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I. Introductory Remarks
Definitions, Background, Goals

III. Application examples

• Accuracy/convergence, efficiency
• Uncertainty Quantification 
• Risk and decision making (RISMC demo)
• Plant ageing demo

II. R7: development status

Highlights of  code architecture, 
numerics and (multi-) physics
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Safety Figure of  Merit

PDF

Load

Capacity

Change in operational procedures
Inspection procedures
More research
etc.  
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Safety margin characterization
Balance between design, operation and safety code

Help in decision making
Licensing

LOCA, DBA
(Legacy codes: RELAP5, Trac,

TRACE, CATHARE)

Probabilistic Risk 
Assessment (PRA)

System vulnerability 
search engine

Simulator:
Training

Risk monitoring/forecast

Non-DBA
(plant ageing)
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Object-oriented (C++)

Parallel (MPICH)

High-order in space

Recovery DG (1D)
(up to 12th-order)

Reconstructed DG 
(2D & 3D unstructured-grid)

(3rd-order and higher)Fully-implicit, L-stable, High-order in 

time

L-stable

All-speed capabilities, t/d consistent real 

fluid EOSs

State-of-the-art linear algebra (Krylov-

based, JFNK, PETSc)

“VU-assessed”, with subversion control (Trac web-based), extensive 

verification and documentation (“ANT” Manual, Doxygen – html-based 

Manual), 3D visualization, GUI, regression testing

Uncertainty Quantification enabled 

(integration with DAKOTA)

Advanced 2-phase flow modeling

3D CFD/SM capabilities (Coarse-Grain, 

RANS, LES Turbulence)

 Homogeneous Equilibrium (+Interfacial Slip) Model

 Two-fluid 6-equation hyperbolic 1-pressure 
(+interfacial pressure) model

 Two-fluid 7-equation hyperbolic 2-pressure          
model (DEM)

Neutronics: 3D nodal diffusion

Boron and corrosion product transport
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Component utilities
and

Library of  templates

I/O, GUI, code control utilities

Computational engine

Time discretization,
Transient control

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

Pre/Post-Processors
(CuBiT, ViSiT, Paraview, ParMeTiS)

Material 
Library 

Closure
Library

UQ & SA
Dakota

ADIC (FSA & Adjoint)
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Water (PWR)
Realistic geometry
Two-phase flow
Multiphysics
Space accuracy
Ageing

Natural/Forced Convection
Space-time accuracy
Control system
Coupling with RISK tools
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21 components:

8 pipes

4 elbows
Pump

Core

Pressurizer (Prz)

Heater/Neutronics

Working fluid:

Water (16 MPa, 340o C)

Combined 
forced and 

natural circulation

Heat exchanger (HX)
Prz control

Pump control

CRP control

4-15 MW
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Steady-state:

20-30 time steps,
CFLacou=104-108

(CFLmat=102-106)

CPU time:
~20 sec 

to get t=3 hrs

“Cold start-up”
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Richardson extrapolation
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Richardson extrapolation
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Richardson extrapolation

50% up

50% down
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CPU time:
<2 min
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Doppler effects ignored
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Doppler effects ignored

With Doppler effects
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Pressurizer failure

Scram the Reactor

Trip/fail the Pump

(Pump reliability model)

CapacityLoad

Safety Margin 

RISMC

PCT

pdf
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1. tpump: how long it takes to stop the       
pump (10-100s)

2. tdelay: how long it takes to start SCRAM 
(1-100s)

3. CRPend: Final position of  control rods 
(from 0.05 to 0.55)

4. tCRP: duration of  the SCRAM (from 10 to 
50s) 
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Analytic reliability methods
(transforming the uncertainty quantification problem to 

an optimization one, where the goal is to find the 
“most probable point” of  failure (MPP))

Stochastic expansion methods
(develop an approximation of  a random response function in terms of  

finite-dimensional series expansions:
polynomial chaos expansion (PCE) and 

stochastic collocation (SC))

Bayesian-based methods
(Combining LHS sampling with orthogonal ray 

skeleton, eliminating “inactive” parameters)

Efficient Subspace Method (ESM)
(Reducing parameter space by analyzing and SVD of  

the covariance matrix) + combining with 
stochastic expansion methods

Brian Williams, LANL

Ralph Nelson, LANL

Laura Swiler, SNL

Hany S.  Abdel-Khalik, NCSU
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AP1000 reactor coolant system
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32 components

60-185 MW

T/H

Thermal-Structural
(ageing)

Core Neutronics
(emulator)

• Nominal Power: up to 185 MW

• Coolant: water (pressurized, with boiling)

• Nominal Pressure: 16 Mpa

• Nominal Flow Rate: 773 kg/(ms2)

• Core Height: 4 m

• SG Height: 7 m (active HX part)

• Total Height: 21 m

• Secondary Side Temperature: 400 K

Tabulated water table:
Thermodynamically-consistent

Bi-cubic spline interpolation
Fast table search algorithms
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IC: 600 K, NULL state, no power
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x
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Richardson extrapolation
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Conservation laws:
Cubic 

(in quality)

Table:
IAPWS-IF97

Industrial
application
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Conservation laws:
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Conservation laws: Single pressure,

Stuhmiller, 1977
Prosperetti & Satrape, 1990

CATHARE
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550 elements

ESDIRK5

Water, 16 MPa

CFLmat=1.5

HLLC
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3-element airfoil

Mach # contours

Pressure contours

Transonic flow past a M6 wing 
configuration M∞=0.84, α=3.06o

Steve Shkoller
UC Davis

Hong Luo
NCSU
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