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¢everal documents have been written describing SWIFT II, the most current
version of the SWIFT Model. One, Reeves et al [1984a], describes the theory
and implementation, and another, Reeves er al [1984b], describes the data
input. Two others, Ward et al [1984a] and Ward et al [1984b) deal with code
assessment through verification and field application and through
benchmarking, respectively. This document, however, has an entirely different
function. 1It, like the work of Finley and Reeves [19811 for an earlier
version, is devoted to assisting the analyst who desires to use the SWIFT
Code. This code is quite general in terms of both the processes (flow, heat,
brine and radionuclide transport) and the media (single and/or dual porosity,
confined or unconfined) which it considers. Consequentliy a document such as
this one is necersgary. Nine examples are presented to illustrate the use of
SWIFT II in doubly porous and unconfined aquifers. Each problem and its
numerical solution are described. Then several exercises are presented in
order to assist the reader with the input and the ourput and, occasionally,
with the interpretation of the results. For each case a printed input listin

and a microfiche output listinp s.e provided.
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*  The SWIFT Model (Sandia Waste-lsolation Flow and Traasport Model) has
been developed for the evaluation of repository-site performance., It ir a
fully=-coupled, transient, three-dimensional model, and it is implemeated by a
finite-difference code, which solves the equations for flow, heat, brine and
radionuclide transport in geologic media., Having evolved from the U.S.
Geological Survey Code, SWIP (gyrveylgfste lyjeccion Program { INTERCOMP,
1976]), this code has experienced continuous improvements since 1977 [Dillon
et al, 1978, and Reeves and Cranwell, 1981]. SWIFT II macks 3 significant
extension of the development in that the model can now treat three additional
types of media in a cost-effective manner. Two are confined dual=-porosity
aystems and include a fractured porous wmaterial and an aquifer with conductive
confining beds. The other is an unconfined aquifer with a free-water
surface. As such, the model has become a very comprehensive and effective
tool for evaluating the processes envisioned for a repcsitory of high-level
nuclear wastes, Furthermore, its applications extend beyond nuclear-waste
isolation to, for example, aquifer thermal-energy storage, liquid-waste
disposal by deep-well injertion and wmigration of contaminants from surface
Jdisposal sites.

At the same time, however, the use of SWIFT does make rather heavy
demands on the analyst., He must have a familiarity not only with the basic
science but also with the mathematical model*, the numerical model*, the
code*, its input and its output. Current documentation {Reeves et al,
1984a,b) is available covering each of these items, WNevertheless, probably
the easist way to learn the SWIFT Model, or any other model, is through a
meaningful set of worked problems. Such is the basic premise for both this

teport and its precursor, SWIFT Self-Teaching Curriculum [Finley and Reeves,

1981]. As a matter of fact, that earlier report is appropriate for SWIFT
II. A total of 1l problems are presented there in the input format used by

SWIFT, Release 4,8l. However, with only minor changes, as described in the

* See Silling (1983) for a definition of these terms.



1-2

Appendix of this report, the input data sets listed there may Ye used to
illustrate the application of SWIFT II, Release 12.83, to single-porosity
media.,

In this document 9 problems are presented. Fracture/matrix problems are
presented first, followed by aquifer/confining-bed and uncynfined-aquifer
problems. In each case the discussion proceeds from a description of the
problem to a description of the anumerical simulation. For convenience, a
definition of the symbols is reserved for Section 6. Further, the oft~
referenced documents of Reeves et al [1984a,b] are referenced simply as the
Theory and Implementation and the Dats~Input Guide, respectively. Several

exercises are placed at the end of the discussion for each problem, which are

directed at two different levels of expertise. The more basic Level 1
familiarizes the reader with the input, which is printed, ani the output,
which appears in microfiche affixed to the back cover. For these exercises
the only necessarv resources, other than this document itself, are the Data-

Input Guide and the Theory and Implemeatation. The more advanced Level 2
tests the reader's ability to extend or interpret the basic results. Here a
computer and the SWIFT II Code may also be necessary.
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2.1 PROBLEM 1. TRANSPORT OF A DECAYING RADIONUCLIDE IN A FRACTURED POROUS
MEDIA [TANG ET AL, 1981).

2.1.1 Objective

® To illustrate fracture/matrix traasport with a prismatic

charactevization of the rock matrix.

2.1.2 Description of the Problem

Problem Statement. A thin rigid fracture is situated within a saturated

porous rock matrix as shown in Figure 2.1~1. Both fracture and matrix are
semi=infinite in their exfent. Radionuclides, which derive from a source of
constant strength, are convected and dispersed through the fracture by a
constant velocity field and are diffused into the rock matrix.

Transport Equations. Mathematically the transport within the fractures

is governed by the equations

3 3 eC ]
- 33 (pCu) + Py {pD H’ - - AK¢pC = T (KépC) (2.1-1)

Transport within the rock matrix is assumed to occur in a direction

perpendicular to the fracture and is governed by the equation

a llac') | l.!l‘ a 15 8., 00
7 (e'Dl g7 + T =~ AK'%'%'C '-a-;(liénC) (2.1~-2)

Coupling then arises through the flux at the fracture/matrix interface:

2C (s=0) (2.1-3)

Fo= o AP e
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The composite parameters are defined here in terms of the dbasic parameter

set, They are the dispersion/diffusion of the fracture:

p = e u + D (2.1~43)
a

the di€fusivity of the fractv.es:

D - ¢D* (2- l"'“b)
n

and the diffusivity of the rock matrix:

D! = T4 'D* (2.1-4¢c)

The rvemainder of the parameters are defined in Section 6.
Initial /Boundary Coaditions. Within the rock matrix the initial

concentration is zero:

C'(x,s,t=0) = 0 , s>0 , x>0 (2.1-5a)
and fracture and matrix concentrations are identical at the interface-

c'(x,s=0,t) = C(x,t) , t>0 (2.1-5b)
Within the fracture, the initial concentration is also zero:

C(x,t=0) = 0 , x>0 (2.1-6a)
and the boundary conceatration is unity:

C(x=0,c) = 1 , ©>0 (2.1-6b)

Input /OQutput Specifications. The input data for this problem, given in

Table 2.1-1, is the same as that prescribed by Tang et al for their lcw-
velocity case (p. 561 £f), The desired output consists of two sets of spatial



Table 2.1-l.

2-6

Problea 1.

Input Specifications.

— AR —
Parameter Syabol Value

Fracture Width 2d 1074 o

Matrix Porosity ¢! 0.01

Matrix Tortuosity T 0.1

Fracture Dispersivity e ¢.5um
Molecular Diffusion in Water D* 1.6x1073 cmzls
Half Life T 12.35 y

Decay Coastant Y 0,0561 y-l
Matrix Retardation K' 1.0

Fracture Retardation K 1.0

Fracture Velocity v 0.0. =n/d
Fracture Porosity $ 1.0
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distributions. Curves of concentration versus distance within the fracture
are calied for at the values of time, t = 100, 1000 and 10,000 d. Then a
single curve of concentration versus distance within the rock matrix is called

for at the time t = 10,006°d and the position x = 1.5 m.

2.1.3 HNumerical Simulation

Discussion of Code Input. Two items are of interest here. Specifically

they are: (1) representing a semi-infinite domain with a finite domain and
(2) specifing the flow and diffusion within the system. For the first of
these, the steady-state solution of Tang et al is most helpful. This solution
provides one characteristic length for penetration into the fracture and

another for penetration into the rock matrix:

~ 1/ . -

L = {(1/2)e, - [1/@)a2 + y/o12) 7 (2.1-7)
and

~ Ly

a = (D'/A)2 (2.1-8)
where

D = a v+ D* (2.1-9a)

D' = <D* (2.1-9b)

.
v o= A+ ¢'(D'A)2/4 (2.1-9¢)
With values taken from Table 2.1-l, these expressions yield

L = lm (2.1-10)

and

2 = 0.30m (2.1-11)
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The domains of simulation are taken to be somewhat larger than these

characteristic lengths, i.e.,
L = 10,24 m (2.1-12)

for the fracture (Figure 2,1-2) and

a = l.2n@m (2.1-13)

for the rock mateix (Figure 2.1-3a).

Spatial increments in the fracture and matrix domains are then taken to
be significantly smaller than che characteristic lengths., Nevertheless, some
numerical experimentation is necessary for gridding both the spatial and the

temporal domains, There is, however, one consistency check:
I/
as ~ (2D'ac)’? (2.1-14)

for the matrix, which is a useful guide. Figures 2.1-2 and 2.1-3 show
pictorially the gridding adopted for the two spatizl regimes. Figure 2.1-4,
then exhibits this information as it ic -pecified in the data input. As
shown, the globally connected mesh of SWIFT II is used to simulate the
composite fracture/matrx system with the individual increments specified in
Cards R1-17 (&x), R1-18 (8y) and R1-19 (4z). The one-dimensional mesh,
locally connected to only one global grid block, is then used tc simulate the
rock matrix, which is here imbedded within the global mesh. GCridding, in this
case, is specified by the three parameter vaiues provided in Cards ROD-2 (ns)
and RID-2-2 (a and As). Given the number of increments n, and the
increment As at the fracture/matrix interface, the code generates the local
mesh automatically.

Continuing on to the second item, the flow within the global system is
maintained using injection and production wells in the end blocks of the
global system, the common rate being

q = 28yv = 1157 x 1000 2s  ,  R2-6 (2.1-15)



0 5x 10" 512 1.02 2.05 3.07 9.22 10.24

0 25x10* 7.5x10" 768 1.54 2.56 ' 9.73

Figure 2,1-2, Cridding of the Fracture.
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(a) Prismatic Characterizecion.
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(b) Spherical Characterization.

Figure 2.1-3, Griddigngf the Rock Macrix.
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Since both fracture and matrix are included within the global blocks {IFD = 0

in Card ROD-3), the global porosity is specified by

6 = df(asd) = 4.167 x 10 , RI1-20 (2.1-16)

This yields, then, from Equaticn (2.1-4a), the value

D = 6.6672 x 1071 2278, R1-2 (2.1-17a)

for the diffusion of the global system. The corresponding relation for the

rock matrix is, from Equation {2.l=4b):
p! = 1.6 x 107% u?/s (2.1-17b)

Results, Figures 2.1-5 and 2.1-6 show the results obtained from the
SWIFT Code plotted alongside the analytic results of Tang et al. Both within
the fracture and within the matrix, the two show reasonable agreement,

Discussion of the Code Output. The numerical results exhibited in these

figures are presented in much more detail by the microfiche listing (inside
the back cover). At this point, the re-“er is encouraged to scan the listing
for a general familarity, but with only one specific purpose, i.e., to locate
the data used in these figures. The tables which are denoted there by the
wvords 'dual porosity" or “rock matrix" refer, in this case, to the tock matrix
of a fracture/matrix problem. In Problems 6 and 7, however, these tables
acquire a new meaning in that they there refer to the confining beds of an
aquifer.

In order te examine the coucentration distributions, the reader should
note specifically three tables. The first of these tables is entitled "X-
Direction Distance to Grid=-Block Center". It provides distances along the
fracture to the centers of the grid blocks, As shown, the distance x = 1.5 m
lies in Global Bleck 13. The second, "Dual-Porosity Block Numbers," then
identifies, with 2 unique number, the local one-dimensional rock matrix units
which are imbedded in the global blocks., Note that such a unit is not
imbedded in Block 1. This block, as discussed under Problem 2, is used only
for the purpose of establishing a constant-concentration boundarcy within the

fracture. Note also that Local Uait 12 is associated with Global Block 13 ar
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hence, with the distance x = 1.5 m wmeasured within the fracture. The third
table "Specific Matrix Discretization Parametecrs" gives nodal locatioas within
the rock-matrix units. Note that Node 12 is located at the fracture/matrix
interface. Thus, for example, Node & is located at a distance of about 0.4 m
from that interface. .

Tables of fracture concentrations, labelled "Component-l Concentration,"
and matrix concentrations, labelled "Component-l Radionuclide Concentration
Within the Rock Matrix," appear at selected time intervals, with the last such
tables corresponding to 10,000 d. The calculated fracture coacentration C =
0.318 for Clobal Block 13 (x = 1.5 @) does agree with Figure 2.1~5. Also, the
matrix concentration €' = 0.068 for Local Unit 12 and Local Block & (a = 0.4 m
from interface) is consistent with Figure 2,.1-6, Other values may be checked,

as desired.
2,1.4 Exercises

Level 1. Using the Input-Data Guide, the Thcory and Implementation and

the microfiche listing of the output, ae required, complete the following

exercises:

Exercise 1: From Table 2.1~1 and Equations (2.1-16) and (2.1-17), what data
are required for the blanks labelled "1" through "5" in the
input-data set?

The control parameters called for here should specify steady=-
state flow, the international Sl system of units, transient-
state radionuclide transport and no comvection within the rock
matrix (the local system). In this case convection within the
watrix is of negligible importance, and, for computstional
efficiency, the proper control parameter should be set to

indicate “no convection.

tcercise 2: From the physical properties specified in Table 2.1-2, what are
the data required for the blanks latelled "6" through "8" in the

input-data set?



Exercise 3

Level 2.
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Check the answers for Exercises 1 and 2 by referring to the
output listing, specifically to the echo of the input data which

appears at the beginning.

The reader whc waats to develop & deeper understanding of the

code should also consider the following exercise%:

Exercise &4:

A basic assumption of the foregoing analyses, both analytical
and numerical, is that diffusion iac a direction parallel to the
fracture may be neglected. Evaluvate this assumption for the

problem of Tang et al.

In most applicsticns where fracture transport (convection and
dispersion) dominates over matrix diffusion, it is safe to say
that this assumption is valid, In some applications, however,
it may be necessary to check this assumption. One approach is
simultaneous discrecization of both fracture and matrix, which
involves the gridding of a two dimensional plane. Such a
simulation has been performed by one of the asuthors with the

basic assumption found to be valid.

*  For the reader with no previous exposure to the SWIFT Code this exercise

will likely be too difficult at this point and should be postgoned.



2-22



2-23

2.2 PROBLEM 2, TRANSPORT OF A DECAYING RADIONUCLIDE IN A FRACTURED PQROUS
MEDIA [HUYAKORK, 1983]

2.2.1 Obiective

® To illustrate fracture/matrix transport with a spherical

chavacterization of the rock matrix.

2.2.2 Description of the Problem

This problem is identical to Problem 1 with only two exceptions.
Firstly, it is assumed that the exposed surface area between fracture and
-satrix, per unit fracture length, is greater here and may be more
vealistically approximated by a spherical surface (Figure 2.1-3b) for the rock

matrix. Thus, Equation (2.1-2) of the previous section is replaced by
[ ]
-:-%5-(39'01;1 _:__E_) +T - AK'#'O'C' - _:_E_ (Kl¢lplcl) (2.2,1)

The radius for the spherical units is chosen to be ideantical to that used in

Problem 1 for the length of the prismatic units:

Secondly, the matrix diffusion is reduced by a factor of spproximately
three relative to that of Equation (2.1~17):

0-13 2

D; = 5,787 x 1 n /s (2.2-3)

The desired output, as in the previous problem, consists of two sets of
spatial distributions. However, the values of time are changed to t = 441,
3619 and 90,615 d for the distributions within the fracture and the rock

matrix. The position for the latter is also cuanged to x = 1.0 n.
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2.2.3 MNumerical Simulatien

Discussion of the Code Input. To simulate the semi~infinite fracture,

two boundary conditions are specified here, just as they are for Problem 1.

At the maximum extent of the system (10.24 m), a convection=-only condition
3 (xeL) = 0 (2.2-1)
Ix ¢

is easily specified in the code input (Figure 2.2-1) by default.

At the origin, however, the specification of unit concentration (Equation
2.1-6b) is coasiderably mﬁre complicated., Since SWIFT is desigred to evaluate
repository-site performance, only facilities for radionuclide sources have
been provided. However, & constant-concentration boundary condition may still
be used by taking the boundary block (Block !, in this case) to be an
es-entially infinite well-stirred reservoir. 1In fact, this is a basic
physical definition for a coanstant-concentration condition. Distances, of
course, are measured by taking x = 0 at the interface betweea Blocks 1 and 2,
and the dual-porosity region begins with Block 2 (see Card ROD-3). To
implement the concept of a well-stirred reservoir, four sepacrate steps are

taken here,
Firstly, the thickness of Block | is increased to

8z, = (1.91985 x 10° + 2.4) m R1~26 and RI-19 (2.2-24)

1 . '
using the modification cards. Secondly, the concentration of this block is
gpecified as

c = 1 3 I-l‘ (z L] 2-2h )

Thirdly, provision is made to replace, with a source, the mass lost from the
reservoir by both decay and convection:

@ = Cp(dx Ay dz +q) = 7.12x 107 kgfs , R2-10  (2.2-2¢)

i
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Here the various component terms, except for c1 and Azl, which are given
above, ave prescribed in Cards R1-6 (p), RO-! (7 = £n(2)/)), RI-20 (¢),
RI-17 (&x ), Ri-i8 (y,) and R2-6 (q).

Fourthly, and lastly, to implement the concept of a "ell-stirred"

reservoir, the dispersivity

@, " 4 x 108 n , R1-2,5-2 (2.2-24)
is selected for Block ! only. This value, without question, is sufficiently

large that the transmissibility (Theory and Implementation, Section 6.1.3)

connecting Blocks 1 and 2 reduces to a boundary-like transmissibility for
Block 2. In the data input, this value is given to Rock-Type 2. Rock-Type 2
is then ascribed in R1A-1 to Block 1l oanly. Rock=Type 1,

with e = 0.5 m, refers to the transporting region of the fracture, Blocks

2 - 21.

Results. Figures 2,2-2 and 2.2-3 show the results from the finite-
ditference SWIFT plotted alongside those of Huyakorn's finite-element code
FTRANS., Both within the fracture and within the matrix, the two show
reasonable agreement. The dissimilarity between Figure 2.2-2 and Figure
2.1-5, however, is somewhat striking. Obviocusly, tramsport within the
fracture is significantly more retarded by the spherical-matrix
chavacterization than by the prismatic-matrix characterization. 1In spite of
reduction of approximately Fhree in the matrix diffusivity, the spherical
characterization still yields a retardation which is greater, by a factor of
three or more, than that for the prismatic charvacterization,

Discussion of the Code Output. The results shown are dependent, at lea:

in part, upon the convective velocity and upon the constant-conceutration
condition discussed earlier. To check these two, the reader is referred to
the microfiche listing. Insofar as the fluid velocity is concerned, anote in
the table “Homogeneous Rerervcir" the value of porosity for the composite
global system (¢ = 4.167 x IO-S). Note also, in the first recurrent saries
output, the first table, which is entitled "INDQ IWELL ...". The purpose
the computations referred to here is simply to establish a steady-state flow

with boundary wells., Well rates are given and the printing of the Darcy
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Figure 2.2-2. Radionuclide Concentrations Within the Fracture for a

Spherical Characterization of the Rock Matrix.
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velocity is prescribed by the control parameter IIPRT = !3. The table "X~
Direction Darcy Velocity" then provides the desired check on the convective
velocities. As shown in the table, it is constant throughout the eatire

length of the 3ystem, and it has the magnitude
v = u/¢p = (4.8208 x 10°12/4,167 x 107°) /s = 0.01 m/d  (2.2-3)

which is consistent with the problem specifications (Table 2.1-1).

To verify the constent-concentration boundary conditicm, it is sufficient
to examine the radionuclide concentration tables labelled “Component-l
Concentration.” As the reader will note, there are sevural such tables, which
are displayed at selected time intervals out to the wm.ximum time, t = 90,615
d. Iu each case, the C = 1.000 condition is mai'ir.ined to at least 4

significant figures.
2.2.4 Exercises

Level 1. Using the Input-Data Guide, Theory and Implementatioa and the

aicrofiche listing of the output, as required, complete the following

exercises:

Exercise ! From the description of the problem, Equation (2.2-3) and Table
2.1-1 vhat physical parameters are required for the blanks
labelled "I1" through "4" in the input-data set (Figure 2.2-1)?
Check the answers by referring to the echo of the input data
printed at the beginning of the output.

Exercise 2 Interpret the output~control parameters identified in the last

R2-13 Card of Figure 2.2-1l.

Level 2, The reader who wants to develop a deeper understanding of the

code shoula also consider the following exercise:
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Exercise 3 I1f the recardation of the rock matrinx were imcreased frow K’ = |
te K' = 3, would the penetration of the radionuclide fromt in
the fracture be increased or decreased? To answer this
question, the problem may be run anew with the value of the

distribution coefficient on Card RID-4 changed to ky =
7.41 x 107° kg/ud.
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2.3 PROBLEM 3. TRANSPORT OF A RADIONUCLIDE CHAIN IN A FRACTURED POROUS
MEDIA [INTRACOIN, 1983]

2.3.1 Objective

® To illustrate the coupled effects of fracture/matrix transport and

chain decay.

2.3.2 Description of the Problem

Problem Statement. Radionuclides, it is assumed, are buried in a

fractured medium. As indicated in the schematic drawing of Figure 2.3-1, the
system consists of parallel horizontal fractur:s with apertures 2d and
spacings 2a. It is infinite in its lateral extent but confined to a vertical
thickness b = 8z by impermeable beds. The radionuclides 'each from their
storage (leach duration, T,) and contaminate the entire unit. They are then
transported laterally by a one-dimensional flow field. Convection and
dispersion occur within the fractures while diffusion and sorption occur
within the rock matrix. The geometry presented for the diffusion process may
ne characterized by one-dimensiocnal prismatiec units.

Transport Equations. Mathematically, traasport within the fractures for

cradionuclide r i3 governed by the equation

d 3 . aCr
T (pcru) ‘357 (oD 5;-) - T (2,3-1)

oy - = 1!-
* kr,r-lxr-lxr-lopcr-l errQOCr et (KerCr)

and transport within the rock matrix is governed by the equation

3 30;
"” -
9s (e Pn 73 ) + T (2.3-2)
d
boalatme LIS PO Y . Al
* kr,r-!&t-lxt-lé e ct-l xtKr¢ L et (Kr¢ e C;)

Coupling then arises from the flux at the fracture/matrix interface:

30;
- tne L - -
Pr Avp Dm P (s=0) (2.3-3)
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Initial /Boundary Conditions, Within the rock matrix the concentration ig

initially zero:

c;(x,s.c-o) s« 0 , O<ac<a , x>0 (2.3-4a)
a no~flux condition holds at the symmetry boundary:

ac!

5;5-(x,s-a.c) s 0 , t>0 (2.3-4b)

and fracture and matrix cancentrations are identical at the fracture/matrix

interface:

:;(x,a-O.t) = Cr(x,t) s t20 (2.3=4c)
Within the fractures the initial concentration is also zero:

C (x,t=0) = 0 , x>0 (2.3-5)

and the intfinite boundary is held at this initial concentratien.

Source Specification. At x = 0, however, the boundary condition for the

fractures must take into account decay/production processes within the
inventory and the leaching of the inventory. To do this, the time-dependent

hod *
source concentrations cr are defined by the Bateman equations:

dcC
r Ly ~
Z-C— = kt,t'l)‘f"lcr‘i A!'c!' (2 «3-6a)

with initisl conditions
E:""°’ = 1 /Ut (2.3-6b)

The 8, boundary condition chosen here is then expressed in terms of these

source concentrations:

éC

ue_ = 3 5—;—‘- = u’c':r , x=0 (2.3-7)
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Input Specifications. The geometry, the leaching process and the

transport process are characterized by the paraweter values given in Table
2.3-1. Radiocnuclide~dependent processes are then cnaracterized My those given
in Table 2.3-2.

2.3.3 MNumerical Simulation

Discussion of Code Input. Within the input-data listing of Figure 2.3-2,

two items are selected for emphasis in this section. They are the fracture
velocity v and the boundary specification B,. In contrast to Problems 1l and

2, the velocity here is established by means of a pressure boundary condition:
v = [Kfp(g/gc)¢l(po-pl)/n = 500 m/yr (2.3-8)

In this equation the porosity of the zlobal system

¢ = df(a*d) = 1.9999 x 10> , RI-20 (2.3-9a)

is fixed by the input specifications (Table 2.3-1). The system length
L = 2,500m , Rl-17 (2.3-9b)

(the sum of all increments in Card R1-17) is taken to be large compared to the
observation length (500 m) in order to simulate a theoretically semi-infinite
system. Of course, the gravitational constant (g = 9.81 mlsz) is fixed
internally by the code.

Aside from these, all other parameters in Equation (2.3-8) are

arbitrarily specified to yield the desired interstitial velocity:

p = 1000 kg/m° , RI-3 (2.3~10a)
K ~ 1.99996 x 107> m/s , R1-20 (2.3~10b)
p, = 38B.44495 Pa ,  R1-28-2 (2.3-10¢)

and
p1 = 0 ' R1-28-2 (2.3-104d)



Table 2.3-1.
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Problem 3.

Input Specifications.

SRRt S S SRR S ‘_:“‘. R R

Parameter Symbol Value
Observation Length L 500 m
Aquifer Thickness b 5.0 m
Fracture Aperture 2d 1.0 x 107% o
Fracture Spacing 2a 5.0m
Fracture Porosity ¢ 2.0 x 1077
Fracture Velocity S00 m/y
Fracture Dispersity a, S0 m

Macrix Porosity $' 5.0 x 1073
Rock Density Pr .. 2700 kg/m3
Matrix Diffusivity 0! 1.0 x 10722 w2/,
Leach Duration ag- 10° y




Table 2.3-2. Nuclide Inventory (12) and Matrix! Retardation (R;J.

b .~ - o RO
Number Isotope Inventory Hal €-Life? Retardation Distribution Specifie
(ci) (xg) Tly) K, Coefficient’ Activity
kg (a371g) A, (Ci/kg)
! 245 ¢m 0.7 4.074x1073 8.500x103 570 0.211 171.8
2 40 1.0 1.418 2.140x10° 80 2.96x10"% 0.7055
233y 0.004  4.147x107% 1.592x10% 10 1.11x1072 9.646

oy-2

1 N sorption occurs within the fracture,
2 The corresponding decay constant is given by A = £a(2)/r.
3

The two sorption parameters are related via Kv

- kado
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In order to approximate the B, boundary condition, Grid Block 1l is
npecified as the source in Card RlA-6. This block, of course, is of finite
width with

Axl = 5m , Ri-l7 . (2.3-11a)
However, this increment is only one percent of the observation length and
therefore should be &n acceptable approximation to the theoretical boundary
condition of Equation (2.,3-7), which is prescribed for an infinitesimal

increment,
Further, the source rate is specified within SWIFT by the equation

vr - -mr(g}pw/ca (2.3~11b)

(Section 3.4 of Theory and Implementation) where

R = gource rate of radionuclide r lkg/ms(hulk)/sl,

wT
m, = waste density of radionuclide r [kglm3(waste)].

p, = volumetric density of wastes [m3(waste)lm3(bulk)), and
L, = T, = leach duration [«?

Quantities ¢, mt(t'O) and ¢, must be specified in the input.
Prescribing the leach duration is straightforwvard. However, the other two
require some explanation. Here it is assumed arbitrarily that the waste

3

inventory occupies one m” of volume so that

CR l/Ax . 8ybz = 0.1999%6 , RlA-4 (*.3-12)

1

vhere Axl = {m 8y =1mand 4z = 5,0001 @ are specified in Cards Rl-17,
R1-18 and R1-19, respectively. Thus, the initial deasities ur(t=0) have the
same numeri.al values as the nuclide inventories I, given in Table 2.3-2, an

the code internally solves for the Bateman decay (Equatica 2.3-6a).
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Resylts. Results are presented in the tabular form prescribed by the
INTRACOIN project, and they exhibit reasonable agreement with other codes used
in that study. Breakthrough curves at the observation point L, = 500 m are
given, in abbreviated form, in Table 2.3-3 and, in expanded form, in Table

2.3-4,
D.scussion of Code Output. The concentrations given in these tables (in

Cilm3) may be obtained from the computed concentrations (in kg/kg) via the
fluid density (1000 kglms) and the specific activities of Teble 2.3-2. For
example, consider the concentration for 233y g 180,000 y. The point of
breakthrough is located in Block 102, which may be verified by examining, in
the microfiche output listing, the echo of the block sizes (see also Figure
2.2-3). The reader will also note in the echo of Card N-1 that Block 102 is
designated as a nuclide monitor dlock. This facility allows one tu sture (an
Tape 9) computed concentrations at this particular location. Here such
concentrations vere stored so that they might be post-processed and Tables
2.3-3 and 2.3~4 written automatically in the INTRACOIN format. The
concentration computed for 233y at 180,000 y is printed in next-to-the last
table of the gutput listing, the ome entitled 'Componeat-3 Concentration.™
The value printed there as a mass fraction may be then converted to the

desired units:

C(Ci/m>) = oA _Clkg/kg) = 1.95x107° Ci/n’ (2.3-13)

using Tables 2.3~! and 2.3-2,

To previde a check on the calculation of concentrations such as these,
four material~balance summaries are printed at selected time steps. Two of
them, the one for unleached components and the one for leached, but
undissolved, components pertain to the source block. The other two tables,
one for dissolved and sorbed material in the fracture and one for such
material residing in the rock matrix, pertain to the system as a whole. Each
monitors the conservation of mass within a particular phase or subsvstem and
then summarizes the ipformation with bslance quotients. Ideally these
quotients chould equal unity, The various categories used in these tables are

defined in Table 2.3-5.
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Breakthrough Parameters.

NUCLIDE C-RaAX T=MAX T+(50%) T=-(50%)
(cr/cu.m (YEAR) (YEAR) (YEAR)

| CA 245 1.6952E-11 ks001. 28802. 79362,

2 NP 237 1.6665E-06 158000, 77616, LoLSEh.

3 U 233 1.9524E-06 180001. 82459, 688312.

---------------------------------------- L D P R L L L L T Y g
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Breakthrough Profile.

TIKE
(YEARS)

---------- LA 4T L P A T 4 L A 4 2 D 2 3 L 2 2 D 0 2 L R L L 1 L 1 1 1 3 1 L L F L L 2 1 J
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1.6L9LE-08
1.6256E-06
1.5743E-06
1.4660€-06
\.35&‘E‘05
1.2473€-06
1.1Lg1E-06
1.0598E-06
9.7947€-07

U 233

5.2623E-1)
V. 1426E-09
5.2641E-09
1.4021€-08
2.8395e-08
4 .8697E-08
7.5724L€-08
‘oO&BGE'O,
1.4819€-07
1.93472¢-07
2. hULLE~-O7
3.0079€-07
3.6221E-07
4,28L41E-07
4 ,9906E-07
6.5251E-07
7-3“75&'07
8.2028E-07
9.0888¢-07
1.0824E-06
1.2767€-06
1.4780€-06
1.6422€-06
1.7L81E-06
1.8183E-06
‘-86655-05
1.5000E-06
1.9231€-06
1.9383£-06
1.9475E~06
1.9518E~06
1.9514E~06
1.9388€-06
1.8923€-06
1.8281E-06
1.7551E~06
1067855'06
V.6013E-06
1.52556-06
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Table 2.3-4 Continued.

TIME CONCENTRATION (CI/CU.H)
(YEARS)  we=emccccccccccarcscercoccaccaccannaa
CA 245 NP 237 U 233

4.28€405 9,.05526-23 9.0709€-07 1.4520E-06
L .60€+05 6.8074€E-2L  8.4191E-07  1.3B16g~-06
4.92E405 §.5825E-25 7.8321E-07  1.31LLE-06
5.24E4+05 8.52818-26  7.3009E-07  1.2509E=06
5.56E405 5.0058E-26 6.8206E-07 1.1907E-06
5.B8E+0S 3.4527€-26 6.3BL3E-07  1.1333E-06
6.20€405 3.5234E-26 5.9872E-07 1.0803€-06
6.52£405 8.20656~26 5.6247€~07 1.0299£-06
6 .BUE+O5 6.8849E~26 5.2931E-07 9.82L3E-07
7.16E+05 5.1387€-26 4.9889E-07 9.3768E~-07
7.LBE+0S 3.6L22E~26 4.7092E-07 8.9559E-07
7.80£+05 1.3475E-25  L.LB16E-07 B.5596E-07

L L A Dl L DX A L L 2 L L P L LD LYYyl P L Py L Y vy v Y



Figure 2.3-3,

0s~2
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2.3.4 Exercises

Level 1.

Using the Input-Data Guide, the Theory and Implementation and

che microfiche listing of the output, as required, complete the following

exercises:

Exercise }

Level 4.

Fill in the blanks labelled "1" through "15" in Figure 2.3-1,
making reference as necessary to Tables 2.3-1 end 2.3-2. The
data called for here are either source= or radionuclide-

dependent information and may be verified by reference to the

cutput listing.,

The reader who wants to develop a deeper unierstanding of the

code should also consider the following exercises:

Exercise 2

Exercise 3

What effect does the rock matrix have on the transport?

Contrast the computed breakthrough~time parameters (Table 2.3-3)
with those for the case of coavective transport in the fracture
with no matrix effects,

Table 2.3-3 indicates that the peak for 237

233

Np occurs before that
for Why? Since the latter is in secular equilibrium with
the former, one would expect the pegks to occur at approximatley
the same time providing that the retardations were equal, Here,

237Np has the larger retardation (Table 2.3-2). Thus,
37 233y,

however,

should not Np peak later than does
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3 FLUID FLOW THROUGH DUAL-POROSITY MEDIA
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3.1 PROBLEM &4, ANALYSIS OF WELL-TEST DATA FOR A DOLOMITE FORMATION
{PAHWA AND BAXLEY, 1980]

3.1.1 Objective

@ To illustrate the efSects of stress-relief fracturing upon a slug-

injection test.

3.1.2 Description of the Problem

Background. A number of slug and recovery tests were conducted by Sandia
National Labaratories and by the U.S. Geological Survey [Mercer and Ocrr, 1979;
Dennehy and lJavis, 1981) during the site-characterization work for the Waste-
Isolation Pilot Plant (WIPP) [Powers et al, 1978). Two formations of
particular interest were the Culebra and Magenta colmite members of the
Rustler unit, both of which are significant water-bearing rocks lying above
the Salado salt layer. These tests were analyzed by Dennehy and Davis using
an analytical model and, since many of the tests exhibited aa anomalously high
flow rate at small values of time, they were analyzed also by Pahwa and Baxley
[1980) using a dual J‘orosity implementation of their numerical code,

In the SWIFT Sel f-Teaching Curriculum, Problem 11 [Finley and Reeves,
1981], the H2A test (Figure 3.1-1) of the Magenta wmember was chosen, and the
conceptual model of Pahwa and Baxley was used. This model assumes that, in
addition to the primary porosity, which may itself represent connected
fractures extending throughout the dolomite, there are secondary-porosity
fractures vhich extend radially outward an average distance of 2000 fr (Figure
3.1-2a). It is then these fractures vhich affect the small=time response of
the flow rate. As in the vork of Pahwa and Baxley, heterogeneity was used in
Problem 11 to characterize the secondary porosity.

Problem Statement. Here, a different conceptual model is invoked. It is

assumed that the secondary porosity is provided by stress-relief fracturing
which extends to a vadial distance of about one foot surrounding the wellbore
(see Figure 3.1-2b)., The generalized dual-porosity approach of the SWIFT lI

Model is then used to simulate the measured data.
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Figure 3.1-1. Problem 4. Schematic Diagram of Well-Test H2A Wirhip the

Magenta Dolomite Formation.
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(2) Partially Penetrating Fracture(s).

(b) Stress-Relief Fractures

Figure 3.1-2., Conceptual Models for the Secondary Fracture Porosity.
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Flow Equations. Mathematically, within the primary porosity, the flow is

characterized by the equation

13 s o 38
T?a_t.(rs;.)-br" S t » tw< t € ® . (3.1-1)

and, within the secondary porosity, by the equation

. 323" o et 38 -
Kasz + Ty saat , O0<g<a , rw<t<r° (3.1-2)

where a is the average length of the connected secondary fracturing and T,

denotes the maximum extent of the stress-relief fracturing surrounding the

wvellbore (radius, rw). The coupling between primary and secondary porosity is

provided by the relation

r, = - AKX §§l (s%0) (3.1-3)

Initial /Boundary Conditions. Within the secondary porosity, the initial

drawdown is zero:

s'(r,s,t=0) = 0 , O0<s<a , t,<r¢ T, {(3.1.4a)
the drawdowns dre set equal at the interfaces:

s'(r,s=0,e) = s(r,t) , r <t (3.1-4b)
and 2 symmetry coadition is prescribed within the interior:

3s’

s (r,sma,zt) = 0 ’ L €S r< fo (3.1-4¢c)

Within the primary porosity, the initial drawdown is also taken as zero

s{r,t=0) = 0 , r <t (3.1-5)
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and the water-level above the bottom-hole condition 1s escribed at the

wellbore radius L
s(r".t) = so(t) (3.1-5b)

Input /Output Specifications. Rather than the drawdown formulation, the

SWIFT Model uses a pressure formulation. Thus, in the equations above,
drawdown is ceplaced by pressure as the dependeant variagble:

-p (3.1-6)

vhere p, is the initial pressure. Also the storativity and transmissivities

are replaced by the equivalent expressions:

S = p(glgc)b(c"¢ca)b (3.1-73)

T = Kb (3.1-7b)
and :

s; = p(g/gc)O'(cw+cé) (3.1=2¢)

Input data appropriagte for both formulatiocns are thea given in Table
3.1~-l. For the primary porosity, the values given there are the same as those
used by Pahwa and Baxley. Fot the secondary porosity, however, which is
assumed herein c¢n arise from stress-relief fracturing, the values given are
entirely differeat from those of Pahwa and Baxely and were developed
especially for this probtlem by an optimization procedure. The remainder of
the input data, i.e., the time-dependent height of the water level within the
wellbore, is provided by Table 3.1-2. Actually, the analytical work of
Denneh” and Davis and the numerical work of Pahwa and Baxley treated the
wellbsr» storage implicitly so that the height of the water level, in addition
to the injected flow rates, was calculated, We, too, have a special=-purpose
update which permits such a computation. However, in srder to use the
publically avaiiable code on this, an illustrative example, the measured wate:
levels are prescribed as inpuc data, and only the injected flow rates ace

calculated.
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Table 3,1-1. Problem 4. Input Specifications.

Parameter Symbol Value
Density of Water p 62.4 b/ Ee3
Aquifer Thickness b 25.0 fc
Compressibility of Water ¢, 3.0 x 1076 psi’l
Primary-Porosity Media:
Porosity [ 0.10
Compressibility of Rock R 4.0 x 1078 psi”!
Hydraulic Conductivity K 2.0 « 1074 €c/d
Storativicy s 7.58 x 107
Transmissivity T 0.005 £c?/d
Secondary-Porosity Media:
Porosity $' 0.10
Compressibilicy of Rock c& 4.0 ., 1073 psi"l
Hydraulic Conductivity K' 2. .0 fr/d
Length ) a <>.0 ft
Specific Storativity S; 1.86 x 1076 g1
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Table 3.1-2. Observed Decline in Water—-Level Heigh: and

Bottom-Hole Pressure.

Time Interval Water Level Bottom~Hole Pressure
(days) Height {(ft) (psi)

1074 - 1072 505 219

1072 - 107! 496 215

0.1 - 0.2 485 210

0.2 - 0.5 468 203

0.5 ~ 0.8 450 195

0.8 - 1.0 434 188

1.0 - 1.5 415 180

1.5 - 2.0 392 170

2.0 - 2.5 374 162

2.5 - 3.0 360 156
————— — —
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3.1.3 Numerical Simulation

Discussion of the Code Input. In contrast to the problems presented in

the previous chapter, this problem, like several that follow, employs & radial
coordinate system. The ianer boundary condition derives froa the presence of
2 well of radius r, = 0.276 ft (Card Rl-22, Figure 3.1-3). This well

comm.ua “ates with the aquifer through a wellskin, wvhich, in general,
represents a disturbed zone of modified hydrauvlic properties. For the SWIFT
Model it is assumed that. the wellskin has no storage and that its hydraulic-
conduction property is characterized by a well index (Theory and

Imple wentation, Section 4.1):

UIO - ZuKSAzlznlr Irw) (3.1-8)

1
vhere quontities Ty = 1.0 ft, the position of the first node within the mesh,
and Az = '5 ft appear in Cards R1-22 and R}-23,

Here, the disturbed zone, 3 region assumed to have stresg-relief .
fractures, is also v .presented by a one-dimensional unit attached to the first
grid block (Card ROD-3), This unit does have some storage and & relatively
large hydr:ulic conductivity. 1In a sense, then, in this case the well index
(Card R2-7-!) has been superceded by the one-dimensional unit.

Th2 outer boundary is chosen consisteatly with the waximum simulation
time:

-

~ 1/
2 -
r, * (Te , /8)°¢ « 100 e (3.1-9a)
vith r, (Card R1-22) being greater than the characteristic length ;e:
r, = 2000 ft (3.1-9b)

At this boundary, the numerical solution is matched onto an analytic
continuation for an (assumed) infinite external aquifer using the method of
Carter and Tracy (1960}. The data appropriate for this method appear on Card
R1-27 through R1-33. They should be examined carefully since, in the
applization of SWIFT, they are used frequently (Theory and Implementation,

Section 4.1).
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Results. Figure J.l~4 shows the simulated flow rates, which agree
reasonably well with the measured results. As indicated earlier, however, the
siulated values for times less than about 1072 4 wvere fitted to the measured
values by an optimization pracedure for «he one-dimensional unit. In so

doing, two relations were found to be useful. They were a time constant,
T = a? sk (3.1-10a)
and s f'ow-rate dependence,
Aq ~ K'/a (3.1-10b)

both of which were inferved from approximate analytic expressioans. They show

that the only two values, 1 = 10-2 d and 3gq = 15 fcsld, vhich may be inferred

from the expecimental dats are functions of the three hydraulic

parameters, a, s;, and X', Thus, the inferred parameter set (Table 3.1-1)

is, unavoidably, nonunique. .
Discussion of the Code Output. Two tables included in the input echo

(see microfiche) may be of interest to the reader since this is the first use
of radial coordinates in this document. One, entitlied "Radial C-id Block
Data," exhibits nodal points and grid-block boundaries. In this case these
radii have been internally generated (R! # O in Card R1-22) assuming an equal

ratio:

A= ti*l{ti (3.1-11a)

for neighboring nodal points. That ratio is
d
A" . te/z'l or A = 1,16597 (3.1-11b)

vhere n = NX = 50 (Card K-3-1), t, * RE = 2000 fr (Card R1-22) and ty = Rl =
1.0 fr {Car¢ R1-22). That all neighburing radii have this same constant rati
ray be verified by the reader.

The other table is exhibited under the title "“Data for Carter-Tracy Wate
Influx Calculstions™. It shows the so-called terminal-rate-influence functic

Py [Van Everdingen and Hurst, 1949] as a functizn of time. Implicit ia this
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function is the assumption that the interior agquifer under detailed numerical
study for r < r, (RAQ) may be analytically continued to infinity by an agquifer
having the prescribed Kb (KH) and ¢b (PHIH) parameters. The inf)uence
function denotes, in dimeansionless form, the pressure drop at t.: ooundary

r = r, between the two regions which results from a unit flow actoss this
toundary. Carter and Tracy {1960] used this function to schieve an efficient,

though approximate, relation

ew-aw

+ bw6p (3.1-12)

It expresses the boundary flux ey, in terms of the pressure-change ép at r » e
¢ .ich occurs during a given time step. Quantities ay, (PI) and by, (PI),
according to this tzachnique, are themselves functions fo the termiaul rate-
influcent functior 4and, of cours2, are implicit functions of time. Other
relations for P; may be used to correspond to, say, & finite external

aquifer. The function presented in the output table, however, which
corresponds to an infinite aquifer, is the only one which is available .
internally within SWIFT. The Theory and Implementation Document (Section 5.2)

provides additional information on this boundary condition.
Perhaps the mo:" crucial tables of all, however, zre those entitled "Well
Operation Summary,” which are printed at selected time steps and vhich provide

the desired cesults. For example, from the first such table,

Qt=10"%d) = 1.48 x 10° 1b/d = 23.7 fe3/d  (3.1-13a)

and from the Jecand
-1 3
Q(t=10 d) = 165 lb/d = 2.64 frt°/d (3.1-3b)

bath of which are consistent with the computed results of Figure 3.1-%., The
detailed results shown in this figure were actually obtained by post~

processing a plot file (Table 12) oun which the well-summary data was written

au*omatically for each time step.
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3.1.4 Exercises

Level 1,

Using the laput-Data Guide, the Theory and Implementation and

the microfiche listing of the output, as required, complete the following

exercises:

Exercise |

Exercige 2

Exercise 3

. T'xeccise &

Exercise S

Level 2.

From Tables 3.1-1 and 3.1-2, vhat dats are required for the
blanks labelled “1" through "8" in Figure 3.1-37 The data
called for here are the hydraulic properties of the global and
local units and may be verified by reference to the output

listing.

Explain the meaning of the contrul parameters ideatified on
Cards M~2, M=-3-1 and M-3-2,

Explain the meaning of the well-control parameters identified on
on Cards R2-6 and R2-7-l1 and the physical parameter identified
on the second Card R2-7-2,

Examine the printer-control parameters identified on several R2-
13 Cards. Then check the ocutput to see that they produce the
specified output tables at the times indicated on the

corresponding R2-12 Cards.

How would you obtain the well-summary table for intermediate

time values between 10°% & and 10™! 42

The reader who wants to develop a deeper understanding of the

code should also consider the following exercise:

Exercise 6

Check the validity of Equatiors (3.1-10) for this application.
For example, increase the value of XK' and rua the simulacion out
to about 107! d, Ace the flow rates increased and the duration
of the dual-porosity effect decreased in accordance with these

equations?
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3.2 PROBLEM 5. ANALYSIS OF WELL-TEST DATA FOR THE MUSQUODOBOIT AREA,
NOVA SCOTIA [PINDER AND BREDEHOEFT, 1968)

3.2.1 Objective

® To show the feasibility of characterizing the delayed~yield effect in
pumping-test dats from the Musquodoboit River Basin with a dual~
poiosity model and to illustrate the manner in wvhich such a

simulation is carried out.

3.2,2 Description of the Problem

Background. The setting for this problem is the Musquodoboit River Basi:
in Nova Scotia (Figure 3.2-1), and the aquifer of interest is the zone of
glacio-fluvial deposits shown in Figures 3.2~2 and 3.2-3. As a part of a
vater-supply feasibility study for the city of Musquodoboit Rarbor, a pumping
test was performed. The configuration of the pumping well and the three
observatioa wells is shown in Figure 3.2-4, and the measured data are
presented in Figure 3.2-5.

Pinder and others {[Pinder and Bredehoeft, 1968, -~d Pinder and Frind,
1972}, i. their numerical studies, used these data for calibration of a site
model, with which they predicted drawdowns over a 20-year time perfod (Figure
3.2-6). These investigations characterized the site by the two-dimensional
geometey and the transmissivities shown in Figure 3.2-5. A delayed yield,
vhich they observed in the measured data, was characterized by a temporally

varying storativity:

0.003 , t =0
$ = (3x10™%)(10-t) + (6x10™>)c , 0<¢t < 10 min (3.2-1)
0.06 , t 3> 10 min

Problem Statement. That this delayed yield may glsoc be characterized a

flow in 2 doubly porous media is the focus of this problem. Here it is

assumed chat the observed drawdowns derive from the distribution of fine can
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and of coarse saands and gravels (denoted hereafter as gravels), that the value
0.06, determined by Pinder, represent the storativity of and the fine sands
and that the measured transmissivities represent the connected gravel lenses
within the aquifer. The delayed yield, :then, rather than coming Erom the
time~dependent storativity of Equation (3.2-1) is controlled by the
conductivity of the fine sands and, to a limited extent, the storativity of
the gravels.

In order to demonstrate the delayed yield effects &s simply as possible,
it is assumed that the drawdown cone is confined to Zone 1 (Figure 3.2-4) and,
correspondingly, that the time period of interest is restricted to times less
than 10,000 min, the time scale of the pumping test, For these limited space
and time regimes, an axisymmetric site model may be used.

Flow Equations. The equations depicting coupled flow in the coarse- and

fine-grained regimes are identical to those for coupled flow in the two
fractured regimes, which were employed in the previous problem (Equations
3.1~1 through 3.1-3). Yere, however, the dual -porosity zone is present
throughout the system rather than confined to the immediate vicinity of the_

wellbore.
Input/Output Specifications., Data selected for this demonstration are

summarized in Table 3.2-1. As indicated in the discussion above, all of these
parameters are taken from the work of Pinder, with two exceptions. The
hydraulic conductivity of the fine sands and the storativity of the gravels
wece obtained by calibration against the drawdown curve for Well Number 1
(Figure 3.2-5) for times t < 10,000 min, Coamparison of measured and

calculated drawdowas is the des{“d result,

3.2.3 Numerical Simulation

Discussion of the Code Input. Although the two porosities here refer to

two different porous-media components, rather than the two different
fractured-media coamponents of the last problem, the code inputs (Figures 3.1=:
and 3.2-7) are quite similar in some respects. Both problems use radial
coordinates with a Carter-Tracy aquifer—influence function (Cards R1-27
through R1-33) affixed to the outer boundary. There are differences,

however. The well produces in this case (positive value of Q, Card R2-5) witl

a rate countrol (lINDW! = 1 in Card R2-7-1) rather than a pressure control.
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Input Specifications.

A APt St A R, SR ]
Parameter Symbol Value
Gravel s
Traasmissivity 0.274 Etzls
Storativity S 1.95 x 10~
Fine Sands
Conductivity K' 4.63 x 1077 fr/s
Storativicy S; 0.012 £~}
Thickness a 2.5 £t
Location of Observation Wells
Well 1 3 100 f¢
Well 2 r, 212 ft
well 3 £y 300 fe
SR IS A AR = R .
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Further, the nodal radii ave specified here in Cards R1-25 (control parameter
Rl = 0.0 in Card R1-22) instead of being internally generacted. Finally, local
one-dimensional units are here imbedded in each global grid block, as
indicated by the parameters I1B = 40 and IFD = Q in Ca.d ROD-3.

Results. Figure 3.2~3 shows the cnd result of the calibration of
simulated to field data. For this purpose th: two curves labelled “lower
bound” snd "upper bound" were quite helpful. Both are single-porosity Theis
solutions which assume that the gravels provide all of the transmissivity of
the aquifer. The lower bound uses the combined storativity of the fine sards
and the gravels, whereas the upper bound uses only the storativity of the
gravels. Thus, the system rescnse initially coincides with that of the upper
bound but bridges over to the lower bound &t a rate controlled by the
magnitude of the conductivity assumed for the fine sands. Figure 3.2-5 shows
calculated and observed drawdowns for Wells 2 snd 3, as well as for Well 1.
It would appear that in the wicinity of Well 2, the gravel. are a bit more
dominant than for Well 1, whereas, in the vicinity of Well 3, the fine sands
are somewhat more dominant. Both Figure 3.2-5 and Figure 3,2-8 demonstrate
the feasibility of using dual porosity to characterize the delayed-yield
phenomenan.

Discussion of the Code Output. The latter also indicates that drawdowns

(pressures) within the fine-sands come to equilibrium with those in the
gravels after about 100 min of pumping. After that the fine~ and coarse-
grained materials behave 28 a single—porosity media. This effect may be seen
in the output tables (see .. <ofichie) which, in this case, are inappropriately
labelled as “Pressure Within “b-. Rock Matrix." Take, for example, the fine-~
sand surrounding Well 1 (Black 5). Ac ¢t = | min (6.9 x 10‘4d) vhe pressure
drop across the block istﬁ.o pst} at t = 10 min (6.9 x 10'3d) the pressure
drop is 0.] psi; and at ¢t = 100 mia (6.9 x 10744 this drop becomes negligible
at 0.0! psi. Because of the choice of an initial pressure Po = 0, the

pressures may be converted to drawdown using the relation
s = - p/0.43) psifft (3.2-2)

in order to spot-check the results shown ian Figures 3.2-5 oc 3.2-8.
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3.2.4 Exercises

Level 1. Using the Input-Data Guide, the Theory and lmplementstion and

the microfiche Listing of the output, as required, complete the following

exercises:

Exercise | from Table 3.2-1, what data are required for the blanks lasbelled
"1 through "10" in Figure 3.2-77 The data called for here are
the hydraulic properties of the gravel and fine sand. They may
be verified by reference to the output listing.

Exercise 2 In what blocks are the observation wells located? (Hint:
examine the R2-5 and RZ-7 Cards). These wells correspond to
Wells 1, 2 and 3 and their function is simply that of
convenience. The appropriate grid-block pressures are placed
within the "Well Operation Summary" so that they may be easily
tabulated and plotted. The reader is referred to the output -

listing, where he may examine several of these summaries.

Level 2. The reader who wants to develop a deeper understanding of the

code should also consider the following exercise:

Exercise 3 Figure 3.2-8 ;hows the behavior of the drawdown to lie
intermediate between the two single-porosity curves labelled
“"upper bound" and "lower bound”. 1If one increases the
conductivity of the fine sand, will it move the simulated
drawdown in the direction of the upper bound? Check your

prediction by rerunning the problem.
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4  FLOW AND TRANSPORT THROUGH AN AQUIFER WITH CONFINING LAYERS -
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4 1 PROBLEM 6. DRAWDOWN FROM A FULLY PENETRATING WELL IN A LEAKY AQUIFER
[HANTUSH, 1960}

4.1.1 Obiective

& To illustrate the use of the one-dimensional local units to simulate

the effects of a leaking aquitard.

4.1.2 Description of the Problem

Problem Statement. A well fully penetrates an infinit> aquifer and is

pumped at a constant rate. The aquifer is bounded from below by an
impermeable bed and from above by a confining bed or aquitard. The latter
influences the ayuifer to a moderate degree since it is weakly conductive and
contains some fluid storage. A schematic drawing is shown as Figure &4.l1-1.

Flow Equations. There are two flow equationsx here, one for the aquifer

and one for the aquitard, The former is given by .
13 ds as N
T T 3% (c s—r-) - brv = S ETS (4.1-1)

and the latter, vhich assumes perp Jicular flow in the aquitard, by

2o ot
K' -L-s- + r“ = 5' %—s'" (4.1-2)
3z? s et

Coupling arises through the flow at the interface between agquifer and

aquitarcd:

wni

. E—— = -
= AVK 3z (z=0) (4.1-3)

where A, = 1/b is the interface area per unit of aquifer volume.
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Figure 4.1-1. Probiem 6. Schemstic Diagram of a Fully Penetrating
Constant-Discharge Well in a Leaky Aquifer.
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Initial /Boundary Conditions. For the aquifer the initisl drawdown is

zertos

s(c,k=0) = 0 , ¢©¢>0 (4.1=4a)

and the discharge at the origin is:

. as 0. -
::: (¢53) = 3¢ » t>0 (4.1-4b)

For the aquitard the initizl drawdown is slso zero:
g'(r,z,t=0) = 0 , >0 , =b'<z<0 (4.1-52)
and the interface condition is:
s'\r,z#0,t) = s(r,e) , ©>0 , £>0 (4.1-5b)

where z is ~<ssured positive dowvnward from the aquifer-aquitard interface. At
the upper boundary of the aquitard, there is assumed to be leakage from an

overlying aquifer so that

s'(r,ze=b',t) = 0 , ©>0 , t>0 (4.1-5¢)

Lnput /Output Specifications. Table 4.1-1 provides the input data, which

is taken directly from the revised Benchmark Problem 3.2 {Ward, 1984bl.

SWIFT, of course, uses a pressure~based formulation rather than the drawdown-
bused formulation assumed by the benchmark-problem specification, with the
transformation between the two given by Equations (3.1-6) and (3.1-7). Tabdle
4.1-1 gives the values apprapriate for both formulations. 1Ila addition, these
data are supplemented by a reasonable value of the well radius. The cutput
specification, also taken from Benchmark Problem 3.2, calls for the drawdown-
versus-tiwe profile at a radiuvs of 117.4 o from the withdrawal well for a tim

period extending out to t = 10% s.
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Table 4.1=1, Problenm 6.

Input Specificatiori.

Parameter Synmbol Value

Aquifer Transmissivity T 0.05 mzlaec
Aquifer Hydraulic Conductivity K 5.00 x 10~ w/sec
Aquifer Thickness b 10 m

Porusity ¢ 0.10203

Water Density g 1000 kg/m3

Water Compressibility c, 0

Rock Compressibility R 5.00 x 10”7 pa~!
Aquifer Storativity S 0.005 -
Aquitard Specific 3Storativity S; 0.0016 m'l

Well Radius L 0.l143 m
Aquitard Hydraulic Conductivity K 10-5 n/sec
Aquitard Thickness 1 3 S0

Aquitard Porosity ¢! 0.3265

Well Pumping Rate Q 6.283 n3/sec




4.1.3 Numerical Simulation

Discussion of Code Input. Up to this point, one-dimensional lecal unit

conceptually have been placed iaterior to the glot«l grid blocks in order to
simulate dual-porosity effects. Further, the units were assumed to provide
storage only with & no-flow condition assigned to one of its sides. Here, t
role of these units is axpanded in that they sre plxced external to the globd
aquifer block in order te simulzte an aquitard. In addi:ion, they are given
zero drawdown (Equastion &4.l-S5c) at the external end i+ order to simulate '
leakage from an overlying aquifer. Figure 4.l-2 typifies the numerical
gridding by showing both the global aquifer bdlo :k- and the one-dimensional
units of the aquitard, which are themselves subuivided into grid blocks,
Figure &.1-3 contains the necessary code imput for the local units., Tt

contrvol parameter
IFD = -3 . ROD-3 (4.1-6a)

effects the external placement uf local units for all 50 grid blecks. Cont

parameter
KBC = 1 , RID-3-} (4.1-6b)

then activates the external constant-pressure boundary condition, which is

gspecified as
PBD = 0,C , RID-3-2 (4.1~6¢)
Figure &4.1-3 ¢lso gives the outer radius of the simulated region:

L RE = 2667 m , Rl-22
The selection of this radius, just as for the twvo previous problems was a
matter of judgemeant. However, the appropriate characteristic radius
y&

?e = (Tb'/K')2 = S00 @ (4.1-7)
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¢id provide some guidance. This quaatity, which is derived from dimensioaal
analysis, properly accounts for the fact that the extent of the drawdown cone
is controlled by leakage from the neighboring aquifer. It, therefore, differs
from the characteristic radius used for the two previocus problems (Equation
3.1-9a). .
Resultr. The numerical results are displayed graphically in Figure
4.1-4, As shown, there are two analytic solutions, both of which are raken
from Hantush [1960]. On2 is for small values of time (¢t < (b’ )2 IIGK' s
4x10” s), and the other is for large values of time (¢ > 2(d' )%s '/K' -
Exlosl) The comparison between numerical and snalytical tesults is
apparently quite reasonable,

Discussion of Code Output. This outpur illustrates the generztion of

SWIFT printer plots*, a facility which provides a quick, iaexpensive way to
display computed resulis, Since t-2 code only plots data pertaining to wells,
observation wells are defined in Cards R2-4 through R2=-7. Further, since only
one plot per well is possible, three such wells are cowpleted in Block 35 at
the specified radius v = 117.4 m., The resulting plots then display the time

periods
4 5 . H
0<ce¢ 2x108s O0C ¢t < 4x10”s sand O0< ¢ € 10°s (4.1-8)

with different scales of resclution, which permits a detailed comparison with
the Hantush analytic solutioms.

Plotting is activated by a positive value of the plotting key NPLP = |,
(Card M-2), whose value appears in the initial table of the output listing
(see microfiche). Note, in the three plats, vhich appear at the end of the
execution, that, due to the expanded scales of the ordinate, the difference
bet ween simulated (X) and analytic (0) is readily apparant. Exevcise &4 deals

with this relatively small (less than 0.4 percent al 10%s) discrepancy.

*  The term “plot" should not be confused with :the term "map”. Maps zonsist
of two-dimensional contours of pressure, isopleths of concentratic.. and
isotherms of temperature. In contrist to plots, the mapping facility is,

in no way, coupled to the oresence of wells.
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4,1.4 Exercises

Level ). Using che Input-Data Guide, the Theory and Implementation and

the microfiche listing of the output, as required, complete the following

exercises,

Fxercise 1 From Table &,1-§, what data are required for the blanks labelled
"1" through "10" in Figure 4,1-31

Exercise 2 Consider Card ROD-3. How would one sizulate two confining beds
of the same thickaness? How would one inctude differing

thicknesses?

Exercise 3 Refer in the microfiche to the table of pressyres within the
' aquitard for radius r = 117.4 m, Block 35, and time t = 10& 8.

Convert to drawdown via s = (p-po)lp(g/gc) and plot. The
initial pressure, as given by PINIT in the table entitled .

"Initial Conditions” is P, = leos Pa*. Nodal positions are

given in the table "“Specific Matrix Discretization Parameters"

located in the input echo., Has the aquitard reached steady

stace? Repeat the plot for time ¢ = 106 s. Has the aquitard

now reached steady state?

Level jg The reader who wants to develop a deeper understanding of the

code should consider the following exercise.

Exer.  ‘se & In the aquitard the locali mesh was generated using single-mesh
generation (KGRD = I, RID-2), but was that the best option
available? 1In the local mesh, Node 20 is attached to aquifer

* Since SWIFT plotting routines do not permit negative pressures, the
inicial pressure Py which here is ~rbitrary, was set sufficiently
high in Card RI-16 (see also .crd R1-3) that no negative pressures

would be encountered.
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grid and at Node 1 2 constant pressure boundary was

prescribed. From the output table “Specific Matrix
Discretization Parameters" (see microfiche), mear the aquifer
the grid increment is 0.5 m (input parzieter DSD, Card R1D-2)
whereas between Nodes 1 and 2 the increment is 7.33 m. The grid
seems quite lopsided in that so many nodes are situated closest
to the aguifer. The reader should try to improve upon this grid
either by using double-mesh generation or by specifying the
individual increments directly. One would not expect any
difference in the short-term response. The long-term response,
however, may be affected, but to what degree?
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4.2 PROBLEM 7. HEAT TRANSPORT DURING FLUID INJECTION [AVDONIN, 1964)

4.2.1 Objective

® To illustrate the coavective heat transport which .results from
injection into an aquifer with heat losses to the confiring beds.

4,2,2 Description of the Problem

Problem Statement. An incompressible fluid of temperature, Tps is

injected into & confined aquifer of temperature, T, th-ough a fully
penetrating well (Figure 4.2-1). Both thermal convection and thermal
conduction occur within the aquifer, and thermal conduction is operative
within the confining layers, denoted herein as the over/underburden.

Transport Equations. For the aquifer, the transport equatiocn is

3T 129 T aT
"VDCP 3T Km raT (¢ 5—;) - I'H = pmcpm It (4.2-1) -

and, for the over/underburden, the transport equation is

K! :: $Ty o Blch, T (4.2-2)
Here the over/underburden coupling term is given by
r, = =(2/b)k! 3= (4.2-3)
and the fluid velocity by
v = Q/2nrbpd (4.2-4)

Initial /Boundary Conditions. The conditicns imposed on the solutions of

these transport equatioas are, for the aauifer,
T(r,e=0) = To , t©3>0 (4.2-5a)

T(c=0,t) = TI , t20 (4.2-5b)
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and, for the over/underburden,

T'(x,z,t=0) = To , =20 (4,2-6a)

T'(x,z%1m,t) = T, » t2 ) (4.2-6b)

T'(x,z20,t) = T(x) , ¢>0 (4.2-6¢)
and

T'(x,z%=b,t) =+ ) , ¢20 (4,.2-6d)

where z is measured positive dowanward from the lower aquifer boundary.
Input /Output Specifications. Table 4.2-1 displays inpuc specifications

taken directly from the Benchmarking Problem 5.1 [Boss et al, 1982]. It also
contains supplementary data necessary for SWIFT input. Aside from the well
radius, for which a reasonable value is choser, the composite heat capacity i

partitioned as follows:

P om ™ pe, + (l-Q)ORcPR/¢ (4.2-7)
Hiven the composite values (subscript, m) in the benchmark specifications, t
values for the rnck density and the rock heat capacities were chosen to be
consistent with this relation. The output specifications, also taken from
Benchmark Problem 5.1, calls for the thermal breakthrough at a radius of 37,
n from the injection well for a time period extending out to t = 109 s,

4,2.3 NRumerical Simulation

Discussion of Code Input. Similar considerations arise both wichin the

squifer and within the over/underburden. For computer efficiency, it is

desirable to minimize the outer extent of the gimulated system but, yet, at
the same time, to adequately minic the infinite physical system. 1In additi
and for the same reason, it is desirable o use as coarse i wesh as possibl
in the gpatial and temporal regimes and still to adequa.:ly characterize th
thermal behavior at a radius r = 37.5 m fror the injection well. Within th
aquifer the controlling mechanism is the flow since it provides the convect

for the heat transport. Setting up the proper fluid velocity is no probien
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Problem 7. 1Input Specifications.

Parameter Symbol Value
Injection Rate Q 10 kg/s
Injection Temperature T 160 °C
Initial Temperature T, 170 °C
Over/Underburden
Thermal Conductivity K; 20 W/ (m °C)
Density ; 2500 kg/mJ
Heat Capacity, Composite c;m 1000 J/{kg °C)
Porosity ¢' 0.2
Aquifer
Thermal Conductivity K 20 W/(m °*c\
Density P 2500 kg/m3
Heat Capacity, Composite €om 1000 J/(kg °C)
Thickness b 100 m
Porosity $ 0.2
Heat Capacity, Water cp 4185 J/(kg °C)
Heat Capacity, Rock g 2,079 x 10® 3/ *0)
Well Radius r, 0.766 m




4-21

since, according to Equation (4.2-4), cthe flow is at steady state. This is
done by imposing a constant pressure at the external radius ‘5 Card R1-28-2 of
Figure 4.2-2 (see boxed value),

This external radius, of cou:se, must be sufficiently large to contain
the movement of the thermal front which results from this flow field. Here

the retarded velocity is

v = vpcp/pmcpm - volr (4.2-8a)

whe. -, from Equations (4.2-4) and Table 4.2-1,

2

U, % Qe fawbep e e 1332 x 1074 alss (4.2-8b)

and the convective movement of the thermal front in t = 109 s is

~ -l
r o= (v )2 = 30w (4.2-9a)
To allow for a conductive smearing of this froat and to include a slight

safety factor, the external radius is chosen to be
r, " 1000 m , R1-22 (4.2-9b)

Gridding criteria are unkaown in this case, and consequently it is necessary
toc use a trial=-and~-ervor procedure for the spatial, and temporal, regimes.

Within the over/underburden the only traasport mechanism of sigrificance
is thermal conduction. The characteristic length corresponding to the time t
« 107 5 is

y§

N = ' ' = -
a (Km:/pm ¢! ) %0 m (4.2~10a)

]
pm
and the value

a = 3J00m , R1D-2-2 (4.2-10b)

is adonte: for the simulated thickness of the over/underburden. Here the

spatial gridding is chosea to adequately vesclve the expected behavior within
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the over/underburden. This behavior, based on comparable solutions for a one-
dimensional system, should look much like a complementary error function which
is centered at the aquifer interface and which becomes more and more diffuse
as time increases,

Results., Figure 4.2-3 displays the numerical solution alongside the
analytical solution of Avdonin [1964]). Comparison with the case of heat
transport only within the aquifer indicatec that the effect of conduction
wvithin the over/underburden is relatively small, Consequently, the slight
discrepancy between numerical and analytical results most likely would be
attributed to the presence of sowme numerical dispersion, which arises in the
sinulation of convection within the aquifer. Exercises 5 and 6 focus on this
point.

Discussion of Code Output. The microfiche provides a coamprehensive

listing of the code output. It includes the following: (1) an echo of the
input data, (2) preliminary setup computations for the radial grid within the
aquifer and the linear grid within the over/underburden, (3) time-step and
well summaries, (4) a steady-state pressure distribution and (5) time- -
dependent temperature distributions within both aquifer and

over/underburden. The reader should carefully examine this output, noting

particularly those data which ave pertinent to t''s, a heat-transport problem.

4.2.64 FE.ercises

Level 1, Using the Input-Data Guide, the Theory and Implementation and
the microfiche listing of the output, as required, complete the following

exercises:

Exercise 1 From Table 4.2-1, vhat physical parameters are required for the
blanks labelled 1" through "13" in Figure 4.2-2? Check the
answers by referring to the echo of the input data printed at

the beginning of the output.

Exercise 2 Explain the function of the control parameters enclosed in boxes
in Cards M-2, M-3-2 and R2-2.



172

o
5 LEGEND
] o = SWIFT, Radial
Gm ] — =Analytical Solution
O =1
] --=No loss to aquitards
8 |
(2 27
<
=
3
m -
< . .
A Radius = 37.5 meter
2 2
- o o N
1 el e Q 0—0
§_‘ .............................................
m -
0 i o i TR At o S o = B
0 b i0 15 20 25 30 35 10

Figure 4.2-3, Temperature Breakthrough Within the Aquifer at 37.5 o from

TIME (year)

the Injection Well.

{3~



Exercise 3

Exercise &

Level 2.

4-28

How sre steady-state velocities achieved as required by the
analytical solution? The solurtion option NCALL = -2 (Card ¥M-2)
results in a coupled transient pressure and temperature
solution. However, a steady-state pressure solution iz achieved
by assigning & very small valye of water compressibility. Could
& zero value have been entered? Before the reader attempts
this, he should remember that & non-zero accumulation is
required by the transient solution oprion. Would it be more
accurate to First solve a steady-state isothermal velocity field
(NCALL = 4) and then switch to a2 coupled transient simulation
(NCALL = ~2, Card R2-11.5)? 1If the value of water
compressibility is small enough .nere should be no significant

difference.
Interpret the plotting data shown on Cards P-2 through P-4
(Figure 4,2~2). Also note the value of the plotting coatrel in

Card M-2. .

The reader who wants to develep a deeper understanding of the

code should consider the followving exercise:

Exercise S

The source of the deviation of the numerical curve from the
analytical curve in Figure 4,2-3 is the issue here. As shown in
the R2-12 Cards of Figure 4.2-2, after an initial time step

of At = 10& s, automatic time stepping is used, based on a
temperature increment of AT = 1,0 °C and a relatively large
minimum time step. Could the coarse time step selected by the
code be the source of the observed discrepancy? The reader is
encouraged to reduce both of these controls, rerun the problenm
out to, say, t = 2x10% 5 4nd then examine the effect of these

changes.,
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Also, the temperature distribution within the over/undecrburden
may aot be resolved adequately at the time t = 2x10° s, where
the discrepancy first begins to appear. From the output tables
labelled "Temperature Within the Rock Matrix", examine cthis
distribution at ¢ = 37.5 w (Block 17) to see if there is a need
for additional resclution at this partiular time. Rerug the
problem if necessary.
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S  FLOW WITH A FREE-WATER SURFACE



5-2



5-3
5.1 PROBLEM 8. THE DUPUIT-FORCHHEIMER STEADY-STATE PROBLEM [BEAR, 1972}

5.1.1 Objective

® To demonstrate the simulation of steady-state flow in a phreatic

aquifer.

5.1.2 Description of the Problem

Problem Statement. The following idealized problem is considered here:

A phreatic aquifer of length L (Figure $5.1~1) with fixed free-water elevations

hix=0) = ho (5.1-1a)
and

hix=l) = hL (5.1-1b)
at its boundaries is subjected to surface recharge at a rate q. The problem
is to determine the elevation h(x) of the free-water surface at positions
interior to the boundaries subject to the data given in Table 5.1-1.

Analytical Solution., To solve this problem anzlytically, the Dupuit

assumption is invoked (Bear, 1972]. This amounts to a neglect of vertical
flow:
u * -xzan/a; = 0 (5.1~2a)

and yields a strictly one-dimensional solution in the x coordinate. Here H is
the total head, R « h ~ g, Further, it is assumed that for the horizontal

flow, the transmissivity is controlled by the saturated thickness:
T = Kxh (S tl'Zb)

so that the total discharge through a vertical surface per unit of width in
the y direction (Figure 5.1-1)}, is given by
dh

ux = =T -aT (5'1-3)
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Table 5.1-1, Problem 8. 1Input Specifications.

Parameter Symbol Value

Surface Recharge q 7.505x107 w/s
Lateral Conductivity K, 0.03 m/s
Vertical Conductivity K, 0.003 u/s
Height of Free-Water Surface at x = 0 ho 0.75 m

Height of Free-Water Surfice at x = L hy 0.25 m

Length of System L W0m
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The equation of continuity [Bear, 1972] then becomes, for steady state,
3 ah
zp (Khgo) +q = 0 (5.1=4)

which is the Forchheimer equatioen. For the boundary conditions prescribed in
Equation (5.1-1), che analytical solution of Equation (5.1-4) is the Dupuit-

Forchheimer parabola:
2 o wd 2 _p2 -
hé = he = (hL ho)xIL + (qle)(L-x)x (5.1-5)

Flow rates at the two boundaries are obtained frowm Equatioas (5.1-2b) and
(5.1-3)

(::) = (x, /2032 = 1) + ({7))Cars2) (5.1-6)

Here, the first term (on the right-hand side) represeants the flaw caused
strict!y by the difference in heads on the two ends of the system. This rate,
of course is the same on both ends of the system. The second term arises from
the surface recharge. It shows that half of this recharge exits through the
boundary x = 0 +4d the other brlf through the boundary x = L.

5.1.3 Numerical Solution

To solve this problem numerically with SWIFT, a two-dimensional vertical
cross section is gridded as listed in Cards R2-17 through R2-19 (Figure

5.1-2). Hydrostatic conditions
PEp- p(g/gc)h =  coastant (5.1-7)

are then prescribed for both side boundaries (Cards R1-27 and Ri-28). Here
the vertical discretization is necessary for two reasons: Firstly, it

provides geomettical cresolution for the free-water surface. Secondly, the
vertical discretization is required siace the SWIFT formulation does permit

vertical flow. Thus, there is some difference at this point between the one-
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dimensional snalytical treatmeat and the two-dimensional numerical

treatment. In general, the effects of the verticsl flow may be minimized by
making the vortical conductivity, s free parameter in this case, sufficiently
large. For this problem, however, such was not necessary, and it was
sufficient simply to set K, = K .

Insofar as the horizontal transmissivity is concerned, however, the
numerical treatment ig very close to the enalytical trestment. For a
completely saturated grid block, the full thickness Az is used for the
transmissivity., However, for a partially saturated grid block, only the

saturated thickness Ah is used:
T = K A&h (5.1-8)
x x

Results., Figure 5.1~3 shows the numerical solution plotted alongside the
analytical solution, and Figure 5.1-4 shows the same numerical solution

plotted in relation to the grid blocks. An evaluation of the flow yields

op (SWIFD) = 1.10 x 107 o’/s/m (5.1-9a)
and
vy (analycic) = 1,131 x 10-3 msls/m (5.1-9b)

a differeace of about three percent.
Discussion of the Code Output. The SWIFT results are taken basically

from the tables which appear near the end of the output listing (see
microfiche). Water-table elevations come from the table of grid-block
saturations, and the flow rate u; comes from the table of aquifer-influx
rates. The former table is printed through control IIPRT, and the latter
through control 106, both of which appear on Card R2-13. To interpret these
tables, however, requires rome additional data €from the output. For example,

by examining the former table, we note that, among the unsaturated blocks,

S (I=6,Ks5) = D0.8943 (5.1-10a)
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is the maximum gaturation. OGrid-block tables, located near the front of the

output, are then used to convert the grid-block saturation to the elevation
h (xG'S.S m) = 0,795 m (5.1~10b)

To interpret the aquifer-influx rates requires the use of another table
of the input echo, namely “he one for aquifer-influence block numbers. This
table shows that for the boundary x = 0, the aguifer-influx blocks are
labelled "1" through "15", whereas, for the boundary x = L, the boundary of
interest here, they are labelled "16" through "20". Consequently, te obtain

the flow quoted above in Equation (5.1-9), we form the sum

20

o = § v
L N=16 LN

«1.10 kg/s/m = 1.10 x 107> a/s/n (5.1-11)

¢.1.4 Exercises .

Level 1, Using the Input-Data Guide, the Theory and luplementation and

the microfiche listing of the output, as required, complete the following

exerciges:

Exercise | From Table 5.1-1, what data are required for the blanks labelied
1" through "4" in Figure $5.{~2, the input data set? Check the
answers by referring to the echo of the input data printed in

the output.

Exercise 2 Intecpret the boxed control parameters of Cards M-2, M-3-l, R2-
1, R2-2.5 and R2-11,

Exercise 3 Interpret “he control parameters VAB and then analytically
verify the boundary pressures Pl, as indicated in the R]l-28
Cards. Use Equation {(5,1-7). Also verify that these data were
read correctly by the code by examining the tables entitled
"Constant Pressure, Temperature, Conceatrations Block Types" ind

"Constant Boundary Pressures".
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The reader who wants to develop a deeper understanding of the

code should consider the following exercises:

Execcise &

Exercise §

Exercise 6

In the problem specifications the flow is essentially
horizontal. To what extent can the simulastion be modified
before the Dupuit assumptions are in error? The problem as
specified has a maximum free-water surface slope of
approximately :/10. Bear [1979, p.78] indicates that the error
is small as loag as a? < | where m is the slope of the free~
wvater surface., The reader should challenge the code by
increasing t.e slope and examining the error. This could be
sccomplished by increasing the recharge rate, decreasing the
horizoantal domain, and/or increasing vertical domain. An
increase in the vertical conductivity may be required for some

of these tests.

Can the free-water surface option be used in cylindrical -
coordinates? Certainly, in fact, Bear (1972, p. 381] presents
the analytical solution with which to compare. The reader is
eacouraged to switch to a cylindrical g +«d (HTG = 3, M-3) and
execute this problem. We suggest & no-flow condition at the
perimeter of the aquifer and a pumping well at the origin,
completed in'multiple layers, and subject to & specified bottom-

hole pressure of zero.

Can the free-water surface option be used for stratified
aquifers? Yes. The reader is encouraged to design such a
simulation in a Cartesian geometry (HIG = 2 in Card M-3) for
comparison with the discharge formulas of Bear (1972, p. 370
f€]. The reader should introduce heterogeneity by adding
layering in the R1-2l Cards.
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5.2 PROBLEM 9. THE BOUSSINESQ TRANSIENT-STATE PROBLEM [BEAR, 1972]

5.2.1 Obiective

® To demonstrate the simulation of transient-state flow in a phreatic

aquifer.

5.2.2 Description of the Prodlem

Problem Statement. The following idealized problem is considered here: A

phreatic aquifer (Figure 5.2~1), semi-infinite in lengeh, is initially

saturated to ite full thickness so chat
hi{x,t=0) = h° . x>0 (5.2-1a)

Immediately thereafter, however, water is discharged at a sufficient rate to

reduce the saturated thickness at one end to half its original amount, i.e..,
h(x=0,¢t) = h°/2 s Lt 20 (5.2-1b)

There is no recharge through the upper surface. The problem is to determine
the elevation of the free-water surface h{(x,t) as a function of position and
time for the parameters given in Table 5.2-1.

Analytical Solution. Here, just as .n Section 5.1, the Dupuit assumptioa

(Equation 5.1-2a) s invoked, and the horizontal transmissivity is taken to be
proportional to tne saturated thickness h, The equation of continuity [Bear,

1972] may then be written:

= (Kh=) = ¢ =~ (5.2-2)

This is the Boussinesq equation. Polubarinova-Kochina [Bear, 1972, p. 384}
has obtained a general solution for this nonlinear equation, which is

present.ed graphically in Figure 5.2-2.
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Table 5.2-1, Problem 9, laput Specifications,

Parameter Symbol Value
Lateral Conductivity K, 0.01 ofs
Vertical Conductivityw Kz 100.0 w/s
Porosity $ 0.50
Initial Height of Free-Water Surface h, l0m
Height of Free-Water Surface at x = @ h,/2 0.0 m

* Adjusted to a suitably large value to approximate the Dupuit Assumption.



2.0 T T T T T 1 T
E=e)" T

K1 ) hioo) 1 h{o) = 2.0
18} s
1.6 i

hih{o) —— ANALYTICAL
1al- 0 x=0025m h
A x=0125m

1.2} -
1 .O M | 1 1 L 1 A1 1 |

0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 .18

fisure $5,2=2,

£4/2 h{o)

Transient~State Free-Water Surface for che

Boussinesq Problem.

81~-5




5-19

$.2.) Numerical Solution

Discussion of Code Input. For the conduction mechanism (left~hand side

of Equation (5.2~2)), the discussion here follows that of the previous
problem, which may be summarized by the following three statements: Firatly,
a8 two~dimensional grid (Figure 5.2+3 and Card M-3-1) is required for the
numerical simulation as opposed to the simple one-dimensional analycical
simulation. Secondly, the Dupuit assumption is not used by the numerical
formalism but may be approximated by choosing 3 relatively large vertical
conductivity R, (Card R1-20), Thirdly, the assumption that the transmissivity
is proportional to the saturated thickness is used in the numerical wodel just
as in the analytical mcdel,

For the gccumulation mechanism, the anmalytical and numerical treatments
are quite close, For the latter, the grid-block saturation is unity for each

saturated grid block, but, for the partially-saturated block, it is
S = &h/Az (5.2-3a) -
where 8h measures the saturated thickness, By defining saturation in this

manner, it can be shown that ther<eneral expression of accumulation, as given

in the Theory and Implementation reduces, under appropriate conditions, to the

right-hand side of Equatien (5.2«3a):

F ‘ah
3T (¢pS) + ¢ It (5.2-3b)

Results. Figure 5.2-2 shows the numerical solution plotted alongside the
analytical solution. For the most part, the agreement is quite reasonable.
However, for the smaller values of time the numerical free-water surface does
tend to drop somewhat more rapidly then does the analytical solution. Most
likely, this deficiency could be corrected by a more refined spatial mesh
and/or a larger value of the vertical conductivity.

Discussion of Code Output. As indicated in the discussion for the last

problem, the height of the free-water surface is not a direct autput of the

code, but must be culculated from the output. Consequently, it is of interest
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to go through the appropriate procedure once again. This time, however,
rather than uvsing the grid~block saturations, as was done for Problem 8, we
shall use the grid-block pressures directly.
Turn in the output to the input echo, and from the output table entitled

“X-Direction Di tance to Grid-Block Center' (see microfiche), note that the

distance
x = 0,025 m (5.2-4a)

falls at the center of the Blocks I = 3, This is one of the distances used

for Figure 5,2-2, Advancing to the pressure-at-elevation table for time
-2

t =9.77 x 10 " s (5.2-4b)

for which
I

£ = (¢12le:)2x = Q.4 (5.2-4¢) .
we cbserve that

p{3,6) = -287.6 Pa (5.2-5a)
Thus the unsaturated block thickness is

4h{(3,6) = 0.0293 m (5.2-5b)

Siace the block thicknesses are 8z = 0.05 m throughout, we easily compute

h(x,c) = (15)(0.05) - 0,0293 = 0,721 (5.2~6a)

in agreement with Figure 5.2-4, Converting to a dimensionless scale with

maximue elevation ha = 2 m, we obrain
h’ho‘g = 0-"‘) = l.“ (5.2'6b)

in agreement with Figure 5.2-2.
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5.2.4 Execrcises

Level 1,

Using the Input-Data Guide, the Theory and lmplementation and

the nicrofiche listing of the output, as rvequiced, complete the following

exercises:

Exercise 1

Exercise 2

Exercise )}

Level 3.

From the description of the problem and Table 5.2-1, what data
are required for the blanks labelled "1™ through “4" ia Figure
5.2-3, cthe input data set. Check the answers by referring to

the echo of the input data in the outpu*.

Explain the reason for the relatively large value of Kz (Card
R1-20) and verify the boxed numbers in Card R1-28. MHydrostati:
equilibrium (Equation S5.1-7) is assumed here just as for Probl
8.

What is the total flow rate passing through the boundary block

The reader who want: o develop a deeper understanding of the

code should also -~onsider the following exercise:

Exercise 4

Convert the Problem 9 data set (Figure 5.2-3) to cylindrical

coordinates qsing a multiply-completed well with a bottom-hale
pressure of zero to establish the boundary condition. Rerun t
problem andlplot the results using the saxe vaciables (h{hoand
(€ = ($/2Ke)72
tadial results .ie above or iclow the Cartesian results? Why?

t) and scaling as ia Figure 5.2-2. Should the
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HOTATION®

ROMAN SYMBOLS

thickness of prism or radius of sphere for the local subsystem
explicit portion of e,, the boundary flow rate of the simul ated aquifer

radial grid block-ratic

global /local interface area specific to global volume

Ay specific activity

b aquifer thickness

b’ aquitard thickaess -
b, implicit portion of ey, the boundary flow rate of the simulated aquifer
ch specific heat of the rock

<R compressibility of :Qe pores

cy compressibility of the fluid

c concentration of radisactive (trace) components

*

The terms "globat™ and "local"™ are used in this section., Typically the
global model is used to represenz the fractures or the squifer. ft is
regionally connected and may be three~dimensional. Usually the local
submodel is used to represent either the porous rock matrix or the

confining deds. [t is one-dimensional only,



€racture half-thickness
dispersion/diffusion

molecular diffusion in porous medium
molecular diffusion in water

boundary flow rate into the simulated aquifer arising from the aquifer

which surrounds it

acceleration of gravity

units conversion factor equal to g for the English system and equal to

unity for the SI system

head .
total head

radionuclide iaventory

radionucl ide distribution coefficient
dimensionless discribution coefficient, Kv = pkkd

retardation factor or hydraulic coaductivity

length

density of radioactive waste, i.e., mass of radionuclide per volume of

waste
number of nodes within a local unit

pressure vhere subscripts 0 and | refer to boundary locationms
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terminal -rate influence function, used for model external aquifer
mass source rate or fluid recharge rate
radion: :lide source due to waste leaching
rate of fluid withdrawal from well
radial coordinate
external radius of aqifer model
extent of stress-relief fracturing
radius of wellbore
radius of skin or radius to center of first grid block
.
source term for release of nuclides from the waste matrix
one-dimensional coordinate for the local units. 1In formal equations
s = 0 represents local/global interface. In code, however, s = 0
cepresents the external boundary of the local subsystem.
drawdown
storativity
specific storativity
saturation

time

total leach time
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tp dimensionless time

T temperature, transmissivity or leach duration time
u Darcy flux

u mass flow rate through radionuclide inventory

v interstitial velocity

wI well index

x,¥,z Cartesian coordinates

GREEK SYMBOLS

e, longitudinal dispersivity

r global -to~local radionuclide transfer rate

Pa global-to-local heat transfer race

l‘w global -to-local floé rate

ép incremental change in pressure over a time step At
Ak head increment

as spatial increment in s for the ' . ' subsystem

.14 time increment

Axi spatial incerement in x; where x; =® x, Xy = y and Xy = 2

A decay constant
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'3 dimensionless Boltzmann variable
p fluid density
Pr formation deasity
I volumecric wvaste density, i.e., volume of waste per bulk volume
T radioruclide half-life
T torctuosity
¢ porosity
SUBSCRIPTS
m fluid-plus~trock composite material .
r radioactive component. Subscript is suppressed whenever no confusion
should arise. If given as ar integer, r is the componeant numbe. in a
chain of species.
v radionuclide soutce.(tepository)

x,y,z directional indicator

SUPERSCRIPTS

denotes local subsystem

~ indicates chacacteristic length
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AFPENDIX

CONVERSION OF INPUT DATA FROM SWIFT TO SWIFT (1
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INTRODUCTLON

TRANSPCAT WITH DUAL
POROSITY

PROB. 1: One Nuclide,
Frac./Prism. Macrix

PROB, 2: One Nuclide,
Frac./Spher, Maccix

PROB. 2: Nuclide Chain,

Frac./Prism. Matrix

FLOW WITH LUAL POROSITY

PROB. 4: Well=Test in

Dolomite

PROB. 9: Well-Test in
Glacial Aquifer

FLOW AND TRANS. WITH
AQUIFER/CONFINING BEDS

PROB., 6: Flow thru

Aquitards

PROB. 7: Heat Traas. from

Confining Beds

PROPOSED TAB TITLES



FLOW WITH FREE-
WATER SURFACE

PROB. 8: Steady State

PROB. 9: Transient State

NOTATION

REFERENRCES

CONVERSION FROM
SWIFT TO SWIFT II




