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1.0 INTRODUCTION

This document serves as a User’s Manual for BRAGFLO Version 7.00. As such, it describes the
purpose and function of the code, the user’s interaction with the code, and the models and
methods employed by the code. Examples of user-accessible input and output files are included
for the user’s convenience.

1.1 Software ldentifier

Code Name: BRAGFLO
Version: 7.00
Platform: Oracle SUN X4-2B, Dell PowerEdge R820, Oracle SUN X6270 M2

server / SunOS 5.11 11.3 i86pc 1386 i86pc

1.2 Points of Contact
Code Sponsor: Brad Day baday@sandia.gov (575) 234-0178

Page 9 of 302

Information Only



User’s Manual ERMS# 570275
for BRAGFLO Version 7.00 January 2019

This page intentionally left blank.

Page 10 of 302

Information Only



User’s Manual ERMS# 570275
for BRAGFLO Version 7.00 January 2019

2.0 FUNCTIONAL REQUIREMENTS

The functional requirements for BRAGFLO, Version 7.00, include two additions (R.25 and
R.26) and are defined in the Requirements Document / Verification and Validation Plan /
Validation Document (Day, 2018) and repeated below.

R.1

R2

R3

R4

R.5

R.6

R.7

R.8

Input defining the problem to be run is read in, including mesh size, simulation time
specifications, and output files to be used.

The time and/or frequency of output to each output file and the variables whose
values will be output are specified in the input.

The code reads input defining the finite difference grid for the problem to be run,
including values of Ax, Ay, and Az, and elevations of grid block centers, or input
parameters that allow BRAGFLO to calculate the elevations. These input parameters
may also specify how the mesh is rotated or dipped relative to a reference right hand
coordinate system.

The default boundary conditions are no-flow conditions. BRAGFLO also allows
constant pressure (Dirichlet) boundary conditions to be applied at specified grid
blocks. The Dirichlet conditions fix the brine pressure and gas saturation at their
initial values.

The following initial conditions are specified on input at each grid block: brine
pressure, brine saturation, iron concentration, the concentration of biodegradables and
the MgO concentration.

Parameters are inputs that control the numerical behavior of BRAGFLO. These
include specifications of convergence tolerances, iteration limits, upstream weighting
control parameters, dependent variable increments used to calculate Jacobian element
derivatives numerically, and the solver to be used. Two solvers are currently
available, the original LU decomposition solver and the point successive over-
relaxation (SOR) solver, and only the original LU decomposition solver will be used
in WIPP compliance calculations.

Material maps at specified times are input. For each material, material properties are
input, including two-phase flow parameters, intrinsic permeabilities, reference
condition porosities, and compressibilities. Also specified are the relative
permeability and capillary pressure model to be used for each material. Furthermore,
BRAGFLO allows for the change of pressure and saturation values, as well as the
capability to turn off the chemistry reactions when materials change.

Relative permeabilities and capillary pressure are calculated for each material using
one of several available models including original and modified versions of the
Brooks-Corey and van Genuchten-Parker empirical relations, linear models, an open
cavity model, and a waste area-specific model. Also, some of the QA tests use
relative permeability models that are included in BRAGFLO specifically for those
tests.
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R.9

R.10

R.11

R.12

R.13

R.14

R.15

R.16

R.17

R.18

R.19

R.20

R.21

R.22

A simplified rock fracture model allows the porosity and permeability to increase as
pore pressure increases above a threshold value, simulating a fracture network. In the
absence of fracturing, the porosity may vary slightly with pressure due to rock
compressibility effects.

The Klinkenberg effect is included, allowing the gas-phase permeability to become
elevated over the intrinsic brine-phase permeability at low pressures in low-
permeability materials.

Brine salinity, density at reference conditions, and compressibility are specified by
input values, and the density of brine varies as a function of pressure.

Gas properties are given by the Redlich-Kwong-Soave (RKS) equation of state. The
WIPP compliance calculations will use a single pure gas, H.

Two primary chemical reactions are modeled in BRAGFLO: anoxic corrosion of iron
and microbial degradation of cellulosics. Both of these reactions produce gas (Hz)
and consume brine according to specified stoichiometry. Reaction rates and
stoichiometry are specified for brine-inundated conditions and for humid conditions.

The effects of salt creep, whereby the surrounding halite closes in on the waste or
other excavated regions, compressing them, may be simulated in BRAGFLO through
the use of a closure surface input data file.

BRAGFLO numerically calculates the flow of two phases, brine and gas, in porous
media as a function of time and space, using an implicit finite difference method with
variable time step control.

Well models in BRAGFLO allow simulation of wells that are completed within the
formations or porous media being modeled. The types of wells that can be
specified/modeled are constant injection or production rate wells and constant down-
hole pressure wells.

BRAGFLO simulates flow through heterogeneous as well as homogeneous porous
media.

BRAGFLO writes binary and ASCII output files. These files echo much of the input
file information as well as primary and secondary dependent variables at user

specified frequencies or at specific times. Many output variables are user selected and
defined.

BRAGFLO provides the user with an error check on the consistency with how waste
regions are specified.

Six additional chemical reactions are modeled in BRAGFLO: sulfidation of iron
hydroxide; sulfidation of iron; hydration of MgO; carbonation of MgO; carbonation
of Mg(OH); and conversion of hydromagnesite. Stoichiometry is specified for each
reaction with all necessary parameters specified in the input.

Chemical rates of all reactions are zero below a specified cutoff value in saturation
which is specified in the input.

Chemical rates of all reactions are multiplied by their respective initial concentrations
if specified by a flag in the input.
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R.23
R.24

R.25

R.26

BRAGFLO calculates the change in solid volume from the chemical reactions.

BRAGFLO allows for the smooth change in permeability of materials in time as
specified in the input.

BRAGFLO allows for the calculation of mass for up to five radionuclides in up to
two waste areas by accounting for radioactive decay.

BRAGFLO allows for the calculation of radiolysis (the radiolytic breakdown of
water/brine into hydrogen and oxygen) resulting from up to five inventory
radionuclides. Radiolysis can result from radionuclides dissolved in brine and,
optionally, from the remaining inventory of solid (precipitated) radionuclides that are
in contact with brine (wetted). The fraction of disintegration energy from the solid
radionuclides that contributes to radiolysis can be specified.
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3.0 REQUIRED USER TRAINING AND/OR BACKGROUND

In order to run the BRAGFLO code successfully, the user will need a basic knowledge of
e Solaris
» Sandia’s CAMDAT database, (Gilkey, 2006a).
In addition, users should also have access to the WIPP cluster of Solaris microcomputers.
To interpret the input to and results from BRAGFLO, users should have:
e knowledge of basic mathematics through calculus and computational linear algebra

e an understanding of two-phase flow in porous media.
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4.0 DESCRIPTION OF THE MODELS AND METHODS

Quantification of the effects of gas and brine flow on radionuclide transport for undisturbed and
disturbed conditions requires use of a two-phase flow code. For performance assessment at the
WIPP repository, the U.S. Department of Energy (DOE) uses the two-phase flow code
BRAGFLO to simulate brine and gas flow. The BRAGFLO code incorporates the effects of
disposal room consolidation and closure, gas generation from corrosion and biodegradation
reactions, brine consumption from corrosion, and inter-bed fracturing in response to gas
pressure. This section develops the governing equations for BRAGFLO, its initial and boundary
conditions, and the submodels incorporated in BRAGFLO that were developed specifically for
performance assessment of the WIPP.

4.1 One-Dimensional Fluid Flow in Porous Media

Historically, BRAGFLO was developed as a two-phase flow model for petroleum production
applications. For this reason, BRAGFLO uses terminology common to the petroleum industry.
Further details of the concepts necessary for the finite difference solution of reservoir simulation
problems are available in Peaceman (1977), Aziz and Settari (1979), and Thomas (1982).

Figure 1. One dimensional reservoir with area-normal-to-flow as a function of x.

Consider now the material balance equation governing the flow of a fluid in a one-dimensional
porous media. Figure 1 shows a one-dimensional reservoir with area-normal-to-flow as a
function of x; area = A(x). The flow streamlines will actually flare in or out due to the variable
area. However, we make the assumption that density and velocity are representative of average
properties over the area normal to flow. From the reservoir, select an element of volume of

incremental length Ax.

Let

= volume flow rate [I’/t]
= fluid density [m/I’]
mass flow rate [m/t]
= flow velocity [1/t]

= porosity [pore volume/bulk volume]

RS T R D
I

= normal cross-section area [1?]
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where the generic units are:

m = mass
1 = length
t = time.

X

Figure 2. Element of volume of length Ax.

ERMS# 570275
January 2019

The mass rate and volume rate of flow are related by g = pQ. The sign convention on Q,, is

0., > 0, injection,

0., <0, production.

(1)
@)

Also, ., = volume rate/injected volume, which implies fluid injection is uniformly distributed

over control volume AAx. Mass balance requires that

qw - 9.z t+ q.y AAX = change in fluid mass/time

where

¢., = mass injection rate/unit volume.
Now

g = (vAp)x

Gou = (VAP)x + Ax
and

rate of change of fluid mass = %(¢AAxp)
The mass balance is then
17
(v4p), —(v4p),,a, + 4, ADx = = (p42xp)

Express the area as 4 = o(x), then dividing by Ax yields

(ovp), = (avp),..,,
Ax

17
+ aqinj = Z(“(ép) .
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In the limit as Ax — 0, we get the material balance equation for one-dimensional single phase
flow

o o
2 (avp) + e, = (cho). (10)

4.2 Darcy’s Law

For the viscous flow of a fluid through a porous medium the flow velocity is related to the fluid
potential by Darcy’s Law (Darcy, 1856) a mathematical model developed from empirical data
gathered in experiments using a device similar to the one illustrated in Figure 3.

— M.Tm,

filled tube /

v

datum (h=0) Q Y

Figure 3. Experiment for illustration of Darcy’s Law.

In Figure 3, Q is volumetric flow rate, and distance is measured in the positive x-direction, from
L to L1, where the fluid pressure is P> and P1, respectively. The height above a reference datum
is . The cross-sectional area is 4, and the fluid has viscosity, z, and density, p. The
permeability of the porous medium is k. The differential form of Darcy’s Law is:

_ Tk (ﬁ‘!_’i N ﬁ)
& e )

The negative sign in Darcy’s Law indicates that flow is in the direction of decreasing pressure or
height above the datum.

The units used in BRAGFLO are

(11)

0 = ms
k = m?
A = m?
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cj’—‘ll’: = Pa/m
u = Pas
p = kgm’
dh
i = m/m
g = m/sd

Velocity is given by

oW, 5 W)
VEAT T i\ TP )
where v is called the Darcy velocity or superficial flow velocity. The quantity
QO _v_ bulk volume / time (13)

h :1;; - ¢ normal area

is called the interstitial or average linear velocity, where ¢ is the formation porosity.

The distinction between the Darcy velocity and the interstitial velocity is demonstrated in Figure
4. Assume fluid in the unit bulk volume at the left end of the reservoir is displaced by a piston
over unit time into a media with porosity ¢ = 0.20. The cubic meter of fluid will occupy 5 m® of
the porous material and the fluid will advance to a position 5 meters from the interface. The
velocity of the fluid in the bulk volume is /4, or the Darcy velocity, while the fluid velocity in
the porous material is Q/(4¢), or the interstitial velocity. For example, if a tracer element were
introduced into the porous material, it would travel at the interstitial velocity. The Darcy
velocity is the rate at which the bulk volume is transported.

« Crosses 1m2,,,

« iNnto a rock

1 m3of water ... ] .
with 20% porosity .

«ee Moving forward 5m

Figure 4. Volume versus porous media displacement.
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4.3 Permeability Tensor, Darcy’s Law, and Material Balance
in Higher Dimension

The permeability of a geological formation can be direction dependent (anisotropic). For
example, a sedimentary formation may consist of uniform sand or lime laminae of high
permeability alternating with thin, uniform layers of silty, shaley laminae of low permeability.
The large scale permeability characteristics can be approximated as uniformly anisotropic. That
is, the layered system is replaced by a homogeneous system having permeability &1 parallel to the
plane of the laminae and k2 normal to this plane. Further, the direction of the laminae may not be
parallel or normal to the formation boundary as evident in a cross-bedded structure.

Figure 5 shows two Cartesian coordinate systems (& 77) and (x,y). Suppose the principal
permeabilities are given with respect to (£ 7) system with k1 the permeability in the £ direction
and k> the permeability in the # direction. Further, assume the reservoir geometry is aligned with
respect to the (x,y) system, which implies that the fluid flow equations are to be formulated with
respect to the (x,y)-axes.

» X

o

Figure 5. Permeability with anisotropic values k1 and k: in direction £and 7

The coordinate transformation from the (£ 77) system to the (x,y) system is
x=£&cos - nsin 6 (14)a,b
y=E&sin 8+ ncos 6,

If 1 ¢ and in represent the unit vectors in the &, 7 -directions, respectively, then the Darcy

velocity vector (ignoring gravitational effects for now) is

kP~ k, P
0=_—1?§15——2%1ﬂ. (15)
H H

The coordinate transformation maps the unit vectors into
1, > cos @1, +sin 61, (16)
and

1, —>—sinfl, +cosdl,. (17)
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The chain rule gives

s siing .
é,g—cos e sin 3 18
and
£=—sin0é’£+cosﬁﬁ. (19)
on x &
Then the Darcy velocity is
V= ] 0059£+sin9£ (cosHix +sin 01 )
7 & & g
. (20)
- —sin9£+cos€é€ (— sind1, +cos 41 )
H Z & g
The vector components of the Darcy velocity are
v, = i(cosz 9@ +sin Hcosﬁﬁj —ﬁ(sin2 (99‘,—1.i —sin Hcosé’g} 2n
H & y) K 2 &y
v, = —h (sin@cos&ﬁ +sin’ Hﬁ] —k—2(— sin Hcosﬁﬁ +cos’ Hﬁj (22)
7z 24 y) K 22 @

The dependence of the Darcy velocity components on pressure gradients in both x- and y-
directions will add significantly to the complexity of the material balance equation in 2-
dimensions. A similar analysis with more complexity could be performed in 3-dimensions.

A significant simplification occurs if the directions of the permeability tensor are aligned with
the reservoir coordinate axis; that is, = 0. If 8= 0, then
—k, &P q -k, &P 23)
¥, mo—te—  gfid P, =
uo & Yoo 9
BRAGFLO makes this assumption. Thus, in three dimensions with anisotropic permeability, the
components of the Darcy velocity are

—k, P -k, op -k, P 24
v, = -, Vv, = -, Vv, = —-
&7 u g o
where k., k,, k. are input permeabilities in the direction of the corresponding coordinate axes.
When the effect of gravity is included, the components of the Darcy velocity become
—k, (P oh —k, ( &P oh —k, (P oh
v, = —=tpg—I| V,= —+pg—|, v,=——+pg— (25)
JIANZ 4 & J7IAN'Z% &y u o\ 24
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To generalize the flow equation to higher dimension, we replace the flux term with (Peaceman,
1977)

M Ox ox y7i o"y Ay oz
J | apk, (P Sh 8 | apk, apP oh 2 | apk, [ 5P Sh

= +pg— | p— b — | || =2 —t pp—
Ox| u Ox Ix 3yl u ﬁy oy Jz| u \ Oz Oz

[£] = permeability tensor,

8: O~ 2. |apk (2P VAP apk P Oh\r apk, (P Sh\¢ (26)
=|—cit——j+—k|e +pg—- +p8—— J+—;— >, Tre k

o = area normal to flow direction in one dimension (x), or
= thickness normal to flow plane in two-dimensions (x,y), or
= 1 in three-dimensions (x,y,z).

The three-dimensional flow of a single fluid incorporating Darcy’s law is
LI (T e H) | O (ﬁ @) 21306 (2, o) | +an, -2 @7
dc|: PR }+@{ PRI L v e aq,-",—at(aw)

4.4 Equation of State

From the previous section the three dimensional flow of a single phase fluid is governed by the
equation

et (@ 0] ol (@ A)] ofash(@ A\ 20, @8
dC': H (dc+pg&)}+@/{ H é/+pg@/ j|+&|: L (&+pg&)i|+aqinj_at(a¢p) ( )

This equation has two dependent variables, pressure, P, and density, p. Independent variables are

space (x, y, z) and time (). We must relate p and P and hence eliminate one of the dependent
variables. This problem is generally treated over three fluid regimes:

¢ incompressible fluid (o = constant)
» slightly compressible fluid (water, oil)
¢ highly compressible fluid (gas)

The incompressible fluid assumption is not valid for most applications and will not be
considered.

Slightly compressible fluid assumes:

3) o

T

where c is fluid compressibility. For ideal fluid ¢ = constant. Then the differential equation can
be solved as
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pP=5 exp[c(P = )] (30)

where p, is density at reference pressure P,. This is the equation BRAGFLO uses to evaluate
brine density.

Recall the series for the exponential function

e =14 X bt (31)
21 31
and if x is close to zero
e* =1+ x. (32)
Therefore, if ¢(P-P,) is relatively small, then
p= ,q,[l + c(P— Po)]. 33)

This linearization is sometimes used as an approximation to the exponential density function.
A highly compressible fluid such as gas requires a real gas equation of state

p=pP,T) (34)

which, for isothermal flow, gives density as a function of pressure. BRAGFLO uses the Redlich-
Kwong-Soave equation of state to relate gas density to pressure (Walas, 1985).

The formation rock behaves as a slightly compressible material, which yields an expression for
porosity analogous to the expression for brine density. In BRAGFLO the formation porosity is
evaluated as

$=4,exp[c,(P-P)] (35)

where ¢, is the porosity at reference pressure P, and ¢, denotes pore compressibility (note:
assuming all of the change in volume during compression occurs in the pore volume, pore
compressibility is approximated by the radio of bulk rock compressibility to porosity; hereafter,
simply referred to as rock compressibility).

With the equation of state, the material balance equation is formulated and solved in terms of a
single dependent variable, namely pressure. Note that the partial differential equation (PDE) is
nonlinear. Non-linearity occurs from several sources:

» nonlinear dependence of density on pressure
¢ product of density and pressure gradient

e product of porosity and density in accumulation term since porosity is pressure
dependent due to rock compressibility

e viscosity could be pressure dependent for gases, however, BRAGFLO treats viscosity
constant for both water and gas.

For the one-dimensional case of the equation presented at the end of Section 4.3,
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0| apk, ( P h
& &

7
S P +pg_)i|+aqmj = —g;(a¢,0), (36)

The material balance equation (PDE) requires:

Initial conditions:

P(x,00=f(x), 0<x<L (37)
and

Boundary conditions:

P0,1) =g,(2), P(L,1)=g,(t), 120 (38)
or

Zn=g0.  DLn-g0 1320 (39)

ox ¢ ox

The first type of boundary condition in which the solution is specified at the boundary is called a
Dirichlet boundary condition. The condition in which the pressure gradient is specified is called
a Neumann boundary condition. Generally, most reservoir simulations assume JP/Jx =0 on

the boundary (no-flow boundary condition). The boundary condition may be of mixed type.
BRAGFLO assumes a no-flow Neumann type boundary condition at all exterior grid boundaries.

BRAGFLO has the capability of maintaining (Dirichlet condition) pressure and/or saturation at
specified grid blocks. This allows the maintenance of initial conditions at far field locations in
the upper formations such as the Culebra.

4.5 Finite Difference and Discretization of Material Balance

Equation
Recall Taylor’s formula with remainder for a function f expanded about x,:
169 = 7Gx e L ey
£ ( » ) (x ) (n+1) ( 5) ( )n+1 (40)
(n+1)!
where £ is the interval between x and x,. Thus
f(x) = p(x) + R,(x,x,) (41)
or
&) - p(x) = R,(x,x,), (42)

where p(x) is a polynomial approximation to f and the remainder term is the error.

(n+1) :

If £*D is continuous on some interval [a,] containing, (x, x.), then f is bounded,
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|f(n+1) (x)| < M, (43)
and
) - )| < Clx = x| (44)

Therefore, as x — x., the error goes to zero like (x — x,)"*'. Consider the following derivative
approximations. First order forward difference requires the Taylor formula:

Fx) = fx,) + " (x,)(x - x,) + Ry (x,%,) (45)

Let x = x, + h, then

|/ (x, + 7) = f(x,)

_ ' _ |R2(x’ x0)| Ch2 -
- JAEA " |s .~ = Ch. (46)
The difference approximation
f1(x,) = flx, + ) = f(x,) A7

h
is said to be first order in 4. This type of approximation is used for the time derivative.

Second order central approximation:

fix, +h) =f(xa)+f'(xo)h+@h2 +R(x, x, +h) (48)
2)
f@, —h) = f(x,) = f'(x,)h+ fz—(,x")hz + Ry(x,, x, — h) (49)

where subtraction yields
f(xa +h) _f(xo - h) = 2hf(xo),+R3(xa on + h) - R3 (’xo’xo - h) ‘ (50)
This is rearranged to give:

f(xo + h) —f(xo —h) - R3(xo=xo +h) - R3(xo>xo - h)

— F! 51
2 /(%) 2h GD
which produces the estimate
|f(x, + ) = f(x, = h) cr’ )
2 ? — {7 < — = Ch". 52
I 2h f (xo) h ( )
h) — - h
Therefore, the difference approximation (x" L1 ) % 7 (x, ) is a second order

approximation to f'(x,).

Consider discretization of the one-dimensional material balance equation:
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A | apk (o”P) é
Bl Dot 3 Buelll i 53

where we assume the gradient of the depth, dh/dx is zero.

77 7/

Ay

Figure 6. Partition interval [0,L] into IM subintervals.

Space discretization requires the partition of the interval [0,L] into IM subintervals with length
Ax, i=1, 2, ..., IM, as shown in Figure 6. Consider an arbitrary grid block 7 and its neighbors i-1,
i+1 as shown in Figure 7.

Figure 7. Depiction of arbitrary grid block.

We reference the location of the grid block interfaces as
x-12 = location of interface between i-1 and i,
x+12 = location of interface between i and i+1.
For example,
Ximtj2 = Xiop + Ax_qyn- (54)

On the i grid block the partial derivative in the flux term is approximated by the 2" order
correct finite difference

e

i+1/2

Ax,

1

N

22

i=1/2 55
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The partials are approximated at the interface by the 2" order correct finite difference

kp P ok, P-P
]
Hoax) L, H X=X

i=l{2

A similar expression exists at i + 1/2. If the gridding is non-uniform, then the above
approximations are no longer 2™ order correct.

Time discretization is as shown below.
At
i i t

t, 141

Assume the solution is known at time #,, and we wish to compute a solution at time #,+1 with time
step size At = t,+1 - £,. The time discretization of the accumulation term in the i grid block uses
the first order correct finite difference

0 _(ago)!"" + (a9p);
E(WP) B At ’ =

where the superscript references the time index. The fully discretized system of equations can be
written as

(a¢p)?+l _(“¢p)? . (akp ] PP

At A\ Jin X =% (38
() B iG)en ienam
Ax,\ u iy B K l

In this equation, the time level is not indicated on the pressure and pressure dependent variables
in the flux and injection terms.

If all the pressures and pressure dependent variables in the flux and source/sink terms are
evaluated at the beginning of the time step, ¢ = ¢,, then the formulation is called explicit. If these
quantities are evaluated at the end of the time step, ¢ = t,+1 the formulation is called implicit.

The numerical solution of the material balance equation starts at initial time with specified initial
pressures. The evaluation of the pressure solution in time requires at each time step the solution
of a system of nonlinear algebraic equations for the grid block pressures. The error introduced
by the discretization of the continuum equation is called truncation error. Errors will also be
introduced in the nonlinear equation solver since it will not solve the system exactly (see Section
4.6, Newton-Raphson Method). Another source of error involves the choice of discretization. A
numerical artifact of the solution of evolution equations is that small errors introduced at early
time can either be damped with time (stable) or grow with time (unstable). The errors in an
unstable solution will usually grow large enough to dominate the solution with numerical noise.
The numerical stability of a discretization can sometimes depend of the size of the space
discretization (Ax) relative to the time discretization (Af). In this case, the method is said to be
conditionally stable.
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In the above formulations (explicit, implicit) we observe that
Formulation Advantages:
e  Explicit is simplistic computationally.
e Implicit is unconditionally stable.
Formulation Disadvantages:
* Implicit is complex computationally.
»  Explicit is conditionally stable.

The stability question dictates that the BRAGFLO formulation be fully implicit. The evaluation
of the inter-block flux coefficients at x +1/2 will be discussed in Section 4.8, Two Phase Flow.

4.6 Newton-Raphson Method for Solution of Nonlinear
Algebraic Equations

f(x)
A

Y
>

/ K‘i 'K
a x X
Figure 8. Newton-Raphson method.

Consider a real valued function of a real variable (scalar case). A root of fis a value x = a such
that fla) = 0. Let x* be an approximation to the root of f (k™ iterate approximation). Expand f{x)
in a Taylor series about x;:

k k k f @ (xk) kN2
f(x) = f(x")+ f'(x )(x—x)+T(x—x)+...=0. (59)
Replace the nonlinear root problem with the linear approximation:
G + 16 =2 =0 (60)
with solution x = x**!. Define
Gk = xF — x* (61)
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Then
PO (o)) (62)
Sf'(x")
and
U= xR &R (63)

The Newton-Raphson iteration requires an initial guess to the root. In Figure 8 it appears from
the geometry that the iteration would proceed to the root of /. If the initial guess was not close to
the solution, such as to the right of the maximum in Figure 8, then the iteration may not
converge, or it could converge to another solution. When solving the system of nonlinear
material balance equations over a time step, the solution at the beginning of the time step is used
as an initial guess for the Newton-Raphson iteration.

In general, consider a system of # nonlinear equations (64) in #» unknowns:
fl(xl,...,xn) = 0
f2(x1,...,xn) = 0

(64)
Folxy5...5%,) =0
In vector notation, the system is written
Tl s wes 230
F(x;,....x,) =|: = 0, (65)
fn(xl’ xn)
and further, if ¥ = (x, ..., x,), then, F(X) = 0 is equivalent to (64).
Consider Newton-Raphson for n = 2. Let (x1 y X ) be an approximation to the root of
Si(x1, %) = 0
So(x, %) = 0. (66)a,b
The Taylor series through linear terms expanded about (xlk , xk ) = &* are
9 g
fi(xy, x5) = fl(xl axz) + gll(xl ,xé‘)(x] - xlk) + ék—;(x{‘,xg)()@ - xéc)
ik ik
S2(x1, %) = fz(x1 ,xz) + Ezl(xl , X )(x1 = x,k) + dc—z(x{c,xé‘)(xz - x§) (67)a,b

Page 30 of 302

Information Only



User’s Manual ERMS# 570275
for BRAGFLO Version 7.00 January 2019

Replace the system of nonlinear equations in equation (66)a,b by the linear system

T (it Yat =) ¢ 2 (b - ) = (R

Lo (34t - wt) + % (&)1 - #F) = -A(%)- 68y

1

Define the change in iterate values

S, = xH 4 it

&, = xi 4+ Xk (69)a,b
Then the above linear system is written

(o + 2 (o = ()

1 2

> (s I, (. .
gj(x")axl + dc—z(x")&cz = = fz(x"). (70)a,b
The coefficient matrix
9@ Ly
CHES &
;} (%) a’k_z (%)

is called the Jacobian matrix for the nonlinear system.

Then the (k+1) iterative step of the Newton-Raphson method is

IJE6& = -FE) (72)
or

&% = - T GOHFEY) (73)
and

£ =2 + 0%, (74)

For a system of n equations in # unknowns the Jacobian matrix generalizes to

9 (3. Ofkil ®)

dcl

J&) = |° 5 (75)
T cor... In
;‘(x) FY 63)
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or
I A
J(X)i,j T & (X). (76)

J

The computation procedure in Newton-Raphson method computes the Jacobian matrix, J(%%),
and the function vector, F(%*). The matrix inversion is equivalent to the solution of a system of
linear equations which returns the changes in iterate values. The iterates are then updated.
When analytical derivatives are not tractable, Newton-Raphson uses difference quotient
approximation for partials

F, &) = fi(x,en,s Xy F By Xy ) = L1l F s Xy )

ax Ax

J J

(77

The major computational effort involves the function evaluations. The above numerical
approach to the Jacobian requires #*+n evaluations of the function f.

If the Jacobian is evaluated by an analytic derivative, then any change in the formulation of
properties would require significant code changes. Also, some properties, see Characteristic
Curves (Section 4.9), use different model descriptions with user input control. In this case it
would be difficult to implement the analytic derivative treatment. For these reasons BRAGFLO
uses the difference approximation for the Jacobian evaluation.

The modified Newton-Raphson algorithm is
J&Hex =-F&5), k=12,..., (78)

that is, the Jacobian is not updated each iteration. In BRAGFLO the user can specify from input
directives the iteration frequency for the Jacobian evaluation.

Consider now the solution of the nonlinear flow equation. The i equation represents material
balance in i grid block. Newton-Raphson iteration requires solution of the linear system

Jin Jig-- S | Py 2
o " J. o) E
“ai 2 2IM :Pz = . 2 (79)
: -
Jmi Iz v || P Iy
and p**Y = p® 4 & where Jacobian and right hand side are evaluated at &A™ iteration
pressures. If the Newton-Raphson iteration converges then
lim p® = p/™. (80)
k—>o

When testing for convergence during the Newton-Raphson iteration, the following test criteria
are applied uniformly over all grid blocks:

» Test gas saturation and brine pressure for physically real values.

e Test if the change in gas saturation over an iteration is sufficiently small.
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» Test if the gas material balance equation is satisfied.
e Test if the change in brine pressure over an iteration is sufficiently small.
» Test if the brine material balance equation is satisfied.

e Test if the changes in gas saturation and brine pressure over the time step are
sufficiently small.

See Section 7.2.7 for input parameters that specify when convergence has been obtained or that
affect the rate of convergence.

From the one-dimensional flow equations, we note the Jacobian matrix has a tridiagonal
structure

_Jll Jyp 0ceeieiiii 0 _5p1 7 -Fl y

J21_ Jzz_ ng p, 12

0-ennee Joo g Jog T goee e oo 0 [ |~ T|F 81)
hO """ Jim -1 JIMIM_-apIM- v

For both storage and computational considerations, the linear equation solver should take
advantage of the banded structure. This is true for the BRAGFLO direct solvers.

4.7 Discretization in Two-Dimensions
Consider the two-dimensional flow equation with gravitational effects neglected:
o (ok.p & o (ak,p o 7
_( ,0_2)+_( y _p)+aqmj=—(a¢p) (82)
ox\ u Ox oy \ u Oy ot
Discretized equation in 2-dimensions with implicit treatment of the well and flux terms is

(a¢P)Zjl = (a¢p)1n’1 1 _1_ (akxp)”+1 p,'n:ﬁj _ pln;—I
At Ax;

1

B Jiany; %%

_L(a_he)"” A VI (akypj"” Pl = Pl

Mg\ p iy X X Ay; N\ e Yisr oY
ak.p\""! ml
1 ( i ) Pl ~ P, @ (a) =0 (83)
ij H i,j-1/2 Yi = Yia o

A typical two-dimensional grid is shown in Figure 9.
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y

A

JM

4
b

1 2 IM

Figure 9. 2-dimensional grid.

A computational molecule or stencil is shown in Figure 10 and the stencil shows the indices of
the pressures which appear in the material balance equation for the (if) grid block.

i, j+1

i-1, .i i!j i+1! j

i, j-1

Figure 10. Computational molecule (or stencil).

With IM=5 and JM=3 in Figure 9, the number of equations is NEQ =IM x JM =5 x 3 =15.
Suppose the equations or grid blocks are sequentially indexed as in Figure 11.
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y

A

11 12 13 14 15

Y
»

Figure 11. Sequential indexing of equations.

Then the Jacobian matrix has the structure shown in Figure 12 where * entries are the only

nonzero values. This is said to have pentadiagonal band structure, with bandwidth = IBW =2 x
IM + 1 (for the example, IBW=11).

12 345 6 78 9101112131415

1 *

2 |, * *

3 * *

4 * * &

5 * *

6 | & * * *

7 * x % % *

8 * * *

9 * * % *
10 * * % *
1 * * %

12 * x ® %

13 * * k%
14 * * % *
15 * X *

Figure 12. Jacobian matrix.
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y
A
\
3 6 12 15
2 5 11 14
1 4 10 13
> X

Figure 13. A different sequential indexing.

Suppose the grid is indexed as in Figure 13. Then IBW =2 x JM + 1 (for the example, IBW=7).

Therefore, to minimize the bandwidth, BRAGFLO orders the grid blocks so that sequential
indexing proceeds first in the shortest grid direction, then in the longest grid direction. In this

casc

IBW =2 x min (IM, IM) + 1.

Storage requirements are as follows:

Full matrix storage

Band matrix storage

(IM x IM)? words of memory

= IM x JM x IBW words of memory

If IM < JM then
Band storage CxIM+DxIMxJM 2xIM+1 2
Full matrix storage (IM x JM)* C IMxJM M

For various values of JM, storage ratios are given by:

M Storage ratio
5 0.4 (40%)
10 0.2 (20%)
50 0.04 (4%)

100 0.02 (2%)
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To determine the required computational effort, assume the major effort is the
multiplication/division.

Banded structure:
multiplication/division = NEQ x IB x IB, where IB is the half bandwidth,
IB = min (IM,JM).

Full matrix:
multiplication/division = 1/3 NEQ?

A typical performance assessment grid is

™M = 33
M = 3]
NEQ =  31(33)=1023
BW =  231)+1=63
B = 3]

Computational effort

banded matrix structure 1023 (31 x 31) =983,103

1/3 (1023) =3.57 x 108,

The disparity in storage and computation between a band matrix solver and a full matrix solver is
greater in two-dimensions than in one dimension. Of course, when solving 3-dimensional
problems this disparity becomes even greater.

full matrix structure

Although the equation solver is a major part of the time step calculation, other calculations
involve evaluation of pressure dependent functions, coefficient generation, reporting and other
overhead. However, the equation solver is a good indication of the computational effort for the
time step solution. If the multiplication/division count of NEQ x IB x IB is used as a measure of
equation solver speed, then a grid refinement for which the number of grid blocks is doubled in
both the x- and y-direction (2-dimensional) would result in an increase in the number of
equations by a factor of 4 and an increase in the half bandwidth by a factor of 2. Therefore, the
computational effort would increase by a factor of 16. This estimate should warn the user that
when attempting a grid refinement, the computation (and also storage) does not depend linearly
on the grid size.

4.8 Two-Phase Flow

BRAGFLO assumes a water/gas system. Immiscible fluids are not capable of mixing and have
interfaces across which pressure discontinuities exist. This interfacial tension effect produces a
capillary pressure between phases. In BRAGFLO fluids are assumed to be immiscible.
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Phase saturation is the fraction of the pore space occupied by the fluids in a given phase. The
notation is

S, = water saturation,
S, = gas saturation.
For example, the volume occupied by water within a bulk volume ¥ with porosity ¢ is V4S,.

The saturation constraint for fully saturated media is

S.+8,=1. (84)
Capillary pressure is defined by
P, =P —-P, =PF(S,). (85)

For a water wetting phase, P. > 0.

The ability of a fluid to flow is affected by the presence of another fluid. The relative
permeability is the ratio of the effective permeability of a given fluid phase to the permeability at
100% saturation. This is written as
k
k. =L 86
rl k ( )

where £ is the formation or absolute permeability, 4 is the effective permeability of phase 1, and
k. is the relative permeability of phase 1. We observe that 0 < k1 < 1 and k,; will be dependent on
the phase saturation.

Typical relative permeability curves are shown in Figure 14, where S., is the residual water
saturation. For water saturation at or below S,,, water will not flow.

Sw 1 Sw

r
Figure 14. Typical relative permeability curve.

Darcy’s Law extended to multiphase flow replaces absolute permeability with an effective
permeability

§, = —kkT”’D(VP + pgVh). (87)
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The following system of two mass balance equations and two constraint equations is the
BRAGFLO description of the two-phase flow within a repository site:

(Gas Mass Balance:

—apg[k]k

p £ (VPg +pgth)i|+aqg +og,, =
g

Aee.s,)
Ve o1

(83)

Brine Mass Balance:

~apw[k]k,w (
M,

Ve

Agp.S..)
f

VP, + pwth):| +oq, +0q,, = aT (89)

Saturation Constraint:
S,+8,=1. (90)
Capillary Pressure Constraint:
P.=P,-P. oD

Additional terms include:

i

G rate of gas production (or consumption, if negative) due to chemical reaction.

G
The above system of four equations describes the time and space behavior of the four variables
S, S., P, P,. The finite difference method requires the introduction of a grid in one, two, or three
dimensions and then a discretization of the gas and brine mass balance equations with respect to

this grid and with respect to time. The resulting system of nonlinear algebraic equations is
solved over a time step by the Newton-Raphson method.

rate of water production (or consumption, if negative) due to chemical reaction.

The discretization of the gas mass balance equation in two dimensions (x,y) is given by

n+l

n+l Zisl ml
1 (krg)i+1/2’j |:apgk"} (CDX_ - )n+1 B (krg)i_m,j I:apgkx:l ((Dz’_ - (I);: ')n+1

_— &irl,j &ij e
8%, | X — %, He i+1/2, Y T Xim He i-1/2,
J n+l m+l n+l n+l
R (G [apgky} (o7 —ar )" (ko)1 [apgky} (0 ~o;
&ij+1 i - iLj i-j-1
W\ V=Y L M n : Vi=Via |l Mg |0 F
n+l n
agp,S ) - (a¢p S )
n+l n+l ( £ BJny LT/ 8
+ ai,j qwg,-,j + O{i,j qrg,.,j - At - 09 (92)
where @ represents the phase potentials:
(Dgi,j - Pgi,j +’Dgi+1/z,jghi'j (93)
(I);i,_j = Pgi,j * pgi—z/z,jghi.j
and
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Q;:j = Pg.-,_/ T P yuin ghi, (94)
CDJg/,_j = Pgi,j +pgr',j—-l/2 ghi,]"
Subscripts denote:
i = x-direction grid index,
j = y-direction grid index,
i+1/2 = x-direction grid block interface,
jx1/2 = y-direction grid block interface,
and superscripts denote:
n = index in the time discretization, known solution time level,
n+l = index in the time discretization, unknown solution time level.
The inter-block densities are defined by:
_ Axi+l, . Axi, J
Poons = px,_ + A, , o * Ax, +Ax,,, Fon
__ Bx, A%y, 2
Peiiny = Ax,, +Ax,, Peas * Ax,,, +Ax,, Pe.,
and
AY,; ju Ay,
Psom = mp&g + mp&,m
AV Ay, iy °6)

Similar equations for the brine mass balance are obtained by replacing the subscript for gas (g)
with the subscript for brine (w). Note that the flux and rate terms are evaluated at time level n+1,
where the solution is not yet known. Therefore, the formulation is fully implicit.

ap kX or .
Evaluation at grid block interfaces (i.e., at i+1/2 and j+1/2) of mobility [—gﬂ—y} , using

-4
harmonic averaging, and relative permeabilities (k,, ) , using upstream weighting, will be

discussed later.

For each grid block there are two material balance equations. The saturation constraint is used to
eliminate brine saturation and the capillary pressure equation is used to eliminate the gas
pressure. The remaining unknowns for each grid block are gas saturation, S,, and brine pressure,
P,. Consequently, at each time step it is necessary to solve 2 x NX x NY equations for 2 x NX x
NY unknowns, where NX and NY are the number of grid blocks in the x- and y-directions,
respectively.
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In order to investigate the Jacobian matrix structure, assume for sake of argument that NY <NX.
In this case the grid indexing moves most rapid in the y-direction and then in the x-direction. If
the number of grid blocks is denoted NGB, then NGB = NX x NY. In BRAGFLO the equation
indexing is first with respect to the gas equation, then the brine equation and outer most indexing
with respect to the grid block. For example, the equation ordering is as follows:

equation
index equation
1 gas equation in grid block 1
2 brine equation in grid block 1
3 gas equation in grid block 2
4 brine equation in grid block 2

.
o
.
2 x NGB-1 gas equation in grid block NGB
2 x NGB brine equation in grid block NGB

The unknowns are gas saturation and brine pressure. The unknowns are ordered by gas
saturation, then brine pressure and then with respect to grid block. The unknown indexing is:

unknown
index unknown
1 gas saturation in grid block 1
2 brine pressure in grid block 1
3 gas saturation in grid block 2
4 brine pressure in grid block 2

.
.
.
2 x NGB-1 gas saturation in grid block NGB
2 x NGB brine pressure in grid block NGB
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Information at the i,j grid block and its neighboring grid blocks will use the compass notation:

P corresponds to information with respect to grid block i,j

E corresponds to information with respect to grid block i+1,/

W corresponds to

information with respect to grid block i-1,/

N corresponds to information with respect to grid block i,j+1

S corresponds to information with respect to grid block i,/-1.

Assume that the i,j grid block has sequential index £. Then the Jacobian matrix has a 2x2 block
pentadiagonal structure and the resulting linear system in the Newton-Raphson iteration step can

be represented as follows

-Pl N1
SZ P2 NZ
° °
[ °
.
°
[
W,

The 2 x 2 block matrices

E, T & G,
EZ 52 GZ
® ®
L ] L ]
® ® ®
L ] [ ] L ]
® [ ] [ 3 L ]
S, P, N, E, s |~ | e,
[ ] L] ® [ ]
L ] B
L ] [ ] [ ]
[ ] ® ® ®
® L ] [ ] L ]
2 ® [ ] (97)
WNGB SNGB PNGB B _6NGB 2 _G NGB |

in the Jacobian are defined by

a\(Q,)) G.J)
&,G,j) PG, ))
P =| 5" v 98
Tl EGH)  FG) ©8)
B (7)) PG, ))
(G, J) (G, )) ) IF, (i, j) F(G,))
B(i+1,)) P(G+]1,j B.(G-1)) P(G-1,j
E, - g(l{r _J) w(l{r .J)‘ W, - 2 . _J) Al ) 'J) 99)
F, (i, 7) F,(,j) | IF, (i, j) a0, J)
B (i+L)) B(+1))) B (-1,7) P(i-1,]))
ZN) (i, J) (i, ) A G, ))
& G, j+1) P3G, j+1 & G,j-1) PG j-1
N, = (G4 A,G ) S, = (/=D G -1) (100)
F, (i, J) aF, (i, j) IF; (i, j) IF, (i, j)
&’g(l,_]'l'l) ﬂ,w(la.]'{_l) $g(l5j—1) an(la.]—l)»
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The block vectors in the unknown solution vector are

as (i,j))
_ g
%= (6&(:',]') ' el
The block vectors in the equation vector are
F@,j
G, =( 1 J.))- (102)
F2 (la .])

In the above, F denotes the left-hand side of the gas mass balance equation, and F> denotes the
left-hand side of the brine mass balance equation.

An inspection of the above discretized gas mass balance equation shows that the flux between
neighboring grid blocks involves inter-block flow terms evaluated at grid block interfaces, such
as i+1/2, i-1/2, j+1/2 and j-1/2. 1t is necessary to discuss how BRAGFLO evaluates these inter-
block flow terms.

Consider the following term in the brine equation for flow in the x-direction between grid blocks
i and i+1, with gravitational effects neglected to simplify the discussion:

(Fn), 11 (apwkx] (r,.-2,) (103)

Axi(xi+l - xi) H, i+1/2

Since pressure and saturation are determined at grid block centers x, and x.+1, the question
remains as to how to evaluate the interface term at x+1/2.

First, we define the harmonic average, H, of a1, a2, as

1 l(i N L) (104)
H 2\a a,
or
H = M. (105)
a +a,

Further, the harmonic weighted-average of a1, a2 is

L.om,m (106)
H q a,

or

g=—9% (107)
wha, + wia,

where the weights satisfy w1 + w2 = 1. Now introduce the shorthand notation

op,k,
Liei2 = ( ) . (108)

Hy i+1/2
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At the i+1/2 interface, assume the mass flux is continuous

=y _ _ _ +
9iv1/2 = 912 = div12

where
qi+1/2
9iv1/2

5
div1/2

is average flow between x; and x+1,
is flow to the left of interface,

is flow to the right of interface.

From Darcy’s Law, neglecting gravitational effects,

qi+1/2

or

9iin =

This yields

i

Similarly,

qi+l/2 =

+ —
Dz =

Ti+1/2 (krw )i+1/2 = l

1
qm/z _(Axi +Ax

P,~P

i+] i

= Ti+l/2 (krw )i+1/2

Xin — %,

P,-P

1 /2(Ax: - Axi+l)

i+l

2

P+]—Pi:

z'i+1/2 (krw)i+1/2

2.0y L= F)

Lo
2

k !Pm - E+1/z )
Ti+1( ™ )i+1/2

l Axr‘+1
2

Pressure drop is then written as

P,—-F=PF, - Pi+1/2 +(E+1/2 —Y
Then
1 1 1
E(sz + Axi+1) EAxm Esz
Gup———————lppy——————+ Gy
" Ti+l/2 (krw )i+1/2 " 7'.i+1 (krw )i+1/2 " Tl(krw )i+1/2
Solving for z,,,,, yields
TiTiv
Tivtra = Ax Ax

i+1 i

.Ax Ax b Ax Ax Fiel
FE A~ 3 i T AX
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This is the harmonic mean of z,, z,,,, weighted with respect to the distance to the interface.

i+1°
The inter-block relative permeability is evaluated by upstream weighting:

k"“m ? R"’.‘ < PWi+1
otherwise.

(km)m/z - {km 5
The following process typical in performance assessment analysis justifies this treatment of the
interblock flow term. Assume gas is generated and is displacing water from the left to the right
as in Figure 15. At the gas front, the gas pressure, P,, is highest in the i grid block. Therefore,
gas wants to flow from 7 to i+1 grid block. Although the gas is mobile (k, > 0) in the /™ block, it
is immobile (k, = 0) in the i+1" block. If the relative permeability is included in the inter-block
harmonic averaging, then z,_,,, is zero and no gas is transported. By upstream weighting the

gas relative permeability we allow the mobile gas to flow from i to i+1 block.

(118)

S> Sy S,< S,
Pg,' Pgi+1
X; X+l

i+1/2

Figure 15. Gas displacement front.

Another treatment of relative permeability is to evaluate it as an arithmetic average of the two
adjacent relative permeabilities.
(k) 0= ko, 0,

+1%rw,
where the weights sum to 1. The arithmetic average of inter-block relative permeability does not
correctly treat the following case. Suppose water is displaced from left to right in Figure 16:

(119)

Sw = Swr Sw s Swr
Pwi Pwi+1
X; Xi+1

Figure 16. Displacement of immobile water.

E

wi+l*

k, =0and k,, > 0,the inter-block relative permeability by arithmetic averaging is greater

with pressure satisfying P, > The pressure tries to move water from 7 to i+1 block. Since

than zero and the immobile water would be transported from the i block. Upstream weighting
would yield inter-block relative permeability of zero with no water transported. Thus, the
upstream weighting prevents immobile fluid from being transported. The upstream weighting of
relative permeability is controlled by input parameters.
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4.9 Characteristic Curves

Relative permeability and capillary pressure are computed from several different empirical
relations (Brooks, 1964; van Genuchten, 1978; WIPP PA, 1992a). Input directives control
choice of the characteristic curves.

The original van Genuchten-Parker model determines

Capillary Pressure:

—Vm 1-m .
- B(s;'m-1) " ifs, <1 £S5 > 5.

c

0 otherwise (120)

0 otherwise

where P, is a constant determined by equating the original van Genuchten-Parker capillary
pressure with the 2™ modified Brooks-Corey capillary pressure (discussed below) at S, =0.5.

Relative Permeabilities:

2
12 Vm \™ .
) s (1 (1-sm) ) if $, <1 iS55, .
o 1 otherwise (121)
0 otherwise
3 V20 Gum\m
(1-5,) (1-s¥m)" ifs, <1 iS58
k, = 0 otherwise (122)
1 otherwise
where the effective saturations are
S _ Sw _Swr (123)
el - 1 - Swr
and
__ 5SS (124
eZ_I_Sgr_Swr. )

In the original van Genuchten-Parker model, the effective saturation is associated with a residual
gas saturation, S,, equal to zero. BRAGFLO has the capability of using nonzero residual gas
saturation in the calculation of S, for the modified van Genuchten-Parker relations (presented

below).
The parameter m is related to the pore size distribution parameter, 4, by
A

- . 125
" 1+ A (125)
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The P, constant used in the original van Genuchten-Parker capillary pressure equation is related
to the threshold pressure, P, by

m—1

0.5(1~S,, —SM,,)T/'" 1

s (126)

wr

£ =B [

where threshold pressure is given as a function of intrinsic permeability k and linear, a, and
exponential, 77, constants

P =ak". (127)

Typical characteristic curves using the original van Genuchten-Parker model and specified
parameters are shown in Figure 17.

original van Genuchten-Parker - KRP=8 original van Genuchten-Parker - KRP=8
1.0 oy - r 10°
9’ S.,=03
LY A=07
[N m =041

0.8} 108}
< F
2 <
506} o 107}
13 -
g @

[

3 £
g o4 2 10°
b= o
- —
< o
< 38

0.2} 105+

0.0 104 L 3

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Water Saturation, S, Water Saturation, §,.

Figure 17. Relative permeabilities for the original van Genuchten-Parker model
(left plot) and capillary pressure for the original van Genuchten-Parker model
(right plot).
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The modified van Genuchten-Parker model includes residual gas saturation in the calculation of
effective saturation (S, ) applied to the capillary pressure and gas phase relative permeability.

The modified van Genuchten-Parker model determines

Capillary Pressure:
p(s)m-1)" ifs,<s,

P=|p (5" -1)" s, >S,, (128)

0 otherwise

Relative Permeabilities:

5552(1_(1_ sy’ )2 if S, <5,

5 2
k, = 5352(1—(1—S;j'") ) ifs, >SS, (129)
0 otherwise
0 if S, <8,

ke =[(1-8,) (1-8")" s, >,

F v

(130)

otherwise

Typical characteristic curves using the modified van Genuchten-Parker model and specified
model parameters are shown in Figure 18.
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modified van Genuchten-Parker - KRP=1

1.0 - ¥
‘t $,=03
) Spe = 0.2
% A=07
0.8 [ Y m=0.41
.

A s — -
= . g
‘>} “ -m kry
o 06 )

s .
£ K
& %
o4 .
= ®
= .
« .
[
0.2} |4
.
.
.
0.0 :
0.0 0.2 0.4 0.6

Water Saturation, S,

Capillary Pressure, I, (Pa)

ERMS# 570275
January 2019

modified van Genuchten-Parker - KRP=1

10°

108}

107}

10¢

10%+

0.6 0.8 1.0

Water Saturation, S,

Figure 18. Relative permeabilities for the modified van Genuchten-Parker model
(left plot) and capillary pressure for the modified van Genuchten-Parker model

(right plot).

The original Brooks-Corey model determines

Capillary Pressure:

0 ifS§, <S8,
= P .
E SI; = otherwise

Relative Permeabilities:

0 ifS, <S,

k= .
™ ISEHAE T otherwise

1 ifS <8,

¥

Note that if this option is used with P, =0, then P, is identically zero.

* (1 -8, )2 (1 — S 1) otherwise

(131)

(132)

(133)

Typical characteristic curves using the original Brooks-Corey model and specified model

parameters are shown in Figure 19.
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original Brooks-Corey - KRP=2

L0

. ¥
Sur = 0.3 “
A=0.7 <
3
08| = k| ®
am krg “
5 = s
> !
Z 06 .
§ .
E *
&
o
Lo4
2
(]
ot
[ 4
0.2}
0.0 . . h
0.0 0.2 0.4 0.6 0.8 1.0

Water Saturation, S,

Capillary Pressure, I’. (Pa)

ERMS# 570275
January 2019

original Brooks-Corey - KRP=2

10°

107t

10°

10%+

104

00 0.4 0.6

Water Saturation, S,

a2 0.8 1.0

Figure 19. Relative permeabilities for the original Brooks-Corey model (left plot)
and capillary pressure for the original Brooks-Corey model (right plot).

Two modifications of the Brooks-Corey model are available which differ in the treatment of the
effective saturation, S.. The 1% modified Brooks-Corey model uses an effective saturation, 8. s

in the calculation of capillary pressure and relative permeability.

The 1% modified Brooks-Corey model determines

Capillary Pressure:
pifS, <S,
P
2= S ifS, >S,, (134)
0 otherwise
Relative Permeabilities:
1 if S . <5,
kE, = Se(z“”)” iftS, >S,, (135)
0 otherwise
0 ifS, <S,,
ky =|(1-5, ) (1-5224) s, >3, (136)
1 otherwise
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Typical characteristic curves using the 1 modified Brooks-Corey model and specified model
parameters are shown in Figure 20.

Note that for S, > 1-S,, gas is immobile and water has 100% mobility. Also, note that the
capillary pressure curve assumes the threshold capillary pressure at S, = 1-S,.

1st modified Brooks-Corey - KRP=3 1st modified Brooks-Corey - KRP=3
1.0 — - 107
Sy =03 “ P, = 1.00e+06
5,=02 | Ser = 0.3
A=0.7 s Spe = 0.2
L [ 8 A=07
0.8 k| S 10
a —
< -- krg . g S—— PC
= ) ik
= Y <
S 06} . ¢ 107+
g . 5
£ “ a
b4 ’ £
@ . &
o4 A g 10
= o
= ¢ =
2 ! 5
0.2+ . 105+
0.0 - . 4 x :
0.0 0.2 0.4 1.0 100-0 0.2 0.4 0.6 0.8 1.0
Water Saturation, S, Water Saturation, S,

Figure 20. Relative permeabilities for 15t modified Brooks-Corey model (left plot)
and capillary pressure for 15t modified Brooks-Corey model (right plot).

The second modified Brooks-Corey model includes residual gas saturation in the calculation of
effective saturation (S, ) applied to the capillary pressure and gas phase relative permeability.

The 2™ modified Brooks-Corey mode] determines

Capillary Pressure:
P .
Sl;/l lf Sg < Sgr
P .
[:, = SIT lfSw >Swr (137)
0  otherwise
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Relative Permeabilities:

Se(f*“)/ - S, <8,
k, =|s®% i 55, (138)
0 otherwise
0 if §, <S,,
ky =|(1-5, ) (1=52%) ifs, >S,,. (139)
1 otherwise

Typical characteristic curves using the 2™ modified Brooks-Corey model and specified model
parameters are shown in Figure 21.

2nd modified Brooks-Corey - KRP=4 2nd modified Brooks-Corey - KRP=4
1.0 — 10°——
S, =03 “
Sp=02 |5
A=0.7 .
0.8} s 108}
e km |
3 —
<5 = Ky [ i
> . =
= s <
Z 06+ s < 107F
o ® =
3 % 2
E s s
@ =4
a s o
2 o4 % 2 10°
] . =
] . &
o . 8
0.2+ 105+
0.0 L 104 L i
0.0 0.2 04 0.6 038 1.0 0.0 0.2 04 0.6 08 1.0
Water Saturation, S, Water Saturation, S,

Figure 21. Relative permeabilities for 2" modified Brooks-Corey model (left plot)
and capillary pressure for 2" modified Brooks-Corey model (right plot).

For both the van Genuchten-Parker and the Brooks-Corey models, the capillary pressure function
is unbounded from the right (S, = S,.). An option is available which truncates the capillary
pressure function at the PCMAX value. The capillary pressure curve with this option and

PCMAX = 1.0 x 108 Pa is shown in Figure 22 (left plot) for the modified van Genuchten-Parker
model and in Figure 22 (right plot) for the 2" modified Brooks-Corey model.

The dependence of the characteristic curves for both the modified van Genuchten-Parker and 2"
modified Brooks-Corey models on the pore size distribution parameter A is shown in Figure 23
and Figure 24.
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When the Jacobian is calculated, derivatives with respect to saturation are taken so as not to
cross residual brine saturation, where the capillary pressure is either discontinuous or has
discontinuous derivatives, depending on which option is chosen to model capillary pressure.

modified van Genuchten-Parker - KRP=1 2nd modified Brooks-Corey - KRP=4
10° ; : 10* -
P, = 1.13e+06 P = 1.00e+06
Ser =03 S =03
iy Neog
108 =0. 108 =0. ]
m=0.41 PCMAX = 1.00e+08
= PCMAX = 1.00e+08 S
o a —
— o &
o mall T
E‘ 10 g 107L
=} p=3
Wi o
wr o
@ fod
G a
2 105 2 108
8 5
a &
(4] [
8] |9
10%} 10%}
104 ! ! 4 A i
0.0 0.2 0.4 0.6 0.8 1.0 55 0.2 0.4 0.6 0.8 1.0
Water Saturation, S, Water Saturation, S,

Figure 22. Capillary pressure for modified van Genuchten-Parker model (left plot)
and 2" modified Brooks-Corey model (right plot).
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Relative Parmeability, k.

modified van Genuchten-Parker - KRP=1
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modified van Genuchten-Parker - KRP=1

10°
108+ 1
107 P 4
i
10‘r
S =03
107} 5y =0.2 |
mem P {A =02, m=0.17, P, = 101406}
|| moms P (A= 0.7,m =041, P, = L.13e+06)
mw P2 {} =10, m =091, P, = 1.06e+06)
104 T T
0.0 0.2 04 0.6 0.8

Water Saturation, S,

1.0

Figure 23. Relative permeabilities for modified van Genuchten-Parker model,
effect of parameter m (left plot) and capillary pressure for modified van
Genuchten-Parker model, effect of parameter m (right plot).
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Figure 24. Relative permeabilities for 2" modified Brooks-Corey model effect of
pore size distribution parameter (left plot) and capillary pressure for 2"d modified
Brooks-Corey model effect of pore size distribution parameter (right plot).
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Three linear models (A, B, and D), give relative permeability and capillary pressure. The linear

model A determines

Capillary Pressure:
})r:max if SM’ S SWI'
P= B ifs, <S,
(})t - })C max )S€2 + B’ max OtherWise

Relative Permeabilities:

0 ifS, <S,
k,=|1 ifS, <S,
S, otherwise
1 ifS,<S,,
k.=l 0 ifS, <SS, .
1-S,  otherwise

(140)

(141)

(142)

Typical characteristic curves using the linear model A and specified model parameters are shown

=PCMAX.

max

in Figure 25, where P,

Linear (A) - KRP=5
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8, =03
$,=02

08| == ki,

- - k‘ry

"
z
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23
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0.0 0.2 04 06 0.8 1.0
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Figure 25. Relative permeabilities for linear model A (left plot) and capillary

pressure for linear model A (right plot).
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The linear B model determines

Capillary Pressure:
P iftS, <S,

cmax

P = P

c t

(£, = Fone)S, + F,

if §, <8,
. Otherwise
Relative Permeabilities:
0 ifS, <S,
k,=|S, ifS,<S,

w €
S, otherwise

1 ifs, <8,
k.= 0 if§,<S,.
1-S,  otherwise

ERMS# 570275
January 2019

(143)

(144)

(145)

Typical characteristic curves using the linear model B and specified model parameters are shown

in Figure 26.

Linear (B) - KRP=6

1.0 —
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*
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Figure 26. Relative permeabilities for linear model B (left plot) and capillary

pressure for linear model B (right plot).

Page 56 of 302

Information Only



User’s Manual ERMS# 570275
for BRAGFLO Version 7.00 January 2019

The linear D model determines
Capillary Pressure:
P=P (146)

4 !

Relative Permeabilities:

0 ifS, <S,,

k,=[l ifS, <S8, (147)
1 otherwise
1 ifS, <8,

k=0 ifS,<S, . (148)

1 otherwise

Typical characteristic curves using the linear model D and specified model parameters are shown
in Figure 27.
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1.0 , . T — = —_—
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== k., ] . o
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F u S
= L | Py L
2 0.6 : g 0.6
@ . 2
£ : 2
15 4 '] et
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b >3
o a =
© o
2 - 8
|
0.2} " 0.2} 4
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0.0 0.2 04 0.6 08 10 0.0 0.2 0.4 06 0.8 1.0
Water Saturation, S, Water Saturation, S..

Figure 27. Relative permeabilities for linear model D (left plot) and capillary
pressure for linear model D (right plot).

In running BRAGFLO, the capillary pressure-saturation relationships were typically turned off in
waste-filled regions because they caused the solver to take very small time steps around

S, ~S,,. When the Jacobian is calculated, derivatives with respect to saturation are taken so as

not to cross residual brine saturation. Nonetheless the Newton-Raphson solver can have
difficulty finding a solution around the discontinuous derivative in capillary pressure when
capillary pressure is capped at PCMAX. In past calculations this problem occurred when iron
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corrosion (which consumes water) reduced the saturation below residual saturation in the waste-
filled regions.

To remedy the numerical problem due to the discontinuity in capillary-pressure, an additional
Brooks-Corey model modification for waste areas is implemented in BRAGFLO. In this model,
the capillary pressure is calculated using a modified saturation,

¥ Sw_(Smin_Seffmin) :| }
S, =max| min ol |8 (149)
[ |: I_(Smin _Seffmin) 7

where S,

n

is a cut off in saturation that is considered numerically dry (see Section 4.13.1) and
S min 1S @ small tolerance which pushes the singularity in the capillary pressure equation to a
saturation slightly below S__ .
The waste area modification model determines
Capillary Pressure:
R=gir (150)

Relative Permeabilities:

Q304 s
Se1 it § " <8 o

k., :Sjl““)’ S S,>S,, (151)
0 otherwise
0 if Sg <S -
ke =|(1-5, ) (1-5¢#7) ifs, >S,, (152)
1 otherwise

where the effective saturations are restricted as

S, :mw{min[ﬁ,l}o (153)
' I_Swr m
and
S_ = max| min MJ ,0 (154)
’ I_Sgr_SWr

Typical characteristic curves using the waste area model and specified model parameters are
shown in Figure 28.
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Waste Area Modification - KRP=12 Waste Area Modification - KRP=12
1.0 10°
P, = 1.00e+06
S =03
S, =0.2
0.8+ 108 A=07
Sin = 0.015
. E Sf]jmm = 0.001
Zz = - P
S 06} ; 107+ £
3 g 10
g @
5
a a.
204 2 105
s 8
5 T
& 8
0.2} 103+
0.0 — " & e 104 ' L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Water Saturation, S, Water Saturation, §,.

Figure 28. Relative permeabilities for waste area model (left plot) and capillary
pressure for waste area model (right plot).

Previously, in BRAGFLO, an inconsistency occurred during the -5 to 0 year operational period
during which BRAGFLO is run. During this period the operational areas were modeled as open-
completely-saturated cavities with porosity equal to 1. If capillary pressure were turned on
during this period, the model would predict significant capillary-pressure effects on the relative
permeabilities, although the open repository is not completely saturated and does not have
significant capillary pressure effects on pressure or permeability. A model to remove capillary-
pressure effects from the relative permeabilities for open cavities is implemented in BRAGFLO.
In this model, the capillary pressure is set to zero and the relative permeabilities decrease from 1
to zero linearly between the residual saturations (brine and gas) and the residual saturation plus a
tolerance.

The open cavity modification model determines

Capillary Pressure:
P =0 (155)
Relative Permeabilities:
0 if S, <S,,
1 it S, <S,
k. = % ifS, <S5, +S,, (156)
1 I8, 28, +8,
1 otherwise
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1 ifS, <8,
0 ifS, <S§,
1 itS, <S8, +S,,
k, = S _g (157)
£ & if S, <S8, +S,
tol
1 otherwise

where S, is given below and fo/ is a tolerance over which the relative permeability changes
linearly from zero to 1,

Sy =tol(1=S, ~S,). (158)

wr

Typical characteristic curves using the waste area model and specified model parameters are
shown in Figure 29.
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Figure 29. Relative permeabilities for open cavity model (left plot) and capillary
pressure for open cavity model (right plot).

4.10 Pressure-Induced Fracture Treatment

Most fluid flow models for porous media, such as BRAGFLO, allow for coupling to the
mechanical system (rock matrix) through the introduction of pore compressibility (i.e., bulk rock
compressibility / porosity; hereafter, referred to as rock compressibility), which is defined as the
relative rate of change of porosity with respect to pressure
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c_Lldé (159)
¢ dP
where
C = rock compressibility,
¢ = porosity,
P = pore pressure.

For constant compressibility, porosity can be expressed as a function of pressure

¢=¢, exp|C(P-P) (160)
where ¢, is the porosity at reference pressure, P..

The fracture treatment in BRAGFLO (Key, 1994) allows for pressure induced alterations to the
porosity by introducing a pressure-dependent porosity. Figure 30 shows the piecewise linear
rock compressibility function. Below an initiating pressure, P,, compressibility is a constant
intact value, C.. For pressures above P, the compressibility increases linearly to a fully altered
compressibility, C., at the fully altered pressure, P.. For pressures above P, no further alteration
occurs, which implies that C = 0.

Intact Alteration Fully Altered
Zone : Zone : Zone
I |
! |
ca p== |
[ |
: |
Q [ |
£ | :
4 | |
§ ® | |
e 8 | |
o

5 | | C=0(P>Py)
o | |
| !
| I
| I
| I
| !
C — [
I ]
P P

i a
Pore Pressure

Figure 30. Pressure dependent compressibility.

The porosity can now be computed from the compressibility definition giving
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[¢0exp[Ci(P—P0)] PSPil
c,-C)P-rY
¢ = ¢Oexp{Ci(P—P0)+ ((P:—P,-I))( = ) } P<P<P, (161)
b P <P

BRAGFLO input requires the pressures P and P, and the porosity at the fully altered conditions,

¢, be specified. From this information, the fully altered compressibility, C,, is determined as

ca=c,[1—2(P“_Po)}+ 2 ln(¢“} (162)

P-P | (p,-P) \4,

The BRAGFLO fracture treatment further allows for change in the fracture material
permeability. The often-used parallel plate analogy for flow in fractured rock suggests the form

kii = {%:I (163)
where

k = permeability of altered material,

k = permeability of intact material,

¢ = porosity of altered material,

i = porosity of intact material,

n = an empirical parameter.

The altered permeability model requires as input #. Also, the anisotropic nature of permeability
is specified for the fracture materials.

A geometric realization of the pressure-dependent porosity and permeability within a fracture
material is shown in Figure 31.

In a system where gas is displacing water, the fracture treatment can influence the gas migration
distance. At elevated pressure, the increased porosity will produce more storage with
corresponding shorter gas migration distance, while the increase in permeability will enhance the
fluid mobility with resulting longer gas migration. The net effect will depend on the relative
magnitudes of the storage and permeability effects.
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Figure 31. Pressure dependent porosity and permeability.

4.11 Creep Closure

The excavation of the WIPP will result in the plastic deformation of the salt material (creep) and
resultant closure (creep closure) of excavated areas. The principal effect of this closure for
performance assessment is its effect on repository pressure due to the reduction in void volume
accompanying creep closure. Accordingly, creep closure is represented in BRAGFLO by
changing the porosity of the waste disposal area in a manner consistent with expectations
developed from detailed modeling studies. Detailed modeling studies used the code SANCHO
(Butcher et al., 1995), and more recently, SANTOS (Park and Hansen, 2003), to develop time-
and pressure-dependent predictions of waste disposal area void volume. Pressure variation was
consistent with variation in the gas generation rates possible in the waste disposal areas. The
results were used to develop a look-up table of porosity as a function of time and waste disposal
area pressure that is used in BRAGFLO to vary waste disposal area porosity. Essential features
of the look-up table (porosity surface) are shown in Figure 32.
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Disposal Room Porosity

Figure 32. Pressure driven porosity function generated from SANTOS structural
mechanics code.

The surface is generated by a family of f factors which is representative of the level of gas
generation. The value of = 1.0 corresponds to 2 moles of gas per drum per year for 550 years, 1
mole per drum per year from 550 to 1050 years, and zero gas generation after 1050 years. For
each f factor the above rates are scaled by f. Four porosity surfaces or “look-up” tables are
available as discussed in the Section 7.2.11. For compliance calculations the porosity “look-up”
is done on a grid block scale and uses grid block pressure.

4.12 Klinkenberg Effect

For gases in a tight porous material at low pressures the boundary condition of zero gas velocity
at the solid surface is not satisfied (Klinkenberg, 1941; Corey, 1990; WIPP PA, 1992a). This
phenomenon has been called gas slippage and results in a larger gas velocity. This slipping of
the gas flow contributes to an apparent pressure-dependent increase in permeability, which was
originally observed by Klinkenberg. A correction to the formation permeability to the gas phase
is related to pressure by

k,=k,(1+b0 &,/ P) (164)
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where

k, = formation permeability to gas [m?],

k., = formation permeability to water [m?],

ab = formation dependent constants,

P = pressure [Pa].

The constants a,b are input. The recommended values found in the BRAGFLO User’s Manual
are from a tight gas/sand correlation. Figure 33 shows the gas phase permeability as a function
of pressure for a family of k, with a=0.33 and b = 0.98.

100 C T T TYRT] =T v T T

llilllj

Fl&

g povpaygl AN E S

0.1 1 10 30
Pressure (MPa)

Figure 33. Increase in gas phase permeability due to Klinkenberg effect.

4.13 Chemistry Model

Within BRAGFLO there are chemical reactions (Table 1) with the effect of
consuming/producing brine and gas. In BRAGFLO, the kinetics of most chemical reactions are
assumed to be zero’th order.

4131 Wicking and the Effective Saturation

Brine-consuming reactions such as anoxic iron corrosion and MgO hydration tend to dry out the
waste-filled regions of the repository. MgO hydration tends to dry out the repository quickly
because the rate of hydration far exceeds the rate of brine inflow. The BRAGFLO code and the
underlying models (being a two-phase porous media flow code) cannot simulate completely dry
(Sw=0) cells. Furthermore, there is no reason to believe that MgO hydration will stop at the
residual brine saturation since MgO hydrates under humid and inundated conditions. Thus, to
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accommodate MgO hydration and allow the code to run, a lower cut off in saturation Sy, in the
waste filled areas that is considered numerically dry is implemented. This cut off is to be chosen
small enough such that the amount of water in the waste filled areas at the cut off is small, but
large enough to prevent numerical difficulties. Below this saturation MgO hydration,
biodegradation, and iron corrosion ceases. The parameter S,,» shows up in the subroutines
PROPS and PROPSI, which calculate the properties of the grid or a single cell, respectively. In
these routines an effective saturation Sy is calculated and sent to each of the chemistry routines
which calculate the rates of reactions, based on the effective saturation (not the actual saturation).
The effective saturation is calculated from,

S,y = Max [Min (SW —S, . +8,., {1 — exp[200a (Max (S, -,,,,,0))’ ]} ,1) , 0] ., (165)

where factor «zis ALPHARXN, and S... is SATWICK.

The value of Sz goes to zero as Sy approaches Smin. The factor of 200 in the exponential
function was chosen to make the difference small away from Ses=0. The term (S, —
Smin)? insures that the value and first derivative of Seyare continuous around Se=0. The
parameter Suin is also used in determining the capillary pressure in the waste filled areas,
as described above in Section 4.9. The parameter Syi» enters BRAGFLO through the
input file as SOCMIN. Equation (165) and its derivative are illustrated in Figure 34.

Effective Saturation (example) Effective Saturation (derivative)

1.0 ; y 200 : -
| SOCMIN = 1.50e-02 ||
SATWICK = 5.00e-01||
! ALPHARXN = -1000 ||
0.8} 4 —
g 150 {

| i

0.6 <5
5 = 100 i
] T 1
1 o q
0.4 i k1 !
H 1
|
- |
! 50 I
0.2} SOCAHN = 1.50e-02 | !
SATWICK = 5.00e-01|| 1
ALPHARXN = -1000 || ‘
— ! ‘
0.0L— : = | 0 L |
1073 102 10! 10° 1072 102 10t 10°
S S

Figure 34. Effective saturation (left plot) and derivative (right plot).

4.13.2 Stoichiometry Matrix

In BRAGFLO Version 6.0 and above the stoichiometric coefficients for the chemical reactions
have been reorganized into a single matrix S(L,J); stoichiometric coefficients are dimensionless.
This matrix is organized as follows: I represents the reaction and J represents the individual
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compound, which are given below in Table 1 and Table 2. A positive value of S(I,J) represents
production, and negative represents consumption.

Table 1. Stoichiometric matrix S(I,J) row number | and corresponding reaction

Index (I) | Reaction

Anoxic corrosion of iron

Microbial gas generation

Iron hydroxide sulfidation

Metallic iron sulfidation

MgO hydration

Magnesium hydroxide (brucite) carbonation

MgO carbonation

N (N (B W N e

Hydromagnesite conversion

Table 2. Stoichiometric matrix S(l,J) column number J and corresponding
compound

Index (J) | Compound
1 H»

2 H,O

3 Fe

4 Cellulosics
5 Fe(OH)2

6 FeS

7 MgO

8 Mg(OH),

9 Hydromagnesite
10 MgCOs

The individual reactions are described below.

4.13.3 Iron Corrosion
In WIPP PA, the anoxic iron corrosion reaction is modeled as:

Fe(s) + 2 H20(g,1) — Ha(g) + Fe(OH)a(s) (166)
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In order to account for the material balance of brine and gas, the rate of reaction must be
specified. BRAGFLO assumes iron corrosion reaction rates are zero order (constant). However,
BRAGFLO recognizes a different reaction rate if the steel is in contact with liquid brine
(inundated condition) or if the steel reacts with brine in the gas phase (humid condition). The
input directives describing the two reaction rates are

RK(1) = brine inundated corrosion reaction rate [gm-mol Fe/m%/s],

HF(1) = factor multiplying RK(1) to get humid corrosion reaction rate.
We introduce the notation

Ko = RK(1), inundated reaction rate,

Ky = HF(1) x RK(1), humid reaction rate.

The portion of steel in contact with brine is assumed to react at the inundated rate, while the
portion of steel in contact with gas reacts at the humid rate as long as some liquid phase brine is
present to be in equilibrium with the brine in the gas phase. The fraction of steel in contact with
brine in a grid block is assumed equal to the volume fraction of brine in the pore space, S..
Similarly, the fraction of steel in contact with gas is equal to the volume fraction of gas, (1-S,).
Thus, the effective corrosion reaction rate becomes

Kc=KcrSyw + Ker (1- Sw). (167)

413.4 Microbial Gas Generation

In BRAGFLO, the biodegradation reaction assumes microbial consumption of cellulose,
CsH100s, with hydrogen gas as a product

CsH100s(s) + microbes — Ha(g) + unknowns, (168)
The major pathways for biodegradation include the following reactions:

CsH100s(s) + 4.8 H'(aq) + 4.8 NO3'(aq) — 7.4 HO(1) + 6 COx(g) + 2.4 Na(g) (169)

CeH100s(s) + 6 H'(aq) + 3 SO4*(aq) — 5 H20(I) + 6 COx(g) +3 HzS(g) (170)

CsHi100s(s) + H2O(g,l) — 3 CHa(g) + 3 COx(g) (171)

These reactions are assumed to proceed sequentially, consuming the limited amount of nitrate
(NO3’) and sulfate (SO4%) in the repository. Currently, it is assumed that there is sufficient
sulfate in the surrounding rock to consume all the cellulose, and hence reaction (171) is not used.

Reaction rates for biodegradation are analogous to the iron corrosion reaction rates; that is, rates
are specified for both inundated and humid conditions. The input directives describing the two
reaction rates are

RK((2) = brine inundated biodegradation rate [gm-mol [C¢H100s]/6 /m>/s]
HFQ2) = factor multiplying RK(2) to get humid biodegradation rate

and are used to determine the overall biodegradation rate K3 in the same way RK(1) and HF(1)
are used to determine the overall corrosion rate,

Kg = Kp1 Sw + Kpu (1-Sw), (172)
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where
Ky RK(2), inundated reaction rate,
K HF(2) x RK(2), humid reaction rate,
and Se from equation (165) is sent to the subroutines BIOSAT and BIOHUM as Sy.

When cellulosics are degraded by sulfate reduction, hydrogen sulfide (H2S) is produced. The
reactions of iron and its corrosion products with H2S are modeled as,

Fe(s) + HaS(g) — FeS(s) + Ha(g), (173)
Fe(OH)a(s) + HaS(g) — FeS(s) + 2 H20()). (174)

The effective rates of iron sulfidation are calculated by the subroutine BIOFES. It is assumed
that these reactions are much faster than the biodegradation and effectively happen
instantaneously such that the rate is calculated as the biodegradation rate multiplied by a factor,

Kres = RXH2S K3, (175)

where the factor RXH2S is the ratio of moles of HaS produced per mole of carbon generated by
the biodegradation. For example, with no nitrate in the repository, only reaction (170) would be
used and RXYH2S would be calculated as 0.5. It is assumed that reaction (174) kinetically
dominates reaction (173) if iron hydroxide is available. If iron hydroxide is not available, it is
assumed that equation (174) occurs. This is rarely used since iron corrosion is generally faster
than biodegradation but is included for completeness.

4.13.5 MgO Hydration and Carbonation

In BRAGFLO the subroutine CORMGQO calculates the effective rate of MgO hydration to form
brucite, Mg(OH)2, under inundated and humid conditions

MgO(s) + H20(g,1) — Mg(OH)a(s). (176)

This routine takes as input the base rates of hydration of MgO under humid (BRUCITEH) and
inundated (BRUCITEI) conditions, which enter BRAGFLO through the input file. If water is
present, the humidity of WIPP is an assumed constant at 70% relative humidity (see Section
1.10.3 of Brush, 1990). The rate of MgO hydration is calculated analogously to the previously
discussed chemistry rates under inundated and humid conditions,

Kugom2 = BRUCITEI Sy + BRUCITEH (1-Sv), (177)
where S.z from equation (165) is sent to the subroutine CORMGO as Sw.

The subroutine BIOMGO has been added to calculate the rate of brucite carbonation to
hydromagnesite, Mgs(CO3)4(OH)2:4H20,

5 Mg(OH)a(s) + 4 COx(g,aq) — Mgs(CO3)a(OH)2:4H,0(s). (178)

It is assumed that this reaction is much faster than the biodegradation and so it effectively
happens instantaneously such that the rate is calculated as the biodegradation rate multiplied by a
factor,

Krnypro = RXCO2 Kp, (179)
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where the factor RXCO?2 is the ratio of moles of CO> produced per mole of carbon generated by
the biodegradation. For example, using reactions (169) and (170) gives a RXCO?2 of 1.0. In the
event that there is production of CO2, but no brucite available, the BIOMGO subroutine will
convert MgO directly to magnesite. This is rarely used since MgO hydration is generally faster
than biodegradation but is included for completeness.

Since hydromagnesite is not thermodynamically stable under repository conditions, it is expected
to dehydrate to form magnesite. The subroutine HYDROCONYV calculates the rate of
hydromagnesite conversion to magnesite, MgCOs,

Mgs(CO3)4(OH)2:4 H,O(s) — 4 MgCOs(s) + Mg(OH)u(s) + 4 H.0(1). (180)

This routine takes as input the intrinsic rate of hydromagnesite conversion (HYMAGCON),
which enters BRAGFLO through the input file. The rate of hydromagnesite conversion is
calculated as the product of the intrinsic rate and the hydromagnesite concentration, Crypro,

Kwmgcos = HYMAGCON Chrypro, (181)

4.13.6 Rate Smoothing and Tapering

In BRAGFLO, an additional smoothing is performed on the total (inundated+hydrated) rates of
all chemical reactions,

K =K(1-Exp(aC/C,)), (182)

smoothed

where K is the unsmoothed rate of a reaction described in Subsections 4.13.3-4.13.5, C is the
concentration of the species being produced (or destroyed) by the reactions described in
Subsections 4.13.3-4.13.5, C; is a initial concentration of a relevant compound, and a is
described in Section 4.13.1. For all MgO reactions (hydration and carbonation) the initial
concentration of MgO is used for Ci. For all iron reactions the initial concentration of iron is
used for Ci. For all biodegradation reactions the initial concentration of cellulosics is used for C:;.
This smoothing prevents a discontinuity in the first derivative of the rates when a reaction runs
out of a reactant (other than water which is handled by equation (165). This is necessary because
most of the reactions in BRAGFLO are assumed to be zero’th order and some reactions will
continuously have and run out of reactants, such as brucite carbonation, and sulfidation of iron
hydroxide.

In BRAGFLO, the initial concentrations of cellulosics, iron, and MgO, are stored on a cell by
cell basis in the arrays CONCBIOI, CONCFEI and CONCMGI respectively. This is
accomplished in the subroutine STOREINT. The initial concentrations enter BRAGFLO
through the input file.

In BRAGFLO, all of the chemistry rates are tapered in the event that a reaction will run out of a
reactant (other than water) in the middle of a time step. If given the current time step and current
concentrations, a reactant will be used up in the current time step, the rate is adjusted so that the
reactant will have zero concentration at the end of the time step.

413.7 Solids Production

In BRAGFLO, the volume of solids produced (or consumed) from the chemical reactions
discussed in Section 4.13.3 through 4.13.5 are calculated.
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The total volume of solids produced (or consumed), as normalized by cell volume, is calculated
from the concentrations of species 3 through 10 in Table 2 and the concentration of salt produced
by dehydrating brine minus the initial concentrations

9
AV =) AV,
=, (183)
where

AV, = (C,, - C0,)/ DEN(i) (184)

Ci, is the concentration of species i at time t (in kg/m?), C0; is the initial concentration of species
i, and DEN(i) the density of species i, which is part of the RXN common block. The index and
identity of the species in this subroutine is given in Table 3.

Table 3. Index and corresponding compound in density array DEN

Index | Compound
Fe
Fe(OH),
FeS

cellulosics

MgO

Mg(OH),
Hydromagnesite
MgCO;

Salts

O |0 NN [ R W N e

4.13.8 Reaction Path Model

Another gas generation model is the reaction path model. This model considers a much larger
number of possible reactions that could take place within the WIPP repository. Although it is
still an equilibrium reaction model, it can account for the different paths that a sequence of
reactions could follow. Input and output for the model is implemented, together with a multi-
component gas transport scheme (see Section 7.2.13), but the reaction path model has not been
validated and will not be used in compliance calculations.

4.14 Linear Equation Solver

Each iteration step in the Newton-Raphson method requires the solution of a system of linear
equations. Linear equation solvers fall into two general categories: direct or elimination type
solvers and iterative solvers. Algorithms for direct solvers involve a finite number of arithmetic
steps to produce the solution. Solution error in a direct solver occurs from round-off error in the
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arithmetic operations, which is a result of the finite word length representation of any number on
a computer. BRAGFLO is written with double precision word length which produces floating
point number representation of 64 bits or approximately 15 significant digits on a single word
length machine. BRAGFLO has a direct solver available which uses LU-decomposition.

For large-scale problems, accumulation of round-off error in a direct solver can swamp the true
solution. Also, storage and computation time may become prohibitive for direct solvers.
Iterative solvers are generally advantageous over direct solvers when the problem size becomes
large. There are many iterative solvers found in the numerical literature. BRAGFLO includes a
successive over relaxation (SOR) solver. Iterative solvers have the disadvantage that the solution
depends on the convergence of an iterative procedure. For this reason, direct solvers are more
simplistic in concept and application.

For performance assessment work, the original LU-decomposition method is used exclusively. It
has been found from experience that the iterative solver (SOR) is not robust enough to
successfully solve many of the performance assessment problems.

A description of the LU-decomposition algorithm will be presented. The method will be
demonstrated with a small (4 x 4 matrix) example. The objective is to write the coefficient
matrix (Jacobian matrix) as a product of two matrices,

LU=A (185)

where L is lower triangular (has non-zero elements only on the main diagonal and below) and U
is upper triangular (has non-zero elements only on the main diagonal and above). It is further

possible to require the diagonals of L to be equal to one. If A =(a,), L = (&) and U = (f)), then
for the case of a 4 x 4 matrix the decomposition would look like

1 0 0 0\ By Bn Bs By a, ap 43 4y
ay 1 0 0 0 B, Byn Bu _ Gy Ay Uy Gy

a, a; 1 0 0 0 By By a3 Az iy dy

|
Ay Ay Ay 1 0 0 0 B Ay 4y 4y Ay

(186)

For example, it can be checked by matrix multiplication that the following is an LU-
decomposition of the given 4 x 4 matrix:

1 00011 1 1 1771 111
210 0flo3 3 3| |=2111
0 11 ollo o -2 2|03 11
1 11 1//0 0 o 4] |1 4 2 6

If the LU-decomposition of the matrix A is known then the solution of the system of equations
Ax = b can be written as

Ax = (LU)x =L(Ux)=b. (187)
The solution is obtained by solving for the vector y such that
Ly=b (188)

and then solving
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Ux=y. (189)

The advantage of decomposing one linear set of equations into two successive sets of equations
is that the solution of a triangular set of equations is an easy substitution calculation. Recall for
the Modified Newton-Raphson method the Jacobian matrix is not updated every iteration; while,
the right-hand side of the system of equations is recalculated each iteration. Once the LU-
decomposition of the Jacobian matrix is obtained, the Newton-Raphson iteration step is
accomplished by solving the system Ly = b with updated right-hand side vector b by applying
the forward substitution algorithm

b
y = —— (190)
&y
1 i=1
y, = — bl.—z @y, i=23 ..., N (191)
;i j=1
and then solving the system Ux =y with the back substitution algorithm
YN
Xy = (192)
By
1 N
X = —\y - > Byx;| i=N-1,N-2,..,1. (193)
Bii j=i+l

Given the coefficient matrix A consider the computation of the decomposition matrices L and U.
The (i,7)th entry in matrix A will be the inner product of the ith row of L. with the jth column of
U. If the triangular structure of L and U are considered, then the resulting product is described
by the two cases,

i

S aby e il

i1 (194)
J

Z (Zlkﬂ,g = ay i = J + 1, ceey N

k=1 (195)

Crout’s algorithm (Maron, 1982) solves the equations for the «’s and s by arranging the
equations in a certain order. The algorithm is sequential over columns from 1 to N. For the jth
columnthe S, to B, are computed from linear system (194) by

i1

By =a; - Y auby fori =1,..., j (196)
k=1

followed by the solution of &, ; to a,; from linear system (195) by

JHJ

J—=1
a, = ﬁL[aj -3 a,.kﬂkj) fori=j+1,...,N. (197)
Ji k=1
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The following example will demonstrate that the «’s and S’s that occur on the right-hand side of
equations (196) and (197) are already determined by the time they are needed.

Within BRAGFLO the LU-decomposition is done within the band structure of the Jacobian
matrix. This is crucial for efficient computation. Therefore, the above algorithms must be
modified to work only within the bandwidth of the Jacobian matrix. Further, only the band
structure is stored in the BRAGFLO treatment. This allows considerable saving in the storage
requirement. Finally, BRAGFLO implements a partial pivoting (row interchanges) which
reduces the round-off errors in the arithmetic and is essential for the numerical stability of
Crout’s method.

Now consider the example with

1 11
2 1 1 1

A= (198)
0 301 1
1 4 2 6

Starting with the first column we solve for fi1= 1 from equation (196) where the sum is taken to
mean zero. Equation (197) is then used to solve sequentially for o21 = -2, a31=0, and as1= 1.
We now proceed to the second column and from equation (196) compute sequentially Six= 1, (2
= 3. Now from equation (197) we compute a32= 1 and ou2 = 1. This procedure is continued for
the 3rd and 4th columns with the resulting L and U given by the example stated earlier in this
section.

Now suppose the solution of the system Ax = b is required given right-hand side vector b = (4, 1,
5, 13)T. We first solve the system Ly = b by the forward substitution algorithm. The system is

1 0 0 0][n] [4
21 0 0f|lym| |1
0 1 1 0f|ly]| |5
11 1 1)|y,| [13

Forward substitution from the first equation to the fourth equation yields y = (4, 9, -4, 4)T. We
then solve the system Ux =y. The system is

11 1 1][x] [4
03 3 3|[x| |9
0 0 -2 -2|[x;| |4
00 0 4]/xq| |4

Back substitution from the fourth equation to the first equation yields x = (1, 1, 1, 1)™.

4.15 Model Geometry

The mesh used in the BRAGFLO simulations incorporates radial flow phenomena at large
distances from the repository and includes the full accessible volume available for multiphase

Page 74 of 302

Information Only



User’s Manual ERMS# 570275
for BRAGFLO Version 7.00 January 2019

flow. Time and cost constraints currently preclude a full three-dimensional representation of the
repository and surrounding strata, so a two-dimensional approximation to the actual geometry is
made, as described in WIPP PA Department (1992b).

4.16 Well Models

Well behavior is described by an inflow performance relation:

q, =—£%’Io’k”(f’, -P,)., (199)

where

l = phase index (I = w,g),

q. = phase mass flow rate [kg/s],

P, = phase pressure [Pa],

Py = flowing wellbore pressure [Pa],

PI = well productivity index [m?],

yo) = phase density [kg/m?],

7 = phase viscosity [Pa s],

k. = phase relative permeability.

The material balance requires the mass rate for each phase. If a well is operated as rate-
specified, the inflow performance equation determines the flowing wellbore pressure, although
BRAGFLO does not do this calculation. For this reason, BRAGFLO does not use the P/ and P,,
values for rate-specified wells, although values are required on input. If the well is operated as
pressure-specified, the rate is computed from the inflow performance relation. The required
input parameters for either a rate- or pressure-specified well is found in the Section 7.2.5.

The well type as specified in the input file determines the well operation. The operation by well
type is as follows:

INJQ: The well injects (g, > 0) or produces (g, < 0) at a specified rate.

INJP: The well injects at a specified flowing wellbore pressure. If the inflow
performance relation predicts g, <0, then the rate is set to zero.

PROD:  The well produces at a specified flowing wellbore pressure. If the inflow
performance relation predicts g, > 0, then the rate is set to zero.

BRAGFLO does not allow a well with completion in multiple grid blocks. However,
BRAGFLO does allow multiple wells in a single grid block. The information describing well
location, number of wells in a grid block, and the time period over which each well is in
operation is specified in the input file.
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4.17 Special Materials

BRAGFLO has four special material types that have unique capabilities. These have evolved to
handle situations encountered in modeling the WIPP, so they have names that apply to regions
included in models of the WIPP, but actually have fairly general applicability. The materials are
referred to as:

» Waste,
e DRZ (Disturbed Rock Zone),
e Reset

o Borehole.

4171 Waste Material

In Waste materials, and only in Waste, can chemical reactions take place. Another special
capability unique to Waste is simulation of creep closure, in which the porosity decreases over
time, the rate depending on the rate of gas production and the pressure within the Waste.
Porosity can change in any material as a result of pressure-dependent compressibility, but the
change is generally quite small. In contrast, the porosity change resulting from creep closure of
the Waste can be very large; for example: changing from an initial 66% porosity to 9% porosity.
Only in Waste can there be an initial mass of radionuclides, the transport and decay of which can
be modeled in any region as long as there was some amount initialized in the Waste. Finally,
during the operational period in the WIPP when excavations are open to the atmosphere and any
brine seepage is removed by means of ventilation or pumping, the initial brine pressure and
saturation in the Waste can be specified to be different from the initial conditions. Then, at some
later time the conditions in the Waste can be reset to the specified initial conditions.

4.17.2 Disturbed Rock Zone (DRZ) Material

Certain materials and flow conditions are required to be reset at the time the repository obtains
closure. In the DRZ material, if the porosity has increased at the time the initial conditions are
reset, the brine volume is assumed to remain fixed over that change and the brine saturation is
adjusted to account for the increased pore volume. Gas is assumed to fill the additional pore
space. The gas appears instantaneously, i.e., it does not flow from any other cell, is not
introduced by well injection, and is not created by way of chemical reaction. The pressure in this
material at reset time is specified by input. This material arose from a need to simulate the
disturbed rock zone surrounding excavations. The time-dependent behavior of disturbed halite is
not well understood, but it is considered likely that the porosity will be greater by the time the
repository is filled and sealed. This behavior is currently modeled very simply as an
instantaneous increase in porosity with the additional pore space filled with gas that, in reality,
would have flowed in from the adjacent excavated regions through cracks and borings. More
than one DRZ material can be used, each with a different reset pressure. In modeling the WIPP
the pressure is reset tol atm (101.325 kPa), the same as in the Waste so that the newly-
introduced gas in the DRZ does not expand and unrealistically flow into the Waste.
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4.17.3 “Reset” Material

In this material, conditions will be reset to the initial conditions. This differs from DRZ material
in that both saturation and pressure are reset. In contrast, in DRZ material, the saturation is
adjusted to maintain a fixed brine volume and the pressure is reset to a specified value, rather
than to the initial pressure. These materials allow the simulation of backfilled regions, which are
initially excavations, but become backfill. Because the backfilled and sealed regions may cover
a large number of grid blocks, these new conditions are most easily provided with the original
initial conditions.

4174 Borehole Material

In BRAGFLO, the subroutine RESETMID resets the saturation, pressure, and concentrations in a
material at the time of a material change. This routine was designed for the Borehole material at
the time of an intrusion but can be used on other materials as well. The input parameters for this
subroutine are read in through the input file, in the subroutine READMAT.

In the BRAGFLO main program at the completion of a time step, BRAGFLO checks to see
whether the current time is equal to a time (TIMEBORE) at which the saturation, pressure and
concentrations are supposed to be reset. If yes, then the subroutine RESETMID is called;
RESETMID is called before the material change is made in the subroutine MATERIALS. The
subroutine RESETMID then checks each block to determine if its material is a material
(MATBORE) to be reset at the current time. If yes, then the pressure is reset to PORESET and
the saturation is reset to SORESET. If the flag ICHEM is set equal to one (in the input file) then
all concentrations of CPR, iron, iron corrosion products, and MgO products are set equal to zero
in that material. Finally, the capillary pressure, relative permeability, gas pressure, and dissolved
gas terms are reset based on the new saturation and pressure.

In this material, the solute concentration and solute mass are also reset to zero when an intrusion
borehole opens. This simulates the removal of radionuclides in both solid and dissolved phases
when a drill cuts through the waste. This occurs only when nuclide transport is activated, but
nuclide transport is not qualified for use in WIPP compliance calculations and is not tested.

4.18 Smooth Transition during Material Changes

By default, material changes such as drilling intrusions into the waste area are treated as
instantaneous changes in the grid materials. This is equivalent to restarting the code at the time
of the material change, but with initial conditions that were equal to the state of the previous
material at the time immediately before the material change. Although certain material changes
occur over very short time-scales, such as an intrusion, options exist to expand the material
changes over some finite time.

BRAGFLO has a subroutine SMOOTHPERM which smoothly changes the permeability, and
thus the capillary pressure with time during a material change. In the input file, the user chooses
the initial material number (contained in the array MATSP), a final material number (contained
in the array MATSPF), a time at which the material change ends (contained in the array TEND),
and the time over which the material change occurs (contained within the array TCHANGE).
The user also inputs the coefficients a; of the polynomial used to smooth transitions
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Z (1=t
In(k) = In(k,) + [In(k ) - In(k,) | a, (T) for ti<r<t, (200)
7=0

where £; is the initial permeability at time ;= TEND - TCHANGE, £y is the final permeability,
and At = TCHANGE is the time over which the change occurs.

4.19 Gas Dissolution Models

Dissolution of gas in brine can be modeled in BRAGFLO. A bubble point tracking treatment is
available but is untested and its use is not recommended. A Henry’s law treatment is also
available. Additional details and input for these models are described in Section 7.2.9. Gas
dissolution will not be included in the WIPP certification compliance calculations.

4.20 Radionuclide Decay and Radiolysis

The total quantity of each radionuclide resulting from radionuclide decay, M(#) [mol], is a
function of the radionuclide radioactive decay constant, A, the initial inventory equally
distributed in the waste material, M, [mol], and the elapsed time, ¢ [sec], for which the amount of
decay is determined, where the radionuclide decay constant, 4, is a function of the radionuclide
half-life, T, [sec], as follows:

(n(2)
)
M) =M, xe™ (202)

The radionuclide decay implementation in BRAGFLO is obtained in a manner equivalent to that
defined in PANEL which allows for up to 4-generations of decay (Sarathi, 2019). BRAGFLO
utilizes a closed-form analytical solution of the Bateman equations to determine the decay and
ingrowth for radionuclides and their associated daughters.

BRAGFLO has the capability to model the production of hydrogen due to the dissociation of
brine via radiolysis. The total radiolytic H> generation rate (and brine consumption rate) is due
to contributions from one or more decaying radionuclides in the waste area. The amount of each
radionuclide contributing to radiolysis is both from the amount of each radionuclide in solution
and the remaining amount of each radionuclide in solid form that is wetted by brine. The
radionuclide mobilization potential, S5, [mol/m>], is defined on an elemental basis such that the
calculation of the quantity of dissolved and sorbed radionuclide in solution, M(#)so; [mol] is a
function of the brine volume (i.e., waste volume, Vyasee [m®], the porosity of the waste, ¢, the
brine saturation of the waste, Sy), and the mole fraction of that radionuclide with respect to other
radionuclides of the same element, mf, as follows:

M(t) = Vwaste x ¢X Sw X Ssal,i x mf; (203)

sol i

and
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M),
mf, = # , (204)
> M),
j=1
where

T
I

index of radionuclides in the inventory

j = index of radionuclides of a particular element in the inventory

S
I

total number of radionuclides of a particular element in the inventory

In cases where the quantity of radionuclide in solution determined in equation (203) is limited by
the quantity of radionuclide in the total inventory, the quantity of radionuclide in solution is set
equal to the quantity of radionuclide in the total inventory.

The quantity of wetted solid radionuclide, M(#)w.: [mol], is the difference between the total
inventory and the inventory in solution multiplied by the brine saturation as follows:

M), =(M@®),-M@),,,)xS, (205)

wel i
Thus, the hydrogen generation rate, Rg2 [mol/sec], due to brine radiolysis from radionuclides in
solution and due to a fractional contribution from the wetted solid form of the radionuclides is
defined as follows:

Ry = (MO, + M) gy X Pay J( A X E e x GH)) 0 ) (206)
where

Paep = energy deposition probability for wetted solids (GDEPFAC)

Eais,i = disintegration energy of radionuclide [eV], i

(note that the disintegration energy is specified in units of MeV and
BRAGFLO converts from MeV to eV internally)

G(H3)avg = average “G” value for Hz [molecule/eV] (GH2AVG)

When radiolysis dissociates brine (water) into Hz and O», the O, can be treated (through a
stoichiometric coefficient) as an additional contributor by assuming that the O is inert
(SRADO2 = 0.5) or ignored (SRADO2 = 0.0) by assuming that the O instantaneously reacts
with other materials. See Section 7.2.12 for additional information.
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5.0 USER INTERACTIONS WITH THE SOFTWARE

BRAGFLO Version 7.00 executes on a Solaris platform. To execute BRAGFLO, the program
executable name (bragflo) must be in the user’s current PATH or referenced by its path name.

BRAGFLO expects a number of command line arguments. The program arguments may either
be positional (provided in order) or flagged (preceded by the appropriate flag). Flags always
start with “—; they may be abbreviated. All positional arguments must be listed before any
flagged arguments. The only difference between using positional and flagged arguments is that
optional arguments may be omitted for flagged arguments. The user should enter “CANCEL”
for a positional optional argument that is not provided.

Interactive users may request that the program prompt for any missing command line arguments
by appending “?” to the command line.

BRAGFLO expects the following command line arguments (file extensions are examples):

1. —input The BRAGFLO input control (.inp) file for the sampled vector. This required file
is the ASCII input file that controls BRAGFLO; it is generated by PREBRAG,
the code immediately upstream from BRAGFLO.

2. —csd The input file containing the closure surface data (.csd). This optional ASCII file
is read by BRAGFLO if creep closure is to be simulated (i.e. CLOSURE =T on
Line 10.2 of the input control file). If creep closure is not to be simulated, this
file does not need to be provided. The user is responsible for the creation of the
.csd file. It is not generated by PREBRAG.

3. —binary The BRAGFLO binary output (.xbin) file for the sampled vector. This file is the
primary results file that is converted by POSTBRAG into standard CAMDAT
format. This optional file is only generated if LWBIN =T on Line 1.3 of the input
control file.

4. —output The BRAGFLO ASCII output (.xout) file for the sampled vector. This optional
file echoes input and provides user-readable output and QA information. This
optional file is only generated if LWASC =T on Line 1.3 of the input control file.

5. —summary The BRAGFLO summary (.sum) file for the sampled vector. This file contains a
limited amount of summary information on results at each time step. This
optional file is only generated if LWSUM = T on Line 1.3 of the input control
file.

6. —rout The BRAGFLO restart output (.xrot) file for the sampled vector. Enough
information is stored in this binary file to permit restarting BRAGFLO if
execution is halted. This optional file is only generated if LWRST =T on Line
1.3 of the input control file.

7. —rin The BRAGFLO restart input (.xrin) file for the sampled vector. This binary file,
a copy of the .xrot file, is read at the beginning of a restart run. This optional file
is only read if LRRST = T on Line 1.3 of the input control file.
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6.0 CAPABILITIES AND LIMITATIONS OF THE SOFTWARE
FOR THE WIPP APPLICATION

BRAGFLO is the two-phase (brine and gas) finite difference program used to study the fluid
flow within the WIPP repository site. The BRAGFLO code is an essential part of the
probabilistic modeling necessary for performance assessment of the WIPP site. BRAGFLO
Version 7.00 has more capabilities than are necessary for the WIPP PA application. The
implementation of BRAGFLO Version 7.00 for the WIPP PA has the following capabilities and
limitations:

1. The WIPP PA implementation of BRAGFLO assumes two fluid phases: a liquid phase
(brine) and a gas phase (H2) (Section 4.8).

2. Inthe WIPP PA implementation of BRAGFLO fluid phases are assumed to be
immiscible. (Section 4.8).

3. Inthe WIPP PA implementation of BRAGFLO the liquid phase consists of one
component, brine. Dissolution of gas in the brine phase is not considered.

4. Inthe WIPP PA implementation of BRAGFLO the gas phase consists of one component,
H2. Water vapor in the gas phase is not considered. The primary component of the gas
generation process is H2 (Section 4.13)

5. The WIPP PA implementation of BRAGFLO has the capability of computing relative
permeability and capillary pressure using several different empirical relations. Choice of
the characteristic curves is controlled by the user (Section 4.9).

6. The WIPP PA implementation of BRAGFLO allows for coupling to the mechanical
system (rock matrix) through the introduction of a variable rock compressibility (Section
4.10).

7. The fracture treatment in the WIPP PA implementation of BRAGFLO allows for pressure
induced alterations to the porosity by introducing a pressure-dependent porosity (Section
4.10).

8. In the WIPP PA implementation of BRAGFLO fracture treatment further allows for
change in the fracture material permeability (Section 4.10).

9. Representation of the creep closure within the WIPP PA implementation of BRAGFLO is
accomplished by a change in the formation porosity. This porosity function or porosity
surface will be time dependent and is also driven by pressure. The resulting closure

information comes from a geomechanical simulation using the structural mechanics code
SANTOS (Section 4.11).

10. The WIPP PA implementation of BRAGFLO corrects gas permeability for the
Klinkenberg effect (Section 4.12).

11. Well models in the WIPP PA implementation of BRAGFLO allow simulation of gas or
brine injection or production (Section 4.16).

12. Within the WIPP PA implementation of BRAGFLO there are chemical reactions which
consume brine and generate gas. The WIPP PA implementation of BRAGFLO accounts

Page 83 of 302

Information Only



User’s Manual ERMS# 570275
for BRAGFLO Version 7.00 January 2019

13.

14.

15.

16.

1%

18.

19,

20.

21.

22

23.

24.

23,

for these reactions by using the Average Stoichiometry Model, which, assumes that all
reaction rates are zero order (independent of reactant or product concentration).

However, the WIPP PA implementation of BRAGFLO recognizes a different reaction
rate if the solid reactant is in contact with liquid brine (inundated condition) or if the solid
reacts with brine in the gas phase (humid condition) (Section 4.13).

Within the WIPP PA implementation of BRAGFLO there are radiolytic reactions which
consume brine and generate gas. The WIPP PA implementation of BRAGFLO accounts
for the dissociation of molecules by ionizing radiation due to radioactive decay of up to 5
different radionuclides in the waste. The radioactive decay and ingrowth of radionuclides
is evaluated using a close-form solution of the Bateman equations (Section 4.20).

The WIPP PA implementation of BRAGFLO assumes that the directions of the
permeability tensor are aligned with the reservoir coordinate axis; that is, 0 = 0 (Section
4.3).

The WIPP PA implementation of BRAGFLO evaluates brine density assuming its fluid
compressibility is constant (Section 4.4).

The WIPP PA implementation of BRAGFLO uses the Redlich-Kwong-Soave equation of
state to relate gas density to pressure (Section 4.4).

The WIPP PA implementation of BRAGFLO treats viscosity constant for both water and
gas (Section 4.4).

The WIPP PA implementation of BRAGFLO assumes a no-flow Neumann type
boundary condition at all exterior grid boundaries (Section 4.4).

The WIPP PA implementation of BRAGFLO uses a fully implicit formulation to solve
the material balance equations (Section 4.5).

The WIPP PA implementation of BRAGFLO uses a first order difference quotient
approximation for the Jacobian evaluation (Section 4.6).

In the WIPP PA implementation of BRAGFLO the user can specify from input directives
the frequency of the Jacobian evaluation in the Newton-Raphson iteration (Section 4.6).

For both storage and computational considerations, the linear equation solver should take
advantage of the banded structure. The WIPP PA implementation of BRAGFLO uses the
banded LU solver (Section 4.14).

To minimize the bandwidth, the WIPP PA implementation of BRAGFLO orders the grid
blocks so that sequential indexing proceeds first in the shortest grid direction, then in the
longest grid direction (Section 4.7).

The WIPP PA implementation of BRAGFLO is written with double precision word
length which produces floating point number representation of 64 bits or approximately
15 significant digits. The only qualified solver is the LU-decomposition (Section 4.14).

The WIPP PA implementation of BRAGFLO implements a partial pivoting (row
interchanges) which reduces the roundoff errors in the arithmetic and is essential for the
numerical stability of Crout’s method (Section 4.14).
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7.0 DESCRIPTION OF INPUT FILES

BRAGFLO has up to two user specified input files. The first input file is the BRAGFLO input
control file (required). This input file is described in detail in Section 7.2. The second input file
is the creep closure look-up table data input file (required only if closure is activated). This input
file is described in detail in Section 7.4.

7.1 Parameter Statement

BRAGFLO uses one INCLUDE file, params.inc, containing a single PARAMETER statement
that sets dimensions on many of the arrays used in BRAGFLO at compile time. (Where the term
“PARAMETER statement” is used in this manual, it refers to the statement in params.inc.) An
example of the INCLUDE file follows:

e
C NOTE: Value of MDIM = 3*{NEQ* [MIN (MX*MY,MX*MZ,MY*MZ)+1]-1}+1
@ Value of IBWM = 3*MAX (MX*MY,MX*MZ,MY*MZ)+1
C
INTEGER
1 MX , My , MZ , MG ,
2  NEQ , MGNEQ , MDIM , NPHASE ,
3 NWTIME , NW , NWPERGRID , MMAT ,
4  NPINT , NCOMP , MGAS , MRAD ,
5  MRXYZ , MAXPRNTASC , MAXPRNTBIN , MAXPRNTRST
C
INTEGER
1  MAXMATTIMES, NWTIMEP , NDTFIXMAX , MAXMATTIMP ,
2  NDTFIXMAXP , NSDATA , NTDATA , MKLOS ,
3 MMON , MWST , MDRZ , NVPR ,
4 MXHIV , MVHIV , IBWM , MRWXYZ ,
5  MWXYZ , MGVAR , MSPEC , NDIRMAX
&

PARAMETER (MX=140,MY=80,MZ=1, MG=MX*MY *MZ , NEQ=2 , MGNEQ=MG*NEQ,
MDIM=244,NPHASE=2, NWTIME=10, NW=50, NWPERGRID=2, MMAT=80,
NPINT=10000, NCOMP=3, MGAS=6, MRAD=5, MRXY Z=MRAD*MG,
MAXPRNTASC=100, MAXPRNTBIN=100, MAXPRNTRST=100,
MAXMATTIMES=20, NWTIMEP=NWTIME+1,NDTFIXMAX=50,
MAXMATTIMP=MAXMATTIMES+1, NDTFIXMAXP=NDTFIXMAX+1,
NSDATA=13,NTDATA=214,MKLOS=4, MMON=9, MWST=2, MDRZ=1,
NVPR=115+ (MWST*MRAD) , MKHIV=15000, MVEIV=MG, IBWM=8401,
MRWXY Z=MRAD*MWST*MG, MWXY Z=MWST*MG, MGVAR=10, MSPEC=23,
NDIRMAX=204)

WO~ U WP

The parameters that can be changed by the user are listed here. Note that all of these parameters
are maximum values. They can be set to be larger than required for the problem being run, but
to minimize memory requirements, the smallest values needed to run the problem should be
used. No values less than one should be used.
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Table 4. Variables used in params.inc

Parameter Description

MX Maximum number of grid blocks in the x-direction; can be greater
than the actual number of grid blocks in the problem to be run.

MY Maximum number of grid blocks in the y-direction; can be greater
than the actual number of grid blocks in the problem to be run.

MZ Maximum number of grid blocks in the z-direction; can be greater
than the actual number of grid blocks in the problem to be run.

MDIM Minimum bandwidth of the Jacobian matrix; the value should be

calculated using the formula:
MDIM = 3* (NEQ* [MIN (MX*MY, MX*MZ, MY*MZ) + 1] -1)

+I
NWTIME Maximum number of times that well properties will be changed.
NwW Maximum number of wells to be specified at any given time.
NWPERGRID Maximum number of wells in any grid block.
NMAT Maximum number of materials regions.
MRAD Maximum number of radionuclides allowed in the transport, decay,

and radiolysis calculation.
MAXPRNTASC Maximum number of times at which an ASCII output dump can be

specified.
MAXPRNTBIN Maximum number of times at which a binary output dump can be
specified.
MAXPRNTRST Maximum number of times at which a restart can be specified.
MAXMATTIMES Maximum number of times at which a new material map can be
specified.
NDTFIXMAX Maximum number of times that the time step can be fixed.
MMON Maximum number of monitor grid blocks that can be specified.
MWST Maximum number of waste regions allowed.
| MDRZ Maximum number of DRZ regions allowed.
| MXHIV Maximum total number of history variables allowed. Includes 10
time- and performance-related history variables; therefore, must be
> 10.
MVHIV Maximum number of history variables per output distribution (e.g.,

brine pressure or gas saturation).
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Parameter Description -
IBWM Maximum bandwidth for Jacobian used in solution of multi-

component gas transport model within BRAGFLO; value to be
used is computed from the formula:

IBWM =3 *MAX (MX*MY, MX*MZ, MY*MZ) + 1

If gas transport is not being modeled, IBWM should be set to 1 to
save large amounts of storage.

NDIRMAX Maximum number of grid blocks in which Dirichlet boundary
conditions can be specified.

Several parameters are set in the PARAMETER statement that should not or cannot be changed.
These are described below so the user will know why they should not be altered, and, if they are
inadvertently changed, how they can be reset to their correct values.

Table 5. Constants for params.inc

Parameter Required Description
Value
NEQ 2 Number of equations being solved in BRAGFLO.
NPHASE 2 Number of immiscible fluid phases.
NPINT 10000 Number of pressure intervals at which gas density

is evaluated when using the look-up table to
obtain gas density.

NCOMP 3 Number of components in all phases. Includes
gas, brine, and gas dissolved brine.

MGAS 6 Number of gases for which equation of state
parameters are included in BRAGFLO (Hz, COa,
CHy, N2, Oz, and HaS).

NSDATA 13 Number of gas-generation-rate entries in creep
closure surface data.

NTDATA 214 Number of time entries in creep closure surface
data.

MKLOS 4 Number of creep closure surfaces available in
BRAGFLO.

MGVAR 10 Number of “global” variables printed out to
binary and ASCII output files.

MSPEC 23 Maximum number of species to be used in the

reaction path model.
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7.2 Input Control File

As is explained in Section 5.0, the input control file for BRAGFLO is created by PREBRAG
based on user inputs to PREBRAG. Even though the input control file for BRAGFLO is not
technically user-specified, it is still important to understand and is therefore explained in detail in
this user’s manual.

The input file is composed of several sections, each dealing with different types of input. Within
each section, input parameters control specific areas of the simulation. Input generally consists
of a line of description or informative comments followed, on the next line, by one or more
parameter values. The descriptive line can be any 132 characters. It is intended solely to make
the input file easier to read and be understood by the user. None of the information on any of
these descriptive lines is used for program control. The content of these lines is entirely at the
discretion of the user and will have no effect whatsoever on how the program runs. The line can
even be blank, if the user wishes, but there must be a line, informative or blank, and only one
line, everywhere that one is indicated. An example input file is provided in Appendix A:

Sample BRAGFLO Input Control File.

The order of the input is fixed, i.e., each line of input must appear in exactly the order described
in below. Any deviation from this order will cause BRAGFILO to abort or run incorrectly.

Many input values have units associated with them, examples being time and initial pressures.
BRAGFLO generally allows input to be in either of two systems of units: SI or English. The
choice is up to the user, but one system must be used consistently for all input parameters that
have units. The description of each input parameter includes in brackets the units that can be
used for that parameter, with the SI units given first and the English units second. If the
parameter has no units, none is shown. In a few instances, only SI units are allowed. If no
English units are mentioned in the description of the parameter, then English units are not
allowed for that particular parameter. Further details concerning units are given in Section 7.2.3.

The input control file consists of the following sections, each dealing with different types of
inputs:

1. startup and time control

output control parameters

mesh description parameters

well parameters and boundary conditions
initial conditions

numerical control parameters

material maps and material properties

fluid properties

Al A -

chemical reaction parameters
10. creep closure parameters
11. radionuclide transport, radiolysis, and decay parameters (Transport not used or qualified)

12. multi-component gas transport parameters (Not used or qualified).
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7.2.1 PREBRAG QA Information

BRAGFLO optionally allows QA information on PREBRAG to be placed into the .CDB file that
is created when POSTBRAG processes the BRAGFLO output. This is accomplished by
including this information in the BRAGFLO input file created by PREBRAG. If PREBRAG is
used to set up the BRAGFLO input file, this information is written automatically to the
BRAGFLO input file.

Line 0.1. PREBRAG QA flag.

If PREBRAG QA information is to follow, then the first nonblank characters on this line
must be the character string:

**QA**

Any number of blanks (up to 125) may precede this character string, and the rest of the
line (up to 132 characters) can be blank or contain any characters or descriptions that the
user wishes to use; but none of the information on this line will be saved and this line
serves only as a flag.

If the characters ‘**Qa**’ are not the first nonblank characters on this line, then it is
assumed that PREBRAG QA information does not follow, and this line is assumed to be
the title of the run, Line 1.1 (see Section 7.2.2). In this case, no more input from this
section can follow, or BRAGFLO will abort.

Line 0.2. Name of program.

The first nonblank characters on this line should be the string:
PREBRAG

Any number of blanks (up to 125) may precede this character string, and the rest of the
line (to a total of 132 characters) can be blank or may contain any characters or
descriptions that the user wishes to use, but none of that information will be saved; only
the string ‘PREBRAG’ will be written to output files.

If the characters ‘PREBRAG’ are not the first nonblank characters on this line, then it is
assumed that the input in this section is not PREBRAG QA information, and no
PREBRAG QA information will be written to the output files. However, it is still
necessary to include all of the lines in this section (Lines 0.1 - 0.6). If any of Lines 0.2 -
0.6 is completely blank, BRAGFLO will abort.

If this line does begin with ‘PREBRAG’, then the information on the next four lines will be
written to the BRAGFLO output files.

Line 0.3. PREBRAG version number.

The first 8 characters starting with the first nonblank character must be the version
number of PREBRAG used to set up the input file, e. g., “6.00’. If this line is blank,
BRAGFLO will abort. Leading blanks and trailing blanks or nonblank characters are
permitted, but only the eight characters starting with the first nonblank character will be
written to the BRAGFLO output files.
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Line 0.4. PREBRAG revision date.

The first 8 characters starting with the first nonblank character must be the revision date
of PREBRAG used to set up the input file, e. g., ‘01/19/96.” If this line is blank,
BRAGFLO will abort. Leading blanks and trailing blanks or nonblank characters are
permitted, but only the eight characters starting with the first nonblank character will be
written to the BRAGFLO output files.

Line 0.5. PREBRAG run date.

The first 8 characters starting with the first nonblank character must be the daté on which
PREBRAG was run to set up the input file, e. g., ‘01/25/96’. If this line is blank,
BRAGFLO will abort. Leading blanks and trailing blanks or nonblank characters are
permitted, but only the eight characters starting with the first nonblank character will be
written to the BRAGFLO output files.

Line 0.6. PREBRAG run time.

The first 8 characters starting with the first nonblank character must be the time at which
PREBRAG was run to set up the input file, e. g, ‘11:13:44’. If this line is blank,
BRAGFLO will abort. Leading blanks and trailing blanks or nonblank characters are
permitted, but only the eight characters starting with the first nonblank character will be
written to the BRAGFLO output files.

The first 7 lines of the input file will typically appear as in the following example:

**QA**

PREBRAG -— Program name

8.02 -- PREBRAG version number
11/29/12 —-— PREBRAG revision date
11/30/12 -— PREBRAG run date
11:13:44 —— PREBRAG run time

Title of the run (Line 1.1)

7.2.2 Startup and Time Control

In this section, parameters that initialize the size of the problem and control the simulation time
are input.

Line 1.1. Title of run.

This is a descriptive title for the simulation being run. This title is saved and printed to
the output files, but otherwise has no effect on the performance of BRAGFLO.

Line 1.2. Descriptor. Logical flags indicating files to be used.

One-line (up to 132 characters) descriptor for the following parameters:
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Line 1.3. LWASC, LWBIN, LWSUM. LWRST. LRRST.

Input each flag in free format as a T, TRUE., F, or .FALSE., separated by one or more
spaces or by commas.

LWASC:
LWBIN:
LWSUM:
LWRST:
LRRST:

Flag indicating whether an ASCII output file is to be written.

Flag indicating whether a binary output file is to be written.

Flag indicating whether an ASCII summary output file is to be written.
Flag indicating whether a binary restart output file is to be written.

Flag indicating whether a binary restart input file is to be read. If this flag
is .TRUE., then a restart input file for this run must exist in the same
directory as the input [.inp] file. This file is created by copying a restart
output [.xrot] file from an initial run into a [.xrin] file having the same root
name as the input file used in the restart run. (Although it is best for
traceability reasons for all files used in both initial runs and in restart runs
to have the same root name, it is not necessary in order for the restart to
run correctly.)

NOTE: Restart capability is not QA’d or used for WIPP Compliance Calculations.

Line 1.4. Descriptor. Model type and grid size parameter.

One-line (up to 132 characters) descriptor for the following parameters:
Line 1.5. MODTYPE, NX.NY.NZ.

MODTYPE: Number of dimensions being used for this run. Although BRAGFLO is a

NY:
NZ:

fully three-dimensional code, many shortcuts are taken that speed up
execution if the problem being run is only one-dimensional (NY =NZ =
1) or two-dimensional (NZ = 1). MODTYPE is given a value of 1, 2, or 3,
depending on whether the problem is 1-, 2-, or 3-dimensional,
respectively. If a value less than 1 or greater than 3 is input, the program
will abort with the following message printed to the screen:

**% MODTYPE Error in READSTARTUP ***

The ASCII output file provides additional information:
**FATAL ERROR in Input: MODTYPE = <input value>
**MODTYPE must be 1, 2, or 3.

Number of grid blocks in the x-direction.

Number of grid blocks in the y-direction.

Number of grid blocks in the z-direction. NX, NY, and NZ must be less
than or equal to MX, MY, and MZ, respectively, (these are specified in the
PARAMETER statement), and they must all be greater than zero. If not,
BRAGFLO will abort with the following message printed to the screen:

*** Sjze error in READSTARTUP; invalid NX, NY, or NZ

The ASCII output file provides additional information:
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** FATAL ERROR in Input: NX,NY, Nz

<input values>

<values set in

** Maximum values dimensioned: MX,MY,MZ
PARAMETER statement>

** Minimum values allowed: MX,MY,MZ = 1 1 1

BRAGFLO uses a right-handed coordinate system in which the origin is at the front
lower left corner of the region being modeled. In this system, the x-direction increases to
the right, the y-direction increases into the page, and the z-direction increases upward.
Gravity acts in the negative z-direction. The grid can be reoriented (for example, to make
the y-direction vertical) with input described in Section 7.2.4 (Mesh Parameters). This
will be discussed in more detail in Section 7.2.4.

Line 1.6. Descriptor. Simulation time limits.
One-line (up to 132 characters) descriptor for the following parameters:
Line 1.7. START. FINISH. MAXITF.YRSEC.SECYR.

START:

FINISH:
MAXITEF:

YRSEC:
SECYR:

Start time for the simulation [s or days]. START can be negative; if so,
certain special material properties can be changed at time zero. More
details can be found in Section 7.2.8 (Material Properties).

End time for the simulation [s or days].

Maximum number of time steps allowed in this run. This is the only
means for limiting how long the simulation will run. WIPP Performance
Assessment simulations typically require about 1000 time steps to
complete a 10,000-yr simulation, depending on convergence criteria
selected (Section 7.2.7). On a few occasions, more than 10,000 steps have
been required. A value of MAXITF = 10000 is normally used; if more
steps are required, the run can be restarted from where it ended at the
10000th step, because a restart record is always written at the end of a run,
provided that LWANS = .TRUE. In a restart run that is to continue from
the MAXITFth step, the new input file must have a value for MAXITF
that is greater than the MAXITF in the original input file.

Year-to-seconds conversion factor (optional, default = 3.15569259747E7).
Seconds-to-year conversion factor (optional, default = I/YRSEC).

Line 1.8. Descriptor. Time step controls.

One-line (up to 132 characters) descriptor for the following parameters:
Line 1.9. DELT. DELTMIN, DELTMAX, DTIMEMAX. ITIMECNTRL. TSWITCH.

DELT:
DELTMIN:

DELTMAX:

Initial time step [s or days]. Recommended value: 864. s (1/10 day).

Minimum time step allowed [s or days]. Recommended value: 864. s
(1/10 day).

Maximum time step allowed [s or days]. Recommended value:
1.728 x 10° s (20,000 days or about 55 yr.).
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DTIMEMAX: Maximum fractional increase in time step that will be allowed when auto

time step control is used [dimensionless]. A value of 1.0 would, in effect,
turn off auto time step control. No check is made to ensure that a value
greater than 1.0 is used. A value too close to 1.0, e.g., 1.1, is generally
inefficient, not taking full advantage of the tendency for pressures and
flows eventually to equilibrate and thereby allow larger time steps. A
value that is too large, greater than 2.0, is also inefficient because the
solution will fail to converge much more frequently, resulting in wasted
calculations as the time step size must be reduced and the time step
repeated. The value used for DELTFACTOR (Section 7.2.7, Line 6.24)
should be taken into consideration in selecting a value for DTIMEMAX.
Recommended value: 1.5.

ITIMECNTRL: Flag for automatic time step control . Recommended value: 1.

TSWITCH:

=0: A fixed time step of DELT will be used throughout the simulation.

=1: Auto time step control will be used. Variable changes vary greatly
throughout a typical simulation. Auto time step control allows large time
steps to be taken when little is happening but forces small steps to be used
when rapid changes are occurring.

Value of gas saturation that determines when to switch from relative to
absolute change in gas saturation for calculating time step size when auto
time step control is used ITIMECNTRL=1). When the current value of
gas saturation is greater than TSWITCH, the time step algorithm uses the
relative change in saturation over the previous time step; otherwise, it uses
the absolute change in gas saturation. Valid range of input value: 0 - 1.
Recommended value: 0.01. In some instances, BRAGFLO will run faster
when TSWITCH is turned off by using an input value of TSWITCH = 1.

Line 1.10. Descriptor. Time step changes.

One-line (up to 132 characters) descriptor for the following parameters:

Line 1.11. NDTFIX.

NDTFIX:

Number of times at which the time step will be reset to a specified value,
overriding the time step computed by the auto time step control. This
feature allows computing time to be saved when major changes in material
properties at some point in simulation time are likely to cause the auto
time step control to cut back the time step repeatedly. By reducing the
time step manually, fewer unsuccessful calculations will be performed. If
the auto time step control is not being used (ITIMECNTRL = 0), this
capability is not used, but some value must still be input for NDTFIX; a
value of 0 is recommended. If NDTFIX < 0, BRAGFLO will behave as
though NDTFIX = 0. If NDTFIX > NDTFIXMAX (set in params.inc),
the run will abort with a message printed to the screen:
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**% ERROR in READSTARTUP: NDTFIXMAX needs to be larger;
NDTFIX = <input value>
*%% NDTFIX error in READSTARTUP ***

The next line (1.12) is repeated NDTFIX times, each line with two numbers. If NDTFIX
= (), no lines are input for these two parameters. If ITIMECNTRL = 0 (i.e., no auto time
step control), but NDTFIX > 0, then NDTFIX lines of TIMEDTFIX and DTFIX must
still be input, even though they will not be used.

Line 1.12. TIMEDTFIX(K), DTFIX(K).

TIMEDTFIX: Simulation time at which the time step will be reset [s or days].

DTFIX:

New time step size to be used in the first time step after TIMEDTFIX is
exceeded [s or days].

7.2.3 Output Control Parameters

This section describes input that controls output to the three output files: ASCII, binary, and

restart files.

Line 2.1. Descriptor. Output interval specification: units used in input and output.

One-line (up to 132 characters) descriptor for the following parameters:
Line 2.2. IPRTYPEASC. IPRTYPEBIN, IPRTYPERST. UNITSL UNITSO.

IPRTYPEASC: ASCII output control option.
IPRTYPEBIN: Binary output control option.
IPRTYPERST: Restart output control option.

Three options are available. Additional input is required for each option,
and the type of additional input for each option differs.

= 0: Output at first, last, and fixed frequency of time steps.
= 1: Output at first and last time step and at fixed time intervals.
=2: Output at specified times.

Printing at a fixed frequency of time steps (option 0) offers the advantage
of more frequent output over a given time span when rapid changes are
occurring and less output when changes are slower. This results when
auto time step control is in effect, and the time step is small when changes
are rapid and large when changes are small. This option is generally used
only for output to the binary output file. Specifying output at selected
times (option 2) or at fixed time intervals (option 1) is useful when
comparisons of different runs will be made. These two options are usually
used for the ASCII and restart output, where less frequent output is
desired. The binary output file is intended to be the primary repository for
results because more data can be stored more compactly than in the ASCII
output. An important output feature in BRAGFLO is that whenever any
results are printed to the ASCII file or to the restart file, they are also
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printed at the same time to the binary output file. Thus, the binary file
contains the complete record of all results that have been printed to any
output file.

UNITSI: Units used in the input (CHARACTER*8 variable). Options are: ‘s1’ or
‘ENGLISH’. Recommended: ‘s1’. The input is read in free format, so the
input character string must be enclosed in tick marks.

UNITSO: Units used in the output (CHARACTER*8 variable). Options are: ‘s1’ or
‘ENGLISH’. Recommended: ‘s1’. The input character string must be
enclosed in tick marks.

The same system of units must be used consistently throughout the input. Only the units
listed in Table 6 can be used in the input.

Subsequent input for output control depends on the input value selected for
IPRTYPEASC, IPRTYPEBIN, and IPRTYPERST. ASCII output is dealt with first.
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Quantity SI units English Conversion Factor
units (multiply by value in English |
units to obtain value in SI
units)
Length m ft | 0.3048
Mass kg Ib 0.4535237
Time s day 86400
‘Temperature K °R 5/9
Amount of substance gm-mol Ibmol 2.2049564333683113 x 1073
(mol)
Area m? ft> 0.09290304
Volume m? ft3 0.028316846592
Pressure Pa psi 6894.757293168362
Mass flow rate kg/s Ib/day 5.2499116898148148 x 10
Concentration rate kg/(sm?) | Ib/(day - ft}) 0.018539888164305717
change o B
Density or kg/m? Ib/ft? 16.01846337396014
concentration
Velocity m/s ft/day 3.527777777777778 x 10
Volumetric rate m’/s ft*/day 3.2774128 x 107
Viscosity Pas cP 0.001
Productivity index m’ bbl - cP/ 2.6688839796530887 x 10713
(day - psi) )
Slope of solution gas- Pa’! ft’/(bbl-psi) | 2.5832324345269173 x 10
brine ratio vs. pressure
Slope of viscosity vs. s cP/psi 1.4503773773020921 x 1077
pressure )
Permeability m? darcy 9.8692326671601282 x 10713
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7.2.3.1 ASCII Output Controls.

Line 2.3. Descriptor. ASCII output time or frequency control parameters.

One-line (up to 132 characters) descriptor for the following parameters:
Line 2.4. IPRNTASC.
If IPRTYPEASC (Line 2.2) = 0 (output at fixed time step frequency):
IPRNTASC: ASCII output time step frequency.
Line 2.4. TMEINTASC. SPTMEASC, FPTMEASC.
If IPRTYPEASC (Line 2.2) = 1 (output at fixed time interval):
TMEINTASC: Time interval [s or days]
SPTMEASC: Starting output time [s or days]
FPTMEASC: Final output time [s or days]
Line 2.4. NPTMEASC.
If IPRTYPEASC (Line 2.2) = 2 (output at specified times):
NPTMEASC: Number of specified times.

Line 2.4.1: Descriptor. User requested printout times.

One-line (up to 132 characters) descriptor for the following parameters:
Line 2.4.2: TIMESASC (NPTMEASC values).
TIMESASC: Specified output times [s or days]

7.2.3.2 Binary output controls.

Line 2.5. Descriptor. Binary output time or frequency control parameters.

One-line (up to 132 characters) descriptor for the following parameters:
Line 2.6. IPRNTBIN.
If IPRTYPEBIN (Line 2.2) = 0 (output at fixed time step frequency):
IPRNTBIN: Binary output time step frequency.
Line 2.6. TMEINTBIN. SPTMEBIN. FPTMEBIN.
If IPRTYPEBIN (line 2.2) = 1 (output at fixed time intervals):
TMEINTBIN: Binary output time interval [s or days].
SPTMEBIN: Starting time for binary output [s or days].
FPTMEBIN: Final output time for binary output [s or days].
Line 2.6. NPTMEBIN.
If IPRTYPEBIN (Line 2.2) = 2 (output at specified times):
NPTMEBIN: Number of output times specified.
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Line 2.6.1. Descriptor. Output times.

One-line (up to 132 characters) descriptor for the following parameters:
Line 2.6.2. TIMESBIN (NPTMEBIN values).
TIMESBIN: Specified binary output times [s or days]

7.2.3.3 Restart Output Controls.

The restart capability in BRAGFLO enables a run to be restarted from the point where the restart
output is written. This feature is useful when debugging a case that is known to run into
problems after much computing time has elapsed. It is also useful when conditions are changed
part way through a base case; then, the base case can be run all the way to completion, with
restarts written at specified times, and sub-cases can then be run starting from the restarts, rather
than starting from the beginning, thereby saving much computing time. The restart file contains
only enough information to enable BRAGFLO to resume from where the restart was written,
including values of the dependent variables, certain cumulative variables, and current settings for
flags that get changed over the course of a run. A regular input file is still needed to provide all
the information normally obtained from an input file. The restart capability is discussed in detail
in Section 7.3.

NOTE: Restart capability is not QA’d or used for WIPP Compliance Calculations.

Line 2.7. Descriptor. Restart output time or frequency control parameters.

One-line (up to 132 characters) descriptor for the following parameters:
Line 2.8. IPRNTRST.
If IPRTYPERST (Line 2.2) = 0 (restart output at fixed time step frequency):
IPRNTRST: Restart output time step frequency.
Line 2.8. TMEINTRST, SPTMERST, FPTMERST.
If IPRTYPERST (Line 2.2) = 1 (restart output at fixed time intervals):
TMEINTRST: Restart output time interval [s or days]
SPTMERST: Starting time for restart output [s or days]
FPTMERST: Final time for restart output [s or days]
Line 2.8. NPTMERST.
If IPRTYPERST (Line 2.2) = 2 (vestart output at specified times):
NPTMERST: Number of times to specify restart output.

Line 2.8.1. Descriptor. Restart output times.

One-line (up to 132 characters) descriptor for the following parameters:
Line 2.8.2. TIMESRST (NPTMERST values).
TIMESRST: Specified restart output times [s or days].
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7.2.3.4 Element Variables.

The next inputs are the ASCII and binary print control flags. These flags indicate which of at
least 115 element variables are printed to the output files. Element variables are defined as any
variable that has a time-varying value at each grid block. These are listed in Table 7. The
number of element variables available to be printed out depends on the maximum number of
waste regions (defined in Section 7.2.8) and the maximum number (if any) of radionuclides
being tracked in the radiolysis and radionuclide decay calculations. There are 115 element
variables that are always available. Of these 115 variables, 45 (numbers 69-113) are associated
with the reaction-path gas-generation model, which has been partially implemented but is not
available for use in the current version of BRAGFLO. Any of the reaction path model variables
can be printed out, but their values are all zero. The total number available is NVPR =115 +
MWST x MRAD, where MWST is the number of waste regions, and MRAD is the number of
radionuclides involved in radiolysis and decay. With MWST =2 and MRAD = 5 in the current
version of BRAGFLO, 10 additional isotope amount element variables are available for output.

Line 2.9. Descriptor. ASCII print flags.
One-line (up to 132 characters) descriptor for the following parameters:
Line 2.10. NPRNTA (NVPR values).
NPRNTA:  Flag to indicate output of element variables to the ASCII output file.

= 0: Do not print this element variable to the ASCII output file.
= 1: Do print this element variable to the ASCII output file.
Line 2.11. Descriptor. Binary print flags.

One-line (up to 132 characters) descriptor for the following parameters (cannot be blank):
Line 2.12. NPRNTB (NVPR values).
NPRNTB:  Flag to indicate output of element variables to the binary output file.

= 0: Do not print this element variable to the binary output file.

= 1: Do print this element variable to the binary output file.
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Table 7. Element variables available for printout in BRAGFLO.
No.? | CAMCON Description SI Unit
Element
Variable Name

1 | PRESBRIN Brine pressure Pa

2 | PRESGAS Gas pressure Pa

3 | POTO Brine density x g x potentiometric head Pa

4 | POTG Gas density x g x potentiometric head Pa

5 | PBUB Brine bubble pressure Pa

6 |POROS Porosity m? void/m® rock

7 | RELPERMB Relative permeability to brine dimensionless

8 | RELPERMG Relative permeability to gas dimensionless

9 | DENBRINE Brine density kg/m?

10 | DENGAS Gas density kg/m®

11 | PERMBRX Permeability to brine, x-direction m?

12 | PERMBRY Permeability to brine, y-direction m?

13 | PERMBRZ Permeability to brine, z-direction m?

14 | PERMGASX | Permeability to gas, x-direction m?

15 | PERMGASY Permeability to gas, y-direction m?

16 | PERMGASZ Permeability to gas, z-direction m?

17 | SATBRINE Brine saturation fraction void volume

18 | SATGAS Gas saturation fraction void volume

19 | CBRBR Brine component of brine phase mass frac brine phase

20 | CGASBR Gas component of brine phase mass frac brine phase

21 | WELLBRIN Time-averaged well brine flow rate m>/s (@ ref. conds)

22 | WELLGAS Time-averaged well gas flow rate m>/s (@ ref. conds)

23 | CWELLBR Cumulative well brine flow m®/s (@ ref. conds)

24 | CWELLGAS Cumulative well gas flow m>/s (@ ref. conds)

25 | VELDBRX Time-avg. brine Darcy velocity, x-direction | m/s

26 | VELDBRY Time-avg. brine Darcy velocity, y—&irection m/s

27 | VELDBRZ Time-avg. brine Darcy velocity, z-direction | m/s

28 | VELDGASX Time-avg. gas Darcy velocity, x-direction m/s

29 | VELDGASY Time-avg. gas Darcy velocity, y-direction m/s

30 | VELDGASZ Time-avg. gas Darcy velocity, z-direction m/s
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No.2 | CAMCON Description SI Unit
Element
Variable Name

| 31 | FLOWBRX Time-avg. inter-block brine flow, x-direction | m*/s (@ ref. conds)
32 | FLOWBRY Time-avg. inter-block brine flow, y-direction | m*/s (@ ref. conds)
33 | FLOWBRZ Time-avg. inter-block brine flow, z-direction m*/s (@ ref. conds)
34 [ FLOWGASX Time-avg. inter-block gas flow, x-direction m?/s (@ ref. conds)
35 | FLOWGASY Time-avg. inter-block gas flow, y-direction | m*/s (@ ref. conds)
36 | FLOWGASZ Time-avg. inter-block gas flow, z-direction m®/s (@ ref. conds)
37 | MASSBALB Relative Brine mass balance dimensionless
38 | MASSBALG Relative Gas mass balance dimensionless
39 | CORRATI Inundated corrosion rate—simple model gm-mol/s
40 | CORRATH Humid corrosion rate—simple model i gm-mol/s
41 | BIORATI Inundated biodegradation rate—simple model | gm-mol/s
42 | BIORATH Humid biodegradation rate—simple model gm-mol/s
43 | FEOH2 SR Fe(OH); sulfidation rate-simple model gm-mol/s
44 | FE SR Fe sulfidation rate-simple model gm-mol/s
45 | MGO _HR MgO hydration rate-simple model gm-mol/s
46 | MGOH2 CR Mg(OH) carbonation rate-simple model gm-mol/s
47 | MGO_CR | MgO carbonation rate-simple model gm-mol/s
48 |HYMAG CR | Hydromagnesite conversion rate-simple gm-mol/s

model
49 | H2RATE H; generation rate—simple model kg/(s'm?)
50 | BRINRATE Brine consumption rate-simple model kg/(s-m>)
51 | FERATE Fe consumption rate—simple model kg/(s'm?)
52 | CELLRATE Biodegrad consumption rate—simple model kg/(s'm>)
53 | FEOH2R Fe(OH): generation rate—simple model kg/(s'm?)
54 | FESR FeS generation rate—simple model kg/(s-m?)
55 | MGOR MgO generatig)r; rate—;imple model kg/(s-m?)
56 | MGOH2R Mg(OH), generation rate—simple model kg/(s-m®)
57 | HYMAGR Hydromagnesite generation rate-simple kg/(s'm>)
model B

58 | MGCO3R MgCOs3 éeneration rate—simple model kg/(s'm?)
59 | FECONC Fe concentration—simple model kig/m3 :
60 | CELLCONC Biodegradables céncentreiion—simple model | kg/m?
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No.2 | CAMCON Description SI Unit
Element
Variable Name

61 | FEOH2C Fe(OH). concentration—simple model kg/m?

62 | FESC FeS concentration—simple model o kg/m?

63 [ MGOC MgO concentration—simple model kg/m3

64 | MGOH2C Mg(OH); concentration—simple model kg/m3

65 | HYMAGC Hydromagnesite concentration-simple model | kg/m>

66 [ MGCO3C MgCO; concentration—simple model kg/m?

67 | SALTC Salt concentration—simple model kg/m?

68 | PORSOLID Volume fraction of generated solids dimensionless
69 [H2 R’ H> generation rate—reaction path model kg/(s'm?)
70 | CO2_R! CO; generation rate—reaction path model kg/(s-m3)
71 | CH4 R! CH4 generation rate—reaction path model kg/(s-m?)
72 [ N2 R’ N2 generation rate—reaction path model kg/(s'm’)
73 | H2S R HaS generation rate—reaction path model kg/(s-m?)
74 | O2_R! 02 generation rate—reaction path model kg/(s-m?)
75 | H20 R! H>O generation rate—reaction path model kg/(s'm?)
76 | H2SO4 R! H2SO4 generation rate—reaction path model | kg/(s'm?)
77 | HNO3 R! HNO;3 generation rate-reaction path model kg/(s'm?)
78 | CELL_R’ Biodegrad consumption rate—reaction path kg/(s'm?)

model
79 | FE R? Fe generation rate-reaction path model kg/(s'm?)
80 | FES2F R! FeS generation rate—reaction path model kg/(s-m®)
81 | FES20 R’ FeS; generation rate—reaction path model kg/(s-m?)
82 | FECO3F R! FeCOs generat}on rate-reaction path model | kg/(s'm?)
83 | FECO30 R! FeCO; generation rate—reaction path model | kg/(s-m?)
84 | FEOH2 R! Fe(OH), generation rate—reaction path model | kg/(s'm>)
85 | FEOOH_R! FeO(OH) generation rate-reaction path kg/(s'm?)
| model

86 | FE304 R’ Fe304 generation rate—reaction path model kg/(s-m?)
87 | FES Rt FeS generation rate-reaction path model kg/(s'm®)
88 | CAO_R! CaO generation rate—reaction path model kg/(s'm’)
89 | CAOH2_R! Ca(OH), generation rate—reaction path model | kg/(s'm%)
90 | CACO3 R CaCOs generation rate—reaction path model | kg/(s-m®)
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No.? | CAMCON Description SI Unit
Element
Variable Name
91 |H2 RAD R H; generation rate—radiolysis kg/(s'm®)
92 |H2 C* H> concentration—reiactiion7path model kg/(s-m?)
93 | CO2 Ct COz concentration—reaction path model kg/m?
94 | CH4 C CH,4 concentration—reaction path model kg/m?
95 |N2 C! N> concentration—reaction path model kg/m?3
96 | H2S Ct H3S concentration—reaction path model kg/m3
97 102 O; concentration—reaction path model kg/m?
98 | H20_C H>O concentration—reaction path model kg/m?
99 | H2504 C H»>S04 concentration—reaction path model kg/m?
100 | HNO3_Ct HNO3 concentration—reaction path model kg/m3
101 | CELL _C Biodegradables concentration—reaction path | kg/m?
model
102 FE C Fe concentration—reaction path model kg/m’
103 | FES2F Ct FeS: concentration—reaction path model kg/m?
104 | FES20_C" FeS; concentration—reaction path model kg/m?
105 | FECO3F_C! FeCOj; concentration—reaction path model kg/m3
106 | FECO30 Ct FeCOs; concentration—reaction path model kg/m?
107 | FEOH2 _C* Fe(OH); concentration—reaction path model kg/m?
108 | FE304 _C* Fe304 concentration—reaction path model kg/m?
109 | FES C FeS concentration—reaction path model kg/m?
110 | FEOOH_C! FeO(OH) concentration—reaction path model | kg/m?
111 | CAO_Ct CaO concentration—reaction path model kg/m?
112 | CAOH2 _C* | Ca(OH); concentration—reaction path model | kg/m®
113 | CACO3_Ct CaCOs3 concentration—reaction path model kg/lp3 B
114 H2 RAD C H; concentration—radiolysis kg/m?
115 | H2OFLOWI' Water inflow rate kg/s
116 | SM1AM2412 Amount of isotope 1 from Waste Region 1 gg-mol
117 | SM2AM2412 Amount of isotope 1 from Waste Region 2 gm-mol
118 | SM1PU2382 Amount of isotope 2 from Waste Region 1 gm-mol
119 | SM2PU2382 Amount of isotope 2 from Waste Region 2 gm-mol
120 | SM1PU2392 Amount of isotope 3 from Waste Region 1 gm-mol
121 | SM2PU2392 Amount of isotope 3 from Waste Region 2 gm-mol
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No.? CAMCON Description SI Unit
Element

Variable Name

122 | SM1PU2402 Amount of isotope 4 from Waste Region 1 gm-mol

123 | SM2PU240? Amount of isotope 4 from Waste Region 2 gm-mol

124 | SM1PU2422 Amount of isotope 5 from Waste Region 1 gm-mol

125 | SM2PU2422 Amount of isotope 5 from Waste Region 2 gm-mol

1) Not Used or QA’d for WIPP compliance calculations.

2) Variables 1 - 115 are, by default, available in any run. Variables 116 and greater depend on the values of
MWST and MRAD. This list is for MWST =2, MRAD = 5 (using the following radionuclides to produce
the example CAMCON element variable names: Am241, Pu238, Pu239, Pu240, Pu242), which results in a
total of NVPR = 115 + MWST x MRAD = 125 element variables.

7.2.3.5 History Variables.

For purposes of the BRAGFLO input, a history variable is defined as any variable listed in Table
7, at a specified grid block location. History variables are printed at every time step, unlike the
rest of the ASCII and binary printout, which is generally not printed at every time step, but rather
at multiple time steps or at intervals specified in the input, as described above. History variables
are printed only to the binary output file, never to the ASCII output file. The purpose for history
variables is to allow accurate post-processing. For example, integration of brine flow past some
boundary can be done in post-processing to give cumulative flows that are as accurate as if they
were computed internally to BRAGFLO. Earlier versions of BRAGFLO performed some of this
integration, but, without extremely complex input, it was not possible to keep the code general
and not specific to a particular mesh. Without history variables, post-processing can only be
done using the element variables, which are usually output at multi-step intervals. Then,
variables that change rapidly over a short period of time cannot be integrated accurately.

Line 2.13. Descriptor. History variables.

One-line (up to 132 characters) descriptor for the following parameters (cannot be blank):
Line 2.14. NHIV.

NHIV: Total number of element variables (from the list in Table 7) that will be
printed as history variables. This is the number of sets of variables to be
read from input.

= 0: no history variables will be printed out, and no more history variable
input will be read from input.

> (: then read NHIV sets of lines 2.15 and 2.16.
Line 2.15. LH, NGBHIV, Text Label (i.e. NAME=BRINE PRESUURE).

LH: Element variable number from Table 7.

NGBHIV: Number of grid blocks to be printed as history variables for variable
number LH.
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Line 2.16. IIHIV, JJHIV, KKHIV (NGBHIV sets).

MHIV: I-index for grid block location for the history variable.
JJHIV: J-index for grid block location for the history variable.
KKHIV: K-index for grid block location for the history variable.

7.2.3.6 Monitor Blocks.

BRAGFLO prints out certain summary data to the screen and to the .sum file at each time step to
provide the user with continuous information on the how the run is progressing. This summary
includes two lines showing simulation time along with time step and global mass balance
information (described more fully in Section 9.3). In addition, the summary allows the user to
monitor values of certain element variables at specified grid blocks. These monitor blocks are
intended solely to monitor progress, rather than to provide data for post-processing or other later
use, so only a few grid blocks should be selected where significant changes are likely to occur or
where the behavior is representative of an entire region. Typically, one to three monitor blocks
are selected. Because this information is printed both to the screen (or to a .xlog file if run in
batch) and to the .sum file at every time step, the amount of information printed out can become
large in a long run if too many monitor blocks are selected. The maximum number of blocks
allowed is MMON, which is set in the PARAMETER statement.

Line 2.17. Descriptor. Monitor block parameters.

One-line (up to 132 characters) descriptor for the following parameters:
Line 2.18. MONITOR.
MONITOR: LOGICAL Flag for monitoring key parameters at a specified grid block.

= F: no monitor blocks will be printed out, and no more monitor block
input will be read.

=T: read lines 2.19, 2.20, and 2.21 and then line 2.22 (NMON times)

Line 2.19. Descriptor. Number of monitor blocks.

One-line (up to 132 characters) descriptor for the following parameters:
Line 2.20. NMON.

NMON: Number of monitor blocks to be specified. NMON should be less than
100, because the monitor block number printout is formatted 12. If
NMON > MMON (where MMON is set in the PARAMETER statement),
BRAGFLO will abort with a message is printed to the screen:

**% ERROR: Too many Monitor Blocks in Input:

Specified: NMON = <NMON input wvalue>

Maximum: MMON = <MMON value set in PARAMETER
statement>

*** Monitor error in READPRTYPE ***
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Line 2.21. Descriptor. Monitor block locations.

One-line (up to 132 characters) descriptor for the following parameters:
Line 2.22. IMONITOR. JMONITOR, KMONITOR

IMONITOR: I-index of grid block to be monitored.

JMONITOR: J-index of grid block to be monitored.

KMONITOR: K-index of grid block to be monitored.

7.2.4 Mesh Description Parameters

BRAGFLO provides several options for inputting the mesh. With these options, a simple mesh
can be easily set up with very little input, yet very complex meshes can still be specified, with
correspondingly more detailed input. BRAGFLO uses a rectilinear grid; defining the mesh
requires specifying the Ax (DXGRID), Ay (DYGRID), and Az (DZGRID), and the elevation
(DEPTH) for each grid block. How much of this information has to be input depends on which
input option is selected.

Line 3.1. Descriptor. Grid data flags.

One-line (up to 132 characters) descriptor for the following parameters:
Line 3.2. IDXFLAG. IDYFLAG. IDZFLAG. IDEPTHFLAG.
IDXFLAG: Specifies how grid block width Ax (DXGRID) is to be read.
= (: DXGRID does not vary; input one value of DXGRID.
= 1: DXGRID varies in I-direction; input NX values of DXGRID.
IDYFLAG: Specifies how grid block width Ay (DYGRID) is to be read.
= 0: DYGRID does not vary; input one value of DYGRID.
= 1: DYGRID varies in I-direction; input NX values of DYGRID.
= 2: DYGRID varies in J-direction; input NY values of DYGRID.
IDZFLAG:  Specifies how grid block width Az (DZGRID) is to be read.
= 0: DZGRID does not vary; input one value of DZGRID.
= 1: DZGRID varies in I-direction; input NX values of DZGRID.
= 2: DZGRID varies in J-direction; input NY values of DZGRID.
= 3: DZGRID varies in K-direction; input NZ values of DZGRID.

=4: DZGRID varies in I- and J-directions; input NX x NY values of
DZGRID.

IDEPTHFLAG: Specifies how grid block elevations (DEPTH) are to be read.

= 0: Elevation does not vary; input one value of DEPTH.

= 1: Elevation varies in I-direction; input NX values of DEPTH.
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= 2: Elevation varies in J-direction; input NY values of DEPTH.
= 3: Elevation varies in K-direction; input NZ values of DEPTH.

= 4: Elevation varies in I- and J-directions; input NX x NY values of

DEPTH.

= 5: Elevation varies in I- and K-directions; input NX x NZ values of
DEPTH.

= 6: Elevation varies in J- and K-directions; input NY x NZ values of
DEPTH.

= 7: Elevation varies in I-, J-, and K-directions; input NX x NY x NZ
values of DEPTH.

=-1: Elevation varies in I-direction; have BRAGFLO calculate values of
DEPTH.

= -2: Elevation varies in J-direction; have BRAGFLO calculate values of
DEPTH.

=-3: Elevation varies in K-direction; have BRAGFLO calculate values of
DEPTH.

= -4: Elevation varies in I- and J-directions; have BRAGFLO calculate
values of DEPTH.

=-5: Elevation varies in I- and K-directions; have BRAGFLO calculate
values of DEPTH.

= -6: Elevation varies in J- and K-directions; have BRAGFLO calculate
values of DEPTH.

= -7: Elevation varies in I-, J-, and K-directions; have BRAGFLO
calculate values of DEPTH.

If the input value for any of these flags is outside the range listed above, BRAGFLO will
abort, with messages printed to the screen indicating what the problems are. The final
messages printed are:

Number of FATAL errors in READMESH = <number of errors>

*x% FATAL geometry input errors in READMESH ***

Subsequent input depends on the values of the geometry flags. There are four sets of
input, one each for inputting DXGRID, DYGRID, DZGRID, and DEPTH.

7.2.4.1 DXGRID input
Line 3.3. Descriptor. DXGRID input.

One-line (up to 132 characters) descriptor for the following parameters:
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Line 3.4. DXCONST.
If IDXFLAG (Line 3.2) = 0:
DXCONST: Uniform grid block Ax-dimension [m or ft].
Line 3.4. (DXGRID(1.1.1), I=1, NX).
If IDXFLAG (Line 3.2) = 1:
DXGRID(I,1,1): Grid block Ax-dimensions, varying in the I-direction [m or ft].

BRAGFLO does not allow DXGRID to vary in the J- or K-directions; thus, only values for
DXGRID in the I-direction need (and can) be input.

7.2.4.2 DYGRID input
Line 3.5. Descriptor. DYGRID input.
One-line (up to 132 characters) descriptor for the following parameters:
Line 3.6. DYCONST.
If IDYFLAG (Line 3.2) = 0:
DYCONST: Uniform grid block Ay-dimension [m or ft].
Line 3.6. (DYGRIDI(I). I=1. NX).
If IDYFLAG (Line 3.2) = I1:
DYGRIDI(I): Grid block Ay-dimensions, varying only in the I-direction [m or ft].
Line 3.6. (DYGRIDJ(J). J=1. NY).
If IDYFLAG (Line 3.2) = 2:
DYGRIDJ(J): Grid block Ay-dimensions, varying only in the J-direction [m or ft].

BRAGFLO does not allow Ay to vary in the K-direction, nor in the I- and J-directions
simultaneously.

7.2.4.3 DZGRID input.
Line 3.7. Descriptor. DZGRID input.
One-line (up to 132 characters) descriptor for the following parameters:
Line 3.8. DZCONST.
IfIDZFLAG (Line 3.2) = 0:
DZCONST: Uniform grid block Az dimensions [m or ft].
Line 3.8. (DZGRIDI(I), I=1. NX).
If IDZFLAG (Line 3.2) = 1:
DZGRIDI(I): Grid block Az-dimensions, varying only in the I-direction [m or ft].
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Line 3.8. (DZGRIDJ(J). J=1, NY).

If IDZFLAG (Line 3.2) = 2:

DZGRIDJ(J): Grid block Az-dimensions, varying only in the J-direction [m or ft].
Line 3.8. (DZGRIDK(K). K=1, NZ).

If IDZFLAG (Line 3.2) = 3:

DZGRIDK(K): Grid block Az-dimensions, varying only in the K-direction [m or ft].
Line 3.8. (DZGRIDIJ(LJ)). I=1, NX). J=1, NY).

If IDZFLAG (Line 3.2) = 4:

DZGRIDIJ(IJ): Grid block dimensions, varying in both I- and J-directions [m or ft].
BRAGFLO does not allow DZGRID to vary simultaneously in all three directions.

7.2.4.4 IDEPTHFLAG input
Line 3.9. Descriptor. IDEPTHFLAG input.

One-line (up to 132 characters) descriptor for the following parameters:

Input values are elevations above the origin to the center of grid blocks. Positive values increase
with elevation, indicating grid block center elevations above the elevation of the origin. If
IDEPTHFLAG is greater than zero, user-specified values of DEPTH are entered. If
IDEPTHFLAG is less than zero, elevations will be calculated from input inclinations.

Line 3.10. DEPTHCONST.
If IDEPTHFLAG (Line 3.2) = 0:

DEPTHCONST: Uniform elevation in all I-, J-, and K-directions [m or ft]. Using a
value for IDEPTHFLAG of zero is physically realistic only if the problem
is one- or two-dimensional, and NX, NY, or NZ, or two of these, is 1.
However, a uniform elevation can be specified for a fully three-
dimensional problem or for a two-dimensional problem with a vertical
cross-section. The effect, which is sometimes desired, is to “turn off”
gravity because there is no difference in elevation between any adjacent
layers in the mesh.

Line 3.10: (DEPTHI(), I=1, NX).

If IDEPTHFLAG (Line 3.2) = 1:

DEPTHI(I): Elevations to grid block centers, varying only in the I-direction [m or ft].
Line 3.10. (DEPTHJ(J). J=1. NY).

If IDEPTHFLAG (Line 3.2) = 2:

DEPTHI{J): Elevations to grid block centers, varying only in the J-direction [m or ft].
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Line 3.10. (DEPTHK(K). K=1. NZ).

If IDEPTHFLAG (Line 3.2) = 3:

DEPTHK(K): Elevations to grid block centers, varying only in the K-direction [m or ft].
Line 3.10. (DEPTHIJ(LJ). I=1. NX). J=1. NY).

If IDEPTHFLAG (Line 3.2) = 4:

DEPTHII(LJ): Elevations to grid block centers, varying in both I- and J-directions [m or
ft].

Line 3.10. ((DEPTHIK(LK), I=1, NX). K=1, NZ).
IfIDEPTHFLAG (Line 3.2) = 5:

DEPTHIK(I,K): Elevations to grid block centers, varying in both I- and K-directions [m
or ft].

Line 3.10. (DEPTHIK(J.K). J=1. NY). K=1. NZ).
If IDEPTHFLAG (Line 3.2) = 6:

DEPTHIK(J,K): Elevations to grid block centers, varying in both J- and K-directions [m
or ft].

Line 3.10. ((DEPTH(LJ.K). =1, NX). J=1, NY). K=1. NZ).

If IDEPTHFLAG (Line 3.2) = 7:

DEPTH(LJ,K): Elevations to grid block centers, varying in all three directions [m or ft].
Line 3.10. IORIG. JORIG. KORIG. ZERODEPTH. THETAX, THETAY. THETAZ.

IORIG: I-index of origin block.
JORIG: J-index of origin block.
KORIG: K-index of origin block.

ZERODEPTH: Elevation of origin block [m or ft].

THETAX:  Angle of positive right-handed rotation about the x-axis [degrees].
THETAY:  Angle of positive right-handed rotation about the y-axis [degrees)].
THETAZ: Angle of positive right-handed rotation about the z-axis [degrees].

If IDEPTHFLAG (Line 3.2) < 0: Elevations will be calculated from inclination input.
Certain rules must be carefully followed to achieve the proper orientation of the mesh.
Start with a right-handed coordinate system, with the origin at (x,y,z) = (0,0,0) in the
center of the front lower left corner block. The x-direction increases to the right; the y-
direction increases into the page; and the z-direction increases upward. Translate the
mesh so that the new origin is at the center of grid block (IORIG, JORIG, KORIG).
Next, set the elevation at the center of this grid block to ZERODEPTH. Finally, rotate the
mesh about the axes in the following order: 1) Positive rotation about the original x-axis;
2) Positive rotation about the original y-axis; 3) Positive rotation about the original z-axis.
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The “original” axes are the axes as they exist after the elevation is set to ZERODEPTH;
in other words, the axes of rotation do not change after each rotation.

If IDEPTHFLAG (Line 3.2) = -1: Elevation varies only in I-direction; there must be only
one layer in the K-direction. In this case, BRAGFLO allows only rotation about the
original y-axis. The only value used from Line 3.10 is THETAY; all other inputs are
ignored, but appropriate placeholder values (three integers and four real numbers) must
be input.

If IDEPTHFLAG (Line 3.2) = -2: Elevation varies only in J-direction; there must be only
one layer in the K-direction. BRAGFLO allows only rotation about the original x-axis.
The only value used from Line 3.10 is THETAX; all other inputs are ignored, but
appropriate placeholder values (three integers and four real numbers) must be input.

If IDEPTHFLAG (Line 3.2) < -2: Elevation can vary in all three directions. This is the
most general case, and it is used whenever IDEPTHFLAG <-2. Other specialized cases,
for IDEPTHFLAG = -3 to -6, analogous to IDEPTHFLAG = +3 to +6, are not yet
implemented in BRAGFLO, so any value of IDEPTHFLAG between -3 and -7, inclusive,
is treated as IDEPTHFLAG =-7.

7.2.5 Well Parameters and Boundary Conditions

BRAGFLO is capable of simulating wells that are completed within the formations or porous
media being modeled. A well is either an injection well or a production (or withdrawal) well.
Each type of well can be treated as a constant-pressure well or as a constant flow rate well.

In a constant-pressure well, fluids (gas and brine) are injected or produced at whatever rate is
necessary to maintain the specified pressure. The amount of each phase that is injected or
produced is proportional to the saturation of each phase in the grid block containing the well.

A constant-pressure well is useful for simulating constant-pressure boundary conditions, and, in
earlier versions of BRAGFLO, this was the only means of maintaining a truly fixed boundary
pressure. In the current version, constant-pressure boundary conditions can be specified directly,
so wells are no longer used for that purpose.

In a constant-flow injection or production well, the rate of injection or production of each phase
is specified, and the pressure in the grid block containing the well fluctuates accordingly.
Injection and production wells are useful for simulating sources and sinks, for example,
generation of gas by a chemical reaction.

In BRAGFLO, a well exists only in a single grid block. In reality, a well might be completed
(i.e., open to the surrounding formation) over a range of depths, which might encompass more
than one grid block in the mesh. To simulate such a well using BRAGFLO, multiple wells must
be used, one for each grid block in which the well is completed. More than one well may exist in
a grid block. Each well in a grid block must be specified individually in the input. All wells are
assumed to be located at the center of the grid block. (In fact, BRAGFLO, as a cell-centered
finite difference code, considers all properties and influences as occurring at the centers of grid
blocks.) It is currently not possible in BRAGFLO for wells to interact directly; for example,
fluids withdrawn from one well cannot be injected in another well. Furthermore, injection and
production rates are fixed over the specified time period; they cannot be varied over time, except
in finite increments as specified explicitly in the input, and they cannot be made to vary as a
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function of any other rates or processes simulated in BRAGFLO. They depend solely, although
implicitly, on the brine pressure and gas saturation within the grid block in which the wells are
completed.

Specified well conditions remain in effect only until the next time at which conditions in any
well are changed. For example, suppose two constant-pressure wells are specified initially, and a
third well, a constant-flow well, is to be added after 1000 years. If only the third well is
specified at 1000 years, the two constant-pressure wells will be turned off at 1000 years. If these
two wells are to continue to be in effect after 1000 years, their conditions must be specified at
1000 years (along with the third well) as well as at the start of the run. Wells are turned off
simply by specifying another time when conditions go into effect, but without specifying any
conditions for those wells.

Constant-pressure (Dirichlet) boundary conditions can be specified directly, instead of being
simulated by means of constant-pressure wells. BRAGFLO assumes all external mesh
boundaries to be no-flow boundaries. Although constant-pressure wells can usually hold the
pressure constant in any grid cell where they are applied, numerical problems are sometimes
encountered. Using wells also requires that productivity indexes (PIWELL-Line 4.6) be
judiciously chosen. If PIWELL is too small, the pressure will not be held exactly constant; if
PIWELL is too big, numerical difficulties are exacerbated. When gas dissolution is being
simulated, constant-pressure wells may not work at all. Specifying Dirichlet boundary
conditions can eliminate these problems. The user has the option of fixing either the brine
pressure or the gas saturation, or both, in any grid block in the mesh.

Dirichlet boundary conditions are in effect during the entire run. They cannot be turned on or off
at various times the way wells can.

Line 4.1. Descriptor. Well parameters.

One-line (up to 132 characters) descriptor for the following parameters:
Line 4.2. NWELLTIMES.

NWELLTIMES: Number of times to specify well conditions. If NWELLTIMES is
greater than NWTIME (which is set in the PARAMETER statement in
params.inc), BRAGFLO will abort with the message:

In READWELL, NWTIME needs to be larger.
NWELLTIMES = <NWELLTIMES input value>

**% Well time errors in READWELL ***
The next line (4.3) is repeated NWELLTIMES times.
Line 4.3. WELLTIME. NWELLS.

WELLTIME: Time when conditions go into effect [s or days]. Conditions specified at
this time remain in effect only until the next WELLTIME. In order for a
well to remain in effect after the next WELLTIME, the description and
conditions for that well (Lines 4.4, 4.5, and 4.6) must be repeated at the
next WELLTIME. If this information is nof repeated at the next
WELLTIME, the well is, in effect, turned off at that time.

NWELLS:  Number of grid blocks containing wells at this WELLTIME.
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The next line (4.4) is repeated NWELLS times.
Line 4.4. IWELLNODE. JWELLNODE. KWELLNODE. NWELLSPERGRID.

IWELLNODE: I-index of grid block containing the well(s).
JWELLNODE: J-index of grid block containing the well(s).
KWELLNODE: K-index of grid block containing the well(s).
NWELLSPERGRID: Number of wells that exist in this grid block.
The next line (4.5) is repeated NWELLSPERGRID times.

Line 4.5. WELLTYPE.

WELLTYPE: Type of well. This is a CHARACTER*4 variable. It is input in free

format, with no enclosing tick marks and any number of leading spaces, in
contrast to earlier versions of BRAGFLO, which used a formatted read
statement. The available options are:

= INJP: Pressure-controlled (or constant-pressure) injection well.
= INJQ: Flow-rate-controlled injection well.
=PROD: Production well.

=NONE: None of the above. This is the initial value for WELLTYPE; if
not changed by an input value, a well that is otherwise fully
specified by input will be ignored and has no effect.

Line 4.6. QGWELL. QOWELL, PIWELL. PW.

QGWELL.:
QOWELL:
PIWELL:

PW:

Gas mass flow rate [kg/s or Ib/day].
Brine mass flow rate [kg/s or 1b/day].

Injectivity or productivity index [m? or (bbl cP)/(day psi)]. Recommended
value: 1.0 x 10 m>, to achieve constant pressure (PO = PW), as when
wells are used to maintain a specified boundary condition.

Flowing down-hole well bore pressure [Pa or psi].

The productivity index, PIWELL, is a function of grid block dimensions,
permeability, and borehole diameter that allows accurate simulation of
well behavior when a small-diameter borehole is completed within a large
grid block. To simulate the pressure drop from the formation immediately
surrounding a borehole into the borehole, the productivity index must be
calibrated to actual measurements of pressure and flow rates. In the WIPP
PA, wells are generally used only to maintain fixed pressures at the
boundaries of a mesh, rather than to simulate the actual behavior of a well.
(Since Dirichlet boundary conditions were implemented, wells are now
seldom used at all.) In this case, accurate simulation of the pressure
behavior in the vicinity of the well is unimportant, and a large productivity
index (say, 1.0 x 10° m?) is used so that the pressure in the grid block is
the same as specified for the borehole. Because the productivity index is
dependent on grid block dimensions, a “large” value in one grid block
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may not be large enough in another. However, for grid blocks as large as
15 km x 60 km x 100 m, a productivity index of 1.0 x 10 m? [3.7 x 1012
bbl cP/(day psi)] provides the desired equal pressures in the well borehole
and the grid block.

Line 4.7. Descriptor. Constant brine pressure and gas saturation boundary conditions.

One-line (up to 132 characters) descriptor for the following parameters:
Line 4.8. DIRICHLET. NO_DIRGRID.

DIRICHLET: Logical flag (T or F) indicating that Dirichlet boundary conditions will be
used.

NO_ DIRGRID: Number of grid blocks in which Dirichlet boundary conditions will be
applied.

If DIRICHLET is .FALSE., no additional well or boundary condition data are input.
If DIRICHLET is .TRUE., the following line (4.9) is repeated NO_DIRGRID times.
Line 4.9. IR.JR.KR.DIRGRIDP.DIRGRIDS.DIR_PRES.DIR_SATB.

IR: I-index of grid block in which Dirichlet boundary conditions are applied.
JR: J-index of grid block in which Dirichlet boundary conditions are applied.
KR: K-index of grid block in which Dirichlet boundary conditions are applied.

DIRGRIDP: Logical flag (T or F) indicating that a constant brine pressure is to be used.
DIRGRIDS: Logical flag (T or F) indicating that a constant gas saturation is to be used.
DIR PRES: Brine pressure specified to be constant [Pa].

DIR _SATB: Brine saturation specified to be constant. Because BRAGFLO solves for
gas saturation, it is actually the gas saturation that will be held constant.
However, to be consistent with the initial condition input, where brine
saturation is input, brine saturation is specified here, rather than gas
saturation.

DIR PRES and DIR _SATB must be identical to the initial values, PIINIT (IR,JR,KR)
and SOINIT (IR,JR,KR), respectively (see next subsection). Otherwise, BRAGFLO will
run incorrectly. BRAGFLO does not check to be sure that DIR_PRES and DIR SATB
are the same as the initial; it is up to the user to ensure that this is true.

7.2.6 Initial Conditions

Initial conditions must be input for brine pressure, brine saturation, iron concentration, and
cellulosics concentration.

Line 5.1. Descriptor. Brine pressure initial conditions.

One-line (up to 132 characters) descriptor for the following parameters:
Line 5.2. ((PINIT(LJ.K). I=1, NX). J=1. NY). K=1. NZ).
PINIT: Initial brine pressure [Pa or psi].
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Line 5.3. Descriptor. Brine saturation initial conditions.

One-line (up to 132 characters) descriptor for the following parameters:
Line 5.4. (((SOINIT(1.J.K). I=1. NX), J=1. NY). K=1, NZ).

SOINIT: Initial brine saturation [dimensionless].

Line 5.5. Descriptor. Iron concentration initial conditions.

One-line (up to 132 characters) descriptor for the following parameters:
Line 5.6. (((CONCFE(LJ.K). I=1. NX). J=1. NY). K=1. NZ).
CONCFE: Initial iron concentration [kg/m? or 1b/ft’].

Line 5.7. Descriptor. Cellulosics concentration initial conditions.

One-line (up to 132 characters) descriptor for the following parameters:
Line 5.8. (((CONCBIO(1.J.K). I=1. NX). J=1. NY). K=1. NZ).
CONCBIO: Initial cellulosics concentration [kg/m? or 1b/ft*].

Line 5.9. Descriptor. MgO concentration initial conditions.

One-line (up to 132 characters) descriptor for the following parameters:
Line 5.10. ((CONCMGO(LJ.K), I=1. NX). J=1, NY). K=1. NZ).
CONCMGO: Initial magnesium oxide concentration [kg/m? or 1b/ft?].

It is sometimes desirable to calculate, rather than input, certain initial conditions, an example
being the initial brine pressure distribution in formations surrounding the WIPP repository. In
this example, other initial conditions, such as the brine pressure within the repository and initial
concentrations of reactants (iron and cellulosics), still need to be specified in the input, even
though pressures outside the repository are calculated. BRAGFLO accommodates this need to
calculate initial conditions of only some variables in only part of the mesh by means of a
somewhat convoluted interaction between special materials specifications and starting times.

If a run begins at time START >= TIMEICRESET (described in Section 7.2.8, Line 7.24;
generally, TIMEICRESET = 0.), BRAGFLO uses only the initial conditions specified in Lines
5.1-5.10 above. This use of initial conditions is straightforward and uncomplicated, being the
obvious way that initial conditions are expected to be used.

If a run begins at time START < TIMEICRESET, only some of the initial conditions are used at
time START, while other initial conditions from Lines 5.1-5.10 are used at time
TIMEICRESET. In this case, initial pressures, PINIT, will be used in all regions except Waste
regions at time START. Initial brine saturations, SOINIT, will also be used in all regions except
Waste regions at time START. Reactant concentrations, CONCFE, CONCBIO and CONCMGO
are not used until after TIMEICRESET; furthermore, reactions that affect the values of
CONCFE, CONCBIO and CONCMGO occur only in Waste regions, which are undefined prior
to TIMEICRESET.

At TIMEICRESET, brine pressures only in Reset Material regions are set to PINIT. At the same
time, brine saturations only in Reset Material regions are set to SOINIT. Because CONCFE,

Page 115 of 302

Information Only



User’s Manual ERMS# 570275
for BRAGFLO Version 7.00 January 2019

CONCBIO, and CONCMGO are unaffected before TIMEICRESET, both of these variables have
initial values as specified in Lines 5.6 and 5.8 at time START as well as at time TIMEICRESET.

7.2.7 Numerical Control Parameters

Parameters input in this section allow the user to control the numerical behavior of BRAGFLO.
These parameters affect the accuracy of solutions and can have major effects on computing time.
The equations solved in BRAGFLO are highly nonlinear, and the discretized equations are
solved using an iterative Newton-Raphson technique. The control parameters govern the rate of
convergence of the solution procedure, as well as the degree of precision to be achieved in the
solution. The Newton-Raphson procedure involves computing a Jacobian matrix, which is the
most computationally intensive step in the solution. The control parameters allow the user to
specify the frequency at which the Jacobian is recalculated. The Jacobian is always computed at
the beginning of each time step. It can be calculated as frequently as each iteration within a time
step (at great computational expense), or after every so many iterations.

Line 6.1. Descriptor. Physical realism constraints.

One-line (up to 132 characters) descriptor for the following parameters:
Line 6.2. DEPLIMIT(1), DEPLIMIT(2). SATLIMIT.

DEPLIMIT(1): Limit allowed on gas saturation outside the physically realistic range of
0.0 to 1.0. The solution will not be rejected provided: 1.0 + DEPLIMIT(1)
> S, > -DEPLIMIT(1). Otherwise, the time step size will be reduced and
the time step will be repeated. Note that this is only the first of several
criteria that must be met before a solution is finally accepted. “Slightly
unrealistic” values of gas saturation can (and generally must) be tolerated;
if DEPLIMIT(1) is too small, or zero, BRAGFLO will likely struggle
excessively (and consume large amounts of computing time) without
appreciably improving the solution. Recommended value: DEPLIMIT(1)
=10.2.

DEPLIMIT(2): Lower limit allowed on brine pressure [Pa or psi]; primarily intended to
catch large negative values of pressure. The solution will be accepted
provided: PO > DEPLIMIT(2). If PO < DEPLIMIT(2), the time step size
will be reduced and the time step will be repeated. As with
DEPLIMIT(1), DEPLIMIT(2) should not be set too stringently. These
two limits are intended simply to reject the solutions that are beyond hope
before any more computational effort is expended on them.
Recommended value: -1.0 x 10% Pa.

SATLIMIT: Limit on gas saturation solution beyond which a solution will not be
accepted; inter-step iterations will continue using the same 4¢ (i.e., the
solution is not accepted, but Af is not reduced) even if DEPLIMIT(1) is
satisfied if: 1.0 + SATLIMIT > §,> -SATLIMIT provided that
DEPLIMIT(1) > SATLIMIT. Non-convergence occurs once Sg violates
the SATLIMIT constraint. This is intended to be a more stringent limit
than DEPLIMIT(1), but it is up to the user to ensure that DEPLIMIT(1) >
SATLIMIT. Recommended value: 1.0 x 1073,
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Line 6.3. Descriptor. Limits on variable changes for auto time step control.

These parameters are used in the auto time step control algorithm. They affect the
efficiency of BRAGFLO by allowing larger time steps when the variables (gas saturation
and brine pressure) are changing slowly. If auto time step is turned off, these parameters
are not used, but they must still be input.

One-line (up to 132 characters) descriptor for the following parameters:
Line 6.4. DELTADEPNORM(1). DELTADEPNORM(2).

DELTADEPNORM(1): Relative change in gas saturation across a time step; used to
control size of next time step. Input value is the largest relative change in
gas saturation in the time step just completed such that the new time step
will be the same as the current time step. Using a smaller input value will
cause smaller increases in the new time step for a given relative change in
gas saturation or reduce the relative change in gas saturation that will be
allowed in order to achieve a given increase in time step size. Using a
larger input value will have the opposite effect. Recommended value: 0.3.

DELTADEPNORM(2): Absolute change in brine pressure across a time step [Pa or psi];
used to control size of next time step. Input value is the largest absolute
change in brine pressure in the time step just completed such that the new
time step will be the same as the current time step. Using a smaller input
value will cause smaller increases in the new time step for a given
absolute change in brine pressure or reduce the absolute change in brine
pressure that will be allowed in order to achieve a given increase in time
step size. Using a larger input value will have the opposite effect.
Recommended value: 5.0 x 10° Pa.

Line 6.5. Descriptor. Maximum absolute variable changes.

One-line (up to 132 characters) descriptor for the following parameters:
Line 6.6. DDEPMAX(1). DDEPMAX(2).

DDEPMAX(1): Maximum absolute gas saturation change allowed over a time step. Ifa
greater change in gas saturation occurs, the time step is repeated using a
smaller time step. Recommended value: 1.0. (This allows gas saturation
to change from 0.0 to 1.0 in a single step, the most that is physically
possible, in effect turning off this control except when unphysical gas
saturations are obtained.)

DDEPMAX(2): Maximum absolute pressure change allowed over a time step. Ifa
greater change in brine pressure occurs, the time step is repeated using a
smaller time step [Pa or psi]. Recommended value: 1.0 x 107 Pa.

Line 6.7. Descriptor. Newton-Raphson normal convergence criteria.

One-line (up to 132 characters) descriptor for the following parameters:
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Line 6.8. ICONVTEST.

ICONVTEST: Flag specifying whether either or both convergence criteria must be
satisfied before a solution is considered to have converged.
Recommended value: 1. requiring both convergence criteria to be met
should result in a more accurate solution. However, prohibitively small
time steps are sometimes required because the convergence tests tend to
over-emphasize the importance of small grid blocks in which small
changes can result in relatively large mass balance errors. To get
BRAGFLO to run to completion when such problems occur, it may be
necessary to relax one of the criteria that must be met. Generally, this has
been found to have little impact on gross results. However, in some
instances, important short-lived transient results can differ greatly
depending on whether either or both convergence criteria are met.
Therefore, whenever possible, ICONVTEST = 1 should be used.

= 0: Satisfy either EPSNORM or FTOLNORM. (described next, on
Lines 6.10 and 6.14).

= 1: Satisfy both EPSNORM and FTOLNORM. (described next, on Lines
6.10 and 6.14).

Line 6.9. Descriptor. Maximum change in variables for normal convergence.

One-line (up to 132 characters) descriptor for the following parameters:
Line 6.10. EPSNORM(1). EPSNORM(2).

EPSNORM(1): Number of digits of accuracy to the right of the decimal in the change in
gas saturation. This parameter limits the change in gas saturation when
saturations are very small, in which case DDEPMAX(1) is too easily
satisfied. Recommended value range: 2 to 5 with a best estimate of 3.

EPSNORM(2): Maximum relative change in brine pressure allowed over a time step.
This parameter provides control over brine pressure changes when the
pressure is small and DDEPMAX(2) (the maximum absolute change) is
too easily satisfied. Recommended value range: 1.0 x 107 to 1.0 x 1072
with a best estimate of 1.0 x 107>,

Line 6.11. Descriptor. Loosened Newton-Raphson convergence criteria.

Occasionally, BRAGFLO encounters great difficulty in converging to a solution. Ifa
solution has not been obtained at a particular time step after numerous time step
reductions, it is quite likely that further time step reductions will not improve the solution
sufficiently to satisfy the normal convergence criteria, EPSNORM(1) and EPSNORM(2).
One option at this point is for BRAGFLO to abort. The user would then rerun the
problem after adjusting one or more of the control parameters and hope for better results.
However, it is often the case that BRAGFLO’s difficulties are temporary, and that if it
can get past the trouble spot, it will complete the run without further major difficulties.
Thus, a second option has been built into BRAGFLO to handle those occasions when
repeated time step reductions fail to provide convergence: The convergence criteria are
temporarily relaxed. These relaxed criteria are applied after user-specified
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IJACSWITCH time step reductions have occurred, and they continue to be applied only
until convergence is obtained at that time step. After JACRESET time steps, and at all
subsequent time steps, the normal convergence criteria are used. This capability makes
BRAGFLO a little more robust, enabling it to complete runs that would otherwise abort
and require input modifications before rerunning, at only a minor cost in overall
accuracy. This feature becomes important when carrying out large number of runs in
automated batch systems. It can be turned off by setting all input values of the loosened
criteria equal to the normal criteria. Caution is advised when using this feature because
large mass balance errors can be introduced which may not be apparent in a cursory
examination of the results.

NOTE: Loosened tolerance capability is not QA’d or used for WIPP Compliance
Calculations. Set EPSLOOSE > EPSNORM to disable.

One-line (up to 132 characters) descriptor for the following parameters:
Line 6.12. EPSLOOSE(1). EPSLOOSE(2).

EPSLOOSE(1): Same meaning as EPSNORM(1); used after TACSWITCH time step
reductions have occurred. Recommended value range: 1 to 4 with a best
estimate of 2.

EPSLOOSE(2): Same meaning as EPSNORM(2); used after IACSWITCH time step
reductions have occurred. Recommended value range: 1.0 x 107 to 1.0 x
1074 with a best estimate of 1.0 x 102,

Line 6.13. Descriptor. Normal right-hand-side function (or residual) criteria.

BRAGFLO solves a pair of simultaneous mass balance equations: F1 = 0 (gas mass
balance), and F> = 0 (brine mass balance). Because the nonlinear equations are solved
numerically and iteratively, F1 and F> are generally not zero. The deviation from zero is
the residual, or mass balance error. Ideally, iterations will continue until the residuals are
zero, but, in practice, the best that can be hoped for is to get “close” to zero.
Discretization errors, round-off errors, discontinuous functional dependencies, property
functions with discontinuous derivatives, and non-linearities all contribute to making
convergence to truly zero residuals unattainable. The degree of closeness of the residuals
to zero that is acceptable is input as the tolerances FTOLNORM(1) and FTOLNORM(2).

One-line (up to 132 characters) descriptor for the following parameters:
Line 6.14. FTOLNORM(1). FTOLNORM(2).

FTOLNORM(1): [kg gas in residual/kg gas in grid block]. For gas saturation, the value
of the residual is normalized by dividing by the amount of gas present in
the grid block, ¢(p.S, + C,.p.S,), where ¢ is the porosity, p, and p, are the
gas and brine densities at local conditions, S, and S, are the gas and brine
saturations, and C,, is the mass fraction of gas in the brine phase (C,, = 0.0
if no dissolved gas is present). The minimum of this normalized residual
value is compared with FTOLNORM(1). If ICONVTEST = 0 and the
normalized residual is less than FTOLNORM(1), convergence is accepted
regardless of EPSNORM(1). If ICONVTEST = 1, the normalized residual
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must be less than FTOLNORM(1) and EPSNORM(1) must be satisfied in
order for the solution to be accepted. Recommended value range: 1.0 x
107! to 1.0 x 10°® with a best estimate of 1.0 x 1072,

FTOLNORM(2): [kg brine in residual/kg brine in grid block]. For brine pressure, the
value of the residual is normalized by dividing by the amount of brine
present in the grid block, ¢C..p.S,, where ¢ is the porosity, C,, is the mass
fraction of brine in the brine phase (C,, = 1.0 if no dissolved gas is
present), g, is the brine density at local conditions, and S, is the brine
saturation. The minimum of this normalized minimum residual value is
compared with FTOLNORM(2). If ICONVTEST = 0 and the normalized
residual is less than FTOLNORM(2), convergence is accepted regardless
of EPSNORM(2). If ICONVTEST = 1, the normalized residual must be
less than FTOLNORM(2) and EPSNORM(2) must be satisfied in order for
the solution to be accepted. Recommended value range: 1.0 x 10" to 1.0
x 107 with a best estimate of 1.0 x 1072,

Line 6.15. Descriptor. Loosened right-hand-side function criteria.

NOTE: Loosened tolerance capability is not QA’d or used for WIPP Compliance
Calculations. Set FTOLLOOSE > FTOLNORM to disable.

One-line (up to 132 characters) descriptor for the following parameters:
Line 6.16. FTOLLOOSE(1). FTOLLOOSE(2).

FTOLLOOSE(1): Relaxed value of normalized residual for gas saturation below which
convergence is accepted regardless of EPSLOOSE(1); used after
IJACSWITCH time step reductions have occurred [kg gas in residual/kg
gas in grid block]. Recommended value range: 1.0 x 10! to 1.0 x 10
with a best estimate of 1.0 x 107

FTOLLOOSE(2): Relaxed value of normalized residual for brine pressure below which
convergence is accepted regardless of EPSLOOSE(2); used after
IJACSWITCH time step reductions have occurred [kg brine in residual/kg
brine in grid block]. Recommended value range: 1.0 x 107 to 1.0 x 10
with a best estimate of 1.0 x 107,

Line 6.17. Descriptor. Multi-component gas constituent transport convergence tolerances.

One-line (up to 132 characters) descriptor for the following parameters:
Line 6.18. EPSGAS(1). EPSGAS(2). EPSGAS(3). EPSGAS(4).

EPSGAS(1): Smallest negative value allowed in the amount of each gas component in a
grid block [gm-mol]. If input as a positive number, BRAGFLO sets it
negative.

EPSGAS(2): Largest change in a molar concentration of a gas component that is
allowed over a Newton-Raphson iteration [gm-mol/m?].
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EPSGAS(3): Smallest value of molar concentration that is considered to be nonzero.
Used to ensure that, in calculating the relative change in molar
concentration, a zero or essentially zero value is not used [gm-mol/m?].

EPSGAS(4): Maximum relative change in gas component molar concentration allowed
over a Newton-Raphson iteration [dimensionless].

Line 6.19. Descriptor. Equation solver selection.

One-line (up to 132 characters) descriptor for the following parameters:

Line 6.20. CHSOLVER.

CHSOLVER: This is a CHARACTER®*3 variable indicating the solver to be used. It is
input in free format, with no enclosing tick marks and any number of
leading spaces. The available options are:

=LU:

Original LU-decomposition solver, a direct (non-iterative) solver.
This is the solver most frequently used in WIPP PA work. Its
principal advantage is its great robustness: unless the Jacobian
matrix is truly singular (which generally indicates flawed input or a
conceptual model error), a solution (i.e., inversion of the given
Jacobian) is virtually guaranteed. The main disadvantages are
large storage requirements and slow speed, which makes large
meshes (such as realistic three-dimensional problems) impractical.

=LP: Another LU-decomposition solver from Linpack, a non-proprietary

package of linear algebra routines. Essentially identical to the
original LU solver, this solver first calculates a condition number,
which indicates the degree of singularity of the Jacobian. If the
condition number is too small, the LP solver concludes that the
matrix is singular and aborts the run, in contrast to the original LU
solver, which will continue with the solution unless the Jacobian
determinant is exactly zero. It is currently disabled in BRAGFLO
because the massive Jacobian array is rewritten into another array,
nearly doubling the memory required to run BRAGFLO. It may be
reactivated easily in future versions. If the LP solver is selected,
the program will abort with a message printed to the screen:

*** Abort in READCNTRL; LP solver not available.

: A multigrid iterative solver. In addition to speed (compared to

direct solvers), this solver has the advantage of all iterative solvers
in that the storage requirements are far less than for direct solvers,
making large three-dimensional simulations possible. The
multigrid solver originally implemented in BRAGFLO was limited
to two dimensions and suffered from a lack of robustness. This
option is currently not available, pending development of a robust
three-dimensional multigrid solver. The shell for selecting this
solver has been retained for possible future use. If it is selected,
the program will abort with a message printed to the screen:
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*** Abort in READCNTRL; MG solver not available.

= LSOR: A point successive over-relaxation (SOR) solver. This is
another iterative solver, which, like the multigrid solver, lacks
robustness. It should work on simple problems or large problems
using uniform grid blocks and smoothly varying material
properties.

NOTE: LP, MG, and LSOR solvers are either unavailable or not QA’d nor used for
WIPP Compliance Calculations.

Line 6.21. Descriptor. Iteration limits: scaling options.

One-line (up to 132 characters) descriptor for the following parameters:
Line 6.22. ITMAX. IRESETMAX. IJACINPUT. LSCALE. P_ SCALE. LVARSWTCH.

ITMAX:

Maximum number of Newton-Raphson iterations per time step.
Recommended value: 10.

IRESETMAX: Maximum number of time step size reductions allowed at any time step

IJACINPUT:

should non-convergence problems be encountered. If this number is
exceeded, the run is aborted; this is the only way a BRAGFLO run will
cleanly abort (aside from input errors). Note that the time steps obtained
as a result of time step reductions following non-convergence are not
restricted in size by the input parameter DELTMIN (Line 1.9). Itis
possible for a time step smaller than DELTMIN to be obtained that results
in convergence after fewer than IRESETMAX time step reductions. This
can only occur when non-convergence causes time steps to be reduced
below DELTMIN. In this case, the next time step will automatically be
reset to DELTMIN. Convergence requiring time steps smaller than
DELTMIN may occur repeatedly and has the potential for causing
BRAGFLO to stall out, consuming great quantities of computing time
using impracticably small time steps by sidestepping the normal time step
minimum through this one loophole. However, it has been found that
when BRAGFLO has difficulties resulting in repeated use of time steps
smaller than DELTMIN, either these problems are resolved by taking just
a couple of time steps smaller than DELTMIN, or they cause
IRESETMAX to be exceeded. Recommended value: 40.

Default iteration interval frequency for updating the Jacobian. The
Jacobian is always evaluated at the start of each time step. Reevaluating
the Jacobian at each Newton-Raphson iteration within a time step will, at
least in theory, result in the fastest convergence to a solution. However, in
some instances, convergence may be just as fast even when the Jacobian is
evaluated only before the first iteration. Because evaluating the Jacobian
is the most computationally intensive step in the solution, it is highly
desirable to do this as infrequently as possible. On the other hand,
reevaluating every iteration is more likely to give a solution, especially in
difficult problems, whereas doing this, say, just once each time step (every
40 iterations), can sometimes cause the solution to diverge, resulting in
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more computational effort than simply reevaluating every iteration.
Recommended value: 1.

LSCALE: Logical flag specifying whether to scale the Jacobian and the right hand
side. Scaling may reduce round-off errors that cause numerical problems
when working with near-singular matrices, which is often the case in
WIPP PA. Recommended value: T.

P SCALE: When LSCALE =T, the Jacobian and right hand side are divided by
P_SCALE to reduce the singularity of the Jacobian when the degree of
singularity is exacerbated by round-off errors. Whether LSCALE =T or
F, a value must be input here; when LSCALE =F, P SCALE is read in
but is not used. Recommended value: 1.0 x 107 Pa.

LVARSWTCH: Logical flag specifying whether variable switching will be allowed.
This flag can be set to T only if dissolved gas is being modeled and
Henry’s law is to be used (IDGAS = 2). The gas solubility options are
described in Section 7.2.9. When Henry’s law gas solubility is used,
LVARSWTCH should be set to T; this is not a requirement, but
BRAGFLO may not run well or at all if variable switching is not allowed
(set to F) when IDGAS = 2. When LVARSWTCH =T, the dependent
variables may be automatically changed when the gas phase disappears,
from the normal set of gas saturation and brine pressure (S, and P,) to P,
and P,. P,is the equilibrium Henry’s law gas pressure, defined as the gas
pressure that would exist if a gas phase were present given the mole
fraction of gas that is currently dissolved in the brine. Because gas can
dissolve in brine, it is possible for the gas phase to disappear, but a gas
component will remain in the liquid phase. When this happens, it is no
longer possible to keep track of the amount of gas dissolved in brine
because the dissolved gas is no longer in equilibrium with gas in the
(nonexistent) gas phase. Instead of solving two equations (gas mass
balance and brine mass balance) for two unknowns (S, and P.,),
BRAGFLO will be trying unsuccessfully to solve just one equation, the
brine mass balance, for two unknowns, since the gas mass balance is
identically zero as a result of S, being zero. This will cause the run to
abort or to flounder, struggling hopelessly by cutting back time steps. The
solution to this difficulty is to change the dependent variable from gas
saturation to a pseudo-pressure, P., which is directly proportional to the
mass or mole fraction of gas dissolved in brine:

P.=xH,

where:

x, = mole fraction of gas dissolved in brine,

H = Henry’s law constant [Pa/mol fraction gas in solution].

When a gas phase is present, P, is identical to P,. When a single liquid
phase is present, P, is the gas pressure that would exist in equilibrium with
the dissolved gas if a gas phase were present. In this manner, BRAGFLO
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can still use the gas mass balance equation as one of the two equations
being solved, but solves, in effect, for the nonzero dissolved gas mass
fraction instead of the zero gas saturation. When LVARSWTCH =T, this
switching of the dependent variables is done automatically and is
transparent to the user, except that informational messages are printed to
the screen and to the summary [.sum] file to indicate when the variables
are switched and at which grid blocks. If LVARSWTCH = F when
Henry’s law is used to model gas dissolution, BRAGFLO will run
smoothly only if a gas phase is always present. Unless this situation can
be assured of holding true for the full duration of the run, LVARSWTCH
= T should be used.

NOTE: Variable switching capability is not QA’d or used for WIPP Compliance
Calculations.

Line 6.23. Descriptor. Upstream weighting frequencies: time step reduction factor; averaging
methods for relative permeabilities and mass fractions.

One-line (up to 132 characters) descriptor for the following parameters:
Line 6.24. ITUPRPFLAG. IUPMFFLAG. DELTFACTOR. ITRAVE, IMFRAVE.

IUPRPFLAG: Frequency of updating the inter-time step upstream weighting direction
for relative permeabilities. The upstream weighting direction can be
changed only when the Jacobian is reevaluated; thus, [IUPRPFLAG is not
simply the number of Newton-Raphson iterations between updating the
upstream direction, but rather the number of Jacobian evaluations between
updates. For example, if JACINPUT (Line 6.22) = 3 (Jacobian
reevaluated every third iteration) and [IUPRPFLAG = 3, then the upstream
direction for relative permeability is updated every 9 iterations. This
option has not been extensively tested, but it appears that the upstream
direction should not be changed every iteration, nor every other iteration
(assuming I[JACINPUT (Line 6.22) = 1), because this may cause the
solution to oscillate and fail to converge. Recommended value: same as
ITMAX (Line 6.22), which effectively turns this option off, anchoring the
upstream direction at the first iteration. If convergence difficulties suggest
that this option may improve convergence, a value of 3 should be tried
first.

IUPMFFLAG: Frequency of updating the inter-time step upstream weighting direction
for mass fractions. As with relative permeabilities, the upstream
weighting direction can be changed only when the Jacobian is reevaluated.
TUPMFFLAG the number of Jacobian evaluations between updates. This
option will have an effect only if the dissolved gas option is activated (see
Section 7.2.9); without dissolved gas, the mass fraction of gas dissolved in
brine is always zero everywhere, and the mass fraction of brine component
in the brine phase is always 1.0 everywhere, so the upstream direction is
not only fixed, but has no impact on the solution. Recommended value:
same as ITMAX (Line 6.22), which turns this option off, anchoring the
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upstream direction at the first iteration. A value must be input even if the
dissolved gas option is not activated.

NOTE: TUPMFFLAG capability is not QA’d or used for WIPP Compliance

Calculations. Set IUPMFFLAG = ITMAX to disable.

DELTFACTOR: Time step reduction factor when non-convergence occurs.
Recommended value: 0.5.

ITRAVE: Transmissivity averaging method at block interfaces. Recommended
value: 1.

= 0: Use arithmetic average.
= 1: Use harmonic average.
NOTE: ITRAVE = 0 capability is not QA’d or used for WIPP Compliance

Calculations.

IMFRAVE: Method for averaging mass fractions at block interfaces when dissolved
gas option is activated. A value must be input even if the dissolved gas
option is not activated. Recommended value: 0.

= (: Use upstream value of mass fractions.
= 1: Use harmonic average.

Line 6.25. Descriptor. Jacobian reevaluation control parameters.

These parameters are invoked when difficulties arise that cause the time step to be cut
back repeatedly, potentially causing the run to abort. The options permit the frequency of
Jacobian reevaluation to be changed, convergence tolerances to be relaxed, and upstream
directions to be updated at different frequencies. These changes remain in effect for a
specified number of time steps before the original set of control parameter values is
reinstated.

One-line (up to 132 characters) descriptor for the following parameters:
Line 6.26. IJACSWITCH, JACMIN, JACRESET, IUPRPLOOSE, [UPMFLOOSE.

IJACSWITCH: Number of time step reductions allowed before the new set of control
parameters is temporarily invoked. This parameter controls when the
Jacobian starts to be reevaluated every IJACMIN iterations instead of
every IJACINPUT (Line 6.22) iterations, the looser convergence
tolerances are invoked, and upstream direction update frequencies are
changed. Recommended value: 10.

IJACMIN:  Number of iterations allowed before the Jacobian is reevaluated after
IJACSWITCH time step reductions have occurred; the Jacobian is now
reevaluated every JACMIN iterations. Reevaluating the Jacobian more
frequently (if JACINPUT > 1) can sometimes promote convergence when
BRAGFLO is encountering difficulties. Although many iterations can be
performed in much less computing time than is required for a single
evaluation of the Jacobian, convergence is often achieved with a single
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[JACRESET:

iteration after reevaluation. If IIACINPUT > 1, this parameter alone
should be changed first, before tolerances are loosened or upstream
direction frequencies are changed, because this parameter generally has
the greatest impact on convergence. Recommended value: 1.

Number of time steps during which IJACMIN, looser tolerances, and
modified upstream direction update frequencies remain in effect following
a time step in which IJACSWITCH time step reductions occurred. When
BRAGFLO is having severe difficulties, reevaluating the Jacobian more
frequently for a few time steps can help it through the difficult period.
However, such trouble spots are usually of short duration, so more
frequent reevaluations should not be continued indefinitely if not
necessary. Looser convergence tolerances should also not be used any
longer than necessary because, strictly speaking, the accuracy of the entire
run is only as good as the looser tolerances, even though they were used
only a few small time steps. Recommended value: 2.

IUPRPLOOSE: Frequency of updating the upstream direction for relative permeabilities.

This is the “looser tolerances” value of IUPRPFLAG and is used for
IJACRESET time steps.

NOTE: ITUPRPLOOSE capability is not QA’d or used for WIPP Compliance
Calculations. Set [UPRPLOOSE > ITMAX to disable.

IUPMFLOOSE: Frequency of updating the upstream direction for mass fractions. This

is the “looser tolerances” value of [UPMFFLAG and is used for
IJACRESET time steps.

NOTE: IUPMFLOOSE capability is not QA’d or used for WIPP Compliance
Calculations. Set [UPMFLOOSE > ITMAX to disable.

Line 6.27. Descriptor. Relative changes for Jacobian elements.

One-line (up to 132 characters) descriptor for the following parameters:

Line 6.28. DH(1). DH(2).

DH(1):

DH(Q2):

Relative change in gas saturation for Jacobian element derivative
calculations. Because the equations being solved are so nonlinear, DH
should be as small as possible without losing numerical precision.
Recommended value: 1.0 x 108,

Relative change in brine pressure for Jacobian element derivative
calculations. Recommended value: 1.0 x 1078,

Line 6.29. Descriptor. Minimum absolute change for Jacobian elements.

One-line (up to 132 characters) descriptor for the following parameters:

Line 6.30. HMIN(1). HMIN(2).

HMIN(1):

Minimum absolute gas saturation change allowed for Jacobian element
derivative calculations. This limit prevents the variable change calculated
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using the relative change factor DH from becoming too small when the
saturation is small. Recommended value: 1.0 x 10710,

HMIN(Q2): Minimum absolute brine pressure change allowed for Jacobian element
derivative calculations [Pa or psi]. Recommended value: 0.01 Pa.

7.2.8 Material Maps and Material Properties

This section describes input that establishes material properties for each grid block. A material
type grid map is input in which each grid block is assigned a material type index. This map
applies during a specified time period. A series of material maps covers the duration of the run,
allowing material properties in each grid block to change for discrete periods of time. Following
the material maps, certain special materials are input; for these materials, specialized submodels
apply, the most important example being Waste, in which chemical reactions occur that can
occur in no other material. Material properties are input next. These include two-phase flow
parameters, permeabilities, reference-condition porosities, and compressibilities. Finally, flags
and parameters for submodels simulating fracturing and Klinkenberg effect are input.

Line 7.1. Descriptor. Number of material maps.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.2. NMATTIMES.

NMATTIMES: Number of times to specify a material map. NMATTIMES must be less
than or equal to MAXMATTIMES, set in the PARAMETER statement. If
NMATTIMES is less than one or greater than MAXMATTIMES, no error
message will be printed, but BRAGFLO will abort at some time during the
simulation.

Lines 7.3 - 7.6 are repeated NMATTIMES times.
Line 7.3. Descriptor. Start times.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.4. TIMEMAT.

TIMEMAT: Starting time at which the material map that follows is in effect [s or
days]. If the first TIMEMAT is later than START, the starting time for
the run, no error message is printed, but any results obtained before
BRAGFLO aborts will be unpredictable and unreliable.

Line 7.5. Descriptor. Material map.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.6. ((IMAT(LJ.K). I=1, NX), J=1, NY). K=1, NZ).

IMAT(I,J,K): Material type number for grid block (I,J,K). This number is associated
later with the material properties input. BRAGFLO finds the minimum
and maximum material type numbers in all NMATTIMES maps and
assumes that the total number of materials, NMAT, is equal to the
maximum value found in the maps. If any IMAT(I,J,K) is less than 1 or
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greater than MMAT (set in the PARAMETER statement), BRAGFLO will
abort after printing the offending minimum or maximum value of IMAT,
with the following message printed to the screen:

**%* Aborted: Input material type error in READMAT ***

One or more material type numbers between 0 and NMAT may, at the
user’s option, be omitted from the material maps without causing any
problem. However, material properties (starting at Line 7.31 below) must
be input for NMAT materials, regardless of how many material numbers
are actually used in the maps. For example, if the maps have only two
material types, numbered 2 and 8, properties for 8 materials must be input,
even though the properties for only two of the eight materials will actually
be used. Normally, NMAT materials would actually be used.

Line 7.7. Descriptor. Material numbers and names.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.8 is repeated NMATTIMES times.
Line 7.8. LABEL.
LABEL: Dummy CHARACTER*132 variable. Must be read in but is not used.

Must be read in, but the information on each line is not otherwise used in
BRAGFLO. It is intended solely to provide space within the input file to
help the user identify each material type.

7.2.8.1 Special Materials.

BRAGFLO has four special material types that have unique capabilities. These have evolved to
handle situations encountered in modeling the WIPP, so they have names that apply to regions
included in models of the WIPP, but actually have fairly generally applications. The materials
are referred to as: Waste, DRZ (Disturbed Rock Zone), “Reset” materials, and Borehole.

Waste Material.

In Waste materials, and only in Waste, can chemical reactions take place. Specifically, corrosion
of iron can occur, which consumes iron and water and produces hydrogen; microbial degradation
of cellulosics can occur; this reaction consumes cellulosics and produces hydrogen, and, if
indicated in the input (described later), can also consume or produce water. Hydration and
carbonation of MgO can occur as described above in Section 4.13.5. Finally, radiolysts and
decay can occur as described in Section 4.20.

Another special capability unique to Waste is simulation of creep closure, in which the porosity
decreases over time, the rate depending on the rate of gas production and the pressure within the
Waste. Porosity can change in any material as a result of pressure-dependent compressibility,
but the change is generally quite small. In contrast, the porosity change resulting from creep
closure of the Waste can be very large.

Only in Waste can there be an initial mass of radionuclides, the transport and decay of which can
be modeled in any region as long as there was some amount initialized in the Waste. Finally, to
be able to simulate an operational period in the WIPP, during which excavations are open to the
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atmosphere and any brine seepage is removed by means of ventilation or pumping, the initial
brine pressure and saturation in the Waste can be specified to be different from the initial
conditions described in Section 7.2.6. Then, at some later time (TIMEICRESET), the conditions
in the Waste can be reset to the initial conditions specified in Section 7.2.6.

There is one important constraint in how Waste regions are specified. If there are to be NWST
regions that will contain waste (MAT WASTEI), there must also be NWST Waste regions
(MAT_WASTE) to “deposit” into these regions to be filled with Waste. Additionally, each
NWST MAT WASTE material index number must be unique even though the same Waste
properties are desired to be placed in the NWST MAT_WASTEI regions. For example, assume
NWST =2 and the 2 MAT WASTEI regions are empty excavations described by materials
number 4 and 5 of the materials table defined in the section “Material Property Data” below (see
lines 7.41 to 7.46). Also suppose that at some time during the simulation defined by
TIMEICRESET in line 7.24 that Waste properties defined by material 6 are to replace the

MAT_ WASTEI materials 4 and 5. Since two MAT WASTE material numbers are required and
since these material identifiers must be unique, an additional material must be specified in the
table (lines 7.41 to 7.46), say material 7, even though it has the same properties as material 6, the
original Waste material. Therefore, in this example, NWST =2, MAT WASTEI(1) =4,

MAT WASTEI(2) =5, MAT WASTE(1) =6, and , MAT_WASTEI(2) = 7. An error check is
performed in BRAGFLO to make sure NWST unique MAT WASTE material identifiers are
provided. If they are not BRAGFLO will abort with an error message printed to the screen and
to the .sum file.

Line 7.9. Descriptor. Waste regions.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.10. NWST.
NWST: Number of Waste regions.

If NWST < 0, the next two lines (7.11 and 7.12) are omitted. f NWST > MWST (set in
the PARAMETER statement), the run will abort.

Line 7.11. Descriptor. Definition of Waste regions.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.12. (MAT WASTEI(I). I=1. NWST). (MAT WASTE(]). I=1., NWST).

MAT WASTEI: Material type index of the material at time START that will become
Waste at time TIMEICRESET. Prior to TIMEICRESET, materials
designated as MAT WASTEI have no special characteristics and receive
no special treatment. It is necessary to know which regions are eventually
going to become Waste regions, however, to calculate what will be the
Waste region volume, because this information must be known before any
initial conditions are printed or any other calculations are done.

MAT WASTE: Material type index of Waste affer TIMEICRESET. Porosity will be
calculated using the creep closure sub-model only for this material type
(provided that model is turned on; input controlling this sub-model will be
discussed later, in Section 7.2.11). Corrosion and biodegradation
reactions occur only in this material. There should be a one-to-one
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correspondence between MAT_ WASTEI(I) and MAT_WASTE(I);
NWST values of each are read in.

Disturbed Rock Zone (DRZ) Material.

In this material, if the porosity increases at time TIMEICRESET, the brine volume is assumed to
remain fixed over that change, and the brine saturation is adjusted to account for the increased
pore volume. Gas is assumed to fill the additional pore space. The gas appears instantaneously;
there is no source for this gas, i.e., it does not flow from any other cell, is not introduced by well
injection, and is not created by way of chemical reaction. It just appears suddenly to occupy
newly created pore volume. The pressure in this material at TIMEICRESET is specified by
input as PRESDRZ. This material arose as an option to simulate the disturbed rock zone
surrounding excavations in halite. The time-dependent behavior of disturbed halite is not well
understood, but it is considered likely that the porosity will be greater by the time the repository
is filled and sealed. This behavior can be modeled very simply as an instantaneous increase in
porosity at TIMEICRESET, with the additional pore space filled with gas that, in reality, would
have migrated in from the adjacent excavated regions through cracks and borings. More than
one DRZ material can be used, each with a different reset pressure (PRESDRZ). If used, it is
recommended that pressure in the DRZ material is reset to PRESDRZ = 1 atm (101.325 kPa), the
same as in the Waste at TIMEICRESET, so that the newly-introduced gas in the DRZ does not
expand and unrealistically flow into the Waste.

Line 7.13. Descriptor. DRZ regions.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.14. NDRZ.
NDRZ: Number of DRZ material regions.

If NDRZ < 0, the next two lines (7.15 and 7.16) are omitted. If NDRZ > MDRZ (set in
the PARAMETER statement), the run will abort.

Line 7.15. Descriptor. DRZ materials.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.16. (MAT_DRZ(I). I=1, NDRZ), (MAT_DRZNEW(I), I=1, NDRZ).
MAT DRZ: Original DRZ material type index number, from the first material map.

MAT DRZNEW: The DRZ material type index number for the material map starting at
time TIMEICRESET (Line 7.24); in this material type at time
TIMEICRESET, saturations will be adjusted and pressures will be reset to
PRESDRZ (Line 7.30).

“Reset” Material.

In this material, conditions will be reset to the initial conditions specified in Section 7.2.6. This
differs from DRZ material in that both saturation and pressure are reset at time TIMEICRESET,
and they are reset to the Section 7.2.6 conditions. In contrast, in DRZ material, the saturations
are adjusted to maintain a fixed brine volume and the pressure is reset to PRESDRZ, rather than
to the Section 7.2.6 initial pressure. This material arose as an option to model backfilled regions,
which are initially excavations, but become backfill at TIMEICRESET. In this case, the
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conditions calculated just prior to TIMEICRESET are inconsequential, and new specified
conditions reflecting newly-emplaced backfill and seals are needed; because the backfilled and
sealed regions may cover a large number of grid blocks, these new conditions are most
conveniently provided in the original conditions in Section 7.2.6.

Line 7.17. Descriptor. “Reset” materials.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.18. NMATRESET.

NMATRESET: Number of material regions where initial conditions will be reset at time
TIMEICRESET to the original initial conditions.

If NMATRESET < 0, the next two lines (7.19 and 7.20) are omitted. If NMATRESET >
NMAT, the run will abort.

Line 7.19. Descriptor. “Reset” materials.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.20. (MATRESET(), I=1, NMATRESET).

MATRESET: Material type index numbers for materials in which the brine pressure, PO,
and brine saturation, SO, will be reset to the original (Section 7.2.6) initial
conditions, PINIT and SOINIT, respectively. Waste material index
numbers should be included here if PO and SO are to be reset. The
material index numbers used should be for the last material map prior to
TIMEICRESET; this map may be (and generally is) the first map
specified (at time START), but if more than one map is specified prior to
TIMEICRESET, use the last map immediately before TIMEICRESET.

Borehole Material.

In this material, the solute concentration and solute mass are reset to zero when an intrusion
borehole opens. This simulates the removal of radionuclides in both solid and dissolved phases
when a drill cuts through the waste. It is a minor adjustment, but easily accomplished in
BRAGFLO, so it is done just to make the results reflect reality slightly more accurately. It is
used only when transport is activated. However, if transport is not being modeled, lines 7.21 and
7.22 must still be input, although MAT BOREHOLE can be any number from 0 to NMAT and
is not used.

Line 7.21. Descriptor. Borehole material.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.22. MAT BOREHOLE.

MAT BOREHOLE: Material type index number for borehole material, if transport is
activated (see Section 7.2.12). If transport is not activated,
MAT BOREHOLE can be any number from 0 to NMAT, but a number
must still be input.
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Special Material Control and Reset Parameters.

Line 7.23. Descriptor. Reset control parameters.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.24. TIMEICRESET, ICWASTE.

TIMEICRESET: Time when initial conditions are reset [s or days]. Normally =0. Used

ICWASTE:

only when START is less than zero. Negative times (START<0) are used
in WIPP PA simulations to cover the operational period of the WIPP, prior
to the start of the regulatory compliance period, which begins at time zero.
The primary objective of using these negative times is to enable realistic
pressure distributions in the formations surrounding the WIPP repository
to be calculated without doing this in a separate run. Designation of times
as positive or negative is largely a question of semantics. All calculations
could start at time zero, cover, say, a 20-year operational period and
extend to 10,020 years total to cover the 10,000-year compliance period.
However, then the plotting and other post-processing would need to deal
with a time period of 20 to 10,020 years, instead of the more clearly
understandable period of 0 to 10,000 years specified in regulations. Using
negative times for the operational period, and omitting this period from
plots and reports, makes discussions of the results simpler and more in line
with compliance regulations.

No results are printed to the output files until TIMEICRESET. The initial
conditions that are always printed to both the ASCII and binary output
files are the conditions at TIMEICRESET, affer all the special materials
have been reset to their respective initial conditions.

If TIMEICRESET = START, the ICWASTE must be 0. Otherwise,
BRAGFLO will abort with the message:

ICWASTE must be 0 when TIMEICRESET = START.

*** TCWASTE error in READMAT.

Flag to indicate that waste initial conditions will differ from the initial
conditions specified in Section 7.2.6. This flag overrides any implied reset

control indicated by material type indexes in Lines 7.9 - 7.22, but these
lines must still be input.

= 1: Initial conditions specified by POWASTEIC and SOWASTEIC
(input next) will be used at time START instead of PINIT and
SOINIT (from Section 7.2.5).

= (: Initial conditions PINIT and SOINIT will be used at time START.

If ICWASTE is not 0 or 1, BRAGFLO will neither abort nor warn of an
error, but results may be unpredictable.

Line 7.25. Descriptor. Pressure initial conditions.

One-line (up to 132 characters) descriptor for the following parameters:
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Line 7.26. (POWASTEIC(I). I=1. NWST).

POWASTEIC(I): Brine pressure in Waste region I at time START, uniform throughout
Waste region I [Pa or psi]. Used only when ICWASTE = 1, but NWST
values must still be input even if ICWASTE = 0.

Line 7.27. Descriptor. Saturation initial conditions.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.28. (SOWASTEIC(I). I=1. NWST).

SOWASTEIC: Brine saturation in Waste region I at time START, uniform throughout
Waste region I. Used only when ICWASTE = 1, but NWST values must
still be input even if [CWASTE = 0.

Line 7.29. Descriptor. Reset DRZ pressure.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.30. (PRESDRZ(I). I=1. NDRZ).

PRESDRZ(I): Brine pressure to which DRZ region I will be reset at time
TIMEICRESET [Pa or psi].

If NDRZ <0, then enter a blank line for Line 7.30.

Line 7.31. Descriptor. Number of times the borehole is to be reset

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.32. NBORERESET

NBORERESET: Number of times at which a borehole (or other material) is to be reset to
a new pressure and saturation. See Section 4.17.4 for a description of the
subroutine RESETMID and how it is used. For example, if two separate
materials were to be reset at two different material changes, then
NBORERESET =2.

If NBORERESET = 0, then Lines 7.33 through 7.40 are not entered

Line 7.33. Descriptor. NBORETIME(I), NMATBORE(I). MATBORE(LNMATBORE). I =
intrusion time index.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.34 is repeated NBORERESET times.
Line 7.34. NBORETIME(I). NMATBORE(I). MATBORE(LNMATBORE).

NBORETIME: Index of the material change at which a borehole (or other material) is to
be reset to a new pressure and saturation. 1 < NBORETIME <
NMATTIMES.

NMATBORE: Number of materials to be changed at the intrusion time.

(MATBORE(),I=1, NMATBORE): Material type numbers that are to be reset at
NBORETIME.
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Line 7.35. Descriptor. Borehole reset pressure.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.36 is repeated NBORERESET times.
Line 7.36. PORESET(I). I = intrusion index.

PORESET(I): Reset pressure [Pa or psi] for the materials identified in Line 7.34. All
materials identified in MATBORE(]) are reset to PORESET(I) for a given
intrusion index. Each material cannot be reset to a different pressure. If
less than zero, the pressure will not be reset on the specified materials.

Line 7.37. Descriptor. Borehole reset saturation.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.38 is repeated NBORERESET times.
Line 7.38. SORESET(I). I= intrusion index.

SORESET(I): Reset saturation [dimensionless] for the materials identified in Line 7.34.
All materials identified in MATBORE() are reset to SORESET(I) for a
given intrusion index. Each material cannot be reset to a different
saturation. If less than zero, the saturation will not be reset on the
specified materials.

Line 7.39. Descriptor. ICHEM.
One-line (up to 132 characters) descriptor for the following parameters:
Line 7.40 is repeated NBORERESET times.

Line 7.40. ICHEM(). I= intrusion index.

ICHEM: Flag which determines whether concentrations of Fe, cellulosics, and
MgO are set to zero after an intrusion. If ICHEM = 1 then concentrations
are set to zero, otherwise they are not.

7.2.8.2 Material Property Data.

In this section, material properties are input for each of the NMAT materials in the material map.
Properties used include relative permeability and capillary pressure model parameters, intrinsic
permeability values, porosities, and compressibilities.

Line 7.41. Descriptor. Relative permeability and capillary pressure model parameters.

If some material type numbers less than NMAT are not actually used in any material
maps, NMAT property values must still be read in. If there are fewer than NMAT lines
of property data, BRAGFLO will abort as a result of an input error while trying to read
character data into INTEGER and REAL variables.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.42 is repeated NMAT times.
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Line 7.42. 1, XLAMDA(]). SBR(I). SGR(I).

I:
XLAMDA(I):

SBR(I):
SGR(D):

Material type number.

Pore-size distribution parameter, A, for Brooks-Corey and van Genuchten-
Parker relative permeability and capillary pressure models. The van
Genuchten-Parker model uses a parameter, m, which is obtained from the
Brooks-Corey parameter, A:

m=A/(1+4,).
Residual brine saturation, S,,..

Residual gas saturation, S,. The original Brooks-Corey and van
Genuchten-Parker models do not use a residual gas saturation, but a value
must still be input.

Line 7.43. Descriptor. More relative permeability and capillary pressure model parameters.

One-line (up to 132 characters) descriptor for the following parameters:
Line 7.44 is repeated NMAT times.
Line 7.44. 1. SBMIN(I). POMIN(I). PCMAX(I). PCT_A(I). PCT_EXP(I). KRP(I). KPC(I).

KPT(I).

I: Material type number.

SBMIN(I):

POMIN(I):

PCMAX()):

PCT_A(I):

PCT EXP(D):

Minimum brine saturation when using capillary pressure model number
KPC(I) = 3. It is otherwise not used; however, a value must still be read
in, and SBMIN(I) > SBR(I). If SBMIN(I) < SBR(I), BRAGFLO will
abort, even if KPC(I) # 3. Recommended value: 1.05 x SBR(I).

Minimum brine pressure [Pa or psi]. Used to adjust capillary pressure
when capillary pressure model KPC(I) = 3 is used. If KPC(I) # 3,
POMIN(]) is not used and any value can be input for POMIN(I); however,
some value must be input regardless of the capillary pressure model used.
If KPC(I) = 3, a value of POMIN(I) = 1.01325 x 10° Pa is recommended.

Maximum capillary pressure that can be used when capillary pressure
model KPC(I) =2 or 3 is used [Pa or psi]. A value of PCMAX(I)=1.0 x
108 Pa is recommended. If KPC(I) =1, 4, or 5, a value must still be read
in, but PCMAX(]) is not used.

Constant, a, in function relating threshold capillary pressure, P., to
permeability, k:

P.=ak". Gives P, for the Brooks-Corey models. In the van Genuchten-
Parker model, a capillary pressure constant, P,, is used; it is calculated in
BRAGFLO by equating the capillary pressure from each of the two
models at an effective saturation, S.., of 0.5 and solving the expression for
P

Exponent, 7, in function relating threshold capillary pressure, P., to
permeability [dimensionless].
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KRP(I):

KPC(I):

Relative permeability model number:

= 1: Modified van Genuchten-Parker model; modified to use a nonzero
residual gas saturation.

= 2: Original Brooks-Corey model, with zero residual gas saturation.

= 3: 1% Modified Brooks-Corey model; modified to use a residual gas
saturation in calculating the effective saturation for both wetting
and non-wetting phase relative permeabilities.

= 4: 2™ Modified Brooks-Corey model; modified to use a residual gas
saturation in calculating the effective saturation for the non-wetting
phase relative permeability only.

= 5: Linear relative permeabilities (model A): k.= S.; k,=1 - S,, where:

S = (S, - S)/(1 - S, - S.) is the effective saturation using residual
gas saturation.

= 6: Linear relative permeabilities (model B): &, = S.; k, = S.,, where S, is
the same as given above for KRP(5), and S. = (S, - S.)/(1- S,,) is the
effective saturation without the gas saturation dependence.

= 17: Linear relative permeabilities (model D): &, = k, = 1.

= 8: Original van Genuchten-Parker model, with zero residual gas
saturation.

= 11: Open Cavity modification for linear relative permeabilities between
residual saturation and residual saturation plus a tolerance. The
additional parameter TOL (fol) needed for this model is given
below in Line 7.48.

= 12: Waste Area modification based on Brooks-Corey model, modified to
use S_. (acutoff in saturation that is considered numerically dry)

and S

eff min
capillary pressure equation to a saturation slightly below S_. )
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