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ABSTRACT

The dynair.ic stability of Boiling Water Reactors (BVJR's) is influenced by the reactor control
system and its interaction with external load demand, channel thermal hydraulic properties,
and coupled neutronic-therraal-hydraulic dynamics. The latter aspect of BWR stability which is
affected by void reactivity feedback, coolant flow rate and fuel-to-coolant heat transfer
characteristics is studied in this paper using the normal fluctuation data* The feasibility
of overall core stability trend monitoring using neutron noise and trie relationship between
stability and two-phase flow velocity in a fuel ohannel are studied. Time series modeling of
the average power range monitor (APRM) detector signal, ind bivariate analysis of adjacent
local power range monitor (LPRM) detector signals ar<" used to determine the neutron impulse
response, spectral characteristics and two-phase flow velocity using data from an operating
BWR. The results of analysis show that the APRM noise signal can be used to monitor changes
in the closed-loop output stability of BWRs (but not the absolute stability as determined by
the reactivity-to-neutron power transfer function), and that a positive correlation exists bet-
ween stability ani two-phaae flow velocity in a aiel channel. Furthermore, the temporal beha-
vior of the nputron signal for short and lonj:; data records indicates that there is no smoothing
of the spectral resonance frequency, nor subsequent distortion of the computed decay ratio
when long d.ita records were used. The primary perturbation source affecting the void reac-
tivity is being investigated using the relationship between APRM signal and the process
variables•
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INTRODUCTION

Three types of stability can be identified in Boiling Water Reactors (BWR's) (General
Electric, 1977). These are." 1. Total plant stabili ty, which is associated with reactor con-
trol systems and their interaction with external load demand. 2. Channel thermal-hydraulic
stabili ty, influenced ty the momentum dynamics of two-phase flow in a heated channel. 3.
Coupled neutronic-therraal-hydraulic stability influenced by the void reactivity feedback ia a
BWR. The latter is affected by the circulating water acting as both a coolant and a modera-
tor. In operating SWR's the neutronic-therraal-hydraulic stability is of primary concern,
because changes in the operating conditions can strongly influence the reactor stability
margin. This "reactivity" stability corresponds to the reactivity to power transfer function
dynamics.

Analytical studies (Otaduy-Bengoa, 1979) and small perturbation t^sts (Carraichael, 1973;
Voffinden, 1981) showed the basic structure of this transfer function which can be represented
by a pair of complex poles in the 0.3-0.7 Hz frequency range, and a zero at a lower frequency.
Figure 1 is a block diagram of the dynamic processes related to power generation in a 3WR
core. The moderator void reactivity feedback is more dominating than the feedback due to fuel
temperature coefficient of leactivity.
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The f e a s i b i l i t y of using the neutron noise s ignal fjr s t a b i l i t y r e l a t ed measurements in WR's
was f i r s t suggested by Tsunoda e t a l . (1973). Further s tud ies (Sides , 1979; Fukunishi , 1978)
have shown that the power spec t r a l density of the neutron noise in BWR's e x h i b i t s a no t iceable
resonance in the frequency range 0 .3-0 .7 Hz. Based on these e a r l i e r s t u d i e s , the f e a s i b i l i t y
of monitoring changes in the s t a b i l i t y Js ing time s e r i e s modeling of neutron noise was d e t e r -
mined (Upadhyaya,1979, 1980a, 1981). S tochas t ic modeling, using reac tor pressure noise as
input and APRM signal as output , was developed (Wu, l':>81) and found to give r e s u l t s comparable
to those obtained from ,->erLurbation t e s t s ; however, during normal reactor operat ion the
pressure noise is more of an ef fec t than a var iab le causing changes in the power. Hence the
r e a c t i v i t y cannot be assumed to be driven by the pressure f luc tua t ions in the core . On the
con t ra ry , s tudies by Bergman and Gustavsson (1979) and by (March-Leuba, 1981) indica te that
the t o t a l core flow r a t e i s the primary cause of r e a c t i v i t y p e r t u r b a t i o n . Thus, to obtain the
dynamic t ransfer function, i t is necessary to ident i fy the r e a c t i v i t y pe r tu rba t ion source .
The neutron noise technique gives the output s t a b i l i t y that Joes not require the iden-
t i f i c a t i o n of a dr iving funct ion. Only in the case of a wideband driving source, both output
and t ransfer function s t a b i l i t y analyses co inc ide . For most common s i t u a t i o n s , the r e l a t i v e
changes in the output s t a b i l i t y ar> r ep re sen t a t i ve of r e l a t i v e changes in the reac to r s t a b i -
l i t y . Improper choice of the proc»3S var iab le (per turbing the react iv i ty . ' ' would give a wrong
rep resen ta t ion of reac tor s t a b i l i t y . The purpose of the present work is ti> e s t a b l i s h the
correspondence between output s t a b i l i t y and t rans fe r function s t a b i l i t y .

In th i s work three aspects of BWR s t a b i l i t y wi l l be presen ted . These a r e :
«

1. Overall core s t a b i l i t y monitoring using neutron no i se .

2. Relat ionship between s t a b i l i t y and two-phase v e l o c i t y .

3 . The temporal behavior of neutron noise s i g n a l .

Univariate ana lys i s of APRM detec tor s ignal and b iva r i a t e ana lys i s of two LPRM de t»c t J r
s igna ls ( located 36 inches apart ac pos i t ions B and C in a v e r t i c i l de tec tor s t r i n g ) were p e r -
formed using empirical time se r i e s models. Since the time se r i e s model is a causal represen-
t a t ion o£ system dynamics, we can e f f ec t i ve ly model the system for both short-and long-term
changes in performance parameters .

The problem statement and the general approach for s t a b i l i t y ana. 'ysis are presented in
ANALYSIS OF SIR STABILITY. TIME SERIES MODELS AND SIGNAL FLOW CHARACTERIZATION descr ibes the
general time se r i es models, model parameter e s t ima t ion , impulse response es t imat ion and s ignal
flow graphs from b iva r i a t c modeling. Applicat ions of the techniques to data from two
operat ing !!JRs are discussed in STABILITY MONITORING USING OPERATIONAL DATA. Both APRM and
LPRM detec tor sign.iLs are analyzed to evaluate the objec t ives s t a ted above. F i n a l l y , some
concluding remarks and p r a c t i c a l impl icat ions of BWR s t a b i l i t y monitoring are given.

ANALYSIS OF BWR STABILITY

Statement of the Problem

The purpose of th i s study i s to evaluate opera t iona l data to e s t a b l i s h a technique to monitor
the ata' i l i t y trends of BWRs. Spec i f i ca l ly three aspects of BWR s t a b i l i t y have been s tud ied :

1. Overall core s t a b i l i t y monitoring using neutron no i se .

2. The r e l a t i onsh ip between s t a b i l i t y and two-phase ve loc i ty in a fuel channel .

3 . The variation in the stability and spectral characteristics as a function of time.

Both dynamic model analysis (Otaduy-Bengoa, 1979) and perturbation tests (Carmichael, 1978)
clearly indicit'? the damped oscillatory nature of th-i reactivity-to-power closed-loop transfer
function. A ^stained oscillation of the neutron power could cause undesirable changes in the
fuel property. When this information is needed within a short period of time, it is necessary
to process short data records effectively. Our studies shou that both univariate and niilti-
variate time series models can be efficiently developed to extract this information. The
general form of the model is given by the autoregressive (AR) process



X(k) - Z Ai X(k-i) - V(k) (1)

i-1

where

X(k) - (xjfk),.. . ,xm(k)) - vector of random variables at sample k.
{Aj} =• (raxra) AR coefficient matrix.

V(k) • fvi(k) , . . . ,vm(k)} =• vector of random noise sources.

The models are used to derive both time domain and frequency domain signatures. Because of
the linear nature of the AR process no nonlinear minimization methods are necessary to es t i -
mate the model parameters.

Definition of Stability Parameters

Figure 2 shows a typical impulse response of a stable damped oscillatory sy3tetn. If Che
response is described by a second order system then the impulse response can be written as

x(t) » A exp(-ct)ain(ii>,jt) (2)

For a general system the degree of stabil i ty is defined by the least stable characteristic root
of the system response function. We will characterize the stability index in terms of the
decay ratio of the neutron impulse response function. Referring to Fig, 2 Che decay ratio is
given by

(3)

This is 3 functio'i or both the attanuation factor a, and the period T of damped oscillation.
By comparing with the second order system response, we can define an equivalent damping coef-
ficient an

(4)

where (5 * JnCAj/Aj) (5)

For s t a b i l i t y T < DR < 1, 0 < 5 < 1. The decay r a t i o i s very s e n s i t i v e to changes in A[ or
A2, except when i t i s close to u n i t y . The damping coef f i c ien t £ is a more robust p a n m e t e r ,
even though both are in the range (0 ,1) for s t a b i l i t y .

TIME SERIES MODELS AND SIGNAL FLOW CHARACTERIZATION

The companion papsr (Kitaraura, 1982) in th i s proceedings descr ibes the method of parameter
es t imat ion of .m to regress ive time se r i e s models and associa ted system d e s c r i p t o r s . In th i s
sec t ion we wi l l describe the use of empir ical models for s t a b i l i t y ana lys i s and two-phase
veloci ty es t imat ion .

Time SerieB Modeling

Let X(t) = ( x i ( t ) , X2<t), . . . , x m ( t )} be a set of j o i n t l y s ta t ionary ergodic random processes
with f in i te var iance . The dynamic r e l a t i r aship among a set of s ignals can be represented by
the procea- (Parzen, 1961)

n
X(k) " I A; X(k-i) + V(k) (6)

where

X(k) * (x j (k ) , X2(k), . . . , Xjjtk)) is the vector of s ignals at sample t ine k.



{A£} " (mm) parameter matrices.

V(k) • (vj(k), V2<k), . . . , vm(k)) is the vector of noise sources at sample time k.

V(k) satisfies the following conditions

E[V(k)] =• 0, E[V(j)V(k)T] - Q 6 j k . (7)

The implication !u;re is that the noise source is a white noise sequence, or that the
constructed model satisfies this condition through a fictitou3 noise source. The univariate
autoregressive model is given by

n
x(k) - t a i x (k- i ) + v(k) (8)

i-1

In neutron noise analysis using Eq. (8) we will assume that the model is constructed such
that the residual sequence is white. In practice, v(k) can be identified as a wideband reac-
tivity perturbation. The set of parameter {Aj, A2, . . . , A,,} are estimated using the multi-
dimensional Yule-Walker equations

n
C(k)" - I AiC(k-i), W , 2 n (9)

i-1
where

C(k) - E[X(t)X(t-k)T] (10)

The noise covariance matrix is determined from

Q - C(0) - Z AiC(i)T (11)
i-1

The optimal model order n is selected based on a criterion function due to Akaike (1974).
Sometimes it is necessary to apply modification of this criterijn (Kitamura, 1980).

Estimation of Stability Parameters

The neutron power impulse respor.se is derived using the untvariate model given by Eq. (8).
The impulse response is recursively calculated using

n
I a i x i ( k - i ) , X I (1 ) = 1.0

i = l
=• 0 for 9. < 0. (12)

The dac.iy r a t i o and the damping coeff ic ients are d i r ec t ly calculated from the impulse response
function using F49. (3) and (4 ) . The power spectrum of the signal is obtained by Fourier
transforming Eq. (8) to give

-Jnin
Z ak exp(-j2nfkAt) | 2

k-1

where Svv(f) = a'At. The spectral resonance frequency is obtained as the frequency at which
Sxx(f) is -i maximura. Thia procedure is used for both APRM and LPRM detector signal analysis.

Two-Phase Flow Velocity Measurement

To determine the relationship between stability and two-phase flow velocity in a BWR, i t is
necessary to estimate this velocity using LPRM detector noise signals. A bivariate analysis



of adjacent LPRM noise s ignals is performed using the AR modeling of tvo s igna l s . The change
in the moderator density and t r a n s i t of the steam bubbles past neutron de t ec to r s , cause flue*
tuat ions in the -.iitector response. If the bubble formation is uniform between adjacent de tec-
t o r s , then 3 t r ans i t time delay dynamics can be ident i f ied using the two detector responses.
Assuming a pure delay dynamics between detectors 1 (upstream) and 2 (downstream) we can write

X2( t) =• C X! ( t - t ) (14)

where C is a constant and T is the t r ans i t time* The phase ljg between X2 and X\ i s given
by $(f) • - 2 i f r . Thus the phase is l inear ly re la ted to the frequency.

The bivari . i te AR model is used to estimate the cross power spectrum between xj an-1 X2« The
spect ra l matrix is given by

Sx x(f) - (H(f)-1] Q [H(f ) - ' J* (15)

where * indicates complex conjugate transpose and

n
H(f) = I - E Afc exp(-j2ufkAt) (16)

px i x i(f) sxlX2(

LSX7Xt^ f^ SX7X2^£'.

The phase re la t ionship i s then calculated from

* - t a n ' l (Im S x i x 2 /Re S , ^ } (18)

The t r a n s i t time is decermined from the slope of the phase function $ ( f ) .

Coherence, Feedback and Spectral Decomposition for Bivariate Systems

The bivariatu model can be used to determine the signal flow map and the nature of feedback
between detector responses. Consider the power spect ra l n a f i x assuming Q • didg ( q j j , 122^-
The accuracy of this decomposition nwst be val idated using the orthogonal izat ion procedure
described in (Upadhyaya, 1980b). The spect ra l decomposition is given by

thll h[2~[ p!U 0 f Fhn h.21 1

"21 h22j L° "322J Lh12 ĥ !2 J
(19)

(hjj) are tlv »le^ents of the inverse of matrix H(f).

The individu.il spectra are given by

S l l * l h l l l 111 + I h12 I 122 (20a)

S2 2 - | h 2 l | Z q n + | h 2 2 |
 2 q22 (20b)

* +
*>!2 * n l l ^21 111 + n12 h22 <J22 (20c)

We define the signal contr ibut ion r a t io s as follows:

2
, ( S C R J u - 1 " " 1 , , - ( 2 1 )

, L_l£J—S££ (22)



Now we define a complex coherence (unction as
* *

Sl2 Ml '•Ul h 2 l Ajll hi2 'q22 h22

• s22 /sTT / s 2 2

" Rll • R21 + Rl2 * 8*2

Using Eqs. (21-23) we have the relationships

I Rll I 2 + I Rl2 I 2 ' (SCR)n + (SCR) 1 2 - 1 (24)

I R2l I
 2 + I R22 I

 2 - (SCR)2i + (SCR) 2 2 - 1 (25)

If (SCR)j2 ™ 0, that 19 the noise source at detector 2 does not contr ibute to the response at
detector 1, th is implies | Rj2 I a " an^ I R l l I " !• The coherence function takes the following
form:

But I R21 I = (SCK)2i, giving the resu l t

y2
l2 = (SCR)21 (27)

This resu l t can br? re la ted to feedback between sensor3.

Figure 3 s'nov:j th^ block diagram of the two-signal 9ystera. Writing the transformation matrix
in the forra

H(f) -I " I , (28)• p " A 1 ! l .
LA21 A22J

11 12

u u Al 1A22-A12A1! -J

"21 n22j " L-

. . , (29)
A21

The system equations can be written in the frequency domain as

- A T ? 1
Xj(f) = ji=- X2(f) + ~ - Vi(f) (30)

T X i C f ) + •— V2(f) (31)
A22

 x A22
 z

From Fig. 3, the blocks are identified as

-A12

How (SCR)i2 - 0 — > hj2 => 0 — > Aj2 = 0. (33)

From Eqs. (32) and (33) it follows that

C21 =• 0 O i )



G2i(£) is the feedback t rans fe r function from %i to K J . In actual app l ica t ion Co detec tor

response a n a l y s i s , we can s t a t e the r e su l t as follows: If (SCF.}|2 - 0 and * \2 * (SC1O21,
then i t follows that the fedback from sensor 2 to sensor 1 is smal l . In add i t ion , the s ignal
cont r ibut ion r a t i o s (SCR)i2 an<* CSCR)2i can be uaed to determine the s ignal flow pa th , such as
the d i r e c t i m of mas3 flow from one point to another .

STABILITY MONITORING USING OPERATIONAL DATA

The methods discussed in the previous sect ions are applied to noise data from two operat ing
BWR-4's at two d i f fe ren t operating condi t ions . Both APRM and LPRM noise s ignals are analyzed
to study the overa l l s t a b i l i t y behavior and the time dependent nature of neutron nois« .

Analysis of APRM Signals

APRM noise s ignals from two di f ferent reac tors were analyzed using un ivar ia te au toregress ive
models. This da t i corresponds to two di f ferent operat ing condi t ions : The f i r s t data se t
(3WR1) was recorded during cycle 1 a t 100 percent power (Sides , 1979). The second data 3et
(EMB2) was acquired during cycle three at 62 percent power and 42 percent flow ra te (Woffinden,
1981). From theo re t i ca l and per turba t ion t e s t ana lys i s of the second data set a decay r a t i o
close to 0.5 is estimated for 8WR2 and a decay r a t i o close to z«ra for BWR1.

Table 1 shows the decay r a t i o s estimated from the un iva r i a t e AR modeling of neutron no i se .
Figures 4a and 4b show the APRM power spectra and Figs . 5a and 5b show the corresponding
impulse response funct ions. These r e s u l t s c l e a r l y indicate the high s e n s i t i v i t y of the neutron
noise signature to operat ing condit ions with d i f fe ren t s t a b i l i t y margins. In a d d i t i o n , the
numerical values of the decay r a t i o from per tu rba t ion t e s t and noise ana lys is compare well in
the i r r e l a t i ve magnitude. Thus, both t h e o r e t i c a l and experimental ana lys i s indica te tha t the
s t a b i l i t y trends can be e f fec t ive ly monitored using un iva r i a t e neutron noise a n a l y s i s . This
technique iw-isures the output s t a b i l i t y ; only in the case of wideband driving nuise th i s is
equivalent to the t ransfer function s t a b i l i t y . However, the trends of boch s t a b i l i t y es t ima-
tes are similar and as the decay r a t i o tends to u n i t y , the two est imates wil l co inc ide . In
add i t ion , Che ouput s t a b i l i t y monitoring is not influenced by the choice of an input , and
hence during abnormal operat ing condi t ions i t s est imate i s more r e l i a b l e than any non~
perturbing transfer function analysis.

Table 1. Data information and Stability Parameters for the sample cases
from two BWR's

Data record length (aec)

Sampling interval (sec)

AR model order

Impulse response decay
ratio (DR)

Damping coefficient (5)

Teak frequency of power
spectrum (Hz)

OTR1

600

0.1

10

0.024

0.51

0.38

BWR2

153.6

0.06

10

0.37

0.16

0.35



Relationship Between Stability and Two-Phase Flow Velocity

A theoretical analysis of random fluctuations of BUR stabili ty was studied by Akcasu (1961)
using a second order differential equation formulation of the reactivity. He suggested that
the variations in the stabili ty margin of a BUR might occur due to random fluctuations in the
steam production rate, and hence the steam velocity in a fuel channel. We present a correla-
tion analysis of BWR stabil i ty and steam velocity using normal operation da^a. As discussed
earlier , the two-phase velocity is estimated by analysis of the neutron noise data from two
LPRM (3-C) detector signals (Upadhyaya, 1980).

Figure 6 is a BWR-4 core map showing LPRM detector string locations. LPRM's B and C at loca-
tion 32-33 are used for analysis. C detector noise is used for stability analysis, and B-0 •
detector signals are used f<-r two-phase velocity estimation. An earlier study showed
(Upadhyaya, 1981) that the stabili ty margin calculated from detectors in the same string exhi-
bit similar behavior. The use of B-C detector pair for two-phase flow velocity estimation is
found to be a good representation of the bubble velocity in a fuel channel (Sweeney, 1980).

A typical phas« plot between B-C detector responses is shown n Fig. 7. The linear nature of
the phase is quite evident in the frequency range 1-9 Hz where the coherence between the two
detectors Is also high (see Fig. 8). The signal contribution ratios of detector B response
from local noise at C ((SCR)j2)i 'nd of detector C response from local noise at B ((SCRjjl)
are shown in Fig. 9. A comparison of these two can be used to determine the flow path. Ten
data records, each of length T = 100 sec. are processed to estimate the stabil i ty margin and
the two-phase velocity. The relationship between these two parameters can be determined by
computing the correlation coefficient p as

N _ _
Z (5i - O (v'i - v)

i = l
p = (35)

' V N - 2 N 2 1/5
ft r. (q - O N t (v£ - v-)2]} n

where | o\ < 1. A value of prv close to 1, indicates that the parameters £ and v change in con-
cert with each other. For the present analysis pr = 0.77. Thi? shows a positive correspon-
dence betwe'in ^ md v. Increased void passage raCe has a stabiliziing effect on the core
dynamic response. This analysis would provide additional understanding of the BWR noise beha-
vior in relating low frequency phenomena (less than I Hz) with high frequency phenomena
(greater than 1 Hz).

Temporal Variation in the Neutron Noise

It was suggested by Bergman and Gustavsson (1979) that averaging large records of data might
result in the smoothing of spectral features, specifically the spectral resonance structure.
Our analysis of small (100 sec) and large (1000 sec.) data records shows that both stabili ty
margin and spectral peak frequency fluctuate in a random fashion about the estimated mean
value. Furthermore, our studies indicate that there is no smoothing of the spectral peaks.
Thus, short data records can be used to monitor the time dependent nature of stabili ty in a
"snapshot" fashion.

Table 2 summarizes the results of this study using data from KJR1.

SUMMARY AND CONCLUSIONS

S t a b i l i t y monitor ing in o p e r a t i n g BWR's and r e l a t e d a spec t s of the problem are p r e s e n t e d .
Both APRM and LPKM de t ec to r noise s i g n a l s have been used in our s tudy . Es t imat ion of neutron
power impulse response func t ion , s p e c t r a l s i g n a t u r e comparison, and two-phase flow v e l o c i t y
estimation were performed using univariate and bivariate time serie3 models. The results pre-
sented will not only provide us with the basic information on stabil i ty, but additional
insight into the nature of BWR noise relationship at different frequency ranges. The following



are Che conclusions from our analys is or 8VR s t a b i l i t y and neutron noise behavior using data
from operating r e i c t o r s .

1. The APRM noisi* signal can be used to monitor changes in the output s t a b i l i t y of BWR's.
The computation of the s t a b i l i t y margin is not influenced by the choice of inpuc process
s igna l? . The analysis presented in th i s paper v i l l not provide us with the closed-loop
s t a b i l i t y margin of BWR's which i s defined by the reac t iv i ty - to -neu t ron power t ransfer
function.

2. A posi t ive cor re la t ion (equal to 0.77 for the analyzed data) ex i s t s between damping coef-
f ic ien t and tvo-phase flov veloci ty in a fuel channel.

3 . The temporal behavior of the neutron signal for short and long data records indica tes that
there is no smoothing of the spectra l resonance frequency, nor any subsequent d i s t o r t i o n
of Che decay r a t i o when long data records were used.

The methods ievel.iped provide an e f f i c i en t procedure for on-line monitoring of s t a b i l i t y
changes in SJR's, and for assessing the effects of various operating conditions on power f luc-
tuat ion during power generation and plant maneuvering. Studies are current ly underway to
improve the estimate of s t a b i l i t y margin by ident ifying the primary r e a c t i v i t y per turba t ion
source.

Table 2. S t a b i l i t y analys is using short md long data records

(LPRM-C)

Decay r a t i o

Baniping coeff icient

Peak frequency

Transport time (9)

T'jo-phisi; flow
veloci ty (m/s)

10 samples, each
record » 100 s .

Mean

0.107

0.35

0.55

0.167

5.46

One sample of
length • 1000 s.

0.096

0.35

0.56

0.167

5.46

Correlation coefficient between damping coefficient and two-phase flow velocity = 0.77
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1. Block diagram showing the dynamic processes re la ted
to power generation in a BWR core.
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Fig. 2. Typical Impulse response function of
a stable damped oscillatory system.

Fig. 3. Block. diagram of a blvariate
time series model-
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Fig. 4a. Povje.r spectrum of B'.iHl neutron noise Fig. 4b. Power spectrum of BWR" neutron noise
frOn AR(10) model of th? APR.M signal. from AR(10) model of the APRM signal.
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Fig. 5a. t-ap'ilso respor.se function of BWK1
noucron noise from AR(10) model of
the APRM signal.
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Fig. 5b. Impulst* response function of R'w'R2
neutron noise from AR(10) model of
the AP'iM signal.

11



\

H\

A

....

ZxZ
I

1 *

1 1 1
1

1 |
| |

H-
1

-M

/-etc
Q9 I8

i
I

1
] t

! 1 ! h: 1
1
I
! i i
1 !

>> | 1

afci-'-

i~
i
I
i
1

•a

H
a

^

g

H
•

" I

J

.........

J jr
-«00 .

1

t ;

a

c

9

i i

IRA.1SII 1I«E - J.I68 s

VELOUlr - 5.IB Ws

— LINEAR
FIT

X
6

' III!)

Fig. 6. RU'R—'t cure map showing LPRM
detector string locations.

Fig. 7. Phase l.ig between LPRM B ar.d C
detector signals from livariate
:ime series model and Lh.= linear
least-F-qoares fit.
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Fig. 8. Ccherence function between IJ'RM
B and C ietector signals from
blvariate time series model.

Fig. 9. Signal contribution ratio analysis:
SCR Is tha fractional contribution

Co the power spectrum of signal 1
from tho noise source of signal j.
1 - LPRM B signal, 2 - LPRM C signal.

12


