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A Numerical Study on the Failure of
Nuclear Reactor Vessel Lower Head and
ICI Tube by Core Melt during Severe
Accident

Ji-Hoon Bae

Department of Mechanical Engineering,
Graduate School,

Korea Maritime and Ocean University

Abstract

Nuclear energy is one of the easiest and the most economical
energy resources to use. However, nuclear energy that can be used
easily and inexpensively also has various risks, one of which is
nuclear accident.

This study aims to develop a safety analysis methodology through
which the integrity of both the lower head and the in-core
instrumentation (ICI) tubes can be verified by applying finite element
analyses. The ICI is used to measure the neutron flux distribution and
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to control in the core of the reactor.

Two analysis models were implemented. One was a two-dimensional
model for verifying integrity of structures of the lower head, and the
other was a three-dimensional model for verifying ejection of ICI tube.

Heat transfer and thermo-mechanical analyses were also performed.
The heat transfer analysis was conducted to evaluate the heat flux
caused by the high-temperature melt and the boundary conditions
caused by external vessel cooling. The thermo-mechanical analysis
was performed by wusing thermal loading, internal pressure, and
deadweight of debris.

The results showed that the melting and breakage of the ICI tube
occurred because of the high temperature, but the ejection of the ICI
tube was delayed because of the contact between the ICI tube and the
lower head. However, the ICI tube was eventually ejected, thereby
confirming that the structural combination of the reactor head and
tube could not prevent the ejection.

Substructure analysis was performed to propose the method that
can be applied to prevent ICI tube failure. Consequently, the analysis
result confirmed that the ICI tube could be prevented from ejection if
the lower structure has sufficient stiffness.

However, if these proposed preventive measures are not properly
applied in situation of unexpected exception, the inner melt may be
ejected and contact with the cooling water may cause an external
steam explosion. An external steam explosion analysis was performed
because the steam explosion may influence on the reactor vessel. As
a result of the analysis, failure of the reactor vessel was confirmed.
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Nomenclature

. H] A(specific heat)

: A3 12+ d=(creep first constant)

» A8 X 22 “d<5(creep second constant)
. A2 32} “J4e(creep third constant)

. ¥4 Al9=(Young’s modulus)

. A AS(heat transfer coefficient)

D 73wl E g 2(stiffness matrix)

: & FS =ol(weld length)

. Larson-Miler ¥ <=(Larson-Miler Parameter)
922 W& bg(internal pressure)

. A=<= (contact pressure)

. 218 o] W3}S(rate of change of external force)

H o] Hkx] E(tube radius)

: ¥ A (surface)

£ % (degree Rankine)

= A 7H(broken time)

. W9 4=(displacement rate)
. A& (volume)

. A3 A 4=(coefficient of expansion)
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€ o1 W3 E(tensile strain)

e . 57} 44 3 E(equivalent plastic strain)
e c A2 WY E(creep strain rate)

&, : = W3 E(creep strain)

Eoff c A= fF& W E(creep effective strain)
Epma : Y F 24 ¥ E(maximum principal plastic strain)
€09 s} 44 & E(failure plastic strain)

v : 3 o}4H]|(Poisson’s ratio)

0 : " =(density)

o A1 S H(tensile stress)

o, : RE ek 3-¥(radial stress)

o A0 3= (circumferential stress)

Oy 28 (yield stress)

T . A-3-FH(shear stress)

ol : At ¥ E(shear strain)

L . npEA S=(friction coefficient)
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Fig. 1.1 The state of reactor vessel under severe accident™
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Table 2.1 Parameter of the primary creep curve for the SA533B11%°

Strain

Secondary

Primary

Elastic

' Tertiary

Time

T(C) 626 776 876 976 1099
C 1.46¢-31 1.87e-42 7.8e-28 3.5¢e-44 5.38e-47
G 3.0881 4.8171 3.0886 5.5237 6.2092
Cs -0.056 -0.1609 -0.018 -0.1219 -0.0554
Cy 0.0

FAILURE

Fig. 2.1 Creep model'*¢!

LMP = 0.001(20 +log,,t, )T

_10_
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t 2 9] AZLE = AlZHhours), Tv #%1-2%(degree-Rankine)o]t}.
Table 2.2+ A3 HolHE 2% 3 A&&Hd wz}t FEA3F 2 LMP <
= Xéﬁlé‘}ﬁiﬂrm.

2l 2.6)0= FEAITHE)S FIhe Ao E WA e 2ok

¢ — 230I(LMP/0.0017) —20] Q.7

r

Table 2.2 #&< 7I¥22 &% 1200C, 4% 1 MPa o =7 gt/ HItE&
stof wpEAIZE B LMP WS 78 3<EAIZHh)= 204, LMP+= 56.620] T

N & T AIHALD 8 h, JFE AZHE) 204 holm AA &4-& 0.399]

o AA £ 15T AAR FEo] dojdtial 458 5 AR AAE
= 1 HvtolBng &S 7R gES AAsts RddAs go] dojut
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olgf e AES QAN T WMIEL 7EoR = APE vd mul
2l o3 2o
)
LMP= bzn7 2.9
(o
ALMP=0.001T=b(tn—"—tn2) (2.10)
(6% (6%
Ep2 0874107 T 2.11)
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Table 2.2 Summary of the SA508 grade 3 class 1 material creep test??*

Temperature Applied Stress Time to rupture Larson Miler
(‘F/C) (ksi/MPa) (hours) Parameter
1160/627 10.1/69.6 190 36.08
1160/627 20/137.9 11.3 34.1
1340/727 5.7/39.3 8.9 37.7
1340/727 8.1/55.8 4.6 37.19
1430/777 2/13.8 264 42.37
1430/777 3.8/26.2 18.9 40.21
1610/877 1.8/12.4 54.7 44.99
1610/877 3.8/26.2 4.1 42.66
1790/977 1.2/8.3 61.2 49.01
1790/977 1.8/12.4 2.2 45.76
1790/977 3.8/26.2 0.045 41.96
2012/1100 0.5/3.4 46.9 53.56
2012/1100 1/6.9 0.65 48.97
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[ Input the geometry ]

v

Input the material properties
and boundary condition

'

[ Heat transfer analysis ]

v

[ Thermo-mechanical analysis ]

v

[ Output the result ]

Compare allowable
condition

()

Fig. 3.1 Thermo-mechanical analysis process
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AR SR = d-F& HA & 2
29 Aol dE ICl FEE FAsty oz wdasq).
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2 g HA P2 Fig. 3.2¢9F Zo] dAZ WFo Fx2E 4 E mds
HAZEGP 9x2 YiRe dsio] AR XY, o] Ad5BE Ao}
= IC =55 /s FEIF AA2] fotefoll fxeta ok s A&
3 ICl %2+ Fig. 3.3, Fig. 3.4 YJebyAch

_4

I9 Fig. 332 HAR 35-E 7o 2 F 69 FEI vi5324 wjdo]
Hol leS RYFE HHEoth 17 Fg 34v FHIY As RoF
HAH ot} o] AFL3 EBE xge] Z=AXR xRl FAREZE 7
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=R =] Ne)
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Fig. 3.2 Front view of reactor vessel®
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jgror

Fig. 3.3 Top view of lower head

/\I
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AL LK
SEE DETAIL B
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Fig. 3.4 Schematic diagram of lower head and ICI tube
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202.55

[Unit : inch]

(a) Geometry and dimension of lower head

~ ELEMENTS
MAT NUM

AN

(b) FE model of 2D

Fig. 3.5 Applied geometry and FE model
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{or amal!l E j
4

{Triangular Oplian)
K{ o radial}

(a) Thermal plane of element type number 55 in ANSYS

o ax:al] E i ":

{Trianguiar Opfion -
K{ o radial) not recommended}

(b) Structural plane of element type number 182 in ANSYS

Fig. 3.6 ANSYS element descriptions use in 2D analysis®”
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312 A= 7AH 54

QA= tHgr]e] AF SA5080lH ex Wste] wWE E4gxo W3
Table 3.13 #31, 3}8d z=AS Table 3.2¢} 2t} vd, 3G A4, &
A%, B ASE ASME Code(2010)%'2 w3l o, Table 3.13 2t}

(
o~

o2 I
[

[e:

Table 3.1 Material properties of SA508 grade 3 class 1126/

K GCp E a y
Temp (Thermal (Specific (Young's (Thermal Poisson Density
(OC) conductivity) heat) modulus) expansion) ( 01:§0ns (kg/m?)
Win K) | (Wkg K) | (GPa) | (10%m/m K) | "0

100 40.6 481.5 187 1.21

200 40.1 526.9 181 1.27

300 38.7 566.1 174 1.33

400 36.8 607.9 167 1.38

500 34.8 663.3 158 1.44

0.3 7750

600 32.8 743.8 147 1.48

700 27.6 867.0 133 1.51

760 - 1700 12.25 -

1461 - 836.0 - -

1900 - 846.0 - -

Table 3.2 Chemical composition of SA508 grade 3 class 1(wt.%)!

C Mn P S N1 Cr Mo A\
0.25 1.2 0.025 0.025 04 0.25 0.45 0.05
max -1.5 max max -1.0 max -0.6 max

- 20 -
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Za_‘l‘n]“ Lo A=<l Inconel 690 UA-I=

8 7HA

Q) uf

Table 3.3 Material properties of Inconel 690%"

2 ugAol Felum 90T olge] e ol
G o7l FAsA et
71A1Z Aol 600C ol A
It e AEexAS MR FRE ol A
e T} Table 3.3, Table 3.49 2t}?7, Table

== Y Az d=4dx9

S b

= WHalelx

l'l.lZi

AN

Collection @ kmou

K & E a ,
Temp (Thermal (Specific (Young's (Thermal Poisson Density
(C) | conductivity) heat) modulus) | expansion) | Olf_son | (kgmd)
(Win K) | (Wke K) | (GPa) | (10°mm k) |
100 13.5 471 202 1.406 0.29
200 154 497 196 1.443 03
300 17.3 525 190 1.453 0.31
400 19.1 551 183 1.48 0.31
500 21 578 174 1.519 03
600 22.9 604 164 1.57 0.28
700 24.8 631 160 1.618 0.28
8193
800 26.6 658 150 1.66 03
900 28.5 684 140 1.701 03
1000 30.1 711 19.6 1.741 0.33
1100 - 738 17.76 1.779 0.36
1343 - 8036 14.08 - -
1377 - 8120 13 - -
1400 - 900 12.25 - -
- 21 -




Table 3.4 Chemical composition of Inconel 690(wt.%)?>"

C Mn S Si Ni Cr Fe Cu
0.05 0.5 0.015 0.5 04 0.25 711 0.5
max max max max -1.0 max max

Fig. 3.7914 = Z%H(annealing) & &) 3Ksolution treatment) xgl& o 7}

= Inconel 690 329 =& AAAEE HAFT e

Temperature, *C
0 100 200300 400 500 600 7yOO-800 900 1000

| | | | | | | | | | |
120 | | T | | | T | 1800
-2 INCONEL alloy 620 (Solution Anngaled)
2 | | | 700
[ 1 [ICI H‘h T~ T T
o ~~—— Tensile Strength
= L e . /y AR 1600
5 80 * g
i \ — 500 =
60 @
— 400
Elongation \ ﬂ
% b I i M {300 @
ne o — N
a g —— — 200
o 20 Tensile Strength T
7] (0.2% Offset) 1400
) 1 .

0 200 400 600 800 1000 1200 1400 1600 18002000
Temperature, °F

Fig. 3.7 Mechanical properties of annealed Inconel 69027
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Fig. 3.8 Reference of reduced pressure on inside of the reactor!!
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Fig. 3.9 Pressure condition in all structure analysis case
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Fig. 3.10 Convection boundary condition for the vessel outer walll
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Fig. 3.11 Thermal boundary condition of heat flux model®"*
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AREAS
MAT NUM Lower head initial temperature : 260 C

Heat generation : 2.36E6 MW/m?
Initial temperature : 2850 T

Temperature dependent
nuclear boiling heat

‘\ transfer coefficients

Convection bulk
temperature 100 C

Fig. 3.12 Thermal boundary condition of integral model™*"~"!

AN

AREAS
MAT NUM Lower head initial temperature : 260 C

Heat generation : 2.36E6 MW/m?
Initial temperature : 2850 C

Temperature dependent
nuclear boiling heat
transfer coefficients

Convection bulk
temperature 100 C

Link — emissivity : 0.8
Link — convection : 998 W/m?2.°C

Fig. 3.13 Thermal boundary condition of contact resistance model"**?
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Table 3.5 Result of steady state thermal analysis of heat flux model

Location A B C D E F G
Temperature
) 893 959 1317 1653 1792 1502 260

_30_
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194.605

232.062
269.519]
306.976)
344.434
381.891
419.343]

455,805!

4942630

(@ 300 s

1%4.064

397.69

601.316

|
B04.943]

(b) 30000 s

Fig. 3.14 Temperature distribution with time in the case
of heat flux model
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(b) Temperature graph at time

Fig. 3.15 Thermal analysis result of heat flux model
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323 4AE =4 34

A 2do) d A d FE B LT 8ARE 5 HEdA S
T390 Fig. 3.162 At £ ExXTolt) Fig. 3.172 Algtol W& X
g2 BEXEE UEH, 4 Ao Azt wet Frlstes =258 17
Z2 Yepddoh dld 23, 4 74 2l g2 ERIEEVF HSHo|
Aol FLsHAl FTkstH AR FAFoA 257t M A SUtske AS
gelst3itt. Table 3.6 AAE Hdf 2=5 AsA

Table 3.6 Result of steady state thermal analysis of integral model

Location A B C D E F G

Temperature

©) 1848 1848 1848 1848 1836 281 260
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(a) 1000 s (b) 30000 s

Fig. 3.16 Temperature distribution with time in the case of integral model
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(a) Locations of temperature for integral model
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(b) Temperature graph at time

Fig. 3.17 Thermal analysis result of integral model
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324 AEAY 2 34

AEAT mdo) o g4e A 7%
g a5 Fig. 3182 A7 2 .
Ao BEES Uehlel, 2 AXeIA Y Aztel we Fbee eEE

e et a4 A3 dAE 2 vssiAl A e
o] A9 FLaA YEhves A& FAsATh 22l Table 3.7 A8 F

exg Asq.

Table 3.7 Result of steady state thermal analysis of contact model

Location A B 1§ D E F G

Temperature

) 1927 1200 1181 1167 1156 177 219

A 7 A4 ARE SRR A3 G 9% wdo] gguAel g |
WEo] YA vxE o] 7h F AT veht 4 AE 249
3ol sk gt

_36_

Collection @ kmou



112.692 =

150.16
187.627
225.095/
262.563
300,03/
337.498]

374,965

412.433}

449.901

(a) 1500 s (b) 30000 s

Fig. 3.18 Temperature distribution with time in the case of contact model
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(a) Locations of temperature for contact model
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(b) Temperature graph at time

Fig. 3.19 Thermal analysis result of contact model

_38_

Collection @ kmou



g
259 9 = 50C, 150C, 200CE A L3+
R =W Ao AdE Fig. 3.200t}h &4 Az}, i Wz £x 9
stol] met YxREe 2Extol7t flaS Elstth. A3E Table 3.8¢0
AT
Table 3.8 Comparison of external coolant temperature
Coolant
50 100 150 200
temperature(C)
Maximum vessel
2025 2027 2025 2025
temperature(C)
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e00.846

g04.237

1008

1211

1414
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(c) 200°C

Fig. 3.20 Temperature distribution applying external coolant
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Fig. 3.21 Element death of ANSYS
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Table 3.9 Comparison of equivalent strains by thermal condition

Collection @ kmou

Heat flux Integral Contact Allowable
model model model strain
Maximum
equivalent 3.4 2.4 2.1 11.0
strain(%)
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AN

NODAL SOLUTION

STEP=3

SUB =1

TIME=300

EPTOEQV  (AVG)

DMX =.022 0

SMN =0

SMX =.005 001
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.005.

(@ 300 s

AN
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SMN =0
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(b) 30000 s

Fig. 3.22 Equivalent strain distribution with time in heat flux model
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TIME=1000
EPTOEQV  (AVG)
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(b) 30000 s

Fig. 3.23 Equivalent strain distribution with time in integral model
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1 AN
NODAL SOLUTION
STEP=1
SUB =1
TIME=1500
EPTOEQV  (AVG)
DMX =.01934 .700E-04
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\Zi

(b) 30000 s

Fig. 3.24 Equivalent strain distribution with time in contact model
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3.4 A= v& Y A

Sy 2dd Iz WyELS @ 5 ZdL2 5.
HE A mde 32%0122 d& 7]Ee ZYZ FE5 HPE 15%HT 2
ok= oz Jehygth Ed Fex=

k=
L

o] fFo wehA FREo] ¥
QAR FJro RA FFZ WP Eo| A wet AL =
AR}t mYEZ 4 A= Table 3.109]

a9 Fig 3.25-270l4 e %
Az 5o w2t AstAth

Table 3.10 Summary of result creep strain
Heat flux Integral Contact Allowable
model model model Strain
Analysis with 42 3.8 2.1 15.0
creep(%)
Analysis without 3.4 94 91 110
creep(%)
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AN

NODAL SOLUTION

STEP=3

SUB =1

TIME-300

EPCREQV  (AVG)

DMX =.022 0

SMN =0

SMX —=.004 0
.001
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SMX =.042 005
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(b) 30000 s

Fig. 3.25 Equivalent creep strain distribution with time in heat flux model
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AN
NODAL SOLUTION
STEP=3
SUB =1
TIME=300
EPCREQV  (AVG)
DX =.021915 .600E-06
SMN =.600E-06
SMX =.615E-03 e88E-04
.137E-03
.205E-03
.274E-03
.342E-03
.410E-03
.478E-03
.546E-03
.e156-03 i}
(@ 300 s
AN
NODAL SOLUTION
STEP=300
SUB =1
TIME=30000
EPCREQV  (AVG)
DMK =.074502 .429E-03
SMN =.4239E-03
SMX =.038422 00465
.008871
.0130093
.017314
.021536
.025757
.029979
.0342
0384221
4

(b) 30000 s

Fig. 3.26 Equivalent creep strain distribution with time in integral model
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NODAL SOLUTION

STEP=3

SUB =1
TIME=300
EPCREQV  (AVG)
DMX =.019794
SMN =.245E-06
SMX =.002519
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.280E-03

.560E-03
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.002239
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(@ 300 s

NODAL SOLUTION

STEP=300
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TIME=30000
EPCREQV  (AVG)
DMX =.036756
SMN =.413E-03
SMX =.021011

.413E-03

.002701

.00499

.007279

.009568

.011856

.014145

.016434

.018722

.021011

Fig. 3.27 Equivalent creep strain distribution with time in contact model
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(b) 30000 s
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ICT tube

-
i -

Lower head

N4

Fig. 4.1 Drawing of ICI tube and weld region
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AN
VOLUMES
MAT NUM
Y
‘ X
Z
(a) Geometry of lower head
AN
ELEMENTS
MAT NUM
%
‘ X
z

(b) FE model of 3D

Fig. 4.2 Applied geometry and FE model
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Frism Option

Tetrahedral Cption
MO P

VAN

Pyramid Option
(a) Thermal solid of element type number 70 in ANSYS

M ap
L
i KL
J

Tedrahedral Option -
not recommended

(b) Structural solid of element type number 185 in ANSYS

_54_

Collection @ kmou



Figure 170.1: TARGE170 Geometry
Target Segment Element

K TARGE1TD
i 4 J
n n
z
g Y
x

Mode-to-Surface

Contact Element
Surface-to-Surface CONTAITS

Contact Element
COMTAITI or CONTAITS

TARGETTO
J
| K J
3—D Line-to-Line
Contact Element
S—D Line-to-Surface
CONTAT?E Contact Element

CONTAITY

(o) Structural solid of element type number 170 in ANSYS

Figure 174.1: CONTA174 Geometry

: Associated Target Surfaoes;

Contact Elements

Surface of Solid/Shell Element

R = Element x-axis for isotropic friction

X = Element axis for orthotropic friction if ESYS is not supplied (parallel to global *-axis)

(d Structural solid of element type number 174 in ANSYS

Fig. 4.3 ANSYS element descriptions use in 3D analysis /2’
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Fig. 4.4 Heat flux value on lower head inside with angle from bottom
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P; : internal pressure l l l L., : weld length
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Lower head s\
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1, : radius of nozzle
ICI nozzle

Fig. 4.5 Region between ICI tube and lower head
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NODAL SOLUTION

STEP=1
SUB =84
TIME=25200
TEMP (AVG)
R3SYS=0 84
SMN =84
SMX =2129
340
595
851
1107
1362
1618
1874
2129
5 X
(a) Temperature distribution
AN
NODAL SOLUTICN
STEP=1
SUB =84
TIME=25200
TEMP (AVG)
RSYS=0 84
SMN =84
SMX =2129
340
595
851
1107
1362
1618
1874
2129

BT
P

(b) Temperature distribution around head
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NODAL SOLUTICN
STEP=1

SUB =84
TIME=25200
TEMP (AVG)
RSYS=0

SMN =84

SMX =2129

(c) Temperature distribution around ICI tube A

(d) Temperature distribution around ICI tube B

Fig. 4.6 Temperature distribution at 25200 s in LHF model
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ELEMENTS
MAT NUM

(a) Locations of temperature
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2100 ¢ NB
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@ 900
|_
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(b) Temperature graph at time

Fig. 4.7 Thermal analysis result of LHF model
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(2) HHF model
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NODAL SOLUTION

STEP=1

SUB =17
TIME=5100
TEMP (AVG)
RSYS=0

SMN =140.121
SMX =4359

140.121

608.914

1078

1547

2015

2484

2953

3422

3890

4359

(a) Temperature distribution

NODAL SOLUTION

STEP=1

SUB =17
TIME=5100
TEMP (AVG)
RSYS=0

SMN =140.121
SMX =4359

140.121

608.914

1078

1547

2015

2484

2953

3422

3890

4359

(b) Temperature distribution around head
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NODAL SOLUTION
STEP=1

SUB =17
TIME=5100
TEMP (RVG)
RSYS=0

(c) Temperature distribution around ICI tube A

(d) Temperature distribution around ICI tube B

Fig. 4.8 Temperature distribution at 5100 s in HHF model
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ELEMENTS
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(a) Locations of temperature
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(b) Temperature graph at time

Fig. 4.9 Thermal analysis result of HHF model
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4.2.2 ICI B9 u<& gy}
(1) £849] ot& 3|A

SAHRE Akl weh 27 Sl A3} LHE model s)41e] A% ICl %
H B9 gt& AIZFLS 25200 sol] #HA¥ s, HHF model 342 3¢ ICI 54 B
o s AZHe 5100 sol WARAT L= BEES nAbAZ Yo o
< Aol 9t m¢= AJZF T3¢k HHF modele] 71 wgit}. A= Fig.
4.100]™ Table 4.11¢] A elstH .

NODAL SOLUTION

STEP=1
SUB =84
TIME=25200
TEMP (BVG)
RSYS=0
SMN =84
SMX =2129

(a) Weld failure of LHF model at 25200 s
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NODAL SOLUTION

STEP=1

SUB =17
TIME=5100
TEMP (RVG)

SMN =140.121
SMX =4359

(b) Weld failure of HHF model at 5100 s

Fig. 4.10 Temperature distribution of weld failure

Table 4.1 Comparison of failure time

Location Failure time (s)
ICI tube A no
LHF model
ICI tube B 25200
ICI tube A no
HHF model
ICI tube B 5100
- 68 -
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v = Zl(ffpthQW?“oAlt) , fr o FRAISE (4.4)

LHF model®] =4 23} ICI FH B &4 599 v&e 2700 s = AT
o aga 9] os) tEsl=et ICI FH B HEWo ALHo| o3
HEHA get 22y ICl FE B B SRS EL &5 ¥ IPH| H=
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KODAL SOLUTION

NODES
MAT NUM

region

% Contact
Noncontact
region

l__x

(b) Contact region

Fig. 4.11 Temperature distribution and contact region at 2700 s in LHF model
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HODAL SOLUTION
STEP=1

SOB =84
TIME=25200
TEMF LAVG)
E5YS=0

SH =4, 052
S =212%

d4%. 444

983.333:;

1122}

NODES
MAT NUM

('Melting
region

Contact
region

Noncontact
b ox region

(b) Contact region

Fig. 4.12 Temperature distribution and contact region at 25200 s in LHF
model
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Table 4.2 Contact of melting region with time in LHF model

Time(s) 2700 5100 10200 15000 20100 25200
Contact
217 220 177 159 143 137
pressure(MPa)
Contact area(%) 29.9 32.3 27.3 22.5 20.3 19.5
Failure
Judgement
Ejection

HHF model®] 314 A3} ICI FH B &HH29e &8 600 s Ay 5t
ok aElar el o5 R =et ICI FE Bo HEHo A& o3
HEHA et 28y ICl /B2 B B sk = 8o 6 IPHo HE
AAL] AR Qs 5100 s w HH AN Aol AR k] wZel sh-RE|
Teo} ICl FH B Fhol] sh&o] WA Hth Ay= Fig 4.13~14¢]9 Table
4.3 Agelst At
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HODAL SCOLUTION

(a) Temperature distribution

/ e
7

(b) Contact region

NODES
MAT NUM

Fig. 4.13 Temperature distribution and contact region at 600 s in HHF model
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FOCAL SOLUTION
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TIME=E100
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SME =4359

983.33}l

1122}

12618
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(a) Temperature distribution
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(b) Contact region

Fig. 4.14 Temperature distribution and contact region at 5100 s
in HHF model
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Table 4.3 Contact of melting region with time in high heat flux model

Time(s) 600 5100 10200

Contact pressure(MPa) 197 155 66
Contact region(%) 27 14 9
Failure
Judgement
Ejection
3 ICl 7B 79 X234 v
'} |5 Holn o]

LHF model®} HHF modele] & &<& %kcl A 360%74
2 ICl &

W 9%e Fuo sHRY %e

zkol= 9F 20000 solth. 271A] Bl BT

H dEddx

o] m&F w3ty A Table 4.49) F2l sttt

AlZEe] z}ol+=

Table 4.4 Comparison of failure region data

ion

(D
)
—

Coll

@ Kmou

LHF model HHF model
Maximum heat flux(W/m?) 6.39e5 2.31e6
Time of tube ejection(s) 25200 5100
Time of weld failure(s) 2700 600
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73
HF TFEE FH ACER AAUE FAEH AAde SAE 745

st7] #sl F=9 E4AE AHEsATh =AA
& Aol ALg3 o o]Z Table 4.50] A

= =
stk 2En FE AclRe MR/t BE MACE /5 A 9Uv] WEel U
=

Aol AR, st FxEe FERHLE AolEd AAY ol &Hol H
ofAA 7] Wl M=Z It o] AL 5 vt old AF§ FHO
Aol AR Fholl Atgo] TASHA "ok wehs AA AL o] HAdy

& Arstel Axdiel GHo2 G A G Fro| AolBS ot

= [}
= EFE AL ol AFS Fste] IC FEO AR AAH HdA
S HrrstATh ALkl AREE e S Table 4.69 & stAth
Table 4.5 Material property of sub-structures
E .
, y Density
(Young’s modulus) o . (ke/m)
(GPa) ( Poisson’s ratio) g
Tube cable (Inconel 690) 206 0.3 15700
Support (SA36) 212 0.29 7850

Table 4.6 Shear force applied to supports

Sﬁiigjg Support 1 | Support 2 | Support 3 | Support 4 | Support 5
Unit (Pa) 0 1320 1240 3760 2050
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Fig. 4.15 Schematic diagram of substructure and supports
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Fig. 4.16 Geometry of support plates(unit: mm)
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Fig. 4.17 Elements and applicable conditions

_80_

Collection @ kmou



434 3% FZE v& 9o}

stE FxEo 9 H7F 23} Fig. 4.18()<} Zo] FHul -§-= o] support 29
A 139 MPaZ 3882 114 MPags YIEstEE FUiAlrE EAstEH e =
StRETFRES #2484 XS AT 4 At Fig. 4.18(b)= support 29|
0 FEEHE Foisted et I8 &€ =A<
ASME Code(2010) 71&& AH&3tth. A5 Table 4.7 78 2]3 it

435 ICl 7B m& Pt

FOAL Aol 10 FHE D SR=e §go WS Bk o F% ICI
RH whEol WASA HrhoolE WA AL SRTEE A4 2
wgol A Ak oldl PEL FAs] S N AW % A7t
At

‘_.

LHF model®] a4 d3 &8 & &2 IC FH B yF4dol= 120 mm<}
HHF model®] 423 &§ F @& ICl FEB Be WF4dol= 90 mmoltt.
ST 2E Ay Fig 4.199F o] HudA$ = support 504 HHAYEIH L
o, ICl #H B A Fo] 1.6 mm FAstATH ICl 7B AHF ol o3 upEo]
HEAE gelstr] fs 2308 FEO lﬂ—r 714_0194 Hlas] 2 Ast [C F2
Bel Aol wj-¢- Zo} FE3] 4ol 7hs < st H T AE Table
4.8l g3ttt

ICl FEAE &HFS &5 2 g&Eo] DA SR et

_81_

Collection @ kmou



4458

SMM =4458 ESELDT
SMX -.139E408 S 155E+D
310E+07

| 465E+07 !

’ LE19E+07
/ 7748407

-D29E+07

- 10BE+DE |
-1Z4E+08

-13%E+0E

(a) Equivalent stress distribution

(b) Enlarged region

Fig. 4.18 Equivalent stress distribution in support plate

_82_

Collection @ kmou
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(a) Displacement distribution
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(b) Tube of ICI nozzle B

Fig. 4.19 Displacement distribution in ICI tube
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Table 4.7 Integrity evaluation of substructure

Collection @ kmou

Position Maximum stress (MPa) Allowable stress (MPa)
Support 2 13.9 114
Table 4.8 Ejection evaluation of substructure
Remain inner tube length o
Ejection length (mm)
after melt(mm)
LHF model 120 1.6
HHF model 90 1.6
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External steam
explosion

Fig. 5.1 The state in which the melt flows out™’
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(a) Temperature distribution in LHF  (b) Temperature distribution in HHF
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Fig. 5.2 Temperature distribution for analysis
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(a) Melting model in LHF model (b) Melting model in HHF model

Fig. 5.3 Reactor vessel geometry after melting
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Fig. 5.4 External steam explosion pressure™ and applying region
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Fig. 5.5 Results of structure analysis after melting in LHF model
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Fig. 5.6 Results of structure analysis after melting in HHF model
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HE A 239 -T2 314 Input file

g 34
Iset_flag_to_prevent_offset_when_importing_FE_model. S 39
_CDRDOFF=1 S 40
JAUX15 S 41
IOPTN,YES,DEFA S 42
/GOPR S 43
I_END_OF_START S 44
1H,,1H;,,20H2dmodel_thermal.iges, G 1
5HANSYS,22H 12.1 UP20091102,,,,,,,1.0,,,,,13H000718.112848, G 2
1.0000E-04,,,,9,,;
G 3
322 1 0 0 0 0 0 000000201D 1
322 0 0 5 1 0 OATT_TBLE 0D 2
322 6 0 0 0 0 0 000000201D 3
322 0 0 5 1 0 OATT_TBLE 0D 4
322 11 0 0 0 0 0 000000201D 5
322 0 0 5 1 0 OATT_TBLE 0D 6
322 16 0 0 0 0 0 000000201D 7
322 0 0 5 1 0 0ATT_TBLE 0D 8
322 21 0 0 0 0 0 000000201D 9
322 0 0 5 1 0 0ATT_TBLE 0D 10
322 26 0 0 0 0 0 000000201D 11
322 0 0 5 1 0 OATT_TBLE 0D 12
322 31 0 0 0 0 0 000000201D 13
322 0 0 5 s 0 OATT_TBLE 0D 14
322 36 0 0 0 0 0 000000201D 15
322 0 0 5 1 0 OATT_TBLE 0D 16
322 41 0 0 0 0 0 000000201D 17
322 0 0 5 1 0 OATT_TBLE 0D 18
/\(]5131:
322 3104 0 0 0 0 0 000000201D 1167
322 0 0 1 1 0 OATT_TBLE 0D 1168
126 3105 0 0 0 0 0 000010001D 1169
126 0 0 7 1 0 0B-SPLINE 11D 1170
322 3112 0 0 0 0 0 000000201D 1171
322 0 0 1 1 0 OATT_TBLE 0D 1172
126 3113 0 0 0 0 0 000010001D 1173
126 0 0 7 1 0 0B-SPLINE 21D 1174
102 3120 0 0 0 0 0 000010001D 1175
102 0 0 1 0 0 0 COMPCRV 0D 1176
142 3121 0 0 0 0 0 000010001D 1177
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FLST,2,1,5,0RDE, 1

FITEM, 2,88

GO

1%
SFL,P51X,1,HFLUX,0.178¢6
FLST,2,1,5,0RDE, 1

FITEM, 2,63

IGO

1%
SFL,P51X,1,HFLUX,0.22¢e6
FLST,2,1,5,0RDE, 1
FITEM,2,72

IGO

1%
SFL,P51X,1,HFLUX,0.377¢€6
FLST.,2,1,5,0RDE, 1
FITEM,2,47

IGO

1%
SFL.P51X,1,HFLUX,0.428¢6
FLST,2,1,5,0RDE, 1

FITEM, 2,45

IGO

%

SFL,P51X,1,HFLUX,0.639¢6
T 34:

IGO

1%
SFL,P51X,1,PRES,
FLST,2,1,5,0RDE, 1
FITEM, 2,88

IGO

1%

SFL,P51X,1,PRES,4.135e6

FLST.,2,1,5,0RDE, 1
FITEM, 2,63

IGO

1%
SFA,P51X,1,PRES,4.129¢6
FLST,2,1,5,0RDE, 1
FITEM,2,72

IGO

1%

SFA,P51X,1,PRES,4.11€6
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FLST,2,1,5,0RDE, 1
FITEM,2,47

/GO

[*
SFA,P51X,1,PRES,4.079e6
FLST,2,1,5,0RDE, 1
FITEM, 2,45

/GO

[*
SFA,P51X,1,PRES,4.037e6
allsel

solv

*enddo
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HE B 339 @-7= 34 Iput file

Iset_flag_to_prevent_offset_when_importing_FE_model. S 39
_CDRDOFF=1 S 40
JAUX15 S 41
IOPTN,YES,DEFA S 42
/GOPR S 43
I_END_OF_START S 44
1H,,1H;,,26Hpaper_reference_rev.1.iges, G 1
5HANSYS,22H 12.1 UP20091102,,,,,,,1.0,,,,,13H000718.114943, G 2
1.0000E-04,,,,9,,;
G 3
322 1 0 0 0 0 0 000000201D 1
322 0 0 4 1 0 OATT_TBLE 0D 2
322 5 0 0 0 0 0 000000201D 3
322 0 0 4 1 0 OATT_TBLE 0D 4
322 9 0 0 0 0 0 000000201D 5
322 0 0 4 1l 0 OATT_TBLE 0D 6
322 13 0 0 0 0 0 000000201D 7
322 0 0 4 1 0 OATT_TBLE 0D 8
322 17 0 0 0 0 0 000000201D 9
322 0 0 4 1 0 0ATT_TBLE 0D 10
322 21 0 0 0 0 0 000000201D 11
322 0 0 4 1 0 OATT_TBLE 0D 12
322 25 0 0 0 0 0 000000201D 13
322 0 0 4 s 0 OATT_TBLE 0D 14
322 29 0 0 0 0 0 000000201D 15
322 0 0 4 1 0 OATT_TBLE 0D 16
322 33 0 0 0 0 0 000000201D 17
322 0 0 4 1 0 OATT_TBLE 0D 18
322 37 0 0 0 0 0 000000201D 19
322 0 0 4 1 0 OATT_TBLE 0D 20
e
322 0 0 4 1 0 OATT_TBLE 0D 6634
514 32472 0 0 0 0 0 000010001D 6635
514 0 0 2 1 0 0 SHELL 0D 6636
322 32474 0 0 0 0 0 000000201D 6637
322 0 0 2 1 0 OATT_TBLE 0D 6638
186 32476 0 0 0 0 0 000000001D 6639
186 0 0 1 0 0 0 B-REP 90D 6640
322 32477 0 0 0 0 0 000000201D 6641
322 0 0 5 1 0 OATT_TBLE 0D 6642
322 32482 0 0 0 0 0 000000201D 6643
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322 0 0 6 1 0 OATT_TBLE 0D 6644

FLST,2,4,5,0RDE,4
FITEM, 2,124
FITEM, 2,344
FITEM, 2,392
FITEM, 2,486

IGO

|%

SFA,P51X,1,HFLUX,0.178¢6

FLST,2,1,5,0RDE, 1
FITEM,2,90
IGO

1%

SFA,P51X,1,HFLUX,0.22¢6

FLST,2,4,5,0RDE,4
FITEM, 2,106
FITEM, 2,368
FITEM, 2,434
FITEM, 2,481

IGO

%

SFA,P51X,1,HFLUX,0.377¢€6

FLST,2,1,5,0RDE, 1
FITEM,2,74
IGO

1%

SFA,P51X,1,HFLUX,0.428¢6

FLST.,2,2,5,0RDE,2
FITEM,2,21

FITEM, 2,68

IGO

1%

SFA,P51X,1,HFLUX,0.639¢6
T=34:

FLST,2,4,5,0RDE,4
FITEM, 2,124
FITEM, 2,344
FITEM, 2,392
FITEM, 2,486

IGO
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]*
SFA,P51X,1,PRES,4.135e6
FLST,2,1,5,0RDE, 1
FITEM, 2,90

/GO

]*
SFA,P51X,1,PRES,4.129¢6
FLST,2,4,5,0RDE, 4
FITEM, 2,106

FITEM, 2,368

FITEM, 2,434

FITEM, 2,481

/GO

]*
SFA,P51X,1,PRES,4.11€e6
FLST,2,1,5,0RDE, 1
FITEM,2,74

/GO

]*
SFA,P51X,1,PRES,4.079¢6
FLST,2,2,5,0RDE,?2
FITEM, 2,21

FITEM, 2,68

/GO

]*
SFA,P51X,1,PRES,4.037¢6
allsel

solv

*enddo
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B2 C Z71Z% 14 put file
nstep=13

*dim,timeset,,nstep,1,
timeset(1,1)=

1.000185,1.00406,1.00477,1.00522,1.0055,1.0057,1.0062,1.00684,1.00756,1.00804,1.00896,1.00947,1.010

87

*dim,aal,table,nstep,1,,
aal(1,0)=

1.000185,1.00406,1.00477,1.00522,1.0055,1.0057,1.0062,1.00684,1.00756,1.00804,1.00896,1.00947,1.010

87

aal(1,1)=1.3407e6,0.80345€6,8.2991e6,0.29154€6,27.304e6,1.077e6,10.278€e6,2.0632€6,4.3469€6,2.7693

€6,3.6107¢6,5.2191€6,3.4678e6

[solu

antype,4

timint,on

nropt,auto

autots,on

tunif,

solcontrol,on

outres,all,all

LSEL,s,,,94

LSEL,a,,,78

LSEL,a,,,74

LSEL,a,,,49

LSEL,a,,,39

LSEL,a,,,26

LSEL,a,,,24

LSEL,a,,,104

SFL,all,PRES,0.5E6,

SOLV

[solu

antype,4

timint,on

nropt,auto

autots,on

tunif,

solcontrol,on

outres,all,all

nsub,500

*do,qq,1,12

kbc,0

time, timeset(qq+1,1)

LSEL,s,,,94

LSEL,a,,,78

LSEL,a,,,74
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LSEL,a,,,49
LSEL,a,,,39
LSEL,a,,,26
LSEL,a,,,24
LSEL,a,,, 104
SFL,all,PRES,%aal%,
solv

*enddo

finish
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2= D. Element death Input file

/EFACET,1
PLNSOL, TEMP,, 0
ETABLE,melt,TEMP,

ESEL,S,ETAB,MELT,1450,, ,0
FINISH

/SOL

ekill,all

ESEL,ALL

ESEL,S,LIVE

FINISH

/POST1
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