LBL--26827
DE90 003079

Analytical Models for C-14 Transport in a
Partially Saturated, Fractured, Porous Media
W.B.Light, T. H. Pigford, P. L. Chambre, and W. W .-L. Lee

Department of Nuclear Engineering
University of California

February 1989

This work was supported by the Director, Office of Civilian Radioactive Waste Management, Office of
Symlmgrmmdkemmmmdcmmbwm of the U.S. Department of

MASTER

DISTRIBUTION oF THIS DOCUmEN

Ao

T 1S UNLimiTED



ANALYTICAL MODELS FOR C-14 TRANSPORT IN A
PARTIALLY SATURATED, FRACTURED, POROUS MEDIA

W. B. Ligh

(ford, P. L. Chambré and W. W.-L. Lee

of Nuclear Engineering
Unlnnity of California

and
Earth Sciences Division, Lawreace Berkeley Laboratory

ABSTRACT

Interaction between fractures and rock matrix is consid-
ered in developing a criterion for treating fractured rock
as & porous medium for the purpose of transport caleu-
lations. The value of a modified Peclet asumber deter-
mines the suitability of the equivalent porous medium
approach. Using a porous medium model, uadecground
concentrations of 1CO; are predicted for the proposed
nuclear waste repository at Yucca Mountain, Nevada.
Maximum concentrations near the ground surface are
comparable to the USNRC Limit for unrestricted areas;
travel times are predicted to be hundreds to thousands
of years foc the assumed parameter values.

INTRODUCTION

The proposed nuclear repository at Yucca Moun-
tain, Nevada would consist of ssaled containers of spent
fuel and other high-level waste placed in the partially
saturated (or vadose) 3one some 250 m above the water
table and 350 m below the ground surface. Radioactive
gases released from failed containers would have a rela-
tively direct pathway to the bicsphere. This presenis a
new problem in asesssing the snvironmenatal and heslth
impacts of such releases and in complyiag with regula-
tory standards.

We analyse the transport of 14C in an unseturated,
fractured, porous medium with gas-phase advection and
dispersion. Tramsport predictions are based on a porous
medium model which assumes local equilibrius between
gas-phase 1*C concentrations in the fractures and liquid-
phase coucentrations in the rock matrix. Justification
for this assumption is based on a fracture model with
advection in the fracture and transverse diffusion in the
rock matrix.

Unlike Amter ¢t al! and Knapp? who have also
estimated 'C travel-time, we (1) calcwlate 'C concen-
trations and fluxes, (2) include the effects of dispersion,
and (3) provide a new method of justifying the local-

equilibria assumptions.

of California

YUCCA MOUNTAIN SITE

The region around the proposed repository consists
of alternating layers of welded and nonwelded tuff. The
welded tuff layers are highly fractured while the non-
welded layers ate moce sparssly fractured. Porosities
are near 0.1, liquid saturation is near 0.8 and hydraulic
permeabilities are very low, on the order of 10~1¥ m?,
and due mostly to fractures.

Capillary forces tend to hold vadose water in the
smallec pores, leaving fractures open for gas flow. Sig-
nificant ges flows have been observed under ambient
conditions, leading to the expectation that, with reposi-
tory heating, strong convection flows will be maintained
during the thermal phase. Figure 1 shows a schematic
view of the repository and the expected gon flow field.
One estimate for the gas-flow velocity due i repository
heating is 22 m/y in the fractures (0.04 m/y Darcy ve-
locity) based on a simple buoyancy calculation.?
MATHEMATICAL MODELS

We assume that !4C escapes from the waste con-
tainers as *CO3(g). Because carbon dioxide dissolves
readily into water, we expect much of the 1*C to be re-
tarded by dissolution into vadose water. Some 14C will
react to form calcite and other minerals. The amount
going into these solid phases is dificult to predict and
probably not significant compared to the amount in gas
and liquid phases. We neglect precipitation into solid
phases.

The degree to which CO; dissolves in water is well
known, We adopt, for !C, the equilibrium values for
CO; in pure water at infinite dilution. Corrections for
the '4C-isotope, capillary effects, and exact air and wa-
ter compositions would be small relative to other model
uncertainties. The four aqueous species CO2, carbonic
acid and bicarbonate and carbonate ious account for al-
most all of the liquid-phase carbon. The equilibrium
values for these species allow a good approximation to
be made of the ratio of '4C concentration in gas to 4C
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Figure 1. Schematic view of Yucea Moun-
tain repository and gas flow fleld.

concentration in adjoining liquid ss & function only of
- temperature and pH. The equilibrium values are useful
because the time it takes for CO, to equilibcate locally
is short compared to other time scales of interest in this
system.

We define the gas-liquid distribution coeficient for
inorganic carbon to be

Kp = [H2C03] + [RCOS ] + [CO}"]
COa(s)]

where [H;COj} is the sum of the aqueous CO; and car-
bonic acid concentrations. The distribution coefficient
can then be written in terms of the gas constant, abso-
lute temperature, hydrogen ioa concentration and three
equilibrium constants as

(1

K KK, .

Kp-m‘l\'"[li'mi-w {2)
where  Ky= [H:CO3]/pco,
Ky= [H*][HCO7)/[H,CO3}
K»= [H*][CO3"]/[HCO;)

Equilibrium data®® were used to plot the curves in
Figure 2 showing Kp as a function of pH for various
temperatures. Repository conditions outside the imme-
diate container vicinities are expected to vary from 23*C
to 100°C and from pH 7 to pH 9 over which Kp varies
from 2 to 400. The reference value used in this paper is
Kp = 3 which correaponds to 50°C and pH 7.

Distritution Cosfficient, K,

Figure 2. Equilibrium distribution coeffi-
cient Kp for carbon dioxide in water.

Fracture Analysis

The main purpose of this model is to demonstrate
for certain parameter values that local equilibrium
between gas-phase carbon in the fractures and liquid-
phase carbon in the rock-matrix is reasonably well at-
tained. The tendency of the gas and liquid to equilibrate
will be offset by the different flow velocities of the two
phases and the distance through which some of carbon
must diffuse in the liquid phase to communicate with
the fractures.

We consider a single vertical planar fracture filled
with ges and adjacent to a porous medium that is filled
with liquid, as shown in Figure 3. Assuming that the
rock matrix is fully saturated simplifies the model. Once
we demonstrate local equilibrium using this model we
can infer equilibrium with a partially saturated rock ma-
trix because the diffusion coeficient in gas is several or-
ders of magnitude higher than in liquid and equilibrium
would be reached more quickly.

We neglect dispersicn in the fracture and assume
that the gas is well-mixed over the width of the frac-
ture so that the concentration is uniform in the fracture
in the y-direction. We also assume uniformity in the
x-direction for concentrations in the fracture and rock
matrix, and we assume a constant, upward gas velocity
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Figure 3. Fracture-model geometry showing
vertical, planar fracture next Vo rock matrix.

in the fracture. The governing equation for the fracture
domain, including the interaction term with the adja-
cent porous medium, is then

¢D¢ 8C, l

7&1+,\c,+u,-a-l

where  C, =gas-phase concentration of 1¢C

C'¢ =liquid-phase concentratioa of 1C

vy =velocity in the fracture
« =total porosity in porous region

Dy meffective diffusion coefficient through

liquid-filled pores

b =half width of the fracture
A =decay constant

In the porous medium we neglect advection and
diffusion parallel to the fracture and keep transverse
diffusion as the oaly transport mechamiem. We treat
the diffusion coefficient as a scalar comstant to get the
following mass balance in the rock matrix

ac, 8C,
a"+,\c.-p.-3?.-o y>h2>0,t>0 (4)

We set z = 0 at the repository horizon and pre-
scribe at that location the ‘inflow’ concentration in the

fracture representing a gaseous relense from a waste con-
tainer.

Cy(0,t) = w(t), t>0 (%)

At the fracture-wall interface where gas meets lig-
uid we assume equilibrium between gas and liquid-phase
concentrations so that

2>0,t>0(3)

Ce(b 2.ty = KpCy(z,t), >0, t>0  (6)

The remaining initial and boundary conditions are

Cy(2,0)=0, =>0C (7)
Ce(y,2,0)=0, y>b, >0 (8)
Cylo0,t) =0, t>0 9
Celoo,z,t) =0, z>0, t>0 (10)

To make the notation more compact, we introduce
the dimensionless independent variables Y, Z and T and
the decay parameter A defined

- %
y-.xp—'b‘. Za —&-—“:: De 1)

te?K3D, Py’
JEL Y a2

At this point we consider an impulse relesse of
1CO; flowing into the fracture at z =0

WT) = 2C§(T) (13)

with C a constant in units of concentration. We can
express C in terms of the amount released by integrating
the release rate over time and equating that to the total
amount released I,. The release rate in equal to the
cross sectional area of the fracture, a, times the gas
velocity, v,, times the concentration, ¥(7T'), leading to
the equation

/ avp dt = [, (14)
v

Using the definiticn of T in (12) we can change the
variable of integration and substitute ¥(T') from (13) to

gt
2av,C8
(Fﬁi‘},‘b‘) / HT)dT =1, (15)
* c I.!zK7QD1 16
= av,b? (16)

After solving (3)-(10), substituting the impulse re-
lease form and simplifying we get the 'YCO; concentra-
tion in the fracture



Cy(Z,T) =

CZ -2 ]
T -2 —— - AT
=D =™ [4(1‘- 2)
for Z2>0, T>Q
and the liquid-phase "*C concentration in the matrix

(17

CY,2,T)=
Koz )
AT~ Z) [m AT
for Y)O, Z>0, T>0 (18)

A feature of interest is the location of the peak of
the concentration wave, The solution for the impulse-
release case gives & smooth curve whose peak may be
located by setting the partiel derivative of Cy with re-
spect to Z equal to sero. The partial derivative is sero
when 2Z is a root of the cubic polynomial

~X1+T)2' = 2TZ + 4T =0 (19)

The asymptotic limit for ¢ 3> 42/¢2 K}, Dy is given by

Jim z,...~ﬂ1‘ (20)

Wecnnahod.ﬁne!f,.uuthbu&mmthm '

trix where the liquid-phase concentration is maximized
for given Z and T values. We obtain this also by tak-
ing a partial derivative, in this case Cp with respect
to Y, and setting it equal to 2ero with the result for
t> "/(’K%Dl that

Jira, Yoo ~ VT -2 21
From this equation we see that the wave peak develops
into a straight line in the rock matrix region with slope
Ypeat /02 = -1. In dimensional terms, the magni-
tude of the slope 92/ Oypeqs i given by the dimensionless
group which we call the modified Peclet aumber

by
FPem KopeD:

If the modified Peclet number is less than unity it means
that the slope is shallow and the 'C wave extends well
into the rock as shown schematically in Figure 4.

We also find from additional asymptotic limits of
the solutions that the concentration along the wave peak
is constant in the rock matrix and equal to Kp times
the peak concentration in the fracture. We reasoa that

(22)
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Figure 4. '*C penetration into the rock ma-
trix described by the modified Peclet num-

ber. Slope of wave peak (also an isopleth) ia
given by 2.

with multiple vertical fractures, the liquid concentra-
tions in the rock matrix between fractures will be well
equilibrated with gas concentrations in the fractures as
long as P is less than unity.

Equivalent Porous Medium Analyals

If there is local equilibcium between C concentra-
tions in the fractures and the intervening rock-matrix
pores, we can treat the whole as an equivalent porous
medium without regard to the fracture details. The
following two equations describe the transport of a ra-
dionuclide in a porous medium with both gas and liquid

(56{ + ,\) €Cy+V:(qyC,y) =V (,Dy-VC,y )+ Spe = f,
(23)

(% + ") 2Ce+V(qeCe)~ V- (e/De+ VCe) — Sye = fo

(24)

where ¢, mgas-filled porosity

¢ =liquid-filled porosity

q, =gas Darcy velocity

qe =liquid Darcy velocity
D, =dispersion coefficient in gas phase

Dy =dispersion coefficient in liquid phase
Sye =net reaction rate from gas phase to liquid
fy =gan-phase volumetric source term

fe =liquid-phase volumetric source term

Equations (23) and (24) can be added together to
eliminate the gaa-liquid reaction rate tenn S,,. We then



uuike use of the asswnption of local equilibrivin between
gas and liquid-phase conceatrations of '*C by replac-
ing C¢ with KpC,. We argue in the previous section
that this is a good approximatioa when P is less than
unity. Generally the coefficients are functions of space
and time. We assume here that they are coustant and
that the dispersion coefficients are scalar. We divide
through by the group (e, + ¢, A'p) to get the equation

9 ']

(§+,\)c,+v-c,-pvc,-m (25)
where

vad +qikp D’el.Dl+nDtKD (26)

¢ +¢Kp ' ¢ +¢Kp
and f = f, + f¢ is the rombined source strength.

Solutions to this equation are well known for vari-
ous source termis, boundary conditions and initial con-
ditions, We assume an infinite domain with the concen-
tration equal to aero initially and vamishing at infinity
for all time.

\We consider solutions to the preblems of both &
point source and an infinite plane source and for aa
impulse, band and decaying-band reloase rate. Given a
release-rate M(t), the point-source term can be written

flr,t) = §(rIM() (27)
and an infinite-plane-source term can be wrmlen
Hevt) = SHAMC) (28)

whereAisthérgpositorymnotmdtozonrvhidl
the release rate M(t) occurs. The decaying-band release
rate is given by

M(2) = {—:exp(—kt)[ll(t —ty) =M=ty =t,)] {29)

where /, is the inventory at the emplacement time ¢ = 0,
h is the unit step function, 7 is the time betwesn em-
placement and failure and ¢, is the time between fail-
ure and the end of release when the source has been
exhausted. The cocresponding fiat-band release rate
is given by the same expression without the decaying-
exponent factor. The imnpulse release rate is obtained
by taking the limit as ¢, goes to zerv and is written

A1(2) = I, exp{—Ats)8(t = tg) (30)

The solution for the point-source case i

Cyir.) =

/ M(r)exp —'—'—Iﬁ‘i:—;:—r - Mt- r)]

d: 31
(ey +(fl\.l))l4’|'D(' —'l')]:'/2 T (3n)

Similarly, the solution for the infinite-plane-source case
is

Cylz,t) =

t .
M(r)expl-Mt - ) . _ ,,
WG(- ot —r1),t—1)dr (32)

where
exp[—22/4Dt)

Gz, t) =
(=t} it

(33)

RESULTS

Results are based on the reference values given in
Table 1. Dispersion coefficient values were obtained by
dividing diffusion coefficient values® by ten to account
for tortuosity. The value for the fracture half-width is
characteristic of reported values.” For this set of valucs
the modified Peclet number is about 0.2, This indicates
that 1C flowing in fractures will spread quickly into the
rock matrix between fractures and thus be retarded in
accordance with the local-equilibria assumptions used
in the equivalent-porous-medium model.

Retardation by the liquid phase is incorporated in
the advective transport velocity v given by (26). This
gives the speed that a '*C plume would travel indepen-
dent of dispersion. For the reference values, v is about
0.015 m/y suggesting a travel time of 2300 y for 1C
to move from the repository to ground surface. Disper-
sion, however, will cause the plume to spread out and
the leading edge to arrive at the ground surface more
quickly.

The concentration and flux at the surface depend
on the strength of the source term. The total amount of
1C is estimated to be 1.5 Ci/Mg U fuel at the time of
emplacement.® One percent is assumed to be available
for quick relesse independent of matrix dissolution.®
With 1.5 Mg U fuel per container we arrive at 0.02 Ci
for the avuilable C inventory per failed container. For
a total of 70,000 Mg U fuel in a filled repository this
corresponds to about 1000 Ci of *C available for quick
release assuming all the containers fail. If we assume
twenty percent of the containers fail.® this leaves an
inventory of 200 Ci (about 40 g or 3 moles) available
foc quick release over the entire repository, We neglect
source decay between emplacement and failure times;
during the thermal period it will be unimportant.

Figure 5 shows the gas-phase concentration of 4C
s a function of distance above a single failed container
as predicted by the point-source impulse solution with
a release of 0.02 Ci. Notiee how the plame moves and
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poiat-source release 0.02Ci
plane-source release 200Ci
plane-source area 7% 10°m?
source depth 350m
porosity 0.1
saturation 0.3
dist. coell. (pH 7, 50°C) 3
gaa Darcy velocity 0.04m/y
liquid Darcy velocity Om/y
dispersion coeff. in g 50mi/y
dispersion coeff. in liquid Sx10-tml/fy
decay constant 1.22x 1074y"?

00 30 400
Distonce, m
Figure $. 1YCO; concentration vs. distance
for impules release of 0.02 Ci from & poiat
source. Gas Darcy velocity is 0.04 m/y, re- -
loase at time 2ero.

spreads out in time. By 1500 years ome can see that
much of the 14C has reached the surface (330 m) demon-
strating the effect of diepersion on trawel time.

The concentration in the plume decreases siguifi-
cantly as the plume spreads. This is sttributable to dis-
persioa because very little decay occun in 1500 years.
We conclude for this deta set that dispersion has an
important effect on both the travel time and the con-
centration at the ground surfece.

Figure 8 shows the gas-phase concsatration 350 me-
ters above an infinite-plane source dus to a band relesse
of 200 Ci per 7 x 10° m? over 1000 years. The abeciesa
represents elapeed time from the beginning of the re-
lease. Three curves are plotted, one for the reference
gas Darcy velocity 0.04 m/y, and the other two for val-
ues above and below the reference.

For the reference case, it takes about 1000 years

10 10° 1

Time,

Figure 8. 4CO; concentration 350 m above
an inflaite plane source relessing 200 Ci per
7 % 10° m? over 1000 years, release starting at
time nero.

for the leading edge to reach the ground surface. The
concentration peaks at a little over 10~7uCi/em?, and
the wave pasess after about 7000 years.

With the slower velocity of 0.004 m/y, we see that
it takes only alightly longer for the leading edge to reach
the ground surface but that the peak concentration is
lower dus to decay and dispersion and that it takes much
longer for the wave to pass through the ground.

Whea the velccity is 0.4 m/y, the curve appears
cut off at the top. Thie is due to dilution at the source.
As expected, the wave takes less time to travel to the
ground surface, sbout 200 years, snd pasees through
approximately 200 years after the relosse stops. At this

Figure 7 shows what happens to the peak concen-
tration at the ground susface whea the band relesse
duration it varied from 1 to 1000 years while the total
amount released is held constant at 200 Ci. For the ref-
erence case, q,=0.04 m/y, and the case q,=0.004 m/y
the peak concentration is not affected by the band re-
lease durstion. Only at the higher gas Darcy velocity of
0.4 m/y do we see the peak concentration decreasing for
long band release durations. If the release duration is
shorter tham the travel time, as is true where the curves
are flat, dispersion will attenuate the peak of the con-
centration wave as it travels from the repository to the
surface and tend to minimise differences caused by dif-
ferent release durations. If the release duration is longer
than the travel time, as is true where the 0.4 m/y-curve
slopes down, dispersion does not attenuate the concen-
tration and we see the effect of the source term weak-
ening as the release duration gets longer.
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Figure 7. Peak 1{CO,y eoncentration 350 m
above an infiaite plane source as a function
of the band releass duration for 300 Ci ze-
lonsed per Tx 10°m?.

CONCLUSION

In the fracture analysis, we have presented a pew
method involving the modified Peclet sumber which jus-
tifies the waeful sssumption of local squilibria betwees
fractures and intecvening rock matrix. In the equivalent
porous medium model, we have demcastrated a simple
technique for estimating 1*C transport at Yucca Moun-
taia which requires caly & small sst of well-deliaed input
parameters. We have shown thet for some combina-
tions of the input data, the concentrations and flunes st
the ground surface are independent of the source term
strength. They depend om the total amoust released
but are not very sensitive to the rate of relenss.

Cos:zentrations that we have predicted ia gra ap-
proaching the ground surface are to the US-
NRC limit for unrestricied areas of 107 uCi/em? - Air.
We have not talea into accoun® the dilution at the
ground surface as the 14CO, enters the atmoepbere.
This will quickly lower the comcentration by meny or-
ders of magnitude.

We estimate the travel time to be hundreds to thou-
sands of years but poist out that it is critically sensitive
to the Darcy gas velocity and the distribution coelli-
cient, Kp. When values for thess parameters under
repository operating conditions can be determined with
more confidence, we will be able to better predict the
behavior of 14C at Yucea Mountain,
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