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PROJECT OEBJECTIVES

The objective of this project is to provide technical
assistance to the NRC in determining the sensitivity of
far-field performance assessment calculations to uncertainties
in geochemical and hydrological input data and in the
representation of geochemical processes in transport models.
In Task I, the error in model calculations of integrated
radionuclide discharge due to speciation, kinetic and sorption
effects will be evaluated. 1In Task 1I, the potential
importance of organic molecules and colloids will be examined.
SNLA will assist the NRC in determining how geochemical
processes should be represented in transport models under Task
I11. Short-term technical assistance will be carried out under
Task 1IV.

ACTIVITIES DURING FEBRUARY 1986

Task I. Uncertainty in Integrated Radionuclide Discharge

e Conceptual Models for Sites

A draft description of the conceptual models of the hydrology
of hypothetical basalt and bedded salt sites was written during
this month. These descriptions will be a starting point for
collaboration with the hydrological data base compilation and
hydrological sensitivity analyses being conducted by other NRC
contractors (Nuclear Waste Consultants).

A review of previous efforts to rank radionuclides according to
their importance in HLW disposal was initiated during

February. The result of this review will be a letter report
which will later be included in the introductory sections of
the final report for this project.



e Solubility/Speciation Effects

Data for minerals found in basaltic geological settings were
added to the Agueous Solutions Data Base. 1In addition, data on
aqueous species were updated and corrected during this month.

A draft report summarizing cthe status of the ASD and potential
uses in sensitivity analyses is in preparation.

Malcolm Siegel attended the USGS computer modeling course
"Geochemistry for Ground-Water Systems,” in Denver, Colorado on
February 26 to March 7, 1986.

e Sorption Effects

A complete first draft of a report describing the application
of the Stanford Generalized Model for Adsorption to
radionuclide sorption was received during February. The
document is under review at SNLA and will be sent to the NRC
after necessary revisions are made. A preliminary list has
been compiled of geochemical systems for which the effects of
fluid composition on theoretical Ki's can be modeled. ({See
Attachment 1.) The systems which are most relevant to HIW
disposal will be selected for modeling at SNLA and Stanford
University.

e Kinetic and Dynamic Effects

The final version of the paper "Approximate Methods to
Calculate Radionuclide Discharges for Performance Assessment of
HLW Repositories in Fractured Rock" was completed and is
appended as Attachment 2.

A user's manual, user-friendly interface, and a well-documented
source code for the chemical transport simulator TRANQL are
nearly complete. It is anticipated that the code will be
transferred to SNLA during March.

Other Activities

A revised Schedulc 189 for this project was prepared during
February and approved by the NRC. Under this new Schedule, a
new task, "Transfer of Sensitivity Analysis Tools," has been
aal-4 to the Geochemical Sensitivity Analysis project.

Trips

e M. Siegel (6431) attended the U.S. Geological Survey course
"Geochemistry for Ground-Water Systems" at the USGS National
Training Center in Denver, Colorado on February 24 - March 7,
1986. The course dealt with computer models developed by the
USGS to model the chemistry of ground waters. The prcgram
emphasized four major topics: 1) thermodynamic basis for



geochemical models, 2) major rock/water reactions, 3) use of
the USGS codes WATEQF, BALANCE and PHREEQE, and 4) case studies
illustrating the application of the codes to ground-water
systems studied by the USGS.
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ATTACHMENT I

REPORT ON GEOCHEMICAL SCENARIOS

ADSORBATE* ADSORBENTS* SOLUTION VARIABLES®
24+ 2+
002 a-FeOOH, am—Fe(OH)j PCO , Ca“ ", EDTA, pH
A
Pu a=Fe00H g ca’, gora, pH
2
Np an-Fe(0H), N ca’*, EDTA, pM
"2
NiZt $10,, a-FeOOH, an-Fe(OH),, a-Al,0, EDTA, pH
Se03/Se0, n-FeOOH, am-Fe(OH),, a-Al,0, pH
ppt a-FeOOH, am-Fe(OH),, m-Al.0., Si0, pH, EPTA, P.. , Cal*
3 2”3 2 co,
cq?t Fe(OH) -A1.0,, Ti0,, Si0 P ca>t. 1”7, EDTA, pH
am-Fe 3 M 203 2 2 CO,' A , C1 , EDTA, p
7n* a-FeNOH, am-Fe(OH),, n-Al_0,, SiO P " Caz*, ENDTA, pH
3 2% 2 co,
+ 2+
cu? n-Fe0OH, am-Fe(OH),, a-Al,0,, Ti0,, $i0, P,  , Ca" , EDTA, pH

In every .ase where more than one solid (adsorbent) is available, it is possible to

model transitions from one solid to another. Total surface area can be varied.

% PCO is intended to represent several different possible modes of representing total

c.rb%nate in the system.

The total concentration of adsorbate can be varied in the simulations {f neeled.



ATTACHMENT II

APPROXIMATE METHODS TO CALCULATE RADIONUCLIDE
DISCHARGES FOR PERFORMANCE ASSESSMENT OF
HLW REPOSITORIES IN FRACTURED ROCK

K. L. Erickson, M. 5. Y. Chu, and M. D. Sfegel
Sandia National Laboratories
Albugquerque, New Mexico R7185

W. Beyeler
OAD Corporation
Albuqueraue, New Mexico B871N8

ABSTRACT

Three approximate methods appear useful for calcilating radionuclide discharges in fractured, porous rock:
(1) a semi-infinite-medium approximation where radionuclide diffusion rates into the matrix are calculated

assuming & semi-infinite matrix; (2) a 1inear-driving-
into the matrix are assumed to be proportional to the

fluid and in the matrix pore water; and (3) an eauivaient

force approximation where radionuclide diffusion rates
difference hetween bulk concentrations in the fracture
-porous-medium approximation where radionuc) ide

diffusion rates into the matrix are calculated assuming that the time rate of change of the bulk radionuclide
concentration in the matrix is proportional to the time rate of change of the radionuclide concentrationr in the

fracture fluid.

radionuclide in saturated, norous rock containing uniform, parallel fractures.

A preliminary evaluation of these anproximations was made by considering transport nf a single

It was assumed that fluid flow

was one-dimensional, the nuclide existed as a single chemical species, and radinactive decay and production of

the nuclide were negligible.
mental physicochemical parameters.

Criteria for application of each zpproximation were derived in terms of funda-
For parameter values satisfying each of the criteria, the respective errors

in radionuclide discharges calculated using the approximations were examined by comparing those ¢ischarges with

discharges calculated rigorously.

which was developed at Sandia National aboratories for use i~ performance assessment calculations.

In adsition, discharges were calculated with the computer code NWFT/DVWM,

Agreement

among results calculated with the analytical exact solution, the analytical linear-drivingforce approximation
and the numerical linear-driving-force approximation was good for a variety of hydrological conditions. The
applicability of each approximation to performance assessment for repcsitories in basalt, granite, and tuff was
shown using site-specific hydrologic and geochemical parameters.

INTRODUCTION

Performance assessment requires calculating redio-
nuclide discharges for many sets of conditions for
each of several scenarios. General use of rigorous
convective-diffusive transport models would be imprac-
tical for performance assessment of HLW repositories
in fractured, porous rock. While such rigorous calcu-
lations are desirable for demcnstrating detailed
understanding of physicochemical phenomena, they
would be unnecessary for risk assessment {f upper
bounds for radionuclide discharges could be obtained
from spproximate models. Three approximate methods
for calculating radionuclide discharges in fractured,
porous rock can be used to minimize the number of
rigorous computations: (1) a semi-infinite-medium
approximation where radionuclide diffusion rates into
the matrix are calculated assuming a semi-infinite
matrix; (2) a linear-driving-force approximation
where radionuclide diffusion rates into the matrix
are assumed to be proportional to the difference
between bulk concentrztions in the fracture fluid
and in the matrix pore water; and () an equivaient-
porous-medium approximation where radionuclide diffu-
sion rates into the matrix are calculated assuming
that the time rats of change of the bulk radionuclide
concentra.ion in the matrix is proportional to the
time rate of change of the radionuclide concentration
in the fracture fluid.

A preliminary evaluation =7 each approximation
was made bty considering a relatively simple system
involving transport of a singie radionuclide in
saturated, porous rock containing uniform, parallel

fractures. It was assumed that Fluid flow was one-
dimensional, the nuclide existed as a single chemical
species, and radioactive decay and productinn of the
nuclide were neqligible. In the discussion below,
the rigorous transport eouations for that system are
described. Fach approximation is discussed; the
corresponding transport equations are aiven, and
criteria for application of each approximation are
derived in terms of fundamental physical and chemical
parameters which are amenable to measurement in the
Jahoratory or field. For parameter values satisfving
each of the criteria, the respective errors in radio-
nuclide discharges calculated usina the approxima-
tions are examined hy comparing those discharges with
discharges calculated rigorously. The applicability
of each approximation to performance assessment for
repositories in basalt, granite, and tuff is discussed
using site-specific hydrologic and genchemical
parameters.

THEORY

Radionuclide Transport in Fractured, Porous Rock

Consider a region of saturated, porous rock con-
taining a system of uniform, parallel fractures which
divide the porous matrix into paralle! flat plates
(Fig. 1). Assume that: (1) fluid flow occurs only

in the x-direction and is negligihle in the porous
matrix; (?) effects due to hyarodynamic dispersion
are negligible; (2) radionuclide concentrations in
the fracture fluid are uniform across the fracture
cross section; (4) local chemical eouilibrium exists
at the fracture-matrix and pore-water-matrix inter-




faces; (5) bulk radionuclide diffusion in the pore
water occurs only in the z-direction; (&) surface
diffusion of nuclides in the interfacial regions
between pore water and mineral phases negligibly
affects transport in the porous matrix; (1) radio-
nuclide sorption is reversible and can be represented
by linear {sotherms; (B) colloida) transport of
nuclides 1s negligible; (9) radionuclides exist as a
single chemical species; (10) radioactive decay and
production of the nuclide of dnterest are negli-
gible; and (11) diffusion coefficient 1s a constant,
Then, the material balance for 2 radionuclide in the
fracture fluid is

0

=
at

e | . 2.
o Rt £

and in the porous matrix

B .p —2 (2)

The various terms in Eqs. (1) and (2) are defined in
Table 1. Appropriate initial and boundary conditions
for £q. (1) are C¢(x,0) = 0, M(x,0) = 0, and C¢(0,1) =
Cp = a constant. Anpropriate conditions for Eq. (2)
are Cq(x,2,0) =0, Cu(x,B,t) = Ce(x,1), and
aCp(x,0,t)/32 = 0. The solution to Egs. (1) and (2)
4s obtained analogously to Rosen's! results for packed
beds of spheres. The fracture fluid concentration
Ce(x,t) is given by

-inn (8)
e . & 5 & [e v in|ve? - in (0)]!! (3)
P A Dz JB

D ¢ R m.x (
where i.._'_!_!—f—.

20, (t - %)

'2

<1

inh - sin

"n“" ® “Tcosh(28) + cos(28)

in® + si
"ozm = T cosh(2B) + cos(28)

g = variable of integration.

The integral in Eq._(3) must be evaluated numerically.
However, for large X, say X > 50, Cg(x,t) can be
approximated by:

+ erf -1!!1—-—] . (4)

C!(x.t) ) 1
2 2
kT

o

£q. (4) is obtained from fq. (3) using the identity?

2
{c" sin(?ul)gl - % erf(y)

and not'ng that K, < (4/3)0‘ and W * 232 as 8 » 0.
1 2

\"lchﬂ.
porosity ¢, or b/(B+b)
tiwd velocity v
nuchde conc C,

poOrous matrix
pOrosity $a

pore water nuchde
conc. C,

Fig. 1. Schematic rzpresentation of fractured, por-
ous rock. Origin of coordinate system is at
center of block of porous rock.

Approximations

General. The rigorous solution to Egqs. (1) and
(2) can be obtained using Duhamel's _heorem to
express the term M(x,t) in Eq. (1) ac

t
o '
Mx,t) = —"'—,!{,{c,(x.t-)!ﬁgdi—l dat'az (5

where H(z,t) is the solution to Eq. (2) when ihe sur-
face boundary condition is replaced by Ca(x,8,1) = 1.
In each of the three approrimations, a simpler
expression for M(x,t), or M(x,t)/at, 1s substituted
for Eq. (5), or the corresponding expression for
aM(x,t)/at, so that the resulting solution for Ce(x,t)
1s much simpler to obtain than Eq. (3). fFor conven-
jence below, let H(t) denote the volume -averaged
nuclide conrentration 1n pore water when surface
concentration 4s unity (see Table 1), and write
Eq. (5) as

t g '
Mix,t) = .un-{cf(x.t')!ﬂ%{—l o' . (6)

Semi Infinite Medium. In this approximation, the
basic assumption is that the porous matrix is so large

that the concentration Cp(x,0,t) of the diffusing
nuclides can be considered negligible during the time
interval of interest. The term aH/at in Eq. (&) 15
then obtained from the solution to the diffusion equa-
tion for semi-infinite, flat plates having unit
surface concentration. For fluid flowing between
paralle)l plates separated by aperture 2b, the expres
sion for Ce(x,t) s given byd

.08 s R ’ I
fc = erfc M—lﬁ,e‘:——)- erfc 1% / o K7}
0 va‘/t--:- / \V

>‘Q<‘!|
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Table I

Nomenc lature
finition

half thickness of matrix between fractures
B+b, half spacing between fractures
half of the fracture aperture

radionuc 1ide concentration in the fracture
fluid

radionuclide concentration in the matrix
pore water

molecular diffusion coefficient for the
radionruclide in the matrix pore water

V/alRy
solution to Eq. 2 when the surface boundary
condition is replaced by Cp(x,d,t) =1

B
%.f M(z,t)dz, the volume average of H(z,t)
C

b/i. porosity associated with the fractures
matrix porosity

(1-4¢) /0

(1-e,) /e,

8
R % fc.dz. the averag: matrix radio-
0 nuclide concentration

(1+4mgrg), radionuclide retardation
factor for the porous matrix

time
mass-averaged fracture fluid velocity

spatial coordinate in the direction of the
bulk fluid motion

spatial coordinate in the direction of
diffusion in the porous matrix

tortussity/constrictivity factor for the
porous matrix

slope of the linear portion of the
dimensionless sorption isotherm (fluid- and
solid-phase concentrations both expressed as
mass or moles per unit volume)

Do 0y
czvlz
20 (t-x/v)

.2

The relative errors in Cy which resylt from
using Eq. (7) rather than Eq. (3) are determined by
the corresponding errors in the value for M(x,t),
which in turn denend on the errors in the value of
aH/at. Criteria for using £q. (7) can be developed
as follows. First, consider one-dimensional diffu-
sion into semi-infinite flat plates such as depicted
inFg.). Letz2'=8 -2, and ' = 0,t) =1,
The corresponaing expressions for H(z',t) and H(t)
are given, respectively, b

H(z',t) = erfc -2 (8)
2 [

&and

t 172
A(t) = },(%) (9)

As the time interval of interest increases, the value
of H(t) determined “rom Eq. (9) will be increasingly
in error, as can be seen by inspection of the expres-
sion from the exact solutiond for *short times*

p.t\’? . .
q(t) = 2{-%= Lo 2Y () Merte/[2Al . (0)
8’ l" nel ‘/ﬁet

Let Hy and H, denote the values of H obtained
from £Eqs. (9) and (10), respectively, and let F, =

(aHa/at)/(aRg/at). Eq. (6) then can be written as
s 1 Oﬁ.(t-t')
M(x,t) = gma.fc,(x.t e | w ot
0 (11a)

and by the mean value theoremb

t »
R M (t-t")
M(x,t) = %{c,(x.t')—%— dar
(11b)

where 0 < n < t. The term Fy(t-n) = F3 represents

some mean value of Fa(t-t'). By definition
e,
m'n F. L 1.
]3 M (t-t')
Wx,t) = 0.'. A C,(l.t )—L—n dt (12)

and when F; > 1, the ratio of aeprox‘nﬂte to exact
values of M(x,t) is given by F5. Since Hy, He,
aHy/at, aMg/at, and Fu are single-valued functions of
t, a one-to-one rolat‘onship exists between F, and
Fe. Values of Fy as a function of He are chown in



"Fig. 2. For He < 0.5, Fa = 1, while for Fe > 0.5, Fy
in’ reases monotonically .and becomes large for

> 0.8. The value of Fy will be betweer zero and
the value of Fu(He) corresponding to time t. For pur-
poses here, it appears reasonable to estimate F, by
the average F, of Fy with respect to Hy, that is

Fa(Ry) = F (R, = t ‘[ Fy(Wah (13)

values of F, also are shown in Fiy. 2. When He < © 5,
the values of both F, and F, are about 1.0. When

0.5 < He < 0.7, the value o’ Fa is about 1.0, and F

f2 1.2 or less. When 0.7 < Fg < 0.92, the value of‘F,
is between about 1.0 and 1.2, and F, is between 1.2
and 2.8. When Hg > 0.92, F, and espec’ally F, become
large. Therefore, when ﬁ. < 0.5, the ratio of approx-
imate to exact values of M(x,t) from Eqs. (12) and (8),
respectively, would be about 1.0. When 0.5 < Fe < 0.7,
the ratio would be about 1.0 and would not be greater
than 1.2. When 0.7 < Tlg < 0.92, the ratio would be
about 1.2 or less and would not be greater than 2.8.

| 1 T U
3.0 -
|u® 25+ "
£
‘. 20 —
15
1.0 -
0. 1.0
He
Fig. 2. Values of Fy and F, versus He.

Criteria for applying the semi-infinite-medium
approximation, that is, calculating M(x,t) from
Eqs. (12) and (9) rather thar "gs. (&) and (10}, will
depend on the errors which are acceptable in M(x,t)
and in calculated radionuclide discharges. When
solving €q. (1) with either approximate or exact
expressions for M(x,t), those expressions actually
appear a- M(x,t - x/v),) since Cg(x,t) = 0 1f t < x/v
and only convective transport occurs in the
x-direction 1in the fractures. To examine errors
between approximate and exact solutions, the value
for H should correspond to the contact time t* =
t - x/v rather than the elapsed time t. Conditions
ynder which the semi-inifinite-medium approximation
are useful could be defined in terms of t*. However,
the use of maximum mean radionuclide contact time
would lead to criteria which are more restrictive and
conservative.

Let @y, denote the maximum mean radionuc)ide
residence time along the flow path of interest. In
which case, @y corresponds to the fracture fluid
and pore water being in equilibrium with respect to
radionuc1ide diffusfon. As discussed later, 6p
is given by 8y = (x/v)Rg, where x corresponds to the

flow path length, and R¢ is the radionuc)ide retar-

dation factor for “he fracture fluid and 1s given by
Rf = 1 + mgepRy. By !nalogy with t*, def‘ne the con-
tact residence time 6y as 65 - Xx/v.

First, consider cases where t* < op.
Table )1, Hg < 0. _.en Det*/82 < 0.2, I, < 0.7 when
Det*/82 < 0.4, and R < 0.92 when Det*/B¢ < 1.0. 1If
op < 0.282/0,, then 6y < 0.2 B2/D, for a1l x, and
perturbations in radionuclide concentrations would be
exposed to an essentially semi-infinite porous matrix
for which Fy = 1.0 = F, throughout. Radionuclide
discharges then couid be obtained from Eq. (7). If
0.2 < 8y(B2/De) < u.4, perturbations in radionuc)ide
concentrations would be exposed to a porous matrix
for which fy < 1.2 and Fy = 1.0. Again, radionuclide
discharges could be obta‘ned from £q. (7); however,
as t and ©, approach 0.482/D,, small relative errors
in M(x,t) and, therefore, in values of Cg/Co should
be expected since Fy will be greater than 1.0 for
some values of x. If 0.4 < 8y/(B2/Dg) < 1.0, pertur-
bations 4in radionuclide concentrations would be
exposed to a porous matrix for which Fy < 2.8 and
Fa € 1.2. The relative errors in radionuclide dis-
charges obtained from £q. (7) would correspond to rel-
ative errors in the value of M(x,t) which are of the
order of 20 percent as t and &y approach 1.082/0.

From

Table 11
values of H_(t) versus o't/az
0_t/8° (1) D_t/8° R
e ariatin M iy g lichbenilly S gl
0.0001 0.0V 0.09 0.34
0.00 0.04 0.10 0.36
0.003 0.06 0.20 0.50
0.005 0.08 0.30 0.6
0.008 0.10 0.40 0.70
0.00 on 0.50 0.76
0.02 0.16 0.60 0.8
0.03 0.20 0.70 0.86
0.04 0.23 0.80 0.89
0.05 0.25 0.90 0.9
0.06 0.28 1.00 0.93
0.07 0.30 1.50 0.98
0.08 0.32 2.00 0.99

Next, consider cases where t* > @p. For a given
ratio of ey/(B2/De), values of Fy will be larger than
when t* < @y Relative errors in M(x,t), anu the
corresponding errors in radionuclide discharges, also
should be larger. However, the radionuc)ide flux,
-DedH(0,t)/3z', s proportional to 14/t, which follows
from Eq. (8). Therefore, while the relative error
associated with the semi-infinite-medium approxima-
tion increases, the relative amount of the radio-
nuclide diffusing into the porous matrix decreases,
thereby reducing the overall effect that those errors
have on rad‘onuc)ide discharges. In examples given
later, it is shown that when t* > ep, the relative
errors in radionuclide discharges do not increase
appreciably beyond those corresponding to t* = Op.

1f only smal) relative errors in calculated radio-
nuclide discharges are acceptable, the criterion for
applying the semi-infinite medium approximation is
ey = (x/v)R¢ < 0.2 82/De or,



Often, of << 1, and ¢n > ¢f. Under those condi-

tions, R¢ = mgepRy since Ry 2 1.  Then, the
criterion for appiying the approximation can be
written as

' 4
o
ooty (BPee
j.1fan <0.2

4a)
ve’ vl

when only small relative errors are accepiable.

However, 1t seem: reasonable to define a less
restrictive criterion. Parameter values in the
expression for M(x,t) may often involve uncertainties
of 20 to 30 percent or greater, which result from
inherent variations in the physical and chemical
properties of geomedia. If the criterion 6y =
(x/v)Rs < 82/Dg s used, relative errors in M(x,t)
would be on the order of 20 percent for t < €y,and are
similar to, or less than, possible uncertainties in

parameter values. Hence
& _x
D.m.é R x 2/ f'm
ie ..LL%L . < 1 (14b)
vB vB

when relative errors of about 20 percent in M(x,t)
and the corresponding errors in calculated discharges
are acceptable.

Linear Driving Force. In the usua® form of this
approximation, the radionuclide flux into the porous

matrix is assumed to be proportional to the differ-
ence between the surface and average matrix concen-
trations, and the approximation expressed as

gg = ka (e R Cc - W) (15)

where any is the surface area of the porous matrix
contacting the fracture fluid per unit volume of
matrix, and k is a constant mass transfer coefficient
which is evaluated analytically below. When Egs. (1)
and (15) are solved, the resulting expression for
Ce(« ) s

C'(:.t) )
o

n
Anm) =1 - e""/.'°xo(z¢i)da (6)
0

3
o |-

i

ko.l.n'x

ne=
Bv

and B 1s again a variable of integration.’ values of
the function J(n,m) have been tabulated extensively,

and for nm > 2500 the function is given approximately
oy

Anm) = 3 erfe(h - /) an

In these analyses, the term aH/at in Eq. (6) was
approximated using a linear-driving-force exp ession
for diffusion into flat plates having unit surface
concentration, that is

Qw00 (e)

For H(0) = O,

H=1- exp(-ka t) (9
and
%% = kag exp(-ka ) . (20)

Substituting Eq. (20) intc Eq. (&) gives

t
M(x,t) = ..Rn{t'(x.t')(h. exp[-ka_(t - t')])at’

(21)

and it can be verifiad by differentiation thar
Eq. (21) satisfie. Eq. (15) when M(x,0) = 0, so that
the solution for Ce(x,*) from Eqs. (1) and (21) is
given by [gs. (16) ard (17).

To evaluate the mass transfer coefficient k,
substitute for F(t) the “long-time® infinite series
solution® given by

» 22

- " D (Zn+sl) s t

Aty =1 -y 8 53 x| —— '\ (22)
mO(?nH) v 48 b1

The res:1ting expression for M(x,t) is

-0 (2n01)2w2t~1
dt'

t 20' «
M(x,t) = O.R.{C'(x.t') F'gup 4——-———‘52 l
(23)

Now, let k = 2yDg/B, where y is a numerical constant,
and note that a, = 1/B. Comparing Eqs. (21) and (23),
it can be seen that for an appropriate value of v,
on the order of 1 to «2/6, £q. (21) should provide a
reasonable approximation for Egq. (23) when 0,1/82 is
large enough so that the serfes in Eq. (23) can be
truncated after the first term. A value for the
constant y can be obtainea as follows.



Let Wy and F, denote the values of H obtained
from Eqs. (19) and (22), respectively; let

an

ard again apply the mean value theorem to Eq. (6).
The ratio of approximate to exact values of M(x,t)
from Eqs. (2\) and (23), respectively, 1s given by
the term Fp defined analogously to Fj above. For
very smal) k,t/lz. corresponding to small He, Fp = 0.
As Det/B2 increases, and l‘ approaches unity, Fp will
increase to some finite value which depends on the
constant y.

For a ’1ven value of y, it appears reasonable to
estimate Fp by the average Fb of Fp with respect to
He, that is

H
Foug /0 F (H)aA
b l: o °

values of Fp as a function of He are shown on Fig. 3
for y = 1.0, 1.25, 1.50, and 2. Since the values
of Fp corresponding to y = 1.5 show the least average
relative deviation about 1.0, the value for y was
taken as 1.5, from which k = 2yDg/B = 30o/B.

Fig. 3. values of Fp versus He (numbers on curves
are value: for numerical constant y).

Criteria for applying the linear-driving-force
approximation, that 1s calculating M(x,t) from
£q. (21) with k = 30,/8, will depend on the errors
which are acce~table in M(x,t). To define those

criteria, 1t 4s initially assumed, &nd later veri-
fied, that when the lincar-driving-force approxima-
tion applies, the mean radionuclide residence time is
given approximately by the maximum mean residence
time @, defined above. Again, let 1t* =t - x/v
and .=b' 0? - x/v. First, consider cases where
t* > @y From Fig. 3 (v = 1.5), Fp « 1.0 when
Fe > 0.7 or Det*/B~ 2 0.5 (Table l?). 1f radionuc)ide
sidence times do not vary greatly about @,, ani if
e > 0.582/D,, perturbaticns in radionuc)ide concen-
trations uou‘d be exposed to a porous matrix through-
out which F, « 1.0. For some cases, radionuclide
resicance t?l!s will vary significantly atout the
mean. If only small errors in radionuclide dis-
cha*acs are acceptable, a more conservative criterion
is oy 2 02/0. or

L omex
D mee R x 2 f'm
i._ﬁ-.-'..'-..l—,] ( 24a)
ve? w

It seems reasonable to also define a Tess restric-
tive criterion since, as mentioned previously, param-
eter values in the expression for M(x,t) may often
involve uncertainties of 20 to 30 percent. From
Fig. 3, Fp > 0.7 when Hy > 0.36 or Dgt*/82 > 0.1
(Table 11). Therefore, if &y > 0 182/De, perturba-
tions in radionuc)ide concentratisns would be exposed
to a porous matrix throughout which 0.7 < Fp < « 1.0.
The relative errors in M(x,t) would be similar to or
less than uncertainties in parameter values. Again,
allowing for variations 1n radionuclide residence
tlnes atout @y, @& reasonable criterion would be

oy > 0.282/0, or

m.é x

- Dme R x 2 f'm

x-"g'--’——T—zo.z. (24b)
vB vB

when errors of 20 to 2C percent in M(x,t) and the
corresponding errors in Cg/Co are acceptable.

Now consider cases where t* < @p. For a given
ratio Deém/B2, the values of Fp will decrease as
Det*/B2 becomes less than 0.5, while the relative
errors in M(x,t) and the corresponding errors in
Cg(x.t)/t? will increase. 1f Dg6p/BZ 1s large, those
errors will occur when C¢/Co = 5, since for a reason-
able variation in radionuclide residence times 2b0ut
Om. , Cslrr will be negligible when t* << ép. If
De®m/B¢ is of the order of 1 or less, relative errors
in M(x,t) and C¢(x,t)/Cp will occur when values of
C¢/Co are significantly greater than zero. The-efore,
when 6y 1s large, the criteria given by Egs. (24a)
and (24b) should be applicable for any value of t.
When DeBm/B21s of the order of 1 or less, the criteria
are afso applicable, but the errors in radionuc)ide
discharges calculated using the approximation will
increase substantially as Dgt*/B? becomes less than
about 0.2.

gquivalent Porous Medium. In this approximation,
{1t 1s assumed that relaxation times, denoted by ty,

for perturbations in radionuclide concentrations in
the porous metrix are small relative to the time scale
of interest. This assumption implies that the frac-
ture fluid and porous matrix are in local equilibrium
with respect to radionuclide diffusion. In which
case, H(t) in Eq. (6) approaches unity during a time
interval which 4s less than the time required for



Tetx,t) to change appreciably, and M(x,t) =
¢(x,t), which 1s obtained by integrating by parts
in £q. (6) and noting that Ce(x,0) = 0 = H(0Q) for

x> 0. Egs. (1) and (2) reduce to a single equation
involving only C¢

a aC
;{{oL—t-o (25)

which has the solution

Rex
Celx.t) = C°S<t - J—) (2%)

v

where S(t) denotes the Heaviside unit step function.

The validity of the equivalent-porous-medium
approximation cepends or the relaxation time t,
and the mean radionuc’ide residence time. Define t*
and 6y as above. Again, assume that the mean radio-
nuclide residence time is approximately the max imum
residence time On. If t, << @p, then perturbations
in radionuclide concentrations would be exposed to
fracture fluid and porous matrix near equilibrium.
for purposes here, take tp as the time required for
H(t*) to become approximately unity. From Table 11,
ty = 28/Dg, and a criterion for applying the
equivalent-porous-mediym approximation 1s 6y =
(x/v)(Rg=1) >> t, = 28¢/Dp. Allowing for perturba-
tions in concentration and heterogeneity in the sys-
tem, a reaconable criterion would be

D
0 -'Q.R X 2 "¢
i,..f__J-,_I___—-Zso . (2n
v32 v!z

Provided that the above criterion is satisfied, the
mean radionuclide residence time does correspond to
the maximum residence time 6y since the porous
matrix and fracture fluid essentially are near
equilibrium. The actual ercors in Cg(x,t) which
result from applying the equivalent -porous-medium
approximation are discussed below.

EVALUATION OF CRITERIA AND APPROXIMATIONS

To evaluate the above approximations dimension-
Jess breakthrough curves, Cg/Cp versus $/% were cal-
culated using each of the three approximations. The
approximate curves were then compared with the exact
solution given by £q. (3). The infinite integral in
Eq. (3) was evaluated numerically gsing the method
discussed by Rasmuson and Neretnieks. Results for
% = 0.2, 1.0, and 50 are shown on Figs. 4 through 6,
respectively. For convenience 1in discussing these
results, note that (t - x/v)/(B2/Dg) = ¥/2 and
(O - X/v)/(B2/Dg) = X; therefore V/X =
2(t - x/v)/(8p - X/v) = 2t*/op.

First consider the sni-infinitc-ndiua approxi-
mation. Fig. 4 shows that for X = 0.2, the approxi-
mation provides on_uce\lent estimate for the exact
solution when Y/X 1s less than 3, and at larger
value. of V/X the relative errors in C¢/Co due to the
approximation are small. Therefore, the more restric-
tive criterion given by Eq. (142) appears valid, and
as previously predicted, the errors resulting from
using the approximation are not significant unti)

c/IC,

Fig. 4. Comparison of radionuc)ide discharges cal-

culated from approximate and exact solutions
when X = 0.2 (e, 1, and s denote results for
exact solution, linear-driving-force approxi-
mation, and semi-finite-medium approximation,

respectively).

Fig. 5.

Comparison of radionuclide discharges calcu-
lated from approximate and exact solutions
when X = 1.0 (e, 1, and s denote results for
exact solution, 1inear-driving-force approxi-
mation, and semi-finite-medium appruximation,
respectively).
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Fig. 6. Comparison of radionuclide discharges calcu-
lated ‘rom approximate and exact solutions
when X = 50 (e, 1, and s denote results for
exact solution, linear-driving-force approxi-
mation, and semi-finite-medium approximation,
respectively).



> 6 h
t > 6y (t = 0y when Y/X = 2). Fig. S shows that for

X = 1.0, the approximation provides an excellent
estimate for the exact solution when Y/K < 1. As VX
approaches 2 (or t/éy = 1), the relative error between
approximate and exact solutions is about 20 to
30 percent, which §s consistent with the errors
previously predicted. Furthermore, the relative error
does not increase appreciably as ¥/X (or t/ey) becomes
large. Therefore, the less restrictive criterion
given by Eq. (14b) appears valid, provided that the
resuiting errors in M and C¢/Cp are acceptable. For
¥/% > 1, C¢/Cp 1s underestimated because W is over-
estimated. ?19. 6 (X = 50) shows that as X becomes
lerge, the semi-infinite medium approximation becomes
unacceptable.

Next, consider the linear driving force approxi-
mation. Figure 4 shows that for X = 0.2, the approxi-
mation provides a reasonable estimate for the exact
solution when V/X is about 0.4 or greater, and the
less restrictive criterion given by Eq. (15b)
appears valid, provided that ¥/X > 0.4 (or
1*/(82/Dg) > 3.08). Figure 5 shows that when
X =1, the linear-driving-force approximation
provides a very good estimate for the exact solution
when ¥/X 45 again about 0.4 or greater. At lesser
values of Y/X, the relative error between approximate
and exact solutions increases substantially, but the
actua) concentrations C¢/Co from either salution
are small. Therefore, the more restrictive criterion
given by Eq. (15a) should be generally applicable
provided that small concentrations at early times
neeé not be estimated accurately. On Fig. 6 (X = 50),
the curves for the linear-driving-force approximation
and exact solution essentially coincide, which shows
that the approximation provides an excellent estimate
for the exact solution at large values of X.

Also, from Figs. 5 and 6, 1t can be seen that at
large X, the mean radionuclide residence time is
essentially 8y.' As X becomes small, the deviation
in residence times about the mean increases, but the
mean residence time remains on the order of Oy.

Finally, consider the equivalent-porous-medium
approximation. 1In Figs. 4-6, the approximate solu-
tion _given by Eq. (26) corresponds to a vertical 1ine
at V/X =2 (or t = 8y). The errors associated with
equivalent-porous-medium approximations have been
discussed previously.9 The essential features of
those errors can be seen on Figs. 4-6. 1In pertic-
ular, as breakthrough occurs (Cg/Co becomes nonzero),
the exact solution appears to be *dispersed® about
the solution for the equivalent porous medium. As X
becomes large, that apparent dispersion becomes
smaller, and at sufficiently large X and ¥/X, would
have negligible effect on cumulative radionuclide
discharges. For examole, when X = 50, the error in
cumulative radionuclide discharges calculated using
the equivalent-porous-medium approximation will be
small provided that Y/X is about 2.6 or greater.
Therefore, the criterion given by Eq. (27) appears
valid provided that the time period of interest cor-
responds to Y/X less than about 1.4 or greater than
about 2.6.

APPLICATIONS

Approximate methods for calculating radionuc)ide
transport can be very useful in performance assess-
ment studies. The approximations described above can
easily be incorporated into transport codes and used
to obtain realistic estimates of radionuclide
releases.

The WWFT/DVM computer code'0 was developed at
sandia Mational Laboratories to simulate contaminant

transport for performance assessment studies. The
program represents & known velocity field as a simpli-
fied network of one-dimensional transport segments.
It can mode! the transport of radionuclide decey
chains of any length, with isotopes having different
retardation factors, and with various types of source
terms. A new version of NWFT/DVM!! treats flow and
transport through fractured, porous media. Advection
4s assumed to take place in a set of parallel frac-
tures and radionuclides diffuse into the adjoining
rock matrix. Both the linear-driving-force and the
equivalent-porous-media approximations are available
in this version of the code. The analytical solutions
derived in the previous sections were used to bench-
mark the linear-driving-force approximetion of this
computer code.

Dimensionless breakthrough curves were calculated
with NWFT/DVM for several values of X using the
linear-driving-force approximation. Parameter values
used in the calculations are listed in Table IlI.

Twe sets of calculations were carried out to deter-
mine the effect of flow velocity on the breakthrough
curves generated. In order to simulate breakthrough
for different values of X, discharges were calculated
for several values of path length x. Representaiive
results are compared to the exact anmalytical solution
Eq. (3) and the analytical solution for the Vinear-
driving-force assumption Eq. (16). The numerical
so'ution of NWFT/DVM agrees well with the analytical
solutions for both the high and low velocity cases
for X = 1 and X = 50 (Figs 7-9). In addition, the
numerical linear-driving-force approximation of
NWFT/DVM agrees well with the exact analytical solu-
tion for X = 0.2 when /X > 2.

Table 111

parameter Values for NWFT/DVM Calculations

Fracture Aperture 2b 100 um

Fracture Spacing 2(B+b) Case 1: 10 cm
Case 2: 50 ¢m

Fracture Porosity ef Case 1: 1073
Case 2: 2x107%

Matrix Porosity em 0.00

Tortunsity a 10

Molecular Diffision
Coefficient D 1.6x10°5 cm?/s
Matrix Retardation Factor Ry 1.0
Fluid velocity v Case 1: 10 cm/day
rfase 2: 0.75 cm/day

Eqs. (24a), (24b), and (27) were used to identify
geochemical and hydrological conditions under which
the semi-infinite-medium, linear-driving-for.e, and
equivalent-porous-medium approximaiions are valid.
£ig. 10 11lustrates the application of these criteria
to site-specific data for tuff!2.13 and basalt!é.!
and generic data for granits. '*:V7.18 The plotted
points bracket ranges of hyd:r: “ugical and geochemical
parameters that are representative of these media.
The parameter values used in constructing the plots
have been tabulated by Erickson and others.!9 Lines
representing X values of 0.2, 1, and 50 divide the
graph into regions within which at least one of the
approximations wiil provide acceptable results. It
can be seen that for tuff, the equivalent-porous-
medium approximation should usually be valid even for
relatively thin beds (x = 30 m). For basait and
granite, the semi-infinite-medium approximation or




the 1inear-driving-force approximation may be required
for most calculations.

Fig. 9.

1inear-driving-force approximation for X =
1.0.

for case 1, x = 180 “m; for case 2, x =

o
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Comparison of radionuclide discharges calcu-
lated with analytical exact solution and
1inear-driving-force approximation for

For case 1, » = 90.5 m; for case 2,
See Table 111 for other parameter

X = 50.
y=34 m.
values.
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Fig. 7. Comparison of vadionuclide discharges calcu- ‘ot w e Q- " 10t et
jated with ana'ytical exact solution and X/V (daye)
linear-driving-force approximation when X =
0.2. For case 1, the fluid velocity =
10 cm/day and the distance from the source, Fig. 10. Application of criteria to representative
x, is 36cm. For case 2, fluid velocity = site-specific data for granite, basalt, and
0.75 cm/day and x = 14 cm. (See Table IIl.) tuff. WNumbers o~ lines are values of X.

Areas below 1ines marked 'D.2' and '50'
correspond to corditions under which linear-
driving-force and porous-medium approxima-
10 - - - - - < tions, respectively, app’y The semi-
e e infinite-medium approach applie. in the area
.t 4 above the line marked '1'. Solio and open
symbols refer to transport distances of » =
ol ) 2000 m and x = 30 m, respectively.
£
[
ot 2 d CONLLUSIONS AND RECOMMENDATIONS
w—AACT ANALTTICAL
. e LNMEAR-DRIVING FORCE ANALTTICAL
s * R F - The results above are enccuraging and indicite
x> * Lman-onv. + FORCE WWTT OVe, that the semi-infinite-medium, linear-driving-force,
/ and equivalent-porous-medium approximations could be
e g gy © Y e T g S g usefu) for performance assessment of HLW repositories
* in fractured, porous rock. The radionuclide dis-
charges calculated by th~ 14near-driving-force approx-
imation used in the finite-difference code NWFI1/DVM

Fig. 8. Comparison of radionuclide discharges calcu- agree well with those calculated using an exact

lated with analytical exact solution and analytical solution for a range of hydrological

parameters. Furthermore, the equivalent-porous-
medium approximation could extend the results from
sandia's Geochemical Sensitivity Analysis Program to

" %8 ecm. See Table 1II rour other parameter
values. systems involving frectured, porous rock. However,
additicnal evaluation s necessary. Cases must be
examined in which the radionuclide material balances
include terms for chemical reactions, radiocactive
"r T v - v v r T decay, and production of nuclides. In addition, an
| Setae — EEACT AND LINEAR assessment should be made of the sensitivity of the
i atThea approximations to heterogeneities 1in fracture
. o spacing, aperture and geometry and the presence of

fracture-fi11 minerals.
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