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Measurements were made a t  units  2 and 3 of the Browns Ferry Nuclear Power Plant i n  order to  I 
characterize the noise signatures of the neutron and process signals and to  determine the 
usefulness of such signatures for anomaly detection in BUR4s. Previous measurements (1) 
and theoretical  analyses (2,3) of BUR noise by others were concerned with the determination 
of steam velocity and void fraction (using the local  component of neutron noise) and with 
the sources of global noise (4,s). 

This work is under a five-part program to  develop a colgplete and systematic analysis and 
representation of BUR neutron and process noise through cQr~plemantary measurements and sto- 
chastic model developments. The parts are: (1) recording a s  many neutron detector and 
process noise signals a s  are  available in a BWB-4; (2) reducing these data t o  noise signa- 
tures in order t o  perform an empirical analysis of these signatures, and documenting the 
relationships between the eignals from spat ia l ly  separated neutron detectors and between 
neutron and process variables; (3) developing spat ia l ly  dependent neutronic models coupled 
with thermal-hydraulic models to  aid i n  inberpreting the observed relationships m n g  the 
measured noise signatures, (4) comparing measured noise signatures with model predictions 
to  obtain additional insight in to  BWR-4 dynamic behavior and t o  validate the models; and 
(5) using these models t o  predict the sensi t iv i ty  of noise monitoring for  detection, eur- 
veillance, and diagnosis of postulated in-core anomalies in BWRa. 

This paper describes the procedures used t o  obtain the noise recordings and presents our 
initial empirical analysis and observations pertaining t o  the noise signatures and the 
relationships between several noise variables in the 0.01- t o  1-Hc range. The mathematical 
modela.have not been developed suff ic ient ly  t o  report theoretical  r e su l t s  o r  t o  corqpare 
measured epectra with model predictions a t  t h i s  t i m e .  

DATA ACQUISITION AND ON-LINE ANALYSIS 

Noise data, consisting of approximately 70 hr of signals recorded from 169 individual t e s t s ,  
were taken from two systems in two of the three Browns Ferry reactors, including signals 
from fixed, in-core f iss ion chambers, called local  power range monitor (LPI(M) detectors, 
and from selected process control instrumentation systems such as flow and pressure. 

The signal conditioning instrumentation used to  l ink  sensor signals t o  the data acquisition 
system, an on-line spectral  analysis system, and the software used in these measurements 
were developed jo int ly  by the Instrumentation and Controls Division of ORNL and the Nuclear 
Engineering Department of the University of Tennessee (%Iomille). 

Data Acquisition 

Signal description and source. The signals were obtained from existing plant instnnnenta- 
t ion systems and associated special equipment that  is wed for  reactor s tar tup tes t ing and 
for  regularly scheduled at-power reactor testing. This test equipment e lect r ica l ly  isolated 
the signals from the plant control and protection system so that  noise measureamnts would 
not in terfere  with normal operation of the plant. This system is  shown schematically i n  
Fig. 1. 

The at-power monitoring system for each of the BUR4 reactors a t  Browne Ferry consists of 
43 axia l  instrument tubes in the reactor core, each of which provides a dry-well housing 
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AVERAGE OF DETECTOR SIGNALS 

Fig. 1. Diagran of lieutrw and process signal sources. 
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f o r  f o u r  f i s s i o n  chambers equa l ly  spaced a x i a l l y  wi th in  t h e  a c t i v e  co re  region.  Each tube  
a l s o  con ta ins  an a d d i t i o n a l  tube f o r  t h e  i n s e r t i o n  of a f i s s i o n  chamber f o r  c a l i b r a t i o n ,  
which is  p a r t  of t h e  t r a v e r s i n g  in-core probe (TIP) system. Each of t h e  43 ins t rument  tubes  
wi th  i t s  four  d e t e c t o r s  i s  c a l l e d  an LPRM s t r i n g .  

I n  a d d i t i o n ,  each of t h e  172 LPRM d e t e c t o r s  is  connected e i t h e r  t o  one of t h e  s i x  average 
power range monitors (designated a s  APRM moni tors  A through F) o r  t o  one of t h e  two l o c a l  
power range monitor systems (designated a s  LPRM moni tors  A and B). Each APRM s i g n a l  i s  a 
l i n e a r  sum of e i t h e r  20 o r  21 i n d i v i d u a l  p rese lec ted  d e t e c t o r  s i g n a l s ,  a s  shown i n  Table  
l a  and b. The output  of each APRM is an i n d i c a t o r  of t h e  average neutron power i n  t h e  co re ,  
and it  is used a s  p a r t  of t h e  r e a c t o r  p r o t e c t i o n  system. 

Switches on t h e  f r o n t  panel  of both  t h e  LPRM and APRM c a b i n e t s  enable  s e l e c t i o n  of t h e  
output  s i g n a l  from any d e t e c t o r  f o r  d i sp lay  on a panel-mounted, 0- t o  10-V dc vo l tme te r .  
A t e s t  j ack  i n  p a r a l l e l  wi th  t h e  vol tmeter  is f o r  ins t rument  c a l i b r a t i o n .  A sh ie lded ,  
twis ted-pair  s i g n a l  c a b l e  is  plugged i n t o  t h i s  t e s t  j ack  t o  r o u t e  t h e  s e l e c t e d  s i g n a l  t o  t h e  
s t a r t u p  t e s t  equipment panel .  The s i g n a l  is i s o l a t e d  wi th  r e s i s t o r s  i n  s e r i e s  wi th  each 
l e a d  a s  shown i n  Fig .  2. 

LPRM d e t e c t o r s  a r e  c a l i b r a t e d  by using a movable c a l i b r a t e d  TIP f i s s i o n  chamber, which i s  
p e r i o d i c a l l y  i n s e r t e d  i n t o  t h e  a c t i v e  co re  region.  Five  TIP systems a r e  used i n  each Browns 
Fe r ry  r e a c t o r  t o  update t h e  measured core  a x i a l  power d i s t r i b u t i o n  and t o  c a l i b r a t e  t h e  LPRM 
d e t e c t o r s .  The range from 0 t o  125% of f u l l  r e a c t o r  power i s  rep resen ted  on t h e  panel- 
mounted vo l tme te r  by 0 t o  1 V f o r  an APRM and 0 t o  10 V f o r  an LPRM. 

Se lec ted  process  ins t rumentat ion s i g n a l s  were recorded s imul taneously  wi th  o t h e r  s i g n a l s  
from s e l e c t e d  i n d i v i d u a l  LPRM d e t e c t o r s  and wi th  composite APRM s i g n a l s .  A f low diagram of 
t h e  BWR-4 (Fig .  3) i n d i c a t e s  t h e  source  of t h e  va r ious  process  ins t rumenta t ion  s i g n a l s .  The 
vo l t age  range of t h e s e  s i g n a l s  is 0.25-1.25 V; t h e i r  equ iva len t s  i n  engineer ing u n i t s  a r e  
shown i n  Table 2. 

The process  s i g n a l s  o r i g i n a t e  from i n d u s t r i a l - t y p e  process  c o n t r o l  ins t ruments  which produce 
10-50 mA over t h e . r a n g e  of an ins t rument .  For example, t h e  p ressu re  t r a n s m i t t e r  which pro- 
duces t h e  narrow-range r e a c t o r  o u t l e t  p ressu re  s i g n a l  i~ c a l i b r a t e d  EO t h a t  t h e  minimum and 
maximum of i ts output  range a r e  10  and 50 mA, which corresponds t o  950 and 1050 p s i g ,  
r e s p e c t i v e l y .  The l i n e a r i t y  wi th in  t h i s  range is  expected t o  be  wi th in  t h e  des ign  s p e c i f i -  . 
c a t i o n  of t h e  t r a n s m i t t e r ,  which is t y p i c a l l y  b e t t e r  than 50.5% of t h e  span. The es t ima ted  
frequency response of t h e  process  sensors  is a t  l e a s t  0-3 Hz. 

Precondi t ioning c i r c u i t s  were r equ i red  t o  q k e  t h e  s i g n a l s  from t h e  process  ins t rumenta t ion  
compatible wi th  t h e  r e a c t o r  manufacturer ' s  s t a r t u p  t e s t i n g  ins t rumenta t ion  and d a t a  acqu i s i -  
t i o n  system. A u n i t y  ga in ,  i s o l a t i o n  a m p l i f i e r  (INTECH A212) c i r c u i t  (Fig .  4) i s o l a t e d  and 
converted t h e  10-50 mA cu r ren t  loop s i g n a l  produced by t h e  p l a n t  process  ins t rumenta t ion  t o  
a 0.25- t o  1.25-V s i g n a l .  S i m i l a r l y ,  another  c i r c u i t  w i th  a u n i t y  ga in  a m p l i f i e r  (INTECH 
Al26) i s o l a t e d  t h e  APRM (composite) s i g n a l s  (Fig. 5 ) .  These precondi t ioned s i g n a l s  were 
routed by sh ie lded ,  twis ted-pair  cab les  t o  t h e  ORNL record ing  and a n a l y s i s  systems. 

Data a c q u i s i t i o n  and record ing  system. The d a t a  a c q u i s i t i o n  and recording system cons i s t ed  
of (1) a s i g n a l  d i s t r i b u t i o n  panel ,  (2) a s ignal-condi t ioning a m p l i f i e r  panel  con ta in ing  
twelve NIM-mounted d i f f e r e n t i a l  a m p l i f i e r s ,  (3) a PDP-11 computer based on- l ine  a n a l y s i s  
system, and (4) a 14-channel FM magnetic t a p e  r ecorde r .  

The s i g n a l  d i s t r i b u t i o n  panel  was designed such t h a t  a l l  i npu t  s i g n a l  c a b l e s  from t h e  s t a r t -  
up t e s t  panel  could be  connected and v e r i f i e d  be fo re  a s e r i e s  of t e s t s  was begun, wi thout  
r e q u i r i n g  a change dur ing t h e  t e s t  s e r i e s .  A l l  s i g n a l s  were routed i n  a d i f f e r e n t i a l  mode 
i n  t h e  d i s t r i b u t i o n  pane l ,  t ak ing  ca re  t o  mainta in  s i g n a l  and ground i s o l a t i o n .  

Fourteen channels  of ins t rumenta t ion  s i g n a l s  were used. The s i g n a l  cond i t ion ing  included 
twelve NIM-mounted s i g n a l  cond i t ion ing  a m p l i f i e r s  (Unive r s i ty  of Tennessee, Department of 
Nuclear Engineering, model 201) and two Pr ince ton  Applied Research, model 113 a m p l i f i e r s .  
Each was a dual  inpu t  u n i t  w i th  common mode r e j e c t i o n .  These a m p l i f i e r s  provided a c  and 
dc coupl ing wi th  i n t e r n a l  low-pass and high-pass f i l t e r i n g  and v a r i a b l e  ga in  from 0 . 1  t o  
10K f o r  t h e  UT a m p l i f i e r s  and 1 0  t o  30K f o r  t h e  P r ince ton  ampl i f i e r s .  A l l  f ou r t een  channels  
of d a t a  were s imul taneously  recorded on tape.  The t a p e  recording system was a B e l l  and 
Howell, model CPR 4010, 14-channel FM magnetic t a p e  r ecorde r  c a l i b r a t e d  t o  o p e r a t e  a t  15/16 
i p s  i n  t h e  in te rmed ia te  band, which provided a usab le  bandwidth from dc t o  312 Hz. The 
ga ins  chosen prevented t h e  dynamic range of t h e  t ape  r ecord ing  system from being exceeded 
due t o  s lowly changing amplitudes of t h e  process  s i g n a l s .  

Four t e s t s  wi th  d i f f e r e n t  s i g n a l  combinations were recorded,  each of 4 h r  d u r a t i o n  a t  a 
cons tan t  r e a c t o r  power l e v e l .  The s i g n a l s  were analyzed on l i n e  f o r  a s h o r t  t ime (30 min) 
dur ing t h e  recording pe r iods  so  t h a t  t h e  q u a l i t y  of t h e  recorded d a t a  could be eva lua ted .  



TABLE 1 Detectors Contained in  the LPRM Strings and i n  the APRM Systems 

a .  In Reactor Protection System I b .  In Reactor Protection System I1 
-- - - -  - -- - - - -  - - -  

LFRM LPRM 
Identi- APFW APRM APRM LPRM Identi- APRM APRM APRM LPRM 

String f icat ion  A C E A String f icat ion  B D F B 
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Fig. 2 .  Isolation network for APRM and LPRM s ignals .  



Fig. 3. Selected process instrumentation signals in a BWR-4. 



TABLE 2 Process Instrumentation Signals  which were Recorded 

Range 
Signal. I d m t  i f  i r a t  ion ( R n g i n ~ ~ r i n g  lhi ts) 

Total  core flow 
Reactor pressure (narrow range) 
J e t  pump flow No. 6 
J e t  pump flow No. 16 
Core AP 
Feedwater flow ( t o t a l )  
Steam flow A 
Driver flow A ( r e c i r c .  system) 
Driver flow B ( r e c i r c .  system) 
Steam flow ( t o t a l )  
Feedwater flow A 
Feedwater flow B 
Feedwater flow C 
Feedwater temperature A . 
Reactor water l e v e l  (narrow range) 

0-125 x l o 6  l b l h r  
950-1050 psig 

0 -16~;~?0~~:b /hr  
0-4 x lo6  l b l h r  

0-10 x l o 3  g a l l h r  
0-10 x lo3  g a l l h r  . 
0-16 x l o 6  l b / h r  
' 0-6 x 106 l b l h r  
0-6 x 106 l b l h r  
0-6 x.106 l b / h r  . 

240-430°F .. 
0-60 in .  l eve lU 

' ~ e a c t o r  e leva t ion  i s  528 t o  588 i n .  
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Fig. 4. Isolation amplifier circuit for process signals. 
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DATA REDUCTION AND ANALYSIS 

The recorded n o i s e  s i g n a l s  were analyzed, us ing a f a s t  Fourier  t ransform (FFT) method, t o  
ob ta in  t h e  power s p e c t r a l  d e n s i t y  (PSD) of t h e  s i g n a l s  and the  cross-power s p e c t r a l  dens i ty  
(CPSD), phase d i f f e r e n c e ,  and coherence between s e l e c t e d  p a i r s  of s i g n a l s .  The d a t a  were 
sampled a t  5.12 samples/sec. The a n t i - a l i a s i n g  f i l t e r s  were s e t  a t  2 Hz. 

I n  analyzing the  r e s u l t s ,  emphasis was placed on t h e  measured coherence func t ion  between 
s e l e c t e d  p a i r s  of  n o i s e  s igna l s .  This  func t ion  is computed a s  fol lows:  

I CPSD 1 
Coherence = 

PSninput PSnoutput 

When two s i g n a l s  a r e  p e r f e c t l y  c o r r e l a t e d  (coherence equal  t o  u n i t y ) ,  t h e  square  of  t h e  
magnitude of the  CPSD is t h e  product of t h e  PSDs of t h e  two s i g n a l s .  I n  t h i s  paper ,  t h e  
term "high coherence" r e f e r s  t o  coherence va lues  i n  a range from 0.5 t o  0.1, and low co- 
herence t o  the  range from 0 t o  0.5. The uncer ta in ty  i n  t h e  coherence va lues  shown i n  t h e  
f i g u r e s  is  est imated t o  be 20.1. This  e s t ima te  is made from t h e  computer g raph ica l  r e s u l t s  
(examples a r e  shown i n  Figs .  11 and 1 3  below). 

For purposes of d i scuss ion  i n  t h i s  r e p o r t ,  t h e  d a t a  a r e  divided i n t o  two groups: t h e  
neutron n o i s e  s i g n a l s  +nd t h e  process  n o i s e  s i g n a l s .  

Neutron Noise S igna l s  

The s i g n a l s  from 11 of t h e  172 LPRM d e t e c t o r s  and from t h e  6 APRMs were analyzed. The 
r a d i a l  l o c a t i o n s  of  t h e  LPRM s t r i n g s  a r e  shown on t h e  core  map i n  Fig.  6. Each l o c a t i o n  
contained four  d e t e c t o r s ,  making up an.LFRM s t r i n g .  These four  d e t e c t o r s  were designated 
A, B, C ,  and D; t h e  A d e t e c t o r  was loca ted  18 i n .  above t h e  core  support p l a t e ,  and t h e  
B,  C ,  and D d e t e c t o r s  were at 36-in. i n t e r v a l s  up t h e  core .  The 21 o r  22 d e t e c t o r s  which 
were combined t o  make an APRM s i g n a l  a r e  shown i n  Tables l a  and b. 

LPRMIAPRM r e s u l t s .  The four  d e t e c t o r s  i n  t h e  LPRM s t r i n g s  a t  co re  l o c a t i o n s  08-33 and 
32-33 were chosen f o r  i n v e s t i e a t i o n  of t h e  s ~ a t i a l  de~endence  of t h e  neutron n o i s e  source - 
i n  t h e  core .  Location 32-33 is near  the  c e n t e r  of t h e  core ,  and 08-33 is  near  t h e  edge 
(Fig. 6 ) .  The PSD of each s i g n a l  and t h e  phase d i f f e r e n c e  and coherence func t ion  between 
an APRM s i g n a l  and each of t h e  four  d e t e c t o r s  i n  each of the  two s t r i n g s  were ca lcu la ted .  
For t h e  purpose of t h i s  s tudy,  t h e  s i x  APRM s i g n a l s  were t r e a t e d  a s  equ iva len t .  Cross 
c o r r e l a t i o n  among var ious  p a i r s  of APRM s i g n a l s  v e r i f i e d  t h i s  assumption and ind ica ted  t h a t  
t h e  coherence between APRM s i g n a l s  was 0 .8  t o  1.0 over t h e  frequency range considered here .  
The e i g h t  coherence func t ions  a r e  shown i n  t h e i r  s p a t i a l  r e l a t i o n s h i p s  i n  Fig. 7 and sum- 
marized i n  Table 3. A comparison of these  func t ions  i n  t h e  frequency range from 0.01 t o  
0.1 Hz shows t h a t  they genera l ly  show high coherence between an APRM and t h e  d e t e c t o r s  i n  
t h e  32-33 s t r i n g  nea r  t h e  core  c e n t e r ,  and low coherence between an APRM and t h e  d e t e c t o r s  
in s t r i a g  08-33 n e a r  t h e  edge of t h e  core. These r e s u l t s  i n d i c a t e  t h a t  i n  t h i s  frequency 
range (0.01-0.1 Hz) t h e  source of neutron n o i s e  is s p a t i a l l y  independent nea r  t h e  core  
cen te r  a t  l o c a t i o n  32-33, but  becomes more l o c a l i z e d  nea r  t h e  core  edge. 

The dependence of t h e  coherence func t ion  on t h e  core  r a d i a l  p o s i t i o n  of t h e  B l e v e l  detec-  
t o r s  is a l s o  shown i n  Fig. 7. The coherence was ca lcu la ted  between an APRM s i g n a l  and t h e  
s i g n a l  from each B l e v e l  de tec to r .  The coherence near  t h e  core  cen te r  is h igh ,  but  nea re r  
t h e  core  edge, t h e  coherence decreases  s i g n i f i c a n t l y .  

Comparison of t h e  coherence func t ions  in t h e  frequency range from 0.1 t o  1 Hz (Fig. 7) shows 
t h a t  t h e  coherence is  high between an APRM and each of t h e  de tec to r s .  The coherence i s  
p a r t i c u l a r l y  high near  0.5 Hz. This  r e s u l t  i n d i c a t e s  a system resonance o r  a s p a t i a l l y  
independent d r iv ing  func t ion  in t h e  frequcncy rnngc near  0.5 Hz. 

These measurements were repeated in Browns Ferry u n i t  2 (which i s  a l s o  a BWR-4 of t h e  same 
s i z e  a s  u n i t  3).  As i n  t h e  previous measurements in u n i t  3 ,  t h e  s i g n a l s  were recorded from 
t h e  four -de tec to r  LPRM s t r i n g s  a t  p o s i t i o n s  08-33 and 32-33. The c o h e ~ e n c e  func t ion  was 
c a l c u l a t e d  between an APRM s i g n a l  and each of t h e  d e t e c t o r  s i g n a l s  loca ted  a t  t h e  A,  B ,  and 
C l e v e l s  (D d e t e c t o r s  were ou t  of s e r v i c e  a t  t h e  time of t h e  measurement). These r e s u l t s  
can be d i r e c t l y  compared t o  those from u n i t  3. The measured u n i t  2 coherence func t ions  a r e  
shown in Fig. 8. S imi la r  t o  t h e  u n i t  3 r e s u l t s  (Fig. 7 ) ,  the  coherence i n  t h e  frequency 
range from 0.01 t o  1 Hz i s  high (>0.6) f o r  each of t h e  d e t e c t o r s  i n  t h e  32-33 s t r i n g .  The 
r e s u l t s  of t h e  coherence measurement in t h e  frequency range from 0 . 1  t o  1 Hz a r e  s i m i l a r  i n  
u n i t s  2 and 3, w i t h  h igh  coherence (>0.8) evident  near  0.5 Hz. I n  t h e  frequency range from 
0.01 t o  0 . 1  Hz, the unit 2 r e s u l t s  from t h e  d e t e c t o r s  i n  t h e  08-33 stri .ng show a higher  



Fig. 6 .  Browns Ferry core map showing LPRM detector string locations. 
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TABLE.3 Summary of Results of Neutron Detector Signal Analysis 

Frequency Range 
Core 

Detectors Locat ion 0.01 - 0.1 0.1 - 1 

APm4 - 
LPRM 

APRM - 
LPRM 

LPRM 
LPRM 

LPRM - 
LPRM 

Near High 
center (0.5 - 0.6) 

Near 
edge 

Low 
(0.2 - 0.4) 

~adial' Very low 
(c0.2) 

Axial 
b 

High 
(0.5 - 0.8) 

High 
(0.7 - 0.8) 

High 
(0.6 - 0.7) 

LOW 
(0.3 - 0.4) 
Very high 
(0.8 - 0.9) 

- - -  

a 
Detectors located at B level (54 in. above core support plate). 

b~oth detectors of each pair located in same flow channel. 



I I D LEVEL -C-& ----------------------- 

. a 

TOP OF CORE 

(126  in.) / i , 32:33C 

(144 in.) 

I C LEVEL -C-C ------------ ------------ 

I 
I I * 

(90 in.) I 

8 LEVEL 
(54  in.) 

(18 in,) I 

I I BOTTOM OF CORE I I I 
3 0  32&28 40&20 48&12 52&08 56&04 

RADIAL POSITION OF DETECTOR 

Fig. 8 .  Coherence between APRM and individual LPRM detector signals 
in unit 2 .  Uncertainty in coherence value i s  estimated to be i0 .1 .  



coherence (0.4 t o  0.6) than those for unit  3 .  This indicates that near the core edge the  
noise source was not as localized as it was i n  uni t  3. Although the reason for t h i s  d i f -  
ference i s  not clear,  it i s  noted that the flow patterns in the .bypass region surrounding 
the LPRM detector strings in unit  3 may be d i f f e r e n t  from those i n  unit  2 because the 
bypass flow had been modified t o  eliminate instrument tube vibrations in BWR-4s (Re f .  6 ) .  

LPRM/LPRM resul ts .  The coherence functions between individual detectors within an LPRM 
string were also calculated. In unit  3 ,  the coherence was calculated between detectors at 
the A and B l eve l s ,  A and C l eve l s ,  A and D l eve l s ,  and C and D l eve l s .  These coherence 
functions are shown in F i g .  9 and summarized in Table 3. In the frequency range from 0.01 
t o  0.1 Hz, the coherence i s  high (>0.8) near the lower part o f  the core. The decrease i n  
coherence downstream as shown i n  the A/C and AID combinations i s  unexplained. 

The radial dependence o f  the coherence function between individual detectors a t  the B leve l  
i s  shown in F i g .  10. In every case, the coherence in the frequency range from 0.01 t o  0.1 
Hz i s  very low. The noise sources in separate flow channels become l e s s  correlated with 
increasing distance o f  separation. 

In the frequency range from 0.1 t o  1.0 Hz, the coherence i s  high (0.7 t o  0.8) for each or 
the axial combinations, as shown in Fig. 9.  The radial combinations o f  B ' leve l  detectors 
( F i g .  10) show low coherence ( ~ 0 . 5 )  by t h i s  arbitrary de f in i t i on  o f  low coherence. However, 
an increase in coherence i s  seen near 0.5 Hz, which i s  a further confirmation o f  the spa- 
t i a l l y  independent noise source or system resonance near t h i s  frequency. 

Summary. The resul t s  from the neutron detector noise data are summarized as follows: 
(1 )  Coherence i s  high between LPRMs and APRMs in the frequency range from 0.1 t o  1 Hz. 
( 2 )  The highly coherent noise signal near 0.5 Hz, which has.coherence values o f  0.5 t o  0.9 
and appears i n  every pair o f  neutron signals analyzed, implies that a system resonance or 
spatially independent source o f  noise i s  present in the core near t h i s  frequency. ( 3 )  In 
the frequency range from 0.01 t o  0.1 Hz, the coherence between LPRMs and APRMs i s  low a t  
the core edge and fa i r l y  high near the core center. ( 4 )  Coherence between LPRMs i n  the 
radial direction i s  low, but there i s  s t i l l  a peak in coherence at  0.5 Hz. ( 5 )  Coherence 
between LPRMs i n  the axial direction ( i n  the same flow channel) i s  very high i n  the f re-  
quency range from 0.1 t o  1 Hz. For the A and B detectors,  it i s  also very high i n  the 0.01 
t o  0.1 Hz range. 

Process Nbise Signals 

The process noise signals that were recorded and analyzed included ( F i g .  3)  feedwater flow 
B ,  to ta l  feedwater flow, driver flows A and B ,  flows through jet pumps 6 and 16,  t o ta l  core 
flow, steam flow A, t o ta l  steam flow, core d i f f e r e n t i a l  pressure, core out le t  narrow-range 
pressure, and narrow-range core water l eve l .  The recorded data were reduced by calculating 
the C P S D ,  phase d i f f e rence ,  and coherence function between each process signal and an APRM 
signal and between selected pairs o f  process signals. 

The frequency response o f  the sensors and signal conditioning instrumentation installed in 
the plant was not measured. The estimated frequency response o f  the process sensors i s  at  
least  0-3 Hz. I f  the actual response i s  l e s s  than 1-2 Hz, the measured phase d i f ferences  
between signals,  for example, could be s igni f icant ly  a f f ec t ed .  This would i n h i b i t ,  t o  
some degree, the interpretation o f  these resul t s  by means o f  a mathematical model o f  the 
system. For those signals which show high correlation, however, these experimental resul t s  
should prove use fu l  i n  the third phase o f  the BWR noise program, i . e . ,  the evaluation o f  
the resul t s  obtained from such calculations. 

The low coherence values found between some pairs o f  signals may be due t o  signal contamina- 
t i on  (such as electromagnetic interference i n  the instrumentation leads) rather than t o  an 
actual lack o f  correlation between variables. The determination o f  the magnitude o f  t h i s  
interference i n  an operating power,plant may be d i f f i c u l t  because o f  the inaccess ib i l i ty  o f  
the plant's sensors. In the frequency range tes ted ,  however, the signals which show high 
coherence with the neutron signals could be monitored for anomalies by means o f  the core 
neutron (APRM) signal. 

APRM/process signal r e su l t s .  The P S D  o f  each signal and the phase d i f ference  and coherence 
function between an APRM signal and to ta l  core flow are shown i n  F i g .  11. With the APRM 
considered as the input signal,  the  phase d i f ference  resul t s  show that at frequencies below 
0.7 Hz the neutron (APRM) signal led the flow signal. Also, the neutron signal led the  
outlet  pressure ,signal at a l l  frequencies tes ted .  

The coherence function resul t s  are shown in F i g .  12 and summarized i n  Table 4 .  Maximum , 

coherences o f  ~ 0 . 6  were found between an APRM signal and the to ta l  core flow, t o ta l  steam 
flow, core d i f f e r e n t i a l  pressure, and core out le t  narrow-range pressure signals i n  the 
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Fig. 10. Coherence between B level detectors at different radial positions 
in unit 3. Uncertainty in coherence values is estimated to be k0.1. 
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Fig. 12. Coherence between an APRM and process signals in unit 3. 



TABLE 4 Coherence between Process  ~ i g n a l s  and an APRM Signal  

Frequency Range (Hz) 

S igna l  0 .01 - 0 .1  0 . 1  - 1 

Fecdwatcr flow B Very low Very low 
(<0.1) (<0.1) 

T o t a l  feedwater flow Very low Very low 
( ~ 0 . 1 )  (<0.1) 

Driver  f10.w A High Very low 
(0.1 - 0.5) (<0.1) 

Dr ive r  Ilow B Low Very low 
(0.1 - 0.2) (<0.1) 

J e t  pump 6 flow . Low Very low 
(0.1 - 0.2) (<o.J,) 

J e t  pump 16 flow Low Very low 
(0 .1  - 0.2) ( ~ 0 . 1 )  

T o t a l  co re  flow High High 
(0.3 - 0.6) (0.3 - 0.6) 

Steam flow A Low Very low 
(0 .1  - 0.4) (<0.1) 

To ta l  steam flow . High Low 
(0.4 - 0.8) (0.1 - 0.4) 

Core AP , High Low 
, . (0.2 - 0.6) (0 .1  - 0.2) 
Core o u t l e t  p ressu re  High Low 

(0.4 - 0.7) 
Core water  l e v e l  

(0.4) 
Low Very low 

( 0 . 1  - 0.2) (<0.1) 



frequency range from 0.01 t o  0.1 Hz. The driver flow A and steam flow A signals also 
exhibited s igni f icant  coherence ( ~ 0 . 4  t o  0.5) with an APRM signal. in t h i s  range. In the 
range from 0.1 t o  1 Hz, only the to ta l  core flow and core out le t  narrow range pressure sig- 
nals were coherent with an APRM signal. The jet  pump flow, driver flow B ,  and feedwater 
flow signals showed ins igni f icant  coherence with an APRM signal. These resul t s  show t h a t ,  
o f  the signals analyzed, the average core neutron density has the greatest coherence with 
the to ta l  core flow and core out le t  pressure. 

Results o f  process signal combinations. The phase d i f ference  and coherence were calculated 
between selected,pairs o f  those process signals which showed high coherence with an APRM 
signal. In Fig. 13 the P S D  o f  each signal and the  phase d i f ference  and coherence between 
the out le t  pressure and to ta l  core flow are shown. These two signals are approximately 
i n  phase at low frequencies, and with the to ta l  core flow signal considered as the input ,  
the flow leads the out le t  pressure signal at  higher frequencies. The phase resul t s  for the 
to ta l  steam flow and to ta l  core flow signals indicate that the to ta l  core flow signal led 
the steam flow signal at  a l l  frequencies tes ted .  

The coherence resul t s  for these and other pairs o f  process signals are shown i n  F i g .  14 and 
summarized i n  Table 5.  In addition t o  the high coherence (0.8) found, between the steam 
flow and to ta l  core flow signals,  coherence values o f  0.4-0.6 were also found among the  
out le t  pressure, core A P ,  to ta l  core flow, and steam l i n e  A flow signals i n  the frequency 
range from 0.01 t o  0.1 Hz. In the range from 0.1 t o  1 Hz, ins igni f icant  coherence was 
found . 
The high coherence near 0.5 Hz among the neutron, t o ta l  core flow, out le t  pressure, and 
steam flow signals together with the low coherence between.neutron signals and other parts 
o f  the system (e.g. ,  feedwater) indicates that  an investigation o f  the source o f  t h i s  noise 
by mathematical modeling would require a model o f  only the core neutronics and thermal 
hydraulics. Preliminary calculations using a BWR model also indicate that  t h i s  simplifica-' 
t i o n  may be acceptable ( 7 ) .  

CONCLUSIONS 

Three principal conclusions are reached from t h i s  work. (1 )  Noise signals obtained from 
most exist ing sensors and signal conditioning equipment in a BWR-4 power plant under normal 
full-power operation are suitable for use with noise analysis surveillance and monitoring 
techniques t o  a frequency o f  ~ 1 - 2  Hz. ( 2 )  The resul t s  o f  the analysis o f  the neutron 
detector signals i n  the core indicate that the noise sources i n  the frequency range from 
0.01 t o  0.1 Hz are more localized than those in the range from 0.1 t o  1 Hz. The peak i n  
the coherence function at 0.5 Hz i s  evident i n  every pair o f  neutron signals tested (and 
i n  several process signals as we l l ) .  ( 3 )  The coherence functions between pairs o f  measured 
signals indicate that s u f f i c i e n t l y  high coherence (>0.6) ex i s t s  i n  BWR-4s t o  provide sur- 
veillance for some anomalies involving the reactor pressure, t o ta l  core f low, and to ta l  
steam flow by monitoring the APRM neutron signals. However, the driver flow, individual 
jet pump flow, feedwater flow, and reactor water leve l  signals are not s u f f i c i e n t l y  corre- 
lated with the neutron signals t o  allow use fu l  monitoring o f  these variables with the 
neutron signals. (4 )  In order t o  investigate the 0.5-Hz phenomenon by modeling, only the 
core region would need t o  be included in the model. 
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Fig. 14. Coherence between pairs of process signals in unit 3 .  

Uncertainty in coherence values is estimated to be +0,1. 



TABLE 5 Coherence between Selected P a i r s  of Process S i ~ n a l s  i n  the Frequency 
Range from 0.01 t o  0.1 Hz 

Total  Steam Line Core Outlet  
Steam Flow A Flow Core AP Pressure 

Total  Core Flow High Low . . High High 
(0.2 - 0.8) (0.1 - 0.4) (0.2 - 0.6) (0.2 - 0.6) 

Core Outlet  Pressure a a High a 
(0.1 - 0.5) 

%o d a t a  were obtained f o r  t h i s  combination. 




