
NRC Form 390A U.S. NUCLEAR REGULATORY COMMISSIOhI 
(1-1997) 
NRCMD 3.9 

RELEASE TO PUBLISH UNCLASSIFIED NRC CONTRACTOR 
SPEECHES, PAPERS, AND JOURNAL ARTICLES 

(Please type or print) 

1 TITLE (State in full as it appears on the speech, paper, or journal article) 
Sensitivity of Repository Thermal-Hydrological-Chemical Simulations to Choice of Numerical Algorithm 1 

I 2. AUTHOR@) 
S. Painter, J. Myers, L. Sabido, and A. Sun 

I 3. NAME OF CONFERENCE, LOCATION, AND DATE(s) I 
I M&C + SNA 2007 Monterey, California April 15-19.2007 -I 

4. NAME OF PUBLICATION 

I I x I  A. COPYRIGHTED MATERIAL - Does this speech, paper, or journal article contain copyrighted material? 
If yes, attach a letter of release from the source that holds the copyright. I 

5. NAME AND ADDRESS OF THE PUBLISHER 
American Nuclear Society LaGrange Park, IL 

6.  CONTRACTOR NAME AND COMPLETE MAILING ADDRESS (Include ZIP code) 

Center for Nuclear Waste Regulatory Analyses 
Southwest Research Institute 
6220 Culebra Rd. 
San Antonio, TX 78238 

I I x  I 8. PATENT CLEARANCE - Does this speech, paper, or journal article require patent clearance? 
If yes, the NRC Patent Counsel must signify clearance by signing below. 

TELEPHONE NUMBER OF THE PUBLISHER 

TELEPHONE NUMBER OF THE CONTRACTOR 

21 01522-3348 

YES 

I 
Does this speech, paper, or journal article contain measurement and weight values? 
If yes, all must be converted to the International System of Units, followed by the 
English units in brackets, pursuant to the NRC Policy Statement implementing the 
Omnibus Trade and Competitiveness Act of 1988, Executive Order 12770, July 25, 
1991. 

C. REFERENCE AVAILABILITY - Is all material referenced in this speech, paper, or journal article available to the 
public either through a public library, the Government Printing Office, the National 
Technical Information Service, or the NRC Public Document Room? If no, list below 
the specific availability of each referenced document. 

X 

I 8. AUTHORIZATION I 

NO 

D. METRIC UNIT CONVERSION - 

I The signatures of the NRC project manager and the contractor official certify that the NRC contractor speech, paper, or journal article is authorized by 
NRC, that it has undergone appropriate peer review for technical content and for material that might compromise commercial proprietary rights, and 
that it does not contain classified, sensitive unclassified, or nonpublic information. (NRC MD 3.9, Part II(A)(l)(d)) I 

7. CERTIFICATION 
(ANSWER ALL QUESTIONS) 

DATE 

Gordon W. Wittmeyer, Assistant Director 

B. NRC RESPONSIBLE PROJECT MANAGER (Type orprint name) OFFlCElDlVlSlON MAIL ST0 

- 

E-MAIL I.D. 
Did you place the speech, paper, or journal article in the PDR? YES - NO - I 

SIGNATURE DATE 

. 
NRC FORM 390A (1-1997) PRINTED ON RECYCLED PAPER This form was designed uslng InFom~s 



Sensitivity of thermal-hydrological-
chemical simulations to choice of 
numerical algorithm 

S.L. Painter, L. Sabido, J. Myers, and A. Sun 
Center for Nuclear Waste Regulatory Analyses
Southwest Research Institute®

San Antonio, Texas 

Joint International Topical Meeting on Mathematics & Computation and 
Supercomputing in Nuclear Applications (M&C + SNA 2007)
Monterey, California, April 15–19, 2007 



2

Thermal-hydrological-chemical 
(THC) simulations 

Used to investigate anticipated 
conditions in the host rock of 
the potential repository at 
Yucca Mountain, Nevada 

Temperature, liquid content, 
humidity 
Aqueous chemistry 
Persistent changes in 
hydrological parameters

Multiphysics codes 
Two-phase porous media flow 
Heat transport 
Multicomponent reactive 
transport 
Mineral precipitation and 
dissolution

Source:  U.S. Department of Energy
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Thermal-hydrological-chemical 
(THC) simulations – 2 

Relatively few codes address
above- boiling conditions 

TOUGHREACT (Xu, et al., 2004) 
MULTIFLOTM (Lichtner, 1996; Painter and 
Seth, 2003) 

Limited experience base for reactive 
transport near boiling regions 

Numerical artifacts 
Performance optimization 
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Objective

Investigate various options for 
coupling chemical transport and 
reactions in strongly non-isothermal 
conditions 
Use MULTIFLO code and conditions 
expected in potential repository at 
Yucca Mountain 
Focus on mineralization patterns and 
chemistry of potential seepage water  
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MULTIFLO 
Developed by CNWRA for U.S. Nuclear 
Regulatory Commission 
Multiphysics

Two-phase (gas and liquid), 
two-component (air and H2O) flow
Heat transport 
Two-phase, multicomponent reactive 
transport 

Dual continuum (fracture and matrix) 
formulation 
Finite volume 

Fully unstructured 
Arbitrary (user specified) intercell 
connectivity 
Hybrid upwind/central differencing 

Fully implicit with Newton iteration
Iterative sparse solvers 

Biconjugate Gradient Stabilized (BCGSTAB) 
Preconditioning by incomplete lower-upper 
(ILU) with fixed level of fill 

Source:  U.S. Department of Energy
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Process coupling in MULTIFLO
Heat transport and flow are 
fully coupled
Thermal hydrology and 
reactive chemical transport 
are sequential and           
non-iterative 
Multiple options for coupling 
reactions and chemical 
transport

Global implicit (slowest, most 
accurate) 
Basic split operator 
Strang splitting 

Flow and 
Heat Transport

Reactive 
Transport

Flow and 
Heat Transport

velocity
temperature
water content

mineral volumes
permeability
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Multicomponent, multiphase 
reactive transport
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For j-th primary species 

jp,Ψ Generalized concentration j-th species, p-th phase

pT Transport operator (advection and dispersion)

ps Phase saturation (sl + sg = 1)

mI Reaction rate for m-th mineral (function of concentrations)

jmν Stoichiometric coefficient

For m-th mineral

mϕ Mineral abundance mV Mineral molar volume

φ Porosity
t Time
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Coupling reactions and transport

Global implicit 
Reaction and transport system solved iteratively 
as one big system 

Simple split operator 
Transport with no reactions 
Reactions using concentrations from transport 
substep 

Strang splitting 
Transport half step 
React 
Transport half step 
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Simple split operator algorithm
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Notes: Transport step decouples species 

Reaction step decouples grid blocks

CPU and memory requirements greatly reduced 
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Variant of split operator 
algorithm

0
,

,
,

,

~~
m

m
jmjp

glp
pjp

glp
p IwTs

t ∑∑∑ −=Ψ+Ψ
∂
∂

==

νφ

0
,

,
m

m
jmm

m
jmjp

glp
p IwIs

t ∑∑∑ +−=Ψ
∂
∂

=

ννφ

Fix reaction rate at beginning of transport step

And remove from reaction step 

w is a weighting factor  10 ≤≤w

Initial tests show improved accuracy in isothermal conditions.
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Test case grid

Detail from grid

446 cells, dual continuum
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Test case thermal hydrology 

Assumes forced 
ventilation ceases 
at t=50 years

Fracture Saturation
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Test case geochemistry

“Simplified” system of Spycher, et al. 
(2005)
21 aqueous species 
CO2 gas
7 minerals 

Calcite, fluorite, gypsum 
Amorphous silica
Other silica phases (dissolution only)
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Test cases

FI:  Fully implicit

OS1:  Single-step split operator
w = 0,1/2,1

OS2: Strang splitting
w = 0,1/2,1
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Fracture intrinsic porosity at 
500 years

Note:  An open 
fracture has 
intrinsic porosity 
of 100%
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Fracture intrinsic porosity at 
2,000 years
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Numerical artifact with 

Adding initial reaction 
rate in transport step 
produced nonphysical 
result 

Complete plugging of 
fractures by calcite 
above repository 
horizon
Only for OS1 and
Cause has not been 
identified

t = 4,500 years

0≠w

0≠w
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pH of potential seepage water

Defined as pH in closest non-dry 
grid cell above tunnel crown 
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Run times 

For same time-step control 
parameters, split operator methods 
decreased run time by factor of ~3 
But, shorter time steps were required 
to match mineralization pattern at 
2,000 years
Net result was comparable run times 
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Summary of results
For general mineralization pattern at 500 years, all 
split operator methods were consistent with the fully 
implicit results 
Simple splitting was best at matching the fully implicit 
results at 2,000 years, but required reduced time step 
that eliminated any advantage in run time 
Simple splitting was best at matching the fully implicit 
water chemistry results 
Incorporating initial reaction rate in transport step 
produced nonphysical result (t > 4,000 years) and 
generally yielded no improvement in accuracy 
Strang splitting resulted in no improvement over 
simple splitting
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Conclusions 
For strongly nonisothermal systems that produce 
significant mineral precipitation, split operator 
methods offer little advantage in computational 
efficiency
If conditions do not approach full plugging of 
fractures/pores, then split operator methods are 
viable alternatives to fully implicit 

Approximate factor of 3 reduction in run time 
Simple (1-step) method was better than Strang
splitting?
Results of this study are different from experience 
with less reactive systems 
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Disclaimer 

This presentation was prepared to describe work performed by 
the Center for Nuclear Waste Regulatory Analyses (CNWRA) 
for the U.S. Nuclear Regulatory Commission (NRC) under 
Contract No. NRC–02–02–012.  The activities reported here 
were performed on behalf of the NRC Office of Nuclear Material 
Safety and Safeguards, Division of High-Level Waste 
Repository Safety.  This presentation is an independent product 
of the CNWRA and does not necessarily reflect the view or 
regulatory position of NRC.
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