TN/
[ 3
e .'
@
Institute for Applied Materials

Karlsruhe Institute of Technology

Secondary Hydrogenation of Zircaloy-4 Cladding Tubes During
LOCA Bundle Tests Performed at KIT.

C. Roessger J. Stuckert, M. Grosse, M. Steinbrueck

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




Outline .&‘(IT

stitute of Technology

m 1. Introduction to nuclear components: fuel rods

a Fuel rods: shape and function

a LOCA

m 2. Hydrogen and the secondary hydrogenation

m  QUENCH Tests
a Hydrogen generation
a Hydrogen uptake: Neutron imaging and influence on mechanical properties

m ECRcriterion

m 3. Summary and conclusions

a Future work

Oct. 2014  C. Roessger Hy-SEA 2/27 5
& 1AM

Institute for Applied Materials



Introduction to nuclear components: fuel rods A“(IT

MR RRR &

Working temperature ~ 320°C

Zirconium alloys are the most common cladding materials
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Loss of coolant accident LOCA ﬂ(IT

Karlsruhe Institute of Technology

Motivation

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

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

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

e QUENCH experiments provide data for
development of models and validation of
CFD code systems

Oct. 2014 C. Roessger Hy-SEA 4127 ":"t
& 1AM

Institute for Applied Materials



Upper |
dome i

ESE—

V*ﬁ;;,_\(;v

—— "

Upper
plenu

QUENCH-Facility

Aeroball lances

RPV head

Rod cluster

D control assembly

Hold down
spring

Upper
support
plate

L
GUTLET

Y\
3

Downcomer
R

\g : -

Support
column

Upper
core
plate

Fuel

%__H!EW

assembly

Fuel

reflector

Core

Gy —
y | al

Lower ] ]

plenum\

Oct. 2014 C. Roessger Hy-SEA

barrel

Ewef'!o e
support
structure

Mass speclromeler

- f’
—
il . Water
- S
= line

 containment

i
r supply
powe  rods

of ou a3

-—
pre-injectiol 1
system

5/27

AT

Karlsruhe Institute of Technology

H:
\\Af* £TM

%fefogg/,,-,g
Condenser

GAM 300

team
g’enerawr

-

pump

IAM

Institute for Applied Materials




Karlsruhe Institute of Technology

QUENCH Tests AT

bundle bottom

Mo electrode

rod cladding
EL 475 Cu electrode
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Kr filling for rod
internal pressurisation
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AT

Karlsruhe Institute of Technology

Hydrogen generation
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Secondary hydriding after LOCA

Oxidation: ~ 1100° C
| Secundary hydriding: ~ 1100° C

Burst: ~ 830° C

A Thermo-shock - quenchin
© | [ Balooning
8_ Possible fragmentation and
= fuel relocation
2 >

0s time 100 s

Cladding temperature evolution during a loss
of coolant accident (LOCA)
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Secondary hydrogenation after LOCA

Sequence of events:

IT

titute of Technology

Cladding starts ballooning at T~700°C, burst occurs in about

60s, thus relieving the inner pressure.

Steam penetrates through the burst opening, getting in

contact with fresh zirconium. Gap between pellets and

cladding limits the steam propagation.

Oxidation of inner cladding surface with hydrogen release

Absorption of hydrogen by cladding at the margin of inner

oxidised region: bands.

Local embrittlement of cladding near to burst opening.
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Bundle appearance after testing
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rod #12: 50 bar

Ballooning and burst of claddings
in comparison
to pre-test fuel rod positions
in the QUENCH-LOCA bundle
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rod #10: 45 bar

rod #21: 45 bar  rod #20: 50 bar
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KIT

ECR Criterion

Equivalent Cladding Reacted : Embrittlement due to oxidation

ECR = (m,,/M02)/ 600
/(tgl opzr)
M, 500
inl lad [g] /
Mg, — oxygen in 1 cm clad [g 400 /
T, —initial clad / /
Ithickness [cm] Z, / // E%@o/
p — density [g/cm?] ¢ 300 1 / / : 8'20/0
M — molar mass g / / % 10'90/0
[ - — 1U.J%
& M // | /-/ —128%
/ —18.0%
100 A —20.8%
L
/
O {
0|0 05 1.0 15 20 25
-offset Strain, mm

_

ANL ring compression tests: Embrittlement occurs when permanent plastic deformation (offset
strain) d/D < 2%

US NRC, 1973: ECR £ 17%
and peak cladding T<1200°C
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KIT

Criteria for the coolability:

90% of the fuel rods have to keep intact
m Peak temperature must not exceed a certain value (1480 K (2200°F))

m Low oxidation degree ECR< 17 %

a Hyd rogen embrittlement? 4110 -90 70 -50 -30 -10 10 30 50 70 90 110
20 A S S B B 4,500
ECR criteria is not conservative 18 g i
if the local hydrogen concentration is 16
14
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M. Billone et al.
NUREG/CR-6967/ANL-07/04

Mirco Grosse et al.
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Neutron Imaging - QUENCH-LOCA rods

Karlsruhe Institute of Technology

m Neutron radiography and tomography investigations were

performed at:

L/d scintillator
s ICON (PSI) 340 20 um Gadox
s CONRAD (BENSC) 300 10 um Gadox

s ANTARES (TU Munich) 600 100 um LiF

13/27

Oct. 2014 C. Roessger Hy-SEA

aaaaaaaaaaaaa



Secondary hydriding QLO: hydrogen bands ﬂ(“.

Karlsruhe Institute of Technology

rods #7 and #14:
tube ruptures during
tensile testing

at room temperature

Cu= 2560 wppm Cu= .2140 wppm  Cwx= 1940 wppm Cu= 0 wppm
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QL -1 : Rod #04

KIT

Karlsruhe Institute of Technology
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Secondary hydriding: hydrogen bands around burst A“(IT

max. ~ 2500 wppm hydrogen concentration
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Influence of hydrogen uptake on the mechanical properties AT

Karlsruhe Institute of Technology
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rod #8; t,,=122's; T, ,,+=820°C; A, =60 mm?
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Failure behavior during tensile tests at room temperature ﬂ(IT

Karlsruhe Institute of Technology

QLO: 3 types QL1: only stress concentration

(excepted rod #1 brittle ruptured during handling)
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Karlsruhe Institute of Technology

Prospects and future work

Modern materials: M5, ZIRLO
Single rod experiments
Localized tensile tests

EBSD

Secundary hydriding modelling
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Karlsruhe Institute of Technology

m Two out-of-pile bundle tests, QUENCH-LO and QUENCH-L1, with the same
bundle geometry and the same cladding material (Zircaloy-4) were
performed under LOCA conditions to investigate the phenomenon of the
cladding secondary hydriding. The tests differed only in heat-up rate.

Summary

m Oxide layers were developed on outer and inner cladding surface near to
burst elevations. Only external oxide layer was observed outside away from
burst positions. Maximal oxide layer thickness d_,~15 pum (ECR~2%) was
measured.

m Neutron radiography showed formation of hydrogen bands with a width of
aprox. 10 mm at the boundary of cladding inner oxidized area. Formation of
this hydrogen bands was observed for rods with time interval between burst
and quench initiation taking at least 90 s.

. O
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Summary -\S‘(IT

m Tensile tests at room temperature with claddings of both bundles showed
that claddings with hydrogen contents lower than 1500 wppm, ruptured at
the burst opening due to stress concentration. Claddings with hydrogen
contents higher than 1500 wppm fractured with very little plastic
deformation along the hydrogen bands.

m Hydrogen enrichments are formed if the temperature exceeds 1250 K
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