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Topological heterogenuity 

1D components: 
Straight pipes, elbows,  
variable-area pipes... 

0D components: 
Pumps, pools,  

T-junctions, turbines…. 2D/3D components: 
Pools, T-junctions,  

downcomers… 

7D components: 
Reactor core assembly 

(neutron transport) 

Modeling 

Neutronics: 
Point kinetics 

Quasi-Static Diffusion 
Diffusion Approximation 

Quasi-Diffusion 
Transport Pool Mixing: 

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

RANS CFD 
LES CFD 

DNS 

Pipe Flow: 
1D: Total Mixing 

“1.5D”: Account for stratification 
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Tight coupling algorithms 

Thermohydraulics (1-phase and multi-phase) 

Neutronics 
Thermo-structural analysis 

Coolant chemistry 

etc. 

Fuel behavior 

Fission Product Transport (FPT) 
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High-order spatio-temporal discretization (local error estimates) 

Forward Sensitivity Analysis 
Adjoint Analysis 

Monte-Carlo based (“black-box”, DAKOTA) 
(global error estimates) 
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time 

Uncertainty 

New experiment 
New model 
Higher-fidelity component 

Industry: 
Customer/Funding  
Organization 
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“Fidelity-on-demand” (Adaptive Model Refinement, AMoR): 

Individually, component-by-component, this will not necessary be the “State-of-the-Art” 
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Smoothness of  models 

“Differentiability” (at least numerical) of  code results 

Jacobians (Hessians) are computable 

Jacobian-free Newton Krylov and  
High-order spatio-temporal discretization 
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Community-scale effort 

~50-100 code developers/contributers 
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Component Library 

Component C 
(High-fidelity) 
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Interface Library 

Component A Component B 

Component C 
(Low-fidelity) 

C:A 

A:B 
B:C 

A:A 
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Interface Library 

Component A Component B 

Component C 
(Low fidelity) 

C:A 

A:B 
B:C 

A:A 

Component A Component B 

Component C 
(Low-fidelity) 

A:B 
B:C 
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Component A Component B Component C 
A:B B:C 

= - 

A 

B 

C 

AB 

BC 

CPU1 CPU2 

CPU3 
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  Component utilities 
and 

Library of  templates 

I/O, GUI, code control utilities 

Time discretization, 
Transient control 

Computational engine 

Component Factory 

Component & Interface  
Library 

1-phase 
pump 

2-phase 
pump 

1-phase 
pipe 2-phase 

pipe 

Turbine 

1-phase 
elbow 

2-phase 
elbow 1-phase 

T-junc. 
Pressurizer 

Linear Algebra,  
Nonlinear Solvers 

PETSc 
Trilinos 

Post-Processors 

Material Library 



International RELAP User Group (IRUG) 

Requirements, Architecture and Computational Platform of  a Next Generation System Code 23 



International RELAP User Group (IRUG) 

Requirements, Architecture and Computational Platform of  a Next Generation System Code 24 

…Future… 
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Time discretization: Semi-Implicit (ICE-based) 
 Nearly-implicit 

SETS 
Operator-Split  

(1st-order) 
Space discretization: 

Staggered-grid, Donor-Cell (upwinding) 
(1st-order) 

Linear Algebra: 
Direct Solvers 

Sparse Gaussian Elimination 
TDMA 

(Scale as ~N3) 

Programming: 
Serial, FORTRAN-IV/FORTRAN-77  FORTRAN-90 

No means to quantify 
numerical discretization  

uncertainties 
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Time discretization: 
Fully-Implicit, high-order, L-stable 

Runge-Kutta Methods  

Space discretization: 
High-order finite-volume, 

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 (MPI), Object-oriented (C++, Java) 
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Space discretization 

P,T 
P,T 

P,T 

u u 
u u 
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Space discretization 

P,T 
P,T 

P,T 

u u 
u u 
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Compressible Navier-Stokes: 

Class Pipe1f_template 
1-phase fluid (NS) in 1D pipe 

γ-gas: 
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Orders of  magnitude more accurate 
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Conservative: Non-conservative: 

Conservative variables 

Primitive variables 
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Conservative: Non-conservative: 

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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Small error in density 

Huge error in pressure 
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3rd-order 

12th-order 
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Mach # 

Low-Mach, <10-1 High-Mach, >1 

Incompressible 
ICE, Primitive-variables Conservative-variables 

High-fidelity spatio-temporal discretization in conservative-variables 

M=10-4, Sodium Supersonic, Air/Helium 
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Each RK stage is a non-linear solve 
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Each RK stage is a non-linear solve 

Component A Component B Component C 
A:B B:C 
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Component A Component B Component C 
A:B B:C 

Vector of  unknowns: Vector of  residuals: 
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Start Newton iteration 
Linear solve: 

End Newton iteration 

IF ELSE 
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Fréchet derivatives: 
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matrix 
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matrix 
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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, 46th AIAA Aerospace Sciences Meeting and 

Exhibit, January 7-10, 2008, Reno, NV, USA.  
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Risk-significant (long) abnormal transients in 
new plant design  with passive safety features 

Run on parallel computers  
(30-100 processors) 
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Modeled system components 

System analysis 

Bulk model 

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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Length and time scales resolved (Δx and Δt) 

Physics, modeling 

DNS 

Mega-Coarse Graining 

DM 

LES/RANS 

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