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Abstract

In order to validate the variable aperture channel model that can deal with the non-uniform
flow rate in flow domain, migration experiments of conservative tracer were performed in two
artificial fractures, a parallel and a wedge-shaped fracture. These different fracture shapes were
designed to give different flow pattern. The fractures were made from a transparent acrylic
plastic plate and a granite slab with dimensions of 10 X 61 X 61 c¢cm. Uranine (Fluorescein
sodium salt) was used as a conservative tracer. The volumetric flow rates of uranine feed
solution were 30 mL/ hr, giving a mean residence time in the fracture of approximately 24
hours for the parallel fracture and 34 hours for the wedge-shaped fracture. The migration
plumes of uranine were photographed to obtain profiles in space and time for movement of a
tracer in fractures. The photographed migration plume was greatly affected by the geometric
shape of fractures. The variable aperture channel model could have predicted the experimental
results for the parallel fracture with a large accuracy. It is expected that the variable aperture
channel model would be effective to predict the transport of the contaminant, especially, with
the flow rate variation in a fracture.

1. Introduction

Modeling for migration of contaminants in
fractured rock and its validation have been an
important subject for safety assessment of
nuclear waste disposal. A number of migration
models have been developed to deal with
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complex hydrological and physicochemical
phenomena in fractured rock. In many cases a
fracture has been modeled as a pair plates with
a constant aperture width, giving a uniform flow
rate across the fracture [1-5]. However, the
shape of natural fractures is too various to be

uniform and data obtained from field
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experiments showed the heterogeneous flow
behavior of groundwater in fractured rock [6-8].
Therefore, representing a fracture by a pair of
parallel plates with a constant aperture width
may be inadequate to describe actual fluid
movement in a fracture. To consider the
variation of aperture width in a fracture,
Neretnieks et al. [9] and Keum et al. [10]
developed a stratified channel model in which
flow takes place through hypothetically
independent channels, each with a constant
aperture width and with a distribution of
aperture values. Tsang and his coworkers [11-
12} and Moreno et al. [13] developed the
variable aperture channel model in which the
water flow rate between channels varies due to
different aperture width and causes channeling
dispersion. Between the aforementioned two
models, the variable aperture channel model
seems to be more appropriate to deal with
complex flow pattern in fractured rock because
it can consider the flow across each channel.
The variable aperture channel model could be
more practical in the safety assessment of
nuclear waste disposal when effects of sorption
and rock matrix diffusion are considered in the
model. Even though some studies have described
the possibility to incorporate sorption and rock
matrix diffusion in the variable aperture channel
model, to our knowledge, none of studies has
attempted to consider both effects
simultaneously, especially rock matrix diffusion
in the model. In this work, the variable aperture
channel model in which sorption and rock
matrix diffusion are considered is derived with
sound mathematical basis.

In parallel with model development, many
experimental attempts have been made to
validate contaminant transport models. Among
them, only a few cases have been focused on
the validation of the variable aperture channel

model. Kimura and Munakata [14] analyzed

. experimental breakthrough curves that were the

test case 2 of International INTRAVAL project
under auspjcés of OECD/NEA using the variable
aperture channel model. In their study, the
fracture was considered as a black box because
the aperture width distribution was unknown.
Strictly speaking, the migration experiment with
unknown aperture width distribution is not
appropriate to validate the variable aperture
channel model because we could not estimate
quantitatively how much well the model predict
the actual flow in a fracture. Park et al. [15]
performed the migration experiment of tracer in
a natural granite fracture. However, they also
could not have measured the flow profile in the
fracture so that the actual flow pattern in space
and time in the fracture was not validated. In this
point of view, the experiment to obtain
migration plume of a tracer in space and time in
a fracture appears to be a critical method to
validate the variable aperture channe! model.
This study has been performed with two
purposes. One is to derive the variable aperture
channel model in which sorption and rock
matrix diffusion are considered with sound
mathematical basis and the other is to validate

the model by a new migration experimental

approach. For the migration experiment for
validation, two different fracture shapes, a
fracture with a rectangular cross section and a
wedge-shaped fracture with the wedge dipping
across the flow field, were designed to
investigate whether the model could well predict
flow pattern depending on fracture shapes.
Uranine (Fluorescein sodium salt) dye was used
as conservative tracer and the migration profile
of the dye in the fracture was photographed at 3
hours intervals. This experimental method
provides migration data of a tracer in time and
space in fracture and allows the comparison of
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Fig. 1. Conceptual Diagram for Modéling of (a)
the Parallel and (b) the Wedge-Shaped
Fracture.

the predicted with the experimental migration
plume directly.

2. Variable Aperture Channel Model

2.1. Flow Model

The aperture width of most natural fractures
varies along the flow path, forming unevenly
distributed flow along the fracture plane. To model
the variation of aperture width, a fracture can be
modeled as a group of cells with different aperture
width as shown in Fig.1. The fracture is divided
into n cells in the transverse direction and m cells
in the longitudinal direction {flow direction), to give
total n X m cells. The aperture width of each cell is
assumed to be constant.

The steady state flow rate of an incompressible
fluid through the fracture with constant aperture
width (b ) can be expressed by the cubic law:

b’
Q = 12, L AR/ L, (1)

where Q (ml/sec) is the net flow rate through the
fracture, p {g/ml) is the density of water,
glem/sec? is the acceleration due to gravity, g
{g/cm.sec) is the dynamic viscosity of water, L, is
the fracture length, L, is the fracture width and
Ah{cm) is the pressure head difference of flow
between inlet and outlet of the fracture. Eq.(1) can
be applied to each of cells in Fig.1 because the
aperture width of each cell has been assumed to
be constant. When aperture widths of two
adjacent cells i and j, are given by b, and b;,
respectively, width and length of each cell are
given by Ax(=L,/n)and Az(=L,/m), respectively
and the volumetric fluid flow rate from cell i to
adjacent cell jis given by g,;, then the pressure
head difference of the flow between cell i and j
can be expressed by [13):
V2 LN (T

i

124 Az 124 Az

= q:ﬂ%% brll; + 5%:)] =4,k

where R,; is called as the flow resistance between
cells i and j. Because there is no water
accumulation in a fracture under steady state
conditions, the mass balance around the cell i can
be expressed as (Fig.2):

g.+9.,+4:.,+9,, =0 3)

It is noted that there are four neighbors around
cell i in a two-dimensional flow model. Substituting
the relationship of Eq.(2) into Eq.(3), we obtain a
set of linear algebra equations given by
hf —hi—n hi _hm hi ~h, hi —h,_,
+ + +

i+n =0
Ri.l RI 2 Ri,] R: 4 (4)
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‘Boundary conditions were assumed as

hi—n=hy i=12, -, n

(9)

respectively.

The pressure head of flow at each cell remains to
be an unknown variable if the aperture width
distribution of a fracture is known. Most of studies
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for the variable aperture model have applied the
aperture width distribution obtained by a random
number generator in computer [11-14], however,
the method cannot define the value of aperture
width for a specific position and predict the
migration profile in time and space in a fracture.

2.2. Tracer Transport

_ In the variable aperture channel model, the tracer
transport through a fracture can be calculated by a
particle-tracking technique [16] provided that the
distribution of flow rates in a fracture is given. The
flow rate through each cell is obtained using
Eqgs.(3) through (12).

In the particle tracking method, the calculation of
residence time of particles in individual cell is
essential to obtain the elution profile of a tracer.
The residence time of particles in each cell
depends on the mass transport phenomena that
they take part in. Since all particles move in
fracture randomly, the normalized mass flux
equation can be used as a probability density
function to give the residence time of particle in a
cell. The normalized mass flux equation for
particles introduced into a cell with step injection
can be classified into the following three cases.

Case I : considering only convective flow in cell

C=Ult—t,) (13)

Case Il : considering convective flow and
surface sorption in cell

Cj=Ult—t,) (14)

Case Il : considering convective flow and
surface sorption in cell as well as
diffusion into rock matrix

Cy = erfc(z—-ti'—) (15)

Al =1,

where
. b,AxAz
wi T 16
E(Qi,l +qi,2 +qi.3 +qi.4) ( )
to,i = Rﬂ.itW,/ (17)
R, =1+ iKa (18)
Ra,ig:
Q;, = ===
eyl 19)

The function Ult) is the step function with unity
for t > 0. The terms t,, and t,, are the water
residence time and the residence time of particle
delayed by surface sorption within cell i,
respectively. The lumped parameter @, represents
the relative contribution of rock matrix diffusion to
the surface sorption.

The residence time of a particle for each case is
calculated by the inverse function of Eq.(13}, (14)
and (15), respectively. The residence time of
particle in cell i for cases | and Il is given to t,,, and
t.,, respectively, regardless of the value of particle
density (C/). For case IIl, the residence time of
particle in cell i, t. ,, is a function of particle

density value expressed by

at .
dy\2
tys =1, + (=) (20)
2a

i

where
a=1/erfc’(r,) (21)

The term ry is a random number to represent the
value of normalized particle density between 0 and
1. The random number should be generated from
uniform distribution because all physicochemical
processes in fractures are with the same
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Fig. 3. Aperture Width Distributions for (a) the Parallel and (b) the Wedge-Shaped Fracture.

probability of occurrence. Actually, Eq.(20) is a
generalized equation including cases | and 1. The
term ty , reduces to t, , when rock-matrix diffusion
is insignificant (#— o) and is identical to t, ; when
both sorption and rock-matrix diffusion are
insignificant.

Finally, we can obtain the total residence time of
a particle by summing all the residence times
traversed by the particle over the entire path from
inlet to outlet :

Nf
e =D o, (22)
i=1

where N, is the number of cells that particle has
passed through.

3. Experiment
3.1. Artificial Fracture Generation

The parallel fracture was made by assembling
a slab of polished pink granite (10.16 x 61 x

61 cm) and a transparent acrylic plastic sheet
{10.1 x 61 X 61 cm). The spacers that were
fabricated from stripes of stainless steel of
0.158 cm thick were placed at both ends of the
fracture, parallel to the direction of flow. The
pink granite slab was painted white to ease the
observation of the plume of conservative tracer
as it moved through the fracture. After the
migration experiments in the parallel fracture
had been completed, the spacer of one side
was replaced by a spacer of 0.316 cm thick to
form a wedge-shaped fracture.

Because the granite slab was not perfectly
flat, before assembling, the distance between
the granite surface and a perfect flat surface
were measured using a calibrated straight edge
and feeler gauges at irregular grid points. The
measured values were converted into regularly
spaced data using a commercially available
program (SURFER) and added to the spacer
thickness to obtain the actual aperture width
distribution between the two slabs. The
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Table 1. Input Parameter Values Used in the Calculation.

- acceleration due to gravity (g) = 980 cm/s”
- density of water () = 1.0 cm3/g

- dynamic viscosity of water (i) = 1.124 ¢P =1.124 x 107 g/cm s

- total flow rate (Q) = 30 mL/hr
- fracture length (L,) = 61 cm
- fracture width (L,) = 61 cm

- average aperture width { b} = 0.193 cm for the parallel fracture

= 0.272 c¢m for the wedge-shaped fracture

- convergent criterion = 10 '

- numbers of cells (mxn) = 32 x 32

calculated fracture volume was about 718 mlL
for the parallel fracture and 1012 mL for the
wedge-shaped fracture. Fig.3 (a) and (b) shows
contour maps of the aperture width distribution
for the parallel and the wedge-shaped fracture,
respectively. The map shows a larger aperture
width in the middle zone in the parallel fracture
due to the concavity produced during the
polishing of the granite surface. For the wedge-
shaped fracture the aperture width decreases
monotonously along the transverse direction (x-
axis) and the concavity effect is not evident.

3.2. Migration Experiments

For migration experiments acrylic inlet and
outlet reservoirs were attached to two sides of
the artificial fracture. Porous polyethylene
membranes with uniform pore size of 40
micrometers were inserted to decrease the
dead volume between the inlet reservoir and
the fracture. The outlet reservoir was divided
into eight equal sections to enable the flow
from each different area of the fracture to be
collected with individual fractional collector.
Distilled and deionized water (DDW) was
pumped through the fracture at a flow rate of
30 mL/hr (Qr). A 2 x 107" mole/l (C,,)

uranine (Fluorescein sodium salt, CuoH1oNazOs)
was used as the conservative dye. The dye
injection was ceased after 24 hours (t,) and the
fracture flushed with water. These migration
experiments were done over periods of 48
hours. The movement of uranine front was
photographed with every 3 hours intervals.

4. Results and Discussion
4.1. Flow Distributions

The input parameter values for calculations of
flow distribution lists at Table 1. The fracture
was divided into 32 X 32 cells, total 1,024
cells. The pressure head at the fracture inlet
(h,.) was calculated using Eq.(1) and the
pressure head at the fracture outlet (h,,) was
assumed to be unity. The linear algebra
equations resulted from Eq.(3) through Eq.(12)
were solved by the Gauss-Seidel iteration
method {17] with the convergent criterion of
10710,

Fig.4 (a) and (b) shows the calculated
transverse and the longitudinal flow rate in the
parallel and the wedge-shaped fracture,
respectively. The length of arrows shown in the

figure is proportional to the magnitude of the
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flow rate. For the paralle!l fracture the
longitudinal flow rate is the largest in the
middle zone of the fracture due to the
concavity of the fracture. The transverse flow
rate is about factors of ten less than the
longitudinal flow rate. It can be predicted that
the force acting normally to the flow direction
is unlikely to affect the overall flow pattern. All
longitudinal flow rates are within same orders
of magnitude although the flow rate is inversely
proportional to the third power of aperture
width. It suggests that the aperture width of the
fracture designed for this experiment is not so
various. For the wedge-shaped fracture the
longitudinal flow increases with the aperture
width. Similarly with the parallel fracture case,
the transverse flow rate is negligible compared
with the longitudinal flow rate, indicating a

minor effect of transverse flow.
4.2. Migration of Uranine

Migration of uranine was predicted by
tracking the particles advected through
fractures. In this work, physicochemical
parameters @ and R, could be neglected
because the rock matrix diffusion and sorption
can be ignored in the granite surface coated
with epoxy paint.

Calculations have been performed with about
20,000 particles, sufficiently large number to
avoid spurious results. Before calculating
elution profile, we counted numbers of particles
entering cells in contact with the inlet boundary
and exiting cells in contact with the outlet
boundary to check if random number was
adequate to determine the pathway of each
particle. Figs.5 and 6 are bar graphs of
numbers of particles at the inlet and outlet of
the parallel and the wedge-shaped fracture,
respectively. For both fractures the particle

distribution was well corresponded to the
aperture width at the inlet and outlet of each
fracture shown in Fig.3 and the number of
particles were proportional to the flow rate
(third power of the aperture width) of a given
cell. It proved that the random number was
uniformly well generated and the probability
toward a specific outflow direction within a cell
was well proportional to the outflow rate.

Fig.7 shows the elution profile of uranine at
eight individual outlet ports of the parallel and
the wedge-shaped fracture, respectively. The
vertical axis in the figures gives the relative
concentration, the ratio of accumulated
numbers of particles, which have arrived at
each port up to a time t to total accumulated
numbers. For the parallel fracture elution
profiles for ports 3 and 4 had the earliest
breakthrough time, suggesting the concavity
effect of fracture, while for the wedge-shaped
fracture the concavity effect was not observed.
Since breakthrough time increases with the
decrease of aperture width, the breakthrough
curves show to be delayed in the narrower
aperture width zone in both fractures. The
elution order of breakthrough curves may be
quantitatively predicted by the water retention
time provided that channels in fractures are
independent of each other. Table 2 shows the
mean retention time of water through each
channel in fracture calculated by cubic's law.
The retention time of curves is increased in
port 4-3-5-2-1-6-8-7 sequence for the parallel
fracture and port 1-2-3-4-5-6-7-8 sequence for
the wedge-shaped fracture. These results are
well agreed with the elution sequence of most
breakthrough curves in Fig.7. However, in
Fig.7(a) the curve for the port 6 elutes earlier
than that for the port 1 although the average
retention time are very similar for both ports 1
and 6. This earlier elution for the port 6 is
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likely to be caused by intermixing between
adjacent channels. We can see from Fig.3(a)
that the transverse flow rates in the area
corresponding to channels 3 to 6 (larger
aperture width and higher water flow rates
zone) are relatively greater than those in the
edge zone of the parallel fracture {channels 1,
2, 7, 8). This fact indicates that the intermixing
between channels, although its effect on overall
flow pattern is small, would occur in the center
zone of the parallel fracture. This intermixing
will make the fraction of particles introduced
into the channel 6 move through the adjacent
channel 5 with higher flow rates and
conclusively result in shorter retention time of
particles for the channel 6. This is why the
curve for the port 6 elutes earlier than that for
the port 1.

We are interested not only in the
breakthrough time but also in the channel
dispersion. The slope of leading zone of elution
curve can account for the extent of channel
dispersion. The steep rising in the
concentration curve corresponds to small
channel dispersion. We can see that the leading
edge of most elution curves for in the parallel
fracture is hardly dispersed. This implies the
existence of small channel dispersion. Since the
channel dispersion is caused by the aperture
width distribution, giving the difference in
velocity between channels, if we refer to the
standard deviation of aperture width in Table 2,
the reason of such a small channel dispersion
becomes clearer. The values of standard
deviation of aperture width for all channels are
less than 10% of its mean value. This
distribution of aperture width is not likely to
cause evident channel dispersion. On the other
hand, the elution curves for ports 6 through 8 in
the wedge-shaped fracture are apparently more
dispersive than other curves. This result does not

mean larger channel dispersion in those
channels. Table 2 shows that the standard
deviations for channels 6 and 7 in the wedge-
shaped fracture are smaller that those for other
channels, which mean rather smaller channel
dispersion. Accordingly, the relatively larger
dispersivity of curves for ports 6 through 8 in
the wedge-shaped fracture is likely to be caused
by not the channel dispersion but the long
retention times due to low flow rates.

On the other hand, the stair-step structure,
although it is not so large, is shown in a number
of elution curves. This is due to the finite delay
for the tracer and is a typical evidence of
channel dispersion. The earlier arrivals of tracer
correspond to flow in faster channels with a very
small aperture constrictions and later arrivals to
flow in slower channels. This stair-step shape of
curve cannot be predicted by one-dimensional
model such as the hydrodynamic dispersion
diffusion model in which a uniform flow rate is
assumed [1,3].

Figs.8 and 9 show the comparison between the
calculated and photographed migration plumes
of uranine for the parallel and the wedge-shaped
fracture, respectively. For the parallel fracture,
the flow through the center zone with greater
aperture width is faster than that at the edges
with smaller one. Six hours after the start of the
uranine injection, the leading edge of the dye
had moved approximately 13 c¢m along the
edges of the parallel fracture, while the center of
the front had moved 17 cm. This corresponds to
the mean moving velocity of about 2.5 cm/hr to
give mean residence time for about 24 hours in
the parallel fracture. As expected, the
photographed result shows evidently the
concavity effect in the middle zone in the
parallel fracture and agrees well with the
geometric shape of fractures. For the parallel
fracture, good agreement was found between
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Table 2. Mean Aperture Width (b), Standard Deviation (¢), Mean Flow Rate (Q) and Water
Retention Time (t.,) for Each Channel in Fracture.

Parallel fracture Wedge-shaped fracture
Channel b, o/ bjlcm) Q tahr) | blem)  o/blem)  Q  tufbr)
{cm) (%} (mL/hr) {cm) {%) (mL/hr)
1 0.190 10.53 3.51 25.16 0.338 5.96 6.46 2432
2 0.199 10.65 4.05 22.84 0.327 6.49 567 2593
3 0.205 10.10 4.44 21.49 0.314 6.77 519 28.18
4 0.205 9.05 4.45 21.46 0.294 6.69 426 3211
5 0.201 8.20 4.19 22.35 0.271 6.76 332 3795
6 0.189 6.30 3.47 25.32 0.238 6.31 227 4891
7 0.177 4.20 2.83 29.01 0.206 4.99 1.47. 6518
8 0.181 7.80 3.05 27.60 0.191 7.03 1.16  76.30

the calculated and the observed front. For the
wedge-shaped fracture the fracture geometry
dominates the flow pattern and the predicted
concentration front in the center zone seems to
represent the experimental data roughly well
even though the effect of the concavity is not
shown in the calculated result. However, in the
photographed plume for the wedge-shaped
fracture, the stagnant zone of water appears in
the edge zone with the smallest aperture width,
while the model can not predict such a water
stagnant zone. This water stagnant zone seems
to be produced due to an additional force
enough to prevent the convective flow of water
through the zone. Although the exact reason has
not been known, the flow resistance force such
as surface tension can be a major cause
producing such a water stagnant zone. In this
water stagnant zone the diffusion will be more
dominant process than convective flow.
However, modeling such a wall effect that
produces the water stagnant zone may be very
difficult because the exact boundary between the
convective flow zone and the stagnant water
zone cannot be defined. In addition, considering
that such a wall effect in the wedge-shaped

fracture can be a minor problem when the width
of fracture is very large like actual natural
fractures, such a wall effect may be not so
critical. In spite of difference between model and
experiment for edge zone in the wedge-shaped
fracture, the comparison result between the
calculated and the photographed plume for both
fractures give us confidence that the present
model can be effective to predict heterogeneous
flow field.

5. Conclusions

In order to validate the variable aperture
channel model, migration experiments of
conservative tracer were performed in two
artificial fractures, a parallel and a wedge-shaped
fracture. The migration plumes of uranine as
conservative tracer were photographed to obtain
profile in space and time in the fracture. The
results are summarized as follows.

1) The transverse flow rates in both fractures

were negligible, compared to the
longitudinal flow rate. This suggested that
the transverse flow would be an insignificant

factor to the overall flow pattern.
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Calculated Profiles Phtographed Profiles
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Fig. 8. Comparison Between Calculated and Photographed Migration Plume of Uranine After (a) 6, (b)
12, (c) 24 and (d) 30 Hours Obtained in the Parallel Fracture.
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Fig. 9. Comparison Between Calculated and Photographed Migration Plume of Uranine After (a) 6, (b)
12, (c¢) 24 and (d) 30 Hours Obtained in the Wedge-Shaped Fracture.
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2) The channel dispersion for each channel
was small because the variation of aperture
width was not so significant.

3) The variable aperture channel model showed
the stair-step structured elution curve, a

typical evidence of channel dispersion.

4) A good agreement was found between the
photographed migration plume and those
predicted by the variable aperture channel
mode, especially for the parallel fracture.

Conclusively, migration experiment to validate

transport model should be addressed to produce
data that can be compared directly with the
model. Therefore, the direct observation of
migration plume of tracer attempted in this
study must be very interesting approach. The
results of this study give us the confidence that
the variable aperture channel model would be
effective to deal with heterogeneous flow field.
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