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A8STRACT

Tnis wort: is parí of e p r o granne of establishing practical applications of neutrón noise tech- 
niqiies to « ',wi!ii:ning pool researcl- reactor and dea 1 s with two different i tenis : (1) The identi­
ficaron. of local boiling causcd c.g. by a |>artial blockage of thc coolant flow in a fuel ele- 
ment. Local boiling can easily lead to a burn-out situation. The onset of boiling can l>a aetec- 
ted by neutrón r.oise analysis and a boiling detection systoni is presently under development.

(2) .The neasurement of thc time evolution of tlie reactivity induced by xenón after reactor 
shut-down by an on-lir.c rcact.ivity meter based on neutrón noise analysis. f'rom the data, the 
prompt neutrón decay constant at delayod critical, the equilibrium xenón reactivity worth, and 
an est.imjte of the average steady-state power 1 lux in the core before reactor shut-down were

Reactor noise analysis, neutrón noise, boiling detection, xenón poisoning, swinwitig pool type 

reactors.

The m i s e  investigations briefly reporteo in this paper are part of a prograrcme of establishing 
practica’ applications of neutrón noise techniques to tbe swi.imnng pool type reactor SAPH1R at 

£ 1R , Switiorland. They concern two different i tenis :

- Boilir.g detection

lhe first ite:n c’oals witli tlio detection of boiling and is a pov/er neutrón noise application. 

SAPrtll! is norma!ly operated at a power level of 5 MW with forccd coolant water convection. The 
appearance of local boiling is a safety-related oporational probleni because it can easily load 
to burn-cut. Yhorefore, the tlovol opmonl and installation of an appropriate curve i 1 lance system 
capable of detecting the onset of boiling can reduce the danger of burn-out. Nqutron noise in- 
vestigatioris under controlled boiling conditions show that boiling induces reactivity fluctua- 
t.ions which significnntly increase the noise sigual amplitudes in tl.e frequeney range below 
!i l!z. A proiotype boiling detection system is presentí y under development. It is based on simp­
le amplitud.: Ihrcsholding and uses existing control instrur;entalion.

- Xenón poisoning

Tiio second iU'¡;i refers to the delenr.iuation of reactor oporationsl piramotei':. bv an on-linc 
reactivity meter under 7cro-|-ower conditions, in this case, applied to t!:o mea su reinen t of the 
ti(t»c .;vu!uti:'.n of mitón poisoniny after a reactor shut-down i'roni a pteceeding s te ti M.-n-y poivor 
opera t ¡on. i iv»n tío ■ dala, f./.e prciipt n..-tilron dccay conf.ta.it at dolayed critical, the equili- 

tirium xenón i-e.’ctivity vorth, nr.d an estímate of the core-average steady-state thenüjl flux at
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power (thei-mal power flux) were oblained by means of a simple spaco-dependent thoory of the 
xenón poisoning.

B0ILII1G DEl'ECTIüN

The coolant flow at SAPHIR is a forced down-stream of the pool water through the water gaps 
between the fuel platos. There are 3 circulation punips and the total coolant flow rato is about 
130 f./s. The onset of local boi 1 ii;g causes changes in the coolant flow distrilnition. Tliis can 
load to flow instabi1 ities and, under advanced boiling conditions, to superheated fuel plates 

which may result in a burn-out situation. Several investigations (Wittle and Forgan, 1967;
Fries et al., 197?; Winkler, 197G) which are partially based on mock-up <íxperiments, allow a 
reliable prediction of the critical power densities. These data are sufficient for the design 

of safe coolant flow conditions.

Due to a risk study performed for SAPIIIR, the most probable event that can initiate boiling is 
the partial blockago of one or two cooling channels of a fuel element by foreign substnnces, 
e.g. by plastics which can fall in the pool. A partial melting of one or more fuel plates does 
not endanger the onvironment. Such an incident, however, sliould bo avoided by the inst'al lation 

of a surveillance system which detects the onset of boiling but (¡oes not give falso alanns un- 
der normal operation conditions. A detection time of about ha 1f a minute after the onset of 
boiling is to be regarded as sufficient. There is no requirement of local izing any boiling fuel 
element channel.

The core of the reactor SAPIIIR consists of highly cnrichcd 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 strongcr than the reactivity 
fluctuations existing during normal reactor operation (Winkler and Zeis , 1977).

The first experiment ivas performed under roduced coolant flow rate with onc pump in operation 
(<17 l/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 
recognized 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 visual 1 y observed 
that boiling does not start immediately after the minimum required power level lias bcen 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 
temperatüre and spreads out slowly in time with increasing intensity to other channels.

The onset of boiling is also manifested in the neutrón noise. For the neutrón noise measurements, 
two boron ionization chambers located in the reflector near the core boundaries nere used.

Fig. 1 shows two signal patterns, the one mea- 
si/red after boiling has just started, the 
other measured under no boiling condition 
after the coolant flow has been increased by 
switclmg on the other two circulation pumps. 
Boiling is characterizcd by the appearance of 
marked "boiling pulses" which were found te be 
coincident between both measuring channels.

The appearance of these boiling pulses was not 
observed during a sccond experiment which was 

performed under different theniial-hydraul ic 
conditions. Mere, the reactor power was kept 
constant at a level of ü .2 MW. The initial 
coolant flow rate of 126.5 9/s with 3 pumps 
in operation was st.epwise reduced. First con­
crete indication of boiling appeared at a coo­

lant flow rate of 9G.C C/s. Fig. 2 shows the signal patterns with and without boiling. In con­
tras!: to rig. 1, there is no obvious visible strurture in the prescnce of boiling. Boiling mani- 
fests itself by a general increnso of the noise amplitudes at low frequencies.

BOILING

1 pump in opífolwn

N O  BOILING

J  pump» in operolioft

Fig. 1 . Neutrón noise signal, first e.xperi- 
ment, reactor power 2.97 KM. 

(band-pass filtered 1-40 Hz)
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Fig. 2 . Neutrón noise signa!, second ex- 
periment, reactor power 5.2 MW. 
(band-pass filtered l-íO Hz)

Fiys. 3 and 4 sliow neutrón APSlls measured in 
the first and the second experiment respecti- 
vely uncícr reactor conditions with arid witli- 
out local boiling of tlie coolant. The measu- 

ring time was about minutes in oach case. 
CPSD-measurements confinued that all use fu 1 
infomiation in the noise signáis is contained 
in the frequeney range below approxiniately 
12 Hz.

BOILING
í? t j  MO' p y ir ( 2 . 9 7  MW

U O  BOtLIN.
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Fig. 3 . Neutrón APSDs, first experiment, 
1 pump in operation.

( 1 Hz high-pass filtering)
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Fig. 4 . Neutrón APSDs, second experiment, 
reactor power 5.2 MW.

( 1 Hz liigh-pass filtering)

The features observed in the measurements can at lcast. qualitatively be understood wlien one con­
sideré the theoretical APSD of the current signal fluctuaticns of a neutrón detector. If onc 
neglects the fluctuations dúo to the neutrón branching process, the AI’SD is given in the point 
l-.inetics wodel by (Albrecht, 1972)

APSD(cu) = WFq* + W’F’q’j H í w J H e M 2 (1)

where W is the detector efficiency (counts/fission), F is the fission rate in the syslem, q is 
the charge release.d per neutrón detected, H(o>) is the overa 11 reactivity transfer function in- 
duding foedbacl:, and |p(:o)|* is the power spectral density of the reactivity fluctuatioris which, 
in the presence of boiling, can be decomposed into a normal and an anoinalous part :

|p (“)|* • “ 1 Pn <“J) 12 + Ip (1(«)I2 (2)

The first tenn in cq.(l) is dje to uncorrelated detcction noise which is frequeney independen! 
and appcars in Figs. 3 and 4 as the donnnant contribuí ion nbove 12 !l/. The second tenn in eq.
(1) is the power noise temí and is dominant in the frequeney range helow 12 Hz. lig. 3 shows 
that in tltis low frequeney range addit.ion.il boiling results in an «lmost equal amplitude ele- 
vat ion in tiie spectra. Sucli behaviour is to bii expected if the anomalous rcactivity fluctua- 
tions in eq.(2) are approximalely wliit.e noise. Ilowever, under the difíerent thermal-hydraulic 

conditions of the second experiment, Fig. 4 shows that í.lie anoualous noir.e duc to boiling r.cems 
to be ccnfined to frequcncies noi, cxceeiiing approximatoly H Hz. Uotl¡ experiments imply that the



froquency rango up to at'put 5 ilz is the mnst important for the boiling detectioh. The signifi­
can! pc-í*k at 5 Hz and others appoariny in the spoctra can be at tributed to structuro vibrations 
(and tlio servo-contrni) bprause thoy aro also observable (althouqh not always exaclly al tho 

sanie frequeney positions nrtíí with tho samo intcnsities) in the zero-power neutrón noise spcctra 
under forccd cool3nt convcction co.nditions.

In the control instniTontaticn. of SAPHtR, there are two linear flux channels with v-conjpensated 
boron chambers and three linear safety cliannels with uncompensated boron chambers. The safety 
channels wcre found to be less suitable for connecting a boiling detector because these cham- 
bers have about 3 times lo><er efficiency than the chambers in the flux char.nels. Fig. 5 shows

Fig. 5 . Block diagram of the boiling detector

tho block diagram of the developed prototype boiling detector. There are two units, ear.h con- 
nected to one of the two independent amplifier outputs of the flux channels. The equipment uses 
simple amplitude threshold tochniques. When the amplitude of the 1 - 5 Hz band-pass filtered 
noise signáis exceeds a given level (presently set at ISO % of the normal peak noise amplitude), 
a Schmitt-circuit is triggercd. Its output signal is time-integrated by sampling techniques.
The integral yalue is stored in a "time" counter which is reset ov'ery 5 seconds. If within a 
reset period the nuinber of pulses stored in the time-countcr exceeds a preset valué corrospon- 

ding to a total time su;n of 10 % of the reset period, a 1 is added to an "cvent" counter. If 
in the immediately followirtg reset period there are fower counts in the time-counter than that 
given by its preset level, the event-counter will be reset, otherwise it will continué to count 
until a preset valué of "evenls" is roached which initiates an alann of duration of severa 1 

seconds. The eyele is then repeated. The equipment contains a limited automatic gain control 
which, according to eq.(l), uses tho variance of the detection noise component in the frequen- 
cy rango 15 - 35 Hz in order to be independent of the selected power level within the range of 

ínterest.

The concept of the equipment implies discrimination against sporadically appearing largo ampli­
tudes in the normal power noise dtie to statistics, and short term perturbations produced e.g. 
by switching operations in tho reactor control and fine control rod movements by the servo. The 

prel iminar.y experience shows that false alarms can occur (a) during reactor start-up until an 
almost slable power operation has becn roached (and obviously during a shut-down), (b) by an



esternal perturbation of the neutrón field, e.g. when an operator inserts or removes an irradia- 
tion probé at. tlie coro surfnee, or by a vihrating irradiation probe which is not well fixed in 
thc holder. As lonn as stich "falso" 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, tliis metliod was found 
to be very sensitive to background noisc and needs further investigation. The neutrón noise 

technique, howovcr, is a simple metiiod and has the advantage that the existing detcctors of the 
reactor control instrumentation can be used.

XL'NON POISONING

lhe aim of the measurement of xenón poisoning is to demónstrate the .practical application of 
zerc-power neutrón noise analysis for extracting reactor operational parameters the valúes of 
which can be used for code verification. The measurement was performed with an 011-lino reacti- 
vity meter which is based 011 the "Zero-Crossing Correlation Method" (liohringor et al., 1975) 

and uses polarity cross-correlation techniques with a two-detector measuring device (for a 
block diagram of the equipmcnt and a study of the display variance see Rehringer and Peier, 
1979). The meter covers a rcactivity rantje down to about -5 $. The amplifiers consist of a 
recently improved system containing automa tic 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 
ncar the core edges. I’revious experimental and theoretieal invesligations ((.escaño and Behrin­
ger, 1981) íiave shown that under such measuring conditions, space-energy effeets in the requi- 
red frequeney range (15 to 200 Hz) of the neutrón 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 evolution of the xenón poisoning after reactor shut-down were per- 
formed at different core configurations and with different ex-core detector locations. Mere, 
the discussion is liinited to part of the second measurement only. A complete description of the 
experiments and the results will be given in a later publication.

I'ig. 6 . SAPlilR core configuration Fig. 7 . rvolution of tito measurement
39¿ H . and reactivity balance.



The core configuration is shown in Fig. 6. The reactor was opeiMtcd ai ¡i stoady-siale power 
level of about 5 M1V during severa 1 wceks before shut-down. The pos i t i on of tho 4 coarse con­
trol rofis was near tho uppcr limit at the end of the power o¡ici\iLion periud. The cvoluticn of 
tho mcasurcnicnt is schematical ly represented in I ig. 7. After reactor sliulrdown at t-0, thc 
detectors v/ere inserted at the positions shown in Fig. 6, and all control rods were wiUiuratm 
from l.he core. Due to tho huild-up of tho xenón poi son i ng and thc reactivily worth of t!ic dctec- 
tors, ‘he reactor could not be made critical again. At t0 , i.o. 30 minutos after shut-down, 
the rpactivicy nieasureiiient started and continuad during the time cf the xenón peak cvolution 
without any change in the reactor conditions untiT the time when the reactor reached the leve! 
of 5 KW by itself, about 27 hours after shut-down. The reactor was then maintained at this 
power level for a short time by reactivity compensation using the fino control rod. Since du- 
ring this time tho xenón poisoning decreasos linearly with time, an extrapolation backward in 

time froin two reactivity valúes of the fino control rod permitted the exact determination of 
the tíme instant ti when the reactor became critical by itself. For the subcritical measure- 
inents no extraneous neutrón source was used. The photo-neutrons from (Y>n) reactions fonn a 

sufficiently strong natural source of fast ncutrons.

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

vity balance in the measuring time interval t0 í t i ti (seo Fig. 7) is given by

p(t) = p. + PXe(t) - .PXe(t0) (3)

whero is the initial reactivity at t0 . The reactivity P x e ( t )  introduced by the xenón can be 

written as a sum of two terms.

PXo(t) = ’ PoF(t) + PiG(t) (4)

whore F(t) = e ^Xe^ , G(t) = e ^Xe*" - e *1* and \Xp , Xj aro the decay constants of Xc-135 
and 1-135 respectively. The first term on the rhs. o t eq.(4) is due to the decay of the Xe-135 
nuclei present at t=0, and the second term arises from the xenón product.ion via the decay of 
the 1-135 nucíei.

The reactivity meter continuously indicates the zero-crossing point t 0 of tho cross-correlation 
function. From a measurement of t 0 . and using the point kinetics approach one obtains the 
prompt neutrón decay constant a  by solving a transcendental equation ntimerical ly. Writing

a(t) = nc('l + p(t)) ‘ (5)

is the prompt neutrón decay constant at delayed critical, one obtains the equation :

«C (l+Pi>n +.Tf^;(í'(t)-F(t0)) + 1 £i-(G(t)-G(t,))} (6)

Xi X 2 X,

Tho rhs. of eq.(6) contains 3 unknown quantities, X| ,x2 and x 3 which can he determined by a 
least squares fit to tho measured «(t) curve. After a determination of these quantities, p^ 
can be eliminated by applying the criticality condition at t¡ to eq.(3), i.e. p(11) = 0 . One 
then obtains the valúes of ac , p0 and pj .

Fig. 8 shows the measured time evolution of the xenón reactivity and the theoretical curve ob- 
tqincd from eq.(4) with the fitted parameters pc and p] . The relatively large statistical 
fluctuations in the measuremont result from the fact that a relatively smail valué for the 
averayir.g time (order of magnitude of several minutes) was used in the correlator.

whore « c

«ct) =



Xtnor> RoOCtii/ily (  f. ) p ( o )

Fig. 8 . Time evolution of the xenon-peak.

for cic , a valúe of 114Í1 sec'1 was obtained. Tliis valué is in excellent agreement with a direct 
ríetennination of tliis quantity where a valué uc = 1151*1 sec-1 resulted from sevcral measure- 
ii'pnts at criticality. The reactivity effeets inducerl by the xenón depend on the reactor power 
and the termal flux distribution. The valúes obtained for p0 and pi (see Table 1) were used for 
estimating the core-averago thermal power flux, from a CODIFF-calculation, a valué of the ccre- 
average thermal power flux (within í 5 % due to the accuracy of the reactor power calibration) 
as weíl as the radial flux distribution for the actual core configuration under burri-up condi- 
tions were available. C0D1FF is a two-diinensional multi-group diffusion code for static flux 
calculations, and is a further development of D1FFUS. Both codes have been developed by Paratte 
(1973).

Assuming that the thermal flux distribution in the subcritical reactor has almost the same shape 
as when the reactor is at power and using first order perturbation theory, the average thermal 
power flux i|) can be obtained froni the ratio pf/po which is given by

ill

V ' X c

(HA)S

'l~AXe
(7)

villero Yvr, and Y t are the fractional yields of Xe-135 and 1-135 respectively. The quantity A is 
given by"

(8)

whei-e ayp is the microscopio cross-section for thermal neutrón capture in Xe-135. S is a shape 
factor given hy

 ̂ ) dV íyp 
Vi A f  >:f'!’ 

dvlTÁC<.

.0)

v.'hfri-e >1̂ is the wicroscopic fission cross-scction. <> is the normalizcd Uterina 1 flux distribu-



82 K .  H h u r i n g k r  e i  al.

t i c m  ('J>,n -.x  ■ l ) i  a n d  C = •>nax/f . r. d e s c r i b e s  t h e  n o n - u n i f o r m i t y  o f  t h e  f l u x  d i s t r i b u t i o n  n i  

t h e  c o r e ?  I n  a n  i n f i n i t e  h o in o g e n e o u s  m é d iu m ,  S b e c o i r . e s  e q u - í l  t o  !  . W e n ¿ e l  ( I 9 6 I )  i n v e s t i g a t c d  

t h e  i n t e g r á i s  i n  e q . ( 9 )  f o r  h o n io g e n e o u s  c o r e s .  H e  f o u n d  t h a t  f o r  e x t r a p o l ü t e d  i e m l h s  ‘J p  l o  
2 0  %  o f  t h e  l i n e a r  c o r e  d i m e n s i o n s ,  t h e  s h a p e  f a c t o r  S  c a n  b e  e x p r e s s e d  o ; ,  a  l i n e a r  f u n c t i o r i  

o f  t h e  q u a n t i t y  C  a n d  i s  p r a c t i c a !  l y  i n d e p e n d e n t  o f  t h e  r e a c t o r  g e o m e t r y .

U n f o r t u r i a t e l y ,  m e a s t i r e d  f l u x  d i s t r i h u t i o n s  w e r e  n o t  a v a i l a b l e .  T h e r e f o r e ,  s e v e r a l  c a s e s  o f  f l u x  

d i s t r i b u t i o n s  w e r e  c o n s i d e r e d  f o r  e s t i m a t i n g  v  <ind t h e  r u s u i t s  a i e  ; .h o w n  i n  T a b l e  1 .

TAOLE 1 fstimotcd overoqe Ihcrmol flux vobes

EXPERIM ENTAL OATA: p0 • 3 ?6 t 003 i 

- 429 f. O A  $

R EA CTO R  P O W E R : 3 S  t  5 %  MW
$  - 12.72 t  0 .14)* IO N/CM SEC (COD irr)

CASE AS5UMEO FLUX OISTRI&UTiOfí s fN/CM SfC> 
X1015

1 f  (X )  - CONSTANT 1. 3.32

2 y* (x j  ■ e o s  (0;*:) eo s  ( B y ) cor» (üz) 1.40 2.23

3
Y  (X ,Y ) : COülfT 
f  (Z )  - CO'ÍSTANT

1.18 2.67

A
V ÍX .Y ) : COOIFF 
V» <7> - COS {8 7 ) 130 2 ¿3

Víhen one assumes a uniform flux distribution throughout the core, an upper limit valué for 4> 

is obtained. A lower limit valué is expected when one regards a hoiiiogeneous cubic core with 
cosine-ílux distribution in all directions. In the cases 3 and 4, the estimates use the radial 
flux distribution caloulated by CODIIT. 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 región of the core contained fuel elements with a very high burn-up 
(40-60 X). This flattens the flux distribution in the core.
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