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ARSTRACT 

A 3-D hydrodynamic dispersion model for 
tracer transport is developed and implemented 
into the TOUGH2 EOS3 (T2R3D) module. 
The model formulation incorporates a full 
dispersion tensor, based on a 7-D velocity field 
with a 3-D, irregular grid in a heterogeneous 
geological system. Two different weighting 
schemes are proposed for spatial average of 7 -  
D velocity fields and concentration gradients 
to evaluate the mass f lux by dispersion and 

sion of a tracer or a radionuclide. This 
new module of  the TOUGH2 code is designed 
to simulate processes of’ tracer/radionuclide 
transport using an irregular, 3-D integral finite 
difference grid in non-isothermal, 3-D, multi- 
phase, porous/fractured subsurface systems. 
The numerical method for this transport niod- 
ule is based on the integral finite difference 
scheme, as in  the TOUGH2 code. The ni;i.jor 
assumptions of the tracer transport module 
are: (a) a tracer or a radionuclide is present 
and transported only within the liquid phase, 
(b) transport mechanisms include molecular 
diffusion and hydrodynamic dispersion i n  the 
liquid phase in addition t o  advection, and (c) 
first order decay and linear adsorption on rock 
grains are taken into account. The tracer o r  
radionuclide is introduced as an additional 
mass component into the standard TOUGH2 
formulation, time is discretized ful ly implicitly, 
and non-linearities of the conservation equa- 
tions are handled using the Newton/Raphson 
iteration. We have verified this transport mod- 
ule by comparison with results o f  ;I 2-D trans- 
port problem for which an analytical solution 
is available. In addition. a field application is 
described to demonstrate the use of the pro- 
posed model 

INTRODUCTION 

It has been a challenge to simulate transport o f  
a tracer in porous media using a general 3-D, 
irregular grid with a numerical method. One  
of the difficulties in solving advection- 
diffusion type transport equations is how to 
approximate the dispersion tensor in order to 
estimate the dispersive terms of mass transport 
accurately. Most of numerical modeling ap- 
proaches in the literature (e.g., Huyakorn and  
Pinder, 1983; Oldenburg and Pruess, 1997) 
use nunierical schemes that are based o n  
regular grids with finite element or finite dif- 
ference spatial discretization. However, it may 
be impractical to  use a regular grid in con- 
ducting modeling studies in many field appli- 
cations. One of such examples is the site- 
scale modeling study on tracer or radionuclide 
transport at Yucca Mountain, Nevada, a poten- 
tial underground radioactive waste repository, 
in which a irregular 3-D grid has to be used 
(Bodvarsson et al., 1997) for the large, com- 
plex geological system there. 

We have developed a 3-D hydrodynamic dis- 
persion model for tracer transport and imple- 
mented the model into the TOUGH2 code 
(Pruess, 199 1). The model formulation incor- 
porates a full dispersion tensor, based on a 3-D 
velocity field with a 3-D, irregular, integral 
finite diiference grid in a heterogeneous geo- 
logical system. Two different weighting 
schemes are proposed for spatially averaging 
3-D lluid flow velocity and tracer concentra- 
tion gradients. It takes account of the physical 
processes of tracer transport in a non-  
isothermal, multi-phase, multi-dimensional 
llow environment in the subsurface. The  
treatment of water, air and heat flow is identi- 
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cal to that of the standard TOUGH2 module 
(Pruess, 1991). The major assumptions for the 
tracer transport module(T2R3D): include (a) 
a tracer exists and is transported only within 
the liquid phase; (b) transport mechanisms 
considered are molecular diffusion and hy-  
drodynamic dispersion in the liquid phase in 
addition to advection terms; (c) first order de-  
cay is taken into account; and (d) adsorption 
of a tracer on the rock matrix is described by  
an equilibrium isotherm with a constant distri- 
bution coefficient. 

In this paper, we will present the model for- 
mulation proposed for determining 3-D h y -  
drodynamic dispersion coefficients with ir- 
regular grids. Also a verification sample is 
given in which the transport module is exam- 
ined with results of a 2-11 transport problem 
for which an analytical solution is available. 
The proposed model has been used i n  the field 
studies of tracer and radionuclide transport at 
the Yucca Mountain site. 

MODEL FORMULATION 

The basic mass and thermal energy balance 
equations solved by T2R3D are the sanie in 
form as those by the standard TOUGH2 mod- 
ule (Pruess, 1991). The difference is that 
T2R3D introduces an additional component, ;I 
t racerhdionuclide.  Therefore, the total nuni- 
ber of mass components in T2R3D is three, 
with component #1 = water, #2 = air, and #3 = 
tracer or radionuclide. In terms of  the integral 
formulation, the conservation of mass and 
thermal energy is described (Pruess, 1991) by 

The integration here is over an arbitrary sub- 
domain V,, of the flow system under study, 
which is bounded by the closed surface TI,. 
The quantity M appearing in the accumulation 
term denotes mass or  energy per un i t  volume, 
with K = I(air), K = 2(water) and K = 3(traccr) 
labeling the mass components. and K = 4 for 
“heat component”. F is a general “ f l o w ”  
term including Darcy’s flow, niass advcc- 
tioddiffusion and heat cc\nvection/condiiclion 
transfer, and c] is a sink/source term. 

The general form of the m;iss accumulation 
term is 

(2) 
The total mass of component K is obtained by 
summing over all fluid phases p = 1 (gas) and  
2 (liquid). S, is the saturation (volume frac- 
tion) of phase p, p,, is density of phase p, and  
$’ is the mass fraction of component K pre- 
sent in phase p. 
The heat accumulation term is defined as 

2 
M(4) = @x Spppup + (1 - @)pRCRT 

p=1 

( 3 )  
where uB is internal energy of fluid phase p , 
C, is specific heat of rock, , pR is density of 
rock and T is reservoir temperature. 

The mass flux term of components is a sum 
over the phases 

(4) 
p=1 

for K = 1 ,  2 and 3. Individual phase mass 
fluxes are given by a multi-phase version o f  
Darcy’s law: 

Here k tensor is absolute 

krIj is relative permeability 
cosity of phase b, and 

PI, = P + Pc,p 

( 5 )  
permeability tensor, 
of phase b, pu is vis- 

is the pressure in phase p, which is the sum o f  
the pressure P of a reference phase, and the 
capillary pressure (Pel,) of phase p relative to 
the reference phase. g denotes the vector o f  
gravitational acceleration. 

The heat flux is given by 
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( 7 )  
where K,,, is thermal conductivity of the tor- 
mation, h, is the specific enthalpy of phase p. 

The mass flux term lor the tracer/radionuclide 
component in the liquid phase is described b y  

where the first term on the right-hand side is 
mass flux by advection, defined as 

The phase mass flux F,, (p = liquid) in (9) is 
given in Equation ( 5 )  by Darcy's law, and 
A$) is the mass fraction of a 
tracer/radionuclide in the liquid phase. 

The second term on the right-hand side o f  (8)  
is the dispersive and difliisive n i w  flux, de-  
fined as 

where is the combined diffusion-dispersion 
tensor accounting for both molecular dif lu-  
sion and hydradynamicc dispersion. We have 
incorporated a general dispersion model lor 3-  
D tracer transport into the T2R3D code 
(Scheidegger, 1961). 

where a, and aL are the transverse and longi- 
tudinal dispersivities, respectively; v, is the 
Darcy's velocity vector of phase b; T is the 
tortuosity of the medium; d,,, is the molecular 
diffusion coefficient in phase p; and (6,,= 1 
for i=j, and 6,,=0 for iz-j) 

The treatment of adsorption and first-order 
decay effects in T2R3I) follows the work b y  
Oldenburg and Pruess (1995) using the inte- 
gral finite difference formulation. The mass 
accumulation t u rn  including adsorbed 
tracer/radionuclide on the rock matrix is 

where K,, is the distribution coefficient of the 
tracer/radionuclide partitioning between the 
aqueous phase and rock grains. 

The first-order decay of a tracer/radionuclide 
is handled using the integral-finite-difference- 
discretized equation (Pruess, 199 1 ; Oldenburg 
and Pruess, 1995), 

where subscript n denotes a grid block n; h, is 
the radioactive decay constant of the radionu- 
clide (component K=?), and is defined as 

with T,,2 being the half-life of the 
tracer/radionuclide component. 

One of the key issues in implementing the 
general 3-D dispersion tensor of (11) into 
T2R7D is how to average velocity fields for 
determining the dispersion tensor. We have 
adopted a weighting scheme to evaluate a ve- 
locity vector at the interfaces between element 
blocks, as shown in Figure 1. In Figure 1, V, 
and VI, are the volume blocks m (neighboring) 
and n. A,,,,, is the area of the interface between 
the two blocks, D,, and D, are the distances 
from the interface to each block's center, and 
v,,, and v,, are the fluid velocities at the center 
of each block, while v is the velocity of liquid 
at the interface between blocks. n is the unit 
vector at the connection between the two 
blocks along connection nm, with a cornpo- 
nent ni (i=x,y,z), or directional cosines, in the 
x-, y-, or z-direction, respectively. Also the 
positive direction of n is defined as the direc- 
tion from the block center of V,, toward the 
block center of VI,, as shown in Figure 1 .  I n  
addition, all three velocity vectors, v, , v,, , and 
v. and the connection-direction vector, n , are 
relative to  the global coordinate system of (x, 
Y ?  z). 
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Figure 1 Schematic of spatial averaging 
scheme for velocity fields i n  the integral finite 
difference met hod. 

First we need to convert tlie local fluxes a long  
connections in the local coordinates to a 
velocity vector, Vn , in tlie system of glohal 
coordinates (x, y, z) at the block center for 
each block of  the grid. The averaging o r  
weighting scheme used is called “pro,jected 
area weighting rnethod”, i n  this method a ve- 
locity component, v,,,, , of the vector v,, is de-  
termined by the vectorial summation of the 
flow components of all local connection vec- 
tors in the same direction, weighted h y  the 
projected area in that direction, 

ni 

where ni is the total numher of connections 
between element Vn and all its neighhoring 
elements Vm, and vnnl is the flux along con- 
nection nm in the local coordinate system. In 
Equation (lS), the term, (Alu,,lnll), is the 
projected area of the interface A,,,,, on to the 
direction i (i=x,y,z) of the global coordinate 
system, and (v,,,~ n;) gives the velocity coni- 
ponent in the direction i of  the glohal coordi- 
nate system, contributed hy the local flux v,,,,, 
between blocks V, and V,, . Also it should h e  
mentioned that the ahsolute value for the di- 
rectional cosines, ni , are used for evaluating 

the pro-jected area in Equation (lS), because 
only the positive areal values are needed for  
the weighting scheme. 

The velocity vector v at the interface of ele- 
ments n and m is evaluated by harmonic 
weighting by the distances to the interface us- 
ing the velocities at the block centers of the 
two elements, 

for its component vi. Harmonic weighting is 
here used because it preserves total transit time 
for solute transport travelling between the two 
hl oc k s . 

The lluid flow velocity v or vb , determined by  
equation (16), is used in Equation (1 1) to  
evaluate the dispersion tensor along the con-  
nection of tlie two elements of m and n. 

On the other hand, the concentration or mass 
fraction gradient of the tracerhdionuclide is 
evaluated, hased on  the “inte~fiice ureN 
w i g h f i n g  s chme” .  The mass fraction gradi- 
ent, a vector, at element n is given by an areal 
weighting scheme: 

ni 

where VXf, is the mass fraction gradient of a 
tracer/radionuclide along connection nm in the  
global coordinate system, evaluated by 

with 

111 I1 

The reason behind the interface area weighting 
method is that the dispersive fluxes between all 
the connected elements are directly propor- 
tional to the interface areas, therefore a local 
concentration gradient with a larger connected 
interface area should take more weight in the 
resultant gradient at the block. 
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Once two mass fraction gradients at the two 
blocks m and n are determined, the niass frac- 
tion gradient VX at the interface between two 
blocks is evaluated by a linear interpolation 
for its component i (i=x, y, z), 

This mass fraction gradient of (20) will be  
used to calculate the total diffusive and dispcr- 
sive mass flux of a tracer/radionuclide along 
the connection of the two elenients. 

The net mass flux of diffusion and dispersion 
of a tracer/radionuclidc along the connection 
of elements Vn and Vm is dcterniincd by 

Finally, the diffusive and dispersive flux 0 1  
Equation (21) is added to the total Ilux tern; 
of Equation (8) for the t r acerh ad i o nu c 1 i de 
component along the connection o f  [lie two 
elements, which contributes the ilow term f o r  
the tracer/radionucldc compo ncnt i n  t hc con - 
servatinn equation of (1 )  or ( 1  3). It should be 
mentioned that incorporation of (2 I )  inlo ( 1  3) 
gives rise to extra terms i n  the Jacobian matrix 
in addition to those contributed by only  two 
advectivcly-connected blocks. Thcsc atldi - 
tional Jocobian terms have been ignored i n  the 
present model, because so far we have not o b -  
served problems with con verg cnce rat cs 11 si ng 
the incomplete Jacobian for weakly-coupled 
tracer transport problems. However, convcr- 
gence rates may deleriorate i n  sironfly- 
coupled or large dispersive transport situnl ions, 
even though converged solutions arc still cor- 
rect. 

VERIFICATION EXAMPLE 

In order to examine the accuracy o f  approxi- 
mation of the formulation discussed above i n  
handling transport i n  a multi-dimen\ional d o -  
main with hydrodynamic dispersion and n i o -  
lecular diffusion effects, we have checked thc 
numerical solutio 11s ag ai ns t sc vcral ;I na l  y r i c a1 
solutions (Wu et al., 1996). Onc of those veri- 
fication samples is discussed in this section and 
the problem is similar to the oiic uscd b y  
Oldenburg and Prucss (1093). The problem 
concerns two-dimensional transport ot  ;I r;i- 
dionuclide i n  a homogenous isotropic. saiu- 

rated porous medium. The model domain is 
rectangular, as shown in Figure 2. There is a 

steady-state, one-dimensional flow field along 
the x-direction with pore velocity of 0.1 m/day 
in the domain. A tracer/radionuclide is intro- 
duced along a line source of length of 0.5 
meter at x=O with a constant concentration. 
Transport starts at t=O from the line source by 
advection, hydraulic dispersion and diffusion. 
An analytical solution for this problem is pro-  
vided by Javandel et al. (1984) along with a 
code for calculating the 2-D concentrations. 
The analytical solution is used here to verify 
the T2R3D numerical solution. 

The T2R3D solution of this problem is ac- 
complished hy specifying on both the up -  
stream boundary (x=O) and downstream 
boundary (x=6 i n )  a constant pressure, which 
gives rise to a steady-state flow field of 0.1 
m/day flow velocity. Also, in the T2R3D 
simulation, a uniform grid spacing was used 
for both x and y directions with Ax = Ay = 0 . 1  
111. The system is kept at single liquid-phase 
and isothermal conditions. Air niass fraction 
is set to zero and a constant temperature of 2 5  
"C is specified. Also no decay or adsorption 
effects ;ire included in the simulation. The  
properties used in the comparison study are: 
porosity @ = 1,  tortuosity z = 1, moleFular dif- 
fusion cocl'l'icient D,,, = I .O x 10-"' m-/s, longi- 
tudinal dispersivity a, is 0.1 m, and transverse 
dispersivity a, is 0.025 ni. The liquid proper- 
tics are internally generated by the code. The  
initial and boundary conditions for the ra- 
dionuclide are: initially there is no radionu- 
clide i n  the system; ~ ~ ~ ' l l " ~ ~ ~ l ~ ' l ~  - - 1 .OX along 
the 0.5 ni line source; and ~ ~ ~ " ~ " ~ ~ ~ l ~ ~ ~  = 0 at 
the downstream boundary (x=6 m) at all 
times. 

SOWGO (dk-1) 
/ 

0.0 ................................................. 
1 .o fq---l:: .................................................. 

3'0 I 
4.0 I 1 

0.0 1.0 2.0 3.0 4.0 6.0 8.0 
C' x(m) 

Figure 2 Schematic of  the 2-D domain 
the 2-11 radionuclide transport problem 
showing the velocity field and three cross sec- 
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tions for comparisons with the simulations re- 
sults. 

too rm 400 
X c o a b u b  (m) 

Figure 3 Compai-ison of ladionuclide 
concentration protiles along cross section (A- 
A’) from analytical and nuireiical solutions at 
t=20 days.  

-i 
t 

Figure 4 Coni pari son of rad i ( )  nu  c 1 i de 
concentration profiles along cross section (B-  
B’) from analytical and numerical solutions at 
t=20 days. 

Figure 5 Comparison of radionuclide 
concentration profiles along cross section (C- 
C’)  from analytical and numerical solutions at 
t=2o days.  

Comparison of the normalized radionuclide 
concentrations along the three cross-sections 
of the rock column from the T2R3D and the 
analytical solution are shown in Figures 3, 4, 
and 5 for time= 20 days, respectively. The  
figures indicate that the T2R3D simulated 
concentration profiles in the two-dimensional 
domain are i n  good agreement with the ana- 
lytical solution. Figure 3 shows the radionu- 
clide profile at y=O.15 ni (cross section A-A’ 
in Figure 2). indicating an excellent agree- 
ment hetween the two solutions along this 
cross section. Figure 4 shows the concentra- 
tion profile at y = 0.75 m, just below the line 
source which extends from y = 0 to y = 0.5 
111, m d  this figure displays both longitudinal 
and transverse dispersion effects. As can be 
seen i n  Figure 4, the comparison is good even 
though small numerical errors are introduced 
i n  thc numerical solution. Figure 5 gives the 
coinparison of  concentration profiles along 
the transvcrse direction (C-C’) at x = 2 m, in- 
dicating ;in excellent agreement between the 
analytical and numerical solutions at this lo- 
c ;I t i on. 

FIE1,D APP1,ICATION 

A field application example of the T2R3D 
module is provided in this section, and the 
prohlcm concerns the unsaturated zone trans- 
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port of environmental isotopic tracers at 
Yucca Mountain (Fairley and Wu, 1997). 
Field studies of environmental isotopic tracers 
at Yucca Mountain have revealed the presence 
of fast pathways for moisture flow from the 
land surface to the proposed repository hori-  
zon (several hundreds of meters deep), and 
water traveling time is estimated as less t h a n  
40 years because of $election of significant 
quantities of tritium, C1. or "Tc (Fabryka- 
Martin et al., 1996; Yang et a]., 1996). Here 
T2R3D is used to attempt to quantify when 
pathways form, and under what conditions 
they may be detectable. The tracer data, the 

Cl/CI ratios, are the most completc isotopic 
measurements at the site and were chosen fo r  
the present study. 

36 

A two-dimensional vertical cross section. ir- 
regular grid was generated to model the tracer 
transport, and the detailed inlbrmation o f  the 
input parameters, niodcl grid and boundary 
conditions were discussed by Fairley and Wu 
(1997). The top boundary of the 2-11 model 
is the land surface and the bottom is on the 
regional water table. The entire unsaturated 
zone form at i o n consist s of  fr ac t ti rcd/m ;it r i x 
rocks, and the fracture/matrix interactions 
were treated using the dual-pcrmcahility 
modeling approach. Both steady stale ;I ntl 
transient simulations have been conducted to 
look at the tracer transport phenomena at the 
site, and are shown Figures 6 and 7. F i y r e  
6 shows  the steady-state distt-ibutions o f  "CI 
concentrations at the mountain,  indicating a 
relative uniform downward  penctration o f  
the chloiide. Figure 7 gives the rcsults o f  
the transient simulations, and shows ;I niuch 
deep travel distance or a last pathway at onc 
location. This location corresponds to a fau l t  
structure at the site. Modrl simulation results 
indicate that fast pathways probably arise 
from rapidly transient infiltration events. and 
are associated with structural discontinuities 
of one of the hydrogeologic units of the for-  
m at i on. 

"CI Concentrations at the ESF Main Drift 

Figure 6 Steady state simulations of 
Cl isotope transport in the unsaturated zone 

of Yucca Mountain. 

I6 

36Cl Concentrations at the ESF Main Drift 

2 JZ I I IES  2 :10IIES 2 3 4 M 5  

Noehng (NSP.m) 

Figure 7 Transient simulations of "C1 
isotope transport in the unsaturated zone of 
Yucca Mountain. 

SUM R I A  R Y 

We have prcsented a 3-D hydrodynamic dis- 
pcrsion model for tracer transport and imple- 
mented it into the TOUGH2 code as a new 
(T2R3D) module. The model formulation 
incorporates a fi i l l  dispersion tensor using a 3-  
D. irregular grid i n  a heterogeneous geological 
s!xtcm. Two physically-based weighting 
schcnies \\.ere proposed for spatial average of 
3-D vclocity fields and concentration gradi- 
ents. respectively, to  evaluate the mass flux by 
dispersion and diffiision of a tracer or a ra- 
dionuclide. The new transport module of the  
TOUGH2 code has been verified by compari- 
son with results of a 2-D analytical solution. 
Application of the new TOUGH2 module t o  
the site-scale modeling studies of  environ- 
mental isotopic tracer transport at Yucca 
Mountain has provided some insights in to  
moisture flow and tracer transport at the site. 
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