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1.0 IETRODUCTION

This report describes the NEFTRAN 11 (REtwork Flow and IRANsport in Time-
Dependent Velocity Fields) computer code developed by Sandia National
Laboratories (SNL) for the U. 8. Nuclear Regulatory Commission (NRC). The
following sections discuss pertinent background concerning the NEFTRAN 11
computer code, the purpose of developing the code, and the structure of
this report,

1.1 Backgtound

NEFTRAN 11 is the fourth in & family of codes developed by SKL for the
NRC, Predecessors to NEFTRAN 11 are NEFTRAN (lLongsine and others, 1987),
NWFT/DVM (Campbell and others, 1981b), and NWFT (Campbell and others,
1979). These codes have evolved such that each new version contains all
the capablilities of 1ts immediate predecessor in addition to new
features. NWFT and NWFT/DVM were developed as a tool te help the NRC
assess the performance of high-level radioactive waste disposal sites in
geologlic media. Specifically, NVFT and NWFT/DVM were used to slmulate
radionuclide ground-water transport through saturated porous media from a
repository to a dlischarge point. With NEFTRAN, the capability to
simulate transport through saturated dual-porosity or fractured media was
added. In NEFTRAN 11, the capabllity to transport radionuclides through
time-dependent velocity flelZs, which may be applied to simulate trans-
port in unsaturated media, has been added. NWFT changed as (1) the sites
considered for HIW disposal changed, (2) the analyses required to apply
for licensing and assessing a license evolved, and (3) the standards for
HIN disposal and analyses required to prove compliance with those stan-
dards evolved. Although NEFTRAN 11 is the fourth-.generation code, this
document is a complete description of the code and reference to past
user’'s manuals should not be necessary.

1.2 Purpose

The purpose of the NEFTRAN 11 computer code is to simulate radionuclide
transport in ground water as part of a perforwance assessment methodology
for a high-level radioactive waste repcsitory. In the performance
assessmert methodology, a large number of simulations are required to
address parameter uncertainty and sensitivity. Furthermore, since the
performance measure for a HLW repository in the U.§. 1{s integrated dis-
charge to the accessible environment at 10000 years, relatively long
simulation times are required. Consequently, the radionuclide transport
code for use in a performance assessment methodology must be computation-
ally efficient, as well as being able to simulate the transport of
multiple radioactive chains with multiple members, NEFTRAN 11 and its
predecessors were developed to meet these performance assessment require-
ments .

There are several ways in which NEFTRAN 11 can be used in a performance
assessment methodology. For a saturated, steady-state flow fileld, the
network flov model contained in NEFTRAN 11 can be used in conjunction
with a detailed flov mocdel such as that contained in the SWIFT 11 code
(Reeves and others, 1986a, 1986h). The mathematical models in the
SWIFT 11 code are based on the assumption that the medium {n which flow

1-1



:
)
f ! ' )
)
‘
»
@




e e e e e — N R R R R R — ———— R—— R ——

1.3 Report Struciure

The structure of this repert is as follows. Chapter 2 describes the
models contained in NEFTRAN 11, which includes the network flov model,
the analytical transpert model, the source model, the distributed
velocity method (DVM) transport model, and the matrix diffusior 41,
Chapter ) describes the code structure, the parameter statements . in
the code, the common blocks used in the code, and the subroutines con-
tained in the code. Chapter & is & data input gulde, and verification
and sample problems are presented in Chapter 5. For the first time user,
it is recommended thut Chapters 2, the first section of Chapter 3,
Chapter 4 and Chapter 5 be read initially, since the last three sections
of Chapter ) and the appendices are a more detailed description of the
actual code and may be of more utility as the user gains experience with
the code. Special attention should be paid to sections 2.4.3 end 2. 4.4
which describe the criteria for space- and time-increment determination.
The numerical criteria fur the DVM numerical technique used in NEFTRAN 11
are substantially different from other numerical transport schemes and
must be understood before the code can be used properly.

1-3






2.1 Network Flow Model
2.1.1 Theory

In the flow-network wodel, the driving force for flow through leg is &
pressure gradient, Consequently, the network flov model contalned in
NEFTRAN 11 can be used to simulate saturated ground-water flow. The flow
network 1is used to represent & saturated flow system by soiving the
conservation-of -mass equation &t esch junction. This principle can be
expressed mathematically as

where the sum is over all legs connected at the given junction, and M, is
the mass flow rate for the I' leg In units of masw per unit time. Frov
rates into the junction are considered positive and flow rates out of the
Junction are considereu negetive., Figure 2.1 {llustrates this principle
for three legs surrounding a junction.

For this simple example, Equation 2.1 becrmes

“1 + l2 . n, - 0
or (2.2)
Ny ¢ N, =N,y
(1) M, (3) M, (4)
- -
e R

(@)

Figure 2.1. 1llustration of Conservation of Mass at & Junction

2-2
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! “
which can be wiltten using matrix notation as
ecr | (2.1

where 8 is the matrix of coefficients, p the vector of unknown

pressures, and g the vector of junction elevations and boundary pressures
representing the right-hand side of Equation 2.5, The dimension of the
matrix equation is the number of junctions having unknown pressure.

After solving for the junction pressures, NEFTRAN 11 calculates the mass
flow rate in each leg using Equation 2.3 and divides by the corresponding
density to determine the volumetric flow rate. The volumetric flow rate
is used to obtain the average fluid velocity for each leg along the
radionuclide migration path used by the transport models In NEFTRAN 11,
Cpecifica’ .y, from Equation 2.3,

Pin* Pya) [By " B
Q, = u’a,l ( e ) ' I~12‘ 2) . (2.8)

where Q, is the volumetric flow rate (volume/time) in the I leg. The
average fluid pore velocity (length/time) in the leg is

) (2.9)
V, & ceies 5 3
17 i,

vhere 0‘ is the effective porosity (dimensionless).

In NEFTRAN 11, Equation 2.7 1s solved using a special case of the
Gaussian elimination technique designed for banded matrices. For effi-
clency, the user should keep the band width as small as possible. Except
for boundary junctions with known pressures, this means thet the junction
numbers surrounding a given junction should be close to the given
Junction number. In fact, {f Junctions 21 and 22 are connected by a leg,
dimensioning scatements in the code require |£1 - £2| s 5.

24
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The network flow model in NEFTRAN Il allows the user to represent any
flow network by specifying the hydraulic properties of each network leg,
the junctions bounding the leg, junction elevations, and the known
pressurvs at the boundary junctions. Flgure 2.2 shows an example flow
network for use in NEF/RAN I1 to simulate saturated ground-water flow.

| Horizontal legs might represent different geological strata while
vertical legs could represent potential pathways for hydraulic communica-

| tion between layers, In this example, the user would have to specify

| pressures at Junetions 1, 2, and 3, as these are boundaries in the flow
network.

2.1.3 Fluld Density and Viscosity Submodels

Fluid density and viscosity (p, and u,) are needed for the network flow
model, as defined in Equltion‘ 2.3 Jka 2.4, In reality, water density
and viscosity are functions of temperature, prezsure, and brine cencen

tration, However, the dependence of water density and viscosity on
pressure has been found to be negligible (Cranwell and others, 982)

Furthermore, NEFTRAN (1 was designed to simulate transpor¢ jrrcesses
under isothermal conditions. Thus, water density is ass . .d t¢ be a
function of brine concentration only. Specifically, water density fis
assumed to be a linear “unction of brine concentration, 1i.e.,

p(C) = py * C (p' . pfl v (2.10)

where C is the dimensionless brine concentration (C = 0 for fresh ~ter
and C 1 for saturated brine), p, the density of fresh water at
reference tempera*ure (62.3 1b/ft® at 68°F), and p, the density ..
saturated brire at the reference temperature (74.02 1b/ft? at 68°F).
Equation 2.10 {s usad to determine the fluid density for each network leg
based on the relative brine  oncentration (C) of each leg.

The dependence of viscosity on concentration of dissclved so)ids can be
approximated as

N N
u(C) = u(0) |1.0 + 0.005 j } ¢, + } TR (2.11)

i=1 i=1

where ¢, is the concentrata dissolved fon (1) in moles/liter, A, the
temperature dependent coefiicient, w(0) the viscosity of fresh wat.r at
€8°F, ind N the number of dissolved species,

For ground-water systems, solutions containing more than 10 or 15
moles/liter of dissolved lons are unlikely; therefore, the square root
term in Equation 2,11 can be ncoelected. Assuming NaCl is the primary
dissolved mineral, then N = 2 and the dissolved species are Na' and C1°,

2-5
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Foi these ions, the coefficients (A) can be assumed to be independent of
temperature, and are defined as

A(ClT) = 0
and

ANeY) = 0.08

Given these arguments, Equation 2,11 can be simplified to

(€ = u0) [1.0 + 0.08 coua®y] . (2.12)

The concentration of dissolv.d Na* i{s glven &s

c(Na®) = ¥ [lb ::lt]. c.’[lb lclt]

ft” sol
» 3 3
.asa[{% . - a][EEE 1000 59—] (2.13)
(2.83 »x 10 ) {em 1
1 (moles NaCl)
‘il )

where W 1s the weight fraction of salt in saturated brine, C the
dimensionless brine concentration, and p (= p(C)) the density of brine at
concentration C (from Equation 2.19).

Thus, Equation 2.12 becomes

u(C) = u(0) [1.0 + 0.0219 WCp) (2.14)

wyuation 2,14 is use . NEFTRAN Il to estimate fluid viscosity for each
leg in the flow network based on the relative brine concentration (C)
within *he leg.

2.2 Apalytical Transport Model

The analytical transpert wmodel that formed the basis for NWFT has been
retained in each of its successors. The theory and implementation for
this model is discussed in the following subsections,
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Table 2.1.

Boundary and Initial Conditlions for the
Analytical Solution Transport Model

i t =0 all x
Cl - 02 - 63 - . =0
1. D<t<r, x=0
o NI(O) G-Alt
1 Qr
g NZ(O) Q"‘zt . \ NI(O) [’-Alt o “A,t ]
2 Qr Az- xl Qr
o N4 (0) ‘-ABt . A, N2(0) ( '-lzt L “Aqt ]
3 Qr As- '\2 Qr
NI(O) -Alt -A2t
+ A A “+ = +
172 Qr (xz-xl)(xs-al) (Alu\z)(ls-xz)
«A .t
m 3
(3)+332(A524)
t >y, x =0
123, -
C1 - C2 - C3 - - 0
t >0, x »=®
IV. L
Cl‘ C2. 03. ... = finite

N, (0) is the initial inventory of species i, Q the fluid flow rate, and r

the leach rime for a constant leach rate source.
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(2,23)

where L,, R, and v, are the length, retardation factor and average
velocity in the 1" leg; thus v, is

L
v - -L . (2-2‘0)
avg T-

The analytical transport model can only be used to simulate radionuclide
transport problems under the followlng conditions: (1) leach-limited
source with a constant leach rate (which is equivalent to the concentra-
tion boundary condition given in Table 2.1), (2) chain of three or fewer
radionuclides, (3) identical retardation factors for all radionuclides in
each leg, and (4) constant fluild velocity. To reiterate, the source used
in the analytical transport model is based on the concentration boundary
condition given in Table 2.1, and does not utilize the source model
contained in NEFTRAN 11 that is discussed in Secticn 2.3.

The only remaining point of implementation is the frequency of reporting
discharge rates. NEFTRAN II determines a time range for "significant
discharge", T, < T £ T;, based on the values of T, and T, given by

Tl - t“ - & a0 {<:25)
and
Tz - T. * ek O (2.26)
respectively, where oy is the standard deviation in time defined by
0y = {2 LE ; (2.27)
v

avg

T, is small enough to capture the initial breakthrough portion of the
discharge curve by subtracting four standard deviations in time from the
mean migration time, while T, captures the trailing portion of the curve
by accounting for the source duration plus the same spread. If the dis-
persivity is large, it is possible that T, is less than the initial
source release time. In that case T, is replaced by the release time.
Similarly, if T, exceeds the problem simulation time, it is replaced by
the problem simulation time. The resulting time range from T, to T, is
divided by 100 to define a time increment for the analytical transport
model, At, and discharge is reported 101 times (i.e., T, + iAt, { = 0,
R Ve B00)
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2.3 Source Model

The source model in NEFTRAN Il generates source rates for radlionuclides
exiting the repository and entering a misration path in the geosphere,
As discussed above, tie analytical transport model Incorporates a concen-
tration boundary condition. Therefore, the source model contalned In
NEFTRAN 11 is only implemented with the DVM transpert model. The source
model is executed i{ndependently of the DVM radionuclide-transport calou-
lations in NEFTRAN 11. Consequently, source rates generated by NEFTRAN
11, in principle, could be used in other transport models. Conversely,
it would be straightforward (though not currently implemented) to use
source rates from other models as Input for DVM transpert calculations in
NEFTRAN 11.

The NEFTRAN 11 source model considers the fraction of the waste inventory
in contact with eirculating ground water, waste-form leaching, radio-
nuclide solubilities, flow rates, the source area pore volume, and radlo-
active decay. A fixed delay time for the onset of leaching and/or migra-
tion can also be accounted for in the source model. Sourcve model results
are cast as time-dependent rates at which each radionuclide enters a
migration path, The user provides the {nitial inventory of radionuclides
in the repository as input. The type of radionuclide release scenarlo
being simulated and the extent of the disruption will determine what
fraction of the total emplaced waste is accessed by circulating ground
water.

Leaching is assumed to be the primary mechanism fi: the release of radio-
nuclides from the waste form (e.g., glass matrix . The leach rate will
depend {n part on the matrix material, fluid flov rates and ground-water
chemistry. Because NRC contractors other thar SNL were charged with
developing adequate source term models, NEFTRA'« 1l only implements two
simple leach models, These are a constant lea h rate and an expouentlal
leach rate. In the constant-leach rate model, the amount of waste that
leaches per unit time is a constant fraction ¢f the initial mass present,
In the exponential model, the amount of wast/ that leaches per unit tiwe
is & constant fraction ¢f the remaining wast' mass. The source model was
designed so that other leach models can be easily incorporated when
available data suggest a need.

Some radionuclides have “een shown to be qu te insoluble in ground water
due to a low salubility of the radionuclide , a high leach rate from the
vaste form, and/or a low inflow rate of unct \taminated water. 1f any of
these were the case, there could be more ma s of radionuciides free of
the waste matrix than can be dissolved in grc ind water. The NEFTRAN 11
source model accornts for this phenomenon by maintaining an Iinventory
labeled "leached but undissolved. 1If such an inventory is necessary, it
can act as a source of radionuclides even after all material has been
leached from the waste matrix. Solubility limits can, therefore, have
the conjunctive effects of lowe ng nuclide concentrations and extending
the source pulse in time.
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t
R(6) = N () SO (2.31)

where M is the (intact) mass of waste matrix material &t time t. 1I1f the
user selects the constant-leach-rate option, then

l
._J_z":tt o 72 , (2.32)
&

wvhere 1/T, is the leach rate (time “!) and M, is the initial waste
mass (m) .,

The solution to Equation 2.32 is

M(t) = Ho(i . t/TL) ‘ (2.33)

For the exponential-leach-rate option,

;"‘.d.tm..!,%ﬂ (2 34)
L

Solving Equation 2.34 results in
Mee) =M e /T (2.38)

The "leached but undissolved" {nventory is described by the following
equations

AU, + Ri - 8

Yy ifi=1

t ]

dU1

.aiui 4+ Aiol l)"‘1 + R1 . sl e Al B30 TR

.

where U, is the leached-but-undissolved inventory of species { (atoms),
§; the ra. . at which atoms in the leached-but-undissolved inventory enter
solution, and R, is the leach rate given by Equation 2.31.

The formulation for S, depends on the source flow model chosen, flow
through or mixing cell, and whether solubilities are treated. Thus,
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ratner thau formulating §, in this discussion (which NEFTFAN 11 does not
explicitly use) determination of radionuclide concentrations for the two
source flow models is discussed in the implementation section (Section
2.3.2). This section is concluded with the theory for the mixing-cell
model .

Figure 2.3 {llustrates the basic idea of the mixing-cell scurce model.
Water at a certain volumetric flow rate, Q, (volume time), moves through
a constant volume, V,, and dllutes any dissolved material in the volume.
The rate at which Jissolved material leaves the mixing cell is

5(t) = C(6)Q, (1) (2.37)

where S.(t) is the source rate (Iln mass per unit time) and C(t) the
solute concentration (in mass/volume).

The operation of the mixing cell can be illustrated with a simple
example. GCiven a cell of constant pore volume, V,, with a given flow
rate, 0,, and initial concentration of a dissolved species, C,, a mass
balance shows that the concentration of the species leaving the ccll is
described by

Q
dC $
dat - - C [‘-’—'vf] (2.38)
Irtegration using the initial condition C(t=0) = C° glves

Qt
[ V! ] (2.39)
f
Cit) = Co e

Substituting Equation 2.39 into Equation 2,37 gives

"
¢
5.(t) = C Qe (2.40)

1f the user opts, NEFTRAN 11 will determine whether a mixing-cell-source
mode]l is appropriate. The basis for choosing a mixing-cell model is the
average particle residence time, T,, given by

Ve
Tt‘ " it ' (2.41)
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To i1llustrate the proportioning, suppose element E has isotopes E,, E,,
.vvy By, The solubility limit for species E; 18 given by

Ui(t)

Li(t) - p———— . L! (2.45)
b UJ(t)
s=1

where Ly Is the solubility limit for element E (atoms/volume).

Thus, the effective solubility limit for species {, L, is time-dependent
if there are two or more isotopes of element E with different decay or
production rates,

Time:-Dependent Flow Retes Through the Source, As discussed above, to
determine source rates based on solub{lity limits, the flow rate through
the source (repository) is used, The user may provide time.dependent
flow rates through the source region from an external file (Section
4.3.1). Although flow rates are zlso used for the mixing-cell source
model, the option to use time-dependent flow rates {s currently only
available in counjunction with the flow-through source model.

Time-dependent flow rates through the source can also occur if the user
provides time-dependent fluid velocities from an external file (Section
4.2.1). 1In this case, the velocity for the first leg in the migration
path is used to determine a time-dependent flow rate through the source.
1f both options are i{mplemented (i.e., external file of time-dependent
flow rates through the source, and an external file of time-dependent
fluid flow velocicies), the time-dependent flow rates through the source
are utilized by the source model.

2.4 Distributed Velocity Method (DVM) Transport Model

The usual run-mode for the JEFTRAN 11 code implements the DVM transport
option. Convective transport is simulated by moving groups or packets of
particles (representing dissolved radionuclides) along the flow field
over each time step. Dispersion is simulated by allowing the packets to
spread simultaneous with convective transport., Thus, DVM s similar to
particle tracking methods or the method-of-characteristic. However, what
sets DVM apart frcm these transport simulation wethods is the ability to
incorporate radicactive decay chains with the direct simulation tech-
nique. The following sections describe the theoretical basis of DVM, as
well as the numerical implementation of the DVM transport model.  The
capability unique to NEFTRAN II, DVM transport in time-dependent velocity
fields, is also discussed.

2.4.1 Theory

The convective-dispersion transport equation in one dimension can be
written as
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%ﬁ-n’ v (2.46)

where p ls the particle density (atoms/volume), v is the average particle
velocity (length/time) and D i{e the dispersion coefficient (length?/
time). These units of p are used because they facilitate the simulation
of radloactive decay and can be easily converted to the traditional unit
of cencentration,

Assuming negligible molecular diffusion, the dispersion coefflelent (D)
is defined as

D= alv| |, (2.47)

where a is the dispersivity (lengti). In ground-water systems, molecular
diffusion is negligible when transport by convection dominates molecular
diffusion or, '° it does not dominate, is the most significant pathway.
By defining dispersion coefficient in this manner, NEFTRAN 11!
simulates mechanical dispersion and nct hydrodynamic dispersion which
includes the effects of molecular diffusion.

When p = 0 at the infinite boundaries, the solution to Equatinn 2.46
contains two terms: a particular solution and a complementary solution,
Taking the density of particles at time t' to be p(x', t'), the comple-
mentary solution is

po(x, t) = I S PIE e » X e YY) (2.48)

the particular solution of Equation 2.46 yields the complete solution

4 xl
dr I o RS FE Ll BB TEORCHE LS R (2.49)

t x
o

p(x, t) = po(x. t) + I

The Green's function, G(x - x', t - t'), in Equations 2.48 and 2.49 may
be written as

pf Lmzw) S e e |

.]2:0x 20x

Glx « x', t « ¢')w= {2.50)
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Recalling Equation 2.52, Equation 2.56 can be wriiten as

t vy
plx, t) = Po(!. t) ¢+ I drI S(x', ) H(v, t - r)dv (2.57)
gt v
X X
vhere V, * e .
(2.58)
and X - '1
Vv, =
1 A

Thus the transport of an ensemble of particles at position x' and time t'
to position x at & later time t can be accomp!ished hy summing over a
suitable velocity range weighted by the Green’'s function In wvelocity
space .

The theoretical basis for DVM is the process of mechanical dispersion
which occurs with solute trunmspert through porous media, Specifically,
the physical concept embodied in Equacion 2,57 is due t: heterogeneity of
the flow field, a number of alternate paths exist for particles to
migrate from x' to x. The underlying assumption i{s that these paths may
be characterized by & continuum of migration t.mes and average velocity
cumponents in the direction of flow. By distributing these average
velocities according to the Gausslan function developed earlier (Equation
2.54), DV has Yeen specialized to the conventional Fickian treatment of
dispersion.  Although there has been some criticism of this conventional
Fickian treatment for wodeling mechanical dispersion, currently, an
alternative does not exist; however, in principle, the DVM technique
could be applied to av specified velocity distribution,

2.4,.2 lmplementacion

This section briefly describes the manner in which DVM is numerically
implemented. The discussion begins with a single decaying radlonuclide.
The analysis is then extended to the treatment of a decay chain.

To wmotlivate this dlscussion of numerical implementation, recall Figure
2.4 which iliustrates the movement of an i{nstantaneous point source at
position x' and tims t' to & CGaussian profile at time t > t' and position
% given by x = »' + v (t - t').

In the numerical implementation of DVM, this can be visualized as shown
in Figure 2.5. Here, the spatial dimension x is discretized into grid
blocks of equal length. The "point source" is confined to a single grid
block as shown, However, to model dispersive spreading of the material
as it 1s transported from t' to t, particles in the source block are
given a dlstribution of velocities., As 1llustrated, particles assigned
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Ap(l, J, t) = th(j){llf(j)pli . kj. t‘]
(2.61)

¢ (1 - nfcj)lp[i . kj = t‘]}

Although the argument llst in Equation 2 61 appears formidable, it can be
reedily understood. As indicated there, the contribution to receiver
block { for wvelocity interval j is determined by three fractions: @
geometric mixing fraction, M;, a velocity-interval fraction, W, and a
decay fraction, D,

M; may be understood by referring to Flgure 2.6. looking at velocity
interval j, one sees that there are, in general, two contributions to
receiver block 1. One is a packet of particles coming from donor block
{ - k¥ and the other is & packet of particles coming from donor block
i - k-1 Although not intuitively cbvious, the reason there are only
two contributions is because the physical dimension of a packet of parti-
cles is the actual grid block size. As is also indicated in Figure 2.5,
there {s generally only partial overlap of the propagated block contents
with receiver blocs {. The donor block index k; is

At

where [(z]] is the greatest integer s z,

and v, is determined from

1
Ry 4
¥ o o,

W
2
20
v

The corresponding mixing fraction is

v, At

e - J—— -
Me()) = 1 - [ kgl (2.64)
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Because the velocity dimenaion {s divided into intervals assuning equal
probability, the weight W(Jj) assigned the {* wvelocity interval is

CTEPIE S (2.68)
v

The decay fraction is taken to be

< AAt
-

D (2.66)

f

With these three fractions defined, Equation 2.61 1s summed over all
velocity | itervals to obtaln the total particle density in grid block {i:

NV

p(l,t) = ;£ E: {Nf(J) p[l . kj, t'] + [1 - Nf(J)] .
v
p[i . kj - 1, t')}

As a last step in this discussion, Equation 2.67 is rewritte: in - more
computationally efficient form. To do this, the possibllity .f Jeg or-
acy with respect to the index k; is addressed. This degeneracy could
mean either

(2.67)

- k or k -k, +1 (2.68)

b L2

Taking such degeneracies into account yilelds the expression

Ns(l)

p(l,t) = }: B(}) p[l - kJ. t') ; (2.69)
=1

Quantities Ny(i) and B(j) are most easily obtained by a computational
procedurs <hich makes the tests of Equation 2,66 and accumulates the
coefficients to form the matrix of B,

-~ portant to note that, as long as Ax and At are constants, B {s a

! sector which contains at most 2 ¢ N, terms. Furthermore, B(j) may
puted during the initial setup before the actual transport simula-

' » is conducted. Fer unequal grid block increments Ax, B would be
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The extent to which sach of the criteria restricts the cize of 2t depends
on the migration time, dispersivity, and half-lives modeled. The
criteris are defined further by & set of increment-determination param:
eters. These paranmeters have defsult values in the code or can be input
by the user (see Section +.3.5). The description that follows is based
on the default values that are appropriate for the repeated runs invelved
in statistical Monte Carle simulations.

The time step &t is initialized to the winimum travel
time which (s delined as:

T, ® e (2.7%)

for the path-averaged case or

z
T, = MIN [-}—- (2.76)

v
max

for the leg-to-leg transfer case. ly 1¢ the total migration path length
and 2, 1s the length of leg {. For the leg-to-leg transfer case, the
minimum is taken over all legs | and for both definitions, v, (length/
time), .5 the maximum distributed {sotope velocity In the path or leg.

Vaar 18 found based on the normal distribution of iuotope velocities (see
Saction 2.4.2). Thie is done by approximating the wormal distribution of
velocities to find the velocity of the last and therefore, largest veloc-
ity interval.

since v,,, depends on At (more precisely, the inverse square root of At),
the relations

v"‘At sl . (2.77)

and

Voax it s !1 (2.78)

can be transformed inte quadratic relations in At. These quadratic forms
are solved in NEFTRAN 11 to get an initisl value for at,

. The curve-resolution rest-ictions for At are imple:
mented only for the path-averaged case. This criterion {s based on
finding the standard deviation In t'. s of the breakthrough curve and
setting At equal to one standard devi. ion. This engures that rates are
output on the breakthrough portion of the discharge curve. This criteri-
on is only applied for important isotopes. The definition of a important
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fsotops is similar to the one discussed in conjunction with the source
time step in Section 2.3.2. MHowever, for transport, an isotope is con-
sidered tmportant if {te average migration time ie less than the problem
simulation time, and {f the average migration time is less than 10 times
fts half-life, compared to 20 times its half-life for esource
calculations.

After the minimum (over important isotopes) standard deviation 1s found,
a criterion s applied that does not allov T, to be decreased by more
than & factar of 0.2,

[ This eriterion requires & winimum of 30
time steps for a simulation time, or for the time-dependent veloclity
case, for a time interval. This eriterion is needed since it is possible
that the first two criteria resulted in & time step that exceeus the
probles simulation time.

2.4 4 Spatial-Step Determination

Following the time-step determination, KEFTRAN 11 finds the spatial
gridding. The three criteria used in determining the spatial step are!

1. ensure a nominal namber of grid blocks in each leg or the entive
transport path,

2. ensure that Courant numbers are bounded from below for important
{sotopes, and

3. ensure that, for the path-averaged case, the spatial increment,
4x, Is not greater than the length of the source leg.

The extent to which each of the criteria restricts the size of Ax depends
on the migration time, half-lives of the isotopes being modeled, and the
time step. The oriteria are defined further by a set of inerement-
deternination parameters. These parameters have default values in the
code or can bYe input by the user (see Section 4 .3.5), The description
that follows is based on the default values for these parameters.

wominal Number of Blocks., The number of grid blocks for a path-averaged
simulation is initialized to 50 meaning Ax is initialized to Lp/50.
Similarly, for a leg-to-leg transfer problem, the space step for leg | is
initialized to Ax, = 2,/7, where 2, is the length of leg 1. The next two
eriteria can only reduce or maintain these values for Ax, they will net
increase them.

This criterion Is based on the Courant number and is
concerned with the numerical accuracy of NEFTRAN 11. As discussed by
Camphell and longsine (1981), for the DVK transport model, numerical
dispersion can be controlled by the megnitude of the Courant number. The
Courant number is defined as
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element (FE) wethodi, the accuracy of the transport simulation Increases
with decreasing time step. Thus, one can always lmprove accuracy with
FD- or FE-based codes (at the expense of Increased cowputer time) by
simply decreasing the size of the time step. However with DVM, numer!-
cal accuracy is generally improved by increasing the size of the time
step. The reesons for this counter intuitive situation are explained by
Campbell and Longeine (1981) and are not discussed here. The fact that
DVM likes a large time step has the obvious benefit of reducing computer
time (by factors of 10 or more over FD. and FE-based codes). However,
this alsc implies that there is no trivial rule of thumb (such as
decreasing the time step for FD or FE) for improving accuracy. The user
should have the largest time step possible consistent with considerations
of the time dependence of the source rate, 1sotope half lives, and
desired resolution of the brea':through curve. Because of the difficulty
of finding the ‘"optimun" space and time step for a given calculation,
NEFTRAN 11 will asutomatically select & space and time step If the user
simply enters zeroes for these values.

NEFTRAN 11 will usually do an adequate job of selecting a space step and
time step. Howaver, the user should generally print out space and time
step information, as well as velocity model and retardation information
in order to assure that reasonable numerical criteria are being met. The
most important indicator of the nue-srical accuracy of NEFTRAN 11 fis
the CN,

The general rule concerning the CN is that {t should be great:r than or
equal to one for all lmportant {sotopes. As discussed in previous
sections, an lmportant isotope is one that is expected to d’'scharge from
its initial inventory during the problem siwulation time Conversely, an
unimportant isotope ia one that is not expected to discha.;  in signifi.
cent amounts from {ts initial inventory during this time. In NEFTRAN 11,
for DVM transport, an unimportant isotope is one with travel time signi-
ficantly larger than the problem siwulation time or one with a half life
less than one-tenth of the travel time., In the first case, the isotope
vill not discharge from its initlal inventory beca'se it will not reach
the discharge point during the problem simulatior time. In the second
case, the isotope will decay to insignificantly low concentrations before
discharging.

It 1s usaful to examine the effects of CN on numerical accuracy using
NEFTRAN 11. Figure 2.7 compares breakthrough curves generated using
REFTRAN 11 (DVM option) with an analytical solution, The travel time in
this example is 500 years. The analytical solution is shown as a solid
curve, NEFTRAN 11 results are shown for CN « 0.1, 1, and 2. For
CN = 0.1, substantial numerical dispersion i{s apparent, while for CN = 1,
the numerical dispersion is practically insignificant. The curve for
CN = 2 is indistinguishable from the analyticai solution, If the user is
interested in the integrated discharge at 1000 years or the concentration
(or dese) at any time after about 700 years, any of the three DVM curves
would probably be adequate. However, suppose the user is interested in
the concentration at 400 years. In this case, the most accurate curve
between CN = 1 and CN = 2 would be used. To emphasize this point,

2-37



0100

0.005 P~

CONCENTRATION

0.000

1000

TIME (y)

s ANALYTICAL SOLUTION
seneess DVM,CN-0.1
wiemeimmieme DYM,CN - 1.0
sestesesscise DVYM,CN - 2.0
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consider Figure 2 8 which presents the same results as Figute 7 7 but
with concentration plotted on a logarithmic scale. At &DC vears, the
concentration predicted using DVN with CN « ! matches the analytical
sosution very well. For CON = 1, at 400 years, DVM overestimates the
concertracion predicted by the analytical solution by about a factor of
2, while for CN = 0.1, the over prediction (s as much as three orders of
magnitude. The message is that If concentration (or dose, etc. ) at some
time less than the travel time (when the discharge s greater than zero
only because of physical dispersion) is the quantity of Interesc, (t 1is
very important that CN > 1. At later times, the values of (N is less
eritical, but should still always be greater than or equal te 1 for all
important isotopes.

Flgure 2.9 1s included to help keep the above discussion In perspective.
In this figure, the same ana!vtical selutlon is compared to resulils
generated using a finite difference transport code. The FU case with
Ax = 20 and At = ] shows about the same level of accuracy (or Inaccurscy)
as the earlier DVM case with ON « 0.1, The FD case in Figure 2.9 with
&x = 1 and At = 0.5 shows about the same sccuracy as DVM with CN = 1.
However, the FD caleulation took about 15 minutes compared to & few
seconds with KEFTRAN 11. No attempt wvas wmade with the FD code to
generate results as accurate as the DVM case with CN =« 2

It should be apparent from the above discussion that the NEFTRAN 11 user
not only needs to be aware of the value of CN, but aleo the travel time
in a given transport calculation. Before discussing travel time consld-
erations, a few definitions are necessary.

The nominal or average isotope travel time is defined as:

‘rn-% . (2.80)

where T, is the sverage isotope travel time, v the average isotupe
velocity (ground-water velocity divided by Isotope retardation factor In
units of length/time), and L the path length from the source to the dis-
charge point,

In attempting to determine whether an isotope will discharge during the
problem simulation time, one could compare T, with the problem simulation
time. However, because of dispersion, discharge of an iscotope begins
some time before its average travel time. Thus, seme approximation of
the time of first Isotope breakthrough is needed. To estimate this time,
consider that the shape of the breakthrough curve near the average travel
time is approximately that of an error function ({.e¢. , the integral of a
normal distribution). The stzne.rd deviation in time underlying the
breakthrough curve can be estimated as

ap = [ZaL : (2.81)
v
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vhere a, is the stendard deviation in time, o the dispersivity (length),
L is the migration path length, end v the average isotope velocity
(length/time). The minimum trevel time or the approximate time to first
breakthrough is estimated as

T,: T, - May , (2.82)

where T, is the approximate time to first breakthrough, T, the average
isotope travel time, and M some multiplier to be deterwined,

Experience indicates that M = 2.3 gives a good approximation to the time
of first {sotope breakthrough. The next example should help clarify the
above ideas on travel time and {sotope breakthrough.
For this example, consider the decay chain

IAm < 209py - D8
The path length is 1000 feet, the diepersivity is 40 feet, and the fluid
velocity s 0.1 ft/year. The retardations, average i{sotope velocities,
average isotope travel times, standard dey_ ation in time, and approximate
time to first breakthrough are given in Table 2.2,

Table 2.2

Parameters for Example Problem

180TOPE RETARD v 1, ay %

Am243 150 6.67E-4 1.50E6 4. 24ES 5. 25E5
Pu239 15 6. 67E-3 1.50ES 4. 2684 5.25E4
U235 75 1.33E-3 7.50ES 2,128% 2 6285

1f T, > TUB, the isotope is not expected to discharge In significant
amounts and {s thus classified as “"unimportant." For illustration, the
example problem was run for problem times TUB of 1.0 x 10%, 5.0 x 10% and
1.0 x 10* years. For TUB = 1.0 x 10° years only **Pu ghould be consid-
ered important because T, for both **'Am and **%U are greater than TUB.
For #%%Pu, CN = 1.35, while for #*Am and %0, CN < 1. 1t is obvious that
NEFTRAN 11 focueed its space and time step considerations on P9y as the
travel times for the other two isotopes are too long to reach the
discharge point during the problem simulation time. Figure 2.10 shows
discharge rates for this case. As expected, #¥Pu begins to discharge at
about 50000 years., However, 2*U also shovs some discharge, This occurs
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because #¥Py decays along the migration path to %, some of which is
then able to reach the discharge point. None of the original source of
D% reaches the discharge point in this calculation.

“he CN for TUB = 5.0 x 10" years are 6 8 for ¥y, 4 3 for D% and less
than 1 (0.6) for *™'Am, By referring to Table 2.2, it is evident that
both #%py and % are expected to travel from the source to the dis-
charge polint during the problem time. Consequently, NEFTRAN 11 has
increased the size of the time step so that both {sotopes have CN > 1.
However, NEFTRAN 11 did not try to satisfy CN » 1 for ?Am which has a
winlmum travel time slightly greater than 500000 years. Discharge curves
for this case are shown in Flgure 2.11. #¥Py again breaks through at
approximately the expected time, while *°U produced by decay of #¥py
beging discharging av approximately this time also. Note that at approx-
imately 2.5 x 10% years, ¥ discharge begins to increase. This corre-
sponds to arrival of the original source inventory eof #°U.

CN for TUB = 1.0 x 10* years for all three isotopes are > 1, The dis-
charge rate curves for TUB « | .0 x 10* years are shown in Flgure 2.12.
Note than *Am does not discharge in 1.0 x 10° years even though its
minimus travel time Is about 5.0 x 10° years. The reason is that the
half-1ife of #Am is only 7.37 x 10° years so that all the initial
inventosy for this isotope has decayed before it reaches the discharge
point,  The reason that *'Am was apparently considered {mportant (i.e.,
CN > 1) Is that NEFTRAN 11 was able to produce CN » | for the important
isotopes (*"Pu and #9%) and wmeet other numerical criteria by simply
using the default minfeus number of time steps (i.e¢., the default maximum
time step size). This default time step just happened to be large enough
to give CN > 1 for #iAn,

It is nwot »"'ways possible for NEFTRAN 11 to schieve CN > 1 for all fmpor-
tant isot.pes. In the above example, the retardation factors, and hence,
the isctope velocities, vary one order of magnitude. Consequertly, the
largest CN is a factor of 10 larger than the smallest., Suppose the
velocities varied over tiiree orders of magnitude. 1f the slowest isotope
were “important™ (i .e., expected to discharge) and NEFTRAN 11 were to
select Ax and At such that this isotope had CN > 1 then the fastest
isotope would have CN > 1000, That {s, the fastest {sotope would jump
1000 grid blocks each time step. The time step is limited such that the
migration path cannot be traversed in one time step and, therefore, to
obtain a CN > 1000, more than 1000 grid blocks would be required. For
NEFTRAN 11, the dimensions are limited to 1000 grid blocks and it would
not be possible to satisfy CN > 1 for the important {sotope in this
example without exceeding dimensions. A compromise Ax and At would have
to be selected or the dimensions Increased. Alternatively, should such a
case occur 'n practice, the user may want to appeal to the physics of the
problem. For example, could the very slow moving isotope be left in the
source calculation to affect solubilities but not transported? 1f the
isotope 1s at the bottom of a chain, can it be simply ignored or just
take on the Tourant numbe, of {ts parent I{f {t would only discharge with
its parent isotope? Another alternative might be to break the decay
chain at the slow moving isotope {f it {s sufficiently long-lived.
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At Aglat - t)
DP(A=B) = |e A le : (2.84)

The first term in parentheses is the probability that specles A survives
to time t. The second term {s the probability that A decays to B during
infinitesimal time dt. The last term {s the probablility that B survives
decay to the end of at. Thus, the probablility that species A decays to
species B over At is an integral of the product of i(ndependent probabill-

ties. To find T,, the Integrand is welghted by t and the resulting
integral (s divided by DF(A«B). This Is equivalent to

it
At <A (AL « t)
tAAc A ¢ b dt
ol
T = . (2.8%)
A At Agtet -t
AAO « at
oi
The solution of Equation 2 .65 {s
(Ab « A At
“"
R i o i (2.86)
A ‘(lb * 1.)M:.1 *b . 1.

Substitution of Equation 2.86 inte 2.83 ylelds v,. This approach is
extended to decay chains of several lsotopes in Appendix A.

The implementation of DVM {s based on the transport of subchains within a
given decay chain, For example, suppoee the decay chain I, = 1, ... = 1,
is to be transported. 1In DVM, 15 subchains are potentially transported
over each At. These subchains are

1, 1,+1, 121,21, 1io1,21~1, | PR0 PR P PR 1Y
G 1ol 1441541, Tyolyol o1y
1y 131, Iyeleely
1, 1414
I
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Column &, for example, inciudes (he subclains necessary to update the
amounts and locations of species I, However, the contribution to
species 1, over a single time step from species I, and (possibly) specles
I; may be insignificant due to the rela.'ve half-lives of each species.
1f this is the case, 1t i{s veasonable to ivansport only 1,41, and I,
Past experience indicates that restricting subihains te a maxlmunm length
of five is adequate. Encountering the need to transport a six- -member
subchain is not snticipated and, in fact, hus never been noted. However,
when subchains of length 6 or greater are encountered, an approximate
scheme, presented in Appendix A, s used.

2.4.7 Discharge Model

PDetermining total discharge of species r from t to t + At is based on
evaluation of

f(r, t, ot) = 2 F(r, r - p, t)p(r T AR ¢ t) !
o B L (2.87)

where NB(r, r - p) marks the grid block farthest from the boundary that
contains precursor r - p and can contribute to the discharge of r,
F(r, r - p,1) is the fraction of species r - p in grid block N, - | + 1
that discharges &s species r, and p(r « p, N, - 1 ¢+ 1, t) {s the nunber
of atoms of species r « p In grid block N, - { + 1 at time t,

The determination of array F (and as & by-product, the array NB) is quite
complicated and is the subject of Appendix B. As seen by the notation, F
is iIndependent of time. Hence, F can be constructed during the setup
process and stored. The apparent excessive attention to accuracy that is
evident in determining the F array (s necessary due to the large time
steps that are used to limit numerical dispersion for DVM,

For the leg-to-leg .ransfer option (see Section 2.4 9) particles are not
allowed to skip a leg over a time step, thus only particles in the last
leg can discharge over a time step. By replacing the path-averaged
velocities with the velocities of the last leg, the process of finding
discharge fractions for the leg-to-leg transfer option is {dentical to
the leg-averaged option described in appendix B.

2.4.8 Distribution of Source Into Grid Blocks

The source model determines the total amount of source for each isotope
over time that is available for transport. 'n the flow-through source
model, all material available for transport for each transport time step
is injected evenly into the source leg grid blocks, where the source leg
is the first leg in the migration path. Consequently, for transport,
NEFTRAN 11 requires at least two legs in the migration path; the first
leg contains the source blocks and all subsequent legs the transport
path,
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Distribution of source particles into the grid blocks using a wixing-cell
source 1s quite complicated and is described in detall In Appendix C.
The basic premise is that particles leaving the mixing cell are given a
velocity using DVM as they exit the mixing cell, and allowed to travel as
far as they will go over the time remaining in the transport time step.
As particles exit the mixing cell into the migratiun path, the scheme
takes into account radicactive decay and differing species velocities.
Similiar to DVM transport and discharge, sets of fractional multipliers
are developed for grid blocks that receive source particles over a time
step.

2.4.9 leg-to-Leg Transfer Model

Section 2.4.7 discusses the implementation of the DVM transport model
based on the assumption of & single one-dimensional homogeneous leg rep-
resenting the entire migration path for radionuclides. In others words,
even though each leg in the migration path may represent o different
medium, the velocitles {n each leg are averaged and the DVM transport
model 1is applied to the averaged velocity with & single dispersivity.
For saturated porous media, combining different velocities into a single
average velocity has been shown to yleld acceptable results and to be
computationally efficlent (Campbell and others, 1981). However, {f some
of the legs are to represent fractured mwedia with the accompanying
diffusion into the rock metrix, the contsct time between fluid in the
fracture and matrix becomes important. The contact time induced by using
a velocity averaged over both porous and fractured legs may not ba physi.
cally meaningful. Also, to simulate transport in both unsaturated and
saturated medlia, the dispersivity for each zone may be significantly
different such that using DVM based on a single dispersivity may not be
appropriate. Therefore, the DVM transport model has the capability to
include the concept of transporting radionuclides between different legs
over a time step (l.e., leg-to-leg transfer). Within each leg, the DVM
concept of distributing velocities i{s Implemented as discussed in Section
2.4.2.

The simulation of leg-to-leg transfer of radionuclides must account for
particles that begin a time step in one leg and end the time step in
another. For the leg-to-leg trensfer model, the magnitude of the time
step is restricted such that a leg cannot be skipped over the time step
{see Section 2.4.3). Consequently, particles with a given velocity that
begin the time step in a certain leg are assumed to elther end the time
step in that leg or in the next leg. As mentioned previously, with enly
one exception (discussed at the end of this section), particles that do
not exit a leg in & time step are accounted for In the same way as
described in Section 2.4 .2.

leg-to-leg transfer is complicated by the possille occurrence of negative
velocities in the distribution of velocities for each leg. Nepative
velocitles can occur due to the assumption that solute dispersion can be
modeled assuming a Gaussian distribution of velocities. This is the
conventional treatment of dispersien and {s a property of the mathemati-
cal formulation, not the physical process. The physical process of




mechanical dispersion (L e, excluding molecular diffusien) can only
result in movement of material downstrean in the direction of flov and
net upstream.  For the leg-to-leg transfer mwodel, 1f negative velocities
are encountered, particles are not sallowed to travel backvards inte the
previous lot in the migration path. This 1 sccomplished by attaching
"eatcher® blocks at the leading edge of each leg. The use of catcher
blocks in the leg-to-leg transfer wmodel will be discuseed at the end of
this section,

The ocourrence of negative velocities couses one further diffleulty for
implementing the DVM leg-to-leg transfer model. It regquires that the
code track the leading and tralling edges of & contributor bleck forward
in time to see if there s any overlap with the given receiver block,
This 1s different than the implementation of DVM for the path-averaged
cese, where the code tracks backwards In time from receiver blocks to
find all possibvle contributer blecks.

The need for this altered approach is due to the pussibility that contrl-
butor blocks may be undefined for sowe receiver blecks. In other words,
every veceiver block {n & nev leg may not have a source block from the
previous leg. This happens when a packet of particles ends up straddling
& leg boundary. If the velocity of the particles is less than zere in
the first Jeg and greater than zero in the second leg, the original
contents split inte two separate packets, Consequently, the partial
packet that travels backwards in the first leg does not contribute to the
expected receiver block in the second leg and the source for these
recelver blocks becomes undefined. Thus, 1t is easier In the leg-to-leg
transfer model to treck particles forward in time rather than te search
backwards for contributor blocks.

Intuitively, the logilcal time to check when a packet may straddle a
boundary should be at the end of & time step. However, due to radio:
active decay, the time when a packet may straddle the leg boundary is
checked after the time spent as sach isotope. This time i{s discussed in
Section 2.4.6. For example, for the subchain 1, « 1, « I, the time the
packet is straddling the leg boundary after T,, the time spent as 1, is
significant.

Before discussing the scheme for tracking packets forward in time in the
leg-to-leg transfer model, the general set up of NEYTRAN I1 will be dis-
cussed, A packet 1s defined as the fraction of material in & contributor
block that begins the time step as isotope 1, I,, and ends the time step
as lsotope p, 1,. For example, the decay chain 1, = 1, = I, will have six
packets In each contributor block corresponding to the subchains:

1) 1] - l‘
2) 1,41,
3) 1’ - I,

‘) 1; - 1’ » !g
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6) 1341,
The fraction of material contained Iin a packet, b, 1s
fo « M DP| 1, = iy, t) ., (2.88)

vhere M, is the material iIn contributer Lieck k and DF[ 1, « i, t] 1s
the decay production factor.

For the leg-to-leg transfer mwodel, to track & packet forward, the

progress of the packet as specles !, for time T, is first tracked. Then

the packet is tracked as It migrates with the veloclty of specles 1, ‘
for time T,,, and so forth. If packet b ends T, with both leading and |
trafiling edge in the same leg, the location for packet b is updated and

stored. 1f the packet ends T, straddling a leg boundary, the packet is

split into two new packets and relevant Information is stored. Each new

packet is characterized by:

a, the location of its leading edpe,

b. the locatiun of its tralling edgs, and

¢, the fraction (geometric mixing fraction) of the original packet
that the now packet represents.

At the end of the time step, it is determined whether any of the packets,
old or new, overlap receiver blocks., This information is important in
erder to find the appropriate geometric mixing fractiovs for the
potential receiver blocks.

To find the geometric mixing fractions for contributions from blocks in
leg L to receiver blocks in the next leg (l+1), the leg-to-leg transfer
model accounts for the following four different overlap possibilities
({1lustrated {n Figure 2 .13):

a. both the leading and trailing edges of packet b are located in
receiver block 1,

b. the leading edge of packet b is in receiver block {, but the
tralling edge {s not,

¢. the trailing edge of packet b is in receiver block | and the
leading edge is not, or

d., the leading and tralling edges of packet b envelope receiver
block 1.

If none of the conditions (a) - (b) are true then there is no overlap and
the geometric mixing fraciion for recelver blocks In the next leg 1is
zero,
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Flgure 2.13. 1llustration of Four Possible Situations Arising Because of
an Overlap of a Packet and a Given Receiver BRlock
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Figure 2.14  Tllustration of Catcher Blocks Appended to Leg L
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transport of stable speclies is to cause dispersion eof the specles  For
decaying species the retention period in the fmmobile phare may be long
enough to reduce concentration thro radloactive decay significantly.
This model may also be applicable for simulating transport in porous
media that contains dead-end pores.

. The matrix diffusion wmodel contained Irn NEFTRAN 11 {s based
primarily on the work of van Genuchien and Wierenga (1976). The model
uses the siwplifying assumptions of a constant {mmobile pore velume to
represent the lmmoble phese and a mass exchange coefficient to determine
the mass flux between the mobile phase and the fmmobile phase.

The rate of diffusion from the wobile phase to the {mwobile phase s
assumed to be directly proportional to the concentration difference
between the mobile and {nmobile phases  Letting subscript d (dynamic)
denote mobile phase properties and subscript s (stagnant) denote fmmobile
phase properties, the governing mathematical equation for the rate of
change of concentration in the immcbile phase is

8C (x.t)
'R, i} (Cd(x.t) . C‘(x.t)] (2.89)

where C denotes concentration in units of mass per unit volume and the
constant of proportionality, B, is the muss exchange coefficient with
units eof Inverse time, ¢ Is the volume fraction occupied and R the
retardation factor,

lnplementation. As discusse! above, van Genuchten and Wierenga (1976)
acoount for the loss of solute from the mobile fluid to the immobile
fluid by the addition of & sink term to the convective-dispersion
eguation. Since time is discretized in DVM, this fracture-matrix
exchange can be Included at the end of each time step. That {s,
particles are transported in the mobile phase using the conventional DVM
solution of the convective-dispersion equation. At the end of a
transport step, concentrations in the mobile phase are compared to those
in the immobile phase and diffusional exchange is modeled.

For those legs along the migration path that the user selects as
representing dual-porosity media, a parallel system of grid blocks is
generated. The only mechanism for molecules to move from one system to
the other is by diffusion. Figure 2.15 shows ler L with its assoclated
immobile phase. As indicated in Figure ?.15, the K** block of leg L is
assoclated with the K* block containing immobile fluid for leg L. Thus,
exchange occurs between pairs of blocks In tne two systems. No exchange
occurs between adjacent {mmobile phase blocks.

For each block pair, the rate of diffusion is assumed to be directly
proportional to the concentration difference between *he mobile and

immobile phases, as indicated in Equation 2.89. A forwvard finite-
difference approximation of the time derivative in Equation 2 .89 yields
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(111) in preparation for the next time step, age the stoms in thr
imsobile fluid to t + 2at,

(iv) set © = t 4 At and yeturn te (1),

Those steps are repeated until an upper boune tlae Is reached,
Step (11i) insures that radlionuclides aged to the same time in both
pheses are interchanged.

The implementation of step (1) uses Equations 2.90 through 2. .93 with
locatior x governed »y grid block number. There lg one added complica-
tion, however. Since the time steps for DUN ave typlcally large.
straightforward use of Equation 7 .90 can result in concentrations
nodified beyond the point of equilibrium. Thus, NIFTRAN I1 requires the
concentration difference between the fractures and the matrin no! to
change sign over At., So if, for example,

Jd > C. (2.94)

and after accounting for diffusional exchange, 1t is fou d tiat

Cd < C. P (2.95)
then exchange should have ceased when equilibrium was i1eached. The
equality

Cd - C. ' (2.96)

is imposed whenever this occurs.
2.4.11 DVM Transport in Time-Dependent Velocltiy Fields

The most significant difference between NEFTRAN I1 and NLFTRAN is the
NEFTRAN 11 capablility .o traansport radlonuclides In time-despendent
velocity flelds Specifically, NEFTRAN 11 simulates time-dependent
velocity fleldy Yy approxfwating the time-varying velocities with sequen
tial steady-state velocities. The user defines time vanges over which
the veloeity in each leg s essentisily constant and these velocities are
read into NEFTRAN 11 from an externul file (se¢ Section &4 .3.1), As dis-
cussed in Section 2.4.2, the only d{ffarence i implementation »f DVM for
time-dependent velocities Is following each time interval, the code
recomputes the transport fractions based on the new veloci.ies and new
time steps to be used for the next time inverval.

This capability wus added to NEFIRAN as a firet approximavion to modeling

transpert in unssturated media, For unseturated-zone cransport, trans-
port parametevs become time dependent. For example, sst wration (s a
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function of time and, therefore, the retardation factor and velocity, as
they are & function of saturation are also time dependent. Although
radionuclide transpert in the unsaturated zone is complex and may not be
completely defined at this tiwe, this “irst approximation may be used to
mimic the effects of transport in the ur aturated zone, and still retain
the efficiency of the code needed for vorlformance assessment require-
ments, It is also possible that, for cortilu combinations of parameters,
this approximation is acceptable.

Besides wedeling unsaturated-zone transport, this e ability can also be
woed to wodel significant climatic changes that reoult in ground-water
velo vy etanges For example, one could assume tas’ over a period of
10000 year . the climate changes at 5000 years such or .t the flow velocl-
ties are doubls (. However, the basic underlying asrurption {s that the
flow paths do ot change with time ({.e., the migrat(un path is constant
with time), aw oniy the magnitude of the velocity 1is time “ependent.

Line -dependent * tuzetien. As indicated above, fo. transport in the
unsaturated gone, ‘. retardatior factor is a function of saturation (n,)
which {s time-de7  aot, To be able to mimic this effect, NEFTRAN 1i
lirty the user o i*put time-dependent saturations along with time.

- ‘nt veloc 4 es, The only effect that saturation has is on the
' “on facte . (R), where the unsaturated retardation .ctor is given
b

Kanear = 1y R ' (2.97)

This is a f1 «" approximation to the effects of the unsaturst d-zcne
transport .a te/ rdation; however, it would be simple to incoiy vate
anothe s rela lenshl, mnot necessarily based on saturation, as long . e
effec’ on rever \atios 's linear,

Besid s being used v odel unsaturated-zone transport, th.s capabl’ "<y
could ‘e used to mir ¢ & lineur time-dependent geochraical «ffect un
retardat ion.  Yor exatple, if the retardation factor was assumed to be a
linear function of wineral composition and, the couposition was depleted
with time, this capabllity wvould be utilized.
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3.1.2 Source Module

Figure 3.2 shows & flowchart of the source module contained in NEFTRAN
11. The module loops through time based on source time steps. The first
process tnat is accounted for over a time step is learhing. 1f leaching
i the only process being considered (as specified by the user) then th.
source rate can be determ!ned besed on the amount leached for either the
flow-through source or the mixing-cell source, whichever model is being
{mplemented, However, if the solubility-limit of the source s also
being modeled, then the amcunt leached is added to the undissolved inven-
tory. Next, {f there {¢¥ a time-dependent flow rate through the source,
the total flow rate over the time Increment is found. This is needed in
the next step where the amount dissolved, based on solubility limits is
found. Next, a comparison between the amount disso'ved based on solubil-
ity limits and the amount left in the inventory is mace.

The amount placed in the dissolved inventory is the miniwum of these two
quantities. This amount dissolved is then subtrac.ed from the
undissolved inventory. At this point the source rates can be found for
either the flow-through source or the mixing-cell source, sgain, depand.
ing on which model is being utilized. After the source rates are found,
the inventory is updated for the next time step, and the time is incre-
mented., 1f the incremented time ls greater then the problem simulation
time, the source module terminates its calculations,

3.1.3 Transport Module

Figure 3.3 presents a f[lowchart of the transport module contained in
NEFTRAN 11, 1f the analytical sclution is being implemented for
simulating transport, the appropriate equations (Equation 2.18 - Equation
2.22) are solved. If the DVM transport model is being utilized to solve
for transport, for time-dependent velocities, transport is simulated for
the first time interval. I1f the fluid velocities are not time-dependent,
only one time interval occurs and this interval is from the release time
to the problem simulation time, Before the simulation actually occurs,
the transport fractlons can be found. If the mixing-cell source model is
being imp.emented, the fractions relating the distribution of the source
in the transport path can be found as well as the leg-to-leg transfer
fractions, if the leg-to-leg transfer algorithm is being implemented.
Finally, before actually simulating transport, the discharge fractions
are found. During the simulation, for each time step, matrix diffusion
is accounted for if the user has indicated that some of the 1-2s in the
transport path are dual-porosity legs, The transport simulation {s ter-
mirated when the time is greater than the time interval., If the time
interval is greater than or equal to the problem simulation time, the
transport meodule calculations are stopped. Otherwise, the transport
fractions are found for the next time interval and transport is simulated
for that time period.

3.2 Subroutines
The following sections will briefly describe the function of each sub-

routine contained in NEFTRAN 11, as well as where the subroutine is
called from and what subroutine(s) it calls. The first subroutine that
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is discussed is the main driving program (NEFMAIN) and subsequent sub-
routines are discussed in alphabetical order.

3.2.4 NEPMAIN - main program

Called From Calls

----------- BSOLVE, CHAIN, COEFF, FLOWIN,
GETRV, METHOD, PTHLEN, SOURCE,
WORK

NEFMAIN {s the main driving program of NEFTRAN 11. It {s capabie of
handling single or multiple simulations. It calls FLOWIN in which the
data input is read. For multiple runs, the initial call to FLOWIN serves
as the basic set up. Subsequent runs can be accomplished by elther
calling FLOWIN for additional data sets or GETRV to read input vectors
from an external file (unit 10) and overwrite existing data (for a dis-
cussion of this external flle see Sectina 4.3.1). 1If the user opts for
the flow network to be solved, NEFMAIN calls COEFF and BSOLVE, chesks an
error flag to see if BSOLVF was successful in solving the pressure equa-
tions, and condenses the pressure array since some of the pressures are
known from input., NEFMAIN calls PTHLEN to calculate pore fluld veloci-
ties if the flow network has been solved, or to check the user input
velocities for flow direction consistency. These velocities are required
by the trancport model. Next, NEPMAIN implements the source model by
calling SOURCE. The source model is deccupled from the transport model
and provides source rates for the DVM transport model. If the analytical
transport option is chosen, SOURCE updates the user-specified inventories
to release time and exits. For each chain, NEFMAIN calls CHAIN and
METHOD to implement the transport model. After the transport simulations
are completed for each chain, NEFMAIN calls WORK to write discharge
information to the appropriate output file (unit 30).

3.2.2 ADJB(VA, LG, IP, TS, ILAST, KNT)

Called From Calls
FACER d o

Subroutine ADJB is implemented with the DVM transport model in conjunc-
tion with the leg-to-leg transfer option. When the leg-to-leg transfer
algorithm is invoked in FACER, negative velocities (see Section 2.4.9)
can cause double counting of some particles at the end of each leg.
Subroutine ADJB {s called from FACER to compute the fractions to correct
for this double counting for each leg.

3.2.3 BAND(TSTART, TEND)

Called From Calls
METHOD GIT, RATIO, TPPRT

Subroutine BAND is called from METHOD when the user opts for the analyti-
cal transport model (see Equation 2.1° - Equation 2.22). BAND applies
the analytic solution for a chain of up to three radionuclides with equal
retardation factors at a prescribed distance from the source. The source
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boundary condition is a point source in space and a decaying band in
time.

3.2.4 BRANCH(EPS)

Called From Calls
SOURCE, DTUPDT, SETUP ET

Subroutine BRANCH creates .he radioactive decay subcnains that are used
to estimate decay/production of an isotope over a time step and calls ET
to find the decay/production factors (as far upchain as necessary) based
on the Bateman equations. SOURCE calls BRANCH to update the radionuclide
inventory to the release time, DTUPDT calls BRANCH to age the inventory
over the initial source time step, and SETUF calls BRANCH to age the
inventory by the DVM transport time step,

In creating the subchains, BRANCH traces branches from an isotope upchain
to the end of the chain(s). The current code logic allows four such
paths. BRANCH determines how far upchain to look for reasonable repre-
sentation of the production of the isotope over a time step using ratios
of Bateman production/decay factors. EPS is the maximum cutoff ratio,
Wher ca'led from SOURCE, EPS is 10°%, when called from DTUPDT, EPS is
10°%, and when called from SETUP, EPS {s 10", Terminating a subchain
prior to a branch pei.t decreases the number of necessary paths. For a
detailed discuission of how NEFTRAN 11 stores decay chain information,
which is implemented in subroutine BRANCH, see Appendix D.

3.2.5 BSOLVE(KER)

Called From Calls
BRE- . el S L e e e

Subroutine BSOLVE is called from NEF when the network flow model {s
implemented. BSOLVE solves the banded matrix equation set up in sub-
routine COEFF using a Gaussian elimination technique. This subroutine
precludes the need to use an external subroutine package to solve the
matrix equation.

3.2.6 CATCH(GA, NPT, VDT)

Called From Calls
BEPT - oLt deews

For the DVM transport model, subroutine CATCH determines the maximum
distance (VDT) that will be required to catch negative directed particles
for each leg. DXDT and CHAIN use this distance and the space step to
determine the total number of catcher blocks needed for each leg.

3.2.7 CHAIN(IW)

Called From Calls
NEF, SOURCE DXDT, TRACER
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criteria to determine the time and space increment. DXDT calls CATCH to
find the maximum distance that will be required to catch negative
directed particles for e2~h leg.

3.2.12 IY
Called From Calls
SETDiS, BRANCH, DTUPDT RATIO

Function ET is used to evaluate the Bateman coefficients for calculating
the radioactive decay/production factors. When called from BRANCH, ET
finds the factors for either updating the source inventory to release
time or for updating the inventory by the DVM transport time step or the
source time step. When called from SETDIS, FT finds the decay/production
factors for {sotopes surviving decay to discharge. When called from
DTUPDT, ET finds the decay/production factors over one half the source
time step. ET uses a Taylor's series expansion to solve for the Bateman
coefficients. 1f convergence of the Taylor’'s series is expected to
require too much execution time (i.e., a combination of small half-lives
and large time-step), ET calls RATIO to evaluate the Bateman coefficlents
in a pairwise manner,

3.2.13 FACER
Called From Calls
SETUP ADJB

Subroutine FACER implements the leg-to-leg transfer algorithm for the DVM
transport model. FACER finds the leg interface fractions for each
isotope in each subchain crossing from a leg to the subsequent one. For
velocity packets that are negatively directed, FACER calls ADJB to adjust
the fractions to ensure that double counting does not occur at the leg
interfaces.

3.2.14 FLOWIN(IPASS, ROOT, KROOT)

Called From Calls
NEF INPRIN, STOPPER

Subroutine FLOWIN reads in all of the data input required by NEFTRAN 11,
with the exception of GETRV (see next section). For multiple data sets,
IPASS > 1, FLOWIN re-reads only the input indicated by the INP array (see
Section 4.5.1), and {f an end-of-file is encountered it is assumed to
signify a normal termination. On the first pass (IPASS = 1), FLOWIN
opens the input and output files, centers the title and finds the
execution date and time. For chains that are not included in the source
calculations, (see Section 4.3.2), FLOWIN condensas the appropriate
arvays. FLOWIN also calls STOPPER to do general data input checking.

For the PC version of NEFTRAN I1, ROOT {s a character string input by the
user for the name of the Input file ((root).INP, unit 2) not including
the extension of the file name. ROOT i{s then used by FLOWIN to accers
other input files if required and to name output files accordingly.
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KROOT 1s a counter that i{s used to count how many characters are con-
tained in the character string ROOT, See section 4.1 for a more detailed
discussion of the file naming scheme for NEFTRAN 11.

3.2.15 GETRV(JTRIAL)

Cglled From Calls
NEF STOPPER

GETRV is used in performing multiple simulations for statistical studies
which allows the user to assign selected sampled values to the appro-
priate NEFTRAN II variable names. Consequently, for the most part, GERTV
is a user-written subroutine and the user is responsible for the required
replacement statements and units conversion factors. GETRV reads the
external file (unit 10), which contains each statistical trial vector.
Simulations are conducted automatically for each vector, where the
selected input is over-written with the vector values for each simulation
based on the user-supplied replacement statements. JTRIAL i{s read from
the external file for each vector, and indicates the trial or vector
number. An end-of-file encountered in the external file indicates normal
termination for a statistical run. The format for the external file is
discussed in Section 4.3.1.

3.2.06  GIT(T, ¥, V, AL)

Called From Calls
A e e T R U R L T P (PR e

Function CIT is called from BAND and uses a fifth-order Hastings approxi-
mation (Abrewmowitz and Stegun, 1965) to calculate the sum of the
compiementary error function terms given in Equation 2.22. The complete
analytical transport model solution is generated in BAND.

3.2.17 INPRIN(MM, INCRM)

Called From Calls
WRARERNT ") el ool e R R ek e

INPRIN prints user opted input parameters to the hardcopy output file.
Some of the parameters may have been altered in subroutine STOPPER due to
input error checks, otherwise they are as input, MM indicates which
parameter sets the user has designated to be printed and INCRM is a flag
which indicates whether or not the default values are utilized for the
space- and time-step determination parameters, INCRM equal to zero
indicates that the default values have been used,

3.2.18 INTG(S1,B1,52,B2,T1,T2,D,F,N,DT,ANS)

Callied From Calls
MRERL ot T seess

Subroutine INTG 1is called from MXCLL and is accessed only when the

mixing-cell source is used. INTG is used to evaluate the integrals in
the mixing-cell source model developed in Appendix C. The variables in

3-10



the argument list are the limits of integration that are found in MXCLL
and defined in Appendix C.

3.2.19 LECHMOD(T1,T2,F)

Called From Calls
SOURCE PR

LECHMOD {s part o" the source model and {s called from SOURCE. LECHMOD
finds the total fractions unleached at times Tl = t and T2 = t + At. The
fraction, F, leached is the difference of these two fractions. Depending
on user input, the fraction leached is either based on a constant leach
rate or an exponentially decaying leach rate.

3.2.20 METHOD

Called From Calls
NEF BAND, SETUP, TPPRT, TRNSPT

Subroutine METHOD is the driving subroutine for the transport module. If
the user selects the analytical transport model, METHOD sets tho start
time, stop time and time-step and calls BAND to solve the analytical
transport model equations (Equation 2.18 - Equation 2.22). See Section
2.2.2 for a discussion on how the starting time, stopping time and time-
step are found. Befocre calling BAND, METHOD checks to see {f discharge
occurs during the problem simulation time based on the average migration
time for each i{sotope. If no discharge is detected then METHOD calls
TPPRT to print out zero discharge information to the appre  “late .output
files at the 1elease time (TRLSE) and the problem simulation time (TUB).
For the analytical solution, METHOD also checks to see if the last rate
is written at a time less than the problem simulation time, I1f this is
true, METHOD calls TPFRT to print/append zeroes to the appropriate output
files.

I1f the user opts for the DVM transport model, METHCD calls DXDT and SETUP
to generate the parameters needed by TRNSPT. METHOD calls TRNSPT to
simulate radionuclide tiansport through the migration path for the
problem simulation time. For time-dependent fluid velocities, METHOD
executes the above sequence of commands for each time frame,

3.2.21 MXCLL(KBMAX)

Called From Calls
SETUP INTG
Subroutine MXCLL is called from SETUP when the source rate is dist Huted

into the transport path based on a mixing-cell source region. MXCLL
creates the source factor array used to update the fraction of the source
of a given isotope to a specific grid block over a transport time step.
MXCLL is structured according to the subcase numbering structure found in
Appendix C. KBMAX is found in MXCLL and is the number of source grid
blocks needed for the mixing-cell source. KBMAX is used in CHAIN to find
the total number of grid blocks required for the source leg.
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3.2.22 PRP(D,R,V,VP,DL N, T1,T2)

Called From Calls
BEEREIER L T e e v R e

Function PRP solves the integrals that are needed by SETDIS to create the
discharge facte: array. The discharge factor array is needed by the
transport module to determine the discharge rates at the end of the
migration path. The variables contained in the argument list are found
in SETDIS and are used in the limits of integration.

3.2.23 PTHLEw

Called From Calls
NEF CHKPTH, TRACER

Subroutine PTHLEN {s called from NEF and performs several tasks. First,
if the flow network is solved, PHTLEN calculates the volumetric flow
rates in each leg based on the pressures solved for in BSOLVE. At the
user's option, PTHLEN prints pressures and flowrates of each leg in the
network. Next, for the transport calculations, PTHLEN determines the
pore fluid velocities for each leg in the migration path. PTHLEN calls
ChKPTH to ensure that the pore velocitles are consistent with the migra-
tion path (i.e., checks flow direction). For the averaged-leg DVM trans-
port calculations, PTHLEN calculates the total path length from the
source boundary to the discharge point., 1f the user opts, PTHLEN prints
out path/velocity information after calling TRACER to find the nominal
travel time, for steady-state velocities, or the ma"imum distance the
fluid travels for time-dependent velocity fields.

3.2.24 RATIO(DJ,DI,TIME, RAT)

Called From Calls
EY, SETBRI8® = . 0 e e e

RATIO is called from ET when the Taylor series approximation for finding
the Bateman decay/production factors will require too much execution time
to converge and is called from SETDIS to treat two member production
subchains. Ratio evaluates terms of the form

‘A‘t = ‘x"t
k" g A‘ '

RATIO = £

(3:3)
where A, is the half-life of isotope i (DI), A, the half-life of Isotope
J (DJ), and t the time the decay/production factor is being found.

RATIO ch-cks for extremes in half-life time products and for the small-
ress of Jdifferences in half-1ifc¢ values.

3.2.25 SETDIS

Called From Calls
SETUP ET, PRP, RATIO
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Subroutine SETDIS is called from SETUP to create the discharge factor
array. SETDIS finds this array by treating atoms that survive decay to
discharge and by treating production subchains at discharge. To find
atoms that survive decay to discharge, SETDIS calls ET to find the appro-
priate decay/production factors. To treat production subchains, an ana-
lytical treatment i{s used for two-member subchains. For this analytical
treatment, SETDIS calls RATIO to find production/decay factors, For
subchains having more than two members, SETDIS uses a velocity approxima-
tion scheme to treat subchains, To implement this approximation, inte-
grals have to be evaluated and SETDIS calls PRP to evaluate the
appropriate integrals. At the user's option, SETDIS prints out the
discharge factor array to the approptiate output file {unit 6).

3.2.26 SETUP
Called “rom Calls
METHOD BRANCH, FACER, MXCLL, SETDIS

TIMER

SETUP i{s called from METHOD to establish the source, transport, and dis-
charge tractions for the DVM transport mocel. Specificaliy, SETUP
performs the following functions:

1. Calls BRANCH to establish subchains for transport and find
decay/production factors for the transport time step.

2. Distributes isotopic velocities normally with intervals of equal
probability for each specles in each leg.

3. Finds subchain velocities for transport by calling TIMER to find
the mean time spent as each isotope for each subchain, This is
only done when the number of isotopes input is greater than one.

4. Prints the velocity and decay/production information to the output
file (unit 6) if the user has requested this in the input.

5. Determines the transport fractions by finding the pointer array
(JV) which points to contributor blocks, the multiplier array (B)
which is used to transport the material and the number array (N)
which contains the maximum entries of the pointer array. If the
user opts in the input, the multiplier array and the pointer array
will be printed to the output file (unit 6).

6. Tinds arithmetically averaged subchain velocities to be used in
the mixing-cell source model and discharge model.

/. 1f the mixing-cell source model has been used, SETUP calls MXCLL
to find the source factor array. MXCLL returns KBMAX, which is
the number of source blocks needed if the mixing-cell source
modelis used.

8. 1f the mixing-cell source model has been used, METHOD finds the

total number of grid blocks needed based on KBMAX, and checks this
total against the dimensions. 1If dimensions are exceeded but a
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necessary since the source and transport models are run independently and
will not necessarily have the same time step. The variables listed in
the argument list are used for the interpolation.

For the flow-through source model, SRCIN sums the atoms that are
currently in the source blocks. adds the source rate found for the time
step Increment, and uniformly distributes the total amount inte the
source blocks. Also for each time increment, SRCIN sums the atoms that
are in the source-leg catcher blocks, adds this sus to the total sum that
is to be distributed uniformly, and sets atoms in the catcher blocks to
zero. For the mixing-cell source, the source is distributed into grid
blocks in the migration path according to the source factor array found
in MXCLL,

3.2.30 STOPPER(ISTOP)

Called From Calls
FLOWIN, GETRV  sssss

STOPPER is call~d by FLOWIN and GETRV to check input data for consls-
tency. STOPPER detects both fatal and non-fatal i{nput errors and writes
either stop messages or warning messages. NEFTRAN 11, unlike its prede-
cessors, does not use numbered stop statements, but a descriptive reason
for program termination is provided on both the terminal screen and the
hardcopy output file. ISTOP is a flag that indicates which parameter set
is being checked. The only data set that currently is not checked by
STOPPER is the increment-determination parameters.

3.2.31 TINER(KNT)

Called From Calls
SETUP TSPFAC

TIMER is called by SETUP to find the mean time spent during a time step
as each isotope for each subchain (see Section 2.4.6). SETUF uses this
information to find the subchain velocities needed for the DVM transport
model. For a chain of five members or less, SRCIN does the calculation
directly by calling TSPFAC. For chains of more than five members, TIMER
estimates the time using an approximation scheme. If requested by the
user in the input, TIMER prints the fractions of DT spent as each
isotope.

3.2.32 TPPRT(TM, TSET)

Called From Calls
BAND, METHOD, TRNSPT = =esses

TPPRT prints the discharge curves determined from the transport simula-
tions to the hardcopy output file at a time frequency of IFREQ (input
parameter), depending on a user input option, If the user also opts for
the discharges rates only te be written to a file (unit 30), then TPPRT
writes the discharge curves to temporary local files (unit 15 - 20, one
file for each chain In the simulation), where the unit number is a
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function of the chain index, These local files are then us.d by WORK to
wiite the final discharge rate file.

TPPRT s called from BAND every time step increment ta print discharge
curve points found using the analytical transport modei. When called
from TRNSPT every time {increment, TPPRT prints discharge curve points
found using the DVM transport model. In METHOD, {f no discharge is
detected during a simulation time for the analytical solution, TPPRT {is
called to print zero discharge points at the release time and the simula-
tion time. _/PRT {s also called from METHOD for the analytical! transport
solution, to append zeroes to the output files (unit 6 and/or unit 30),
when TEND is less than the simulation time.

TPFRT converts the output from the transport models from atoms/yr to
Ci/yr, where less than one atom/yr is considered exact zero. TPPRT also
finds the time of the initial breakthrough, the total discharge and the
peak discharge rate and time of occurrence for each isotepe. In the
argument list, TM is the time at which the discharge rate for each
isotope is printed. TSET {s a variable that is used to make the times at
discharge 1s written consistent with the time source is assumed to be
avallable for transport,

3.2.33 TRACER(K, TT, PDIS)

Called From Calls
CHAIN, PTHLEN >

TRACER 1is called from PTHLEN (K=0) to find the mean fluid travel time
(TT) for steady-state velocity flelds, and for time-dependent velocity
fields, TRACER finds the maximum fluid travel distance (PDIS). When
called from CHAIN, TRACER finds the mean lsotopic travel time
(K = isotope index).

3.2.34 TRNSPT(T, TSET, NTP, NPT, KALL)

Called From Calls
METHOD SRCIN, TPPRT, XCHNG

TRNSPT is the DVM transport routine that performs the necessary multipli-
cations to transport material over grid blocks for each time increment.
TRNSPT accomplishes interior leg transport, leg-to-leg transport, and
discharge by using multipliers developed in SETUP. TRNSPT loops over
time from the time of source release to the upper time bound specified by
the user. If time-dependent velocities are used, TRNSPT loops over time
within each time interval, Within the time loop, TRNSPT performs the
following functions:

1. Calls SCRCIN to {nject the source into the appropriate grid
blocks.

2. Calls TPPRT to write the discharge information to the appropriate
output files.
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PEAK -

TIMPK

TOTD

TIMBRK -

wD1s -

WDISUM
NONZ

Peak discharge rates for each isotepe (Cl/y), initialized in
NEF, found in TPPRT, used and printed in WORK.

Time of occurrence of the peak discharge rate (y), initialized
in NEF, found in TPPRT, used and printed in WORK.

Total discharge for each isotope (CI), initiaiized in NEF,
found in TPPRT, used and printed in WORK.

Time of first nonzero discharge rate for each isotope (y),
initialized in NEF, found in TPPRT, used in WORK,
Total-discharge weighting factor for each lsotope (/Cl), read
in FLOWIN, printed in INFRIN, and applied in WORK.

Normalized total-discharge for each isotope, found and printed
in WORK.

Sum over all normalized discharges, found and printed in WORK,
Number of {sotopes having nonzero discharge, initialized in
NEF, found in TPPRT, used in WORK,

COMMON/ FLOW / C(MXJCT), AW(MXJCT, 6 2#NULCD+1),
1 JL(MXICT NXLJ), LJ(MXLEG,2), JEQ(MXJCT), IB(MXJCT),
2 BCJ(MXJCT), NW, NL, NU, NB

This COMMON block contains information to set up and solve the flow

network,
notation
solution

C

AW -

JL .

IB -

NL -

The solution is cast as the matrix equation Ax = b, In the
below, matrix A {s called AW and both the constant (b) ard
(x) vectors are stored in array C

- In CUEFF, C is the constant vector containing the appropriate

transmissibility-pressure products. In BSOLVE, C 1s converted
to the calculated pressures, which ave substituted into the
pressure array, P of COMMON JUNCT, by NEF,

Banded matrix of transmissibilities, developed in COEFF and
used in BSOLVE. Note that the bands are stored in rectangular
form with each co-diagonal as & column,

Legs connecteu to each junction, used to set off-diagonal
entries in array AW by COEFF. legs whose flow-direction is
into the junction are labeled negatively and outflow legs are
positive.

Junctions terminating each leg, read in FLOWIN, printed in
INPRIN, used in COEFF, PTHLEN, and CHKPTH to develop the JL
array and to reference junction properties,

For each junction, stores {its associated row index In the
matrix equation ({f the junction has urknown pressure) or zero
(1f the junction has known pressure) in COEFF. 1In NEFMAIN, JEQ
is used to replace the solved pressures of vector C into vector
P of COMMON JUNCT. Note also that this array is temporarily
used in FLOWIN, STOPPER, and INFRIN to store and print junction
pressure-boundary flags.

Junction numbers having user-specified pressures, developed in
FLOVIN and used in COEFF.

Known pressures for the Junctions stored in array IB (1b/ft?),
developed in FLOWIN and used in COErF,

Number of rows of matrix AW and vector C, determined in COEFF
and used in BSOLVE.

Number of lower codiagonals of matrix AW, determined in COEFF
and used in BSOLVE.
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CI2ATN

IFR

BRFR

NOISO

HLFALL

CURALL

1 PRALL

FPRALL

TRAVT

NI

-

provides VELISO tec DXDT to find space/time gridding for the
time frame In METHOD, either the steady-stace VELISO {s used
or VELISO {s re-computed for esch time frame. In elther case,
VELISO {s then used in BAND and SETUP,

Factors used to convert Curies to atoms for each {sotope of the
chain being transported (atoms/Ci), calculated in CHAIN as
1.6834x10%* x THALF and used {n BAND and TPPRT. This conver-
sion also occurs in the SOURCE routine, although CI2ATM {s not
explicitly used there.

A daughter indicator for each 1isotope of the chain being
transported, developed in DTUPDT and over-written then re-
developed in CHAIN for use in BRANCH, SETDIS, MXCLL, and TIMER.
For each isotope 1, IFR(1) « 0 unless isotope 1 splits {its
derey to two daughters, in which case IFR(1) is the index of
the first daughter encountered.

A branching fraction for each isotope of the chain being
transported, deveioped in DTUPDT and over-written then re-
developed in CHAIN for use in BRANCH, SETDIS, MXCLL, and TIMER.
BRFR(I) = 0, unless IFR(I) » O, in which case BRFR(I) ie¢ the
branching fraction from parent 1 to daughter 1FR(1). Nete that
the fractions in BRFR are subtracted from one and sent via
calling sequence to several supporting routines, usually in
array BFR.

Number of isotopes in the chain being transported, used asv a
local variable and over-written in STOPPER, SOURCE, and DTUPDT,
and set for decay chain transport in CHAIN from the NI arrcy.
The value set in CHAIN is used in DXDT, BRANCH, SETUP, SETDIS,
FACER, MXCLL, TIMER, METHOD, BAND, TPPRT, TRNSPT, SRCIN, and
XCHNG .

Half-lives for all isotopes (y), read in FLOWIN, checked in
STOPPER, printed in INPRIN, and used i{n SOURCE, CHAIN, and
DTUPDT.

Element index for all isotopes, read in FLOWIN, checked in
STOPPER, printed in INPRIN, and used in SOURCE and CHAIN to
asgign solubilities and retardations, respectively.

Initial inventories for all isotopes (Ci), read in FLOWIN,
checked in STOPPER, printed in INPRIN, and used in SOURCE.
Parent identifiers for all isotopes, read in FLOWIN, checked in
STOPPER, printed in INPRIN, and used in CHAIN, BRANCH, and
DTUPDT.

Branching fractions for all isotopes, read in FLOWIN, checked
in STOPPER, printed in INPRIN, and used in CHAIN and DTUPDT.
Mean travel time for all isotopes (y), set in CHAIN by calling
TRACER and used in DTUPDT and DXDT. There are two cases where
TRAVT is sct to an arbitrarily large number for an isotope by
CHAIN - (1) if the isotope is in a decay chain that is included
in source calculations but not transported and (2) if, for a
time-dependent velocity run, the isctope cannot reach the dis-
charge point in the total time simula.-d.

Number of isotopes per chain, read in FLOWIN, checked in
STOPPER, anu used in SOURCE, CHAIN, DTUPDT, TRNSPT, WORK, and
INPRIN,
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INCHN - Inclusion flag for each chain, read i{n FLOWIN, checked in
STOPPER, printed in INPRIN, and used in NEF, SOURCE, CHAIN,
TRNSPT, and WORK. On input, each entry can be 0, 1, or 2.
However, as stated above, all information for chains not
included (2) is discarded, and the only values of INCHN then
possible are 0 (source and transport) or 1 (source only).

NCHNS - Number of chains for source calculations, calculated in FLOWIN,
checked in STOPPER, and used in NEF, SOURCE, DTUPDT, and WORK.
NTOT + Total number of i{sotopes for source calculations, calculated in

FLOWIN and used {n SOURCE, PTUPDT, and WORK.

MFNDX - Cumulative number of isotzpes to the end of the previous chain,
calculated and over-written in SOURCE, DTUPDY, and WORK and
determined for transpo.t of each chain in CHAIN. The latter
value is then used to reference arrays in BRANCH, DXDT, and
TPPRT.

ICH - Index of the chain veing transported, set and over-written in
SOURCE, DTUPDT, and WORK and set for transport of each chain in
NEFMAIN. The latter value is then used to reference arrays and
disc file unit numbers in CHAIN, METHOD, TPPRT, and TRNSPT.

COMMON/ JUNCT / P(MXJCT), EL(MXJCT)

This block contains all junction properties, with the exception of the
boundary conditions found in COMMON FLOW (1B, BCJ, and NB).

P - Pressures at all junctions (1b/ft?). In FLOWIN, P 1s used to
temporarily store the user-specified boundary pressures (in psi
units) and is zeroed out after being used to print the input
pressures in INPRIN. In COEFF, the boundary pressures (con-
verted from psi to 1b/ft? in FLOWIN and stored in array BCJ,
see COMMON FLOW) are placed into the appropriate locations in
the P array. In NEFMAIN, the calculated pressures (see array
C, COMMON FLOW) are slotted into the remaining locations,
Subroutine PTHLEN uses the pressures in P to calculate flow
rates for each leg and optionally prints P in input units, psi.

EL - Elevations for each junction (ft), read in FLOWIN, printed In
INPRIN, and used in COEFF and PTHLEN.

COMMON/ LECS / AREA(MXLEG), BC(MXLEGC), COND(MXLEG), Q(4XLEG),
1 FDENS (MXLEG), PATH(MXLEG), TH(MXLEG)

The leg properties stored here relate to the flow network, o each array
is dimensioned to the maximum number of network legs, as opposed to leg
properties specific to the migration path which are stored In COMMON
MISC, discussed below. If the flow network is not solved, the only array
used from this block is the leg-lengths array, PATH.

AREA - Cross-sectional area perpendicular to flow for each leg (ft?),

read in FLOWIN, checked in STOPPER, printed in INPRIN, and used
in COEFF and PTHLEN.
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solution transport model is chosen. Since the Lime step for
transpor® can change for the time intervzls specified by time-
dependent velocity data, accepted values of DT for each time
frame (deterxined in DXDT) are stored in the TODDT array of
COMMON VELFLD, for retrieval by routine METHOD. Tho source DT
is used bv S0URCE, BRANCH, and DTUPDT. The transport DT is
used by CHAIN, DXDT, SETUP, BRANCH., TIMER, MXCLL, SETLIS,
METHOD, BAND, TPPRT, TRNSPT, SRCIN, and X!HNC. There is one
other use for DT. DT is temporarily set to release time
(TRLSE, see COMMON OUTVC) by subroutine SOURCE prior to calling
BRANCH, in order to update the inveatories to TRLSE.

Distance from the leading edge of the source regime *to the
discharge boundary (ft), computed by adding leg lengths in
PTHLEN, ¥ 1is reported in PTHLEN and used {n TRACEK, CHAIN,
DXDT, SETUP, METHOD, and BAND.

Migration path leg indices, read in FLOWIN checked in STUPPEK,
printed in INPRIN, and used in PTHLEN, CHEPTH, TRACER, CHAIN,
DXDT, SETUP, and FACER.

Source model flag: (0) leaching only, (1) solubilities only, or
(2) both are considered i{n finding source rates, Set In
STOFPUR to option 19 and used {n FLOWIN ana DTUPDT.

Source model flag: (0) fluid flow-through, (1) fluid dilution
as modeled by a mixing cell, or (2) let code choose between O
and 1 to distribute source rates into transport path. Set in
STOPPER to option 20 =..1 used in FLOWIN,

A DVM transport flag; (0) leg-averaged velocitles oy (1) tha
leg-to-leg transfer algorithm will be used to transpert radio-
nuclides, LTOLX is set {n FLOWIN to option 22, but may he
over-written 1f option 22 is zero and matrix diffusica is to te
modeled or time-dependent flow fields are input. LTOLX {s used
in CHAIN, DXDT, SETUP, METHOD, and TRNSPT.

A DVM transpert flag;, (0) no matrix diffusion or (1) yes macvix
diffusion will be included for t ansport. 1XCHG 18 set in
FLOWIN after reading the migration path properties, in parcls
cular, the leg-dependent diffusion flags. IXCHG 18 used in
STOPPER and TRNSPT.

Number of legs in the flow network, read in FLOWIN, checked in
STOPPER, printed in INPRIN, and used it COEFF and PTHLEN.
Number of junctions in the floxw network, read in FLOWIN,
checked in STOPPER, printed in INPRIN, and used in NEF, COFFF,
and PTHLEN.

Number of legs {n the migration path, read in FLOWIN, checked
in STOPPER, printed in INPRIN, and used in PTHLEN, CHKPTH,
TRACER, CHAIN, DXDT, SETUP, SETP1S, METHOD, and XCING.

COMMCN/ OPTION / IOPT(28)

The inteat of individual options is described in Section 4.3.1, so only
the definition and use of the entire erray is mentlioned here.

10PT

Options, read in FLOWIN, checked in STOPPER, printed in INPRIN,
and used In NEFMAIN, FLOWIN, STOPPER, INFRIN, COEFF, PTHLEN,
TRACER, SOURCE, CHAIN, DTUPDT, DXDT, SETUP, TIMER, FACER,
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MXCLL, SETDIS, METHOD, BAND, GIT, YPPRT, TRNSPT, WORK, and
GETRV

COMMON/ OUTVC / TUB, TRISE, TLOH, SUMIN(MXMEM), SUMOUT(NNMEM),
1 1COUNT, 1FREQ, QDAREA, OI'l§

This common block (OUTVC) contains some output coutrols and summary
information.

TUB + Problem simulation time (v), tead in FLOWIN, printed in INPRIN,
and used in NEFMALN, PTHLEN, TRACER, SOURCE, CHAIN, UTUPDY,
METHOD, TPFRT, and WORK.

TELSE - Time of initial radionuclide-fluid certact (y), read {n FLOWIN,

checked in STOPPER, printed in INPRIN, and used in PTKL.N,

TRACER, SOURCE, CHAIN, DTUPDT, DXUT, METHOD, TPPRT, TRNSPT, and

SRCIN.

Time of onset of leathing (y), read in FLOWIN, checked iu

STOFPER, printed in INFR'N, and used in SOURCE and LECHMOD.

SUMIN - Total amount {nput as source fer DVM transport Yor each isotape
(atows), zeroed-out in METHOD, accumulated in SRCIN, and
reported in TRNSPT.

TLCN

L4

SUMOUT - Tetal amount dischargec frow DVM Transport for each {sctope
(atoms), zaeroed-our in METHOD, accumulated snd reported la
TRRSPT.

ICOUNT - Time step counter for frequency of printing discharge rates to

hardeopy output flle (unit 6), initialized in MaTHOD (for DVM)
and BAND (for analytic solution) and used .nd reset in TPPRT.

IFREQ - Discharge rates are printed to the hardcopy output flle
(unit 6) every TFREQ time steps. (FREG is set to th: absolute
value of optlon 10 {n FLOWIN and is used {n METHOD, BAND, AND
TPPRT,

QDAREA - Product of cruss-sectional area perpendicular to flow and
porosity, at the discharge point (ft?), read in FLOWIN, checked
in STOPPER, printed in INPRIN, and ussd to calculate QDIS,
below, in PTHLEN and METHOD.

QD1s - Flowrate at discharge (ft?/y), elither set to the calculated
flowrate of the last leg in the migration path by PTHLEN or, {f
the network is not solved, (s set to the product of QDAREA and
the pore velocity of the last leg in the wigration path by
PTHLEN (steady-state runs) or METHOD (time-dependent flow
rung). QDIS is used in TPPRT to convert radlonuclide discharge
rates to concentratlons.

COMMON/ QSOURCE / TSRCE(MXQSC), QSRCE(MXQSC) . NQSC

This common contains Information to simulate a time.varying flowrate
through the source regime. There can be fixed flow (in which case none
of the data here is required) or time.verying flow for steady-state runs.
However, runs using time -dependent veiocities automatically generate
time-varying source flowrates, if not inpul explicitly designaied by the
user,
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DIPAR -« Source timwe-step determinition parameters, read or defaulied in
FLONIN and used {n LTUPDT

ACSSFR - Fraction of the inventories input in CURALL of COMMON 1§ TOP te
be used for source calculations, read in FLOWIN, checked in
STOPPER, printed in INPRIN, and used in SOURCE and BAND.

LLONLY - Source control parameter which i{s assigned one of the first six
values of IDSRC (below) following the mixing cell fe .ribilivy
check, set in DTUPDT and used in SOURCE, SETVP, and SF_ix.

IDSRC - Source contril parameter for leach/solubility and mixing cell,
set to 3(MXT) 4 LOM (see COMMON MISC) by FLOWIN and used in
DTUPDT.

VoL - Pore volume of the source regime for mixing cell calculations

(ft?), read in FLOVIN, checked in STOFPER, printed in INPRIN,
and used i» SOURCE and DTUPDT.

QSAREA - Product of cross-sectional area perpe.Jlicular to flow and
forosity of the source regime (ft?), read in FLOWIN, checked in
STOPPER, printed in INPRIN, and used to caleulate QSC, below,
{n PTHLEN and to calculate QSRCE of COMMON QSOURCE {n FLOWIN,

Qsc - Fluid flow rate through the source regime (ft'/y). For steady-
state source-flow runs, QSC is set in PTHLEN to the calculated
flow rate of the first leg in the migration path ({f .he ":ow
network is solvnd) or te the product of QSAREA and the pore
velocity of the “irst leg in the migration path (if the flew
network is not solved)., For time.dependent runs, QSC L. set teo
the flow rate in QSRCE of COMMON QSOURCE that corresponds to
the appropriate time {aterval. QSC is used in SOURCE and
DTUPDT.

IMODEL - A leach model flag; (0) constant leach rate or (1) exponential
leach rate is used in finding source rates. Set in STOPPER to
option 21 and used in LECHMOD.

RLOH - Leach rate for the specified leach model (1/y), read in FLOWIN,
checked in STOPPER, printed in INPRIN, and used in DTUPDT, |
LECHMOD, and BAND.

SAL < Fluid density in the source regime (lb/ft?), read in FLOWIN,
checked in STOPPER, and pyinted in INPRIN 1f the flow network

| is solved, SAL is replaced in PTHLEN by the fluid density cal-
| eulated for the first leg in the migration path. SAL is used
in SOURCE,

DTSRC - User-specified time step for source calculations (y), read in
FLOWIN, printed in INPKIN, and checked and used in DTUPDT. 1f
specified as zero, DTUPDT determines the time step.

COMMON/ VELFLD / TDTM(MXTDV), TDVEL(MXTDV, MXPTH),
1 TDSAT(MXTDV MXPTH), TDDT(MXTDV), MFL1, MFL2

Data to simulate time-dependent velocity filelds is included in this
common tlock.

TDT™ « TDTM(I) 1s the time to -alch t.2 velocities TDVEL(I MXPTH)
apply (y), read in FLOWIN from an external file, checked in

STOFPER, and printed in INPRIN, TDTM is used in FLOWIN to set
TSRCE of COMMON QSOURCE (if TSRCE is not specified). TDTM is
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BF

JPSC

JPN

IMB

PHIM

XFC

JBF

Mean time spent over a transport time step as each isotope in
each production subchain (y), determined ana printed in TIMER
and used In SETUP and FACER.

Tra wfer fractions for particies crossing into new legs over a
transport time step, determined and printed in FACER and
applied In TRNSPT.

Pointers to blocks of data in JPN array, below, for each
subchain That is, for subchain 1, all contributor and
receiver block indicies for leg-to-leg transfer ave found
betvween entries JPN(JPSC(1)+1) and JPN(JPSC(I+41)), where
JPSC(1l) = 0. JPSC s found and printed in FACER and used in
TRNSPT.

Receiver and contributor block indicies from the leg-to-leg
transfer algorithm. Bleck JPN(1,1) is contributed to over a
time step from blocks JPN(1,2) to JPN(1,3), although with large
Courant numbers there may be blocks in between these latter two
indicies that do not contribute. JFN {s determined and printed
in FACER and used {n TRNSPT.

Flag indicating presence (1) or not (0) of an immoblle phase
for each leg in the migration path, read in FLOWIN and printed
in INPRIN. IMB iy used in STOPPER, CHAIN, and XCHNG,

Porosity in the immobile phase for each leg in the migration
path, read in FLOWIN, checked in STOFVER, printed in INPRIN,
and used in XCHNG.

Mass-transfer rates for each leg in t e migration path (1/y),
read in FIOVIN, checked in STOPPER, printed in INPRIN, and used
in XCHNG,

JBF(1) is the index or tine first transfer fraction in the BF
array for subchains ending in isotepe 1. JPF {s found in FACER
and used in TRNSPT.

COMMON/ XPORTA / RHO(MXGRD, MXMEM), RHONEW(MXGRD), F(NDDF),
1 SF(NDSF), RHOM(MXGRD,MXMEM)

This common contains several of the large chain- and grid-dependent
arrays for the DVM transport model.

RHO

VIONEW

SF

Amount (atoms) in the mobile phase for each grid block end for
each lsotope being transported, initialized to zere in METHOD
and updated for each timwe step in TRNSPT, SRCIN, and XCHNG,
Alsc used (n TRNSPT for discharge celculations and atom count
summaries.

Amount in the mobile phase for each grid block for a specific
isotope being transported (atoms), initialized to zere in
METHOD and used for temporary storage while updating the RHO
array, above, in TRNSPT.

Discharge fractions over a transport time step for each sub-
chain, found and printed in SETDIS and used in TRNSPT.

Source distribution fractions over a transport time step for
nach subchain, found and printed {n MXCLL and used in SRCIN,
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LVE

LRP

JSF

INSR -

DXX .

INSRC

KFOT -

KFDX -

KFGXA

NSB

P —— e

For example, the decay survival fraction for isotope 1 over &
time step is stored in DP(LPS(1)). LPS Is also used as &
locator for arrays B, JV, V, N, LRP, INSR, JF, and JSF
described here and JPSC of COMMON XFER,

LPE(1) pointe to the end of subchain information for subchains
ending with {sotope 1, found In BRANCH and used in DTUFDT,
SETUP, TIMER, FACER, MXCLL, TRNSPT, SRCIN, and XCHNG, For
example, the decay survival fraction for i{sotope 1 over & time
step, followed by the production fractions for all subchains
ending in isotope 1, are stored from DP(LPS(1)) to DP(LPE(I)).
LPE is also used es & locator for arvays B, JV, V., N, 1RP,
INSR, JF, and JSF described here and JPSC of COMMON XFER.
Parent and subchaln length for each subchaln being transported,
found in BRANCH and used in DTUPDT, SETUP, TIMER, FACER, ADJB,
MXCLL, TRNSPT, SRCIN, and XCHNG. For subchain I, LRP(I,1) is
the index of the first member of the subchaln end LRP(1,2) 1is
the number of i{sotopes in the subchain.

Pointers to sets of fractions for each subchain in the source
distribution array, SF of COMMON XPORTA, found and printed in
MXCLL and used in SRCIN. 1In particular, the source distribu-
tion fractions for subchain 1 are stored contiguously from
SF(JSF(1)41) vo SF(JSF(1+1)).

INSR(1) is the number of grid biocks in the up-gradient
direction to receive source for subchain I, found in MXCLL and
used in SRCIN. INSR {s only used for the mixing-cell source
distvibution scheme and 1s used in conjunctlion with INSRC,
described below.

Grid block size for transport for runs that use leg-averaged
velocities (ft), set to DX(1) by FLOVIN, Nonzero values are
checked in DXDT, otherwise DXDT determines an appropriate
value, Code-determined values of DXX may be further refined to
preserve total path length in DXDT, DXX is used explicitly in
MXCLL and implicitly as DX(1) in SETDIS.

Index of the first block to receive source for runs that use
the fluld flowthrough source model, determined in SETU” and
used in SRCIN. If the mixing cell source model is used, INSRC
is the Index of the first non-cateher block. Source distribu-
tion for subchain 1 therefore starts with block INSRC
INSR(1), where the latter array is described above.

Flag indicating whether the user has specified (1) the trans.
port time step for the decay chain being transported or not
(0), set in CHAIN and used in DXDT,

KFDX(1) is a flag indicating whether the user has specified (1)
the transport space step for leg I of the transport path or not
(0), set in FLOWIN and used in CHAIN, DXDT, and SETUP,

Number of legs for which the user has specified the transport
space step, set in FLOVIN and used in CHAIN, DXDT, and SETUP.
Number of grid blocks to receive the source injection calcula-
ted using the flowthrough source model, set to NX(1) by SETUP
{f the leg-to-leg transfer algorithm is used and set to the
ratio of the length of the first leg of the migration path to
the grid block size DXX by DXDT i{f leg-averaged velocities are
used. For runs that use the mixing cell source model, NSB is
set to zero in SETUP. NSB {s used by SRCIN,
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NTX

N1

Total number of grid blocks, determined {n CHAIN following the
final refinements of the space steps and the catcher blocks.
NTX is used in FACER, TRNSPT, and XCHNG.

Number of intervals over which the isotope velocities are dis-
tributed, set to the first increment determination parameter by
FLOWIN, either from user-specified ‘nput or from the default
value 7. NVI {s used in DXDT, SETUP, FACER, ADJB, and MXCLL,

3-34












1GPT(5) The inventory array.
10PT(6) The element properties array.
10PT(7) Fluid velocities and source/discharge flow rates.

10PT(8) Subchains, production factors, and velocities, only
relevant for the DVM transport model.

10PT(9) Space and time {increments and source type, only
relevant for the DVM transport model.

10PT(10) Time-dependent output &t the discharge point, 1f
positive (e.g., 4N) then discharge rates (Ci/y) are
printed every N** time step. If negative (e.g., -N),
concentrations (Ci/ft?) are printed every N‘" time
step.

1I0PT(11) Discharge summary (peak rates and integrated dis-
charge) .

An example of the template that can be¢ used in the input file for these
standard print options is given in Table 4.1.

External Fille Options. O = dummy title record and six single value
integer records. 1In NEFTVAA 11, external files are used to either store
results (i.e., write-to) or for supplemental input (1i.e., read-from).
Specifically, external files are (1) used to store resultant source rates
and discharge rates, (2) can be used to provide data to subroutine GETRV
to over write selected input, usually with statistically sampled data,
and (3) can be used to {nput time-dependent velocity flelds and

Table 4.1,

Input Template lor €tandard Print Options

PARAMETERS, GROUP1 - OPTIONS, STANDARD PRINT, NONZERO «> PRINT
LIST OF ALL PARAMETERS

THE NETWORK LEG PROPERTIES ARRAY

THE NETWORK JUNCTION PROPERTIES ARR. Y

THE MIGRATION PATH PROPERTIES ARRAY

THE DECAY CHAIN PROPERTIES ARRAY

THE ELEMENT PROPERTIES ARRAY

FLUID VELOCITIES & SOURCE/DISCH FLOWS

SUBCHAINS, PRODUCTION & VELOCITIES

SPACE & TIME STEPS AND SOURCE TYPE

TIME DEPENDENT OUTPUT, IF +/-N, RATES/CONC3 EVERY NTH TIME STEP
DISCHARGE SUMMARY

OO0DO0OO0OO0O0COCO0O0OOO
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time-dependent flow rates through the source regine. The following
discussion will list each option and describe the external file that s
either read-from or written-to. For all the external file options & zero
fmplies not to write/read the external file and a nonzero integer
indicates the opposite. The user should also note the added significance
of the sign of option 13,

Qptien  External Flle DRescripticn

I0PT(12) 1If nonzero, write source rates to unit 25 Note, unit
25 is opened by the code with the file name
(root) .SRC. The first four iecords written contain
(1) title, (2) date and cime of run, (3) data set
number, trial number, and total nun'® r of isotopes
(NTOT), end (4) isotope names. ‘The last record
vritten following each execution of the source model
contains NTOT+1 zeroes. The records in between the
first four and the last contain time (y) and NTOT
source rates (Ci/y). The first four records contain
character dasta. All other records are written in
list-directed format This file is only written when
the DVM transport model is {mplemented.

10PT(13)  If nonzevo, write discharge rates to unit 30, Unit 30
is opened with the name (root).DIS., For this option,
4 nonzerv integer has an additional meaning, 1f
transport of multiple chains s simulated, each chain
may be transported with a different time step, and,
therefore, the discharge rates for each isotope may be
found at different times. When the user Inputs &
positive integer for this optien, NEFTRAN 11
interpolates the discharge rates found at different
times and writes all the isotopes on the the same time
scale. 1f this e~tion is negative, NEFTRAN 11 writes
the rates for eas . isotope sequentially by chain, at
times corresponding to the time step used for each
chain., In either case, the first two records consist
of the title, and the execution date and time. The
remaining format eof (root) . DIS depends wvhether the
chalns have been put on the sume time scale or not,
If they are on the same time scale, tne remalnder of
the (root).DIS file consists of the following records:
(1) © *a set number, trial number, number of rates,
and mber of columns (i.e., total number of
isotopes), (2) the name of each isotope, and (3) the
simulation time (year) and the integrated discharge
(Ci) for each isotope., Next, NEFTRAN 11 writes the
time (year) versus discharge rate (Ci/yr) information
for each isotope, wher: the time is printed In the
first column and the rate for each isotope Is printed
in each subsequent column. NEFTRAN 11 writes rates
for each edditional trial nusber and data set in the
same format as described asbove. If the rates are not
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10PT(14)
10PT(15)

10PT(16)

put on the same time scale for every chain, NEFTRAN 11
writes the data set number, the trial nusber and total
nueber of chains. Next, NEFTRAN 11 writes the
following records to (root).DIS for each chain:
(1) the chain number, the number of {sotopes in the
chain, and the number of times at which discharge
rates are provided; (2) the name of each isotope iIn
the chain; and (3) the simulation tire and the
integrated discharge for each isotope (n the chain,
The time versus discharge rate for each isotope in the
chain {s then written by NEFTRAN 11. This format is
repeated for each subsequent trial number and data
set,

Not currently used.

1f nonzero, read from an external file, attached as
unit 10 with the n/me (root) SMP, usually containing
statistically sampl)d data. This is done by calling
subroutine GETRV tc¢ read unit 10 and to perform the
user-defined instru:tions coded there. Subroutine
GETRV reads from uni* 10 in & list-directed format.
The first two variables read are integers JTRIAL and
NVAR. JTRIAL {s the trial number and NVAR is the
number of sampled variubles to be read subsequently.
Each sampled variable is then read which replaces a
input variable that wus read in FLOWIN from
(root).INP.

1f nonzero, read from an external file, atta.hed as
unit 11 and named (root).VEL, sets of fluld velocities
that apply for discrete time frames., The data >n unit
11 is read in a list-directed format by subroutine
FLOWIN as illustrated:

T Ly Via §,.4
Viz 812

Ly Vi Si.n
T, L Vi, 831

Here N stands for the number or legs in the migration
path (see variable NPATH in Section 4.3.2)., T,
indicates time (y), L, denotes the j* leg in the
migration path, V, , is the pore fluid velocity
(ft/y), and §, ; is the saturation (dimensionless),
for time frame i and leg j. 1t is assumed that the
velocities and saturations associated with time T,

4-6



apply from time T,., to time T,, where time T, is zero.
It is required that 0 <« T, < T, <... < T,, vhere n Is
the number of time frames specified. The option to use
this file is only avallable when the DVM transport
model is being used and, as noted previously,
automatically invokes the leg-to-‘eg transfer
algorithm.

10PT(17) 1f nonzere, read from an external file, attached as
unit 12 and named (root).QSC, sets of flow rates for
source calculations that apply for discrele time
frames. The data on unit 12 s read In a list-
directed format by subroutine FLOVIN in time-flow rate
pairs (t,,Q,). Times must be increasing and cover the
range of release time to simulation time. Flow rates
must be non-negative, This option is only avallable
vhen the DVM transport model is being implemented,

An example of the template that can be used in the input file for these
options {s given in Table 4. 2.

Table 4.2,

Input Template for External File Options

EXTERNAL FILES, NONZERO => FILE WRITTEN/KEAD

WRITE SOURCE RATES (Cl/y) TO (rvet).SRC (UNIT 25)

WRITE DISCHARGE RATES (Ci/y) TO (root).DIS, (UNIT 30)

NOT CURRENTLY USED

READ SAMPLED DATA FOR REPEATFD TRIALS FROM (root) SMP (UNIT 10)
READ TIME-DEPENDENT VELOCITIES FROM (root) VEL (UNIT 11)

READ TIME-DEPENDENT SOURCE FLOW PATES FROM (root).QSC (UNIT 12)

OO0 C OO

Run _Options. One dummy title record and six records of single value
Iinteger data. As indicated in previous sections, NEFTRAN 11 may be run
by {mplementing several different models. The run .ptions are flags that
indicate which models the user wishes to uti.ize. Th. following
discussion will list each option and describe the model that |is
implemented depending on the integer value of the run option. If the
user inputs run options that are not consistent (e.g., use mixing-cell
source with the analytical solution transport model), a warning message
will be printcd to the hardcopy output files, but execution will
continue, Note that option 22 {s only applicable i{f there is no matrix
diffusion and time-dependent velocities are not used.
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Rebug Print Options. One dummy title record v 15 records of single
value Integer data. The debug print options are flags that indicate for
NEFTRAN 11 to print debug information (i.e., information that can be used
to isolate problems) to the hardeopy output file, (roet) OUT, Consistent
with the standard print options, a zero weans do not print and a nonzere
means print. If the user indicates to print debug information that {is
not consistent with the run options, as discussed below, a warning
message will be printed to the hardcopy output flle, and the information
will not be printed, but execution will continue.

Cptdon  Debug lofermation Printed AL Option is Nonzero

I0PT(24) The transport, discharge, and source distribution
fractions (applicable for DVM transport only).

10PT(25) Diagnostic information for subroutine BAND (applicable
for the analytical selution transport model only).

10PT(26) Diagnostic information for function GIT (applicable
for the analytical solution transport model only).

10PT(27) The coefficient matrix and constant vector used to
solve for pressure at the leg junctions (relevant only
if the flow network is solved).

10PT(28) The input read from unit 10 for each call to GETRV
(relevant only if option 15 {s nonzero).

I0PT(?9) Not currently used,

I0PT(30) The inventory at release time.

ICPT(31) Restrictions forced on the code-generated time steps
for source and transport (applicable for the DVM

transport model only).

10PT(32) The leg-junction and the junction-leg connections
{applicable only if the flow network is solved).

I0PT(33) The entire set of time-dependent velocities from the
external file, unit 11 (relevant only for the DVM
transport model).

IOPT(34) The atom count summary (applicable only for the DVM
transport model).

I0OPT(35) The pressure at each junction and flow rates through

each leg (relevant only {f the flow network is
solved) .

-9
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10PT(36) The leg-to-ieg transfer and transport adjustment
fractions (relevant only for the DVM transport model
and 1f the leg-to-leg transfer algorithm is being
used) .

10PT(37) The mean time spent as each isotope in each of the
subchains as & fraction of the transport time step
(only relevant for the DVM transport model).

10PT(38) The time-dependent source flow rates (only applicable
for the DVM transport model).

An example of the template that can be used in the input file [or these
options Iin given in Table 4.4
Takle 4 4.

Input Template for Debug Print Options

DEBUG PRINTS, NONZERO «> PRINT

DVM HULTIPLIERS FOR TRANSPORT, DISCHARGE, AND SOURCE
DIAGNOSTIC INFO FOR SUBROUTINE BAND
DIAGNOSTIC INFO FOR FUNCTION GIT
MATRIX/VECTOR SYSTEM SOLVED FOR FLOW
THE DATA READ FROM UNIT 10

NOT CURRENTLY USED

INVENTORY AT RELEASE TIME

RESTRICTIONS PLACED ON THE TIME STEPS
LEG/JUNUTION & JUNCTION/LEG CONNECTIONS
VELOCITY FIELDS FROM UNIT 11

THE ATOM COUNT SUMMARY

JUNCTION PRESFURES & LEG FLOW RATES
LEC-TO-LEGC TRANSFER FRACTIONS

TIME SPENT AS EACH ISOTOPE IN A SUBCHAIN
TIME-DEPENDENT SOURCE FLOW RAYTFS

OO0 CO0OO0OOO0OO0OOCOCO

4.3.2 Problem Size Parameters

One dummy title record and five records of single value integer data,
followed by two sets consistir of a dummy &rray title record and a
record of multiple integer data. This set of parameters defines the size
of the problem to be simulated by NEFTRAN 11 (e . g., number of legs,
number of junctions, number of isotopes). These parameters must be less
than the maximun dimensions allowed (see Section 3.3). The problem size
parameters are read In two subsets, integer constants followed by intejer
arrays. The first subset is read like the options described above, one



record per value. The second subset is read in two record-pairs. The
firet record of each pair 1s read as a character string, which can be
used as an array title for the input template. The second record of the
palr contains all the values of the one-dimensional array. The following
discussion will list each parameter required and the definition of that
parameter. Note that the decay chain inclusion flags are also read here
since they help determine the problem size.

Bame  Definition

First Subset:

NLEG Number of legs in the network,

NJCT Number of junctions in the network.

NPATH Number of legs in the migration path,

NCHNS Number of decay chains to be input.

NELM Number of elements {nput (referenced in the Element

Properties Array).

Second Subset (One-dimensional Arvays):

NI An array-title on the first record followed by NCHNS
values on the second record, where each value
indicates the number of {sotopes In each decay chaln.

INCHN An array-title on the first record followed by NCKNS
values on the second record. Each value is either 0,
1, or 2, indicating that the decay chain {s to be
included in source calculations and transported,
included In source ca.culaticns but not transported,
or ignored for both, respectively,

The values for NLEG, NJCT, and NPATH are used to establish the row-
dimensions of the Network Leg Froperties Array, the Network Junction
Properties Array, ard the Migration Path Properties Array (all discussed
in Section 4.4), respectively. 1f NJCT is input as zero, it is assumed
that the network flow model will not be implemented and the reading of
the Network Junction Properties Array is omitted. The Decay Chain Array
(Section 4.4 .4) has row-dimension equal to the total number of isutopes,
found by summing over the NCHNS values of the NI array. The Element
Properties Array (Section 4.4.5) has row-dimension equal to the product
of NELM and NPATH.

The purposes of the INCHN array are for user-convenience and for
reproducibility of source rates, For those applications that require a
representation of a complete radionuclide invencory, the Decay Chain
Array can be generated to include the entire repressntation. Then, all
or selected decay chains can be transported for a given simulation by
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ACSSFR The fraction of inventery accessed for source cal-
culations.
VoL The pore volume (ft?) of the accessed source regime,

used only {f the mixing cell source is {mplemented,

QSAREA The product of cross-sectional area normal to flow and
porosity (resulting units - ft?). QSAREA {s used to
convert pore fluid velocity of the first leg in the
migration path to fluid flow rate (ft’/y) through the
source regime, and is used only if the network (s not
solved and either solubilities are accounted for or
the mixing cell source i{s used. Note that if time-
dependent velocities are input, NEFTRAN 11 uses this
parameter to create time-dependent flow rates through
the source regime unless time-dependent flow rates
through the source are also read from an external

file.

RLCH The leach rate (y'!) used {f the source is leach-
limited.

SAL The density (1b/ft?) of fluld in the source regime,

used to convert fluid mass to volume for solubility
calculations and this value {s used only {f che fluld
flow network is not solved,

QDAREA The produc® of cross-sectional area normal to flow and
effective porosity (resulting units - ft?), wuted to
convert pore fluld velocity of the last leg in the
migration path to fluid flow rate (ft?/y) at the
discharge point. QDAREA is used only if the flow
network {s not solved and time-dependent radionuclide
concentrations are requested for output (see Section
4.3.1).

If the network is solved (option 18 equals zero), QDAREA and SAL and
QSAREA are determined internally. For time-varying flow fields, the flow
rate at discharge will vary as the interstitial fluid velocity varies for
the last leg in the migration path. Time-dependent fl # rates through
the repository are accounted for either by using the external time-
dependent velocity file (l.e., the velocity of the first leg in the
migration path and QSAREA), or the flow rate will be updated periodically
with flow rates read from an external file of time-dependent flow rates
through the source ((root).QSC), in which case QSAREA is not used. If
the analytical transport option is chosen (option 17 is nonzero),
variables ACSSFR, RLCH, and (optionally) QDAREA are used. In this case
the leach time (r) for the decaying band source boundary condition is
taken to be the veciprocal of the leach rate, RLCH. An example of the
template *hat can be used in the input for these options {s given in
Table 4.6,
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For the analytical transport model (option 17 (s nonzere), TRLSE snd TLOH
must be equal and DTSRC and DTCHN are not used. 1f TRLSE {s Input less
than TLCH, NEFTRAN 11 sets TRLSE equal to TLCH and writes a warning
message to the hardcopy output file ((root) OUT). For time dependent
velocities, 1t {5 important that the transport time step be an integer
divisor of each time interval, and that Iinternally deternined time steps
(which can vary from time interval to time interval) have this property.
As discussed in Chapter 2, a time interval 1s defined as the beginning
and ending time during which specific steady-state fluid flow velocities
are assumed to occur in the migration path legs. Since the user can
specify only a single value for all time, NEFTRAN 11 uses this value as &
starting point for each time frame and then decreases It, as necessary,
te ensure an integral divisor time step for the time interval. An
example of the templace that can be used in the Input file for these
options is glven in Table 4.7,

Table 4.7,

Input Template for Time Pavameters

GROUPG - TIME PARAMETERS

TIME TO END OF SIMULATION (y)

TIME OF OMSET OF MIGRATION (y)

TIME OF ONSET CF LEACHING (y)

; TIME STEP FOR SOURCE (y)

CHN1 CHNZ CHAINY CHAING CHAINS CHAING - TRANSPORT TIME STEPS BY CHAIN
0. 0, 0. 0. C. 0.

COT 2D

4.3.5 Increment-Dete:mination Parameters

One dummy title record and 16 records of single value floating point
data. Parameters that are ssed by NEFTRAN 11 for determining velocity
increments, source '{me steps, transport time steps, and transvort space
steps are included here. These increment-determination parameters ure
used only for DVM transport (option 17 s zero) and all parameters have
default values in NEFTRAN 11. If the first varameter (INCRM) is rern,
then all default values will be used and no further input for this data
set 1s required. Otherwise, INCRM must be 16 and & value must be
provided for each of the 16 parameters, although s zero indicates the use
of the default value for the individual parameter. 1In the following
discussion, after describing each parameter, the default values and
recommended sets of values 1f the default values are not utilized will be
presented. any values different from these recommended should be
selected very carefully based on extensive knowledge of the code.
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Table 4.10.
Input Template for Network Leg Properties Arvay

Network lap Properties Array

leg Inlet Outlet Length A‘ea Hy (raulic Brine
" jet jet (€ft) (sg-tst K ‘fr/d) Cone .
Y 0 0 0. 0. G. 0.
0 0 0 0. 0. 0. 0.
0 0 0 0 0. 0. 0.

4.4.2 Junction Properties Array

Three dummy array title records followed by NJCT records each contalining
four data items. If the network flow system i{s not solved, the Junctlon
Properties Array can be omitted., This Is detected w.thin NEFTRAN 1] by
the value of NJCT (Section 4.3.2). If MICT is ¢cvo, then the reading of
the array-name and array data are bypassed. Otherwise, the array-name
and array data are reguired, If tl.: network Is not solved, any nonzero
entry in this arrey will prompt & warning message to be written to the
output file, but execution will continue. The name of the Netwerk
Junction Properties Array is read In three character-formatted recovds.
These are followed by NJCT records each containing the four data items
listed and described below. In the following discussion, column
nuneration is used to indicate a data entry on a record and not a
specific column number on that record.

Column  Rescription

1 Junction number.
2 Elevation of the junction (ft).
3 1f zero, indicates that pressure is unknown at the

Junction, <lse the pressure from column number & i
used as a known boundary pressure in solving the flow
network,

4 Known fluld pressure at ths jurstion (psi).

An array title that provides & toemplate for input by column consists of
column titles for each of the four dava items required. The 29 umn
titles indicate data nsmes (e.g.. Pressure) and required units (e.g.,
psi). An example of the template that can be used in the lnput file for
this array is given in Table 4.11.
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An array title that provides a template for input by column consists of
column titles for each of the eight data {tems required. The column
tit »s indicate data names (e.g. , Velocity) and required units (e.g.,
ft/y). An example of the template that can be used in the input file for
th.s array is given in Table 4.12.

Table /..12.

Input Template for Migration Path Properties Array

Migratior Path Properties Array

"¢ Disp DX Diffus? Mobile Immob Mass Xfer Velocity
“ (ft) i(fr) NAY=0/1 Poros. Poros Coef(i/y) (ft/y)

0 0. 0. 0 0. 0. 0. 0.
G 0. g ¥ 0 9. 0. 0. 0.
0 0. 0 0 0. C. 0. 0.

To understand the required input of the Migration Patii Array, the
different run option combinations that NEFTRAN 11 is capable of
implementing must te understood, 1In NEFTRAN 1I, there are ten run option
combinations as shown in Table 4.13,

Table 4.13.

Run Option Combinations

Network External Solution Matrix Force
tulved? Vesocities? Technique Diffusion? L-to-L
Transfer?

Yes No DVM No No

Yes No DVM No Yes

Yes No DVM Yes Default, Yes
Yes No Anl. No NA

No No DVM No No

No No DVM No Yes

No Ho DVM Yes Default, Yes
No No Anl. No NA

No Yes DVM No Default, Yes
Nc Yes DVM Yes Default, Yes
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2 Atomic mass, used only for solubility calculations and
can be set to the atomic number.

3 Element index, should match an element index in the
Element Properties Array below.

4 Local {index, refers to index within the decay chain
and is used to reference parent(s).

5 Local index of parent number 1.

6 local index of parent number 2, cannot be nonzero

unlesg column 5 {s nonzero,

7 Branching fraction from the decay of parent # 1.

8 Branching fraction from the decay of parent # 2.

9 The initial inventory (Ci).

10 The half-life (y).

11 Veighting factor that divides into total integrated

discharge for each isotope. This may be useful for
performance assessment applications, where the
appropriate weighting factor for each irotope may be
found based on the EPA Containment Requirements (EPA,
1985), and the resultant weighted integrated
discharges would be equivalent to EPA sums.

The element index for all isotopes of a given element should be the same
so that solubilities will be treated correctly in the source
calculations. The same element vetardation is assigned to all isotopes
of the element. 1f weighting factors are input as zero, the default
value of 1.0 is used.

An array title that provides a template for imput by column consists of
column titles for each of the eleven data items required. The column
titles indicate data names (e.g., Inventory) and required units (e.g.,
Ci). An example of the template that can be used in the input file for
this array is given in Table 4.15.

4.4.5 Element Properties Array

Three dummy array title records followed by NELM record-sets containing
NPATH reco-ds. The name of the Element Properties Array is read in three
character-formatted records. These are followed by NEIM (Section 4.3.2)
record-sets, each pertaining to a specified element and each containing
NPATH (Section 4.3.2) records. The first record of a set contains
element index, solubility, the index of the first leg in the migration
path, the mobile phase retardation factor (R,) for the first leg in the
migration path, and the immoblle phase Ry for the first leg in the migra-
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Table 4.15,

Input Template for Decay Chains Array

Decay Chains Array

Name Atom Ele- Lloc Par Par Frac Frac Inven Hf-Lf Weoigh

Ab Mass ment ndx #1 #2 Froml From? (C1) (y) Fac
'namel’ 0 0 0 0 0 0, 0. 0. 0, 0.
'name?2’ 0 0 0 0 0 0. 0. 0, 0. 0.
‘named’' 0 0 0 0 0 0. 0. 0. 0. 0.

tion path. Records 2 through NPATH .f a set contal. *re leg index, the
mobile phase Ry, and the {immobile phase Ry for lejs 2 through NPATH,
respectively. Every element index referenced in the Decay Chains Array
above should be included in the first column of the Element Properties
Array. [Each column required in the Element Properties Array is listed
below, along with a description of that column. In the following
discussien, column numeration is used to indicate a data entry on a
record and not a specific column number on that record.

Column  DRescription

First Record:

1 Index of the element.

2 Solubility (g-element/g-fluid).

3 Index of the first leg in the migration path,

4 Mobile Ry for the first leg in the migration path,

5 Immobile Ry for the first leg in the migration path,

I*h Record, I « 2,... NPATH:

1 Irdex of the I'** leg in the migration path,
2 Mobile Ry for the I*h leg in the migration path.
3 Immobile Ry for the I** leg in the migration path

Note that the record-set described above must be repeated for each
element. Solubilitirs are not used if only leaching is conslidered in
finding the source rate (option 20, Section 4.3.1). Immobile phase R, s
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file is encountered on the input file, the program terminates normally.
Otherwise, the code reads the INP array, which contains flags that
indicate which data groups are to be re-read. In NEFTRAN 11 there are 10
data groups that can be flagged. The basic idea is to provide the
capability to perform additional calculations without having to re-input
those data groups that do not change.

For NEFTRAN 11 the INP array {s read in two records. The first record ls
a4 chrracter record that can contain a descriptive title for the second
record. lhe second record contains 10 integers, the first five for the
parameter sets and the second five for the arrays. A nonzero entry
signifies that the corresponding data-group should be re-read. The
following discussion lists each entry in the INP-array and the
torresponding data-group that {s read again if the entry is nonzero.

1 Options, Parameter Set 1.

2 Problem sizes, Parameter Set 2.

3 Source/flow characteristics, Parameter Set 3.

4 Time valw s, Parameter Set 4.

S Values used to determine space and timwe increments,

Parameter Set 5.

6 Network lLeg Properties, Array #1.

7 Network Junction Properties, Array #2.
8 Migration Path Properties, Array »3,

9 Decay Chain Properties, Array #4.

10 Element Properties, Array 5.

An example of a template that can be used in the input file for this
array 1s given in Table 4.17. The array title consists of column titles
for each data group (e.g., set one, set two, array one, array two).

Table 4.17.

Input Template for Multiple Data Set Options

SET1 SET2 SET3 SET4 SETS ARY1l ARY2 ARY3 ARY4 ARYS RE-READ FLAGS le>Y

0 0 0 0 0 0 0 0 0 0
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All data-items ave subject to error checking during the input of a second
or later data set, In addition, {f all data groups are not re-read,
subroutine STOFPER 1s called to re-check the entire current data set.
This should trap most errors. However, it {s recommended that any change
{n Problem Sizes be accompanied by re-reading all of the affected arrays.
In partlecular, unintended Information can be accessed if a decay chain
was not Included on an earlier data set (see the INCHY Array, Section
4.3.2) and 18 included in source and/or transport for a later data sct.

1t should be noted that any external input files are re-wound and re-read
for each dava set, as long as the option to include such files has not
changed. For (root).SMP this means that a second set of repeated trials
can be run with different data sets. For (root).VEL and (root).QSC, the
re-reading s done mainly for internal code convenience.

4.5.2 Use of Subroutine CETRV

NEFTRAN 11 allows for the use of an external file to over-write data that
was read In the input file. The logle is to first read an input fille
and, if option 15 {s nonzero, to then call subroutine GETRV to (1) read a
record from unit 10 ((root).SMP) and (2) implement the user-defined
replacement statements that equate NEFTRAN 1I variable names to the data
from unit 10.

In NEFTRAN 11, (root).SMP is read until an end-of-file marker is
encountered. At that time the program returns to subroutine FLOWIN to
read another data set. If ene Is encounteved, unit 10 {s re-wound and is
ready for a second set of repeated trials. The required structure of
unit 10 is discussed in Section 4.3.1.

NEFTRAN I1 calls subroutine STOPPER following the users replacement
statements in subroutine GETRV. In this manner, data checking is
available in NEFTRAN I1 that augments any user-defined data checks
defined by the user i{n GETRV.

4.6 Sample lnput Flle

The purpose of this section {s to present a sample input file to
summarize the Iinformation that has been presented in cections 4.2 - 4.5,
Consequently, a sample input flle for an arbitrary problem is shown in
Table 4.18. Specific sample problems and their corresponding Input will
ba presented in Chapter 5. As shown in Table 4.18, the first record in
the input file contains the title for the simulation, "NEFTRAN 11 SAMPLE
INPUT FILE®". For the options, all standard prints are requesced and two
debug prints are requested. From the second subset of options, both
source and discharge rate files are to be written, From the run
controls, the code is instructed to use the DVM transport model, the pore
velocities input in the Migration Path Properties Array, and to consider
leaching nsing a constant leach rate model with a flow-through source,
ignoring solublilities and miving cell effects.
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Table 4.18.

Sample Input File

NEFTRAN 11 SAMPLE INPUT FILE
PARAMETEL.S, GKOUP1 - OPTIONS, STANDARD PRINT, NONZERO => PRINT

LIST OF ALL PARAMETERS

THE NETWORK LEGC PROPERTIES ARRAY

THE NETWOR:Y JUNCTION PROPERTIES ARRAY
THE MIGRATION PATH PROPERTIES ARRAY
THE DECAY CHAIN PROPERTIES ARRAY

THE ELEMENT PROPERTIES ARRAY

FLUID VELOCITIES & SOURCE/DISCH FLOWS
SUBCHAINS, PRODUCTION & VELOCITIES
SPACE & TIME STEPS AND SOURCE TYPE
TIME DEPENDENT OUTPUT, IF +-N, RATES/CONCS EVERY NTH TIME STEP
DISCHARGE SUM:ARY

et o -

EXTERNAL FILES, NONZERO => FILE WRITTEN/READ
WRITE SOURCE RATES (Ci/y) TO (root).SRC (UNIT 25)
WRITE DISCHARGE RATES (Ci/y) TO (root).DIS, (UNIT 30)
NOT CURRENTLY USED
READ SAMPLED DATA FOR REPEATED TRIALS FROM (root).SMP (UNIT 10)
READ TIME-DEPENDENT VELOCITIES FROM {root).VEL (UNIT il)
READ TIME-DEPENDERT SOURCE FLOWRATES FROM (root).QSC (UNIT 12)

OO0

RUN CONTROLS
USE DVM (0) OR ANALYTIC SOLN (NONZERO)
SOLVE NETWORK (0) OR INPUT VELOCITIES (NONZERO)
LEACH (0), SOLUBILITIES (1), OR BOTH (2) FOR SOURCE RATES
FLOWTHRY (0), MIXCELL (1), OR CHOOSE (2) FOR SOURCE RATES
CONSTANT (0) OR EXPONENTIAL (1) LEACH RATE MODEL
FORCE (NONZERO) USE OF LEG-TO-LEG TRANSFER ALCORITHM

OO0 O0OOCO

DEBUG PRINTS, NOMZFRO => PRINT
DVM MULTIPLIERS FOR TRANSPORT, DISCHARGE, AND SOURCE
DIAGNOSTIC INFO FOR SUBROUTINE BAND
DIAGNOSTIC INFO FOR FUNCTION GIT
MATRIX/VECTOR SYSTEM SOLVED FOR FLOW
THE DATA READ FROM UNIT 10
NOT CURRENTLY USED
INVENTORY AT RELEASE TIME
RESTRICTIONS PLACED ON THE TIME STEPS
LEG/JUNCTION & JUNCTION/LEG CONNECTIONS
VELOCITY FIELDS FROM UNIT 11
THE ATOM COUNT SUMMARY
JUNCTION PRESSURES & LEG FLOWRATES
LEG-TO-LEG TRANSFER FRACTIONS
TIME SPENT AS EACH ISOTOPE IN A SUBCHAIN
TIME-DEPENDENT SOURCE FLOWPATES

OCO0O0O0OO - OoOO0OOO0OO
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Table 4.18,

Sample Input Flle (Cor .inued)

Decay Chains Array

Name Atom Ele- Loc Par Par Frac Frac Inven Hf-Lf Weigh
A6 Mass ment ndx #l #2 Froml From? (C1) (y) Fac
U2 234 1 1 0 0 0. 0. 1000. 2.4E5 0,
'TH230' 230 2 2 1 0 1. 0. 2000, 7.7E4 0.
"RA226' 226 3 3 2 0 1. 0. 3000, 1.6E3 0.

Element Properties Array

Elem. Solubility Leg Mobil Rd Immobile Rd

Index e/8) *
1 0. 1 1 0.
2 1 0.
3 1 0.
2 0. 1 1 0.
2 1 0.
3 1 0.
3 0. 1 1 0.
2 i 0.
3 1 0.

SET1 SET2 SET3 SET4 SETS ARYl ARY2 ARY] ARY4 ARYS RE-READ FLAGS le>Y

1

0 0 0 0 0 0 0 0 0

PARAMETERS , GROUP1 - OPTIONS, STANDARD FRINT, NONZERO => PRINT

OO O0DDOOOoOOoO™

CSOOD=

LIST OF ALL PARAMETERS

THE NETWORK LEG PROPERTIES ARRAY

THE NETWORK JUNCTION PROPERTIES ARRAY
THE MIGRATION PATH PROPERTIES ARRAY
THE DECAY CHAIN PROPERTIES ARKAY

THE ELEMENT PROPERTIES ARRAY

FLUID VELOCITIES & SOURCE/DISCH FLOWS
SUBCHAINS, PRODUCTION & VELOCITIES
SPACE & TIME STEPS AND SOURCE TYPE
TIME DEPENDENT OUTPUT, IF +-N, ATES/CONCS EVERY NTH TIME STEP
D1SCHARGE SUMMARY

EXTERNAL FILES, NONZERO «> FILE WRITTEN/READ
WRITE SOURCE RATES (Ci/y) TO (root).SRC (UNIT 25)
WRITE NISCHARGE RATES (Ci/y) TO (root).DIS, (UNIT 30)
NOT CURRENTLY USED
READ SAMPLED DATA FOR REPEATED TRIALS FROM (root).SMP (UNIT 10)
READ TIME-DEPENDENT VELOCITIES FROM (root).VEL (UNIT 11)
READ TIME-DEPENDENT SOURCE FLOWRATES FROM (root).QSC (UNIT 12)
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Table &4 18,

Sample Input File (Concluded)

RUN CONTROLS
USE DVM (0) OR ANALYTIC SOLN (NONZERO)
SOLVE NETWORK (0) OR INPUT VELOCITIES (NONZERO)
LEACH (0), SOLUBILITIES (1), OR BOTH (2) FOR SOURCE RATES
FLOWTHRU (0), MIXCELL (1), OR CHOOSE (2) FOR SOURCE RATES
CONSTANT (0) OR EXPONENTIAL (1) LEACH RATE MODEL
FORCE (NONZERO) USE OF LEG-TO-LEG TRANSFER ALGORITHM

OO0 O

DEBUC PRINTS, NONZERO => PRINT
DVM MULTIPLIERS FOR TRANSPORT, DISCHARGE, AND SOURCE
DIAGNUSTIC INFO FOR SUBROUTINE BAND
DIAGNOSTIC INFO FOR FUNCTION GIT
MATRIX/VECTOR SYSTEM SOLVED FOR FLOW
THE DATA READ FROM UNIT 10
NOT CURRENTLY USED
INVENTORY AT RELEASE TIME
RESTRICTIONS PLACED ON THE TIME STEPS
LEG/JUNCTION & JUNCTION/LEG CONNECTIONS
VELOCITY FIELDS FROM UNIT 11
THE ATOM COUNT SUMMARY
JUNCTION PRESSURES & LEC FLOWRATES
LEG-TO-LEG TRANSFER FRACTIONS
TIME SPENT AS EACH ISQCTOPE IN A SUBCHAIN
TIME-DEPENDENT SOURCE FLOWRATES

- At

COQCO0OO0OO0OO0CQCOO0O0O0OOCCO

The network for this problem consist:s of (harre legs connected end-to-
end, and the same three legs provis: the nigration path. Since the
flow network is not solved, it is not reresgery to provide junction
data; that is, the numbeiv of junctions {¢ su* to zero. One three-
member decay chain is transported ami the lsotopes are of three
distinct elements,

Based on the source run ceantrol optiens, the only required entrles
from the souvce and flow parameters a e the access fraction and the
leach rate, Specifically, the source pove volume is not required (the
mixing-cell model 15 not activated), the pore-area of the source
regime is not required (meither the mixing cell nor solubilities are
treated), the source fluld density is not required (solubllities are
not treated), and the pore-area at discharge {s not required (concen-
tration output is not requested).
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After reading the opticns, NEI'/RAN 11 perf

I performs data checking to helyg
ensure a consistent data set The code then solves for source and
transport using the w options f owing that it agal eturns t
subroutine FLOWIN to read another data set At this point since
there {s no further input, an end-of-file marker is detected and the
program terminates normally




5.0 VERIFICATION AND SAMPLE PROBLEMS

Three examples of problems simulated with NEFTRAN 11 are presented in the
next three sections. The purpose of these sample problems is to demon-
strate the use of different features of the code, as well as to illus-
trate how NEFTRAN 11 can be used to slmulate different types of problems
(e.g., field scalo, laboratory scale). The sample problems are also
designed to {llustrate the process involved in using NEFTRAN 11 to model
real problems since, although NEFTRAN 11 may appear simple to use, appli-
cations of It to real problems require as much thought and analysis as
using vhat might appear to be a more complex code. Each section will
include instructions for preparing each input file and each sample
problem is also compared with an analytical solution to verify that the
computer code has (mplemented the corresponding mathematical model
correctly,

5.1 Sample Problem .l : DVM and Analytical Transport Model

The first sample problem isx designed to aemonstrate the use of the flow
network model, the use of both the DVM and analytical transport model,
the use of multiple data sets, and the ability of DVM to reproduce the
analvtical solution output, The problem is based on a hypothetical
Reference Site, as was presented by Campbell and others (1981b) in the
NWFT/DVM user's manual, SWIFT 11 (Reeves and others, 1986a, 1986b)
computer code simulations of the site were used to define the network
flow system in NEFTRAN Il and to ensure that the network flow model was
accurately representing the flow field. The following subsections will
present information about the Reference Site, how this information was
used to formulate the network flow model {n NEFTRAN 11, the input
required for this problem, and the resultant discharge rate curves for
each isotope.

5.1.1 Reference Site

The site is located in a symmetrical upland valley, half of which is
shown in Figure 5.1. The crest of the ridge surrounding the valley is at
an elevation of 6000 ft. The crest is a surface water and ground water
divide. Therefore, ground-water movement in the valley is from water
that has fallen in the valley. The valley is drained by a major river,
River L, which 1s at an elevation of 2500 feet opposite the surface
structures of the repository.

The geology of the area near the site is shown in cross-section in Figure
5.2. The valley is underlain by crystalline bedrock which crops out over
4 narrow strip lying at the ridge crest surrounding the valley. The
bedrock is assumed impermeable to ground-water flow. The bedrock is
overlain by a sequence of sedimentary rncks as shown in Figure 5.2.

SWIFT 11 computer code simulations of ground-water flow at the Reference
Site were conducted, Figure 5.3 shows the direction of ground-water flow
schematically, Flow in the upper sand and gravel aquifer is not shown
here as it ls hydraulically isolated from the middle sandstone by the

a+1
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Figure 5.3. Cround-Water Flow at Reference Site
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Figure 5.4. Hydraulic Head Distribution at the Relerence Site
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Table 5.1.

Input File for Sample Problem #i (Continued)

-

13 6 7 4.e03 5. 4ev? 10.0 1.0
14 7 8 4.e03 5.4e02 10.0 1.0
15 12 10 1.1e03 1.0 1.57e-06 1.0
16 13 3 1.1e03 1.208 2.8 0.

Network Junction froperties Array

Jet. Elevation ¥ag — Press? Pressure
O (ft) Ne/Ye = O/1 (psi)
1 3.6021e3 1 «32.7
2 2.50t¢ 1e3 ) 646.1
3 1.5258%e3 i 432.7
4 3.41481e3 0 0.
5 3.31131e3 0 0.
6 2.81481e 0 0.
7 2.8148le3 0 0.
8 2.81481e3 0 0.
p) 2.31481e3 (V] 0.

10 2.81%67e3 0 0.

11 2.21131e3 0 0.

12 1.71967e3 0 0.

13 4.2589e2 0 0.

Migration Path Properties Array

leg Disp. DX Diffus? Mobile Immob Mass Xfer Velocity
* (ft) (ft) N/Y=0/1 Poros. Poros “oef{l/y) (ft/y)

11 500. 0. 0 0.3 0 0. 0.0
14 0. 0. 0 0.3 0 0. 0.0
10 0. 0. 0 G.15 0 0. 0.0
2 0. 0. 0 0.3 0 0. 0.0
4 0. 0. L 0.3 0 0. 0.0

Decay Chains Array
Name Atom Ele- Loc Par Par Frac Frac Inven Hf-Lf Weigh

A6 Mass ment n’v #1 #2 Froml From? (Ci) (y) Fac
'NP237' 237 1 1 0 0 0. 0. 1000, 2.14E6 1.
U233 233 2 2 1 n 0 0. 1000. 1.62E5 1.
'TH229' 229 3 3 2 0 : 0. 1000, 7.30E3 1.
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nusber of network lege, number of network junctions, and number of migra-
tion path legs are needed. As shown in Figure 5.7, there are 16 network
legs, and 13 network junctions. The migration path {s sssumed to oceur
through legs 13, 14, 10, 3 and &; therefore, 5 legs are in the migration
path.  This path was chosen arbitrarily for this sample problem. How-
ever, in practicc. & prv lele tracker can be used with the flow simula-
tion results to © "ine the migration path in the netwcrk,

To finish defining the problem sire pacaweters, the nusber of decay
chains, the number of elements, ara the decay chain inclusion indexes are
‘equired.  As ‘ndicated in Table 5.1, the user has input one decuy ¢ *in
and three dlfferent elements. The chain inclusion index is not appli-
cable when the analytical transport model is belng lmplemented, and,
therefore, is input as tgero.

The next group of parameters shown in Table 5.1 Is the source/flow param-
tters. Here, the user has indicated that the complete source be accessed
(1l.e., the access fracilon {s equal to one) and that the leach rate is
1.0 x 107" y'i,  In terms of the analytical transport model, the leach
"ime (r) for the concentration boundary condition is taken to be the
-eciprocal of the leach rate. The remaining parameters are not required
vhen the analytical iransport model is being lmplemented and when output
concentrations are not desired (option 10 is positive), and are input as
rero.

As shown in Table 5.1, for the time parameters, the user has indicated
that the simulation time {s one million years, and that releace and
leaching begin at time zero. The source and transport time steps and the
increment -determination parameters are not applicable when the analytical
solution is ‘mplemented and therefore zero 1s Input for these parameters.

Network leg Fropertizs Arrey

Table 5.1 present, he Network Leg Properties Array. The first three
columns of this ar... are easily input based on the resultant NEFTRAN 11
flow network ot the Reference Site shown in Figure 5.7  Column four
requires the length of each leg. These lengths can be determined from
Figure 5.6, Specifically, from the right .‘f. of the repository to River
L midpoint 1s 138000 ft (length of leg 3 + leg 4). Repository length 1.
8000 fr (length of leg 13 + leg 14) and is assumed to be level. Leg i
ls assumed to be part of the repository, but not to contain any vaste;
therefore, leg 13 {s designated the source leg for transport and assumed
to be 4000 ft. From the left edge of the repository to the agquifer
irlets in the flow network 1s 14500 ft (length of leg 1 and leg 5).
Vertical legs must maintaln a total length of 1100 ft (length of leg 9 +
leg 11, leg 10 4 leg 12, leg 15 and leg 16). Leg 15 {s arvicrarily

placed 138000 fr (length of leg 7 and leg 8) down dip from legs 10 and
12.

Column five 'n the Network Leg Properties Array vequires the cross-
sectional area of each leg. For the Reference Site, the aquifer widths
are assumed to be that of the repository (6000 ft)., Jpper and lower
aquifer depths (1000 ft and 300 ft, respectively) can be found from
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Table 5.2,

Reference Site Hydrsullc Properties

Horfzontal Mydrasulie Vertical Hydraulic

Conductivity Conductivity
(At/day) ALL/dayx) Peresity

Middle
Sandstone 50 1.4 0.3
Lower Shale 102 102 0.3
Salt 10°% 10-¢ 0.03
Lower
Sandstone 40 7.0 0.3
UIilﬂﬁkulHﬂﬁilﬂD-klﬂﬂllﬂlll.‘lll!

The next input array shown in Table 5.1 {s the Metwork Junction Proper-
tles Array. The first column is a listing of each junction in ascending
order. The second column requires the elovation of each junction. To
find the elevations the SWIFT 11 simulations are used. SWIFT 11 flow
slmulations accounced for che dip angle at the Reference Site. Using the
sine of this dip angle and the top center of the SWIFT I1 y-axis grid
blocks as measuring points, the grid block distance vertically (1. e., y =
0 to y = 29) {s 140000 ft. Since the elevation of the first grid block

Is known to be 6514 ft, the elevation of the bottom grid block is given
by:

6514 ft - 140000 £t * sine(dip angle) = 4702 ft. (5.6)

The elevation of junction 1 (the upper aquifer inlet) is therefore,

4702 .41 fr - 1100 ft -« 3602 ft. (5.7)

With this reference point, the leg lengths and dip angle are used to
determine the remaining juncilon elevations,

The next coluan in the Network Junction Properties Array is the flag that
indicates whether the pressure is known at that boundary. For this flow
niwork, pressures at elevation for junctlons 1, 2 and 3 are required
boundary conditions for the network flow model. Therefore, the flag is

set to 1 for junctions 1, 2, and 3 In the third column of the Junction
Froperties Array.
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RO RN

has input 1000 Zf inftial inventory and & welghting factor equal to one
for each lsol pe,

Element Froperties Array

The last array to be read in the input file shown in Table 5.1, 1s the
Element Properties Array. The first column is the element index that is
equivalent to the element index defined {n the Decay Chair Array. The
solubilities and the {mmobile retardation factors requived for this array
are 1ot as zereo since this data is not relevant for the analytical
solution fmplementation. For the moblile phase retardation factors, the
only legs that retard any of the isotopes are legs 3 and 4, and for al)
three lsotopes, the retardation factor in these legs 18 input as 635
Implementation of the analytical solution transport model requires that
the retardation factors are equal for all lsotopes.

5.1.4 Data Set #2

The next input shown {n Table 5.1 is the array (INP) that indicates which
input data group will bhe changed for the next data set. As indicated in
Table 5.1, the only dAata input that will be modified for the next datsa
set is SET1, the options, For the first group of options, the standard
print options, the user has Indicated that the input arravs will not be
written to the output file by setting the corresponding options to zero,
The user has requested other {nformation to be printed to the output file
by setting the corresponding options to one.

The next set of options that are different from the first data set are
the run options, MHere, the wost significant change between the data sets
8 accompllished by lmplementing the DVM transport model instead of the
aralytical transport model (1.e¢., setting optieon 18 to zero instead of
one). As discussed in Section 2.3, when the DVM transport model is being
fmplemented, the source model contaired in NEFTRAN 11 {s utilized. Con-
sequently, options 20 and 21 are relevant for the second data set. 1In
Table 5.1, option 20 equal to zerc indicates that only leaching will be
modeled In determining DVM source rates, and option 21 equal to zero
indicates that the flow-through source model will be used to distribute
the source into the source leg (see Section 2.4.8). Option 23 {s input
as zero which indicatea that the leg-to-leg transfer model will not be
implemented for DVM transport, Therefore, DVM transport will be simula-
tod using leg-averaged properties (see Section 2.4). Finally, the debug
print optiens are changed so that no debug information s written to the
output file for the second data set., The rest of the required input for
this second data set 1s taken from the data input In the first data set,

In the first data set the user input a zero for some data entries to
indicate that these data were not relevant for the analytical transport
model. By changing the run option to the DVM transport model, the zeroes
that were input in the first data set may have different meanings when
used In the second data set. For example, the zeroes that were input for
the source time step and transport time step indicate that the code is to
determine these time steps internally for the DVM transport model. Other
examples can be found in the Migration Path Array (e.g.., space step) and
the Element Propertles Array (e.g., solubility limit),
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a = mass transfer coefficient = 0 .15 day !}

T; = dimensionless pulse period « 3.0

K = distribution coefficient « 0.5 on'/g

¢ = fraction mobile water « 0 65

# = water content = 0. 40

by = ¢0 = noblle phase water content = 0,26

o=t < 0, = Lomobile phase water content = 0 14
Before these data can be input Into & NEFTRAN 11 input file, several
conversions must be performed to determine the equivalent NEFTRAN 11
input varisbles, Each varish'e given above, and the equivalent NEFTRAN
11 required input i{s as follows.

1. water content + porosities

The mobile and ifmmobile water ¢ -« piven above are equivalent to the
mubile and lmamobile porosities required by NEFTRAN 11,

2. adsorption data » retardation factors
Utilizing the fraction of adsorption sites in the mobile phase, the bulk

density and the distribution coefficient given above, the moblle (R,) and
fmmobile phase (R,,) retardations required by NEFTRAN 11 are

R, = 1 ¢ §f5 . (5.8)
and

Ry i%iflﬂz , (5.9)
respectively,

3. wvolumetric fluid velocity «+ pore velocity
In NEFTRAN 11, assuming a unit cross-sectional area, the volumetric fluid

velocity given above 1s equivalent to the Darcy velocity. Therefore, the
pore velocity through the migration path is

Vo ?; , (5.10)
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which must be converted from cm/day to ft/yr for Input into NEFTRAN 11,
By inputting the pore velocity dirvectly into NEFTRAN 11, the network flow
model 1s not used and the Network Junctions Froperty Array does not need
to be Input (set nusber of junctions equal to zero).

Also, due to the unit cross-sectional area, the fluid volumetric flow
rate (Q) through the source, that will be needed to determine source
parameters subsequently, 1s equivalent to q.

4. dispersion coefficlient « dispersivity
NEFTRAN 11 requires input of the dispersivity based on
Deav . {3.11)

Therefere, using the dispersion coefficient glven above, the correspond.
ing disjersivity a can be found from

- (5.12)

where a in centimeters must be converted to feet for Input inte NEFTRAN
1%,

5. mass transfer coefficlent « mase exchange coefflcient

The mass transfer coeffliclent given above is equivalent to the mass
exchange coef’‘clent used In NEFIRAN 11 except for units (day'! must be
converted to ; <),

6. length of column + migration path

Since the network flow model is not being lmplemented, the flow network
is structured only with regard to the migration path, NEFTRAN 11
requires a minimum of two legs in the migration path, where the first leg
acts as a source leg. Consequently, the network is structured to contain
two legs which {s equivalent to the two legs in the migration path. The
only input needed for the Network Properties Array is the length of the
first and second leg. The length of the column given above and the
length of the sc nd leg in the migration path are equivalent except for
the units (cen' . ters must be converted to feet). The length of the
source leg is assumed to be 108 of the length of the second leg. This is
based on making the first leg as small as possible since it {s not physi-
cally representing any part of the column, but not too small that the DVM
model (e.g., time or space step criteria) is effected.

7. no decay + half-life

The van Genuchten and Wierenga (1976) analytical solution does not
include radioactive decay. To accomplish this in NEFTRAN 1i, the half-
life of the input solute should be set relatively high compared to the
simulation time, to ensure that decay of the solute does not oceur during
the simulation,
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6. pulse time < leach rate

Te approximate the constant flux boundary condition for the analytical
solution (see van Genuchten and Wierengs), the constant leach-limited
only, flow:-through source model should be implemented i{n NEFTRAN 11, by
inputting the appropriate run options. Consegquently, one of the required
source input parameters is the leach rate. The pulse time given above is
in dimensionless pore volume units. This is equivalent to

-

v
T, . ,%, (5.13)
1

where t; is the leach tim: (in days). Solving for this leach time and
taking the reciprocal is the constant leach rate required by NEFTRAN 11
(days must be converted to vears).

9. unit source concentration < initial inventory

Part of the boundary condition for the analytical solution Is a constant
unit source concentration throughout the pulse period., Requiring a unit
source concentration is equivalent {n NEFTRAN 11 to requiring that the
source rate 8§ (Ci/yr) be equal to the volumetric flow rate Q (ft*/y)
throughout the leach time, with no decay. 1In other words, § divided by Q
must equal 1. In NEFTRAN 11 the source re* ‘or & leach limited only
source model is given by

§ &« = (5.14)

where C, is the inftial inventery. Therefore, substituting § equal te Q,
the initial inventory is

Co = Q t, (5.1%)

Recall that Q is equivalent to q given sbove, assuming & unit cross-
sectional area (convert from cm/day to ft/y).

Applying the above conversions, the resultant NEFTRAN 11 input file is
shown in Table 5.3 and the output file is shown in Appendix E. Because
the objective of this problem was to compare the NEFTRAN 11 results to
the analytical solution results, the resultant NEFTRAN 11 discharge rates
for the solute are converted to dimensionless timeés and relative concen-
trations. Figure 5.11 shows the breakthrough curve for both the analyti-
cal solution and the NEFTRAN 11 simulation, NEFTRAN 11 reproduces the
analytical solution quite well verifying that, for this data set, the
matrix diffusion model in NEFTRAN 11 is a correct represertation of the
mathematical governing equations presented by van Genuchten and Wierenga
(1976) .
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Table 5.3,

Input File for Sampie Problem #2

HEFTRAN 11: SAMPLE PROBLYA #2 FOR PC USER'S MANUAL (PC VERSION)
PARAMETERS , GROUPL - OP"IONS, STANDARD FRINT, NONZERO <> PRINT
L1ST OF ALL PARAMF'.ERS
THE NETWORK LEG PROPERTIES ARRAY
THE NETWORK JUNC/ION PROPERTIES ARRAY
THE MIGRATION P/TH PROPERTIES ARRAY
THE DECAY CHAIN PROPERTIES ARRAY
THE ELEMENT PROPERTIES ARRAY
FLUID VELOCITIES & SOURCE/DISCH FLOVS
SUBCHAINS, PRODUCTION & VELOCITIES
SPACE & TIME STEPS AND SOURCE TYPE
TIME DEPENDENT OUTPUT, IF +-N, RATES/CONCS EVERY NTH TIME STEP
DISCHARGE SUMMARY
EXTERNAL FILES, NONZERO «> FILE WRITTEN,READ
WRITE SOURCE RATES (Ci/y) TO (reot).SRC (UNIT 25)
WRITE DISCHARGE RATES (Cil/y) TO (root).DIS, (UNIT 30)
NOT CURRENTLY USED
RFAD SAMPLED DATA FOR REPEATED TRIALS FROM (root). SMP (UNIT 10)
READ TIME-DEPENDENT VELOCITIES FROM (root).VEL (UNIT 11)
READ TIME-DEPENDENT SOURCE FLOWRATES FROM (root) .QSC (UNIT 12)
RUN CONTROLS
USE DVM (0) OR ANALYTIC SOLN (NONZERO)
SOLVE NETWORK (0) OR INPUT VELOCITIES (NONZERO)
LEACH (0), SOLUBILITIES (1), OR BOTH (2) FOR SOURCE RATES
FLOWTHRU (0), MIXCELL (1), OR CHOOSE (2) FOR SOURCE RATES
CONSTANT (0) OR EXPONENTIAL (1) LEACH RATE MODEL
FORCE (NGNZERO) USZ OF LEC-TO-LEG TRANE' "1 ALGORITHM
DEBUG PRINTS, NONZERO «. PRINT
DVM MULTIPLIERS FOR TRANSPORT, DISCHARGE, AND SOURCE
DIAGNOSTIC INFO FOR SUBROUTINE BAND
DIAGNOSTIC INFO FOR FUNCTION GIT
MATRIX/VECTOR SYSTEM SOLVED FOR FLOW
THE DATA READ FROM UNIT 10
NOT CURRENTLY USED
INVENTORY AT RELEASE TIME
RESTRICTIONS PLACED ON THE TIME STEPS
LEG/JUNCTION & JUNCTION/LEG CONNECTIONS
VELOCITY FIELDS FROM UNIT 11
THE ATOM COUNT SUMMARY
JUNCTION PRESSURES & LEC FLOWRATES
LEG-TO-LEGC TRANSFER FRACTIONS
TIME SPENT AS EACH ISOTOPE IN A SUBCHAIN
1 4ME-DEPENDENT SOURCE FLOWRATES

ik G et e et i e e ek et

O=CcCO=0O0=0O00O0DO00OC 00000 OO

GROUP? - PROBLEM SIZES
2 NUMBER OF NETWORK LEGS
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Table 5.3,

Input File for Sample Problem #2 (Concluded)

Element Properties Array
Elem. Solubility leg Mobil Rd lmmobile Rd

Index (B/'p) -
1 0. ] 1.0 0.
2 2.0 3.786

5.3 Sanple Problem J - Time: dependent DVM Velecities

The purpose of this sample problem is to demonstrate the ability of
NEFTRAN 11 te transpor radlonuclides in a time -varying flow fleld and to
verify that the DVM transport model is i plemented correctly for time-
dependent velocity conditlions.

The analytical solution that {s used for the comparison is given by
Gelbard (1989). ‘The solution is developed for arbitrary time-dependent
fluld-flow velocities and diepersion coefficients. However, the solution
ie constrained to radionuclides that have identical vetardation factors,
The boundary and initial condition for the analytical solution are an
instantuneous release of radionuclides at time zero from a region -h g x

£ 0.

Table 5.4 shows the NEFTRAN (1 finput file for this sample problem and
Table 5.5 shows the external file that contains the time-varying velocity
data. The output file for this sample problem is shown in Appendix E.
An attempt was made to use input parameters that may be representative of
& HLV repository lorated In unsaturated, fractured media. This 1is
indicated In the following discussion by including the reference for the
data that was used. However, the results should not be considered as
indicative of the performance of such a repesitory.

As shown in Table 5.4, the simulation time for this problem is 80000
years., As indicated in Table 5.5, initielly, & constant fluid-flow
velocity of 3.0 em/yr (Travis and others, 1984) is assumed. At 50000
years the {luid-flow velocity is doubled. The basic underlying assump-
tion for this problem {s that the flow direction does not change with
time, but only the magnitude of the velocity is time-dependent.

The migration path length i{s taken to be 200 m (Travis and others, 1984),
which is equivalent to the length of the second leg. The length of the
first leg in the migration path, the source leg, is assumed to be 108 of
the length of the second leg. This 1s done because the analytical
solu*ion dr s not account for tvanspo-t in the source regime, and there-
fore, the firct leg should be as short as possible without affecting the
DVM tranaport model. The dispersivity for each leg is assumed to be 108
of the length of the leg.
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Table 5 4.
Input File for Sample Probles #% (Coneluded)

Migration Path Properties Array

leg Disp. DX Diffus? Moblle Immob  Mass Xfer
o (fv) (ft) NA=0/1  Poros. Poros  Coef(1/y)

1 1.0e-5 0. 0 0. 0. 0.
2 100 1.% 0 0. 0. 0.

Decay Chalns Array

Veleclity
(re/y)

0.0
0.0

Name Atom Ele- Loc Par Par Frac Frac  loven HE-Lf Welgh

Ab Mass mint ndx w1 #2 Froml Frem? (C1) (y)
"AM243' 243 1 1 0 0 0. 0. 6.06365 7 593e)
U239 23 2 2 1 0 -3 0. 1.301e7 2 GAE4
‘U235’ 235 3 3 K 0 0. 7.46%2 7.100E8

Element Properties Array

Elem. Solubility Leg Mobil Rd  Immobile Rd

Fac

1.0
1.0
1.0

Index (g/8) "

1 0. 1 19. 0.
2 19, 0.

2 0. 1 19 0.
2 19 0,

3 0, 1 19, 0.
2 19. 0.
Table 5.5,

External File of Time -Varying Velocity Data

50000, 1 0,098 : 8
2 0.098 ¥
80000. 1 0.19% :
2 0.196 1.
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APPENDIX A
Species Velocity Model
Application of the DVM transport model to a radicactive decay chain

requires a method for determining the average velocity of atoms that
decay to daughter products during a time step, At. Conslder & chain

Ip» 1= ... »l,.  Without loss of generality, the subscripts can be
used to 1dcnt1l§ the chain (1.6, 1« 2+ .. «p). The decay rate
constants are denoted by Ay, 1;, .., A,

For a given velocity interval in the calculation of species velocities,
the averaged velocity for particles that begin At as species 1 and and 4t

as specles p, v, (1, ..., p), is given by
1 P
V.(l. iir P e it ifl Ti vy (A.1)

where T‘ {s the average time spent as specivs | during at, v, the

v
velocity of the specles, and ¥ T‘ - At
fw]

In order to find the particle-averaged velocities, T, must be determined
for each isotope 1.

If species 1 survives decay to time t,, decays to species 2 at that time,

survives as species 2 to time t;, decays to specles 3 at that time, ete.,
then, 0 = t; € t; < t; € .., < t, = At and the probability that specles i

At t N
survives decay over its allotted time is e 1( 1 "1]

The probability that species | decays to species i+l over an infinitest-
mal time interval, dt,, is given by A, dt,.

Thus, the probability that species 1 decays to species p over At, @
(I, ..., p, 8t), s the multiple integral of the product of the following
independent probablliities,

P -Ailti . t,.l] Pﬁ1 p-l

pr(l, ....p, &) =11 ¢ A‘ n dtl . (A.2)
i=] i=1 {=1
vith integration limits (0, t;), (0, t3), ..., (0, ty). It can be
demonstrated that by integrating the probabilities
ty 2
DP(l, ..., p, At) = I o prll, ..., p. &) . (A.3)

0 0

A1l
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p-? p3
n A na

wd { {e2 4
. ';T%""“" DP(1,p-1,4t) - 5.3 ¢ DP(1,p-2,p-1,p,00)
BB -2 n fa, - A
L pie= DP(L,. .., p,88) DPCL, ... p,At)
27"

where DP(1, p, At) denotes the production factor that swuld result from
decay directly from species 1 to specles p. That 18, asmw e specles 2,
ooy Pl are not present in the decay chain sc that Iy = 1,. The factor
DF (1, p, ot) 1s then defined by

“A AL <A At
" ! . | P
DP(1,p,88) = A, S i (A.8)
P

Similar definitions are used for DF (1, pel, p. 6t), DP (1, p-2, p-1, p,
At), ete,

In order to reduce numerical errors as much as possible, the exponential
terms in Equation A.7, are evaluated using an infinite series. Terms in
the Infinite series with {dentical powers of At are collected to create a
single series which is i%en evaluated. The complexity of the resulting
series is deperdent on the value of p. Currently, NEFTRAN 11 on'y
implements this appcroach for p s 5.

Encountering the need to transport a six-member subchain {s not
anticlpated and, in fact, has never been noted. In NEFTRAN 11, hovever,
an approximate scheme for subchains of length 6 or greater has been
lwplemented. This scheme 1s also uced {f {t is Judged possible that
convergence of the above-mentioned series will be too slov or numerjcally
infeasible. Comparing mean-lives of the species to equal shares of the
time step, one of three poscibilities must be true:

At
(a) %I>;-- bor Al tv L, .o ®
(h) }' s & forall 4 =i, ..., »p
g
(¢) for some isotopes k, %— < as
x P!
and for the remainder |, %» » AE
i P
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APPENDIX B

Discharge Model

The discharge model contained in NEFTRAN 11 consists of multiplying the
number of atoms of species r - p, at time t, in grid block N, by the
fraction of species r - p in grid block N, that discharge as species r.
These set of fractions are stored in array F. The determination of array
F is the subject of this appendix.

F can be determined in a potentially different manner for each different
number of precursors (p). However, with simplifying assumpticns
concerning velocities and production, it is possible to reduce the cases
top=0and p2 1.

Case 1l (p = 0). Here, cnly atoms of specles r at t, that discharge as
species r during the time increment At are of concern. Recall that each
grid block has its contents of species r partitioned into N, equally
welghted velocity packets., Packet J is assigned velocity v(j, r), §J = 1,
«.+y Ny. So packet j in grid block N - { + 1 can contribute to the
discharge of species r {f

v(j, r) e At 2 (1 < 1) e Ax . (B.1)

The measure of its contribution and the time requireu to discharge
depends on the Courant number (CH),

at 2 (1 - 1) for contribution (B.2)

CN (3, ©) = w(j, 1) o &=

A packet may totally or partially traverse the boundary as shown in
Figure B.1. The contribution factor of packet j in grid block N, - 1 + 1
is then,

r B
0 for |[CN(], r)]{ < i-1 none
. contribution

h(j, =) = qCN(j§, 1) - [[Cﬂ(j. r)]] for |[CN(j, r)]| = 1-1 partial
. . . contribution
(B.3)

1 for |[CN(J, r)]|| = i=1 total
L b ¢ contribution ,

where [[CN]] is the gre~*est integer less than or equal to CN,
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where t(r - k) denotes the time interval over which specles r - k does
not decay and travels with velocity v(r - ¥), k=1, . ., p. Then at(r -
k) would be that infinitesimal time for decay from specles r - k to
species r - (k + 1), 1In this fashion p - 1 nested ivtegrals must be
evaluated., However, finding the 2(p - 1) limits of integration then
becomes & formidable task.

As an option we treat the decay of specles

r.P~t.(p'1).‘"-*r°1

as a single process over time

t, - 2 t(r « k) . (5.13)
kel

The velocity during time ty is approximated by the arithmetic average of
species’ velocitlies, {.e., define v(rp) by

ViIp) = % S e = K (B.14)
kel

This is a reasonable approximation for small t, (see Appendix A, Species
Velocity Hodel), whichk is generally the case in this analysis.

Event 1 is then restated as:
Event 1': The atom begins At as type r - p and is of type r - 1 at t,,

Events ? and J remain the same with ty replaced by

- L - v(rp)t
tn vie) d . (B.15)

The probability of event 1' is the Bateman production coefficlient over
ta,

-Ar_’t -Ar_lt
4 . (B.16)

P
Il f[r « g, 1 sk » 1)]A
Tsk [ P .
=y fod |1 Pron” Aeed)
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r
P """.'"L T "10
nele - %, ¢« %k« 1)]A L v(x) s | (B.19)
k=1 g ¥ . ]
g [Pra:cr
m=]
met
is added.

The determination of T, and T; proceeds as above wit’ v(r - 1) replaced
by v(rp).

Since v(r) = v(j, r) for some velocity interval j = 1, ..., NV, v(rp) and
thus P(r, v - p) depend on J. For a glven g 1d block index { define the
distance
1
L [1 . i] Ax (B.20)
and factor
P(j.r,r - p) (evaluated at L) if P(j,r,vr - p) >0

?'(j,r,t " P) -
0 , otherwise

Finally, array F is defined by

N
v
F(r, £ - p, 1) = ﬁl } P'(J, £, T - Pp) (B.21)
v
J=1

It may happen that v(j, r) and v(j, rp) are such that

0 < v(j, r) &t, v(j, rp)at < ax/2 (B.22)

for all j = 1, ..., N,. In this case, some of species r in grid block N,
should discharge during At, However, because we take L as the distance
from the grid block midpoint to the discharge location (i.e., for block
Ny, L = ax/2), the discharge model presented above would produce no
discharge of species r. In this special case, L is decreased tec L' such
that

v(j., r)at > L' or v(j, rp)at > L'

for some j values. Then for grid block N; (i.e., {1 = 1),

B-8



F(r, € - p, 4) » {-‘- ;‘.- P'(), £, t - p) (evaluated at L') (B.23)

Further, note that NB(r, v - p} can be defined by the maximum value of i
that ylelds P'(J, r, r - p) » O for any J.

Recalling that Equation B.1B contains Equaiion B.9, Equations B.18 and
B.23 completely define array F.
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1. The probability that an atom exits the cell during the
infinitesimal time dt, about t, is

dtc/At g (C.3)

since § is constant over At.

2. The probability that an atom of species { survives decay from t,
to the end of At {s

A, (At » t.)
. 1 " . (C.4)

3. The probability that an atom of species | is assigned to
velocity bin b is 1/N,.

Therefore, the probability that an etom of speclies § in velocity bin b

exits the cell during At and occupies grid block k at species 1 at the
end of At is

T 4
I 2 ~li(Wt - tc)dt
e c

T

prii,b,k) = - : (C.5)

NvAt

1

where T, and T, define the time !nterval over which an atom can cross the
cell boundary and end up in gri< block k during At.

Integration of Equation C.5 iiom T, to T, ylelds

SRS Cedel [e-kl(At . Tz] .G-Ai(At . 11] | P

o\iAt Nv

It remains to find T, and T,. First, one should note the grid block
nunbering system of Figure C.1, Following the usual treatment of disper-
sion governed by Fick's first law of diffusion, it is sometimes necessary
to allow particles to be dispersed upstream In the migration path.
Therefore, some material may appear to move in a negative direction,
which 1s solely the effect of dispersion. This does not imply that
particles reenter the cell. Nevertheless, grid block k represents the
spatial increment from kax to (k + 1)ax. Further, only particles
assigned positive velocities can end up In positive blocks, and those
with negative velocities in negative blocks.
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At - .k...é!. < t € At 3 L'E_i..llé! _ (C9)

The bounds on t, given by Equaticns C.8 and C.9 are At less the travel
times from the cell to the edges of grid bleock k. These bounds are
labeled

tl-At-ﬁ—:gl—z-é—E and tz-At--—k—‘% ,
Yy Yy
respectively. From the grid block numbering convention t; s At and

t; £ &t. The conditions v§f > 0 and v} < O car be combined by defining T,
and T, as follows

Tl - max (lln(tl,tz),ﬂ) (€C.10)

Tz - max (t ) ) {(€.11)

152

1f t; £ 0 there is no contribution from velocity bin b to grid block k.
In that case, set

pr(i,bk) = 0 (C.12)
Finally define
N
v
SF (1:1.%) = B priioR) (C.13)
b=l

for each block k. Since j=0, that 1is species i has no parents, it
follows from Equation C.2 that the second index for §; must be {.

Next, the case j=1 (i.e., a two-member chain) is examined. For
convenience, in the notation species i is assumed to decay to species 2.
The change in mass of species 2 in eac' grid block k due to the radio-
active decay of species 1 must be determined. In finding S, it is
assumed that decay and production can only occur after an atom exits the
cell. Therefore, if t, is the time at which decay occurs, then t, = t .

The probability that an atom leaving the cell as species 1 resides in

block k as species 2 at the end of At is the integral of the product of
the following five probabllities.
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In order to solve Equatisn C.14, the limits of integration must be deter-
mined. Disregarding the dependence on K, the integration limits would be

Applying these limits to Equation C 14 then gives the total amount of
species 2 produced from decay of species 1. The integration liwits are
graphically illustrated in Figure C.2.

As well be shown, for an atom to end up in grid block k, the area of
integration must also be bounded by a palr of parallel lines. THe manner
in which these lines intersect the shaded triangle in Figure C.2 results
in 36 different sets of limits for T, , T, 6 , T , and T .

e B M S

tag=tc

Figure C.2. Shaded Area Represents the Reglon of Integration for Total
Source of Specier 2 from Species 1
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First, the parallel lines must be determined. The total distance
traveled by an atom in velocity bin b is

b ; b
v1 (td . 'c) 0 v2 (at - td)

The superscript b will be dropped for convenience. In order to occupy
block k, the following condition must be satisfied

kax = vl(td £ %) 4 vy(at - ty) = (k + Dax ‘ (C.15)
Solving for ty directly is possible only when v, ¥ v, It vy > v,
Equation C.15 becomes
kAx - v, bt vy ] vy (k + 1)ax - v,ht
Y, -V, e, c = td =8 v te ? Wy = ¥ s
1 2 1 2 1 2 1 2

1f ¥1 € Vv, Equation C.15 becomes

(k + 1)ax - vat vy v kax - vzbt
v, * Vv B SR b Tl Rl M b 6, 41)
1 2 1 2 1 ? 1

if v1 - v2. Equation C.15 becomes

’r1 < tc = 72 (C.18)

where T, and T, are defined by Equations C.10 and C.11, respectively,
when v§ = v, = v,. Equation C.18 implies limits of integration on t,
because ty 2 t.. Equations C.16 and C.17 are lines with the same slope

Condition 1 (v; = v;) corresponding to Equatinr C.18 is examined first.
1f T, s 0, there is no contribution to e sd block k (i.e., the travel
time to block k is greater than At). Pecalling that T, = T, = At, Figure
€C.3 shows the only possible inter.ections of the lines defined by
Equation C.18 with the shaded ar a # »wn in Figure C.2.

C-7
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at al
..—- — e —— _1 —
“-. ——————— —
-1 T > 1
[} o e o v s ———— ———— — '
4y

4,<0 1,20

Figure C.3. Possible Integration Regions for the Case v, = v,

Condition 1 (vy=v,) corresponding to Equation C.18 is examined first. 1If
T, < 0, there is no contribution to grid block k (i.e., the travel time
to block k is greater than At). Recalling that T; € T, s At, Figure C.3
shows the only possible intersections of the lines defined by Equation
C.18 with the shaded area shown in Figure C.2.

The shaded triangular regions have integration limits

for t. =0
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Figure C.4 The Possible Regions of Integration for Subcase 2.1
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Figure C.5 Regions of Integration for Subcase 2 2
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m <0, B, > B, Ty* < At, and T,* < At follow from k € -1, v, £ 0, and
vy s vy > 0, Intercept B; is positive because the minimal travel time
to the nearest edge of block k must be less than at.

Figure C.6 shows the 7 possible regions for subcase 2.3, Table C.3 lists
the corresponding limits of integration by subreglon.

The 17 regions of subcases 2.1 to 2.3 completely describe the integration
limits for condition 2 (v; > v;). The limits for condition 3 (v, > v,)

are the same if the roles of lines L, and 1, are reversed. Thus,
defining

subcase 3.1 Vo2V 2 0

Subcase 3.2 v, > 0> v

Subcase 3.3 0> v, > vy

one has the correspondences

Subcase 3.1 - Subcase 2.3
Subcase 3.2 (k 2 0) «+ Subcas2 2.2 (k £ -1)
Subcase 3.2 (ks -1) ++ Subcase 2.2 (k 2 0)

Subcase 3.3 — Subcase 2.1

Roturning to Equation C.14, it can be rewritten as

T Tc
d il = X.)E 2 b
2 : | 2°7d 16
pr(2,1,k,b) = K‘ I @ I 3 dtc dtd

; | T

4 %

(C.27)
T4
K 2 *'Re S AL)E Az B A, T
- gt o ¥R R aV0 .
1
-

dl [
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Figure C.6. Regions of Integration for Subcase 2.3
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2. The pr. ability that an atom of species 1) decays to species 1-1
durlng time t, - t, is

3 3 Mt Aalte b
e SR R b, )
n tow M
w1
Y

3. The probability that an atom of specles 1-1 decays to specles 1|
caring dt, about t, is

Rt 2%y

4. The probability that an atom species | survives decay from t, to
st s

5. The probability that an ator | assigned te velocity bin b i3
1/N,. Similar to j=1, it {s ass .eed that the particles maintain
the same velocity bin over At as they decay.

The probability that a source particle of type {-§ ends At occupying grid
block k as type 1 s

h A b
P L1 5% e 1 ¢ “A At
prii-j,i.k.b) “:3;*—- “P, hyon, tonet 8.0
(C.37)
Yo o' TR U1 b IR USSR PO L B
: ST W PR e dt_dt
e id 0, b c d
R (A, =A;2)
le Tcl asl fem "i-4
. by
vhere Td e Ty o Too T, are determined as In the case j=1 with v,

e G Bt

rveplacing v, and ;h (Equation C.36) veplacing v,. 1In particular, recall
that t, is a linear function of t, ana

c-21






replaces

ok, ¥ A (At - T,.)
s 1-8'rp i s dp

“ - x}"(l . .t)

The conditions stated in Equation €. 35 apply to set pr(i-j,1,k,b) = 0 for
blocks k that do not receive source particles. Collecting f sctions over
velocity intervals then ylelds

v
l'(l.l-j.k) « £ pr{i-3.1,k,0b) (C.40)
bel
Equation C.40 must be generated for each parent {-), j=2, ..., P,
Finally, defining
% (A AL =1 (C.41}
o=l im 14 ;
7]

for the case f«j=1, Equation C.39 will con «in Equarion C.29. Thus,
Equations C.13 and C.40 can be used to com letely define §;.
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This type of loop occurs throughout NEFTRAL 11,

In such a loop, variable J is normally used to retrieve information about
subchain J. Subchains are defired by the LRP-array.

LRP(1,1) = 1 LRP(7,1) = &
IRP(1,2) = 1 IRP(7,2) = 1
LRP(B,1) = 3
LRP(2,1) = 2 LRP(B,2) = 2
LRP(2,2) = 1 LRP(9,1) = 2
LRP(3,1) = 1 LRP(9,2) = 3
IRP(3,2) = 2 LRP(10,1) = 1
IRP(10,2) = &
1RP(4,1) = 3
LRP(4,2) = 1 .
IRP(5,1) = 2 .
LRP(5,2) = 2 .
LRP(6,1) = 1
LRP(6,2) = 3

¥or species I, 124k in LRP array from
LPS(1) to LPE(1).

For LPS(1) £ J s LPE(1), subchain J has LRP(J, 1) members and the first
member is species LRP(J,1).

Example: 1 = 3, & s J =5 6. 1f J = 6, then subchain 6 has length
LRP(6,2) = 3 and the top member of the chain is LRP(6,1) = 1.

1f * canches were not allowed, only one column (either one; of LRP would
be necessary. In fact, LRP could probably be done away with. Its neces-
sity will be demonstrated in Sectien II.

. Consider the DP-array, which contains deca; and production
fractions for each subchain over a time step. That is,

DP(1) - fraction of 1 surviving decay over at
DP(2) + fraction of 2 surviving decay over AL
pP(3) - fraction of 1 that decays to 2 (and nc farther) over At
DP(4) - fraction of 3 surviving decay over it

DP(5) - fraction of 2 that decays to 3 (and no farther) over At

pDP(6) - fraction of 1 that decays to 3 (and no farther) over At
.

.
.

$0, to update an inventory for species 3, treat all subchains ending
in 3, which can be found between LPS(3) and LPE(3).

SUM = 0

J1 = LPS(3)
J?2 = LPE(3)

D-2



DO 10 J - J1, J2
SUM « SUM + DP(J) * Atoms (LRP(J,1))
10 Continue

Variable SUM w!ll contain the inventory of species § after a time step
At, whers the atoms array contains inventories of &1l specles at time 0.

There ave several other arrays in NEFTRAN which rely on the pointers LPS
and LPE. All such arrays are dimensioned to the saximum nusber of sub.
¢halns (41 for some).

(b, JV, ¥V, N, JF, JSF, INSR, JPSC)

11, Decay Chain Witl Rranching.

Example: Ul 3]
‘\\“3’1117

The possible subchains are:

I 9. 344

2, 292 10, 1 = 3 =« 4

i Low @ 11. 5«5

4, 3 <38 12, 4 =« 8

. BER L | 13, 224 = %

6. 4 = 4 14, 122+ 495

7. 2 =4 15, 3 w4 « 5

8. 1 =244 16, 1 = 3 « 4 « 5

iRP Col. 1 IRP Col. ?

row 1 1 1 LPS(1) = 1, LPE(1) « 1
row 2 2 1 LP8(2) = 2, LPE(2) = 3
row 3 1 2
row & 3 1 LPS(3) = &4, LPE(3) ~ &
row $ 1 e
row 6 4 1 LPS(4) = 6, LPE(4) = 10
row 7 2 2
row 8 1 3
row 9 3 2
row 10 1 3
row 11 5 1 LPS(5) = 11, LPE(H) = 16
row 12 4 2

p-3







Example:

TI/2(1) = 10y

On input: Iso 2 par = 1 frac = .3
I1so 3 par = 1 frac = .7
In CHAIN:
1FR BRFR
F g 213 ¥. .J
2. 4 0,
- 0 0.
4. 0 0
3, 0 0.
In SETDIS:
1 +2 GO TO B0 w/kM « | 1f (3 .eq. 2) 7
KP =« 3 since ¢, BFR = 1 - BFR « |
LT - 2 . |
1=-3 GO TO %0 w/¥M « ) 1f (3 .eq. 3) ?
KP = § since ¢, BFR « .7 (remains)
LT « 2
3«4 LKP = 1 2,918 1 =« 1RP (7,...,0, 2)
KP = § find at 6, UM « 3
LT = 2 1f (0 .eq, 1)
gince ¢ BFR = 1 - BRR = 1.
1 =24 GO TO 80 w/EM = 1 1£ (3 .eq. 2)
KP « 8 no BFR « 1 - .7 « 3
LT = 13
1 3«4 GO TO B0 w/KM = | 1f (3 .eq. 3)
KP = 10 BFR = .7
LT =« 3
Subroutine BRANCH. In elither case presented above, {t may not be

necessary to transport all subchains,

1 -2+3<4

TU2(2) = 50y TV3(3) = 10%

TV3(4) = 100y

The production of {so #4 by isos #1 and #2 might be insignificant
compared to the production by #) over a time step.
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S0, it is not necessary to transport subchaine

1=2+3«4 nor 23+ 4
In addition to setting up LPS, LPE LAP, and DF, BRANCH decides necessary
subchaine. User cen force &ll subchaine by setting EPS « 0 in argument
1ist (code change). Branch {s called by SOURCE (update inventory te
TRLSE), DTUPDT (age inventory b{ at-source), SETUP (age inventory by ot
transport), with EP§ « 10°% 109, 10
Branch looks at all paths from daughter ise IR to the end(s) of the
chain. Can be up to & paths.

2

1/ \\a-‘-——’s Look at IR = &
N,

Branch finds 2 paths 12«45

and will store in array IV.

The coding that is implementsd for this examp'e is as follows:

IR=5 KB=U (# brand pts detected)
NP = 1 {# paths)
KR « IR = §
1«1
W(l,1) =5
10 Loop
1 =2 IN(1,2) = & no 2nd parent KR = 4
1w 3 IW(1,3) = 2 yeg 2nd parent 1PAR(4,1) = -2
NB =« 1
KR = 2
KR = 1
1 =4 W(l1,4) = 1 no 2nd parent

hit end of chain, go to 30

40 Loop
Detect IPAR(4,1) = -2 (<0)
Set IPAR(4,1) = 2 & go to 50
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SSESrERTEISNS
coo 00000000

DIAONOSTIC (WPD FOR FUNCTION Q1Y
MATRIX/VECTOR SYSTEM TO BE SOLVED FOR FLOW
THE DATA FROM UNIT 10, SAMP DAY

NOT CURRENTLY URED

INVENTORY AT RELEASE TIME

RESTRICTIONS PLACED ON THE TINE §YEPS
LEG/JUNCTION & JUNCTION/LEG CONNECT)ONS
VELOCITIES FROM THE EXTERNAL FILE, unit 1Y
THE ATOM COUNT SUMMARY

JUNCTION PRESSURES & LEG FLOWRATES
LEG-TO-LEG TRANSFER FRACTIONS

TIME SPENT AS EACH 1SOTOPE IN A SUBCHAIN
TIME-DEPENDENT SOURCE FLOWRATES

GROUPZ - PROBLEM S1215

......................

VALUE DESCRIPTION

16 NUMBER OF NETWORK LEGS

13 HUMBER OF NETWORK JUNCT)ONS
5 NUMBER OF MIGRATION PATH LECS
1 NUMBER OF DECAY CHAINE INPUY
3 NUMBER OF ELEMENTS [NPUT

VALUE
1. 0000 +00
0.0000£+00
0. 0000!000

O.WOW
0.0000€+00

VALLE
1, 0000¢ + 06
0,00006+00
0.00008<00
0.00008+00

DECAY CHAINS
NUMBER  INCLUSION
MEMRERS INDEX

3 0

GROUPY - mctmou PARAMETERS
DESCRIPTION
FRACTION OF SOURCE ACCESSED
PORE VOLUME CONTAINING SCURCE (ft**3)
PORE -AREA FOR SOURCE REGIME (fr**2)
LEACH RATE (1/y)
DEJSITY OF SOURCE FLUID (1b/f1e*})
PORE-AREA AT DISCHARGE (ft**2)

GROUPAL - TIME nmnnn
CESCRIPTION
TIME TO END OF SIMULATION (y)
TIME OF ONSET OF MIGRATION (y)
TIME OF ONSET OF LEACHING (y)
TIME STEP FOR SOURCE (y)
TRANSPORYT TIME STEPS FOR EACH CHAIN
CHAINE  TIME STER(y)
1 0.000£+00

GRoUpy - lltl!ﬂll DETERMINAT | ON

DEFAULT values utilized

Network Properties Array

_—a—e



Lep Inlet Outiet Length Atea Mydraulic
Ll Jet jet )y (sg-ft) & (f/d)
\ 1 & VLAS0EeD)  6.0006+08  §.000F01
? 5 $  B.0006+03 6.000£+086 5.0008+01
] 5 10 S.B00E«04  6.000E+06 5.0 DOEe0)
& W 3 1.0006+05 6.0000406 5.000€+01
Yy P ¥ 1.6506+06  1.000E+086  &.000E+01
[ 1 11 B.000E+03  1.B00E+06  4.000F«0)
! " 7 5.8006404 Y. BOOE+D6  4.000E+01
3 A H 13 1.0006+405  1.B00E+06  &.000¢+01
9 6 4 6.000E+02 7.070E+02 1.0008 -0V

1w 1 § 49650402  1.000E<00  1.000k400

" v 6  5.0006+02 1.000E«00 1.670L-06
12 " 8 6.0356+02 1.000E¢00 1.500£-06
13 [ : A ¥ 03  S.400E+02 1. 000E«00

1% & 40006403  S.400E¢02  1,000C+0N

1% 12 10 1,9006+08  1.0006«00  1.570¢-06

% 13 3 1.1006+03  1.2006+08  2.500£400

Junction Properties Array

Jet flevation Known Press? Pressure

. (ft) No/Yes = O/ ipsi)
1 3.602¢403 A 6. 32702
¢ 2.502¢+03 1 64616402
3 1.5266+03 1 LIS Py T

4 54156408 0 0. 0008 +00

] 33118403 0 0,000€+00
& 2 8508 ] 0. 000E+00
4 2.8150+03 (4 0., GO0E+00
8 2.8156+03 0 0.000¢ +00
¢ 2.3150403 0 0,000€+ 30
i 2.211¢408 0 0 000€+00

12 1.7206+03 0 0.000€+00

13 4. 2596402 0 0.000F <00

Kigraticn Path Properties Array

Leg Dispersivity Spoce Step Diftusion? Hobile

" (1) (ft) No/Yes=0/1 Porosity

13 $.0006+02  0.000E+00 0 3, 000€ -0Y

1 0.0006+00  0,000E+00 0 3.000f -6}

10 0. 0006400 0, 000E+00 0 1,500 - 01

3 0.0006+00 ©,000€+00 0 3.0008 -0

o 0.0006+00  ©.000£+00 0 3. 000¢ - 01
Decay Chain Array

Name Atomic Elem. Locel Parent Parent Fraction

Ab Mass Inclex Irgdex  # 1 LY From# \

DECAY CHAIN # 1

NPZ3? 237y 1 1 0 0 0.000+00

uess 253.0 2 ? 1 0 1.000E+00

Heee %0 3 3 ? 0 1. 000§ +00

Brine

¢, 0008 +00
0. 000¢ + 00
0.000F+00
0., 000f +00
0.000f +00
0.000f «00
0, 000¢ «G0
0. 000¢ +00
6. 700¢ - 0V
1, 000K + 00
1. 0008 +00
1. 0008 +00
1.00GE+00
1. 000 « 00
1.0C0E «00
0. 0COE 00

Imnckl le  Mass Kfer
Porosity Coef (V7y)
0.0006+00  0.000€+00
0.000£+00 0,000E+00
0.000£+00 0.000€+00
C.0006+00 C.000E«00
0.000E+00 0.D00E+GO

fraction
Frome 2

0.000E+00
0. 0008 +00
0.000¢ «00

inventory
(ci)

1.000€+03
1,000€+03
1.000E+03

Velocity
(ftsy)
0.000:+00
0, 000E +120
0.000¢ +00
0. 000€+00
0.000€ 00

Half-Life
{n

2.14084+06
1.620E+05
7.300¢+03

Weighting
Factor

1.000€+00
1.000¢ +00
1.0008+00
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DISCHARGE SUMMARY FOR ALL B Is0T00ES
I80T0PE FEAR RATE PEAK T IME 1o1aLcch) TOTAL(WLIGHTED)

CHALN Y

st 05200008 V45540405 9. ABSH 02 v GBSO 0R
uzss O.BTEBE-03 ) GV0BESDS  D.BS17Ee02  ©.BEI7ECOR
THER® Q.BETRE 03 1.4004E408 9. B6TAL02 9 BATGEA02

TOTALIWEIONTED) = 2. 92086+0)

JUOUT TO READ DAIA SET & 2
THE INPUT [TEME 10 BE RE-READ ARE
ALL OFTIONE

PARRMETERS

STANDAKD PRINT, NONZERO *> PRINY
OPTION VALUE OUTRUT-DESCR|PT IO
LIST OF ALL PARAMETERS
THE NETWORK LEC PROPEMTIES ARRAY
THE WETWORK JUNCTION PROPERT(ES ARRAY
THE MIGRATION PATH PROFERYIES ARKAY
THE DECAY CHAIN PROFERTIES ARRAY
THE ELEMENT PROPERTIES ARRAY
FLUID VELOCITIES & SOURCE/DISCH FLOWRATES
SUBCHAINS - DECAY, PRODUCTION, L VELOCITIES
SPACE & 1IME STEPS AND SOURCE TYPE
TINE DEPENDENT OUTRY!
 IF *N, DISCKARGE RATES EVERY TN TIME §TEP
I N, CONCENTRATIONS EVERY NTH TIME §1EP
" 1 DISCHARGE SUMMARY

EXTERNAL FILES, NONZERD ®=> FILE MRITTEN/READ
OFTION VALUE CORRESPONDING FILE

CCRMND PPN -
- -t DD -

-

2 0  WRITE SKATE.DAT, SOURCE RATES (Ci/y)

13 1 WRITE DRATE.DAT, DISCHARGE RATES (Cl/y)

14 0 NOT CURRENTLY USED

1% 0 READ SAMP . DAY, SAMPLED DATA NORMALLY FOR REPEATED TRIALS
16 O READ VFIELD,DAY, TIME-DEPENDENT vELOCITING

17 D READ SILOW. DAY, VIME-DEPENDENT FLOWRATES

RUN €. TROLS
Duﬂ VALUE  DESCRIPYION

0 USE DVM(D) OR ANALYTIC SOLNC(Y)
19 0  SOLVE NETWORK{D) OR INPUT VELOCITIESCY)
20 0 LEACK{D), SOLUBILITIES(1), O BUTH(Z)
21 D FLOWTHRUCOG, MIXCELL(Y), OR CHOOSE(D)
@ 0 CONSTANT(D) OR EXPONENTIALCY) LIACH RATE
2 0 FORCE(Y) USE OF LEG-YO-LEG TRANSFER ALGOR|THM

g-9
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NEFTRAK 11 « PC VERSION RELEASED OCYORER 1990

.
. .
. .
. .
. WEFTRAN (17 SAMPLE PROBLEM 2 FOR USER'S MANUAL (PC VEKSION) .
. EXECUTION DATE Y1/12/1990 AND TIME 12:11547 .
. L
. .

R T

PARMMETERS

STANDARD PRINT, WONZERD =» PRINTY

oFTIoN VALl‘! OUTPUT-DESCRIPT ION

el
0O 0P N .

-
-

LIS OF ALL PARAMETERS
THE NETWORK LEG PROPERTIES ARRAY
THE NETWORK JUNCTION PROPERTIES ARRAY
THE MIGRATION PATH PROPENYIES ARRAY
THE DECAY CHAIN PROPERTIES AbRAY
THE ELEMENT PROPERTIES ARKAY
FLUIE VELOCITIES & SOURCE/DISEN FLOWRATES
SUBCHAING - DECAY, PRODUCTION, & VELOCITIES
SPACE & TIME STEPS AND SOURCE TYRE
TIME DEPENDENT QUTRUT
©1F oM, DISCNARGE RATES EVERY NTH TIME STEP
~ IF <N, CONCENTRATIONS EVERY NTH TIME STEP
1 DISCHARGE SUMMARY

EXTERNAL FILES, NONZERD > FILE WRI. 'EN/READ

il Al ol

OPTION VALUE CORKESPONDING FILE

12 0 WRITE SPATE.DAT, SOURCE RATES (Ci/y)
13 1 WRITE DRATE,DAT, DIBCHARGE RATES (Ci/y)
14 0 NOT CURRENTLY USED
15 0 READ GAMP DAY, SAMPLED DATA NORMALLY FOR REPEATED TRIALS
16 0 READ VFIELD.DAT, TIME-DEPENDENY VELOCITIES
17 O READ GFLOM.DAT, TIME-DEPENDENT FLOMRATES
RUN CONTROLS
OPTION VALUE DESCRIPTION
18 0 USE DVM(0) OR ANALYTIC SOLN(Y)
19 1 BOLVE NETWORK(D) OR INPUT VELOCITIES(Y)
20 0  LEACH(D), SOLUBILITIES(Y), OR BOTN(2)
2 € FLOWTHRUCD), MIKCELL(Y), OR CHODSE(2)
a2 0  CONSTANT(D) OR EXPONENTIAL(Y) LEACH RATE
23 0 FORCE(Y) USE OF LEG-TO-LEG TRANSFER ALGORITHM

DEBUG PRINTS, NONZERD => PRINT
OFTION VALUE QUTPUT-DESCRIPT ION

2
28

0 OVM MULTIPLIERS FOR TRANSPORT, DISCHARCE, AND SOURCE
0 UDIAGNOSTIC INFO FOR SUBROUTINE BAND

E~13
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- -
" NEFTRAN 11 « PC VERSION RELEASED DCTOBER 1990 .
- .
* ONEFIRAN [1: SAMPLE PROBLEM THREE - NEFTRAN || MANUAL (PC VERSION) *
* EXECUTION MATE 1171271900 AND TIME 12:15: § .
- -
L e T T Y
PARAME TERS
GROUPY - OPTIONS
STANDARD PRINT, NONZERD #» PRINT
OFTION VALUE OUTPUT-DESCRIPTION
1 1 LISY OF ALL PARAMETERS
? 1 THE NETWORK LEG PROPERTIES ARRAY
3 1 THE NETWORK JUNCTION PRUPERTIES ARRAY
4 1 THE MIGRATION PATH PROPERTIES ARRAY
5 1 THE DECAY CHAIN PROPERTIES ARRAY
6 1 THE ELEMENT PROPERTIES ARRAY
7 1 FLUID VELOCITIES & SOURCE/DISCH FLOWRATES
8 1 SUBCHAINS- DECAY, PRODUCTION, & VELOCITIES
9 1 SPACE & TIKE STEPS AND SOURCE TYPE
10 1 TIME DEPENDENT QUTPUT
+ IF N, D1GCHARGE RATES EVERY NTH TIME SYEP
* IF =N, CONCENTRATIONS EVERY NTH TIME STEP
1 1 DISCHARGE SUMMARY
EXTERNAL FILES, NONZERO =» FILE WRITTEN ‘EAD
OPTION VALUE CORRESPONDING FILE
12 1 WRITE SRATE DAT, SOURCE RAYES (Li/y)
13 1  WRITE DRATE.DAT, DISCHARGE RATES (Ci/y)
14 0 NOT CURRENTLY USED
18 0 READ S\MP.DAT, SAMPLED DATA NORMALLY FOR REPEATED TRIALS
16 1 READ VFIELD.DAY, TIME-DEPT-JENT VELOCITIES
1 0 READ SFLOW.DAY, TIME-DEPENDENT TLOWRATES
RUN CONTROLS
OPTION VALUE DESCRIPTION
18 0 USE DVM(D) OR ANALYTIC 30LN(Y)
19 1!  SOLVE NETWORK(D) OR INPUT VELOCITIES(1)
20 0  LEACH(O), SOLUBILITIES(Y), OR BOTH(2)
21 0 FLONTHRU(CO), MIXCELL(Y), OR CROOSE(Z)
22 0 CONSTANT(D) OR EXPONENTIAL(Y) LEACH RATE
23 0  FORCE(1) USE OF LEG-70-LEG TRANSFER ALGORITHM
DEBUG PRINTS, NONZERD => PRIN
OFTION VALUE OUTPUT-DESCRIPTION
2 0 DVM MULTIPLIERS FOR TRANSPORT, NISCMARGE, AND SOURCE
25 0  DIAGNOSTIC INFO FOR SUCROUTINE BAND

E~18
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- DIAGNOST I S FOR N N
MATRIX/VE W EYSTEM 1 1 v e B W
¢ TRE DATA FROM UNIY SAMP DAY
ey NOT CURREN Y
3 NVENTORY AT B E 1IME
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; NCTION & NC Y h : NN ' i\
) \ vi WITIES FROM THE EXTERNA § N1
> 1 HE ATOM INT SUMMAS
3 JUNCTION PRES Ris & i [ WEATE
3¢ L : RANSFER FTRALT ~
37 SPENT AS EACH WE IN A SUBCHAIN
! DEPENDEN A WRATE
X ¥R . ]
¥ t Ri h
NUMBER OF NETWORK L§
NUMBER OF WORK N A
NUMBER OF MIGRA N PATH
5 b F DECAY HAIN >
3 NUMBER OF ELEMEN N
[ AY HAIN
NUMBE S » M
MM - M X
1
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I8 £ Bl '
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. . ¢ 4 L L ¥y
' EN Y Of R § fran
* PORE -AREA » A fran
" ’ ~ PA wm
Va . f RIPY N
: £ ME TO END OF MULATION
’ wi f NSET F M A N
v Mt F ONSE!Y EACHIN y
4 T IME P DS A IRCE y
RAN R 1 “ R EACS (AT
L] iH Mi ’
w O NCREMEN TERMINATION
FA ' 1ed
“ X ert A \
¢ ! ' e 3 ‘ 3 -
b -










e

e

%

e




P —

AM243 >PU239 >U235

VELOCITY IR RMATION FOR EACH SUBCHAIN

1,24615€-03

LEG 1
¥ MIN VELOCITY MEAN VELOCITY MAX. VELOCITY MEAN COURANT 1,0,
1 1.02947€-02 1.03158¢8-02 1.03368¢-02 4, B1403E+0Y
2 1.02947€-02 1.03158¢ -02 1.03348¢-02 4. B1403E+01
3 1.02947¢-02 1.02158¢-02 1.03368¢ - 02 4. 814038+ 01
& 1.02947¢-02 1.03158¢-02 1.033458¢-02 4, B1403E+01
5 1.02947€-02 1.03158¢-02 * ATYNBE-02 4, 81403800
é 1.029‘7!-?2 1.03158¢-02 oBE-02 4. 814036+
LEG
¥ MIN VELOCITY MIAN VELOCITY MAX ., VELOCITY MEAN COURANT NO,
1 5. 62509¢- 02 1.03158¢ - 02 7.68824€-02 6.87719€+00
2 -5 .62509€ - 02 1.03158¢£-02 7. 68824E-02 6.877196400
3 -5.62509€-02 1.03158¢-02 7.68B24E-02 6.87719€+400
4 ~5.62509€-02 1.03158¢-02 7.68824-02 6.877196+00
s +5.62509€-02 1.03158¢€-02 7.68824E-02 6.877196400
[ -5.62509¢-02 1.031.8¢-02 7.688248-02 6.87719E+00
SPACE STEP(LEG 1)-<-srevrssn DX = 2.1428B4E-0% FY
¥ OF BLOCKS(LEG 1)rsvvrsvnvss NX = 6
# OF CATCHER BLOCKS(LEL V)-=vvvvsnsse NC = 0
SPACE STEP(LEG 2)r--re=vures DX = 1,56000€+00 ¢1
# OF BLOCKS(LEG 2)--vr--sv=n> NX = 437
# OF CATCHER BLOCKS(LEG 2)rvvvsevvsss NC = 38
TOTAL NUMBER OF GRID BLOCKS-+ NTX = 48)
MITH TOTAL CATCNER BLOCKS---- NEX =« 38
THE TIME STEP-=--vvovencasens DY = 1,0D000E+03 ¥
FLOW) "RU SOURCE MODE "
5.1000€+04 3.68756-02 2.0127E+01 7,04996-03
5.2000E+04 4.0540€-02 2.3542E+37 B.50356-03
5.30006+04 4&,23576-02 2.6189E+01 9.75638-03
5.4000€+04 4 ,3280E-02 2.34926+01 1,0947¢-02
5.5000E+04 4. 3547€-02 3.0526E+01 1.20966-02
5.60006+04 &.32606-02 3.2290€+01 1.3194E-02
5.70006+04 &.25126-02 3.3789€+01 1.4237¢-02
5.80006+04 &.13836-02 3.5024€+01 1.5216€-02
5.90006+04 3.9945€-02 3.60006+01 1.6125¢-02
6.0000€+04 3.B269E-02 3.6725E+01 1.6960¢-02
6,10006+04 3.6414E-02 3.72138+01 1.7716E-02
6.20006+404 3.4439€-02 3.7477401 1.8392¢-02
6.30006+04 3.2391E-02 3.7534E+01 1.89878-02
6.4D00E+04 3.03108-02 3.7402E+01 1,9502¢-02
6.5000E+04 2.B234E-02 3.71006+01 1,9938¢-02
6.6000E+C+ 2.6189E-02 3,6845E¢01 2.0297-02
6.70006+04 2.4198E-02 3,6058E+01 2.05818-02
6.8000E+04 2.22B0E-02 3.5353£+01 2.0795¢-02
6.90008+06 2.0447€-02 3.45488+01 2.09¢1€-02
7.00006+04 1.B709€-02 3.3643E+01 2.1025€-02

27
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