C.N.E.A. Biblioteca
ARCHIVO PUBLICACIONES
Progrecs in Mucleor Frorev. 1982, Vol 0, pn, 7§ 82 NO Ho 0079.6530/82/010075.0854.00/0

Printed in Great Hoitnin, Al rickts seserved f /?% Coprrisht © 1982 Perpamon Press 1d
onberm————
- Proo. Nucl, Ever

]|>§S o149~ {97 08-82-0%

APPLICATION OFF NEUTRON NOISE ANALYSIS TGO
A SWIMMING POOIL. RESEARCH REACTOR

K. BEHRINGER, V. . LESCANO, I<. MEIER, . Pintpius and H. WINKLER

Swiss Federal Institute for Reactor Rescarch (EIR) C14-5303 Witrenlingen, Switzeriand

ABSTRACT

This work is part of a programie of establishing practical applicaticns of neutron noise tech-
niques to a swimming pocl rescarch reactor and deals with two different items : (1) The identi-
~fication of local bLoiling caused ¢.g. by @ partial blockage of the coolant flow in a fuel ele-
mont. Local boiling can easily lead to a burn-out situation. The onsct of boiling can be detec-
ted by neulron roise analysis and a boiling detection system is presently under development.
(2) .The measurement of the time evolution of the reactivity induced Ly xenon after reactor
shut-down by an on-line reactivity meter based on neutron noise analysis. From the data, the
prompt neutron decay constant at delayed critical, the cquilibrium xeron reactivity worth, and
an estimte of the average steady-state power 1lux in the core before reactor shut-down were
obtained.

KEYUORDS

feactor noise enalysis, neutron roise, boiling detection, xenon poisoning, swimming pool type
reactaors.

IHTRODUCT 10N

The roise investigations briefly reported in this paper are part of @ programme of establishing
practical applications of neutron noise techniques to the swimming pool type reactor SAPHIR at
EIR, Switzertand. Yhey concern {wo different items @

- Boiling detection

The first item deals with the detection of boiling and is a power ncutron noise application.

SAPHIE dis normally operated at a power level of & Mé with forced coelant water convection. The
appearance of lacal boiling is 2 safety-related operational problem because it car casily lcasd
Lo burn-cut. Therefore, the development and installation of an appropriate surveillance system
capable of detocting the onset of boiling can reduce the danger of burn-eut. Keutron noise in-
vestigations under controlled boiling conditions show that boiling induces reactivity fluctus-
tions which significantly increace the noisc signal amplitudes in the freguency range below

5 Hz. A prototype boiling detection system is presently under development. It is based on simp-

Yo amplitede (hresholding and uses existing control instrumentation.

- Xenon poisoning

The sccond iteam refers to the determination of reactor operationzl pavameters by an un-line
reactivity reter uvader zoro-power conditions, in this case, applicd Lo the measurarent of the
Uime cveluton of xonon paiseming after ¢ reactor shut-down Trom 2 prececding statichary power
gperation. §vaa Lhe datd, the propl nculvon decay constaal at delayed critical, the cquili-
brium xenon verctivity vorth, and an estimate of the core-average steady-state thermal flux at
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power (thermal power flux) were obtained by means of a simple space-dependent theory of the
xenon poisoning.

BOILING DEVECTION

The coolant flow at SAPHIR is a forced down-stream of the pool water through the water gaps )
between the fuel plates. There are 3 circulation pumps and the total coolant flow rate is about
130 £/s. The onset of local boiling causes changes in the coolant flow distribution. This can
lead to flow instabilities and, under advanced boiling conditicns, to superheated fuel plates
vhich may result in a burn-out situation, Several investigations (Vittle and Forgan, 1967,
Fries et al., 1972, Winkler, 1976) which are partially based on mock-up experiments, allow a
reliable prediction of the critical power densities. These data are sufficient for the design
of safe coolant flow corditions. ‘

Due to a risk study performed for SAPHIR, the most probable event that can initiate boiling is
the partial blockage of one or two cooling channels of a fuel element by foreign substances,
"e.g. by plastics which can fall in the pool. A partial melting of onc or more fuel plates does
not endanger the enviranment. Such an incident, however, should be avoided by the installation
of a surveillance system which detects the onset of boiling but does not give false alarms un-
der normal operation conditions. A detection time of about half a minute after the onset of
boiling is to be regarded as sufficient. There is no requirement of localizing any boiling fuel
element channel.

The core of the reactor SAPHIR consists of highly enriched uranium fuel elements and is small
compared to the usual size of a power plant reactor. Local void fluctuations are therefore ex-
pected to induce additional reactivity fluctuations which are stronger than the reactivity

. fluctuations existing during normal reactor operation (Minkler and Zeis, 1977).

The first experiment was performed under reduced coolant flow rate with one pump in operation
(A7 &/s). The reactor power was increased in small steps until at a power level of 2.97 MW the
initiation of boiling in 3 water gaps was observed by a telescope. The onset of boiling can be
recegnized by the visible flow streamlines produced by the water turbulence above a boiling
channel which induce fluctuating shadow effects on the Cerenkov light. It was visually observed
that boiling does not start immediately after the minimum required power level has been reached,
but with a delay of several minutes. This is due to rearrangement of the coolant flow distribu-
tion. Boiling begins in the water gaps between the fuel plates which have the highest surface
temperature and spreads out slowly in time with increasing intensilty to olher channels.

The onset of boiling is also manifested in the neutron noise. For the ncutron noise measurcments,
two boron 1onizat1on chambers located in the reflector near Lhe core boundaries were used.
Fig. 1 shows two signal patterns, the onc mea-
sured after boiling has just started, the

BOILING NO BOILING other measured under no boiling condition
4 pump in operation 3 pumps in operation after the coolant flow has been increased by
\ switching on the other two circulation pumps.
Boiling is characterized by the appearance of

v¥¥¢¢w¢$&V‘ ﬁf& V\y,\ﬁv 5”fﬁh%§ *agu’¢g marked "boiling pulses" which were found tc be

coincident between both measuring channels.

—44.« b= ‘ The appearance of these boiling pulses was not
observed during a sccond experiment which was
performed under different therial-hydraulic

Fig. 1 . Neutron noise signal, first experi- conditions. Here, the reactor power was kept
ment, reactor power 2.97 MW, constant at a level of $.2 MY, The initial
(band-pass filtered 1-40 Hz) coolant flow rate of 126.5 £/s with 3 pumps
in operation was stepwise reduced. First con-
crete indication of boiling appeared at a coo-
lant flow rate of 96.6 &/s. Fig. 2 shows the signal patterns with and without boiting. In con-
trast to Fig. 1, there is no obvious visible structure in the presence of boiling. Goiling mani-
fests itself by a general increasc of the noise amplitudes af low frequencies.
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Figs. 3 and 4 show neutron APSDs measured in
the first and the sccond experiment respecti-
vely under reactor conditions with and with-
out local boiling of the coolant. The measu-

BOILING NO BOIHLING
Coolont flew role $6.6 L/ Coolont {low rate $26.5 L/

{ Lﬂ gp|).ui’!§ ring time was aboul 4 minutes in each case.
‘:rr-r RN CPSD-measuremants confirmed that all useful
information in the noise signals is contained

in the frequency range below approximately
12 Hz.

Fig. 2 . Neutron noise signal, second ex-
periment, recactor power 5.2 MW.
(band-pass filtered 1-40 Hz)
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Fig. 3 . Neutron APSUs, first experiment, Fig. 4 . HNeutron APSDs, second experiment,
1 pump in operation. reactor power 5.2 MW.
( 1 Hz high-pass filtering) ( 1 Hz ligh-pass filtgring)

The features observed in the measurements can at least qualitatively be understood when one con-
siders the theoretical APSD of the current signal fluctuaticns of a ncutron detector. I onc
neglects the fluctuations due to the neutron branching process, the APSD is given in the point
kinetics mocel by (Albrecht, 1972)

: — 2
APSD(w) = WFq? + W2F?Q [H(w)|?*|e(w)|? (1)

where ¥ is the detector efficiency (counts/fission), F is the fission rate in the system, q is
the charge released per neutron detected, H(w) is the overall reactivity transfer function in-
c]uding feadback, and |p(w)]? is the poxer spectral density of the reactivity fluctuations which,
in the presence of boiling, can be dccomposed into a normal and an anomalous part :

lo()l* = o ()* + lo,(0)f? (2)

The first term in eq.()) is due Lo uncorrelated detection noise which is frequency independent
and appears in Figs. 3 and 4 as the dominant contribution above 12 !z, The second term in cg.
(1) s the power noise term and is dominant in {he frequency range bhelow 12 Hz. Vig. 3 shows
that in this low frequency range additional boiling vesuits in an almost equal amplitude ele-
vation in the spectra. Such behaviour is Lo be cxpecled if the anomalous reactivity fluctua-
tions in ¢q.(2) are approximately white noise. However, under the different thormal-hydraulic
conditions of the sccond experiment, Fig. 4 shows that the anowalous noise due to boiling scems
to be cenfined to frequencies noi excesding approximately 8 Hz. Both exporiments imply that the
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frequency range up to about § iz is the most important for the boiling detectioh. The signifi-
cant paek at § Hz and others appearing in the spectra can be attributed to structure vibrations
{and the servo-contrnl) because they are also observable (although not always exactly al the
same frequency positions and with the same intensities) in the zero-power neutron noise spectra
under forced coolant cenvection conditions.,

In the control instrurentaticn of SAPHIR, there are two Yinear flux channels with y-compensated
boron chambers and three linear safety channels with uncompensated boron chambers. The safety

channels were found to be less suitable for connecting a hoiling detector because these cham-
bers have about 3 times lower efficiency than the chambers in the flux channels. Fig. 5 shows
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Fig. 5 . Block diagram of the boiling detector

the block diagram of the developed prototype boiling detector. There are two units, each con-
nected to onc of the two independent amplifier outputs of the flux channels. The equipment uses
simple amplitude threshold techniques. When the amplitude of the 1 - 5 Hz band-pass filtered
noise signals exceeds a given level (presently set at 150 % of the normal peak noise amplitude),
a Schmitt-circuit is triggered. Its output signal is time-integrated by sampling techniques.
The integral value is stored in a "time" counter which is reset cvery 5 seconds. If within a
reset period the number of pulses stored in the time-counter exceeds a presct value correspon-
ding to a total time sum of 10 % of the reset period, a 1} is added to an “"cvent" counter. If

in the immediately following reset period there are fewer counts in the time-counter than that
given by its preset level, the event-counter will be reset, otherwise it will continue to count
until a preset value of “"events" is reached which initiates an alarm of duration of scveral
seconds. The cycle is then repeated. The equipment contains a limited automatic gain control
which, according to eq.{1), uses the variance of the detection noise component in the frequen-
cy range 15 - 35 Hz in order to be independent of the selected power level within the range of
interest.

The concept of the equipment implies discrimination against sporadically appearing large ampli-
tudes in the normal power noise due to statistics, and short term perturbations produced e.qg.
by switching operations in the reactor control and fine control rod movements by the servo. The
preliminary experience shows that false alarms can cccur (a) during reactor start-up until an
almost slable power operation has been reached {and obviously during a shut-down}, (b) by an
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external perturbation of the neutron field, e.g. when an opcrator inserts or removes an irradia-
tion probe at the core surface, or by a vibrating irradiation probe which is not well fixed in
the holder. As long as such “false” alarms can be casily identified, it is believed that they
are useful for a periodic check of the equipment performance.

Finally, it should be noted that acoustic emission noise produced by the bubble collapse can
also be utilized for detecting the onset of boiling. On the other hand, this method was found
to be very sensitive to background noisc and needs further investigation. The ncutron noise
technique, howcver, is a simple method and has the advantage that the existing detcctors of the
reactor control instrumentation can be used.

XENOR POISOHING

The air of the measurement of xencn poisoning is o demonstrate the.practical application of
zerc-power ncutron noise analysis for extracting reactor operational paramcters the values of
which can be used for code verification. The measurement was performed with an on-line reacti-
vity meter which is based on the "Zero-Crossing Correlation Method" (Behringer et al., 1975)
and uses polarity cross-corrclation techniques with a two-detector measuring device (for a
block diagram of the equipment and a study of the display variance see Behringer and Peier,
1979). The meter covers a rcactivity range down to about -5 §. The amplifiers consist of a
recently improved system containing automatic DC-offset, input sensitivity control, and gain
control to follow slowly varying reactor conditions by self-adjustment.

The detectors were highly efficient He-3 filled ionization chambers located in the reflector
near the core edges. Previous experimental and thcoretical investigations (Lescano and Behrin-
ger, 1981) have shown that under such measuring conditions, space-enerqy effects in the requi-
red frequency range (15 to 200 Hz) of the ncutron noise are negligibly small. The use of the
point kinetics model was found to be a good approximation in the analysis,

Two measurements of the time cvolution of the xenon poisaning after reactor shut-down were per-
formed al different core configurations and with different ex-core detector locations. Here,
the discussion is limited to part of the second measurement only. A complete description of the
experiments and the results will be given in a later publication. '
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The core configuration is shown in Fig. 6. The reactor was operated al a stcady-state power
level of about 5 HY during scveral weeks before shut-down. The position of the 4 coarse con-
trol rods was ncar the upper limit at the end of the power operation period. The cvelution of
the measurement is schematically represented in Fig., 7. After reactor stui-down at t=3, the
detectors were inserted at the positions shown in Fig. 6, and all control vods were willdrawn
from the core. Due to the build-up of the xenon poisoning and the reactivity worth of the detec-
tors, the rcactor could not be made critical again., At t, , i.e. 30 minutes after shut-down,
the reactivicy measurement started and continued during the time of the xenon peak evolution
without any change in the vcactor conditions until the time when the reactor reached the level
of 5 Kil by itsclf, about 27 hours after shut-down. The rcactor was then maintained at this
power level for a short time by reactivity compensation using the fine control rod. Since du-
ring this time the xenon poisoning decreases linearly with time, an extrapolation backward in
time from two reactivity values of the fine control rod permitted the cxact determination of
the time instant t, when Lhe reactor became critical by itself. For the subcritical measure-
ments no extraneous neulron source was used. The photo-neutrons from (y,n) reactions foru a
sufficiently strong natural source of fast ncutrons.

Using for convenience positive subcritical reactivity values in units of dollars, the reacti-

vity balance in the measuring time interval t, St S t, (see Fig. 7) is given by

plt) = oy + pyo(t) - py(te) (3)

where pj is the initial reactivity at t, . The reactivity py,(t) introduced by the xenon can be
written as a sum of two terms. .

by (t) = " poF(t) + Bi6(L) | W

where F(t) = e et , G(t) = e Meb - oMt v and \yo', Ay are the decay constants of Xc-135

and T-135 respectively. The first term on the rhs. of eq.{4) is due to the decay of the Xe-135
nuclei present at t=0, and the second term arises from the xenon production via the decay of
the 1-135 nuclei.

The reactivity meter continuously indicates the zero-crassing point 1o of the cross-correlation

function. From a measurement of 1, , and using the point kinetics approach onec obtains the
prompt neutron decay constant o by solving a transcendental equation numerically. Writing

a(t) = a1+ o(t) ' | ()

where «. is the prompt neutron decay constant at delayed critical, one obtains the equation :

alt) =« (T4p)(1 +'T*9‘°;'—(I-'(t)—F(t°)) +-]-f—r‘)—.~(G(t)-G(to))} (6)
1 ]

Xy X2 X3

The rhs, of eq.{0) contains 3 unknown quantities, x; ,x, and x; which can be determined by a
Teast squares fit to the measured «{t) curve. After a determination of these quantities, py
can be eliminated by applying the criticality condition at t, to eq.(3), i.e. p(ty) = 8 ., One
then obtains the values of Q. s Po and p,

Fig. 8 shows the measured time evolution of the xenon reaclivity and the theoretical curve ob-
tained from eq.(4) with the fitted parameters pe and py . The relatively large statistical
fluctuations in the measurement result from the fact that a relatively smail value for the
averaging time (order of magnitude of several minutes) was used in the correlator,
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Fig. 8 . Time evolution of the xenon-peak.

for ar , a value of 11471 sec™! wes obtained. This value is in excellent agreement with a direct
determination of this quantity where a value ac = 11514 sec™! resulted from several measure-
wents at criticality. The reactivity effects induced by the xenon depend on the reactor power
and the termal vlux distribution. The values obtained for p, and py (see Table 1) were used for
estimating the core-average therwmal power flux. From a CODIFf-calculation, a value of the core-
average thermal power flux (within 6 % due to the accuracy of the reactor power calibration)
as well as the radial flux distribution for the actual core configuration under burn-up condi-
tions wore available. CODIFF is a two-dimensiconal multi-group diffusion code for static flux
calculations, and is a further development of DIFFUS. Both codes have been developed by Paratte
(1973).

Assuming that the thermal flux distribution in the subcritical reactor has almost the same shape

#5 when the rcactor is at power and using first order perturbation theory, the average thermal
rower flux ¢ can be obtained from the ratio py/ppe which is given by

. Y *
Ls | e (1n)s (7)
be 1% 17 e

vhere vy, and Yy are the fractional yields of Xe-135 and 1-135 respectively. The quantity A is
given by ’

hos 0Xew'\Xe . (&)

vhore oy, is the microscopic cross-section for thermal neutron capture in Xe-135. S is a shape
factor given by

9)

NTacE

.

viiere Xf is the macvrascopic fission cross-scection. ¢ is the normaltized thewmal {lux distribu-
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tion (dp.y = 1), and C = Am1x/¢ . [ describes the non-uniformity of the flux distribution in
the corue. In an infinite huwogcncou, medium, S bocomes equal Lo ¥ . Henzal (1951} investigaled
the integrals in cq.(9) for howogencous cores. He found that for extrapoiceted icnaihs up o
20 % of the linear core dimensions, the shape factor S can be o»p:o»>ﬂ” 35 a lincar function
of the quantity C and is practically independent of the reacteor geometry.

Unfortunately, measured flux distributions were not available. Therefore, several cases of {lux
distribulions were considered for estimating ¢ and the resuils are shown io Table T .

TABLE 1 Estimoted average thermal flux volues

EXPERIMENTAL OATA:  po = 376 1 003 §
Py 429204 8

REACTOR POWER: 33 ¢ 5% MW

$ = t272 !(\M)YIO P/LM SEC {COOIF}

CASE ASSUMED FLUX DISTRIBUTION s (N/CMISEC)
xi0'
1 ¥ (X) = CONSYANT 1 332
2 P (X) = €OS (83 €05 (BY) 05 (B2) | 1.40 229

¥ (X,¥) : CODIFF
1.8 67
L pum - couwmar 2

¥ (XY} : COOIFF
¥ {7) = €05 {B1)

When one assumes a uniform flux distribution throughout the core, an upper limit value for ¢

is obtained. A lower limit value is expected when one regairds a homogencous cubic core with
cosine-flux distribution in all directions. In the cases 3 and 4, the estimates use the radial
flux distribution calculated by CODIFf. Case 3 assumes a uniform axial flux distribution where-
as case 4 assumes a cosine-distribution. The best agreement between the calculated and "semi-
experimental” average flux values is for case 3. This may be due to the fact that in this core
configuration the central region of the core contained fuel elements with a very high burn-up
(40-60 £). This flattens the flux distribution in the core.
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