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Abstract

NORIA-SP is a finite element computer program that solves a single nonlinear, parabolic,
partial differential equation. The equation describes the transport of liquid water through
partially saturated porous media. The numerical procedure uses the standard Galerkin finite
slement method to handle spatial discretization of two-dimensional domains with either planar
symrnetry or axisymmetry. Time integration is perfoymed by a second-order predictor-corrector
scheme that uses error estimates to automatically adjust time-step size to maintain uniform
local time truncation error throughout the calenlation. Thus, the user is only required to
select an initial time-step size. Most material properties can be set either to constant values or
defined as functions of the dependent and independent variables in user-supplied subroutines.
This report is intended primarily as a user’s manual but also briefly describes the theory of
liquid transport in porous media and the numerical procedure used in NORIA-SP.
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The work contained in this report pertains to WBS Element 1.2.1.4.9.
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Preface

A Tamiiy of finte element computer programs has heen developed at Sandia Na-
tional Laboratories (SNL) that inciudes COYOTE (Gartling, 1982), NACHOS (Gartling,
PN MARTAH (Garthng and Hickox, 19801, SAGUARO (Eaton «f al., 1983), NORIA
CBder, 19850 and most recently, NORTA-SE. The original NORTA code volves a total
of four transport equations sunnltancousive liguid water, water vapor, air. and euergy.
Consegitentlye use of NOREA 15 computer-intensive. Since many of the applications for
which NORTA is used ave wsothermal, we decided to “strip™ the original four-equation
version, leaving only the Hgmid water equation. This single-phase version is NORTA-SP.
1l manal includes muaehs but ot all, of the backoronnd iformation included in the
ariginal NOREA mannad. However, the primary intent of this document is to provide the
vaer of NORTASE an aceurate user’s mannal. Consequently, the reader should refer to
She NOREN mannal if additional detail is required regarding the equation development
aned finite element methods used.

The sinele-equation version of the NORIA code (NORITA-SP) has been used most
egunenthe for analvzing vanonus hvdrological seenarvios for the potential underground
cclear waste repository at Yueea Mountain in western Nevadao These analyses are
concerallv performed assiming o composite model to represent the fractured geologic
coediie T this model the materal characteristies of the matrix and the fractures ave
areacoweighted to obtain equivadent material properties. Pressure equilibrium between
S omatrn and hractuves is assiined sooa single conservation equation can be solved.
SORTASE s structured to accommadate the composite model. The equations for water
clocitics e hoth the rock matnx and the fractures are presented. To use the code for

trobienss imvolving a singles nonfractured porous material. the user can simply set the

. .
vea ol The lracinres ta zero.
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1 Introduction

The caleulation of transient flow in porous media is of interest in radioactive waste
disposal. The mathemitical cquations that deseribe flows in porous media are oo e
highly nonlinear and are thus not amenable to analytic solution except, perhaps. i
the very simplest cases. Moreover, analytic solutions cannot he obtained when problemn,
domains are irregular. The finite element method is a natural choice for solving problenis
with irregular boundaries, especially when Neumann (flux-type) boundary couditions are
specified.

The solution procedure in NORTA-SP is transient; no provision has been made for
obtaining steady solutions becanse such a steady solution procedure may not he conver
gent for the vast majority of analyses for which NORTA-SP would be used. tlowever. it
is always possible to construet a transient analysis that will approach the desired steady
state after some elapsed time,

The following sections provide a theoretical background for and information on how
to use NORTA-5P. Section 2 deseribes the equation that governs the transport of ligoid
water through a porous medinm. Section 3 diseusses the spatial discretization of the de
pendent variable in NORIA-SP, the Galerkin finite element formulation of the governing
equation, and the enforcement of bonndary conditions. Details of the time integration
procedure are set out in Section 4. Sections b through 7 are directed primarily 1o the
use of NORIA-SP: Section 5 gives an overview of the functions that arve perforimed by
NORIA-SF; Section 6 deseribes the input needed to execute NORIA-SP; and Section
7 tllustrates the information in Section 6 by sample problems.  Finally, Section 8 i+ 5
glossary of terms that may not be familiar to users who are not trained in finite eloynend
analysis and numerical methods,



2 Theory and Mathematical Model

2.1  Background

Phe theory of transport throngh porous media dates back to the late 1850s to the i
work of Davey (1856), More recent and complete attempts to model such flows include
the works of Richards (1931). .
The mathematical model deseribed in the following two subsections is relatively
general, ven so, the following assumptions have been made:
o [he single phase cousists of a single component in liguid. Here, the Tiquid phase
is assumed to bhe water but other constituents can be modeled equally well by
NORTA-SP.
o All viccons flow {(low at high enough densities so that molecular effects are unim-
portant) is laminar and obeys Richards” equation (Freeze and Cherry, 1979), which
s a forn of Darey’s law for snsaturated media.
o he porosity of the matrix is uniform over cach element. Up to twelve materials
are allowed,
Aside from these restrictions, all properties are general. Each material property is speci-
ficd 1o nser subroutine as a constant or as a function of the dependent or independent
".t".l“lrli?l(‘ﬁ.
2.2 Conservation Equation
e hasic cquation that governs How o porons media is a simple steiement ol con
orvation ol masss
Ape N O B .
\ p ) Ol
W }]“T(‘
»
Iy water densiiy.
o
O odstare content, 2 the volumie fraction of mateix that s filled by water,
o pore pressare e the Hgad phase,
x"')

il nre capacitance,



{ = time, and

q = mass flux vector.

The terms on the left represent accumulation of mass; the terin on the right represents
net influx of mass.

tn order to complet the governing Equation (2.1) and solve for pressure, a relation-
ship must be chosen to specify how the flux depends on the unknown pressure. This
relationship, which is constitutive in nature and thus depends on physical mechanisms,
is discussed i the following two subscctions.

2.3 Transport Equation

The mathematical model used in NORIA-SP describes the cransport of liquid ac-
cording to the pressure-driven Darcy flow equation:
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p= liquid density,

k = permeability of the porous matrix to flow in the liquid phase
| A | | )

g dyvnamie viscosity of the liquid,

P effective pressure in the liquid phase, oo, £ o= p - pyz = pyl 4 =),

po= pore pressure in the Tiguid phasce,

g = the aceeleration cansed by gravity,

s the vertical coordinate i a Cartesian or polar eylindrical coordinate system, e,

the zoaxis s aligned with the direction of gravity and is opposite in sense, and

¢ = pressure head, o, pore pressure divided by pg.



2.4 Composite Fracture/Matrix Model

NORTA-SP can he used to analyze the How of water through fractured porous ma-
terial. This s accomplished by formulating a single composite material throngh volume
woeighting of the material characteristics (permeability and moisture content) of the ma-
trix and fracture materials, This volume weighting must be performed in the user sub-
rontines FLUIDC and PERM as is demonstrated in the sample probleny (Section 7). The
development of this concept was formulated by Peters and Klavetter (1988). A major
assumption of this model is one of pressure equilibrium between the fractures and sur-
rounding matrix. The model is briefly described herey although it is recommended that
those intending vo impl ment this model refer to the above reference,

In the following discussions, the fracture porosity, @, is defined as the volume
ol Tractures per nnit volume of composite material, which includes hoth matrix and
ltactures. The volume of matrix per unit volume of composite material is (I - @),
AMatrix porosity, @, is the porosity of matrix material alone, e, the volume of pores
per unit volume of matrix material, The composite, or total, porosity is the vohune of
void (from both fractures and matrix pores) per unit vohun > of composite material and
Lodetined by

The composite, or total, material permeability, A is defined by volume weighting
and s piven by

KoY s (1= g R, + bRy, (2.1)

and the total motsture content, O, 4s the sum of the moisture contents i the matrix and

fractires

G = (")m -+ (")f u (])“’."avm -+ (])f,g./ (2“)

where Sis saturation and subseripts meand [ ovefer to the matrix and fractures, respec-
Crvelve I the fracture porosity s defined as zero, the material properties reflect those of
fhe atrix only.

Ghiven the material properties deseribed above, the pressure solution is found from
Cauations 200 and 2.2 independent of o marrix only (97 == 0) or a composite material
ch A0 models The computed pressure solution is then apphied to define Tiguid flux
Hioneh the matrix and, if the matertal s composite, to the fractures as well,



The linear, or pore, velocity of the liquid through the matrix is given by

G
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and optionally through the fractures by

’Uf == —————-q{ ¢
- B v )
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where S, is the residual saturation.
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3 Galerkin Finite Element Formulation

3.1 Weak Form of the Partial Differential Equations

The first step iy applyiug the finite element method to a problem is to put the
voverning differential equation in weak form (Zienkiewicz, 1977). This step has three
parts: (1) products of the governing differential equation, Equation (2.1), are formed
with a set of weighting functions that are defined in the following two subsections; (2)
the products are integrated over the problem domaing and (3) Green's theorem is used
to reduce all second-order derivatives to first order, Applying the first two steps results
|

i the following expression:

()6 .
/l""(”’.}*["‘f‘z‘“" = /'<7 S, (3.1)
‘ (

¥ 1)
where
vy the dth weighting lanetion.,
O the area of the probiem domain. and
JS s the ditferential of area.

Applvine Green's theorem to Bgnation (3.1) Teads to the following result:

e N '
/,0{»‘)-/.:)!,</H /q~ N7, d S f / (- ngpds s ), (3.22)
. ( )

)

o Y )
'."v])(‘“‘
1 the ontward pointing nmt novmal vector atone the perimeter of the probdens domann.
11H(!
dothe ditforential of deneth alone the perimeter of the domain.,

Peption (320 0s the weal formy of Fanatron (200 anid s the equation that s solved by

NORIA SP Erpnacion (2.2) 1 used 1o evialialo q.



FINITE ELEMENTS . REGION O

BOUNDARY I’

NODAL POINTS

Figure 8.1. Finite Element Discretization of a Region

3.2 Finite Element Basis Functions

The heart of the finite element method is the representation of dependent variables
by a set of basis functions, each of which spans only a small subdomain of the problem
domain. Definition of the set of basis functions is accomplished by subdividing the
problem domain into elements and defining a set of local basis functions on each element.
The problem dormain is subdivided so that it is the direct sum of the elements, as shown
in Figure 3.1, except, perhaps, at curvilinear domain boundaries where element sides
might only approximate the true boundary.

A large number cf element types have been used in finite element analysis. Two
types are available in NORIA-SP: (1) the eight-node isoparametric quadrilateral, and
(2) the eight-node subparametric quadrilateral. The number of nodes in an element
corresponds to the number of basis functions used to represent a dependent variable
within that element, “Isoparametric™ and “subparametric” refer to the way an element
is mapped into a standard element.

-3



Finite cletnent basis functions are generally defined on standard elements. Tn the
natural coordinate system. denoted by (Eogis the standard eight-node quadrilateral ele-
iem s i square with edges that fall on the nes & = =141 and p = —1.4+1 and with
nodes that he at corners and niudway along sides (Figure 3.2). The basis lunctions for

the cight-node quadrilateral are

op = ==& =)+ E 4 )

Gy = - ‘;(] + f)(l — r/}(] - f 4 11)
Gy m MO ] - €= p)
o = == EH A )T+ & =)
(3.3)
or L= EN = )
oy = L6 =)
o L= EN ) )
. T TR e

ifere e anbseripts refer to local node pumbers as shown i Figure 3.2

1 he simplest conceivable problem domain is a square in the global coordinates, here
cvtirer ez or (eezy I this domain were subdivided into some nnmber of uniform
v clements, the mappine of an clement from the original problens domain to the
Cerndard domain wonld be accomplished by translation and sealing. This is the sim-
Slest case of a subparametric mapping, Subparametrie indicates that the mapping from
coclobal doanain to thie standard domain s of Jower order than the order of the basis
St themselves, For the cielitnode quadnlaveral element, the basis funetions are
cider two, Lo the basis Innetions are quadratic in the coordinates (£.y). Thus. any
oreber dineart transtormation s allowed in o subpavametric tuapping. On the other
e oparametrie wapping is of the <ame order as that of the basis linetions them-

co sy secondborder tgdvation transformanion is allowed inan isaparametric
co b practices s means that cubparametric elements have straight sides and

Copve o elerients bive parabolic sides,

Poo ot cleynent basis fanetans defimed in lfqn;ﬂi(m G Tave several [)]'U[)i‘”.i('h

e Yoy especial b convement

. f,u I imri‘\ fu!u Hu{! i\ Zerey ol ;1” llwd(‘\ t“';;(‘(’pf e, Ihl' Hl)(‘(‘ 1) \.'\'}\i( h iT r‘n!'l‘t’&‘{)ull(l.\.

a1 bas a ovalue of oy there
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X (b)ISOPARAMETRIC

Figure 3.2. Quadrilateral Elements



o [Lach basis function is continious over the entire problem domaiu: therefore, any
variable expanded in the set of finite element basis funictions is continuous over the

problenm domain.

o Fach hasis function is non-zero over at mosc a few elements, typically four quadri
literal elements.

The first property simplifies interpretation of results: the value of a dependent variable
al a node point s simply the coeflicient of the basis Tunction corresponding to that
node. The second property is mathematically essential in order to ensure the integrability
of Egnation (3.2). The third property means that resulting matvix equations will he
sparse. Thus, special matrix-solvers can be nsed to reduce computational effort for direct
chimination. The matrix-solver used here is a frontal method developed by Trons (1970)
and generalized to handle asymmetrie matrices by Gartling (1978).

3.3  Galerkin’s Method

The preceding subsection defines the basis functions used to interpolate the depen-
dent vartables. Galerkin's method is to choose the same set of basis functions defined in
Fopnation (3.3) as the weighting himetions, . used in BEquation (3.2). The set of all the
cosvcalled the global set, is the union of the sets of local basis functions for each of the
clements making up a finite element mesh. Thus, the global set of yps s identical to the

clobhial wet of basis functions. the ¢,

e expansions of the dependent variable, £0in the global ser of hasis functions

tate the Tollowing form:

N
LN
[‘ e \ [)/(1')1 (.‘ 1)
e
i
Vo the mnmber of basis functions i the global set. which is the same as the nuniber of
node points o the finite element mesh,
I a coctlicient 1o the expansion of the effective Tiguid pressure. £,

Lo <tmplify the expansions of the complicated nonlinear terms in lquation (321
cionps of properties and nnknowns are expanded ina single expansion oo For examiple,

the Doy flow terntin the liquid equation s expanded as foliows:

10




(3.5)
~~n [ k" N, o
f —-dj\i':'l (%) (/)J -V (E:’:l I)A'(})k) ' V(’bidb'
2 )

The quotient in parentheses followed by a subscript is evaluated at each of the node
points of an element and expanded over that element using the same basis functions as
those used in Equation (3.4). The advantage of the expansion shown in Equation (3.5)
is that everything other than the basis functions can be taken outside of the integral so
that element integrations can be performed once and for all.

I {ﬁk . vp} S =
QO LM

X (3.6)
! — k . o -
,?=1 S (%) | Pel o [ ¢,V ¢V idS

j Q0

The final form of Equation (3.2) solved by NORIA-SP is shown below. The conven-
tion that repeated indices are sununed is adopted here. Summed indices range from 1 to

N,

U] k
( %7[‘) N[,, -+ (%7) [)A' . M.?';\.,' +q- ll/\’[,‘ = 0, (3.7)
A : J

where the subseripted matrix quantities are defined helow,

M; = / ODpels

Y]

4

I\/Il//u /"[/./ \‘7”":/\,\‘7{;'}‘(1,“-'
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3.4 Boundary Conditions

Finite element boundary conditions are divided into two categories: essential and
natural. An essential boundary condition is a Dirichlet one, i.e., a boundary condition
of the first kind; a natural boundary condition is any other type, i.e.. a Neumann (flux)
or a Robin (mixed) boundary condition. A Robin houndary condition is one in which
hoth a variable and its derivative appear.

Treatment of essential boundary couditions is entirely different than that of natural
boundary conditions in the finite element method. Essential boundary conditions are
mposed exactly by forcing coeflicients in the bhasis function expansions to take on the
required values., For example, if the pressure along a boundary were to be set equal to
HI00 Pa, the coefficients of the basis functions used to expand pressure would be set
to 1000 for cach of the nodes on that boundary. On the other hand, natural boundary
conditions are never imposed exactly in the finite element method. Instead, preseribed
flux values are inserted in the appropriate boundary integral in Equation (3.2). For
example,if a boundary were preseribed to be no flow, the boundary integral term would
he set to zero there, No-flux boundary conditions are default in NORIA-SP. In the
abrence of any boundary condition specitied by the user, no mass fluxes at all boundaries
are presumed. Treatment of natural boundary conditions 1s one of the features that
distinguishes finite element methods from finite difference techniques.



4 Time Integration Scheme
4.1 Strategy

The time integration scheme in NORIA-SP was chosen because it is quite robust.
antomatically adjusts time-step size to accommodate variations in natural time scale. and
is quite accurate (local time truncation crror is third order). It uses a predictor-correcton
schieme coupled with a Newton iteration procedure to march ahead in time {(Gresho of ol
1979 and Bixler, 1989). The Newton iteration scheme is essential in NORIA-SP, given the
highly nonlinear nature of the governing partial differential equation that it must =olve,
Furthermore, antomatic time-step size adjustment is a requirement for solving poran:
How problems hecanse natural time seales commonly vary by several orders of magnitude.
The Jacohian matrix for the Newton procedure is constructed using finite differences of
cach of the unknowns. Fach step of the time integration procedure is described below  No
steady state solution procedure is available in NORIA-SP. Steady selutions can generally
he obtained by constructing a transient caleulation that approaches a steady state afte
some elapsed time. The problem with general purpose steady-state solvers is that snen
solvers are not likely to be convergent for the majority of problems that would be analyzed

nsing NORIA-SP.

4.2 Adams-Bashforth Predictor

The Adams Bashfortl predictor s deseribed by Shampine and Gordon (1975) i
their treatise on computer methads for initial value problems. The Adams-Bashiorth
predictor requires the dependent variables at the preceding timeplane and their rates of
cliange atl the two preceding timeplanes:

AYA NN A,
7 — ) [ ) e 2 e P
R N (G vor) R vl CR ]

where

P = the rate of change of 17,
A=ty - L and

po=a predicted quantity,

Estimates for the rates of change of pressure are iade by the following formulas,

)

P, ()= () )
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Foagunation (1.2) 1s the common expression for rate of change using the trapezoid rale,
] & k

However. it was found that using Equation (1.2 at timeplane noand at timeplane o — |

85 1 \
produces temporal oscillations that become quite noticeable as steady state is approached.
By using Fquation (1.3) to estimate the rate of change of the dependent variables at
| £ { g
timeplane n — 1, the oscillations are eliminated.

The Adams-Bashlorth peedictor cannot he nsed on the first two time steps because
the dependent variables are not assigned values prior to timeplane zero, which is the initial
condition. Thus a start-up procedure is required. The procedure used 1n NORTA-SP is
deseribed in Subsection 4.6,

1.3 Trapezoid-Rule Corrector

A trapezoid-rade (Crank-Nicolson) corrector step is taken alter cach predictor step
to improve the predicted solution.  In addition, using both schemes allows local time

Cruncation error to be estimated so that time step size can be adjusted.  Automaltic

time step size selection s deseribed in Subscetion 1.5,

Application of the trapezoid-rule step iuvolves three parts,

o Time derivative in Iquation (3.2) 1s replaced by a dilference. For example,

O Buir - O,
Ak R (1.1)
., e Al

where the subseript o4 2 ndicates that the thme derivative is evaluated midway

fc b w e 1illl<‘;r|.‘;m~s ot e L

e | he dependent variable and functions of the dependent variable in Fquation (3.2)

-

ave evidnated midway between fhimeplanes. For example,

((‘)uu/: ol ) (1.6)



o Equation (3.2) is solved for each of the coefficients, P;, used in the expansion of
pressure at the new timeplane.

The predictor step provides an estimate of the dependent variable at the n 41 timeplane
for use in Equations (4.4) and (4.5). If more than one Newton iteration is required at a
given timeplane, the previous Newton result replaces the predicted solution at the new
timeplane. Once the trapezoid-rule corrector step is complete, the size of the next time
step is caleulated, as described below, and another time step is initiated.

4.4 Newton Iteration Procedure

The equations generated in the trapezoid-rule step deseribed above are usually highly
nonlinear. As a result, an iterative method is needed to solve them. Newton’s method
s used in NORIA-SP because it has good convergence properties and exhibits a good
domain of attraction. Newton’s method requires the construction of a Jacobtan matrix,
which is accomplished numerically in NORIA-SP by the following steps: (1) calculating
residuals, e, the right side of Equation (3.2); (2) incrementing cach of the finite element
coefficients one at a time and recalculating the residuals; and (3) using the differerces of
residuals to estimate the rates of change with respect to the firite element cceticients.
The computational work involved in constructing the Jacoblan matrix is reduced by
taking into account that the residunals in an clement depend only on the nodal coefficients
of that element. The resulting equations are then solved using a frontal method developed
by Trons (1970) and generalized by Gartling (1978) to handle asymmetric matrices.

sceveral parameters control the operation of the Newton iteration process. The first
parameter controls the size of the increments to the dependent variables used in calen-
lating the Jacobian matrix. Normally, cach of the dependent variables is incremented by
1079 of the maximum absolute value in the field; for example, hquid pressure is inere
wiented by 107% of the maximunm value of 12 in the field. Three other parameters are used
to control the number of Newton steps taken at a timeplane. Normally, only one Newton
step is regnirved; however, il the ditference hetween the predicted and corrected solutions
s too great, more thanone Newton step may he taken. This difference is defined by a
weighted s norm and is given in the solution output:

N ]) [”:\ 2
N J ] re
s (Flf '> . (4.7)
=1 N e
=
Here,
rae = the maxinum absolute value of the variable at all node points, and

t



p = the predicted solution or, if one or more Newton steps have already been taken, the
previous result of the Newton process,

Normally, Newton iteration is continued until rms < 0.01; however, no more than 3
Newton steps are allowed at a given timeplane. Also, if rms > 0.2, 1.11(—'. time-step size
is reduced, as described in the following subsection, and the time step is repeated. One
additional parameter that controls the choice of time-step size is described in the next
subsection. The values of these parameters are not easily, and ordinarily need not be,
modified by the user. However, they may be modified when a problem so requires.

4.5 Automatic Time-Step Selection

Time-step size is varied at each timeplane to maintain local time truncation error as
aniformly as possible. Taylor expansions are used to estimate local time truncation error
for the Adams-Bashforth predictor and the trapezoid-rule corrector. The error estimate
for the predictor is

l LAtn» ()3[ 1 S
L e e L T (>+ 1-5?4) A || — _-Li-‘)u + O(AthY). (1.8)

Heroo Pt 4) refers to the exact solution of the finite element Equation (3.2) at time
l41. The double vertical bars indicate the rms norm defined in Equation (4.7). The
crror estimate for the corrector is

, PPt
HI)1 | “‘] 1.#1 H = 71”— +1

24 BIE “ + () At ). (4.9)

By combiuing Equations (4.8) and (4.9) to eliminate the norm of the third time derivative
of . and by using the triangle inequality to eliminate the exact solution P(t,41), the
following inequality results:

HPHH '”' nH“
+ O(ALY), (4.10)

Loy = 1Py — Pl
bipr = [ Pugr = Pllugr) 34 6AL,_ AL

Hereo dopy is the error in the corrected solution at timeplane n + 1. Finally, Equation
( 1.9) implies that

(/'n+;’ “/-\"n-}-l ):i
= R + () I/ ) 4' l
( 2 f,,,,’ (A 71), ( 1)

which can be solved for At to obtain
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Al = A, | — . A1)
+1 (d”+1> (

The upper bound on dy41 from Equation (4.10) is used in Equation (4.12) to establish
a lower bound on At, . Here, d, 42 has been set to ¢, which is the desired valne of the
local time truncation error al the next time step, The default value of ¢ in NORIA-SP
is 1077, Equation (4.12) is used to calculate time-step size for cach time step beginning
with n = 4. However, when the A,y is less than 80% of At,,, the solution at timeplane
n+ 1 s recaleulated and Aty is replaced by the smaller value.

4.6 Start-Up Procedure

The Adams-Bashflorth predictor canuot be used on the first two time steps bhecause
rates of change of the dependent variables are not known prior to the initial condition.
As a result, a start-up procedure is required to initiate the time integrator. The one
used here is to take two backward-difference steps before initiating the two-step time
integration procedure. The reason backward difference is chosen instead of trapezoid-
rule is that backward-difference steps help damp out discontinuities that may be present
in the initial data. Luskin and Rannacher (1982) have shown that a few hackward
difference steps taken at the beginning of a time integration procedure can actually
enhance the accuracy of the overall results by damping singularities that might otherwise
cause oscillations.

Automatic time-step size selection beging after the first predictor-corrector step,
which is the third time step. The only exception is that if the user requests that output
be printed at a particular time, time-step size may be limited so that results can he
computed al that exact value of time.  User-requested output is described further in
Section 6.



5 Program Description
5.1  Organization

1he program organization in NORIA-SP reflects the steps taken in setting ap, solv-
ing, and cvaluating the finite clement analysis of water transport through a porous
medium. NORIA-SP contains about 50 routines that can be categorized according to
five primary groups of tasks, These program tasks are shown schematically in Appendix
A and are described in Subsections 5.2-5.6.

Mesh (Generation. Assign nodal point locations. Assign nodal points to finite ele-
ments and organize data for equation formulation, The finite element library in NORIA-
S consists of two element types.

Boundary and Initial Conditions. Assign boundary conditions to appropriate nodal
points and select initial conditions.

Solution Procedure. Form element coeflicient matrices. Use material property data

Lo assemble local residuals and matrices.  Assemble local residuals and matrices into
elobal sets. Solve transient equations for dependent variables.

(talenlation of Derived Quantities. At user-specified times during the caleulation,

certain derived quantities are caleulated and reported,

Post-processing. NORTA-SP has no internal plotting capabilitics. Instead, an output
file in the EXODUS format (Mills-Curran el al,, 1988) is produced. This file can then
he used as direet input to graphics packages suchas "T'RINTPY T (Glick and Gartling,
1083) and BLO'T (Gilkey and Glick, 1989), or can be translated for use with other post-

processing software.

5.2  Mesh Generation

GCieneration of node points in NORIA SP is independent of element specification. As
aoresults a nser may generate morce nodes than are actnally nsed ina problent so - that
hee ey experiment with node point location hefore selecting a mesh. This option s

cepecially nseful when a Targe or complicated domain is to bhe subdivided into elements.

For purposes ol mesh generation, a problen domain is considered to be made ap of
recions determined by the nser. Region houndaries are approximated by curves that can
consist of lincar, quadratic, or cubic mappings of a line into an (x,2) or (r,2) coordinate

aystem. o,
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Here, Pyoand P are polynomials that may be lincar, guadratic, or cubic, and € is a
parametric coordinate. This approach allows relatively complicated boundary shapes to
be modeled easily and accurately.

The user locates node points along the boundaries of a region by specifying the
number of nodes along cach region boundary and by specifying a geometric factor that
determines relative spacing. Node points within a region are generated automatically
once the boundary nodes have been identified by an (1, J) numbering system. The user
may specify node points along curves or at individual points. Node points may also he
located by means of a subroatine supplied by the user.

The final step in mesh generation is to assign node points to elements. In the case of
isoparametric elements, the element shape is determined by all of the nodes assigned to
that element; in the case of subparametric elements, the element shape is determined by
corner nodes, The midside nodes in subparameteic elements are located midway on the
line segment that connects adjacent corner nodes. In general, element boundaries that
border a region do not coincide with the region boundary itself. However, isoparametric
clements better approximate a curved boundary than do subparametric elements.

T'wo distinet errors are introduced it NORIA-SP when approximating curved bound-
aries for a problem domain. The first error is in the step of approximating problem do-
main boundaries by region boundaries. The second error is in the step of approximating
region boundaries by element boundaries. However, these errors are generally minor and
disappear altogether when problem domains liave straight houndaries. Furthermore, the
first error can be reduced by breaking up an irregular problem domain into more and
more regions and can be completely climinated by assigning boundary node locations
individually, cithier hy means of the point option mentioned above or the aser-supplied
subrontine. The second error is inherent in the finite element method, but, as shown
by Strang and Fix (1973), with certain mild restrictions on the shapes of elements, this
crror is ol no higher order than the crror made by representing the solution in ierms of
the finite element basis funetions,

Element Library

NORIASP uses static arrays that have been dimensioned to accommodate up to
5000 clements; however, NORTA-SP can be redimensioned to haudle larger meshes,
There are two hasie clement types available in NORIA-SI.

[soparamctric Bight-Node Quadrilateral. The isoparametric cight-node quadrilat-
ADS/S) can have curved sides, as shown in Iigure 3,200 and uses the hasis

cral (QU

functions defined i Fauation (3.3) to interpolate dependent variables and to map from

the standard domain Lo a real domain,
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subparametric Fight-Node Quadtilateral.  'The subparametric eight-node quadui-

Literal (QUADS/) has straight sides and uses the basis functions defined in Bquation
(13 o interpolate dependent variables and hilinear basis functions, a4, to map from the
standard domain to a real domain. Bilinear basis functions are defined as

o= =9 -

o =

o
—_—
|
f\f*{
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~—

[soparametric and subparametric transformations of an element are respectively de-

Hed as
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Heve, (@), z;) are the nodal coordinates of an element in the real domain and M is the

niber of hasis fnctions used in the expansion over an element.

Fralnation of the integrals in Equation (3.2) is carried out over standard elements by
wsing the transformations defined in Equations (5.2) and (5.3). This evaluation requires
that the Jacobian of the mapping be caleulated. Integration is performed by nine-point

Clanssian quadrature,

5.3 Boundary and Initial Conditions

Boundary conditions are specified on an element basis. Bflective liguid pressure can
e cpecilied for individual nodal points or clement sides. Use of the latter is restricted to
coenwhiere there is a uniforn value along a side. Mass fluxes are specified as constants
along clement sides. Zero-mass-fhix conditions are the default boundary conditions in
NORIA SP el no boundary condition need he specified for an impermeable surface.
Morcover,any of the above types of boundary conditions may be specified as functions
ol oy of the dependent or independent variables by means of user-supplied subroutines,

Twooptions exist in NORTA-SP for specification of initial conditions. The dependent,

cantable miay be specified in the input deck to be constant over each material. Arbitrary
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initial conditions may be input by a user-supplied soliution tile written in the forma
specified i Section 6.

5.4 Solution Procedure

The solution procedure used in NORIA-SP is described in Section 4. The trapezoid-
rile corrector is implemented on an element-by-element basis. The solution process is
performed by Trons’ frontal procedure (Irons, 1970), which has five distinet steps: (1) the
elimination process is set up for the frontal solution procedure; (2) a residual vector and
an element coefficient matrix are assembled for an element; (3) the local residnal vector
and the element coeflicient matvix are respectively added to a global residual vector and
cocfficient matrix: (1) equations that have been fully summed are forward-eliminated:
steps (2) throngh (1) are repeated until all elements have been treated; and (5) back
substitition is carried out to produce the solution vector at the new timeplane. This
process 1s repeated for each timeplane and may be repeated several times for a single
timeplane, as described in Section 4.

5.5 Calculation of Derived Quantities

Quite frequently the user wishes to examine quantities derived from the hasic field
variables.  These quantities include saturations, conductivities, liquid flux, and pore
(linear) velocitios in the matrix, and. il a composite model is used, in the fractures and
total (composite) quantities as well, The variables reported are control.ed by the printer
flag on the solution control card (Section 6.7).

5.6 Plotting

NORIA-SP has no internal plotting capabilities. Instead, an output file in the XX 0O-
DUS format is produced. This file can then be used as direct input to graphics packages
such as TRINITY I (Glick and Gartling, 1988) and BLOT (Gilkey and Glick, 1989).
Both BLOT and TRINITY I can generate plots of nodal point locations, finite element
mesh, and ontlines of the domain showing material boundaries, as well as contours, time
histories, and profiles. Additionally, particle pathlines can be plotted using TRINI'TY
1. Pressures. or any of the derived quantities reported during the calculation, may be
inchuded in the EXODUS file with the “post™ option on the stop card (Section 6.9).



6

6.1

Input Guide
Introduction

The structure of an input deck for NORIA SP corresponds to the steps required

1o formulate and solve a finite element problem.  Through a series of command and

data

cards, the program is directed to such functions as generation of nodal points.

construction of elements, construction of clement-coeflicient matrices, solution of the

finite element equations, and postprocessing of solution field data. The actual sequence

of co

mmands to the program is quite flexible, although there are some obvious limitations

to the order in which the operations can be carried out. In the following subsections,

the (

ommand and data cards required by NORIA-SP are desceribed in roughly the same

order that they would normally appear in an input deck.

The conventions listed below are used in the description of input cards.

Upper-case words imply a command or alphanumerie input value, c.g., FORMKF.
This notation is for descriptive purposes only; the actual input cards must contain

lovrer-case characters.

Lower-case words and symbols imply that an alphamuoneric or numerical value of
the specified variable is expected, c.g. rmar.
All variables are input in a free-field format aud successive variables are separated

by commas.

[ 1indicates optional parameters that may be omitted by nising successive comias
in o variable list. I the omitted parameter is not followed by another parameter,

no commas need he uged,
< = ndicates the defanlt value for an optional parameter,

Viasterisk (4 may he wsed 1o continme a vatiable st onto o second data card.

v placed alter the Tast character on the card that is to be continned.

A dollar sign (%) may be used 1o end o data card so that the remaining space on
\
I

the card mav bhe used for comments,
The contents of cach inpat card are iudicated by underhining,

A qrantities associated with a coordinate dircotion are expressed in terns of the
planar (. 2) coordinate system, The cortesponding quantitios {for axisvoimetric
problems are input by replacing the honzontal coordinate, o with the radial coor
dinate, r.



o The user is free to select dimensional units; however, the units chosen must be
consistent between all quantities defined in both the input deck and any user-
supplied subroutines.

o When an input value is restricted to a certain range of values, that range is given;
otherwise, consideration should be given to the applicable computer’s accuracy
and accepted values. Of course, the user is responsible {or defining a physically
meaningful problem.

The command cards are described in the following order:

Header card
o SETUP command card

FORMKF command card

VELOCITY command card

OUTPUT conmmand card

UNZIPP command card

RESTART command card

Program termination card

In the following subsections, the individual deseriptions of the command cards are
discussed, followed by deseriptions of the input deck structure, user subroutines, initial
conditions, error messages, and computer requirements.

6.2 Header Card
The header card must be the first card in a deck. A % must appear in the first

column; the remaining 79 columns are available for a problem title. The header card has
the following format.

$ problem title

6.3 SETUP Command Card

The fivst task i formulating a (inite element analysis using NORTA-SP is to specily
the material properties and to define the finite element mesh and boundary conditions.
The material properties are described in Section 25 the mesh and bhoundary conditions
in Section 3. These Tuncetions are accomplishied by means of the SETUP command and

three sets of associated data cards.



The SETUP command card has the following format:
£

SETUP, [iprint], {maxi], [order]

where

'

iprint < 2 = determines the amount of printout produced during the setup operation.

Output increases with the value of iprint. For iprint = 1, no setup information
is printed; iprint = 2 gives element definition (e.g., type, material, coordinates)
and boundary conditions (e.g., type, location, value); iprint = 3 includes output
[rom iprint = 2 plus grid input data for the problem geometry; iprint = 4 includes
output from iprint = 3 plus coordinates and associated (1, J) values for each node
both by (1,.J) value and by element.

mart < 18 > is the maximum number of 1 rows of node points to be generated. Max:

need only be specified if there are more than 18 I-rows or more than 2770 J-rows.
The limit on the maximum /- and J-rows is [+ < 50, 000.

order < determines the unmbering of the elements. For the default (order left blank),

the elements are numbered by increasing (1, /) values [e.g., (1,1), (2,1), (3,1),...,
(1.2), (2,2),...]. For order = PRESCRIBED, the elements are numbered accord-
ing to their order in the input list. The elements should be ordered so that the
front. width of the problem is minimized (Irons, 1970). For a basically rectangular
shaped geometry, elements should be numbered across the dimension of the domain
containing the fewest elements.

Following the SETUP command card, three sets of data cards are required. These

diata sets specify material properties, nodal point locations, and finite element mesh

and bhonudary conditions, Fach of the data sets is terminated by an END card. The
thivd END card terminates the SETUP command and readies NORIA-SP for the next
command.

Material Data Cards

Material data cards are of two types - one for fluid properties and one for matrix

properties. The data card for fluid properties has the following fornm:

[realcrial waine ), nwnber py e, g

T
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where

material name is an optional alphanumeric material name for user reference,

number is an internal reference number for the material. The fluid must be number 1.
p s the density of the liquid.

i is the dynamic viscosity of the liquid.

¢ s the acceleration caused by gravity.

The values defined must be consistent with the system of units chosen by the user. The
default value for all parameters omitted on fluid property cards is zero.
Material properties for matrix materials are specified according to the following

format:

[material namel, number, Py, «

where

material name s an optional alphanumeric material name for user reference.

rnberis an internal reference number for the material. Matrix materials may use any
or all of the numbers 2 through 13.

I < 0% s the initial effective liquid pressure in a material, P = p 4 pgz or P =
pg(W + z) where W = p/pg.

a < 0° = is the angle, measured in degrees, from the x-axis to the first principal axis
in the clockwise direction.

The material permeability, porosity, moisture content and capacitance are determined in
user-supplied subroutines described in Subsection 6.11. The parameters o and £, must
be set to constant values for cach material. Default values are zero unless otherwise
specified. An END command must follow the material property portion of the SK'T'UP
comimanl.



Porous materials modeled by NORTA-SP can have either isolropic or orthotropic
permeabilities. For isotropic materials (materials in which permeabilities are not fune-
tions of direction), permeability is defined in the user subroutine by Ky = K,y = K.
The angle on the material property card, «y is either zevo or left blank. For arthotropic
materials (materials in which permeability is a function of direction), permeability is de-
lined in the user subroutine along the principal axes: Ky is the value of permeability in
the divection of the fivst principal axis; Koy is the value of permeability in the direction of
the second principal axis; and acis the angle measured in the clockwise direction from the
s-axis to the fivst principal axis. The angle o need be specified only when the prineipal
axes are not aligned with the coordinate axes.

NORIA-SP does not contain any dimensional constants or properties; therefore, the
nser is free to choose any consistent set of units. Furthermore, it is possible to cast
the governing equations (2.1) and (2.2) in dimensionless form. If & dimensionless form
is nsed, some of the parameters in the material property cards would be replaced by
dimensionless groups and some would be replaced by unity. This approach might be

nseful for large-scale parametric studies.

Nodal-Point Data

After material properties have been specified, nodal points for the finite element
mesh are generated.  Generation of nodal points and generation of clements are dis
tinet operations in NORTA-SP. Nodal-point locations are caleulated using quadrilateral
regions. The boundaries of the regions are determined by polynomial mappings, as de-
ceritbed i Subsection 5.2, The user defines each region by specifying a set of points that
lic on the houndary of the region. Nodal points ave identificd by an (/,.J) numbering
svstem, The location of nodal points within a region is entirely controlled by the mumber
ol poinis along cach of the boundaries of the region and by geometric parameters that
control relative nodal spacing along cach of the houndaries, "Three data cards are needed
to define the nodal points in a region,

/lur/u/mju' mu /m«u I‘/]] ! ..’1~ l‘/‘ |‘/l [l](” \!\l l’(lJ 1"4'

TR A [l )

Vihere

s e are the i values of £ and  Tor the vegion being, pencrated (Fipare

6h.la).
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by Jmae  are the maximu values of 1 and J for the region being generated (Figure
6.1a), The difference between the maximum and minimum values determines the
number of node points in the region.

g = 1= specifies a geometrie factor for nodal spacing along the ath side of the region
(Figure 6.1a). The geometric factors, shown in Figure 6.1a, are defined by

Aty X
gy = Z&T, (()l)
2

Ajy .

gy = __AT’ (() 3)
and A, for m=v or j, is given hy
-1 K

St N

Am o= [ | Feee ) (el 6.3
1) e

where

L= total length in the ¢ or j direction ol the region heing generated,
M = total number of nodal points - 1
= andex that goes from 1 to M.
The definitions for gy and gy are the same as those for g and gy, respectively, The
defanlt values of unity give equal nodal spacing along a side. Geometrie factors that are

larger or smaller than unity give geometrie nodal spacings (4o, the distances hetween,

consecutive nodes form a geometric progression with geometrie factor ¢;).

POLAR specifies the use of a polar rather than a Cartesian coordinate system. he

default s w Cartesian coordinate systen il this parameter s onmitted,

=00y gy =0 e desipnates the origin of @ polar coordinate systenn,




ey 21e define the coerdinates of the four corner and optional side points for each
region. I a region is bounded by straight lines, only the coordinates of the four
corners need be specified (4.c., wy oy and zpozg). 10 any of a region’s sides are
curved, then the appropriate side nodes must be specified as shown in Figure 6.1b.
A quadratic mapping is used to define a@ boundary if one side point is specified; a
cubic mapping is used to define a boundary if two side points are specified. Points
should he nearly equally spaced along cach side of a regiou.
\

Chiere are no limits on the number of regions that may be used to define a set of nodal
ponts. The only restriction is that 1, « Jyee < 50,000,

[ is sometimes convenient to be able to position an individual nodal point or a string
ol nodes. The {ollowing data cards allow the user to implement these options.

POINT, i.j, 21 = [POLAR], o], [z0]

where

vopas the £y specitication for the point.
oy s the eoordinate pair that defines the location of the point.
POLAR specifies the use of a polar rather than a Cartesian coordipate system.

rao Uy 2 = 0= designates the origin of a polar coordinate system.

-‘\R(‘-‘ /l'uuu1“1_1:_/»/7;;171- "'/Ilvu“ .}.'Ili‘l..hl" [(/l]a [l)()l_ﬂ\ H]s ['1'()]7 [:-((l}
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where

s i are Lhe mininum values of Land J for Uhe are, as shown in Fignre 6.1¢.

o Joarare the maximuam values of 1 and J {or the are, as shown o Figove Gole,
Because a one-dimensional array ol node points is generated by this command,
cither £, must equal 4,0, 0 Jpie must equal Je The difference hetween the
maxinnn and mininmm values determines the number of nodal points gencerated

along the arce,

gy =0 1= specities the geometric factor for nodal spacing aloug the are. The gradient is
defined cither by Equation (6.1) or Equation (6.2), depending on whether £ or /s

heing incremented along the are.
POLAR specilies the use of a polar rather than a Cartesian coordinate system,
vy o= e sy < 0= designates the origin of a polar coordinate system,

g 2g o deline the coordinates of the ends of the are and optional intermediate
points. 1 the arce is a straight line, only the first two sets of coordinates need
he specified; if the are is curved, either one or two intermediale points shauld he

specilied, as shown in Figure 6. 1c.

[here are no himits to the monber of POINT and ARC data cards that may be nsed
moeencrating a mesh. Both types of conmmmands may appear anywhere within the nodal

g

data portion of the SETUR command.

One hrther option exists for defining nodal point locations. Nodal coordinates can
Leodelined by the user ina subroutine called EXTDIEE This subrontine provides a great
deal of flexability and is deseribed in Subscetion 6,01 Subrontine EXTDI s accessed
b placine the followine card anvwhere within the vodal data portion of the SETUP

Cotnand,
[N DI

Voo BN commmand must Tollow the nodal data,

FND
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Element and Boundary Data

Following the generation of nodal points, NORIA-SP is ready Lo accept element
and boundary condition data. Because the nodal points are generated independently of
the elements, selection of nodes to coustract an clement is very flexible, T'he process of
constructing an element consists of identifying a group of nodal points to serve as corner
and midside nodes of the clement, This concept s apparent from the form of an clement
data card,

clemend Lype, mal, iy, g, [22]y (d2]yeees 2]y [l
where t
clanent type is an alphanumeric name for the type of element. The allowed element,

types are desceribed below.

mal is the malris material number for the element. This number should correspond to

one of the material numbers that appears on a malrix material property card.

Ity Lius dusere ) ave the 100 values for the node points in the element. The nodes are
listed counterclockwise around an clement, starting with any corner, as shown in
Figure 6.2, In most situations, the list of 1, J values may he significantly condensed.
When [,/ is specified only for the first node, the following values for the remaining
nodes are assumed:

R A S T | | 2

Allz S ./1

Juo g g e g
When 1,0 values are specified for corner nodes only, the 1,/ values for cach midside
node are taken to be the average of the valies at the adjacent corners, "The coordinates
ol midside nodes are redelined ax the midpoint of the adjacent corners,

Ao clement’s type s specitied by the elenend type parameter. The following eleroent

tvpes may be nsed i NORTA S,

3



Figure 6.2. Numbering of Flement Nodes and Sides



:
o QUADS/M is a subparanetric quadrilateral with straight sides oriented arbitea !

o QUADR/E is a general isoparamelric quadrilateral that nses a quadratic mapping
to determine the shape of element sides,

[n the generation of subparamelric elements, physical coordinates (&, z) of midside nodes
need not lie precisely on the element side because these coordinates are not used in cle-
ment construction, The basis functions defined in Bqguation (3.3) are used to interpolate
unknowns over quadrilateral clemenis,

Two points about the (1,./) identilication of an element are noteworthy. [Rach ole
ment is identified internally by the (7,.7) paiv of the first node named on the element
data card, i.c., (41, /1) Because any corner node may be named first on an element data
card, the internal identification may not be unique. The user must avoid assignment, of «
duplicate (1,.0) identifier to any element that has an imposed boundary condition. This
problem can always be avoided by selecting an appropriate nodal ordering on the relevant
clement data cards, The second point is that clement connectivity is determined by nodal
(1,.7) values. The problenis that in some situations it is convenient to assign more thau
one (£, J) identifier to a single node point. The user must make sure that elements
having a common node point use the same (£, J) identifier for that node. Otherwise, the
clements will not be properly connected, |

Boundary conditions are specified by clement and may appear anywhere after (he
clement to which the bonundary condition applies has been defined and before the end
of the element and boundary condition portion of the SETUP command. Fssential
boundary conditions caun be specified as being constant along an element side or by node:
natural boundary conditions can be specified only as being constant along clement sides.
The format for preseribing honndary conditious is

BC, b, e type, 1y, ji. side/node, value/curve no.

where

boeotype is an alphanumeric name for the type of boundary condition. The allowed

types are deseribed helow.,

fegy s the oS identification of the element to which the boundary condition applies.
Lo the fivst [0 paiv named on the element data card.

stdefnodeidentifies the side or node of the element to which the boundary condition is
to be applied. The nnmbering of nodes and sides begins with the identifying node,
1.6, the first node named on the element data card, and proceeds counterclockwise,

as shown in [Figure 6.2,



paluc/eurve no. is the numerical value of the applied houndary condition or the number
of the CURVE subrontine from which the value of the houndary condition will he
determined. CURVE subroutines ave described further in Subsection 6.10.

Warning: A pressure boundary value of exactly zero will not be recognized as a flixed
houndary.

The chotees of 0. e, Lype that may be used in NORITA-SP are

e I specilies a constant value for effective liquid pressure at a node.

o PIIISIDIE specilies a constant value for elfective Tiguid pressure along an element

side,

e PIITVARY specifies that effective lignid pressure along an element sideis variable,
A CURVE subroutine must be supplied by the user to determine how effective liguid

sressure depends on other vartables,
} ]

o ULSIDI specilies a constant value of Tiquid Hux in the direction of the outward:
pointing norimal along an element side.

o ULVARY specifies that liquid flux in the direction of the ontward pointing normal

is constant along an clement side but depends on other variables thereo A CURVIS

subrontine must be supplied by the user to implement this houndary condition.

[mpermeable surface reguires no houndary condition to he specified.

Fach of the above boundary conditions can be nsed with any ol the above clement types,
NORIA SP will permit a total of six CURVE subroutines to he used. The format for

these subrontines is deseribed o Subsection 611,

[ order to factlitate the specification of elements and honndary conditions, a looping
foature b= available in NOREAN SPC This feature allows the definition of TLOOPs and
JLOOPs (which ave siteTar to FORTRAN DO Toops for meeementing data i the ©and
Foirections. Nesting of the Toops may bhe in either order, hut no more than one 1,OOP
aone JLOOP may be ineffeet at onces AT or J vabies are given the same inerement
within the loop. The looping commands have the following form:

”,()()‘l’ﬁ et I
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npass specifies the number of passes to be made through the loop.

e specifies the increment to be added to the Tor J values found within the loop. The
ine parameter may be negative,

Element data cards, boundary condition data cards. or a combination of the two, fol-
Jow the looping commands. I-looping and J-Jooping are terminated respectively by the
following commands.

JEND

Valies of 1 and J the first time through the loop are those given on the data cards that lie
within the loop, These looping commands may appear at any point within the element
and boundary condition portion of the SETUP command. An example of the use of this
jouping procedure is given in Section 7.2

6.4 FORMKF Command Card

After the completion of the SETUP command, the next task in the finite element
formulation of a problen is to perform the element integrations necessary to solve the
tnite element Eguation (325, This task is triggered by the FORMRKF command:

FORMKLE, [synunctiy]

whoere

siroectry s an alphannmerie vame that indicates the type of coordinate system de
sired N teeo-dimensional Cartesian coordinate system with coordinates o and = s
wred i performing the element imtegrads if sy try s omitted; a two-dimensional
polar coordiate syvatern with coordinates - and 2 s used u performing the element
mvegtals il synooctry s sot 1o AXTSY ML T other words, planar synnetey s the
defantt option. sid axisyiumetry s specitied by setting sgomelry =AXISY M.

6.5 VELOCITY Command Card

NORIASP fichides the aption of computing velocities by two methods, The valioe

of location determiies the calenlation procedure need.



VELOCHY. fiation]
where

Jocation = (GAUSS specifies the velocitios to he caleulated at the ganss points, using the
gauss point pressurve pradients, and then extrapolated to the corner nodal point
locations, I location is left blank the velocities will be calenlated at the gauss
points. |

location = NODAL specifies the velocities to be caleulated at the nodal points using the

nodal point pressure gradients.

3.6 OUTPUT Command Card

[t is sometimes convenient to limit the amount of ontput generated during the so-
lution of a problem by NORIA-SP. It may also be convenient to output values of the
dependent variables at locations other than nodal points. Both of these features are
avatlable in NORIA-SP by using the OUTPUT commind card. Selective printing of all
vartables is enforced by an OUTPUT command card with the following format:

()l ’H’Ul Lype, 1ys 1y, Tsp

wlhere

fipr e an alphanumeric name that indicates how the subsequent data are to be inter-
preted, I type =SINGLE, the data that follow are taken to be clement numbers.
Hitype =STRING. the data that follow ave interpreted as pairs of element numbers
that define the lower and upper limits on i string, of elements,

T TI g s oa st ol element mambers than indicates which erements are o be
mcluded o the ontput st A maximm of M mdividoal element nambers or 25

clerent pairs may e specified ona single capd,

Fhere s no it to the monber of OWTPUT command cards that anay be used in a
SOREA SP input deck. OUTPUT cards of hoth fypcs may he nnxed together in any
crder, However, all OUTPUTT command cards st precede the UNZIPP command card
deseribed in the following subsceetion. I ne OUTPU L cards are ineluded i the inpnt

deck dependent variables are printed at every elesment o the finite element mesh,

Ovtpnt at special points. o, potnts that do not comeide with nodal points, may be
pecested by an OUTPUTT cavd of the following format:

e ow



OUTPUT, POINTS, @y, 21, #2, Z2y00vy Tas, 225

where

Xy, 21—Xys, 235 18 a list of @, 2 [or v, 2] coordinates for the special points. A maximnm of
25 points may be specified on a single command card.

NORIA-SP allows up to 50 special points to be specified during an analysis. Resulls af
special points are printed in the output. The value of iprt on the UNZIPP card controls
the number of variables printed. The default values (ipri = 0) printed are pressure,
saturation, and conductivity. Optional values (iprt > 0) are tluxes (matrix or total)
and velocities (matrix). If the solution file (tapel9) is to be saved (see the RESTART,
NOSAVE command) and special points are requested, a solution file at the designated
special points (tapel7) is also saved. OUTPUT command cards that designate special

points may be mixed with cards that limit output.

6.7 UNZIPP Command Card

The UNZIPP command card instricts NORIA-SP to begin assembling and integrat-
ing the finite element Equations (3.2). The UNZIPP command card has the following

format:

UNZIPP, t;, [t;]s Aty [no. steps], [init. cond.], [nprint], [tprinty),..., [tprintys], [iprl]

where

{; 1s itial time. If ; is set to TAPE, the initial time is read from a disk file called
tapel9.

fp < 10% = s final time, (., the time at which the time integration procedure will
stop.

At; is the initial thme-step size. Al also establishes the minimum time step allowed

during the time integration procedure.
no. steps =< 1000 = is the maximum number of time steps to be taken.

mit. cond, specifies the source of the initial conditions for the problem. I this pa-
rameter is omitted, initial conditions are taken from material property cards. 1l
this parameter is set to TAPE, initial conditions are read from the file tapcl9, as
explained helow.



pprintis the number of timeplanes at which results are to be printed. Normally, results
are printed at the final timeplane so the user need not request output then. Haprend
is omitted, results will be printed only at the last timeplane of a calculation,

fprint=tprindgs  specily the times at which outpat is desived. A maximm of 45 times
may be designated for output. The list of times st be in ascending order. Spee
Hying one or more {prints will alter the selection of time-step size so that results

can be computed at the exact values of time requested by the user.

rprt controls the parameters printed at the timeplanes defined above. The parame:
ter values printed will inelude those deseribed below for the defined iprt value in
addition to those histed for lesser values of iprt,

iprt parameter values printed

0 or blank (default) PRESS, MSAT/TSAT (no composite/composite),
MCOND11/TCOND11, MCOND22/TCOND22

1 MXFLUX/TXFLUX, MZFLUX/TZFLUX, MXVEL, MZVEL
2 if composite, MSAT, FSAT, MCOND11, MCOND22,
FCOND11, FCOND22, MXFLUX, MZFLUX,

FXFLUX, FZFLUX, FXVEL, FZVEL

3 PHEAD, MMC, MPERM11, MPERM22, and if composite,
FMC, TMC, FPERM11, FPERM22, TPERM11, TPERMZ2

where the ontput quantities are as deseribed below

('"OND conductivity

FLUN Hux (Darey velocity)
MO motsture content
PR permeabifity

PRIESS clfeciive (total) pressire
PHEAD  pressure hiead

S A sadnration

VL pore water velocity
Maodiliers

M at iy

I fracture

] total {compuosite)

ey



X horizontal direction

7 vertical direction
11 direction of first principal axis
22 direction ol second principal axis

There is no need for multiple UNZIPP cards in NORIA-SP becanse time-step size is
adjusted antomatically by the program and because specification of timeplanes at which
results are output is quite fexible. The UNZIPP card must be followed by an END card:

IiND

Initial conditions may be specified on material property cards or read from tapel9,
as deseribed above, Pile tapel9 can be ereated in one of two ways: it can be saved from a
previous NORIA-SP run using the RESTART option described below or it can he written
by another program. The appropriate format for the file is deseribed in Subscction 6.14.

6.8 RESTART Command Card

NORIA-SP saves transient solution data on an external file (tapel9) for continuing
compitations or postprocessing. lu cases of large problems, or those with many time-
planes, this file can become large. The following command is used if it is desived not to
save the solution data.

RESTART, NOSAVE

In order to restart from previously saved solution data, the following command card s

nsed;
RESTART, RESIT, [nsteps]

\\'ll(‘l'(‘

nsteps = 0= indicates the timeplane namber after which the solution file is to be posi-
tioned during the restart, process. The solution fite is rewound if nsteps is omitted.
The solution file is positioned alter the nsteps timeplane; the initial condition is
connted as the fiest timeplane. Generallyo il o time steps have already been taken
in a transient analysis, the nser should set wsfeps = 0 Lo continue the transicent

attalysis,
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The RESTART, NOSAVE command should ocenr after the UNZIPT conmand sequence,
The RESTART, RESET command should innediately ollow the header card.,

A FORMKE conmmand card must precede an UNZIPP command sequence when a
transient solution is being continued via the vestart option. In addition, aat. cond. on
the UNZIPP command card should be set to TAPE, Hois usually desirable to set ¢ to
TAPE as well so that the mitial time is antomatically set to the last time computed
during the previous run. ‘

The RESTART commands direct NORIA-SE to collect solution data from thé file

tapel9, which contains the solution data.

6.9 Program Termination Command Card

The appropriate termination command is a S'TOP command,

STOP

Another option that is available to NORIA-SE users is to produce NORIA-SP solu-
tion data in the form of an EXODUS database (Mills-Curran of al., 1988) for postpro-
cessing with graphics packages such as BLOT (Gilkey and Glick, 1989) and TRINITY
[T (Glick and Gartling, 1988). There are four commands to control the contents of the
database: (1) the POST option on the stop command card flags the ereation of an EXO-
DUS database, (2) the SELECT command indicates which variables are to be included
in the database, (3) the TIME or TIMEPLANE command ideutifies timeplanes to be in-
cInded in the database, and (1) the END command completes the EXODUS file definition
sequence. The format of these comimands is shown helow.

STOP, POST

SELECT, ALL
(]

SELECTT, wear, varcable o variable ;.

FIVFPLANE, ALL
(¥10

PIMEPEANE INCREMENT, wustart. pstop. ine

i
PINDEP LANE, SPECHTRD . o, oo Coveplane,. Gompla .

PINIECINCREMENT, start, stop, fine
ol

FINE SPECIFIED. wodime toney tonc,, .

10



where

noar s the number of alphanumeric names that follow on this line.

variable is an alphanumeric name that indicates quantities to be written to the EXO-
DUS database. The valid responses and explanation are given below.

If variable is PRESSURE, the database includes

No fractures Composite
PRESS , PHEAD PRESS , PHEAD

If variable is SATURATION, the database includes

No fractures Composite
MSAT MSAT,FSAT,TSAT

If variable is CONDUCTIVITY, the database includes

No fractures Composite
MCOND11,MCOND22 MCOND11,MCOND22,FCOND11,FCOND22,
TCOND11,TCOND22

If variable is FLUX, the database includes

No fractures Composite
MXFLUX,MZFLUX MXFLUX ,MZFLUX , FXFLUX ,FZFLUX

If variable 1s VELOCITY, the database includes

No fractures ' Composite
MXVEL ,MZVEL MXVEL ,MZVEL ,FXVEL,FZVEL,LXVEL,LZVEL

where

Physical quantities

COND conductivity
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FLUX flux (Darcy velocity)
PRESS  effective (total) pressure
PHIEAD  pressure head

SAT satiuration

VEL pore water velocity
Modifiers

M maltrix

I fracture

T total (composite)

N horizontal direction

7 vertical direction

I larger of matrix/fracture (composite)
I direction of principal axis

22 direction of secondary axis

nstart s the fivst timeplane to be included in the database.
nstopis the last timeplane to be included in the database.

fue s the inerement to determine the intermediate timeplanes to be inelnded in the

database.
wo frone s the wamber of thimeplanes that follow on the input line.

Pirne plane, is a list of timeplanes that are to be included in the database. A maxinann
of 19 timeplanes may be specitied. 10 a thaceplane mumber exceeds the nmber of

solution timeplanes, the final solution thiaeplane will Le ineluded in the database.
ot i the thme of the fiest thneplaone 1o he inchuded i the darabase.
Jop s the time ot the Tast timeplave to be onchided e the database.

Pore 1= the thioe inerement to determine the mtermediate tmes to bhe imeluded e the
ditabase.

Froce o isa st of thines that are to be tneluded o the database, A maxammuon ol 19 tones
may be specilied. No iverpolation of colntion resadts s performed. For cacli thme
specilivd . the first tiseplane encountered with a time areater than o equal ot
~peciticd time will be incladed iy the EXODUS database. I a0 tiaie cxeceds th
time of the Tast solution thneplae, the inal solution thoeplane will e mchuded 1

the database.



For example, to include all variables at every twentieth timeplane over 1000 timeplanes
in the EXODUS database, the following command sequence would be supplied:

STOPPOST

SELECTALL
TIMEPLANIEJINCREMIENT,1,1000,20
END

~Or, to include only saturation values at all timeplanes:

STOPPOSNT

SELECT, [LSATURATION
TIMEPLANEALL

END

65.10 Input Deck Sequence

The order of conmands in a NORIA-SP iuput deck is somewhat flexible. However,
there are some obvious limitations to command sequence hecause some computations are
necessary prerequisites to others. The following comments provide some guidelines.

o I[SETUP, FORMKI, and UNZIPP command cards are included in an input deck,
they should always occur in the order listed here. However, in many cases, it is
desirable to tnsert other command cards between these cards.

o Ifthe RESTART., NOSAVE command is used it must follow an UNZIPP command.

o I a transient caleulation is being continued, the RESTART, RESET command
should immediately Tollow the header card and should immediately precede hotl)
FORMEKI and UNZIPP commands. However, the SIS TUPR command sequence may
he inserted between the RESTART and the FORMRKIE commands. If the SISTUP
command sequence is included, it should be identical to the one used in the previous

transient analysis,

o I OUPUT command cards are included in the input deck, they should always
follow the SETUR command card sequence and precede the UNZIPP command

card,

o [ a STOP POST command sequence is ineluded in the input deck, it must foliow
the UNZIPP command card,



6.11 User Subroutines

A1l problems executed using NORIA-SIE require subroutines supplied by the user.
NORIA-SP recognizes FLUTDC, PERM, CURVIER, and EXTDERF user-defined subrou-
tines. Generally, only a subset of these is needed v a computation, although FLUIDC
and PERM are requived for all applications, Fach of these subroutines is described be-
low, NORTA-SP can use any set of units as long as they are consistent thronghout the
ipnt deck and the user subroutines.

Moisture Content

Subroutine FLUIDC must he used to deline material porosity and residual satu-
ration, and to prescribe the functional dependence of moisture content. The material
porosity value(s) indicate whether or not a composite (matrix and fracture) model is
heing applied. I the fracture “porosity” is nonzero, a composite model is assumed.
FLUIDC i called onee during the problem setup at the initial pressure to check for er-
rors and set the composite model Hlag. The required argument list and array dimensions
arc shiown below along with a description of cach variable in the argument list, Examples
of this subroutine are given in Section 7.

SUBROUTINE FLUIDC (NELEM,MAT,NN,P,X,Z,TIME,RHG,

1 CAP,THM,PHIM, SMR,THF,PHIF,SFR,TH,PHI)
DIMENSION P(8),X(8),7(8)

DIMENSION CAP(8),THM(8) ,THF(8),TH(8)

C

o VARIABLES PASSED TO ROUTINE:

&

o NELEM Element number

C MAT Material number of this element

¢ NN Number of nodes at which output is to be computed
I Effective pressure at each node

( X x-coordinate value at each node

U Z z-coordinate value at each node

¢ TIME solution time

¢ RHOG product of water density and gravity
™

@ VARTABLES RETURNED FROM ROUTINE:

o CAP capacltance at each node
< THM matrix moisture content at each node
PHIM matrix porosity for this element/material
( SMR matrix residual saturation for this element/material




C Fracture and total variables need only be defined in the case of
C a composite model (see Subsection 2.4).
C
C THF fracture moisture content at each node
C  PHIF fracture ‘‘porosity’’ for this element/material (zero if no
c composite model)
C SFR fracture residual saturation for this element/material
C TH total moisture content at each node
C PHI total ‘‘porosity’’ for this element/material
C
RETURN
END

Permeabilities

Subroutine PERM is used to prescribe the functional dependence of the permeabil-
itics. PERM is called during the problem setup at the initial pressure to assure nonneg-
ative values of permeability. The argument list and array dimensions are shown below
along with a deseription of the variables. Examples of PERM are given in Subsections
7.1 and 7.2.

SUBROUTINE PERM(NELEM,MAT,NN,P,X,Z,TIME,RHOG,

1 AKM11,AKM22,AKF11,AKF22,AK11,AK22)
C
DIMENSION P(8),X(8),Z(8)
DIMENSION AKM11(8),AKM22(8),AKF11(8),AKF22(8) ,AK11(8),AK22(8)
C
C  VARIABLES PASSED TO ROUTINE:
C
C  NELEM Element number
C  MAT Material number of this element
C NN Number of nodes at which output is to be computed
¢ P Effective pressure at each node
c X x~coordinate value at each node
c Z z-coordinate value at each node
¢ TIME solution time
C  RHOG product of water density and gravity
C



¢ VARIABLES RETURNED FROM ROUTINE:

¢ AKM11

¢ AKM11

matrix permeability in the first principal-axis direction
at each node ‘

matrix permeability in the second principal-axis direction
at each node

C  Fracture and total variables need only be defined in the case of
C  a composite model (see Subsection 2.4).

¢ AKF11

¢ AKF11

C  AK11

¢ AK11

RETURN
END

fracture permeability in the first principal-axis direction
at each node

fracture permeability in the second principal-axis direction
at each node

total permeability in the first principal-axis direction

at each node

total permeability in the second principal-axis direction

at each node

Boundary Conditions

When houndary condition options PEFEVARY or ULVARY are used, the nser must
s |

sipply one or more CURVER subroutines to define how the houndary condition depends

on the independent or dependent variables. When option PEFEFVARY is used; the sub

rontine returns elfective pressares (P); when option ULVARY s used, the subrontin
returns Darey fhix (VALUE). NORTA-SP will aceept up to 6 CURVER subrontines (n

can be | throngh 6). The value of wis prescribed by the oalue /curoe no. parameter on

the BC card. CURVIED subrontines have the following forim:

SUBROUTINE CURVEn (NELEM,MAT ,NN,P,TIME, VALUE)

DIMENSION P(8),X(8),2(8)

DIMENSION ISIDE1(3),ISIDE2(3),I5TDEA(3),ISIDE4(3)

DATA (ISIDE1(I),I=1,3),(ISIDE2(1),1=1,3), (I5IDE3(L),(=1,3),

1

(ISIDE4(I),I=1,3) /1,5,2,2,6,3,3,7,4,4,8,1/

e NATURAL BOUNDARY CONDITIONS:
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C THIS SUBROUTINE CALCULATES DARCY FLUX
C OF LIQUID WATER, IN UNITS OF M/S
C FLUXES ARE POSITIVE IN
C THE DIRECTION OF THE OUTWARD POINTING
C NORMAL TO THE ELEMENT SIDE. FOR
C EXAMPLE
C
VALUE=0.0
C
C ESSENTIAL BOUNDARY CONDITIONS: THIS
C SUBROUTINE PLACES VALUES DIRECTLY
C IN THE VECTORS CONTAINING THE
C DEPENDENT VARIABLES. FOR EXAMPLE
C

DO 10 I=1,3
P(ISIDE1(I))=F(TIME)
10 CONTINUE
RETURN
END

where

VALUE is the current value assigned for a flux-type boundary condition.

ISIDEn is a vector that defines the node points that lie on side n of a quadrilateral
element. These vectors are useful for assigning essential houndary conditions.

When essential boundary conditions are being assigned, i.e., using PEFFVARY, the
boundary condition values are inserted directly in the appropriate vector of dependent
variables as illustrated above. In the illustration, F('TIMIG) represents any function of
time, but it could equally well be a function of any or all of the independent or dependent
variables.

Mesh Generation

When an EXTDER card is inserted in the nodal-point generation portion of the
SIVTUP sequence of data cards, NORIA-SP calls the user-defined subroutine EXTDISH.
This subroutine provides a great deal of flexibility i defining node point locations.
IXTDER has the following form:

SUBROUTINE EXTDEF (X,Z,MAXI)
DIMENSION X(MAXI,1),Z(MAXI,1)



C THIS SUBROUTINE DEFINES NODAL COORDINATES,
C X AND Z FOR EACH REQUIRED NODE POINT
¢

IMAX=11

JMAX=21

DO 10 I=1,IMAX

DO 10 J=1,JMAX

X(1,J)=F1(1,J)

2(I,3)=F2(1,J)
10 CONTINUE

RETURN

END

where

X is an array of nodal x-coordinates. The two subscripts are the (1,J) label for a given
node point.

7 is an array of nodal z-coordinates. The two subseripts are the (1,J) label for a given
node point.

MAXTis an integer that specilies the Targest T value that can be used in the mesh. The
value of MAX1 is specilied on the SETUP command card.

IMAX i this tHlustration is the number of T-rows in the probleny domain.
JMANX in this Hlustration is the number of J-rows in the problem domain,
1, 172 are arbitrary functions that determine the x- and z-coordinates for each (1,J)
pair,
6.12  Initial Conditions

[nitial conditions that can he preseribed as constant pressure over a given material
may he specilied on the solid material property cards, Nonmniform initial conditions
mayv be supplied to NORTA SP by use of the RESTART option (Subsection 6.8) and
creating an external file (tapel¥). The statement in NORTA-SE that reads initial data
(rom tapel 9 has the forme

READ (19) TIME,PMAX,PMIN,NUMEL, ((US(1,J),I=1,8),J=1,NUMEL)

where



TIME is the value of time corresponding to the initial condition.

PMAX, PMIN are the respective maximum and minimum values of effective liquid
pressure in the field,

NUMEL is the total number of elements in the domain.

US is a matrix that contains the effective pressures at each node of each element. The
first subscript indicates local node number; the second subscript indicates element
number.

6.13 Error Messages

NORIA-SP contains a host of error checks that test for bad input data, improper
dimensions, ete. When an error is encountered, an error message is printed and execution
is usually terminated with a STOP 1. Error messages in NORIA-SP are listed below.

o BOTIME-TIME CURVE NUMBER TOO LARGE—A time curve number greater

than six was cnconntered.

o CONNECT-An invalid nodal point number was found in constructing the con-
nectivity array for output to the EXODUS file.

¢ CONNECT-- The maximum number of element blocks was exceeded. Either reduce
the number of element blocks or increase MAXBLEK.

e CONNECT - The maximum number of nodes was exceeded. Either reduce the
number of elements or increase MAXGNOD.

o DRIVER-UNRECOGNIZED CCOMMAND--A command was either misspelled or

was expected and not found.

o ELDATA-BC APPLIED TO AN UNDEFINED ELEMENT-—A boundary condi

tion was apphed to an element tot vet defined.

o ELDATA-BC ONIMPROPER SIDE OF ELEMENT—A boundary condition was

specified for an improper element side.

o ELDATA-EXCESSIVE BOUNDARY CONDITIONS ON ELEMENT-~More thau

eight boundary conditions have been applied to an element.

o ELDATA-INVALID FRACTURE PERMEABILITY (AKEF11)---A negative value
of fracture permeability iu the direction of the principal axis was returned [rom
PERM for the indicated material.
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ELDATA-INVALID FRACTURE PERMEABILITY (AKM22)—A negative value
of fracture permeability in the direction of the secondary axis was returned from
PERM for the indicated material.

FLDATA-INVALID FRACTURE MOISTURE CONTENT: - A negative value of
fracture moisture content, or a value greater than the fracture porosity, was re-
turned from FLUIDC for the indicated material.

ELDATA-INVALID MATRIX MOISTURE CONTENT - A negative value of ma-
trix moisture content, or a value greater than the matrix porosity, was returned
from FLUIDC for the indicated material.

ELDATA-INVALID MATRIX PERMEABILITY (AKMIT) A negative value of
matrix permeability in the direction of the principal axis was returned from PERM
for the indicated material,

ELDATA-INVALID MATRIX PERMEABILITY (AKM22) A negative value of
matrix permeability in the direction of the secondary axis was returned from PERM
for the indicated material.

ELDATA-INVALID MATRIX POROSITY A negative value ol matrix porosity
was returned from FLUIDC for the indicated material,

FLDATA-INVALID TOTAL MOISTURE CONTENT A negative value of total
moisture content, or a value greater than the total porosity, was returned from
FLUIDC for the indicated material.

FLDATA-INVALID TOTAL PERMEABILITY (AKTL) A negative value o total
permeability in the divection of the principal axis was retirned from PERM for the
indicated material,

ELDATASINVALID TOTAL PERMEABILITY (AK22) A negative value of total
perineability in the direction of the secondary axis was retarned from PERNM {or
the indicated material.

FLDATNINVALID TOTAL POROSITY A negative value of total porosity was
veviened from FLUIDC for the indicated material,

FLDATA-LOOP PREVIOUSENY DEFINED  Error in specification of looping. Cheek
for third Toop within two existing loops.

FLDANTAMANIMUNM NUMBER OF ELEMENTS EXCEEDED  the dimension
o the allowable number of elements has been exeeeded. Reduce the nmmber of

cloments ased or redimension code.

EEDATA-UNDEFINED MATERIAL NUMBER a4 material number was used on
an clement specification card that was not defined in the material property /initial
condition portion of the fnpat deck,
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ELDATA-UNRECOGNIZED BOUNDARY CONDITION—Boundary condition type

is in error. Check spelling,

ELDATA-UNRECOGNIZED COMMAND-—Erroneous element, boundary coudi

tion, or looping specification. Check spelling.

EXOWRT-UNRECOGNIZED WORD IN POST COMMAND—Invalid option used

in the POST command. Check spelling.

FFLD-END OI" DATA- -An end-of-lile was encountered on the input file. Check
termination card.

FFLDSB-INPUT VARIABLE TOO LONG-- An input variable with more than ten

characters was encountered.

FORMKEFA-BAD ELEMENT JACOBIAN- - A negative element area was found.

Check element coordinates and connectivity.

FORMKFA-TOO MANY TIME-VARYING BCS ~More than six time-varying hound-

ary conditions were specified.

FORMRKEFP-BAD ELEMENT JACOBIAN--A negative element area was found.

Check element coordinates and connectivity,

FORMKFP-TOO MANY TIME-VARYING BCS-—More than six time-varying houund-

ary conditions were specified,

MATREAD-MATERIAL NO. TOO LARGE  a material was assigned a number

greater than the allowable 2 through 13 for solid materials.

MATREAD-TOO MANY MATERIALS SPECIFIED -More than 12 solid mate-
rials were specified,
NMESH-1) MAX OR MIN EXCEEDS SPECIHFIED VALUE A grid point was

Licins OF e that exceeded the specified value on the

At .IH!,IJ N

fovind with an o/
SETUHDP card.

PRESOLN-INSUFFICIENT STORAGIE  Insuflicient storage for element. connee:

fivity, Reduee problem size or redimension code,

PRESOLN-INSUFFICIENT STORAGE FOR FRONT WIDTH - Reduce problen

size or redimension code,

PRINTER-UNRIECOGNIZED COMMAND An OUTPUT command was nsed

with an incomplete or misspelled parameter list,

QUAD-ZERO JACOBIAN A quadrilateral element with a zero area was found.
Cheek element coordinates.



o RESTART-UNRECOGNIZED COMMAND A restart command card was used

with an incomplete or misspelled parameter list.
o UNZIPP-COMMAND CARD MISSING- A termination card is missing.

o UNZIPP-MAXIMUMSTORAGE EXCEEDED - Maximum active storage exceeded.

Reduce problem size or redimension code.

o UNZIPP-MISMATCHON NUMBER OF ELEMENTS ON TAPE19-—~The number
of elements read from TAPE1Y for initial conditions does not match the number of
clements defined in the setup section of the input deck.

o UNZIPP-TIMESTEP SIZE TOO SMALL-Time integration procedure attempted

to nse a time step smaller than the user-specified initial time step.

o UNZIPP-ZERO PIVOT - A zero was found on the diagonal of the equation heing
climinated. Equation system is singular or element connectivity is in error.

6.14 Computer Requirements and Control Cards

The original version of NORIA was written for execution on the CRAY mainframes.
NORIA-SP compiles with both the ¢ft and ¢ft77 compilers under CTSS and with the
77 compiler under UNICOS. Minor changes will also allow a double precision version
to compile on a VAX and other similar machines; however, the allowable problem size
may need to be reduced (currently defined to be 5,000 elements). This reduction involves
chianging values defined in parameter statements.

The central processor time needed to run NORIA-SE is somewhat difficult to predict
hecause, depending on the difficulty of the problem, more than one Newton iteration
may be required per time step, and time steps are repeated when errors are too large.
Therefore, it is generally advisable to set the time it for a caleulation to he a factor
of one and one-half to two higher than would he expected for a specified number of
Hinae steps, especially when embarking ona new problen. As an example, on the Cray
YVOMEP. NORIA-SP requires about 10 seconds for compilation and start-up, and about
0006 seconds per element per time step for solntion of the differential equations. An
additional 10 or 20 scconds should be added o the estimated execution time if significant

postprocessing s to he performed, such as computing velocities,

The steps deseribed helow for code excecution are generie (they are necessary for
cxeciting NORTA-SP on any computer system),

I The NORIA-SP object file st be available either divectly or by compiling the

soree (‘U(l('.
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2. Your user subroutines must be compiled. Subroutines FLUIDC and PERM must Le
supplied. Some operating systems will not produce an executable with unresolved
external references (e.g., missing subroutines) in which case the user subroutines

- not needed for your particular application (i.e., EXTDEF and CURVEn) must be

supplied (they need not contain any executable statements). It is preferable to

¥ include all the user subroutines in one file.

3. To create the executable, the main program from step 1 must be linked with the
user subroutines in step 2. Unresolved external references, if allowable, should only
include the subroutines EXTDEF and CURVER (where n is 1 through 6). Other
system-supplied subroutines nsed in NORIA-SP are listed below.

(a) SAXPY - adds a scalar multiple of a vector to another vector.
(b) SCOPY - copies a vector into another vector.
(c

) SDOT - computes a dot product of two vectors.
d) SECOND - returns elapsed cpu time in seconds.

4. To execcute, you must have your input deck in a local file named norin. The output
listing will be in the local file norout, and if an EXODUS file is created, it will he
called norexo. The solution file is named tapel9.

The steps described above are shown below for UNICOS assuming that the source
code for NORIA-SP is in the file noriasp.f and all user-supplied subroutines are in the
file usersub.f. The executable will be named noriasp.x.

. Compile the main program: cf77 -b noriasp.o noriasp.f
2. Compile the user subroutines: ¢f77 -b usersub.o usersub.f
3. Create the executable: ¢f77 -0 noriasp.x noriasp.o,usersub.o

4. Run the program: noriasp.x

t \m



7 Sample Calculations

A sample calculation is provided in this section to demonstrate the command cards
described in Section 6. This example illustrates some, but not all, of the salient features
of NORIA-SP. User manuals for SAGUARO (Baton ef al., 1983), NORIA (Bixler, 1984),
and MARIAH (Gartling and Hickox, 1980) may help familiarize the nser with some of
the features of NORTA-SP not demonstrated here.

7.1 Sample Problem 1

This sample allows comparison of results with the analytical solution presented by
leming (1986). The problem consists of dowrward infiltration into an initially unsatu-
rated, vertical, one-dimensional column of porous media. The preseribed time-dependent,
infiltration rate is defined in subroutine CURVEIL Saturation and conductivity are expo-
tential functions of pore pressure and are caleulated in subroutines FLUIDC and PIEKRM
respectively.

User Subroutines for Sample Problem 1

The user subroutine CURVEL is supplied in addition to the required FLUIDC and
PERM subroutines to define the time-dependent boundary condition.

subroutine fluidc(nelem,mat,nn,p,x,y,time,rhog,

1 cap,thm,phim,smr,thf,phif,sfr,th,phi

C
dimension p(8),x(8),y(8),cap(8),thm(8),thf(8),th(8)

c
[ this subroutine calculates the moisture content and capacitance
C units - kg,m,s
C material 2, as specified by the Fleming formula
« variables passed to routine:
.
¢ nelem element number
« mat material number of this elenmont
« an number of nodes at which output is to be computed
C P effective pressure at each node: rhog(phi + x)
C X x-coordinate value at each node
C y y-coordinate value at each node
C time solution time
« rhog product of water density and gravity
¢
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VARIABLES RETURNED FROM ROUTINE:

cap capacitance at each node

thm matrix moisture content at each node

phim matrix porosity for this element/material

smr matrix residual saturation for this element/material

Fracture and total variables need only be defined in the case of
a composite model.
thf fracture moisture content at each node
phif  fracture ‘‘porosity’’ for this element/material (zero if no
composite model)
sfr fracture residual saturation for this element/material
th total moisture content at each node
phi total ‘‘porosity’’ for this element/material (= phim if no
composite model)
Other variables used:
cond matrix material conductivity
ph matrix porosity

alpha,an,ce model parameters

data alpha, an, cond, ce, ph
1 /0.0046, 0.652, 1.9e~11, 2.7182818, 0.11 /
for matrix material only ( no fractures) only define phim, smr, thm, and cap
phim=ph
smr = 0.0

do 100 j=1,nn

phm=p(j)/rhog - y(j)

if (phm.gt.-.000001) phm=-.000001
thm(j)=phimkce**(alphaxphm)

© for composite model also define phif, sfr, phi, thf and th

phif = 1e-20
sfr = 0.0
phi = ph

thf(j)=1.0e-20
th(j)=thm(j)
compute the derivative of moisture content wrt psi / rhog
cap(j)=alpha*thm(j)/rhog
cap(j)=alpha*th(j)/rhog
100 continue
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return
end

subroutine perm(nelem,mat,nn,p,x,y,time,rhog,
1 akml1l,akm22,akf11,akf22,akil, ak22)

dimension p(8),x(8),y(8),akm11(8),akm22(8),akf11(8),akf22(8),
1 ak11(10),ak22(8)

calculates permeability (m**2)
units - kgm, m,sec.
Variables passed to Routine:

nelem Element number

mat Material number of this element
nn Number of nodes at which output is to be computed
p Effective pressure at each node
X x-coordinate value at each node
y y-coordinate value at each node

time  solution time
rhog  product of water density and gravity

Variables returned from routine:

akm1l matrix permeability in the first principal-axis direction
at each node

akm22 matrix permeability in the second principal-axis direction
at each node

Fracture and total variables need only he defined in the
case of a composite model

akf1l fracture permeability in the first principal-axis
direction at each node

akf22 fracture permeability in the second principal-axis
direction at each node
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akil total permeability in the first principal-~axis
direction at each node

ak22 total permeability in the second principal-axis
direction at each node

ther variables used:
cond matrix material conductivity
ph matrix porosity

alpha,an,ce model parameters

data alpha, an, cond, ce, ph
1 /0.0046, 0.652, 1.9e-11, 2.7182818, 0.11 /
remember to change this data statement in subroutine curvel
perms = cond*0.001/rhog
do 20 j=1,nn "
phm=p(j)/rhog - y(j)
if (phm .gt. -.000001) phm=-.000001
akm11(j)=perms*cex*(alpha*(an+1)*phn)
akm22(j)=akm11(j)

composite model (phif not equal to zero)
akf11(j) = 1le-40

akf22(j) = 1e-40

aki1(j) = akm11(j)

ak22(j) = akm22(j)

continue

return

end

subroutine curvel (nelem,mat,nn,p,time,value)
dimension p(8)

dimension iside1(3),iside2(3),iside3(3),iside4(3)
data (iside1(i),i=1,3),(iside2(i),i=1,3),(iside3(i),1=1,3),
1 (iside4(i),i=1,3) /1,5,2,2,6,3,3,7,4,4,8,1/
data alpha, an, cond, ce, ph

1 /0.0046, 0.652, 1.9e-11, 2.7182818, 0.11 /

alambda
value

cond/ph
- cond*(1-cex*{(-alpha*an*alambda*time))**(1/an)

return
end



Input Deck for Sample Problem 1

$ 1-d comparison with analytical model; SI units
setup , 1,3

water, 1, 1000.0, 0.001, 9.8

rock , 2, -2.45e7, 0.0

end

1,1,3,41 $ reg 1

0,1,1,0

-400,-400,0,0

end

jloop, 20,2

quad8/4,2,1,1

jend

bc,ulvary ,1,39,3,1 $ velocity at left top
end

velocity,nodal

formkf ,
output,single,1,2,3,4,5,15,16,17,18,19,20
unzipp,0.0,.180e13,1.0e-4,2000, ,4,.0,.06e13,.12e13, .18e13
end

stop,post

select,1,saturation
times,specified,3,0.06e13,.12e13,0.18e13

end

Ontput File for Sample Problem 1

A total of 273 seconds of Cray X-MP computer time was reguired to compute this
problem to a time of 1,8 x 10"
inclusion i this report. A partial listing is included, Most of the output nomenclature

is sclf-deseriptive; less apparent are rms, defined by equation 4.7, and newit, the munber

5. The total output file for this problem is too Jong for

of Newton iterations.



time

Output for Sample Problem 1 (cont. 1)

the two—-dimensional planor version of the slemant formulation was requested for this problen

in formkf -

time in pre—f

properties of

number of deg
max front wid
storage for m

@.778 seconds
ront= 0.00777

matrix aystem—-

rees of freedom— 103
th— 8
ax front— 152

buffer space— 194847

pressure fiel

material no,

output for th
initial time=
final time=
initiol time
integration w

initial condi

current time=
rms = ©.90000
mox change in

current time=
rmg = 9.00000
max change in

current time=
rms = 0.00000
new, t= 1 rms=

max change in

current time=
rms o= @.00002
newit= | rmsss

max change in

current time=
My = @ .00005
newi = 1

max change in

current time=
ving = 0. 0@999
newr b= rmgse

max change in

current time=
rmy = 9.00011
newit= 1 rmgs=:

mox change in

ds were initialized by materiol with the following values——

2 initial effective pres= —0.2450000e+08

¢ transient problem wos obtained over the interval—
0.0000000e400

0.1800000e+13

sStep=~ ©.1000000e-03

as terminoted when current time.ge.final time or when 2000 time steps were taken

tions ore the solution at time step no. = 1
0.1000006e-03 time step= ©.1000000e-03 time step no.= 2
effec liq pres between time steps is ©.1410325e-18 in element 1
9.2020000e-03 time step= ©.1000000e-83 time step no.= 3
effec liq pres between time steps is ©.1410325e-18 in element 1
4.3000000e~-03 time step= ©.1000000e-03 time step no.= 4
0 .80000

effec liq pres betlween time steps is ©.138498B%9¢-18 in element 1
0.1632280e+09 time step= ©.1032280e+09 time step no.= 5
0.0000

effec liq pres between time sleps is 0.4463302e+03 in element 20

0.2533078e+09 time step= ©.15087986+09 time step no.= 6
rmsnews @ .00005

etfec liq pres between time steps is ©.14473390404 in element 20

B.4334651e+09 time step= ©.1B801572¢+09 time step no.= 7
6 .90009

effec lig pres belwesn time steps is ©.2537220e+04 in element 20
8.59789083e+12 time step= ©.2984525e410 time step no.w 614
©.00011

effec liq pres between time steps is @.1663757e4+04 in element 14

29

node

node

node

node

node

node

e



rms =

current time=

Output for Sample Problem 1 (cont. 2)

©.00006

newit= 1

olement
PRESS
TSAY
TCOND 11
TCOND22
element
PRESS
TSATY
TCOND 11
TCOND22
element
PRESS
TSAT
TCOND 11
TCOND22
element
PRESS
TSAT
TCOND 1Y
TCOND22
element
PRESS
TSAT
TCOND 1Y
TCOND22
element
PRESS
TGAT
TCOND1A
TCOND22
element
PRESS
TSAT
TCONDAY
1 COND22
¢lement
PRESS
T5AT
TCOND 11
TCOND22
element
PRESS
TSAT
TCOND1 Y
TCOND22
element
PRESS
1SAT
TCOND 11
TCOND22
element
PRESS
TSAT
TCOND 1§
TCOND22

solution fields—

1
-0.

—

1

2

4
-9
%]
-]
]
5
-0.
%]
%]
e
15
-9
]

2
2
6
-Q
2
e
2
17
-0
4]
(]
(]
18
-0
-]
]

rmgw=

-1-

2450000408 -
.6378453e-04
222917 1e-17
,2229171e~17

2
~0.2450000e+08
9.5817820e-04
©.1914862e-17
8.1
3
-0
0
%)
[

1914862e-17

. 2450000408
.5306463e~-04
.1644871e~17
. 164487 1e-17

. 2450000408
. 4840053024
141294717
.1412947e~17

2450000e+08

.4414637e—-04
.1213724e~-17
. 1213724e-17

.1745958e+08
4792370603
6237676616
.6237676e—-16

.1252806e+08
. 442485702
,2453461e-14
.2453461e-14

9442894407

.1717366¢-01
.2305403e8-13
.2305483e-13

.7498882¢+07
.3901210e-01
.89415936~13
.8941593e-13

0
9
-@.6164404e4+07
@.6657037¢-01
0.2161791e-12
Q.
0
-0
2.
6.
9.

2161781e-12

.51554490+407

974998101
4060578e-12
4060578612

9.6000000e+12

. 00006
max changs in effec 1iq pres between time ateps is

-2

@ .2450000e+08
Q.
0
e

6378453e-04

,2229171e~17
,22281710-17

-0.2450000e+08
9.

.1914862e~17
.1914862e-17

5817820e-04

.2450000e+08
.5306463e--04
.1644871e-17
.1644871e~17

.2450000e+08
.4B40053e-04
.1412947e-17
.1412947e-17

. 24500002408
.4414637e~04
121372417
L 1213724e-17

.1745958e+08
.4792378e-03
.6237676e6—-16
.6237676e~16

2
2]
-0
()
]
0
-0
]
o
0
-0
(%]
Q
(%]
-9
0
@
0
~-9.1252806¢+08
0.
*]
%]
-2
(%]
(]
e
-0
]
-]
0
-0
0
0
o
-0
0.
0.
0.

4424857e-02

.2453461e-14
.24534610~14

.94428%4e+07
.1717366e~01
.2305403e-13
,2305483e-13

.7498882e+07
.3901218e-01
.B8941593e-13
.8941593e-13

.6164404e+407
.6657037e-01
.2161791e-12
.2161791e6-12

.5155449e+07

9749981e-01
4060578e—12
4060578e-12

14
e
-0
°
0
e
-0
]
]
(]
-0
e
]
?
~0
(-]
("]
0
-0
9.
]
(]
-0
e
0
]
-0
0
]
o
-0
L
e
(-
-0
0.
2.
0.

time step= ©.2109661e+10

-3~

.2450000e+08
.5817820e-04
.1914862e-17
.1914862e-17

24500000408
.5306463¢-04
.1644871e-17
.1644871e-17

.2450000e+028
.4840053e—-04
. 1412947e-17
. 1412947e-17

.2450000e+08
.44146370-04
1213724017
121372417

.2450000e+08
. 402661304
.1042592e-17
.1042592e-17

. 1252806408
. 4424857e-02
.2453461e-14
.2453461e—14

.9442894e+07
1717366e—-01
.2305403e-13
.2305403e-113

.7498882e+07 -
.3901210e-91
.8941593e-13
. 8941593e~13

61644042407
.66570376-01
.2161731e-12
.2161791e-12

.5155449e+07
.97499816--01
. 4060578612
. 4060578e~-12

.4340105e+07
1303944400
656388812
6563888812

0
]
-9
]
0
0
-0
e
0
@
-0
"]
-]
0
-0
]
0
0
-0.
2
]
]
-9
]
2]
(-]
-0
0
0
e
-0
[
e
0
-0
0.
0.
9.

.2450000e+08
.5817820e-04
.19148622-17
.1914862e-17

.2450000e+08
5306463004
.1644871e~17
.1644871e-17

.2450000e+08
.4B40053e-04
.1412947e-17
.1412947e-17

.2450000e+08
.4414637e-04
1213724017
121372417

.2450000¢+08
.4026613e-04
.1042592e-17
.1042592e-17

.1252806e+08
.4424857e-02
2453461014
2453461014

94428946407

1717366001
.2305403e--13
.23054030-13

. 74988826407
.3901210e-01
.B83415930~13
.8941593e—~13

.61644040+07
.6657037e~01
.2161797e-12
.2161791e-12

.5155449e+87
.97499810-01
.406@5780-12
.4060578e-12

.4340195e+07

13039442400
6563888e~12
6563888e-12

time step no.=

©.9616870e4+03 in element

.24500000+08
.6378453¢-04

.24500000-+08
581782904

. 2450000e+028
.5306463e—04

.24500000+28
.48400653e-04

24500000408
.44146370-04

.17459580+08
4792370003

.12528060+08
. 4424857802

.94428946+07
.1717366e-01

.7498882e+07
.39012106-0)

.61644040+07
.6657037e~01

51554490407
.97499819-01

615

14 node

-6-

.2450000e408
.6091690e-04

.2450000e+08
.5556262e-04

.2450000¢408
.5067895e-04

.2450000e+08
. 4622453 e-04

.2450000e+08
.4216163e-04

.1521631e+08
.1311806e-02

.1085159e+08
.9282678e~02

.8369509e+07
.2714547e-01

.6778519e+87
.5224799e-01

.562964304+07
.81717650-91

. 47286940407
.1137683e+00

2



rmsp=
newit

element
PRESS
TSAT
TCOND11
TCOND22
element
PRESS
TSAT
TCOND 11
TCOND22
element
PRESS
TSAT
TCOND 1Y
TCOND2?
element
PRESS
TSAT
TCOND 11
TCOND22
element
PRESS
TSAT
TCONDT
TCOND22
element
FRESS
TSAT
TCOND 11
TCOND22
element
PRESS
TSAT

TCOND1Y
TCOND22
element
PRESS
TSHAT
TCOND 11
TrOND22
#lement
PRESS
TEAT
TCOND
TCOND22
olement
PRESS
TSAT
TCOND 1Y
TCOMD2?2
element
PRESS
T5AT
TLOMD 1Y
T(LOND22

currsnt time=

Output for Sample Problem 1 {cont. 3)

0.1200008e+13

2 .00000 rmsnew=  ©.00000
= 1 rmss= 0. 00000
max change in effec

solution fields—

1
1
1

1

2

-

.2450000e+08
.6378453e-04
.2229171e~17
.2229171e-17

.2450000e+08
.5817821e-04
. 1914863e~17
.1914863e~17

.2450000e+08
.5306473e-04
.1644B76e-17
.1644876e-17

.2449996e+08

.4840144e--04
. 1412991e-17
.1412991e~17

.2449960¢+08
.4415462e-04
.1214099e-17
.1214899e~17

1
0
-]
0
2]
2
L)
]
(]
)
3
)
]
0
e
4
4
(2]
e
%]
5
2]
<]
%]
0
5
0.6004220e+07
0.
0
0
6
%)
%]
]
[}
7
[}
7]
]
[~
18
%]
%]
0
[~
9
9
(
[
[~
Q
-0
Q
%
[}

1036944e+00

.4495533e~12
.4495533e-12

.5221809e+07
.1365516e+00

.7083757e~-12
.7083757e-12

.4554275e+07
.1703806e+00
.1021080e-11
.102108@e~11

.3968326e+07 -
.2046031e+00
.1381594e~11
.1381594e-11

.3443082e+07
.23B7972e+00
.1783438e~11
.1783438e-11

.2964639e+07

2726503e+00
2220111e~-11
22201 1Ve-11

! | i | i | i 1
PO COSS DOCP OO0 oD O [ L~ ] DTS IO OO 9T DOS®

H

i

liq pres between time steps

.2450000e+08
.6378453e-04
. 2229171e-17
. 2229171e~17

.2450000e+08

5817821e-04

.1814863e¢~-17
.1914863e-17

24500000 +08

.5306473e-04
. 1644B76e~17
.1644876e-17

.2449996e+08 -
 4B4D 14404

1412991e-17
1412991e-17

.2445960e+08
. 4415462004
.1214099e-17
.1214099e-17

.6004220e+07
.1036944¢+00
.4495533e-12
.4495533e~12

.5221809e+07
. 13655162400

.7083757e-12
.7083757e~12

.4554275e+07
.1703806e+020
.1021080e-11
.1821080e-~11

L 39683260407
.2046031e400
181534 e-11
1381594611

.3443082e407

2387972e+00

.1783438e--11
.178343Be~ 11

.2964639e407
.27126503e400
.2220111e-11
L2220111e-11

time step=

: ! { i i i {
o ® DHOES ODRT OISO 0 0 [-X.-X. X\ COPE DIV O DOOEO OO

! {

i

-3

.2450000¢+08
.56817821e-04
.1914863e-17
.1914863e-17

.2450000e+08
.5306473e—-04
.1644876e-17
1644876017

.2449996e+08
.4B40144e-04
1412991 e~17
.1412991e-17

.24499600408
.4415462¢--04
.121409%9e-17
.1214099e-17

24496142408
4033510604
1945715617
10457 15e-17

.5221809e+07
13655166400
.7883757e~12
.7083757e-12

.4554275e+07
.17038086e+00

.18210B0e~11
.192108Re-11

39€68326e+07

.2046031e+00
.1381594e-11
S 1381594e-11

. 3443082 +@7
.23B7972e+00
.1783438e~11
.1783438e~- 11

.2964639e+07 -
.2726503e+00

222011 1e -1
222011 1e~-11

.2523290e+07
. 3059203e+00

2685341e-11

.2685341e-11
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.2450000e+068
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.1914863e~-17
.1914863e-17

.245000004+028
5306473004
.16448766—17
.1644876e~-17

.24499860408
4840144004
1412991e-17
.1412991e-17

.2449960e+08 -
4415462004
.1214099e--17
.1214089e-17

.24496140+08
.4033910e-04
.1045715e~17
.1045715e-17

.5221809e+07
.1365516e+00
.7083757e-12
.7083757e~12

45542750407
.1703806e+00

.10210680e-11
.1021080e~11

.3968326e+07
.2046031e+00
.1381594¢e~11
.1381594e~-11

. 3443082407
.2387972e+00
.1783438e~11
.1783438e-11

.2964639e+07
.2726503e+00
22201 11e~11
2220V 1111

.2523290@e+07 -
.3059293e+08
.2685341e-11
.2685341e-11

~5-

.2450000e+408
.6378453e-04

.2450000e+08
.5817821e-04

.2450000e408
.5306473e-04

. 2449996408
4840144004

.2449960e+08
.4415462e~04

.6004220e+07
. 10369440400

.5221809e+07
. 1365516400

. 4554275407
.1703806e+00

.3968326e+07
. 204603 1e+00

.3443002e+07
.2387972e+00

.2964639e407
. 2726503e+00

gee

9 node

-

.2450000e+08
.6091690e-04

.2450000e+08
.5586261e-04

.2450000e+08
.5067888e¢-04

2450003408
. 462238604

245003 1e+08
. 421554704

.5595813e+87
.119858Ye+00

(4876124407
.1533868e+00

.4252600e+07
1874734400

3699006 0+0 7
L22172666 1006

.3198685e+07
. 25578366400

L2739811e407
,2B937440400




As a partial verification of the NORIA-SP code, the results of this sample are com-
pared with the analytical solution of Fleming in Figure 7.1.

7.2  Sample Problem 2

This problem was part of the Performance Assessiment, Calenlational lixercise (PACH)
(Barnard and Dockery, 1991 and Dykhuizen ef al, 1991). The object of the PACIE ex-
ercise was to develop performance-assessment. expertise among the participants of the
Yneca Mountain undergronnd nuclear waste project. The geometry for Sample Problem
2 consists of a two-dimensional cross scetion ol Yucca Monntain, The initial state (zevo
infiltration) is perturbed at the top boundary with an influx of water of —3.1745 x (0"
m/s (0.01 mm/yr). The original caleulations vequived 10 howrs of computer time on
the CRAY X-MP Computer (1,090 time steps). To keep the computer requiremnents for
Samiple Problem 2 at a reasonable level, caleulations were Tinited to 20 time steps, Nine
different. material regions extending frony the local water table to near the surface of
the mountain were modeled.  Additional information on this problem can be fonnd in
Dykhuizen et al., 1991,

User Subroutines for Sample Problem 2

The water infiltration at the top of the region is specified to be constant. No user
subroutine is reguired for this quantity, as in sample 15 instead, it is specilied diveetly
in the input deck. The material permeability and moisture capacitance are funetions of
pore pressure as defined by subroutines FLUIDC and PIERM [or the vine geologie units,

subroutine fluidc(nelem,mat,nn,p,x,z,time,rhog,

1 cap,thm,phiml,smrl,thf,phifl,sfr,th,phi)
C
dimension p(8),x(8),z(8),cap(8),thn(8),tht(8),th(8)
dimension smr(13),phim(13),phif(13),alpm(13) ,betn(13),alpp(13),
1 fc(13)
c this subroutine calculates the moisture content and the
o capaclitance. units - kg,m,s
[

C VARIABLES PASSED TO ROUTINE:

C nelem element number

o mat material number of this element

C nn number of nodes at which output 1s to be computed
C p effective pressure at each node: rhog(phi + x)
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X
z

time
rhog

x-coordinate value at each node
z-coordinate value at each node
solution time

product of water demsity and gravity

VARIABLES RETURNED FROM ROUTINE:

cap
thm
phiml
smrl

capacitance at each node

matrix moisture content at each node

matrix porosity for this element/material

matrix residual saturation for this element/material

Fracture and total variables need only be defined in the case of
a composite model.

thf
phifl

sfr
th
phi

fracture moisture content at each node

fracture ‘ ‘porosity’’ for this element/material (must be set
to zero if no composite model)

fracture residual saturation for this element/material

total moisture content at each node

total ‘‘porosity’’ for this element/material (zero if no
composite model) (phi = phif + phim * (1 - phif))

other variables used in this subroutine:

for
for

betp
alpp
fc
sm
st

water compressibility (beta prime)
rock compressibility (alpha prime)
fracture compressibility

saturation of matrix

saturation of fracture

matrix material only ( no fractures) only define phim, smr, thm, and cap
composite model also define phif, sfr, phi, thf and th

%* ok

mat
mat
mat
mat
mat

D W N

material properties used in this subroutine:

, tcb

, tpt-tn
tpt-tnv
tpt-tv
, tpt-tm

-

-

ti1
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mat 7, tpt-tml
mat 8, tpt-tdl
mat 9, tpt-td
mat 10, tpt-tm

rock properties for g4 and ue-2ba #1

data(smr(i), i= 2,6) /0.125, 0.005, 0.150, 0.005,
data(smr{(i), i= 7,10)/0.050, 0.100, 0.150, 0.100/
data(phim(i), i= 2,6) /0.295, 0.36, 0.20, 0.04,
data(phim(i), i= 7,10)/0.12, 0.08, 0.086, 0.10/
data(phif(i), i= 2,6) /1.8e-5, 9.0e-5, 6.6e-5, 2.0e-4,
data(phif(i), i= 7,10)/3.0e-5, 1.8e-5, 3.0e-5, 3.0e-5/
data(alpm(i), i= 2,6) /0.003, 0.02, 0.03, 0.002,
data(alpm(i), i= 7,10)/0.01, 0.003, 0.004, 0.005/
data(betm(i), i= 2,6) /1.55, 1.2, 2.2, 1.7,
data(betm(i), i= 7,10)/1.7, 1.8, 2.0, 1.9/
data(alpp(i), i= 2,6) /26.e-7, 6.8e-7, 12.e-7, B82.e-7,
data(alpp(i), i= 7,10)/26.e-7, 5.8e-7, 12.e-T7, 82.e~7/

data(fc(i), i= 2,6) /2.8e-8, 12.e-8, 65.6e-8, 19.e-8,
data(fc(i), i= 7,10)/2.8e-8, 12.e-8, §5.6e-8, 19.e-8/

saturation function statement (van Genuchten/Mualem)
satfu(sr,al,ap)=(1-sr)*(i+ap)**x(-al) + sr
derivative of saturation function statement

chfu(sr,al,ap,bet,a,phm)=(1-sr)*al*(1.+ap)**(-al-1.)
1 *bet*axxbet*(-phm)**(bet-1)/rhog

total porosity

phi = phif(mat) + phim(mat) * (1 - phif(mat))
fracture properties

sfr=0.04

alpf=1.28
betf=4. 23

0

()]

,100/

.10/

.Qe-5/

.005/

.9/

.2e-T/

132.e~8/
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matrix properties

water compressibility
betp=9.8e-T

evaluate moisture content

alm=(1.-1/betm(mat))
alf=(1.-1./betf)

set values for use in computing fluxes and velocities

phimi=phim(mat)
phifi=phif (mat)
smri =smr(mat)

loop over nodes

do 100 j=1,nn

phm=p(j)/rhog - z(j)

if (phm.gt.-.000001) phm=-.000001
apm=(alpm(mat)*(-phm))**betm(mat)

apf=(alpf* (-phm) ) **betf
sm=satfu(smr(mat),alm,apm)
sf=satfu(sfr ,alf,apf)

convert saturation to moisture content
thm(j)=sm*phim(mat)*(1.-phif (mat))
thf (j)=sf*phif(mat)
th{j)=thm(j) + thf(j)

incorporate these compressibility effects into the capacitance term

Note: the compressibilities are shown here for completeness but
are not used in this sample problem.

watcomp=betp*th(j)/rhog

rokcomp=alpp(mat)*th(j)/(phif (mat)+phim(mat))*(sm-phif (mat)
2 *(sm-sf))/rhog

fracomp=fc(mat)*th(j)/(phif (mat)+phim(mat))*(sm-sf)/rhog

compute the derivative of saturation with respect to psi

{i(i
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chm=chfu(smr(mat),alm,apm,betm(mat),alpm(mat) ,phm)
chf=chfu(sfr ,alf ,apf,betf ,alpf ,phm)

convert to moisture content and sum terms for total capacitance
cmi=chm*phim(mat)*(1.-phif(mat)) + chf*phif(mat)

for steady-flow analyses, use cm(j) = cml + constant
for transient analyses, use cm(j) = cml + watcomp + rokcomp + fracomp

cap(j)=cml + watcomp + rokcomp + fracomp

cap(j)=cml + 1.0e-5

100 continue

return
end

subroutine perm(nelem,mat,nn,p,x,z,time,rhog,
1 akmil,akm22,akf11,akf22,ak11,ak22)

this subroutine calculates the permeability (m**2) of the
rock matrix and fractures in units of kg,m,s

dimension p(8),x(8),2(8),akm11(8),akm22(8),akf11(8),akf22(8),
1 ak11(10),ak22(8)

dimension phif(13),alpm(13),betm(13)
dimension conm(13),conf(13),cratm(13),cratf(13)
Variables passed to Routine:

nelem Element number

mat Material number of this element
nn Number of nodes at which output is to be computed
p Effective pressure at each node
X x~coordinate value at each node
z z-coordinate value at each node

time  solution time
rhog  product of water demnsity and gravity

O
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VARIABLES RETURNED FROM ROUTINE:

akmii

akm22

matrix permeability in the first principal-axis direction
at each node

matrix permeability in the second principal-axis direction
at each node

Fracture and total variables need only be defined in the

case of

akfi1l

akf22

akll

ak22

other v

phm
cratm
cratf

conm
conf

Aok

mat
mat
mat

a composite model

fracture permeability in the first principal-axis
direction at each node

fracture permeability in the second principal-axis
direction at each node

total permeability in the first principal-axis
direction at each node

total permeability in the second principal-axis
direction at each node

ariables used in this subroutine:

matrix pressure head

conductivity ratio in rock matrix

conductivity ratio in fractures
ratio is of conductivity in direction 22 (second
principal axis) divided by conductivity in
direction 11 (first principal axis)

saturated conductivity of matrix

saturated conductivity of fractures

material properties used in this subroutine:

4, tcb
5, tpt-tn
6, tpt-tnv
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mat
mat
mat
mat
mat
mat

tpt-tv
tpt-tm
tpt-tml
tpt-tdl
tpt-td
tpt-tm

rock properties for g4 and ue-25a #1

data(alpm(i), i= 2, 6)/

0.003, 0.02,
data(alpm(i), i= 7,10)/ 0.01, 0.003,
data(betm(i), i= 2, 6)/ 1.556, 1.2,
data(betm(i), i= 7,10)/ 1.7, 1.8,
data(phif(i), i= 2, 6)/ 1.8e-5, 9.0e-5,
data(phif(i), i= 7,10)/ 3.0e-5, 1.8e-5,
data(conm(i), i= 2, 6)/ 1.5e-11,3.0e-12,
data(conm(i), i= 7,10)/ 2.0e-11,2.0e-12,
data(conf(i), i= 2, 8)/ 3.0e-5, 8.0e-4,
data(conf(i), i= 7,10)/ 4.0e-5, 4.0e-5,
data(cratm(i),i= 2, 6)/ 1.0, 1.0,
data(cratm(i),i= 7,10)/ 1.0, 1.0,
data(cratf(i),i= 2, 6)/ 1.0, 1.0,
data(cratf(i),i=7,10)/ 1.0, i.0,

conductivity function statement

oo = DD TN D NN OO

o o= R BN WW N - e OO0

.002, 0.005/

.005 /

T, 1.9/

.9 /

.0e~4, 3.0e-5/
.0e~-5 /

.0e-12, 2.e-11/
.0e-11/

.0e-4, 4.0e-5/
.0e-5 /

.0, 1.0/

0 /

0, 1.0/

0 /

confu(al,ap)=(1.+ap)**(-al/2.)*(1.-(ap/(1.+ap))**al)**2

fracture properties

alpf=1.28
betf=4.23

do 20 j=1,nn
phm=p(j)/rhog - z(j)
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if pressure head becomes positive, permeability is calculated for
a very small negative pressure head (i.e., approximately equal
to the saturated value).

o o0 0 0

if (phm.gt. -.000001) phm=-.000001

calculate conductivity in the direction of the first
principal axis using Van Genuchten/Mualem formulations

0o 0 0 0

apm=(alpm(mat)* (~phm))**betm(mat)
alm=(1-1./betm(mat))

apf=(alpf* (-phm) ) **betf
alf=(1~1/betf)
com=confu(alm,apm)*conm(mat)
cof=confu(alf,apf)*conf (mat)

convert conductivity to bulk permeability
assume viscosity = 0.001

O o0 0 0

akm11(j)=(1.-phif(mat))*com*0.001/rhog
akf11(j)=phif (mat)*cof*0.001/rhog

0O

calculate permeability for second principal axis
allowing for anisotropy

O 0 0

akm22(j)=akm11(j)*cratm(mat)
akf22(j)=akf11(j)*cratf (mat)

¢ calculate permeability of equivalent combined porous media

ak11(j)=akmi1(j)+akf11(j)

ak22(j)=akm22(j)+akf22(j)
20 continue

return

end

Input Deck for Sample Problem 2
The input deck for the two-dimensional PACIE problem is shown below. ST units

are used throughout. The nine solid material property cards define a constant pressuve
initial condition throughout the domain. The bottom boundary is held at a pressure near

70
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saturation (¢ = 0) to simulate the water table. The top boundary has a constant fux
of —=3.1745 x 10713 m/s (0.01 mm/yr). Note that velocities are to be computed at the
nodal points. The calculation is to start at time zero and continue for 20 iterations or
until a time of 1.0el5 s, whichever condition is met first. The initial time step is 1.0e-4.
The default output is to be printed at a calculated time of 1.0 x 10° s, An EXQDUS file
is to be produced with saturation values only at a time of 1,000 s,

$ two-dimensional 9 layer region; q=0.01mm/yr

setup, 1, 61 $ imax=61
water, i, 1000.0, 0.001, 9.8
tcb , 2, 7151050., 0.0
tpt-tn, 3, 7151050., 0.0
tpt-tnv, 4, 7151050., 0.0
tpt-tv, 5, 7151050., 0.0
tpt-tm, 6, 7151050., 0.0
tpt-tml, 7, 7151060., 0.0
tpt-tdl, 8, 7151060., 0.0
tpt-td, 9, 7151050., 0.0
tpt-tm, 10, 7151050., 0.0
end
i, 1, 61, 19, 1.06, 1.10, 1.06, 1.10 $ **kxk  region 1 kkkkxk
0.0, 923.1, 923.1, 0.0 $ tcd
729.7, 729.7, 784.2, 841.2
i, 19, 61, 25, 1.06, 1.00, 1.06, 1.00 $ ®xxkk  region 2 wkkkxk
0.0, 923.1, 923.1, 0.0 $ tpt-tn

841.2, 784.2, 787.2, 850.9

1, 25, 61, 31, 1.06, 1.00, 1.06, 1.10 $ ®xxxk  region 3  wkkxxk
0.0, 923.1, 923.1, 0.0 $ tpt-tnv
850.9, 787.2, 797.3, 860.1

1, 31, 61, 37, 1.06, 1.00,1.06, 1.00 $ kkkxk  region 4  wdckkk

0.0, 923.1, 923.1, 0.0 $ tpt-tv
860.1, 797.3, 810.7, 868.6

1, 37, 61, 47, 1.06, 0.98,1.06, 0.98 $ kkrokk region 5 kkkxx
0.0, 923.1, 923.1, 0.0 $ tpt-tm
868.6, 810.7, 871.1, 930.2

1, 47, 61, 61, 1.06, 1.10,1.06, 1,10 $ *akxk  region 6 kEkkk
0.0, 923.1, 923.1, 0.0 $ tpt-tml
930.2, 871.1, 1006.1, 1082.9

i, 61, 61, 69, 1.06, 0.98,1.06, 0.98 $ *kxkk  region T  Kkkkk
0.0, 923.1, 923.1, 0.0 $ tpt-tdl

1082.9, 1006.1, 1073.7, 1148.2

1, 69, 61, 75, 1.06, 0.98,1.06, 0.98 $ *¥rk*  region 8 wkdokk
0.0, 923.1, 923.1, 0.0 $ tpt-td



il |

1148.2, 1073.7, 1093.6, 1183.2
i1, 75, 61, 85, 1.06, 1.10,1.06, 1.10

0.0, 923.1, 923.1, 0.0

1183.2, 1093.6, 1116.4, 1200.6

end

jloop, 9, 2

iloop, 30, 2

quad8/4, 2, 1, 1

iend

jend

jloop, 3, 2

iloop, 30, 2

quad8/4, 3, 1, 19

iend

jend

jloop, 3, 2

iloop, 30, 2

quad8/4, 4, 1, 25

1end

jend

jloop, 3, 2

iloop, 30, 2

quad8/4, 5, 1, 31
1end

jend

jloop, b, 2

1leop, 30, 2 (

quad8/4, 6, 1, 37

iend

1end

jloop, 7, 2

1loop, 30, 2

quad8/4, 7, 1, 47

iand

jend

jloop, 4, 2

iloop, 30, 2

quad8/4, 8, 1, 61

i1end

jend

jloop, 3, 2
iloop, 30, 2

quad8/4, 9, 1, 69

-1
SN

$ k#xxx  region 9 kkkkk

$ tpt-tm
$ xrkxkx  region 1 *kkkxk
$ tcdb
$ *kkkk  region 2 kkkkok
$ tpt-tn
$ kAaokokok region 3 kkkx
$ tcb-tnv
$ wkorokk region 4 kxkkk
$ tcb-tv
$ koK region 5 kdokkk
$ tcb-tm
$ *x#kk  region 6 kkkkxk
$ tcb-tml
$ *kkkk  region 7 kkkkk
$ tcb-tdl
$ *xxxx  rTegion 8 Rkkkxk
$ tcb-td



iend

jend

jloop, 6, 2 $ kKK region 9 kkkkxk
iloop, 30, 2 ‘ $ tcb-tm

quad8/4, 10, 1, 75

tend

jend

iloop, 30, 2 $ *xxkx  top surface bc kkkkk
bc, ulside, 1, 83, 3, -3.1745e-13 $ infiltration rate in m/s

1end

iloop, 30, 2 $ sokkk*x  bottom surface bc kkkkk
bc, peffside, 1, 1, 1, +7151050. $ pressure head approx. zero at water table
1end

end

velocity,nodal

formkf

output, single, 1,2,3,4,5,1255,1256,12567,1268,1259,1260

unzipp,0.0 , 1.0elb, 0.1e-3,20, , 1, lelb

end

stop, post

select,l,saturation

time,specified,1,1e3

end

$ pace exercise g4 to ue-26a#i

$ 30 horizontal elements and 42 vertical elements.

¢ Isotropic conductivity in all units.

$ First principal conductivity axis O-degrees clockwise from horizontal.
Water table at bottom boundary.

Infiltration rate = 0.01 mm/yr at top.

$ Run with NOR_sub.pace

$ In UNZIPP, eps = 0.00001 for convergence limits.

$ In FLUIDC, compressibilities set for steady-state results only.

$ Input lines for additional solid materials:



Output File for Sample Problem 2

The total output file for this problem is quite lengthy (500 lines). A partial listing
is included. The portion of the file which echoes the input data has not been included. -

two—dimensional 9 loyer region; gq=8.@tmm/yr

v

material properties

—fluid—
no. name density viscosily gravity
1 water 1000.0 9. 10000e-02 9.8000
—sg0lid(s)—
no. name initial effective pressure alpho (degrees)
2 teb 2.71511e407 0.00000
3 tpt-tn @.71511407 0.00000
4 tpt-tnv 0.71511e407 ©.00000
5 tpt~tvy 0.71511e+07 0.00000
6 tpt—-tm 9.715110407 0.00000
7 tpt—tmi 0.71511e+07 0 .000080
8 tpt—-tdi 0.71511e+87 0.00000
9 tpt-td 2.71511e+07 9 .00000
10 tpt—tm 0.71511e+407 9 .00000
.~—~—data for 1260 elements have been read—
time in setup = 2.471 aeconds
velocities will be computed at nodal points,
the two~dimensional planar version of the eiement formulation was requested
time in formkf = 51.971 seconds

time in pre-front=11,70941

properties of motrix system—

number of degrees of freedom— 3925

mox front width—- 66
storage for max front— 4560
buffer space— 190439
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Output for Sample Problem 2 (cont. 1)

pressure fields were initialized by moterial with the following values—

material no, 2 initiol effective pres= ©.,7151050e407
material no. 3 initial effective prea= ©.71519500+07
moteriol no. 4 initial effective pres= ©.7151850e+87
moleriol no. 5 Initiol effective pres= ©.7151050e+07
moteriol no. 6 initial effective pres= ©.7151950e4+07
materiol no. 7 initial effective pres= ©,7151050¢+07
materiol no. B initiol effective pres= ©.715105004+07
material ne. 9 initial effective pres= ©.7151050e+07
materiol no. 1® initiol effective pres= ©.7151050e+87

output for the transient problem was obtained over the interval—

initial time= ©.0000000e+00

final time= ©.1000000e+16

initiol time step= ©,1000000e-03 :
integration wos terminated when current time.ge.final time or when 20 {ime steps were taken

I W T WD T W S O W o N om o W omr X I om o oW Om oEr

initial conditions are the solution at time step no. = 1

current time= @.100PP08e-83 time slep= ©.1000000e-03 time step no.= 2
= 0.00000

max change in effec |iq pres between time steps is ©.1172093e-10 in element 1231 node

current time= ©,20000000-03 Lime step= ©.1000000e-03 time step no.= 3

rms = 0.00000

max change in effec |ig pres between {ime steps is ©.1172093¢~10 in elemant 1231 node

current time= 0. 3000000e-0) time step= ©.1200000e--03 time step no.= 4
= 0.00000
newit= 1 rms= 0.00000

max change in effec {iq pres between time sleps is B.11720930-10 in element 1231 node

current time= @ 10327280¢+09 time step= 9.10322806+99 time step no.= 5
9. 00001

newit= 1 imyg= 0.00001

max chonge in effec liq pres between time ateps is ©.12002910402 in e!lemont 1231 node

current time= 8. 3042646¢+09 time step= ©.2010365¢+09 time step no.= ]
rme = 0. 00001
newit= 1 rma= 9. 0ve01

mox chaonge in effec liq pres between time steps is ©.22935688e+@2 in element 1231 node

current time= ©.6753037¢409 time step= ©.3710391e+09 time step no.= 7
= 9 .00000
newit= 1 rms= 0 20060

max chonge in effec {iq pres between time steps is ©.4092201e-01 in element 1231 node

current time= @ 586780%e+19 time step= 0.5192505e+1@ time step no.= 8
= 2 .080001
newit= 1 rmg= 0. 00601

max chonge in effec 1iq pres between time steps is ©.7462501e+@1 in elemant 1231 node
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Output for Sample Problem 2 (cont. 2)

current {ime=
rms = ©,00002
nowite 1 rms=

mox change in

current times=
rms = 0 .00004
newitw f§ rmsm=

mox chonge in

current Lime=
rms = ©.09p06
newite 1 rmsm

mox chonge in

current timem
My = @ .00006
newite 1 rmgs

mox chenge in

current time=
rme - . 00007
newite 1 rmes

max change in

current {imex
rms = 9 .00007
newit= 1 rmae

max change in

current times
jme = 0 00086
newil= | rme=

mox change in

current time=
rms = . 08006
new t= 1t rmsm

max change in

current time=
frs 0.00006
new {m rma=

max chonge in

current times=
me = 0 . 00006
newil= 1 rmy=

max change in

current time=
rme = 0 .000006
newit= 1 rme=

max change n

0.1787719e+11
0. 00002
effec liq pres
0.3424888e+11
©.00004
effec liq pras
9.563718%5e+11
9.00006
effec tiq pres
9.8299852e+11
0.00006
effec liq pres
9.1140899e+12
?.00007
effec liq pres
0.1500795e+12
0. 00007
effec liq pres
9.1917833e412
2. 00006
effac lig pres
©.2403725412
8 090A6
effec liq pres
9.2972936e+12
©.00006
effec liq pres
©.3641080e+12
9 00006
effec liq pres
©.4423010e412

@ 00006
effec liq prea

time stepe © . 1120938e+11

between time nleps is

timg stopm

between time steps is

Lime step=

belween time steps is

time steps

between time nteps is

time step=

between time ateps is

time alep=

between time steps is

time step=

between time stepy is

time step=

between time ateps in

time step=

between time steps is

time step=

betwean time steps is

time slepw

between lime steps is

76

0.1717161e+11

©.22123050411

©.2662667e+11

0.3109138e+11

0.3598961e+11

0.41783790411

@ . 4858920e+11

0.569210%e+11

©.6681446e411

©.7819297e+11

time step no.m

0.3082391g+02 in element 1231

time step no.=

9.6174092e+402 in slement 1231

time step no.r~

0.85642046402 in element 1231

time step no.=

0.1915963e493 in olemant 1231

time step no.m=

9.1111378e403 in element 1231

time step no.=

9.1167152e+03 in sloment 1239

time step no.=

0.11966B81e+03 in eolemant 1231

time slep no.w

©0.12060882483 in element 123

time step no.=

0.1196B17e+B3 in element 1231

time step no.m

9.1166005403 in element 1231

fime slep no.=

9.1119923et03 in olement 1231

1@

1

12

13

14

15

16

17

18

19

node

node

node

node

node

node

nede

node

node

node

node



rogp=

Output for Sample Problew 2 (coni. 3

current time=
0.

newitn 1

06ea7
Py

©.6385893e412
ragnews
0.%8007 ’
mox change in effec 1iq pres between time gteps is

U

time wtope 0 $1953172e412

extended core required tor this problem-—

vector for condensed egqns-—— 273900
tots! ecs— 320521
number of dote blocks used in solution— 3
time in unzipp - 694 .815 seconds
- -2 -3
element ]
PRESS 9.7151050e+87 ©.7151058e+487 &.7151052e+07
TSAT 0.10000004+81 6.1500000¢4+91 ©.995301304+00
TCOND1 0.55¢9719e-99 @.5545719e-09 ©.8993448s-11
TCOND22 ©.5549718¢-89 ©.5549719e-09 ©.H8993448e-11
element 2
PRESS 8.7151050e+07 ©.7151050e+87 ©.7151050e+07
TSAT 0.1000000e+21 0.1000000¢+01 ©.99568680+00
TCOND 11 0.5549710¢~09 ©.554¢8719e~29 2.9153392e-11
TCOND22 @.5549719¢-09 ©.5549719¢-09 ©.9153392e-11
eiement J
PRESS 0.715100 %0487 8.71510560+07 ©.7151850e+87
TSAT 9.100000 » @1 @.1000000e+21 ©.99602032400
TCOND Y Y @.554971. 29 0.5549719e-09 © 9300692e-11
TCOND22 0.5549719¢-09 @.5549719e-09 0. 9300692¢-11
eloment 4
PRESS 2.71510500407 0.715105004+087 ©.71510506+87
TSAT ©.1000000e4+81 ©.1000000e+®1 @ .99630910+00
TCOND1 0.5549718e-09 @ .5549719¢-09 ©.9436009¢-11
TCOND22 0.554971920-09 £.5549719e-89 9.9436005e-11
elament ]
PRESS 0.7151050e487 ©.7151050e+87 © 7151850407
YSAT ©0.1000000e+81 0.1000800e+0! B 996559Hs+00
TCOND 1Y ©.5549719¢-89 P.554971Ge-09 © 9560025e—11
YCOND22 0.5549719e-20 ©.5549719e-09 ©.9560026e-11
elemant 125%
PRESS ©.7151606e4+07 ©.7'516066+87 © 71721804487
TSAT 0.5415467e+00 0 .5420171e+98 9 .54138710400
TCONDt 1 0.1770243e~12 0. 1779733e-12 @.1765827e-12
TCOND22 0.1770243¢~12 H.1779733e~-12 B.176542798-12
#lement 1256
PRESS @.71516060407 8. 7151607407 0.7172131¢407
TSAY ©.5420171e400 0 .5424365e+30 ©.5417178¢4008
TCOMND T ©.1779733e~12 0. 17B8236e-12 0.1773690¢-12
TCONDZ2 8. 17797338~-12 &.1788230e-12 ©.1773690e-12
element 1257
PRESS 9.715160704+87 ©.71515607¢+087 ©.7172087¢+87
TSAT 0.3424365e+20 ©.5428105¢480 ©.54208380+09
TCOND1 1 ©.17882386-12 ©.1795833e-12 6.178108830~172
YCOMND22 0.17882300-12 ©.1795833¢~12 @.1781883e-12
slemont 1258
PRESS 0. .7151607e+87 ©.7151608e487 9.71720480407
TSAT 0.54281056+88 © 543143Bc+00 @ .54241810+00
TCONDt § 0.1795813e-12 ©.18026336~12 ©.17876940-12
TCOMD22 @.17958330-12 6.18026330-12 & 1787694012
eloment 1259
PRESS B.715160804+87 . 71516110487 8 71719760407
TSAT @.5431438¢+89 0.5434409¢+00 0 .54269786+400
TCONDY Y 8. 1802633012 ©6.1808713¢~12 9.17935304-12
TCOND22 €.1802633¢-12 ©.1808713e-12 ©.1783539¢-12
element 12889
PRESS G.71518110+87 B.7151579e¢+07 &.71709%%a+87
TSAT @ 5434409400 0 5437029¢+08 @ 5428755¢+08
TCOND t Y 8. 13087130-12 O 1814089¢-12 ©.179715Ge-.2
TCOND 22 ©.1808713¢~12 ©.1B1408B%e~-12 @.1797150¢-12

OEBICE 0990 COOT VOO ADOI OAVO GOAD

FSR0 DGO OO GRS

v

8. 1925567¢403 in element 1231

time step no.m

——nodss-—

b

7151050407
.8948549e+000
8820222011
.8820222e-11

.7151050e+07
.99530130+00
.8993448e~11
.899344Be-~11

.7151050e+487
99568686 +20
.9153382e~11
9153382e~11

.71510856e+07
.9960203e+00
.9300692e-11
.9300692e~11

.7151050e4+07

99630910400

.94360896-11
-9436009e-11

LT1722)5e407
.5408466e+00
1756188e~12
1756198812

71721806 +87
54130719400
.17654270-12
17654279~12

721310407
54171780 +00
1773698e~12
AT7736900~12

T17.387e+07
54,1338 +00
.1781083e~12
L1781083w-12

71720486407
2424101 ¢4+08
.17876948~12
.1787694¢~12

.7121976e+87
.5426978e+00
1793539012
1793539e~12

LRI U

-5

T151050e+07
. 100020864+01

.71518500+87
. 1600600e+01

L7151058e+87
. 1002000e+21

.7151050¢407

1800000 e+01

.71510500+87
.1000200e+H1

7151606 +87
.5417818e+0€

.71516066+87
.5422267e+00

71516070407
542623444020

. 1151687¢407
.5429770e¢+008

71516070487

-34329214+00

7131590¢+07

.B435715e+00

A TR PR T T

21

node

e

L715105086+6 7
998345 10+09

.T7151850e487
.99847940 400

7151050487
.8985946e+00

.7151050e+07
.9986944e+08

71518500407
99878084400

71555520497
5411447400

71555490407
.5415606e+06

715554704027

54193140400

WALLLYYYE:
. 5422818e+000)

WAL VRSN
3425550 v¢

ALY WRLY . PR

542775706 né
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8 Glossary

Basis function—one of a set of functions used to expand an arbitrary function. Iu the fi
nite element method, the basis functions are defined on elements and dependent variables
are expanded in them [see Equation (3.5) in Subsection 3.3].

Bilinear-—refers to functions that are linear in cach of two variables.

Iffective pressure—an expression for pressure defined following Equation (2.2) in Snb-
section 2.3,

Flement cocflicient matrix —-a matrix that contains the contributions to the global cocf-
licient matrix, that is, the Jacobian matrix used in the Newton iteration procedure, from
an individual element.,

Flement connectivity -a term nused to deseribe the way in which the finite elements are
interconnected. Two adjacent elements may be connected, e, may allow mass transfer
through the common side, or may not be connected depending on the way nodal points
arve assigned to the elements.

Gianss point-—a gquadrature point in a scheme devised by Gauss. (See *Quadrature”.)

(Hobal coeflicient matrix — a term used here for the Jacobian matrix used i the Newton
iteration procedure.

Natnral coordinate system —a term deseribing the coordinate systeni in the mapped
domain where a standard element lies (see “Standard element”™). Here. the natural co-
ordinate svstem is a rectangular Cartesian coordinate system and the mapped domain
is defined by a subparametric or an isoparametric mapping of an element in the original

problem domain.

Newton iteration procedure a well known iteration procedure for solving a set of non-
Hncar equations. The basis {or the iteratae procedure is a Tayvlor expansion that s
truncated after the linear term, Applving Newton's iteration procedure to a set of non-
Hcar cquations imvolves solving a svstemn of oy cqnations at cachiteration. A Newton

dep s the same as a Newton ieration.

P'redictor-corrector — a general category of wmonerical time integration schemes that i
volves twa steps. The fivst step is to predict the solution at the next timeplane. The
prediction is hased on s knowledoe of how the vaniablos have hoehaved over past tinie
“teps. Phe corrector step uses the predicted walues at the new timeplane o innove
upon the solition. The corrector step improves hoth the accurac and tability of the

overall time itegration procedure.

Principal axes  the axes used to define an orthonopic sropertys Fhe diveations of the
1Wo i)rinri]ml axes are chosen so that the tensor used todetine the arthotropie property
is diagonal.



Quadrature-—a general category of methods that serve to estimate the values of integrals.

Residual-—an equation that measures the degree to which one of the governing equations
is satisfied in some integral sense. Normally, residual equations are set equal to zero;
however, in practice they can only be set equal to approximately zero if they contain
nonlinear terms.

Residual moisture content—the moisture content, below which moisture is not free to flow
by pressure or density gradient, or by gravity.

Standard element—an element in the isoparametrically or subparametrically mapped
domain. Standard elements have simple shapes (quadrilaterals in NORIA-SP).

Weak form-—a term that originated from the topiec of variational calculus. There are
several weak forms of a differential equation. One is the integral of the product of
the differential equation with an arbitrary function, which is referred to as a weighting
function. Other weak forms result from the application of Green’s theorem to this integral
equation.

Weighting function---an arbitrary function that appears in the weak form of a differential
equation. (See “Weak form”.)

g
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11 Appendix B

v Information from the Reference Information Base
‘Used in this Report,

This report contains no information from the Reference Information Base.

Candidate Information
for the
Reference Information Base

This report contains no candidate information for the Reference Information Base.

Candidate Information
for the
Site & Engineering Properties Data Base

This report contains no candidate information for the Site and Engineering Properties
Data Base.
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