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Ml Multiscale fuel performance simulation

* BISON: Fuel performance code developed at INL
— Built on MOOSE finite-element framework

* Inform BISON with atomistic and mesoscale simulations
- Marmot: MOOSE-based phase-field simulation code
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NUCLEAR ENERGY ADVANCED MODELING & SIMULATION PROGRAM

Analytical theory
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nanometers 100’s of nanometers microns millimeters and up

First Principles Molecular Dynamics Mesoscale Engineering Scale

* ldentify critical bulk < ldentify interfacial * Predict - Use analytical
mechanisms mechanisms microstructure theory

* Determine bulk * Determine interfacial evolution * Predict fuel

properties properties * Determine imy
properties IDAHO NATIONAL LABORATORY



[l Gaseous swelling in U-(Pu)-Zr fuels

* Renewed interest from commercial
sector (Oklo Aurora, Lightbridge)

— Draw on experience from EBR-II
reactor at INL

“g
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Oklo Aurora Lightbridge

* Fuel pin center: Gamma + (alpha or man et al, 1990)

beta) phase

— Gamma-phase swelling and
microstructure: Dominated by large
fission gas bubbles

» Fuel pin periphery: Alpha + delta
phases

— Swelling primarily due to tearing
mechanism

* Current BISON models assume : : depces
swelling and fission gas release by Gas bubble microstructure in y
fission gas bubble mechanism phase U-Zr fuel

( g amm a) th rou g h 0 Ut Hoffman & Walters, Metallic Fast Reactor Fuels



New swelling models added to BISON for U-
(Pu)-Zr fuels

UPuZrGaseousEigenstrain: Single equation analytical model

Gaseous swelling:

AV _ (3 (RT/2)Yx PP
V() g B 41 N1/2

T = temperature

y = surface energy of bubble-solid interface (have this from lower
length scale)

Yy, = gaseous fission product yield

F = fission rate density

f=time

N = number density of bubbles (estimated from experimental data)

Fundamental Aspects of Nuclear Reactor Fuel Elements (Olander)




lll Threshold for gas release in
UPuZrGaseousEigenstrain

Swelling occurs until porosity is high enough to allow gas release
— Swelling tapers off linearly in range from p; < p < p,
— p; = interconnection initiating porosity
— p; = interconnection terminating porosity

 Fraction of gas released increases linearly in same range

* Previous estimate of p,= 0.25 porosity (33% swelling) based on
analytical estimate (Barnes, JNM, 11, 2, 135-148, 1964). p; was
chosen at 0.23 for model performance rather than physical
grounds

» Goal: Develop improved estimates of gas p; and p, by simulating
percolation of growing fission gas bubbles

IDAHO NATIONAL LABORATORY




Il Phase-field simulation of growing gas
bubbles

« Large 3D simulations required to get good statistics, so start with
the simplest model possible
— Cahn-Hilliard model, single defect species with source term for
production in the solid
— Free energy with minima at normalized defect concentrations
c=0andc=1

K
F = /v(fb+fgrad)dv fb — WC2(1 - C>2 fg’l“ad — §|VC|2

o= dc  Oc Ve
oc
S = so[1 — h(c)]
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I Phase-field simulation of growing gas
bubbles

« Initial conditions: Randomly placed isolated bubbles at N = 3 X
10'4/m3, as determined from experiment

* Interfacial energy 1.8 J/m?from atomistic calculations

« Diffusivity not well known, so vary Cahn-Hilliard mobility with fixed
source strength to see effect

Initial conditions, simulation ¢ = 0.5 contour

volume (72 pm)?

IDAHO NATIONAL LABORATORY




- Phase-field simulation results

* (72 um)3 domain, 112 bubbles for N = 3 X 104/m?
- Effect of varying mobility:

Time: 0.000000 Time: 0.000000

S=5X103M=1

IDAHO NATIONAL LABORATORY



Il Volume fraction of bubble phase
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- High M: Volume fraction increases more quickly as defect species is

carried from solid to bubbles more quickly




- Surface area of interface
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* Mobility changes morphology

— Competition between source term growth (increases surface area)
and coarsening (reduces surface area)

— High mobility case: Coarsening is accelerated, reducing surface
area as growing bubbles begin to interact with each other

IDAHO NATIONAL LABORATORY
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Length scale/feature size

* Would like to have simulation
domain size >> length scale
throughout

* How to measure?

— Bubble radius is convenient
In early stages but loses
meaning when a highly
interconnected microstructure
forms

— Alternative: Inverse of
surface area per unit volume
of bubble phase, 1/S,

+ Used for coarsening in
past

- 1/S, remains at least an order
of magnitude < domain size
(72 pm) throughout

——M =1 [
M = 2.5|]
M=5

%

0.1 0.2 0.3 0.4
p
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I Connectivity to surface

 Fraction vented to surface as a function of porosity

* Percolation threshold (p_) for each mobility Vented: Connected to

this surface (x =72 pm,

1 T T r—
- M =1 no-flux BC)
M =15
0.6}
e
0.4} -
0.2r f'ﬁJ | \ :OA |
o I
0 :;:;;;:..W . .
0 0.1 0.2 03 04 Percolated: One or more
D bubbles connects these
faces
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Percolation threshold

0.8}

0.6

fv

0.4r

0.2f

- M =1

p, = 0.264

shold

0.1 0.2

fv

0.3

0.4

0.8t

0.6

fv

0.4r

0.2f

0.3 0.4

0.4

IDAHO NATIONAL LABORATORY




Varying initial conditions to obtain improved
statistics and quantify uncertainty

* Generated multiple random bubble distributions for initial
conditions

1

1

——M = 2.5, Config. 1
08t ——M = 2.5, Config. 2| /#
M = 2.5, Config. 3| |
—— M = 2.5, Config. 4
—— M = 2.5, Config. 5

—-— M =1, Config.
0gl|M =1, Config.
M =1, Config.
—-— M =1, Config. 4
—M =1, Config.

W N =

0.6 0.6f

1S =
0.4} 0.4}
0.2} 0.2f
0 S S T 0
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
b b

—— M =5, Config. 1
0gl|~—M =5, Config. 2

M =5, Config. 3
—M =5, Config. 4

M | N (m™?) Mean p. | Std. dev. p,.

08| Tar 25 Conti 5 1 | 3x10™ 0.262 0.00722
" od| 2.5 | 3 x 1014 0.255 0.00623
5 | 3x 10 0.261 0.0115

0 Oi1 0i2 0i3 0.4
p IDAHO NATIONAL LABORATORY




lll Determining parameters for Bison U-(Pu)-Zr
swelling model

« Assume no significant gas release can occur from interior regions
of fuel until percolation threshold is reached

- Set p,=mean p, = 0.262
- Based on EBR-II post-irradiation examination, fission gas release
plateaued at 80% of fission gas produced
— Define p, g as the porosity at which f, = 0.8
- Set p,=mean p,5 = 0.279

M | Mean pgg | Std. dev. pgg
1 0.279 0.00338

2.5 10.268 0.00930

5) 0.281 0.0149

IDAHO NATIONAL LABORATORY




I BISON fission gas release prediction from
simulated EBR-II fuel pin

« Optimization was performed using Dakota to determine model
parameters that best matched experimental measurement of FGR

— Results were strongly dependent on initial guesses for
parameters

» Using values of p; and p, from phase-field simulations significantly
reduced the dependence on initial guesses for other parameters

Fit p; and p; p; and p, from phase-field

80 1 o o ° 80 1 o« L e
[ 4 [ d
® [ ] ° ®
3 60 $ 601
< Dakota Opt Dakota Opt b Dakota Opt Dakota Opt
b U-8Pu-10Zr U-8Pu-10Zr o U-8Pu-10Zr U-8Pu-10Zr
b N(init)=1€20  N(init)=1e16 3 N(init)=1€20  N(init)=1e16
g N = 1.10el9 8.32el7 g » N = 1.58el8 1.50e18
» 404 init_por = 0.180 0.202 w 404 init_por = 0.26 0.26
(‘_g term_por =  0.211 0.250 8 term_por = 0.28 0.28
c crit_ por = 0.196 0.226 c crit_por = 0.27 0.27
2 fract_init= 0.568 0.202 2 fract_init= 0.296 0.278
o fract_ post =  0.811 0.811 o fract_post =  0.840 0.834
- 504 Obj Func = 147 138 “ 504 Obj Func = 146 146
—— Dakota Opt (U-8Pu-10Zr,N(init)=1e20) —— Dakota Opt (U-SPU-IOZr,N(fnft)=1e20)
—— Dakota Opt (U-8Pu-10Zr,N(init)=1e16) —— Dakota Opt (U-8Pu-10Zr,N(init)=1e16)
0 1 @ EBR-ll Data (U-8Pu-10Zr) 0 1 @ EBR-Il Data (U-8Pu-10Zr)
00 25 50 75 100 125 150 175 200 00 25 50 75 100 125 150 175 20.0
Peak Burnup (%) Peak Burnup (%)
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Bl Conclusions and next steps

* Determined improved parameters for BISON model
UPuZrGaseousEigenstrain

— Results fairly consistent for varying defect species mobility
(over limited range considered)

— Higher initial bubble density pushed percolation and venting
earlier

 Further efforts to quantify this parameter (experiment and
simulation) for a variety of fuel compositions and operating
conditions

* More advanced swelling model development in progress
(considers more realistic gas equation of state, effect of
hydrostatic stress, more realistic interconnectivity function)

— Same simulations are being analyzed to parameterize this

model
IDAHO NATIONAL LABORATORY
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ll U.Si, is being considered as a potential
accident-tolerant fuel

» Compared with UO.;:
— Lower melting temperature

— But higher thermal conductivity PR AT T AN
may give higher margin to a0 20 nme
melting temperature o7 Lk N e

: : . U,Si, implanted with Xe at 873 K
* U;Si, swelling/fission gas release (Miao et al., J. Nuclear Mater., 503, 314-322

behavior less well characterized (2018).

— Evidence from higher-
temperature irradiation
suggests pellet-form fuel would
remain crystalline, have similar
microstructure as UO, fuel

« BISON model recently developed

";:_i

based on these assumptions U.Si, irradiated at ~950 K and ~6
GWd/tU (Shimizu, NAA-SR-1062, 1965).

IDAHO NATIONAL LABORATORY
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[l Lower length scale calculations to reduce

uncertainty in BISON

Inter-granular diffusion coefficient (vacancies) | 4 . . . -
Configuration for MD Calculation of GB Energy
Inter-granular bubbles initial number . 1.6 H S : I HE —
Inter-granular bubbles dihedral angle | l—P 1.4
Surface energy | a g 1.2
Re-solution rate | ‘g 1
i
Intra-granular nucleation factor |- gﬂ.s /
e . ) 206
Intra-granular diffusion coefficient (vacancies) | =]
50 Fission gas release ‘F04
Intra-granular diffusion coefficient (atoms) {8 Intra-granular swelling 0
I Inter-granular swelling 0.2 20K 400K -&800K
-1.0 ~05 0.0 0.5 1. o 1200 K ~=-1600 K
Normalized sensitivity coefficient (/) 0 15 30 45 60 75 90

Misorientation Angle (degrees)

 Sensitivity analysis of BISON U,Si, swelling and gas release predictions
showed strong dependence on inter-granular bubble dihedral angle and
surface energy

— Measured values also not available

 Surface energy and grain boundary energies were determined for U;Si, using
molecular dynamics (MD) calculations

— Dihedral angle (6) calculated from surface energy and grain boundary
energy; input to BISON

— Data also used to parameterize Marmot model
Beeler, Baskes, Andersson, Cooper, Y. Zhang, J. Nucl. Mater., 514, 290-298 (2019). JRLSIO SIS HAB LA




[l Lower length scale calculations to reduce
uncertainty in BISON

Saturation coverage of grain faces | .
Inter-granular diffusion coefficient (vacancies) 4
Inter-granular bubbles initial number | 1
Inter-granular bubbles dihedral angle | i PI 1
Surface energy | I d 1
Re-solution rate - |—L 4
Intra-granular nucleation factor é 4

SIS

Intra-granular diffusion coefficient (vacancies) |

[ Fission gas release

Intra-granular diffusion coefficient (atoms) || BB Intra-granular swelling 7
N Inter-granular swelling MA RMOT

-1.0 -0.5 0.0 0.5 1.C
Normalized sensitivity coefficient (/)

 Sensitivity analysis also showed strong dependence on saturation
coverage of grain faces (F ;)

— No measured value available for U;Si,

« Phase-field simulations® showed progress of grain boundary venting was
strongly dependent on intergranular bubble areal density and dihedral
angle

— New phase-field simulations are being used to determine F_ ., using
U,Si, parameters

Millett, Tonks, Biner, L. Zhang, Chockalingham, Y. Zhang, J. Nucl. Mater., 425,
130-135 (2012). IDAHO NATIONAL LABORATORY




Jlll Phase-field model: Essential physics

* Represent bubble phase and Grain 1
multiple grains of U;Si,

 Track vacancies and fission
product species (Xe only)
— Source terms for production
 Set surface energy and grain
boundary energy
— Controls dihedral angle 6

— Remove bulk energy
contribution to interfacial
energy

Bubble Grain 2

IDAHO NATIONAL LABORATORY




I Phase-field model: Grand-potential functional

ai S ~ Yaips 1

a i=1 a 1=1 B j=1,0i#Bj A
+ — Z Z |vnaz|2 + Z ho‘wa> av
a 1=1

* Multi-phase, multi-order parameter extension to grand-potential
model
- Advantages:
— Bulk free energy contribution is removed from interfacial energy

— Allows interfacial thickness and energy to be set independently,
enabling coarser mesh, improved computational performance

— Similar to KKS in this respect, but do not need separate phase
concentration variables, so performance is improved

— Prevents spurious formation of additional phases at two-phase
interfaces

L.K. Aagesen, Y. Gao, D. Schwen, K. Ahmed, Phys. Rev. E, 98, 023309 (2018).
L.K. Aagesen, D. Schwen, M.R. Tonks, Y. Zhang, Comp. Mat. Sci., 161, 35-45 (2019). IDAHO NATIONAL LABORATORY




I Phase-field model evolution equations

* Order parameters: Allen-Cahn
« Densities: Change to chemical potential for each species

8,ug o 1 apg anaz

Gas: 9t Xo V- (DgxgVig) H8g1— 2@:; O Ot
_ Oy B 1 _ Opy OMNai
Vacancies: a V - (Dyxo Vi) H 8y — z@:; s O }

IDAHO NATIONAL LABORATORY




lll Phase-field model initial conditions

* Intergranular bubble areal density (n,): Determine from rate theory
simulations

- At 1035 K, n, = 15 / um?

10" : ; . . . , ' 40
|Ilm11:|1Ilmm:u:l:u:m:mmﬁEI G =20 K/mm
10" | ‘g‘
: 430 —
3 10"} 3
10" iy OB 20 ¢
©
S
10™ F P
13 10 §
~ 107 @
£
1012 P 1 1 1 0
250 500 750 1000 1250
S

Y. Miao, K.A. Gamble, D. Andersson, B. Ye, Z.-G. Mei, G. Hoffman, A.M. Yacout,
Nucl. Eng. Design, 322, 336-344 (2017).




Phase-field model initial conditions

* Determine F_ .,
- 1035 K

- 0/12=73

* No-flux boundary conditions
* 3 yum X 3 uym grain boundary

» Populate with randomly placed
lenticular bubbles, n, = 15/ ym?,
minimum spacing 160 nm

3 um X 3 um

IDAHO NATIONAL LABORATORY




I Phase-field simulation results

t=0

t=6.04 x 107 s t=1.62x10°%s t=1.97 x 108 s

IDAHO NATIONAL LABORATORY




- Phase-field simulation results
. : 20 .

C

0.8}

0.6}

o
<
=

0.4}

0.2}

0

0 05 1' 5 2 0 05 i 5 2

t(s) x108 t (s) <108
« Plot fractional coverage of GB (X;5¢) and fraction of bubbles that
are vented to edge of domain (XzgY) vs. time

— Less rapid increase with respect to time compared to previous
simulations of Millett et al., due to to slow buildup from source
terms

 Areal density of bubbles vs. time

— Rate of coalescence relatively constant until the bubble
density reaches approximately half its initial value, then slows

IDAHO NATIONAL LABORATORY




Jll Informing BISON with phase-field results

- Plot fraction of bubbles that are vented to edge of domain (Xz5")
vs. fractional coverage of GB (X;5°)

* Implications for BISON:

- Short term: Set F_ ., where slope of curve is greatest (shown:
Xgg® =0.62)

— Longer term: Modify BISON model to turn off swelling and
release gas gradually following curve shape

1 T T T 1
0.8} . 0.8}
0.6F . 0.6F
3 =3
N 04+ . >< 0.4}
0.2} . 0.2}
0 . . : : 0 : : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
XGp FC sat X&p
BISON Assumption Marmot Simulation

IDAHO NATIONAL LABORATORY




I Effect of simulation assumptions on
predicted value for BISON model

« Simulation initial conditions

— Maintain all simulation Configuration Fe sat
parameters the same, including 1 0.54
minimum spacing /,,, = 160 nm

— Change seed in random number
generator used to determine

2
3

initial bubble positions 4 0.63
5

— 5 total configurations simulated 0.62
using these parameters

« Mean F = 0.60

c,sat
e Standard deviation indicates
calculated value of F_ ., is relatively
insensitive to initial bubble

configuration

0.62
0.61

Mean 0.60

Standard Deviation | 0.036

IDAHO NATIONAL LABORATORY




Jllll Effect of minimum bubble spacing in initial
conditions

 Also simulated /,,, = 130 nm, 200 nm, 5 configurations each
« 200 nm: Initial portion of release curve delayed
- Slight decrease in F_ .., with /., but may be just due to statistical

variation
L = 200 4
0.8} == lmin = 160 Min.
Limin = 130 spacing
- 0.6} (Imin)! nm
N 130 0.61 £ 0.039
s 0.4
AT 160 0.60 + 0.036
05 200 0.58 + 0.046
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

IDAHO NATIONAL LABORATORY




llll Effect of simulation domain geometry

- Compare venting curves for circular GB vs. square GB
— Circular GB: F_ .., = 0.61 £ 0.046, Square GB: 0.60 + 0.036

c,sat
— Conclude that GB geometry does not have a significant effect

——Circle GB
|| -=—Square GB

0.2 0.4 0.6 0.8 1
C
XGB

IDAHO NATIONAL LABORATORY




Jlll Effect of simulation temperature

* Current BISON model assumes F_ ., is independent of
temperature

* Primary effect of varying temperature: Gas diffusivity D,

* Ran 5 simulations with T = 1015 K (D, decreased by 2x)
— Much finer microstructure at same simulation time
— No change in calculated F_ .., = 0.60 £ 0.014

c,sat

Microstructure at
t=1.98 x 108 s:

D, =0.05 nm2/s D, = 0.1 nm#/s

IDAHO NATIONAL LABORATORY




Conclusions: U,Si, fission gas release

« BISON predictions of fission gas release and swelling are strongly
dependent on dihedral angle, surface energy, F

c,sat
— No measured values available

 Phase-field simulations were used to calculate FC’Sat

— Determined without needing to wait for costly post-irradiation
examination

* F ot = 0.60 recommended for BISON U,;Si, model

* No strong effect on F ., from initial conditions, minimum bubble
spacing, simulation domain geometry, temperature (in range

considered)

» BISON simulations of U;Si, ATR irradiation underway, using
parameters determined from lower length scale calculation and

their uncertainties




lll Fine fragmentation/pulverization of high-
burnup UO,

Potential to occur during loss-of-
coolant accident (LOCA)-type
temperature transients

Formation of fine fragments <100
micron in size

Fine particles can potentially escape
into coolant from burst cladding
during LOCA

Industry would like to understand this
problem better to strengthen their
case for increasing fuel burnup limit
from 62 to 75 GWd/MTU

Hypothesized mechanism: During
LOCA, trapped gas in bubbles heats
up and becomes overpressurized,;
cracking initiates at these
overpressurized bubbles

Number of Fragments

250

8

g

8

Y v -
200

400 600 800 1000
Turnbull et al., Nuc. Sci. &
Eng., 179,477 (2015).

R A T G ST S PR YUY
o~ : - 3 & "; » f s -

o

Hiernaut et al, JNM 377, 313 (2008).
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llll BISON model for pulverization

Turnbull et al., Nuc. Sci. & Eng., 179,477 (2015). [Sonoda et al., NIMB, 2002].

* Current model is empirical, based on burnup and temperature
» Pulverization is predominantly observed to occur in regions where
high-burnup structure (HBS) has partially or completely formed
— HBS: Grain size decreases to ~150-200 nm, micron-sized
bubbles form with multiple grains intersecting each bubble

» Goal of milestone: Develop a physics-based criterion for pulverization
in BISON that accounts for microstructure

- Focus on HBS




HBS bubble response to LOCA transient

* Bubbles in HBS region are ~1 ym and believed to
be overpressurized relative to equilibrium (based
on observed dislocation punching around bubbles):

2
- P = )I;St‘l‘O'H

* Overpressurized bubbles exert compressive stress

in the radial direction on the surrounding matrix. Vacancy
Flux

* During LOCA transient, temperature and therefore
bubble pressure increases further, causing stress
in the matrix to increase further. Compressive
stress may lead to vacancy flux to bubble, causing
bubble growth.

* Key Questions:

— Does significant bubble growth occur
during duration of a LOCA transient?

— What is the pressure response to a given

temperature transient?
IDAHO NATIONAL LABORATORY




Phase-field model: Essential physics

 Single order parameter n to represent gas bubble
and fuel matrix phase

— Current model does not consider grain
boundaries
 Track vacancies and fission product gas atoms
— Use Xe properties for fission product gases

— Source terms for production, sink term to limit
vacancy concentration to steady-state

« Chemical and elastic bulk energy contributions

« Solid-bubble interfacial energy

— Kim-Kim-Suzuki (KKS) approach to remove
bulk energy contribution to interfacial energy

IDAHO NATIONAL LABORATORY

« Surface tension of bubble-matrix interface
« Xe gas pressure




I Phase-field model: Free energy functional

K
F= [ [fonem + Wotn) + 5191 + 1] av,
\%

* f-nem = bulk chemical free energy density. h(n) is a smooth
interpolation function:

fchem — [1 - h(n)] cTZem(CZ%? C;n) + h(??) é)hem(cg’ Cg)

- ., = chemical free energy of the matrix phase. Fit a parabolic
approximation to ideal solution energetics:

m ~ £m _ k:}n( m m,min)2_|_ /ﬂg ( m m,min)Z
ideal ™ Jchem — 2 Cy Cy 2 Cg Cg

- fb = chemical free energy of the bubble phase. The bubble is
considered to be a mixture of gas atoms and U-site vacancies.
Energy given by the Helmholtz free energy of a van der Waals
gas:

CoY T
hem = Co— |In 1+ 2= -2+
h gVa L (nQ(Vab>> J 2( g) fO

IDAHO NATIONAL LABORATORY




Jlll Parameterization for Xe gas phase

5 x10°
Vac 4l
E
~ 3¢}
-
> =of
B
|
0 1 1 1
Xe 0 02 04 06 08 1
Vac cy(cg +cy =1) Xe
Gibbs triangle: U lattice Helmholtz free energy density: Van der Waals gas
sites (parabolic approximation)

IDAHO NATIONAL LABORATORY




I Phase-field model: Elastic energy

* Interpolating elastic energies and stresses (Voigt-Taonr scheme):
1 eLb el,b

fu = L= ROIFE +ROSY 13 = GOy 6™ =5 Chue el
» Mechanical equilibrium equation:

m m elm

V-0 =V- Hl - h(n)]a;‘}’ + h(”)”?j + Ufﬂ =0 Oij = “ijkiCki

- Eigenstrain due to vacancies:

el,m __ * 0y, 05
€ T Gy — & = €y — (e — €y) €035

* Bubble pressure:

kT el,b
Ug)j:—(ﬁ b)1+09kl€kl

b
g

« Surface tension:
s K
ol = [Wg(n) + §|Vn!2} I-kVn®Vn

IDAHO NATIONAL LABORATORY




Evolution equations

Allen-Cahn for order parameter:
on OF
=L
ot (5n>
d

L[~ )= el = ) =yl — )] = W v

Cahn-Hilliard for vacancy and gas concentration (source for
vacancies and gas atoms, sink for vacancies to approximate
recombination):

dc,
;t =V M,V + sy — Kyc™
oc
8—159 =V - MgV, + 34
* Mobilities are a function of defect diffusivities:
Y hD? + (1 — h)DT" _ hD}+ (1 —h)DI
7 d? f/dc2 v d?f/dc?

+ KKS system constraints

IDAHO NATIONAL LABORATORY




I Phase-field model verification and testing

« Considered stress state in equilibrium, underpressurized,
overpressurized bubbles (1D simulation in radial coordinates)

 Equilibrium: o, = 0 in surrounding solid matrix
« Under/overpressurized: a,, = +/-, corresponding to
tensile/compressive stress in surrounding matrix

« Growth during steady-state operation: Bubble pressure drops but
remains above equilibrium

p x10° ' ' p x10° ' ' x10°

Or ot PP Of
. 2r . ol
< Bubble Matrix = _ = sl _
& 4l |~ ,| Bubble Matrix | £ Bubble Matrix
S & 5

-6 i Al I IS

6 ' ——Az =10 nm -10}
-8t 8t ——Ax = 25 nm|-
Orestendmdendmien Az = 50 nm
™% 200 400 600 : : 1 : :
) 0 200 ) 400 60( 0 200 400 500
T
Underpressurized Equilibrium Overpressurized
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I Bubble growth during steady-state operation

750 - - . . 10 210 . .
— Bubble
700 — 10 — Equilibrium |
— .
;é/ 650 f o 8t
=
E 600 | 7 6t
T 5501 A 4}
A %
500 O 2t
450 : : : : 0 : : : :
0 2 4 6 8 10 0 2 4 6 8 10

Time (8) %108 Time (s) x10°

* Assume bubble pressure is 100 MPa in initial conditions
— Upper bound based on dislocation punching pressure
» Bubble pressure decreases during growth but remains well above
equilibrium pressure
— Increased likelihood of fragmentation during LOCA
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Jlll Bubble growth during steady-state operation

) )
« 3D simulation to 1.5 x 107 s, 2 bubble impingement, initial radii of
300 nm

 Hydrostatic stress surrounding bubbles
— Region of enhanced compressive hydrostatic stress in “neck”

e
o~ 4
o
o

\H‘n

s ON
W NN —=——— OO BN 0
o000 O®

o obibPxobiy
® OO ) o+ ++
LNT- ¥ 13

+ + + + + +
O NNN NNNN

N

t=1.3x106s

c%eoe
Hydrostatic stress (Pa)

R
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Jlll Bubble response during LOCA transient

x108

— Py = 200 MPa
— Py = 100 MPa
Po = 50 MPa

-

50 100 150
Time (s)

4

w

Gas pressure (Pa)
N

—h

o

o

Temperature ramp from 700 to 1400 K at 5 K/s

Consider fixed bubble radius of 250 nm in initial conditions

Maximum initial pressure set to P, = 200 MPa (upper bound based
on dislocation punching); vary P, for fixed bubble size

No significant change in bubble radius for each case
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Jlll Bubble response during LOCA transient

><108

—R = 250 nm
— R =500 nm
R = 1000 nm

——

50 100 150
Time (s)

* Vary initial radius: 250 nm, 500 nm, 1000 nm
— Change domain size to maintain 10% porosity

4

(Ea)

[\

(Gas pressure

o
o

* Initial pressures set at upper bound estimate from dislocation
punching: 200, 100, 50 MPa.

* No significant change in bubble size
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Jlll Bubble response during LOCA transient

8
5 x10 .
—P,,; =0 MPa
—~1.8¢ —P.,; = 30 MPa
Q‘f P.,; = 60 MPa
% 1.6}
2 1.4
&
2121
n
<
O 1
0.8 : :
0 50 100 150
Time (s)

« Vary external pressure at simulation domain boundary, P, _, for

constant bubble R = 500 and P, = 100 MPa
* No significant size change; pressure transient unchanged

ext’

- P,,may have a stronger impact on fracture behavior
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I Modeling fragmentation in high-burnup UO,
using phase-field fracture

Temperature (K)
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Il Rod 196: External pressure

 External restraint pressure significantly affects the gas pressure at
which fracture occurs
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lll Conclusions: High-burnup UO2 response to
LOCA transients

« Developed new phase-field model that accounts for effects of
surface tension and gas bubble pressure to understand non-
equilibrium bubbles

* Bubble size did not change significantly during LOCA transients

* Pressure as a function of time determined for given transients and
passed to phase-field fracture model

* Next steps: Using phase-field fracture results, develop
microstructure-based fragmentation criterion for BISON
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Thank you!
Questions?

ﬂ
mb Idaho National Laboratory




