2019 Autumn KNS Workshop

Data-based Prediction of Pressure Tube
Diametral Creep for Wolsung NPPs

2019. 10. 23

=A%
vt



*

0 242 9A6) 445 = 725N FERAL 3.2 31, FAA =4
oA X5 ¥ o] dojyd
m Zo| "k Al (elongation)

m HH73vksF 3 2 (diametral creep)

O 3] o) 3 4GB 2| HY S AFs] 533 X3z U3
A 27 S A 3] 3] K3 {4 AL A7) A

SEEEEREDEE LU EUEEE EESESES LSS
REEDELERELE FU T

1/38



FLUX {n/m.s)

HOOP STRESS

DIAMETRAL STRAIN (%)

Fig. 8. Diametral creep of cold-worked Zr—2.5Nb loop tube in

TEMP (K}  E>1MeV

{MPa)

10%
0%

1017 —

l‘_.?ll

|
|
T [ I
A :
Y= | ! |
I | i |
|
| | | |
100 b | | FueL sunotes |
0.15 ||
050 |
0.25

AXIAL DISTANCE (m)

WR-1 reactor.

A) a 37-element bundle
inside the uncrept channel

Local CHF (kW/m?)

B) a 37-element bundle
inside the crept channel

1800.0

T=255"C, P=11000 kPa

) b

- ¥
e

x}x b hd

14000 . s
12000 X

1000.0

0-0 T T T T T T
-10.000 -5.000 0.000 5000 10.000 15000 20.000 25000

Dryout Quality (3

2/38



I A= = A—

Q +3A=

19904 (EFPD:

1992 (EFPD:

1994 (EFPD:

2001 (EFPD:

2004d (EFPD:

2006 (EFPD:

2002 (EFPD: 1501.04)

2 2003 (EFPD: 1943.71)
20073 (EFPD: 3255.53)

2136)
2967)
3383)
5726)
6577)
7336)

3 2002 (EFPD: 1324)
2004 (EFPD: 2184)
4 20023 (EFPD: 937)

2005 (EFPD:

2153)

1070 A<
1770 A<
1478 A4
67 &
1274 =€
1778 =42
1271 =<
770 Ad
670 g
1178 A
471 x4
870 e

37N A

3/38



O $S3AAR

L09, L13, M11, NO3, N21, O08, ©14,

1501.04
Q06, Q11, S07, S15 (ux:J)

L13, N21, O08, O14 1, SO7,
TO8 .(!/JJ)

1943.71

L13, N21, 008, 014, Q11, S07 (670) 3255.53

L13, M11, NO3, O08, O14, Q06, Q11;

: 132
Q18, S07, T10, U1l (117H) e

008, 014, Q11, U1L (47) 2183

L13, M11, N03, 008, O14.
U11 (87H)

, QIT
20 937

008, 014 (27})

4/38



@ ©

0 Hlo]g] 7]t ¢S = (FNN, SVR, GMDH ©] 4 o3 29 ')

Al (X(k)) _ e—4x(k)—x*(i)2/r§ @ X : ;
K X,
7 () =AW .
2 A (x(K))
=1
=) Wf 3)
fl (Xl Xm) :Zqijxj +b| Xm
=

-----------------------------------



A R L R oy -

0 Hlo]g] 7]t ¢S 2 (FNN, SVR, GMDH o] 4 o3 29 /')

v

EFPD

2136

2967

3383

5726

6577

7336

Training
data (mm)

0.3106

0.2811

0.2971

0.3415

Test data

(mm)
0.2755
0.2770
0.2838
0.2482
0.3973

0.4399

Training
data (mm)

0.2652

0.2848

0.2887

0.2576

Test data

(mm)
0.3342
0.3006
0.3152
0.2593
0.2874

0.3088

6/38



L iias as 27 (BRLIVI/GA)

d BPLM
m BPLM °] 3 oS B¢ (A2} 3L F o] & A3}

7138



L g g (BRLi/Ch)
4 %_"32,3,45:7]
m 5 (70%) 2 A A= (30%)
¢ 237 1501, 1944 EFPD, 3256 EFPD

¢ 3%7] 1324, 2183 EFPD
¢ 4%7] 937, 2154 EFPD

0.0913 ‘ 0.2868 4 0.0832 4 0.2565 ‘ ‘ P
0.0920 ‘ 0.3741 A 0.0926 4 0.4207 ‘ ‘ A
0.0782 ‘ 0.1736 4 0.0775 P 0.2569 ‘ 0.1503 ‘ 0.2899 4

8/38



o e ey

O BPLM ¢t A3 Rde] v

9/38



@

0 YEWSE EFPD o] 4 of ol 0k 2zke] 9E 9171014 2] RMS 23} %
2 23}

0.35
—=a— RMS error (Training) 0401 _w RMSerror (Training)
omd | % RMSerror (Test) —— RMS error (Test)
' —&— Maximum error (Training) 0354 | —5— Maximum error (Training)
—o— Maximum error (Test) —O— Maximum error (Test)

_ = 0.30-

0.251 S
£ E
S 5 0.25-
£ 0204 )
B B 0201
© I
g 0.15 g 0.15
g 3]

0.10 0.10

0.05
0.05 T T T T T T T T T T | ' | ' | ' | ' | '
2 4 6 8 10 12 2 4 6 8 10 12
bundle position bundle position
EFPD °]-¢- EFPD o] §3}x] & 3%

10/38



@

O EFPDel w& RMS 2.3} 9 Ad] 23}

6.0
0.30 - ] -
—a— RMS error I

| 5.6

0.25 - .
5 150
\f, 0.20 - 1%
O 50 &
@ T (0]
S w5 2
< 0154 ] g
o 46 9

0.10 —O— relative error I 444

{42

0.05 : : : . , | . - . | | an

3000 4000 5000 6000 7000 8000 9000

EFPD

11/38



L iizs as 270 (BRLYVI/GA)

0 ¥4 2, 3, 4379 10719 FEo2 533 A4 BPLM %

RC-1980¢] 2J3 <] S¥ RMS 23}

10

0.8

RMS error (mm)
o o
T T

©
N
I

0.0 4

—m— WS2 by BPLM
—e— WS3 by BPLM

—%— WS4 by BPLM

—— WS2 by current design model
—O— WS3 by current design model
—— WS4 by current design model

measured channel

12/38



Lsiia ae 2z (BRLI/CL)
a PI A&
m BPLM 2¢

Yv = f(xk’9)+8k

m S5AET} obd AZAE X, oA 9] AFA & b 2T
o f(;,0)+] [0

1:T:(af(xo,e) of (%0.0) af(xo,e)j

oa,, oa,, oa,
n o Sexte] A

Var(y, - y,)=Var(s,) +Var(f0T -[6 —0})

g, ~N(0,06%) and [6-9}: N(0,S)

13/38



Lsiia o Sz [BRLI/CA)
a PI A&

A -FEA Y

_ 1 N A \2
5=5(F'F)’ =y T (0)

-
& {ay y ay} W:{fm ¥ %}T,jzo,l,...,p
oda. oOa

0 da, Oa, 87”0 0y

m A S3] 24

Var(y, - §,) = o +£15f, = s> + ] (FF) ¥,

14/38



RMS error (mm)

0.8

@

0 BPLM=< ©]8-3 107 3 A delA exu|x (€4 2387])

WS unit-2

—OS— BPLM
—*— RC-1980

2 3 4 5 6
measured points

10

sample standard deviation (%)

WS unit-2

11

10.5

10

11.5 //

—

—S— BPLM .
—>— RC-1980

D

7.5
3000

4000

5000

6000
EFPD

7000

8000 9000

15/38



Uncertainty (1) (%)

@

0 BPLM=< ©]8-3 107 3 A delA exu|x (€4 2387])

WS unit-2 WS unit-2
19 T T T T T 6.5 T T T T T
/ I —
18 4
. — R 6l —6— BPLM -
ol 5— BPLM | —>— RC-1980
—— RC-1980
__ 55 n
16 B — e\o/
5
>
15 . = 5r n
©
=
(0]
14t 41 £
)
45F n
13 .
4 - -
11 1 1 Y 1 S 1 g 35 1 1 N I © I 4
3000 4000 5000 6000 7000 8000 9000 3000 4000 5000 6000 7000 8000 9000
EFPD EFPD

16/38



EFEEELED SR

(J BPLM (Bundle Position-wise Linear Model)

Yii = Qo + 81 X1 T Qi X5, T 75
@ :(dij _dijo) i-HE, j-AE A A
vy =(@,-m,)/s, : F5AAe Bts @

y; - measurement error N(0,0,)

B The true normalized differential diameter can be modeled as a random value

t
yij =a,t ailxijl + aiZXijZ + 5]

B The BPLM is described as follows:
Y, =@y +,X, +a,X

i1 Nj1

6 =5 47, 61 AT RS JEhiE $A07

ij2 + 8ij

17/38



B The best estimated PT diameter is

1s ~S . A A S A S
d; = I:Sa)yij + ma):| +d, = |:Sa) (aio T & X1 T &, %50 ) + ma):| +d,,

B The epistemic error in predicting the PT diameter at a given fixed condition

can be written as

s s s s A A S A s s A
g'j - dij - dij =S, (aio + &, X, + aiZXijZ)_Sa) (aio + &, X, + aiZXijZ) = S, Xj; (ai _ai)

@i

B The variance of the epistemic error is as follows:

-1

V(&) =5,7%;@X; where Q=Var(a, -4 =(X"V'X)

B The BPLM is described as follows:
Yi = & T, X T,X;, +&; = Xijai T &

y=Xa+g
18/38



EFEEELED SR

B The likelihood function is used to solve the model coefficient a with the
covariance VV

L y—Xa)f V‘l(y—Xa)J

L(y; a,0., 0'72) = (27[)_”/2 ‘V‘_llz e(_2

B The loglikelihood function is defined as
I=InL(y;0,05,07)= —gln(Zz)—%ln\V\—%(y_xa)T V= (y - Xa)

ol ol ol

B From =—=—-5=0
da Jdo; Oo,

6= (XVIX) XVly

s (YVXa) (E-1)(y-XE) (y—Xa) (MI, —E)(y-Xa)

= y =

° n(M —1) ’ n(M —1)

B (y—Xa) should be modified into S, (y —X@) to express the variances of the
measurement error and the aleatory error in PT diameters rather

19/38



e s Gy

B The unbiased estimates of the variances can be solved taking the expectation of
the biased variances
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B The prediction interval (PI) with 95% confidence is defined as
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