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0 2.2: Categorization of BWR instability.
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0 3.1: A typical example of the block diagram for BWR instability analysis in
the frequency domain.
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O 3.2: Definition of decay ratio(DR): DR = A1/A2 = B1/B2.
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0 3.3: Examples of ACF for actual BWR stability data.[17]
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depicted.
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00 4.1: Elements of estimated mixture matrix W ™! and the variance of each
column vector w.
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+1.4E40 | -1.9E-1 | +4.4E-1 | +5.6E-2 | +5.0E-1 | +2.5E-2 | +2.9E-2
+1.1E+0 | +79E-2 | -24E-1 | +1.3E-2 | +1.4E-1 | -4.8E-2 | +2.6E-1
+9.6E-1 | +5.0E-1 | -2.0E-1 | -1.1E-1 | 42.3E-1 | +5.2E-2 | -9.5E-2
+1.1E+0 | +1.8E-1 | +1.0E-1 | -1.7E-3 | +2.0E-1 | -8.8E-2 | -2.5E-1
+1.6E4+0 | -6.3E-1 | -2.7E-1 | +8.1E-2 | -8.8E-2 | +1.4E-2 | -1.3E-1
+1.1E+0 | +4.7E-1 | +5.6E-1 | -5.0E-2 | -2.9E-1 | +1.5E-4 | +8.3E-2

Variance
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0 4.6: Spatial distributions of the two major separated signals by ICA in the
upper core region; (a) Signal 1; (b) Signal 2.

32



ool1oodgobo20pShO04r70Do00dbooopooooooooboooooon
gliogdbogbboobuodbooobbobboobuog200bo0onbobo
ggobbbbbbuooooobobbbbouooooobbobobboago
gogobobbobbbouodgooobobobobbouooooobbobboogd
Oo0oooobDOoIcADoOooDoOOoooOooOo0ooDoooboboOoboboOooooo
goooobbobobbbtbddooooooooooobbobbboougd
gogobo

— SIGNAL
— SIGNALZ

O 4.7: The PSDs of the two significant separated signals, SIGNAL1 and SIGNAL2,
are plotted.

[CAODODOO0O0OODOOODOOOOOO0DDOOOI posed problemO 0 OO
gboggbooboobuodgboobuoobuoobooboobobbonobo
gboogbbobdobodgbooboobbobbooboobboboobbo
0000000000000 0000000000D0KanemotoO [17][18]0 00O
gboobLPRMOODOODODOODOODOODODOODOODODbLODOOn
go0ob0oo0obooboOoooboobooooboo pSDOODOOODOOOODOO
goboopShO0OO0OOoOODOOOOOObDOO0O0DOOoOobDoOOooDbOOoDO
OO0IcCAODOOD0OD42090000000000000DO0O0OO0ODO0ODODOO
gooobgobobooboobuoobooboobobbooboLPRMDOOO
12000 000000DLO0O0O0OICADO0DODOOO48000DOICADDOO

33



0000010020 PSDO0000000000O0O0O0O00000000000
000000000000000020PSDO000000O0O0O0O0O0O0O000
000000000000000000000000000000000 10 PSD
0000000000000000000000000000000000000
0D00000000000000000000000000000KanemotoD O
0000000000000 100000 20000 6(t) = arctan [ys(t) /y.(t)] O
0000000000045000000000490000000000000
000 (IPV)D=6(t+At)—6(¢)000000000000000000000OO0
0000000000000000000000000000000000000
000000000000000000000000000000000ICADO
0000001002000000000000000000000000000
0D000000000000000000000000000000000000
ICADDD1000002000000000000000000000000
0D000000000000000000000000000000000000
DO0ICADDOOODOOODO0000O0D0000000000000000000
00000000000 LPRM21000001/300000000000 LPRMI
0D00000000000000000000000000000000000 2
000000000000000000010000000000000000
0D000000000000000000000

34



1-512 points ) 513-1024 points

10 10
— SIGNAL 1
----- SIGNAL2
10° 1
o a
D " %
& 10
10! 10
10" 10° 10" 10°
Freqency(Hz) Freqency(Hz)
2 1025-1536 points s 1537-2048 points
10
10°
o a
£ | g
10
10" 10"
10" 10° 10" 10°
Fregency(Hz) Fregency(Hz)
) 2049-2560 points ’ 2561-3072 points
10 10
10°
o a
& 2
10
10" — - 10" — -
10 Freqenoy(Hz) 10 10 Freqenoy(Hz) 10
2 3073-3584 points 3 3585-4096 points
10 10
10°
o a
A 2
10
107 - 107 -
10 Fregency(Hz) 10 10 Fregency(Hz) 10

0 4.8: PSDs of the independent signals obtained by ICA.

35



SIGNAL 1 — SIGNAL 2

Dynamical Phase Analysis:
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O 4.9: Results of the dynamical phase analysis (see section 4.5) between the

separated signal 1 and 2.
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0 4.12: PDFs of the amplitude R of the LPRM signals observed in the upper core

region.
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0 4.14: A simple example to exhibit temporal variation of the inter-phase (IP)
and the corresponding inter-phase velocity (IPV) V,, = df/dt.
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0 4.16: Examples of the temporal variations of the inter-phase (IP) between
APRM and LPRM signal in the Forsmark case-4 data. The inter-phase velocity
(IPV) V,, (estimated from the phase difference V(i) ~ (i+1)—6(i)) and the related
[PV-PDF are also shown. Dashed line in each IPV-PDF denotes the profile of the
normal distribution to emphasize the feature of the truncated stretched exponential
function [ PDF(V,) ~ exp(—a|V,|?), 3 < 2 and —7 <V, < 7).

45



00 (AP)DDOO0O0DODO (APV)(= Oautor2(t + At) = Oauter2(t) 0O APV O PDF
0000000000000 000APODOO 4160 IPODODOOODODOOO
000000000000 bOOoAPVODODOODODODOODOODOOODODO
oooboboooobobboooobobooooooLpPRMOOOOODDODOOO
000000000 DOO0DO0DO0ODO0ODO0ODO0O0O0OAPVO PDFOODOOODOO
oo IpVO PDFOODODOOOOODDOOODDOOOODOOOODDOOODDOOOODOO
gogoboobooobIipvoooobobboooobbboooo

LPRM 5
1000
—
ke
(]
—
~ 500 - ,
o
<
0 | | | | | |
0 50 100 150 200 250 300
Time(s
4 T (s)
=)
S 2
S
~ 0
&
< -2 =
-4 | | | | | |
0 50 100 150 200 250 300
0 Ti me(s
10 T (s)
o
S 107k <
o
<

10

APV

[0 4.17: An typical example of the auto-phase (AP) €yy1012 for a LPRM signal.

0000000000 IPVOOOO0OO00000000000000IPVODO
000000(0420000000000000000000000 LPRMOOO
0LPRM1,5,9,11,13,17210 000000000 4.18() 000000000000

46



goOoboCoIcAODoOOO0DoO0oOoDoOoOoDboOouoDoOooDooboOooDoboOoo
gbooooboboboooboobooboboooorLpPRMODOODOOOOO
ggbbbouogoobbodo

(a) The distribution of variance of (b) The distribution of Af in the core
the auto-phase velocity of LPRM

0 4.18: Spatial distribution of the variance 0% p,, and df.
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0 4.19: Temporal transition of auto-phase (AP) behavior of APRM data in the
Forsmark with the delay nAt for various values of n. (At: Sampling interval)
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O 4.2: Variance of auto-phase velocity 0% py,, and mean frequency estimated from
the auto-phase in the Forsmark case-4 data obtained by dynamical phase analysis.

LPRM No. | ¢%4p, | Mean Frequency(Hz)
1 0.080 0.488 =+ 0.002
2 0.069 0.492 £ 0.002
3 0.034 0.484 £ 0.002
4 0.052 0.484 + 0.002
5 0.228 0.508 =+ 0.002
6 0.237 0.512 £ 0.002
7 0.240 0.508 =+ 0.002
8 0.166 0.500 £ 0.002
9 0.226 0.512 = 0.002
10 0.152 0.517 + 0.002
11 0.412 0.525 = 0.002
12 0.364 0.543 + 0.002
13 0.348 0.512 £+ 0.002
14 0.393 0.508 £ 0.002
15 0.157 0.512 £+ 0.002
16 0.046 0.512 £ 0.002
17 0.148 0.488 £+ 0.002
18 0.173 0.500 £ 0.002
20 0.139 0.500 £ 0.002
21 0.485 0.525 £ 0.002
22 0.272 0.568 £+ 0.003
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0 4.20: Correlation between the frequency deviation Af and the amplitude R.
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0 5.1: Comparion of the measured PDF of R and the theoretical PDF(Rayleigh
distribution), the parameters for the theoretical PDFs are identified by the method
decribed in the section 5.3.1.
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O 5.2: The identified values of the parameters a, b, D and m; in Eq.(5.20), and
simulation results of the decay ratio(DR) and the most probable value of amplitude
R (R,,,) with the identified values. The DR and R,,, from measured LPRM data

are also listed for the convenience of comparison with simulated ones.

LPRM Identified Values Simulation Measurement
No. a b D m; DR, | Ripsim | DR | Ry
1 1.01E+00 | 1.66E-01 | 0.29 | -9.90E-02 | 0.79 2.20 0.81 2.01
2 1.05E+00 | 8.95E-02 | 0.28 | -7.48E-02 | 0.80 3.03 |0.84 | 2.69
3 1.08E+00 | 4.92E-02 | 0.26 | -1.23E-01 0.82 4.30 0.86 4.04
4 9.71E-01 | 4.01E-02 | 0.27 | -1.23E-01 0.81 4.41 0.86 4.06
5 8.89E-01 | 1.96E-01 | 0.32 | 2.57E-02 | 0.76 1.77 1 0.72 | 1.65
6 8.53E-01 | 1.35E-01 | 0.32 | 5.19E-02 0.76 2.11 0.72 2.06
7 8.07E-01 | 1.86E-01 | 0.33 | 2.57E-02 | 0.74 1.66 |0.71| 1.63
8 8.72E-01 | 2.01E-01 | 0.40 | -2.53E-02 | 0.67 1.54 0.65 1.64
9 9.16E-01 | 5.71E-01 | 0.37 | 5.19E-02 | 0.70 0.99 |0.66 | 1.13
10 8.71E-01 | 4.32E-01 | 0.40 | 7.85E-02 0.67 1.05 0.64 1.02
11 9.23E-01 | 4.69E-01 | 0.39 | 1.33E-01 0.68 1.10 0.64 1.09
12 9.23E-01 | 2.03E-01 | 0.48 | 2.48E-01 | 0.58 1.44 |0.64| 1.60
13 9.48E-01 | 5.25E-01 | 0.36 | 5.19E-02 0.72 1.04 0.67 1.08
14 9.36E-01 | 3.16E-01 | 0.36 | 2.57E-02 | 0.71 1.34 ]0.66 | 1.39
15 9.54E-01 | 2.24E-01 | 0.36 | 5.19E-02 0.72 1.60 0.66 1.70
16 9.38E-01 | 1.17TE4+00 | 0.36 | 5.19E-02 | 0.72 0.70 | 0.65| 0.69
17 9.29E-01 | 2.07E-01 | 0.31 | -9.90E-02 | 0.76 1.84 0.78 1.81
18 9.33E-01 | 1.21E-01 | 0.31 | -2.53E-02 | 0.77 2.41 0.78 | 2.20
20 8.80E-01 | 1.27E-01 | 0.39 | -2.53E-02 | 0.68 1.94 0.64 2.07
21 9.78E-01 | 3.75E-01 | 0.39 | 1.33E-01 | 0.68 1.25 ]0.63| 1.28
22 1.26E+00 | 2.72E-01 | 0.61 | 4.03E-01 | 0.50 0.51 |0.52| 1.87
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0 5.3: An example of the trend of FRR with the value of the noise strengh D. The
trends of the coefficients a and b, which are estimated by eq.(5.7) with the D, are
also plotted. The optimized values of the a and b are dtermined as a = 9.71 x 107!
and b = 4.01 x 10~2 with the optimum value of the D(= 0.27) in this example.
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0 5.9: PDFs of the LPRM signals. The PDF of the normal distribution is also
plotted with the dashed line in each figure for comparison.
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6.2 U0OODLOOOOOOODLDOOOOOOOON
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0 : , A
EB = (1 +icy)B — (1 +icy)|B*B + (1 + zcl)WB (6.4)
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T_ime(s]

5 8 w0 1z 14 16 18 D
Location{Computational Node Number)

2 4

O 6.1: Space-Time map displaying the results of eq.(6.1) with wy = 7, a
8.45x 107!, b=1.60x 107!, D = 0.33 and ¢ = 0 for all nodes.
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2 4 & 8 10 12 14 6 18 20
Location (Computational Node Mumber)

0 6.2: Space-Time map displaying the results of eq.(6.1) with wy = 7, a =
8.45x 107, b=1.60 x 107!, D = 0.33 and ¢ = 0 for all nodes excluding node 6.
For node 6, the cofficient ¢ has a diffrent value, ¢ = 1.225 x 10~!, from the value
for other nodes, although other coeffcients are same as the ones for other nodes.
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2 4 8 0 10 1z ¢ 15 |
Location (Computational Node Number)

0 6.3: Space-Time map for the separated signals from the oscillation depicted in
Fig.(6.2).
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2 11 0 g 5 17 1

O 6.4: Space-Time map displaying the LPRM signals in the upper core region of
Forsmark Case4. Spatial phase difference can be seen in this map.
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