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Several documents have been written describing SWIFT II, the most current
version of the SWIFT (Sandia Waste Isolation Flow and Tramsport} Model.
Reeves et al. [ 1986a], describes the theory and implementation, and
Reeves et al. [1986b ], describes the reguired input of data and
parameters. Ward et al. [ 1984a), and | 1984b ] describe the comparison of
the results from the SWIFT code with field data and other existing codes.
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data and a microfiche listing of the output are provided.
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ABGTIRACT

Several documents have been wrilbten describing SWIFT LI,
the mosi gurrenl version of the SWIFT {(Sandia Waste lso.
tation Fiuw and Transportbt) code. Reeves et al. [1986al.
desorshos the theory and implementation, and Reeves et al.
it9deb i, descoribes the required 1aput of data and pdaram

aroers. Ward et al. [ 1984a] and [1984b} describe the compar

taon of  bhe results {rom the SWIFTY code with field data and
other existing codes This document 13 devoted Lo assisling
Lhe  analysl who desires o aue the SWIFT 11 code. The

analyst 1g referred to the (ge:'s Manual for SWIFDT IT
{Reeves et al. [1986b])) for detatriced davta input insbructions.
Eight examples are presented to thtustrate the unoe  of
SWIFT 11. The implementation of the numerical simulation of
the physical problem i1s described f(or ecach example. For
each problem, a listing of the input data and a microfiche
tisting of the oubput are provided.
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1. ITNTRODUC'T LON

The SWIFT (Sandia Waste- Iscolation Flow and Transport) com
puter code was developed for use in simulating the transport
of radionuciides dissolved in groundwater. It is a finite-
difference, transient, three-dimensional code which, in
addition to radionuclide transport, solves the coupled equa
tions for fluid flow, nheat transfer, and brine transport in

galturatod porous medlia 1t evolved from the U.S5. Geological
2nryvey node SWIP {Survey Wasle njection Program) ( INTERCOMP,
19743 and has undergone cevecat moedifications since  its
development {Dillon et al., 1978, Keeves and Cranwell, 198%,
and Reeves et al., 1986a and b). The current wversion,
referred to as SWIFT 1!, has the vcdapabitiry of treating
three additional systems; two are confined dual porosity
systems, one of which is a {fractured porous matercial, and
the other an aquifer with conductive contining beds. The

third system 1is an unconfined agquifer with a free waler
surface.

The purpose of this document is to familiarize the recader
with the SWIFT I1 code through a set of sample problems.
Eight problems are presented demonstrating the added capa
bilities of SWIKT II. The first three problems demonstrate
the solute transport through dual porosity media capabllily
of SWIFT IT1. The following problem (Problem 4) demonstrates
the capability of SWIFT 1l to analyze the fluid flow in a
dual-porosity media. The next two problems (Problems % and
6) demonstrate the capability of SWIFT 1I to simulate fluid
flow and heat transfer through an aquifer with confining
beds. The last two problems (Problems 7 and 8) demonutrate
the capability of SWIFT 11 to treat problems involving free
water surfaces. In each case, the discussion begins with a
physical description of the problem foliowed by a description
of the numerical simulation. For convenience, the nomoen
clature for all the problems is presented in Section 6.
This document 1is meanl Lo be used together with two obher
documents describing the theory [Reeves ol al., 198B6a] and
data- input requirements [Reeves et al., 1988b] of the SWIFT
Il code. These documents are referenced simply as the
Theory __and  Implementation and the Data- Input Guide,
respectively, throughout this report.




Z2. S5OLUTE TRANSPORT THROUGH DUAL POROSITY MDA

2.1 PROBLEM 1. TRANSPORT OF A DECAYING RADIONUCLIDE IN
FRACTURED POROUS MEDIA [TANG ET AL, 1981].

The obilective of Problem 1 is to illustrate radionuclide
transport through fractured media using a prismatic
characterizartion of the rock matrix.

2. 1.2 Description of the Yroblem

Froblem Statement. A thin, +igid fracrture 1s sltuated
within a saturated porous rock matrix as shown in
Figure 2.1-1. Both the fracvture and wmatecix arc semi
itnfinite in their extent. Radionuclides, which derive from

a source of constant strength, are convected and dispersed
through the fracture 1in a constant velocity fi1eld and are
diffused into the rock matrix.

Transport Eguations. The transporl withln the fractures

is given by the g¢quattion:

Ll

3 a_ ac . 3. '

Transporl within the rock matri¥x 18 assumed to occur perpen
dicular to the fracture and is governed by the equation:

(p'D' Ty + [ . RK'¢p'p'C! g—t (K'p'p'C'y (2.1 2)

where s 1s the one-dimensional coordinate for the local
{matrix) units.

At the fracture/matrix interface the flux is conlblinucus,
thus

* q ] ﬁ_c_._
= - Ayp'D (2.1-13)

m Jds

liy]
<..D

The mixed parameters are defined in terms of fundamental
pAramelLers. The dispersioen/diffusion in the fracture is:

- a,u + b {2.1-4a)
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Figure 2.1-1. Probicem 1. Schemat ic Diapram



wlth the diffusivity in the fractures heing

D = 4D (2.1 4b)
and the diffusivity in the rock matrix being
Dﬁ = 1p DY (2.1 4c)

Dbhef narneters are defined tn Lection &,

Initial/Boundary Conditions. Within the rock matrix the
inltial/boundary conditions are

C'{x,s5.0) = O {2.1 5Ha)
and

C'{x,m, L} = O (<. 1 %b)

4l the fracture/matrix 1interface the fracture and matrix
concentrations ate equal:

C'(x.0,t) = C(x.t) (2.1 5C)

Within the fracture the initial/boundary conditions are

C(x.0}) =0 (2.1 6a)
(-ind

c{o,ty - 1 (7.1 6b)
The numertcal treatment of the unit concentrdtbtion at the

inlet (equation 2.1l - &b} 1in the input 1is discussed 1in
detail 1o Problem 2.

Input/Output Specitications. The data for this problem,
given in Table 2.1 1, 18 the same as that prescribed by Tang
et al. (1981, p. L61 {t] for thelr low velocity case.

Curves of concenlbration versues distance within the fraclure



are obtained for times of 100, 1000, and 10,000 davs. A
single curve of concentration versus distance within the
rock matrix is desired for t = 10,000 days and x - 1.5 m.

2.1.3 Numerical Simulation

Discussion of <Code 1Input. The region wused for the
numerical soclution must be larger than the zone of contam-
inant migration in order to use a finite domain to represent

a semi- infinite one. To estimate the extent of migration,
the steady state sgolution ol Tang et al., (198l) wasg used.
They provide & solutlon taor & characteristic length (L) of
penaetsation 1nto the tracrurse and another {or penetration
into the rock matrix (3d). Fotr & reilative concentration of

0.368 in both the fracture and the matrix:

L = - (1/(2a)) - 1M/(aal) + w1t /%y ! (2.1 79
and

3 - (D /Y2 (2.1 8)
where

b aLv + D* {2.L 4a)

D' = 1D* (2.1-9b)

W= N+ o (DN %0 (2.1 9¢)
From values in Table 2.1-1, these expressions give

L - 1.4 m (2.1 10)
and

a = 0.30 m . (2.1-11)



Parameley

Table 2.1-1

Problem 1. Data

Fracture Width
Marziy Porusity
Matrix Tortuosity

Fracture Dispersivity

Molecular Diffusion in Water

Half Life

Decay Constant
Matrix Retardation
Fracture Retardalilon
Fracture Velocity

Fracture Porosity

Symbol Value
2d 1079
B 0.01
v 0.1
CI.L .5 m

D* 1.6 x 10 “cm 28
T 12.3% vy

EN 0.0561 y"

K i.0

K 1.0

v 0.01 m/d

¢ 1.0




The domailns ol the stmitlation ate larger Than those gliven 1n
Equations (2.1 10 and 2.1 11):

L = 10.24 m (2.1-12)
and

a4 = lL.2 m . {2.1 13)

Spatial increments 51 fhoe fracture and matrix domaing

ATA  La¥ean to be signiiicant iy smeiler than the character
1stte lengths. Some npumericail experimentation 1s necessary
for determining the optimum spatia! and temporal 1increment
size. There 18, however, one numerical criterion:

AS ~ (2D'Ar)l/Z (2.1 141)

for the matrix, which 1s a useful guide [see Reeves et al.
1986a}. The adopted gridding is shown in Figures 2.1 2 and

2.1-3 and the input data are listed in Figure 2.1 4. An
interconnected mesh 1is used to simulate the composite
fracture/matrix system with the individual increments
specified in Cards R1- 17 {(Ax), RL-18 {Ay). arud
R1i-19 (Az) (sce VPFigure 2.1-4). This mesh 15 called the
global grid. The rock matrix 1s simulated by attaching a
one-dimensional grid to each of the global blocks. FRach of
these grids 1is referred to as a local block. Note that

global grid bliock 1 does not have a local block attached to
it, as the former 1is used to establish the constant inlet

concentration. Therefore, iocal block 1 1is attached to
global block 2, local block 2 to global blaock 3, etc. This
gridding is specified by the three parameter values provided
in Cards ROD-2 (n) and RLD 2-2 {a and As). Given the
number of increments ng, and the 1ncrement As at the
fracture/matrix Lnterface, these qgrids were generated
automatically. Note that the local blocks are connected

only to the global blocks and not to each other.

Another problem specification that requires explanation
is the manner in which the fracture velocity is described.
The flow 1s not directly gpecified in the SWIFT 11 code. 1In
order to arrive at the fracture velocity, the flow wWithin
the global system 1is maintained using injection and produc
tion wells at each end of the grid. The imposed flow 1s:

q = 2d4yv = 1.157 x 10 t! md/s, R2-6 . {2.1-15)



1.2 | ;
L™
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T
! : 2d=1x 10" 1.0
1.2 1 t

Figure 2.1-2. Problem L. Prismatic Gridding Where
Block Numbering Corresponds to Loecal Blocks
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FROBLEM NO.

1

03/86, COMPARISON WITII ANALYTICAL SOL'N
4 0 0 0 0 0 0 1
21 1 1 2 1 2 0 Z
0 2 1 {}
cRClaly TPAC L 3 0 12.735%
i Q
0
10
[
1
! 1 i {
.0 0.0 G.0 4186 8
0.0 0.0 0.0 G 0
0.0 o0 0.0
0.5 0.0
0.0 0.0 0.0
4 OURO8 0.0
27000 1 01305 20.0 1600.0
Z 2 2 2
20,0 0.001 20.0 0.001
0.20 0 001 0.80 g.001
1000 G.0o1 200.0 ¢.001
10G.0 0.001 200.0 0.001
00 20,0
100.0 20.0
0 0
0.0 1.013K0% g.0 0.0
2R COF-4 1.0E-3 7.0E-3 4 OE-3
fHoaE-2 0.128 0.256 0.512
1.0
2.4
3.4052E-7 3 A052E-7 3 .4092E-7 4. 167E-5
1 1 1 I 1 1
1.0 1.0 1.0 1.0
0.0 0.0 0.0
Iy 1§
1 T3k - 50
1. 6OK-12 0.0 0.010 T.0k-15
1 L 1.7 0010 0.0
0.0
t} 0 1
1 ] 1 I | 1 1.0
Figure 2.1 4. Problem 1. Listing

1O

. THREE-COMPONENT NUCLIDE TRANSPORT IN FRACTURED MEDIA,

M-1-1
PRISMATIC REPRESENTATION M-1-2
0 M-2
1 #] 1 0 (0 oM 3-1
M-3-2
R -1
RO-2-1
RO-2-1
R(}-2-2
ROO2-2
ROD-1
ROD-2
ROTY- 3
ROD- 3 -HB1A
1.0 RL-1
{150 g 06 6672F-14R1-2
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R1-2.5
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RI-7.%
1000, G Ri 3
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R1-7
R1-5
RL-4
R1-10
R1-11
Rl 11
[ R
Bl 14
8.0E-3 T.6E 2 P S
9x1 024
0.0 0.0 nooR1-20
-0
RL-26-]
3.0 .01 91985 K0URY 2260
R1-76-0
BT 26
RL- 27
R1D
00 1.0 VOORTD-
RID 2-2
RLID-3 -8
R1D-4
RID-5-RBLN
T-1
14
[-4 RIN
ot SWIET 11 ITnput ala
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0 0 0 0 0 0
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Figure 2.1-4.
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10R2-13
RZ-1
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Since both fracture and matrix are included within tLhe
global blocks (IFD = 0 1in Card ROD 3), the global porosity
is specified as

$ = d/(a+d) = 4.167 x 10-5, R1-20 . (2.1-16)
This global porosity yields. from Equation (2.l-4b), the value
Dy = 6.6672 x 1014 mZ/s, R1-2 . (2.1-17a)

for the diffusion of the glebal system. The corresponding
relation for the rock matrix is, from Eguation (2.1-4¢):

D'y = 1.6 x 10-12 m2/s ., (2.1-17b)

Results. The numerical results obtained from the
SWIFT I1 code are compared to the analytical solutions of
Tang et al. (1981) in Figures 2.1-5 and 2.1-6. Both within
the fracture and the matrix. the two agree reasonably well.

Discussion of the Code Output. The code output is pre
sented in the microfiche 1listing (inside the back cover).
The tables which are denoted in the microfiche by the words
"dual porosity" or "rock matrix" refer to the rock matrix
portion of a fracture/matrix system. In Problems 6 and 7,
however, these tables refer to the confining beds of an
aquifer.

In the table entitled "X-Direction Distance to Grid-
Block Center" the distances aleng the fracture to the centers
of the grid blocks are given. The distance x = 1.5 m lies
in Global Block 13. The second table, "Local Unilt Numbers,"
provides 1identifiers £for the 1local blocks imbedded in the
global blocks. No local blocks are 1imbedded in Block 1.
This block is used only to establish a constant-
concentration boundary within the fracture. Local Block 12
is associated with Global Block 13 which is 1.5 m down the
fracture. A third table, "Local Subsystem Discretization
Parameters," gives nodal locations within the rock matrix or
lecal blocks. Node 12 1is located at the fracture/matrix
interface. Thus, for example, Node 4 is located at a dis-
tance of about 0.4 m from that interface.

~13-
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Tables of fracture concentrations, labelled "Component-1
Concentration,” and matrix concentrations, labelled “Com-
ponent-1 Radionuclide Concentration Withim the Rock Matrix,*
are presented on the microfiche 1listing for up to 10,000

days at selected time intervals.
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2.2 PROBLFEM 2. TRANSPORT OCF A DECAYING RADICNUCLIDE IN
FRACTURED POROUS MEDIA [HUYAKORN, 1983; HASMUGON, 1984 |

2.2.1 Obiective

The objective of Problem 2 is to 1illustrate radio-
nuclide transport  of a decayving radionuclide through
fractured media using 4a spherical characterization of the
rock matrix.

2.2.2 Description of rthe Froblem
This problem is identicai t9 Problem 1 with only two
exceptions. First, the exposed surface area per unit frac-

ture length between fracture and matrix 1s assumed to be
larger and is therefore approximated by a spherical surface
(Figure 2.2-1) for the rock matrix. Thus, Equation {(2.1-2)
in the previous section is replaced by

‘QJ

splDl —) + F — )\_KI¢IpICI - .g..l_-: (qu)lpICI) . (2.2- 1)

( ac’
m ds

rle
Qv

]

The radius for the spherical units is chosen to be identical
to that used in Problem 1 for the length of the prismatic
units:

Second, the matrix diffusion is reduced:

Dy = 5.787 x 10- 13 mz/s (2.2 3)

to be c¢onsistent with Huyakorn's (1983) work. Also, the
calculated concentrations are output at t = 441, 3619, and
90,615 4, both within the fracture and the rock matrix. The
position for the distribution within the rock matrix 1is
changed to x = 1.0 m.

2.2.3 Numerical Simulation

Discussion of the Code input. To simulate the semi-
infinite fracture, two boundary conditicens are specified.
The edge of the system (10.24 m)., a coanvection-only condition

-17-
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ac = (2.2-4)

is the default condition (Fiqure 2.1-1).

A unit concentration at the inlet {Equation 2.1-6b) can-
not be specified directly. Because SWIFT 11 was designed to
evaluate repository-site pertormance, only facilities for
radionuclide sources have been provided. However, a con-
stant-concentration boundary condition may be implemented by
defining the 1inlet block ag an essentially infinite well-

®ixed veservoilr. Distances are then measured by taking
¥ = 0 at the interface between Blwecks 1 and 2, and the dual-
porosity region begins with Bliock 2 (see Card ROD-3). To

simulate a well-mixed reservoir. four steps are taken.

First, the thickness of Block 1 1s increased to

ﬂzl = (1.91985 x 109 + 2.4)m, R1-26-2 (2-2-5a)

using the modification cards. Second, the concentration of
this block is specified as

C; = 1, 1I-4 . (2.2-5b)

Third, a source 1is used to replace the mass lost from the
reserveir by both decay and convection:

Q = C1p(NpAX18y Az +q) = 7.12 x 10°° kg/s. R2-10 . (2.2 5¢)

The other component terms are prescribed in Cards Rl-6 (p),
RO-1 (1 = 2n{(2)/N). RL-20 (¢)}. Ri-17 (Axp). RL-18 {(Ay;) and
RZ2-6 (q).

Fourth, to implement the "well-mixed" reservoir, the disper-

sivity

ap] = 4 x 108 m, R1-2.5-2 (2.2 5d)

~19-



is defined for Block 1. This wvalue is large enough to allow
unrestricted communication between Blocks 1 and 2, This
dispersivity is assigned to Rock-Type Z which is ascribed in
R1A-1 to Block 1. Rock-Type 1, with ap = 0.5 m, refers
to the transporting region of the fracture, blocks 2 through
21. A complete listing of the input data is given 1in Figure
2.2-2.

Resuits. The results obtained (rom the SWIFT 11 code are
compared to those of Huvakorn's (1983) finite-element code
FTRANS and the analytic solution of Rasmuson (1984} in

Figures £2.2-3 and 2.2-4. Transport within the fracture 1is
retarded more when the spheri¢al matrix characterization is
nEed, in spite of a reduction by approximately 3 in the

matrix diffusivity, the sphericail characterization yilelds a
retardation that 1is greater by a factor of 3 or more than
that for the prismatic characterization.

Code Output. The results are partly dependent on the
convective wvelocity and the constant-concentration 1inlet
boundary condition. To check these, the reader is referred
to the microfiche listing. The convective velocity is equal
te the Darcy velocity divided by the porosity. The value of
porosity for the glebal system (» = 4.167 % 10-°) 15
given 1in the table entitled "Specification of Homogeneous
Global System." A constant Darcy velocity is obtalned by
including an injection well at the 1inlet and a discharge
well at the outlet. These wells are listed at GRID H 05 of
the microfiche. The fluxes listed there are divided by the
cross-sectional area of the global system to obtain the
Darcy velocity listed in the table entitled "Global X-Dir -
Darcy Velocity - (m/sec)." The convective velocity 1is
calculated as:

v = u/¢ = (4.8208 x 10 1%2/4.167 x 10-°) m/s = 0.01 m/d
(2.2-6)

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

The constant-concentration 1inlet boundary condition 1is
verified by examining the radionuclide concentration tables

labelled "Component-1 Concentration." There are several
such tables, which are displayed at selected time intervals
up to t = 90,61% 4d. In each case, the C = 1.000 condition

is maintained to at least four significant figures.
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2.3 PROBLEM 3. TRANSPCRT CF A RADIONUCLIDE CHAIN IN FRAC-
TURED POROUS MEDIA

2.3.1 Objective

The objective of Problem 3 is to illustrate the coupled
effects of fracture/matrix transport and chain decay.

2.3.7 Description of the Problem

Problem Statement. Assume thal radionuclides are buried
in fractured media. The fractured media consist of parallel
herizontal fractures of width 24 and separations 2a as
illustrated in Figure 2.3-1. The media are laterally infi.
nite, but confined to a vertical thickness b = Az, by
impermeable beds. The radionuclides are leached from a
source for a duration, To. They are subseguently trans
ported laterally in a one-dimensional flow field. Convec
tion and dispersion occur within the fractures while
diffusion and sorption occur within the rock matrix. The
rock matrix 1s characterized by a set of one-dimensional
prismatic units. This problem is similar to the problem
performed for fractured porous media in the INTRACOIN (1983)
report.

Transport Equations. Transport within the fractures for
radionuclide r is given by the equation

a ) ( aCr
~ax (PCMY » 3\ PD ) - (z.3.1)
+ k s K C X K ¢pC = g—(K bpC
r,r-1r-1 c—1¢p r-1 ~ “pop®Php T g R P r}

\ . aC;'
gg p'Dﬁ ash + Fr {(2.3-2)
] ] 1 1] ] L) 1 ] - g___ 1 L] 1] 1
* Kr.r—lkr—lxr~1¢ pre r-1 XrKr¢ p Cr - at(Kr¢ A Cr}
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The continuous flux at the fracture/matrix interface gives

ac;
Ty o= RAyr'Dp 35 $=0 (2.3-3)
Initial/Boundary Conditions. Within the rock matrix,

the concentration is initially zero:

C!{x.,s5.0) = 0 {2.3-4a)

the no-flux condition at the symmetry boundary is

ac!
L

s 6w - O (2.3-4b)

and fracture and matrix concentrations are identical at the
fracture/matrix interface

CE(x.O.t) = Cr{x.t) . (2.3-4c)

Within the fractures, the 1initial concentration is zero:
Cp(x,0) = © (2.3-5)

and the outlet boundary is held at this initial concen-
tration,

Source Specification. At x = 0, the 1inlet boundary
condition for the fractures must take into account both
decay/production processes within the inventory and leaching
of the inventory. To do this, the time-dependent source
concentrations Cy are defined by the Bateman equations:

ac_ B
dt = kr.rulkr—lcr—l Kr r

oL

{2.3-6a)

with initial conditioens
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Cr(t:O) = Ir/UT . (2.3-6b)

The 1ntet boundary condition is expressed 1n terms of these
soirce concentrations:

BCE N
uC£~ Dr Iy 7 uC[ . x = 0 . (2.3-7)
Additional Parameters. The ¢eometry, the leaching pro
cesg, and the transport procesg are characterized by the
parameter values listed in Table 2 3-1. Radionuclide-

dependent processes are determined by the parameters glven
in Table 2.3-2.

2.3.3 Numerical Simulation

Discussion of Code Input. Within the input-data listing
of Figure 2.3-2, two items are selected for emphasis in thils
section. In contrast to Problems 1 and 2, the velocity 1s
established by specifying the parameters that centrol the
velocity vcalculations, especially the boundary pressures.
The eguation for the velocity 1is:

v = [K/p(g/9geld]l(pg-Pp)/L = 500 m/yr {2.3-8)

where p, and py are the pressures at the 1inlet and out
let respectively. In this equation, the porosity of the
global system

& - d/(a+d) = 1.99996 x 10-> , R1-20 (2.3 9a)
15 f1xed in the input (Table 2.3-1). The system length
£ - 2,500 m , R1-17 {2.3-9b)

{the sum of all 1increments 1n Card RL1l-17) 1s taken to be
large compared to the observation length (500 m) in order to
simulate semi-infinite media. The gravitational accel-
eration constant (g = 9.81 m/s?} is fixed in the code.

All other parameters in Equation (2.3-8) are specified
to yvield the desired interstitial velocity:
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Table 2.3-1

Parameter

Observation Length
Agaitber Thickness
Fracture Aperture
Fracture Spacing
Fracture Poreosity
Fracture Velocity
Fracture Dispersity
Matrix Porosity

Rock Density

Matrix Diffusivity

Leach Duration

Problem 3. Data
Symbol Value

Ll 500 m
b 5.0 m

-4
2d 1.0 x 10 m
Za 5.0 m

-5
¢ 2.0 x 10
v 500 m/y
a O m

L 5

-3

% 5.0 x 10
; 3

Py 2700 kg/m
Dy 1.0 x 10°12 mi/g
T, 10° y
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PROBLEM NO. 3, INTRACOIN LEVEL 1, CASE 5, I2?,R3,BZ2,P2,T2,
03/86, ONE-D TRANSPORT IN FRACTURED MEDIA WITH CHAIN DECAY
4 0 4] 0 0 0 0 1 1
126 1 1 1 3 1 1 -1 0 2 0
1 ? 1 1
SArOM ak 1 0 0 §.5E3
ZATNE 237 7 i 0 2. l4E6
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0.0
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1 1 2.5 L.00E-3 0.0
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Figure 2.3-2.

Problem

3.

Listing of SWIFT 11
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Listing of SWIFT II Input Data

-33-



1000 kg/m¥ . R1-3 (2.3-10a)

p -
K = 1.99996 x 10°° m/s , R1-20 (2.3-10b)
Pp = 388.4449%5 Pa « R1-28-2 (2.3-1Cc;
and
p; = O , R1-28-2 (2.3-10d)
Tne inlet boundary condition at grid Block 1 is speci-
fied ag the source in Card BiA-6 This block 1=z only 1 m
ienyg (Card RL-17) . Therefore, 1t should be an acceptable

approximation to the boundary condition of Egquation (2.3-7),
prescribed for an infinitesimal lncrement.
The scurce rate is specified in the code by “h: <guatiocn

{(Section 3.4 of Theory and Implementation) where

Ryr = source rate of radionuclide r
[kg/m3 (bulk}/s],

my = density of radionuclide r in the waste
[kg/m3(waste)],

Py = volumetric fraction of wastes
[m3(waste)/m3(bulk)],

tg = Tz = leach duration [s] .

Juew ._Lies t,. me(0}, and Pu must be specified
in tnhe 1input. The waste inventory is assumed to occupy
one m3 so that

Py = 1/78xAyAz - 0.199996 , RI1A-4 (2.3-12)

ooz LR A Mz =2 1 om and Az = 5.0001 m are
-s2¢idci2d 1n Cards R1-17, R1-18, and R1-19, respectively.
A rt*e initial densities m, (0) have the same values as
.2 .de inventorties I, (Table 2.3-2), and the code

“of ar the Rateman decay (Equation 2.3-6a).

“~* 710wt The rcadionuclide concentrations 1in each
- : e+ LY ~ the fracture and within the matrix are

Lt
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presented on the microfiche in the back cover of this

document. The concentrations, expressed as kg of radto
nuclides/kg of water, are printed for four selected time
intervals. The gridding of the fracture/matrix system is

shown in Figqure 2.3-3 and is also printed on the microfiche
putput listing.

To provide a check on the calculation of concentrations,
four material-balance summaries are printed at each time

interval. Two of them, one for unleached components and one
for leached but undissolved components, pertain to the
source block. The other two, one for dissolved and sorbed

ma-erial 1in the fracture and one for such material residing
in the rock matrix, pertain to the system as a whole. These
tables list the amount o¢f each component within a particular
phase or subsystem and provide a mass balance guotient.
Ideally., these guotients should egqual unity. The categories
used in these tables are defined in Table 2.3-3.
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presented on the microfiche 1in the back cover of this

document. The concentrations, expressed as kg ol radio
nuclides/kg of water, are printed for four selected time
intervals. The gridding of the fracture/matrix system 1is

shown in Figure 2.3-3 and is also printed on the microfiche
output listing.

Ts provide a check on the calculation of concentrations,
four material balance summaries are printed at each time
interval. Two of them, one for unleached components and one
for leached but undissolved components, pertain to the
source block. The other two, one for dissolved and sorbed
mazerial in the fracture and one for such material residing
iti the rock matrix, pertain to the system as a whole. These
tables 1list the amount of each component within a particular
phase or subsystem and provide a mass balance quotient.
Jdeally, these queotients should equal unity. The categories
used in these tables are defined in Table 2.3-3.
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3. FLUID FLCW THROUGH DUAL-POROSITY MEDIA

3.1 PROBLEM 4., ANALYSIS OF WELL-TEST DATA FOR A DOLOMITE
FORMATION {PAHWA AND BAXLEY, 1980]

1.1 1 Objective

The objective of Problem 4 is to simulate a slug-injection
test 1o dual porosity medila.

401 4 Description of the Probiem

Backqround. A number of slug and recovery tests were
conducted by Sandia National Laboratories and by the U.S.
Geological Survey [Mercer and Orr, 1979: Dennehy and Davis,
1981] during the site-characterization work for the Waste.
Isolation Pilot Plant (WIPP) [Powers et al., 1978}]. Two
formations of particular 1interest were the Culebra and
Magenta dolomite members of the Rustler unit, both of which
are significant water-bearing rocks 1lying above the Salado
salt laver. These tests were analyzed by Dennehy and Davis
{1981) using an analytical model and, because many of the
tests exhibited an anomalously high flow rate at small
values of time, they were analyzed also by Pahwa and Baxley
(1980) using a dual-porosity implementation of their numer.
ical code.

In the SWIFT Self-Teaching Curriculum, Problem 11
[Finley and Reeves, 19811, the HZA test (Figure 3.1-1) of
the Magenta member was chosen, and the conceptual model of
Pahwa and Baxley (1980) was used. This model assumes that
in addition to the primary porosity (which may itself repre-
sent connected fractures extending throughout the dolomite)
there are secondary-porosity fractures that extend radially
outward an average distance of 2000 ft (Figure 3.1-2a).
These fractures are assumed to cause the small-time flow
response., As in the work of Pahwa and Baxley (1980), heter-
ageneity was used in Problem 11 to characterize the second-
ary porosity.

Problem Statement. In this problem, a different concep-
tual model is used. The secondary porosity is assumed to be
provided by stress-relief fracturing that extends about one
foot radially around the wellbore (see Figure 31.1-2b). The
dual-porosity approach of the SWIFT II code is used to simu-
late the reported data.
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SECONDARY POROSITY

PRTMARY POROSITY

{a) Partially Penetrating Fracture(s).

SECONDARY POROSITY

PRIMARY POROSITY

(b) Stress—Keliefl Fractures

Figure 3.1-2. Conceptual Models for the Secondary
Fracture Porosity
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Flow Equations. Within the primary porosity (the global
blocks), the flow 1s described by

r =< Tr < w (3.1-1)

-
o

|

[wa
1

1l

”
Wl
ot U

and, within the secondary porosity (the local blocks) by

+ o= Sé 9s ! . ¢ 8 < 5, ¥ < L < T (3.1-2)

where a 1s the average 1length of the c¢onnected secondary
fracturing and r, is the maximum extent of the stress.
relief fracturing surrounding the wellbore (radius., ry).
The coupling between primary and secondary porosity is pro

vided by the relation

, 9s' 0
FW = - AVK 3s | 5-0 (3.1 ¢

Initial/Boundary Ceonditions. Within the secondary
porosity,., the initial drawdown is zero

s'(r.s.0) = 0 (3.1 4a)

the drawdowns are set equal at the interfaces

S'(r.o0,r) - s(r,t) (3.1 4b)

and a no-flow boundary 1is the default condition prescribed
at the edge of the local blocks

gs’ =0 {3.1-4c)

s=0

(o8]
a1}

Within the primary porosity, the initial drawdown is zero

S(r.0) =0 (3.1 5a})
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and the water-level at the wellbore radius ry 1s set egual
to the water-level in the well:

s(rw,t) = so(t) . {(3.1-%b)

Input/0Output Speciflcations. The SWIFT Il c¢ode solves
for pressure. Thus, in the above equations, drawdown 1is
replaced by pressure as the dependent variable:

R _ .1-6

s P, p (3 )
where py 1s the 1initial pressure. Also the storativity
and transmissivities are replaced by the equivalent

expressions:

- 11 7
S p{g/g Jblc +Cp}b (3.1 7a)
T = Kb (3.1-7b)

and
Ss = plg/g e’ (csc'p) . (3.1 7¢)
Probiem data are 1listed 1n Table 3.1-1. The primary
porosity 15 from Pahwa and Baxley (1980). The secondary
porosity was obtained by model calibration. The remainder
of the data, time-dependent height of the water level within
the wellbore, 1s listed 1in Table 3.1-2. Pahwa and Baxley
(1980) treated the wellbore storadge implicitly and the water
level and the injected flow rates were calculated. In this

simulation the measured water levels are prescribed as input
data. and the injected flow rates are calculated.
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Table 3.1-1

Problem 4. Data

Parameter Symbol Value
hansity of Water p 62.4 1bm/ft3
Aquifer Thickness b 25.0 ft
Compressibility of Water c, 3.0 x 1078 psi_1
Primary-Porosity Media:

Porosity ¢ 0.10

Compressibility of Rock Cp 4.0 x 10°° psi_l

Hydraulic Conductivity K 2.0 x 10 Y fr/d

Storativity S 7.58 x 10 °

Transmissivity T 0.00% ftzld
Secondary-Porosity Media:

Porosity ¢! Q.10

Compressibility of Rock Ch 4.0 x 10-5 psi-i

Hydraulic Conductivity K 200.0 ftr/d

Length a 25.0 ft

Specific Storativity 54 1.86 x10-6 ft-1
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Table 3.1-2

Measured Bottom-Hole Pressure and Calculated Water Level

Time Intervail Water Level Bottom-Hole Pressure
fdays} Height (fu) {(psi)
1ot 107% 50% 219
o “ . 107t 496 215
g.1 - 0.2 485 210
0.2 - 0.5 468 2013
0.% - 0.8 450 195
0.8 - 1.0 434 188
1.0 - 1.5 415 180
1. - 2.0 392 L70
2.0 - 2.5 374 162
2.5 - 3.0 360 156
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3.1.3 Numerical Simulation

Code Input. In this problem a radial c¢oordinate system
is employed. The 1inner boundary is a well ol radius
tw = D.276 £t {Card R1-22, Figure 3.1-3). This well com-
municates with the aquifer through a wellskin, which repre-
sents a zone o5f modified hydraulic properties. For the SWIFT

1l vede., the wellskin is assumed to have no storage and a
hydraulic-conduction property that is characterized by a well

index {Reevesg et al., 1986a, Section 4.1):

WLO = ZWKSQZ/Qnirl/Iw! {3.1-8)
where the qguantities £y = 1.0 {1, the position of the
first gleobal node within the mesh, and Az - 25 ft are

listed in Cards R1-22 and R1-23.

The wellskin is represented by a one-dimensional unit (a
local block) attached to the first grid block {(Card RQD 3).
This unit has storage and a relatively large hydraulic con-
ductivity. Thus, the well 1index (Card R2-7 - 2) has been
superseded by this one-dimensional unit.

The outer boundary is chosen as

re = 2000 ft, (3.1-9a)

which 1s bevond the limits of the pressure response imposed
by the well:

~ 1/2
= = . . 3b
[e (Ttmax/S) 100 ft (3.1 Y )

At this boundary. an analytic solution (Carter and Tracy,
1960) 1is used to simulate an infinite aquifer. These data
appear on Cards R1-27 through R1-33.

Results. The sgsimulated and measured flow rates as a
function of time are shown in Figure 3.1-4. These rates
agree reasonably well.

Code Output. The table entitled “"Radial Grid Block
Data". {see output listing in microfiche} lists radial dis-
tances to nodal points and grid-block boundaries. These
radili have been internally generated (Rl - 0 in Card Ri-22)
assuming an equal ratio:
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PROBLEM NO. 4,

1 0 0 0
20 1 1 3
0 i ; 1
0
8
1 ; L 1
RAISININI SN AG0004
1.0
N 100 .
i 1 0 2
) 1.0
100 . 1.0
0.0 0.0
1000.0 70.0
0 0
70.0 111.5
0.276 1.00
25. L0002
3
1 0 1
0.005 2.5
00004
.0003 0.0
1 1 25.0
0 0 0
.0
2 i 1 0
1 0.5
1
1 -93999
1 ] 1 1
10 2200
1 1 1
Q. 0001 0.0001
1 1 1 1
0 1 0 o
1 1 1 1
10 219.0
0.01 0.0
-1 -1 -1 -1

Fiqure 3.1-3.

0 0
o 1
! i
oo
S

70
70.
514.6
2000.
10002
2000.
0.1
2.0

0o 0
1 -3
70.0

0 0
1 -3
70.0
0.0

-1 -1

Problem 4.

c
1

514,
514
0.1

0
2

6
6
0

360.

2 _00E+Q
0.
0
0
}]
0.
0.
011

2
0

0

0

0

0

SWIFT IT1 EXAMPLE, ENGLISH UNITS,
INTERPRETATTON OF WELI. TEST DATA FOR A DOLOMITE FORMATION, NEW MEXTCO

G
0

0 0000

R

03/86,

1

]

i)

]

3.0

0

0

0

0

a0

0.0

.0

13

0

0l1

g.5

T4

ZER X
UER O,

M-3-
ROD-
ROD-
ROD-
ROD-
R1-1

(WS R N L

-BLN

CO00LRL-2

R1-13
RT1-6
R) -7
R1-4
Rl-1
K1-1
Ri-1
Ri-14
RL-2
RL-272

B1- 780N
RL1-2/
R1-24
R1-2%1
RI-23 0N
Ril-:

O OR1D-2 |

RIk-20-.
BID 3. B
R1-5%-kiN
1-1

Ria ¢
EZ-1

R2-7

RZ «

RZ2-4
R2-6-RLY
R2-/-
R}-7-2
R2-7 Bl
R7-11

RZ-13

RZ-1

R2-7-1

R?-7-2

RZ-/-BLN
Q.0001

OR2-13

Listing of SWIFT Il Input Data
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0 1 0 0 0 Q 0 0 RZ -1

1 1 1 i 1 -3 RA-7-1
1o 2150 7000 0.0 R2-7-2
RZ2-7-BLN
SIS 145 0.0 0.0 1.0 0.0 0.5 0.0001
! ; : 1 L 1 011 0 0000 0 0 L on O0R2-13
i i {} ¢l t) 0 4] RZ-1
i i 1 i -3 R2-7-1
10 J09.0h FAADRY 0.0 RZ-/-2
R2-7-BLN
0.0 00 SRV G0 30 0.0 6.5 0.000G1
i o i -1 -1 oo BERAIELIY 0 0 1 011 ORZ-17
i i 0] 0 0 0 £ = RZ2-1
1 1 1 1 1 -3 RZ2-7-1
10 03 .9 70.0 oo B2-7-2
R2-7-81x
0.50 0.0 0.0 0.0 3.4 0L} G5 IRV IR
-1 -1 -1 -1 -1 -1 011 0 0000 0 0 1 01l (R2-13
1 0 0 0 0 0 R?-1
1 1 1 1 1 -3 R2-7-1
.10 196 .0 0.0 0.0 R2-7-2
RPN
(.80 0.0 0.0 0.0 1.0 0.0 o o
-1 -1 -1 -1 -1 -1 011 0 0000 0 0 L all appo Ll
0 1 0 0 0 0 0 0 RZ L
1 1 1 1 1 -3 nr-i-l
10 190.0 70.0 0.0 pe so2
it BLY
1.00 0.0 0.6 0.0 3.0 (.0 o SERSIRTA I
1 1 1 1 1 1 011 0 0000 0 0 1 01 R L
0 1 0 0 0 0 0 0 -
1 1 1 1 1 -3 B
L0 184.0 70.0 0.0 E
g L
1.25 .0 0.0 0.0 3.0 0.0 i) (i
-1 -1 -1 -1 -1 -1 011 0 0000 0 O 1 0ll GRY 1D
0 1 0 0 0 0 0 0 RD-1
1 1 1 1 1 -3 R? -1
1.0 173.5 0.0 .0 QU
BZ- 0 -#ln
.50 0.0 0.0 0.0 30 .o 0on AT
1 1 -1 -1 1 -1 011 0 0000 0 0O 1 011 ODRZ2-1°3
{} 1 0 0 0 0 §] RZA-1
1 1 1 1 1 -3 R2-7-1
L0 175.0 0.0 0.0 R2 -7
RZ2 S BLN
L.75 0.0 0.0 0.0 3.0 0.0 oA SIRAISIeN
-1 -1 -1 -1 -1 -1 0ll 0O Q000 0 ¥ T 011 URZ-123
0 1 0 0 0 0 0 0 R2-1
1 1 1 1 1 -3 R2-/ 1

Figure 3.1.-3. Problem 4. Listing of SWIFT II Input Data
{Continued)
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.10
2.00
1 -1 1
! i {}
j ' 1
]
a2
L K Sl
i ! 9]
i ! i
LU
2.50
-1 -1
0 1 0
1 1 1
10
2 75
1 -1 1
0 1 0
1 1 1
10
3.00
1 1 1
4] 0 0

Figure 3.1-3.

171.0 70.0
0.0 0
-1 -1 -
i 0
L L :
16450 .0
i+ 0 0
3 -
3] &)
1 1 -
164 .0 70
0.0 0]
-1 -1 -1
0 0
1 1 -3
161.0 70.0
0.0 O
-1 -1
0 0
1 1 -
158.0 70.
0.0 0.
1 1
1 0

Problem 4.

(Continued)

011

1l

011

011

011

0.0

0.0

[

0

oo

0000

OO0

101810)

0000

0000

ad

0

{
]

0

{}

0.

A

8]

.0

011

011

011

011

1]

0.

Listing of SWIFT Il Input Data
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R2-7-2
RZ-7-BLN

.3 0.0G0:

ORZ2-13
R2-1
RZ-7-1
R2-7-2
R2-7-BILX

5 0.0003

OR2-13
R2-1
R2-7-1
R2-7-2
R2-7-BlXN

o5 O G001

ORZ-13
RZ 1
R7-7-1



A =1x /r {3.1-10a)

i+l i
for neighboring nodal polints. The ratio is
NX- 172
A = RE/R1 or A = 1.16597 {3.1-10b)

where NXA = 50 (Card M-3-1). BRE - 2000 fr (Card R1l-22), and
Rl = 1.0 ft {(Card R1-22)

Another table, "Data for  Tarter-Tracy Water Infiux
Calculations". lists 1nformation used 10 determine the outer
boundary condition. The use of this type of boundary condil-

tion assumes that the simulated aquifer continues to infin
ity as an aquifer with parameters Kb (KH) and ¢b (PIIIH).
The dimensionless pressure drop (PI} listed in the table is
tor the boundary r = tg. This pressure results {rom a
unit flow across this boundary. This pressure is then used
te calculate a boundary flux in the relation

eq - aw(PI) + bw(PI)Sp . (3.1--11)
This flux is 1in terms of the pressure change ép at r - r.,
which occurs during a given time step. Quantitles ayp and

by are functions of Py and, therefore, also of time.
The tables entitled "Well Operation Summary'. ara

printed at selected time steps and provide the desgirted
results that are graphically presented in Figure 3.1-4.
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4. FLOW AND TRANSPORT THROUGH AN AQUIFER WITH

CONFINING LAYERS

4.1 PROBLEM 5. DRAWDOWN IN A FULLY PENETRATING WELL IN A
LEAKY AQUIFER [HANTUSH, 1960])

4.1.1 QObjective

The objective of Problem % is te illustrate the use of
the one-dimensional 1local units for simulating the effects
of a leaking aquitard.

Froblem Description

Problem Statement. A well penetrates completely an
infinite aquifer and is pumped at a constant rate. The
aguifer is bounded from below by an impermeable bed and from

above by a confining bed (see Figure 4.1-1).

Flow Equations.

given by
13 . ds _ o 088
T ¥ ac Far) - Py = S 5%
and for the confinling bed., by
2 _
1 a Sl ™ ] QEI
K 322 * lw < Sg ot
z

only vertical flow is simulated in the

tinuity of flow across the 1interface
aquitard results in:
a_l
— 1 =
FW = AyK dz ‘ z=0
where Ay = 1l/b 1s the interface area
volume.

Initial/Boundary Conditions. For

The flow eguation

for the aquifer 1is
{(4.1-1)
(4.1 2}
confining bed. Con
between aquifer and
(4.1-3)
per unit of aqguifer
the aquifer and the

confining bed the initial drawdown is zero:
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s(r.0) = 0 (4.1 4a)
s'(r.z,0) = 0 (4.1-4b)

and the aquifer discharge at the origin is:

2w (4.1-4¢)

el

=
p———

]

iD:
Moa |
e

]

and the interface conditicn 1s:

s'(c,.0.t) = s(r,t) (4.1 %a}

where 2 1is positive downward from the aguifer-aquitard
interface. A constant hydraulic head 1s assumed at the
upper boundary of the aguitard;

s'{r,-b',t) = 0 . (4.1 5b)
Input/Qurput Specifications. The data taken from tUhe
revised benchmark Problem 3.2 [Ward, et al.. 1984b}] are
listed in Table 4.1-1. SWIFT 11 solwves for pressure instead
of drawdown, as specified in the benchmark problem. The
transformation between the two is given by Eguations (3.1 6)
and (3.1-7}). Benchmark Problem 3.2 requests the drawdown

versus-time profile at a radius of 117.4 m from the with
drawal well up to t = 109 s.

4.1.3 Numerical Simulation

Code Input. In the previcus problem, conceptual one
dimensional local wunits have been placed within the global
grid blocks to simulate dual-porosity effects. Furthermore,
the units were assumed to only provide storage with a no-
flow condition prescribed at one of its sides. In this
problem, the role of these units is expanded and they are
placed outside of the global aquifer block to simulate an
aguitard. Figure 4.1.2 1illustrates the numerical gridding
lncluding the global agquifer blocks and the one-dimensional
aquitard units subdivided into grid blocks.

The code input for the 1local units is given in Figure
4.31-3. The control parameter

N



Table

Problem

Parametsayp

Aquifer Transmissivity

Ajuiter Hydraulic Conductiwvity
Aquifer Thickness

Porosity

Water Density

Water Compressibility

Rock Compressibility

Aquifer Storativity

Aguitard Specific Storativity
Well Radius

Aquitard Hydraulic Conductivity
Aquitard Thickness

Aquitard Porosity

Well Pumping Rate

4.1-1

5. Data

54

Value

Q.05 m2/s

. =3
5.00 ¥ 10 m/s
1G m

0.10201%

1000 kq/m3

0

5.060 X Lo'/ Pa

0.3265

6.283 m3/s
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PROBLEM NO. 5, SWIFT IT EXAMPLE, SI UNITS, 03/86,
FULLY PENETRATING WELL. IN A LEAKY AQUIFER
1 0 0 0 1 0 0 1 0
50 1 1 3 0] 1 1 2 0 1 0 1

0 ! ] ]
B i 1 1 1 1 -3
[ 5.0E-7 a0 1.0 1.0
[y 10 1.0 1.0 1.0 1.0
RN 5. 0ES 2000 100 LONG . 0
' : 2 2
20,0 0.001 20.0 {000
.20 0.001 0.80 0.001
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Figure 4.1 3. Problem 5. Listing of SWIFT II Input Data
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IF¥D = -3 . ROD-3 {4.1-6a)

sets local units outside all 50 grid blocks. The control
parameter

KR< = 1, R1D-3-1 {(4.1-6b)

activates the external constant-pressure boundary condition,
specified as

PBD = 0.0 . R1D-3- & : (4.)1-6C)

Figure 4.1-3 also provides the outer radius ot the
simulated region:

RE = 2647 m , R1-22

Le

and was set to be larger than the radius of pressure
response:

{Tb'/E(')]J2 = 500 m . (4.1 7}

[af)
It

This quantity. derived from dimensional analysis, accounts
for the effect of leakage from the neighboring aquifer on
the extent of the drawdown cone.

Results. The numerical results are plotted in
Figure 4.1-4 and 1include two asymptotic analytic solutions
taken from Hantush [1960] for € < (b')zsé/lOK' = 4 x 10%s and
for t > Z(b')zsé/K' = 8 x 109s. The agreement between the

numerical and analytical results is good.

Code  Outpuyut. This output {see microfiche 1listing)
includes SWIFT II printer plets*. Because the code only
plots data pertaining to wells, observation wells are

* The term "plot"™ should not be confused with the term
"map." Maps refer to two-dimensional contours of pres-
sure, isopleths, and 1isotherms. The mapping facility 1is
not coupled to the presence of wells.
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defined in Cards R2-4 through R2-7. Three wells are used to
display drawdown at the time periods

4 5 6
0 <t £ 2 x10 8, 0 <t < 4 x 108 and 0 < t < 10 s (4.1-8)

wiih different scales of resolution, permitting a detailed
comparison with the Hantush [1960] analytic solutions.

Plotting is activated by a positive value of the plot-

ting key NPLP = 1, (Card M.2), whose value appears in the
1nitial table of the output listing (see microfiche).
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4.2 PROBLEM 6. HEAT TRANSPORT DURING FLUID INJECTION
[AVDONIN, 1964]

4.2.1 Objective

The objective of Problem 6 is to simulate convective
heat transport resulting from injection of hot water inte an
agquifer with heat losses to the confining beds.

4.2.2 Problem Description

Froblem Statement. Ar incompressible fluid with temper-
starn, Ty, 18 injected inte a confined aquifer with tempera-
vure, Tp, through a fully penetrating well (Figure 4.2-1).
Both thermal convection and thermal conduction occur within
the aquifer; while within the confining layers, denoted as
over/underburden, only thermal conduction takes place.

Transport Eguations. For the aquifer, the transport
eguation is

aT 13 aT - arT
—Vpcp ar * Km r ar (r 8r) N I1H * Pnpm At (4.2-1)
and for the confining beds;
2
, 47T s AT ,
Km azz + FH = PaCm ot . (4.2-2)

The coupling term is given by

aT
[y = -(2/D)K) o . (4.2-3)

The fluid velocity is given by

v = Q/2wrbpd . (4.2-1)
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Initial/Boundary Conditions. The 1initial and boundary
conditions for the aquifer are:

T(r,0) = T4 {(4.2-5a)
TiO0. 01 = Ty (4.2-5b)
Tim,. ) = T, {4.2-5c)

and, for the overburden,

T'(r.z.0) = T, (4.2-6a)
T'(C,®,t}) = Tq {4.2-6b)
T'(r.0.t) = T(r) (4.2-6C)

and, £or the underburden,

T'(r.z.0) = T4 (4.2 hd}
T'{r.-eo,t) = T4 (4.2 &g}
T'(r.-b,t}y = T{r) (4.2 At

where z 1is measured positive upward from the upper aquifer
boundary.

Input/Qutput Specifications. The data was taken from
the benchmarking Problem %.1 [Ross, et al., 1982] and 1is
presented in Table 4.2-1.

Using the composite values (subscript m) in the bench
mark specifications, the values for the rock density and the
reck heat c¢apacities were chosen to be consistent with the
relation:

PnCpm = ® PC, + (1L ®)ppe o (4.2-7)

The output specified 1in benchmark Problem 5.1 [Ross et al.,
1982] calls for the thermal breakthrough at a radius of
37.5 m from the injection well up to t = 10% s.

O



Table 4.2-1

Problem 6. Data
Parameter Symbol Value
Injecrion Rare Q 10 kg/s
Injection Temperature T} 160°C
2iilal Temperature TU VroeC
Over/Underburden
Thermal Conductivity K; 20 W/(m =)
Density p]; 2500 kg/m°
Heat Capacity., Composite Cém 1000 J/{kg ©C)
Porosity P 0.2
Aquifer
Thermal Conductivity Km 20 W/ {(m <)
Density P 2500 kq/m3
Heat Capacity. Composite Cpm 1000 J/ (kg °C)
Thickness b 100 m
Porosity & 0.2
Heat Capacity. Water Cp 418% J/(kg °C)
Heat Capacity., Rock CpR 2.079 x 10b J/(M3 °C)
Weil Radius ro 0.766 m
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4.2.3 Numerical Simulation

Code Input. For computer efficiency, it is .esirable to
minimize the =2xtent of the simulated system and, at the same
time, adequately describe the infinite domain. it 1is also
desirable tn use the coarsest mesh possible in space and
time and still adequately simulate the thermal! behavior at a
radivse © : 37.9% m from the 1injection well. Within the aqui-
fer, the controlling mechanism i1s flow, which dominates the
convective heat transport. For steady flow, Egquation 4.2-4
gives the fluid velocity which is 1nsured by imposing a con-
ftant pressure condition 4i the external radius (Card
HL-28 2 of Figure 4.2-2).

The external radius must be sufficiently large to con-

tain the movement of the thermal front. This radius is cal-
culated as follows:

vV o= vpcp/pmcpm = vO/r {4.2-8a)

and using Equation (4.2-4) and the values 1n Table 4.2 1,

- -4 2 ”
VO = Qcp/2nb¢pmcpm = 1.332 x 10 m /s . (4.7 8b}
The distance traveled by the thermal front in t - 10?7 4 is
then
~ . 2
r - (vot)l/ - 370 m . (4.2 %a3

To account for poessgsible conductive dispersion of the front
and 1nclude a minimum safety factor, the external radius 1is
chosen to be

re = 1000 m , R1-22 . {4.2-9b)

Gridding criteria are wunknown 1in this case, and conse-
quently, a trilal and-errar procedure was used toe determine
the spatial and temporal domains. Thermal conduction
dominates within the over/underburden. The extent of the
thermal front at t = 109 s is
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~ . e 1/2
a = (Kmt/pmc pm) = 90 m . {(4.2-10a)

However,
42 = 300m , RID-2-2 (4.2-10b)

is assigned as the simulated thickness of the confining
heds . A fine mesh has been ohosen to increase resolution 1in
the ovarsunderburden.

Regults. The numerical results and the analytical
solution of Avdonin [19641 are displayed in Figure 4.2 3.
When only heat transporl within the aquifer is considered,
the effect of conduction within the over/underburden is
relatively small. The small difference between the numer
ical and analytical sclutions could be attributed to some
numerical dispersion, arising from convection in the aquifer.

Code oQutput. The microfiche provides a 1listing of the
code output. It includes: (1) an echo of the input data,
(2) the radial gridding within the aquifer and the linear
grid within the confining beds, (3) time-step and well sum-
maries, (4) a steady-state pressure distribution and (5}
time-dependent temperature distributions withian the aquifer
and the confining beds.
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5. FLOW WITH A FREE WATER SURFACE

5.1 PROBLEM 7. THE DUPUIT-FORCHHEIMER STEADY-STATE PROBLEM
[BEAR. 1972}

bbb Dnjestive

The obiective of Problem 7 is to simulate steady-state
flow in a phreatic aquifer.

5 4 2 Description of the Probiem

Problem Statement. In Protlem 7, a phreatic agquifer of
iength L (Figure %.1-1) with fixed free.water elevations

h(0) - hg (5.1 la)
and
h{L} = hy (5.1 1b)
is subjected to surface recharge at a rate q. The objective
18 ta determine the elevation h(x) of the free water sur-:
face. Hydraulic properties are given in Table 5.1.1.
Analytical Solution. The analytical solution (Bear,

1972) neglects wvertical flow:

[
o1}

u = -K 3Hs9z =0 (L.1-:
z z

and yields a one-dimensional solution in the x c¢oordinate.
Here H is the total head, H = h - 2. The transmissivity is
a function of the saturated thickness:

T = Kgh . (5.1- 2b)

and the total discharge through a vertical surface unit
width in the y direction (Figure 5.1-1), 1is given by

M = =T a‘;[ . {5.1-3)
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Table 5.1-1

Problem 7. Data

Paraweter Symbol Value

Surface Recharge 7 7.505 x 10“5 m/s
Lateral Conductivity Kx 0.03 m/s
Vertical Conductivity Kz 0.03 m/s

Height of Free-Water Surface
at x - 0O h G.7% m
Height of Free-Water Surface
at x = L h .25 m

Length of Systemn L 20 m




The equation of continuity at steady state 13 {Bear,
1972}

g dh _ _
ax (K gx? + 3 =0 . (5.1-1)

which 1s the Forchheimer equation. The analytical solution
of Equation (5.1-4) is the Dupuit-Forchheimer parabola:

h™ - hT = (h, - n_3:x7% - {qux)(L_x)x . (h.1-5)

The flow rates at the boundarlies are given by

u

o 2 {

i 2 )
= (Kx/ZL)(hO - h,) + } (qL/2}

(+) (5.1 6)

The first term on the right-hand side represents the {low
due to the difference in heads across the system. This rate
is the same for both ends. The second term arisces f{rom tLhe
surface recharge.

5.1.3 Numerical Scolution.

The numerical solution with SWIFT Il uses 1 {20
dimensional vertical cross section gridded as upeciitien 10
Cards R2-17 through R2-19 (Figure %.1-2}. The following

hydrostatic conditions
5 = p - p(g/gc)h = constant (5.1-7)

are prescribed at the side boundaries (Cards Rl1-27 and
R1-28). The effects of the vertical flow 1n the two-
dimensional grid were negligible for this problem,.

The full thickness, Az, 1is used 1in calculating the
transmissivity of a saturated gqrid block. For a partially

saturated grid block, only the saturated thickness Ah 1is
used:

Ty - KgAh . (5.1 8)
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PROBLEM NO.

pliPUTT - FORCHHEIMER

& 0

20 1

G 0

QST

A0 0

i

ol

R A

U 4

20,0

20%1.0

1.0

20%3, 050

0.03

4 1

1 1

1.

1 1

1.

1 1

1.

L 1

1.

L i

1.

1 1

1.

1 1

1.

1 1

1.

L 1

L.

1 1
1

| 1

L.

H L

1.

1 i

1.

1 1

L.

1 1

1.

') 20

Pl

.._"?4.._

[

2 I P P
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5.1-2. Problem 7. Listing of SWIPT 1T Input Data
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Results. The results of the numerical and analytical
solutions are plotted in Figure 5.1-3,. The same numerical
solution is plotted relative to the grid ©blocks in
Figure 5.1-4. The flows are

ny LSWIPT) - 1.1045 x 1073 m3/s/m (5.1-9a)
and

np, f(analytic) = 1.125% x 10°? m3/s/m (5.1-9a)

difterence of about 2 percernt

Discussion of the Code Output. Water table elevations
are obtalned from the table of grid-bleck saturations, and
the flow rate, up, 1is taken from the table of aquifer
influx rates {see microfiche). The printing of the former
table 1is c¢ontrolled by TIPRT, and the latter by 106, both
are gspecified on Card R2-13. Interpretation of these tables
requires some additional data from the output. For example,
examining the water-table elevation. 1t 1is noticed that the
maximum water table elevation occurs within block I = 6, K =
5. The saturation in this grid block is

S (6,5) = 0.8968 (9.1-10Ga)

Grid-block tables, located near the beginning of the output,
are used to convert the grid-block saturation to the
elevation

h (6,5) = 0.795 m . (5.1L-10b)

The table for the aquifer-influence block numbers 1s needed
to 1lnterpret the aquifer-influx rates. For the boundary
X - U, the aquifer-influx blocks are "1" through "15," and
for the boundary ¥ = L, the blocks are labelled "1l16" through
"20". To obtain the flow in Eguation (5.1-9), the sum of
flow over grid blocks 16 through 20 is calculated,

no- 2wy - 1.1045 kg/s/m = 1.1045 X 1072 wl/s/m

{b.1-11)
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5.2 PROBLEM 8. THE BOUSSINESQ TRANS1ENT STATE PROBLEM
[BEAR, 1972]

5.2.1 Objective

The objective of Problem 8 1s to simulate time-
dependent tlow in a phreatic aquifer.

. 2.2 Problem Description

Problem Statement. The praoblem considered is a
semi-infinite phreatic aguifer {Figure 5.2-1), completely
safurated initially so thnat

h{x,0) = hy . (5.2-1a)

For ¢t > 0, the saturated thickness at one end 1s reduced to
half its original amount,

h(o,t) = hg/2 (5.2-1b)

with no recharge through the upper surface. The objective
is to determine the elevation of the free-water surface
h{x,t) as a function of position and time using the param

eters given in Table 5.2-1.

Analytical Solution. The transmissivity 1is taken 1o he
proportional to the saturated thickness h and flow is assumid

to be horizontal. The equation of continuity [Bear, 197:2}! i3
a_ dh dh
ax (KxP 3y = ¢ 5 (5.2 2)

which is the Boussinesq equation. The Poclubarinova Kochina
[Bear, 1972, p. 384] general solution for this nonlinear
equation is presented 1n Figure §.2-2.

5.2.3 Numerical Soclution

Code Input. A two-dimensional grid (Figure 5.2-3 and
Card M-3-1) is used for the numerical simulation as opposed
to the one dimensional analytical simulation. Horizontal
flow is then approximated by choosing a relatively large
vertical conductivity K, (Card R1-20). As in the previous
problem, the transmissivity is assumed to be proportiocnal to
the saturated thickness. A similar treatment 1is used for
the storage coefficient. That is, the grid-block saturation

-F9_
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Table 5.2-1

Problem 8. Data

Parameter Symbol Value

Tateral Conductivity

VYertical Conductivity*

Porosity

Initial Height of Free-Water Surface
Height of Free-Water Surface at

X =0

K 0.1 m/s
X
Kz 106.0 m/s
) 0.50
h 1.0 m
o
h /2 0.50 m
Q

* Adjusted to a sultably large
horizontal flow.

-81-
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PROBLEM NG, 8, SWIFT [T BXAMPLE, 51 UNLITH, 03/86, M-
BOUSSINESD' S EQN. - TRANSIENT FREE-WATER DESATURATION FROM INIP™T . sAd . M-1-2

1 §] G i 0 g #] 1 0 M-2
0 ] 20 1 { 1 0 2 0O 10 0 i §] OM-3-1
i 0 0 M-3-7
o OOE - 3 0oy 0.0 1.0 1.0 R1L-1
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KR S B BTN E D0 1000 .§) 1000 .0 R1-73
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o [ D IE N A I Bivo9 coAmE 1 -1
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)] 0 Ri-17
20.0 0.0 -.025 -2 i 16
5%0 .01 50,05 540,10 250, 50 dELA S0
1.0
20%0 050
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/s 1 Bt 2
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1 i 1 1 i3 13 Bl
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1 1 1 1 16 16 [ -
1. 268673 [
1 1 1 1 17 17 (3
1. 31747 Rl 2%
1 1 1 1 18 13 R1-08
1. 3663 .72 WM
1 1 1 1 14 19 R U8
1. 4151 .4 R 2R
i i 1 ] 20 0 (LR
1. A04a0 .0 RT-0y
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0 §] 0 0 0 0 0 0 G () R2-1

Figure 5.2-3. Problem 8. Listing of SWIFT 1@ Input Data
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is unity for each saturated grid block, but for the
vartially-saturated block representing the location o¢f the
free-water surface, it 1is

5 -« Ah/Az (5.2-3a)

where Ah 15 the saturated thickness. This can be shown to
reduce the storage term used by SWIFT 11 from

d. dh
3% (0pS) to & i . (5.2-3b)

Results. Results for the numerical and analytical solu-
tions are plotted in Figure 5.2-2. For the small times the
numerically calculated free-water surface drops more rapidly
than that of the analytical sclution. Otherwise, the agreaee
ment is quite reasonable. Rather than using the grid-block
saturations, as in Problem 7, the grid-block pressures are
used dirtectly to calculate the free-water surface.

The distance of interest,

x = 0.025% m (b.2-4a)
is at the center of the block 1 = 3 (see table, "X-Direction
Distance to Grid-Block Center" in the microfiche), From the

"Pregsure-at-Elevation" table for
t = 9.77 x 1072 s (5.2 4b)
which gilves

£ o= (¢/2th)l/2x - 0.4 (5.2-4¢)

note that

p(3.6) = .42.46 Pa . (5.2 5a)

Bo



The unsaturated block thickness is then
Ah{3.6) - 0.0294 m . (5.2 5b)

Because all of the block thicknesses are Az = 0.05 m,
the free-water surface is

A{x.t) = (193{(0.05) - 0.,0294 = 0.721 m (5.2-6a)
which agrees with Figure %.4-4. The dimensionless elevation
scaled with the minimum elevation h, = 0.% m 1is

"7
h(0.4)/(hy/2) = 1.44 (5.2-6b)

which also agrees with Figure %.2-2.
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6. NOTATION*

ROMAN SYMBOLS

a thickness of prism or radius of sphere for the local
subsystem

ay explicit portion of ey, the boundary flow rate of
the simulated aquifer

A radial grid block-ratio

Ay, glabal/local interface area specific to global volume

Ap specific activity

b aguifer thickness

b’ agquitard thickness

by implicit portion of ey, the boundary flow rate of
the simulated aguifer

ch specific heat of the rock

Cr compressibility of the pores

Cy compressibility of the fluid

C concentration of radioactive {trace) components

d fracture half-thickness

D dispersion/diffusion

Dp molecular diffusion in porous media

D> molecular diffusion 1in water

ew boundary flow rate into the simulated agquifer

calculated using the Carter and Tracy (1960) method

W

The terms "global" and "local" are used in this section.
Typically, the global model 1is used to represent the
fractures or the aquifer. It is regionally connected and
may be three-dimensional. Usunally, the local submode] is
used Lo represent etither the porous rock matrix or the
confining beds; it is one-dimensional only.

-89.



9e

acceleration of gravity

units conversion factor equal to g for the English

system and equal to unity for the SI system
head

tatat head

radionuclide inventory

radionuclide digtribpation coetficient

dimensionless distribution coefficient,
Ky = prkyg

retardation facteor or hydraulic conductivity
length

density of radiocactive waste, 1.e., mass of
radionuclide per volume of waste

number of nodes within a local unit
pressure

influence function used in the Carter Tracy
method

mass injection cate

mass source rate or fluid recharge rate
radionuclide source due to waste leaching
rate of fluid withdrawal from well

radial coordinate

external radius of aquifer model

extent of assumed stress-relief fracturing

radius of wellbore

(1960)

radius of skin or radius to center of first grid block

source term for release of nuclides from the
matrilx

one-dimensional coerdinate for the local units

-90-
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drawdown

storativity

specific storativity

saturation

Lime

total leach time

dimensionless time

temperature, transmissivity or leach duration time
Darcy flux

mass flow rate through radlonuclide inventory
interstitial velocivty

well index

Cartesian ccordinates

GREEK SYMBOLGS

ar,

As
At

Axy

longitudinal dispersivity

global-to-local radionuclide transfer rate
global-to-local heat transfer rate

global-to-local flow rate

incremental change in pressure over a time step At
head increment

spatial increment 1n s for the local subsystem
time increment

spatial increment 1in x{ where xj = x, X = y. and
X3 = 2

decay constant
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£ dimensionless Boltzmann variable

D fluid density
PR formation density
P volumetric waste density, 1.e., volume of waste pert

bulk volume

T radionuclide half. life

T tortuosity

D porosity

SUBSCRIPTS

m fiuid--plus-rock composite material

r component number in a chain of species
w radionuclide source (repository)

X,¥,2 directional indicator

SUPERGCRIPTS

! denotes local subsystem

~ indicates characteristic length
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