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System Analysis Codes

Probabilistic Risk
Assessment (PRA)

Safety margin characterization
Balance between design, operation and safety code
Help in decision making

Licensing
@ ),
Goals:
Reactor Safety and Risk Simulator:
Assessment and Management Training
¢

LOCA, DBA
(Legacy codes: RELAPS,
TRACE, CATHARE)

System vulnerability
search engine
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System Analysis Codes # CFD!

System components

ABR model " CORE -. I

Intermediate DRACS
Loops Loops

J

Valve

P>

sjauueyd H/L
uonoONpPUOD JeaH

L,

Hot Pool

Hot Pool Cold Pool

Cold Pool
\_ J
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System Analysis Codes # CFD!

System components

ABR model . ,
|nteerediate DLRACS The best possible representation of the System
0oops oops

Cold Pool

Hot Pool

UoCION PUOD e
uonRoONPUOD JeaH

Hot Pool

Cold Pool
\_ J
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) : The best possible representation of
the physics and geometry

9

Temperature (K)
679.87 71056 741.25 71.9
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Control System

ABR model

Intermediate DRACS
Loops Loops

Cold Poazl

Hot Pool

uonRoONPUOD JeaH

Control
Rod
position

Cold Pool
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Il. Requirements
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Requirements
» Multiple fidelity

0D components:

Pumps, pools,
T-junctions, turbines....

Modeling

4 )

Neutronics:
Point kinetics
Quasi-Static Diffusion
Diffusion Approximation
Quasi-Diffusion

Topological heterogenuity

7D components:

(neutron transport)

Reactor core assembly

1D components:

Straight pipes, elbows,
variable-area pipes...

Pipe Flow:

1D: Total Mixing
“1.5D”: Account for stratification

\_ Transport )

2D/3D components:

Pools, T-junctions,
downcomers...

-

\_

Pool Mixing:

Bulk model (total mixing, 0D)
Effective conductivity/convectivity

RANS CFD
LES CFD
DNS

~N

J
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Requirements

A iultuple fJfJf;JU,/

» Multiphysics

Thermohydraulics (1-phase and multi-phase)
Thermo-structural analysis
Neutronics
Fuel behavior
Coolant chemistry
Fission Product Transport (FPT)
etc.

Tight coupling algorithms
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o ety
Requirements

A Viuluple Tidelity
A Multipnysics

» Uncertainty Quantification

High-order spatio-temporal discretization (local error estimates)
Monte-Carlo based (“black-box”, DAKOTA)

(global error estimates) Forward Sensitivity Analysis
Adjoint Analysis

Requirements, Architecture and Computational Platform of a Next Generation System Code n



Requirements
» Multiple fidelity

Industry:
Customer/Funding

b \jJ l J] FJ P)f /5 DS Organizatic‘)p"
» Uncertainty Quantification gﬁm
«; » | = =
e Long-terrri code “improvability” . ):
Uncertainty ‘ - e TT
A Component A is a “weak link ina chain” E
=== = [
: ‘Component B '. .
' . Component C :gx ‘,":‘é’:gl'me"t

I Higher-fidelity component

time
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o ety
Requirements

~ e

A Viuluple Tidelity
2 \/JlJJrJor/J CS
A Uncertainty Quantirication

» Long-term code “improvability”
“Fidelity-on-demand” (Adaptive Model Refinement, AMoR):

Individually, component-by-component, this will not necessary be the “State-of-the-Art”
It should be the “State-of-the-Art” as a system analysis tool

/1
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Requirements

A Muluple Tidelity

A ult /J CS
A& Uncertainty J,LJﬁ' ]fJQELJQH
A& Long-term code “improvanility™

» Compatible with risk analysns tools/
methodologies pra,sar, ROAAM, etc.

and “system vulnerability search engine”

Smoothness of models
“Differentiability” (at least numerical) of code results
Jacobians (Hessians) are computable

7

Jacobian-free Newton Krylov and
High-order spatio-temporal discretization
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Requirements

A Viuluple Tidelity

A Multipnysics

A Uncertainty Quantirication

A& Long-term code “improvaoility™

A Compatible with risk analysis tools/
methodologies and “system vulnerability
search engine”

»“Scalability” of the code development

environment Comwity-scale effort

~50-100 code developers/contributers
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Requirements
A Multple Tidelity
A Multiphysics
A Uncertainty Quantirication
& Long-term code “improvanility™
2 Oer) itivie with risk analysis tools/

searcn engine”
»“Scalability” of the code development
environment

“Open-source” mentality

metr JfJJJJJJr)S and “system vulneranility
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Object-Oriented

/

Component B Component A

Component C Component C
(Low-fidelity) (High-fidelity)
k Component Library

~

7

C:A

%

A:B

]

B:C

o
]

\ Interface Library /
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Object-Oriented

/

Component B

~

7

C:A

%

Component A
Component C Component C
(Low-fidelity) (High-fidelity)
k Component Library
A system

A:B

]

B:C

E:Aj

]
.

<

K Interface Library /
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Linear Algebra A system
A:B B:C CPU1!  opys2
 Component A Component B Component C

Mapping to LA / J | i i

_________

o= o
Soco
f -~
-. o

Modern Linear and Non-Linear
L Solver packages

PETSc EET

Tr}‘Qos =

______________

167> 7

Parallel (MPI, ParMeTis)
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Infrastructure Safety Analysis Vehicle, SAV

1/0, GUI, code control utilities Component Factory

Post-Processors 4 L

SR U ST Computational engine

HLEl 2-phase Time discretization,
2-phase > pipe Transient control
1-phase PUMP /5 phase }

pump /> elbow 1-phase Linear Algebra,
1-phase unc. Nonlinear Solvers
elbow
PETSc
Trilinos

Component/utilities
and

Library of te tes

AN

Open source: - community
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Component hierarchical tree of version g-1.0

HeatCond
G as-C OO| e d HeatCond_template
LW-cooled (single-phase) OneGroupNeutronDiff |
SOd ium-c OO' ed OneGroupNeutronDiff _template Elbow1f_template Elbow1f
Hpipe1f
Annulus Pipetf_template Pipe1f
PipeNeq_template
Pipe Pipe1fFSA_template Ppipetf
Component PointKinetics_template Pipe2f_template Vpipe1f
/ \ S~
Tank =< TankGas_template (<& TankGas Pipe1fFSA
TetraMesh TankLiq_template TankLiq Pipe2f
\ J/
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Version $-1.0

Pseudocolor
Var:

 Pressure
. 1.001e+05

1.001e+05

. 1.001e+05

~ 1.001e+05

. 1.000e+05

Max: 1.001e+05
Min: 1.000e+05

Pseudocolor
Var:

 Pressure
. 1.001e+05

1.001e+05

. 1.001e+05

~ 1.001e+05

. 1.001e+05

Max: 1.001e+05
Min: 1.001e+05

...Future...
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IV. Numerics
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Numerics

Legacy codes (RELAPS, TRAC, T

Time discretization:

State-of-the-Art
for mid-1970s

Semi-Implicit (ICE-based)

No means to quantify
numerical discretization
uncertainties

Nearly-implicit
SETS
o) lit

(1st-order)

Space discretization:
Staggered-grid, Donor-Cell (upwinding)

Linear Algebra:
Direct Solvers
Sparse Gaussian Elimination
TDMA
(Scale as ~N3)
Programming:

Serial, FORTRAN-IV/FORTRAN-77 - FORTRAN-90
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Numerics
Tremendous advances are made in numerical
discretizations/linear algebra theory and
science

Time discretization:

Fully-Implicit, high-order, L-stable
Runge-Kutta Methods

. e . High-order finite-volume,
Space discretization: Finite-elements,

Discontinuous Galerkin
Godunov-based,
Collocated-grid

Linear Algebra: Efficient Iterative Linear and
- Non-linear Solvers
Krylov methods
Multigrid
(Scale as ~N log N)

Programming:
Parallel (MPIl), Object-oriented (C++, Java)
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Numerics (RELAPS, TRAC, TRACE,

Space discretization CATHARE, ATHLETE)

Staggered-grid, Donor-Cell (upwinding)

u PT Y

Requirements, Architecture and Computational Platform of a Next Generation System Code m



Numerics (RELAPS, TRAC, TRACE,

Space discretization CATHARE, ATHLETE)

Staggered-grid, Donor-Cell (upwinding)

Only linear waves (contacts) are assumed
(Adequate only for incompressible flow)

Flux
et o PT| u

P,T

u [P,T =
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Recovery Discontinuous Galerkin (rDG)

Flux:
CO||Ocated Upwinding based on the wave structure
(Approximate or Exact Riemann Solvers)
(I
U L pu Shocks
R P \ Pressure waves [C ockburn et al . 1989']
E Rarefaction waves
Contacts z)')'l
' UJ+1'
l
-
Iy Discontinuous
' o Y Galerkin (DG)
' .7+1'

Evolution equations




Recovery Discontinuous Galerkin (rDG)

el |
(R)
Collocated Hy;
0 The same energy norms
U= | pu as original DG
E I (p+1)l
U
_ g
) '-U.-J(p) 9 ' [U(.p) '
c ' i-1| ' /
O | '
ot | '
3 . | '
® | I=====" o)
Iy ] U
S K =
apd
3
S
w

In-Cell Recovery
Discontinuous
Galerkin (DG)

=1

(p)
il

: Discontinuous

o Galerkin (DG)

i+1

U | Finite-Vol
J...| Finite-Volume

“Weakjconstraints”: J ém (©)U, (a:)da::If L., U, (r)de

M T oy

J Ax

m=y,7%1 and n=0,...,p

~

o — 1+2:If£(n) &)U, (z)dx

m




Recovery Discontinuous Galerkin (rDG)

& Linear DG - 6th-order recovery

&% Cubic DG = 12th-order recovery

2 oth-order DG (FV) - 3™-order recovery (FV-PPM)

% Quadratic DG - 9th-order recovery

The same energy norms
as original DG

Compute numerical
Diffusion Fluxes

(J

~ (p)
| U

Inter-Cell
Recovery
Discontinuous
Galerkin (DG)
[Van Leer, 2005]
="
U




Method of Manufactured Solutions (MMS)

Verification

aﬂ+v(ﬁ+ﬁ) =R
“Manufacture” solution: i
Uys (8, %)

—

R=R,+R,.
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Method of Manufactured Solutions (MMS)

{ Class Pipei1f_template J

1-phase fluid (NS) in 1D pipe Y-gas.
P =pi(y—1)
Compressible Navier-Stokes: p ] - i -
U=|""1; H=| p@@@)+P |;
_%_ | @(E+P);
L . _ F 0 -
D=- T . R=1| rg
_-(1-17+/£VT)_ PG U |
“Manufactured” solution:
P(T,1) = Prim T (Pmax — Pon) SECH (x_lg““t)
P(z,t) = P, +3 (APO [1 + tanh (‘”_gintt)} + AP, {1 + tanh ("”‘(fltﬂ)

o (QL’, t) Umin + (Uint — Umin) (1 + tanh <x—(6]intt))
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Manufactured solution:
“Travelling Wave, y-gas”

-30 20 -10 0 10 20 30
1 1 1 1 1 1 1 1 1 1
1.0]
- 1.00
0'9'_ E:} L 0.98
> ]
= 0.8 L 0.96
g 5
8 ] v}
] @
0.7 L0.94 £
] &
0.6 = r0-92
] L 0.90
0.5
0.150
0.20
L0.125
015+ [0.100
>
—
-
g 75
L0.0
= 0.10] =
= A
=
£0.050 %
0.05 ]
L0.025
0.00 L 0.000
e et
-30 20 -10 0 10 20 30
X
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Manufactured solution:
“Travelling Wave, y-gas”

X X -
6 % 2 0 2 4 6 8 6 -4 2 0 2 % 6 CFL . =0-48/2.3
1 1 1 1 1 1 1 IL 1 1 1 1 1 1 I I I
1.0
~ LLF L 1.00
= RK -rDG
t o 3 Y3(12)
At= 1 X
0.9 5] NN L 0.98

o . :
) )
= g 4
[ RK LLF - 100
Q 3~ ' PPM(3) 5
[ ®
0.9 4 —1 - 0.98
0.8 4 B _-0.96
0.7 - -4 .-0.94
0.6 4 --— _-0.92
0.5 + _-0.90
L B B B L B B B e e B i e e e e e e
-6 -4 -2 0 2 4 6 38 -6 -4 -2 0 2 4 6 CFL =1 ()"‘/18

‘dyn/stb
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Convergence in space

Density error

Finite-Volume

vIIII 1 Ll IIIIII 1 1 1 IIIIII 1 1 1 IIIIII 1 1 1 IIIIII 1 1 1 IIIIII 1 L1 1 1
3 TTv— L=25 t=0.2(At=1/100 E
10 T LF
3 V. ~ v FV: —v— | 3200 elements
10°] TNy ¥—1.001_
E ~. -y
1 05; v CFL,,  70.26/2.
§ N '
10° ~. .
] 2 F
10" 4 2.966 FV,” 3
] v :
10°+ ]
10°
10-10
10-11
10-12
L L e e e L DL L L L L L DL L L L
26 27 28 29 210 211

(N,,,)(DoP)



Finite-Volume

Convergence in space Discontinuous Galerkin
. ...1........1........1........1

I=25 t=0.2(At=1/100

A DGLLF 1 V\ | 3200 elementh

-—
Q
w

104 V\1'00LV
5 \A CFL, . ..;0- 26/2.
10
| . \\ \
2 106 * Ve 2008
m \ .\ \\V
7 4.055 h
§s10 " —\. 2.966
e 10° \ DG
8 o 5.831
10 pve o
D LF
1010
10-11
1012
27 28 29 210 211

(N,,,)(DoP)



Finite-Volume

Convergence in space Discontinuous Galerkin
Recovery Discontinuous Galerkin

L=25 t=0.2(At=1/100

50 clement

10° _
v FVfLF\v | 3200 elementh
10* — v\1.001\v
\A CFL, =0.26/2
105 yn/stb ~ ° *
| - \
2 106 V-
Q '\ S <
V ~
7 B ® pa
5 10° \ 3
N
0O . . 2 5.831
10 \\* .
~ DG
10™" 6.214
" ARK4-1~DC}LF
10
10-12
\
...ll.l.....ll.l.....l,.,p.96element:]‘r....|..,.....l......
26 27 28 29 210 211

(N,,,)(DoP)



Stiff fluids
(Low-Mach)

Cubic rDG
(12th-order)

Density, kg/m’

N/ NGE M VW A

B 7 T e
bl NATHY I H
{ \\\\2 39;7( :\\:{)f/{/ \Q(f/}f\ / / / \\\ \ ‘ // X\ / / / \\\ \ // }
R RV

P=P+(p—p) 5| " T -T)axr| T
Sodium (Po:To) 6 (po:T5)
Water ~ 10
|10 By Iy NN / \Vala
w 7NN YN { \/ ( i
VAN A w A




Stiff fluids
(Low-Mach)

Cubic DG
(3¥-order)

Density, kg/m3

Velocity, m/s

"7 Ax=1/32 m, \t=0.1 sec

00 02 | o0a | "ob

...............................

(CFL__ =10%)




Shock Dynamics

Lax’s problem (Mach ~1)

Density

Density

-5 -4 -3 -2 -1 0 1 2 3 4 -5 -4 -3 -2 -1 0 1 2 3 4
1 .4 PR RS S SN UT SU SUNNT T U N ST TN S U ST S S U U S U U U S S | PR RS T S NS U WA NN SN S W S NN ST T ST S (N TN T ST U U ST ST U S U S | PR 1.4
Exact --=--Cell-centered solution, rDG1, rWENOS limited o
] =(> Cell-centered solution, rDG", Krivodonova limited % § e
—%-- Cell-centered solution, FV-PPM, van Albada ,Fr | :
1.2 4 1 L | [ 42
I
‘!/ J
1.0+ % - -1.0
!
1
0.8 o -0.8
*.
0.6 ¢ | o k -0.6
f i ]
} L] i e
4 < -ﬁ(:({(éfi((@(ﬁ%(((i&((fﬁ@ .
0.4 ., :g L] “%@% ,l L 0.4
a) 3 ] b) e S _ 6
n=0, O(Ax") [ ] n=1, O(Ax")
L} T T T T T T T |l L T T T T T T T
1'4 PR S S U S S S U ST S S [N T ST U U S ST U NS S U N U S U el 1 1 1 1 1 1 1 1 1.4
] L] RK.-TVD [
RS [ 3 Oy
] i ; L] cLLF G 1 [
12] ; | 1 ax=1200 : 12
] t=1.3
1.0 [ ] CFL,=0.25 o
0.8: L] '.o,s
0.6 L F - fos
] . L[ )

] ) BN e
ez, | Oy, L
0.4 %?3(»« | - “‘CQZ;»QX .I 0.4
4 c) Qe . 5 d) «’C?;:G» o = L

1 n=2,0(ax) [ 1 n=3, O(Ax )
R e e N G R R P e N et ) MmN R R R Ry TVvveVvlVvy T | L | L LEg B L5 | T LEENELEE JEBE N
-5 -4 -3 -2 -1 0 1 2 3 4 5 -4 -3 -2 -1 0 1 2 3 4
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~ ntematonalRELAPUserGroup(RUG)
A-stability :
does not amplify any LHP-eigenvalues

Time Discretization L-stability:

Complete damping of all eigenvalues

FEuler Heun RK3TVD BDF CN ESDIRK
A _I _________________ o
I
I BDF2 BEuler ESDIRK3 ESDIRK4 ESDIRKS
|

. . S S S S S D S D S D D DS D S D D D D D B DS D D B B e e
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Convergence in time «%@fmﬂm&gg%

10-3 — —I — _' _.' : L L | Y T T T LI B R | ?
({cFL, = 1 3
-4 i A
10 / - : Legacy codes _.---- 2: .
i i - AT ]
10° E| _A- BDF, /,»* y 4
A g s 3
i * @
6 CN &
1977 son- * P * 3
107 i A”_2.015 ad */,,»" g 3’ .
e L ESDIRK, 1
S 1 e /,/’ :
= 107 3 s X Ly ]
: e ESDIRK, _~ :
9 ] */ /'. T
1074 . 3
W so71  ESDIRK, 5
107 3 3
: >0 MS#3 :
-11 : .
10 'g /f'ﬁ rDGs’ |‘I‘I:g.=0.1 -?
42 g ' Ax=1/64 m, t=2 sec]
10 o - A
10° 10° 10°
CFLacoustic
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Efficacy of time discretization  Stif fluids
(Low-Mach)

I l L} 1 L} 1 L] 1 1 1 l L] 1 L] 1 L 1 1 1 l

"1 Intel(R) Xeon 2.8GHz S

10

ESDIRK,
*
1
: @ ESDIRK,
— :
10" rDG,, LLF __ . > __ESDIRK,
Ax=1/64 m, t=2 sec ! \
10-12 I Ll T Ll L) T Ll T T I T 1 Ll Ll 1 1 L) ll I Ll Ll Ll T Ll l.
64 128 256 512

CPU time (sec)
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Conservative vs Non-Conservative Formulations

Conservative:

aﬂ+v(ﬁ+5) =R

ﬁ:

a:

P

E

P,
P.0.U.

(A (A 7

| pzazez

PU

, 1= 1,9

Conservative variables

<!

<l

Non-conservative:

Ad,V + BV
9.V +A BV (

P
U
_T_
P
Q
uz

T

(]

0%,

) AT

Primitive variables
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Conservative vs Non-Conservative Formulations

Conservative; Non-conservative:
QL{JrV(HnLD):R A@tv+BV(V>=R
Discretization is conservative to Impossible to discretisize conserving
round-off to round-off

Bad choice for shock dynamics!

[ Legacy codes ]

N

Fast, short transients, LOCA-type

New designs:
Passive safety systems, long transients

(Errors accumulate - you better conserve mass, momentum and energy)
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@ Downsides of the Conservative Formulation

»Two-phase equations are non-conservative

7

i i i Ry o
o, | pau, | +0, p,au’ + o, P + | PO.a, ||= Closures
o€, u, (p.a.e +a P u, PO a.
B pz i1 | | (pz 11 i ) o - 1 1 >

/

Interfacial momentum/energy exchange
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@ Downsides of the Conservative Formulation

~Two-phase equations are non-conservative
& Stiff fluids at low-Mach limit

/ + (T -1T,)| 25
{ (pO,TOJ ( 0){8T (PO’TO)J

P:P0_|_ p_po)a_P

dp
~ const
Sodium
Water
Small error in density ~ 10°

Huge error in pressure
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@ Downsides of the Conservative Formulation

~»Two-phase equations are non-conservative
2 Stiff fluids at low-Mach limit

eeeeeeeeeeeeeeeeeeeee

0.0 0.2 0.4 0.6 0.8 1.0 0.4 0.6 08 1.0
A | A A . .
851 fg):::vered solution at quadrature points I :£  Osec . /]sec 2 sec N « Jio1o 1 2th-o rder
5 - S ] f” AN AN
& 2 00.8 0.2 0.4 0.8 1.0 0.2

sssssssssssss

" X ’(, \ .. ,

/ AT\ */\< / ‘*‘ ; ’K\ i %f( /] \\\\ i \\\ \/ \ \/\\/ \ X \

"7 =132 m, \t=0.1s [ 1sec/y"\0sec Y ‘ g RS / / /
M /77\ \\ ~ 25?7/ 7\ /‘/}7\\ / \Sy:&// \ \>/\< AV, \,:’ VAVAV'HE

N\ // ~<J:/

\/// e AT AL
Q%Qf/ W Xva/ \\\\/é/%v/ \\},\%/ LN A | / \\\ \ /%X\ | | / \\ / -
/G VAV
3rd.order e
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 iematonalRELAPUserGroup(RU®)
All-speed Solvers

Low-Mach, <101 High-Mach, >1

Incompressible _ _ Mach #
ICE, Primitive-variables Conservative-variables

High-fidelity spatio-temporal discretization in conservative-variables

M=10-4, Sodium Supersonlc AlrIHellum
e ~ 0 o\sec/\sec/z{ AVAN T ERR Wi A~ /’\
: //V< \ //\/\\ CAYCA T T, MR | R
/ \\ )/\< g \\\)/\ // \‘\,// \ /)< // \\’// \\/)(\: . a) b) M
/‘/){"\ T 1se:/| :A()se : 7 :A: iy DL 1A \#ﬁf\f”\j’\g‘;ﬁ
N A iy T ] i
N e/ : :
WemrnOU NN A IV AL 12 &
W NV | \\ /@\ | \\ /{ R I
"1 // ' XX/ \ 3 XX/ \ A ] ©) L) .
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Linear Algebra
Jacobian-free Newton Krylov (JFNK)

Each RK stage is a non-linear solve

it

- k — -
g +ALYa, F (u““]), AN

U = 2/7["]+At<bf( )+zbf( ))
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Jacobian-free Newton Krylov (JFNK)

Each RK stage is a non-linear solve

(k)[rk] (k)[n] (k) (7]
res  =U"" U —AtZa o (27

el

Reactor system
A:B B:C

Component A Component B Component C

s () =0

Requirements, Architecture and Computational Platform of a Next Generation System Code E
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Jacobian-free Newton Krylov (JFNK)

Reactor system
A:B B:C
Component A Component B Component C

Vector of unknowns: v ' Vector of residuals: ™~
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Jacoblian-ree Newton Knylov (JFNIKX)

{,]] _ Ores,
N ks Linear solve:
Start Newton iteration T BX = —rés ()?“)J

:
FAa S L G

IF ||rés (fit) rés (fo)
U |

End Newton iteration

ELSE

< tol,

2
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Jacoblan-ree Newton Krylov

—  (WENK)

Linear solve

it| . it 5 —it
J oX = —rés (X )
ores,
Ji,j = 3 ?C' (generally, non-symmetric)

03X =5X ﬁr r, +@ﬂm

= span (r,, Jr,, J°r,,
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Jacobian-free Newton Knylov (JFNIX)

GMRES

Fréchet derivatives:

res (f + 6/%’) — res (f)

Jr~
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Preconditioning of GVIRES

A Im(\)

J'6X! = —res (XZ)
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Preconditioning of GMRES ~ IF_ZJX = —res(X)
A Im(\)
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Preconditioning of GMRES ~ IF_ZJX = —res(X)

A Im()\) :
%
%

&
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Preconditioning of GMRES ~ IF_ZJX = —res(X)

N

4 Im(N)

GMRES
Iteration-3

GMRES
Iteration-1

GMRES
Iteration-4
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GMRES
Iteration-2




Physms-Bas%{ P[r@f@g@rm@f] itioning (PBRP)
4 Im(N)

B
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Physics-Based Preconditioning (PBP)

& . 2
&

Re(\

£
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Physics-Based Preconditioning (PBP)
A Im(\)

GMRES
Iteration-3

GMRES
Iteration-1

GMRES
Iteration-2

GMRES
Iteration-4
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Block-Diagonal (BD) Preconditioning

_
(0) (1) (p) (0) (1) (p) (0) (1) (p)
Uj:(j 7pj ) P 7m] 7mj y 7m] 7EJ 7E] ) 7Ej >
J T 0 000 [ U, [ rés, )
% J,, >H§ 0 0 0 0 oU, res,

L cells Ncells -, v .
——
e 0X

P
~
%)
-
'a :
N—
\
e
=
O
wn
o
\
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Block-Diagonal (BD) Preconditioning

_________________________________________

i | | I | T
), (1) (® (01 (1) () (0 (1) (p),
Ug = ( y ’: g g see 9 3 7: j ): 9 s )m. :7E_7 bEJ 9 oo 7E"7 :)
I, 10 0 / U, \ ( res, \
0] J, 0 oU, res,
B oU res
O O 0 O 0 O JNcells -1 _ O \ 5Gcells —1 ) ~ Ncells —=
-~ N \ I'eS
cells N
L O O 0 O O O 0 JNcells -J\ ~ — ¥ vcells -,
~ X v
IEDBD

|6[Uj = j] j_lrésJ
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 imometonalRELAPUserGrw(RUG)
Operator-Split (PBP)

|

PP JPu
J

e |

u P uU U

. oP res.,
oU = — | res,
JiP Jiu 17

0L res.
— 7 \\ ~ J/ - - _/

/ J 5V b

{ka:>N

cells X Ncells InatI'iXJ

=
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Operator-Split (PBP)

Step |: oP ...Targeting heat conduction...
y KJM. || U | =—res,
0L
J. J. =
" - % 0L = —Jiilresz

Jop Jp, P\ _ [ res,+1],07
J., J.. ou ) res, +J .07

~/

Pressure-velocity matrix

S —
Laplacian, L

OP = ]L,_1 b‘ ...1argeting stiff pressure waves...

Schur complement

Step |I:

Step |ll: ...1argeting viscous operator...
oU = —J;: (res,, +J 0P+ J, . 07)
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“Eigenscopy”

-30 20 -10 0 10 20 30
1 1 1 1 1 1 1 1 1 1
1.0]
! 1.00
0.9 E:) [ 0.98
> ]
= o0s] L0.96
2 ] o
8 v
] '
0.7 L0.94 £
] &
0.6 = r0-92
] L0.90
0.5
0.150
0.20
L0.125
0.15 ] T
S
—
.
g 7
L 0.0
Y 0.10- E-
= A
=
L0.050
0.05
L 0.025
0.00 L 0.000
, , , , , —_—
-30 20 -10 0 10 20 30
X
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“Eigenscopy”

R Re
10* 10° 10° et) 10" 10 10' 10* 10° 10° ® 10" 10 10'
1 Lol 1 sl Ll sl Nl L 3 sl T | 1 | s aannl
6 1t 6
4-: L :-4
2-: = :-2
T o g > o
.2_: | -2
_4_: L [ 4
64 M=1.37E-1 - M=1.37E-2 L6
P ‘." S
6+ L L6
+3 : 4
2- : -2
2 i
E 0—_ ) C ") -—0
.4 _ [ -4
-6 M=1.37E-3 1 F M=1.37E-4 -6
Y S S P T
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“Elgenscopy” of BD Preconditioning

R Re
10* 10° 10? et) 10" 10 10' 10* 10° 10° t 10" 10 10'
i Ll Ll sl sl Lol N L 3 el L aaaanl MR | MR | MR |
6] 1 1k L6
] * JPl-3DI 1L [
4] JF -4
23 o -2
£ o — 1 — o
1t 2
4_: - _ .4
61 M=1.37E-1 1 F M=1.37E-2 L6
e — H ! A P — = - — —_
6] . L L6
+] 1 .
23 1F -2
= 1t i
E 04 se—— | [— * -—0
2 1 2
4] 1k -4
-6] M=1.37E-3 1 F M=1.37E-4 - -6
T LY LY LB LA UL 1) B L) I AL LA BN BN LA B R B
10° 10° 102 10° 10 10 10° 10° 10° 10’ 10 10
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“Elgenscopy” of Operator-Split PBP

Re Re
10* 10° 10° H 10’ 16 10' 10° 10° 10° ¥ 10’ 1¢ 10'
1l Ll Ll Ll Ll M| il PEETEEERT | PRI | Lol Lol Lol
64 1 ] L -6
= JP;PV/PE [
4] 1F L4
2] 1F L2
= 02 1F C
£ 01 st 1r Rk K ot e o _—O
2] _ L [ .2
4 — _ [ -4
61 M=1.37E-1 1 F M=1.37E-2 L6
e RS e e st =
6 1F L6
4] 1F La
2 JF )
j C . C
= ] * 1F L
13 0—: * * ﬁ%ﬁﬁﬁ — — * %m& :—0
] « 1F L
] ] N L
2 4 F -2
4] ] _ :_.4
6] M=1.37E-3 1F M=1.37E-4 --6
T T T T T T L L L) B R L] I AL B LR I AL R
10° 10° 10° 10° 10 10 10° 10° 10° 10’ 1¢ 10
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Efficacy of Preconditioning

M
10* 10° 107 10'
104 - = -
- ® *— o
» | Fm K- m o
8 .
S ;7] —@— Unpreconditioned
> 1 --%x--BD
2 S ' T%
< ] ¥ OsPBP N
HM_ R . Y — - v~~~\l\~ ..............
(@) LF Y\
w 104 CN-DG \ 3
pas ] — \
g CFIL, =0.4 |
I\Icells=1oo \\\
T”:O,ﬁ=0 \\\
105 E

Re # effect

Mach # effect

- Viscosityy
10" - ; ;
1 | " ! : -I(?
% ________________ o
3 e L 1g
| e o CNz_DC{LLF :
| *————— CFI_aynzo 4
N,=100
T M=0.137f=0 | 14
: we— :
L 1 1 | 1,

R.R.Nourgaliev, T.G.Theofanous, H.Park, V.Mousseau, and D.Knoll, “Direct Numerical Simulation of Interfacial Flows:
Implicit Sharp-Interface Method (I-SIM)” (Invited Talk), AIAA 2008-1453, 46" AIAA Aerospace Sciences Meeting and
Exhibit, January 7-10, 2008, Reno, NV, USA.
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V. Coarse-Grain
Modeling
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COARSE-GRAIN MODELING

2~ Growing demand for (3D, system)
analysis, long transients

Droplets
Vaporize in
Steam Generator

Risk-significant (long) abnormal transients in
new plant design with passive safety features

= Mo (Practical) computing resources available
s o for production calculations

Run on parallel computers
(30-100 processors)

EFIT
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o remaonaRePUser G (V)
COARSE-GRAIN MODELING

Modeled system components

System analysis

0
0
0
0
0
0

3D prediction of the system dynamics and key
safety parameters with reasonable accuracy
by sufficiently coarse resolution

No attempt to resolve boundary layers and
small-scale turbulent mixing
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COARSE-GRAIN MODELING

"’}Xsl"s_’ n-l:f)d_eli:g~ CG-LES Mega-Coarse Gralm—ng .
i TS : RANS DM__ -~
>0 - P Closures
N 2 e
N | ’
 LEsRANS | [ : h
o e CG models in
DNS E
, ; system codes
: N\ < J
g N \
; \
i \
i \
CFD , L
S ' | ) \P\DE (First-principle)
! ~ : : ~ e
——— = i ! -~ 3

Length and time scales resolved (Ax and At)
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o remetolReUPUserGmim(RUG)
COARSE-GRAIN MODELING

Under-resolved features are effectively modeled by
coarse-grained (CG) subgrid-scale (SGS) closures

Smagorinski
Dynamic

RANS 2-eqs.-Dynamic

MILES

LES A

Discrete
Modeling

LANS J




Questions?
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