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ABSTRACT

FEMTRAN is a finite element computer program for numerical simulation

of the two-dimensional transport of radionuclide decay chains through

saturated/unsaturated sorbing porous media. Transport mechanisms include

advection, hydrodynamic dispersion, diffusion, equilibrium adsorption, and

radioactive decay and evolution. The mathematical formulation and numerical

implementation are presented in some detail. User instructions and example

problems are described to illustrate the use and capabilities of the

program.
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PREFACE

FEMTRAN is a general purpose two-dimensional finite element computer

program designed for simulation of radionuclide transport through porous

media. The code was developed in support of the Nevada Nuclear Waste

Storage Investigations* project to provide predictive capabilities for

performance assessment and design specification. This report is intended to

provide documentation of the FEMTRAN computer code. A complete description

is given of the mathematical model and numerical solution procedure.

Execution instructions are also provided for the users of the code.

Chapter I presents the equations governing radionuclide transport

through saturated/unsaturated porous media -along with the appropriate

initial and boundary conditions. The remainder of the chapter is devoted to

describing the solution of the transport equations by applying the method of

weighted residuals technique to derive finite element equations. Chapter II

lists the codes that are recognized by FEMTRAN for providing mesh and

hydrodynamic data when required. These variables may also be provided by

the user where appropriate. Chapter III provides complete user instruction

for the execution of FEMTRAN. Job control language is also provided for

execution on the SNLA CRAY-1S computer system. A set of sample problems are

provided in Chapter IV to. illustrate the use and capabilities of FEMTRAN.

Computer output from Sample Problem 1 is provided in the appendix for check-

out purposes.

Readers interested primarily in the use of FEMTRAN are urged to spend

some time in the Governing Equations section of Chapter II. Understanding

of the governing equations and initial and boundary condition requirements

are essential to the successful application of FEMTRAN. User input require-

ments for execution are described in Chapters III and IV.

*The Nevada Nuclear Waste Storage Investigations Project, managed by the
Nevada Operations Office of the U. S. Department of Energy, is examining the
feasibility of siting a repository for high-level nuclear wastes at Yucca
Mountain on and adjacent to the Nevada Test Site. This work was funded in
part by the NNWSI Project. The ultimate use of this information will be
for system analysis and performance assessment of a nuclear waste repository
in tuff.
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NOTATION

aL Longitudinal dispersivity L)

aT Transverse dispersivity (L)

A Elemental coefficient matrix

B Domain boundary with Dirichlet conditions

B Domain boundary with Neumann conditions
2

B3 Domain boundary with Cauchy conditions

C Volumetric mass concentration (M/L )

3
Time derivative of the concentration M/L T)

D Molecular diffusion coefficient L /T)
d

D Dispersion-diffusion tensor (L /T)
ij

D Elemental load vector due to sources

E Elemental boundary flux matrix for Cauchy boundaries

F Elemental force vector

h Fluid pressure head (L)

EJ] Jacobian matrix

J Determinant of [J]

kij Hydraulic conductivity tensor (L/T)

K Distribution coefficient (L3/M)d

L(-) Differential operator

MIN Elemental mass (capacitance) matrix

ni Outward pointing unit normal vector

N Basis functions

q Nuclide source

q3 Cauchy boundary flux (M/L T)

Q - Elemental load vector due to boundary fluxes

R Computational region
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Rd Retention factor

Re Region of element e

Rres Elemental residual error

S Solid phase concentration of adsorbed species (M/M)

SIJ Elemental stiffness matrix

t Time T)

T1J Global coefficient matrix

Us Darcy velocity vector (L/T)

WI Weighting functions

x i(x,z) Spatial coordinates (L)

Y Global force-vector

Greek Symbols

at Modified coefficient of compressibility of medium

diJ Kronecker delta

8 Moisture content (L3/L3)

X Radioactive decay coefficient (1/T)

in Local coordinates

p Bulk density of medium (M/L3)

T Tortuosity

W Timeplane weighting factor

Superscript

m Refers to the mth member of an M-membered decay chain

Subscripts

iJ Standard indicial notation in tensor analysis

I,J Refers to quantities resulting from application of the finite
element method
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I. INTRODUCTION

Motivation

A major task of the Nevada Nuclear Waste Storage Investigations

(NNWSI) project is to provide performance assessment and evaluation of a

candidate repository site in the Yucca Mountain region of the Nevada Test

Site. Nuclear waste composition includes many long-lived radionuclides that

produce daughter nuclides by first-order reaction. The need for predicting

radionuclide transport by groundwater from repository to biosphere has

prompted the development of the FEMTRAN computer code described in this

report. FEMTRAN simulates the transport of a chain of radionuclides

through a two-dimensional saturated or unsaturated porous medium.

Radionuclide decay chain reactions considered here may be described as,

cI * C2 C3 + cm

where C denotes liquid phase volumetric mass concentration of the m-th

nuclide in the chain and the evolution of each daughter species (Cm, m > 1)

is by first order decay of its precursor. The transport mechanisms for each

nuclide include the effects of advection, hydrodynamic dispersion, diffu-

sion, equilibrium adsorption and first order decay and evolution. The

resulting equations are solved by applying the method of weighted residuals

in the context of the finite element method. The resulting ordinary dif-

ferential equations are integrated in time by standard finite difference

recurrence relations (Crank-Nicolson, backward difference, mid-difference).

Matrix equations are solved by Gaussian elimination.

The basis of the code FEMTRAN is the transport code developed by Duguid
1 2

and Reeves, and subsequently modified and expanded by Yeh and Ward at Oak
2

Ridge National Laboratory. The code FEMWASTE Yeh and Ward ) was designed

to model transport of one species of the type described here without evolu-

tion from a precursor and under steady boundary conditions. In addition to

handling chain decay and transient boundary conditions, the transport equa-

tion has been rearranged into a more suitable form for computing with

numerically generated space and time dependent hydrodynamic solutions. The

rearranged equations require a modified numerical implementation of the

Cauchy (third-type) boundary condition. With the addition of decay chains,

certain parameters now vary with material type as well as species. The

-9-



parameters include species decay, equilibrium adsorption, and molecular dif-

fusion coefficients. The remaining parameters are assumed to depend only on

the medium through which the radionuclides are being transported. Various

additional modifications to the parent code are explained in the subsequent

text,

The many similarities between FEMTRAN and FEMWASTE will become evident

in the structure of this report. The input format and symbolic notation

will also be familiar to previous' users of FEMWASTE. Although a conscious

effort was made to provide completeness in this document, users of FEMTRAN
1 ,2

may find documentation of the parent codes. valuable.

Limitations and Assumptions

Although FEMTRAN was designed as a general purpose radionuclide

transport model, the various limitations and assumptions are listed for the

convenience of the user. The following should aid in deciding the ap-

plicability of FEMTRAN to the problem at hand.

(1) The problem geometry is limited to the plane.

(2) Decay chain reactions are assumed to be of the first-order type.

Only sequential decay chains are considered. The program is dimen-

sioned for up to ten-membered decay chains.

(3) Ten different homogeneous material types may be included.

(4) Hydrodynamic dispersion is described as a Fickian process for a

homogeneously dispersing medium.

(5) Adsorption reactions with the medium are described by an equi-

librium isotherm.

-10-



II. HATHEMATICAL DESCRIPTION

This section presents the mathematical formulation describing the

advective-dispersive transport of a chain of radionuclides through a

saturated/unsaturated sorbing porous medium. The numerical solution

method and implementation are also discussed in some detail.

Governing Equations

The equations describing the transport of a chain of radionuclides

through a sorbing porous medium are a statement of mass balance. The

transport equations presented here include the mechanisms of advection,

hydrodynamic dispersion, molecular diffusion, linear equilibrium adsorption

and first-order radioactive decay and evolution. The transport equation for
2 3

the mth radionuclide may be written c.f. Yeh and Ward and Bear ), for

transport in the plane, as

L(Cm) - a (eC + Sm) + (Cm + pSm) 'a

- m 3 M(
+ aa (ace E a cm) -6D (1)

+ Am(Cm + pSm) - Xmm1(ecm1 + psm 1) q 0

i-=x,z

m - 1.

Summation is implied by repeated indices. Equation (1) becomes valid for

m - 1 by formally setting A to zero. The first term represents the rate of

storage of total mass (including dissolved and adsorbed phases) in the

considered region. The second term includes the change in storage by com-

paction of the bulk volume due to pressure. The third term is the

divergence of material flux by advection, dispersion, and diffusion. The

fourth and fifth terms represent the first-order decay and evolution of the

m-th nuclide, respectively. The last term is the input of material by the

nuclide source. The dispersion-diffusion tensor, assuming an isotropic (for

dispersion) medium3, is given by,
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OD'J (aTU + D'T)Si + aL - aT)UiUj/U (2)

where ,

U - AU. U. i - x,z

is the magnitude of the Darcy velocity.

In deriving (1) the hydrodynamic variables, (xi,t), h(xi,t), and

Ui(xit) are assumed known inputs. When considering general time-dependent

saturated/unsaturated transport problems, the fields are given by solving

the hydrodynamic problem. The Darcy velocities, U are obtained by apply-

ing the Darcy equation to the hydraulic head solution.

The adsorption of radionuclides by the porous skeleton is assumed to

occur on a time scale that is small compared to the transport time scale

so that the dissolved and adsorbed phases are in equilibrium. For small

solution concentrations the adsorbed concentration is given by the linear

equation,

s KIDCW (3)
d-

where Km is the equilibrium distribution coefficient for the m-th nuclide.
d

Substitution of (3) into (1) gives,

L(Cm) - Rm a Cm + U a m a Dm aC
dat i axi axi ij x

m h i m in-1 i-inM-11
+ORdCa, + ORdC A ARd C

qm -o-qM

where,

..

*d +

is the retention factor. The fluid mass balance equation,

-12-



ae a
at' axi 

has been used in arriving at (4).

The initial conditions for (4) are given by,

c *c (xj,t) at t - 0 in R I m - ,...,M (5)

where C are given functions of xi. The boundary conditions for (4) may be

Dirichlet, expressed as,

- C~ (x19t) on B1 In - P . (6)

Neuman, expressed as,

m ax '° neD1 aC-n 1 - 0on Bi a 2 m - 1 ... gm (7)

or Cauchy expressed as,

(UmC - mD a)n(U C OD -5xi ij j )na- q (xit) on B r m - 1,...,M (8)

where B - B U B U B is the total system boundary. When simulating
1 2 3

geologic nuclear waste repositories, the appropriate forms of C1 and q are

given by the Bateman equations ' . Bateman's equations are the solutions to

the mass balance equations,

dCT . m Am1 m1
dt 1 (9)

(A - )

which must be satisfied at the repository due to mass evolution and decay.

4,5The solutions to (9) are given by,

-13-



m CP m m eq
C.1 t) 'I AF f Ar I e (10)

p-i m r-p q-p f_ (As q)

s*p

where C is the initial repository inventory for the m-th nuclide. The

Dirichlet condition is given directly by (10). The Cauchy condition is

given by the vector product,

q3 ClU n on B
3 ~~3 

Finite Element Approximations

Approximate solutions to the transport equations (4) subject to ap-

propriate initial and boundary conditions (5), (6), (7), (8) are obtained by

applying the method of weighted residuals MWR). A detailed description of
6

the method has been given by Heubner and Thornton , among others. Additional
2

descriptions can be found in reports by Yeh and Ward and Duguid and
1

Reeves..

To apply the MWR, the computational domain is subdivided into an as-

semblage of smaller sub-domains referred to as finite elements. The

dependent variable, C , is approximated by C in each element with,

C - Cm C(t)NI(XI1

where N are the trial (basis) functions approximating the spatial variation

of C in the element, and C (t) are the unknown time-dependent nodal values

of concentration for the m-th nuclide. Bilinear basis functions defined on

quadrilaterals are used for the N Substitution of (11) into the governing

equations results in a set of equations with some residual error, R res. The

MWR chooses the unknown functions CI such that the residual vanishes over

the element domain in some weighted average sense. The weighted residual is

set to zero by requiring

-14-



Re W L(Cm)dR W R dR - , I - 1 ... 4 (12)

where W are the weighting functions used to form the weighted average.

Application of (12) results in the following matrix equation for element e,

[MeJ]{C- m+ [sIJ]{CJ1 + DI1m + JQI} - 0 (13)

where,

I t CI (14a)

Mm 'f Rd1W NdR (14b)
Ij Re dI J

S~mJ f H UWI J + 6Dax + eR + A )W N dR (14c)

m W (m-l -l n-i qm)dR (14d)
R

I He Ei I a ni dE(14e)

The divergence term in (4) has been integrated by parts (Greens Theorem) in

arriving at Equation (14).
2

Yeh and Ward found that mass matrix lumping is often desirable when

using central or backward-difference time marching and provide this option

in their report. The lumping is performed by performing a row sum on MIJ as

follows,

II fI ed WINJ dR (15)
II a d

and,

-15-



MI ' 0 I * IJ

where no summation is taken over I in (15). This option is retained in

FEMTRAN.

Time Integration by Finite Differences

Application of the MWR to the governing equations results in a set of

simultaneous ordinary differential equations in time given by (13). The

integration in time of (13) by finite difference results in an element

matrix equation given by,

[AIC]{CJ- {FI1 (16)

when the [AI I and FmI depend on the timeplane weighting parameter 

specifying an intermediate time t - t + WAt between a time step t.

In general, the coefficient matrix and forcing vector are given by,

[AmI] [MmI /at + [Sm

t+At

{Fm} ' ([Mm ]/At - (1i-)[Sm ])icm} (17)
t

-(1-W)(HDI} + {Qm} )
t t

-,(IDm} + {QMI} )
t+At t+At

where [M mi] and [S~m] are evaluated at t. The Crank-Nicolson centered-in-

time formulation is given by X - 1/2 and the backward-difference formulation

by - 1. The mid-difference method assumes a linear variation of vari-

ables in time over the time step At such that,

-16-



{C - (C t+At/2 - cJt)/t

(18)

{Cj} = 2{Cj} - IC'I

which results in,

[Am] - 2[Mm ]/At + [ 

fCMI - {CM}
t+Atf2

tFmI - (2[Mm ]/At){Cm' (19)
t

- {Dm} -QI1

t+At/2 t+At/2

for the element matrix (16). Equation (18) gives the values of lCe}
t+At

Element Construction and Implementation

The four node, bilinear quadrilateral element was used for approximat-

ing the spatial distribution of variables. In terms of the local coordinate
6,7

system given in Figure 1, the bilinear basis function is written as,

N isn) 4 ( + Z)(1 + I - 1,...,4 (20)

where I and nI are the local coordinates of the corner nodes numbered from

1 to 4 in a clockwise direction around the element. In Galerkin's formula-

tion of the method of weighted residuals, the weighting functions, WI, are

set equal to the basis functions N. For advection dominated problems,

researches have found it advantageous to use weighting functions that give a

greater weighting to the upstream nodes connected to the considered
8-10

node 1 The upstream formulation of the method of weighted residuals uses
10weighting functions. given by,

-17-
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Wi 16 [ - 3a1 - 2) + 4][(1+n)(302 Ti - 382 2) + 4]

2 [( )(-3a1 + 3 + 2)][(1+n)(301n - 3 - 2) + 4]

- 1 [(l+&)(-3a + 3 2 + 2)][(l+n)(-30 n + 3 + 2)]

W4 - T [(1+t)(3a2g - 3a2 - 2) + 4][(1+n)(-381in + 32 + 2)]

where a 02 are upstream weighting factors associated with sides

1-2, 2-3, 4-3, and 1-4, respectively, of an element as illustrated in Figure
82. The weighting parameters are given by,

ct(or i) - coth (2) - (21)

where the U, L, D represent the velocity component, length and dispersion

coefficient along the corresponding element side (Figure 2). Equation (21)

was derived by equating the analytical and numerical solution with upstream
8

weighting of steady, one-dimensional convective-diffusive transport

The transformation between global and local coordinates is given by,

xi xiNJ(gn) (22)

where the x are the global node coordinates and N are interpolation

functions for the element. An isoparametric mapping is selected where the

NJ are the same as the basis functions.

The construction of the element equations given in (14) requires

evaluation of various derivatives and integrals of the basis functions. The

transformation of derivatives between local and global planes is given by,

a [ax az a a
5I ax ax

. II - EJ] (23)
a ax az a a
an 5a an az az

-19-



_ - Zip

I IIE El
'I v

kk A

i34

A
II I.

I F `2
a 4

Figure 2. Orientation of Upstream Weighting Functions Along the Boundaries
of a Transformed Element (from Ref. 2)
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where J] is the Jacobian matrix. Inversion of (23) gives the required

relationship for use in (14). The final transformation required for numeri-

cal computation of (14) is the elemental area in local coordinates. In the

plane, this is given by,

dxdz - J ddn (24)

where J is the determinant of J.. The numerical integration of the trans-

formed versions of (14) is performed using 2 X 2 Gaussian quadrature.

Element Assembly

Equations presented thus far have represented the region of a single

finite element. The entire computational region is represented by gener-

ating an equation of the form (16) for all elements by assembling the

equations such that inter-element continuity is enforced. This is ac-

complished by appropriate summation of equations such that unknowns at nodes

common to adjacent elements are the same in all elements connecting at that
6

node, i.e., the tdirect stiffness method.". The resulting matrix is of the

form,

[T J]iC' - Y1 (25)

The global coefficient matrix [T1 J] is banded and sparse. To reduce storage
IJ ~~1,11

requirements only the banded portion is stored.

Application of Boundary Conditions and Matrix Solution

Dirichlet boundary conditions are applied by modifying [TIJI and {YI}

in (25) such that the equations for the prescribed C are identically
J

satisfied. The procedure is outlined in References 1 and 6.

The Neumann condition (7) is applied by setting Q in (14c) to zero.

This is the natural boundary condition for (4) and as such is the default

boundary condition when no other is specified.

The Cauchy condition is applied by substituting (8) into (14c). This

boundary condition is implemented by specifying,

{QMI- Je WI {q'}dB (26)
Be 
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and adding to [SI'].

[E~m] ' - |e W U n N dB (27)

The vector and matrix, (26) and (27), are incorporated into the elemen-

tal equations by the procedure outlined in (17), (18), or (19), depending on

the time integration scheme, and assembled into (25).

The matrix equation (25), having been modified for boundary conditions,

is solved by Gaussian elimination.

Mass Balance Computation

A mass balance check on a computed solution can be obtained by con-

sidering the integral form of the governing equations over the entire

computational region. A mass balance check serves as an indicator of the

accuracy and consistency of the computer code. Mass balance computations

are provided for the nuclide concentration distributions and fluid flow

fields since the former is a result of the latter (except in diffusion

dominated problems). The fluid mass balance is an indication of the ac-

curacy of the input flow field used to compute nuclide transport.

The fluid mass balance can be checked by comparing the boundary flux

with the accumulation of mass within the computational region. The mass

divergence rate is given by,

J UinI dB (28a)
B

and the accumulation rate by,

|(ra3)dR (28b)
R

These are components of the mass balance equation written in integral form

for the entire computational region. The boundary flux term (28a) is broken

into three terms, one for each type of boundary (Dirichlet, Neumann and

Cauchy) that constitute the entire mesh boundary, B. Ideal mass balance

would be indicated if the accumulation and divergence functions sum to zero.

However, in any numerical simulation these terms can only be expected to sum

to some acceptably small value.
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In a similar manner, an indication of the accuracy and consistency of

the solution computed for each nuclide is given by mass balance.

Radionuclide mass divergence rate for the m-th species is given by,

(c - DiJ ax )ni dB (29a)
B j 

and the net accumulation rate by,

cm + a psm + AmeRmcm - -1eRmC-1
at at- d d

+ aOR m ah m - qm)dR (29b)
d tC

As in the fluid balance procedure, the divergence function is broken into

three terms for clear identification of the boundary flux contribution from

each boundary type.

Computation of Fluid and Radionuclide Flux

In formulating the governing equations for radionuclide transport, the

Darcy velocity field was assumed to be a known input. The hydrologic solu-

tion is obtained from a hydrodynamic code when simulating time-dependent

saturated/unsaturated problems. The usual dependent variable in

hydrodynamic codes is hydraulic head. Darcy velocities are obtained from

the hydraulic head field by application of the Darcy equation. FEMTRAN

offers the option of computing Darcy velocities from the hydrodynamic solu-

tion by application of Galerken's method of weighted residuals to the Darcy

equation. This is expressed as,

R I (U N + k *N h )dR e I - i...,4 (30)

where U are the nodal values of the i component of Darcy velocity. The
Li

application of Galerkin's method results in the following elemental matrix

equation,
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[G1 luI - H1 1 , i - xz (31

where,

[G1jI R f NN dRr

BNIJ Re Ii I XJ

l ij} - e kNI ax h dR

The equations are assembled for all elements and solved by Gaussian

elimination. This option was incorporated for use with the hydrodynamic

codes12'13 developed in the Fluid and Thermal Sciences Department at SNLA

which have the option of computing Darcy velocity according to,

3 M ~I
U~i - -k i - hI (32)

applied on an element basis. In fact, the present option for computing

Darcy velocities uses those values directly in the force vector, i.e.,

{H. I N U N dR (33)
ii Re I i J

where U are nodal point values of Darcy velocity. This numerical im-

plementation of computing Darcy velocities has proven superior in some

circumstances2'14.

The computation of radionuclide flux is performed in an analogous

manner to the fluid flux. Equation (31) becomes,

[GeJ]rFe , - 1I} , (34)

where,
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[G1I - e WjN dR
R

1H I - - e WI (eDm aN _ Nj)C dRI R ij axi U1N)C d

The equations are assembled and solved as before for each radionuclide in

the chain.

Alternative Numerical Schemes
2

All numerical schemes reported by Yeh and Ward remain operational in

this work. The 12 options are listed in Table 1 (from Reference 2).

Table 1. Optional Finite Element Schemes

Mass matrix
Time-marching methods Weighting function lumzing

Crank- Backward- Mid-
Schemes Nicolson difference difference Galerkin Upstream No Yes

1 ~x x x

2 x x x

3 x X X

14 x x x

5 x x x

6 x x x

7 x x x

8 x x x

9 x x x

10 x x x

11 x x x

12 x x x
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III. COMPUTER INPUT REQUIREMENTS

The computer code FEMTRAN was designed for general purpose simulation

of radionuclide transport. The following outlines the input requirements

needed for simulating a general transport problem and the compatibilities

with other codes.

Mesh Specification

Finite element meshes may be specified by the user or from disk file.

The mesh generation subroutines in FEMWATER15 have been included in FEMTRAN

to allow user mesh specification. The finite element mesh data may also be

read from disk unit 9 after construction with the mesh generator code
16 1

QMESH. or from DECODE1 7. DECODE is a mesh and solution transfer code for
13using hydrodynamic mesh and solution data generated with SAGUARO or

12
MARIAH.

Hydrodynamic Variables

In writing the governing equations, (1) through (8). it was assumed

that the hydrodynamic variables 9, U, and h, as functions of space and

time, were known Inputs. In general, these variables are computed by solv-

ing the hydrodynamic problem prior to performing the radionuclide

simulation. The hydrodynamic solution may be computed for use in FEMTRAN

with the following codes,
15

FEMWATER.
12 17 18

MARIAH. (using DECODE1 7 or MERLIN. for data transfer)

SAGUARO13 (using DECODE1 or MERLIN, for data transfer)

A linear timeplane interpolation procedure is included in FEMTRAN so

that the transport calculation need not proceed at the same time-stepping

sequence used in computing the hydrodynamic solution. Different time scales

for the two phenomena may be resolved in this manner. The hydrodynamic

solution may also be specified through a user subroutine, allowing

specification of a general space (two-dimensional) and time dependent solu-

tion (e.g., a source-sink well pair).
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IV. USER INPUT INSTRUCTIONS

This chapter describes the sequence of inputs required for executing

FEMTRAN. The data sets are listed in the order anticipated by FENTRAN. The

input structure is very similar to Reference 2 for the convenience of those

familiar with the execution of FEMWASTE. Each data set in the input list is

structured as follows.

1) Following the data set number, data set title, and format for the typed

data, a brief description of the information contained on the card is

given. Included in this information are the circumstances under which

the card is required and how many cards of the same type will be read

(e.g., when simulating decay chains).

2) The variable name used in the code, the columns and format in which the

data is typed, and a description of the variable is given for each data

entry.

3) The card number indicates how many cards will be expected for that data

set.

4) Several Jobs may be computed In one execution by cascading the sequence

of data sets for each job. The user is reminded to check that disk

data, if required, is provided correctly in the Job control input

stream.

Input Data Format

The following data sets are described in this section.

Data Set 1:
Data Set 2:
Data Set 3:
Data Set 4:
Data Set 5:
Data Set 6:
Data Set 7:
Data Set 8:
Data Set 9:
Data Set 10:
Data Set 11:
Data Set 12:
Data Set 13:
Data Set 14:
Data Set 15:
Data Set 16:
Data Set 17:

Problem Identification
Control Parameters
Conversion Factors
Dirichlet Boundary Control
Cauchy Boundary Control
Time Integration Parameters
Printed Output Control
Auxiliary Storage and Flow Field Control
Material Properties
Species and Material Dependent Properties
Nodal Point Coordinates
Element Connectivity
Material Correction
Initial Conditions
Dirichlet Boundary Conditions
Neumann Boundary Conditions
Cauchy Boundary Conditions
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ens sass. as as - a - sass ass. nsa sans ass as sass ness amass. asSes as ass nsas sass a

Data Set 1 Problem Identification FORMAT (I5,9A8)
This data set provides a problem number and title for
easy identification of job.

Card Variable Column Format Definition

1 NPROB 1-5 I5 Problem number
TITLE 6-77 9A8 Problem title

ease massasasas ewes a sssssasaaaasaase 5e 5.5�555 amasses. ass... sss aessa san

Data Set 2 Control Parameters FORMAT (16I5)
The specification of control parameters for defining
the problem are given in this data set.

Card Variable Column Format Definition

1 NNP 1-5 I5 Total number of nodal points in
problem

NEL

NMAT

NCM

NTI

NBCT

NSTT

KVI

6-10

11-15

16-20

21-25

26-30

31-35

36-40

-15 Total number Qf elements in problem

I5 Number of materials

I5 Number of elements with corrected
material properties

I5 Number of time increments

I5 Dirichlet boundary control;
O - no Dirichlet boundaries in

this problem,
1 - Dirichlet boundaries will be

specified

I5 Cauchy boundary control;
O - no Cauchy boundaries in this

problem
1 - Cauchy boundaries will be

specified

I5 Flow field input control;
1 - steady-state flow field will

be specified,
2 - transient flow field will be

specified
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KSTR 41-45 I5 Auxiliary solution storage control;
0 - solution will not be stored,
1 - solution is stored on unit 2
- (see Data Set 8 for specifying

timeplanes to be stored)

KSS 46-50 I5 Steady state control;
0 - steady state solution,
1 - transient solution

NMPPM 51-55 15 Number of material
properties per material
(see Data Set 9)

WET 56-60 I5 Weighting function control;
0 - Galerkin formulation,
1 - upstream weighting

ILUMP 61-65 I5 Mass matrix lumping control;
0 - mass matrix will not be lumped
1 - mass matrix is lumped

IMID 66-70 15 Mid-difference control;
0 - no mid-difference integration
1 - mid-difference time algorithm

is specified

2 NSPEC 1-5 15 Number of species in decay chain
(1 5NSPEC51 0)

ITRBC 6-10 I5 Transient Boundary Condition
Control;
0 - steady-state boundary condi-

tions,
1 - transient boundary conditions

are specified (see Equation
(10))

IMESH 11-15 I5 Mesh input control;
0 - mesh data will be specified by

user
1 - mesh data will be read from

logical unit 9

IHYDRO 16-20 I5 Hydrodynamic solution input control;
* - 0 - hydrodynamic solution is com-

puted in user subroutine,

-29-



1 - solution read from logical
unit 1 as generated with
DECODE[17)*, or,

2 - solution generated with
MERLIN 18]**, or,

3 - solution generated with
FEMWATER***

ICONFLW 21-25 I5 Continuous velocity control;
0 - velocities will not be computed
1 - velocities will be computed

by applying Galerkin's method

MASBAL 26-30 I5 Hydrodynamic mass balance control;
0 - hydrodynamic balance is not

computed,
1 - balance is computed

Data Set 3 Conversion Factors FORMAT(8F1O.O)
This data set is needed only when IHYDRO-1 or 2
(Data Set 2) which specifies that the Hydrodynamic
solution will be computed with SAGUARO.. SAGUARO
computes effective pressure, P - p pgz, as de-
pendent variable in units of pressure. The
parameters HCONV and VCONV may be used to convert
between SAGUARO and FEMTRAN units.

Card Variable Column Format Definition

1 HCONV 1-10 F10.0 Head conversion factor

VCONV 11-20 F10.0 Darcy velocity conversion factor

*data is read by,
READ(1)TIME,(HT(NP),NP-1,NNP),(TH(M,IQ),IQ-1,4),M-1,NEL),
>((VX(M,IQ),IQ-1,4),M-1,NEL),((VZ(M,IQ),IQ-1,4),M-1,NEL)

**data is read by,'
READ(1)TIME,(HT(NP),NP-1,NNP),(THET(NP),NP-1,NNP),
>(VX(NP),NP-1,NNP),(VZ(NP),NP-1,NNP)

***data is read by,
READ(1),TIME,(H(NP),NP-1,NNP),(HT(NP),NP-1,NNP),((TH(M,IQ),
>M-1,NEL),IQ-1,4),(VX(NP),NP-1,NNP),(VZ(NP),NP-1,NNP)

where Hand HT are pressure and hydraulic head respectively, TH (or THET) is
moisture content, and VX,VZ are horizontal and vertical components of Darcy
velocity.
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Data Set 4 Dirichlet Boundary Control FORMAT(1OI5)
This data set is required only when NBCT-> 0 (data
set 2). The number of Dirichlet nodes must be
specified for each species (radionuclide) in the
decay chain (recall NSPEC 10).

Card Variable Column Format Definition

1 INBC(1) 1-5 I5 Number of Dirichlet nodes for
species 1

* . .

INBC(NSPEC) 15 Number of Drichlet nodes for
species NSPEC

as nosa a a a a ass aa as asasa sass as - a ass - as a a a a - a sass as as ass a ass as a sasass ass as ass

Data Set 5 Cauchy Boundary Control FORMAT (1OI5)
This data set is required only when NSTT > 0 (data
set 2). The number of Cauchy element sides must be
specified for each species (NSPEC 10).

Card Variable Column Format Definition

1 INST(1) 1-5 I5 Number of element sides with Cauchy
flux boundary condition for
species 1

INST(NSPEC) I5 Number of element sides with Cauchy
flux boundary condition for
species NSPEC
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Data Set 6 Time Integration Parameters FORMAT(8F10.0)
Parameters for controlling the time step sequence are specified
in this data set. Time steps may be advanced geometrically up
to a maximum value DELMAX, with CHNG as the advancing parameter
(i.e., At +1 At (1 + CHNG)). When transient boundary condi-
tions arg requesNted, (ITRBC-1, Data Set 2) a leach time for
band release of the radionuclides may be specified here as
TLEACH. When ITRBC-O, (steady boundary conditions) TLEACH is
set to TMAX + 1.0 in the code and the input here can be either
zero or a blank field. If transient boundary conditions are
requested but a leach time is not to be specified, the user
should set TLEACH to a value larger than TMAX.

Card Variable Column Format Definition

1 DELT 1-10 F10.0 Initial time step size, T)

CHNG 11-20 F10.0 Multiplier for increasing time step
size

DELMAX 21-30 F10.0 Maximum time step size allowed, (T)

TMAX 31-40 F10.0 Value of maximum simulation time,
(T)

W 41-50 F10.0 Time derivative weighting;
0.5 - for Crank-Nicolson,
1.O - for backward difference

TLEACH 51-60 F10.0 Leach time for radionuclide boundary
condition
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Data Set 7 Printed Output Control FORMAT(80I1)
This data set specifies the timeplanes for which printed
output is desired. The print control index refers to the
timeplane number ITM. The number of cards required depends
on the number of time steps, NTI, according to,

no. of cards - (NTI + 1)/80 + 1

Card Variable Column Format Definition

I KPRO 1 I Printer control for steady-state and
- initial conditions;

0 - no print
1 - print mass balance data,
2 - and concentration solutions,
3 - and material fluxes

KPR(1) 2 Ii

KPR(2) 3 Ii Similar to KPRO but as a function of
time index ITM

KPR(NTI) IT

mamas. as a a a.m.a sass a mamas amass. mamma. ama a = =5555 ma a a sass ammaN sass. a mamma ama a

Data Set 8 Auxiliary Storage and Flow Field Control FORMAT(80i1)
This data set controls the amount of flow field print
output and the timeplanes for which species concentration
solutions are stored. The following is stored on logical
unit 2 by specifying KDSK(ITM) 1.

WRITE(2)(TITLE(I),I-1,7),NPROB,NNP,NEL,NBN
WRITE(2)(NPB(NP),NPs1,NBN)
DO 5 M-1,NEL
WRITE(2)(IE(M,IQ),IQ-1,5)
5 CONTINUE
WRITE(2)(X(NP),NP-1,NNP)
WRITE(2)(Z(NP),NP-1,NNP)
WRITE(2)TIME,ITIM,ISPEC,(R(NP),NP-1,NNP)
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where NBN,NPB are the number of boundary nodes and the list
of global node numbers, respectively, IE,XZ are local to
global node number connectivity arrays and spatial coor-
dinate vectors, respectively, ITIM is the timeplane number,
ISPEC is the species number and R contains the nodal values
of concentration. The last line is repeated for every
timeplane. The number of cards required is the same as in
Data Set 7.

Card Variable Column Format Definition

1 KDSKO 1 Ii Auxiliary storage and flow field
print control;
0 - no print,
1 print flow mass balance data,
2 - and Darcy velocities,
3 - and moisture content field,
4 - and hydraulic head field

KDSK(1) 2 I2
- . . Similar to KDSKO as a function of

; ; ; time index ITM

KDSK(NTI)

nasa ass ans ass... ass amass a = a a a a a sass.. ass. a = nasa seas ass ama.. sass sass ama a a

Data Set 9 Material Properties FORMAT (8F10.0)
This data set specifies material properties for NMAT(NMAT
S 10) different materials (see Data Set 2). The following
gives an example of inputs required for one material type.
A total of MAT groups of such cards are required. Note
the column format for each entry since not every entry in
PROP(I,J) is required. The entries not specified here
will be n data set 10. The number of entries on each
card depends on NMPPM () from Data Set 2.

Card Variable Column Format Definition

Group J PROP(J,2)

PROP(J,3)

PROP(J,4)

11-20

21-30

31-40

F10.0 Bulk density for material J (M/L 3)

F10.0 Longitudinal dispersivity for
material J (L)

F10.0 Transverse dispersivity for material
J, (L)
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PROP W, 6) 51-60 F10.0 Porosity for material J
.~ ~ 1. Moiidcefceto onrs

PROP(J.7)

PROP(J,9)

61-70

1-10

F10.0 Modified coefficient of compres-
sibility of medium J (L )

F10.0 Tortuosity factor for material J

* an susan. a a a amass ass - saw ass sass sassass ass amass nasa Wassa amman sass as a S 5� a

Data Set 10 Species and Material Dependent Properties FORMAT(8F10.0)
This data set specifies properties which depend both on
species and material type. A total of NSPEC (Data Set 2)
groups of NMAT cards is required. The following gives an
example of one group of NMAT cards required for species
ISPEC (1 Z ISPEC NSPEC).

Card Variable Column Format Definition

J SPROP(ISPEC,JI) 1-10 F10.0 Distribution coefficient for
material J and species ISPEC,
(L /M)

SPROP(ISPEC,J,2) 11-20 F10.0 Decay constant for secies ISPEC
in material J (T )

SPROP(ISPEC,J,3) 21-30 F10.0 Molecular diffusion coefficient
-- for species ISiEC in

material J (L /T)

** . .

NMAT SPROP(ISPEC,NMAT,1) 1-10 F10.0
SPROP(ISPECNMAT,2) 11-20 F1O.0
SPROP(ISPEC,NMAT,3) 21-30 F100

*usssssasssasssssssassasssasaasasasmssausaansassauainassnassssaasnaaass

Data Set 11 Nodal Point Coordinates (I5,2F10.3)
This data set (and the next) is only required if IMESH- in
Data Set 2. In general, one card is required per node for a
total of NNP cards. However, if some nodes fall on a
straight line and are equidistant, data for only the first
and last points are needed. Intermediate node coordinates
are automatically generated by linear interpolation.
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Card Variable Column Format Definition

1 NP 1-5 I5 Node number

X(NP) 10-15 F10.3 X-coordinate of node NP

Z(NP) 16-25 F10.3 Z-coordinate of node NP
2 . .

5 as aa a nsa a a saw as ass sa asa as as as asasasassassas sassan a as sass aa ass a a sass a a ass�

Data Set 12 Element Connectivity FORMAT(1615)
This data set is needed only if IMESH-O in data set 2. In
general, one card per element is required for a total of
NEL cards. However, for a rectangular block of elements,
it is only necessary to specify the first element, and the
width and length of the block (i.e., the number of elements
in each direction). Subsequent elements to the first in
the block will be generated automatically.

Card Variable Column Format Definition

1 MI 1-5 I5 Element number

IE(MI,1) 6-10 I5 Global node numbers of element MI
IE(MI,2) 11-15 15 beginning with lower left and
IE(MI,3) 16-20 I5 progressing around element in
IE(MI,4) 21-25 I5 counter-clockwise direction

IE(MI,5) 26-30 I5 Material type for element MI

MODL 31-35 I5 Number of elements in width of
block

NLAY 36-40 I5 Number of elements in length of
block

* . .

* . .
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Data Set 13 Material Correction FORMAT(16I5)
This data set is required only if NCM > 0. Normally,
one card is required per material change. However, in
those cases where the number of the affected elements
ranges from a lower
with an increment of
used. Fields MK
automatic generation

limit of MI to an upper limit of MK
MINC, automatic correction may be
and MINC are left blank if the
facility is not used.

Card Variable Column Format Definition

I MI 1-5 I5 Element number for which material
number is to be corrected

MTYP 6-10 I5 Corrected material type for element
MI

MK 11-15 I5 Upper limit of automatic correction

MINC 16-20 I5 Element increment of automatic
correction (MK - , MINC 0 for
no automatically generated
correction)

mamma asassass mamass assamm amamassasa asassassa ns=X~t~ sa a SS = mam-s-- Sa m

Data Set 14 Initial Conditions FORMAT(I5,5X,F10.0)
Initial conditions must be specified for all NSPEC
members in the decay chain being analyzed. The follow-
ing gives an example for specifying initial conditions
for one member. NSPEC such groups of cards are required
to specify initial conditions for all chain members.
The card groups for each member are entered in the order
of the members position in the chain (e.g., data for the
first species is entered first). In general, one card
per node is required for a total of NNP cards for each
species. However, when a sequence of node points have
the same initial value, only the upper and lower node
values need be specified. The initial concentration for
intermediate nodes is taken to be that of the lower
bound value.
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Card Variable Column Format Definition

NJ NJ 1-5 I5 Node number

RP(NJ) 11-20 F10.0 Initial concentration for Node NJ

NNP I5 Final node number

R(NNP) F10.0 Initial concentration for node NNP

data for species 2

data for species NSPEC

�� �u W m � - � U � mu - - U U U - - - - - -- - = � m - mu - � mm � ma mm - - - � = u �m -

Data Set 15 Dirichlet Boundary Conditions FORMAT(2I5,F1O.0)
This data set is required only if NBCT > 0 (Data Set 2).
The following illustrates the input format for one
member in an NSPEC membered chain. NSPEC such groups
are required, arranged in the same order as the species
appear in the chain. In general, one card per Dirichlet
node is required for a total of INBC(ISPEC) (Data Set 2)
cards for each species. However, if a sequence of
Dirichlet nodes are numbered with an increment NPINC,
automatic generation may be used. Intermediate node
value are set to the value specified on the card for the
lower bound node (similar to data set 13). NPINC is set
to zero for no automatic generation. -

Card Variable Column Format Definition

NPN NPN

NPINC

1-5

6-10

I5 Dirichlet node number

I5 Automatic generation increment to
NPN
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EBB 11-20 F10.0 Dirichlet concentration at node NPN

data for species 2

ass - sass. - ass - amass - - as, ass s a - a sass - as as a as = as - an sass Sass sans sam assSss as

Data Set 16 Neumann Boundary Conditions
The Neumann boundary is the natural boundary condition
for the form of the transport equations used here.
This condition is the default boundary and need not be
specified explicitly.

sass.. ass. asassasass sass.. ma, nsa. as sans.. amass.. 555555555s55 nsa, assass 5

Data Set 17 Cauchy Boundary Condition FORMAT(4I5,5X,4F10.0)
This card is required only If NSTT > 0 (Data Set 2). The
following illustrates the specification of one Cauchy ele-
ment side. In general, INST(ISPEC) such cards are required
for each species and NSPEC such groups of cards for the
entire decay chain. However, if a sequence of Cauchy ele-
ments are numbered with an increment KINC and the node
increment is also constant, automatic generation may be
used. If a card with KINC > 0 is encountered, the Cauchy
elements between the present and previously encountered
cards are numbered with a KINC increment and the node point
increment on the present card.

Card Variable Column Format Definition

MPP NRSE(MP) 1-5

IS(MP,1)

IS(MP,2)

6-10

11-15

15 Element number of the element-
boundary side, MP

I5 First node number of the element-
boundary side, MP

I5 Second node number of the element-
boundary side, MP
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KINC

EI

EJ

CI*

CJ*

16-20

21-30

31-40

41-50

51-60

I5 Automatic generation increment for
NRSE

F10.0 Dot product of flux at node
IS(MP,1) with outwardly directed
unit vector normal to element-
boundary side

F10.0

F1.0.

Similar to EI

Initial concentration at node
IS(MP,1) for current species

F10.0 Initial concentration at node
IS(MP,2) for current species

data for species 2

m m wee m*The boundary flux is given by q - n C, where the C depends on the
initial concentration in the ource luid (see Equation (10)) and is
specified here by the CI, CJ. The initial values are needed when using the
Bateman equations for simulating the time-dependent repository condition.
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User Supplied Subroutine

When IHYDRO - 1 in Data Set 1 discussed previously, FEMTRAN will access

SUBROUTINE HYDRO to be supplied by the user. This subroutine allows space

and time specification of the hydrodynamic solution in a general manner.

The format for HYDRO is as follows,

SUBROUTINE HYDRO (H,HT,TH,VX,VZ,NNP,NEL,X,Z,IE,TIME,MAXEL,MAXNP)
DIMENSION HMAXNP),HT(MAXNP),TH(MAXEL,4)
DIMENSION VX(MAXEL,4),VZ(MAXEL,4)
DIMENSION X(MAXNP),Z(MAXNP),IE(MAXEL,5)

FORTRAN code to generate hydrodynamic solution

RETURN
END

Where the variables in the subroutine parameter list are:

H(NP): vector containing nodal values of pressure head at time TIME.

HT(NP): vector containing nodal values of hydraulic head at time TIME.

TH(M,IQ): an array containing elemental values of moisture content for all

elements (M - 1, NEL) and for each local node value (IQ = 1,4) at

time TIME.

VX(M,IQ),VZ(M,IQ): arrays containing elemental values of Darcy velocity for

all elements (M - 1NEL) and for each local node (IQ -

1,4) at time TIME.

NNP: the number of node points for problem.

NEL: the number of elements for problem.

X(NP),Z(NP): vectors containing the spatial coordinates x,z, as a function

of node point NP.

IE(M,IQ): an array containing the local to global node connectivities for

element M, i.e., IE(M,IQ) contains the global node number for

element M at local node IQ (recall that local node numbers

proceed in a counter-clockwise direction about the element start-

ing at the lower left corner).

TIME: current computational time.

MAXEL: maximum number of elements allowable due to program dimensions

(MAXEL 1200 currently).

MAXNP: maximum number of node points allowable due to program dimensions

(MAXNP - 1300 currently).
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Job Control Cards

The code FEMTRAN is maintained in UPDATE format in the Sandia National

Laboratories (SLA) permanent file system. Although the present version of

FEMTRAN executes on the CRAY-1S computer, machine dependent code was avoided

such that FEMTRAN will execute on other machines with minimal modifications.

The following discussion of Job control language refers to the use of

FEMTRAN on the SLA computer system.

Because FEMTRAN is maintained in UPDATE format, the file must be at-

tached, run through the UPDATE processor and compiled prior to execution.

Several example control streams are presented in the following to illustrate

the use of FEMTRAN under various modes of operation. Figure 3 shows the

control stream format when no peripherals are required for execution. This

example represents a run with an internally specified mesh (IMESH - 0) and a

hydrodynamic solution generated with user subroutine HYDRO discussed in the

previous section. An example of an execution with mesh and hydrodynamic

solution read from disk files is given in Figure 4. Also shown in the

figure are the commands to divert the auxiliary storage file (logical unit

2), which may be used for post processing of solutions, and commands to re-

quest microfiche of all output.
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JOBNAME,TXXX,STSCZ. NAME BOX NO.

USER . . . .

CHARGE . . .

SLTLIB.

UID. NAME BOX NO.

CUPDATE,P-FEMTRNC,UN-MJMARTI,F.

CFT(I-COMPILEON-AZ,L-O)

LDR.

7-8-9

IDENT,USERSUB

*DELETEFEMTRANC.1112,FEMTRANC.1117

FORTRAN code for SUBROUTINE HYDRO

7-8-9

FEMTRAN DATA

6-7-8-9

Figure 3. Job Control Stream -- Running With User Subroutine.
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JOBNAME,TXXX,STSCZ. NAME BOX NO.

USER . . . .

CHARGE . . . .

SLTLIB.

UID. NAME BOX NO.

ACCESSDN-FTO1,PDN-file nameED-XX,UQ.

ACCESS,DN-FTO9,PDN-flie ame,ED-XXUQ.

REWIND,DN-FTO1:FTO9.

CUPDATEP-FEMTRNC,UN-MJMARTI,F.

CFT(I-COMPILE,ON-AZ,LO)

LDR.

DISPOSE,DN-FT02,SDN-PLT1,DC-ST,DF-TR,^

TEXT-'CTASK.ROUTE,PLT1,DC-PU.TID-XX. .

REWIND,DN-$OUT.

COPYD,I-$OUT,O-FOUT.

XFICHE,FOUT,T-'JOB TITLE'.

7-8-9

7-8-9

FEMTRAN DATA

6-7-8-9

Figure 4. Job Control Stream -- Running with Disk Files.
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V. SAMPLE PROBLEMS

Three sample problems are presented in this chapter to demonstrate the

capabilities of FEMTRAN and to illustrate the preparation of the input

stream for execution. Although the problems were chosen to illustrate

various features of the code, all possible options could not be covered. An

effort was made, however, to cover features that would seem the most dif-

ficult to master from reading the text alone.

1. One-Dimensional Transport -- Cauchy Boundary Condition

This problem was selected to illustrate the use of user specified mesh

generation, hydrodynamic solution, and the transient flux boundary condition

features of the code. It also provides a comparison with the analytic solu-

tion given in References 19 and 20. The problem involves the transport of a

three-member radionuclide decay chain through a saturated, homogeneous,

rigid porous medium. The flow field is uniform and specified as 239.4
ft/yr. The parameters are given in Tables 2 and 3 and the input stream is
also shown in Figure 5. The initial condition assumes zero concentration in

the computational region for all members. The inlet boundary conditions are

given by,

uCm -D Cm Cm 
x xxax x x o

Table 2. Radionuclide Properties

Retention Initial
Half-life Factor Inventory

Component, n t1/ 2 yr) d 

1 433 9352 1

2 15 9352 0

3 6540 9352 0
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Figure 5. Input Data Deck for Sample Problem 1



Table 3. Transport Parameters

Darcy velocity, u 239.4 ft/yr

connected porosity, 0.1

dispersivity, a 8.5 ft

dispersion coefficient, D 2035.0 ft /yr

where the C are given by the Bateman equation presented in Equation (10).

The outlet boundary condition for the analytic problem assumes a semi-

infinite region. This is approximated by the Neumann boundary condition

specified at 1000 ft from the inlet for the numerical solution. The com-

putational mesh consisted of a row of 77 four node quadrilateral elements of

variable length. Element lengths varied from 1 foot at the inlet to 50 feet

beyond 500 feet from the inlet. All elements were 1 foot wide. The data

cards for specifying this mesh are shown in Figure 5. The simulation was

carried out to 273 years by specifying a constant 9.1 year time step. The

comparison between the numerical and analytical solution is shown in Figure

6. The comparison is good despite the rather coarse time step relative to

the short half-life of nuclide 2. The cumulative mass balance history is

given in Figure 7 for the three nuclides. The ordinate values in Figure 7

are described as follows. Define,

DIVM - ft
0

ACM -

0

(um m BCm f (u Cii ax- n dB dt
BIi isj ax, ) i

f a (m) + a PSm + AmRmCm Am-1 R Cm1 dR dt
B aatd d

then the percent difference between divergence and accumulation functions is

defined by,

Percent Difference - DIV - ACM x 100
ACMm
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Figure 7. Cumulative Mass Balance History for Sample Problem 1



The mass balance results indicate that most of the error occurs early in the

simulation and decreases with time. This is not surprising since the bound-

ary condition represents a mathematical discontinuity at the inlet. The

error is a few percent over most of simulation for nuclides 1 and 3. The

larger percent difference for nuclide 2 can be attributed to the contrast in

half-life with its precursor nuclide 1, and the rather coarse time steps

which are close to the half-life value (9.1 vs. 15 yr). The mass balance

computations shown in Figure 7 are part of the FEMTRAN output and are useful

indicators of the accuracy and consistency of computed solutions.

2. One-Dimensional Transport -- Dirichlet Boundary Condition

Problem 2 describes the one-dimensional transport of a three-member

decay chain through a saturated sorbing porous medium. The problem is

similar to problem 1 only in geometry, otherwise the transport parameters

are quite different. The source of radionuclides is described by the

Dirichlet boundary condition. This problem, and the next, have been

investigated in the INTRACOIN study. The INTRACOIN (International Nuclide

TRAnsport COde INtercomparison study) is a benchmarking study designed to

assess numerical methods used by various countries for prediction of

radionuclide transport by intercomparison of their respective solutions to

selected problems. Parameters for the problems are chosen to provide a

rigorous test of the computational method. Sample problem 2 described here

represents INTRACOIN level 1, case 1, variation (Ii, T2, B, L, P2, R2).

The variation parameters are defined as follows.

Table 4. I: Long-lived Parent Nuclide

Nuclide m t1 2 Im(0)

(yr)

234U 1 2.445 E5 1.000

230Th 2 7.7 E+4 0.010

2Ra 3 1.600 E3 0.004
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I Co) in Table 4 denotes the initial activity ratio of the m-th nuclide nor-

malized by the initial activity of 23 U. The nuclide half-lives are denoted

by t1/2.
T2: Leach duration for nuclide sources.

T - 10 yrs

Bi: Dirichlet Boundary condition at source.

Nm(o,t) - Im(t)/QT

where Q - 1 m3/yr, T - 105 yr. Nm o,t) denotes the activity of nuclide

m at the boundary.

Li: Distance from source to observation point.

- 500 m

P2: Peclet number based on problem length .

Pe - V/aL - 10 aL longitudinal dispersivity)

R2: Retention factor set 2.

Rd = 1 + pKm/0, denotes Matrix porosity

Table 5. Retention Factors

Nuclide m Rd

234U 1 60

230Th 2 500

226Ra 3 20

The interstitial ground water velocity, v, is specified as 1 m/yr and the

porosity as 10%. The mesh and outlet boundary condition used in this

problem are identical to that of Problem 1 (note that the units are meters

here). The input stream for this problem is shown in Figure 8. The initial

time step was set to 121 years and increased geometrically to 2000 years

with a 10% increase at each time step. The time step was increased to 5000

years for times greater than 200,000 years and again to 10,000 years for

times greater than 500,000 years. The calculation was carried out to 106

years.
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Figure 8. Input Data Deck or Sample Problem 2
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The breakthrough" activity history at the 500 m observation point for the

three members is shown in Figure 9. Also shown is the solution generated

with the Swedish code RANCH. RANCH is based on a classical one-

dimensional advective-dispersive radionuclide model for saturated porous

media. The initial inventories defined in the INTRACOIN study are in ar-

bitrary units of activity ratio as are the output results. FEMTRAN computes

in units of mass concentration. The following relation was used to convert

activity ratios to mass concentration ratios,

N m N'1C N Mi t1/2
_ .

1/2

where Mm denotes atomic weight and the remaining symbols are defined as

before. The comparison between the RANCH and FEMTRAN solutions is good over

the entire range of activities varying over six powers of ten. The mass

balance results for the computation are given in Figure 10. As before, most

error occurs early in the simulation reflecting the numerical approximation

to the initially discontinuous boundary condition. The band release bound-

ary condition is also discontinuous when t - Tleach where the source

concentrations are stepped down to zero. The error for U increases from

the leach time on as the nuclide is transported out of the region. The
230

least error is computed for Th which is strongly sorbed resulting in an

effective transport velocity given by,

V u x - 1/500 m/yreff -RTh

crd

2341 226
The error increases for the faster running nuclides U and Ra with ef-

fective transport velocities of 1/60, 1/20 m/yr, respectively. Improved

mass balance results could be obtained at the expense of taking more time

steps.
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3. Two-Dimensional Transport -- Dirichlet Boundary Condition

This problem corresponds to INTRACOIN level 1, case 4A, and is essen-

tially the two-dimensional version of problem 2. The nuclide source for
2

this case is defined as a 10 m /m slab source placed in the cross stream

direction to the uniform flow. Invoking symmetry, only the region z 0,

0 x 600 m is modeled (the flow is in the positive x direction). The

finite element mesh for this problem was generated with QMESH and is shown

in Figure 11. The mesh data for 608 elements and 660 node points is read in

from logical unit 9 as indicated by Data Set 1 and the absence of Data Sets

11 and 12 in the input stream shown in Figure 12. The Dirichlet condition

is specified over x - 0, 0 z 5 and the Neumann condition (equation 7)

over the remainder of the boundary. The parameters for this problem are

identical to those of problem 2 with the addition of transverse disper-

sivity, aT, of 5 m. The breakthrough at the 500 m observation point is

given in Figure 13 for the three members. Also shown for comparison is the

breakthrough from the one-dimensional version, problem 2. The inclusion of

transverse dispersion has a significant effect in mitigating the activity at

the observation point. The time to maximum breakthrough activity, Tmaxi and

the maximum activity, Nmax, for problems 2 and 3 are summarized in Table 6

as approximated from the output timeplanes for the simulations.

Table 6. Maximum Activity

Prob 2 (Case 1) Prob 3 (Case 4A)
Nuclide m Tmax (yr) Nmax T max(yr) Nmax

234U 1 6.00 x 104 0.815 x 10 5 1.00 x 105 0.440 x 105

23 0Th 2 1.20 x 105 0.619 x 10 1.4 x 105 0.335 x 10

226Ra 3 1.20 x 105 0.215 x 10 1.4 x 105 0.102 x 10

The profiles of activity ratio along the cross-stream coordinate x - 500 m,

0 S z 350 m) at the times of maximum breakthrough Tmax in Table 3) are

given in Figure 14. Contours of activity ratio are plotted in Figures 15,
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003 INTRACOIN BENCHMARK CASE-4A (I1tT2.#BlL1,P2.R2)
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Figure 12. Input Data Deck ror Sample Problem 3
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16 and 17 at times selected to illustrate the overall solution. Contours
.5over the entire 600 x 350 m mesh are plotted. Contours at 0.12 x 10 years

23423 show the U has been transported furthest while the 30Th remains in the

immediate vicinity of the source. The results are consistent with the

retention factors and effective transport velocities discussed in Problem 2.

The effect of the contrast in retention factors, and consequently transport

mobility, is even more pronounced at 1.0 x 105 years. Figures 15b through
2314

17b show significant transport over the entire length of mesh for U and

226Ra while the 230Th remains confined to the vicinity of the source. Also

note a maximum activity occurs along the z - 0 line a this time due to the

band release boundary condition at the source. This condition persists for
and 226 5230Th and 2Ra in the 2 x 10 year plot. The maximum activity for U

occurs along the x - 600 m line as the nuclide is transported out of the

region. The difference in distribution between 3 U and Ra, both of

which have large mobilities (effective velocity), is the strong coupling of

226Ha to its precursor. The result is a distribution similar to that of

Th rather than 23U

The cumulative mass balance history, as defined in Problem 1, is shown

in Figure 18 for all three nuclides. As in previous mass balance results,

most of the error occurs early in the simulation and decreases with time.
226The mass balance curve for Ra shows the most error which can be at-

tributed to the coarse time steps taken relative to its half-life and

retention factor. Refined mass balance results may be obtained at the

expense of a finer time-stepping sequence.

The sample problems presented in this chapter were intended to il-

lustrate the use and capabilities of FEMTRAN. The problems also serve as

benchmark calculations when analytic or semi-analytic results were

available. The problems presented here were for saturated media and uniform

flow. Additional problems have been computed with FEMTRAN for transport by

transient, saturated/unsaturated flow fields. These results are
14f orthcoming.
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APPENDIX
(FEMTRAN Output or Sample Problem 1)

PROBLEM 1.. LESTER'S PRUBLEM

INPUT TABLE 1.. ASIC PARAMETERS

NUMBER Of NODAL POINTS,. . . . , . . . 156
NUMBER or FLEENTS. * .C.... 77
NUNFSR or DiFFERENT ATERIALS I . . . . 1
NUMBER or CORRECTION MATERIALS. . . . . 0
NUMBER or TIME INCREMENTS . . . . a . 42
NUMBER Of BOUNDARY CUNDITIONS . . . . . 0
NUMBER or SURFACE TEMHS . . . . . . . 3
VELOCITY INPUT CONTROL. . . . . . . . I
AUXILIARY STORAGE CONTROL . . . . . . I
STEADY-STATE CONTROL. . a . . , a . . . I
NO. OF MATERIAL PPOPLRTY PER MATERIAL . a
UPSTREAM WEIGHTING INDICATOR. IET. . . 0
LUMPING INDICATOR. ILUMP* . . . . . . . 0
TIME-DIFFERENCE INDICATOR, IMID . . . . 0
NO. SPECIES IN CHAIN . . . . . . . . . 3
TRANSIENT C CONTROL . . . e .. . 1
MESH AND NODE INPUT CONTROL . . . * * 0
HYDROLhGIC DATA INPUT CONTROL . * a . 0
CONTINUOUS FLOW FIELU CONTROL . . . . . 0
HYDROLOGIC MASS BALANCE CONTROL . . 1

TIME INCREMENT. . . . . . . . . . . . 0.9100E*01
MULTIPLIER FOR INCREASING DELT. . . . . 0.000000
MAXIMUM VALUE or DELT a . . . . . . . 60.9lOOEO1
MAXIMUM VALUE OF TIME . . . . . *0.2739E+03
TIME-INTEGRATION PARAMETER. . . . . . . 0.500000
LEACH TIME OR RADIONUCLIDES . . . .0.3*00E+03

0

SPECIE N,N8CCI).IftINSPEC
0 0 0

SPECIE NO.,NTl)sIb1vNSP9C
1 1 1

HEAD CONVERSION
0.1000E+01

FLUX CONVERSION
0.1000E+01

OUTPUT CONTROL
3 1 0 0 0 2 0 1 0 0 2 0 1 0 0 1 0 1 0 0 2 0 1 0 0 1 1 0 2 2 0 0 0 0 0 0 0 0 0
2 0 0

AUXILIARY STORAGE AND FLOW FIELD PRINT CONTROL
11 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 00 )0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
1 0 0



INPUT TABLE 2.. ATERIAL PROPERTIES

MAT. N, KD SHOO AL
1 ooooor+oo 0.10OOEO1 0.8500E*01

AT LAMBDA POR ALP. AM
0.0000E00 0.0000E+00 0.1000E+00 OOOOOE+00 0.000OE+00

MAT, NO. KD

1 0,93511

1 0,9351!

1 0.9351!

SPECIES DEPENDENT PROPERTIES

LAMBDA DIrr colT

SPECIE NO, 1
*+03 0.1600E-02 00000E+00

SPECIE No, 2
.+03 0.46201E01 00000E+00

SPECIE NO, 3
C+03 0.1060E-03 0.OOOOE+00

.



INPUT TABLE 3.. NODAL POINT DATA

-4

NODE
I
.4
7

10
13
16
19
22
25
20
31
34
37
40
43
46
49
52
55
s8
61
64
67
70
73
76
79
92
95
as
91
94
97

100
103
106
109
112
115
11
121
124
127
130
133
136
139
142
145
148

x
O.OOOOE+00
0.3000E+01
0.00001E00
0.3000E+01
0.7500E01
0. 1500E02
0.7500E.01
0.l5OOE+02
0.2500E+02
0.4000E+02
0.3000Et02
0.4500E02
0.6000E102
0. 5000E02
0.6500E02
0.9000E102
0.9500E+02
0.6500E02
0. 1000E03
0.1200E+03
0.1500E+03
0.1300C+03
0.1600E+03
0.1900E+03
0.1700E103
0.20001+03
0.2300E+03
0.2100E+03
0.2400E+03
0.2700E03
0.3000E+03
0.2800E+03
0*3100E+03
0.3400Et03
0.3200C+03
0.3500E+03
0.300E+03
0.3600E+03
0.3900E+03
0.4200E+03
0.4500E+03
0*4300E+03
0.4600E+03
0.4900E+03
0.4700E+03
0.5000E+03
0.6500E+03
0.5500E+03
0.7000E+03
0.9500E+03

z
0.0000E+00
O.OOOOE+00
0.l0OOE01
0.1000E.01
0.0000E+00
0.0000E+00
0,1000E.O
0.10001.01
0.0000E+00
0.0000E+00
0,1000E+01
0.1000E+01
0.10001E01
0.0000E+00
0 0000E400
0,0000L.00
0.0000E+O
0.1000E+01
0.1000E+Ol
0.0000E+00
O.0OOOE00
0. 1000E+01
0.1000E+01
o.IOOE01
0.0000E+00
0.00004+00
0.0000E+00
0.1000E+01
0.1000E01
0.1000E+01
0.1000E+Ol
0.0000E+00
O.OOOOE.00
0.00000oo
0.1000E+01
0.1000E+O
0.1000E01
0.0000E+00
0. 0000E+00
0.0000E+00
O.OOOOE+00
0.1000E4O
0.1000E4Ol
0.1000E+Ol

0.0000E+00
0.00001400

0,10001401
0. 10001.01

NODE
2
5
9

11
14
17
20
23
26
29
32
35
39
41
44
47
50
53
56
59
62
65
68
71
74
77
g0
93
96
89
92
95
98

101
104
107
110
113
116
119
122
125
129
131
134
137
140
143
146
149

x
0.10001E01
0.4000E+01
0.1000E+01
0.4000E01
0. 1000E02
0.1750E402
0.1000E+02
0.1750E+02
0.30004E02
0.4500E+02
0.3500E+02
0.5000E+02
0.6500E+02
0.5500E+02
0.7000E+02
0.9500E+02
0.7500E+02
0.9000E02
0.1000E+03
0.1300E+03
0.1100E+03
0.1400E103
0.1700E+03
0.2000E03
0. 100.03
0.21001+03
0.2400E03
0.2200E101
0.2500E.03
0.28001+03
0.2600E03
0.2900E103
0.3200E+03
0.3500E+03
0.3300E+03
0.3600E+03
0.3900&403
0.3700E03
0.4000E+03
0.4300E.03
0.4100E.03
0.4400E+03
0.4700E+03
0.5000E+03
0.4900E+03
0.5500E+03
0.7000E03
0.6000E+03
0.7500E+03
0.9000E403

z
O.OOOOE+00
O.OOUOE+00
0.1000E01
0.1000E+01
O.OOOOE400
O.OOOOE00
0.1000E01
0.1000E01
0.0000E+00
O.OOOOE00
0.1000E+01
0.10001+Ol
0.1000E01
O.OOOEUO
0.00001e00
0.0000E+00
0.IOOOEO1
0.1000E+01
O.OOOOE+00
0.00001E00
0.1000E+01
0.1000E+01
0.1000E+01
0.1000E+01
0.0000E+00
0.0000+o
0. 0000E00
0.1000E+01
0.1000E+01
0.loooE+1
O.OOOOE+00
0.0000E+00
0.0000E00
0.0Oo0E+00
0.1000E01
0.1000E+01
0.10001+01
O.OOOOE+00
O.OOOOE+00
0,0000E100
0.1000E01
0.1000E01
0.1000E01
0.1000E+01
0.0000E00
o.0000E+00
O.OOOOE00
0.100E+0l
0.1000E+01
0.1000E+01

NODL
3
6
9
12
IS
19
21
24
27
30
33
36
39
42
45
49
51
54
57
60
63
66
69
72
75
79
S1
94
87
90
93
96
99

102
105
109
111
114
117,
120
123
126
129
132
135
139
141
144
147
150

x
0.2000E+01
0.5000E+01
0.2000E+01
0.5000E+Ol
0.1250E+02
0.20001+02
0.1250E+02
0.2000E+02
0.3500E+02
0.2500E+02
0.4000E02
0.5500E02
0.7000E+02
0.6000E+02
0.7500E+02
0.9000E+02
0.9000E02
0.9500E02
0.1100E.03
0.1400E.03
0.1200E+03
0.1500E03
0.100E+03
0.1600E03
0.1900E+3
0.2200E+03
0.2500E103
0.2300E+03
0.2600E+03
0.2900E03
0.2700L.03
0.3000E03
0.3300E+03
0.3100E03
0.3400E03
0.3700E+03
0.4000E03
0.3900E+03
0.4100E03
0.4400E03
0.4200E+03
0.45OOE.03
0.4900E+03
0.4b00E+03
0.4900E03
O.bOOOE03
0.7500E03
0.6500E03
0.000E+03
0.9500E03

z
0.0000E+00
0.00001400
0.1000+01
0.1000Eol
O.OOOOE+00
0.0000C+00
0.lOOO+101
0.10004+01
O.OOOOE+00
0.1000E+01
0. 1000EOl
0.1000E+01
0.1000E4Ol
0.0000E+00
O.OOOOE00
0.0000E+00
0.10001+01
0.1000E01
0.000000
O.OOOOE00
0.1000L401
0.1000E.Ol
0.1000E01
0.00001400
O.OOOOE+00
0. 0000.00
0.0000L+OO
0.1000.o0l
0.1000E4Ol
0.1000e.Ol
O.OOOOE00
0.00001EOO
0.0000E+00
O01OOO+Ol
0.1000E+01
0,1000L.Ol
0.1000E+Ol
0.00001EOO
00000E+00
0.0000E+00
0.1000E+01
0.1000Eol
0.1000+01
0,0000E+00
0.0000E+0
0.OOOE+00
.OOOO100
0.1000E01
0.1000E401
0.1000E+01



.

INPUT TABLE 3.. NODAL POlT DTA

NODE X Z NODE X Z NODE X Z
151 061000E+04 0.OOOE+O1 152 0.9000E+03 O.OOOOEtOO 153 O.b5lOE+03 O.OOOOE+OO
154 0.9000E+03 O.OOOOE.OO 155 0.9500E+03 O.OOOOE+0O 156 O.1000E*04 00000O+o

INPUT TABLE 4.. ELEMENT DATA

GI-ORAL INDICES or ELEMENT NODES
ELEKERT 1 2 3 4 MATERIAL NODE DIP-F.

I 1 2 8 7 1 7
2 2 3 9 a 1 7
3 3 4 10 9 1 7
4 4 5 11 U 1 7
5 5 6 12 11 1 7
6 6 13 19 12 1 13
7 13 14 20 19 1 7
8 14 15 21 20 1 7
9 15 16 22 21 1 7

10 16 17 23 22 1 7
11 17 18 24 23 1 7
12 19 25 30 24 1 12
13 25 26 31 *30 1 6
14 26 27 32 31 1 6
15 27 21 33 32 1 6
16 28 29 34 33 1 6
17 29 40 35 34 1 11
19 40 41 36 35 1 6
19 41 42 37 36 1 6

w~a 20 42 43 39 37 1 6
21 43 44 39 3@ 1 6
22 44 45 50 39 1 11
23 45 46 51 50 1 6
24 46 47 52 51 1 6
25 47 48 53 52 1 6
26 48 49 54 53 1 6
27 49 56 55 54 1 7
28 56 57 62 55 1 7
29 57 58 63 62 1 6
30 58 59 64 63 1 6
31 59 60 65 64 1 6.
32 60 61 66 65 1 6
33 61 72 67 66 1 11
34 72 73 68 67 1 6
35 73 74 69 68 1 6
36 74 75 70 69 1 6
37 75 76 71 70 1 6
38 76 77 82 71 1 11
39 77 78 93 82 1 6
40 79 79 84 83 1 6
41 79 90 5 94 1 6
42 80 et 96 85 1 6
43 e1 92 87 96 I 11
44 92 93 aR 87 1 6
45 93 94 89 89 1 6
46 94 95 90 89 1 6
47 95 96 91 90 1 6
49 96 97 102 91 1 11
49 97 99 103 102 1 6
50 98 99 104 103 1 6



GLOBAL INUICLS U ELEMENT NODS
ELEMET 1 2 3 4

5 oo100 105 104
52 100 101 16 105
53 101 112 107 lob
54 112 113 108 107
S5 113 114 109 109
5o 114 115 110 109
57 115 116 111 110
59 llb 117 122 111
59 117 119 123 122
60 119 119 124 123
61 119 120 125 124
62 120 121 126 125
63 121 132 127 126
b4 132 133 128 127
65 133 134 129 129
66 134 135 130 129
67 135 136 131 130
69 136 137 142 131
69 137 138 143 142
70 138 139 144 143
71 139 140 145 144
72 140 141 146 145
73 141 152 147 146
74 152 153 148 147
75 153 154 149 149
76 154 ISS ISO 149
77 155 156 151 150

M ATERIAL6
I
1
1
1
1
1
1
1
I

1
1
1
1
1

I

1
1
1
1
1
1
1

MUDE DF.
6
6
11
6
6
6
6
11
6
6
6
6
11
6
6

6

6

6
6

11
6
6
b
6

i
4



i

INPUT TABLE 5 TRANSIENT . C PARAMETERS

NO. or DIRICHLET B. C. NODES *.....................
NO. or CAUCHY B. C. ELEMENT-SIDES, NST .........

0
3 

Ln

INPUT TABLE 6 FOR SPECIE I TRANSIENT

MI NI NJ El EJ

1 1 7 2.39401*02 2.3940E+02

INPUT TABLE 6 OR SPECIE 2 TRAhSIENT

NI NI NJ El EJ

1 1 7 O.OOOOE*O0 O.OOOOE+O0

INPUT TABLE 6 FOR SPECIE 3 TRANSIENT

Ml N1 NJ El EJ

1 1 7 0.0000E+00 O.OOOOE+OO

STATE CAUCHY B. C. AT ELEMENT MI ESE! AT NODE Nl,

1.OOOOE+OU l.OOOOE+OO

STATE CAUCHY B. C. AT ELEMENT l LNEI AT NODE NI,

O.OOOOE+0O O.OOOOE+OO

STATE CAUCHY B. C. AT ELEMENT Nl EEI AT NODE NI,

O.OOOOE+OO OOOOOE*OO

EuEJ AT NODE NJ

EEJ AT NODE NJ

EmEJ AT NODE NJ



SYSTEM-FLOW TABLE 37.. AT TIME * 2o7300E+02 ,(DELT 9.1000E+00) ITIMU 30 SPECIE No.u I

TYPE Of rLOW
DIRICHLET NODE FLOW . . . . . . . .
CAUCHY FLUX-NODE FLOW . . . . . . . .
SEEPAGE bUX-NODE FLUw. . . . . . . .
NEUMANN FLUX NODE FLuw,. . . . . . .
NET rbow. . . . . . . . . . . . .
INCREASE IN MATERIAL CONTENT (LIQUID)
INCREASE IN MATERIAL CONTENT (SOLID).
RADIOACTIVE LOSSES (LIQUID AND SOLID)
INCREASE DUE T CP. OF SKELTON .
NET ACCUMULATION . . . . . . . ..
PERCENT MASS BALANCE ERROR . . . .

RATE
0 o.o0OOE+0o

* -O.1542E+03
0 OOOOOOE00
0 -Oojg91E-lo

* -Q.1542E+03
0, .9443E-02

* 0*8630E*02
0* 06637E*02

& 0.0000E+00
* O*1547E+03
0, 0.3065E00

INC. FLu
0.0000E+00
-0.1409E+04
0.0000 E+00
-0. 365E-09
-0.1409E+04
0.6593E-Ul
000035E+03
06040E*03
0.0000E+00
0.1409E*04
O.1970E-0I

TOTAL FLOW
0.000OE+00

-0.5152E+05
O.U000E+00

-0.6577E-09
-0.5152E+05
0.4478E+01
0.4169E+05
0.1063E+05
0.0000E00
0.5251E+05

-0.1876E+0I

0'
OUTPUT TABL 19.. CONCENTRATIONS AT TIME * 27300E+02 (DELT 9.1000E+00),CBAND WIDTH 27)

.9. ITIMr u 30 SPECIE NO. I

NODE I CONCENTRATION AT NODES II+1 ....e+7

1
9
17
25
33
41
49
57
65
73
81
99
97

105
113
121
129
137
145
153

6.3463E-01
6.3275E-01
6.0816E-01
5.8690E-01
5.21tlE-01
4.2546E-O1
1.4074E-O1
7.2125E-02
1.20IE-02
1.0697E-03
7.3590E-08
7.3657E-10
5.1367E-12
2.7957E-14
1.294IC-lb
4.P415E-23
1. 681E-25

-4.2067E-28
3.7609E-30

-3.3597E-32

6,3351E-O1
6.3179E-OS
6.0189E-01
5,68S3E-O1
4.9216E-01
3.9977E-O
2,7445E-O1
4.2595E-02
5.7868E.03
4.1243E-04
1.5340C-05
1,4587E-10
9.2394E-13
4,7295E-1S
2.loOIL-17
8,4453E-20
2,5496E-26
U.731BE-29

07.8040EC31
6.9886E-33

6.327SE-Ol
6.3074Ew01
6.2648E-01
5.4660E-OI
4,6014E-OI
3.S082E-01
2.3765E-01
2.3491E-02
2,5797E-03
1 .4789E-04
4*4492E-06
2.7800E-I
1.6236E-13
7.8771E-16
3.3713E-18
1.3202E-20
2,0265E-27

-1.9123E-29
1,6192E-31

-1.5175E-33

6.3179L-01
6.2962E-01
6.2292L-Ol
5.2111E-0
4.2546E-O1
3.1244E-01
2.0275L-0l
1.209IE.02
1.0697E-03
4.9349E-05
1.2069E-06
1.6675E-08
2.7957E-14
1.2941 -1l
5.3595E-19
2.0490E-21
7,3794E-24
3.7609E-30

-3,3597E-32
5.5473E-34

6.3074E-O1
6.2648E-01
6.I057E-01
4.921BE-01
3.8977E-01
2.7445E-OI
1.7031E-01
5.7868E-03
4.1243E-04
1.5340E-05
3.3713E-07
3.5907E-09
4.729SE-15
2.1001E-17
8.4453E-20
3. 1592E-22
1. 1167E-24

-7.9040E-31
6.986E-33

6.2962L-01
6.2202E-01
6.1370E-01
5.0690E-OI
3.5032E-o1
2.3765E-01
1.4074E-01
7.2125E-02
1.4789E-04
4.4492E-06
7.3590E-09
7.3957E-10
5.1367E-12
3.3713E-18
1.3202E-20
4.9415E-23
I.60SIE-25

-4.2067E.28
-1.5175E-33

6.3463E-01
6.1857E-OI
6.0916E-01
5.6853E-01
3.12S4E-01
2.0275E-01
1.1425E-01
4.2595E-02
4.9349E-o5
1.2069E-06
1.6675E-09
1.4507E-10
9.2394E-13
5.359SE-19
2.0490E-21
7.3784E-24
2.5496E-26
8.7318E-29
5.5473E-34

6.335BEOl
6.1370E-01
6.0189E-01
5.4660E-01
4.6014E-01
1.7031E-01
1.142SE-01
2.3491E-02
2.5797E-03
3.0713E-07
3.5907E-09
2.78OE-11
4.6236E-13
7.877IC-16
3.1592E-22
1.1167E-24
2.0265E-27
-1.9123E-29
1.6192E-31

.



.

SYSTEM-FLOW TABLE 30.. AT TIME a 2.7300E+02 (DELT a 9.1000EOO) ITIMN 30 SPECIE NO.- 2

TYPE Or FLOW
DIRICHLET NODE FLOW . . . . . . . .
CAUCHY LUX-NODE FLOW . . . . . . . .
SEEPAGE FLUX-NODE FLUW. . . . . . . .
NEUMANN FLUX NODE FLUId. . . .
NET FLOW. . . . . . . . . .
INCREASE I MATERIAL CONTENT (LIQUID)
INCREASE IN MATERIAL CONTENT SOLID).
RADIOACTIVE LOSSES (LIQUID AND SOLID)
INCREASE DUE TO COMP. OF SKELTON .
NET ACCUMULATION . . . * . . . . .
PERCENT "ASS BALANCE ERROR . . . .

RATE
* O.OOOOE+00
. -0.5410E+01
0 OOOOOOE+00

, -0.1421E-11
. -O.5410E+01
0 0.3318E-03

* 0.3103E+O1
a 0.3098E+O1
a O.OOOOE+Uf
0 0.6192E+O1

. -0.1262E.02

INC. FLOW
0.OO0OE+00

-0.5051E+02
0.OOOOL+0

-0.1296E-10
-0.5051t+02
0.3020E-02
0.2824E+02
0.2810E+02
0.0000:+ 00
0.5635E*02
-0.1035E*02

TOTAL FLOW
O.OOOOEOO

-0.1708E+04
0.0000E+0,
-0.2301E-09
-0.1700E+04
0.1623E+00
0.1517E+04
0.4721EO03
0.00u0EO0o
0.1990E404

-0.1416E+02

-_4
-4

OUTPUT TABLE 20.. CONCENIRATIONS AT TINE a 2.7300E+02 *(DELT * 9.1000E+00),(BAND WIDTH a 27)

*** TINE 30 SPECIE NO. 2

NODE I CONCENTRATION AT NODES II+1,....I+7

1
9
17
25
33
41
49
57
65
73
S1
89
97

105
113
121
129
137
145
153

2.2660E-02
2.2626E-02
2.1733E-02
2.1000E-02
1.739E-02
I.5423E-02
5.2908E-03
2.762SE-03
4.8340E-04
4.4990E-05
3.5249E-09
3.6567E-1I
2.5993E-13
1.4344E-15
6.6999E-18
2.5401E-24
8.83OE-27

-2.2172E-29
1.9814E-31

-1.7694E-33

2.2676E-02
2.2584E-02
2.1516E-02
2.0370E-02
1.7740E-02
1.4140E-02
1.0105E-02
1.6541E-03
2.3531E-04
1.765IE-05
6.9145E-07
7.2828E-12
4.7002E-14
2.4348E-16
1.0999E-18
4.4075E-21
1.3427E-27
4.6015E-30

-4.1110E-32
3.680OE-34

2.2626E-02
2.2544E-02
2.2382E-02
1.96t6E-02
1.6629E.02
1.2808E-02
0.7913E-03
9.2561E-04
1.0666E-04
6.44IOE-06
2.0389E-07
1.3981E-12
8.2972E-15
4.0675E-17
1.7532E-19
6.9007E-22
1,0682E-28

-9.5492E-31
8.529 6E-33

-7.9890E-35

2.2584I-02
2.2501E-02
2.2249E-02
1.9739L-02
1.5423E-02
1.1453E-02
7.5379E-03
4.8340E-04
4.4990E-05
2.1869E-06
5.618SE-08
N.0567E-10
1.4344E-15
6.6999E-18
2.7923L-20
1.0725E-22
3.9753E-25
1.9814L-31
-1.7694E-33
2.9202E-35

2,2544E-02
2.2382E-02
2.2097E-02
1.7740E-02
1.4140E-02
1.0105E-02
6. 3b59E-03
2. 3531E-04
1.7651E-O5
6.9145E-07
1.451IE-0O
1.707E-10
2.4348E-16
1.0899E-18
4.4075E-21
1.655bE-23
5.891SE-26
-4.1110E-32
3.68OOE-34

2.2501E-02
2.2249E-02
2.1926E-02
2.1000E-02
1.2808E-02
8.7913E-03
5.2908E-03
2.7628E-03
6.4410E-06
2.0389E-07
3,5249E-09
3.6567E-II
2.5993E-13
1.7532E-19
6.9007E-22
2.5401E-24
8.9830E-27

-2.2172E-29
-7.9898E-35

2.2610E-02
2.2097E-02
2.1733E-02
2.037OE-02
1.1453E-02
7.5379E-03
4.3214E-03
1.6541E-03
2. 169E-06
5.618SE-08
S.0867E-10
7.2828E-12
4.7002E*14
2.7923E-20
1.0725E-22
3.8753E-25
1.3427E-27
4.601SE-30
2.9202E-35

2.2676E-02
2. 1926E-02
2.1516E-02
1 .9616E-02
1.6629E-02
6.3659E-03
4.3214E-03
9.2561E-04
1.0666E-04
1.4511E-00
1,7607E-10
1.3981E-12
8.2972E-15
4.067SE-17
1.6556E-23
5.815SE-26
1.0682E-29

-9.5492E-31
8.5286E-33



SYSTEM-FLOW TABLE 39.. AT TIME 207300E*02 ,CDELT 9.1000L+00) ITIMs 30 SPECIE N. 33

TYPE OF FLOW
DlRICHLET NODE FLOW * . . . . . .
CAUCwv FLUX-NODE FLOW . * * *
SEEPAGE LUiX-NODE FLuW,. . . . * 
NEUMANN FLUX ODE FLu, , , , , . .
NET FLOW. . * .* e * * * e *

INCREASE IN MATERIAL CNTENT CLIUID)
INCPEASE IN MATERIAL CONTENT SOLID).
RADIOACTIVE LOSSES CLIQUID AND SOLID)
INCREASE DUE TO COMP. OF SKELTON 
NET CCUOULATION . . . . .
PERCENT MASS BALANCE ERROR . . . *o

RATE
* O.OOOOE+Ou
, .0.7667E.02
* 0.0000E+00
.- 0.2046E-10
. -0.7867E+02
* 0.1560E-01
a 0.1459E+03
, O.6719E+02
a O.OO0E+00
0 0.7970E.02

. -0.3774E-01

INC. FLOW
U.00001O,00

-0.7105E403
0.0000O*00
-0.1b19-09
-U.7105E#03
0.1420L+00
0.13271+04

-0.6113.+0j
0. 000E+00
0.7162E+03
-0.7973E+00

TOTAL FLOW
O.O000E+OO
'0.1092E.05
0.00OUE400
-0.200JE-00
-0.1092E+05
0.236UE+01
0.2214E+05
0. 109SE+05
0.0oooE+00
0.1127E+05
-0.3043E+01

OUTPUT TABLE 21.. CONCENTRATIONS AT TIME * 27300E+02 ,(DELT 91000E+00),CBAND WIDTH - 27)

OD
**. ITINE 30 SPECIE NO. 3

NODE I CONCENTRATION AT NODES II1,.,,l,,I7

1
9

17
25
33
41
49
57
65
73
91
I9
97

105
11 3
121
129
137
145
153

3.2699L-01
3.2619E-01
3.13V6E-01
3.0346E-01
2.7149E-01
2.2464E-01
7.9S70E-02
4.2373E-02
7.9139E-03
7.023#E-04
8.2296E-08
9.7079E-10
7.7972E-12
4.7947E-14
2.4763E-16
1.1963E-22
4.5560E-2S
-1.20161-27
1.0593E-29

-9.3126E-32

3,2673E-01
3.2567E-01
3.1078E-01
2,9453E-01
2.5739E-01
2.0649E-O1
1.4904E-01
2.5762E-02
3.9092E-03
3.1607E-04
1.3715E-05
2.0154E-10
1.4623E-12
9.4234E-15
4.1591E-17
1.8452E-19
7.0921E-26
2.4919E-29

-2.1 SSE-30
1.9273E-32

3.2619E-01
3.2514L-01
3.2297E-01
2.9398E-01
2.4170E-01
1.@75E-Ol
1.3021E-01
1.4670E-02
1.9059E-03
1.190SE-04
4.2028E-06
4902S2E-11
2.67726-13
1.4551E-1S
6.9039E-19
2.9769E-20
5,8173E-27
-5.1254E-29
4.5109E-31
-4.1624E-33

3.2567E-01
3.2457E-01
3.2113E-01
2.7148E-01
2.2464E-01
1.6930E-01
1.1216E-01
7.@13@E-U3-
7.923BE-04
4.1Y25E-05
1.2059E-06
1.9711E-09
4.7947E-14
2.4763E-16
1.1340E-19
4.7654E-21
1.97@2E-23
1,0593E-29

-9.3126E-32
1.5124E-33

3.2514E-01
3.2297E-01
3.1901E-01
2.5739E-01
2.0649E-01
1.4904E-01
9.5207E-02
3.9992E-03
3. 1607E-04
1.3715E-05
3.2466E-07
4.4@00E-09
9.4234E-15
4.1591E-17
1.9452E-19
7,5749E-22
2.9327E-24

-2.1651E-30
1t9273E-32

3.2457E-01
3.2113E-01
3.1659E-01
3.0346E-01
1.9758E-01
1.3021E-01
7.957OE-02
4.2373E-02
1.1905E-04
4.202@E-06
9.2296E-09
9.7079E-10
7.7972E-12
6.9039E-19
2.9769E-20
1.1963E-22
4.5560E-25

-1.2016E-27
-4.1624E-33

3.2699E-01
3.1901E-01
3.1366E-01
2.9453E-01
1.6930E-01
1.1216E-01
6.5394E-02
2.5762E-02
4.1925E-05
1.205@E-06
1.9711E-0@
2.0154E-10
1.4623E-12
1.1340E1@1
4.7654E-21
1.9792E-23
7.0921E-26
2.4919E-28
1.5124E-33

3.2673E-01
3.1659E-01
3.1078E-O1
2.939E-01
2.4170E-01
9.5207E-02
6.5394E-02
1.4670E-02
1,8059E-03
3,2466E-07
4.4@00E-09
4,02@2E-11
2.6772E-13
1.455lE-15
7.5749E-22
2.9327E-24
5.8173E-27

-5.1254E-29
4.5109E-31
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