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SUMMARY

I. Title

Transport Modeling of Sorbing Tracers in Artificial Fractures

II. Objectives and Importance

The environmental and safety assessment of underground facilities for radioactive waste disposal

has been a major area of research over the past two decades. Some of the important aspects of this

research have been attempts to obtain a better understanding of radionuclide transport through

fractured rock and to develop mathematical models that accurately describe contaminant transport.

The transport of radionuclides through fractured rock is affected by very complex geological and

physicochemical phenomena that are difficult to quantify. A number of transport models have been

developed to deal with this complexity. The essential difference of the transport models is how the

fractured rock is modeled. The transport models should be verified and validated before those are

used for safety assessment.

Migration experiment can provide a wealth information to understand transport behavior of

radionuclide as well as data to validate migration model. Numerous experiments have been

performed in the laboratory and field internationally to improve the understanding on the

phenomena of the radionuclide migration. Data obtained from field experiments provide insight

into the migration behavior of radionuclides in a heterogeneous flow field. However, since the flow

field cannot be characterized adequately, analysis of flow field at the completion of the experiment

is usually not feasible. Although migration experiments in the laboratory cannot be performed at

the same scale or under the same conditions as in the field, they offer a number of attractive

advantages, including the ability to obtain a detailed physical, hydraulic, chemical, and

mineralogical characterization of the flow field. Experiments performed in the well-characterized

and well-defined fractures can, in principle, provide data that are required for a rigorous validation

of transport models.

This study is an attempt to validate a number of contaminant transport models using the data

obtained in acrylic plastic and granite artificial fracture system.



III. Scope and Contents

The work includes the application of existing contaminant transport model, the development of

advanced contaminant transport models and their validation through the analysis of experimental

data for migration obtained in the artificial fracture systems at the Whiteshell laboratories of AECL

(Atomic Energy Canada Limited).

Modeling has been performed in the following three parts;

- Aperture width distribution for modeling

- Flow distributions

- Migration

First, we developed the computer code ASDM, which generates aperture width distribution of the

model fracture using raw aperture data. These data are used in flow field calculations for the

standard porous medium model and the variable aperture channel model. Next, we developed the

computer code FLOWA to calculate the flow distribution using a standard porous medium model.

For FLOWA, the flow continuity equation for isotropic and heterogeneous saturated porous media

was solved by a finite difference method and the Gauss-Seidel method. In the variable aperture

channel model, the steady state mass balance equation based on the cubic law was used as a basic

equation for the computer code FLOWB. The Gauss-Seidel method was used again to solve the

equations. The computer code POMKAP (Porous Medium Model for KAERI-AECL Project) was

developed to predict mass transfer of the solute in a porous medium. For this, a two-dimensional

continuity differential equation was derived and integrated numerically by the alternating-directive

method. The POMKAP code includes FLOWA and ASDM as subroutines to calculate flow field

and aperture distribution, respectively. The computer code VAMKAP (Variable Aperture Model

for KAERI-AECL Project) was developed to predict the mass transfer of contaminants by a two-

dimensional variable aperture channel model. In VAMKAP the particle tracking method was

applied to calculate mass transfer, and FLOWB and ASDM were used as subprograms to calculate

flow rate fields and aperture width distribution, respectively, The computer code HDDM was to

calculate the mass transport of the contaminant in a single fracture using a simple hydrodynamic

dispersion diffusion model. The solution of the model equation was in an integral form and was
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numerically integrated using Gaussian quadrature. Because the hydrodynamic dispersion diffusion

model assumed uniform flow rate, subroutines such as FLOWA or FLOWB were not required in

HDDM.

The artificial fracture system has been predicted and analyzed by above computer codes. The

analyzed artificial fracture are as follows;

Acrylic plastic fracture-parallel and wedge shaped fracture-uranine (Fluorescein
sodium salt, C20H10Na2O5)

- Granite fracture-parallel and wedge shaped fracture-bromide and neptunium

The main contents of this report consist of two parts, the theoretical background and an analysis of

the artificial fracture system. In chapter 2, the method used to generate the aperture width

distribution using a raw aperture width distribution is described for modeling. In addition, models

and numerical algorithms for solution are proposed to calculate the flow field in fracture. These are

a standard porous medium model and a variable aperture channel model. Finally, three migration

models are derived from different hydrological concepts and numerical algorithms given for the

solution of each model. In chapters 3 and 4, the simulation results of each artificial fracture system

are discussed and experimental results are analyzed by the present models.

IV. Results

For all fracture types, the contour maps of distributions of aperture width calculated by ASDM are

in a good agreement with actual aperture width distributions that had been measured. The flow

distributions predicted by FLOWA and FLOWB show the same trend and represent well

characteristics of each fracture such as the concavity effect in parallel fracture and wedge shape in

wedge shaped fracture. This implies that the concept of flow model is adequate and the procedures

of calculation are correct. In the acrylic plastic fracture, the transverse flow is insignificant in both

parallel and wedge shaped fractures while in the granite wedge shaped fracture it is predicted to be

important factor in the zone where the transverse flow rate is greater than the longitudinal flow rate.

The migration in acrylic plastic fracture has been predicted by three migration computer codes,

HDDM, POMKAP and VAMKAP. In the parallel fracture, the elution profiles for ports 3 and 4
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have the earliest arrival time due to the concavity effect in the middle zone of the fracture. In the

wedge shaped fracture the concavity effect is not evident because the wedge shaped effect is

stronger than concavity effect and as a result, the elution profile for each port comes with the order

of size in aperture width. The calculated results obtained with the models were compared with each

other. Good agreement was found between both models when the Peclet number is used as an

adjustable parameter to fit hydrodynamic dispersion model into variable aperture model. This was

the expected result because the transverse flow did not give an actual impact on the entire flow

pattern. The standard porous medium model lead to more dispersive elution curve than other two

models. This is due to the numerical dispersion rather than the nature of model.

The elution profiles for bromide as non-sorbing tracer and neptunium as sorbing tracer in granite

fracture have been predicted and compared with experimental data. The results for Br are not much

different from those for uranine in the acrylic plastic fracture because both are conservative tracers.

However, the discrepancies were found between the curves predicted by the variable aperture

channel model and experimental data of Br. This may have been due to complicate hydrological

phenomena in the fracture. An improved model that can treat such a complicated mixing effect in

fracture may be needed in addition to experiment designed to investigate detailed flow

characteristics in the fracture. In the case of Np, the agreement between experimental data and

curves calculated by the variable aperture channel model was very good in the parallel fracture

although some discrepancies was observed in the leading zone of curves. It encourages the

usefulness of present variable aperture channel model in the migration study considering sorption

and rock matrix diffusion.
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I. INTRODUCTION

During the past two decades, the proposed geological isolation of nuclear wastes has stimulated

much interest in the study of fluid flow and solute transport through rock. The migration of

contaminants originating from an underground nuclear waste repository through fractured rock is a

complex process involving many physical and chemical processes and predictive modeling of these

processes presents formidable challenge. The coupling of these processes depends on the spatial

distribution of hydrologic and chemical properties of the host rock that are difficult to quantify. A

number of transport models have been developed to deal with this complexity. The essential

difference of the transport models is how the fractured rock is modeled.

When a rock mass contains many interconnecting fractures, it may be treated as an equivalent

porous medium (Dagan, 1979; Hsieh et al., 1985; Chen and Li, 1990). For a sparsely or moderately

fractured medium with relatively few intersections of water bearing fractures, a discrete

representative fracture can be used to describe the flow path. In many cases the fracture has been

modeled as a pair of plates with a constant aperture width, giving uniform flow rate across the

fracture (Tang et al., 1981; Neretnieks et al., 1982; Moreno et al., 1985; Fujikawa et al., 1993,

Keum et al., 1994). Natural fractures have rough-walled surfaces and their aperture width

distributions are too variable to be considered to be uniform. Therefore, representing a fracture by a

pair of parallel plates may be inadequate to describe fluid movement through a fractured rock. To

describe non-uniform water flow distribution in fractured rock, Neretnieks (1983) developed a

stratified channel model in which the flow was assumed to take place through independent

channels, each with a constant aperture width and with a distribution of aperture values. This

model was further developed by Keum et al.(l997) using a different approach. Tsang and his

coworkers (Tsang and Tsang, 1987; Tsang et al., 1988) and Moreno et al. (1988) developed a

variable aperture channel model in which water flow rate between channels varies due to different

aperture widths and causes channeling dispersion. This model has been developed further (Moreno

et al., 1990; Moreno and Tsang, 1991; Tsang et al., 1991) and applied to experimental data

(Kimura and Munakata, 1991; Park et al., 1995, 1997). The difference between those models is

described in more detail elsewhere (Moreno and Neretnieks, 1993).

Migration experiments can provide a wealth of information on. the transport behavior of
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radionuclides. Numerous experiments have been performed in the laboratory and the field

internationally to improve the understanding of phenomena of the radionuclide migration. Data

obtained from field experiments (Gustafsson and Klockars, 1984; Birgerrson et al., 1992;

Hadermann and Heer, 1996) provide insight into the migration behavior of radionuclides in a

heterogeneous flow field. However, since the flow field cannot be characterized adequately,

analysis of flow field at the completion of the experiment is usually not feasible. Although

migration experiments in the laboratory cannot be performed at the same scale or under the same

conditions as in the field, they offer a number of attractive advantages, including the ability to

obtain a detailed physical, hydraulic, chemical, and mineralogical characterization of the flow field.

Experiments performed in the well-characterized and well-defined fractures can, in principle,

provide data that are required for a rigorous validation of transport models.

The Large Block Radionuclide Migration Facility (LBRMF) at the Whiteshell laboratories of

AECL (Atomic Energy of Canada Limited, Canada) has been designed and constructed to study the

sorption and the retardation of radionuclide in complex water flow systems under experimental

conditions. AECL has performed a series of migration experiments through artificial and natural

fractures in the LBRMF to provide data for the validation of contaminant transport models

(Vandergraaf and Drew, 1991; Vandergraaf et al., 1996, 1997). More recently, AECL has carried

out migration experiments in a number of artificial fracture systems with well-defined cross section,

including parallel and wedged shape fractures, created from acrylic plastic, granite and tuff with an

engineered heterogeneity. Table 1-1 shows the features of the artificial fractures used in these

experiments. The acrylic plastic fracture was used to obtain an information on the plume of a

conservative tracer, uranine, in space and time in the fracture. The granite fracture was designed to

study primarily the process of retardation by surface adsorption. Because granite has a low porosity,

the effect of rock matrix diffusion cannot be determined except the excessive long period of time.

The tuff is in general a very porous geologic medium, and the artificial fracture created with

natural tuff blocks was used to study the contribution to the retardation by rock matrix diffusion.

AECL performed the experimental program in the acrylic plastic fracture system jointly with the

LANL(Los Alamos National Laboratory, U.S.A). The modeling was performed using the transport

code TRACR3D (Travis and Birdsell, 1991). This code is based on a standard equivalent porous
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medium model. The predicted results were in a good agreement with experimental data. However,

there still remains an interest in the analysis of the experimental system by a number of models that

are based on different concepts, for example, a simple hydrodynamic dispersion diffusion model

and a variable aperture channel model.

The work presented in this report was performed as part of a fifty-man year attachment program

between AECL and KAERI (Korea Atomic Energy Research Institute). The work includes the

application of existing contaminant transport model, the development of advanced contaminant

transport models and their validation through the analysis of experimental data for migration

obtained in the artificial fracture systems at the Whiteshell laboratories.

Fig. 1-1 shows a flow diagram of the approach for model development in this study. First, we

developed the computer code ASDM, which generates aperture width distribution of the model

fracture using raw aperture data. These data are used in flow field calculations for the standard

porous medium model and the variable aperture channel model. Next, we developed the computer

code FLOWA to calculate the flow distribution using a standard porous medium model. For

FLOW A, the flow continuity equation for isotropic and heterogeneous saturated porous media was

solved by a finite difference method and the Gauss-Seidel method. In the variable aperture channel

model, the steady state mass balance equation based on the cubic law was used as a basic equation

for the computer code FLOWB. The Gauss-Seidel method was used again to solve the equations.

The computer code POMKAP (Porous Medium Model for KAERI-AECL Project) was developed

to predict mass transfer of the solute in a porous medium. For this, a two-dimensional continuity

differential equation was derived and integrated numerically by the alternating-directive method.

The POMKAP code includes FLOWA and ASDM as subroutines to calculate flow field and

aperture distribution, respectively. The computer code VAMKAP (Variable Aperture Model for

KAERI-AECL Project) was developed to predict the mass transfer of contaminants by a two-

dimensional variable aperture channel model. In VAMKAP the particle tracking method was

applied to calculate mass transfer, and FLOWB and ASDM were used as subprograms to calculate

flow rate fields and aperture width distribution, respectively. The computer code HDDM was to

calculate the mass transport of the contaminant in a single fracture using a simple hydrodynamic

dispersion diffusion model. The solution of the model equation was in an integral form and was
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numerically integrated using Gaussian quadrature. Because the hydrodynamic dispersion diffusion

model assumed uniform flow rate, subroutines such as FLOWA or FLOWB were not required in

HDDM.

The main contents of this report consist of two parts, the theoretical background and an analysis of

the artificial fracture system. In chapter 2, the method used to generate the aperture width

distribution using a raw aperture width distribution is described for modeling. In addition, models

and numerical algorithms for solution are proposed to calculate the flow field in fracture. These are

a standard porous medium model and a variable aperture channel model. Finally, three migration

models are derived from different hydrological concepts and numerical algorithms given for the

solution of each model. In chapters 3 and 4, the simulation results of each artificial fracture system

are discussed and experimental results are analyzed by the present models.

- 4 -



Table 1.1 Features of Artificial Fracture Experiments Performed by AECL

features

. Parallel Fracture

. Wedge Shaped Fracture

. Dimension

. Tracer

. Measurement of Elution

Profile

. Measurement of Plume

Images

. Measurement of Aperture

Width Distribution

. Gamma Scanning

acrylic plastic

yes

yes

61 cm x61 cm

uranine
(Fluorescein
sodium salt,
C20Hl0Na2OJ)

yes

yes

yes

no

granite

yes

yes

100 cm x 100cm

B r \ N p O 2 \ C s \

S r~Na +

yes

no

yes

yes

tuff

yes

no

60 cm x 60 cm

Br"

yes

no

yes

no
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Acrylic plastic| Granite Tuff

.aperture width distribution measured at irregularly
spaced points

.convert into uniform data grid using Kriging method

ASDM
. generate aperture width distribution for n x m
elements by an arithmetic mean method

Standard Porous
Medium Model

Variable Aperture
Channel Model

Hydrodynamtc Dispersion
Diffusion Model

FLOWA u
.flow
continuity eq.

.FDM

.GSM

FLOWB

.cubic law
GSM

I
H POMKAP [h

. transport
continuity eq.

.two dimension
ADM

t

- VAMKAP J-|
.PTM
.two dimension

•\ HDDM fl-
one dimension
.analytical

solution

non-sorbing sorbing

FDM: Finite Difference Method
GSM: Gauss Siedel Method
ADM : Alternative Directing Method
PTM: Particle Tracking Method

Fig. 1-1. Flow diagram of the approach used for model development
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2. THEORETICAL BACKGROUND

2-1. APERTURE WIDTH DISTRIBUTION

2-1-1. RAW APERTURE WIDTH DISTRIBUTION

Artificial fractures were created by assembling each other a granite slab and an acrylic plastic

plate (acrylic plastic fracture), two granite slabs (granite fracture) and two tuff slabs (tuff

fracture). All rock fracture surfaces were not perfectly flat. Therefore, before assembling both

slabs, aperture widths derived from imperfect flatness for each slab were measured using a

calibrated straight edge and feeler gauges. This produced an irregularly spaced set of data point.

These irregularly spaced data for each slab needed to be converted into regularly spaced data

points. This was done using a commercially available program (SURFER for Windows) with

Kriging method. Aperture width distributions measured for each slab were summed each other to

obtain aperture width distribution between the two slabs. With the addition of the spacer width to

these data, we can finally generate the aperture width distribution of each artificial fracture. We

used the following simple relationships to consider the spacer thickness;

bpi(x,z) = bo(x,z) + J,(or s2) (2-1)

bw4 (x, z) = bo (x, z) + st+ (s2 - s, ) ( 4 - x) I Lx,(s2 > sx) (2-2)

where bp4{x,z) and bwj(x,z) are the aperture widths of the parallel and the wedge shaped

fracture used in the experiment, respectively, b0 (x,z) is the aperture width between the two

slabs at position (x, 2) before addition of spacer, s{ and s2 are spacer thickness at the two sides

1 and 2, respectively, Lx is the fracture width and x is the position in transverse direction in

fracture.

Figures 2-1 and 2-2 show the raw aperture width distribution plotted as contour plots for the

acrylic plastic and the granite fracture, respectively. All figures for the parallel fracture show a

larger aperture width in the middle zone of fracture. This dished surface of the fracture was

produced during polishing the surface of each fracture. The aperture widths of the wedge shaped

fracture varied monotonously cross the fracture and the concavity effect was not observed in the

center of the fracture.
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2-1-2. APERTURE DISTRIBUTION FOR MODELING

We cannot use the raw aperture width distribution directly in the modeling because the modeling

methods used in this study cannot solve the continuum equations at arbitrary points. Therefore,

the raw aperture distribution should be transformed into a proper form to be used in model

calculation

Figure 2-3 shows a conceptual diagram for modeling of the parallel and the wedged fracture. The

fracture domain consists of m elements in the longitudinal and n elements in the transverse

direction to give total n x m elements. The properties, such as aperture width, permeability and

porosity, of elements are different each other but are assumed to be uniform within an individual

element. We can take the average value for such properties in each element. The geometric and

the arithmetic mean were considered to represent the mean aperture width of individual element.

2-1-2-1. Geometric Mean

Let the width and length of an element of which the center is positioned at ( x,z ) be xd and z,.

Then the geometric mean aperture width (bg) for the element is calculated using the following

relationship;

bt(x,z)dxdz
j,-5tx-3.

The aperture width distribution function, 6, (x,z), has to be known to calculate the integral in

Eq.(2-3). The function, b, (x,z), may be approximated by a regression method using the raw

data shown in Figs. 2-1 and 2-2. The integral can be calculated by the numerical integration

method such as Gaussian quadrature, Simpson's rule or the trapezoidal rule. However, this

method is likely to bring about some error in the step transferring the data into a function

depending on the density of the data points.

2-1-2-2. Arithmetic Mean
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Let the number of raw data measured for an element be N. The arithmetic mean aperture width

(bo)is then the sum of all aperture width data b, measured for the element divided by the

number of data.

. 1 #

This method is simple but it is essential that the data be distributed evenly over the entie fracture.

The accuracy of this method is dependent on the number of data points so that larger N will

result in the better accuracy.

In principle, Eq.(2-3) is mathematically more rigorous but we do not know the exact surface

function to represent raw aperture width. Although a number of commercial software package

can approximate the raw data as an arbitrary function with good accuracy, such a representation

must be done carefully. In addition, calculation of the integral of Eq.(2-3) would be time

consuming and complex. Furthermore, taking the error of measurement of aperture width into

account, it appears that Eq.(2-3) is unlikely to give better results than Eq.(2-4). Therefore, Eq.(2-

4) would appear to be adequate to calculate the average aperture width for individual element.

The FORTRAN program, ASDM(Aperture Size Distribution for Modeling), was developed to

obtain the aperture width distribution for elements in the model fracture using Eq.(2-4). The

calculation steps of the code are summarized in the appendix A-1.

2-2. FLOW MODELS

The analysis of flow in fractured rock can be done either with a continuum approach or with a

discrete approach based on the hydraulics of flow in individual fractures. The continuum

approach involves the replacement of the fractured media by a representative continuum in

which spatially defined values of hydraulic conductivity and porosity can be assigned. If the

fracture aperture width is irregular in a given region, the media will exhibit trending

heterogeneity. If the aperture width is different in one direction than it is in another, the media

will exhibit anisotropy (Freeze and Cherry, 1979).

- 9 -



In this study, a standard equivalent porous medium flow and a variable aperture channel flow

model were considered to model flow on the fracture.

2-2-1. STANDARD POROUS MEDIUM FLOW MODEL

2-2-1-1. Model Equation

Consider a unit volume of porous media such as that shown in Fig.2-4. Such an element is

usually called an element control volume. Under steady state conditions, the rate of fluid mass

flow into an element control volume is equal to the rate of fluid mass flow out and there is no

accumulation in the element. Therefore, the equation of continuity can be written as

_»l.«i.«1.0 (2-5)
ax cy dz

when there is no potential head and sink/source. Substitution of Darcy's law for Vx {cm/s),

V {cm/s) and V. (cm/s) in Eq. (2-5) gives the equation for steady state flow through an isotropic

and heterogeneous saturated porous medium :

^-K{x,y,z)^ + ̂ -K{x,y,z)^- + ̂ -K{x,y,z)^ = O (2-6)
ax ax ay cy az az

where h {cm) is the pressure head of flow and K{x,y,z) {cm/s) is the hydraulic conductivity

which is position dependent, and

Vx =-K{x,y,z)— (2-7)

Vy =-K{x,y,z)^ (2-8)

Vt=-K{x,y,z)— (2-9)

If the medium is homogeneous, K{x,y,z) =constant, and then the Eq. (2-6) has the form of

Laplace's equation. In this study, two dimensional flow'for isotropic and heterogeneous porous

media was considered for the artificial fracture system. Then, Eq.(2-6) simplifies as
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£K(x,z)% + £Ktx,z)% = Q (2-10)
ax. ex az az

The boundary conditions, as shown in Fig. 2-5(a), are

h = hOM(x,0,t) (2-11)

h = hm{x,L2,t) (2-12)

W0 (2-13)

where hm and h^, are the pressure head of flow at the inlet and the outlet boundary,

respectively.

2-2-1-2. Numerical Algorithm

Figure 2-5 shows the schematic diagram of fracture plane to model flow through two

dimensional porous medium. Each grid point corresponds to the center of each element. For each

internal grid point, the finite difference equation of partial derivatives with respect to z of

h(x,z) can be written as

|(jASJ-[(*f) , -(AA , ] (2-14)
oz az Az dz t+^J dz >-^J

where the subscript (/ H—,j) means that the bracketed quantity is evaluated at the midpoint

between nodes ( i , j ) and (i + \,j ). We can further approximate terms on the right-hand side of

Eq. (2-14) by

(A , S - ^ ~ (2-15)
dz i+jJ Az
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iV~^— (2-16)

If we evaluate K , and K , by simple averages of the form

4 > <\J

= '*lJ+ IJ (2-17)
2

K ^BzhLlIhL (2-18)
4, 2

then these expressions can be substituted in Eqs. (2-15) and (2-16), and Eqs. (2-17) and (2-18)

can in turn be substituted in Eq. (2-14) to give

+2KtJ

(2-19)

Similarly,

(2-20)

Substituting Eqs. (2-19) and (2-20) into Eq. (2-10), we finally can obtain the general finite

difference equations for two dimensional steady state flow in a heterogeneous and isotropic

porous media.

A hj = B V < + c<+ij+ Dhu* + E h<-u <2"21>

where

r(KIJ+l +2KIJ+KfJ.1)
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1

2Ax2

C ~

Furthermore, we can use the definitions of Eq.(2-7) through Eq.(2-9) and the relationships (2-15)

and (2-16) to obtain the Darcy velocity numerically. The Darcy velocity in the longitudinal

direction at the element (i,j), (V.)^, can be calculated by

{A , -{A - K hMJ -(K , , - * . , ) h i J + K ,
2 r

2 2Az

(2-22)

and in the same manner the Darcy velocity in the transverse direction at element (/, j ),(VX)

can be calculated by

x)u - ^ ~ 2Ax

(2-23)

K , and K , in Eq.(2-23) are respectively defined as
U+2 'J~2

(2-24)
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K.1 1 1 + K.: l

K =-^1 Ii (2-25)
u 2

The hydraulic conductivity, K, for the parallel sided planar fracture element can be expressed

by

K = ( ^ ) * (2-26)
M

where p (ml/g) is the fluid density, fJ. (g/cm.s) is the dynamic viscosity and k is the

permeability of the medium defined as

k = ̂ - (2-27)
12

where bt is the aperture width of element / . Using Eqs. (2-26) and (2-27), we can calculate the

hydraulic conductivity distribution to be used as input data for the solution of Eq.(2-10).

The FORTRAN code FLOWA was developed to generate the flow distribution in a

heterogeneous porous medium using Eqs.(2-14) through (2-27). FLOWA consists of a main

program to calculate a flow distribution and the subroutine ASDM to calculate the aperture

width distribution of the model fracture. The calculation steps of the code are summarized in the

appendix A-1.

2-2-2. VARIABLE APERTURE CHANNEL FLOW MODEL

2-2-2-1. Model Equation

The flow through variable aperture fracture can be calculated for the constant pressure head

boundary conditions. The steady laminar velocity of a viscous incompressible fluid between a

pair of smooth parallel walls separated by a distance b satisfies the Darcy "equation

(2-28)

- 1 4 -
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where V is the Darcy velocity, / / the dynamic fluid viscosity, and V/i is the fluid pressure

head gradient. The average volumetric flow rate through the whole fracture is then given by

(2-29)

where Ah (cm) is the pressure head difference of flow between the inlet and the outlet of a

fracture. Eq.(2-29) can be applied to individual element for the model fracture. Figure 2-6 shows

a schematic diagram of two adjacent elements with apertures b, and bj, respectively. When the

volumetric fluid flow rate from element / to element j is Q , we can write an expression for

the pressure head of flow difference between element i and j ;

12// Az 12// Az

£i± + ±)>Q*, (2-30
gAz b, b/

where Rv is called the flow resistance between elements / andy . Referring to Fig.2-7(a), we

can express the mass balance for the saturated flow state at element / under steady state

conditions as

(2-3D

or

Rt R2 R3 R4

where

z ^ L + l _ A L = o , / =\a,3,..,rtm-\,nm (2-32)
R R

6/JAZ 1 1

PS ^ b; bj
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(2-34)

6/1 A* 1 1

/ * ^ V bj

6//Ax 1 1
^4 = — ( T J + ~,—|V (2-36)

pg bz b? &,_.

The pressure head of flow at each element is an unknown to be solved even if the aperture width

distribution is known. The aperture width distribution can be obtained by either a computer for a

specific aperture width distribution function or a direct measurement as presented in this study.

2-2-2-2. Numerical Algorithm

Figure 2-7(b) shows a typical two dimension grid in rectangular coordinates. The first element is

the bottom left element, and the element number increases by traveling up a layer (in the x -

direction), then by moving right to the bottom of the next column (in the z -direction). The

numbering system does not include the boundary, giving a total of m x n elements. To write the

mass balance equation effectively, elements are divided into nine groups depending on the state

in contact with boundary; a) element I, b) element n, b) element (m-l)n+J, d) element mn, e)

elements 2,3,4,...,n-l,j) elements 2n,3n,4n, ,(m-l)n, g) elements n+1, 2n+J, 3n+l, (m-

l)n+l, h) elements (m-l)n+2, (m-l)n+3, (m-l)n+4,....,mn-l and i) all internal elements that are

not in contact with boundary. The mass balance equations for each group then become:

a) Element 7 in contact with the inlet and the impervious bottom boundary

; ; tR & R (2-37)

where

( 2 - 3 8 )
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b) Element n in contact with the inlet and the impervious top boundary

= j
A ,

j_+JL+_L
/? /? /?

where

(2.43)

(2-44)

c) Element (m-])n+l in contact with the outlet and the impervious bottom boundary

"(m-\)n+2

j j j
I I

/?, R2 R3

where

b(m_2)H+l
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PS ^ V D » * I

d) Element nm in contact with the outlet and the impervious top boundary

"mn-n . "oul , "mn-l
' T r

where

e) Elements 2,3,4,..,n -1 in contact with the inlet boundary

where

( 2 - 4 7 )

(2.48)

\ t f4 (2"49)

- 1 8 -

<2-5O)

( 2" 5 2 )

>>, = ^ ' ** ^ ^ - , / = 2 , 3 , 4 , . . , « - l (2-53)

Rt R2 R3 R4

— T1J (2"54)

Pg Ax6/



(2-55)

ih> (2"56)

^ £ ( J - + » ) (2-57)
pgAz b? 6M

3

f) Element 2n,3n,4n,..,(m-1)« in contact with the impervious top boundary

=—x j p - ,/=2«,3",4n,..,(m-l)/7 (2-58)
1 + —

R, R3 R4

where

- ^ + r ^ (2"59)

pg6x b,3 bj

bl+n

g) Element n + l,2n +1,3« +1, . . , (m - 2)« +1 in contact with the impervious bottom

boundary

hi _ hi.* h,,m

h, = —l- r2 - 2 - ,i=n + \?.n + l,3n + \,..,{m-2)n + \ (2-62)

R, R2 R}

where
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r> (2"63)
V

Az, 1 1 . ,_ ..,.
—(TT+r-r) <2-65>

h) Element (m - l)n + 2, (m - l)n + 3, (m - l)n + 4, . . , mn - 1 in contact with the outlet

boundary

*'=~^1 ^ ? T1" >'=('"-1)n + 2,(m-
— + — + — + —
J?, R2 R3 R4

(2-66)

where

£... A . 1 1

(2-67)
P8*x V b,J

6//Ax 1 1
A - = 1—— H —) (Z-OOJ

(2-70)

i) All internal elements that are not in contact with any boundaries
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( t t
R2 &3 R*

—i—i——
?, R2 R3 R4

where

(2.72)

<2-73>

( 2 - 7 4 )

(2.75)

The left side of inlet boundary has been assumed to be an the extension of the first column

elements in Fig.2-7(b). This assumption allows the use of Eqs.(2-38), (2-42) and (2-54) to

calculate the inflow resistance into the first column elements. In the same manner, the outflow

resistance from the last column elements can be calculated by Eqs.(2-48), (2-51) and (2-69).

The computer code FLOWB was developed to generate the flow field for a two-dimensional

variable aperture channel model. FLOWB consists of a maim program and a subroutine ASDM.

The calculation steps of the code are summarized in the appendix A-l.

2-3. TRANSPORT MODEL

In this study, three migration models called, the standard porous medium model, the

hydrodynamic dispersion diffusion model and the variable aperture channel model, have been

developed to study the migration of contaminants through fractured rock and applied to
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experimental data obtained in the acrylic plastic, the granite and the tuff artificial fractures. The

last two models fall in the category of discrete fracture approach.

2-3-1. TWO DIMENSOINAL STANDARD POROUS MEDIUM MODEL

When rock mass contains many interconnecting fractures, it is appropriate to treat the fractured

medium as an equivalent porous medium. In the porous medium approximation, the key

parameters are the hydraulic conductivity for fluid flow, porosity and dispersion coefficient for

solute transport.

If a porous media is assumed to be isotropic and heterogeneous, the transport equation for a two-

dimensional approach can be expressed by

'JliLL = _ ( Z ) r ^ ) + ^l(£>] ^ ^ . ) _ _ ( K £ Q - ^ ( K £ Q (2-76)

where

R(x,z) = e(x,z) + (1 - ^ z ) ) / ^ (2-77)

The term C is the concentration of tracer in water, £ is the porosity, pp is the particle density

of the medium, Dx is the transverse diffusivity, Dz is the longitudinal diffusivity, Vx is the

transverse velocity and V2 is the longitudinal velocity. In the derivation of Eq.(2-76), an

assumption was made that a reversible equilibrium adsorption between fluid and solid was

established.

In this study, the porosity s(x,z) is assumed to be proportional to the aperture width to give as

£(x,z) = ̂ ^ (2-78)

whereZ>max is the maximum aperture width in the fracture.

Initial condition and boundary conditions were assumed as follows;

I.C.: C = 0 for O ^ J C ^ I , , 0&'z£Lt (2-79)
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B.C.: C\2^=Cin for 0<x < Lx, 0<t <tin (2-80)

— = 0 for 0<x<Z, , (2-81)

— = ̂ L = 0 f o r O ^ z ^ Z , (2-82)

Equations (2-76) through (2-82) are one of the specific cases of the TRACR3D model (Travis

and Birdsell, 1991). The following numerical technique was applied to obtain the solution of

above model.

Numerical method/or solution

The implicit finite difference uses the space derivatives approximated at the time level /n+1 and

has the advantages of being unconditionally stable as compared to the explicit method. The finite

difference representatives of Eq.(2-76) using the implicit method is given as

Ci^i-C,
IJ At J Az2

-C C -C

In Eq.(2-83), there are now five unknowns (CMjAtl, CtJ^lt C M ^ + I , C /J+M+1 and Cv_,^+1)

to be solved. This gives a set of linear algebraic equations for the concentration at each element.

The Gaussian elimination method may be used for the solution of the algebraic equations but this

needs a considerable amount of computation. The Gauss-Seidel iterative method can be an

alternative but this method may also need numerous iterations to achieve adequate convergence.

In this work, the implicit alternating-direction method is used for the solution of model instead of

Eq.(2-83) as it is computationally more efficient than the Gaussian elimination method or the

Gauss-Seidel iterative method. The principle of the implicit alternating-direction method is to
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employ two difference equations which are used in turn over successive time-steps each of

duration A//2. The first equation is implicit only z •direction and the second is implicit only in

x -direction. Thus, if CtJ is an intermediate value at the end of the first time-step, we have

C ' -C C ' -1C
IJ A 12 ~ ' £u At 1 2 ~ ZIJ A z 2

D'S'J A?

J Az JJ J Ax

followed by

R,,

C ' -C ' C

"J IJ Az 'J 'J Ax

The first equation is solved for the intermediate values CtJ , which are then used in the second

equation, thus leading to the solution C o > + 1 at the end of the entire time interval At. Thus, the

equations resulting from Eqs.(2-84) and (2-85) have three unknowns CM J, C,J and CMJ' for

Eq.(2-84)and C U + M + I ,C O > + 1 and CtJ,^+] for Eq.(2-85) to be solved for time /„+, .This

allows use of the Thomas algorithm to solve the set of system equations, which have a

tridiagonal coefficient matrix.

The FORTRAN computer code POMKAP (POrous medium Model for KAERI and AECL

Project) was developed to calculate concentration profiles using the standard porous medium

model. The code consists of a main program and two subroutines FLOWA and ASDM. The main
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program is to calculate the concentration profile by implicit alternating-direction method. The

subroutines FLOWA provides the main program with the transverse and the longitudinal velocity

value and the subroutine ASDM is to calculate the aperture width distribution at given numbers

of element. The calculation procedures of the code are summarized in the appendix A-l.

2-3-2. HYDRODYNAMIC DISPERSION DIFFUSION MODEL

For a tightly fractured medium where the intersections of water bearing fractures are few, it is

not a good approximation to define the entire fractured medium by averaged quantities such as

the equivalent permeability tensor and the equivalent dispersion coefficient tensor. A discrete

representation of the fractures has been used in the problem of flow. In these cases each fracture

is represented by a pair of parallel plates with a constant aperture.

Tang et al.(1981) derived the general analytical solution of transport model to predict the

migration of tracer through a single uniform discrete fracture in a porous rock matrix. Moreno et

al.(1985) applied also the solution to analyze some migration experimental data obtained in

natural fissures of laboratory scale. The general solution takes into account the advection, axial

dispersion, diffusion into rock matrix, bulk sorption in rock matrix and sorption onto the fracture

surface. The transport equation for the fracture is expressed as

a Ro dz Rg &1 b Ra ck

and the diffusion equation into the rock matrix is

ecp = 4DP ecB

a Rd ty2

where

(2-86)
y~0

(2-87)

IKO (2-88)
b

Rd = l + -JLKdPp (2-89)
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The Ra and Rd are the retardation factor by the surface adsorption and bulk sorption within

rock matrix, respectively. The initial and boundary conditions are zero initial concentration,

constant concentration Cjn at the inlet, and a matrix and fracture of very large extent. The tracer

concentration at the outlet is expressed as [Moreno et al.,1985]

Pet.

7 O 1C c2 •Cm V^ ?

where

K = RaK (2"91)

- ^ (2-92)

Pe = -£-*- (2-93)

(2-94)

and b is mean aperture width, Dp is the diffusivity of rock matrix, D2 is the longitudinal axial

dispersion coefficient, Ka is the surface sorption coefficient, Kd is the bulk sorption coefficient

in rock matrix, Vz is the water velocity in the fracture, p the is particle density based on the

mass of rock matrix and <f> the is rock porosity. The t0 and /„ are the residence time of sorbing

tracer and water, respectively. The Peclet number Pe and parameter a represent the relative

importance of axial dispersion compared with convective flow (advection) and surface sorption

compared with rock matrix diffusion, respectively.

When there is no the hydrodynamic dispersion (Dz —> 0 ), the solution becomes as
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(2-95)

for t > t0, otherwise this value is 0.

If a finite rectangular pulse with time tin is introduced at the inlet, the response elution curve can

be obtained by subtracting from Eq.(2-90) or (2-95) another Eq.(2-90) or (2-95) which is delayed

in time t^. This is mathematically expressed by

C.(0 = Cj (f)[tf ( 0 - U{t - / J ] (2-96)

where U(t) is the step function with unity for t >0, otherwise it is 0.

To obtain the solution of Eq. (2-96), a numerical integration method is required. In this study, the

combination of the Gauss-Legendre and Gauss-Laguerre quadrature have been used. The more

details of calculation method are elsewhere (Keum et al., 1997).

2-3-3. TWO DIMENSIONAL VARIABLE APERTURE CHANNEL MODEL

Recently, a number of theoretical and experimental studies on single fractures showed that the

flow distribution in the single fracture was not uniformed (Moreno et al., 1985). The plume

image obtained in the artificial fracture showed that a flow was very unevenly distributed along

the fracture plane. The variable aperture channel models is one of efficient models to deal with

such a problem.

In the previous section, we have already described a method to calculate steady state flow rates

in a two dimensional variable aperture channel model. Once the steady state flow rates are

obtained, the solute transport through the fracture can be calculated using a particle-tracking

technique. The particle tracking method can have the advantage of avoiding numerical dispersion

problem associated with the numerical integration of transport equation. This method was used

in several studies (Robinson, 1984; Schwarts et al.,1983; Smith and Schwartz, 1980; Tsang and

Tsang, 1987). Moreno et al.(1988) and Kimura and Munakata (1991) used the method to study

the dispersion through a single fracture with variable apertures.
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In the particle tracking techniques, a large number of particles are introduced into the inlet

boundary of fracture. The introduced number of particles into each element in contact with the

inlet boundary are assumed to be proportional to the third power of the aperture width of

individual element (the cubic law). Particles entering an element have a residence time within

the element that depends on the physicochemical process and are distributed in the outlet

branches with proportional to the flow rates. Therefore, the calcuation of residence time of a

particle in individual element is essential to obtain the elution profile of a tracer. Fig.2-8 shows

the relative nature of the residence time of a particle in an element for three different cases :(a)

water residence time, (b) water residence time + time delay by surface adsorption and (c) water

residence time + time delay by sorption and rock matrix diffusion. The water residence

time twj of particle within an element / is determined from the flow rate through and volume of

the element:

, „ . - * ^ £ (2-,7>
jde,i+tei+tei+iaD

where bt is the aperture width of element / .

The denominator in Eq.(2-97) represents the amount of flow passing through element i because

the flow rate into an element is always the same as that going out. In this case, the residence time

means physically the traveling time of the concentration front injected at inlet to outlet of

fracture by convective flow.

Eq.(2-97) can be modified to consider the additional time delay by surface sorption. Surface

sorption causes particles to stay within fracture for a time Ra (>1) greater than the water

residence time. Therefore, the residence time to) of particle within element / is expressed as

',, = V * <2-98>

where RaJ is defined by

(2-99)
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When the rock matrix diffusion occurs in a fracture, the problem is rather more complicated. As

shown in Fig.2-8(c), the breakthrough curve at the outlet is dispersed by the rock matrix

diffusion. In this case, the residence time of different particles within an element is different

from each other, depending on the degree of physicochemical processes that they take part in.

For example, if a particle passes through an element along with water flow without taking part in

rock matrix diffusion, the particle will arrive early at the element outlet to give a short residence

time. On the other hand, if a particle is involved in rock matrix diffusion, the residence time of

the particle will increase as the length of time that resides within the rock matrix associated with

the element. Because all particles have the same probability to be involved in a physicochemical

process, the behavior and the pathway of particle for next step can be determined by an

uniformly generated random number. The extent of occurrence of a physicochemical process is

dependent on the parameter values which measures the process. Therefore, we can use the

normalized mass flux (Eq.2-95) with time as a probability density function of the particle travel

time. Referred to Fig.2-8(c), the residence time of a particle that corresponds to the random

number is given as

j = erfc~l (rN) = \la (2-100)
2ajt-to

or

t = L+(—)2 (2-101)
2a

where rN is a random number generated from uniform distribution. The above equation can be

used directly to calculate the residence time t^j of particle within element / with the rock

matrix diffusion and sorption to give the following equation;

*-.»='.,+(—)2 <2-102>

' . , = * , / » . / <2-103)
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a,= f12— (2-104)

In the same medium, the porosity of rock matrix, rock matrix diffusion coefficient and bulk

adsorption coefficient are constant and therefore values that represent those phenomena are not a

function of position, in contrast with twj and RaJ, which vary with aperture width.

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.

tR=2_)tWJ (water residence time) (2-105)

N,

= 2_. tOj (water residence time + time delay by surface sorption) (2-106)

/./ (water residence time + time delay by rock matrix diffusion sorption)

(2-107)

where Nt is the number of elements that the particle has passed through.

The computer code VAMKAP (Variable Aperture Model for KAERI and AECL Project) was

developed to predict the migration of tracer through a fracture by the particle tracking method.

The details of the program are given in the appendices A-l and A-2.

2-4. INPUT PARAMETERS

The input parameters for the standard porous medium flow model and the variable aperture

channel flow model are density of water ( p), dynamic viscosity of water ( // ) , flow rate (QT ) ,

fracture length (L z) , fracture width (L x), error tolerance, numbers of elements (m x n),

average aperture width (b ), acceleration due to gravity (g ) and pressure head difference of
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flow between the inlet and outlet boundaries (Ah = h2 -h,). The value of Ah can be calculated

with the cubic law as

Ah(cm) = f
p(g I cm )g(cm I s )b (cm )LX (cm)

where CF is a correction factor to adjust calculated the total flow rate to the given total flow

rate and should be determined by trial and error at given element numbers and flow rate. In all

calculations the head pressure at outlet (h t) as reference has been assumed to be 1.

The input parameters for migration models are summarized in Table 2-1. Common parameters

for the models are number of elements, fracture length and width, total flow rate, injection time,

and injection concentration. In addition, the hydrodynamic dispersion diffusion model has three

physicochemical parameters, Pe (longitudinal dispersion effect), Ka (surface sorption

coefficient) and the lumped parameter, a, which consists of the rock-matrix diffusivity (Dp)

and bulk sorption coefficient (Kd ). If the rock matrix diffusion and sorption can be ignored, the

term Pe is the only physicochemical parameter for the hydrodynamic dispersion diffusion

model. Since the porous medium model is a two-dimensional model, both transverse and

longitudinal dispersion coefficients, D2 and Dx, are used to consider the effect of dispersion.

The physicochemical parameters for the variable aperture channel model are Dp and Ka. The

channel dispersion by the velocity difference between channels dispersion is automatically

considered in the variable aperture channel model.
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Table 2-1. Input parameters for migration models used in the present study

parameters

Element numbers, m x n
Fracture length, Lt

Fracture width, Lx

Mean aperture of each element, bi

Total flow rate, QT

Individual flow rate, Qt

Injection concentration, Cln

Injection time, tlm

Peclet number, Pe
Rock-matrix diffusivity, Dp

Surface sorption coefficient, Ka

Bulk sorption coefficient, Kd

Rock porosity, <j>

Rock particle density, pp

Longitudinal axial dispersion
coefficient, Dt

Transverse dispersion coefficient, Dx

Porosity of each element
assumed as porous medium, e,

hydrodynamic
dispersion-
diffusion model

0
0

0

0

0

0

0

0

0
0

0

0

0

0

-

-

-

standard
porous
medium model

0
0

0

0

0

0

0

0

-
-

0

-

-

-

0

0

0

variable
aperture
channel
model

0
0
0
0
0

0

0

0
-
0

0

0

0

0

-

-
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Fig. 2-1. Raw aperture width distributions of acrylic plastic (a) parallel and (b) wedge shaped fracture
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Fig.2-3. Conceptual diagram of (a) parallel fracture and (b) wedge shaped fracture
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Fig.2-4. Element control volume for flow through porous media
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inlet.
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X

Fig.2-5. (a) Schematic diagram for flow through two dimensional fracture plane
(Each grid point corresponds to the center of each element within
model fracture) (b) Discretization around grid point (i j )
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Fig.2-6. Schematic diagram for two adjacent elements of different apertures
and bj and the fluid flow Q'
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3. ANALYSIS OF ACRYLIC PLASTIC FRACTURE SYSTEM

The main purpose of migration experiment in the acrylic plastic fracture was to study the flow

characteristics in the fracture through direct observation of migration plume moving along

fracture. An artificial parallel fracture was created from a slab of polished pink granite (61cm x

61cm x 10.16cm ) and a transparent acrylic plastic sheet (61cm x 61cm x 10.1 cm). The pink

granite slab was painted white to facilitate the observation of the plume of conservative tracer as

it moved through the fracture. The spacers, which were fabricated from stripe of stainless steel of

0.158 cm thick were placed at both ends of the fracture, parallel to the direction of flow. After

the migration experiments in the parallel fracture system had been completed, the spacer of one

side was replaced by a 0.316 cm thick spacer to form a wedge shaped fracture. The spacer

thickness used in the artificial acrylic plastic fracture is summarized in Table 3-1.

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 between inlet reservoir and fracture 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 the fracture to be collected into individual fractions. Distilled water was used as the

transport solution and was pumped through the fracture at a flow rate of 30 mL/hr (QT), giving a

residence time in the fracture with the rectangular cross section of approximately 20 hours. A 2 x

10"4 mole/1 (CM) uranine concentration was used as the conservative tracer. The uranine

injection was discontinued after 24 hours (/to ) and the fracture flushed with water. These

migration experiments were performed over periods of 48 hours. The uranine plume through the

fracture was photographed at 3 hours intervals.

3-1. APERTURE WIDTH DISTRIBUTIONS

Aperture width distributions for modeling of the parallel and the wedge shaped fracture have

been calculated for the cases; (a) 8x8 elements, (b) 16x16 elements, (c) 32x32 elements and (d)

50x50 elements.
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Figure 3-1 shows the contour maps of the aperture width distribution for the parallel fracture

calculated by the computer code ASDM. The aperture contours for cases (c) and (d) appears to

be very similar to that of the raw aperture width data in Fig.2-l(a). The contour for 8x8 elements

appear to be the smoothest but is not much different from others. This suggests that 8x8 elements

may be sufficient to model the fracture from the point of view of aperture variation. In principle,

larger number of elements for modeling results in the better accuracy but requires more

computation time (particularly in the computation of solute migration). Therefore, we have to

compromise an optimum numbers of element numbers. Figures 3-2 through 3-4 show the

aperture width of elements of the parallel fracture for cases (a) through (c). The aperture width of

each element is proportional to the height of each filled square. An element in case (a) is

equivalent to the average of 4 element numbers in case (b) and the average of 16 element

numbers in case (c). All figures represent the trend of the actual aperture width distribution in

Fig.2-l(a) accurately.

Figures 3-5 through 3-8 are for the wedge shaped fracture. The aperture width decreases

monotonously along the fracture width and the distributions represent the wedged shape shown

in Fig.2-l(b) accurately. This suggests that the present method by Eq.(2-4) is adequate to obtain

the average aperture width.

3-2. FLOW DITRIBUTIONS

The values of input parameters for the calculation of flow distributions in acrylic plastic fracture

have been given as

- acceleration of gravity ( g ) = 980 <

- density of water (/?) = 1.0 cm^/g

- dynamic viscosity of water (/i )=1.124cP=1.124xl 0"2 g/cm.s

- flow rate (QT) = 30 mL/hr

- fracture length ( / . , )= 61 cm
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- fracture width ( Lx) = 61 cm

- average aperture width (b ) = 0.193 cm for the parallel fracture

= 0.272 cm for the wedge shaped fracture

- pressure head difference of flow between inlet and outlet (Ah = h2 - hx) = Eq.(2-108)

- error tolerance = 10" 10

- numbers of elements (m x«) = 8x8, 16x16,32x32

The mean aperture s\ze(b ) is the average of the aperture width of the entire elements. The total

flow rate of 30 mL/hr corresponds to the average linear velocity of 7.064 x 10"4 cm/s in the

parallel fracture and of 5.015 x 10*4 cm/s in the wedge shaped fracture. The correction factor

( CF) in Eq.(2-108) was calculated by trial and error at given element numbers. The calculated

CF values were 1.1858, 1.1070 and 1.0677 for the parallel fracture and 1.0563, 0.9868 and

0.9524 for the wedge shaped fracture for 8x8, 16x6 and 32x32 element numbers, respectively.

The code FLOWA was used to calculate flow distributions in an artificial fracture that is

regarded as porous medium. Figures 3-9 through 3-11 show the distributions of the transverse

and the longitudinal velocity of the solution calculated by the standard porous medium flow

model for the parallel fracture divided into 8x8 , 16 x 16 and 32 x 32 elements, respectively. The

height of the filled triangle in each figure is proportional to the magnitude of velocity. As

expected, the longitudinal velocity is the largest in the middle zone of the parallel fracture; this is

due to concavity. The velocity distribution shows almost similar trend regardless of the number

of elements used. The transverse velocity is about factors often less than the longitudinal

velocity. It is estimated that the force acting in the normal to flow direction will not affect the

entire flow pattern. The velocity distributions for the wedge shaped fracture are shown in Figs.3-

12 through 3-14 for each element numbers. The longitudinal velocity increases with aperture

width and seem to be independent of element numbers. Similarly with the parallel fracture case;

the transverse velocity is also about one order less than the longitudinal velocity, suggesting its

minor factor on the entire flow pattern.
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The flow distributions for a two-dimensional variable aperture channel model were calculated

using the computer code FLOWB. Figures 3-IS through 3-17 show the distribution of flow rate

between two adjacent elements for the parallel fracture divided into 8 x 8,16 x 16 and 32 x 32

elements, respectively. The length of arrow is proportional to the amount of flow rate. The flow

rate between elements is within same orders of magnitude although local flow rate is inversely

proportional to third power of aperture width. It indicates that the variation of aperture width of

artificial fracture designed for experiment is not so various. Calculated results for the wedge

shaped fracture are shown in Figs.3-18 through 3-20. The longitudinal flow rate increases with

the aperture width. The flow field calculated by the variable aperture channel model show the

almost same as result obtained with the standard porous medium model.

Figures 3-21 and 3-22 show the contours of the pressure head of flow in the parallel fracture and

the wedge shaped fracture divided into 32 x 32 elements calculated by the porous medium model

and the variable aperture channel model, respectively. The pressure head decreases

monotonously along flow direction ( z -direction). The fluctuation in the pressure head for the

parallel fracture calculated by the variable aperture channel model seems to be negligible. In

spite of different model concept, no difference of pressure head was found between both models.

This is not surprising if we compare Eqs.(2-21) and (2-32) and know that the standard porous

medium model should be transformed into a discrete form for numerical integration although it

is a continuous differentia] equation. In both models, the head pressure at four neighbor elements

around an element are used in the calculation. The coefficients A, B, C, D and E that

account for hydraulic conductivity in Eq.(2-21) correspond to the denominator, \/ Rlt 1 / R2,

1 / R3, and 1 / /?4 that account for flow resistance in Eq.(2-32), respectively. Flow resistance is

mathematically and physically the inverse of hydraulic conductivity. This same mathematical

relationship will lead to he same result whatever model is used. We have already seen this

through the results obtained in the flow calculation in the previous sections. The flow

distribution should correspond to the aperture width distribution. We can see that the flow

distribution of a fracture is in agreement with the aperture width distribution of an equivalent

fracture.

The transverse velocity distribution shows the same trend for both the parallel and the wedge

shaped fracture although they have the different geometric shape of the fracture. This suggested
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that the transverse velocity gradient was due to not the aperture width but to the pressure

difference across the fracture. On the other hand, all flow rates in the normal direction to flow

are about factors often less than the rate in the flow direction and therefore, the transverse flow

was an unimportant factor on the entire flow.

3-3. MIGRATION OF URANINE

3-3-1. SIMULATION RESULTS

The migration of the uranine tracer through the artificial acrylic plastic fracture has been

predicted with three migration models described in the chapter 2.

Table 3-2 shows the input parameter values to calculate the migration profile of uranine. For the

hydrodynamic dispersion diffusion model, the fracture was divided into eight elements to match

the eight fractional collectors in the experimental system and each element was assumed to be an

independent channel each other. In Table 3-3, the mean aperture width, water residence time and

flow rate of each individual element used in the hydrodynamic dispersion diffusion model are

listed. Flow rates in the table were calculated using the cubic law. In the variable aperture

channel model, the fracture was divided into 32 x 32 elements, sufficiently large to obtain

smooth elution curve. Physicochemical parameters a and Ra were not considered in those

models because sorption and rock matrix diffusion of uranine did not occur in this epoxy coated

surface of fractures. The flow rate distributions for the standard porous medium and the variable

aperture channel models were calculated using the subroutines FLOWA and FLOWB,

respectively.

3-3-1-1. Standard Porous Medium Model

The numerical integration of differential equations may seriously result in the numerical

dispersion by rounding-off or truncation. Theoretically, the truncation error approaches to zero

as Ax, Az and A/ -> 0 but excessively small step sizes lead to an unrealistic computation time.

First, let us check a numerical dispersion. Figure 3-23 shows the effect of numbers of elements

on elution profiles calculated with the standard porous medium model. In the calculations, the

hydrodynamic dispersion was ignored to see how much numerical dispersion exists in
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calculation results. It is natural result that the elution profile obtained with larger element

numbers (64x64) is less dispersive than that with smaller one (32x32). However, elution profile

is still much dispersive at even larger element numbers. This dispersion was due to a numerical

dispersion because no hydrodynamic dispersion was assumed. In principle, the shape of elution

profile at fracture outlet should be the same as that of pulse injected at fracture inlet.

Figure 3-23 also shows a comparison between elution profiles calculated by the one-dimensional

and the two-dimensional porous medium model. The results of these calculation were in a very

good agreement. This stands to reason because the transverse velocity is small enough to be

negligible compared with the longitudinal velocity.

Figures 3-24 and 3-25 show respectively elution profiles for uranine at the eight individual outlet

ports of the parallel and the wedge shaped fracture, respectively, which were calculated by the

standard porous medium model with assumption of no hydrodynamic dispersion. In the parallel

fracture, elution curves from ports 3 and 4 have the earliest arrival time, consistent with the

concavity effect of the granite surface, while the concavity effect is not evident in the wedge

shaped fracture.

Uranine image profiles are shown in Figs.3-26 and 3-27 for the parallel and the wedge shaped

fracture, respectively. In the case of parallel fracture, the leading edge of uranine profile had

moved approximately 13 cm along the edges of the fracture, while the center of the front had

moved 17 cm, six hours after the start of the uranine injection. This corresponds to the mean

moving velocity of about 2.5 cm/hr giving a mean residence time of about 24 hours in the entire

fracture. These results are in a very good agreement with the experimental condition. In the

wedge shaped fracture, the edge of the front is the fastest at the edge zone with the largest

aperture width and the slowest at the edge zone with the smallest one.

3-3-1-2. Hydrodynamic Dispersion Diffusion Model

Figure 3-28 shows an example of the effect of Pe on the elution profile calculated by the

hydrodynamic dispersion diffusion model. As Pe increases, the spread of curves (dispersion)

decreases. At Pe greater than 500, there is no discernable difference in shape, suggesting that the

dispersion may be considered to be negligible. We calculated the elution profile of uranine with
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values in Table 3-3. The results of the calculation are shown in Fig.3-29 for the parallel fracture

and Fig.3-30 for the wedge shaped fracture. All curves were calculated with the value of

/>e=4000 (without dispersion). In Fig.3-29 for the parallel fracture, the earliest breakthrough is

observed in ports 3 and 4. This agrees with the concavity in the middle zone of the fracture. On

the other hand, the concavity effect disappeared in the figure for the wedge shaped fracture

because the wedge effect was much stronger. Therefore, in the case of wedge shaped fracture,

the earliest breakthrough occurs in the port 1 with largest aperture width and the breakthrough

time increases with decrease of aperture width. To see the effect of dispersion on breakthrough

time, the elution profiles with significant hydrodynamic dispersion (Pe=\0) was calculated and

shown in Fig.3-30. As expected, the curve with dispersion has a much earlier breakthrough time

and a more dispersive shape than without considering dispersion.

3-3-1-3. Variable Aperture Channel Model

In the variable aperture channel model, the uranine migration profiles were predicted by tracking

the particles through the fracture. Recall that the boundary conditions employed to solve the flow

rate distribution in the fracture are the constant head boundary conditions; that is, all elements on

the left-hand boundary (Fig.2-8(b)) are in contact with high pressure head hm and all elements

on the right- boundary are in contact with lower constant head pressure head hotll. Particles are

introduced into the left-hand boundary elements and collected at the outlet of the right hand

boundary elements. Particles collected at outlet have different arrival times according to the

pathways that they have traveled. Each particle has to be tagged because of different history. The

next pathway of particles is determined by a random number at the present element whichever

history particles have.

Calculations were done with about 20,000 input particles, sufficiently large to avoid spurious

results that may be caused by small number of particles employed. The number for particles

were counted at the inlet and the outlet ports to check if the use of random number is adequate to

determine flow pathway of the particle. Figures 3-31 and 3-32 are bar graphs of numbers of

particles entering and exiting fracture for the parallel and the wedge shaped fracture,

respectively. For both fractures, the number of particles were proportional to the third power of

aperture width of corresponding element (flow rate). It means that the random number is evenly
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generated and the probability toward a specific outflow branch of particles within an element is

with the proportional to outgoing flow rate.

Figures 3-33 and 3-34 show the elution profile of uranine at the eight individual outlet ports of

the parallel and the wedge shaped fracture, respectively. The vertical axis in the figures gives the

ratio of accumulated numbers of particles which passed each port up to time / to total numbers

of particles accumulated until to saturate. In elution curves for the parallel fracture, the concavity

effect of fracture was observed again. The elution curves for ports 3 and 4 had the earliest

breakthrough time. In general, the elution curves for channel with larger aperture width have

earlier breakthrough time. Not only are we interested in the breakthrough time of elution curve

but also in the channel dispersion. The channel dispersion can be accounted for by the slope of

the leading zone of the elution curve. The steep rise in the concentration curve corresponds to

small channel dispersion. In the variable aperture channel model the channel dispersion is

entirely dependent on the aperture width distribution, the velocity difference between channels.

A fracture with broad aperture width distribution will produce large channel dispersion. In

Figs.3-33 and 3-34, the leading edge of most elution curves, except those for ports 6 through 8

for the wedge shaped fracture, are hardly spread out. This suggests the existence of small

channel dispersion. If we refer to the statistics of the aperture width distribution of both

fractures, listed in Table 3-4, the reason of such a small dispersion becomes clear. The standard

deviation is only about 10 % of the mean aperture width for the parallel fracture and about 20 %

for the wedge shaped fracture. Such a narrow distribution of aperture width should result in

small channel dispersion. The minimum and maximum aperture width are different from each

other by at most a factor of two. This means that the water residence time of the fastest moving

particle is only four times less than that of the slowest moving one. The curves eluted from ports

6 through 8 in the wedge shaped fracture are more dispersive, compared with those from other

ports, because the channels corresponding to ports 6 through 8 consist of a group of elements

with broader aperture width distribution than that of other channels. On the other hand, some

curves show stair-step structure. This is due to the finite delay for the tracer and is typical of

channel dispersion. The earlier arrival correspond to flow in faster channels with few very small

aperture constrictions, the later arrival in slower channels. This stair-step structured curve can

not be predicted by the hydrodynamic dispersion diffusion model. In the variable aperture

channel model the migration distance of each particle is in principle different depending on the
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pathway, while in the hydrodynamic dispersion diffusion model the migration distance is always

constant because the uniform flow rate is assumed.

Figures.3-35 and 3-36 show the image profiles of uranine calculated by the variable aperture

channel model for the parallel and the wedge shaped fracture, respectively. The flow through the

center of the parallel fracture is slightly higher than at the edges. This is an evidence of a slight

concavity in the middle zone of fracture. These results agreed well with those calculated by the

standard porous medium model (Figs.3-26 and 3-27).

3-3-1-4. Comparison of Models

The comparison of elution profiles for uranine among three migration models is shown in Figs.3-

37 (port 1 for the parallel fracture) and 3-38 (port 5 for the wedge shaped fracture). In the

parallel fracture case, the hydrodynamic dispersion was not considered in the calculation by the

hydrodynamic dispersion diffusion model and the porous medium model. Good agreement was

found between the hydrodynamic dispersion diffusion and the variable aperture channel model

although the former is a one-dimensional model with the assumption of uniform flow. This is the

expected result because the transverse flow did not give an impact on the overall flow pattern.

The curve by the standard porous medium model is more dispersive than that by other two

models. This was totally due to the numerical dispersion rather than the nature of model. For the

wedge shaped fracture case, the curve calculated by the variable aperture channel model is in a

good agreement with curve by the hydrodynamic dispersion diffusion model with Pe =500. This

means that the curve for port 5 in the wedge shaped fracture involves some channel dispersion.

The hydrodynamic dispersion diffusion model can predict the transport of uranine in acrylic

plastic fracture. This is possible because the transverse flow in the fracture is minor factor on the

overall flow pattern.
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Table 3-1. Spacer thickness used in acrylic plastic artificial fracture

parallel fracture
spacer 1(5,)

0.158 cm
spacer 2 (s2)

0.158 cm

wedge shaped fracture
spacer 1 (st)

0.158 cm
spacer 2 (s2)
0.316 cm

Table 3-2. Input data values used for predictions of migration of uranine
through acrylic plastic fracture

parameters

m x n
L2 (cm)

Lx (cm)

Z>, (cm)

QT (mL/hr)

0 , (mL/hr)
Cin x 104(mol/L)

',„ (hrs)
Pe(-)
Dp (cm2/s)

Ka (cm)

Kd (mL/g)

pp (g/mL)

A (cm)
A (cm)

*,(-)

hydrodynamic
dispersion diffusion
model

8 x 1
61

61

Table 3-3

30

Table 3-3

2

24

1 -4,000
-

-

-

-

-

-

-

-

standard porous medium
model

64 x32
61

61

ASDM

30

FLOWA

2

24
-
-

-

-

-

-

0

0

Eq.(2-78)

variable aperture
channel model

32x32
61
61

ASDM
30

FLOWB

2
24

-
-

-
-
-
-

-
-
-
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Table 3-3. Mean aperture width, flow rate and mean water residence time for
individual channel of Plexiglas fracture used for calculations by
HDDM(0 r =30 ml/hr)

Channel
No.

1
2
3
4
5
6
7
8

parallel fracture

4 (cm)

0.190
0.199
0.205
0.205
0.201
0.189
0.177
0.181

Q (ml/hr)

3.51
4.05
4.44
4.45
4.19
3.47
2.83
3.05

'., (hr)

25.16
22.84
21.49
21.46
22.35
25.32
29.01
27.60

wedged fracture

b, (cm)

0.338
0.327
0.314
0.294
0.271
0.238
0.206
0.191

Q (ml/hr)

6.46
5.67
5.19
4.26
3.32
2.27
1.47
1.16

<Jhr)

24.32
25.93
28.16
32.11
37.95
48.91
65.18
76.30

Table 3-4 Statistics of aperture distribution of Plexiglas fracture calculated
by ASDM

minimum aperture (cm)
maximum aperture (cm)
mean aperture (cm)
standard deviation (cm)

Parallel Fracture

0.158
0.239
0.193
0.020

Wedged Fracture

0.168
0.371
0.272
0.055
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Acrylic plastic parallel fracture

(a)

(d)

(a) 8x8 ELEMENTS, (b) 16X16 ELEMENTS, (c) 32X32 ELEMENTS, (d) 50X50 ELEMENTS

Fig.3-1. Contour maps of aperture width of acrylic plastic parallel fracture calculated by ASDM.
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Acrylic plastic parallel fracture (8 X 8)
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Fig.3-2. Aperture width of elements of acrylic plastic parallel fracture calculated
by ASDM (aperture width is proportional to a height of filled square)
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Acrylic plastic parallel fracture (16X16)
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Acrylic plastic parallel fracture (32 X 32)
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Acrylic plastic wedge shaped fracture

(a) (b)

(c) (d)

(a) 8X8 ELEMENTS, (b) 16X16 ELEMENTS, (c) 32X32 ELEMENTS, (d) 50X50 E L E M E N T S

Fig.3-5. Contour maps of aperture width of acrylic plastic wedge shaped fracture calculated by ASDM
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Acrylic plastic wedge shaped fracture (8 X 8)
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Fig.3-6. Aperture width of elements of acrylic plastic wedge shaped fracture calculated
by ASDM (aperture width is proportional to a height of filled square)
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Acrylic plastic wedge shaped fracture (16X16)
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Fig.3-7. Aperture width of elements of acrylic plastic wedge shaped fracture calculated
by ASDM (aperture width is peroportional to a height of filled square)
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Acrylic plastic wedge shaped fracture (32 X 32)
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Fig.3-8. Aperture width of elements of acrylic plastic wedge shaped fracture calculated
by ASDM (aperture width is proportional to a height of filled square)
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Acrylic plastic parallel fracture (8 X 8) - standard porous medium flow model
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Fig.3-9. Distributions of (a) transverse and (b) longitudinal velocity in acrylic plastic parallel fracture calculated by FLOWA



Acrylic plastic parallel fracture (16 X16) - standard porous medium flow model
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Fig.3-10. Distributions of (a) transverse and (b) longitudinal velocity in acrylic plastic parallel fracture calculated by FLOWA



Acrylic plstic parallel fracture (32 X 32) - standard porous medium flow model
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Acrylic plastic wedge shaped fracture (8 X 8) - standrd porous medium flow model
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Acrylic plastic wedge shaped fracture (16 X 16) - standard porous medium flow model
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Fig.3-13. Distributions of (a) transverse and (b) longitudinal velocity in acrylic plastic wedge shaped fracture calculated by FLOWA
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Acrylic plastic parallel fracture (8 X 8) - variable aperture channel flow model
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Fig.3-15. Distributions of (a) transverse and (b) longitudinal flow rate in acrylic plastic parallel fracture calculated by FLOWB



Acrylic plastic parallel fracture (16 X16) - variable aperture channel flow model
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Fig.3-16. Distributions of (a) transverse and (b) longitudinal flow rate in acrylic plastic parallel fracture calculated by FLOWB
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Acrylic plastic wedge shaped fracture (8 X 8) - variable aperture channel flow model

Flow in
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Fig.3-18. Distributions of (a) transverse and (b) longitudinal flow rate in acrylic plastic wedge shaped fracture calculated by FLOWB



Acrylic plastic wedge shaped fracture (16 X 16) - variable aperture channel flow model
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Fig.3-19. Distributions of (a) transverse and (b) longitudinal flow rate in acrylic plastic wedge shaped fracture calculated by FLOWB
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Acrylic plastic parallel fracture (32 X 32)

INLET
INLET

to
I

OUTLET

(a) variable aperture channel flow model

OUTLET

(b) standard porous medium flow model

Fig.3-21. Comparison between pressure heads calculated by (a) variable aperture channel flow model and
(b) standard porous medium flow model for parallel fracture



Acrylic plastic wedge shaped fracture (32 X 32)
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(a) variable aperture channel flow model
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Fig.3-22. Comparison between pressure heads calculated by (a) variable aperture channel flow model and
(b) standard porous medium flow model for wedge shaped fracture



Acrylic plastic parallel fracture - standard porous medium model
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medium model (port 1)



Acrylic plastic parallel fracture - standard porous medium model
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Fig.3-24. Elution profiles of uranine at individual outlet port calculated by standard
porous medium model without considering hydrodynamic dispersion.



Acrylic plastic wedge shaped fracture - standard porous medium model
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Fig.3-25. Elution profiles of uranine at individual outlet port calculated by standard
porous medium model without considering hydrodynamic dispersion.



. Acrylic plastic parallel fracture - standard porous medium model

(a) INFLOW (b) INFLOW
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uranine

uranine

OUTFLOW OUTFLOW

Fig.3-26. Prediction of uranine image profile in parallel fracture after (a) 6, (b) 12,
(c) 24, and (d) 30 hours calculated by standard porous medium model
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acrylic plastic wedge shaped fracture - standard porous medium model

(a) INFLOW (b) INFLOW

ranine

OUTFLOW OUTFLOW

(c) INFLOW INFLOW
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Fig.3-27. Prediction of uranine image profile in wedge shaped fracture after (a) 6, (b) 12,
(c) 24, and (d) 30 hours calculated by standard porous medium model
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Acrylic plastic parallel fracture - hydrodynamic dispersion diffusion model
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Fig.3-28. Effect of the Peclet number on the shape of elution profiles
calculated by hydrodynamic dispersion diffusion model
(port 1,b: 0.190 cm, t : 25.16 hrs)
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î
I?
I-.'
•'!

1 P

'il

li'

1
l![
i *

\t'i • 7 • I

' • i • i •

' 1 " 1 "

-

Porti
Port2
Onrt "X
rO f l «>
Port 4

...Dnl4 C

run O
n.rtc
non o
pnr» 7ron t
Dnrt orw i o

•

-

•

I ' l 1 I ' l 1

10 20 30 40 50 60 70 80 90 100 110 120
Time (hr)

Fig.3-29. Elution profiles of uranine at individual outlet port calculated by
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dispersion
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by hydrodynamic dispersion diffusion model
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Fig.3-31 Numbers of particles introduced into fracture inlet and observed
at fracture outlet (Acrylic plastic parallel fracture)



Fig.3-32. Numbers of particles introduced into fracture inlet and observed
at fracture outlet (Acrylic plastic wedge shaped fracture)



Acrylic plastic parallel fracture - variable aperture channel model
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Fig. 3-33. Elution profiles of uranine through acrylic plastic parallel
fracture calculated by variable aperture channel model



Acrylic plastic wedge shaped fracture - variable aperture channel model
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Fig. 3-34. Elution profiles of uranine through acrylic plastic wedge shaped
fracture calculated by variable aperture channel model



Acrylic plastic parallel fracture - variable aperture channel model
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Fig.3-35. Prediction of uranine image profile in parallel fracture after (a) 6, (b) 12,
(c) 24, and (d) 30 hours calculated by variable aperture channel model
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Acrylic plastic wedge shaped fracture - variable aperture channel model
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Fig.3-36. Prediction of uranine image profile in wedge shaped fracture after (a) 6,
(b) 12, (c) 24, and (c) 30 hours calculated by variable aperture channel model
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Acrylic plastic parallel fracture
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Fig.3-37. Comparison of uranine eiution profiles (port 1) calculated
by hydrodynamic dispersion diffusion model, standard porous
medium model and variable aperture channel model, respectively



Acrylic plastic wedge shaped fracture
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4. ANALYSIS OF GRANITE FRACTURE SYSTEM

The artificial granite fracture was created from two slabs of polished pink granite, 10.16 cm

thick, 100 cm long and 100 cm wide. The thickness of spacer used in granite fracture is

summarized in Table 4-1. After performing the experiment in the parallel fracture, the spacer on

the side 1 was removed and the spacer on the other side was replaced with thicker one (0.31 cm)

to form the wedge shaped fracture. The calculated fracture volumes were 737 mL for the parallel

fracture and 1929 mL for the wedge shaped fracture.

4-1. APERTURE WIDTH DISTRIBUTIONS

The aperture width of the elements for modeling were calculated by ASDM with 64 x 64

elements. Figure 4-1 shows the calculated results for both fractures. The darker zone indicates a

larger aperture width. The concavity effect is observed in the middle zone of the parallel fracture.

This concavity arose in the process of polishing the surfaces of the granite slabs. The calculated

results for both fracture types agree well with the raw aperture width distribution shown in Fig.2-

2.

4-2. FLOW DISTRIBUTIONS

The flow distributions in the artificial granite fracture have been calculated by the code FLOWB

using the following input parameter values

- total flow rate (QT ) = 8.02 and 10.02 mUhr for the parallel fracture

= 8.61 and 69.5 mL/hr for the wedge shaped fracture

- fracture length (L x ) = 100 cm

- fracture width (Lx) =100 cm

- average aperture width (b)= 0.0745 cm for the parallel fracture

= 0.1926 cm for the wedge shaped fracture
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- error tolerance = 10" 10

- numbers of elements ( m x « ) = 64x64

The calculated correction factors (CF) were 1.14 for the parallel fracture and 0.592 for the

wedge shaped fracture at given flow rates.

Figure 4-2 shows the distributions of the transverse and longitudinal flow in the parallel fracture.

The size of the triangle indicates the magnitude of flow rate and the direction of apex of triangle

indicates flow direction. In the parallel fracture the longitudinal flow is the largest in the middle

zone of the fracture due to concavity and the transverse flow rate is about one order of magnitude

less than the longitudinal flow direction. This is consistent with the results obtained in the acrylic

plastic fracture. The values in all longitudinal flow rates are within an order of magnitude. This

means that the granite parallel fracture has also small variation of aperture width.

Figure 4-3 shows the distributions of the transverse and the longitudinal flow rate in the wedge

shaped fracture. The longitudinal flow rates vary over 6 orders of magnitude. This tremendous

variation was caused by the zero aperture width at one side of the fracture. The transverse flow

rates are similar with and larger than the longitudinal flow in the fracture. In this case, the

transverse flow will affect the flow pattern. Unlike the parallel fracture, there is a stagnant zone

of water flow (white zone) near edge zone without spacer. In the stagnant water, the solute will

be transported by diffusion. However, in the present model the diffusion of solute into stagnant

zone would not have been considered because we could not measure or predict the exact

boundary of such a diffusion zone (stagnant zone).

4-3. MIGRATION

4-3-1. BROMIDE (Br)

4-3-1-1. Simulation Results

The input data used to predict the migration of bromide (Br) through the granite fracture are

summarized in Table 4-2. In the calculation with the hydrodynamic dispersion diffusion model,

the fracture was divided into eight channels, independent of each other, to match the eight
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fractional collectors and the hydrodynamic dispersivity was considered as an adjustable

parameter. In the calculation with the variable aperture channel model, the model fracture was

divided into 64 x 64 elements to obtain smooth elution curve. For both models, the value of the

rock-matrix diffusivity (D p ) , rock porosity (^) , particle density (pp), surface sorption

coefficient (K a ) and bulk sorption coefficient ( Ka) were 10"? cm2/s, 0.002, 0.01 cm and 10

mg/1, respectively. The standard porous medium model were not applied for the granite fracture

because rock matrix diffusion was not considered in the model. In Table 4-3, the mean aperture

width, water residence time and flow rate for individual channels used for the hydrodynamic

dispersion diffusion model are summarized. The flow rates in the table were calculated from the

cubic law.

Figure 4-4 shows elution profiles for Br through the parallel granite fracture (GS1) calculated

with the variable aperture channel model. The different elution times indicate that properties of

the fracture vary across surface. The variability of such geometrical properties of the fracture

has been demonstrated previously. The elution profile for port 8 shows a stair-shape structure.

Most of elution curves show dispersiion, indicating channel dispersion due to the velocity

difference between the elements. In addition, tailing of elution profiles is observed. The tailing

can be caused by channel dispersion or rock-matrix diffusion or a combination of the two. If

tailing is due to channel dispersion, its amount should be independent of diffusion rate

(diffusivity). To confirm this, calculations were performed for the case without considering rock-

matrix diffusion to compare the case with rock-matrix diffusion. The results (curves with

symbol) are shown in Fig.4-4. In curves for the case without considering rock-matrix diffusion

the tail disappeared This proves that the tailing is due to rock-matrix diffusion.

On the other hand, the extent of tailing is larger with a longer retention times since the amount of

rock matrix diffusion is related to contact time of the tracer with the surface in fracture, i.e. flow

rate and fracture length. Keum et al.(1997) proposed a parameter J3, which is defined by /?

(=b(Vf I Lz) I ^^Dp~E~), to test the quantitative effect of rock-matrix diffusion in a single

fracture. They showed that the rock-matrix diffusion might be ignored when the value of ft is

over 5 mim"J/2 and ^ be very much important when less than 0.05 mim*^. For the present
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conditions, the values range between 1.5 (port 1) to 3.8 (port 6) min* 1/2. Thjs suggests that rock-

matrix diffusion can be ignored.

Figure 4-5 shows elution profiles of Br through the wedge shaped granite fracture (GS2)

calculated with the variable aperture channel model. In general, the retention time of tracer is

short in the channel with the largest aperture width because of its high flow velocity. The

aperture width of the wedge shaped fracture increased monotonously in the direction from port 8

to port 1 and therefore, the order of the elution times corresponds to the aperture width. A lower

slope at the leading edge and longer tailing at trailing edge appear more evident in channels with

relatively smaller apertures (port 2 and 3). We can see that the tail of the curves with

considering rock-matrix diffusion (curves without symbol) are the almost same as that of curves

without rock-matrix diffusion (curves with symbol). Interestingly, this is different situation from

the result of the parallel fracture. For the parallel fracture, the tail of curves disappeared in the

case of without considering rock-matrix diffusion to be the tail due to rock-matrix diffusion. In

contrast, in the case of the wedge shaped fracture the tail of curve is likely to be due to channel

dispersion because the tail appears even in the case without considering rock-matrix diffusion.

Although the same rock matrix diffusivity is considered in both fractures, the effect appears

apparently stronger in the parallel fracture. This is because the channel dispersion in wedge

shaped fracture is so large that it looks like more favorable than the effect of rock matrix.

We also analyzed the quantitative effect of rock-matrix diffusion in the wedge shaped fracture

using fi. The calculated fi value ranged from 0.17 (port 1) to 66.58 m i n ~ ^ (port 8). Although

the elution profile for port 1 is not shown in Fig.4-5, the rock matrix diffusion is expected to be

very important based on the value for fi. Actually, we did not obtain a smooth elution curve for

port 1 because only 14 out of 29971 particles introduced into the wedge shaped fracture existed

through channel 1. This means that extremely slow flow (stagnant zone) of water occurs in

channel l.The fi values for port 2 and 3 are 1.53 and 5.05 min"1/2, respectively and these

values are very similar to those calculated for the parallel fracture. In the curve for port 2 the

effect of rock-matrix diffusion appears a little bit as the /? value is less than 5 min~^, while in

the curve for port 3 the effect almost disappears as the ft value is over 5 miir^. Because the
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amount of rock-matrix diffusion increases with contact time, the effect of rock-matrix diffusion

is more evident at longer elution (retention) time.

By comparing Figs.4-4 and 4-5, we can find an interesting fact that the shape of elution profile

for the wedge shaped fracture varies much more drastically along the fracture (port) than that for

the parallel fracture. This is caused entirely by geometrical properties of the fracture. In Table 4-

4, the statistics of the aperture width distribution of both fractures are summarized. The standard

deviation for the wedge shaped fracture is almost 50 % of the mean value, indicating much

broader aperture width distribution compared with that of the parallel fracture.

Figure 4-6 show comparisons of the elution profiles of Br calculated by the hydrodynamic

dispersion diffusion model (Pe =4,000) and the variable aperture model for the parallel and the

wedge shaped fracture, respectively. The curves for port 6 from both models are very good

agreement with each other. Deviation is found between the curves of port 2. This is because the

variable aperture channel model considering the channel dispersion lead to more dispersive

curve.

The comparison of the elution curves for the wedge shaped fracture is shown in Fig.4-7.

Attempts were made to fit the hydrodynamic dispersion diffusion model to the variable aperture

channel model using Pe as an adjustable parameter. The Pe value of 20 for port 2 and 40 for

port 4 were used to give a good fit between these two models. These different Pe values result

from different dispersion in each channel. We have already seen from the results of flow

distributions that the transverse flow will lead to lateral mixing in the zone when the transverse

flow rate is comparable with the longitudinal flow rate. The zone corresponding to port 2 in the

wedged fracture is an example of such a case. In this zone, the solute will move differently from

that in one-dimensional flow. The adjusted curve for port 2 ( Pe=20) calculated with the

hydrodynamic dispersion diffusion model is in a good agreement with the peak height and

breakthrough time but is not with the shape of the variable aperture channel model. This

difference of both models will be more outstanding when the transverse flow is significant

because the hydrodynamic dispersion diffusion model is one dimensional model in which the

uniform flow rate is assumed, and the variable aperture model is a two-dimensional mode in

which transverse flow is considered .
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4-3-1-2. Analysis of Experimental Data of Bromide

For migration experiments of Br, distilled water was used as the transport solution and was

pumped through the parallel fracture at the total flow rate (QT ) of 10.2 mL/hr and the wedge

shaped fracture at 8.61 mL/hr. The Bromide solution was injected for 100 hours (Z^) into both

fractures, followed by flushed with water to make band release.

The original VAMKAP was modified to compare calculated with experimental elution profiles

because, in the experiment, the flow rates were measured on the eluted volume basis. The

uniform flow rate was obtained by trimming tubes at fracture outside. The artificial adjusting to

obtain uniform flow rates is likely to give rise to a strong transverse mixing at the zone near

outside within fracture. The transverse mixing changes the migration-direction of tracer so that it

will result in different elution profiles. To consider this mixing effect, the last raw elements of

the model plane were divided into eight groups each of which corresponds to the position of

eight fractional collectors used in experiment. The transverse flow rate was calculated by

material balance of each group. The modified model can calculate numbers of particles to be the

same in all fractional collector to match with experimental situation. Table 4-5 shows the

distribution of the particles exiting to each channel before and after modification. The particle

numbers before modification of model is distributed according to the aperture width at fracture

outlet, while the numbers after modification are very similar in all channels. This validates that

the present modification consider the transverse mixing effect at the zone near fracture outlet

properly.

Figures 4-8 through 4-11 show a comparison of experimental data with calculated elution

profiles of Br through the parallel granite fracture (GS1). The experimental profiles show earlier

elution time and longer tailing than the calculated results. The results for the wedge shaped

fracture (GS2) are shown in Figs.4-12 through 4-14. In this case experimental elution profiles

have significantly later elution time than calculated results. This discrepancy between model and

experimental data may be possible by two factors; the aperture width distributions or the flow

rate distributions predicted differently than actual. The first one is unlikely to be a good reason

because the aperture distributions calculated for modeling was in good agreement with the
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measured one. Therefore, we believe that complicate mixing occurred in the entire fracture in

addition to the mixing near outlet of the fracture considered in the modified model.

4-3-2. NEPTUNIUM (Np)

4-3-2-1. Simulation Results

Sorption onto geologic medium contributes greatly to the retardation of radionuclides. There are

surface sorption and bulk sorption within rock-matrix in the fracture. In the variable aperture

channel model, the surface sorption delays the migration of tracer by Ra factor of the water

residence time (tw ) when rock-matrix is ignored, while the residence time of tracer is a function

of second power of retardation factor by surface adsorption ( R a ) when rock-matrix diffusion is

considered (see Eq.(2-102)). Because bulk sorption takes place at the same time as diffusion

within rock-matrix, the effect is accounted for by the lumped parameter, DpRd that is

independent of surface sorption coefficient.

Figure 4-15 shows elution profiles of neptunium through the parallel granite fracture calculated

by the variable aperture channel model. In general, curves for sorbing tracer have lower peak

height and longer tail compared with non-sorbing tracers. As expected, a long tail appears in the

trailing zone of all curves. This long tail must be caused by diffusion and bulk sorption within

rock-matrix. This result was not observed with Br as the non-sorbing tracer. Figure 4-15 also

shows comparison between elution curves for the case without (Ka =0) and with considering

surface sorption (Ka =0.01 cm). The curve of the case without surface sorption have earlier

elution time but that the curves in both cases have ahnost same shape. Surface sorption does not

contribute to a tail of elution profile and leads only to delayed curves. An evidence (stair-step

structure) of channel dispersion for channel 4 which was shown in the case of bromide (Fig.4-4)

disappeared in elution curve for sorbing-tracer. This occurred because the effect of rock-matrix

diffusion is so strong that channeling dispersion is absorbed into the rock-matrix diffusion effect.

Bulk sorption combined with the rock-matrix results in a significant retardation of the tracer in

the fracture field. The stronger bulk sorption exists in the fracture, the more measurable rock

matrix effect is in the migration of tracers.
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In Fig.4-16, elution profiles of the sorbing tracer for the wedge shaped fracture are shown. Sharp

rising in the leading zone, indicating predominance of convective flow over rock-matrix

diffusion, is observed in curves for the fast flowing portion of the wedge shaped fracture (ports 4

through 8). This is similar to the result observed for non-sorbing tracers except that a little more

diffusion loss in front zone and longer tail in trailing zone occurs. But the curves for port 2 and 3

show very long tail, which is caused by a combination of channel dispersion and rock-matrix

diffusion. Especially the peak in the curve for port 2 is a typical evidence of channel dispersion.

A similar result appeared also in the curve for non-sorbing tracer (Fig.4-5) but the effect is more

remarkable in the result of sorbing-tracer. This result may also be a numerical fluctuations due to

small particle numbers. To confirm the possibility, we re-calculated the case with increased total

particle numbers but did not obtain improved results.

Figures.4-17 and 4-18 show the migration plumes with time of the sorbing tracer in the parallel

and the wedge shaped fracture, respectively. In the parallel fracture case, the plume corresponds

to the aperture width distribution (Fig.2-1). In the middle zone, consisting of a large aperture

width, the flow is fast so that the concentration front may arrive earlier at the fracture outlet.

Fig.4-18 for the wedge shaped fracture show very interesting result that there is stagnant zone

near edge of the side without spacer. Most flow pass through zone of larger aperture width in the

side with spacer (0.31 cm) even after water has established fully developed stream in shown in

Fig.4-18(e).

Figure 4-19 for the parallel fracture and Figure 4-20 for the wedge shaped fracture show

comparison of elution profiles of Neptunium calculated by the variable aperture channel model

and the hydrodynamic dispersion diffusion model, respectively. An agreement of both models

could have been improved by adjusting the value of Pe in the hydrodynamic dispersion

diffusion model. For examples, in the curves of port 2 ( Pe =200) in the parallel fracture and port

3 (Pe=20) in the wedge shaped fracture, the agreement of both models have been unproved

considering hydrodynamic dispersion. This agreement of both models is predicted only in the

case that the transverse flow is not so significant compared to the longitudinal flow. In the case

of port 8 in Fig.4-19, the peak height of elution curves of both models is more agreed using

the Pe value of 20 but the breakthrough time is rather more disagreed. This ambivalent result is

due to the difference-of nature of model as we have seen same result in the case of bromide. The
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more transverse flow affects flow pattern in fracture, the more a disagreement of both models is

increased.

4-3-2-2. Analysis of Experimental Data of Neptinium

The flow rate used for neptunium migration experiments was 8.02 mL/hr for the parallel fracture

and 8.61 mL/hr for the wedge shaped fracture. The solution including neptunium was injected

for 100 hours for the parallel fracture and 194.5 hours for the wedge shaped fracture, followed by

flushed with pure water.

Figures 4-21 through 4-24 show the comparison of experimental data with the calculated elution

profiles of Neptunium through GS1. Two adjustable parameters, Ka and fl2DpRd, were used to

fit model to experimental data. The calculated values of each parameter were Ka =0.009 cm and

$2DpRd=l.5E-9, respectively. The leading zone of most curves is in some discrepancies but the

trailing zone are in very good agreement between calculated and experimental results. The

disagreement of leading zone is not totally unexpected since we have already seen the

disagreement of hydrologic properties between experiment and model in the result of bromide.

In genera], the leading zone of elution profile is greatly affected by hydrologic properties of

fracture, while the trailing zone by rock matrix diffusion and sorption. The good agreement of

trailing zone encourages the usefulness of present model in migration studies considering

sorption and rock matrix diffusion.

Figures 4-25 through 4-28 show the comparison results of the wedge shaped fracture case (GS2).

Agreement between calculated and experimental data is not so good. The elution time and band

width of both results are different from each other but the slopes of trailing zone are very similar.
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Table 4-1. Spacer thickness used in granite artificial fracture

parallel fracture
spacer l(f,)

0.04 cm
spacer 2 (s2)

0.04 cm

wedge shaped fracture
spacer 1(5,)

0 cm
spacer 2 (s2)

0.31cm

Table 4-2. Input data values used for the prediction of migration
of Br through granite fracture

parameters
mxn

L, (cm)

Z,x(cm)

bt (cm)

QT (ml/hr)

fi(ml/hr)

Pe(-)
Dp (cmVs)

Ka{cm)

K< (ml/g)

*(-)
P, (g/ml)

hydrodynamic dispersion
diffusion model

8x1
100

100

Table 3-7

8.02 (parallel)
69.5 (wedge shaped)

Table 3-7

100

adjustable parameter

io-7

0, 0.01

10

0.002

2

variable aperture channel
model

64x64
100

100

ASDM

8.02 (parallel)
69.5 (wedge shaped)

FLOWB
100

-

io-7

0, 0.01

10

0.002

2

- 1 0 0 -



Table 4-3. Mean aperture width, flow rate and mean water residence time
of individual channel of granite fracture used for calculation
by hydrodynamic dispersion diffusion model

Channel No.

1
2
3
4
5
6
7
8

parallel fracture (QT =8.02 ml/hr)

4 (cm)

0.061
0.066
0.071
0.078
0.082
0.083
0.079
0.067

Q (ml/hr)

0.560
0.701
0.872
1.170
1.368
1.391
1.217
0.740

Z =802

<„ Our)

136.1
117.6
101.7
83.6
75.3
74.5
81.4

113.5

wedge shaped fracture (QT =69.5
ml/hr)

*, (cm)

0.044
0.091
0.136
0.180
0.221
0.257
0.292
0.321

Q (ml/hr)

0.062
0.559
1.842
4.257
7.862

12.470
18.147
24.301

z =69-5

888.6
204.2

92.3
52.8
35.1
25.8
20.1
16.5

Table 4-4 Statistics of aperture width distribution of granite fracture

minimum aperture (cm)
maximum aperture (cm)
mean aperture (cm)
standard deviation (cm)

parallel fracture (GS1)

0.0400
0.0938
0.0735
0.0128

about 17 % of mean value

wedge shaped fracture(GS2)

0.000
0.349
0.193
0.094

about 49 % of mean
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Table 4-5. Number of particles entering and exiting each channel calculated by model
before and after considering mixing effect near fracture outlet

<parallel fracture>

channel number
1
2
3
4
5
6
7
S

inlet

Ig27
2374
2gO3
4307
5594
5868
4660
2535

outlet
before
1859
2539
3186
4482
5391
5503
4514
2494

after
3595
3766
3660
3783
3825
3904
3820
3615

<wedge shaped fracture>

channel number
1
2
3
4
5
6
7
8

inlet

3
111
567
1593
3227
5339
7889
11242

outlet
before

14
154
643
1735
3152
5328
7951
10994

after
3605
3667
3530
3718
3873
3803
3817
3858
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Granite Fracture (64 X 64)

Flow in Flow in
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ELEMENT NUMBER M MXRECTION
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ELEMENT NUMBER IN DIRECTION

Flow out

(a) parallel fractue (GS1) (b) wedge shaped fracture (GS2)

Fig.4-1. Aperture width distributions of elements for modeling of granite (a) parallel and (b) wedge shaped fracture
calculated by ASDM



GS1 (64 X64) - variable aperture channel flow model
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Fig.4-2. Distributions of (a) transverse and (b) longitudinal flow rate in granite parallel fracture (GS1 ) calculated by FLOWB



GS2 (64 X64) - variable aperture channel flow model
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Fig.4-3. Distributions of (a) transverse and (b) longitudinal flow rate in granite wedge shaped fracture (GS2 ) calculated by FLOWB
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Granite wedge shaped fracture - variable aperture channel model - Br
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Fig.4-5. Elution profiles of Br through granite wedge shaped fracture calculated by

variable aperture channel model

(Lx=Lz=100cm. QT=69.5 mL/hr, tn=100 hrs, Ka=0, <p2D R=4.10-«)



Granite parallel fracture - Br
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Fig .4-6. Comparison of elution profiles of Br through parallel fracture calculated by
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and variable aperture channel model, respectively

(Lx=Lz=100cm, QT=8.02 mL/hr, ^=100 hrs, Ka=0



o
ID

I

1 O-i

0.9-

0.8-

z l 0.7 -

2 . 0.6-
g

1 0.5-

c 0.4-
8
(D

> 0.3-
0)
"" 0.2-

0 . 1 -

• • • • •

|

i

1

Granite wedge shaped fracture - Br

iff

M i •

b
Wi
! / / •

!

\ j
I//
! • • 't -!

v

l l ' • " ' l l l l l

\:

•

: hydrodynamic dispersion .
diffusion model (port 2,
Pe=4,000) [

— • —

— , —

" (port 4, Pe=4,000)
11 (port 2, Pe=40)
11 (port 4, Pe=40)
11 (port 2, Pe=20)
" (port 4, Pe=20)
variable aperture channel

model (port 2)
11 (port 4)

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700

time, hrs

Fig.4-7. Comparison of elution profiles of Br through wedged fracture calculated by

hydrodynamic dispersion diffusion model and variable aperturechannel model,

respectively (L =L =100cm, Q =69.5 ml/hr, t =100 hrs, K =0, q>2D R =4.10"13)
v x z T in a T p d '



Granite parallel fracture- Br

©
I

1-

I
8
> 0.01

"55

1E-3
100

:FC1
(variable aperture model)
:FC2(")

-o-:FC1(Exp.)
- A - :FC2(")

po

Eluted Volume (mL)

1000
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Fig.4-17. Migration plumes of Np in granite parallel fracture after (a) 100,
(b) 120, (c) 150 and (d) 200 hrs. calculated by variable aperture channel model
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Fig.4-26. Comparison of experimental data with calculated eluion profiles for Np through wedge
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Fig.4-27. Comparison of experimental data with calculated eluion profiles for Np through wedge
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Fig.4-28. Comparison of experimental data with calculated eluion profiles for Np through wedge
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5. SUMMARY

AECL has been performing a series of migration experiments using conservative and sorbing

radioisotope tracers in natural fractures in quarried blocks of granite and in artificial fractures.

The main purpose of the experiments is to observe flow characteristics and to provide

experimental data for the validation of migration models of radioactive tracer in fractures rock.

For migration experiments in artificial fractures, two configuration of fracture, parallel and

wedge shaped fracture, were made of media such as acrylic plastic, granite and tuff. The

fractures were characterized by profiling the surfaces of the fractures prior to assembly and

elution profiles of the stable and sorbing tracers were measured.

This study is an attempt to validate a number of contaminant transport models using the data

obtained in acrylic plastic and granite artificial fracture system. For this, three kinds of migration

model, hydrodynamic dispersion diffusion model, two-dimensional standard porous medium

model and two-dimensional variable aperture channel model are applied. This work consists of

two parts; modeling and analysis of the artificial fracture system by the migration models.

Modeling has been performed in the following three parts;

a) Aperture width distribution for modeling

b) Flow distributions

c) Migration

First, we have developed the computer code ASDM to calculate aperture width distribution of

fracture divided into elements for modeling using arithmetic average concept. Second, to

calculate flow distributions to be used as input data in two-dimensional standard porous medium

model and two-dimensional variable aperture channel model, the flow model equations of both

models have been set up and converted into the computer code FOLWA and FLOWB,

respectively. Finally, the material balance equations of three migration models; hydrodynamic

dispersion diffusion model, two dimensional standard porous medium model and two

dimensional variable aperture channel model, have been set up and converted into the computer

code HDDM, POMKAP and VAMKAP, respectively. Different solution method are used for

solution of each migration model. In the hydrodynamic dispersion model Gaussian quadrature is
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used and in the standard porous medium model alternating-direction method and in the variable

aperture channel model particle tracking method.

The artificial fracture system has been predicted and analyzed by above computer codes. The

analyzed artificial fracture systems are as follows;

a) Acrylic plastic fracture - parallel and wedge shaped fracture - uranine

b) Granite fracture - parallel and wedge shaped fracture - bromide and neptunium

For all fracture types, the contour maps of distributions of aperture width calculated by ASDM

are in a good agreement with actual aperture width distributions that had been measured. The

flow distributions predicted by FLOWA and FLOWB show the same trend and represent well

characteristics of each fracture such as the concavity effect in parallel fracture and wedge shape

in wedge shaped fracture. This implies that the concept of flow model is adequate and the

procedures of calculation are correct. In the acrylic plastic fracture the transverse flow (x -

direction ) is insignificant in both parallel and wedge shaped fractures while, in the granite

wedge shaped fracture it is predicted to be an important factor in the zone where the transverse

flow rate is greater than the longitudinal flow rate (z -direction).

The migration in acrylic plastic fracture has been predicted by three migration computer codes,

HDDM, POMKAP and VAMAP. In the parallel fracture the elution profiles of port 3 and 4 have

the earliest arrival time due to the concavity effect in the middle zone of the fracture. In the

wedge shaped fracture the concavity effect disappears because the wedge shaped effect is

stronger than concavity effect and as a result, the elution profile of each port comes with the

order of size in aperture width. The calculated results obtained with the models were compared

with each other. Good agreement was found between both models when the Peclet number, Pe,

is used as an adjustable parameter to fit hydrodynamic dispersion diffusion model to variable

aperture model. This was the expected result because the transverse flow did not give an actual

impact on the entire flow pattern. The standard porous medium model leads to more dispersive

elution curve than other two models. This is due to the numerical dispersion rather than the

nature of model.

The elution profiles for Br as non-sorbing tracer and Np as sorbing tracer in granite fracture have

been predicted and compared with experimental data. The results for Br are not much different

- 132 -



from those for uranine in the acrylic plastic fracture because both are conservative tracers.

However, the discrepancies were found between the curves predicted by the variable aperture

channel model and experimental data of Br. This may have been due to complicate hydrological

phenomena in the fracture. An improved model that can treat such a complicated mixing effect

in fracture may be needed in addition to experiment designed to investigate detailed flow

characteristics in the fracture. In the case of Np, the agreement between experimental data and

curves calculated by the variable aperture channel model was very good in the parallel fracture

although some discrepancies was observed in the leading zone of curves. It encourages the

usefulness of variable aperture channel model in the migration study considering sorption and

rock matrix diffusion.
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APPENDIX A-l

Summary of Calculation Step of Computer Codes
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1. ASDM (Aperture Size Distribution for Modeling)

Step 1 - Give m, n, Lx and L2 as input data and calculate the width (Ax = Lx I n ) and

length (Az =/ , , /# ! ) of an element.

Step 2 - Read the raw aperture width with position from input data file.

Step 3 - Sum all aperture width data and count the number of data that fall within a given

element, and calculate the average aperture width for the element using Eq. (2-4).

Step 4 - Repeat above step until to calculate the average aperture width for all elements.

2. FLOWA

Step 1 - Read raw aperture width data and define input parameters such as the density and the

viscosity of water, convergence tolerance, head pressure of flow at both boundaries,

fracture length, fracture width, acceleration due to gravity, numbers of elements.

Step 2 - Calculate the aperture width of individual elements using the subroutine ASDM and

subsequently calculate the hydraulic conductivity distributions of model fracture

using Eqs.(2-26) and (2-27).

Step 3 - Do the Gauss-Seidel iterative method to calculate the pressure head of flow for all

elements until to meet the convergence criteria.

Step 4 - Calculate the transverse and the longitudinal velocity using Eqs.(2-22) and (2-23).

3.FLOWB

Step 1- Read raw aperture size data and define input parameters; the density and the viscosity

of water, convergence tolerance, head pressure of flow at boundary, fracture length,

fracture width, acceleration due to gravity, and numbers of elements.

Step 2- Calculate the average aperture width of individual element in the subroutine ASDM

and the resistance in four directions f individual element Rx, R2,R3, and R4.

Step 3 - Using the Gauss-Seidel iterative method, do the calculation of the pressure head of
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flow of each element using Eqs.(2-37) through (2-75) until to meet the convergence.

Step 4 - Calculate the flow rate Qx, Q2, Q3 and QA in four directions of individual element

using the relationship of Eq.(2-30).

4. POMKAP (POrous medium Model for KAERI and AECL Project)

Step 1- Read raw aperture width data from external sources and define values of input

parameters

Step 2- Calculate aperture width distribution at given m and n by the subroutine ASDM.

Step 3- Calculate the transverse and the longitudinal velocity for individual element in the

subroutine FLOWA.

Step 4- Using the Thomas algorithm, calculate the intermediate concentration C, j with a

half time step size (At 12), and in turn C*, ,^x at the end of whole time interval At.

Step 5- Repeat steps 4 and 5 for all time steps.

5. VAMKAP (Variable Aperture Model for KAERI and AECL Project)

Step 1 - Read raw aperture width data from external sources and define input parameters

such as the density, viscosity of water, convergence tolerance, head pressure at

boundary, fracture length, fracture width, acceleration of gravity, numbers of

elements.

Step 2 - Calculate four flow rates Ql, Q2, Q3 and Q+ at each element by

subroutine FLOWB and calculate the average aperture width using subroutine

ASDM. If flow rates are provided from external data file, only average aperture

width is calculated in this step.

Step 3 - Introduce a particle into an element in the first column and calculate its retention

time in the element.
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Step. 4 - Call subroutine PATHWAY to calculate the flow probability toward the outflow

branches of the element where the particle is located.

Step 5 - Call subroutine RANDOM to generate a random number that designates the

outflow pathway of a particle at each element. The outflow pathway is

determined in subroutine PATHWAY by a random number.

Step 6 - Move the particle to the element in the direction of the designated outflow pathway

and calculate the retention time of the particle at the element and add it to the time

that particle has taken until to arrive at the previous element.

Step 7 - Repeat the steps 4 through 6 until the particle arrives at the fracture lutlet.

Step 8 - Calculate the total retention time of the particle in the fracture using Eq.(2-105),

(2-106) or (2-107). Store the total retention time and outlet element position that each

particle left.

Step 9 - Repeat the steps 2 through 6 until the calculation for all particles are completed to be

introduced into the first column element. Count total number of particles pass

through each element at fracture outlet.

Step 10- Calculate the normalized concentration from total particle numbers counted at each

element at outlet divided by total particle numbers introduced into fracture.
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1. Introduction

The computer code VAMKAP is to calculate the elution profile and migration plume of

radionuclide in fracture. VAMKAP has been written in standard FORTRAN 77 and is accessible

from IBM or IBM compatible personal computers. It is recommended that the user be familiar

with FORTRAN compiler and linker (e.g. MS-FORTRAN or Lahey FORTRAN ) operated in

PC.

2. Program Structure

The VAMKAP consists of a main routine and eight subprograms. Fig. A-l shows the structure

for the VAMKAP program. Subprograms are described below.

2-1. Main Program

Main program controls options of calculation. It also reads input data of aperture width

distribution and if required flow rate distribution.

Main program calls subroutines FLOWB, ELUTION and PLUME

2-2. FLOWB

This subprogram is to calculate the flow rate and aperture width of each element. If flow rate

distribution is provided as input data file (NFR=2), aperture width is only calculated. If the flow

rate is directly calculated in this subroutine, it prints the calculated flow rate.

It is noted that the direct calculation of flow rate is needed only in the first try of calculation.

Once the file for flow rate is obtained at given system conditions, user can use it as input data

file for flow rate from the second try of calculation. The format to write the calculation result of

flow rate in this subroutine is agreed with the format to read flow rate in the main program.

FLOWB calls subroutine ASDM.

2-3. ASDM

ASDM calculates aperture width of each element based on arithmetic average using the input

raw aperture width data.
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2-4. BLOCK DATA

This block data defines values of system parameters such as density of water, viscosity of water,

rate of gravity acceleration, total flow rate, average aperture width of whole fracture, fracture

length, fracture width, surface sorption constant, lumped rock-matrix diffusion coefficient and

injection time of feed solution.

2-5. ELUTION

EUTION calculates elution profile of tracer for eight channels. It also prints calculation results

of elution profile for eight channels.

ELUTION calls subroutines RANDOM, PATHWAY and ERFCI.

2-6. PLUME

PLUME calculates migration plume of tracer for a given time (Tl). It prints the calculation result

of migration plume.

PLUME calls subroutines RANDOM, PATHWAY and ERFCI.

2-7. PATHWAY

This subprogram determines the next pathway of particle at each element.

PATHWAY calls subroutine RANDOM.

2-8. RANDOM

This subprogram generates random number distributed uniformly.

2-9. ERFCI

This subprogram calculates the inverse value of complementary error function.
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aperture width
distribution

subroutine
FLOWB

flow rate
distribution

BLOCK DATA

subroutine
ELUTION

subroutine
PATHWAY

subroutine
RANDOM

subroutine
PLUME

subroutine
ERFCI

print results

Fig.A-1. Program structure of the computer code VAMKAP
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3. Definition of Field Names

Field Name Definition

ASM (I)

BA
CKA
CF
CLX
CLZ

CPLUSE
CSTEP
DEKDRP

G
HIN

HOUT
IFRAC
ITMAX

KOUT
M, N

NCAL
NCF

NDATA
NFR
NN(I,J)

0(4,1)
QF

QTT(1),QTT(2)

R1,R2,R3,R4
RA
RN

ROW
TELE
TPAR

TIN
Tl

TOLA
VIS

XD(I),ZD(I)

RAW APERTURE WIDTH DATA MEASURED AT (XD(I),ZD(I))
AVERAGE APERTURE WIDTH OF ELEMENT I
AVERAGE APERTURE WIDTH OF WHOLE FRACTURE
SURFACE SORPTION CONSTANT
CORRECTION FACTOR FOR DH CALCULATION
FRACTURE WIDTH
FRACTURE LENGTH
RELATIVE CONCENTRATION FOR PULSE INJECTION
RELATIVE CONCENTRATION FOR STEP INLECTION
LUMPED PARAMETER FOR ROCK-MATRIX DIFFUSION
ACCELERATION DUE TO GRAVITY
PRESSURE HEAD AT INLET OF FRACTURE •
PRESSURE HEAAD AT OUTLET OF FRACTURE
FRACTURE TYPE CONTROL (1=PARALLEL, 2=WEDGE)
MAXIMUM ITERATION NUMBER
CHANNEL NUMBER FROM WHICH PARTILE EXITS
NUMBERS OF ELEMENTS IN X- AND Z- DIRECTION,
RESPECTIVELY
CALCULATION CONTROL (1=ELUTION, 2=PLUME)
NUMBERS OF CHANNELS (.EQ. 8 IN THE PRESENT PROGRAM)
NUMBERS OF DATA OF RAW APERTURE WIDTH
FLOW RATE CONTROL (1=DIRECT CALCUALTION, 2=DATA FILE)
NUMBERS OF PARTICLES THAT PASSED ELEMENT (I,J) UP TO
TIMET1
PROBABILTY OF PARTICLE EXITING TO FOUR DIRECTIONS
AROUND ELEMENT I (PROBABILITY TO ENTER IS ZERO)
FLOW RTAE OF FOUR DIRECTIONS AROUND ELEMNTI
TOTAL FLOW RATE ENTERING INTO EACH ELEMENT
TOTAL FLOW RATE ENTERING INTO FRACTURE (1)=PARALLEL,
(2)=WEDGED FRACTURE)
FLOW RESISTIVITY OF FOUR DRECTIONS AROUND AN ELEMET
RETARDATION FACTOR BY SURFACE SORPTION
RANDOM NUMBER
DENSITY OF WATER
RETENTION TIME OF PARTICLE STAYED AT AN ELEMENT
TOTAL RETENTION TIME OF PARTICLE TRAVELLED OVER
WHOLE FRACTURE
INJECTION TIME OF FEED SOLUTION
MIGRATION PLUME AT THIS TIME IS CALCULATED
CALCULATION TOLERANCE
VISCOSITY OF WATER
COORDINATE AT WHICH APERTURE WIDTH WAS MEASURED
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4. Getting Started

1) Install the source file [VAMKAP.FOR] in your hard disk.

2) Compile, link and execute program using a proper FORTRAN compiler.

3) Then, you will see the following message.

ENTER FRACTURE TYPE (1=PARALLEL, 2=WEDGE)

4) Enter " 1 " if fracture type you want to calculate is parallel and "2 " if wedged type.

The following message will be appeared.

ENTER INPUT FILE NAME OF RAW APERTURE WIDTH (UNIT 15)

File name missing or blank, please enter file name

Unit 15 ? gspar.dat

5) Enter input data file name for raw aperture width (gspar.dat is an example of file

name). The following message will be appeared.

HOW WILL YOU PROVIDE FLOW RATE DISTRIBUTION

(1=DIRECT CALCULATION, 2=DATA FILE)

6) Enter " 1 " or "2". If you enter "2", the following message will be appeared.

YOU CHOSE "2". ENTER INPUT FILE NAME FOR FLOW RATE

DISTRIBUTION (UNIT 25)

File name missing or blank -please enter file name

UNIT 25 ? pf0802.dat

7) Enter input data file name for flow rate distribution (pf0802.dat is an example of file

name). If you enter " 1 " in the step 6), the following message will be appeared. •
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YOU CHOSE " 1 " .

WHAT IS CORRECTION FACTOR FOR DH CALCULATION ?

8) Enter a proper correction factor value (this value should be obtained by trial and

error method). The following message will be appeared.

WHAT DO YOU WANT TO CALCULATE

(1=ELUTION PROFILE, 2=MIGRATION PLUME)

9) Enter "1 " or "2". If you enter "2", the following message will be appeared.

Otherwise this step will be skipped.

IF IT IS MIGRATION PLUME, ENTER TIME(HRS) YOU WANT

TO CALCULATE

10) Enter time you want to see migration plume.

( cursor blink while calculation)

11) If you chose the direct calculation for flow rate (NFR=1) in the step 6), the following

message will be appeared.

ITERATION NUMBERS = nnn

MAXIMUM ERROR = nn.E-11

GIVEN TOLERANCE = l.E-10

ENTER OUTFILE NAME FOR THE CALCULATED FLOW

DISTRIBUTION (UNIT 45)

File name missing or blank - please enter file name

UNIT45?pro802.rst
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12) Enter, a proper output file name to write the calculated flow rate data. (pf0802.rst

is an example of output file name). If you provided the flow rate data as input file,

this step is automatically skipped.

13) After calculation of mass transport by particle tracking is completed, the following

message will be appeared.

NUMBER OF TOTAL PARTICLES INTRODUCED = 29968

14) After this, if the calculation results are of elution profile, the following message will

be appeared.

ENTER OUTPUT FILE NAME FOR CALCULATION RESULT OF ELUTION

PROFILE OF CHANNEL 1 (UNIT 16)

File name missing or blank - please enter file name

UNIT16?eIupf-l.rst

15) Enter a proper output file name for elution profile for channel 1. Above step will be

repeated eight times for eight channels.

ENTER OUTPUT FILE NAME FOR CALCULATION RESULT OF ELUTION

PROFILE OF CHANNEL 2 (UNIT 17)

File name missing or blank - please enter file name

UNIT 17 ? elupf-2.rst

16) Enter a proper output file name to write the calculated elution profile for channel 2.

ENTER OUTPUT FILE NAME FOR CALCULATION RESULT OF ELUTION
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PROFILE OF CHANNEL 8 (UNIT 23)

File name missing or blank - please enter file name

UNIT 23 ? elupf-8.rst

17) Enter a proper output file name to write the calculated elution profile for channel 8

(elupf-l.rst, elupf-2.rst and elupf-8.rst are examples of output file name).

18) If calculation result is of migration plume, the following message will be appeared.

ENTER OUTPUT FILE NAME FOR CALCULATION RESULT

OF MIGRATION PLUME (UNIT 35)

File name missing or blank - please enter file name

UNIT 35 ? plupf-30.rst

19) Enter a proper output file name to write the calculated migration plume

(plupf- 3O.rst is an example of file name).
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