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LOCA program at KIT on secondary ‘(IT
hydrogenation of cladding and its e s o Tl
mfluence on cladding embrittlement

Sequence of phenomena:

.u Kr (He) » cladding ballooning and burst, relief of inner rod pressure
\\\ 1
> ] | |
§ . steam » steam penetration through the burst opening, steam
= r G propagation in decreasing gap between cladding and pellet
<t ! 1
(=1d : :
[/ ! !
ﬁ/ ! __ . . . |
+ » oxidation of inner cladding surface with hydrogen release

N

%eq , .
» absorption of hydrogen by cladding at the boundary ofi
' inner oxidised area at temperatures higher of the phase

transition a — (a+B) in Zr alloy

> local embrittlement of cladding near to burst opening
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QUENCH-L4: test with hydrogenated claddings

cooling
jacket

M5®

pitch 14.3 cladding

instrumented

internal TC
TITIA13

thermal
insulation
ZrO2 fibre

shroud Zr

internal TC
TITIC12

internal TC
TITID11
at 750 mm

TSH13/180 | TFS 1913

W heater @4.6 mm
instead @6 mm for QLO

Features of bundles QL2 (fresh M5®) and QL4 (pre-hydrogenated M5®):
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1) The use of tungsten heaters with smaller diameter (4.6 mm) instead tungsten heaters (QUENCH-LO) with

diameter of 6 mm has allowed to reach a higher heat rate.

2) All rods are filled with Kr with p=55 bar at Tpct=800 K.
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Zry-4 spacer

QUENCH-L4: test with hydrogenated claddings

1410 mm
[ 21 pre-hydrogenated tubes (100 wppm H), ﬂ(IT
each welded from 3 segments
2ry-4 spacer with lengths 500,1200, 500 mm
1050 mm =
S =
<=
Zry-4 spacer ' "'T_E__
550 mm g é
welded joints
Zry-4 spacer i
150 mm | ]
J

Inconel spacer
=100 mm
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QUENCH-L4: test progress.
Comparison with QUENCH-L2 temperature.
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QL2 and QL4: similar axial temperature
distribution for inner rod
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QL2 and QL4: axial temperature distribution
fOr ShrOUd; TQL4 - TQL2 == 15...20 K
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QL2 and QL4: radial temperature gradient
for rod #7 at hottest elevations 850 mm (7/12) and 950 mm (7/13) ‘(IT
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QUENCH-L4: Ballooning and burst of cladding tubes at ﬂ(l'l'
elevations 930 - 950 mm (videoscope)
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Rod pressure evolution during heating phase for QUENCH-L2 and -LN(IT
burst time indication
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Views of bundle at angle positions of 0° and 90°:
negligible rod bending and intact thermocouples ﬂ(IT
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QUENCH-L4, post-test overview of inner rods:
no bending, localized ballooning region .&‘(IT
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QUENCH-L4, post-test overview of outer rods:
e no bending, localized ballooning region A\‘(IT
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with cracked
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Burst openings of QL2 and QL4 bundles

QL2 burst openings
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QL4 burst openings
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Length and axial position of burst openings
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Circumferential position of burst openings ﬂ(IT
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Circumferential strain for QUENCH-L2 and -L4 rods

due to cladding ballooning: ﬂ(IT
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25 | | 25 | |
QL4 rod1 QL4 rod5
—QL2_rod1 —QL2_rod5
20 I 20
2 2
£ =
g5 £15
("] (7]
s 8
E 2nd E
o small g
8 8
E buckle E10
= for QL2 =
o o
o O

o
—

5 5 —%
grid
spacer
0 _! T T T T T O T T T
200 300 400 500 600 700 800 900 1000 1100 1200 200 300 400 500 600 700 800 900 1000 1100 1200
Elevation, mm Elevation, mm
QL4, rod 1 QL4,rod 5
870 71 72 73 74 75 76 77 78 79 BO 81 62 &5 86 85 s 7 5 89 90 81 %2 93 94 95 96 & 3o 23 gy o we (03 104 105 106 107 108 109 110 e e e e e W A T 3
_
QL2, rod 1 = e 0L27005
11.11.2014 J. Stuckert — QUENCH-LOCA-4 17 | 22 e,
% 1AM

QWS-20, Karlsruhe Institute for Applied Materials



Cooling channel blockage
for LOCA-2 and LOCA-4
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Burst Parameters

AT

LOCA-2
Rod Rod Burst time, Burst temperature,
group # S interpolated, K

1 50 1135
2 53 1167
3 53 1168

§ 4 52 1167

v 5 53 1163

£ 6 50 1121
7 53 1136
8 48 1113
9 53 1162
10 66 1125
11 65 1145
12 68 1195 (Max)
13 67 1178

® 14 66 1167

g 15 58 1124

L 16 64 1143

© 17 62 1102
18 65 1139
19 67 1093
20 63 1110
21 66 1050 (Min)

average burst T: 1138 £ 34 K =865 * 34 °C
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LOCA-4 Karlsruhe Institute of Technology
Rod Rod Burst time, Burst temperature,
group # s interpolated, K
1 48 1086
2 55 1121
3 50 1106
3 4 50
2
P 5 48 1101
£ 6 50 1108
7 48 1100
8 53 1125
9 52 1119
10 65 1072
11 62 1067 (Min)
12 64 1132
13 63 1151 (Max)
» 14 62 1149
8 15 53 1074
Lo 16 65 1137
© 17 67
18 65 1137
19 58 1082
20 64 1096
21 62 1077

average burst T: 1107 £ 27 K =834 + 27 °C
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0" QUENCH-L4: videoscope observations

of cladding inner surface ﬂ(IT
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burst opening
at 940 mm

90°

oxidised
180° inner
QL4, inner surface of clad #18 surface
metal
contact
30° between
adjacent
pellets
(deposition
of W from
heaters)
burst opening L
at 920 mm 120° similar structure of inner clad
QL4, inner surface of clad #1 surface for QL2, rod #8
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Summary _\\J(IT

Karlsruhe Institute of Technology

The QUENCH-LOCA-4 test with pre-hydrogenated M5® claddings (=100 wppm H) was
performed according to a temperature/time-scenario typical for a LBLOCA in a German
PWR with the same parameters as the QUENCH-LOCA-2 test with fresh M5®
claddings: maximal heat-up rate 8 K/s, cooling phase lasted 120 s and terminated with
3.3 g/s/rod water flooding.

Similar to QUENCH-LOCA-2, the maximum temperature of 1400 K was reached on the
end of the heat-up phase at elevation 950 mm. Tangential temperature gradient across
a rod was up to 30 K on the burst onset.

Due to more close axial localisation of ballooned region the maximum blockage ratio of
cooling channel (18% at 925 mm) was negligible higher in comparison to QUENCH-L2
(15% at 960 mm). Due to moderate blockage a good bundle coolability was kept for
both bundles.

The cladding burst occurred at temperatures between 1067 and 1151 K (QUENCH-L2:
1050 and 1195 K ). The inner rod pressure relief to the system pressure during about
30 s (similar to QUENCH-L2).

During quenching, following the high-temperature phase, no fragmentation of claddings
was observed (residual strengths or ductility is sufficient).

Influence of secondary hydrogenation: neutron radio- and tomography, metallographic
investigations and tensile tests are in progress.
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