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A. 1.0 INTRODUCTION 

The program NONLIN fits parameters for a designated aqueous electrolyte model to 
experimental data on osmotic coefficients, mineral solubility, emf, or solvent extraction. Although 
NONLIN has two aqueous electrolyte models for excess free energy available, the Davies 
equations (Davies, 1962) and Pitzer's aqueous electrolyte model (Pitzer [I9731 and coworkers), 
this document will discuss only the Pitzer model, which is used to support the 1996 WIPP 
Performance Assessment (PA) calculations. 

For the 1996 WIPP PA calculation, NONLIN is used to calculate Pitzer parameters and 
standard chemical potentials of actinide chemical species. The calculated values will be added to 
the CHEMDAT data base used by a program called FMT. CHEMDAT contains the Harvie-Mgiller- 
Weare (HMW) database (Harvie et al., 1984; Felmy and Weare, 1986) for nonradioactive 
electrolyte systems and the actinide series of radioactive elements, such as americium(IlI) and 
neptunium(V). FMT is a chemical equilibrium modeling code, also used to support the 1996 
WIPP PA calculations. The FMT User's Manual, WPO 281 19, documents both the CHEMDAT 
data base and the FMT code. 

1 . 1  Software Identifier 

Code Name: NONLIN 
WIPP Prefix: N L  - - - . . - - - - - 

Version Number: 2 . 0  08/23/96 
Platforms: FORTRAN 77 for Open VMS AXP, version 6.1, on DEC Alpha machines 

and Power Macintosh 7100 

1 .2  Points of Contact 

1 .2 .1  Code Sponsor 

Sandra C. Babb 
Sandia National Laboratories 
Albuquerque, NM 87185-0661 
Voice: (505) 844-7396 or (505) 848-0126 

1 . 2 . 2  Code Consultants 

Robert C. Moore 
Sandia National Laboratories 
Albuquerque, NM 87185-1342 
Voice: (505) 848-0146 
Fax: (505) 848-0881 

1 .2 .3  Code Author 

Craig F. Novak 
Sandia National Laboratories 
Albuquerque, NM 87185-1320 
Voice: (505) 848-0619 
Fax: (505) 848-0622 

Andrew R. Felmy 
Batelle Pacific Noahwest Laboratory 
Richland, WA 99352 

,- Voice: (509) 372-6296 
Fax: (509) 372-6328 
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FUNCTIONAL REQUIREMENTS 
.- 

2.0 

R .  1 NONLIN fits parameters for Pitzer's aqueous electrolyte model to experimental data on 
mineral solubility. 

R . 2  NONLIN fits parameters for Pitzer's aqueous electrolyte model to experimental data on 
solvent extraction. 

R . 3  NONLIN fits parameters for Pitzer's aqueous electrolyte model to experimental data for 
apparent stabihty. 

In order to run the NONLIN code successfully, the user will need a basic knowledge of one of 
the following platforms: 

Open VMS and Digital Equipment Co.'s (DEC's) Digital Command Language (DCL), if 
running the code on the DEC platform 

Power Macintosh 7100 operation, if running the code on a Macintosh platform. 

To interpret the results of NONLIN, a chemistry background is required. A user should 
have a: 

BS in Chemistry, or the equivalent 

familiarity with the Pitzer model for activity coefficient of electrolytes 

sound understanding of chemical reaction equilibrium analysis. 

To understand how the NONLIN code works and the theory and algorithms upon which 
NONLIN is based, the user should also have a basic understanding of: 

equilibrium thermodynamics and solution chemistry 

linear algebra (through senior undergraduate level) 

numerical methods (graduate or senior level undergraduate level). 

4.0 DESCRIPTION OF THE MODELS AND METHODS 

NONLIN solves chemical equilibrium problems, as defined by the linear material balance 
equations and the nonlinear reaction equilibrium equations as given in standard chemical 
thermodynamics texts such as Denbigh (1981) and Smith and Van Ness (1975). 

More specifically, NONLIN couples the GMIN freeenergy chemical equilibrium program with 
the MINPACK least squares minimization routines. NONLIN can be used to interpret (i.e., fit) 
experimental concentration data such as 

solubility (i.e., the total dissolved concentration of element X in aqueous electrolyte of 
,- 

composition Y) //-.>,: 
3 
4 , .  
I '' -. 

'\> 
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-. electromotive force (emf) 

isopiestic data 

solvent extraction data (i.e., the distribution of element X between an aqueous and an 
organic phase) 

ion exchange data 

apparent stability constant data (i.e., the mold ion quotients for intra-aqueous reactions). 

4 . 1  GMIN Chemical Equilibrium Model 

The GMIN chemical equilibrium program is explained in detail by Felmy (1990) and Felmy 
(1995). Sections 4.1.1 and 4.1.3 of the following discussion are largely excerpted from that 
source. Section 4.1.2, which explains the Pitzer activity coefficient formalism, is excerpted from 
Felmy and Weare (1986). 

4 .1 .1  Thermodynamic Model 

The mathematical basis of GMIN is based on the development of an algorithm for solving the 
chemical equilibrium problem that is based on a constrained minimization of the Gibbs free energy. 

- NONLIN, as used in support of the 1996 WIPP PA calculation, makes use of the following 
general equations that GMIN can solve: 

chemical potential for water solvent in aqueous phase: 

chemical potential for solute species in aqueous phase: 

where 

pi = chemical potential of species i 

CI: = standard chemical potential of species i 

R = the gas constant 

- T = absolute temperature 
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W = molecular weight of water -, 

ns = the total number of chemical species 

mi = molality of species i 

6 = osmotic coefficient 

Yi = activity coefficient of species i. 

While GMJN contains two formulations for activity coefficients for aqueous species, only one 
formulation is used in support of the WIPP PA calculation. This model is based on the work by 
Pitzer (1979) and coworkers. In this model, the activity coefficients are expressed in a virial-type 
expansion. 

4.1.2 The Pitzer Activity Coefficient Formalism 

The Pitzer activity coefficient formalism is a set of mathematical equations for calculating 
activity coefficients for aqueous species, and is valid from dilute systems through the concentrated 
brine concentrations observed at the WIPP Site. The theoretical and historical development of this 
formalism can be traced though Pitzer (l991), particularly Chapter 3, and references therein. 

The implementation of the Pitzer activity coefficient formalism within NONLIN is based on the - 
forms of the equations as presented in Harvie and Weare (1980), Harvie et al. (1984), and Felmy 
and Weare (1986). Because there is no difference in the mathematical formulation provided by 
these references, only the equations in Felmy and Weare (1986) are presented below. The 
interested reader will find a comprehensive presentation of these equations in the three cited 
publications. 

The activities of the species ai can be defined by the following equation: 

where G = Gibbs free-energy function, P = pressure, ni = number of moles of species i, and 
activity is defined for each solute species i by 

and, for the solvent, by 

where 
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A mi = the molality of the solute species, 

W = the molecular weight of water, 

Z r n i  = the sum over all solutes (cations (c), anions (a), and neutrals(n)), and 
i 

Q = the osmotic coefficient. 

While the chemical potentials for pure phases (e.g., minerals) are constant at fixed temperature 
and pressure, the fugacity of gas-phase species, fi, is defined as follows: 

The remaining variables that lack explicit deh t ion  are the excess functions yi and (Q-1). 
These functions, rewritten below, are modeled using the semiemplncal equations of Pitzer (1973) 
and co-workers. (Note that, in the Pitzer equations presented below, I = ionic strength, and that 
subscripts M, X,  and N refer to cations, anions, and neutrals, respectively. The remaining terms 
are explained following the presentation of the Pitzer equations.) 
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where b = 1.2 for all electrolyes. 

A@ is one third of the Debye-Hiickel limting slope (A in the following empirical equation): 

as presented on page 981 of Harvie and Weare [1980].) Here A@ is a function of temperature and 
equals 0.39 at 25°C. The second virial coefficients, B, are empirical expansions and are given the 
following ionic strength dependence: 
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The functions g and g' are defined by 

with x = a i d  or = a,&. When either cation M or anion X is univalent, al = 2.0 and a2 = 12. 
For 2 - 2 pairs, a, = 1.4 and a, = 12. For 2 - 3 and higher pairs, al = 1.4 and a2 = 50. The - dimensions of a, and a2 are kg1/2mole-1/2. The virial coefficients, @, which depend upon ionic 
strength, are given the following form: 

The functions, E B i i ( ~ )  and EOb(I),  are functions only of ionic strength and the electrolyte pair type. 

The activity coefficient parameters, hni and cnii, represent the interactions between ions and 

neutral species. The third virial coefficients, cLx and viik. are also assumed to be independent 
of ionic strength. 

The following is the complete set of parameters that define the model for nonideal behavior of 
electrolyte solutions: 
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1) (2) 0 
-. PEL, P(MX. P M x ,  and C M x  for each cation-anion pair 

eij for each cation-cation and anion-anion pair 

vijk for each cation-cation-anion and anion-anion-cation triplet 

h,, and Cnij for ion-neutral and ion-ion-neutral interactions. 

NONLIN minimizes the sum of the errors squared for the standard chemical potential of user- 
specified species by adjusting the values of the thermodynamic parameters specified by the user. 

These are the Pitzer parameters NONLIN solves for using thermodynamic data. 

4.1.3 Free-Energy Minimization Approach 

The free-energy minimization problem in GMIN is formulated as 

RI 

minimize ~ = x p ~ n ~  

subject to the following mass-balance constraint 

and the following charge-balance constraint 

and 

nj 20 for all species j 

where 

ns = the total number of chemical species 

n .  
I 

= mole number of species j 

a .. = number of moles of component i in species j 
I' 
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A. 

'i = total number of moles of element i 

m~ = number of linearly independent mass-balance constraints 

nas = total number of aqueous species j 

z~ = charge on species j 

The free-energy minimization approach is fully documented in Harvie, Greenberg, and Weare 
(1987). 

4 .2  NONLIN Parameter Calculation 

NONLIN calculates the Pitzer ion interaction parameteLs by using a non-linear least squares 
fitting algorithm. The code calculates values for user-specified aqueous solution and solid 
thermodynamic parameters, including the standard chemical potentials for ion pairs. NONLIN 
calculates the function to be minimized; i.e., the difference between solid and solution chemical 
potentials, and the Jacobian (the derivative of the chemical potential difference with respect to the 
adjustable parameters). The adjustable parameters, discussed in detail in Section 7.1, are the Pitzer 
parameters and the standard chemical potential of the chemical species to be fitted. Andrew R. 
Felmy is the code author of both NONLIN and GMIN, a chemical equilibrium code called by 

-. NONLIN. Pacific Northwest Laboratory maintains MINF'ACK, a set of matrix routines called by 
GMIN. 

5.0 CAPABILITIES AND LIMITATIONS OF THE SOFTWARE 

The chemical data base files and the problem definition files must be compatible; i.e., the 
species must be characterized in the data base before it is referenced in the problem. NONLIN 
capabilities are discussed at the beginning of Section 1. 

6.0 USER INTERACTIONS WITH THE SOFTWARE 

6.1  Overview 

NONLIN requires six input data files- GMIN, INPUT, COMP, BINARYP, TERNARYP, 
and LAMBDA. The problem is defined by the GMIN and INPUT files. The GMIN f ie  defines 
the chemical species to be considered. The INPUT file contains the experimental data and initial 
estimates for the Pitzer parameters or standard chemical potentials to be fitted. The last four files 
COMP, BINARYP, TERNARYP, and LAMBDA are the chemical data base files. These files 
contain species names and unique ID numbers, chemical characteristics, and Pitzer parameters. AU 
the input files are discussed in detail in Section 7.0. 

NONLIN generates one file OUTPUT. This file lists the problem definition as read from the 
GMIN and INPUT files, chemical species considered, and the best fit to the experimental data 
set@). 
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Figure 6-1. Input and Output Files for NONLIN. 

OUTPUT I 
GMlN 

I 

6 .2  User-Supplied Input Files 

INPUT 
-+ 

COMP 

Using a convenient editor, the user creates the GMIN tile and the INPUT file for a problem. 
The user should check the COMP, BINARYF', TERNARYF', and LAMBDA files to be sure that 
the required species and Pitzer parameters are included there. 

NONLlN 

BINARYP TERNARYP LAMBDA 

6 . 3  Executing NONLIN 

6.3 .1  DEC Environment 

The user can access the command file NL_NONLINC.COM to run NONLIN on the Sandia 
NWER network, using Digital's Alpha machine BEATLE. This file is located in the NL library. 
All files in the library are under control of Digital's Configuration Management System (CMS). 
This library contains NONLIN data base files, source code, and command files. The user can 
retrieve the command fde NL-NONLINC.COM from the NL library using the CMS "fetch" 
command. For ease in executing NONLIN, the command file should be in the same directory 
where the input files reside. 
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To retrieve the command file NLNONLINC.COM, the user logs into BEATLE and types the 
symbol "nonpa-cms-syms" to define other CMS symbols, followed by the command "libnl" to 
specify the NL library. Then the user locates the directorylsubdirectory where hisher input files 
reside by typing in a "set default (sd)" command. The command "cfe nl-nonlinc.com" copies the 
command file into the user's current directory. The lines are: 

$nonpa-cms-syms 
$libnl 
$sd [username.user-inputfile-directory] 
$cfe nl-nonlinc.com 

The command file can be copied from duectory to directory. The user does not need to fetch 
the file each time. NL-NONLINC.COM also issues the lines "nonpa-cms-syms" and "libnl" 
automatically, malung typing them unnecessary. 

6.3.1.2 Running NL-NONLINC.COM 

To execute "@NL_NONLINC" the user must always be logged into BEATLE. The user 
should be in the directory that contains the .IN and .GMIN files before starting NL-NONLINC. 
To execute the command, the user types: 

The user will be prompted to supply a substring for the COMP, BINARYP, TERNARYP, 
and LAMBDA files and the GMIN and INPUT file names. To retrieve a list of all data base files, 
the user can simply type in ".DAY since all of the NONLIN data base files have the string ".DAY 
as the extension. Or, the user can type in any substring of the data base file name (e.g., 
COMP-960130). The GMIN and INPUT filestem names can be independent (e.g., 
SOLUB-O1.IN and SOLUB-0O.GMIN) or the same (e.g., AM_ACET.IN and 
AM-ACET.GMIN). 

After listing the data base files that match the substring specified, the user is prompted to select 
each data base file. The user may select a file by copying and pasting the file name to the waiting 
request, by double clicking on one of the file names listed, or by typing the entire name. 

WARNING: The NLNONLINC command deletes all data base files with the "NL-" prefix 
and ".DAY extension from the user's current directory before fetching any of the four data base 
files. 

6.3.2 Macintosh Environment 

The Macintosh executable icon for NONLIN is called PMacNonlin. To start the code, the user 
double clicks, either with a mouse or track ball, on the PMacNonlin icon. The chemical data base 
files must be located in the same folder that contains the executable icon. After starting the icon, 
the program will use the files explicitly labeled BINARYP, COMP, TERNARYP, and LAMBDA 
in the icon's folder. 
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A suggested method for organizing folders or k t o r i e s  while running NONLIN on the - 
Macintosh is shown in Figure 6-2 and Figure 6-3. Using this approach, files are grouped as 
follows: 

all chemical data base files (BINARYP, COMP, TERNARYP and LAMBDA) and the 
PMacNonlin icon in one folder labeled "HMW-ACTINIDE-DB," as shown in Figure 6- 
2. New species can be added to these existing chemical database files without affecting 
the results of calculations performed using previous versions of these database files, as 
long as a consistent ID numbering scheme is maintained (Sections 7.3 through 7.6). 

the GMIN and INPUT files in another folder. Beneath a major folder labeled 'TEST 
CASES," Figure 6-3 shows two problem-labeled folders, "Am-Aet" and "SOLUB," 
each containing the GMIN and INPUT files for the solvent extraction and mineral 
solubility problems, respectively. By default, the OUTPUT file will be placed in the 
same folder that contains the GMIN and INPUT files. 

A screen titled "Output from PMacNonlin" displays the file prompts and writes the file names 
on the screen after the user has responded to all prompts. 'The user makes a selection through a 
window display by navigating the folders or directory tree and double clicking on a file name. 

The user can set a folder or directory before selecting or naming any file. The prompts direct 
the user to: 

1. Select INPUT File 

2. Select GMIN File 

3. Enter OUTPUT File Name 

6.4 Setting up and Running Solubility Problem 

The user supplies the GMIN and INPUT files. The HMW-ACTINIDE-DB chemical data 
base files are defined in COMP, BINARYP, TERNARYP, and LAMBDA. The INPUT file has a 
variable named "ndtyp," which defines the type of experimental data. Solubility data is denoted by 
setting the "ndtyp" variable to - 1. 

6.5 Setting up and Running Apparent Stability Constant Problem 

NONLIN may be used to fit apparent stability constant data by setting up the problem as a 
solubility calculation. A detailed discussion and an example problem are provided in Appendix A. 

6 .6  Setting up and Running Extraction Problem 

For a solvent extraction problem, the input files are the same as those for an solubility problem 
(as listed in Section 6.4). Solvent extraction data is denoted by setting the "ndtyp" variable to -4 in 
the INPUT file. 
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Figure 6-2. Suggested data base folder organization for Macintosh environment. 

TESTCASES 

SOLUB . 
'i 

Figure 6-3. Suggested problem folder organization for Macintosh environment. 
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7.0 DESCRIPTION OF INPUT FILES - 
Of the six input files for NONLIN (see Figure 6-1). the user sets up the problem in the two 

files GMIN and INPUT. The other four files COMP, BINARYP, TERNARYP, and LAMBDA 
are the input chemical data base files. All files are text-based files and can be edited by the user 
using a convenient text editor. 

Although NONLIN reads the ITPUT file with both fixed-field and free field-formats', it reads 
all other data files using fixed-field formats only. There are two distinct independent numbers - the 
parameter key number and the species ID number. Although both numbers have six digits, they 
are not related in any way. The parameter key number is used only in the INPUT file while the 
species ID number is used in the other five files. To allow a species to be added or deleted easily, 
files are terminated by either a zero or a minus one in the ID number field. Blank lines and 
comments can be inse~ted with caution. Comments may be placed at the bottom of the file, or, in 
some cases, at the end of a line where NONLIN does not read them. Comments are used 
throughout the chemical data base files and the sample files to help the human reader identify the 
species on a line and document the source of the data or the fields in the file. 

A description of all six input files follows. 

7.1 GMIN 

The GMIN file species are the chemical species to be considered in a particular computer run. 
The species ID numbers used in GMIN must correspond to species definitions in the COMP file. 
In addition, aqueous species may have ion interaction parameters specified in BINARYP, - 
TERNARYP, or LAMBDA, but these are not required. 

The six-digit ID number is assigned by the user. The first digit is the phase indicator, and can 
be 0, 1, 2, 3, or 4 for aqueous, solid, solid solution, and two types of adsorbed species, 
respectively. Only aqueous and solid species are relevant to W P  use of this code, so only phase 
types 0 and 1 will be considered henceforth. 

The assignment of the remaining five digits is arbitrary, with the only constraint being that each 
six-digit combination must be unique. The following conventions are suggested to help provide a 
method to assign ID numbers. Let the second and third digits correspond to the atomic number of 
the metallic portion of the species (if any) and the fourth and fifth digits correspond to the 
nonmetallic portion (if any). Use the final &git is used to break redundancies. These scheme is 
illustrated in Figure 7-1. 

For example, the species IDS could be 012000 for aqueous Mg ", 000170 for aqueous C1-, 
and 012170 for the MgCl ' pair. 

' "Fixed-field format*' means that input data is read precisely in the columns specified by the code; '%-field 
format" means that the input numbers are independent of column formatting (i.e.. the numbers in the input file are 
simply separated by spaces, tabs, or carriage returns). For example, in the sample INPUT file provided in Appendix 
C, lines 1 through 3, only the first 16 columns are read using a fixed-field format; lines 6 - 37 are read using the 
free-field format. However, the sample GMIN file provided in Appendix B must be read in its entirety using a fixed- - 
field format input specification. .., --",;.-,- .... . . . . % 
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Page 19 - The order of the species in the file is important. The first species must be water, followed by 
cations, anions, and neutral species. The solid species are listed last. 

The mole numbers for the species are read from the INPUT file. The mole numbers in GMIN 
file should be set to zero for aqueous species, and nonzero for solid species. 

Table 7-1 lists the GMIN file parameters. The "LINE column refers to the line numbers listed 
in the EXTR-00.GMIN file. The "Variable Name" column corresponds to the NONLIN program 
variables. "Permissible Value" column is the only set of values permitted for use with this 
program. Any other values have unknown consequences. 

The EXTR-07.GMIN listing shows a "-1" on line 11 denoting the end of all species. 
NONLIN will ignore any lines that follow line 11. On lines 3-8 and line 10, NONLIN ignores the 
comment at the end of the h e s  following the species ID and mole number. 

In Appendix D the sample input file SOLUB-00.GMIN lists six aqueous species and one solid 
species. NONLIN ignores any lines after line 11. 

0 = aqueous 
1 = solid atomic number 
2 = solid solution of nonmetallic portion 
3 or 4 = adsorbed of species 

A 

v 
atomic number arbitrary digit to eliminate 

of metallic portion redundancies 

of species 

Figure 7-1. Format for six-digit species ID number. 
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Table 7-1. GMIN File Parameters (Line Numbers Correspond to Sample Listing in Appendix -. 
B) 

- 
Line 

I I 
idebg 1 1001 1 normal mode or 

Variable 
Name 

debug mode, prints intermediate calculations whil 
iterating 

Permissible 
Value 

Description 

I I 

I I 

I print after each iteration 

flag setting the Pitzer ion interaction model isopt 

I 

1 I 
iads 10  1 no adsorption option 

0 

flag setting the non-ideal free energy model idopt 0 

flag for printing species concennations at end c 
iterative cycle 

iphopt 0 or 

id(1) 

I I 

001080 

XU) 

id(i) 

species ID number for water (water must be listed first 

0.0 unused mole number (read from INPUT file) 

list of aqueous species 

I 

x(i) 

I I 

id(i) 

id(i) 

0.0 

I 1 

I comment line 
<."--"- 
I 

unused mole number (read from INPUT file) 

000000 

200000- 
299999 

0.0 

I I 

end of aqueous species 

list of solid species 

unused mole number (read from INPUT file) 

end of all species id(i) -1 


















































































































