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&‘ CASL: The Consortium for Advanced
Simulation of Light Water Reactors

A DOE Energy Innovation Hub for Modeling and Simulation of Nuclear Reactors

Leverage Develop Deliver

» Current state-of-the-art * New requirements-driven An unprecedented predictive
neutronics, thermal-fluid, physical models simulation tool for simulation
structural, and fuel of physical reactors
performance applications

« Efficient, tightly-coupled
multi-scale/multi-physics Architected for platform

» Existing systems and safety  algorithms and software with  portability ranging from
analysis simulation tools guantifiable accuracy desktops to DOE's leadership-

class and advanced

architecture systems

(large user base)

« Rigorous Verification &
Validation against existing

* Improved systems and
safety analysis tools
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A - |
}" CASL vision: Create a virtual reactor (VR)
for predictive simulation of LWRSs

. — e Multi-scale: temporal and
'ANKY / \SI spatial

 Dynamic components: plug-
and-play models and codes

» Tractable pre- & post-
simulation complexity via
friendly user-interface
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LIME Multi-Physics

Trilinos

Framework
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% Model Evaluator:

Interface to Application Codes

« Each code is wrapped so the Problem Manager can link to it
(i.e. like a library).

Model Evaluator interface allows an application
to be treated as a flexible subroutine

InArgs

X
X
p

OutArgs
R(x,x,p)
oR  OR JR
ox ox op
R(x,x,p)=0
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Very Simple Example

ri(x1,22) =21 — 22+ k—7=0
ro(xy1,x2) = a1+ 222 —2k+9 =0
R (x) = Ax —b(k) =0
x = A”'b(k)

k — 37 X = (,’L‘lsz) — (17 _2)
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Very Simple Example

T1($1,x2):23§1—$2+/€—7:0

ro(xy1,x2) = a1+ 222 —2k+9 =0
Replace constant with
value from another model
1 (3317332,533) = 2.5131 — L9 —|—533 —7=0

T2 ($17$2,f3) =21+ 220 — 223 +9=0

r3 (i‘l;iz,%) — (fl)Q + 2o+ 223 —0 =0
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Very Simple Example

InArgs

X

OutArgs
R(x)=0

RA (XA,}EB) = AXA — bA()NCB) =0
0

Rp(xp,Xx4) = Bxp —bg(xa) =

Jacobi Fixed-point

[ Problem ]<
Manager ) ) )
J Seidel Fixed-point
Problem A Problem B
Model Model
Evaluator Evaluator
AtoB
Transfer
Bto A
Transfer
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Very Simple Example

T1($1,$2):23§1—$2‘|—/€—7:0

ro(xy1,x2) = a1+ 222 —2k+9 =0

Replace constant with
value from anather model

1 (33_1, X2, 53_3) = 2.513_1 — T2 + 533_— 7 =0- 0

- Y

T2 (33_1’, Z2, 53?,) = T1 T 237_2 — 2?3"!‘ 9=0=0

r3 (i‘l;iz,%) — (fl)Q + 2o+ 223 —0 =0

Fixed-Point does not converge !
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A Better Example
1D Conjigate Heat Transfer

Yeckel et al., [IINME, v 67, n 12, 2006.

971 2o
X I: 1 X I= 2
d°T  dT _ d°T T|pen = T2
—— —c— =20 K——
dx2 dx dx?
T
q =177 dfc r=1—
_ dT 4 4
Glo=1+ ==K | _ 4 + (T, 4 —T3)
T|:1::1— = T|a:=1+
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A Better Example
1D Conjigate Heat Transfer

Yeckel et al., [IINME, v 67, n 12, 2006.

971 2o
X I: 1 X I= 2
d°T  dT d2T
— —c—=20 k——s =0
dx2 dx dx?
T
Ye=1~ = dx r=1—
_ dT 4 4
Glo=1+ ==K | _ 4 + (T, 4 —T3)

g[[q]]+(1—oz)ﬂT]]=O at x=1"

Blal+ (1 -p)[T]=0 a x=17
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A Better Example

1D Conjigate Heat Transfer

Convergence and convergence rate of loose-coupling can be strongly problem-dependent.

Shaded regions
indicate failure

i

o
B L OO
1.6-01 -
1.E-02 e ., o B Fixed-pt
el Iters, R=0
0.50 0.40 33
1.6-03 -
0.50 0.45 60
1.E-04 | 0.50 0.49 253
0.50 0.60 N/A
1.6-05
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A Better Example
1D Conjigate Heat Transfer

So close, yet so far away

a T T _——m——ee———==a—=——=
+ * I

00‘ JAA 0::. JAA JAB

1
a0k - o - 20
+ # #

0=R(x")=R(x")+J(x")E"+0 (‘Ek‘z)
EF = x* _ xF Axchtl — [3—111} E* + 0O (‘Ek‘Q)
B = [1-J7| BF + O (B[

EF — @ (Xk) E* + O (‘Ek‘Q)

Sandia
"1 National _

Laboratories




;’

Jacobian-Free Newton-Krylov

Matrix-Free Newton-Krylov :
R(x + ep) = R(x) + J(x + ep — x) + O(|[ep|[*)

R(x + ep) — R(x)

Jp ~

Jacobian-Free Newton-Krylov with Preconditioning:

R(x+eM 'p) — R(x)

€

JM 'p =~

JFNK relaxes interface requirements to nearly that needed for fixed-
point.

h

Sandia
National
Laboratories



i A Better Example

1D Conjigate Heat Transfer

Convergence and convergence rate of loose-coupling can be strongly problem-dependent.
Newton-Based (JFNK) coupling dramatically improves both.

1
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Hierarchical Support

( N
Multi-Physics
Driver
\_ _J
T
Problem
Manager
\_ _J

Problem C
Model
Evaluator

(Sub)Problem
Manager

Problem A Problem B
Model Model
Evaluator Evaluator
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Meta-Solver Support

{

InNArgs
P

OutArgs
g(p)=0
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“Brusselator” Problem

Transient Thermal Diffusion with Source:

oT 0°T

-_ — - _ 2
o Dy 572 +a—-(1+8)T+CT

Transient Species Diffusion with Source:

oC 0°C

- - - S 2
8t D2 8392 + o + BT OT

Adjustable Parameter

T~ [D; =D, =0025.a =065 =20
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Temperature

Brusselator Problem

g(p) = mgn[lf) — Traz (P)]”

Po :Dl :DQ = 0.01

k Pk gk

0 0.01 0.112

1 0.001984 2.01e-4

2 0.00196913 | 1.53e-7

3 0.00196912 | 4.50e-
11
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Conclusions

LIME provides a very lightweight connection between physics
applications and solver algorithms

Increasing richness of algorithms can be enabled by exposing
more application data/functionality through each Model
Evaluator as needed or desired

LIME is an independent project but integrates seamlessly into
the Trilinos software environment

LIME will eventually be publicly available

Current and future energy needs of the USA may benefit greatly
from multi-physics modeling/simulation enabled to large extent
by LIME
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% Relaxing Requirements, Part 3

(Response Only Model Evaluator)

e Fluid-Thermal Code - Xg = (u, v, w, P, Tf1yids Tsolid)

R(XR,Q) —
Xp—— R(XxQt)=0 |—
Js=r —
Tsolid .
+ Neutronics - Xy = (?) Q
xfer

Tcw g

Rc =R (XR, Q(XR)) =0
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Typical Starting Point

call F1llIRHS ( xVec, RHSvec )

norm = TwoNorm( RHSvec )

while ( norm > tol )
call fillJacobian ( xVec, Mat )
call linSolver ( Mat, solnVec, RHSvec)
call daxpy( xVec, 1.0, solnVec, 1.0)
call TfillRHS ( xVec, RHSvec )
norm = TwoNorm( RHSvec )

end while

subroutine linSolver ( Mat, solnVec, RHSvec )
return
subroutine Ti1lIRHS ( xVec, RHSvec )

return

subroutine fillJacobian ( xVec, Mat )

return
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Typical Starting Point

call F1llIRHS ( xVec, RHSvec )
norm = TwoNorm( RHSvec ) LIME PrObIem Manager
while ( norm > tol )
call fillJacobian ( xVec, Mat )
call linSolver ( Mat, solnVec, RHSvec)
call daxpy( xVec, 1.0, solnVec, 1.0) Clj .
call FillRHS ( xVec, RHSvec ) R( ) =0
norm = TwoNorm( RHSvec )

end while

subroutine linSolver ( Mat, solnVec, RHSvec )

return

subroutine Ti1lIRHS ( xVec, RHSvec )

A

return

subroutine fillJacobian ( xVec, Mat )

return

A
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% Relaxing Requirements

(Avoiding Jacobian pain)

Finite Difference Approximation :

I — or; _ Ii(x+ee;) — Fy(x) Cost ~ O(N?)

oz €
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% Relaxing Requirements

(Avoiding Jacobian pain)

Finite Difference Approximation :

J-‘ _ an ~ Fi(x—l—eej) — Fz(X) COSt ~ O(NB)
“J oz €
Finite Differences with Coloring : Cost ~ O(NQ)
1 2 3 1 2 3 L L L
< || [o| [0 || 1 0 0
“NE G4y | : ‘1)
X -
g x || 03{25}*1’30’30
| C;={36}
o X 0 1 0
0]0]0]/0] x| 0] 0 1
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