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Driving Project E@RI A=)

= The Consortium for Advanced Simulation of LWRs (CASL) is a DOE
program to improve modeling and simulation of nuclear reactors

= Flagship product is a “Virtual Reactor” Simulation Suite based on
code-to-code couplings

= |ntegrating both modern and legacy codes
= Familiar, validated codes are valued in the community

= Providing residuals for Newton-based coupling can require significant
redesign

= Production tools use simple Picard iteration

= CASL does use Newton-based solvers for research and assessment of
coupling algorithms

= New Trilinos multiphysics tools (packages) have been abstracted



A Domain Model )
“Multiohysics Code. flz,z,{p},t) =0

Coupling in LIME,
R. Pawlowski, R.
Bartlett, R. Schmidt, .
R. Hooper, and N. Residual 333
Belcourt, Set of parameters

SAND2011-2195 State (DOF)

Time

r € R"™ is the vector of state variables (unknowns being solved for),

* = dx /0t € R™ is the vector of derivatives of the state variables with respect to time,
{pi} = {po.p1,....pn,—1} 1s the set of N, independent parameter sub-vectors,

t € [to,t;] € R! is the time ranging from initial time #g to final time ¢,

f(z,z,{m},t) RE=HEZ ) ) e

gilz,z, {m},t)=0,forj=0,..., N, — 1
Response Function

Np—1
gi(z,z, {p},t) : R(Qnﬁ(z‘:ﬁ] n”‘)H) — R™ is the j*® response function.

 Input Arguments: state time derivative, state, parameters, time
« Output Arguments: Residual, Jacobian, response functions, etc...




Extension to Multiphysics ) B,

Split parameters into “coupling” and truly independent.

7;:1.32',332'; Z’i, , i, ,t — ()
fil {/ 3 {p\z} )

Set of coupling Set of independent
parameters parameters

Require transfer functions:
» Can be complex nonlinear functions themselves

Zik = T\m({xm}z {Pmm}))

Transfer Function

Response functions now dependent on z
» Can be used as coupling parameters (z) for other codes

Qq:,j(i‘-.a; L {Zah} {P-.r:,z}: ﬁ)

Response Function




Application Classification o
Inputs and outputs are optionally supported by physics model - restricts
allowed solution procedures

Name Definition Required Required Optional Time
Inputs Outputs Outputs Integration
Control

Response Only Internal
Model p — g(p) p g

(Coupling Elimination)

State Elimination D Internal
Model P — :C(p) o g

Fully Implicit Time Internal
Step Model f(z,p) =0 L, P f W, M,g

Transient External

Explicitly Defined T = f(w,p,t) xapﬂt f W, M g
ODE Model ’ |

Transient Fully _ : External
Implicit DAE f(z,z,p,t) =0z, 2,p,t f W, M, g or
Model Internal
of f _ »
W =a=——+ ﬁ M = preconditioner

oz




Application Classification () o
Inputs and outputs are optionally supported by physics model - restricts
allowed solution procedures

BlackBox

Implicit (Invasive)
- Requires Advanced Solver abstractions:
- Vectors, Operators, ... (Thyra)

af
8ac+

b= f M = preconditioner

W =




Trilinos Implicit Multiphysics Capabilities (@) .

= Trilinos already supports Newton-based strong coupling
= Block composite linear systems: Thyra product objects and Model Evalautor

af Afo Oro.o k k—1 k—1

r':?-_i:; Bz;ﬂ Oxq ‘&-TE] ! _ fﬂ(IEl }! TU,D(‘T‘E }))
afy drio af (k)| — (k—1) (k—1)
5'31?[} dzy d"_Tll Ay fi(zy ,71,0(Z )

= Sensitivities: Sacado

= Blocked physics-based preconditioners: Teko (ML, MeulLu, Ifpack, Ifpack2)
= |nexact Newton, Jacobian-Fee Newton-Krylov: NOX

= Transient DAE: Rythmos

= Multiphysics FE assembly engine: Phalanx, Panzer

= DOF Manager: Fully coupled Newton with mixed basis (Intrepid), different equation
sets in different element blocks

= Basic framework for describing equation set, boundary conditions
= Provides a Thyra::ModelEvaluator for solvers

= Demonstrated on leadership class machines (Drekar)!
= See TUG 2011 (Hierarchical Toolchains for Nonlinear Analaysis, Panzer)




Physics Integration KErnels (PIKE) )

= Production coupled codes are SANDIA REPORT
Picard-based Pl
= L3 milestone in PoR3 outlined the design of a ’C‘Jd"eeg:,yu“:ﬁ:;?r"ff,'M"I'E“'“'phVSics
“LIME 2” ,
Version 1.0
=  Generalization of Coupled drivers in CASL FogerPasdowsi; Poacos St Most Bk, Pl o, o s
products i,

Sanda National Laboranonies 5 a mutl o
and oparaid ty Sandia Corporation, 2w

= 2000 lines of c++ e o s
= Received DOE copyright for release in Trilinos o

=  Benefits

#om:  Moscce A Bartlett (ORNNL), and Roger Pawlowski

Technical Note (i .
= Simplified and unified model interfaces o —— s
= Explicit separation of global and local R
convergence T e e
= User defined convergence test hierarchy () Soncia Natond £ 2
= User defined solvers T .
= Unified control via observers R

Unit testing, output summary, initialization

6 Summary and next steps 1
7 Endorsers of LIME 2.0 design plan 1

= Timing control

= Consistent with Trilinos coding guidelines




Tiamat: Core Simulator for Pellet ) e

Laboratories

Clad Interaction

CTF: Multiphase thermal hydraulics
Insilico: SPy neutronics

Peregrine: Thermal conductivity, solid mechanics
with contact

Clad heat flux

Clad Surface Temperature

Peregrine

Insilico




Example: Tiamat CPI )

Laboratories

*  Application codes are a “black box™ - T =G B0k Gass Seidel
— Set parameters

— Call Solve GIVEN :Ug’ To, 23
For £ =0,1, ... (UNTIL CONVERGED) DO:
— Evaluate responses E— kel
Tp.2p) =0 Peregrine N

fo (@ 22) ° TRANSFER TO p:
ft:(xcazc) =0 CTF 21]; = TP C(ajk 1)
filzi,z;) =0 Insilico Z;f, — Tp,'( i l)

k—1 k—1 k
Zp,e — Tpgc(mc) Clad Temp SOLVE fp (aj Tp, (:B ); Tp,?; (I’E )) == 0 FOR ajp
o =rpa(@)  Power TRAkNSFER TC() i.)

< =T X

Ze p — Tcgp (mp) Clad Heat Flux ©P cP p

SOWVE f.(x%, 7. ,(2%)) = 0 FOR ¥

Zip =Tip(Tp)  Fuel Temp TRANSFER TO i: ’
Zie = Tic(2e) Fluid Temp/density zfc =7r; C(a:';f)
k ok
. ) . Zi,p =T P( )
 Jacobi and Gauss-Seidel options SOLVE Jf;(z* ’T%C(mk):m’p (xf}g)) =0 FOR zF

available.

« Transient, steady-state, and pseudo
steady-state

 Strong coulping: All codes are subcycled
to converge state within each time step!




Pros and Cons of Picard ) i

= Advantages:
= Simple to implement

= Black-Box: Driver requires minimal knowledge of components (no
solutions or residuals required)

= Allows optimized/tuned solvers on individual physics
= Easy for analysts to understand

= Disadvantages:
= linear convergence rate
= Robustness controlled by damping parameter selection
= |nner/outer tolerance selection and convergence criteria
= Sequential in physics domains (Gauss-Seidel)

11
-~ ...



Minimal Model Evaluator Interface @Es.

[ Simplest steady- Describable Teuchos:VerboseObjects pike:BlackBosModelEvaluator =

state Model t | f

.Evaluator pike:BlackBoxModelEvaluator
interface ;

= Low barrier to | |
entry pike:ModelEvaluatorLogger pike:solverAdapterhModelEvaluatar

= NO exposure to

namespace pike {

Thyra/Epetra class BlackBoxModelEvaluator :

Vectors or public Teuchos: :Describable,

Thyra::Model public

Evaluators Teuchos: :VerboseObject<pike: :BlackBoxModelEvaluator> {

= Removed high

entry barrier public:
virtual ~BlackBoxModelEvaluator() ;

virtual std::string name() const = 0;

virtual void solve() = 0;
Deprecated virtual bool isLocallyConverged() const = 0;
in favor of > virtual bool isGloballyConverged() const = 0;

=

StatusTest
objects




Expanded for Parameter, Response and 5,
Transient (support mixes pseudo SS)

Laboratories
virtual bool supportsParameter (const std::string& pName) const;

virtual int getNumberOfParameters () const;

virtual std::string getParameterName (const int 1) const;

virtual int getParameterIndex(const std::string& pName) const;

virtual void setParameter (const int 1, const Teuchos: :ArrayView<const double>& p);

virtual bool supportsResponse (const std::string& rName) const;

virtual int getNumberOfResponses () const;

virtual std::string getResponseName (const int j) const;

virtual int getResponselIndex(const std::string& rName) const;

virtual Teuchos: :ArrayView<const double> getResponse (const int j) const;

virtual bool isTransient() const;

virtual double getCurrentTime () const;

virtual double getTentativeTime () const;
virtual bool solvedTentativeStep() const;
virtual double getCurrentTimeStepSize () const;
virtual double getDesiredTimeStepSize () const;
virtual double getMaxTimeStepSize () const;
virtual void acceptTimeStep() ;



Flexibility ),

Sovlers:
— pike::SolverObserver for user injection of code at specific points in the solve
— pike:AbstractSolverFactory for users to inject new solvers
— pike::Factory for aggregating solver factories

Status Tests
— Splits convergence into local (application) and global (coupled problem)
— Also defines Abstract Factory and Factory base classes

— Follows NOX: abstract base class for StatusTest, combined into user defined
hierarchy

Utilities: Default Solver and ME classes, Logger Wrappers

Hierarchical Solves are supported via SolverAdapterModelEvaluator wrapper




Sandia

Hierarchic Solves ) e

Gauss-Seidel
Solver

Physics A
Model
Evaluator

Solver Adapter
Model Evaluator

Jacobi
Solver

 SolverAdapterModelEvaluator
allows for hierarchic solves

 Optimal data transfer Physics A Physics A
Model Model

Evaluator Evaluator




Follows Trilinos Coding Standards

Sandia
rh National

Laboratories

Describahle Teuchos:VerboseOhjects pike:solver =
{ f
. : |
DeSCI‘Ibab|el pike:solver FarameterListacceptorDefaultBase
* VerboseObject t | i
° ParameterLiSt pike:solverDefaultBase
Acceptor
° ParameterUSt pike:BlockGaussseideal
Validation
* TimeMonitor
¢ TGUChOS Unlt TeSt Describahle Teuchos:VerboseObjects pike:Solver =
Harness : f
« Coverage testing: __
) pike::Solver
87% i

pike:SolverDefaultBase

pike:TransientStepper

f

pike:BlockGaussseidel

pike:BlockJacobi




The pike::MultiphysicsDistributor Class

= (Creates MPI
Communicators and
provides
information for
coupled problems

= Can overlap or
segregate codes in
MPI process space

= Data Transfers: DTK

= |n memory

= Rendezvous
algorithm

Sandia
National
Laboratories

Global Comm (usually MPI_COMM_WORLD)

CTF |!

|
Insilico

MOOSE MultiApp (Peregrine)

DTK:CTF &= Insilico

DTK: Insilico ~MOOSE MultiApp

CTF

DTK:
CTF>

DTK:
CTF>

DTK:
CTF>

DTK: CTF <MOOSE MultiApp

DTK: Insilico=> App

DTK: Insilico> App

DTK: Insilico=>

App

App

App

App




Data Transfer Kit (NEXT TALK: SLATTERY) [@J&z.
(Slattery, Wilson, Pawlowski)

" |n-memory data transfers are critical for T
efficiency: NO file 1/O for transfers = Ty
= Determines efficient point-to-point [ "'.-.. . Voo
communication pattern for parallel transfer T AT S U
between codes lL N \4;;;;_*_;--,._,& \
= Provides both volume and interfacial: ‘“‘ Jl J/

= Volume-to-Volume: (Shared Domain)

= Point Interpolation (post-scale for conservation) M . RD — RD) \v/r = QR

= Both mesh and Geometry based

= Surface/Interfacial: Common Refinement (Jiao and
o G(t) < M(F(s))

= Spline interpolation (de Boer et al. CMAME 2007)

= Uses Rendezvous algorithm
(Plimpton et al., Journal of Parallel and
Distributed Computing 2004)

= N log(N) time complexity in parallel map generation




DTK Implements Mappings for Various Transfers
(Rendezvous used by all Mappings)

Shared Domain Map Integral Assembly Map
Mesh =>Point Mesh ->Geometry

Aggregate
cell contrib.
to compute
average in
geometry

Sandia
rh National

Laboratories

Shared VolumeMap
Geometry = Point

Colors represent different
MPI processes




Pseudocode for MPD and DTK ) o

setupDTKAdapters {
1f (mpd->transferExistsOnProcess (DREKAR TO INSILICO)) {
RCP<DataTransferKit::GeometryManager<..> > drekar geom;

RCP<DataTransferKit::FieldContainer<.> > insilico target points;

if (mpd->appExistsOnProcess (DREKAR))

drekar geom = drekar me->getSourceGeom() ;

if (mpd->appExistsOnProcess (INSILICO))

insilico target points = insilico me->getTargetPoints();
dtk map->setup (drekar geom, insilico target points);

}

doTransfer () {

20



Solver Comparisons h) =,

= Picard
= Generalized Davidson eigensolver for SP,
= JFENK for thermal/subchannel solve
= Damping factor=0.4
= Anderson
= Anderson(2)
= Mixing parameter: f =-1.0
= JFNK-based methods
= Block diagonal preconditioner on physics components:
®f 0 € ATy /B(T ¢
KIS Lt
gT ; g 0 0 L(7) t
= Diagonal blocks approximately inverted with Trilinos/ML
= Trilinos/NOX JFNK solver with Belos GMRES

= Stopping tolerance: 10 nonlinear, 10~ linear




Why Anderson Acceleration? ) .

= Minimal change to “black-box” codes: I — g(CIZ‘)

Algorithm A A: Anderson Acceleration
GIVEN g AND m > 1.
SET x1 = g(xqo).
For k=1,2, ... (UNTIL CONVERGED) DO:
SET my = min{m, k}.
DETERMINE %) = (78, ... vt

SET 41 = g(zk) — Ger™.

)T THAT SOLVES

fi = g(xi) —
Fr = (&fk—mku . -;&fk—l) with Af; = f(iﬂi+1) - f(Ii)-
Gr = (ﬁgk—mk ----- ﬂgﬁc—l) with Ag; = Q(Ii+1) - Q(T—i)-

Anderson, ACM 1965 -




Comparison Problem — CASL AMA
Problem 6

= Standard 17x17 PWR Fuel Assembly
= 264 fuel pins
= 24 guide tubes, 1 instrumentation tube
= 1.26 cm pitch, 365 cm active fuel height

= 3.1% enriched UO,
= water moderator w/650 ppm boron
= Zirc-4 clad

= 8 spacer grids, top/bottom nozzle
= 30,000 W/kg operating power

Sandia
m National

Laboratories

= Finite volume simplified P (SP,) transport
= SP5inangle, P, scattering
= 23 energy groups

= Cross sections collapsed and homogenized from 56/252 groups on 49 axial
levels per fuel pin

= 290,000 mesh cells on Cartesian mesh
=  13M DOFs, 524M nonzeros in matrix

=  Unstructured mesh CFEM thermal diffusion
=  4M mesh cells on unstructured hexahedral mesh

= Pin-by-pin subchannel flow model
= Spatially decomposed on 289 cores




Comparison of Solvers ) .

= Watts-Bar Cycle 1 single D T—Picara
10 ==Andersonj
assembly —JFNK
= Multiple Solvers: £ 107 — WK |
= Pijcard iteration (PIKE) ?L:
= Anderson acceleration (NOX) %"’4'
= JFNK (NOX) |
= Modified JFNK 1 & 2 (NOX)
= Direct to steady-state 105 L ) e 50
= Submitted to JCP special e
issue for CASL Method — Total SPy  Thermal  XSProc

Picard 2437 (9) 81 (296) 470 (296) 1507 (9)
Anderson 2647 (9) 92 (332) 483 (305) 1673 (10)
JENK 46653 (4) 173 (252) 417 (252) 45472 (252)
MJFNK1 2263 (5) 210 (323) 499 (323) 1003 (6)
MJFNK2 1846 (4) 145 (224) 346 (224) 835 (5)

A




Total Runtime Comparison ) .

5x10° 3000 -
B Ficard B Ficard
B Anderson 2500 Bl Anderson
4 llJFNK . =M.JFNK1
MJFNK MJFNK2
BMJFNK2 20007

s ]

Solve Time (s)
n2

Solve Time (s)
o
=

—h
T
=k
-
>
]
T

500¢

8/8 56/23 252/23 0 8/8 56/23 252123
Energy Groups {){SProcfSPN] Energy Groups {){SPrDcfSPN]

> 90% of runtime at 252 energy groups is in the online cross section
calculation

= Blind application of JFNK was terrible due to cross section
recalculation in Jacobian-vector products

= Better performance of JFNK is not enough to justify the effort

needed in refactoring legacy codes (but for new codes JFNK is the
preferable from a V&V/UQ standpoint!)

25




5-Assembly Cross Results:
3x3 Assembly with 17x17 WEC Assembly
(AMA progression problem 6 and 5-Assebly cross)

Sandia
r.h National
Laboratories

« Based on Watts Barr Unit 1 Cycle 1 F o s
*  252-group neutronics! |
Cross Layout (1445 Peregine Apps): T_ — -
— 1320 fuel rods
— 120 guide tubes
— 5instrument tube

U0, PELLETS

FUEL-CLAD GAP
188, 0"
(1yp)

Ll Ll bk bk ke ke L L Ll L L]

f N

Figure from Watts Bar Unit 2 Final Safety Analysis Report
(FSAR), Amendment 93, Section 4, ML091400651, April 30,
2009.
Figure 4.2-3

L Ll




Contact Assessment for PCI ) e
Teln?z:eiaiure Distribution

l 7.14e+02
5.68e+02

Contact Pressure

» Changed fuel pellet radius to initiate g2
contact at early times. {iﬁi‘;iii

« Peregrine (and thus Tiamat)
robustly converged through contact
events.

Gap Thickness:

Initial Gap Maximum Contact | Maximum Fuel | Simulation Phase at aum
Thickness (um) | Pressure atHFP | Temperature (C) Initial Contact
84 0 1040 Never Contact Pressure Temperature Distribution
42 0 911 Never l ZH6e08 l LR
26 0 860 HZP->Estimated HFP ke bt
25 2.86E+04 859 HZP->Estimated HFP e seoeres
7.15e+03 7.14e+02

24 6.37E+04 858 HzP->Estimated HFP N | -
23 1.05E+05 857 HZP->Estimated HFP
22 1.53E+05 857 HZP->Estimated HFP
21 1.87E+05 856 HZP->Estimated HFP

115 6.89E+05 856 HZP->Estimated HFP

5.75 9.39E+05 856 CZP->HZP

Gap Thickness:
25 um
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5-Assembly Cross: Power and Flux

Power Distribution Fast Flux (Group 1)
1.42e-04 1.24e-03
l 1.06e-04 l 9.28e-04
7.09e-05 6.18e-04

[ 3.55e-05 [ 3.09e-04
0.00e+00 2.45e-10

Epithermal Flux (Group 9) Thermal Flux (Group 20)
6.73e-06 2.87e-04
l 5.05e-06 l 2.15e-04
3.37e-06 1.43e-04

[ 1.68e-06 [ 7.17e-05
1.06e-12 1.26e-10




5-Assembly Cross: Power and Flux @i,

Fast Flux (Group 1)

1.25e-03
l 9.41e-04
6.27e-04

[ 3.14e-04
2.29e-10

Power Distribution

Epithermal Flux (Group 9) Thermal Flux (Group 20)
6.84¢-06 2.91e-04
ls.l:eos lz.lM

1.45e-04

[ 7.26e-05
1.18e-10




5-Assembly Cross
Vapor Generation and Vapor Fraction

Vapor Generation
3.21e-06

[ 2.40e-06
-* 1.60e-06

l— 8.01e-07
0.00e+00

Vapor Fraction




PCI Capability Demo

= “A multiple assembly
simulation of coupled
CTF/Insilico/Peregrine that
computes figures of merit
for PCl analysis.”

" |mportant features:

= Fully coupled feedback in
each time step

= Using 252-group neutronics
= Solid mechanics, w/ history
effects
= Significant
coordination/collaboration
between SNL, ORNL, INL,
and PNNL

Cladding Hoop
Stress (Pa)
¥-2,00E+007-0.00E+000

4 -4,00E+007--2.00E+007
™ -6.00E+007--4.00E+007
™ -8.00E+007--6.00E+007

aximum Fuel Centerline

Temperature (K)
£1700-1900
#1500-1700
#1300-1500
¥1100-1300
©900-1100
700-900

¥ 500-700




5-Assembly Cross: Timings ) .

Timings (S) Tiamat CTFl/Ins
Num Cores 1735 289
. . . Total time 22840 6919
= Similar to single S5 2200 :
bl I t HFP Est/HFP Ramp 3641 -
assem y ayou Solve 16999 -
Num fixed-point Iterations 7 2
= One MPI core per
Peregrine p|n Application Num Cores| Solve Time (s)| Num Solves|Avg/Solve (s)
CTF (HFP Est) 1 697 1 697
[ | T|m|ngs are CTF.(SoIve) 1 963 7 138
Insilico (HFP Est) 289 2316 1 2316
dominated by Insilico (Solve) 289 15600 7 2229
. Peregrine (HFP Ramp) 1445 96.4 12 8
I NSI I ICO CrossS Peregrine (Solve) 1445 94.48 7 14
section evaluations
Transfer Phase Time (s)
Number Min Mean Max | Mean/Trans
CTF to Insilico Setup 1 4.40E-01 | 19.46 1991 19.46
Transfer 7 1.93E-01 |1.93E-01|1.93E-01| 2.75E-02
CTF to Peregrine Setup 1 89.91 89.91 89.91 89.91
Transfer 7 4,92 4.92 4,92 0.702
Peregrine to CTF Setup 1 4.67E-01 | 4.67E-01| 4.69E-01] 4.67E-01
Transfer 7 1.90E-03 | 2.36E-03| 4.83E-02] 3.38E-04
Insilico to Peregrine Setup 1 102.3 102.3 102.3 102.3
Transfer 7 332.9 332.9 333.2 47.56
Peregrine to Insilico Setup 1 7.24E-02 |7.24E-02|7.25E-02| 7.24E-02
Transfer 7 1.38E-03 |1.47E-02|1.51E-02| 2.10E-03




Summary and Future Work ) ..

= Black Box coupling is not ideal algorithmically, but is used in many
industries

Very practical when working with Legacy code!

= Utility of PIKE is to provide a consistent set of interfaces for multiple
couplings = reuse of model evaluators and data transfer operators

= Future Work

PIKE and DTK will be integrated/snapshotted into the next release of Trilinos
PIKE: Finish up TransientSolver support

Newton-based Coupling: Thyra::ProductModelEvaluator is under development
but not yet completed (currently using AMP for model composite)

DTK: Addition/Refactoring of interfaces before Trilinos release

DAKOTA interfaces to PIKE
Add new solver that mimics SIERRA solution control?

" (Questions

Trilinos integration: should PIKE be a separate package? NOX?




