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Abstract: This report presents a generic reaction-based biogeochemical
simulator (RBBGCS) that was developed as part of the advancement of the
subsurface reactive transport capability in the Adaptive Hydrology/
Hydraulics (ADH) model. RBBGCS has been incorporated into ADH to
model subsurface reaction transport. The simulator can also be coupled
with other transport models to perform reactive transport modeling in
surface and subsurface systems. RBBGCS can model geochemical/
biogeochemical reactions that are equilibrium-controlled (fast reversible),
instantaneous (fast irreversible), and kinetic (slow reversible or irre-
versible). It has a preprocessor that automatically and systematically
produces reaction-based differential-algebraic equations (DAE) as the
reaction governing equations and a solver that solves the set of governing
equations for the concentration distribution of chemical species. It allows
both user-specified empirical equation and formulation based on the
collision theory to be used to describe reaction equilibrium and reaction
rate(s). The numbers of chemical species, biogeochemical reactions, and
porous medium phases that may be defined for a modeled system are
unrestricted, limited only by the computational resources that are
available.

This report describes the development of RBBGCS, including a nine-step
preprocessor to generate reaction-based DAE systems and solution tech-
niques to solve the DAE system. The preprocessor constructs a valid
reaction network and produces the associated governing equations, which
can save modelers a significant amount of time when modeling complex
reaction systems. The solution technique section details (1) the compu-
tational procedures in RBBGCS, (2) the DAE system when man-induced
sources exist, (3) Newton’s method to solve DAE systems, (4) implemen-
tation of the constraint equations in DAE systems, and (5) treatment for
zero-order reactions. Multiple test examples are presented to verify and
demonstrate RBBGCS’ capabilities in solving complex geochemical/
biogeochemical reaction problems. RBBGCS development serves as a
guide for continued model development for coupling with ADH and other
transport models to perform reactive transport simulation.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Preface

This report summarizes initial efforts undertaken in developing a generic
reaction-based biogeochemical simulator (RBBGCS) that was developed as
part of the advancement of the subsurface reactive transport capability in
the Adaptive Hydrology/Hydraulics (ADH) model. This development
effort was performed by the U.S. Army Engineer Research and Develop-
ment Center (ERDC), Vicksburg, MS. Funding was provided under the
System-Wide Water Resources Program (SWWRP). Appreciation is
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Systems Branch, Coastal and Hydraulics Laboratory (CHL); Christian J.
McGrath, Environmental Processes Branch, Environmental Laboratory
(EL); and Dr. Jing-Ru C. Cheng, DoD Supercomputing Resource Center
(DSRC), Information Technology Laboratory (ITL), ERDC. Dr. Cheng,
Dr. Howington, and Dr. Farthing conducted their portion of the study
under the general supervision of Earl V. Edris, Chief, Hydrologic Systems
Branch, CHL; Bruce A. Ebersole, Chief, Flood and Storm Protection
Division, CHL; and Dr. William D. Martin, Director of CHL.

Dr. Carlos Ruiz, EL, and Dr. Gaurav Savant, CHL, reviewed this report and
provided valued comments.

COL Gary E. Johnston was Commander and Executive Director of ERDC.
Dr. Jeffery P. Holland was Director.

This report should be cited as follows:

Cheng, H-P., S. E. Howington, M. W. Farthing, C. J. McGrath, and J-R. C.
Cheng. 2010. System-wide water resources program: A Generic
Reaction-Based Biogeochemical Simulator (RBBGCS), Version 1.0.
ERDC TR-10-5. Vicksburg, MS: U.S. Army Engineer Research and
Development Center.






ERDC TR-10-5

1 Introduction

Computer simulation of flow and transport is an essential component in
the rigorous analysis of water supply, contamination, environmental
cleanup, and ecosystem restoration. Simulation of coupled equations of
transport and geochemical/biogeochemical reactions (for convenience,
“biogeochemical reactions” is used to represent both geochemical and
biogeochemical reactions from this point on) based on the principle of
mass conservation is the only quantitative approach for integrating multi-
ple, complex, environmental processes into an internally consistent con-
ceptual model with which to assess water quality and to design engineered
solutions for remedial alternatives. A reactive transport model in a more
general sense treats a multi-component, multi-species system in which a
number of equilibrium-controlled and perhaps kinetic and instantaneous
reactions occur simultaneously. The naturally complicated reactive trans-
port problem requires more specialized solution techniques, including the
best known and most commonly used operator-splitting or other numeri-
cal methods (Yeh et al 2001).

No matter what solution technique is used in solving reactive transport
equations, it is vital to model biogeochemical reactions and solve for con-
centration distribution among species in accurate and efficient means.
Bethke (2008) discussed the conceptual model, mathematical formula-
tions, and numerical solution for reaction processes and systems of vari-
ous kinds. His discussion demonstrates the capabilities of a reaction
model to determine the model’s applicability which, as a result, influences
the performance of reactive transport modeling when the reaction model
is integrated with mass transport.

Biogeochemical reactions have been modeled frequently using an ad hoc
approach, in which production/decay rates are empirical functions of the
concentrations of species (McNaugt and Wilkinson 1997) with rate
parameters fit to experimental data (Neuhaus and Maier 1996). Such
approaches may provide useful monitoring and management tools when
calibrated to specific site conditions, but extension to different conditions
requires complete re-calibration. With a better understanding of complex
biogeochemical reactions and their mathematical formulations
(Chilakapati et al. 1998; Yeh et al. 2001), mechanistic reaction models
have a potential for broader applicability (Steefel and Cappellen 1998).
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The ADaptive Hydrology/Hydraulics (ADH, https://adh.usace.army.mil/) model is
a modular, parallel, adaptive finite-element model for multi-dimensional
flow and transport. It simulates variably-saturated groundwater flow in
porous media, overland flow, flow through hydraulic structures, and flow
in riverine and estuarine systems. ADH was developed at the Engineer
Research and Development Center through multiple collaborations. The
System-Wide Water Resources Program (SWWRP, https://swwrp.usace.army.mil/
DesktopDefault.aspx) funded the enhancement of the subsurface reactive trans-
port capability in ADH. In this project, a generic reaction-based biogeo-
chemical simulator (RBBGCS) was newly developed and incorporated into
the existing ADH subsurface transport module to perform subsurface
reactive transport simulation.

RBBGCS was designed to be general enough to account for a wide spec-
trum of biogeochemical reactions, e.g., biodegradation, acid-base reac-
tions, aqueous complexation, adsorption-desorption, precipitation-
dissolution, ion-exchange, oxidation-reduction, partitioning, and vola-
tilization. While some reactions are slow and the others are fast relative to
the temporal components of the model (Rubin 1983), e.g., modeling time-
step and the residence time within a model element/cell, RBBGCS can
model reaction systems that are combinations of equilibrium-controlled,
instantaneous, and kinetic reactions. RBBGCS allows fast reversible reac-
tions to be simulated as equilibrium-controlled reactions and character-
ized using mass action equations or user-specified algebraic equations. It
also allows a reaction rate to be represented as a function of the computed
species concentrations and given system parameters. These features give
modelers great flexibility in evaluating alternative reaction mechanisms,
constructing reaction networks, and conducting numerical simulations for
batch reaction systems.

The governing equations of RBBGCS that can take into account mixed fast
and slow reaction system are formulated in a reaction-based differential-
algebraic equation (DAE) form (Chilakapati et al. 1998). They are pro-
duced automatically and systematically by a preprocessor, which is a
modified version of Fang et al. (2003), to also account for instantaneous
reactions. In this DAE formulation, fast reversible reactions are repre-
sented by algebraic equations that define reaction equilibrium, and fast
irreversible reactions, by zero-concentration constraint equations that
characterize instantaneous reactions. As a result, the requirement of using
small time steps to resolve fast reactions is relieved.


https://adh.usace.army.mil/�
https://swwrp.usace.army.mil/%0bDesktopDefault.aspx�
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Because ADH will require major modifications when it incorporates the
complete suite of RBBGCS to perform reactive transport, a two-phase
approach was taken. In Phase 1, all biogeochemical reactions are
expressed as rate-controlled in ADH reactive transport, where large rate
constants are used for fast reactions, and one mobile aqueous phase and
one immobile solid phase are included (completed in 2009). The Phase 1
product is ADH reactive transport Version 1.0, which is sufficient for
modeling many subsurface contamination problems (e.g., PCE/TCE, RDX,
nutrient cycles, etc.) associated with DoD military facilities/sites. In

Phase 2, RBBGCS will be fully implemented in the ADH reactive transport
module to account for multiple species in multiple phases (e.g., aqueous,
solid, and gas), phase mobility (i.e., a phase can be either mobile or immo-
bile), and different reaction types (i.e., equilibrium-controlled, instantane-
ous, and kinetic) without using small time steps to resolve fast reactions.

Numerical aspects of RBBGCS are described in Chapter 2, including the
governing equation, the preprocessor, and the solution techniques
employed to solve the DAE form of governing equations generated by the
preprocessor. In Chapter 3, RBBGCS'’ capabilities are demonstrated and
verified with multiple test examples. Final remarks on the development of
RBBGCS and an outline of tasks for future advancements are offered in
Chapter 4. The RBBGCS input guide is given in Appendix A.
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2 A Generic Biogeochemical Simulator

In modeling biogeochemical reactions, each reaction can be considered
fast or slow regarding the modeling time step. In theory, each reaction is a
kinetic reaction of which the reaction rate is non-zero when it occurs.
Given a fixed system condition, a fast reversible reaction can be treated as
an equilibrium-controlled reaction because it reaches equilibrium so
quickly. Likewise, a fast irreversible reaction can be treated as an instan-
taneous reaction because it reaches its end state within a short time. The
argument of what is the rate for an equilibrium-controlled reaction has
been controversial. It has been argued that the rate of an equilibrium-
controlled reaction “can be mathematically abstracted as infinity” for the
convenience of decoupling equilibrium-controlled reactions from kinetic
reactions (Fang et al. 2003). It has also been argued that the rate of an
equilibrium-controlled reaction is indefinite (Lichtner 1996). This con-
troversy might not have been aroused at all because, by definition, an
equilibrium-controlled reaction should not have been associated with a
rate. We can associate a rate to a fast reversible reaction only if we treat it
as a kinetic reaction. When we model a fast reversible reaction as a kinetic
reaction, small time steps are essential to resolve the evolution of concen-
tration distribution among the reactants and products of the reaction.
Moreover, the reaction rate approaches zero when equilibrium comes
close. By adopting this concept, we consider reaction rates undefined for
all fast reactions throughout this report if they are treated as equi-
librium-controlled or instantaneous reactions to make the modeling of
mixed fast and slow reactions consistent.

2.1 Governing equations of biogeochemical reaction systems

Given M species and N reactions in a biogeochemical reaction system,
each biogeochemical reaction can be expressed as [Yeh 2000]

M M
DS == VS, (1)
i=1 i=1
where:
k = the ID of the reaction, k €[1,N.];
Si = the ID of the ith species, i €[1,M];
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Hi

the stoichiometric coefficient of the ith species that is a reactant

of the kt" reaction;

_.:
=
”

the stoichiometric coefficient of the ith species that is a product

of the kth reaction.

The rates of the concentration change for the M species can be represented
by a set of M ordinary differential equations as

where:

d(D,G,)

at | i

h,

ic[L,M] (2)

Di = density property of the medium phase in which the it species
dwells;

it is the water content associated with the phase [(water
volume)/(bulk volume)] if the medium phase is an aqueous
phase;

it is the product of the bulk density [(solid mass)/(bulk
volume)] and the surface area density associated with the
phase [(solid surface area)/(solid mass)] if the medium
phase is a solid phase;

it is the gas content associated with the phase [(gas
volume)/(bulk volume)] if the medium phase is a gas
phase.

Gi = concentration of the ith species in the system;

it is expressed in (species amount)/(water volume) if the
species dwells in an aqueous phase;

it is expressed in (species amount)/(solid surface area) if
the species dwells in a solid phase;

it is expressed in (species amount)/(gas volume) if the
species dwells in a gas phase.

t = time [t];

N

production/transformation rate of the it species due to the Nr

reactions in the system [M/t/(L3 bulk volume)].
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Equation 2 can be further written as

d(D,G; Ng _
(dt ) :ri‘NR :k;l(vik_‘uik)'Rk |€[1,M} (3)

where:

Rk = reaction rate of the ki reaction [(species amount)/time/(bulk
volume)].

It is noted that Rk can be expressed as Equation 4 when the kth reaction is
an elementary kinetic reaction, where the collision theory is applicable, or

as Equation 5, which is an empirical formula based on observations/
experimental results when the reaction is not of an elementary type.

Rk:kkflm[(Ai)"‘k—kE i (A)™ ke[1,Ng] (4)

where:

k! = forward rate constant of the kth reaction
k) = backward rate constant of the kth reaction

A, = concentration (or activity) of the ith species.
R.=f (Aa)  ke[1,Ng] (5)
where:
f, = the empirical formula used to describe the rate of the kth
reaction
A = the vector representing the M species concentrations (or
activities)

a = the vector representing the coefficients used to describe the
rate of the kth reaction.

Equation 3 can be written in matrix form as

dG _ (6)
[ at =VR
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where:

| = identity matrix of size M
G = vector representing the M (DiGi) [(species amount)/(bulk
volume)]
v = reaction stoichiometry matrix with —u, and v, asits
components
R = vector representing the Nr reaction rates [(species
amount)/time/(bulk volume)].

Equation 6 is the so-called primitive form (PF) of rate equation that can be
used to solve for the evolution of the distribution of species concentration
in biogeochemical reaction systems. This formulation has been widely
used in many reactive transport models (e.g., RT3D, http://bioprocess.pnl.gov/
rt3d.htm). It is straightforward to construct the PF rate equations as well as
to incorporate them as a source/sink term into multi-species transport
equations. However, the following seven drawbacks exist when this
primitive approach is used to solve biogeochemical reaction problems
(Fang et al. 2003):

1. Time steps must be sufficiently small to resolve fast reactions: When
equilibrium-controlled or instantaneous reactions exist, the time-step size
must be vanishingly small, which makes integration impractical,;

2. Conservation of the total mass of component species is not guaranteed due
to numerical errors, attributed to truncation;

3. There is no way to define the subtraction or addition of undefined reaction
rate if a species is involved in more than one equilibrium-controlled or
instantaneous reaction;

4. If redundant equilibrium-controlled reactions are defined, the computa-
tional system becomes singular or over-constrained (note: a redundant
equilibrium-controlled reaction is a fast reversible reaction that can be
represented by other equilibrium-controlled reactions and thus is not an
independent equilibrium-controlled reaction from the mathematical point
of view);

5. Irrelevant kinetic (slow) reactions may exist, which makes their rate form-
ulations and parameter determinations meaningless (note: an irrelevant
kinetic reaction can be represented by some equilibrium-controlled reac-
tions and thus is pointless to be taken into account);

6. If conflicting instantaneous (fast irreversible) reactions exist, the compu-
tational system becomes singular or over-constrained (note: a conflicting
instantaneous reaction is a fast irreversible reaction that can be


http://bioprocess.pnl.gov/%0brt3d.htm�
http://bioprocess.pnl.gov/%0brt3d.htm�
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represented by some equilibrium-controlled reactions and thus causes a
conflict in constructing a reaction network);

7. All the PF reaction rates are coupled via the concentration-time curves of
all species: reaction rates cannot be formulated and parameterized one
reaction by one reaction independently of one another. For example, in the
hypothetical reaction systems given in Section 2.2 below, each rate change
of species concentration in Equations 7 through 12 is associated with more
than one reaction rate. It requires some arrangements to represent each
reaction rate as a specific combination of the time derivatives of species
concentration. Without such arrangements, the formulation and param-
eterization of reaction rate cannot be validated with measured
concentrations.

Drawbacks 1 through 3, associated with the primitive approach, can be
removed by using the DAE approach, in which fast reactions are decoupled
from slow reactions. Drawbacks 4 through 6 can be overcome if redundant
equilibrium-controlled reactions, irrelevant kinetic reactions, and conflict-
ing instantaneous reactions are detected and removed while setting up
reaction equations manually. The traditional DAE approach cannot solve
the problems mentioned in the 7th drawback. To overcome all of the draw-
backs associated with the primitive approach, Fang et al. (2003) proposed
a reaction-based preprocessor which uses Gauss-Jordan matrix decompo-
sition to detect as well as remove redundant equilibrium-controlled reac-
tions and irrelevant kinetic reactions in a systematic manner in forming
the reaction equation in the DAE form. As a result, this preprocessor
produces three types of equations:

e Equilibrium-controlled equations, one for each independent
equilibrium-controlled reaction;

e Rate equations, one for each relevant kinetic reaction;

e Conservation equations of total mass, one for each component species.

Here we modified their preprocessor to also detect and remove conflicting
instantaneous reactions. Our modified preprocessor includes the following
nine steps:

Step 1. Detect and remove redundant equilibrium-controlled
reactions;

Step 2. Detect and remove conflicting instantaneous reactions;

Step 3. Examine consistency and conduct sorting for instantaneous
reactions;



ERDC TR-10-5

Step 4. Detect and remove irrelevant kinetic reactions;

Step 5. Determine the number of linearly independent reactions;
Step 6. Rearrange the reaction order;

Step 7. Decompose the reaction network from Step 6;

Step 8. Express the decomposed reaction network in equation form,;

Step 9. ldentify secondary species for effective biogeochemical
modeling.

In Section 2.2, we demonstrate how these nine steps are implemented.

2.2 Nine-step reaction-based DAE preprocessor

Suppose that a modeler conceptualizes a biogeochemical reaction system
with the following essential reactions:

(R1) An equilibrium-controlled (fast reversible) reaction:

H+NTA —HNTA
klf_wo; k{’—>oo; R, is undefined ;

(R2) An equilibrium-controlled (fast reversible) reaction:

CoNTA —Co+NTA
k] —o00; kb—oo; R, isundefined;

(R3) A kinetic (slow reversible) reaction:

CoNTA+H—Co+HNTA
kgf is finite ; kg is finite; R, isfinite;

(R4) A Kkinetic (slow irreversible) reaction:

HNTA+H—B
ki isfinite; kP=0; R, isfinite;

(R5) An equilibrium-controlled (fast reversible) reaction:

H+Co+2NTA —CoNTA+HNTA

ki —00; kP—oo; Ry isundefined;
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(R6) An instantaneous (fast irreversible) reaction:

B+H—P
ki —o0; kP=0; R, —oo when all reactants exist ;

(R7) An instantaneous (fast irreversible) reaction:

H-+CoNTA —-HNTA+Co
kf —oo; kP=0; R, —oo whenall reactants exist;

This system involves seven species: H, NTA, HNTA, Co, CoNTA, B, and P.
For simplicity, all species are treated as nonionic. Of the seven reactions,
three are equilibrium-controlled, i.e., (R1), (R2), (R5); two are instan-
taneous, i.e., (R6) and (R7); and two are Kinetic, i.e., (R3) and (R4).
However, only two of the three equilibrium-controlled reactions are
independent, i.e., any one of the three equilibrium-controlled reactions
can be represented by the combination of the other two. The kinetic
reaction (R3) and the instantaneous reaction (R7) actually have identical
reactants and products, and both reactions are equivalent to the combi-
nation of two equilibrium-controlled reactions, (R1) and (R2). In other
words, (R3) is an irrelevant Kinetic reaction, and (R7) is a conflicting
instantaneous reaction. Both (R3) and (R7) should be excluded in bio-
geochemical computation to prevent the computational system from being
singular or over-constrained. This example was designed to demonstrate
how the nine-step preprocessing (1) detects and removes redundant
equilibrium-controlled, conflicting instantaneous, and irrelevant kinetic
reactions, and (2) constructs the reaction-based DAE systematically
through Gauss-Jordan matrix decomposition. It may be easy for most
modelers to identify redundant equilibrium-controlled, conflicting instan-
taneous, and irrelevant kinetic reactions in a simple reaction system like
this. However, when a reaction system contains many species and reac-
tions, it may become a tedious task even for an experienced geochemist. In
this case, using a preprocessor to help construct a valid reaction network
and generate the associated governing equation in DAE form will save the
modeler a significant amount of time and effort.

For convenience in this demonstration, the density property is set to unity,
i.e., Di =1, for the aqueous phase associated with all species. The rate
equations for the seven species are:
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d[H
5—t:—R1—R3—R4—R5—R6—R7 (7)
d[NTA
[dt l_ R +R,—2R, (8)
W R,+R,~R, +R. +R, (9)
d[CONTA
%:—RQ—R‘,’—}-F%—R? (11)
d[B
%:RLL—RG (12)
diP1_gr (13)
t 7

Equations 7 through 13 can be written in matrix form as

d[H|/dt
100 00 0 Od[NTA]/dt -10_1_1_1_1_1§1
0100000 11 0 0 -2 0 o0
001000 ofdHNTA/dtl 1" o 1 9 1 o 1||R|(14)
0 0010 0 0}d[Col/dt =0 1 1 0 -1 0 1R,
000010 0|yconraa| O ~2 -1 0 1 0 -1R,
0000010 0 0 0 1 0 -1 0llg
00000 0 1/|dB]/dt 0 0 0 0 0 1 0

d[P|/dt !

Step 1. Detect and remove redundant equilibrium-controlled reactions

We first rearrange the order of reactions such that all of the given
equilibrium-controlled reactions are placed before the other types of
reaction. Because (R1), (R2), and (R5) are the given equilibrium-controlled
reactions, we swap (R5) and (R3) in Equation 14 (red boxes), which results
in Equation 15. In Equation 15, the first three columns of the coefficient
matrix on the right-hand side are associated with the three given
equilibrium-controlled reactions.
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cNeoNoNoNoNeN
cNoNoNoNeoN e
cNeoNoNoN NeolNe
cNoNoN NeNoNe)
cNeon _NeoNeoNoNe)
OPr OO0 O0OOo

P OOOOO0OOo

d H}/dt
d[NTA|/dt
d[HNTA|/dt

d[CoNTA|/dt
d[B|/dt
d[P|/dt

|
|
|
d/Col/dt | =
|
|
|

-1

-2 0 0 O
1 -1 1 O
-1 0 1 O
1 0 -1 O
0O 1 0 -1
0O 0 O 1

-1 -1 -1 -1 -1

0
1
1

0
0

We then use column elimination to determine the rank of the columns

associated with equilibrium-controlled reactions (Press et al. 1992). As

shown below, the rank of the three “equilibrium-controlled reaction”
columns is two (the number of columns with non-zero entries), which
means there are two independent equilibrium-controlled reactions and
one of the three given equilibrium-controlled reactions is redundant and
must be removed from the reaction network.

-1 0 -1
-1 1 -2
1 0 1
O 1 -1
O -1 1
0O 0 O
0O 0 O
(R1) (R2) (R5)

Qo oOooooo

(R1) (R2) (R5)

Py,
=

Y

v
o1

=
g

)
X

0 0
SR

Py
4

If we choose (R5) to be the redundant equilibrium-controlled reaction and
remove it from the reaction network, Equation 15 becomes

cNoNoNoNoNeN

cNoNoNoNoN e

cNoNoNoN NelNe

OO OroOooo
OOPrOoOooOOo
OPr OO OO0OOo
O OO OOoOOo

[
OOOOHHH

|
OOHHOI—‘O

1 -1 -1 1R

0O 0 O
-1 1 O
O 1 O
0O -1 0
1 0 -1
O 0 1

0]
1
1
-1
0]
0]

>

0 0 0 DO
o W

<
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Step 2. Detect and remove conflicting instantaneous reactions

We now rearrange the reaction order again by moving all instantaneous
reaction columns immediately to the right of the equilibrium-controlled
reaction columns. Here (R7) and (R6) are swapped with (R4) and (R3),
respectively, in this process. Equation 16 thus becomes

ot
1000 0 0 OdNTA|/dt 1 0 -1 -1 -1 -1 21
0100000 141 0 0 0 ofR
001000 ofdANTAdtl | 5 4 o 1 4| |an
0 00 10 0 Ofd|Co|/dt =0 1 1 0 1 O0fR
000010 0|yconrajjar| |0 1 -1 0 -1 OJR,
0000010 o 0 0 -10 1|
00000 0 1//dB]/dt 0 0 0 1 0 0

d[P]/dt ‘

We then examine, via column elimination, the rank of the sub-matrix that
contains the columns associated with the linearly independent
equilibrium-controlled reactions and one column that is associated with
an instantaneous reaction. This examination is conducted for all instan-
taneous reactions, one at a time. Below shows the examination of the two
columns associated with instantaneous reactions.

-1 0 -1 -1 0 O -1 0 -1
-1 1 O -1 1 O -1 1 O
1 0 1 1 0 O 1 0 O
0O 1 1|=/0 1 O O 1 O
0O -1 -1 0O -10 O -1 O
O 0 O 0O 0 O O 0 -1
O 0 O 0O 0 O O 0 1
(R1) (R2) (R7) (R1) (R2) (R7) (R1) (R2) (R6)

It is obvious that (R7), which can be represented as the sum of (R1) and
(R2), is a conflicting instantaneous reaction and must be removed. On the
other hand, (R6) is not a conflicting instantaneous reaction and will stay in
the reaction network. After removing (R7), Equation 17 becomes
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d[H|/dt .
1.0 00 00 0]l ra gy 1 0 1 -1 —1[R
0100000 11 o 0 o0lR
00100 0 oldHNTA/dt] |4 ¢ 0 1 -1 (18)
00010 0 ofdCo|/dt —lo 1 O 1 0
000010 0gconTal/dt| |0 1 0 -1 0|R,
0000010 0 0 -1 0 1R,
00000 o 1/dBl/dt 0 0 1 0 0

R4
d[P]/dt

Step 3. Examine consistency and conduct sorting for instantaneous
reactions

In this step, we first check whether there exists any inconsistency among
the given instantaneous reactions. The following two rules are employed
for examination.

Rule #1: A species must not appear on the reactant side of different
instantaneous reactions. In the two instantaneous reaction below, for
example, Species A appears on the reactant side of both reactions, and it is
undefined how much of Species C and E will be produced when Species B
and D are present in excess.

(Reaction I) A+B—->C
(Reaction I1) A+D—>E

Rule #2: No loop can exist among instantaneous reactions. In other
words, an instantaneous reaction cannot be both an upstream and a
downstream reaction of another instantaneous reaction. One reaction is
considered upstream of another reaction when one of its product species is
a reactant of the other reaction. It is considered downstream of another
reaction when one of its reactant species is a product of the other reaction.
For example, (Reaction I11) below is upstream of (Reaction V) because it
indirectly produces Species E which is a reactant of (Reaction V). In the
meantime, (Reaction I11) is also downstream of (Reaction V) because one
of its reactants, Species A, is a product of (Reaction V). This loop of
instantaneous reaction is impossible to solve.

(ReactionIlll) A+B—>C

(ReactionlV) C+D—>E
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(Reaction V) E+F>A+G

When Rule #1 or #2 is violated, the preprocessor will output a warning
message reporting the inconsistency and stop the preprocessing. The
modeler needs to remove inconsistency by removing inadequate instan-
taneous reactions from the input file before rerun the preprocessor.

When consistency among instantaneous reactions is assured, a sorting to
re-order the instantaneous reactions is conducted. This sorting makes the
instantaneous reactions in a sequence such that these reactions are
handled from upstream down in the biogeochemical computation, which
makes the computation more efficient. When two instantaneous reactions
are not related in this upstream-downstream sense, the computation order
will not matter. Figure 1 shows the algorithm implemented in RBBGCS to
check consistency with the aforementioned two rules and to execute
sorting.

Enqueue each reaction to Q
While exist Q do
For each rxn q;eQ do
insert reactants to R
if ris counted twice then
error message 1 and quit
Endif
insert products to P
End for
For each rxn q;eQ do
if 3reP then
Enqueue gito Q’
else
Enqueue q;to Z
Endif
End for
If Q' = Q then
error message 2 and quit
Else
Q=Q,EmptyPandR
End if
Endwhile

Figure 1. An algorithm to check consistency and conduct sorting
for instantaneous reactions.
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Our demonstration example contains only one instantaneous reaction
after Step 2 is implemented. That instantaneous reaction, i.e., (R6), is
retained after consistency checking and sorting.

Step 4. Detect and remove irrelevant kinetic reactions

Here we examine, via column elimination, the rank of the sub-matrix
that contains the columns associated with the linearly independent
equilibrium-controlled reactions, consistent and sorted instantaneous
reactions, and one column that is associated with a kinetic reaction. This
examination is conducted for all the given kinetic reactions, one at a time.
Below we examine whether the kinetic reaction (R3) is dependent on
equilibrium-controlled and instantaneous reactions.

-1 0 -1 -1] [-1 0 -1 0
-1 1 0 © -1 1 0 0
1 0 0 1 1 0 0 O
0 1 0 1|=/0 1 0 O
0 -1 0 -1 0 -1 0 O
0 0 -1 0 0 0 -10
0 0 1 0] [0 O 1 O]

(R1)(R2)(R6) (R3)

As shown above, the rank is three indicating that (R3) can be represented
by (R1), (R2), and/or (R6) (in the case here, (R3) = (R1) + (R2)). There-
fore, it is an irrelevant kinetic reaction that can be removed from the
reaction network. On the other hand, (R4) is not an irrelevant kinetic
reaction and should be included in the reaction network. After removing
(R3), Equation 18 becomes

d[H]/dt
1000 0 0 Old[NTAJ/dt 1 0 1 1|k
0100000 -1 1 0 0 ||R,
00100 0 ofdHNTAdt] |~ 4 o -1 (19)
0 00 10 0 O}{d|Co|/dt =0 1 0 0
0000100 d[CoNTAY /it 0 -1 0 0 |[R,
0000010 0 0 1 1
00000 0 1/|dB]/dt 0 0 1 0||R,

d[P|/dt
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Step 5. Determine the number of linearly independent reactions

Suppose there are Nk relevant kinetic reactions after Step 4. The number
of independent kinetic reactions can be determined by examining the rank
of the sub-matrix that contains the Nk columns associated with the rele-
vant kinetic reactions. If the rank is Nki, Nk is the number of independent
kinetic reactions, and Nkp (= Nk - Nki) is the number of dependent kinetic
reactions. Then, the total number of independent reactions (N) is equal to
the sum of the number of independent equilibrium-controlled reactions
(Neg), the number of consistent instantaneous reactions (Nins), and Nki.
That is,

NI:NEQ+NINS+NKI (20)

As a result, the number of component species (Nc) can be computed with

c=M=N, (21)

In our demonstration example here, we have M =7, Neo = 2, Nins = 1, and
Nkp = 0. Therefore, Ny =4 and Nc = 3.

Step 6. Rearrange the reaction order

In this step, we rearrange the right hand side of Equation 19 to make the
reaction sequence follow the order below:

Independent equilibrium-controlled reactions;
Independent instantaneous reactions;
Independent kinetic reactions;

Dependent kinetic reactions.

Hownh =

The reaction sequence for our demonstration example is: (R1), (R2), (R6),
and (R4). And Equation 19 is now written as
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d[H]/dt
10 0 0 0 0 OJ|d[NTA|/dt -1 0 -1 —1
0100000 11 0 0
00100 0 ofdANTAdtl |~ 5 o 4 21 (22)
0 001 0 0 ofd|[Col/dt =0 1 0 O0g

6

000010 0|ycoraarl O ~1 0 Ol
0000010 0 0 -1 1|
0000 O 0 1//d[B]/dt O 0 1 0

d[P|/dt

Step 7. Decompose the reaction network from step 6

In the decomposition of a reaction network, we first pick N¢ suspected
component species, followed by implementing the Gauss-Jordan elimi-
nation with full pivoting to decompose the reaction network to obtain the
following matrix equation.
RI
(23)
RKD

where A, isan (N, xN,) coefficient matrix; A, isan (N, x N, ) coefficient
matrix; A,, isan (N¢ x N,) coefficient matrix; A, isan (N x N, ) coeffi-
cient matrix; D isan (N, x N, ) coefficient matrix; K isan (N, xN,;)
coefficient matrix; 0, isan (N, x N,) coefficient matrix; 0, is an

(N. x N, ) coefficient matrix; R, is a rate vector representing the

N, reaction rates associated with independent reactions; R, is a rate
vector representing the N, reaction rates associated with dependent
kinetic reactions.

D K
0, 0,

Ay AlZ}d_G_

A, A, ldt

Fang et al. (2003) describe detailed step-by-step decomposition pro-
cedures in Appendix A, so we do not repeat the lengthy description here.
Although they did not include instantaneous reactions, the essential
details concerning decomposition were clearly explained in their paper. As
they pointed out, the decomposition is not unique, depending on the com-
ponent elements selected. From a geochemist point of view, H, NTA, and
Co are most likely to be selected as component species. After decompo-
sition in this case, Equation 22 will become
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d[H|/dt
001001 1|4y ra 1 0 0 0
000010 O 0 -1 0 0.
000000 —1dHNTA)dt| |6 o5 4 ¢ S (24)
000001 1l[d[Col/dt =0 0 o 1|
011011 1jgconTAl/dt| © 0 0 O R
101002 3| o o o o™
000110 o]dBl/dt 00 0 0

d[p)/dt

Step 8. Express the decomposed reaction network in equation form

After decomposition, four types of equations can be produced. They are

e Ng, mass action or user-specified algebraic equations representing

independent equilibrium-controlled reactions;
e N, constraint equations representing independent instantaneous

reactions;
e N, rate equations of kinetic variables representing independent

kinetic reactions;
e N, conservation equations of the total mass of component species.

Equation 24 is then equivalent to the following differential and algebraic
equations that serve as the governing equations of the biogeochemical
reaction model of our demonstration example.

1. Two mass action equations: for (R1) and (R2)

kea K _ [HNTA] (25a)
LT kb T [HIINTA]

kea_ Ko _[CO][NTA] (25b)
2 kb [CoNTA]

2. One constraint equation: for (R6)
[B]=0 (or [H]=0) (25¢)

3. One rate equation: for (R4)
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% % _R, (25d)

4. Three conservation equations: for total NTA, total H, and total Co
d[ﬁ;l’A] n d[Hcll\ItTA] n d[COdI:ITA] n dglf] n dgl:] _0 (25€)
dglzl]+d[Hdl\ltTA]+2dglf]+3d([jI;’]:O (25f)
d[dCtO] n d[C(()thlTA] —0 (258)

As mentioned previously, the decomposition is not unique. If we select
CoNTA, B, and HNTA to be the component species, the DAE system
generated by the preprocessor contains the following equations.

1. Two mass action equations: for (R1) and (R2)

kea _ K _ [HNTA] (26a)
17 kP [HI[NTA]

kea_ Ko _[CO][NTA] (26b)
2 7Kt~ [CoNTA]

2. One constraint equation: for (R6)
[B]=0 (or [H]=0) (26¢)

3. One rate equation: for (R4)

_d[H] , d[NTA] d[Co] d[P]_ 26d
dt + dt dt dt =R, (264)

4. Three conservation equations: for total CONTA, total B, and total HNTA

d[Co] , d[CONTA] _ 26
dt + dt =0 (26¢)
d[H]_d[NTA]+d[C0]+d[B]+2d[P]:O (26f)

dt dt dt dt dt
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_d[H] d[NTA] , d[HNTA] ,d[Co] d[P]_ 26
dt 12 dt + dt 2 dt dt =0 (268)

If CONTA, B, and P are chosen as the component species, the DAE system
resulting from decomposition will include:

1. Two mass action equations: for (R1) and (R2)

kea _ K _ [HNTA] (27a)
' kp [HIINTA]

kea_ Ko _[CO][NTA] (27b)
2 7 Kb "~ [CoNTA]

2. One constraint equation: for (R6)
[B]=0 (or [H]=0) (27c¢)

3. One rate equation: for (R4)

d[NTA]+d[HNTA]_d[C0]:R (27d)
dt dt dt 4

4. Three conservation equations: for total CONTA, total B, and total P

d[Co] , d[CONTA] _ 27

at | dt =0 (2re)

_d[H] , ,d[NTA] , ,d[HNTA] ,d[Co] , d[B]_ 27f
@ @t T2 at S at Tat ° (21
d[H] ,d[NTA] d[HNTA], ,d[Co], d[P]_ 27
dt 2 dt dt +2 dt + dt =0 2re)

By examining Equations 25a through 27g, we observe the following when
different choices are made for the component species.

e The two mass action equations for equilibrium-controlled reactions
and the constraint equation for the instantaneous reaction remain the
same;
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e The rate of the kinetic reaction (R4) can be represented by different
combinations of the time derivatives of species concentration, as given
in Equations 25d, 26d, and 27d;

e The contents of the total mass of a component species may depend on
the selection of the other component species, as shown in the com-
parison of Equations 26e through 269 and 27e through 27g.

The second observation above is extremely useful for experimentalists to
compute the rate of each kinetic reaction, which is essential in the analysis
of reaction mechanisms. It is common that not all species in any biogeo-
chemical systems can be analyzed quantitatively. Given available mea-
sured species concentrations, the aforementioned decomposition using
different choices of component species greatly increases the chance of
determining the true rate of a kinetic reaction. For example, when the
concentration variation in time of H, Co, NTA, B, and P can be measured,
both Equations 25d and 26d can be used to determine and verify Ra.
Equation 27d cannot be used to compute R4 because the concentration of
HNTA is not available. When only the concentrations of H, Co, and NTA
are available, it looks like none of Equations 25d, 26d, and 27d can be
used. However, since [HNTA] = K/'[H][NTA], the time derivative of HNTA

can be computed based on the concentration profiles of H and NTA, and
Equation 27d can thus be used to compute Ra.

When there are multiple kinetic reactions in the system, one may need to
use one set of component species in the decomposition to compute the rate
of one kinetic reaction and use a different set of component species to
determine the rate of another reaction. It all depends on what species
concentrations are available.

Step 9. Identify secondary species for effective biogeochemical modeling

In many cases, equilibrium-controlled reactions can be described with
mass action equations, where the concentrations (or activities) of a species
can be represented by the concentrations (or activities) of the other species
through equilibrium constant and stoichiometries. That species can be a

reactant or a product. Suppose there are N ;eg"”da'y species associated with

equilibrium-controlled reactions, which can be represented by the selected
component species. The concentrations of these N ;eg"“dary species can be

computed then based on the concentrations of the selected component

species. In other words, we can represent these N ;e(;"“dary species with the
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selected component species when we solve the DAE system, and use the

computed concentrations of component species to compute the N ;e(g"”da'y

species. As a result, we are solving for (M — N ;e(;"“da“y ), rather than M,

concentrations in the DAE system.

These N ;e(j"“dary species are called secondary species. As defined by Fang

et al. (2003), a secondary species must satisfy the following conditions.

e Itis associated with an equilibrium-controlled reaction;

e Itis not an ion-exchanged species;

e Itis not a precipitated species;

e Its concentration (or activity) can be represented with a mass action
equilibrium equation that is formulated based on the equilibrium
constant approach in thermodynamics.

The set of secondary species can be obtained by applying Gauss-Jordan
row elimination to the matrix whose rows are composed of reaction
stoichiometries of the linearly independent equilibrium-controlled
reactions that are modeled with mass action equilibrium equations. For
example, suppose that H, NTA, and Co are component species, HNTA and
CoNTA are qualified to be secondary species in our demonstration exam-
ple, the reaction stoichiometries of (R1) and (R2) can be expressed in
matrix form as

S 10000 (R1)
0L QLTI (R2)
H NTA HNTA Co CoNTA! B P

The matrix above contains the stoichiometric coefficients of the two reac-
tions, where negative numbers are used to represent reactant species and
positive numbers represent product species. We now diagonalize the
matrix by selecting pivot elements that are species to be used to eliminate
mass action equilibrium equations, i.e., the secondary species. A pivot
element can be any species in an equilibrium-controlled reaction except
the component species, the species associated with user-specified alge-
braic equations to represent equilibrium-controlled reaction, the ion-
exchanged species, the precipitated species, or the species that have
already been used as pivot elements. In the matrix above, HNTA and
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CoNTA are pivot elements, and the matrix is already diagonalized. There-
fore, the concentrations of HNTA and CoNTA can be represented as

K =[H]'[NTA]'[HNTA]'=  [HNTA]= [H]‘1|[<l1iquA]‘1 (28)

-1
K& =[Co'[NTAF[CONTA] *=  [CONTA]= [K—Sq] (29)
[CoI'[NTAT*
To remove secondary species in our DAE system, we first rearrange
Equation 24 by moving the two secondary species, i.e., HNTA and CoNTA,
to follow the other species on the left-hand side of the equation, as shown
in Equation 30.

d[H|/dt
0.0 1 010 1llyrajg 1.0 0 0
00 0 0010 0 -1 0 0
00 -10 0 0 oldPl/dt 0 0 -1 0 21 (30)
00 1 01 0 Od[Co|/dt =0 0 0 1jj?
01 1 01 1 1fjyg 0 0 0 0
10 3 0201 o 0 0 ot
00 0 1 0 1 ofd[CONTA/dt 5 o § o
d[HNTA]/dt

We then reorder the equations in the DAE system by moving the two mass
action equations associated with secondary species to follow the conserva-
tion equations, as shown in Equation 31.

[0 0 -1 0 0 0 O]fd[H]/dt 0 0 -1 0]
00 1 01 0 O|d[NTA]/dt 00 0 1j.
01 1 01 1 1|[d[P)dt ooooR1
10 3 0 2 0 1[d[Codt =0000R2
00 0 1 0 1 0}fd[BJdt ooooR6
row associated with CONTA={0 0 0 0 0 1 O[|d[CoNTA]/dt| [0 -1 0 oO| *
row associated with HNTA=|0 0 1 0 1 0 1J{d[HNTAldt | [1 0O 0 O (31)
Based on Equations 28 and 29, we have
d[HNTA]:Keq [NTA]-d[H]+[H]-d[NTA] (32)
dt ! dt dt
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[NTAJ-d[Co] , [Co]-d[NTA]

d[CONTA] _

dt

Keq

dt

dt

Substituting Equations 32 and 33 into the first five equations yields

0

0

(33)

o o 8y il [o
o NtAl 1408 ey 1 INTA R,
o K d[P]/dt 0 0
1+ K - [NTA] K [H] 30 dlcolat | [0 ol
0 @ 0 1 [NTef] d[B]/dt 0 0
L Kz Koo (34)
Similar to what is done in Step 8, Equation 34 is equivalent to the
following equations.
1. One constraint equation: for (R6)
[B]=0 (or [H]=0) (35a)
2. One rate equation: for (R4)
d[B] , d[P] 35b
Tt dt (550)
3. Three conservation equations: for total NTA, total H, and total Co
eq d[H] [Co]l . \ea ry7[dINTA] , d[P]
(K; [NTA]) +1+4 <, + K HT S = 5 (350)
[NTA]|d[Co] , d[B] _
+[ K | dt T dt °
(ke INTAJ AL ¢ (1o prg ALNTAL 5GP o dIBT_ - (350)
[Co] |d[NTA] [NTA] |d[Co] _ (35e)
Ko dt +{1+ K | dt O

One can thus solve Equations 35a through 35e for the concentrations of H,
NTA, P, Co, and B. Then, the concentrations of the HNTA and CoNTA can
be calculated by substituting the concentrations of H, Co, and NTA back
into Equations 28 and 29.
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2.3 Solution techniques in RBBGCS

In this section, we discuss the following topics:

e Computational procedures in RBBGCS

e The DAE system when sources exist

e Newton’s method to solve DAE systems

e Implementation of the constraint equations in DAE systems
e Treatment for zero-order reactions

e Accounting for species with fixed concentrations

2.3.1 Computational procedures

When both fast and slow reactions exist in a system, the given initial con-
centrations may not represent the initial equilibrium condition if the “fast
reaction” effect is not taken into account, particularly in hypothetical or
preliminary model development or before in-situ remediation methods are
initiated. This is because both equilibrium-controlled and instantaneous
reactions will take place as soon as all of the species are put together in the
reaction system, and a new concentration distribution among the species
involved in these reactions will be reached immediately. When this
happens, the estimation of the reaction rates of kinetic reactions using the
given initial concentrations can be erroneous, and the computation may
not converge or may converge to a wrong solution. To overcome this issue,
we compute internally consistent, initial concentrations by setting the
reaction rate to zero for all kinetic reactions in solving the DAE system,
where the given initial concentrations are employed as input. The end
result is thus a representation of the initial equilibrium condition that
accounts for the fast reaction effect.

Figure 2 depicts the flow chart showing the RBBGCS procedures of com-
puting the evolution of concentration distribution among species within a
batch reaction system. As shown in the flow chart, the user provides in the
input file’s basic information about species, reactions and phases, as well
as the initial concentrations for all species and time-series sources for
species when applicable. The needed basic information about species,
reactions, and phases is defined in the RBBGCS Input Guide (Appen-

dix A). The aforementioned preprocessor then uses Gauss-Jordan matrix
decomposition to process the input species and reaction information to
produce the reaction-based DAE system as discussed in Section 2.2.
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Figure 2. Flow chart of the computation in RBBGCS.

The Newton’s method is employed then to solve the nonlinear DAE system
(Section 2.3.3). The initial equilibrium condition for the subsequent tran-
sient simulation is computed by ignoring all kinetic reactions. This is
achieved by simply setting reaction rates to zero for all kinetic reactions
when the DAE system is solved as stated previously. In the transient simu-
lation, concentration-dependent reaction rates are calculated using the
given rate parameters and the concentrations from the previous Newton
iteration.

2.3.2 The DAE system when sources exist

RBBGCS allows the user to model the sources of species with specified
time series. When sources exist during transient simulation, the DAE
system must account for the source term in the rate equations and conser-
vation equations. For example, Equations 25a through 25g compose the
DAE system of our demonstration example in Section 2.2, when H, NTA,
and Co are selected to be component species and there exists no source for
any species. When sources are taken into account, Equations 25a through
25c remain unchanged in the DAE system. But, Equations 25d through
259 are modified into

d[B] , d[P]

ol B S R (36a)
dt + gt R, +Sourceg + Source,
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d[NTA] | d[HNTA] | d[CoNTA] , d[B] , d[P]
at ' dt ' dt  dt ' dt (36D)
= S0Urce, +Source, . +Source. r, +Sourceg -+ Source,

d[H], d[HNTA] , ,d[B] d[P]

at ' dt dt dt (36¢)
= Sourcey, + Source,r, +2-Sourceg + 3-Source,
d[d(io] + d[C%TTA] = Source., + Source. yra (36d)

As a result, the DAE system with sources taken into account is composed
of Equations 25a through 25c and Equations 36a through 36d.

2.3.3 Newton’s method

The reaction-based DAE system (with or without the secondary species
considered) accounts for two types of equation: algebraic and ordinary
differential equations. Algebraic equations include those used to describe
equilibrium-controlled and instantaneous reactions, e.g., Equations 25a
through 25c. Ordinary equations include the rate equations for kinetic
reactions and total mass conservation equations of component species,
e.g., Equations 25d through 25¢g. The residual of an algebraic equation can
be expressed in function form as

(t+At)

F= f[[c [ ey

(t+At) (t+At)
1] ]

8,8y, 8y (37)

a

where:

F = residual of the algebraic equation;
f = residual function associated with the algebraic equation;
[C. ](”At) = concentration of the ith species at the current time;

a; = value of the jth parameter used for describing the algebraic
equation;
Na = number of parameters used for describing the algebraic
equation.

The residual of an ordinary differential equation can be expressed as

— ([ [Co o {Crrcs | A v G (38)




ERDC TR-10-5

29

where:

G = residual of the differential equation;
g = right-hand side (source/sink) of the differential equation;
ai = coefficient associated with the time derivation of the ith

species;
d; = value of the jth parameter used for describing the differential
equation;
Ng = number of parameters used for describing the differential
equation.

Applying backward difference in time to Equation 38 yields

o e m) [c]”
C= 2 A | | A (39)
_g[[cl](”“) 1 Cres |y by g

where [Ci ](t) represents the concentration of the ith species at the previous

time.

The Newton method is used to solve the nonlinear DAE system composed
of (Ng, + N s ) algebraic equations and (N, + N, ) ordinary differential

equations, where the Jacobians are estimated numerically.

Figure 3 depicts the flow chart of solving the DAE system with the
Newton’s method, in which the Jacobian matrix equation is solved with a
full-pivoting direct solver. The Newton iteration loop is highlighted with
yellow arrows.

In the examination of convergence in

Figure 3, a convergent solution is obtained when Equation 40 is satisfied.

|Ci,n+1 -
RTOL. max“C

Ci,n
Cur

<1 fori e[l, M] (40)
+ ATOL

in+1
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Figure 3. Flow chart of solving nonlinear DAE systems with the Newton’s method.

where:

C, .. = concentration of the it species computed at the current

iteration;
C,, = concentration of the it species computed at the previous

iteration;

ATOL = absolute error-related parameter used to determine non-linear
convergence;

RTOL = relative error-related parameter used to determine non-linear
convergence.

Both ATOL and RTOL are user-specified input (Appendix A).

2.3.4 Implementation of constraint equations

When all of the reactants of an instantaneous reaction exist, the reaction
will proceed at an “infinitely” high speed until one of the reactants is
completely consumed. For example, if (Reaction X) below is an instan-
taneous reaction, we will have [A] = O, or [B] = 0, or [A] = [B] = O, anytime
we examine the system.

(Reaction X) aA+bB—cC a, b, c are stoichiometric coefficients
Therefore, the constraint equation for (Reaction X) is [A] =0 or [B] = 0.

When a DAE system which includes (Reaction X) is solved, we can first
assume [A] = 0. If the computed concentration of B is non-negative, we
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have found the solution. Otherwise, we set [B] = O as the constraint equa-
tion for (Reaction X) in solving the DAE system. When there exist Nins
instantaneous reactions, the number of possible constraint equation
combinations is equal to the product of the number of reactants in each
instantaneous reaction, i.e.,

NIN

Neee = 11 (N 41
cce = IT(N{™) (41)
where:

Ncce = number of possible constraint equation combinations

N;** = number of reactants associated with the ith instantaneous

reaction.

For example, (Reaction X) and (Reaction Y) below are two instantaneous
reactions that may occur in a biogeochemical reaction system, where there
are two and three reactants in (Reaction X) and (Reaction Y), respectively.

(Reaction X) aA+bB—cC a, b, c are stoichiometric coefficients
(ReactionY) dD+eE+ fF—>gG d,e,f, g are stoichiometric coefficients

The number of possible constraint equation combinations is equal to
6 (= 2 x 3). These possible combinations are listed below.

Constraint Equation Constraint Equation
for (Reaction X) for (Reaction Y)
(Combination 1) [A]=0 & [D]=0
(Combination 2) [A]=0 & [E]=0
(Combination 3) [A]=0 & [F]=0
(Combination 4) [B]=0 g [D]=0
(Combination 5) [B]=0 & [E]=0
(Combination 6) [B]=0 & [F]=0

In RBBGCS, all possible combinations are identified and stored before
solving the DAE system. At the first solution of the DAE system, i.e.,
computing the initial equilibrium condition, RBBGCS takes into account
one combination at a time until the correct solution is found. The correct
solution corresponds to when all of the computed concentrations are non-
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negative. The correct combination that leads to the correct solution is then
stored and used as the starting value for the first time-step computation in
the transient simulation. If this combination yields negative concentra-
tion(s), RBBGCS will use the next combination from the stored informa-
tion until the new correct combination is found. RBBGCS keeps updating
the correct combination and using it as the first guess in the computation
of the subsequent time-step to find correct solutions more quickly.

Figure 4 depicts the flow chart of locating the correct constraint equation
combination within a time-step (bounded by dash lines). The loop going
through possible combinations to find the correct solution is highlighted
with yellow arrows.

Start the Constraint Equation |
Combination Loop: Use the "Correct" |
Combination from the Previous Time '
Step Frst :

|

|

T

|

|

|

|

|

|

|

|

|

| Construct the DAE System .
" . Solve the DAE System with

: Using the Selected Constraint :D the Newton's Method

|

|

|

|

|

|

|

|

|

|

Go To Next Time Step

Equation Combination

il

Co to the Next Constraint
Equation Combination

Update the "Correct"
Constraint Equation
Combination

Negative
Concentration(s)
Computed?,

Figure 4. Flow chart of finding and using the correct constraint equation combination within a
time-step in RBBGCS.

2.3.5 Treatment for zero-order reactions

A zero-order reaction, by definition, has a rate that is independent of
reactant concentration(s). Variation of reactant concentrations will not
change the rate of the reaction as long as all reactant concentrations are
positive. The reaction rate remains constant until one of the reactants is
completely consumed. Suppose (Reaction X) below is a zero-order
reaction and the only reaction in a closed system.

(Reaction X) aA+bB—cC a, b, c are stoichiometric coefficients

The rate law for a zero-order reaction is

_1d[A]__1d[B]_1d[C]_p

R=—3dt b dt ¢ dt 0
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where:

R
Ro

reaction rate
reaction rate coefficient with units of concentration/time.

Equation 42 can be integrated to yield what is often called the integrated
zero-order rate law below.

(A2 (A = —aR, At (43a)
B[ —[B]" = bR, -At (43b)
e[ —[c]” =cRr,-At (430)

Equations 43a through 43c are true only when both [A]“"*” and [B]""*"

remain non-negative. In what we call a switching-based (SB) method,
these three equations are applicable if both [A] and [B]" are positive.

However, when At is too large, this SB method will generate negative
values of [A]""* or [B]"**”and produce non-physical solutions. In some

models, [A]" or [B]""*" is set to zero when its computed value is nega-

tive to continue the numerical simulation. However, this reset introduces
artificial mass.

To handle this situation, we propose a linear regularization (LR) method.
As shown in Figure 5, C_,, is a given small positive value that is close to

zero. The reaction rate of a zero-order reaction is R, when the concen-
trations of all of the reactants are greater than or equal to C_,,, i.e., under
condition 1. Otherwise, the reaction rate is set to (f,,,-R,), where f, , isa
value computed at the (n + 1)th Newton'’s iteration based on the reactant

concentrations that are computed at the nth Newton’s iteration and lower
than C_. , as defined in Equation 44.

min ?
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Figure 5. Relationship between zero-order reaction rate and reactant concentration
in the linear regularization (LR) method.

. cr|
f= Milznllmum RO

o 0, Hiy *“ min
{Cinl<cmin

(44)

where:

M
Hik

the total number of species

the stoichiometric coefficient of the ith species associated with
the kth reaction on the reactant side

lciv"J = the concentration of the ith species that is computed at the nth
Newton’s iteration.

In this proposed LR method, the reaction rate of a zero-order reaction is
adjusted linearly based upon the reactant concentration from the previous
Newton'’s iteration when the concentration value is lower than Cmin, i.€.,
under condition 2. This LR method computes an equivalent reaction rate
that can be used to avoid negative concentrations when time stepping is
too large. In the next section, we will demonstrate how effective this LR
method works when compared with the SB method.

2.3.6 Accounting for species with fixed concentrations

In some scenarios, the concentrations of some species are controlled or
can be considered unchanged during the reaction period of time. For
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instance, the partial pressure of oxygen in the air can be considered fixed
at 0.2 atmosphere (atm) all of the time. In this case, RBBGCS simply
assigns these species as component species and overwrites the corre-
sponding conservation equations with the specified concentrations

assigned to these species.
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3 Verification and Demonstration Examples

Nine test problems are used to verify and demonstrate RBBGCS’ various
capabilities. Problems 1 through 4 are used to verify the preprocessor of
RBBGCS. Problem 2 is also used to verify the solution technique in
RBBGCS. Problems 5 and 6 are employed to verify the approach of using
constraints equations to account for instantaneous reactions. Problem 7 is
used to verify the LR method in handling zero-order reactions. Problem 8
considers a system composed of 12 species and five reactions of mixed
types. Problem 9 accounts for a hypothetical TCE reaction system that
includes biodegradation, adsorption-desorption, and irreversible trans-
formation. The convergence criterion are set to 10-10 and 10-¢ for ATOL
and RTOL, respectively, in solving the DAE system with the Newton’s
method.

3.1 Verification of preprocessing
Problem 1. 7-species system

The first RBBGCS test case uses the scenario discussed previously to
illustrate the nine-step preprocessing (Section 2.2). The reaction system is
detailed in Table 1. As explained in Section 2, the rate of a fast reaction is
considered undefined if it is treated as an equilibrium-controlled or an
instantaneous reaction.

Table 1. Reaction system for Problem 1.

Reaction System 1

ID Formula Type* | kf k® K® |Rate
(R1) | H+ NTA & HNTA E NA** | NA K

undefined
(R2) | CoONTA <> Co+ NTA E NA NA K?
(R3) | CONTA +H <> Co+ HNTA K k) k'  [NA

computed
(R4) | HNTA+H > B K k, 0 NA
(R5) | H+Co+2NTA < CoNTA + HNTA E NA NA Kg undefined
(R6) | B+H—>P [ 0 0 NA

undefined
(R7) | H+CoNTA - HNTA +Co I o) 0 NA

NTA = Nitrilotriacetic acid (chelating agent); Co = cobalt.
* E = equilibrium-controlled; | = instantaneous; K = kinetic.
**NA = not applicable.
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As discussed in Step 8 of Section 2.2, the decomposition result depends on
the choice of component species. We list here the decomposition results
associated with three choices of the set of component species. It is note-
worthy that there exist two secondary species associated with Choice 1, but
there are no secondary species associated with Choices 2 and 3. For com-
parison, Table 2 summarizes key RBBGCS preprocessing output asso-
ciated with the three choices. Regardless of the choice of component spe-
cies, the computational system contains two algebraic equations asso-
ciated with independent equilibrium-controlled reactions, one constraint
equation independent instantaneous reaction, one rate equation inde-
pendent kinetic reaction, and three conservation equations.

Table 2. Summary of Problem 1 Decomposition Results.

Component Species Selected

< Choice 1> < Choice 2> < Choice 3>
Key RBBGCS Preprocessing Output H, NTA, Co CoNTA, B, HNTA | CoNTA, B, P
No. of Independent Equilibrium-controlled 2 2 2
Reactions
No. of Independent Instantaneous 1 1 1
Reactions
No. of Independent Kinetic Reactions 1 1 1
No. of Conservation Equations 3 3 3
Secondary Species HNTA, CoNTA None None

< Choice 1> H, NTA, and Co are the selected component species:

(3) DECOVPOSI TI ON RESULTS

(3-1) GROUP 1 EQUATI ONS:
NO. OF MASS ACTI ON EQUATI ONS FOR | NDEPENDENT EQUI LI BRI UM CONTROLLED REACTI ONS = 2

THEY ARE ASSCCI ATED W TH THE FOLLOWN NG REACTI ONS:
| NDEPENDENT EQUI LI BRI UMN REACTION I D REACTION ID AS G VEN I N THE I NPUT FI LE

(3-2) GROUP 2 EQUATI ONS:
NO. OF CONSTRAI NT EQUATI ONS FOR | NDEPENDENT | NSTANTANEQUS REACTI ONS = 1

THEY ARE ASSCCI ATED W TH THE FOLLOWN NG REACTI ONS:
| NDEPENDENT | NSTANTANEQUS REACTION I D REACTION I D AS G VEN I N THE | NPUT FI LE

(3-3) GROUP 3 EQUATI ONS:
NO. OF KI NETIC VAR ABLE EQUATI ONS FOR | NDEPENDENT KI NETI C REACTIONS = 1

< FOR KI NETI C VARI ABLE EQUATION 1 >
THE NON- ZERO COEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO  CORRESPONDI NG SPECI ES | D
COLUW I D COEFFICIENT AS G VEN IN THE I NPUT FI LE SPECI ES NAMVE

7 1. 000 7 P
THE NON- ZERO COEFFI Cl ENTS ON THE RHS MATRI X ARE:
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NON- ZERO  CORRESPONDI NG REACTI ON | D
COLUMN | D COEFFICIENT AS G VEN IN THE | NPUT FI LE REACTI ON NAMVE

(3-4) GROUP 4 EQUATI ONS:
NO. OF MASS CONSERVATI ON EQUATI ONS FOR COVPONENT SPECI ES = 3

< FOR MASS CONSERVATI ON EQUATION 1 >
NOTE: THI S | S CORRESPONDI NG TO COVMPONENT SPECI ES NTA
THE NON- ZERO CCEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO ~ CORRESPONDI NG SPECI ES | D
COLUMN | D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

2 1. 000 2 NTA
3 1. 000 3 HNTA
5 1. 000 5 CoNTA
6 1. 000 6 B

7 1. 000 7 P

< FOR MASS CONSERVATI ON EQUATI ON 2 >
NOTE: THI S IS CORRESPONDI NG TO COVPONENT SPECI ES H
THE NON- ZERO CCEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO ~ CORRESPONDI NG SPECI ES | D
COLUWMN | D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

1 1. 000 1 H
3 1. 000 3 HNTA
6 2.000 6 B
7 3. 000 7 P

< FOR MASS CONSERVATI ON EQUATI ON 3 >
NOTE: THI S | S CORRESPONDI NG TO COMPONENT SPECI ES Co
THE NON- ZERO CCEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO ~ CORRESPONDI NG SPECI ES | D
COLUW I D COEFFICIENT AS G VEN IN THE | NPUT FILE SPECI ES NAME

(3-5) SECONDARY SPECI ES:
NO. OF SECONDARY SPECIES = 2

SECONDARY SPECIES 1 | S DERI VED FROM REACTION 1 AND | S ASSCOCI ATED W TH SPECI ES 3
THE NON- ZERO COEFFI Cl ENTS ON THE REACTANT S| DE ARE:

NON- ZERO
SPECI ES | D COEFFI Cl ENT SPECI ES NAME
1 1. 000 H
2 1. 000 NTA
THE NON- ZERO CCEFFI CI ENTS ON THE PRODUCT SI DE ARE:
NON- ZERO
SPECI ES | D COEFFI Cl ENT SPECI ES NAME
3 1. 000 HNTA

SECONDARY SPECIES 2 | S DERI VED FROM REACTION 2 AND | S ASSOCI ATED W TH SPECI ES 5 :
THE NON- ZERO COEFFI CI ENTS ON THE REACTANT SI DE ARE:

NON- ZERO
SPECI ES | D COEFFI Cl ENT SPECI ES NAMVE
5 1. 000 CoNTA
THE NON- ZERO CCEFFI CI ENTS ON THE PRODUCT SI DE ARE:
NON- ZERO
SPECI ES | D COEFFI Cl ENT SPECI ES NAME
2 1. 000 NTA
4 1. 000 Co

===== < THIS | S THE END OF REACTI ON- BASED PREPROCESSI NG RESULTS > =====
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< Choice 2 > CoNTA, B, and HNTA are the selected component species

(3) DECOVPCSI TI ON RESULTS

(3-1) GROUP 1 EQUATI ONS:
NO. OF MASS ACTI ON EQUATI ONS FOR | NDEPENDENT EQUI LI BRI UM CONTROLLED REACTI ONS = 2

THEY ARE ASSCCI ATED W TH THE FOLLOW NG REACTI ONS:
| NDEPENDENT EQUI LI BRI UM REACTI ON I D REACTION I D AS A VEN IN THE | NPUT FI LE

(3-2) GROUP 2 EQUATI ONS:
NO. OF CONSTRAI NT EQUATI ONS FOR | NDEPENDENT | NSTANTANEQUS REACTIONS = 1

THEY ARE ASSCOCI ATED W TH THE FOLLOW NG REACTI ONS:
| NDEPENDENT | NSTANTANEQUS REACTION | D REACTION I D AS G VEN I N THE | NPUT FI LE

(3-3) GROUP 3 EQUATI ONS:
NO. OF KINETI'C VARI ABLE EQUATI ONS FOR | NDEPENDENT KI NETI C REACTI ONS = 1

< FOR KI NETI C VARI ABLE EQUATION 1 >
THE NON- ZERO CCEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO  CORRESPONDI NG SPECI ES | D
COLUW I D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

1 1. 000 1 H

2 -1.000 2 NTA
4 1. 000 4 Co
7 1. 000 7 P

THE NON- ZERO COEFFI CI ENTS ON THE RHS MATRI X ARE:
NON- ZERO  CORRESPONDI NG REACTION | D
COLUW I D COEFFICIENT AS G VEN IN THE I NPUT FI LE REACTI ON NAME

(3-4) GROUP 4 EQUATI ONS:
NO. OF MASS CONSERVATI ON EQUATI ONS FOR COVPONENT SPECI ES = 3

< FOR MASS CONSERVATI ON EQUATION 1 >
NOTE: THI' S | S CORRESPONDI NG TO COVPONENT SPECI ES CoNTA
THE NON- ZERO COEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO ~ CORRESPONDI NG SPECI ES | D
COLUWMN | D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

< FOR MASS CONSERVATI ON EQUATION 2 >
NOTE: THI' S | S CORRESPONDI NG TO COVPONENT SPECI ES B
THE NON- ZERO COEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO  CORRESPONDI NG SPECI ES | D
COLUMN | D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

1 1. 000 1 H
2 -1. 000 2 NTA
4 1. 000 4 Co
6 1. 000 6 B
7 2. 000 7 P

< FOR MASS CONSERVATI ON EQUATION 3 >
NOTE: THI' S | S CORRESPONDI NG TO COVPONENT SPECI ES HNTA
THE NON- ZERO COEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO  CORRESPONDI NG SPECI ES | D
COLUMN | D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

1 -1. 000 1 H

2 2. 000 2 NTA
3 1. 000 3 HNTA
4 -2.000 4 Co

7 -1.000 7 P

(3-5) SECONDARY SPECI ES:
NO. OF SECONDARY SPECIES = 0

===== < THIS | S THE END OF REACTI ON- BASED PREPROCESS| NG RESULTS > =====
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< Choice 3 > CoNTA, B, and P are the selected component species

(3) DECOMPOSI TI ON RESULTS

(3-1) GROUP 1 EQUATI ONS:
NO. OF MASS ACTI ON EQUATI ONS FOR | NDEPENDENT EQUI LI BRI UM CONTROLLED REACTI ONS = 2

THEY ARE ASSCCI ATED W TH THE FOLLOW NG REACTI ONS:
| NDEPENDENT EQUI LI BRI UM REACTION I D REACTION ID AS A VEN IN THE | NPUT FI LE

(3-2) GROUP 2 EQUATI ONS:
NO. OF CONSTRAI NT EQUATI ONS FOR | NDEPENDENT | NSTANTANEQUS REACTIONS = 1

THEY ARE ASSCCI ATED W TH THE FOLLOW NG REACTI ONS:
| NDEPENDENT | NSTANTANEQUS REACTION ID REACTION ID AS G VEN IN THE I NPUT FILE

(3-3) GROUP 3 EQUATI ONS:
NO. OF KINETI C VARI ABLE EQUATI ONS FOR | NDEPENDENT KI NETI C REACTIONS = 1

< FOR KI NETI C VARI ABLE EQUATION 1 >
THE NON- ZERO CCEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO ~ CORRESPONDI NG SPECI ES | D
COLUWMN | D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

2 -1.000 2 NTA
3 -1. 000 3 HNTA
4 1. 000 4 Co

THE NON- ZERO COEFFI CI ENTS ON THE RHS MATRI X ARE:
NON- ZERO  CORRESPONDI NG REACTION | D
COLUW I D COEFFICIENT AS G VEN IN THE I NPUT FI LE REACTI ON NAME

(3-4) GROUP 4 EQUATI ONS:
NO. OF MASS CONSERVATI ON EQUATI ONS FOR COVPONENT SPECI ES = 3

< FOR MASS CONSERVATI ON EQUATION 1 >
NOTE: THI' S | S CORRESPONDI NG TO COVPONENT SPECI ES CoNTA
THE NON- ZERO COEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO ~ CORRESPONDI NG SPECI ES | D
COLUMN | D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

< FOR MASS CONSERVATI ON EQUATION 2 >
NOTE: THI' S | S CORRESPONDI NG TO COVPONENT SPECI ES B
THE NON- ZERO COEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO ~ CORRESPONDI NG SPECI ES | D
COLUMN | D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

1 -1.000 1 H

2 3. 000 2 NTA
3 2.000 3 HNTA
4 -3.000 4 Co

6 1. 000 6 B

< FOR MASS CONSERVATI ON EQUATI ON 3 >
NOTE: THI' S | S CORRESPONDI NG TO COVPONENT SPECI ES P
THE NON- ZERO COEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO ~ CORRESPONDI NG SPECI ES | D
COLUMN | D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

1 1. 000 1 H

2 -2.000 2 NTA
3 -1.000 3 HNTA
4 2.000 4 Co

7 1. 000 7 P

(3-5) SECONDARY SPECI ES:
NO. OF SECONDARY SPECIES = 0

===== < THIS | S THE END OF REACTI ON- BASED PREPROCESS| NG RESULTS > =====
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Problem 2. Mixed microbiological and abiotic reactions

Table 3 lists the reaction system for the example problem presented in
Section 6.1 of Fang et al. (2003). This reaction system includes 15 species
and 10 reactions. When Sneq (cation exchange site), Co(I1)EDTA(aq), Spos
(anion exchange site), Fe(I111)EDTA(aq), Oz, and Biomass are the selected
component species, RBBCGS yields the decomposition result the same as
stated in Appendix Bl of Fang et al. (2003). In this case, the reaction-
based DAE system resulting from matrix decomposition contains five
equilibrium-controlled equations, four kinetic variable equations, and six
conservation equations.

Table 3. Reaction system for Problem 2.

Reaction System 2

ID Formula Type* k' kP K& Rate

(R1) | Co(l1)(@g) +S,., <> (S, - C0) E NA** | NA 10108

(R2) | Co(INEDTA(Q) + S, <> (S,0 - CO(INEDTA) E NA NA 10t

(R3) | Fe(IEDTA(aq) + S, <> (S, - Fe(IEDTA) E NA NA 10°% | undefined
(R4) | EDTA(ag)+S,, <> (S, -EDTA) E NA NA 104

(R5) | Co(lEDTA(aq) + S, <> (S, - CO(INEDTA) | E NA NA 10%4

(R6) | (S, - COINEDTA)«> Co(ll)(aq) + (S, -EDTA) | K 10° 10°° NA

(R7) | (S, -EDTA) <> Fe(I11)EDTA(aq) + S, K 10%4 10° | NA computed
(R8) | Co(I)EDTA(aq) <> Co(III)EDTA(aq) K 1073 10 [NA

(R9) Fe(I11)EDTA(aq) + 60, — 3CO, + Biomass K NA 0 NA Monod*
(R10) | EDTA(aq)+60, — 3CO, + Biomass K NA 0 NA Monod

EDTA = ethylene-diamine-tetraacetic acid (chelating agent) or HaxEDTAx ; Sneg represents negatively charged surface sites for
cation sorption; Spos = positively charged surface site (anion sorption).

* E = equilibrium-controlled; | = instantaneous; K = kinetic.

** NA = not applicable.

+ Monod = forward reaction rate is estimated using the Monod-type equation.

Table 4 summarizes the preprocessing result.
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Table 4. Summary of Problem 2 Decomposition Results.

Component Species Selected:
Sheg (cation exchange site), Spos (@anion exchange site),
Key RBBGCS Preprocessing Output Co(I)EDTA(aq), Fe(llEDTA(aq), O2, and Biomass

No. of Independent Equilibrium-controlled |5
Reactions

No. of Independent Instantaneous 0
Reactions

No. of Independent Kinetic Reactions

No. of Conservation Equations

Secondary Species (Sy0 - CO(INEDTA), (S, - Fe(lI)EDTA)

pos

Problem 3. Complexation, adsorption, ion-exchange, and dissolution in a
system of mixed equilibrium-controlled and kinetic reactions

Table 5 lists the reaction system for the example problem presented in
Section 6.2 of Fang et al. (2003). This reaction system includes 42 species
and 33 reactions, where (R1) and (R2) are associated with mineral dissolu-
tion and surface site formation, (R3) through (R24) are aqueous complex-
ation reactions, (R25) through (R31) are adsorption-desorption reactions,
and (R32) and (R33) are ion-exchange reactions. When we select C1, C2,
C4, C5, C6, C28, C30, (site-C6), and (site-C29) as the component species,
RBBCGS yields the decomposition results identical to those stated in
Appendix B2 of Fang et al. (2003). Here the preprocessor produces a
reaction-based DAE system containing 25 equilibrium-controlled equa-
tions, 8 kinetic variable equations, and 9 conservation equations.

Table 6 compares the preprocessing results when two sets of component
species are employed. As shown in Table 6, using Choice 1 results in 20
secondary species, but there are no secondary species associated with
Choice 2.

Problem 4. Sorting instantaneous reaction systems

Here we demonstrate how the screening algorithm proposed in Step 3 of
Section 2.2 can effectively check consistency and conduct sorting for
instantaneous reactions. Reaction Systems 4a through 4d in Table 7 that
contain various instantaneous reactions are tested with RBBGCS'’s pre-
processor that incorporates the screening algorithm.
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Table 5. Reaction system for Problem 3.
Reaction System 3
ID Formula Type* kf kP K& Rate
(R1) M —C,-3C, K 1072 0 NA** computed
(R2) M &S E NA NA NA partition*
(R3) C,oC,+C, K 10%% 10%° NA computed
(R4) C,+C, & C, E NA NA 101232
(R5) C,+C,+C, & C, E NA NA 109 | undefined
(R6) C, < C,+C, E NA NA 107126
(R7) C,+C, & C, K 10% 10725 | NA computed
(R8) C,+C,+C, < C, E NA NA 10208
(R9) C,+C,«<>C,+C, E NA NA 101965
(R10) | C,+C, «>2C,+C,, E NA NA 10733
(R11) |C,«C,+C, E NA NA 10721
(R12) | C,«<>2C,+C, E NA NA 107567
(R13) | C,«<>3C,+C, E NA NA 107136
(R14) C,e4C,+C, E NA NA 10726
(R15) | 2C,«>2C,+C E NA NA 1072%
(R16) | C,+C,+C,<«>C, E NA NA 1024
(R17) C,oC,+C E NA NA 107967 ,
(R18) C: VAN 2(2:2 + czzoﬂ E NA NA 1071816 undefined
(R19) C,+o3C,+C,, E NA NA 107322
(R20) | C,+C, «<>C, E NA NA 107103
(R21) |2C,+C,«>C,, E NA NA 10%77®
(R22) 3C,+C, <> Cy E NA NA 102088
(R23) 4C, +C, <> Cy E NA NA 1031
(R24) | C,+C, <> Cy E NA NA 10"
(R25) |S,<>S,+C, E NA NA 107116
(R26) |S,+C,<>S, E NA NA 1056
(R27) $,+3C,+C, &S, E NA NA 10%48
(R28) | S,+C,+C,+C, «<>S, K 10% 102 | NA
(R29) |S,+C,+C,+C,«<>S, K 10% 10%%t | NA
(R30) 5,-C,+C, oS, K 107%% |10 NA computed
(R31) S,+C,+C,+C, S, K 10% 10410 NA
(R32) | Cyo +2(site — Cyy ) > (Site — Cpp )+ 2C4, K 107 | 105 |NA
(R33) | C, +2(site — C,, ) «> (site — C, )+ 2C,, E NA NA 10°¢ undefined

M = mineral; Ci = aqueous species, | € [1,30]; Sj = adsorbed species, j € [1,8]; site-Cs, site-Co9, site-C3o = ion-

exchanged species

* E = equilibrium-controlled; | = instantaneous; K = kinetic

** NA = not applicable

+ partition = equilibrium equation is established using a partition relationship
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Table 6. Summary of Problem 3 Decomposition Results.

Component Species Selected:

< Choice 1 > < Choice 2 >

Ca, Ca, C4, Cs, Cs, Cog, C30, | Cos, S5, Ss, S7, Ss, (site-
Key RBBGCS Preprocessing Output (site-Cs), and (site-Ca9) Ce), (site-Coo), (site-Czo), M
No. of Independent Equilibrium- 25 25
controlled Reactions
No. of Independent Instantaneous 0 0
Reactions
No. of Independent Kinetic Reactions
No. of Conservation Equations
Secondary Species 20

Table 7. Reaction system for Problem 4.

ID Formula Type* kf kP K & Rate
Reaction System 4a
(R1) A+B—>C I 0 0 NA**
(R2) A+D—>E | © 0 NA undefined
(R3) |F>G [ 0 0 NA
Reaction System 4b
ID Formula Type* kf kP K & Rate
(R1) A+B—->C I © 0 NA
(R2) |[C+D—>E I 0 0 NA undefined
(R3) E+F—>A+G I 0 0 NA
Reaction System 4c¢
ID Formula Type* kf kP K & Rate
(R1) A+B—>C | 0 0 NA
(R2) C+D—>E | 0 0 NA undefined
(R3) |F>G [ © 0 NA
Reaction System 4d
ID Formula Type* kf kP K & Rate
(R1) E+F—>G I © 0 NA
(R2) | A+B—>C I 0 NA undefined
(R3) C+D->E | © 0 NA

* | = instantaneous; E = equilibrium-controlled; K = kinetic.
** NA = not applicable.

In Reaction System 4a, Species A appears as a reactant of two instanta-
neous reactions, which is against Rule #1 for consistency. When RBBGCS
detects this, it will write out the following warning message and stop
simulation.
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CONFLI CTI NG | NSTANTANEQUS REACTI ONS | DENTI FI ED.

=== ERROR MESSAGE #1 | N SUBROUTI NE SORT_FI R CONCERNI NG FAST | RREVERSI BLE REACTI ONS:
SPECI ES | CS APPEARS MORE THAN ONCE ON THE REACTANT SI DE!

ICS =1

< CHECK REACTI ONS THAT CONTAI N THE SPECI ES >

=== SI MJLATI ON STOPS HERE ===

In Reaction System 4b, a loop (A = C = E = A) forms amongst the three
instantaneous reactions, which is against Rule #2 for consistency. As soon
as RBBGCS detects this, it prints out the following warning message and
stops simulation.

CONFLI CTI NG | NSTANTANEQUS REACTI ONS | DENTI FI ED.

=== ERROR MESSACGE #2 | N SUBROUTI NE SORT_FI R CONCERNI NG FAST | RREVERSI BLE REACTI ONS:
A LOOP EXI STS AMONG FAST | RREVERSI BLE RXNS!

REACTI ON NETWORK NEEDS TO BE REVI SED!

CHECK THE FOLLOW NG REACTI ONS:

1

2

3

=== SI MULATI ON STOPS HERE ===

On the other hand, Reaction Systems 4c and 4d do not violate the two
rules for consistency. The decomposition results for them are as follows.

< For Reaction System 4c >

(3) DECOVPCSI TI ON RESULTS

(3-1) GROUP 1 EQUATI ONS:
NO. OF MASS ACTI ON EQUATI ONS FOR | NDEPENDENT EQUI LI BRI UM CONTROLLED REACTIONS = 0

(3-2) GROUP 2 EQUATI ONS:
NO. OF CONSTRAI NT EQUATI ONS FOR | NDEPENDENT | NSTANTANEQUS REACTIONS = 3

THEY ARE ASSCCI ATED W TH THE FOLLOW NG REACTI ONS:
| NDEPENDENT | NSTANTANEQUS REACTION I D REACTION I D AS G VEN I N THE | NPUT FI LE

1 1
2 2
3 3

(3-3) GROUP 3 EQUATI ONS:
NO. OF KINETI C VAR ABLE EQUATI ONS FOR | NDEPENDENT KI NETI C REACTIONS = 0

(3-4) GROUP 4 EQUATI ONS:
NO. OF MASS CONSERVATI ON EQUATI ONS FOR COVPONENT SPECI ES = 4

< FOR MASS CONSERVATI ON EQUATION 1 >
NOTE: THI S | S CORRESPONDI NG TO COMPONENT SPECI ES D
THE NON- ZERO CCEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO  CORRESPONDI NG SPECI ES | D
COLUW I D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

< FOR MASS CONSERVATI ON EQUATION 2 >
NOTE: THI S | S CORRESPONDI NG TO COMPONENT SPECI ES B
THE NON- ZERO CCEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO ~ CORRESPONDI NG SPECI ES | D
COLUW I D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

2 1. 000 2 B
3 1. 000 3 C
5 1. 000 5 E
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< FOR MASS CONSERVATI ON EQUATION 3 >
NOTE: THI S | S CORRESPONDI NG TO COMPONENT SPECI ES A
THE NON- ZERO CCEFFI CI ENTS ON THE LHS MATRI X ARE:

NON- ZERO  CORRESPONDI NG SPECI ES | D

COLUW I D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAME

< FOR MASS CONSERVATI ON EQUATI ON 4 >
NOTE: THI S | S CORRESPONDI NG TO COMPONENT SPECI ES G
THE NON- ZERO CCEFFI CI ENTS ON THE LHS MATRI X ARE:

NON- ZERO ~ CORRESPONDI NG SPECI ES | D

COLUMN | D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

(3-5) SECONDARY SPECI ES:

NO.

OF SECONDARY SPECIES = 0

===== < THIS | S THE END OF REACTI ON- BASED PREPROCESSI NG RESULTS > =====

< For Reaction System 4d >

(3) DECOVPOSI TI ON RESULTS

(3-1) GROUP 1 EQUATI ONS:

NO.

(3-2)
NO.

OF MASS ACTI ON EQUATI ONS FOR | NDEPENDENT EQUI LI BRI UM CONTROLLED REACTIONS = 0

GROUP 2 EQUATI ONS:

OF CONSTRAI NT EQUATI ONS FOR | NDEPENDENT | NSTANTANEQUS REACTIONS = 3

THEY ARE ASSCCI ATED W TH THE FOLLOWN NG REACTI ONS:
| NDEPENDENT | NSTANTANEQUS REACTION I D REACTION I D AS G VEN I N THE | NPUT FI LE

1 1
2 2
3 3

(3-3) GROUP 3 EQUATI ONS:

NO.

OF KI NETI C VARI ABLE EQUATI ONS FOR | NDEPENDENT KI NETI C REACTIONS = 0

(3-4) GROUP 4 EQUATI ONS:

NO.

OF MASS CONSERVATI ON EQUATI ONS FOR COVPONENT SPECI ES = 4

< FOR MASS CONSERVATI ON EQUATION 1 >
NOTE: THI' S | S CORRESPONDI NG TO COVPONENT SPECI ES D
THE NON- ZERO COEFFI CI ENTS ON THE LHS MATRI X ARE:

NON- ZERO  CORRESPONDI NG SPECI ES | D

COLUMN | D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

< FOR MASS CONSERVATI ON EQUATION 2 >
NOTE: THI S | S CORRESPONDI NG TO COMPONENT SPECI ES A
THE NON- ZERO CCEFFI CI ENTS ON THE LHS MATRI X ARE:

NON- ZERO ~ CORRESPONDI NG SPECI ES | D

COLUW I D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAMVE

1. 000 1 A
1. 000 3 C
1. 000 5 E
-1.000 6 F

< FOR MASS CONSERVATI ON EQUATION 3 >
NOTE: THI' S | S CORRESPONDI NG TO COVMPONENT SPECI ES B
THE NON- ZERO COEFFI CI ENTS ON THE LHS MATRI X ARE:

NON- ZERO  CORRESPONDI NG SPECI ES | D

COLUW I D COEFFICIENT AS G VEN IN THE I NPUT FILE SPECI ES NAMVE
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< FOR MASS CONSERVATI ON EQUATION 4 >
NOTE: THI S | S CORRESPONDI NG TO COMPONENT SPECI ES G
THE NON- ZERO CCEFFI CI ENTS ON THE LHS MATRI X ARE:
NON- ZERO  CORRESPONDI NG SPECI ES | D
COLUW I D COEFFICIENT AS G VEN IN THE | NPUT FI LE SPECI ES NAME

6 1. 000 6 F
7 1. 000 7 G

(3-5) SECONDARY SPECI ES:
NO. OF SECONDARY SPECIES = 0

===== < THIS I S THE END OF REACTI ON- BASED PREPROCESSI NG RESULTS > =====

It is noted in Reaction System 4d that (R2) is upstream to (R3), and (R3)
to (R1). Our screening algorithm can handle instantaneous chain reactions
given in arbitrary order.

3.2 Verification of solution technique

As demonstrated in Problem 1 (Section 3.1), different choices of the set of
component species will produce different reaction-based DAE systems.
With tight convergent criteria set for solving these DAE systems, the
numerical solutions must converge to the true solution regardless of
component species choice. Otherwise, the decomposition or the solution
technique is not correctly implemented. To also verify that the solution
technique is adequate, we solve the reaction system of Problem 3
(Section 3.1) with two choices of the set of component species and com-
pare the simulation results. We use the nine component species men-
tioned in the section of Problem 3 (Section 3.1) for the first choice, and let
the preprocessor automatically select component species for the second
choice. Without specifying any component species in the input file, the
preprocessor picks C28, S5, S6, S7, S8, (site-C6), (site-C29), (site-C30),
and M as the nine component species for the second choice. The DAE
systems associated with the two choices are composed of 25 equilibrium-
controlled equations, eight rate equations, and nine conservation equa-
tions. As discussed in Step 8 of Section 2.2, the equilibrium-controlled
equations for both DAE systems will be the same, but the rate and the
conservation equations will be different.

The rate equations for the first choice are:

d[C
090l g, (45a)
pdlCal_ g (45b)

dt
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d[S
prA% =Ry (45¢)
d[s
prA% =Ry (45d)
d[s
prA% =Rq (45€)
d[s
prA% =Ry, (45f)
d[C
09l _ g, (45g)
diS,] d[S,], d[S;] d[S,]  dISs]
.S dt dt ' dt | dt | dt _R (45h)
", dISe] , d[S;], dISs] , d[M] "
dt dt dt dt
where:
6 = moisture content;
p, = bulk density;
S, = surface area density of the solid phase (e.qg., soil).
The conservation equations for the first choice are:
dICe]  dIC,] dICe]  dICe]  dICyl
9[ dt ' dt ' dt | dt | dt (45i)
d[Sg] 1d[(site—Cy)]| _
TPoSalq 2 dt =0
(45j)

diCp ]  dICpel|_
9[ a dtzg]_o
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d[C,] , d[C;]  d[C,]  d[C.]  d[C,]
gt | dt | dt T dt | dt
dC,,]  dIC,]  dICi]  dIC]
dt | dt | dt | dt
d[C,;] , d[C,,] , d[Cs] , d[C,s]
dt | dt | at | at

diS,] | dISs]  dISel , dIS,]|_
gt dt Tdt ot ]_O

()

+

+

+prA[

§dICs0]

d[(site—C5,)]
dt -

at 0

+PpSa

_dICs]

dI(site—C,)] 1 d[(site—C,y)]

dt + bSA[ dt 2 dt

d[Cz]+d[Cs]_d[C9]+d[C11]_d[C12]
dt | dt  dt dt dt
,dIC,] dIC,] ,dIC] LdICy]
at dt at at

~dIC,] ,d[Cy] . dCy] . dCy]
Ol 4=t 2 a T a I at
_,dIC,,] ,LdIC,,], d[C,;] , ,d[C,,]
~at >at TTat % adt
d[C,.]  ,d[C,] dIC,,]

at Tt dt

+3

d[s,], ,dIs,] , ,dIS] , ,dISs]
ST T @ TPat T
dIS,] , ,dIS;] , . dIS]

@ T4a at TPa

_prA
+2

§dIC 5]

d[(site—C,4)]
dt N

+prA dt

0

d[C,] , d[C,]  d[C,] d[C,]
. | dt T dt | adt
d[C.]  dIC.] . dIC.]  d[Cy]

=gt "a a1 at

dC,;1 , ,dIC4]
a4 dt
d[S,]  d[S,]  d[S;], d[S,] , ,d[Ss]
ips,| o et Tat 2 dt
LdIS;], dIS,] , diS,] , d[M]

dt dt dt dt

dm]|

=0

]:o

(45k)

(45l)

(45m)

(45n)

(450)

(45p)
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o[dICs] , dIC,] , dIC,e]

d[C2O] + d[C21] + d[C22]

dt dt dt dt dt

i 130, 850

The rate equations for the second choice are:

diC,]_ o

Gdt 3

diCyl _
6= 10l R,

dt

d[Ce] , ,dIC,], ,dICq] , ,dIC,]
0|2 at +2 at +2 dt +2 at +2 gt

d[C
0 [dtzg] :—R32

3d[C,], 1d[C,] 1d[C,]  1d[C,]

4 dt 4 dt 4 dt 4 dt

4 dt 4 dt 4 dt 4 dt
1d[C,] 1d[C;;] , 1d[C,]

1d[C,]

dt

+ + +

2 dt 4 dt 2 dt 4 dt
_1d[Cyy]  dICys] 1dIC,y] 1dICy]

4 dt dt 4 dt 2 dt

1d[Cy] , 1d[C,]

+ +

1d[C,;] 1d[C,]

1d[C,] | 1d[C,,]
T2 dt 8 dt

—1d[S,], 1d[S;] , 1d[S,]|_ 1

TPSA T gt T2 at T4 at

4 dt 4 dt 2 dt 4 dt

R28

|

d[Cye] , dICs]|_ g

(450)

(46a)

(46b)

(46¢)

(46d)

(4ce)
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d[C,] | dIC,]_dIC,]  dIC,]
dt dt dt dt
_,dICs], dICe] dIC,] dICy]
dt dt dt dt
9 _2d[C12]_3d[C13]_d[C15]_2d[C16]

dt dt dt dt
_3d[C17]_d[C21]_2d[C22]_d[C23]

dt dt dt dt

d[C25] d[CQG]_d[CZY]_d[C29] 1d[C30]
Tt +2 dt dt dt 2 dt
pS, _d[S2]+d[S3]+d[S4] _ R

dt dt dt

3dIC,] , 1d[C,] _1dIC;] | 3dIC,]
2 dt 2 dt 2 dt 2 dt

,dC], 3d[C,] 1d[C,], dIC,]
2dt+§dt 2 dt | dt
_id[clo]_d[C12]_§d[C13]+d[C14]

ol 2 dt at 2 dt dt
1d[Cys] 1dIC,,1, ,dICe] | dICy]
STat 2 at T2 at T at
L 1dICy] 3dICys] dICs] 1dICs]
2 dt 2 dt dt 2 dt
_1d[C,] , 3dIC,0] , 3dICs,]

2 dt 2 dt 4 dt

—1d[S,] , 1d[S;] 1d[S,]|_
FPpSa 2 dt +2 dt 2 dt | Rao

2 dt 2 dt 2 dt 2 dt

4 0d[Cs]_3dICe]  1dIC;] dIC]
dt 2 dt 2 dt dt

1d[Cio]+d[C12]+§d[C13]_d[C14]

~3d[C,] 1d[C,], 3d[C;] 1d[C,]

T2 dt dt 2 dt dt
_id[C15]+1d[C17]_2d[018]+d[C19]
2 dt 2 dt dt dt
1d[C,,] , d[Cy,] , 3d[C,;] | dIC,,]
t27dt T dt T2 dt T at
+gol[CzslJrgd[Cg?]_§0|[C29]_§0|[C30]
2 dt 2 dt 2 dt 4 dt
1d[S,] 1d[S,], 1d[S,]|_
TPSAlS g 2 at T2 at | e

The conservation equations for the second choice are:

(40f)

(46g)

(46h)
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3d[C,1, 1dIC,] 1d[C,], 1dIC,]
2 dt 2 dt 2 dt 2 dt
_dIC,], 1d[C,] 1d[C,] |, 1d[C,]
dd 2 dt 2 dt 2 dt
diC,,] _Ed[cm] d[C,,] Ed[cm]
dt 2 dt dt 2 dt

- + +

(46i)

dt
1d[Cys]

T2 dt 2 dt dt
_1d[Cy] )

1 d[017] 2 d[C:LS] 1 d[C21] d[C22]

d[C,] 1d[Cy]

Tt 5 dt
20] | 1d[Cy]
7 dt

1d[S;], 1d[S,]

2 dt dt

1.d[C
o dt

—1d[S,]

d[S:]

TPsSA +5 +

dt

-

d[(site—C,)]
dt

2 dt 2 dt 2 dt

d[C]
dt

d[C/]
dt

.

d[Cq]
dt

d[C,]
dt

d[Cz] | 1dICyl

* dt 2 dt

+

+ +

{

d[C]
dt

1d[Cy]
2 dt

+ ]erbSA

d[C29]
dt

d[(site—C,,)]

dt =0

—==+P,Sa

pdICy] , o diGsite—Cy)]

S dt dt

9[ ]o

—_3d[C1]_gd[C2]+§d[C3]_gd[C4]
2 dt 2 dt '2 dt 2 dt
+2d[C5]_§d[Ce] 1d[C,] dIC]
dt 2 dt 2 dt dt
d[C,,] , d[C,,] , 3d[C;5] dI[C,]
Yot T dt 2 at dt
_Ed[C15]+£d[C17] d[C18] d[C,,]
2 dt 2 dt dt dt

+0,SA =0

d[Cyr] |, dCyl
dt dt

1d[021] d[C,,] 3d[C,] 1d[C,,]
t27dt T dt T2 dt 2 adt

1d[Cys]

- -

1d[C,;] 3dIC,] 3dICyl

] 0

.5, JSal

1 (46

-0 (406Kk)
(40l)

(46m)

(46n)

(460)

4 dt
d[Se]
dt

2 dt '2 dt 2 dt
gd[Sz]_;d[S3]+1d[s4]

2 dt 2 dt 2 dt

+PpSa

=0
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2 dt '2 dt 4 dt
—_1d[52]+;d[33]_;d[S4]+d[57]
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+PpSA =0

Given the initial concentrations for all 42 species, variations of the com-
puted concentration values of selected species from the simulations
associated with the two choices are calculated. The indistinguishable
simulation results (Figure 6) confirm that the solution technique used

in RBBGCS is adequate. The given initial concentrations are: C2

=3.16 x 10°>M (M = molar), C3 =8.16 x 106 M, C6 = 2 x 103 M, C28
=1.0 M, C30 = 0.1552, (site-C6) = 0.1562 M, (site-C29) = 0.1463 M, (site-
C30) =0.0651 M, M (mineral) =2.36 x 10-> M, and 0.0 M for the other
species.



ERDC TR-10-5

54

Figure 6. Variation in the computed concentration for selected species comparing
simulations associated with the two alternative choices of component species.

3.3 Verification of using constraint equations for instantaneous
reactions

Problem 5. One instantaneous reaction system

We first consider one hypothetical instantaneous reaction, as listed in
Table 8, where consistent units of time, length, and mass can be used. The
initial condition and source rate of the simulation are defined in Table 8
also. Figure 7 shows the concentration profiles of the three species, i.e., A,
B, and C, from a simulation when the proposed constraint-equation
approach is used to represent instantaneous reactions. It is noted that the
concentration values of the three species at time zero do not match the
given initial condition. This is because the initial concentrations shown in
Figure 7 are the initial equilibrium concentrations, as explained in

Section 2.3.1. In Figure 7a, the numerical solutions from runs with various
time- step sizes are compared. It is observed from this plot that the

Table 8. Reaction system for Problem 5.

Reaction System 5

Formula Type* k' k® K e Rate

(R1) |A+2B—>C | o0 0 NA** undefined

Given initial condition: [A] = 1T; [B] = 1; [C] = 1 at time = 0.
Source rate: 0.001 for A during time = O through 60; 0.0015 for B during time = 30 through 100.

* E = equilibrium-controlled; | = instantaneous; K = kinetic.

** NA = not applicable.

T A normalized concentration is used here.
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(a) (b)

Figure 7. Numerical solution of Reaction system 5 when different time-step sizes are used.

numerical solutions associated with all the five time-step sizes are iden-
tical during time = O through 30, but start to differ after time = 30, when
the time-step size is 5 or 10. This divergence is because RBBGCS takes the
arithmetic mean of the source rates associated with the previous and cur-
rent times as the source rate in the computation of the current time step.
This arithmetic-mean source rate will not represent the source profile
accurately when the time-step size gets too large. This problem can

be overcome by using variable time steps to capture source profiles. For
example, when we use 0.01 as the time-step size for time ranges 25—35
and 55—60, but 5, 10, or 15 for the other quiescent time periods, we will
also receive an accurate solution (Figure 7b).

Figure 8 compares numerical solutions from the proposed constraint-
equation approach (labeled FIR in the plots) and the approach that treats
the reaction using rate equations with various high kfvalues and kP =0
(labeled SR in the plots). In the legend of Figure 8, SR_f2 denotes kf=102.
Based on our numerical experiment (not shown here), convergent solu-
tions can be obtained when kf= 106 if the time-step size is not greater than
0.001. Therefore, we use 0.001 as the time-step size for all simulation runs
included in Figure 8. It is evident (Figure 8) that the SR solution does not
match the FIR solution well until kf approaches 1086 (plotted as SR_6).
This indicates that when an instantaneous reaction is treated as a kinetic
reaction, it is essential to use a sufficiently large forward rate constant to
yield accurate solutions. As a consequence, the time-step size must be
small enough to produce convergent solutions.
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(a) (b)

Figure 8. Numerical solutions of Reaction system 5 from FIR (using constraint equations for instantaneous
reactions) and SR (treat instantaneous reactions as kinetic reactions with large forward and zero backward rate
constants): (a) time = 0 to 100; (b) time =0 to 2.

According to the definition of instantaneous reaction, the concentration
profiles should be identical when we use 0.05, 0.15, and 0.05 as the given
initial concentrations of A, B, and C, respectively, i.e., the 2nd set of IC.
However, when instantaneous reactions are represented using rate equa-
tions, we will observe an initial condition effect if kf is not large enough.
Figure 9 demonstrates this initial condition effect, where the 1st set of IC
represents the given initial condition listed in Table 8.

(a) (b)

Figure 9. Numerical solutions of Reaction system 5 from FIR (using constraint equations for instantaneous
reactions) and SR (treat instantaneous reactions as kinetic reactions with large forward and zero backward rate
constants): (a) use 1st set of IC; (b) use 2nd set of IC.

Problem 6. Correlated instantaneous reaction system

Here we consider a reaction system that includes two instantaneous
reactions, where the two reactions are correlated, as listed in Table 9. The
given initial condition and constant source rate are also given in Table 9.
Figure 10 depicts the concentration profiles of all of the seven species (A,
B, C, D, E, F, and G), where 0.01 is the time-step for computation.
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Table 9. Reaction system for Problem 6.

Reaction System 6

ID Formula Type* | k' kP K e Rate
(R1) A+2B—>2C+D | © 0 NA**

undefined
(R2) | C+2E—>2F+G I 0 0 NA

Given initial condition: [A]: [B]: [C]: [D}: [E}: [F}: [G}: 0.01tattime = 0.
Constant source rate: 105 for A; 2x10-4 for B; 6x10-4 for E; O for the others

* | = instantaneous; E = equilibrium-controlled; K = kinetic.
** NA = not applicable.
T An arbitrary concentration is used here.

Figure 10. The computed concentration time series of Reaction system 6
using constraint equations for instantaneous reactions.

The constraint equations are [A]=0 or [B]=0 for (R1), and [C]=0 or
[E]=0 for (R2). As discussed in Section 2.3.4, there exist four possible

combinations of constraint equation for this reaction system, and the cor-
rect numerical solution results from using one of the four combinations in
the DAE system. In this simulation, RBBGCS first computes the true initial
condition based on the given initial concentrations. As a result, the true
initial concentrations are 0.005 for A, O for B, 0.015 for C, 0.015 for D, O
for E, 0.02 for F, and 0.015 for G (Figure 10), where [B]=0 and [E]=0 are
the constraint equations used. In this computation of true initial condi-
tion, 0.005 of A and 0.01 of B react to produce 0.01 of C and 0.005 of D
via (R1). Meanwhile, 0.005 of C and 0.01 of E react to produce 0.01 of F
and 0.005 of G via (R2). As the simulation proceeds, we have A, B, and E
added into the system at different rates as specified in Table 9. After time
=55.56 it is B, instead of A, appearing in the system because A is com-
pletely consumed at time = 55.56 and the source rate of B is greater than
double that of the source rate of A. Likewise after time = 89.28, itis E,
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rather than C, existing in the system. The constraint equations used in the
DAE system for Problem 6 can be summarized as follows.

Time = 0 to 55.56, [B]=0 and [E]=0;
Time = 55.56 to 89.28, [A]=0 and [E ]:
Time = 89.28 t0 100, [A]=0 and [C]=0.

By using the mechanism presented in Section 2.3.4, RBBGCS auto-
matically locates the correct combination of constraint equation to
represent instantaneous reactions.

3.4 Verification of using the LR method for zero-order reactions
Problem 7. Zero-order reaction system

Table 10 lists the zero-order reaction that is employed to test the LR
method discussed in Section 2.3.5, where the reaction rate is fixed at Ro as
long as both A and B exist. The given initial concentration and source rate
information for simulation runs are also listed in Table 10. We compare in
Figure 11 the numerical results from using the LR method versus using the
SB method with two sets of Ro and Sg (1st set: Ro =2 - 10-3 and Sg = 103
2ndset: Ro=5-10-3and Sg = 2 - 10-3), and two time-step sizes (0.1 and 2).
It is observed that the two approaches produce matching results when Ro,
Sg, and time-step size are small (left plot, Figure 11). On the other hand,
the results from the two approaches differ significantly when Ro, Sg, and
time-step size are large (right plot, Figure 11). Moreover, the SB method
may generate negative concentration, which is non-physical behavior.

Figure 12 compares the computed concentration using a time-step of 0.1
versus using 2 for this scenario. It is observed that time-step size, Ro and
Sg have no effect to the LR method. But, the deviation between the two
simulation runs using the SB method increases with time-step size, as well
as with Ro and Sg.

Table 10. Reaction system for Problem 7.

Reaction System 7

ID Formula Type* |k k® K e Rate

(R1) | A+2B—>C+2D K NA** | NA NA R,

Given initial condition: [A]=[B]=[C]=0.01t and [D]=0 at time = 0.
Source rate: S for B during time = 42 to 50; O for the others.

* E = equilibrium-controlled; | = instantaneous; K = kinetic.
** NA = not applicable.
T An arbitrary concentration is used here.
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(a)

(b)

Figure 11. The computed concentration profiles of Reaction system 7 between using the LR and the switching-
based methods for the zero-order reaction A + 2B — C + 2D: (a) Ro = 2 x 103, Sg = 103, dt = 0.1; (b) RO = 5 x 10-3,

SB=2x10-3,dt=2.

(a)

(b)

(c)

(d)

Figure 12. The computed concentration profiles of Reaction system 7 between using 0.1 and using 2 as the time-
step size for simulation: (a). Ro = 2 x 103, Sg = 103, LR method; (b) Ro =5 x 103, Sg = 2 x 103, LR method;
(c) Ro =2 x 1073, Sg = 103, switching-based method; (d) Ro = 5 x 103, Sg = 2 x 103, switching-based method.
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3.5 Capability of solving reaction systems of mixed types
Problem 8. Mixed-type reaction system (1)

Problem 8 is a hypothetical reaction system containing five reactions (two
equilibrium-controlled, one instantaneous, and two Kkinetic) and 12 species
(A,B,C,D,E,F,G,H, M, N, P,and Q), as shown in Table 11. Here we
examine the numerical results when fast reactions, including equilibrium-
controlled and instantaneous reactions, are treated differently in the DAE
system for simulation. We use SR, SR&FIR, SR&FRR, SR&FIR&FRR to
represent these different treatments (Table 12).

Table 11. Reaction system for Problem 8.

Reaction System 8

ID Formula Type* | kf kP K e Rate
(R1) A+2B—>C K 10 0 NA**
computed
(R2) D+2E«< F K 1 10 NA
(R3) | C+2F«<>2G+H E NA NA 10 .
undefined
(R4) |H+2M & N E NA NA 10
(R5) | N+2P—>Q | ) 0 NA undefined

Given initial conditiont: 0.01 for all species at time = 0.
Constant Source rate: 105 for A; 2x10-5 for B; 3x105 for C; 4x10-5 for D; 5x10-5 for E; 6x10-5 for F;
6x105 for G; 5x10- for H; 4x105 for M; 5x10-5 for N; 5x105 for P; 105 for Q.

* E = equilibrium-controlled; | = instantaneous; K = kinetic.
** NA = not applicable.
T An arbitrary concentration unit is used here.

Table 12. Definition of various treatments used to simulate reactions in Problem 8.

Treatment
ID Equilibrium-controlled Reactions | Instantaneous Reactions Kinetic Reactions
SR rate equations rate equations rate equations
SR&FIR rate equations zero-concentration rate equations
constraint equations
SR&FRR algebraic equilibrium rate equations rate equations
equations
SR&FIR&FRR algebraic equilibrium zero-concentration rate equations
equations constraint equations

Figure 13 depicts the concentration profiles of P and Q when the afore-
mentioned four treatments are used to deal with Reaction system 8 in the

DAE approach, where the time-step size is 1.0. As shown in the Figures 13a

and 13b, when equilibrium-controlled reactions are simulated with rate
equations using ks = 108 and kP = 105 (i.e., SR and SR&FIR), there exist
significant discrepancies in the computed concentrations of P and Q.
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(a) (b)

©) (d)

Figure 13. The computed concentration trends for P and Q in Reaction system 8 when fast reactions are simulated in
different ways: use kf = 106 and kb = 105 in the upper plots; kf = 1019 and k? = 10° in the lower plots for fast reactions in
SR, SR&FIR, and SR&FRR. Plots to the right are expanded views of the left plots for earliest times and concentrations

On the other hand, when ks = 1010 and kP = 10° are used in the rate equa-
tions representing fast reactions (Figures 13c and 13d), all four treatments
synchronize after time = 2. This indicates that the forward and backward
rate constants used must be large enough such that rate equations can be
used to represent fast reactions adequately. The matching results from
the four treatments when large rate constants are used also help to verify
the RBBGCS routines involved in the computation associated with those
treatments.

In a primitive RT formulation, instantaneous reactions require some
approximation. For example, in a limited linear-rate (LLR) approximation,
the equivalent rate of an instantaneous reaction is computed as the mini-
mum of the reactant concentration at the previous time divided by the
product of its stoichiometric coefficient and time step. For example, the
equivalent rate of (R5) in Table 11 is computed as
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where R is the equivalent rate of (R5), At is time step, [N]t and [P]t

are the concentrations of N and P at the previous time, and 1 and 2 are the
stoichiometric coefficients associated with N and P, respectively, in (R5).

The above approximation is used in the RT3D model (Clement 1997) to
obtain equivalent rates for instantaneous reactions. The approach is
straightforward and yields adequate numerical solutions when the time-
step size is small. But it may produce large errors when the time-step size
is large. Figure 14 compares the impact of time-step size on the concen-
tration profiles of N, P, and Q, as fast reactions are handled differently.
When fast reactions are represented with equilibrium and constraint equa-
tions in the DAE approach (Figure 14a), the impact from time-step size is
minimal. When rate equations with ks = 1010 and kb = 109 are used to sim-
ulate fast reactions in the DAE approach (Figure 14b), the time-step size
impact is still negligible. However, the numerical error increases with
time-step size when the LRA is used to handle instantaneous reactions in
the primitive approach (Figure 14c). Two factors contribute to this phe-
nomenon. First, there are sources associated with the two reactants of
Instantaneous Reaction (R5), i.e., N and P, each at a rate of 5 x 105 as
shown in Table 11. Second, N is involved in equilibrium-controlled
reaction (R4). The combined contribution from sources and (R4) usually
increases with time-step size. It is thus insufficient to use only the con-
centrations at the previous time for computing the consumption/
production associated with instantaneous reactions.

Problem 9. Hypothetical PCE reaction system

Table 13 lists the 13 reactions in this PCE reaction system, including four
equilibrium-controlled reactions associated with sorption-desorption, four
instantaneous reactions associated with clean-up treatment, and five irre-
versible kinetic reactions associated with biodegradation. This hypotheti-
cal system contains four species in the solid phase (PCEsorbed, TCEsorbed,
DCEsorbed, and VCsorbed) and 14 species in the aqueous phase (PCE, TCE,
DCE, VC, Ethane, CO,, CCP, CCT, CCD, CCV, CCRpcg, CCRtce, CCRpcE,
and CCRvc). CCP, CCT, CCD, and CCV are clean-up chemicals that are
added into the reaction system and interact with PCE, TCE, DCE, and VC,
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(a) (b)

(c)

Figure 14. Impact of time-step size on the computed concentration profiles of N, P, and Q in Reaction system 8 when fast
reactions are simulated in different ways: (a) use equilibrium and constraint equations for fast reactions in the DAE
approach; (b) use rate equations (kf = 1019 and kb = 109) for fast reactions in the DAE approach; (c) use rate equations
(kf = 1010 and kb = 109) for equilibrium-controlled reactions and the limited linear-rate (LLR) approach for instantaneous
reactions in the primitive approach

respectively, to produce CCRpce, CCRpce, CCRpce, and CCRpce imme-
diately. CCRpce, CCRtce, CCRpcg, and CCRyc are assumed to be environ-
mentally benign. The rate constant and equilibrium constant values in
Table 13 are from Glynn et al. (2001).

Figure 15 plots the concentration profiles of all species from a simulation
of 10 years. In the figure, results from runs using 120, 720, and

1,800 hours (or 5, 30, and 75 days) as the time-step size are compared. As
shown in the figure, the differences between using 120 and 720 hours as
the time-step size are limited. Although the differences become differen-
tiable when the time-step size increases to 1,800 hours, using 1,800 hours
as the time-step size for simulation might still be acceptable for estimating
clean-up efficiency from an engineering point of view.
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Table 13. Reaction system for Problem 9.

Reaction System 9

ID Formula Type* | k' [1/yr] | kP K®[mL/g]* | Rate
(R1) PCE < PCE_,,,.4 E NA** NA 1.2
(R2) TCE & TCE,.4 E NA NA 0.4
undefined
(R3) DCE < DCEsorbed E NA NA 0.1
(R4) | VC > VCy,. E NA NA |0.005
(R5) PCE +CCP — CCR ¢ I 0 0 NA
(R6) | TCE+CCT - CCR I 0 0 NA
undefined
(R7) DCE +CCD — CCR I 0 0 NA
(R8) | VC+CCV — CCR,,. | 0 0 NA
(R9) PCE - TCE K 1.44 0 NA
(R10) | TCE —» DCE K 1.08 0 NA
computed
(R11) | DCE —> VC K 0.72 0 NA
(R12) | VC — Ethane K 0.60 0 NA
(R13) | Ethane — CO, K 0.96 0 NA computed

Arbitrary initial condition: 0.2 mM each for PCEsorbed and TCEsored @and zero for the other species at

time =0.

Constant Source rate: 0.1 mM/yr for CCP during time = 2 to 3 yr; 0.05 mM/yr for CCT during time = 4 to
5 yr; 0.05 mM/yr for CCD during time = 6 to 7 yr; 0.05 mM/yr for CCV during time = 9 to 10 yr.

* E = equilibrium-controlled; | = instantaneous; K = kinetic.
** NA = not applicable.

KoK Ya)

In the upper left plot of Figure 15, we see the concentration drop due to the
addition of clean-up chemicals: during 2 to 3 years for PCE (red), during 4
to 5 years for TCE (green), during 6 to 7 years for DCE (blue), and during 9
to 10 years for VC (dark khaki). In the upper right plot, we see the produc-
tion of the environmentally safe product species associated with the addi-
tion of the clean-up chemicals from the instantaneous reactions (R5)
through (R8). The bottom left plot shows the decrease of sorbed PCE and
sorbed TCE due directly to desorption, i.e., (R1) and (R2), and indirectly to
biodegradation and clean-up reactions. The bottom right plot shows that
concentrations of all clean-up chemicals stay at zero concentration during
this 10-year simulation. It is because they react with contaminant species
in the PCE biodegradation chain as soon as they are added into the
reaction system.



ERDC TR-10-5 65

(a) (b)

(€) (d)

Figure 15. The computed concentration profiles of the 18 species in Reaction system 9 when the time-step sizes are set
to 120, 720, and 1,800 hours

Problem 10. Hypothetical organic waste system

This problem was designed to demonstrate RBBGCS'’s capability of han-
dling multi-phase, multi-sorption site reaction systems. It is also to dem-
onstrate how the fate of dissolve organic waste in surface water systems
may be simulated. Figure 16 depicts the hypothetic reaction network of
this problem. The hypothetical reaction system for this problem includes
four phases: a gas phase representing air, one solid phase representing bed
sediment, and two agueous phases representing the water column and the
interstitial water between bed sediment grains. There are 10 reactions and
12 species considered. The 12 species are dissolved oxygen (DO), dissolved
organic waste (DOW), dissolved residual (RS) from the aerobic biodegra-
dation of DOW, two sorption sites (S1= and S2=) on the surface of the bed
sediment, four adsorbed species (S1=0W, S2=0W, S1=RS, and S2=RS) on
the surface of the bed sediment, dissolved organic waste in the interstitial
water (DOW)), dissolved residual in the interstitial water (RS;), and
oxygen in the air. Table 14 lists the 10 reactions taken into account in
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Figure 16. The hypothetic reaction system of Test Problem 10 (left), and adsorption of dissolved organic

waste and biodegradation residual onto sorption sites S1=and S2= from both water column and interstitial
water (right).

Table 14. Reaction system for Problem 10.

Reaction System 10

ID Formula k' k® Rate

(R1) | DO <> Oxygen 0.048  |0.0024 | 6-k'-[DO]-k" Py,

(R2) | DOW + DO — RS** 0.0014 |0 6-k"-[DOW]

(R3) | DOW+S1=¢>S1=0W |1.0 0.1 k' ([DOW])-(p,SA[S1=])—k"-(p,S,[S1=0OW])
(R4) | DOW+S2=¢>S2=0W [0.001 | 1.0x104 |k"-(9[DOW])-(p,S,[S2=])—K"-(p,SA[S2=0W])
(R5) | RS+S1=¢>S1=RS 0.01 0.01 k" -(0[RS])- (p,Sa[SL1=])— k" (p,SA[S1=RS])

(R6) | RS+S2=¢>S2=RS 0.1 0.1 k" -(6[RS])-(p,SA[S2=])-K"-(p,SA[S2=RS])
(R7) | DOW, +S1=¢>S1=0W |1.0 0.1 k'-(6,[DOW, ])-(p,SA[S1=])- K" - (p,S,[S1=OW])
(R8) | DOW,+S2=¢>S2=0W |0.001  |2.0x104 |k"-(6,[DOW,])-(p,SA[S2=])—K"-(p,SA[S2=0OW])
(R9) | RS, +S1=<>S1=RS 0.01 0.01 k" -(0,[RS,])- (p,SA[S1=])- K" - (p,SA[S1=RS])
(R10) | RS, +S2=¢>S2=RS 0.1 0.1 k"-(0,[RS,])- (p,Sa[S2=])— K" -(p,SA[S2=RS])

* E = equilibrium-controlled; | = instantaneous; K = kinetic.

** Hemond, H .F. and E .J. Fechner-Levy. 2000. Chemical Fate and Transport in the Environment. Academic Press,

433 pp.

NA = not applicable.
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the biogeochemical reaction model. Among the 10 reactions, (R1) is the
volatilization reaction of dissolved oxygen (DO); (R2) represents the bio-
degradation of dissolved organic waste (DOW) under an aerobic condition,
where RS is the residual after biodegradation; (R3) and (R4) are adsorp-
tion of DOW onto sorption sites S1=and S2=, respectively, on bed sedi-
ments; (R5) and (R6) are adsorption of RS onto sorption sites S1=and
S2=, respectively; (R7) and (R8) are adsorption of the dissolved organic
waste in the interstitial water (DOW,) onto sorption sites S1= and S2=,
respectively; (R9) and (R10) are adsorption of the biodegradation residual
in the interstitial water (RS)) onto sorption sites S1=and S2=, respectively.
Among all the adsorption/desorption reactions, the adsorption of DOW
onto S1= (i.e., (R3) and (R7)) is the fastest and DOW onto S2= (i.e., (R4)
and (R8)) the slowest.

The entire volume of the reaction system was 1.0 L. The volume of water in
water column was 900 mL, and the volume of interstitial water 20 mL.
The mass of bed sediment was 450 g. Therefore, the equivalent water
contents of the water column (i.e., ¢) and the interstitial water (i.e., g,)
were 0.9 and 0.02, respectively; and the equivalent bulk density of the bed
sediment was 2,500 g/L (= 450/(1000-900-20)). The specific surface area
associated with sorption sites S1=and S2=was 1.0 dm?2/g each. The partial
pressure of oxygen in the air was fixed at 0.2 atm. Initially, both of the
concentrations of S1=and S2= were set to 0.1 mole/dm?2; the concentra-
tion of DOW was set to 10-2 M; and the concentrations of the other species
were set to zero.

A simulation of 1,000 minutes was conducted. A sensitivity analysis indi-
cated that using a constant time-step of 0.1 minute would provide accurate
numerical solutions. Figures 17 through 19 depict the evolution of species
concentration with time during the simulation. These figures show how
the dissolution of oxygen through (R1) triggers the biodegradation of DOW
and the distributions of organic waste and biodegradation residual among
the water column, bed sediment, and interstitial water via adsorption/
desorption. From Figure 17, [DOW] drops fast in the first minute (right
plot) due to quick adsorption onto S1=, which is supported by the quick
increase of [S1=0W] (right plot, Figure 18). The continuous and small
increase of [RS] and [RS] indicates the slow biodegradation of DOW.



ERDC TR-10-5 68

Figure 17. The concentration evolution of species in the aqueous phases: from time = 0 to 1000 minutes (left) and from
time = 0 to 10 minutes (right) when the capacities are 0.1 mole/dm2 for both S1= and S2=.

Figure 18. The concentration evolution of species associated with sorption site 1: from time = 0 to 1000 minutes (left)
and from time = O to 10 minutes (right) when the capacities are 0.1 mole/dm? for both S1= and S2=.

Figure 19. The concentration evolution of species associated with sorption site 2: from time = 0 to 1000 minutes (left)
and from time = 0 to 10 minutes (right) when the capacities are 0.1 mole/dm2 for both S1= and S2=.
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Moreover, [DO] does not vary after time = 250 min, indicating that (R1)
has reached equilibrium though the other reactions have not. The stable
change of the other species concentrations also supports this. In Figure 18,
the slow drop of [S1=0W] after the quick increase in the beginning of the
simulation indicates the desorption of organic waste from the bed sedi-
ment into the water column to proceed biodegradation, which is due to the
continuous dissolution of oxygen from air. Figure 19 shows an increase of
[S2=0W] throughout the simulation, indicating that the slow adsorption
of organic wastes onto S2= also has an effect on the desorption of S1=0W.

Figures 20 through 22 depict species concentrations when the capacities
change to 0.001 and 0.002 mole/dm2 for S1=and S2=, respectively. These
figures, when compared with Figures 17 through 19, demonstrate the
influence of sorption capacity on concentration distribution.

Figure 20. The concentration evolution of species in the aqueous phases: from time = 0 to 1000 minutes (left) and from
time = 0 to 10 minutes (right) when the capacities are 0.001 and 0.002 mole/dm?2 for S1= and S2=, respectively.

Figure 21. The concentration evolution of species associated with sorption site 1: from time = 0 to 1000 minutes (left)
and from time = O to 10 minutes (right) when the capacities are 0.001 and 0.002 mole/dm?2 for S1= and S2=,
respectively.
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Figure 22. The concentration evolution of species associated with sorption site 2: from time = 0 to 1000 minutes (left)
and from time = O to 10 minutes (right) when the capacities are 0.001 and 0.002 mole/dm? for S1= and S2=,
respectively.
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4 Summary

A newly developed reaction-based biogeochemical simulator, RBBGCS, is
presented in this report. RBBGCS was designed to be a generic biogeo-
chemical modeling tool that can be used to simulate the evolution of spe-
cies concentration distribution within non-transport or batch systems.
Although it is currently incorporated into ADH to perform reactive trans-
port, it can be coupled with any transport models for reactive transport
modeling in surface and subsurface systems. We detailed the two compo-
nents of RBBGCS: a nine-step preprocessor to generate a reaction-based
DAE system automatically and systematically, and the solution techniques
used to solve the DAE system. These solution techniques include using the
Newton’s method plus a full-pivoting director solver to solve the non-
linear DAE system, choosing an adequate set of constraint equations to
deal with instantaneous reactions, and using the LR method to handle
zero-order reactions. We employed various test examples to verify and
demonstrate RBBGCS’ capabilities in simulating reaction systems of
different levels of complexity. RBBGCS is capable of effectively and effi-
ciently simulating reaction systems that contain equilibrium-controlled,
instantaneous, and kinetic reactions.

Future advancements may include the following.

1. Develops a graphic user interface (GUI) to help the user translate a system
of equations from a conceptual model to the DAE;

2. Improves the time integration scheme used for reaction computation, e.g.,

adaptive time steps;

Accounts for temperature effect;

4. Accounts for the change of phase attribute due to reactions.

w



ERDC TR-10-5 72

References

Bethke, C. M. 2008. Geochemical and Biogeochemical Reaction Modeling, 2nd edition,
Cambridge University Press, 564 pp.

Chilakapati A., T. Ginn, and J. E. Szecsody. 1998. An analysis of complex reaction
networks in groundwater modeling. Water Resources Research 34:1767—1780.

Clement, T. P. 1997. RT3D: A modular computer code for simulating reactive multi-
species transport in 3-dimensional groundwater systems. Technical Report
PNNL-11720, Pacific Northwest National Laboratory.

Fang, Y., G-T. Yeh, and W. D. Burgos. 2003. A general paradigm to model reaction-based
biogeochemical processes in batch systems. Water Resources Research
39(4):1083. d0i:10.1029/2002WR001694.

Glynn, G. M., S. E. Howington, W. L. Murphy, J. P. Hallberg, M. Zakikhani, R. S. Maier,
and B. A. Abraham. 2001. Groundwater flow and contaminant transport
modeling near the Peele Dixie well field. ERDC TR-01-7. Vicksburg, MS:

U.S. Army Engineer Research and Development Center.

Lichtner, P. C. 1996. Continuum formulation of multicomponent-multiphase reactive
transport. In Reactive transport in porous media, ed. P. C. Lichtner, C. I. Steefel,
and E. H. Oelkers, 1—-79. Washington, DC: Reviews in Mineralogy 34,
Mineralogical Society of America.

McNaugt A. D., and A. Wilkinson. 1997. IUPAC Compendium of Chemical Terminology,
The Gold Book, 2nd ed., Blackwell Science.

Neuhaus, G. W., and W. F. Maier. 1996. A general integral method for the determination
of empirical reaction rates and parameters. Chemical Engineering and
Technology 19:249—262.

Press, W. H, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery. 1992. Numerical
recipes in Fortran, 2nd ed., Cambridge University Press, 963 pp.

Rubin, J. 1983. Transport of reacting solutes in porous media: Relation between math-
ematical nature of problem formulation and chemical nature of reactions. Water
Resources Research 19:493—-502.

Steefel, C. 1., and V. P. Cappellen. 1998. Preface: Reactive transport modeling of natural
systems. Journal of Hydrology 209:1-7.

Yeh, G-T., W. D. Burgos, and J. M. Zachara. 2001. Modeling and measuring biogeo-
chemical reactions: System consistency, data needs, and rate formulation.
Advances in Environmental Research 5:219-237.

Yeh, G-T. 2001. Computational subsurface hydrology-reactions, transport, and fate.
Norwell, MA: Kluwer Academic Publishers.



ERDC TR-10-5 73

Appendix A: RBBGCS Input Guide

When the user runs the executable of the stand-alone RBBGCS, he/she
will be asked to provide a super file name. The super file is a plan text file
that includes five lines as given in the table below. Details of the contents
of both the input and auxiliary input files are given in the Sections A.1 and
A.2. The seven aqueous species example used in Section 2.2 to explain the
nine-step preprocessor is taken as an example to demonstrate the contents
included in the input and auxiliary input files.

LineID |Field1 |Field2 Description

1 INPU Input_file_name Name of the input file that defines
the reaction network of the
biogeochemical system

2 INPS Aucxiliary_input_file_name Name of the auxiliary input file that
contains data that is specified in
the ADH bc file

3 OuTP Preprocessing_output_file_name Name of the output file that
contains the preprocessing result

4 CONC | Concentration_output_file_name Name of the output file that
contains the initial and file
concentration distributions of the
specified transient simulation

5 ENDO End of the super file
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A.1 Cards in the Input File

File Comments

Field Type Value Description
1 char TI Card group identifier
2 char TLE Card type
3 char String of size 130 | Comments to describe the input file
Time Stepping
Field Type Value Description
1 char RB Card group identifier
2 char DTR Card type
3 real + Time stepping for reaction computation
Phase Names
Field Type Value Description
1 char RB Card group identifier
2 char PNM Card type
3 int + Number of phases (NPHASE)
Followed by NPHASE lines, where each line contains the following two fields for a phase
Field Type Value Description
1 int + ID of the phase being input
2 char string of size 30 | Name of the phase
Phase Attributes
Field Type Value Description
1 char RB Card group identifier
2 char PAT Card type
3 int + ID of the phase being input
4 int + Attribute of this phase:
Gas.
1 This is an aqueous phase
2 This is a solid phase
3 This is a gas phase
Phase Mobility
Field Type Value Description
1 char RB Card group identifier
2 char PMO Card type
3 int + ID of the phase being input
4 int + Indicator of the mobility of the phase:
Gas.
1 This is a mobile phase
2 This is an immobile phase
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Species Names

Field Type Value Description
1 char RB Card group identifier
2 char SNM Card type
3 int + Number of species (NCS)
4 int + Number of mobile species
5 int 0, + Number of immobile species
Followed by NCS lines, where each line contains the following two fields for a phase
Field Type Value Description
1 int + ID of the species being input
2 char string of size 30 | Name of the species
Species Attributes
Field Type Value Description
1 char RB Card group identifier
2 char SAT Card type
3 int + ID of the chemical species being input
4 int + ID of the phase that the species is associated with
5 int + Type of the species
1 This is an aqueous species
2 This is a sorbed or sorbing species
3 This is an ion-exchanged species
4 This is a precipitated species
5 This is a gas species
To be defined as needed
6 real -0, + Electric charge of the species
Species Activity Coefficient
Field Type Value Description
1 char RB Card group identifier
2 char SAC Card type
3 int + ID of the chemical species being input
4 int -0, + ID of the model used for computing the activity coefficient of the
species
-1 Activity is set to 1, e.g., for precipitated species
0 Activity coefficient is set to 1
1 Activity coefficient is computed using the Giintelberg approxi-
mation (Table 3.3, p.135, “Aquatic Chemistry” by W. Stumm & J.
J. Morgan, 2™ ed., 1981)
2 Activity coefficient is computed using the Davies approximation
(Table 3.3, p.135, “Aquatic Chemistry” by W. Stumm & J. J.
Morgan, 2" ed., 1981)
3 Activity coefficient is computed using the extended Debye-Huickel

approximation (Tables 3.3-3.4, p.135, “Aquatic Chemistry” by W.
Stumm & J. J. Morgan, 2" ed., 1981)
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4 Activity coefficient is computed using the 1% user-defined
approximation (the user-defined approximation must be coded into
the model)

5 Activity coefficient is computed using the 2" user-defined
approximation (the user-defined approximation must be coded into

the model)

To be defined as needed

int

of the species (NACP)

considered

Followed by one line th

coefficient when user-defined approximations

at includes NACP fields to represent the NACP parameters used for computing activity

are considered

Field Type Value Description
1 real -0, + 1% parameter
real -0+
NACP real -0, + NACP™ parameter
1°-Order Decay Parameters
Field Type Value Description
1 char RB Card group identifier
2 char sDY Card type
3 int + ID of the chemical species being input
4 real + 1%-order decay constant for the species
Suspected Component Species
Field Type Value Description
1 char RB Card group identifier
2 char SCA Card type
3 int + ID of the suspected component species being input
Fixed Concentration Species
Note: This species must be a component species, such that the conservation equation
associated with the species can be replaced by the equation of fixed concentration.
Field Type Value Description
1 char RB Card group identifier
2 char SFC Card type
3 int + ID of the fixed-concentration species being input
4 real + Fixed concentration for the designated species
lon-Exchange Site Names
Field Type Value Description
1 char RB Card group identifier
2 char IEN Card type
3 int + Number of ion-exchange sites (NIESITE)
Followed by NIESITE lines, where each line contains the following two fields for a phase
Field Type Value Description
1 int + ID of the ion-exchange site being input

Number of parameters used for computing the activity coefficient

Note: it is greater than zero when user-defined approximations are
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2 char string of size 30 | Name of the ion-exchange site
lon-Exchange Site Attributes
Note: It is assumed that every ion-exchange site is fully occupied by possible ion-exchanges species
< Example > Three ion-changed species: (=S — Na), (=S, -Ca), (=S, —Mg)
=> SiteCapacity =C(=S —Na)*1+C(=S,-Ca)*2+C(=S, - Mg) *2

Field Type Value Description

1 char RB Card group identifier

2 char IEA Card type

3 int + ID of the ion-exchange site being input

3 int + Number of ion-exchanged species involved in the ion-exchange

sites (NCS_IE)

Followed by NCS_IE li

nes, where each line contains the following two fields for a phase

Field Type Value Description
1 int + ID of the ion-exchanged species that is designated as one of the
NCS_IE species involved in the site
2 int + ID of the aqueous phase species that is associated with the ion-
exchanged species specified in Field 1
Reaction Names
Field Type Value Description
1 char RB Card group identifier
2 char RNM Card type
3 int + Number of reactions (NRX)
Followed by NRX lines, where each line contains the following two fields for a phase
Field Type Value Description
1 int + ID of the reaction being input
2 char string of size 30 | Name of the reaction

Reaction Attributes

Note: every reaction, whichever type it is, must be further described with a RBRR1, RBRR2, RBRE1, or RBRE2

card.
Field Type Value Description

1 char RB Card group identifier

2 char RAT Card type

3 int ID of the reaction being input

4 int 1% attribute of the reaction
This is an equilibrium-controlled (fast reversible) reaction
This is a kinetic (slow reversible/irreversible) reaction
This is an instantaneous (fast irreversible) reaction

5 int 1% attribute of the reaction

This is an aqueous complexation/speciation reaction

This is a sorption/desorption reaction

This is an ion-exchange reaction

This is a precipitation-dissolution reaction

This is a volatilization reaction

OB WINIFP|+ [ WIN|FR|+ ]|+

Otherwise
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Reaction Stoichiometry

Field Type Value Description
1 char RB Card group identifier
2 char RST Card type
3 int + ID of the reaction being input
4 int + Number of species involved in the reaction (NCS_RX)
Followed by NCS_RX lines, where each line contains the following two fields for a phase
Field Type Value Description
1 int + ID of the species corresponding to one of the NCS_RX species
involved in the reaction
2 real + Stoichiometric coefficient associated with the species specified in
Field 1
3 real -+ Indicator of whether the species specified in Field 1 is a reactant or
a product species in the reaction
-1.0 This species is on the reactant side
1.0 This species is on the product side

Reaction Rate Parameters (Case 1: based on the collision theory)
Note: RR1 card is used for an instantaneous (fast irreversible) reaction, where the logarithm values of the forward
and backward rate coefficients are usually set to 10.0 and -10.0, respectively.

Field Type Value Description
1 char RB Card group identifier
2 char RR1 Card type
3 int + ID of the reaction being input
4 real -0+ Logarithm of the forward reaction rate coefficient of the reaction
5 real -0, + Logarithm of the backward reaction rate coefficient of the reaction
Reaction Rate Parameters (Case 2: using an empirical formula)
Field Type Value Description
1 char RB Card group identifier
2 char RR2 Card type
3 int + ID of the reaction being input
4 int + ID of the empirical formula used to compute reaction rate for the
reaction (the empirical formula must be coded into the model)
5 int + Number of parameters used in the empirical formula for the

reaction (NPRX)

Followed by one line th

at contains NPRX fields to represent the NPRX parameters

Field Type Value Description

1 real -0, + 1% parameter

real -0+
NPRX real -0, + NPRX™ parameter

Equilibrium Parameters (Case 1: based on the collision theory)

Field Type Value Description

1 char RB Card group identifier

2 char RE1 Card type

3 int + ID of the reaction being input
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4 real -0+ | Logarithm of the equilibrium constant of the reaction

Equilibrium Parameters (Case 2: using an empirical formula)

Field Type Value Description
1 char RB Card group identifier
2 char RE2 Card type
3 int + ID of the reaction being input
4 int + ID of the empirical formula used to describe equilibrium for the
reaction (the empirical formula must be coded into the model)
5 int + Number of parameters used in the empirical formula for the

reaction (NPRE)

Followed by one line that contains NPRE fields to represent the NPRE parameters

Field Type Value Description
1 real -0, + 1% parameter
real -0, +
NPRE real -0, + NPRE™ parameter
Nonlinear Convergence Parameters cmi-c L
Non-linear convergence is obtained if the following inequality RTOL-maxHC”*“ c'll+ AToL <
exists for all species:
Field Type Value Description
1 char RB Card group identifier
2 char NLC Card type
3 int + Maximum number of iteration allowed for the non-linear iteration
loop used to compute biogeochemistry
4 rel + Absolute error-related parameter used to determine non-linear
convergence (ATOL)
5 rel + Relative error-related parameter used to determine non-linear
convergence (RTOL)
Concentration Constraint
Field Type Value Description
1 char RB Card group identifier
2 char CCN Card type
3 rel + Minimum chemical species concentration value below which the
chemical concentration is considered zero
4 rel + Maximum chemical species concentration value allowed for
computing reaction rates
End of File
Field Type Value Description
1 char EN Card group identifier
2 char DDD Card type
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According to the card description above, the input file for the seven species
example used in Section 2.2 may appear to be as follows.
TI TLE NTA REACTI ON SYSTEM (7 speci es)

TI TLE Last Update: June 01, 2009
RB DTR 1.0E-2

RB PNM 1
1 MOBI LE_AQUEOUS_PHASE

RB PAT 1 1

RB PMO 1 1

RBSN\M7 7 0
1 H
2 NTA
3 HNTA
4 Co
5  CoNTA
6 B
7 P

RB SAT 1 1 1 0.0EO

RB SAT 2 1 1 0.0EO

RB SAT 3 1 1 0.0EO

RB SAT 4 1 1 0.0EO

RB SAT 5 1 1 0.0EO

RB SAT 6 1 1 0.0EO

RB SAT 7 1 1 0.0EO

RB SCA 1

RB SCA 2

RB SCA 4

RBSAC1 -1 0

RB SAC 2 -1 0

RB SAC 3 -1 0

RB SAC 4 -1 0

RB SAC5 -1 0

RB SAC 6 -1 0

RB SAC7 -1 0

RB SDY 1 0. 0EO

RB SDY 2 0. 0EO

RB SDY 3 0. 0EO

RB SDY 4 0. 0EO

RB SDY 5 0. 0EO

RB SDY 6 0.0EO

RB SDY 7 0.0EO

RB R\M 7
1 EQUI LI BRI UMt CONTROLLED REACTI ON 1
2 EQUI LI BRI UMt CONTROLLED_REACTI ON_2
3 KINETI C_REACTI ON_1
4 K NETI C_REACTI ON 2
5  EQUI LI BRI UMt CONTROLLED REACTI ON_3
6 | NSTANTANEOUS_REACTI ON_1
7 | NSTANTANEOUS_REACTI ON_2

RBRAT 1 1 1

RB RAT 2 1 1

RB RAT 3 2 1

RB RAT 4 2 1

RB RAT 5 1 1

RB RAT 6 3 1

RB RAT 7 3 1

RB RST 1 3

11 -1

21-1

31 1

RB RE1 1 0.0EO

RB RST 2 3

51 -1

41 1

21 1

RB REL 2 0.0EO

RB RST 3 4

11 -1

51 -1

31 1

41 1

RB RRL 3 -1.0E0 -1.0EQ

RB RST 4 3

11 -1

31-1

61 1

RB RRL 4 -1.0E0 -1.0EQ

RB RST 5 5



ERDC TR-10-5

sy
RPRRORRNRE
Vo

A
0
RPRrARRRPRR

6 3

(<IN

6 10.0EO -10.0EO
7 4

[vellvs)
.. 33

AWORIIONORJUIWN AR
PRRR A

RB RR1 7 10.0EO -10.0EO
RB RE1 5 0. OEO

RB NLC 500 1.0E-10 1.0E-6
RB CCN 1.0E-12 1.0EO

A.2 Cards in the Auxiliary Input File

File Comments

Field Type Value Description
1 char TI Card group identifier
2 char TLE Card type
3 char String of size 130 | Comments to describe the input file

Total Simulation Time

Field Type Value Description
1 char RB Card group identifier
2 char DTT Card type
3 real + Simulation time for stand-alone reaction computation
Bulk Density
Field Type Value Description
1 char RB Card group identifier
2 char BDN Card type
3 real + Bulk density
Phase Attribute Property
Field Type Value Description
1 char RB Card group identifier
2 char PAT Card type
3 int + ID of the phase being input
4 real + Attribute property of this phase:

It is porosity associated with the phase if it is an aqueous phase
[L® pore volume/L® bulk volume];

It is surface area density associated with the phase if it is a solid
phase [L? surface area/M dry bulk];

It is porosity associated with the phase if it is a gas phase [L*
pore volume/L? bulk volume].
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Initial Concentrations of Species

Field Type Value Description
1 char RB Card group identifier
2 char SIC Card type
3 int + ID of the species being input
4 real + The given initial concentration of the species
Source Rate of Species
Field Type Value Description
1 char RB Card group identifier
2 char SRC Card type
3 int + ID of the species being input
4 int + Series 1D number for the source rate associated with the species
X-Y Series
Field Type Value Description
1 char RB Card group identifier
2 char XYS Card type
3 int + ID of the series being input
4 int + Number of data points included in the series (NPOINT)
Followed by NPOINT lines, where each line contains the following two fields for a data point
Field Type Value Description
1 real X X value of the data point
2 real Y Y value of the data point
End of File
Field Type Value Description
1 char EN Card group identifier
2 char DDD Card type

The auxiliary input file for the seven species example used in Section 2.2

may appear to be as follows.

TI TLE
TI TLE
RB DTT
RB BDN
RB PAT
RB SI C
RB SI C
RB SI C
RB SI C
RB SIC
RB SI C
RB SI C
EN DDD

NTA REACTI ON SYSTEM (7 speci es)

Last Update:

100. OEO
5EO

. 3E0
OE-2
OE-2
OE-2
OE-2
OE-2
OE-2
OE-2

~NOURWNRRR
e

June 01, 2009
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