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ABSTRACT

The dynawic stability of Boiling Water Reactors (BAR’s) is influenced by the reactor control
system and its interaction with external load dewmand, channel thermal hydraulic properties,
and coupled neutronic-thermal-hydraulic dynamics. The latter aspect of BWR stability which is
affected by void reactivity feedback, coolant flow rate and fuel-to-cgolant heat transfer
characteristics is studied in this paper using the normal fluctuation data. The feasibility
of overall core stability trend moritoring using neutron noise and the relationship between
stability and two-phase flow velocity in a fuel channel are studied. Time series rodeling of
the average power range monitor (APRM) detector signal, ind bivariate analysis of adjacent
local power range monitor (LPRM) detector signals ar~ used to det2rmine the neutron impulse
response, spectral characteristics and two-phase flow velocity using data from an operating
BWR. The resulty 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 ceactivity-to-neutron power transfer function), and that a positive correlation exists bet~
ween stability ani two-phase flow velocity in & fuel channel. Furthermore, the temporal beha-
vior of the neutren signal for short and long data records indicates that there is uno smoothing
of the spectral resonance frequency, nor subsequent distortion of the computed decay ratio
when long data 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
Eluctric, 1977). These are: l. Total plant stability, which is associated with reactor con=-
trol systems and their interactioa with extermal load demand. 2. Channel thermal-hydraulic
stability, influenced bty the momentum dynamics of two-phase flow in a heated channel. 3.
Coupled neutronic-thermal-hydraulic stability influenced by the void reactivity feedback ia a
B4R. The latter is affected by the circulating water acting as both a ccolant and a modera-
tors In operating B4R's the neutronic-thermal-hydraulic stability is of primary concera,
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, i979) and small perturbation tests (Carmichael, 1973;
Aoffinden, 1981) showed the basic structure of this transfer funcrion which can be represented
by a pair of complex poles in the 7.3-0.7 Hz frequency range, and a zero at a lower frequency.
Figure | is a block diagram of the dynamic processes related to power generation in a R
core. The moderator void reactivity feedback is more dominzting than the fiedback due to fuel
temperature coefficient of i1eactivity.
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The feasibility of using the neutron noise signal f>r stability related measurements in BdR's
was First suggested by Tsunoda et al. (1978). Further studies (5ides, 1979; Fukunishi, 1978)
have shown that the power spectral density of the neutron noise in B4R's exhibits a noticeable
resonance in the frequency range 0.3-0.7 Hz. Based on these earlier studies, the feasibility
of monitoring changes in the stability using time series modeling of neutrom noise was deter-
mined (Upadhyaya,1979, 1980a, 1981). Stochastic modeling, using reactor pressure noise as
input and APRM siznal as output, was developed (Wu, 1781) and found to give results comparable
to those obtained from perturbation tests; however, during normal -2actor operation the
pressure noise is more of an effect than a variable causing changes in the power. Hence the
reactivity cannot be assumed to be driven by the pressure fluctuations in the core. On the
contrary, studies by Bergman and Gustavsson (1979) and by (March-Leuba, 1981) indicate that
the total core flow rate is the primary cause of reactivity perturbation. Thus, to obtain the
dynamic traansfer function, it is necessary to identify the reactivity perturbation source.

The neutron noise tachnique gives the output stability that loes not require the iden-
tification of a driving function. Only in the case of a wideband driving source, both output
and transfer functiom stability analyses coincide. For most common situations, the relative
changes in the output stability ar2» representative of relative changus in the reactor stabi-
lity. Improper choice of the proczss variable (perturbing the reaccivity) wouid give a wrong
representation of reactor stability. The purpose of the preseat work is t» establish the
correspoundence between output stability and transfer functic. etability.

In this work three aspects of BWR stability will be preseantzd. These are:

l. Overall core stability monitoring using neutron noise.
2. Relationship hetween stability and two-phase velocity.

3. The temporal behavior of neutrnn noise signal.

Univariate analysis of APRM detector signal and bivariate analysis of two LPRM detactor
signals (locatad 36 inchnes apart at positions B and C in a vertical detector string) were per-
formed using ewpirical time series models. Since the time series model i3 a causal represen-
tation of system dynamics, we can effectively model the system for both short-and long-term
changes in performance parameters.

The problem statem2nt and the general approach for stability amalysis are presented in
ANALYSLS OF BJR STABILITY. TIME SERIES MODELS AND SIGNAL FLOW CHARACTERIZATION describes the
general time series models, modei parameter estimation, impulse response estimation and signal
flow graphs [(rom bivariate modeling. Applications of the technigies o data from two
operating F4Rs are discussed in STABILITY MONITORING USING OPERATIONAL DATA. Both APRM and
LPRM detector signals are analyzed to evaluate the objectives stated above. Finally, some
concluding remarks and practical implications of BJR stability monitoring are given.

ANALYSIS OF B4R STABILITY

Statement of the Problem

The purpnse of this study is to evaluate operational data to establish a technigue to mounitor
the sta.ility trends of B4Rs. Specifically three aspects of BJR stability have been studied:

l. Overall core stability wonitoring using neutron noise.
2, The relationship between stability and two-phase velocity in a fuel channel.
3. The variation in the stability and spectral characteristics as a function of time.

Both dynamic model analysis (Otaduy-Bangoa, 1979) and perturbation tests {(Carmichael, 1978)
clearly indicat: the damped oscillatory nature of th: reactivity-to-power closed-loop transfer
function. & =istained oscillation of the neutron power could causa 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 show that both univariate and multi-
variate time gseries models can be efficiently developed to extract this informatiom. The
general form of the model is given by the autoregressive (AR) process



n
X(k) = I Af X(k-i) + V(k) (1}
i=l

where

X(k) = {xy(k},¢.s,xq(k)} = vector of random variables at sample k.

{A{} = (mxm) AR ccefficient matrix.

V(k) = (v (k),.e.,vg(k)} = vector of random noise sources.

The models are usad 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 esti-
mate the model parameters.

Definition of Stabilitv Parameters

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

x(t) = A exp(-ct)sin(uwgt) (2)

For a general system the degree of stability 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 the decay ratio is
given by

DR=A7/4} (3)

This is a function of both the attenuation factor o, and the period T of damped oscillation.
By comparing with the second order system response, we can define an equivalent damping coef-
ficient as

P . E— )
(472 + §2)12
where & = in(A1/Ap) (3)

For stability 7 < DR < 1, 0 € £ < 1. The decay ratio is very sensitive to changes ia &} or
Az, except when it is close to unity. The damping coefficient § is a more robust parameter,
even though both are in the range (0,1) for stability.

TIME SERIES MODELS AND SIGNAL FLOW CHARACTERIZATIONW

The companion paper (Kitamura, 1982) in this proceedings describes the method of parameter
estimation of autoregressive time series models and associated system descriptors. In this
section we will describe the use of empirical models for stability analysis and two-phase
velocity estimatian,

Time Series Modeling

Let X(t) = {x)](c), x2(t), +ee, xu(t)} be a set of jointly stationary ergodic random processes
with finite variance. The dynamic relaticaship among a set of signals can be reprasented by
the proces- (Parzen, 1961)

n
X(k) = L Aj XK(k=-i) + V(k) (6)
i=]
where

X(k) = (xy(k), x2(k), +os, Xp{k}) is the vector of signals at sample time k.



{Aj} = (mxm) paraweter matrices.
V(k) = (vy(k), volk), ..., ﬁm(k)) is the vector of noise sources at sample time k.

V(k) satisfizs the following conditions
E[v(x)] = 0, EIV(IIVKIT] = Q 6§55, (7)

The implication here is that the noise source is a white noise sequence, or that the
constructed model satisfies this condition through a fictitous noise source. The univariate
autoregressive model is given by

n
x(k) = £ ajx(k-1) + v(k) (8)
i=l

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

n
C(ky = T AjC(k-i), k=1, 2, ..., n (9
i=l
where
C(k) = E[X(t)X{e~k)T] (10)

The noise covariance matrix ias determiped from

n
Q = c(0) -~ £ Ajci)T (1)
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 criterisn (Kitawmura, 1980).

Estimation of Stability Parameters

The neutron power impulse resporse is derived using the univariate model given by Eq. (8).
The impulse respounge is recursively calculated using

n
xp{k) = ¢ ajpxy(k-i), xr(l) = 1.0
i=1
x1(82) = 0 for & < 0. (12)

The decay ratio and the damping coefficients are directly calculated from the impulse response
function uaing Eqs. (3) and (4). The power spectrum of the signal is obtained by Fourier
transforming Eq. (8) to give

Syy(f) 1
Sxx(f) a 2"EI<Z_AE’
] 1 - £ ag exp(-j2nfkat) |
k=]

(13)

where Sy (f) = s24t. The spectral resonance frequency is obtained as the frequency at which
Syx(f) is -a maximum. Thig 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 B4R, it is
necessary to estirate this velocity using LPRM detector noise signals. A bivariate analysis



of adjacent LPRM noise signals is performed using the AR modeling of two svignals. The change

in the moderator density and transit of the steam bubbles past neutron detectors, cause Eluc=-
tuations in the <d:tector response. If the bubble formation is uniform between adjacent detec-
tors, then 2 transit time delay dynamics can be identified using the two detector responses.
Assuming a pure delay dynamics between detectors 1 (upstream) and 2 (downstream) we can write

Xa(t) = C X1 (¢-1) (14)

where C is a constant and T is the transit time. The phase lag between X3 and Xy is given
by ¢(f) = -2nfr. Thus the phase is linearly related to the frequency.

The bivariate AR model is uged to estimate the cross power spectrum between x} and x3. The
gpectral matrix is given by

Sex (E) = [H(E)™1] q [H(E)"T]* (1%)

where * indicates complex conjugate transpose and

n
H(f) = I - § Ay exp(-j2nfkat) (16)
k=1

Sy x1 (6) Syixo ()
Se(E) = | X2 (an
Skpx1CE) SxgnpCE)

The phase relationship is then calculated from
¢ = tan~! (Im Sxyx2/Re S xp} (18)

The transit time is determined from the slope of the phase function $(f).

Conherence, Feadback and Spectral Decomposition for Bivariate Svstems

The bivariate mod:l can be used to determine the signal flow map and the naturs of feedback
between detactor responses. Consider the power spectral matrix assuming Q = diag (qyj, q22).
The accuracy of this decompositinon must be validated using the orthegonalization procedure
described in {Upadhyaya, 1980b). The spectral decomposition is given by

* *
hip  hy2 Qi © LIV 3
S¢x(£) = * * 13
hay k2 0 92 hiz  h22

{hj;} are ths elements of the inverse of matrix H(f).

The individual spectra are given by

2 2

Spp =lhpnd “any ¢l hial © a2 (20a)
2 2

S22 =hhgrf “ a1+ haa ) © a2z (20)
* w*

S12 = hyp hap q11 + h12 k27 922 (20¢)

We define the signal contribution ratios as follows:

2 2
LIS IRETT! I 12l © q22
(5eR) ) = =kt (ger) (g = —El 322 (21)
11 511 3 12 511
2 2
h h
(scrygy = P2t oo hael " am 22

S22 522




Now we define a complex coherence function as

* *
Sta__ _ hiL Yaur | hay Yaul | hi2 Yaz2 | ha2 Yax

Si1 - Sz2z SIL /S22 g /S22
*
=Ry * R;l + Ryz * Rp2 (23)

Using Eqs. (21-23) we have the relationships
PRipl 2 +)Rig] 2 = (scR);p + (SCR)pp = 1 (24)
[Ra1 |2 +]Rya | 2 = (5CRIZ; + (5CRIpq = 1 (25)

If (SCR)12 = 0, that is the noise source at detector 2 does not contribute to the response at
detector 1, thig implies | R12‘ = 0 and | Rll' = ], The coherence function takes the following
form:

2
2 sz

2 2 2
Y2 "5y <Rl IRl T el Ra LR (26)

But | Ry | 2. (5CR)21, giving the result

2
le = (SCR)91 (27)
This result can be related to feedback between sensors.

Figure 3 shows the block diagram of the two-signal system. Writing the transformation matrix
in the form

AL Al
H(E) = , (28)
Azl A2
ey hip hp2 1 422 Ay p
He s Al1A22-A1242] [ -A21  Aq) 2

ha]  h2

The system equations can be written in the frequency domain as

-A
X(6) = 12 xo0e) ¢ - vy (D) (30)
A1l An

X(6) = 22k x,(5) + v 1)
A22 A22

From Fig. 3, the blocks are identified as

-Al2 -A21
Go] m, Gy2 -AZ_Z (32)
Now (5CR)|7 = 0 —> hjp = 0 —> A)2 = Q. (33)

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

Gy = 0 (3%)



G21(f) is the feedback transfer fuaction from x7 to xj. In actual application to detector

response analysis, we can state the result as follows: If (SCR}[; ¥ 0 and Yl% = (5CR)qp,
then it follows that the fedback from sensor 2 to sensor } is small. In addition, the signal
contribution ratios (SCR)yz and (SCR)3} can be used to determine the sigpal flow path, sich as
the directinn of mass flow from one point to another.

STABILITY MONITORING USING OPERATIONAL DATA
The methods discussed in the previous sections are applied to noise data from two nperating

BWR-4's at two different operating conditions. BSoth APRM and LPRM noise signals are analyzed
to study the overall stability behavior and the time dependent nature of neutron noise.

Analysis of APRM Signals

APRM noise signals from two different reactors were analyzed using univariate antoregressive
wodels. This dati corresponds to two different uvperating conditions: The first data set
(BWRL) was recorded during cycle 1 at 100 perceat power (Sides, 1979). The second data set
(B4R2) was acquired during cycle three at 62 percent power and 42 perceat flow rate (Woffinden,
1981). From theoretical and pgrturbation test analysis of the sccond data set a decay ratio
close to 0.5 is estimated for BWR2 and a decay ratio close to zero for BRI,

Table 1| shows the decay ratios estimated frow the univariate AR modeling of neutron noise.
Figures 4a and 4b show the APRM power spectra and Figs. Sa and 5b show the corresponding
impulse tesponse functions. These results clearly indicate the high sensitivity of the neutron
noise signature to operating conditiong with different stability margins. In addition, the
numerical valves of the decay ratic from perturbation test and noise analysis compare well in
their relative magnitude. Thusg, both theoretical and experimental analysis indicate that the
stability traends can be effectively monitored using univariate neutron noise analysis. This
technique measures the output gtability; only in the case of wideband driving noise this is
equivalent to the transfer function stability. However, the trends of bath stability estima-
tes are similar and as the decay ratio tends to unity, the two estimates will coincide. In
addition, the oupnt stability monitoring is not influenced by the choice of an input, and
hence during abnormal operating conditions its estimate ig more r2liable than any non-
perturbing trangfor function analysisg,

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

B4R1 BWR2
Data record length (sec) 600 153.6
Sampling interval (sec) 0.1 0.06
AR model order 10 10
Impulse response decay 0.024 0.37
ratio (DR)
Damping coefficient (§) 0.51 0.16
feak frequency of power 0.38 0.35
spectrum (Hz)




Relationship Between Stability and Two-Phase Flow Velocity

A theoretical analysis of random fluctuations of BAR stability was studied by Akcasu (1961)
using a sacond order differential equation formulation of the reactivity. He suggested that
the variations in the stability margin of a BJR might occur due to random fluctuations in the
steam production rate, and hence the steam velocity in a fuel chinnel. We present a correla-
tion analysis of B4R stability and steam velocity using normal operatiom data. As discussed
earlier, the two-phase velocity i3 estimated by anmalysis of the neutron noise data from two
LPRM (3-C) detector signals (Upadhyaya, 1980).

Figure 6 is a BiR-4 core map showing LPRM detector striag 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-C -
detector signals are used fr- two~phase velocity estimation. An earlier study showed
(Upadhyaya, 1981) that the stability margin calculated from detectors in the same string exhi-
bit similar behavior. The use of B-C detector pair for two~phas:z flow velocity estimation is
found to be a goad representation of the bubble velocity in a fuel channel (Sweeney, 1980).

A typical phase plot between B-C detector responses is showa 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 ra*ios of detector B raaponse

from local noise at C ((SCR)yz), 1ad of detector C response from local noise at B ((SCR)7})

are shown in Fig. 9. A compagison of these two can be used to determine the flow path. Ten
data records, erach of length T = 100 sec. are processed to estimate the stability margin and
the two-phase velocity. The relationship between these two parameters can be determined by

computing the correlation coefficient p as

N — —
I (gi=-8) (vi~-v)
i=1
e, = N " (35)
- _ 1
e (5 -DYL £ Gy -DIN
i=1 i1

wheref o‘ < 1. A value of pgy close to 1, indicates that the parameters § and v change in con-
cert with each other. For the prasent analysis p, = 0.77. This shows a positive correspon-
dence bLetwean ¢ and v. Increased void passage rafe 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 [ Hz) with high frequency pheunomena
(greater than 1 Hz).

Temporal Variation in the Neutron Noise

Tt 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 (lOOD sec.) data records shows that both stability
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.
Thes, short data records can be used to monitor the time dependent nature of stability in a
“snapshot" fashion.

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

SUMMARY AND CONCLUSIONS

Stability monitoring in operating B4R's and related aspects of the problem are presentad.

Both APRM and LPRM detector noise signals have been used in our study. Estimation of neutron
power impulse tesponse function, spectral signature comparison, and two-phase flow velocity
estimation were performed using univariate and bivariate time series models. The results pre-
sented will not only provide us with the basic information on stability, but additional

insight into the nature of B4R noise relationship at different frequency ranges. The following



are the conclusions from our analysis of BJR stability and neutron noise behavior using data
from operating reictors.

1. The APRM noise signal can be used to monitor changes in the output stability of BdR's.
The computation of the stability margin is not influenced by the choice of input process
signals. The analysis presented in this paper will not provide us with the closed=-loop
stability margin of BAR's which is defined by the reactivity-to-neutron power transfer
function.

2. A positive correlation (equal to 0.77 for the analyzed data) exists between damping coef-
ficient and two-phase flow velocity in a fuel chaanel.

3. The temporal behavior of the neutron signal for short and long data records indicates that
there is no smoothing of the spectral reasonance frequency, nor any subsequent distortion
of the decay ratio when long data records were used.

The methods developed provide an efficient procedure for on-line monitoriang of stability
changes in ®R's, and for assessing the effects of various operating conditions on power fluc~-
tuation during power generation and plant maneuvering. Studies are currently underway to
improve ths estimate of stability margin by identifying the primary reactivily perturbation
source.

Table 2. Stability analysis using short 2ad long data records

10 samples, each One sample of
record = 100 s. length = 1000 s.
(LPRM-C) Hean
Decay ratio 0.107 0.096
Damping coefficient 0.35 0.35
Peak frequency 0.55 0.56
Transport time (a) 0,167 0.167
Tun-phase flow 5.46 5.46
velocity (m/s)

Correlation coefficient between damping coefficient and two~phase Elow velocity = 0.77
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