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Introduction

® [n case of long term LOCA in severe accident
scenarios core uncovery occurs.

® Without heat removal capacity:

Heat-up in the core

Oxidation of metals by steam (more heat-up)
Hydrogen release by oxidation

Cladding deformation and loss of geometry
Fission product release

® Produced heat and degraded core leads corium
and melt material corium threats:

® Released H2+Non-condensable gasses threats:

IN VESSEL and EX-VESSEL

EX-VESSEL

Prediction of in vessel phenomena is
important for SAFETY
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® Not only oxidation process but also eutectic interactions are crucial for severe
accident in vessel progression.

Zr ZrO,

U-O-Zr UO, liqufied 1000 K
below its melting point

UO, and ZrO,

Dissolution
uo,
S.Steel
r —> B,C, steel and Zr
flow down around 1700 K

B,C liqufied around 700 K
below its melting point

B,C S.Steel Zr
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Are BWR type reactors different than PWRs?

BWRs contains: More Zr (water channel boxes) more Heat
More Fe (absorber blades) more H,
B,C (absorber blades)

Chemical reaction Energy release
Zr+2H,0 > ZrO,+2H, AH = 6.4 MJ/kg z
2Fe+3H,0>Fe,0,+3H, Not significant
B,C+8H,0>2B,0,+C0O,+8H, AH =15 MJ/kg g, ¢

® Adequate models are necessary in order to predict the source terms during
severe accident transients and improve severe accident management.
® BWR Specific structures (Canister, absorber blades)
® Eutectic interaction of BWR structures and their relocation models
® Heat transfer models of BWR structures
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QUENCH Test Facility
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In order to develop adequate models and

@ 800 mm
DC power —————p— validate severe accident codes for core
su | . .
5 I'] o degradation QUENCH experiments
Containment .
(Ar-filec) | i designed.
} |
Top | Steam#2r*f m Test facility enclosed and pressurized around 2 bar.
uenchin
! ’ [ ® Steam and Ar flow introduced from bottom and
- steam, Ar and hydrogen (produced from oxidation)
Ar caoling g E | flow upward outside of the bundle.
Heated Zr0Q, insulation
29m  length B4C + 7H,0(g) « 2B,0; HCO(g)|+ THa(g)
Shroud B,C
(1 i i 4
J ch + 3H201g| —* EBEGJ +|ED2|E: T+ EHllg: oxidation
f\r for f.iIIing
N || {7 sulation B,C + 6H,0(g) « 2B,0; +CH,(g|+ 4H,(g)
Steam+Ar
anndll e Bottom
e
Pre-injection 4 | — — ® Quench water supplied from the bottom of the
(test rods)_ I section with constant flow rate and temperature.
i‘ ® Temperature control provided for bundle head and
DC power ___________'i off-gas pipe in order to mitigate condensation in test
supply  ———————————- section.
QUENCH Test Facility
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-20 BWR Fuel Bundle (1/2)

QUENCH

SVEA 96 OPTIMA-2
BWR Fuel Assembly
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QUENCH-20 BWR Fuel Bundle (2/2) ﬂ(fIT

Cooling Jacket (Inconel)

Water Cross Wing (ZIRLO)

+ Heated Rods (W)

* Pellet (ZrO,)

* Cladding (Zircaloy-2 with
inner ZrSn-liner )

Shroud /
(Zircaloy-4)
Porous Thermal Corner Rod v
Insulation (ZrO,) AbSOT:’he;bgdes (Zircaloy-4) Hested tod. Heated tod
> with B,
Fuel Channel Box Watci gl}llla]r,lg(;l Box gr 011p-1 ar 0up-2
(Advanced low tin ZIRLO)
QUENCH-20 Test Bundle Cross
Section (1/4 SVEA 96 OPTIMA-2)
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QU E N C H '20 Test Tra nS i e nt Karlsruhe Institute of Technology
N ; o QUENCH-20 Test consist of three
i L 1dUgs . . .
| quentch phases which are pre oxidation,
water .
transient and quench:
5 | * Pre-oxidation phase:
o 3 g/s argon : 3 g/s argon
= Fy— ‘ Superheated steam and Ar
X gasses (600-700 K) employed to
the system from bottom. System
B pressure was 2 bar.
ey » Transient phase: Electric power
5 W ' | increased. Steam and Ar flow
= | maintained until quench phase.
: i -+ <1000 sec \
| ; 1  Quench phase: After transient
| ~askwl case, 50 g/s quench water
| | \ . delivered to the bundle from
2270 Time (5 14400 13890 17660 bottom at room temperature.
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N u m e ri ca I Too I : ASTE C C Od e Karlsruhe Institute of Technology

Accident Source Term Evaluation Code

—SEEELa
® European reference software for severe

Thermalhydraulics Safety system

W el 8 accidents.
T covi [ . — ® ASTEC simulates all sequences from
Instantaneaous : containment . g . .
il combuson initiating event to discharge of
radioactive materials during core melt
A down accidents of LWRs.

Aerosals behaviour
and fission products
{iodine, ruthenium..)
chemistry

e

Thermalhydraulics
In circuits and vessel

W ® ASTEC has modular structure to
implement physical models.

gl ® Each module handles the part of the

in vessel lower head

Corium entrainment
in containment

E—— reactor and phenomena in there.
[ WEDICIS T
Corlum/Concrete |
Interaction
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ASTEC Model of QUENCH-20 Fuel Bundle and Test Section

Waterbox+Fuelbox+Wings

15 x1 x8 x15 —— B,C+SS Clad rods
M omemmee - -
Heated 5 . e SSrods
rods I Shroud
1.3m ------ -- --
— 98 rod / Inconel cooling jacket 5 7 Planioe
w?th S8 \ = Shroud
clad 2 1024 sas s - L — e __ B 1 ZI‘O2
Heated rods - H H o H isolation
Nl Nl [N <
Corner rod Ll | | ] N ] . .Coihng
m B N B N _]HC et
Ssteel Mo B.C N [ 0 [
] [ [ [ Corner rod
Cu : : : : :
Chmmes Z10, O D [
Fuel Channel box+ m B I B I
Zr0, insulator ‘Water channel box O0m ------ I 1™~ "1 -1
Cross wings
03m ------ -- --
QUENCH-20 BWR
bundle and test section P - - ] =
Channel-1  Channel-2 Channel-3 CORE
ASTEC MOdeI . Shroud connection
(Radial Representation) Steel bundle foot
QUENCH-20 BWR bundle and test
section ASTEC Model
(Axial Representation)
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ASTEC MOdeI Of QUENCH'ZO Heated ROd Karlsruhe Institute of Technology
o e mERTRW T ——— 1.5m
+1410Zry Il @ HEEvolN - 13m
Spacer |8 RSN __ 1.024 m
+1050 Zry
spacer
Cenralrod W  Thickness of Mo and Cu = 7.85 mm
210, insulztr ™ 1hickness of W =5.25 mm
+550 Zry ® Clad inside diameter = 8.63 mm
heated length spacer : . _
1024 mm p Clad ® Clad outside diameter = 9.84 mm
® Dimensions of ZrO2 = 8.25 mm (-0.475
to 0 m), 8.48 mm (0 to 1.024 m) and
0 +50 Zry 8.25 mm (1.024 to 1.5 m)
spacer ®  Gap filled with Kr (5 bar)
-200 Inconel |
spacer
——————————— Om
-475 | I = | 0.3 m
——————————— -0.475 m
QUENCH-20 Heated QUENCH-20 Heated
Rod Composition Rod ASTEC Model
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Bo u n dary Con d iti ons ( 1 /2) Karlsruhe Institute of Technology

Described boundary conditions are employed according to QUENCH-20 test
measurements:

W Electrical power generated for 24 heated rod one by one in the bundle
by using test power output.

@O ®G Electrical power is not same for Group-1 and Group-2 and rod distribution is
LOOOEIY  not homogenous.

N o) e /-
LIOIOXO) )

2Xe1=la)

Heated rod Heated rod
group-1  group-2

® Pressure boundary condition takes role at the top.

® Temperature and flow rate of steam and argon
gasses at the inlet of the bundle introduced.

® Quench water temperature and flow rate takes
action for quench phase.

Steam

v Y
Water U
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Bou n dary Con d iti ons (2/2) Karlsruhe Institute of Technology

Described boundary conditions are employed according to QUENCH-20 test
measurements:

B Temperature of cooling jacket along the its height defined.

® Cooling water was defined for the bottom face of cladding material of
heated rods.

@ 800 mm Emergency —
cooling
DC power —————r—————1
supply e Y
B B H,O cooling of
. - H " .
ok | ertowspiee Clad cross section
| | surface
Steam + Ar + H,
Top —_—
quenching — /
Heated ZrO, insulation
29 length
m et
Shroud
L Ar for filling
insulation
Steam+Ar T om Bottom
= - N
Pre-iniection' ] pR—
Ar5%Kr
(test rods) =1 -—
} | Enln:;"e:;y H,O cooling of
. | 1 < bundle head and foot
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ASTEC Predictions of QUENCH-20 Test (1/5)

Time =1 second

1500
. —— ASTEC Power Levels
2 15
1250 - ] ime = 1 second
o 101
o
o
1000 £ 5
X g
E 750 0 2500 5000 7500 10000 12500 15000
=
2
g 500 A
s
=
=]
= 250 4
-
0
—250 4 o
N~
N
=500 A
T T T T T T
300 400 500 600 700 800 900 1000
Temperature (K)
= ASTEC Cladl @  0Q20Rodl0 —— ASTEC Cans. * Q20 Shroud 90 degree
® Q20 Rodl * Q20 Rodll ® Q20 Cans. 90 degree + Q20 Shroud 180 degree
= ASTEC Clad2 4+ Q20Rodl16 * Q20 Cans, 180 degree X Q20 Shroud 270 degree
® (Q20Rod3 X Q20 RodI8 ——— ASTEC Abs. Blade —— ASTEC C.Jacket
* Q20 Rod5 ¥ Q20 Rod20 ® Q20 Abs. Blade 90 degree ® Q20 ClJacket 0 degree
+ Q20 Rod7 A Q20 Rod22 # Q20 Abs. Blade 180 degree * Q20 C.Jackel 90 degree
X Q20 RodY <4  Q20Rod23 —— ASTEC Shroud + Q20 C.Jacket 180 degree
~—— ASTEC Clad3 P Q20 Rod24 ® Q20 Shroud 0 degree > Q20 ClJacket 270 degree
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ASTEC Predictions of QUENCH-20 Test (2/5)

Time =14400 seconds

1500
= —— ASTEC Power Levels
; 15 -
X
1250 - g Time = 14400 seton
g 10
2 —
1000 + E 5
- o
5 750 4 0 2500 5000 7500 10000 12500 15000
=
2
g oS0
=
IC]
= 250 A
<
0
—250 A
=500
T T T T T T T B i 7 T
300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Temperature (K)
= ASTEC Cladl @  0Q20Rodl0 —— ASTEC Cans. * Q20 Shroud 90 degree
® Q20 Rodl * Q20 Rodll ® Q20 Cans. 90 degree + Q20 Shroud 180 degree
= ASTEC Clad2 4+ Q20Rodl16 * Q20 Cans, 180 degree X Q20 Shroud 270 degree
® (Q20Rod3 X Q20 RodI8 ——— ASTEC Abs. Blade —— ASTEC C.Jacket
* Q20 Rod5 ¥ Q20 Rod20 ® Q20 Abs. Blade 90 degree ® Q20 ClJacket 0 degree
+ Q20 Rod7 A Q20 Rod22 # Q20 Abs. Blade 180 degree * Q20 C.Jackel 90 degree
X Q20 RodY <4  Q20Rod23 —— ASTEC Shroud + Q20 C.Jacket 180 degree
~—— ASTEC Clad3 P Q20 Rod24 ® Q20 Shroud 0 degree > Q20 ClJacket 270 degree
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ASTEC Predictions of QUENCH-20 Test (3/5)

Time =15890 seconds

1500
= —— ASTEC Power Levels
Z 151
1250 1 @ .
% 104 Time = 15890 seconds
v
1000 4 % g 51
- o
E T T T T T T T
E« 750 1 0 2500 5000 7500 10000 12500 15000
Z
E 500 -1
=
"
= 250 4
-«
0
—250
250 o
N~
AN
=500
300 500 700 900 1100 1300 1500 1700 1900 2100 2300
Temperature (K)
—— ASTEC Cladl @ Q20 Rodl0 —— ASTEC Cans. * Q20 Shroud 90 degree
® Q20Rodl * Q20 Rodl! ® Q20 Cans. 90 degree + Q20 Shroud 180 degree
—— ASTEC Clad2 + Q20 Rodl6 * Q20 Cans, 180 degree X Q20 Shroud 270 degree
® (Q20Rod3 X Q20 RodI8 ——— ASTEC Abs. Blade —— ASTEC C.Jacket
* Q20 Rod5 ¥ Q20 Rod20 ® Q20 Abs. Blade 90 degree ® Q20 CJacket 0 degree
+ Q20 Rod7 A Q20 Rod22 * Q20 Abs. Blade 180 degree * Q20 C.Jacket 90 degree
X Q20 RodY < Q20 Rod23 —— ASTEC Shroud + Q20 C.Jacket 180 degrec
—— ASTEC Clad3 Q20 Rod24 ® Q20 Shroud 0 degree X Q20 Cllacket 270 degree
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ASTEC Predictions of QUENCH-20 Test (4/5)

Time =15910 seconds

1500 -
= —— ASTEC Power Levels
2 151
1250 1 © .
£ oA Time = 15910 seconds 4
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‘= w
E T T T T T T T
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—— ASTEC Cladl @ Q20 Rodl0 —— ASTEC Cans. * Q20 Shroud 90 degree
® Q20Rodl * Q20 Rodl! ® Q20 Cans. 90 degree + Q20 Shroud 180 degree
—— ASTEC Clad2 + Q20 Rodl6 * Q20 Cans, 180 degree X Q20 Shroud 270 degree
® (20 Rod3 X Q20 RodI8 ——— ASTEC Abs. Blade ——— ASTEC C.Jacket
* Q20 Rod5 ¥ Q20 Rod20 ® Q20 Abs. Blade 90 degree ® Q20 CJacket 0 degree
+ Q20 Rod7 A Q20 Rod22 # Q20 Abs. Blade 180 degree * Q20 C.Jacket 90 degree
X Q20 RodY < Q20 Rod23 —— ASTEC Shroud + Q20 C.Jacket 180 degrec
—— ASTEC Clad3 Q20 Rod24 ® Q20 Shroud 0 degree X Q20 Cllacket 270 degree
18 09.12.2021 Onur Murat — Analysis of QUENCH-20 Test with ASTEC V2.2.b Karlsruhe Institute of Technology

Ay (InEnieiEnel) QIEIENeH teneier, Vet pas Aty Institute for Neutron Physics and Reactor Technology



ASTEC Predictions of QUENCH-20 Test (5/5)
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p

QUENCH-20 total H, amount = 57.4 g
B,C oxidation contribution = 10 g

ASTEC prediction total H, amount =
53.4 ¢
B,C oxidation contribution = 9.48 g
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Further detailed informations: Onur Murat, Victor Sanchez Espinoza, Shisheng Wang, Juri Stuckert, Preliminary validation of ASTEC
V2.2.b with QUENCH-20 BWR bundle experiment, Nuclear Engineering and Design 370 (2020)
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QUENCH-20 Post Test Pictures

Section (Height = 650 mm)
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: ASTEC did not predict strong degredation
QUENCH-20 Bundle Post Test Cross and failure of shroud
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C o n CI u s i o n Karlsruhe Institute of Technology

® Considering the geometrical modeling pecularities axial temperature of
structures are in acceptable manner.

® Total amount of hydrogen generation, including B4C oxidation, are in good
agreement with test readings.

® Shroud failure was not observed in the ASTEC model.
® Inhomogenity of structural placement in the test section and eutectic interactions
which based on the how close the metallic structures are reason for that.
® Correct geometrical representation and placement of Blades (Slab) and Fuel
Channel Box (Rectangular) are necessary.

® There was no radiative heat transfer model for reactangular fuel boxes for version
V2.2.b.

® Definition of absorber material inside slab blades are not possible, which means no
eutectic interaction, no material relocation due to eutectic interactions.
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