydravlic noise in this
reactor circuit is much lower than in the 1.1 loop
even though the channel flcw rate is higher. The
lower noise level is due to the damping effect of
the much Targer multi-channel clrcuit, differences
in the pumps, and temperature gradieats in the zore
which tend to eliminate resonances in the fue)
channels.

CONCLUS1ONS

From the above Investigations It is clear that
var lous reactor circuits and loops car have quite
different hydraulic noise characteristics and that
this noise can have a significant effect on fuel
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and channe! vibrations. 1 Is therefore important
to characterize both power reacror circuits and
varlious out-reactor facilliiles so that testing zan
be carried out in representative environments.

Soms of the techniques required for measuring
hydraulic noise in power r:actors have been developed
and used successfully to ostain data from the WR-1
reactor.

It was found from the I1L) loop tests that fuel
channal resonances are possible under certain con-
ditions. These can have a significant effect on
f:e) vibration and must be avoided by fuel-channel
designers.

Nolse levels in reactor systems are generally
Jower than In hydraulics test loops because the
larger coolant volumes in the reactors provide
more damping of the pressure rulsations from the
pomps. Hence out~reactor endurance tests are
generally more severe on the fuel than is the
corresponding reactor. However the noise in reactor
fuel channels {s larger than ia lgops such as RD6
in which rubber hose conn:xctions, or filters, are
used to absorb pressure fluctuations. In PHW
reactor channels fuel vibration and fretting is
thaught to be less than in the WR-) reactor even
thaugh the noise levels may be higher, because
there are probably no fuel string-like vibrations,
and because the fuel bundies are held against the
.fuel channe! by gravity.

Tests In the RD6 horizontal laop have confir-
med that hydraulic noise will excite fuel assemblies
and flow tubes, and also show that if the upstream
fuel bundle is alVowed 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 tha fuel bundles by shield plugs and
channel inlet configurations.
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APPENDIX, (LI LOOP RESONANCES

The resopances which were datected in the IL}
out-reactor test facillty at temperaturss of 180°C
and 280°C can be explained using the fallowing
formula for the resonant frequencies of tha
organic=filled. tuba:

f =npna
"o
where n = 1,2,3 ,,....o

a = sound speed in fluid
L = length of tube

fn the case of tha IL? loop,. the critical :=ngth
of tube Is from the top of the fuel channel to the
intet feeder, which Is 11.8 m. The calculated
frequencies for the 1Ll test conditjors are listed in
Table 2,




Tabla 2. Resonant Frequencles of the L1 Loop's
Fus! Channel.
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