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Out of nominal functioning of a Pressurized Water Reactor TMI-2

may lead to a nuclear accident
T
Severe accident (SA): the normal functioning it
. . = 0 010} 0KOKOLI0}|0
of the nuclear reactor is not re-established DiofofuE ooy
Upper grid damage — | X e TN | Cavity
gl S Loose core
Coating of previously - 'i L "_:1'-"? | debris
molten material on bypass —— T Crust
] ] region interior surfaces Ll Previousl|
Fusion of the core and internal structure il o oten
Hole in baffle plate material
> Lower plenum

Ablated in-core 40 debris
instrument guide

Interactions:

MOx + Zircaloy + stainless steel + Inconel + B,C + Fission Products N/ |2 Possible
region
. L. i depleted in U
In vessel corium composition: )

U-Zr-O-Fe-Cr-Ni-Ag-Cd-In-B-C-FPs-... (basically most of the period table)

gy : PWR cross section
“Prototypic” in-vessel corium system: U-Zr-Fe-O
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C2aden In-vessel core Melt configuration

Issue : In-vessel core Melt configuration (Miscibility gap in the in-vessel corium liquid)

Pretallic < Poxide —> | Degree of oxidation of zirconium p =density
U/Zr ratio
Amount of molten steel —>  Pheavy metallic = Poxide
“j$~ _;‘J&/__
Radiative heat
. 2‘ ”a";fer 3 / Py Decrease of the thickness of the upper metallic layer
WA%ERO/-' OOO
0 » Enhanced focusing effect due to high radiative fluxes
Metalic layer ’; = Failure of the reactor vessel
Max o° » o
o\ Oxidic pool 0°
heat flux o\ Q 7 ooo" ‘
S e
Lower © % 7 N oxidicorust Knowledge of the chemical composition of liquids
nead / Tooiiqus AN Tiquiqus &€ paramount for density calculations

Heavy metal layer below the oxidic pool
Seiler et al., Nucl. Eng. Des. 2007
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Experimental technique
Sample preparation
Experimental results

Conclusions
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CZaden Experimental technique - Laser heating setup

—>Rapid measurements

—>High power - High temperature
- Containerless

- Reducing/oxidising atmosphere

- Oxygen potential is not controllable

3400

U33P33Z33 — RLS signal
- Temperature
3200 - . —— Laser profile
1 melting
3000 - \: ;
1 ! 1 2820 K
2800 - el i T
X 1 solidification
— 2600 -
Lo i

2400 -

2200 -

Laser power/ a.u.
1st derivative RLS / a.u.

P=270 W

2000 -
1800 L
T T LE— | —

—T— ——
0,00 025 o050 0,75 1,00 125 150 1,75 2,00 225 2,50

o time/s
Quaini et al. INM 2016

\

Art LP
Laser

Autoclave

Sample

JRC-SNFU’s Laser heating setup

256 A
Spectro-
pyrometer

m Nd:YAG

HP Laser
1064 nm, 4,5 kW
Fiber optics d

488 nm, 1 W

=
P
0 . “ Oscilloscope
pyrometer b
650 nm

Manara et al., Rev. Sci. Instrum. 2008

De Bruycker, PhD thesis 2010
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Sample preparation




at% Zr 0,000
8.2 5.5 86.3 1.2196  0.0002 0.016
12.6 10.6 76.8 1.0384  0.0017 0.164
19.2 15.3 65.5 0.9636  0.0013 0.135

Initial compositions

—>Arc furnace
—->U-met, Zr-met, powder of ZrO, Loso
—less than 100 ppm of residual O, in the furnace chamber ‘
—>mass loss after arc furnace melting is negligible

075
1,00 ' ) -
0,(;0 ’ 0,2,5 ’ O,éO 0,7,5 1,60
u x(2r) zr
Before laser heating After laser heating

=

Laser spot
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Ccaden sample preparation — Fe-Zr-O samples

21.0 14.0 65.0 0.7806 0.0020
13.2 12.7 74.1 0.7644 0.0140
21.9 29.1 49.0 0.5559 0.0063
3.9 34.1 62.0 0.5801 0.0006
11.7 23.8 64.5 0.6772 0.0030
22.6 11.1 66.3 0.5463 0.0069

—>Arc furnace

—~>Fe-met, Zr-met, powder of ZrO, powder Fe,O,

—less than 100 ppm of residual O, in the furnace chamber
—>mass loss is significant for samples 2, 3 and 6

0.156
1.832
1.133
0.103
0.443
1.263

0,000

= |nitial compositions

0,00 025 050 0,75 1,00
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Experimental Results




Sample 6: Uy 05520 86300.082 (Under Ar)

4 laser shots

sample OUZr_6 under Ar, sequence mnop

2600 10000
2500 1 9000
2400 - 1
] 8000
2300 - ;
] 7000
2200 4 <
S g =2
= ] 6000 = .
L 2100 - 4 g 5
§ 2000 5000 3 °
B - ] Q.
— 1900 - =
] 4000 § 22
1800
1] 3000
1700 :
- 0
1600 | i s
1500 ] 1000
1400 S——— r 0
0 2 4 8
time /s

Radiance temperature

sample QUZr_6 under Ar, pulse o

2300
2200 i s 1
2100 1 memni § j solidification
20004 o o T o oo
1900_,,,,,,El,,,,,,,,,,,,, ‘
18004 [
1 1
17004 | SRS
' 1 '
1600 : : : i RLS
H ! : . :
1500 _""""""“"‘"'v : PFlOOO W : ‘
E [ ; ! E i
1 . : 1 laser power
1400 T — T " T T — T " T T
70 75 8,0 8,5 9.0 9,5 10,0
time /s

RLS: allows to detect changes in the reflectivity of the sample - solid/liquid
- Good correspondence between melting and solidification

Emissivity is needed to convert radiance temperature into true temperature
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Ccaden Experimental results — U-Zr-O system

2200 Sample OUZF_B — T — 2200 Sarlnple OUZr—T, _ . 2200 Sample.ouzrfs - - -
2150_ --------- ----- . ' ..... T@!?.[@fﬂﬂ.l.ﬂfélﬁiﬂ 2150 : P » 1% thermal arrest 2150 ] : i 5 u 1% thermal amest
200 EEEEE 2100 _® 2" thermal arrest ® 2" thermal arrest)
2050 2050 SR NN N S N S
2000 - m-- w00] ; ‘ .
X 1950 X 1950 1
E1000 - £1900 4
1800 . : : 1800 -
7504 1750
1700_' ¥ ¥ ! ! ! v ¥ v v ! i H | i v 1700_- I
1650—- 1550_- ; ; : ‘ ‘ ‘ : ‘
1600 - 1600 +—— —
s t a b ¢ d e f g h i j k 1 - f g h
Laser pulse Laser pulse
- - ) 2400 sample QUZr 8 under Ar, pulse ¢ 10000
Good repeatability especially on the first thermal arrest S
zzoo- ............3...........fl.sf.thermajl.axrest..é............_ 3000
- - - o 2100_ "'"I"""i"ZH‘*'fh?é'r'rﬁé\'['é%’r’ééf”'"“ %
Uncertainty on radiance temperature in less than 0.5 % o B S / "X
51900 A 1 ]
o] :‘i ] 40008
Sample Radiance temperature / K mor LT Nl ]
B  1¢tinflection 2nd inflection 0 [ 1 L A T
1500 ; e St R B
OUZr 6 2011+11 Il o0 ] e s ,
ouZr_7 202010 1665+26 7s 0 es 4o " g5 10 105 110

ouUZr 8 2002+16 1889+18

...and the true temperature?
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What can we do without any knowledge of the functional relation between optical
properties, wavelength and temperature and without any experimental data

coming from the literature?

Sample ]

I <(650 nm)

_ 0.24340.05

Our case: 0.26420.05
0.40+0.08

: —\'n
—P-elyn-em-&al esample EL=UQZ’L!

* ©“sample™ " **U Z

Sample OUZr_8, laser pulse ¢

— Good for dielectrics
Good for pure metals

Spectro-pyrometer results
0,6

o105 4 « Solidification thermal arrest
Grey bOdy € =constant 5,10E-4 - ——1IT, linear
+ “sample ] ) 05
5,05E-4 - ;
5,00E-4 o B
1 TR 0,4
- 4,95E-4
1 1 _A g A2 R
—_— = = . 4,90E-4 033
TA r ~ 4,85E-4
4,80E-4 - 0,2
Y=Y Hmlx x B |
1 sV ¢ T, =438191E-4+6,29313E-5") 0,1
4,70E-4
N 55 0. 00 | PAGE 12

T I v I v 1 1 1
0,50 0,55 0,60 0,65 0,70 0,75 0,80 0,85 0,90

wavelength / um



| sample |

B (650 nm) o _

0.243+0.05 Significant difference between sample 6&7 and 8
0.264+0.05

0.40+0.08

Could be related to :
- the phases formed during solidification
- Applicablility of the grey body assumption

Sample Sample 8
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Ccaden Experimental results

! ! ! ! L L Zr-UQO, isopleth section:
3200 - ~a L1 +L2- Juenke (1970) 2150P

| © Lig. + (U,Zr)O2-x - Juenke (1970)

_ .= Solidus - Juenke (1970) _ i
3000 ™ ® Liquidus - Juenke (1970) Calculated using CEA database
e Lig. - Juenke (1970)
2800 ~ & Liquidus - This work

o L1 + L2 - This work - Laser heating data were not used for

2600 - Lia-+(yU-Zr) | L the assessment

X
F_ -
24007 - - Good agreement between calculation
2200 - i and exp data on samples 6&7
5000 - i - Disagreement with sample 8
Lig.+(U,Zr)Os.
1800 - +a-Zr(0O) B

I I | I I |
0 005 0.10 0.15 0.20 0.25 0.30
Zr x(U) uo,

A. Quaini, PhD Thesis, INP Grenoble 2015

Emissivity may radically change
the meaning of a temperature

measurement
Experlmental result / K | Experimental result / K _
Sample OUZr_8 £=0.20 Calculation / K
| 1stthermal arrest | 2183 2343 2345
2049 2190 2220
134 153 125
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Ccaden Experimental results — Fe-Zr-O

Fe-containing samples are less stable face to rapid heating - vaporisation is easier

Sample OFeZr_1, under Ar, sequence abcd Sample OFeZr_1, under Ar, pulse b

2800 2400
_Tradla -
2600 - radiance ]
2400 2200 i
~ 4 4
=, 2200 + -~
§ é 2000 4
" 2000 4 = T
RLS
18007 N RLS 1800 \
1600 A & ! |
“ Laser pulses .
1400 T T T y T T T T g T T T T r T T T T T T T T
0 2 4 tf? 8 10 12 o 3,0 35 40 45 50 5,5 6,0
ime/s time/s
sample OFeZr_1, under Ar, pulse b . .
2400 "o Sharp variation of the thermogram - sol/liq
—40,9 . .. .
2300 - . - Emissivity effect!!!! (again ©)
2200 4 1°%7 |_Sample | T,/K | | True Temperature /K _
X =056 106 B  1stinflection  g(652 nm) 1st inflection
521001 ’ Jos o 1989+18  0.56+0.11 2098+86
=1 A _Thermalarrest 1, 1883+29 0.56+0.11 1980+94
2000 Signal shift[ o5 1847+11 0.55+0.11 1943+72
1000 J£=0.27 02 The uncertainty on ¢ contributes for 80% on
b 01 the overall error bar on true temperature
1800 emissivity shift
T T T T T T T T T T 0,0
0,0 0,5 1,0 1,5 2,0 25

time /'s IYNC 2016| 25th July, 2016 | PAGE 15



Conclusions




C2aden conclusions

Melting behavior of Zr-rich corner of the U-Zr-O and Fe-Zr-O systems

Solidification and melting temperatures have been measured using optical
pyrometer and RLS technique

Emissivity is the main source of uncertainty-> it strongly affects the error bars on
true temperature

The current results are in good agreement with thermodynamic calculations
performed using the U-Zr-O CEA database
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ATTILHA: Development of a setup for high solid/liquid transitions

...the God's scourge

Acquisition of data on corium systems
» Phase diagram data (liquidus, solidus)

» Thermo-radiative properties (IR emissivity)

1

2 different ATTILHA configurations:

1

-

Contactless - Aerodynamic levitation
Containerless

CPU

— 2-ch pyrometer

cDAQ-9178

All the instruments are synchronized
Validation on transitions in oxide systems
AlLO,

Al,O,-Zr0O,

Lock-In

Amplifier

Cu-mirror

-

Cu-mirror

Sample

Levitation gas
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2200

2100
< 2000 -
|_

1900

1800 T T T T T T T
180 182 184 186 188 19,0 192 194
time (s)

T T
196 19,8 20,0

Solid germs

Solidification front Solid crust almost formed

Before After

Sy
o

Thermal gradients
Solidification front progression
Semi-transparency

Next step... U-containing samples
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Development of a Python code for image processing and emissivity estimation

Temperature (T)

2200

2100

2000

1900
1800 1 | arrest
1700 +

1600

1500

1400 T T T T T T T T T T T
1 0 11 12 13 14 15 16 17 18 19 20 21 22
Time (second)

Radiance Temperature (T,) scale

€ (at 3.99 um)

Calibrated from 300°C to 1500°C
Real speed: 250 Hz Extrapolated above 1500°C

COMMENTS
High temperature (1500°C-2500°C) calibration of the camera will be performed soon - FLIR®
HgCdTe detector - cooling system KO
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C2a den Al,0,-Ca0-ZrO, — Thermal arrests

Frame 1450 / Time 5.796s / T pyrometer=1925.8

Gas bubble

Liqui

,\Hame 1880/ Time 7.516s / T pyrometer=1653.6

{u-ﬂ %

Closing
of the Crust

50 100

0 Frame 1930 / Time 7.716s5 / T pyrometer=1621.0

B L“

Thermal
Arrest

‘_}Hd"\(‘ 1850 / Time 7.396s5 / T pyrometer=1617.8

Crust
Formation

‘_}Hd"\(‘ 1890 / Time 7.556s5 / T pyrometer=1612.4

Closing
of the Crust

Uhdme 1940 / Time 7.756s ( T pyrome

Thermal
Arrest

d Frame 1860 / Time 7.436s [/ T pyrometer=1448.1

Quenching
v

Crust
Formation

‘_ll-rarn(} 1910/ Time 7.636s / T pyrometer=1612.1

Closing
of the Crust

50 100 150 200

_Frame 1950 / Time 7.796s / T pyrometer=1597.1

Thermal
Arrest

L]




Liquid 1

Liquid 2
t=97.59s

Liquid 1 Liquid 1

Liquid 2

' Solidification
é’front

_2mm t=102.22 s

Blue: metallic liquid - less emissive
Green - Red: oxide liquid = highly emissive
Pink: overheated liquid (laser impinges directly on that zone)

t=98.93 s

Liquid 1

Liquid 2

.
Solidification

front
t=102.24 s

Liquid 1

\Liquid 2

t=101.67 s

Liquid 1

Liquid 2

Solidification
front

t=102.26 s
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CPU

VA"

NI cDAQ-9178

Interferential
filter

%

O’O‘
)
2, .
— 2-ch pyrometer ’e‘) Cu-mirror

\

Lock-In .

Amplifier

PP

External
trigger

—— ==

Cu-mirror
S

/ Sample

Levitation gas
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