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CENTER FOR NUCLEAR WASTE REGULATORY ANALYSES 
QA VERIFICATION REPORT 

FOR 
+DEVELOPED OR ACQUIRED TO BE MODIFIED SOFTWARE 4- 

Software Title/Name: r) 

Version: Zc 0 
Demonstration workstation: b o C 4 t 9 " ~  

Operating System: kr" 
Developer: s c ' 3CLbCA* 

Software Requirements Description (SRD) [TOP-018, Section 5.31 

&$>&A 2 -&.( 20% 
SRD Version: 2,o 

SRD Approval Date: 3% 1%. f 4 9 9  f 

1% L* 04-3\, u- i& 2 

SRD and any changes thereto reviewed in accordance with QAP-002 requirements? 

+-C,-z 4WiA.w z- 0, \W$. Yes: I!/ No:O N/A:O 

Is a Software Change Report(s) (SCR) used for minor modifications (i.e., acquired code), problems or changes to a 
:onfigured version of software? S*<& -504 

Yes: d NO: o N/A: o 
Comments: 

Software Development Plan (SDP) [TOP-01 8, Section 5.41 

SDP Version: 2 
SDP (EM) Approval Date: FYSO '5". - 8 )  

The SDP addresses applicable sections of TOP-018, Appendix B, SDP Template? 

Yes: id No: I? N/A: C 

Is the waiver (if used) in accordance with specified guidelines? 

Yes:O No:O N/A:& 
Comments: 

Design and Development [TOP-018, Section 5.5.1 - 5.5.41 

I s  code development in accordance with the conventions (i.e., coding conventions)described in the SDP/SCR? 

Yes:/ N ~ : O  N/A:C 
Module(s) Reviewed: QeLI.~&i.r .J 

t Comments: 
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CENTER FOR NUCLEAR WASTE REGULATORY ANALYSES 
QA VERIFICATION REPORT 

FOR 
+DEVELOPED OR ACQUIRED TO BE MODIFIED SOFTWARE C 

~ ~~ ~ ~~ ~~ ~~ ~ ~ ~ 

Is code internally documented to allow a user to understand the function(s) being performed and to follow the flow 
of execution of individual routines? 

Module(s) Reviewed: e c \ e.l fir. J 
Comments: ioLf\kA--8 5 
I s  development of the code and informal modulelsubroutine-level testing documented in scientific notebook and/or 
SCR? 

N/A: 0 
SCR's andor  Scientific Notebook(s) Reviewed: 

Comments: SC& - S 6 S  

Software designed so that individual runs are uniquely identified by date, time, name of software and version? 

Date and Time Displayed: lkzd 2 II:14-.20 Z-Yf 

NameNersion Displayed: tu \ 4 4 /Q I( e"9.h-c 2.3 

Zomments: 

Yes: G/ NO: o N/A: o 

~ ~ 

Medium and Header Documentation [TOP-01 8, Section 5.5.61 

4 program title block of main program contains: Program Title, Customer Name, Customer Office/Division, Customer 
Zontact(s), Customer Phone Number, Associated Documentation, Software Developer and €%one Number, Date, and 
Disclaimer Notice? 

Source code module headers contain: Program Name, Client Name, Contract reference, Revision Number, Revision 
gistory, and Reference to SRD/SCR requirement(s)? 

Yes: B/ No: o N/A: o 
Module(s) Reviewed: ~ ~ c ~ e h c  jl 
Zomments: 

rhe physical labeling of software medium (tapes, disks, etc.) contains: Program Name, Module/Name/Title, Module 
ievision, File type (ASCII, OBJ, EXE), Recording Date, and Operating System(s)? 

Yes: Id No:O N/A:O 
Somments: i 2.0. 
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CENTER FOR NUCLEAR WASTE REGULATORY ANALYSES 
QA VERIFICATJON REPORT 

FOR 
+DEVELOPED OR ACQUIRED TO BE MODIFIED SOFTWARE t 

Code Reviews [TOP-01 8, Section 5.5.61 

Are code reviews (if implemented) documented in a scientific notebook or in another format that allows others to 
understand the code review process and results? 

Yes:O No:O N/A:rB 

Documented in Scientific Notebook No.: 

Comments: 2 ~ .  p ~ & -  w:k by 6 

Acceptance and Installation Testing [TOP-01 8, Section 5.61 

Does acceptance resring demonstrate whether or not requirements in the SRD and/or SCR(s) have been fulfilled? 

Yes:/ No:O N/A:O 

Has acceprance resring been conducted for each intended computer platform and operating system? 

Yes: NO: o N/A: CI 
Computer Platforms: Qf 1 5 3~ Operating Systems: C F ~ +  ts 
Location of Acceptance Test Results: S M  28 6 

Comments: ~ x e  &?> -G\Jer 

w9 >cy 0% ~~= 

Has insrallation resting been conducted for each intended computer platform and operating system? 

Y e s : d  N ~ : O  N/A:o k 
Computer ~~a t fo rms :  W ,  W‘ p t i n g  al,w~J Systems:%(&:c, w Qw.d 

Results: 3 2 k 

Comments: A+ +ML. 0 4 U 4 - U  +?dJ - fl+,-(t!.d @A ?c/SUA 
User Documentation [TOP-018, Section 5.5.71 

Is there a Users’Manual for the software and is it up-to-date? 

User’s Manual Version and Date: 
Y e s : d ‘  NO: o N/A: o 
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QA VERIFICATION REPORT 

FOR 
+DEVELOPED OR ACQUIRED TO BE MODIFIED SOFTWARE 4- 

Are there basic instructions for the i~israllarioti and use of the software? 

Yes:/ NO: o NIA: o 
Location of Instructions: 

Comments: 

Configuration Control [TOP-01 8, Section 5.7,5.9.3f 
I 

/No:O N/A:O Yes: 
Is the Software Summary Form (Form TOP-4-1) completed and signed? 

Date of Approval: 

Is the list of files attached to the Software Summary Form complete and accurate? I Y e s : d  N ~ : O  N/A:O 
Comments: I 
Is the source code available or, is the executable code available in the case of (acquired/com rcial codes)? 

Y e s : y  N o : o  N/A:o  
Location of Source Code: C b  

I Comments: 

-;;make files and executable files been submitted to the Software Custodian? 

Location of scriptfmake files: ~ h c  (UaC fi cb 
, I Comments: 

Yes. G/ No:O N/A:O 

Software Release [TOP-01 8, Section 5.91 

Upon acceptance of the software as verified above, has a Software Release Notice (SRN), Form TOP-6 been issued 
and does the version number of the software match the documentation? 

Yes: d No:O N/A:O 

Comments: 
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QA VERIFICATION REPORT 

FOR 
+DEVELOPED OR ACQUIRED TO BE MODIFIED SOFTWARE +- 

Software Validation [TOP-018, Section 5.101 

Has a Software Validation Test Plan (SVTP) been prepared for the range of application of the software? 

Yes: 0 No: d N/A:O 

Version and Date of SVTP: 

Date Reviewed and Approved via QAP-002: 

Has a Software Validation Test Report (SVTR) been prepared that documents the results of the validation cases, 
interpretation of the results, and determination if the software has been validated? 

Yes: 0 No: 8/ N/A:O 
Version and Date of SVTR: 

Date Reviewed and Approved via QAP-002: T%1-\1>-- 

jLdq L+&- 
Software DeveloperDate u v  Software CustodianDate 
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SOFTWARE DEVELOPMENT PLAN FOR MULTIFLO VERSION 2.0 

January 2001 

This software development plan (SDP) describes the approach to be followed in implementing the 
modifications to MULTIFLO in going fromversion 1.2.3 to Version 2.0. The design specifications for 
the MULTIFLO Version 2.0 code are outlined in the Software Requirements Description (SRD) for 
MULTIFLO Version 2.0. 

1.0 SCOPE 

The scope of the software development effort is described in detail in the SRD. The GEM and 
METRA components of the code will both be modlfied. In addition, a set of utihty routines for 
manipulating input and output data will be developed. 

2.0 BASELINE ITEMS 

Release of MULTIFLO V2.0 wiU be staged. The total variation diminisling (TVD) algoritw 
the gravity drainage boundary condition, and improved fracture-to-matrix flow representation wiU be 
released in Version 1.5. Remaining capabilities described in the SRD will be released with V2.0. Utility 
routines will be under a separate release. The specific products to be delivered from this software 
development project include: (1) source code for MULTIFLO V1.5, (2) source code for MULTIFLO 
V2.0, (3) source code for utility programs: (4) updated make files for each release; and (5 )  revised 
User Manual for each release. 

3.0 PROJECT MANAGEMENT 

3.1 Work Breakdown Structure 

Task 1 TVD algorithm ( Seth and Painter, 5 days) 

Task 2 Gravity drainage boundary condition (Seth and Mayer, 2 days) 

Task 3 Improved representation of fracture-to-matrix flow (Seth and Painter, 2 Days) 

Task 4 Final Testing for Version 1.5 (Painter, Seth, and Mayer, 5 days) 

Task 5 Revise User Manual for Version 1.5 (Painter and support staff, 1 day) 



Task 6 Pumping wells (Seth and Painter, 20 days) 

Task 7 Hydrodynamic Dispersion (Painter and Mayer, 15 days) 

Task 8 Final Testing for Version 2.0 (Painter, Seth, and Mayer, 5 days) 

Task 9 Revise User Manual for Version 2.0 (Painter, Seth, and support staff, 5 days) 

Task 10 Utility Routines (Painter, 15 days) 

Task 1 1 Prepare New Appendix to User Manual Describing Utility Routines (Painter, 5 days) 

3.2 Schedules 

The following schedule is preliminary. As of this writing, there are no formal delivery dates 
imposed by the client. Tasks 1.5 will be completed by March 31,2001. Tasks 6-9 will be completed 
by November 31,2001, and tasks 10-1 1 will be completed by January 31,2002. 

3.3 Staff 

Work for Version 2.0 will be performed primarily by M. Seth working under the supervision of 
S. Painter, and by S. Painter. S. Mayer will contribute to tasks 2,5,7 and 8. 

4.0 DEVELOPMENT PROCEDURES 

4.1 Hardware and Software resources 

All code development will be done on SUN workstations or servers running the SOLARIS 
operating system, or on Microsoft Windows compatible PCs. The SUN FORTRAN 77 Version 5.0 
will be used on the UNIX platform and Lahey Fortran 90 (LBO) Version 4.5 or ABSOFT (?) will be 
used on the PC platform. 

4.2 Coding 

Coding for MULTIFLO will be done in FORTRAN 77. Coding style will be consistent with 
that of MULTIFLO V1.2. Utility routines will be coded in ANSI C, following the style and conventions 
of Press et al. 

4.3 Acceptance testing and Analysis 

The results of testing will be recorded in scientific notebook 282E. In addition, results of the 



standard MULTIFLO acceptance test and variants will be included with the source code for all 
releases. 

5.0 CONFIGURATION MANAGEMENT PLAN 

The working version of the code will be maintained by S Painter on the SUN server named 
VULCAN. New or modified modules will be tested and reviewed by S. Painter before the changes are 
incorporated with the working code. A description of the changes and locations of the working 
directories will be recorded in scientific notebook 282E. Baselined versions (i.e. Version 1.2.3) are 
kept in the QA records vault. 

5.1 Tools 

Unix utilities difl, filemerge and make will be used to perform the code manipulations required 
to maintain the official version of the working code. 

5.2 Configuration Identification 

The configuration identlfication scheme will be as follows: the first phase release will be Version 
1.5.0. Subsequent minor bug fixes will be released as Version 1.5.1, 1.5.2, etc. Similarly, the second 
phase release wiU be initially be denoted Version 2.0, and will supersede the Version 1.5 series. 
Subsequent revisions will be numbered Version 2.i.j, where i is incremented for a major revision andj 
is incremented for a minor bug fix. 

5.3 Configuration Procedures 

The standard SCR change request form will be used for all significant changes to the controlled 
source code. 

6.0 REFERENCES 

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, “Numerical Recipes in C, 
Second Edition”, Cambridge University Press, 1996. 

Signature of Element Manage) Date ‘ ! 
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ABSTRACT 

This Software Requirements Description (SRD) is intended to replace Revision 1 of the SRD for the 
computer code MULTIFLO Version 2.0. It describes proposed revisions to MULTIFLO necessary to 
accurately model coupled-processes affecting the performance of the proposed high-level waste repository 
at Yucca Mountain, Nevada. The proposed enhancements include (i) improved representation of flow 
between fractures and matrix under unsaturated conditions, (ii) three-dimensional implementation of the 
total-variation-diminishing algorithm for advectiondominated flow, (iii) fi-ee-drainage boundary condition, 
(iv) improved sorption model, (v) pre- and post-processor utilities for unstructured grids, (vi) representation 
of injection and extraction wells, and (vii) hydrodynamic dispersion. 
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1 INTRODUCTION 

This Software Requirements Description (SI2D) document outlines proposed revisions to the computer code 
MULTIFLO, a numerical model describing two-phase, multicomponent, reactive transport in a variably 
saturated porous medium. This software could be used in the high-level waste (HLW) repository license 
application review process for Yucca Mountain (YM), Nevada. 

The code can be used to address the drift scale and repository scale coupled thermal-hydrologic-chemical 
processes that could affect the performance of the proposed repository. The code can be applied to predict 
processes such as 

. Isothermal and nonisothermal movement of water through unsaturated rock as liquid and vapor 

. The evolution of groundwater compositions near and within the engineered barrier system 

. Changes in porosity and permeability of the host rock resulting from mineral alteration and the 
resulting effects on fluid transport 

. Transport of aqueous and gaseous radionuclides from the waste package 
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2 SOFTWARE REQUIREMENTS FOR MULTIFLO, VERSION 2.0 

This SRD briefly outlines the software function and technical basis for proposed enhancements of the code 
MULTIFLO. Version 1.2.2 of MULTIFLO has been completed and satisfies TOP-01 8 Quality Assurance 
requirements. Revision 1 of the SRD for MULTIFLO, Version 2.0, approved in February 1999, is totally 
replaced by this SRD Version 2.0, Revision 2. 

2.1 SOFTWARE FUNCTION 

The planned enhancements to the code MULTIFLO are 

gravity drainage boundary condition 

improved model for flow between fractures and matrix 

. hydrodynamic dispersion 

. total variation diminishing (TVD) transport algorithm 

. improved model for sorption 

. improved representation of injection and extraction wells 

. pre- and post-processing utilities. 

These changes will enhance the accurate modeling of the near-field environment and other aspects of the 
proposed HLW repository at YM. The programming language used in MULTIFLO is FORTRAN. The code 
will be developed on workstations running Solaris (or similar UNIX operating systems) and on personal 
computers running Microsoft Windows. 

2.2 BACKGROUND 

The enhancements outlined in the SRD Revision 1 were meant to add modeling capability that will 
result in a more accurate description of the near-field environment from which total performance assessment 
analyses may be abstracted. New modeling capabilities incorporated in MULTIFLO, Version 1.2, together 
with changing needs have reduced the priority of some of the features originally planned for version 2.0. The 
present SRD for MULTIFLO, Version 2.0, reflects these changed priorities and is meant to supersede 
Revision 1 dated January 1999. 

2.3 CURRENT STATUS OF MULTIFLO 

The current status of MULTIFLO is as follows: 

. The current released version is version 1.2.2. New capabilities added for the Version 1.2 
series include the integral finite volume spatial differencing, dual continuum models (DCM), 
an operator splitting transport algorithm, and a mixed inflow boundary condition. 
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. Work on the ventilation model has been initiated but is not complete. This capability is no 
longer needed for version 2.0. 

. Work on the pre-processor and post-processor utilities has been initiated, but is not 
complete. 

The improved fracture-to-matrix flow model is complete, but not fully tested. 

. Work on the TVD algorithm was initiated for version 1.2, but the three-dimensional, 
time-implicit version was not completed in time for that release. The three-dimensional 
TVD is now completed and will be released with version 2.0. 
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3 UNSTRUCTURED GRID 

Spatial discretization in version 1.2 of the MULTIFLO (METRA and GEM) code is based on an integral 
finite volume (IFV) approach (Narasimhan and Witherspoon, 1976). This approach uses arbitrarily shaped 
elements and arbitrary interblockconnectivity. This allows curved boundaries, local grid refinement, merging 
of radial and Cartesian grids, and other grid features to be handled in a straightforward manner. For example, 
a large grid block can replace many smaller ones in a passive regon, thereby reducing memory requirements 
and execution time. 

The structured (Cartesian or radial) grid option was retained in MULTIFLO, Version 1.2 by converting the 
defined structured grid to the form required for IFV. More complicated grids are difficult to define manually. 
Their use requires a pre-processor to generate the grid and a post-processor to display the output. A grid 
generator will be obtained from the public domain, and the necessary software links to convert the generated 
grid to MULTIFLO IFV format will be developed. Similarly, a set of routines to convert the MULTIFLO 
unstructured output to the form required for commercial visualization software, such as TECPLOT 8 will 
be developed. These links to pre- and post-processors will unlock the unstructured grid capabilities inherent 
in the IFV formulation and greatly improve the ease-of-use of the code. 
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4 HYDRODYNAMIC DISPERSION 

Diffusion and hydrodynamic dispersion are important mechanisms for dispersing aqueous species in porous 
formations. The transport equations in the GEM module of MULTIFLO Version 1.2 allow the user to specify 
a diffusion coefficient. This can be used to approximate the effects of velocity-dependent hydrodynamic 
dispersion in some simplified flow configurations, but is inadequate for modeling the effects of 
hydrodynamic dispersion in most realistic flow configurations. Hydrodynamic dispersion will be 
incorporated in version 2.0. 

The governing transport equations in GEM can be written in vector form as 

where C(x,t) is the set of aqueous concentrations, I P  is a reaction operator, p is the porosity, and J is the set 
of fluxes for the aqueous species. The flux for the m-th aqueous species is 

J m = ~ C m v - ~ D . V C m  (4-2) 

where v is the groundwater seepage velocity. The quantity D(x) is the velocity dependent hydrodynamic 
dispersion tensor. The components of D are 

vivj 
Du(x) = (a,vi + 8)gu + (a, -a,)- 

V 
(4-3) 

where a and a are the longitudinal and transverse dispersivities, !I is the aqueous molecular diffusion 

coefficient, v (x) = I v (x) 1 ,  and v, (x) is the velocity component in the i-th direction. The quantity g is the 

fundamental covariant tensor defining the coordinate system. In Cartesian space g,  becomes 6, the 

kronecker delta. In Eqs. (4-2) and (4-3) D and Jl are the same for all species. 

In version 1.2, D is approximated as DiJ (X) = !, 6 ij which is strictly valid only in the situation of a 

spatially constant velocity. The full hydrodynamic dispersion tensor given by Eq. (4-3) will be included in 
version 2.0. The development will be restricted to structured grids only because of the great difficulty in 
calculating the off-diagonal terms in D for an unstructured grid. 

Q 
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5 FREE-DRAINAGE BOUNDARY CONDITION 

Boundary conditions in METRA Version 1.2 include options for fixed field variables (Dirichlet condition), 
specified flux (Neumann conditions), or combination of Dirichlet and Neumann (mixed condition). In many 
applications involving two-phase flow, it is necessary to specify the lower boundary as a free-drainage 
boundary. In this situation, any moisture arriving at the boundary is free to drain away under the influence 
of gravity forces only. Under fully saturated conditions, this is equivalent to the mixed boundary condition 
currently implemented in METRA. However, the two differ under unsaturated conditions, and the 
free-drainage boundary condition cannot be implemented or approximated satisfactorily in version 1.2. A 
free-drainage boundary condition will be added to version 2.0. This will allow users to model smaller 
domains in the unsaturated zone without introducing artifacts associated with arbitrary specification of field 
variables at a lower boundary. 

The free-drainage boundary condition is a variant on the mixed boundary condition. Specifically, gas 
pressure p, and system temperature T a t  a boundary are specified in addition to a zero gradient in liquid 

pressure 4 , in contrast to the current Type 5 condition which specifies an infiltration rate in addition to the 
pressure and temperature. Mathematically, 

V ~ , ( n , t ) .  n = 0; p,(R,t) = pgb(t); T ( Q ~ )  = ~ ( t )  

where n is the surface normal to the boundary and P,,(t) and T b ( f )  are functions of time only. 

(5-1) 

The free-drainage boundary condition will be designated Type 6.  It will be implemented for structured and 
unstructured grids but will be restricted to lower boundaries only. 
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6 IMPLEMENTATION OF INJECTION AND EXTRACTION 
WELLS IN METRA 

In MULTIFLO Version 1.2, the METRA module has only the following source/sink options: 

. Injection of a specified quantity of water into a single block 

Production of a specified quantity of water from a single block 

Here, water can be liquid water, water vapor, or any combination of the two, depending on the injection 
temperature and pressure. 

No associated air in aqueous or gaseous state is considered, and no constraints are placed on the source block 
pressure. Further, version 1.2 has no provision to allocate the injection or production in a self-consistent 
manner along a borehole. This latter consideration is an important one for applications involving pumping 
wells. Lnvestigations of dilution at the well bore would require, for example, the total withdrawal to be 
allocated along the borehole in a selfconsistent manner taking into account the local hydraulic conductivity 
and the computed pressure. 

The capability for modeling mass sources and sinks will be improved in MULTIFLO Version 2.0. An option 
will be added to allow the user to specify the withdrawal rate for total mass (air + vapor + liquid). In addition, 
an optional constraint on the local pressure in a gnd block designated as a sink will be added. Finally the 
capability will be added to allocate the withdrawal or injection among a group of grid blocks (multiblock 
source/sink), as described below. 

To ensure time-step stability, all the quantities in the formulation will be treated implicitly to the extent 
practical to minimize oscillations and other numerical difficulties. In the following, we outline the procedure 
to be adopted for a producing and injection well. 

Consider a well producing from (injecting into) a set of contiguous blocks numbered k,  to k2. Let qm be the 
desired mass production (injection) rate subject to the constraint that the flowing pressure, Pfi at a reference 
depth in the producing interval does not fall below (exceed) the limiting value Pmin. Note that in the wellbore, 
the gas and the liquid phase pressures are identical as the capillary pressure is virtually zero. Also the 
producing (injection) blocks need not be stacked on the top of each other as in a conventional vertical well, 
but may be arbitrarily designated to simulate any vertical, inclined, or horizontal well. 

In the following development, we will assume that the pressure drop due to friction within the production 
(injection) interval of the flow string is negligible so that the pressure in the interval differs only by the 
average hydrostatic head Ah of the fluid in it. The rate is assumed to be negative for production and positive 
for injection. 

For a producing well we require that, 

k=k,  
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where 

well geometric factor 

2TckL log L- -- [ (9 :I-’ 
/% ; Area = block area 

wellbore radius 

length of production interval in a block 

harmonically averaged absolute rock permeability including the skin effect 

gas pressure 

capillary pressure 

density 

average density in the well 

acceleration due to gravity 

relative permeability 

viscosity 

The subscripts I and g refer to liquid and gas respectively. 
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From Eqs. (6-1) through (6-3), 

If the flowing pressure Pf< P,,, as calculated from Eq. ( 6 4 ,  the well cannot meet the desired production 
rate target q. In this case, we set P,= Pmin (a constant) in Eqs. (6-2) and (6-3), produce against the specified 
P,,,,,, and print a warning. The rate is added as sink to the total mass and air balance equations for each of the 
producing blocks. Similarly, the energy production is accounted for by adding similar terms to the energy 
balance equations. 

If Pf > Pmi,, P, is a function of variables in all the gridblocks in which the well is completed. Implicit 
treatment for this case will entail incorporation of Eq. (6-4) and the associated air and energy flow into the 
Jacobian matrix resulting in one additional unknown, namely, P, for each well. It is P, and its jacobian 
representation that add numerical complexities. In order to minimize them, certain simplifications will be 
attempted at the expense of some degradation in the numerical stability. 

Whether Pf > P,,, or P, = Pmin (a constant), certain blocks within the well completion interval may have 
lower pressure such that Pf < Pmi,, in which case, a part of the produced fluid from the higher pressure 
blocks may enter into these low pressure blocks. To prevent such local fluid circulation, options will be 
provided to selectively shut-down such injection blocks. 

Injection wells will be treated analogously to the producers, except the mobility and density of the injection 
fluid will be used in calculating q, and qg. 

The injection options will be limited to H,O injection only, and subject to a constraint of maximum injection 
pressure. Multinode well completion will be permitted similar to the production well. 
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7 IMPROVED MODELS FOR FRACTUREMATRIX 
INTERACTION 

In the model currently implemented in MULTIFLO, Version 1.2, flow is allowed in both the fracture and 
matrix continua, with nonequilibrium exchanges between the two. The hydrological behavior of YM is 
particularly sensitive to the term describing the coupling between the two flow systems. Theoretical and 
empirical understanding of the processes controlling flow between the fracture network and the matrix 
continuum is at present incomplete. This term will be recast in a more general form in version 2.0, thus 
allowing sensitivities to be addressed and new theoretical models to be incorporated as these become 
available. 

The water flow rate between the fracture and matrix continua is represented in MULTIFLO, Version 1.2 as 

Pwf - Pwm Fw = Kh k, E, A ,  
d 

(7-1) 

where Kh is the harmonic average ofthe fracture and matrix permeabilities, Pwf (Pwm) is the water pressure 

in the fractures (matrix), A ,  is the fracture/matrix interfacial area, and 2d is the average size of a matrix 

block. The saturation-dependent, relative permeability for fracture-to-matrix flow, k, , is taken to be the 
fracture relative permeability if the flow is from the fractures to the matrix, and matrix relative permeability 
if the flow is reversed. The constant, Efm is an area reduction factor used to account for the fact that a large 
fraction of fractures are not active participants in the flow process under unsaturated conditions. This 
parameter has to be determined by inverse modeling. Its value is typically in the range 0.0001-0.01 for YM, 
but may be larger for nonwelded units. In this model, the area reduction factor is independent of saturation, 

and the small values of Efm determined for YM ambient condtions may not be accurate for the hydrological 
conditions expected from a strongly heated repository. 

In MULTIFLO Version 2.0, the product, k ,Eh ,  will be replaced by user-defined saturation-dependent gas 

and liquid relative permeability functions, kf - ,  , and k,, f for the fracture-to-matrix and matrix- 
to-fracture flow. In general, the two relative permeability functions will be different. This approach offers 
a considerable degree of flexibility. By entering the fracture relative permeability for k,+ , and the matrix 

relative permeability for k,, , the conventional model used in MULTIFLO, Version 1.2 is recovered. 
Alternative models such as the recently proposed active fracture model (Liu et al., 1998) can be incorporated 
by defining these relative permeability functions appropriately. Relative permeability functions obtained by 
calibration could also be used. 
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8 DIFFERENCING BY TOTAL VARIATION DIMINISHING 
ALGORITHM 

Version 1.2 of MULTIFLO/GEM includes three options for approximating first order spatial derivatives: 
the standard central difference approximation, single-cell upstream differencing, and a hybrid between the 
central and upstream methods. The central difference method has second order accuracy in A where A is the 
grid spacing, but suffers from numerical oscillations near sharp fronts when transport is advection dominated. 
This well-known numerical instability is triggered when the grid Peclet number Pe = v MD exceeds unity. 
Here v is the velocity and D the diffusion coefficient. The alternative, upstream differencing, yields stable 
and smooth solutions even when the grid Peclet number is large. The method is only first-order accurate in 
A and may produce unacceptable levels of smearing in the solution near sharp fronts. This smearing is an 
artifact of numerical diffusion and can be controlled by taking smaller grid blocks. Small grid block sizes, 
however, greatly increase the computational and memory requirements of the simulations and are impractical 
for many applications. 

Advection-dominated transport is a computational challenge in several disciplines and is not limited to 
reactive transport applications. Several alternative differencing schemes have been proposed to reduce the 
numerical dispersion introduced by upstream differencing. The TVD approach (Harten, 1983; Sweby, 1984) 
is one of the most successful of these high-resolution spatial schemes. The TVD differencing schemes 
combine a higher-order approximation to the spatial derivative with a flux-limiter that is selected to ensure 
monotinicity of the solution. The higher-order approximation reduces numerical dispersion, while the 
flux-limiter eliminates spurious oscillations in the solution. 

Many of the TVD schemes proposed in the literature are applicable to equal grid block sizes and explicit time 
evolution formulations. Further, most implementations are limited to one spatial dimension only. The 
implementation in version 1.2 of GEM also has these restrictions. Explicit time-marching schemes are 
impractical for many applications because the time steps for these schemes are limited by the Courant 
stability condition. In two-phase applications with high gas velocities (e.g. the proposed repository at Yucca 
Mountain) the Courant limit on the time step can be very small. 

In version 2.0 of GEM a more general TVD algorithm will be implemented. Specific requirements for the 
implementation are: three spatial dimensions, time-implicit formulation, structured grids with unequal grid 
spacing, and options for the Leonard (1979,1984) and Van Leer (1977) flux limiters. Details of the implicit 
formulation will be provided in Scientific Notebook 282E. The implementation will be limited to structured 
grids, because no formulation exists for general unstructured grids. 

To illustrate the TVD algorithm, consider a one-dimensional grid with variable spacing. Let A, denote the 
size of the i-th gnd block and let the subscript i- 1/2 denote a value at the interface between the i and i -  1 
nodes. The convective flux at the i- 1/2 interface is 
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and Leonard’s 

~ ( y )  = max[o, min (2 , 2y , (2 t r ) / 3)] 
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9 SURFACE COMPLEXATION MODEL 

Sorption can play an important role in the transport of contaminants, because it describes a reversible process 
that removes ions from solution and retains them on a surface. The GEM module of MULTIFLO Version 1.2 
allows the user to evaluate batch sorption processes, defined by fixed ratios ofsorbed to dissolved ions called 
distribution coeflcients (Kd). The use of distribution coefficients is well-suited to describe homogeneous 
chemical systems at a particular instant in time but does not account for the electrical state of the surface, 
which can vary sharply with pH, ionic strength, and solution composition. In contrast, surface complexation 
models (SCM) do explicitly account for these factors, providing the user with the advantage of being able 
to evaluate how sorptive behavior varies in response to a dynamic chemical system. The double diffuse layer 
model (DDLM) is the most fully developed type of surface complexation model, and is also most reliably 
applied to experimental results using a uniform set of parameters (Turner, 1995). The DDLM will be 
incorporated into MULTIFLO Version 2.0 to complement the set of capabilities currently available in the 
code. 

According to SCM theory, sorbing surfaces are approximated as one weakly- and one strongly- sorbing 
metal-hydroxyl site, such as > (w)FeOHand > (s)FeOH, for the case of hydrous ferric oxide (Dzombak and 
Morel, 1990). Each type of mineral has a characteristic density of surface sites. These surface sites may be 
involved in reactions with various types of charged aqueous species to generate a net positive, negative, or 
neutral charge on the mineral surface. Surface sites can be involved in protonation, deprotonation, and 
complexation reactions. According to DDLM theory, a second layer, called the diffuse layer, lies between 
the surface sites and the bulk fluid. By maintaining a net charge opposite that of the sorbing surface, the 
diffuse layer assures that the system containing the sorbing surface, the diffuse layer, and the bulk solution 
maintains a net charge balance. The diffuse layer is not treated explicitly, however, in the DDLM approach. 
When the sorbing surface holds a charge, there is an electrical potential difference between the fluid and the 
sorbing surface. In this case, an ion in solution must first move through an electrical potential field before 
it can form complexes with the metal-hydroxl sites on the sorbing surface. 

Surface complexation theory is founded on the assumption that the tendency for aqueous species to form 
surface complexes on mineral substrates can be evaluated by approximating the dynamic electrical state of 
that surface in a manner analogous to the thermodynamic treatment of aqueous speciation reactions in a bulk 
solution. Bethke (1996) provides a system of equations describing how electrostatic effects at a sorbing 
surface are integrated with the set of equations governing the equilibrium state of a multicomponent system. 
In this formulation, mass balance and mass action equations are modified to account for the electrostatic 
effects of the charged mineral surface, and the basis set of independent species is expanded to include an 
entry for each type of surface site considered. Information required to apply the double layer theory is 
accessed through a database. This database includes data on the properties of the surface sites (i.e., charge, 
molecular weight, and elemental composition) and sorbing minerals (i.e., surface area, site density, type of 
sorbing sites), a list of reactions (i.e., protonation, deprotonation, and complexation) and associated 
parameters describing the formation of surface species (i.e., charge, molecular weight, and equilibrium 
constant). DDLM capabilities will be added to MULTIFLO Version 2.0 in an manner analogous to that of 
Bethke (1996). Information needed to develop the associated database will be drawn mainly from Turner 
(1995). Details of the numerical implementation will be documented in Scientific Notebook 300. 
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10 IMPLEMENTATION 

Task 

1 

2 

An estimate of the time and effort required for the planned enhancements is given in table 10-1. Work will 
be accomplished by M. Seth, L. Browning, and S. Mayer under the supervision of S. Painter. It is planned 
to release an intermediate version with the capabilities described in tasks 1-3, followed by an final version 
with all the new capabilities. 

Description Time (hours) 

Gravity Drainage Boundary Condition 0 

Total Variation Diminishing Algorithm 0 

Table 10-1. Estimated implementation time for proposed enhancements to MULTIFLO 

4 

5 

6 

7 

Well Representation 160 

Pre-processor 80 

Post-processor 80 

Dispersion Algorithm 120 

~ 

I 
~~ ~~ I FractureMatrix Interaction 

8 

9 

10 

~ 

0 

Surface Complexation 200 

Testing 200 

Revise User’s Manual 80 
~ 

Total 920 
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ABSTRACT 

This Software Requirements Description (SRD) is intended to replace the previous SRD for the computer 
code MULTIFLO V2.0. It describes proposed revisions to MULTIFLO necessary to model accurately the 
thermal-hydrological-chemical processes affecting the performance of the proposed high-level waste 
repository at Yucca Mountain, Nevada. The proposed enhancements include (i) capability to model thermal 
radiation across an open emplacement drift, (ii) capability to model the effects of forced or natural ventilation 
in an emplacement drift, (iii) more flexible treatment of mass transfer between fractures and host rock, and 
(iv) unstructured grid capability based on an integrated volume approach. 
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1 INTRODUCTION 

This Software Requirements Description (SRD) document outlines proposed revisions to the computer code 
MULTIFLO, a numerical model describing multiphase, multicomponent, reactive transport in a variably 
saturated porous medium. This software could be used in the high-level waste (HLW) repository license 
application review process for Yucca Mountain (YM), Nevada. 

The code can be used to address the drift scale and repository scale coupled thermal-hydrologic-chemical 
processes that could affect the performance of the proposed repository. The code can be applied to predict 
processes such as 

Isothermal and nonisothermal liquid and vapor phases movement of water through 
unsaturated rock at YM. 

The evolution of groundwater compositions near and within the engineered barrier system. 

Changes in porosity and permeability of the host rock resulting from mineral alteration and 
their effect on fluid transport. 

Transport of aqueous and gaseous radionuclides from the waste package (WP). 
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2 SOFTWARE REQUIREMENTS FOR MULTIFLO, VERSION 2.0 

This SRD briefly outlines the software function and technical basis for proposed enhancements of the code 
MULTIFLO. Version 1 .O of MULTIFLO has been completed and satisfies TOP-01 8 Quality Assurance 
requirements. An SRD and user’s manual were completed for Version 1 .O. MULTIFLO, Version 1.2 is being 
tested and will be released in 1999. An SRD and user’s manual for Version 1.2 have been completed. 
Revision 0 ofthe SRD for MULTIFLO, Version 2.0, approved in May 1997, is totally replaced by this SRD 
Version 2.0, Revision 1. 

2.1 SOFTWARE FUNCTION 

The planned enhancements to the code MULTIFLO are (i) capability to model thermal radiation 
across an open emplacement drift, (ii) capability to model the effects of forced or natural ventilation in an 
emplacement drift, (iii) more flexible treatment of mass transfer between fractures and host rock, and 
(iv) unstructured grid capability based on an integrated volume approach. These changes are necessary for 
accurate modeling of the near-field environment of the proposed HLW repository at YM. The programming 
language used in MULTIFLO is FORTRAN. The code will be developed on a SunSPARC workstation and 
on personal computers running PC-UNIX, and possibly Microsoft Windows. 

2.2 BACKGROUND 

The enhancements outlined in the SRD Revision 0 were meant to add modeling capability that will 
result in a more accurate description of the near-field environment from which total performance assessment 
analyses may be abstracted. New modeling capabilities incorporated in MULTIFLO, Version 1.2, together 
with changing needs have reduced the priority of some of the features originally planned for Version 2.0. In 
particular, the dual continuum model incorporated inversion 1.2 reduces the need for the multiple interacting 
continuum model. The present SRD for MULTIFLO, Version 2.0 reflects these changed priorities and is 
meant to supersede Revision 0 dated May 1997. 

2.3 CURRENT STATUS OF MULTIFLO 

The current status of MULTIFLO is as follows: 

0 Spatial discretization in the flow module METRA and the reactive transport module GEM 
has been converted from a finite difference to an integrated finite volume approach. The full 
unstructured grid capabilities can not be used fully without links to pre- and post-processors. 

a The fully implicit time evolution algorithms in METRA and GEM have been adapted to the 
integral finite volume formulation. Work on the operator splitting and the total variation 
diminishing algorithms for GEM has been initiated, but not completed. These algorithms are 
necessary for modeling large systems and advection-dominated systems. They will be 
incorporated in MULTIFLO, Version 1.2. 

a Programming the multiple interacting continua model (MINC) into METRA has been 
initiated, but not completed. MINC capability is not planned for MULTIFLO, Version 2.0. 

a Dual Continuum Model (DCM) has been added to METRA and GEM. 
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3 IMPROVED DESCRIPTION OF THE DRIFT ENVIRONMENT 

Version 1.2 of MULTIFLO has limited capabilities to model processes controlling temperature and relative 
humidity internal to an open emplacement drift. Such processes include thermal radiation between the hot 
WP and cooler drift wall and heat and moisture removal from the repository due to natural or forced 
ventilation. These within-drift processes control the magnitude and spatial distribution of heat flux out of the 
drift. They also control the environment seen by the WP, which in turn controls the corrosion rate of the WPs. 
Forced or natural ventilation in the drift will also remove moisture directly from the drift wall, thereby 
reducing the moisture content of the surrounding rock mass. Version 2.0 of MULTIFLO will include a new 
drift module to calculate more accurately heat and moisture transport within an open emplacement drift. Note 
that a backfilled drift can be described using the porous medium continuum concept and thus can be modeled 
in the current version of MULTIFLO. 

3.1 APPROACH 

Open drifts will be modeled in MULTIFLO, Version 2.0 by defining a new computational element 
for METRA. This drift element will be a special type of source node. The user will specify the locations of 
the drift nodes, the rate of air flow due to forced ventilation, and the power output by the WP. Instead of 
specifying a set source rate for energy and mass, as is done currently for source nodes in METRA, the 
sourceknk of energy and mass from the new drift elements will be calculated using a climate model for the 
open drift. In general, the power output of the drift element will be less than the power output of the WP 
because some fraction of the generated heat will be carried away by forced convection. The evolution of the 
drift climate will depend on the drift wall temperature, which in turns depends on the hydrothermal response 
of the surrounding rock. Thus the problem is nonlinear and tightly coupled. Moreover, the rates of heat 
dissipation from the WPs and drifts walls due to forced convection depend on the drift air temperature at the 
given point. But the air temperature at a given point depends on the history of the air prior to reaching the 
point in question. In other words, it depends on the drift wall and container temperatures at other spatial 
locations. Thus, the problem is nonlocal. 

An iterative procedure will be used to treat this nonlinear and nonlocal problem. An initial guess at 
the drift wall temperatures in the various drift elements will be made. Given the known power output of the 
waste containers and the predefined ventilation rate, the heat transfer from the drift to the surrounding rock 
can be calculated. This will require the solution of coupled differential equations describing the variation of 
temperature and moisture content along the drift. At this point, the source will be fixed in a METRA 
calculation, thus providing an updated wall temperature. This procedure will be repeated until the wall 
temperatures calculated from the climate model and the METRA calculation are sufficiently close. 

3.2 DRIFT CLIMATE MODEL 

The processes controlling the temperature and relative humidity of air in the emplacement drifts 
include thermal radiation between the hot waste canister and the cooler drift wall, evaporation of water from 
the drift wall, and heat removal from the packages and the drift wall due to forced convection. The later 
process includes both sensible and latent heat transfer. 

Consider a set of cylindrical WPs placed in a cylindrical drift. For simplicity, the packages are 
assumed placed end-to-end and coaxially with the tunnel. In general, the wall temperature and waste power 
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output will in gene1 al change slowly compared to the time required for the WP and drift air temperature to 
respond. Thus air aiid WP temperatures can be modeled as a sequence of stationary states that depend on the 
slowly varying wall temperature and power output. Under these conditions, the power balance for the WP 
is 

P - P C - P  = o  
C R h (3-1) 

where pC is the p ~ w e r  generated per unit length of the waste container, P,' is the power loss from the 

container per unit 'ength due to radiation, and Ph is the power per unit length lost to the flowing air. The 
power balance for air flowing through the drift at a volumetric flow rate Q, is 

where C, , p , and 
along the drift. The power lost to the flowing air is 

are the specific heat, density, and temperature of the drift air and x is the distance 

Ph = 2 X  rc h, (T, - T,) (3-3) 

where hc is a heat-transfer coefficient, rc is the container radius, and 
absolute temperatures. Similarly, the power transfer from the wall to the air is 

and T, are the container and air 

Pw = 2 ~ r ,  h, (T, - T,) (3-4) 

where Y,,, is the drift radius and T, is the wall temperature. 

Analogous mass balance equations will be used to calculate the variation in partial vapor pressure 
along the length of the drift. The mass balance equation for moisture transfer due to evaporation from a 
partially wet drift wall is 

2nrW W/3 ~ Q M  - 
( p v s  - pv)  - -  

dx P 
(3-5) 

where P, is the partial vapor pressure in the flowing air, pVs is the partial pressure of moisture saturated 

air at the wall temperature, p is a moisture transfer coefficient, and P is the barometric pressure. The 

fraction of the wall that is wet is W = js where is the porosity and s the liquid saturation of the rock. 

The moisture mass flux QM is related to the air flux and partial vapor pressure. Using standard 
psychrometric relationships (Avallone and Baumeister, 1996), 

PV 
P - P ,  

QM = 0.622 Q p  (3-6) 
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Differentiating Eq. (3-6), substituting into Eq. (3 -3 ,  and rearranging results in the following nonlinear 
differential equation for the vapor pressure variation along the drift 

(3-7) 
dx \- vs‘ 0.622 p QP2 

The previous nonlinear differential-algebraic equations will be solved numerically for the air 
temperature and vapor pressure along the drift. Standard finite difference methods will be used for the spatial 
discretization. The only boundary conditions required for this first-order system are the air temperature and 
vapor partial pressure at the upstream end of the drift. 

3.3 RADIATIVE HEAT TRANSFER 

Treatment of the radiative heat transfer within the drift is complicated by the need to calculate direct 
view factors for all pairs of surfaces. An exact treatment would require details of the geometry of the WP and 
supporting structure to be considered. MULTIFLO, Version 2.0 will use instead an approximate approach 
based on an idealized geometry for the drift and WP configuration. This avoids complex numerical 
calculations of the view factor but still captures the essential behavior of the physical system. The idealized 
geometry consists of a cylindrical WP placed horizontally in the center of a cylindrical drift. Gaps between 
the WP are ignored. Radiative transfer between the package and drift wall is considered, but direct radiative 
transfer from one point on the wall to another point on the wall is ignored. This wall-to-wall transfer is 
expected negligible, because the temperature difference between two points on the wall is small unless the 
two points are widely separated, in which case the direct view factor is small. 

The radiative heat transfer per unit container length from the point x on the container to a 
differential element dx’ located at x’ on the drift wall is approximated by 

where u is the product of the Stefan-Boltzmann constant and the surface emissivity, and &_,, (x, x ‘) is the 

geometrical view factor for point X‘ on the drift wall as viewed from the point x on the container. The 
radiative power per unit length is obtained by integrating this differential power over X’ 

where the apparent drift-wall temperature as viewed from the point X on the container is 

(3-9) 

(3-10) 
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In deriving Eq. (3-9), the fact that the drift totally encloses the WP and the corresponding relation, 
00 

I <+,,, (x,x') G!X' = 1 were used. 
-a, 

Calculation of the direct-view factor is complicated for realistic geometries. For the idealized 
geometry considered here, the following approximation holds when the container radius is small compared 
to the drift radius: 

The radiative transfer per unit length incident on the drift wall is 

(3-1 1) 

(3-12) 

where the apparent container temperature is defined similarly to Eq. (3- 10). Note that P: (x) # Pi  (x), 

but the two are equal in an integrated sense. 

3.4 HEAT AND MOISTURE FLUX 

Given the air temperature and vapor partial pressure obtained from the previous equations, the heat 
and moisture transfer between the open drift and surrounding rock can be calculated. The mass flux of vapor 
per unit area from the drift wall is given by 

(3- 13) 

and the latent heat flux is L q M  where L is the specific heat of vaporization. The total heat flux per unit 
area is the sum of radiative transfer, latent heat transfer, and sensible heat transfer. 

3.5 SELF-CONSISTENT SOLUTION 

The differential-algebraic equations in Eqs. (3.2 and 3.3) are to be solved with a prescribed wall 
temperature and wall wetting factor. An iterative procedure will be used to obtain a self-consistent solution. 
After the air temperature and vapor pressure along the drift are calculated, the total heat and moisture flux 
across at the drift wall in each drift segment can be calculated. This provides a heat and moisture source/sink 
for the next iteration of METRA. This procedure will be repeated until the changes in the wall temperature 
and wetting factor are acceptably small. 
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3.6 OTHER CODES 

A ventilation model (Danko and Mousset-Jones, 1992) similar to the one proposed here has been 
coupled with the TOUGH (Pruess, 1991) code. This ventilation model does not include thermal radiation and 
uses a different method for coupling to the thermal hydraulics code. Thermal radiation between the hot waste 
container and the drift wall has been included in NUFT (Nitao, 1996) calculations. Thermal radiation 
calculation in NUFT requires the user to specify the view factors for all elements in line-of-sight thermal 
communication, as opposed to the approach outlined here, which uses an abstracted geometry and calculates 
the view factors analytically. 
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4 UNSTRUCTURED GRID 

Spatial discretization in Version 1.2 of the MULTIFLO (METRA and GEM) code is based on an integral 
finite volume approach (IFV) (Narasimhan and Witherspoon, 1976). This approach uses arbitrarily shaped 
elements and arbitrary interblock connectivity. This allows curved boundaries, local grid refinement, merging 
of radial and Cartesian grids, and other grid features to be handled in a straightforward manner. For example, 
a large grid block c in replace many smaller ones in a passive region, thereby reducing memory requirements 
and execution timr . 

The structured (Cartesian or radial) grid option was retained in MULTIFLO, Version 1.2 by converting the 
defined structured ;;rid to the form required for IFV. More complicated grids are difficult to define manually. 
Their use requires a pre-processor to generate the grid and a post-processor to display the output. A grid 
generator will be o 3tained from the public domain, and the necessary software links to convert the generated 
grid to MULTIFLO IFV format will be developed. Similarly, a set of routines to convert the MULTIFLO 
unstructured output to the form required for the commercial visualization software AVS will be developed. 
These links to pre- and post-processors will unlock the unstructured grid capabilities inherent in the IFV 
formulation and greatly improve the ease-of-use of the code. 
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5 IMPROVED MODELS FOR FRACTUREMATRIX INTERACTION 

In the DCM model currently implemented in MULTIFLO, Version 1.2, flow is allowed in both the fracture 
and matrix continua, with nonequilibrium exchanges between the two. The hydrological behavior of YM is 
particularly sensitive to the term describing the coupling between the two flow systems. Theoretical and 
empirical understanding of the processes controlling flow from the fracture network to the matrix continuum 
is at present incomplete. This term will be recast in a more general form in Version 2.0, thus allowing 
sensitivities to be addressed and new theoretical models to be incorporated as these become available. 

The movement of water between the fracture and matrix continua is represented in MULTIFLO, Version 1.2 
as 

where Kh is the harmonic average of the fracture and matrix permeabilities, Pwf (Pwm) is the water 

pressure in the fractures (matrix), A ,  is the fracture/matrix interfacial area, and 2d is the average size of 

a matrix block. The saturation-dependent relative permeability for fracture-to-matrix flow, k, , is taken to 
be the fracture relative permeability if the flow is from the fractures to the matrix, and matrix relative 
permeability if the flow is reversed. The constant, E~ is an area reduction factor used to account for the fact 

that a large fraction of fractures are not active participants in the flow process under unsaturated conditions. 
This parameter has to be determined by inverse modeling. Its value is typically in the range 0.0001-0.01 for 
YM. In this model, the area reduction factor is independent of saturation, and the small values of &lsn 
determined for YM ambient conditions may not be accurate for the hydrological conditions expected from 
a strongly heated repository. 

In MULTIFLO Version 2.0, the product, krcfm , will be replaced by user-defined saturation-dependent gas 

and liquid relative permeability functions, k ,m and k,, for the fracture-to-matrix and matrix-to- 

fracture flow. In general, the two relative permeability functions will be different. This approach offers a 
considerable degree of flexibility. By entering the fracture relative permeability for k ~m and the matrix 

relative permeability for km, , the conventional model used in MULTIFLO, Version 1.2 is recovered. 
Alternative models such as the recently proposed active fracture model (Liu et al., 1998) can be incorporated 
by defining these relative permeability functions appropriately. 
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6 IMPLEMENTATION 

~ ~~ 

Task Description Time (hours) 

1 Drift Model Algorithm 80 

2 Drift Model Coding 280 

3 Pre-processor 120 

1 4  Post-processor 80 

An estimate of the time and effort required for the planned enhancements is given in table 6- 1. Work will be 
accomplished by M. Seth under the supervision of S. Painter. 

5 

6 

7 

Total 

Table 6-1. Estimated implementation time for proposed enhancements to MULTIFLO 

FractureMatrix Interaction 160 

Testing 160 

Revise User’s Manual 80 

980 
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1. INTRODUCTION 

This Software Requirements Description (SRD) document describes proposed enhancements in the 
computer code MULTIFLO, a numerical model describing multiphase, multicomponent, re;ic,ive 
transport in a partially saturated porous medium. This software will be used in the HLW repos.!xy 
license application review process for Yucca Mountain (YM). 

The code will be used to address the very-near-field (drift scale), and near-field (repos,txy 
scale) performance of the repository. The code will be applied to such processes as: 

(i) Isothermal and non-isothermal liquid and vapor phase movement of water through unsatu- 
rated rock at YM. 

(ii) Predicting the evolution of groundwater conditions near and within the engineered b.h -ier 
system. 

(iii) Predicting changes in porosity and permeability of the host rock resulting from miraeral 
alteration and their effect on fluid transport. 

(iv) Prediction of transport of aqueous and gaseous radionuclides from the waste package. 
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2. SOFTWARE REQUIREMENT DESCRIPTION (SRD): MULTIFLO, Ver- 
sion 2.0 

This SRD briefly outlines the software function, technical basis, and computational approach, that 
are relevant to the proposed enhancements of the code MULTIFLO. Version 1 .O of MULTIFLO 
has been completed and satisfies TOP-018 QA requirements. The enhanced code will be isswd as 
Version 2.0. 

2.1. Software Function 

Planned code changes to the code MULTIFLO are: incorporation of the MINC (Multiple Inter- 
acting Continua) algorithm, addition of an unstructured grid capability based on the integrated 
volume approach, adding more general boundary conditions than incorporated in MULTIFLO, 
Version 1.0, modifying the routines which read the input files in METRA and GEM to hmdle 
an arbitrary number of digits, and adding the capability for hydratioddehydration reactions. The 
main purpose of these enhancements to MULTIFLO is to provide a detailed model of the I,sar- 
field environment from which TPA analyses may be abstracted. The programming language used 
in MULTIFLO is FORTRAN. The code will be developed on a Sun-sparc workstation, and PC’s 
running NEXTSTEP and PC-UNIX. 

Specifically: 

I. 

11. 

111 I 

Iv. 

The MINC algorithm would allow simulation of infiltration coupled with the repository heat 
loading and relax the stringent limitations of the equivalent continuum model (ECM) that is 
presently being used. The MINC model provides a generalization of the ECM. As the MINC 
fracture-matrix transfer coefficient becomes infinite, the MINC model reduces to the ELM. 
At zero value of the transfer coefficient there is no coupling between fracture and mauix 
continua. For intermediate values it is possible to describe limited mass transfer betbc ~n 
fracture and matrix which corresponds to the situation for flow in Yucca Mountain tuff. 
Thus with the MINC model fracture-matrix interactions are represented more realistically 
than is possible with the ECM. The MESHMAKER program (Pmess, 1983) will be adapted 
from TOUGH2 for generating the MINC grid. 

An unstructured grid capability will allow treatment of arbitrarily shaped boundaries md 
provide a more accurate grid resolution with a reduced number of nodes. This optitm is 
needed for modeling the drift, mountain surface boundary, and major fractures. The unsIyuc- 
tured grid capability would be essential to use with the MINC algorithm to reduce computing 
time and memory requirements. 

General boundary conditions are needed to simulate a variety of problems that are currently 
not possible in an easy manner including laboratory experiments, and to describe ventilation 
of the HLW repository proposed for YM. 

The real variables in the input files in the current version of the code are restricted o a 
maximum of 10 digits. This is not sufficient for some applications. The routines which :cad 
the input files will be modified to allow variables with an arbitrary number of digits to be 
read. 
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V. The capability for hydration-dehydration reactions in GEM and METRA would dlo+v a 
more realistic representation of possible phenomena that could be important at the Y b  ire- 
posed repository. Such reactions could be an important source of water in the near-held 
region. 

3. MINC 

The MINC algorithm will be incorporated into both METRA and GEM. The MINC formulation 
will enable matrix and fracture properties such as fluid composition and mineral abundances to be 
distinguished from each other, rather than lumping them into a single continuum as is presei tly 
done in the ECM. This separation is consistent with observations at Yucca Mountain in wdch 
measured fracture and matrix pore water differ in composition as do their associated mineralq 

With the MINC algorithm, fracture-matrix interaction can be modeled without making the as- 
sumptions inherent in the ECM formulation. This should enable modeling the effects of infiltratmn 
on the near-field chemistry. 

Transport along fast pathways is an important issue especially following the discovery of jGC1, 
and having the MINC capability in GEM would enable investigation independently from DOE of 
the potential problems raised by fast pathways. Incorporating MINC in MULTIFLO will provide 
a unique capability enabling the effects of heat and moisture redistribution on near-field chemimy 
to be properly investigated. 

3.1. Background 

The Multiple Interacting Continua (MINC) model is an extension of the well known dual porosity 
flow model proposed by Warren and Root (1 963 ) in the early sixties for describing isothermal fluid 
flow in porous fractured rocks. Since then the algorithm has been used extensively in the petroleum 
industry for simulation of reservoir performance. In such models, the rock is conceptually parti- 
tioned into two continua, comprising: (a) a fracture partition, and (b) the matrix partition. ' f ie 
fractures, due to their very high permeability, are considered as the primary carrier for fluid J L  IS- 

port (and associated convective energy), while the matrix with its very low permeability and high 
porosity, feeds the fractures. In the Warren and Root (1963) model the fracture-matrix corrJex 
was conceptually represented by a network of uniform sized matrix blocks surrounded by fractures. 
These authors assumed quasi-steady state flow between the matrix and the fracture (interporncity 
flow) where the fluid in each matrix block was assumed to be in thermodynamic equilibrium ar the 
average temperature and pressure in the block. In other words, they treated the matrix block, c as a 
source/sink which released fluid into the fracture. The pressure gradient is controlled by the pres- 
sure difference at the matrix-fracture interface, and the petrophysical characteristics of the na@ix 
and fracture. The fractures are treated simply as a conventional single porosity medium. 

The shortcoming of the quasi-steady state condition in the matrix was recognized by s(: i ~ a l  
investigators (e.g. Duguid and Lee, 1976; Bibby, 1981; Zimmermann et al., 1993, 1995) who 
attempted to incorporate a transient behavior by employing an analytical solution for flow ;:om 
matrix to fracture. However, due to the non-linear nature of mass and heat flow in a multi-phiise 
flow regime, the applicability of such procedures is severely limited and compromised. 

To overcome the quasi-steady state approximation, M e s s  and Narisimhan (1985) introduced 
a novel concept of partitioning each matrix block into an arbitrary number of nested sub-blocks 
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(multiple interacting continua (MINC)), such that there is approximate thermodynamic equilibilum 
within each sub-block, and transient behavior within a matrix block is reasonably capturel by 
taking a sufficient number of such nested sub-blocks. 

We propose to implement the basic concepts as detailed by €'mess and Narisimhan (l%5), 
except that the method of solving the linearized partial differential equations will be replaced by 
a decoupling scheme in which the fracture and matrix block equations are solved sequeqtially. 
This decoupling scheme is computationally several fold faster compared to the approach taken by 
Pruess and Narisimhan (1985), who solved all the equations simultaneously using the sparse r d r i x  
package MA28 (Duff, 1977). The decoupling scheme is also ideally suited for parallelizxion 
(Smith and Seth, 1997 (submitted for publication)). These authors found over 80% utilizatirn of 
each processor on a multi-processor parallel computing system. 

In the following, we briefly outline the basic governing equations, their finite difference repre- 
sentations, and the method of solution. Also, an estimated impact on the computing time is pro- 
vided as compared to a single porosity system. For brevity, without any loss in generality, we treat 
only a single phase isothermal system. The procedure is identically applicable to multi-component 
multiphase noniso thermal flow s ys terns. 

3.2. Basic Governing Equations and Their Finite Difference Representation 

The MINC formulation requires separate transport equations for fracture and matrix and appropri- 
ate coupling terms. How of a two-phase fluid in fracture and matrix domains may be described. by 
the continuity equation combined with Darcy's law as follows for fracture: 

and matrix: 
(2 )  

a 
- [& (s;"P;" + sYPY)]  + V - (J;" + J;) = Qm, at 

where the term Qfm represents interporosity flow between matrix and the fracture defined b - 1  the 
equation 

(3) 
A 

Qfm = - V (J;" + J;) (interface * 

The quantity Qfm is evaluated at 
in these equations are defined as 

p = fluid density 
4 =porosity 
s = saturation 
Q = sourcelsink 

the fracture-matrix interface. The remaining quantities appearing 

Qfm = source/sink for fracture-matrix coupling 
t =time 
V = element volume 
A 
rfm = fracture-matrix coupling coefficient 

= interface area between volume elements 
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The flux terms are defined by 

for phase T = 1 ,  g, and fracture or matrix (a  = f ,  m). Note that the effects of gravity are not 
included in the matrix flux. Eqns.( 1) and (2) are general flow equations representing conservat,ion 
of mass which apply to the fracture and matrix domains. For the matrix flow equations coupling 
between fracture and matrix is achieved through boundary conditions at the fracture-matrix inter- 
face. 

In discretized form, the above equations take the form for the nth node, for fractures: 

and for matrix: 

with fracture and matrix internodal areas A?: and volumes Vim. The flux terms for fractures 
are summed over all the discretized surfaces of the block (2, 4, and 6 surfaces for a rectangular 
lD, 2D, and 3D representations, respectively), whereas the matrix flow is considered only in one 
dimension, and therefore, the sum extends only over two surfaces. The interporosity flux reduces 
to an expression of the form 

where T f m  = equivalent transmissibility between the matrix and the fracture. The subscript m 
designates matrix pressure, and the subscript f fracture pressure. 

If the fracture continuum is discretized into Nf blocks, and each matrix block into I\ 'R~~uc 
blocks, there are a total of Nfx( NMINC + 1) discretized elements with an equal number of unknc 'i #s 
for a single phase problem in which there is one unknown per grid block. In the code METKA 
there are 3 unknowns per grid block for a two-phase system, and the corresponding number of 
equations are 3x Nf x (NMINC + 1) for such a system. Similarly, GEM, with N, components wokld 
result in N, x Nf x (NMINC + 1) equations to be solved. Representative values of NMINC raging 
from 7-15 is reported to yield adequate resolution (Zimmermann et al., 1995). 

Qfm = Tfm(Pm - P j ) ,  (7) 

3.3. Method of Solution 

A careful examination of the basic governing equations reveals that only the interporosity now 
term Q f m  couples the two domains, otherwise they are completely uncoupled. Only the outermost 
element of the rock matrix element is coupled to the associated fracture block, as reflected in 
the coefficient matrix. Furthermore, the coefficients corresponding to the rock matrix have the 
structure of a typical 1D problem corresponding to a tridiagonal matrix. Thus, the rock matrix 
equations can be solved independently of each other in terms of the associated fracture prespure 
at the fracture-matrix interface. In the forward sweep of the tridiagonal matrix solution (usifig che 
Thomas algorithm), the last equation (which couples the matrix and fracture) takes the form: 
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where CEMINC, Cf, 6pm, and R, are, respectively, the diagonal matrix and fracture coefficients, 
change in matrix pressure solution vector, and matrix residual. Substituting 

obtained from Eqn.(8) into the fracture equations, the fracture equations are reduced to simply N f  
unknowns ( J p f ,  change in fracture pressure) in N f  equations. These equations can be solved by 
any direct or iterative method. Once the solution for the fracture pressure is obtained, Eqn.{d) is 
used to calculate p,, and the backward sweep of Thomas algorithm is completed obtaining the 
matrix pressures for the remaining matrix blocks. 

3.4. Computational Aspects 

It is difficult to a priori estimate the impact on the computing resources required for incorporating 
the MINC algorithm into METRA and GEM; however, certain inferences can be arrived at. First 
of all, the MINC-blocks will always be solved using the Thomas algorithm which requires very 
modest 5 x NMINC - 4 arithmetic operations for each matrix block. Furthermore, it being a direct 
method, there is no risk of failure in convergence. The computing time in the solution of MINC 
blocks will almost always be linear with the number of such blocks, unlike a 2D or 3D prob- 
lem, where the computing time may increase disproportionately with an increase in the nun,ber of 
blocks. 

A more concrete estimate may be inferred from the results of Smith et al. (1997) wkre,  
depending on the value of NMINC, the MINC cpu time was about 49, 63, and 85 seconds with 
NMINc = 7, 10, 15, respectively. The rest of the code cpu time was 32 seconds. Although xeir 
results were based on a 2-component isothermal system (2  unknowns per grid block), the relative 
performance degradation due to using the MINC algorithm is still applicable to Nc-component 
system. A conservative estimate is that the solver computing time is increased by a factor of 2 5-4 
compared to a single porosity system. Of course, if parallelization is implemented, the computing 
time may be comparable to a single porosity problem, or in fact, decrease if additional routines are 
also parallelized. 

A modest increase in the memory storage is also necessary, as all the coefficients for the matrix 
blocks resulting from forward elimination must be saved until the decoupled fracture equation, are 
solved. The estimate of such memory is N f  x NMINc x N, ( N ,  + 1) for N, unknowns per grid block. 

3.5. Parallelization 

The proposed decomposition procedure for the method of solution may be readily implemented on 
a set of UNIX workstations using PVM (Parallel Virtual Machine) software. PVM enables a ciJ1- 
lection of heterogeneous computers to be used as a coherent and flexible computational resourice. 
It provides the programmer with process control and communication routines to link tasks runwng 
on different host machines. 

In the implementation of the above procedure with PVM, the master-slave model may be used. 
One of the key considerations for any efficient virtual machine parallelization is network speed 
which must be sufficiently fast. The data transfer across the network should be minimal. It is 
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fortunate that the amount of data transfer in this case involves only the coefficients at the matrix- 
fracture interface. 

Smith et al. (1997) developed a parallel implementation a Sequent 16-processor parallel :om- 
puting system. They found that with 5 processors the computing time for matrix-block calculat5ms 
is reduced by nearly a factor of 4.5 as compared to a single processor. Since the rest of the code is 
not parallelized, the total computing time is reduced by a factor of 2. 

3.6. MINC Applied to GEM 

The MINC algorithm applied to GEM will be similar to, but not identical with, the METRA 
implementation. In the GEM implementation at least three distinct scales will be accounted tor: 
macro-, meso- and micro-scales. The micro-scale corresponds to the smallest scale of observa- 
tion corresponding to fluid immediately adjacent to the pore wall. The meso-scale corresponds 
to the bulk fluid in the matrix, and the macro-scale to the fracture network as in the ME’fRA 
implementation. At the micro-scale, transport will be assumed to take place by diffusion only 

3.7. Limitations 

The MINC algorithm applies only to the case where there is no through-going flow through the 
matrix. Flow can be only into (out of) the matrix blocks to (from) the surrounding fractures, but 
not into a matrix block on one boundary and other of the matrix block at another boundary. Such a 
situation is valid provided the matrix permeability is much smaller than the fracture permeability 
so that flow is governed by fractures. This is the case for the Yucca Mountain tuff host rock. md 
thus use of the MINC algorithm should be valid. 

3.8. Comparison to Other Related Codes 

Only the code TOUGH2 (Pruess, 1991) incorporates the MINC algorithm, but not the ECM. Both 
CTOUGH and VTOUGH (Nitao, 1990) (from which CTOUGH is derived) incorporate the EI:M. 
The TOUGH-based codes use an unstructured grid based on the integral finite difference fomu- 
lation. FEMH (Zyvoloski et al., 1992) incorporates a dual porosity model. DCM3D (Updegmff 
et al., 1991) also has the capability for dual continua, from which its name is derived, but is an 
isothermal code. The MINC algorithm may be considered a generalization of DCM. In a L-CM 
formulation a single matrix node is associated with each fracture node, whereas in the MINC model 
there can be many matrix nodes per fracture node. 

The main problem with the TOUGH2 formulation of the MINC algorithm is the enorrl,ms 
computing time required even for modestly sized problems, and large storage requirements. These 
two factors, and especially the first, make TOUGH2 virtually unusable for practical problr ins. 
There does not exist a comparable code with MINC capability for an N,-component system to that 
proposed for GEM. 

4. UNSTRUCTURED GRID 

The MULTIFLO (METRA and GEM) code is based on a finite-difference formulation which 
uses a structured grid for rectangular, cylindrical, or other co-ordinate system. As a consequence, 
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the interblock connectivity is limited to 2, 4 or 6 elements in 1,2 or 3 dimensions, respectikzly. 
As a consequence, local grid-refinement becomes cumbersome requiring an unnecessarily : sge 
number of blocks. In addition, it is more difficult to represent arbitrarily shaped boundaries. The 
integral finite-volume (IFV: Narasimhan and Witherspoon, 1976) difference scheme overccaes 
these deficiencies since arbitrarily shaped elements and arbitrary interblock connectivity arc an 
integral part of this formulation. Thus, no special treatment is required for local refinement of the 
grid in some region of interest. Defining boundary conditions on curved surfaces, imposing rbdial 
and Cartesian blocks in areas of desired interest, and lumping big blocks into a single element in a 
passive region, and others can be readily incorporated in the grid. 

The proposed task will entail recoding METRA and GEM based on the IFV formu!a:ion 
from the current structured-grid finite-difference formulation. This revision will require subs!an- 
tial modifications to all the input and output routines, as well as the logic for calculating flux texms, 
boundary conditions, and setting up of the Jacobian matrix. Also, the storage scheme for the coeffi- 
cient matrix in WATSOLV will have to be replaced. However, only minor changes in accumulation 
terms, PVT-properties calculations, and capillary functions will be necessary. 

While the modifications will handle arbitrary geometry and connectivity among blocks which 
will readily accommodate Voronoi, Cartesian, cylindrical, spherical and other geometries, it will 
be necessary to generate such grid data by a pre-processor (grid generator), and display the results 
using a post-processor. A preprocessor will be obtained from the public domain to generate ihe 
grid (e.g. Gable et al., 1996). We plan to retain the existing Cartesian and cylindrical geonw+vies 
for input data as options which will then be internally couched in the forms required for IFV. 

To conserve the memory for an arbitrary level of connectivity, all interblock properties will be 
stored employing the dynamic memory management concept which is already present in MULTI- 
FLO . 

5. GENERAL BOUNDARY CONDITIONS 

Flux boundary conditions will be treated using source/sinks as opposed to boundary conditioric, as 
this offers the flexibility to assign it anywhere in the system as opposed to just at the boundari .s. 

There are conceivably the following different options possible for fluid withdrawal (sink) and 
injection (source). 

Options for Withdrawal (Injection): 

1. Specify an air withdrawal rate with associated vapor and liquid production. 

2. Specify a vapor withdrawal rate with associated air and liquid production. 

3. Specify a liquid withdrawal rate with associated gas. 

4. Specify a total mass (air+vapor+liquid) withdrawal rate. 

In cases 1-3, a desired production (withdrawal rate) is specified, and the code should compute the 
associated other components/phases. In case 4, given a total mass withdrawal rate, the program 
will allocate different phases/components such that the total productions adds up to the specified 
quantity. There are possibly other options such as producing a specified quantity of energy :md 
associated mass/components, which are of more interest to geothermal applications. 
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It is assumed that it is possible to withdraw from a block the specified quantity regardless of 
(a) the mass content, (b) net influx in the block, and (c) capacity of well to produce the fluid. . e. 
irrespective of pressure drop at the production boundary. 

However, in reality, there are instances and practical considerations such that an arbitxnirily 
assigned withdrawal rate must be constrained so that it is not possible to withdraw in any time 
step, a mass larger than a grid-block can deliver. That is, one must require that withdrawal ar a 
desired rate is subject to the constraint that the pressure at the production face does not fall below a 
certain specified limit. If the pressure at the boundary does fall below the specified minimum -$.:he, 
the rate is reduced to satisfy this requirement. In this case, it is not possible to over-produce a block. 
This option may be used to produce against a given minimum pressure by simply specifying a large 
withdrawal rate so that withdrawal will be controlled by the pressure. 

Also this option could be useful to describe water ponding in the case of infiltration when not 
all injected water can go into the formation, and the excess amount is accounted for as runoff, 
subject to the maximum injection pressure at the boundary. 

In the above, it is assumed that the source block is a single block, rather than a group of blocks 
over which a specified withdrawal rate is imposed. In this latter case, the code must allocate the 
rate to different blocks to determine the specified rate. This is common in oil and geotkmal 
reservoirs where a well is produced from several different layers (2-direction blocks) and a single 
rate is specified for the well. The code then allocates internally different sinks to different blocks 
based on physically realistic considerations. 

6. HYDRATION REACTIONS 

To allow for hydration and dehydration reactions it is necessary to couple the rate of productim 
of water from precipitating or dissolving minerals computed by GEM into METRA. For a set of 
coupled chemical reactions of the form: 

involving H 2 0 ,  the rate term has the form 

- Rw = (1 1) 
m 

where I ,  denotes the reaction rate of the mth mineral. To implement this change, GEM will Lved 
to be modified to incorporate water as a primary species. 

7. IMPLEMENTATION 

An estimate of time and effort involved in the planned developmental work and the order in whd i  
the work will be performed is provided in Table 1. Although, the time for some tasks ma) EX- 
ceed the individual estimates, the total time should represent a good estimate. This time includes 
debugging time which adds additional uncertainty. 
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Task 
I 
I1 
I11 
IV 
V 

Time (hours) 
Description METRA GEM 

MINC 300 450 
Unstructured Grid 300 300 
General Boundary Conditions 150-200 - 
Revise Subroutines which Read Input Files 20 20 
HvdratiodDehvdration Reactions 40 60 

I VI I Revise User’s Manual I 16 I 16 I 
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SOFTWARE CHANGE REPORT (SCR) 

1. SCR No. (Software Developer 
Assigns): SCR-505 (I 2. Software Title and Version: 

Multiflo V2.0 
3. Project No: 
20.06002.072 

I I 

4. Affected Software Module(s), Description of Problem(s): 

The following are changes needed for Version 2.0 and are not listed in the SRD. 

(1) In GEM with loglin=O, convergence test should be based on log concentration not concentration. 
Requires changes to implicit.f, imret.f and opsp1it.f. 

(2) Cleanup calculation of dtmax in pec1etnr.f 

(3) Modify reaction rate model to eliminate discontinuity at saturation index = FKIN. 

(4) Minor printing problem. Does not print “m” or “f” label for maximum temperature change. Need to 
modify update.f. 

(5) Derivative of radiation term not correct causing slow convergence. (c0efs.f) 

5. Change Requested by: 
Scott Painter 

Date: February 18,2004 

6. Change Authorized by (Software Developer): 
Scott Painter 

Date: February 18,2004 

7. Description of Change(s) or Problem Resolution ( I f  changes not implemented, please justify): I I  
All problems corrected. Required change to gem/implicit.f, gem/imret.f, gem/opsplit.f, gem/pecletnr.f, 
gem/kinrxns.f, metra/update.f, metra/coefs.f. Corrected code will be released as V2.0 

8. Implemented by: 
Scott Painter 

Date: 
Various 

9. Description of Acceptance Tests: 

Ran the same acceptance tests as for V1.5.2 (see SN282E). Output and input for the 
acceptance test problems are on the archived disk. 

10. Tested by: 
Scott Painter 

Date: 
March 3,2004 

_ _ _ _ _ ~  
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M E M O R A N D U M  

TO: Barbara D. Meehan 

FROM: Wesley C. Patrick 

SUBTECT: Additional Information Regarding 

May 29, 1997 

The following information is provided per your electronic mail request. It is being provided in this format because 
we are currently experiencing difficulties with our electronic mail as a result of severe storms that moved through 
the area two days ago. 

Regarding your first question, the most complete information that is currently available on MULTIFLO is the 
two-part user manual for the code. A copy is enclosed for your information and use. Pending approval from the 
NRC, we have taken no action to date to advertise the availability of the code or the possibility of a workshop on 
its use. Consequently, we have no brochures or related materials. 

The participants in the proposed workshops and consortia (see items 1 and 3 in my original note) would likely be 
(i) mining companies, (ii) petroleum companies with interest in mining, (iii) engineering and construction firms 
supporting mining ventures, and (iv) independent consultants serving those industries. There is a potential that some 
of these companies will either be NRC licensees or be providing support to such licensees. Given the technical 
capabilities of MULTIFLO, it is anticipated that licensees involved in uranium mining and milling, and/or 
reclamation of previously mined lands and mill tailings disposal areas would find the code of interest. It should 
be noted that MULTIFLO is a very general code. Its capabilities are not unique to nuclear waste, uranium mining 
and milling, or other NRC-licensed activities. 

I trust that this adequately addresses your questions. Please contact me if you have any further questions regarding 
this matter. 

cc: J .  Linehan 
S .  Fortuna 
D. Hassell 
B. Stiltenpole 
CNWRA Directors 
CNWRA Element Managers 
P. Lichtner 

H:\PATR\WRKOTHRS\MIJLTFLO. INP 



Comnercialization o f  M u l t i f l o w  

TO Mai l  List:#DIRS-MGRS 
To: Larry  McKague a t  CNWRA 
To: Engl ish Pearcy a t  CNWRA 
To: Peter L ichtner  a t  CNWRA-SUN 

From: TWDZ.TWP6:BDM a t  PSEUDO 08-01-97 03:50 PM 
To: BSAGAR a t  CNWRA-OS2 
To: HGARCIA a t  CNWRA-OS2 
To: WPATRICK a t  CNWRA-OS2 
CC: TWDZ.TWP8:BAS a t  PSEUDO 
CC: TWD2.TWP8:JJLZ a t  PSEUDO 
CC: TWDZ.TWP8:SLFl a t  PSEUDO 
Subject: Comnercial izat ion o f  Mu l t i f l ow  
From: Wesley P a t r i c k  
Subject: Comnercial izat ion o f  Mu l t i f l ow  
08-01-97 03:26 PM 

- - - - - - - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Forwarded . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Date: 08/01/1997 03:50 pm (Fr iday) 
From: Barbara Meehan 

To: SWRI.CNWRA-OS2.WPATRICK, SWRI.CNWRA-OS2.HGARCIA, 

CC: TWP8.SLF1, TWP8.BASI TWP8.JJL2 
Subject: Comnercial izat ion o f  Mu l t i f l ow  

SWRI.CNURA-OS2.BSAGAR 

The NRC approves the request by W. 
Pa t r i ck  regarding the  accep tab i l i t y  o f  
comnercial iz ing the  use o f  t he  
MULTIFLOW code, as s ta ted  i n  
Patrick/Meehan email dated 5/12/97 and 
Patrick/Meehan memo dated 5/29/97. 
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