e
PO
) "
~Op
Institute for Applied Materials

Karlsruhe Institute of Technology

Experimental program QUENCH at KIT on core
degradation during reflooding under LOCA conditions
and in the early phase of a severe accident

J. Stuckert, M. Steinbrueck, M. Grosse

IAEA TM on DBA and SA

Institute for Applied Materials, IAM-WPT, IAM-AWP; Program NUKLEAR

KIT — University of the State of Baden-Wirttemberg and
National Large-scale Research Center of the Helmholtz Association



KIT

Karlsruhe Institute of Technology

Investigations to core degradation:
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CORA test matrix:

19 bundle tests

Test Max Cladding | Absorber »
5 Date of Test Temperature Material Other Test Conditions
2 Aug. 6,1987 = 2000°C Uo0, refer. Inconel spacer
3 Dec. 3,1987 = 2400°C U0, refer. high temperature
5 Feb. 26,1988 = 2000°C AgInCd PWR-absorber
12 June 9,1988 = 2000°C AglinCd guenching
16 Nov. 14,1988 = 2000°C B,C BWR-absorber
15 March 2, 1989 = 2000°C AgInCd rods with internal pressure
17 June 29,1989 = 2000°C B,C guenching
9 Nov. 9,1989 = 2000°C AgInCd 10 bar system pressure
7 Feb. 22, 1990 < 2000°C AgInCd 57-rod bundle, slow cooling
18 June 21, 1990 < 2000°C B,C 59-rod bundle, slow cooling
13 Nov. 15, 1990 = 2200°C AginCd guench initiation at higher temperature; OECD/ISP
29 Apr. 11,1991 = 2000°C AgInCd pre-oxidized
31 July 25, 1991 = 2000°C B,C slow initial heat-up (= 0.3 K/s)
30 Oct. 30, 1991 =~ 2000°C AgInCd slow initial heat-up (= 0.2 K/s)
28 Feb. 25, 1992 = 2000°C B,C pre-oxidized
10 July 16, 1992 = 2000°C AgInCd cold lower end; 2 g/s steam flow rate
33 Oct. 1, 1992 =~ 2000°C B,C dry core conditions, no extra steam input
W1 | Feb. 18,1993 ~2000°C WWER-test
W2 Apr. 21, 1993 = 2000°C B,C WWER-test with absorber
Initial heat-up rate = 1.0 K/s. Steam flow rate, PWR: 6 g/s, BWR: 2 g/s.
Quench rate (from the bottom) =1 cm/s.
31.10.2013 J. Stuckert — QUENCH-programme 3/27

IAEA TM on DBA and SA

AKIT

Karlsruhe Institute of Technology

(Ag, In, Cd)-absorber rods

11 Tests

ss-blade

B4C 3
absorber rod-—<=5 B

Zry-ch
(box) wall

6 Tests

VVER-1000

.. _-heated rod

unheated rod

2 Tests

S 1AM

\nshtute for Applied Materials



Zircaloy
shroud A\

Insulation: Karlsruhe Institute of Technology
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formed at T>1200°C 2) strong degraded fuel rods 2) degraded absorber

(U-Zr-SS-0 melt)
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Hydrogen production during CORA tests
without/with reflood (quenching)

without quench
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Experiments on reflood

Motivation

» Reflood is a prime accident management
measure to terminate a nuclear accident

* Reflood may cause temperature
excursion connected with increased
hydrogen and FP release

« Simulation of core behaviour at high
temperatures and during quenching is
still a matter of improvement

* QUENCH experiments (bundle+SET)
provide data for development of models
and validation of SFD code systems

_ . o

31.10.2013 J. Stuckert — QUENCH-programme 7127 ...:’ IA M
N

IAEA TM on DBA and SA o

Institute for Applied Materials



QUENCH Programme e,
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Composition of bundles
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126

Zr2.5Nb shroud

Unheated rod " ®83.5/88.0 mm

@ 9.13 mm
\
B,D, F: s
~ ZriNb rod o
26mm _— Zryrod
removable i
Heated rod Heated rod
eated rod . ® 10,75 mm
©9.13 mm —ACGE (tungsten heater, N
(tungsten heater, ZriNb rod (top), ®6 mm) —AC
® 4 mm) Zr1Nb tube (bottom) Zry rod (top),
central TC Zry tube (bottom)
central TC

Cooling jacket
©181.7/193.7 mm SS
©158.3/168.3 mm Inconel

2Zr-702 shroud
/ ©79.66/86 mm

Zr-702 shroud
© 82.8/88.9 mm

D, H:
~ Zryrod
@ 6 mm
removable
Heated rod
@ 9.5 mm
(tungsten heater,
@5 mm) — A,B,C,E,F G:
Zry rod (top),
Zry tube (bottom)
central TC

QUENCH-12 VVER
claddings: E110 - alloy
Fuel rod simulators:
18 heated
13 not heated
6 corner rods
metallic surface ratio: Q12/Q14=1.22

QUENCH-14 (typical geometry)

claddings : M5® - alloy
Fuel rod simulators :
20 heated
1 not heated
4 corner rods

QUENCH-15

claddings: ZIRLO™ - alloy
Fuel rod simulators :
24 heated
0 not heated
8 corner rods
metallic surface ratio: Q15/Q14=1.09
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Performance of QUENCH-14 (M5®) — similar to Q-06 (Zry-4), &(IT

Q-12 (E110) and Q-15 (ZIRLO™) e
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QUENCH test matrix: different test series

IT

res || medumy | nkel | Mezor | MR | MRNES | bebrerdinng | Remarks,objectves
c%{%’\'_cl'gjogg Water 80 g/s ~ 1800 K cg%gilgé%ly commissioning test
Fe LﬂEa’\r'ggé?% Water 52 g/s ~ 1830 K 312 pm at58£)3“rrnnm 36/3 pre-oxidized cladding
Q\%Jﬁ)l/\l%l—é-gz Water 47 g/s ~ 2400 K cg%gilzeg(ajly 20/ 140 no addition?rl] glrte—oxidation,
J(ag#ugvyczl—idogg Water 40 g/s ~ 2350 K cc&%gilzeéealy 18/ 120 no additionar%!l glrte—oxidation,
HEeNs%':'bogl Steam 50 g/s ~ 2160 K 82 um 280 pm 10/2 slightly pre-oxidized cladding
M%H:E’%%Higgo Steam 48 g/s ~ 2020 K 160 pm ~ 420 um 25/2 pre-oxidized cladding
QUENCHI0 | watera2gis | ~2060 K 207 pm 300 pm ~ 630 pm 32/4 OECD-ISP 45
%LIJyEZI\EIS(,:E(i%?l Steam 15 g/s ~ 2100 K 230 ym cgﬂgilgé%ly 66 /120 B,C, eutectic melt
Sy 33005 | Steamaggis | ~2100K cgﬂgilgé%ly 60 / 400 B,C, eutectic melt
SRENCHRS | steam159/s | ~ 2090 K 274 um Sy 4638 reference for QUENCH-07,
\%JyEz’\'f%(l)% Water 50 g/s ~ 2200 K 514 pm (at6§530urrrr11m) cg%gilzeégly 4815 air ingress
SUENCHIL | water18gis | ~2040K 170 pm completely 9/132 boil-off, melt;
TEHR | wawrsngs | ~200K | oROEm. | oB0Em | comeEd | aar WER, mel
SeChbgs | waters2g/s ~ 1820 K 400 pm 750 pm 4271 Ag/In/Cd (aerosol)
Sty 3006 | Waterdigis | ~2100K 170 pm 470 pm 900 pm 34/6 M5® cladding
SenCibde | water 41 g/s ~ 2100 K 145 pm 320 pm 620 pm 4117 ZIRLO™ ¢ladding
%JyEz'\%:E'é%% Water 50 g/s ~ 1870 K 135 pm 140 pm Sg?(():l é%z,sinurgg 16/128 air tiJrzegnrgﬁrSn'arpkelt;
QUENCHAT | water10g/s | ~1800K completely completely 110/1 DEBRIS formation
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Quenching with emergency cooling water

ﬂ Steam +

Hydrogen

A
S
g Saturated 2 phase fluid
o
AN
AN
y Collapsed water front
Film boiling
Nucleate boiling
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Oxidation of cracks developed during flooding: ﬂ(“'
low contribution to hydrogen production
|«——210,75 mm

— ZrO»

n metallic
a-Zr(O)

Crack development in the cladding,

cooled down with steam. Negligible oxidation of crack edges
Crack density ~ 4 cm/cm gives only some percent of generated hydrogen

e/
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Weakening of protective oxide layer by breakaway oxidation: ﬂ(l'l'
QUENCH-12 (VVER, old E110) vs. QUENCH-06 (Zry-4)
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Q12: rubble on spacer grid 0 2000 4000 6000 8000
consists of spalled cladding scales [——012 TFSH 4/2/9 550mm ——Q06 TFS 2/9 550mm] 'M€: S
and fragments of partially oxidized cladding
‘ B-Zr
B-Zr
Q12 cladding: spalling of oxide scales Q06 oxidized cladding
due to breakaway effect
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Increased hydrogen production during reflood after breakaway: ﬂ(“'
QUENCH-12 (old E110) vs. QUENCH-14 (M5)
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Consequences of breakaway enhanced hydrogen
release: 1) new metallic surfaces, 2) melt release
outside cladding, 3) release of hydrogen absorbed
in metal.
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Influence of pre-reflood steam starvation conditions ﬂ(“.

Karlsruhe Institute of Technology

| ZrO,,
‘W J 134 um
| 3 "‘\ L 0-Zr(0),
¥le 2 i 182 um |_a-Zr(0),
3 r/ il b 733 um
¢ 5 £ | B-Zr,
¥ : | 4sipm
ZrO,: 186um,
| ZrO,, ®| Metallic
228 pm - precipi-
= tations
24%
' - a-Zr(0),
e ‘ 397um | a-Zr(0),
646 um
. -
- PB-Zr,

' o - | 177um
200 pm

» Thick® oxide layer
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oxide layer. Precipitates will expose to
intensive oxidation during following flooding
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Oxidation of Zi.rcalo.y-4 in O,, N,, and air ﬂ("‘
/thermogravimetric measurements/ "

1200 °C

0 200 400 600 800 1000

' Nitrogen
0 ! ! ! : ! g |:>

200 um

|l:> Significant nitride formation in air but not in pure nitrogen

. i
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Air ingress after strong cladding pre-oxidation (QUENCH-10): ﬂ(IT

Karlsruhe Institute of Technology

local nitride formation with formation of reoxidised “pockets” during reflood

que-10_comer!_B50mm_1x10 qua-10_comer2_B850mm_1x10

‘post-reflood re- OX|d|sed pockéfs” |
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Air ingress after moderate pre-oxidation (QUENCH-16): ,N(IT
massive nitride formation with their intensive re-oxidation P r
during quench

» Institute of Technology

post-reflood

pre-reflood

Endoscope observation
at ~850 mm

| w0

% A prior nitrided scale =g
e re-oxidised during quench
and spalled
nitride formation inside thick internal ZrO, sub-layer =&
oxide layer growing during flooding el
R W
&/ TN
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Typical layer structure of strong oxidised cladding ﬂ(l'l'
at hottest bundle elevation of 1000 mm after reflood e o Yo

500 pm

outer ZrO; QUENCH-15 (ZIRLO)
formed during pre-oxidation rod #17
and reflood
QUENCH-14 (M5)
melt rod #11

250 pm
ot

formed at ~2030 K pellet
and partially oxidised

due to dissolution of ZrO,

inner ZrO, _-@ﬁ;m e
formed during reflood \

QUENCH-06 (Zry-4)
rod #12
(due to interaction with steam pe”et
penetrated under breached cladding?;
no interaction with pellet)
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Eutectic melt induced upper 1200°C by absorber rod: ﬂ(l'l'
complementary tests Q-07 (B,C rod) and Q-08 (without absorber) bt

QUENCH-07: formation of significant melt amount
and melt relocation
B,C<->Fe eutectic at ~1150°C
Zry <-> SS eutectic at ~1300°C

QUENCH-08: moderate melt formation; no
noticeable melt relocation

90
80
1420K< TH
Tpet< Tpet<
i 21%0K 1420K
s
T 60
3
g 50 1720K<
1 Tpct<
hydrogen productions f_or 5 . e
different test phases with | £
indication of temperature | £ 30— Tpot=1720K
evolution during the 20 -
hase:
P 10
before transient during transient quench->decay power decay power->end
| BQUENCH-07 WQUENCH-08 test phases
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QUENCH-11, elev. 837 mm: melt relocated outside fuel rods and oxidised in steam &(IT
h_

Karlsruhe Institute of Technology

N

31.10.2013 J. Stuckert — QUENCH-programme 22 /27 ...:: IA M
N

IAEA TM on DBA and SA o

Institute for Applied Materials



KIT

Hydrogen release Kb tome o ey
with (Q-02, Q-11) and without (Q-14) melt oxidation in steam
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SU M MA RY Of th e QU ENCH p ro g ram Karlsruhe Institute of Technology,

Six parameters, enhancing hydrogen production, have been identified:

* Low reflood flow rates < 1 g/s/rod (QUENCH-07, -08, -11)
» Breakaway effect with weakness and spallation of protective oxide layer (QUENCH-12)
e Steam starvation (QUENCH-09)

* Nitride formation by air ingress with formation of very porous oxide layer during following
reflood (QUENCH-10, -16)

 High temperatures with melt relocation outside claddings and intensive melt oxidation
(QUENCH-02, -03, -11)

» Eutectic interactions between B,C, stainless steel and Zircaloy-4 leading to low melting point
(QUENCH-07, -09)

. o
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LOCA program at KIT on secondary e st e
hydrogenation of cladding and its
mfluence on cladding embrittlement

Sequence of phenomena:

» cladding ballooning and burst at T>700°C, relief of inner

rod pressure

= <— > steam penetration through the burst opening, steami

propagation in decreasing gap between cladding and pellet
» oxidation of inner cladding surface with hydrogen release

» absorption of hydrogen by cladding at the boundary of

inner oxidised area

» local embrittlement of cladding near to burst opening

_ . o
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QUENCH-LOCA program at KIT (2010-2015):
Influence of hydrogen uptake after LOCA-burst
on mechanical properties of claddings
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&
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ballooning and burst of claddings
in comparison
to pre-test fuel rod positions
in the QUENCH-LOCA bundle

Tod #21:45bar  rod #20: 50 bar  rod #19: 50 bar_

axial burst positions
after bundle

QUENCH-LOCA test

with Zry-4 claddings
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secondary hydriding

hydrogen bands
inside cladding
detected with n°-

double rupture of
cladding along
hydrogen bands

radiography: during tensile tests
max (UTS R, = 300 MPa)
2500 wppm

hydrogen content

Outlook: Four bundle tests with non- and pre-hydrogenated M5® and ZIRLO™ claddings will be performed up to 2015
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Thank you for your attention ==

http://www.iam.Kit.edu/wpt/english/471.php/

http://quench.forschung.kit.edu/

O
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