. U.S. DEPARTMENT OF

» ENERGY Nuclear Energy

Modeling Hydrogen Transport and
Precipitation of Hydrides in Zircalloy using
Thermo-Chemistry Solver in BISON

Theodore M. Besmann (Principal Investigator)
Stewart L. Voit
Markus H. A. Piro
Srdjan Simunovic (presenting)
April 30, 2014



U.S. DEPARTMENT OF

ENERGY

Nuclear Energy

SENTOp
5> &

L >
£ A\
< ~ -
A ) )2

& 4

2> (S
NATES Otg

Outline

B Project highlights
H Introduction to thermodynamics and THERMOCHIMICA

B New implementation of THERMOCHIMICA and reaction-diffusion
equation for Zr hydride precipitation in BISON

B Examples

FHENEAMS
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® This project contributes to the NEAMS vision by:
* Developing an efficient thermochemical code, THERMOCHIMICA, for
coupling to depletion, transport and material models
e Utilizing thermochemical models to simulate chemical evolution in nuclear
fuel and reactor components
* Providing information to various material and process models
® The tasks for FY13 were:
* Advancement of THERMOCHIMICA utilizing fuel models/databases
* Integration of THERMOCHIMICA with BISON
* Expansion of a thermochemical database for fuel-fission products

B The main accomplishments in FY13 were:
* |nitial integration of THERMOCHIMICA with BISON
* Demonstration of prediction of oxygen potential across oxide fuel radius

at high burnup
* |nitial demonstration of hydriding of clad using transport coupled with

THERMOCHIMICA P NEAMS
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Highlights (cont.)

B FY14 Tasks
* Refine/improve coupling of THERMOCHIMICA with Moose/Bison
* Couple THERMOCHIMICA with Marmot

* Expand THERMOCHIMICA capability for handling complex thermochemical
models

* Simulate fuel-fission product behavior including transport

FHEENEAMS
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AW ENERGY Thermochemistry Applications in
Nuclear Energy NUCIQar Fuel

B Example applications include: LWR Clad Image
e Zirconium hydriding,
* |rradiated fuel chemistry in-reactor,
* |rradiated fuel chemistry out-reactor,
* Fission gas retention,

* |odine-induced stress corrosion cracking (I-SCC
interaction (PCI)

* CRUD formation.
SEM in high burnup structure UO, fuel

Sunburst formation (hydride
blister) in fuel clad.

Noble metal HCP “white phase’.

. #ENEAMS
Above: Figure kindly provided by T. Wiss and V.V. Rondinella (ITU) 5n mEmmmEm

Top right: Markowitz, WAPD-TM-351, Bettis Atomic Power Lab., 1963. NUCLEAR ENERGY ADVANCED MODELING & SIMULATION PROGRAM




SENT Op
& &

&7 2
&7 2
3 e \2
2 £/

& \%.

A5 >
ZATES O

U.S. DEPARTMENT OF

ENERGY

Nuclear Energy

Thermodynamic Modeling

Define components,
species, phases, conditions

Define solution models, ™ Thermodynamic
activities databases

Develop thermodynamic M Thermodynamic

model and database software
Define initial species, B Process model
pressures, temperatures * e.g. BISON
Calculate chemical B THERMOCHIMICA
equilibrium

FEENEAMS
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Thermodynamic Databases

B SGTE (Scientific Group B FACT (Facility on Analysis of
Thermodata Europe) Chemical Thermodynamic)

® 00 SGTE - Scientific Group Thermodata Europe 8 06 FACT - Facility for the Analysis of Chemical Thermodynamics

Lzl ANLANT > v sore.org (o] (2] (8] (A A] [@] [+ ] wwcretpolymiica [ Reader §[2)

g Facility for the Analysis of Chemical Thermod; A |
LI I ] — Home CRCT Newsletters Frangais

FactSage.com WW ’
e

Facility for the Analysis of
Chemical Thermodynamics

SGTE Scientific Group Thermodata Europe |

. 3 . Ph Di: Down
Home SG TE is o consortivm of centers enguged in the development of S T ——

About us t/remm/ynamic dotnboes far inoraanic and metall /m:gim /. yr{em:
Methodology and their a/:/yﬁ'mfion fo /mcﬁm/ /mé/emy

Products

Intranet P Corrosion

Ordering FactSage Package

Fact-Web

THome of the &Ct compound and solution databases

Free
Links
Contact

yn 1976 F*A*C*T started as a joint project between two universities, the Ecole Polytechnique de
Montreal and McGill University, for treating thermodynamic properties and calculations in chemical
metallurgy. In 1984, the research centre CRCT - Centre de Recherche en Calcul Thermochimique /
Centre for Research in Computational Thermochemistry, was founded at the Ecole Polytechnique in
order to promote and develop F*A*C*T in both research and teaching. After more than 20 years of
collaboration on software development between the F*A*C*T group and GTT-Technologies, the

common product &ctsage“‘ was released in 2001.

Pollutio

F*A*C*T has grown into a fully integrated thermochemical database that couples proven FactSage
software with self-consistent critically assessed FACT thermodynamic data. It is employed in diverse
fields of chemical thermody ics by pyr llurgists, hydr gists, i engineers,
Chemical Vapor Deposition corrosion engineers, inorganic chemists, geochemists, ceramists, electrochemists, environmentalists,
etc. and it is installed in hundreds of universities, government laboratories and industrial research
centers around the world.

Welcome to the website of SGTE. If you are interested in thermodynamics or phase diagrams for inorganic or . ) . . .
metallurgical materials | hope that we will have something which will interest you. Our members collectively have For more detailed information on F*A*C*T click on "About F*A*C*T".
unrivalled expertise in critically assessing thermodynamic data and applying them to a wide variety of industrial and
environmental concerns. If you see something on our website of interest and would like to find out more, ... or .

alternatively if you are concerned with a new area and you think we may be able to help you, please contact one of Last updated: May 28, 2013 - Christopher W. Bale CRCT - FACT - FactSage page created by Eve Bélisle

our members or enter your question by clicking on the “Contact’ link in the menu. We will be only too pleased to learn
more about your interests.
Torsten Markus, SGTE Chairman

FHEENEAMS
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ENERGY Thermodynamics Software with
Nuclear Energy APls

B FACTSAGE & ChemApp = MTDATA NPL

(&) [~ A ‘?' : _ * Windows only

1B FactS Workshop, China, May 26-28 2014

Greswest . e

Slide Show Programs Tools About

MTDATA : Advanced Materials : Science + Technology : National Physical Laboratory -

(@] [ + v www.npl.co.uk

CRCT - ThermFact Inc.
& GTT-Technologies

Search NPL.

Science + i Joint Ventur Publications

Technology

Manipulate

@ Home > Science + Technology ) Advanced Materials > MTDATA

T—
Databases

MTDATA

Phase Diagram Software from the National Physical Laboratory.

w Data
—

~_

I coneoun |

i-mﬁii
\

The NPL software tool for the calculation of phase equilibria and

thermodynamic properties. New to MTDATA?
The benefits of MTDATA are: Click here to download a demonstration version

« improved understanding and prediction of processes as a whole
T CEEE—
« energy savings and avoidance of pollution and corrosion
=
Features of MTDATA for Windows include:

Software
« Automatic calculation of binary and temary phase diagrams

« Full support for Windows printing operations Databases
« Wide range of phase types Downloads
« Flexible and powerful database management Applcations
« The most reliable equilibrium calculations available

.
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Access to a wide range of critically assessed ic data
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History of THERMOCHIMICA

B THERMOCHIMICA is an open-source thermochemistry library.

M History: Initiated during M.H.A. Piro thesis at RMC, continued during
Post-Doc at ORNL, currently maintained by Piro, his students and S.
Simunovic.

B The main source code is maintained on a repository managed by
Piro. A copy in the Moose/Bison repository contains additional APls .

B The solver has similar capabilities as commercial codes.

B Several algorithms have been advanced/developed to speed up the
computations and make the solver more robust.

M.H.A. Piro, “Computation of Thermodynamic Equilibria Pertinent to Nuclear Materials in Multi-

Physics Codes,” PhD Thesis, Royal Military College of Canada (2011). EEEEEEEE
M.H.A. Piro, S. Simunovic, T.M. Besmann, B.J. Lewis and W.T. Thompson, A e N I- AMS
Comp. Mater. Sci., 67 (2013) 266-272. o RSN
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Thermochimica: Input / Output

H Input:
* Temperature,
* Hydrostatic pressure,
* Mass of each chemical element, and
* Thermodynamic data-file.

B Output:

* Which phases are stable and their quantities (e.g., does it rust? does it
melt?),

* What is the composition of each phase (e.g., how much Cs/l is in gas and
how much is solid?),

* Chemical potentials of every component in the system (useful for mass
diffusion), and

* Heat capacity, enthalpy, entropy and Gibbs energy of system (useful for

Phase Field simulations).
HEENEAMS
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Gibbs Energy Minimization in a Nutshell

B At thermodynamic equilibrium, the Gibbs energy of a closed system

at constant temperature and pressure is at minimum.
* Satisfying conservation of mass, the first and second laws of
thermodynamics, and Gibbs phase rule.

@ The numerical procedure determines a unique combination of co-
existing phases with a unique composition of constituents that yields
a minimum in the integral Gibbs energy function.

M Different types of thermodynamic models are capable of describing
different physical-chemical behavior.

B Time dependency is not considered. This is generally a good
assumption when temperature is high and time scale is long.

HEENEAMS
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Numerical Methods

B From a mathematical point of view, this is a numerical optimization
problem of a non-convex function with linear and non-linear equality
and inequality constraints. Also, the active set of constraints
change throughout the iteration process.

B The overall objective is to minimize the integral Gibbs energy of the
system subject to the mass balance constraints and Gibbs’ Phase
Rule.

B Numerical methods employed by THERMOCHIMICA are described in
the literature (1-4).

1. M.H.A. Piro and S. Simunovic, CALPHAD, 39 (2012) 104-110.

2. M.H.A. Piro, S. Simunovic, T.M. Besmann, B.J. Lewis and W.T. Thompson,

Comp. Mater. Sci., 67 (2013) 266-272.

3. M.H.A. Piro, T.M. Besmann, S. Simunovic, B.J. Lewis and W.T. Thompson, J.

Nucl. Mater., 414 (2011) 399-407. T o

4. M.H.A. Piro and B. Sundman, to be published. =n :'::.':N EAMS
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i Numerical Methods — Local
Nuclear Energy Minimization

B Minimize the integral Gibbs energy of the system (i.e., 1st and 2"d [aw
of thermodynamics):

G an luz ) lu
i=1 i=

M Subject to the following linear equality constraints (i.e., conservation

of mass): A v 0 .
4 A

b, = nﬂzxi(l)ai,]+znwaw] le.(i) =1
R i=1 =

B and inequality constraints (i.e., non-negative mass and Gibbs’ Phase

Rule):
e x,-(i)>0 n>0 A+Q<E

H ENEEEER
14 NUCLEAR ENERGY ADVANCED MODELING & SIMULATION PROGRAM

M.H.A. Piro, S. Simunovic, T.M. Besmann, B.J. Lewis and W.T. R —
Thompson, Comp. Mater. Sci., 67 (2013) 266-272. - :.N EAMS
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5 Numerical Methods — Global
Nuclear Energy Minimization

B At thermodynamic equilibrium, the following linear equality constraints
must be satisfied for all stables phases:

E E
Mi(l)—Elai’jrj =0 ﬂ anjrj =()
J= j=l1

B and the following non-linear inequality constraints must hold true for all
other phases in the system (i.e., the system is not metastable.
Equivalently, a global minimum has been reached and not a local
minima):

N, E E
mxinz (ﬂl E ] yw—zaw,jl”j>0

j=1

B A modified branch and bound approach has been adopted for the non-
linear inequality constraints. This is tested when a local minima has been
reached.

M.H.A. Piro and B. Sundman, to be published. .§=;E=§:E=N EAMS
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H Current capabilities:
* |deal solution phases and pure condensed phases,
* Substitutional Kohler-Toop model with regular polynomials,
* Substitutional Redlich-Kister-Muggiano model with Legendre polynomials,

* Compound energy formalism with Legendre polynomials (up to 5
sublattices).

* Parse ChemSage data-file on input. Data-files can contain a maximum of
48 chemical elements, 1500 chemical species and 24 solution phases.

M Limitations and future work:
* Only ideal gases can be considered (not real gases),

* Aqueous phases cannot be considered (needed for CRUD/corrosion),
FactSage (commercial software) is required to generate a database,
More work is needed in software quality assurance,

More work is needed in enhancing computational performance, and

Expand user group. R NEAMS
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i Hydride Precipitation in Zircalloy:
Nuclear Energy Motivation for Modeling

B As Zirconium is corroding, it is absorbing a fraction of the H released
by the oxidation reaction

B H precipitates as hydrides when the solubility limit is exceeded

W /r-base system phases: hcp, low-temperature a phase, and bcc high-
temperature 3 phase have different H solubility and mobility

M Crack grows by increments that are proportional to the size of
hydride region. Sub-critical crack growth mechanism (DHC).

B The large local volume mismatch associated with hydride formation
makes it difficult to measure a true equilibrium value of TSS.

FHENEAMS
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@WENERGY  Hydrogen Transport and Hydride
Nuclear Energy Formation Equation in Bison

B Heat Diffusion ( T) pcpaa_T-v-kVT—q 0
t

® Hydrogen Transport (H) ]=_D(VHSS +%W) oH
ot

® Hydride Precipitation ( ZrH, )
* Use material model to calculate thermo-chemical equilibrium using
THERMOCHIMICA

e Calculate source/sink, Q, for hydrogen in transport equation based on the
material model data

* First order model Hy."-Hy,,

At

* Other physics (a.k.a. kernels) and material models can be now
easily added
* Make sure thermo-chemical equilibrium is calculated once per

integration point because it is expensive
FEEENEAMS
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AW ENERGY Thermodynamic Model for Zr-H

Nuclear Energy Sy3tem (FactSage Flle)
1000 ' ' \ ’ '
gas
8ZrH, , — gas

800 |
o
E \‘/ eZrH, ,
g 600 B+8
=
£
= eZrH, , — gas

400 |

a+d
200 1 1 1 l
0 0.2 0.4 0.6 0.8 1.0

B THERMOCHIMICA Calculations were in a close agreement with the
commercial thermochemical equilibrium solver FactSage

E?EEEEEEENEAMS
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Implementation of Material

20

Nuclear Energy Model for Zr Hydride Formation

void MaterialHZrH::computeQpProperties(){

FORTRAN_CALL(Thermochimica::ssinitiatezrhd)(); // read model data file, read only once

HinZrHppm = _hhydride_old[_qp]; // H in ZrH, immobile, ppm
Hppm = _transported[ qgp]; // H in solid solution, mobile, ppm
HTotalppm = Hppm + HinZrHppm;

FORTRAN_CALL(Thermochimica::settemperaturepressure)(&Temperature, &Pressure); // set T, p
iElement=40; FORTRAN_CALL(Thermochimica::setelementmass)(&iElement, &dBMol); // Zr
iElement=1; FORTRAN_CALL(Thermochimica::setelementmass)(&iElement, &dAMol); // H

FORTRAN_CALL(Thermochimica::thermochimica)(); // calculate thermochemical equilibrium

iH=2; /I get second element in the model, H

char s1[] = "ZRH2_DELTA,ZRH2 EPSILON"; /l Hydride phases to search for in eq. solution
FORTRAN_CALL(Thermochimica::ssfindsolnspecies)(s1, iPhNamelL, iH, dMolSum); // mol of H in s1
dZrHRatio = dMolSum / dAMoal,; /[ fraction of hydrides in total moles of H

__hhydride[_qgp] = HTotalppm * dZrHRatio; // H in hydrides in ppm, new value

_dhhydride[_qp] = _hhydride[_qp] - _hhydride_old[_qp]; // difference in hydrides for source rate

} Partial source code. N EAMS
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Y ENERGY Source/Sink for Zr Hydride
Nuclear Energy Formation

template<> InputParameters validParams<HZrHSource>()

{

InputParameters params = validParams<Kernel>();
params.addParam<Real>("scaling", 1.0, "The scaling factor for the source.");
return params;

}

HZrHSource::HZrHSource(const std::string & name, InputParameters parameters) :
Kernel(name, parameters),
_scaling(getParam<Real>("scaling")),
_dhhydride(getMaterialProperty<Real>("dhhydride"))

{}
Real HZrHSource::computeQpResidual()
{

Real value;

value = _dhhydride[_qp] / _dft;
value *= _scaling;
return _test[ i][_qp]*value;

}

Entire source code! ==t NJ[= A NG
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Examples

B One element problem

® Multiple-elements

FHEENEAMS
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Example Model Parameters

® Thermal Model
* p =6551 kg/m3
* k=16 W/m-K
* ¢ =330 Jkg-K
e T=573K (distributed 573K - 673K for larger problems)

B Hydrogen Diffusion Coefficient
e Kearns, J of Nuclear Materials, 43, 1972

* D, =7.9e-7 m?/sec D=D e_%T
_ - 0
* Q=-4.49e+4 J/mol

B Hydrogen Heat of Transport
e Sawatzky, J of Nuclear Materials, 2, 1960

e Q*=2.51e+4 J/mol

B Thermo-Chemical Equilibrium Model
* FactSage NEAMS
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Problem Data

1200 Y Y s T T T
- = Zr—4: Pickup fraction 0.15 | = : :
= MS5: Pickup fraction 0.06

10000 & | ow~tin Zircaloy-4 R S R /':
o M5 : - y
CUY SRR T T R brovrerene Breeyreeen 2eeGpee

Clad hydrogen content ( wppm )

Rod average burnup ( MWd(ng)-1 )

H H content based on 50 MWd(kgU)-1, 400 wppm

P.Bouffioux (EDF R&D) -B.Cheng (EPRI)

FHEENEAMS
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Problem Data

o Irradisted TSSd .- .’.I_ %0 /
I 1000
70— & Iradiated TSSp 7 900 -
/ 800
i ggumnmod i / 700 -
g.e@o i oo v, - 5 €00
i Pl e L1 oo |-
§ 50 -t o - 52 » 400
% 40 + f 7 4 (3 i / 300 -
3 A / £
§:o ‘ _ /', 0® - § 200 -
} 20 2 —= o / | SAWATZKY
. o 0 DIFFUSION
o _.-""e / 4|5 ZIRCALOY-2
10 = ] 80 |-
------ 0|
o:;lz;;—“"— g 60 |-
1 50 PRESENT WORK
i I i Temperature (C) m i b “ar oresxuf “M‘-.Zﬁl’ :L.?Eg:i“' HEATING
u -
B H content dependence on radiation ol —e
ZRCONUM
A. McMinn et al., "The Terminal Solubility of wrc  arc  ame ate

Hydrogen in Zirconium Alloys", 1998, ASTM- " arR D RN

1
12 13 14 15 16 1.7 18 19

STP_1 354’ pp1 73_195 INVERSE TEMPERATURE (1M K'! X 10°

H H solubility

B. F. Kammenzind et al., Hydrogen Pickup and Redistribution
in Alpha-Annealed Zircaloy-4, WAPDT-3047, Bettis Atomic

Power Laboratory, 1995. ........--NE Q MS
- EE ENEEEEEm
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:@/ Single Element Test

DB: zrh1PREC _out.e
Cycle: 0

B Boundary Condition
e T=573K

oooooooooo

H [nitial Condition
* H,= 400 wppm
* Hzy,= 0 wppm

t=0s
Hzx = 0 ppm

0.0
X-Axis

H End result
* H,= 53.5wppm
H,.,=346.5 wppm

t=4000 s
H, 4, = 346.5 ppm

t=4000 s
H, = 53.5 ppm

0.4
....l.-...
oo o2 o -0.4 0.2 50 0.2 0.4 .. . . .. .. ..
X-Axis EE ENEEEEEm
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Element Strip, 20 elements

zz
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o9 '
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27

Y

0.1045

0.10
-0.104 -0.104
-0.20 L S N R — N — -0.20-

0.0 0.2 0.4 0.6 0.8

X-Ax
H t=0s, H_..=400 ppm

0.103 0.103
-0.103 ~0.103
-0.20 e A a e T AL _0.20-=
0.0 0.2 0.4 0.6 0.8 0 0.

m t=10000s, H_,

B Boundary Conditions

* Left T=573K, Right T=673K
H Initial Condition

* t=0s, H,,=400 wppm

. t-1 OOOOS HZI"HX

FHEENEAMS
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Animation of H in Solid Solution

DB: zrhC20PREC out.e
Cycle: 0 Time:0

Mesh
Var: Mesh

Pseudocolor
Var: Css

- -

B 0.10 =

;

1250 ° =

| b=

—g7.50 ™ E

~0.10 3

50.00 3
Mox:m'o -0‘20-Illlllllllllllll||||I||l||||||l|||||||||I||l||||l||

Min: 400.0

& 0.0 0.2 0.4 0.6 0.8 1.0

X-Ax1is

sz NIE/AMS
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Animation of Hin ZrH,, 6

DB: zrhC20PREC out.e
Cycle: 0 Time:0

Mesh
Var: Mesh

Pseudocolor
Var: hprecipitate

T -

B 0.10 3

@ E

B 125.0 ° =

| b=

— g7.50 ™ 3

-0.10 =

50,00 .

MGX:O'(IIJ -0.20-||||l||||llllllllllllllllll 1l Erlclainlaba et iz2ichadaiala i
Min: 0.000 ! ! ' ' ! '
8 0.0 0.2 0.4 0.6 0.8 1.0
X-Ax1is

sz NIE/AMS
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Animation of H in Solid Solution
Nuclear Energy Double FEM Discretization

DB: zrhC40PREC out.e
Cycle: 0 Time:0

Mesh
Var: Mesh

Pseudocolor
Var: Css

.

]
4]
(@]
Y-Ax1s

o

o

o

lllllllIlllllIlllllllllllllllllllllllll

-0.10
50.00
Mox:m'o -0‘20 Illllllllll||l||||||I||l||||||I|||||||||I|||||||||I
Min: 400.0
& 0.0 0.2 0.4 0.6 0.8 1.0

X-Ax1is

Solution is the same as for 20 element model. TR B E/‘\MS
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Nuclear Energy Double FEM Discretization

DB: zrhC40PREC out.e
Cycle: 0 Time:0

Mesh
Var: Mesh

Pseudocolor
Var: hprecipitate

< -

B 0.10 3

" :

B 1250 =

| =

— g7.50 ™ 3

~0.10 3

50,00 .
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Solution is the same as for 20 element model. TR B E/‘\MS
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Summary

B New implementation of THERMOCHIMICA in Bison enables

transport and reaction simulations
* Can provide material data to support other physics models

B The approach is also applicable to the systems with larger
number of diffusing species as long as the thermodynamic
calculations are done only as needed.

B Thermodynamic model gives results similar to the ones reported
in the literature

B New models are being developed for the fuel chemistry

H® Fuel chemistry models will be implemented with the transport

models using the same approach
FEENEAMS
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