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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
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of the nuclear reactor is not re-established DiofofuE ooy
Upper grid damage — | X e TN | Cavity
gl S Loose core
Coating of previously 7 || 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 A0 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

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

Issue 1: 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
oo 2‘ "a";fer 2 / 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
o\ Oxidic pool 0°
heat fluxe o\ '\ Q 7 ooo" ‘
AT
rl;ow:r / 7% 7\ oxidiccrust Knowledge of the chemical composition of liquids
ea
-~

solidus @Nd Tjiquiaus @re paramount for density calculations

Heavy metal layer below the oxidic pool
Seiler et al., Nucl. Eng. Des. 2007
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Issue 2: Ex-vessel core melt configuration

Once the reactor vessel has failed...
Last retention option: the Ex-vessel relocation of the molten core in a lateral core catcher
The molten core (T=2400°C) pours on the containment concrete

The Molten Corium Concrete Interaction (MCCI) starts:

The components of the concrete (CaO, SiO,, Al,O;, MgO, H,0, CO,) are added
to the already complex in-vessel system (U-Zr-O-Fe)

As a first approximation the Fe-U-Zr-Al-Ca-Si-O system is representative of an
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A better thermodynamic description of the ex-vessel
corium sub-systems is needed to improve the thermal
and thermo-hydraulics codes accuracy

Need of exp. data at very high temperatures
1500°C = T = 3200°C

Development of a specific exp. setup
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EXPERIMENTAL TECHNIQUES

Development of ATTILHA Setup




Advanced Temperature and Thermodynamics Investigation by a Laser Heating Approach

P

Acquisition of data on corium systems

» Phase diagram data (liquidus, solidus)
» Thermo-radiative properties (IR emissivity)

& 2 different ATTILHA configurations:

CPU

— 2-ch pyrometer

NI cDAQ-9178

1

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

Al,O,-Zr0O,

Lock-In

-

8 : ATTILHA: Development of a setup for high solid/liquid transitions

1

Contactless - Aerodynamic levitation
Containerless

External
trigger

Cu-mirror

Amplifier

-

Cu-mirror

Sample

Levitation gas
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ced den ATTILHA setup

—— Aerodynamic levitation

Heating device: CO, laser

Temperature measurement: HgCdTe IR detector (2 - 22 um, filtered by narrow band filters)
Bichromatic pyrometer (0.8-1.05 um)

Image recording: High speed calibrated (300°C-1500°C) IR Camera (@ 3.99 um)

Aerodynamic levitation configuration in a convergent/divergent nozzle

HgCdTe detector .
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Levitating liquid Al,O4

droglet in the nozzle
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ced den ATTILHA setup

Containerless

Heating device: CO, laser

Temperature measurement: HgCdTe IR detector (2 - 22 um, filtered by narrow band filters)
Bichromatic pyrometer (0.8-1.05 um)

Image recording: High speed calibrated (300°C-1500°C) IR Camera (@ 3.99 um)

Laser spot
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Cea deﬂ Development approach

- Optimisation of the instrumentation position on the optical table

CO, laser —|HgCdTe detector |- Rapid infrared camera — Pyrometer

—> Calibration at 10 um and 12.2 ym
Christiansen point Al,O3: 10 pm; ZrO,: 12.7 pm

@ 10 um

| v=2,86717x10*:1-92,97
4600 |

- -
) -

g 8
| L |
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4000 -

ABDO| ... 13713

z,5x1o'3,0x10'3,5:10'4,0:10’4,5:10’5,0:10'5,5:10’5,0:10’5,5:10’
Radiance @ 10 pm / W pm™ m sr”

@122um

3000

| v= 890839x10 L 73,45 1373|<

2500 ~

N

o

o

o
1

Voltage / mV

1500

1000 +

500 . ‘ i ' ‘ . ‘ . ‘ .
5,0x10" 1, o><1o8 1, 5x108 2, o><1o8 2, 5x108 3, o><1o8 3,5x10°
Radiance @ 12,2 pm / W sr'm’®

- Error analysis (collaboration with Institut de Mathématiques de Toulouse)

IWSSTP 11 | 23rd June, 2016 | PAGE 9



CZa den pevelopment approach

- Optimisation of the instrumentation position on the optical table

CO, laser — HgCdTe detector —|Rapid infrared camera

— Pyrometer

—> Verification of the manufacturer calibration against a qualified black-body

- Python image processing routine for emissivity estimation (IMT-Toulouse)
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CZa den Dpevelopment approach

- Optimisation of the instrumentation position on the optical table

CO, laser — HgCdTe detector — Rapid infrared camera — Pyrometer

4 heating/cooling runs

1

2600

- 2400

- Validation of the setup Lol 3 | 3
I -__ """ _ SRS T ___ """ - ___ g ';"_"'_";"_"'_- 2323 K

2200 f

Pyromter

> ALO, (T=2323+25 K)

2000

1800

T T I T I T T T T T
10,0 12,5 15,0 17,5 20,0 225 25,0
time/s

1,0
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EXPERIMENTAL RESULTS

Some Preliminary Results using
ATTILHA setup on the systems:




T/K

DE LA RECHERCHE A L'INDUSTRIE

Ccaden Results: AlL,O,-ZrO,

89 mol% Al O 11 mol% ZrO,

2600 —
2500 —
2400 +
2300 —
2200 —
2100
2000 -
1900 —

1800 ~

2700 4T 3,T,,,b,',,fzh,r,ornjc,l,t!9,m(,r,<,>m<,=<ter,

r—-\\

|_e This work - Laser heating
a This work - WDS analysis

0,0 15 3,0 4,5 60 75 9,0

—T—
10,5

i
12,0

—
135 0 0.2

AlLO,

0.|4 0.6
X(ZrO,)

0.8

1.0
ZrO,

Tiiquidus T Teutectic —> good agreement with literature

Eutectic composition = good agreement with literature

f— Semi-transparent behaviour
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EXPERIMENTAL RESULTS

Some Preliminary Results using
ATTILHA setup on the systems:




C2a den Preparation of the samples Al,0,-CaO-ZrO,

Samples are made from sintered pellets of raw oxide powders:

Al,O,/Ca0/ZrO, (52-41-07 in mol %) +
= 1% mass. Of Zinc Stearate

No mass loss during sintering for Al,05-CaO-ZrO,

Al,O,/Ca0/ZrO, Sample

After sintering After laser melting
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C2a den Al,0,-Ca0-ZrO, — Radiance results

Development of a Python code for image processing and emissivity estimation
Temperature (T)

0 Frame 3957 / Time 15.824s } T pyrometer=1652.1

2100 2200

2100

1950 2000 1

1900

1800

1800 1 | arrest

100

i 1700 4
1650
1600 4

150 11500 1500 A

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)

500 1350

1200

S

1050

Radiance Temperature (T,) scale
(at 3.99 um)

250

0 50 100 150 200 250 300

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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DE LA RECHERCHE A L'INDUSTRIE

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

Crust
Formation

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

Closing
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Uhdme 1940 / Time 7.756s ( T pyrome

Thermal
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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
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EXPERIMENTAL RESULTS

Miscibility gap in the Fe-Zr-O system




DE LA RECHERCHE A L'INDUSTRIE

Ccaden Miscibility gap in the Fe-Zr-O system

Infrared camera footage

10000
9222
B444
TEEE
E552
B111
5333
4555
37T
3000

Digital level
Real speed 200 Hz
Video player 12.5 Hz
New result _ .
: " Observation of dynamic
Starting composition: Feg gsZrg 15 phenomena:
l Levitation gas: He - Formation of 2 liquids in-situ

Composition moved into the ternary Fe-Zr-O system Estimation of the emissivity ratio

o between the two liquids
tie-line: Feg 9700 03 — F€0.052r.3200 .63 S>e ~ 2¢

IWSSTP 11 | 23rd June, 2016 | PAGE 19

oxide metal



DE LA RECHERCHE A L'INDUSTRIE

Ccaden Miscibility gap

Liguia 1 A Liquid 1

\Liquid 2
t=101.67 s

Liquid 1 Liquid 1 Liquid 1

Liquid 2 »  Liquid 2

‘ < b . & ‘. ~
Solidification e Solidification WD Solidification
“Tront <_front <_front
t=102.22 s Bl t=102.24 s il t=102.26 s
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CONTAINERLESS CONFIGURATION




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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ATTILHA alaser heating setup at CEA Saclay

= High temperature

* Aerodynamic levitation / containerless
= Rapid measurements: Fast heating/quenching

= Levitation gas - Reducing or oxidizing conditions
» Gas flow in the experimental vessel > Red/Ox

High temperature dynamic phenomena
- Solid/liquid transitions in Ex-vessel coria
- Miscibility gap in Fe-Zr-O

Validation on oxide systems

AlL,O; & Al,O5-Zr0O,

Preliminary results on the corium sub-systems
Fe-Zr-O

Al,O,;-Ca0-ZrO,

Al,O;-SiO,-Zr0O,

Future developments

Open questions

- Very high temperature references?
- Supplementary T monitoring?

- Thermodynamic equilibrium?

- Influence of P(O,)?

Nuclearisation of the setup - investigation of Uranium containing samples
Ultra rapid camera (5 kHz) - viscosity and density measurement
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CCaden Emissivity estimation at 3.99 um

AB89Z11

2600 - : ——— T _bi-chromatic pyrometer_
~ ; ——T_HgCdTe ' -
2500 : ; §

24007 liquidus 10
| ' 09 E
Y | / B
~ 20 ; eutectic =
- HIHE IH / 108 &
(0T VLT LY A, . ™
2200 {1 pHHpins TN *""":ij|||i'||||II!!!!||i.... . <)
g T 107
2100 - —ll ]
' 0.6
2000 - .
1900 ] . . 1 o
25 2.0 3.5 4.0 45 5.0 5.5 6.0
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DE LA RECHERCHE A L'INDUSTRIE

C2a den Analyses Al,O,-Ca0-Zr0,

SEM observations and EDS analyses (Secondary and Back Scattered)

100 pm ULTRA 55 SCCME  EHT = 1500k Signal A = SE2 Dato :26 May 2016 100 pm UL TRA 55~ SCCME  EWT=1500 kY Signel A = As8 Date :26 May 2016 | 20 pm EHT =15.00 kY Signel A = AsB Dato :26 May 2016
W= 6.4mm Mg = X File Name = AICaZr_041.4T wo

ULTRA 55 SCCME 7 3
= 6.dmm Mag = 10 X File Nsme = AICaZr_003.F | WD = 6.4mm Mog = 5N X File Name = AiCsZr_005.47 J

(Alg 25,Ca0 13,25 50)O>

Al,O05;-Cal (+ €
~Aly; g5 Ca14.00 L7192

Oxygen is only estimated from EDS

G a8
%/éﬁ/?ﬁk\ ™

10 pm

ULTRA 55- SCCME .Frﬂ:-r&.aukv Signai A = AsB Date :26 May 2016

1pm EHT = 1500 kW Signal A = AsB Date :26 May 2016 | +
, , i ULTRA 55.- SCCME ) > >
WD=Gdmm  Mgs 206X FileName=ACeZr 00750 — W= dmm Mog= MDKX File Name = AKCaZr 0a9.5T 2 4 a 3 HE- -

Further analyses will be conducted 11231 une, 2016 | PAGE 26
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Current range

1 1 1 1

EXTENDED RAYLElGH-JEA7
a 3 o 11l 1

YL R AL B
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RAYLEIGH -JEANS

v RRNR|

104

10% 108
AT/ pm K

1@ 10 um

L=8x10%*T-4.35x10°

L=P0.5*T*+7.15x10°*T-3.57x/10°

] \ linear fit

abolic fit

1500

T T T T
2000 2500 3000
T/K

. K K . K K
Te|lT-—2(4+20)-2—"20,,T+-2(e+20)+2 20,
K K K K

1 1 1 1

For example, the true temperature of a sample with
an estimated emissivity 0.9+0.045 and an estimated
radiance temperature of 2000 K is 2158198 K with a
probability of 0.9025. It must be pointed out that
86 % of the reported error bar is due to the estimated
emissivity.
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Ceaden Error analysis

Error analysis (collaboration with Institut de Mathématiques de Toulouse)

=e'=42K Maximum deterministic error on T,

T _Tﬂ‘ = 2cT. . +b

With a probability of 95 % and

T, clf, e-20.7, ven2 deri i
ﬂelﬂ @1 GJ considering the most conservative case

1 1 1 1

T{A—%(e'JrZa)—Z%ag ,f+%(e'+20)+2%05} With a probability of 90.25 %

. K, 1o Ky .
T-T| sﬁ\n —Tﬁ\+ﬁ\g—g
K,=&(b+2cT,, )
K, =b+2cT

A,max

K,=a+bT,, +cT2
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