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ABSTRACT

The development of INTRAVAL Test Case 9, as presented in this report, was made possible by a
past subsidiary agreement to the bilateral cooperative ugreement between the US. Department of
Energy (DOE) und Atomic Energy of Canada Limited (AECL) encompassing various aspects of
nuclear. waste disposal research. The experimental aspect of this test case, which included a series of
laboratory experiments designed to quantify the migration of tracers in a single, natural fracture, was
undertaken by AECL. The numerical simulation of the results of these experiments wus performed by
the Battelle Office of Waste Technology Development (OWTD) by calibrating an in-house analytical
code, FRACFLO, which is capable of predicting radionuclide transport inan idealized fractured rock.

Three tracer migration experiments were performed, using nonsorbing uranine dye for two of
them and sorbing Cs-137 for the third. [naddition, separate batch experiments were performed to
determine the fracture surface and rock matrix sorption coefficients for Cs-137. The two uranine
tracer migration experiments were used to calculate the average fracture aperture and to calibrate the
model for the fracture dispersivity and matrix diffusion coefficient. The predictive capability of the
model was then tested by simulating the third, Cs-137, tracer test without changing the parameter
values determined from the other experiments. Breakthrough curves of both the experimental and
numerical results obtained at the outlet fuce of the fracture are presented for cach experiment. The
reported spatial concentration profiles for the rock matrix are based solely on numerical predictions,
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I. INTRODUCTION

Atomic Energy of Canada Limited (AECL) performed the Large Block Experiment, which
was designed to understand the processes affocting the migration of tracers in a single fracture, The
Buttelle Office of Waste Technology Development (OWTD) was responsible for simulating the lubora-
tory results of this experiment using mathematical models of single fracture radionuclide trunsport,
The Test Case 9 definition describes the details of the experimental design results as well us the corre-
sponding simulutiony using the computer code FRACFLO (Gureghian, 1990).

I-A. PILOT GROUP IDENTIFICATION

The Pilot G'mup for Test Case 9 is the OWTD located in Willowl.n'o()k, [Hlinois, USA. The Pilot
Group Leader is A, Berge Gureghian.

I-B. EXPERIMENT LOCATION

The experiments were carried out in a laboratory at the AKCL Whiteshell Nuclear Research
listablishment (WNRLE) located near Pinawa, Manitoba, Canada. The experiments were carried out in
the Geochemistry Section of the Geochemistry and Applied Chemistry Branch by Daniel M. Grondin
and DougJ. Drew under the direction of ljalle T. Vandergraaf

[ C. ORJECTIVES
The objeelives of this exercise have been;

® Tocalibrate mathematical models simulating radionuclide transport in a single planar
fracture including matrix diffusion.

To test the adequacy of the calibrated values, the experimental approach, and applica-
ble mathematical models. For these objectives, data were oblained from tracer migra-
tion experiments carried out ina natural fracture in a granite block obtained from a
surface quarry near Lac du Bonnet, Muanitoba, Canada.

[-D. THEORIES TESTED

Inrecent years, some of the more important processes associated with contaminant transport in
fractured rocks, i.e., hydrodynamic dispersion, matrix diffusion, and adsorptior, have been the object
of intense experimental and theoretical studies (Skagius and Neretnieks, 1988; Melnyk and Skeet,
1986; Novakowski et al., 1985; Bradbury et ul,, 1982; Vandergraaf et al., 1982, Grisuk and Pickens,
1980; Neretnieks, 1980; Lallemand-Barres and Peaudecerf, 1978). Conceptual models (. ated to the
simulation of radionuclide transport in fractured rock, whether based on analytical {Gureghian, 1990;
Ahnetal, 1986, Sudicky and Frind, 1982; Rasmuson and Neretnieks, 1981; Tang et al., 1981) or
numerical solutions {Huyakorn et al., 1983; Noorishad et al., 1982) and using the discrete fracture
approach, are, in the opinion of the authors, adequate for estimuting in this instance the key
parameters associated with the transport phenomena, A typical model incorporatos some or
all of the following churacteristics:

® Oneortwo-dimensional transport in a single fracture or in multiple planar fractures.
The inlet concentration boundary condition, which may be of the first type (Dirichlet) or
third type, should also hendle two types of release modes in time, i.e., step and band.




The outlet boundary condition may be of the semi-infinite type or second type (i.e.,
finite). ‘
One-dimensionai diffusion through pores and microfissures in the rock matrix sur-
rounding the fracture, The rock matrix may be of infinite or finite thickness, depending
on whether the system considered includes a single-plane fracture or a system of paral-
lel fractures.

Idealized geometry of the contaminant source which may correspond to a point, patch,
or Gaussian,

Steady-state fluid velocity.
Longitudinal and t;ransver'sél dispersion in the fracture.

Surface adsqrbfion on fracture walls and adsorption in the rock matrix described by a
linear equilibrium isotherm.

e Radioactive decay (sink term),

Such a model can be validated using the experiments discussed in this document,.

I-E. VALIDATION ASPECTS

A logical series of experiments was designed to calibrate and test the model one parameter ata
time. This procedure is outlined belpw. The first requirement was to set up a parallel and uniform
hydraulic gradient as described later in Section I-F.2.1. The experimental/calibration methodology
described below is also summarized in Table I-1, where A and B denote the concentrations in the
fracture and rock, respectively.

Table I-1. Matrix of Experiments and Simulations for Large Block

Para- Tracer Type/ Tracer  Release
meter Sorption Fluid Dimen-  Injection in Output
(TBD)* Tracer R, R’ Velocity sion Width Time Function

ar, (L) Uranine =1 High 1-D Full 1,24 A=f(t)
D, (L2T1) Uranine =1 Low 1-D Full L2  A=f(t)

K¢ (L), Cs-137 N/A Static N/A N/A Kp(SSA, t)
K, (L3M-1) Batch

R,R' Cs-137 High 1-D Full 2™ A=ft)
and/or
B =1(x,z,)

*TBD = to be determined.
**1 = Step; 2 = Band.
N/A = not applicable
SSA = Specific Surface Area




I-E.1 Nonadsorbing Tracer Used to Determine Hydrodynamic Dispersion and Matrix
Diffusion Coefficients '

In order to detotmine dispersive and diffusive coefficienty, experiments wore performed with a
tracer that would not chemically interact with the rock (e.g., uranine or tritium 3t1), Theso tracers
travel at Lthe same velocity us the fluld without uny relardation. AECL provided u value for averuge
rock porosity, ¢, to use as input in the simulations (Section |- F.2.2),

[-K.1.1 Determination of Longitudinal Dispersivity, (a,): One-Dhnensional Transport

The longitudinal dispersivity, ay,, is the first parameter to be determined, because it has a
primary role in dictating the shape of the breakthrough curves velated to this nonreacting solute,
particularly when the matrix diffusion effects pluy a minor role on the transport process in the frac-
ture, given the short duration (approximately 2-1/2 days) of the experiment. Todo this, other compe-
ting phenomena that would affect the resulting breakthrough curves und spatial distributions had to
be eliminated or at least minimized, Accordingly, high fluid velocity had to exist in the fracture to
minimize matrix diffusion. Also, the tracer had to be introduced across the entire width of the fracture
to-minimize the effect of any transverse dispersion, The tracer source could be either a step or a bund
release in time,

Next, the tracer breakthrough [concentration (A) versus time (t)] from the experiment was
plotted. 'The computer code was run, and the value of aj, was adjusted until an acceptable fit occurred.
This calibrated value of g, was used in all subsequent code rung,

[-E.1.2 Determination of Matrix Diffusion Coefficient, (Dy): One-Dimensional Transport

‘The next step was to decrease the fracture flow rate such thut matrix diffusion became more
predominant, allowing calibration of the value ol the coefficient, Dy,. After reversion to a one-
dimensional situation introducing the tracer across the entire fracture width, the breakthrough at the
outlet was plotted and, using the ar, frorm above, the code for D, was calibrated.

I-E.2 Adsorbing Tracer Used Lo Study Sorption Coefficients

The final experiment involved a tracer that would chemically react with the rock and thus be
retarded and travel slower than the fluid, An example is cesium (Cs-137), Therefore, this experiment
took a much longer time than the one deseribed in Section I-14.1, This experiment enabled validation
of the computer code(s) as opposed to the calibrations done up to this stage. This is because the valuey
of the adsorption coefficient(s), Kyand K, lor the fraclure and rock respectlively, could be measured
independently and used as inputs in the model. ‘

[-K.2.1 Static Mxperiments

AICL performed independent, static, bateh-type experiments to determine the sorplive proper-
ties of Cs-137 on the rock, These experiments were done simultaneously with the block migration
ones. Upon completion, AKCL provided Battelle with a fracture surface adsorption coefficient, Ky
[em], and an appropriate rock matrix adsorption coefficient, K |ml./gl|.




LE22 Validating the Codé(s)

The high-velocity experiment described in Section I-E.1.1 was repeated using Cs-137 as the
tracer. The high velocity minimized matrix diffusion as well as speed up what would otherwise be an
extremely slow transport problem, The breakthrough curve [A = {(t)] was measured until the peak
concentration arrived at the fracture outlet. At this point, the experiment was discontinued. The frac-
ture was taken apart, and the spatial distribution [A = f(x)] of the Cs-137 was determined by
autoradiography.

In both the temporal and spatial cases, the Krand K, values from Section [-E.2,1 were used to
simulate the transport and compare the calculated spatial distribution (or temporal breakthrough) to
the experimental results obtained in the previous paragraph. The closeness of this comparison
reflected the appropriateness of the simplifying assumptions made in the mathematical model(s) to
approximate the relevant transport phenomena,

I-F. BACKGROUND INFORMATION

[-F.1 Geological Information

. The mineralogical composition of this particular block is not yet available. However, the
medium- to coarse-grained pink granite from the quarry area has been analyzed and reported and is
given in Table I-2 (Tammemagi et al., 1980). Analysis of the fracture in filling material in granite
reveals that the major constituents are generally calcite and silica with smaller amounts of K-feldspar
minerals., Clay minerals are occasionally identified at the fracture surface and amorphous iron oxides
are generally present (Tammemagi et al., 1980).

Table -2, Mineralogical Composition of
Lac du Bonnet Granite in
Percent

Quartz
Corundum
Zircon
Orthoclase
Albite
Anorthite
Magnetite
Apatite
Calcite
B.stite

Sphene




I-F.2 Hvdrqgeological Information

I-F.2.1 Siinplifying Modifications Reguired for Model Calibratioyn/Validation
The following simplifications were made:f
(a) Symmetry

- Symmetry of the hydraulic gradient'and tracer transport was maintained about the center-
line of the fracture. ‘ ‘ ‘

(b) Hydraulic/Gradient

- AECL devised a way to estéblish a hydraulic gradient across the entire fracture width (as
opposed to a dipolar one). A reservoir is created across each of the two open edges of the frac--
" ture and a uniform gradient is applied between them.

I-F.2.2 Rouk Porosity and Density

Measurements made on a similar granite block gave a parosity ¢ of 2.72x10-3 for the first cm of
rock immediately adjoining the fracture surface, whereas an average porosity of 1.96x10-3 was
obtained for the next 9 cm (Melnyk and Skeet, 1986). For the mathematical simulations performed in
this report, a weighted average of the above porosities was used, i.e., = 2x10-3, The density of the
rock py is 2.65 g/mL.

[-F.2.3 Rock Diffusivity

It was important to establish the value of the rock pore diffusivity Dj,, which along with porosity
is an important parameter that governs the tracer diffusion rate into the rock matrix (see Equa-
tions A-3 and A-4 in Appendix A). Pore diffusivity, defined as the product of molecular diffusion of a
typical nuclide in water Dy and the geometric factor (64/,'2) (see Neretnieks, 1980), varies primarily -
with pressure and temperature of the rock. Literature values reporied by Neretnieks (1980) indicate
that the value of the geometric factor for granite varies between 0.15 and 0.6 at atmospheric pressure
and between 0.06 and 0.2 at 100 bars. At this stage, the best estimate of the rock diffusivity was found
in the literature. The definitions used in this report are the same as those used in recent measure-
ments of cesium and strontium diffusion in biotite gneiss (Skagius and Neretnieks, 1988). The
literature values shown in Table [-3 are consistent with those quoted in the above paper.

i-F.3 Geochemical Information

[-F.3.1 Rock and Ground-Water Composition

The chemical composition of the pink granite from the area of the commercial quarry from
which the block was taken is given in Table [-4. For comparison, the range of chemical compositions of
the granite in this batholith is also included (Tammemagi et al., 1980). The ground-water composition
isgiven in Table I-5. Thisis a standard synthetic granitic ground water (GGW) used by AECL in most
of these types of experiments. This composition minimizes the chemical potential gradients between
fluid and rock which, in turn minimizes chemical reactions that lead to dissolution and precipitation.




Table I-3. Literature Values of Relevant
Diffusion Parameters

: - De D,

Tracer (m2/s) (cm2/h)
Cesium 1x10-13 1.8x10-3
lodide 1x10-14 1.8x10-4
uther non- 1x10-14 1.8x10-4

adsorbing

I-F.3. 2 Bulk Rock Distribution Coefficient.

The bulk adsorption coeff'iment K., of cesium in the rock was estimated in previous experi-
ments performed by AECL to be 0.34 mL/g. Based on Equation A-6b (Appendlx A), the correspondmg
rock retardation factor, R, was determined to be 451.

I-F.4 Geophysical Information

No geophysical information is presently available.




Table I-4. Chemical Composition of Lac ‘u Bonnet
Granite ‘

Lac du Bonnet
Element/Oxide Pink Granite Granite

‘ (Concentratioﬁs in Percent)
SiOg 72,40 76.9- 68.1

Al 14.40 16.5- 12.6
FegOj 079 1.40- 0.45
FeO | 0.88 1.60- 0.22
TiOy .24 0.27- 0.04
MgO 0.47 L 0.71-0.11
Ca0 1.19 1.81- 5.67
NagO - 3.55 455-2.98
K20 5.03 5.84- 3.78

0.04

MnO

0.09- 0.012

(Concentrations in pg/g)
879 1718 - 391
215 782 - 28
203 300- 118
175 742 - 2
710-'115

| 218
Sn 8 13-2
Cs 1.9 13- 0.2
Rb 206 327 - 85
Tl 1.4 2- <1
Y ‘ 4 14-1
Li 35 110- 17
Th 36 36-5
U | 7 26- 1
Be 1.5 3-0.8
Ga 29 34 - 23
Hf 2 7-1.5
Ph 23 27- 11
Total 99.25%




Table 1-5. Chemical Composition
- of Synthetic Granitic

""‘ ! , | | ~ Ground Water (GGW)
: \ ‘ Concentration
lon (mg/L)
.v‘:'.' Na+ 8.3
K+ 3.5
Mg2+ . . 3.9
Ca2+ 13.0
- CI- 5.0
- S042- 8.6
NO3- 0.62
F- 0.1
pH 7.3
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. EXPERIMENTAL ])luSI( ‘N '

II-A. PARAMETERS MEASURED

First, the block dimensions were determined. The volumetric Mow rate wus established at
20 ml/h and the known tracer concentration at the inlet was used to normalize the outlet concentra-
tions, During the experiment, the outlet concentrations were measured as a function of time. ‘Other
input parameters such as porosity and surface and bulk adsorption coefficients were determined sepu-
rately in independent experiments, Finally, at the conclusion of the migration experiments, concen-
trations couid be measured as u function of space o the fracture walls as well as in the rock matrix. .

[1-B. SPATIAL AND TEMPORAL SCALES

The large block, LIB-2,is91.5 cm long (in the flow direction), 86.5 cm wide, and 49.0 ¢m high.
The fracture aperture was (,thmdted from the volume of water mqun ed to completely fill the fracture
to average approximately 800 pm (0.08 cm),

The uranine (nonadsorbing) e.\'pcrimént described in Sections IV-A.1 and IX-A lasted 60 hours
(2.5 days). Incontrast, the cesium (adsorbing) exper xmer‘t described in Sections [V-A .3 and [X:B
lasted approximately 360 hours (15 days).

[1-C. EXPERIMENTALSETUP

The granite block contained a single, natural fracture. This block was positioned to make the
fracture approximately horizontal (Figure 11-1). Suitable reservoirs were designed so that as uniform
a gradient as possible could be imposed across the entire width of the fracture. The outside surfaces of
the block, as well as the edges of the fracture on the 91.5-cm sides, were coated with a silicone-bused
rubber (GTE, RTV-108) Lo avoid evaporation of the transport solution through the porous rock matrix.

Inlet and outlet reservoirs were designed for this quarried block. These reservoirs were
attached to the short sides of the block (86.5 ¢in) and covered the fracture where it intersected these
surfaces of the block. This way a uniform gradient could be created across the entire width of the frac-
ture with a path length o 91.5 ¢m. ‘

The inlet reservoir consisted of a 86.6-cm-long acrylic tube cut lengthwise and fitted with two
semicircular acrylic end pieces (I'igure [[-2). Thig reservoir covered the inlet of the fracture and con-
tained four ports. In addition,a rubber sepltum was located at the center of the reservoir so that a
syringe could be inserted in the fracture to carry out possible point-source injections, An HPLC-type
pump (ISCO model 314, ISCO, Inc., Lincoln, Nebraska, USA) was used to inject the Lransport solution
in the fracture, thus ensuring a very stable ﬂow rale Hn oughout the experiment, For this experiment,
a flow rate of 2() ml./h was selected and a continuous injection of u conservative tracer through hoth
ports located al the ends of the inlel reservoir was carried out,

In retrospect, although the inlet reservoir spanned the width of the block, the varying aperture
of the {racture did not allow for a uniform flow from the inlet reservoir. In fact, there is some evidence
from the postexperimental two-dimensional y-scanning of the fracture surfaces that the ground water
entered the fracture mainly inone location.
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II-D. SAMPLING STRATEGY

The outlet reservoir congisted of a shallow channel cut into a Plexiglas™ plate. This channel
followed the trace of the fracture as it intersected with tho exit face of the block. The chunnel was
divided into five compartments of equal length, and.esach compartment was equipped with a palr of
valved inlet and outlet ports. The outlet port of each compartment was hooked up to a separate frac-
tion collector, Figure I11-3 shows a schematic of this arrangement. In order to obtaln representative
values of the breakthrough curves, channeling effocty in the fracture were minimized after allowing

‘the transport sélution to flow equally to the five compartments. This was accomplished by placing
solenoid valves in the lines connecting each outlet port and its companion fraction collector. The flow
rate of the ground water through the five difforent channels was not identical, and this may have
resulted In a very slight increase in the fracture aperture as a result of changes in the resistivity of a
particular channel. Calceulations showed that this increase in aperture was less than 1 pm, and can
probably be ignored. '
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Figure 11-3. Schematic Plan View of the Arrangement of the [nlet and Outlet Reservoirs on LB-2

Figure [1-4 shows the exit of the fracture before the outlet reservoir was put in place and I'ig-
ure II-5 shows the actual outlet reservoir and the arrangements of the solenoid valves. The solenoid
valves were triggered in sequence after o given number of drops had been collocted in each fraction col-
lector. With an average flow velocity of 20 mL/h and a volume of 1 mL (20 drops) collected in each vial,
an average of 15 minutes were required to complete a cyele through all five fraction collectors. This
time was small enough relative to the total duration of the experiment to justify the use of un average,
uniform flow rate,

II-E. INDEPENDENCE BETWEEN DATA SETS

The data sets reported in this report, i.e., uranine and Cs-137, were the results of two distinet
experiments using the same granite block.

IT-F. BIASES INHERENT IN THE DESIGN

The two halves of the block were not bolted together, but the top half rested on the bottom half,
This may have led to some variation in the fracture aperture over the duration of the experiment (see
also Section I1-D),
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11-¢t. COMPLEMENTARY EXPERIMEN'TS

Other oxporiments wore carviod outl as n part of this osorciso, Thoy are desceribed along with
thelr corrosponding mathematical shimulutlons in Section V and in Noronha ot al., 1988,

16




I[II, CURRENT STATUS AND EXPERIMENTAL SCHEDU L

Tho expoeriments aro now comploto, Breakthrough curvos of experimeonta) rosults are avalluble
from tho pilot group., Spatial concentrations are not yet avallable.
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IV, EXPERIMENTAL RESULTS

IV-A. RAW DATA

IV-A. 1 Uranine Migration

A 2x10:6 mole/ls solutlon of Nu-fluorescoln (uranine) was propared lndilute granlte ground
witer (GCGW), and Lhis nonreactive Lracor was injocted ub o flow rate of 20 mi/h, The urunine concon-
trutions in the eluate wore dividod by thut In the starting solution to obtain normalized concentra-
tlony, Th notmalized concentrations in the fracture woro plottod versus Lime to obtaln breukthrough
curves (A/AD veraus t, where A0 refors Lo the concontration of the tracer at tho source at tlmo equald
zoro) and are shown in Flgure [V-1, The corrosponding tubulated values are glven in Tuble [V-1, The
five olution proftlos that were obtainod ure not ldentleal, T g indleates that the fracture aporture
varies across the width of tho fracture, Thig 4 not an unoxpectod obsorvation because the fracture In
thig experiment s o natural frracture, and thesoe fructures seldom If ever huve a constunt apoerture,

IV-A.2 Static Cesium Sorptlon Experiments

Static sorption experiments for Cs-137 were carrlod out on ropresentative natural granite frac-
ture surfaces takon from the same areu ad the granite block used in the migration experiment. Sprp-
tlon way studled as a4 funcuon of cosium concontration (10, 100, 1,000 mg Cye/1.), surface area-to-volume
ratio (0.54, 0.81, 1.62 cm~ 1), und time (0.1, 0.3, 1, 3, 10, 30, and 100 d). The experimental method hag
beon doscribed by Abry ot al., 1982, Tho results for the 1,000-myg Cs/L cesium conceniration are shown
In Table V-2,

Buged on the ghort time span of the experimont and the rather important retardation effocts
that Cu-137 1y likely to undergo In the rock matrix of interest, both mechanisms associnted with the
Lrangport of thiy species (1,0, radioactive docay und rock matrix diffusion) may (or the purpose of our
digcussions be safely neglocted, In the absence of retardation offocts in the fracture and in view of the
data reported in Section IV-B, the residence time (L = L/u, seo Ogata and Banksy, 1961) of Cy-137
would correspond to approximately 1 day. Because the gtationary (or saddle) point on the vepresenta-
tive average breakthrough curve corrosponding to A/JAV = 0.5 (see Table [V-3) indicates a value for Ly
corrosponding to npproximately 3 days, we may deduce that the retardatlon factor in the fracture
would be equivalent to the ratio of these two resldence travel times (i.¢., R = 3), This estimate ly sup-
ported by the fact that the value of Kp = 0,06 em reported in Table IV-2 corresponds to an average
value for surface-arva-to-volumoe ratio ol 0.81 cm-1, which would yield an almost identical retardation
factor based on Equation A-Ba (seo Appendix A) and a fracture thickness of 6,23 x 10-2¢m. Although
the choice of this paramoter value K¢ = 0,06 ecm bears some uncertainty, it was adopted in the
mathematical prediction doscribed in Section 1X-B,

IV-A3 Cesium Migration

The conditions for thig experiment were deseribed in Section 1-C. A flow rate of 20 ml/h was
used, und the eluent was collected in 1-mL increments, A tracor solution containing 1.2 x 106 Bq/Lof
Cs-137 was usied as the sorbing tracer, Due to Lime congtraints, udvantage was takon of the nonlinear
sorption behavior of cesium (Vandergraal et ul., 1986), o that 1,000 mg/l of inactive cesium way
added to dopress cesium sorption and Lo decroase the rotardation of thig elemont in the (racture, The
outlet concentrations wore determinod by gamma gpectrometry using a Ge(Li) detector., Cs-137 broak-
through curves for cuch of the flve outlet ports are shown in Mgure 1V-2. The corresponding tabulated
valuos are given in Table IV-3,
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Table IV 1. Experlmental Uranine Relative Concentration Breakthrough
Curves for the Longitudinal Dispersivity Experiment. A
through E Refer to the F‘we Sampli mg Locations Shown in

Figure I1-3.

q | . L NAT .
: Time : © Average
(hours) A B ’ -C D E A/A°

15.750 0.0119  0.0264 0.0093  0.0102  0.0000 0.0114

16.500 ©0.0111 0.0412 0.0112 0.0093 0.0000 0.0146

17.250 0.0104 0.1014 0.0075 0.0085 0.0000 © - 0.0255

18.000 0.0216  0.2615 0.0115 0.0093 0.0000 0.0608

18.750 0.0328 0.4633 0.0129 0.0101 0.0000 0.1038

_‘ 19.500 0.0778 . 0.6011 0.0204  0.0087 0.0000 0.1416
’ 20.250 0.1661  0.7516 0.0550 0.0074  0.0000 0.1960.
21.000 0.2597 0.8780 0.1437 0.0105 0.0000 0.2584

| 21.750 0.3359 0.9626 0.2928 0.0135  0.0000 0.3210
22.500 0.4078 0.9740 0.4724 0.0166 0.0000 0.3741
23.250 0.4952  0.9573 0.5929 0.0393 0.0210 0.4212

24.000 0.5758 0.9406 0.6983 0.1245 0.0194 0.4717

24750  0.6187 0.9518 0.7702 0.2549 0.0177 0.5227
; 25.500 0.6652 0.9629 0.8374 0.4008 0.0160 0.5765
26.250 0.7046 0.9740 0.8715  0.5254 0.0142 0.6179

27.000 0.7415 0.9751 0.9089 0.6189 0.0158 0.6520

27.750 0.7784 0.9763 0.9463 0.7022 0.0173 0.6841

P 28.500 0.8075 09774  0.9163 0.7693 0.0403 0.7022
g 29.250 0.8367 0.9785  0.9427 0.8252 0.0634 0.7293
30.000 0.8659 0.9797 0.9691 0.8439 - 0.1265 0.7570

30.750 0.8732 0.9813 0.9736  0.8667 0.2171 0.7824
31.500 0.8805 0.9829 0.9780 0.8894 0.3249 0.8112

32.250 0.8902 0.9846 0.9789 0.8978 0.4246 0.8352

33.000 0.9000 0.9862 0.9797 0.9062 0.4960 0.8536

33.750 0.9098 0.9878 0.9805 0.9146 0.5442 - 0.8674

34.500 0.9264 0.9943 0.9833 0.9236 0.5920 © 0.8839

35.250 0.9431 1.0008 0.9862 0.9325 0.6244 0.8974

36.000 0.9547 1.0073 0.9889 0.9314 0.6593 0.9083

36.750 ©0.9664 1.0138 0.9916 0.9304 0.6868 0.9178

37.500 0.9780 ° 1.0203 0.9943 0.9293 0.7126 0.9269
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Table IV-1. (Continued)

A/A°

Time ‘ : ‘ © Average
(hours) A B- C D E A/A°
38.250 0.9672 1.0189 0.9892 09335  0.7308 0.9279
3%,000 0.9563 1.0174  0.9840 0.9377 0.7638 0.9318

. 39.750 0.9454 1.0159 0.9789 10.9420 0.7859 0.9336
40.500 09345 1.0145 0.9720 0.9462 0.8154 0.9365
41.250 0.9236 1.0130 0.9650 09504 = 0.8285 0.9361
42.000 0.9246 1.0138 0.9696 0.9509 0.8515 0.9421
42.750 09255 10146 09741 0.9514 0.8629 - 0.9457
45.000 0.9285 10171 09878 0.9528  0.8526 0.9478
46500 0.9390 1.0024 - 0.9911 0.9535 0.9014 0.9575
- 48.750 0.9439 0.9805 0.9959 0.9545 0.8936 0.9537
50.250 0.9520 0.9971 0.9930  0.9691 0.9268 0.9676
52.500 09927 1.0220 09886  0.9911 0.9589 0.9906
56.250 0.9577 1.0407 1.0C ,1 0.9805 0.9990 0.9972

60.000 0.9976  1.0463 1.0000 0.9772 1.0010 1.0044

Table I‘V-Z.‘ Calculated K¢ Values (cm) for 1,000 mg Cs/L
- Concentration

Surface Area/Volume (cm-1)

Time
idays) © 0.64 ‘ 0.81 1.62
0.1 0.13
0.3 0.11 — - 0.19
1.0 0.03
3.0 0.14 0.06 0.14
10.0 0.12 0.09 ’ 0.29
30.0 0.21 0.18 0.34
100.0 044 0.38 0.53

Migration of Cs-137 through the racture was retarded. Its velorities in the different channels
were compared with those of uranine and an average retardation factor, R, of 3.27 was determined.
This corresponds to a Ky value of 0.071 cm, which is reasonably close to the value of 0.06 cm selected
from Table IV-1. '
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Table IV-3. Experimentual Cs-137 Relative Concentration Breakthrough Curves
for the Sorption Migration Experiment. A Through E Refer to the Five
Sampling Locations Shown in Figure I1-3.

' Time AN _ Averuge

; (hours) A : B C D 1) AIA*
. 48.150 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
) 50.825 0.0000 0.0102 0.0000  ~ 0.0000 . 0.0000 0.0020
- 53.500 - 0.0000 0.0296 0.0000 0.0000 0.0000 0.0069
- 56.175 0.0106 0.0574 0.0000 0.0130 0.0000 0.0162
' © 58.850 0.1460 0.0963 0.0000 0.1200 0.0000 0.0723
61.526 0.2912 0.1554 0.0000 0.2149 0.0000  0.1323

64.200 0.4027. 0.2137 0.0045 0.2893 0.0000 0.1820

66.875 0.4894 0.3108 0.0330 0.3823 0.0000 0.2431

69.550 0.5540 0.3987 0.1347 0.3870 0.0000 0.2949

72.225 0.5885 0.4579 0.2507 0.4753 0.0000 0.3545

74.900 0.6354 0.5273 0.4674 0.4949 0.0019 0.4264

71515 0:6786 0.6244  0.4764 0.5256 0.0331 0.4694

80.250 0.7248 0.6207 0.5388 0.5647 0.0993  0.5097

82.925 0.7540 0.6892 0.5932 0.6140 0.1599 0.5620

85.600 07611  0.6864 = 0.6441 0.6744 0.2233 0.6978

88275 0.7965 07253 0.6922 0.6688 0.2876  0.6341

$0.950 0.7920 0.7752 0.7047 0.7098 0.3425 0.6648

93.625 0.8195 0.7493 (.7306 0.7153 0.4021 0.6834
_ 96.300 0.8478 0.8030 0.7681 0.7349 0.4314 0.7170°
- 98.975 0.8460 0.8233 0.7449 0.6884 0.4721 0.7149
101.650 0.8336 0.8150 0.7725 0.7507 0.4938 0.7331

104.325 0.8398 0.8141 0.8011 0.7907 0.5024 0.7496

107.000 0.8655 0.8372 0.7993 0.8177 0.5639 0.7767

109.675 0.8761 0.8501 0.8198 0.7414 0.5847 0.7744

112.350 08743  0.8945 0.8011 0.8130 0.5970 0.7960

115.025 0.9027 0.8686 0.8510 0.7600 0.6112 0.7987

117.700 0.8628 0.8696 0.8269 0.7572 0.6306 0.7894

120.375 0.8823 0.8899 (.8689 0.7851 0.6500 0.8152
123.050 0.9115 0.8733 0.8519 0.8214 0.6566 0.8229
125.725 0.8938 0.9093 0.8599 0.7860 0.6840 0.8266

128.400 0.9204 0).8464 0.8635 0.8940 0.7360 0.8521

131.076 0.9204 10,9343 0.9010 0.8028 0.7342 0.8586

133.750 0.9027 0.9343 0.8760 0.8279 0.7342 0.8550

136.425 0.9381 0.9056  0.9188 0.8447 0.7597 0.8734




Table [V-3. (Continued)

AIA°
Time Average
(hours) A B C D E A/A®
139.100 0.9469 0.9436 0.88056 0.8930 0.7720 0.8872
141,776 0.9381 0.9196 0.9188 0.8344 0.7682 0.8768
144,460 0.9469 0.9343 0.9010 0.8772 0.7739 0.8867
+147.125 0.9204 0.9713 0.8921 0.8344 0.8070 0.8850
149,800 0.97356 0.9621 0.9188 0.85630 0.7976 0.9010
152.475 0.9292 0.9261 0.9099 0.8661 0.7928 0.8844
166.150 0.9646 0.9713 0.9277 0.8847 0.8571 0.9211
157.825 0.9658 0.9528 0.9099 0.9396 0.8202 0.9167
160.600 0.9736 0.9528 0.9723 0.8661 0.8117 0.9151
163.176 0.9116 0.9806 0.9634 0.9079 0.8643 ,9236
165.860 0.9381 0.9436 0.9456 0.8823 0.8647 0.9148
168,525 1.0088 0.9991 0.9546 0.86567 0.8713 0.9381
171.200 0.9735 0.9898 0.9723 0.9284 0.8675 0.9463
173.875 0.9823 0.9898 0.9456 0.9488 0.85563 0.9444
176.650 0.9823 0.9713 0.9723 0.8670 0.8912 0.9368
179.2256 0.9912 0.9621 00,9456 0.9674 0.8297 0.9392
181.900 - 1.0000 0.9806 0.9723 0.9396 0.8732 0.9631
184.575 10.9736 0.9713 0.9813 0.9107 0.9167 0.9507
187.260 0.9823 1.0083 - 0.9902 0.9860 0.9130 0.9760
189.925 1.0000 0.9991 1.0080 0.9558 0.9120 0.9750
192.600 0.9469 0.9261 0.8510 0.9256 0.85653 0.9008
1956.275 0.9668 0.9806 0.9099 0.8372 0.8638 0.9094
197.950 0.9027 0.9621 0.9277 0.8419 0.8657 0,9000
200,625 0.9204 0.9528 0.9367 0.8223 0.8363 0.8937
203.300 (.9558 0.9261 0.9277 0.8521 0.8808 0.9083
206.975 0.9292 0.9158 0.9099 0.8800 0.8808 0.9031
208.650 0.9292 0.8631 0.9099 0.8596 0.9035 0.8930
211“325 0.9735 0,9241 0.9010 0.8512 0.8921 0.9084
214,000 0.9292 0.9528 0.9367 0.95681 0.8846 0.9323
216.675 0.7761 0.9436 0.9367 0.8819 0.8836 0.8844




Tablo 1V-3, (Continued)

A/A°

T'ime Avoruge
(hours) A is C D I A/A°
219,360 (,9381 (,9343 0.9277 0.9488 (.8686 0.9236
222.026 0.9469 0.9621 0.9188 0.9396 0,9263 0.9385
224,700 0.9823 00,9898 0.9188 0.8642 (.,8893 0.9289
227.376 0.9469 0.9214 0.9N10 0.8670 (.88656 0,9045
230.060 0.9568 0.8714 (19634 0.9144 0.8676 0.91456
232,726 0.9292 0.9621 0.9367 (.8623 0.9063 0.9193
235.400 0.9558 0.9713 0.9645 0.9674 0.8690 0.9416
238.07H 0,9292 0.9806 0.9188 0.84566 0.8666 0.9082
240,760 1.0088 0.9621 0.8912 0.8977 0.89560 0.9309
243.426 0.8762 0.9621 0.9728 0.9237 ).8950 0.92567
246,100 1.0354 ).9628 0.9723 0.9061 1.8997 0.9631
248.776 1.0088 0.9713 0,9813 0.9228 {,9461 0,9661
251.460 0.9912 .0.9436 (0.9813 0.9302 0.8940 0.9481
264,125 0.9736 0.9806 0.9277 0.8828 0.9376 0.9404
266.800 0.9735 0.9621 0.9545 1.0140 0.9839 09776
269.475 0.9646 0.9251 0.9813 0.8940 0.9666 0.9441
262.160 0.9841 “.9408 0.9376 0.9266 0.9149 0.9406
264.826 0.9788 0.93256 0.9732 0.9079 0.9622 0.9509
267.500 0.9619 0.9693 0.9664 0.9616 ).9082 0.9473
270,176 0.9708 0.9389 0.9376 0.9302 0.9130 0.9381
272.850 0.9637 0.8871 0.9260 0.9607 0.9470 0.9349
276.526 0.9867 (.9685 ).9368 0.9806 ().9688 0.9681
2778.200 0.9788 0.9816 0.9661 0.9163 0.9622 0.9610
280.876 0.9664 0.9907 0.9634 1.0066 1.0000 0.9852
283.550 0.9690 0.9621 0.9839 (0.9972 0.9656 0.9736
286,226 (.9929 0.9352 0.9411 0.9423 0.9688 0.9561
288.900 1.01569 0.9639 0.94656 1.0149 0.9603 0.9803
291,576 0.9947 1.0019 0.9795 0.9898 0.9773 ().9886
294,250 0.9664 0.9667 (1.9786 0.9355 10.9839 0.9670
296.9256 1.0168 0.9796 0,9893 .0.9926 1.0237 1.0004
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Table IV-3. (Continuoed)

A/A ‘

Time Average
(hours) A B C D © A/A®
299.600 1.0080 0.9907 09716 1.0326 1.0066 1.0019
‘302,276 1,0009 0.9963 0.9670 0.9451 0.9839 0.9786
304.960 1.0160 0.9833 0.973% 1.0047 0.9991  0.9951
307.626 0.9699 1.0194 0.9393 0.9936 0.9849 0.9814
310.300 0.9602 0.9121 1.0064 1.0602 1.0151 0.9886
312.976 0.9736 1.0000 0,9813 1.0298 0.9934 0.99566
3156.660 1.0124 0.9685 0.9813 1.0447 1.0180 1.0060
318.326 1.0044 1.0167 1.0116 0.8391 1.0104 (i.9764
321.000 0.9292 0.9964 1.0000 1,0437 0.9736 0.9884
323.675 1.0063 0.9981 0.9741 1.0000 1.0076 0.9970
326.350 0.9973 0.9676  0.9964 00,9842 0.9906 0.9872
329.025 0.9868 1.0129 0.9973 1.0447 0.9839 1.0049
331.700 1.0063 1.0000 1.0062 0.9406 0.9877 0.9879
334,376 1,0267 1.0278 1.0277 1.0177 1.0066 1.0211
337.060 1.0212 0.9944 1.0107 0.9888 09617 0.9934
339.726 0.9407 0.9898 1.0161 0.9796 1.0161 0.9884
342.400 1.0239 0.9972 1.0437 0.9898 1.0218 1.0163
345.075 1.0327 1.0120 1.0348 1.0047 1.0265 1.0221
347,760 1.0336 1.0120 0.9920 1,0028 0.9943 1.0069
350,426 1.0248 1.0324 1.0098 0.9888 1.0303 1.0172
363.100 1.0106 1.0129 0.9296 1.0009 1.0274 0.9963
365.776 1.0106 1.0066 0.9732 0.9936 1.0085 0.9985
358,450 1.0239 1.0389 1,0071 1.0661 0.9763 1.0223

IV-B., PROCESSED DATA
Estimation of Average Fracture Aperture from Uranine Elution Profiles

The primary purpose of the uranine experiment was to calibrate the longitudinal dispersivity.
However, it was also used Lo estimate the average value for the fracture aperture. These values

were used in the cesium migration experiment simulation deseribed in Section [X-B. Given N outlet
sampling points, the procedure given below was used to determine the average fracture aporture, 2b,.
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Assume that the Lotul fracture volumo, Vi, Is subdivided late N subvolumaes, V, of oqual width,
WIN, und carrying equul flow rates, Q/N, the following equutions thon rolute the aporture (n guch
wono, 2hy, tu the travel tlme, 4, in ench zone:

LAW/N)2by/t = WN {=1,N (IV-1a)
or |
2y = (Q/LW) {=1,N (IV-1h)
© therefore,
2b, = (Q/LW) L (1v-2)

where “*" denotes the arithmelic mean value.

Also,
Vi = C L(W/N) 2by . i=1N (1v-3)
' = LV I=1N (IV-4)
and
2b, = V/(LW) (IV-6)
u = QIW2h, (1vV-6)

Accordingly, firgt the time, b, ul which A/A” = 0.6 was identificd for cach breakthrough curve, Then
by was computed from Equation (IV-1b), Vi from Kquation (IV-8), V| from Equation (1V-4), 2, from
either Bquation (IV-2) or (1V-6), and u from Equation (IV-6), In thig experiment, the ln!lowtnp, values
are applicable:

[, =91.6hcm
W = 86,6 ¢m
N =5
Q@ = 20cm/h
2hy = B8O, 475,570, 656, 836 pm for A, B, C, D, lu, respectivoly
V= 493 cind
Zhs = 623 pm
= 371 emv/h

The values obtained for b, and u were inpul to the computer code for this experiment us well as for the
one deseribed in Section [X-B,

IV-C. DATA STORAGE

The data are available on a floppy diskette and may be obtained from the INTRAVAL
Secretariat.
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V. PREVIOUS MODELING
SMOOTH FRACTURLE, PARALLEEL PLATE EXPERIMENT

Radlonuclide migratlon studios havo beon carrled out primardly In patural, water-boarlng frac-
tures. However, some experiments have been carried out In homogenoous granite blocks containing a
purallel fracture with smmooth, machined surfacos, The primary roasons for thls ave us follows:

1, Tho constant, roctangular crogs soction of the fracture allows u uniform flow flold to be set
up. This facilitates tho modeling of the transport solution, us channeling In tho fracture cun
be avoldod, ‘

2. 'The homogeneily of the fracture surfaces removes the uncertainty associnted with the altor-
atlon minerals that cont the surfacos of n natural fracture. Thus, sorption coefflcients doter-
rained nn representative machined granite surfuces are directly applicable to tho modeling
of the contaminant transport,

The migration experlment was curried out using a 50x10x10 cm granite block with u parallel,
polished fracture, The granite was obtalned from u commerclul granite quarry ut the southeustorn
edgo nf the Lac du Bonnet batholith, approximately 13 km to the southwost of the town of Lae du
Honnot in Manitoba, Canada. The granite is of the same typo as that of the large block and was
deseribed in Section [-F. 1 (Tammemagl ot al., 1980).

As purt of the past subsidlary agreement hetwoen AECL and DOE, AECL provided Lo Battelle/
OWTD the resulls of this radionuclide migration experiment which was carried out In e parallol, pol-
ished fracture. The dotails of the experimental setup and corresponding mathematical simulution
using FRACELO are deseribod in Noronha et al., 1988,




VI, EXPECTATIONS FROM INTRAVAL PARTICIPATION

VI-A, EXPERIMENTALIST'S VIEW

Those oxperbmoents have the unlgque advantage ol having been performod in w nutural fracture
ab u seale of 1 mounder controlled, laborutory conditions, Figporimonts ualog nonaddsorbing tracors
such g uranine are potontially usolul to estimate the offoets of “channoling” on hydrodynomic Qongl-
tudinal und transversoe) dispersion,

The rosults from this expoeriment include the elution profiles of a nonsorbing, or consorvalive
Lracer, [-131, und statle soplion duta on Ca 137 on altored fractuvo surfuees identienl to thoso usoed In
the migration oxperiment, Togother, the data should be adeguite to predict the elution profiles of the
Cs-137 from tho fracture,

VI-B. MODKLER'S VIEW

Most computer codes should be capable of handling the simple geomotrie design of the expord-
mental setup and flow conditions, The adsorption migration experirent using Cs-137 i valunble to
vallidate mathematical models using experimentally determinod sorption puramotery,
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VIIL INFORMATION BEXCHANCHE

Modoler

“Dr. A, Bergo Gureghlan Phono: (708) 666-8638
Battelle Offlce of Wasto Technology Devolopmont
7000 South Adams Stroet
Willowbrook, Hlinols 60621
USA

lixporimentalist

De. T Vandergraaf Phone: (204) 763-2311 It 2592
Croochomlstry & Applled Chomistry Branch ‘

Whiteshell Nuclear Research Fgtablishmont

Atomlc Enorgy of Canada Limlted

Pinawa, Manitoba, Canada ROE 110
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VI POSSIBILITIES FOR FUTURE BXPERIMENTS AND DATA COLLIECTION

114 1y dovmod nocessary, tho oxporimonts carrlod out [n this offort could bo onhaneod and
Improved perhaps with othor slmilur granito bloeks that have not boon usod boloro, uture oxporl-
monts could Includo the dotormination of tracor concontrations on the fracture surfaco und [n tho rock
mabrix to buttor valldate the sorptlon napocts of this oxpertmont. In additlon, the setual Lopogruphs of
bho fracture could bo dotermined to ovaluato tho flow and transport aspoets of channoling within the
(racturo,




IX, QOUTPUT I"ORMAT

|

A doseription of the govorning oquations used In the mathomatical formulution of the
PRACHLO code ls provided in Appendix A,

[X-A, MATHEMATICAL CALIBRATION O URANINT EXPERIMENT

As indicatod proviously, the purpose of this experiment hus been to estimate the averago frac-
turo aperture and voloclty as outlined In Section [V-B and to then callbrate the fongltudinal dlsperslv-
ity (s1,) to nchlove closo agrooment with the elutlon profiles shown In Flgure [V-1, The first stop was to
Interpolute and then arithmotically sveruge the flve plots shown In Plgure 1V-1 Into a single
"avoruged broakthrough curve”

The noxt step was to run the transport code with the foregolng input purameters and to call-
brate ag, untll & good mateh was obtulned, The following key Inpul parametors yielded the best match:

I'racture length (L) = 91,6 cm
(Section 11-B)
f'racture width (W) = 86.5 cm

(Codo requirement: Infinity for 1-1) flow field)

Block half-thickness (1) = 24.5 ¢m
(Code used; Infinite In z-dlrection)

'racture volume (Vy) = 493 ¢cm3
(Sectlon [V-B)

Average [racturo aperturo (2b,) = 6.23x10-2cm
{Sectlon [V-B)

Volumetrie flow rate (Q) = 20 ml/h

(Sectlion IV-A)

luid fracture velocity (u = Q/W2b, = L/ty) = 3.71 ¢cm/h

I"luld residence (Lravel) time (bp = Vy/Q = L/u) = 24,66 h

Half-1ife of uranine (T)) = @

Rock density (py) = 2,65 g/em 9

(Section I-F.2,2)

Rock porosity (¢) = 2x1073

{Section I-F.2.2)

Pore diffusivity (D) = 0,0 cm2/h

(soe helow)

Rock adsorption coefficient (K,) = 0.0 ml/g
Rock retardation (R") = 1.0
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fracture surfucesorpt.ion‘coef'flciant(Kf) = 0.0 ¢cm
[racture retardation (R) ( = 1.0

Longitudinal dispergivity (ag) o= Jdem

The agroement between the simulated and experlmental results {8 shown in Mgure [X-1, Thoroforo,
this simulation serves to detormline that the longltudinal dispersivity, ug, for LB-21n {ts prevalling
conflguration is 3 ¢m,

An explanation for the valuo of pore diffusivity, Dy, used is necossary. 1L was originally
intended that this experimont be performed at a flow rate and velocity high enough that the con-
voetion would be so predominant as Lo complotoly cellpse the offocts of the provalling matrix diffusion
(Section [-13.1.1). Tn othor words, the breakthrough curve at the fracture outlet predicted by the com-
puter gode would show no difference us the vulue of D}, wus Incroased from zoro up to tho actual valuoe
that is appropriate for this tracer/rock combination. So fur the value of Dy has not been calibrated,
However, it {s known that at a flow rale of 20 mI./h, advection completely dominates diffusion. Thero-
fore, D, can be set equal to zero gnd expected to obtaln the same breakthrough results as Ut Dy, had
beon assigned its actual value. Figure IX-1 corresponds to the case whero Dy, 1s set oqual to zero,

The value of D = 1.8x10~4 cm2/h derived from the recent Hterature (Section 1-11,2.3) was found
to be uppropriate for uranine in this granite block, This value has been verified and confirmed In the
matrix diffuslon simulation described in Section 8.3 of Noronha et al, (1988), To prove the argument
made in the last paragraph, fMlgure 1X-2 presents the result of using the actual value for Dy, The
breakthrough curve obtained is almost identical to that shown in Figure 1X-1,

Finally, Figure IX-3 shows the predicted normalized concentration profiles within the rock
matrix corresponding to Figure [X-2, These are culculated at t = 60 hours (2.6 duys), which marks the
completion of this experiment. Profiles are shown along the centerline of the fracture near the inlot (x
= 1em), half-way (x = 46 cm), and near tho outlet (x = 90 ¢m). Measurable concontrations aro
predicted up to about 4 mm away (rom the fracture wall,

IX-B. MATHEMATICAL CALIBRATION OF THI CISIUM MIGRATION BXPERIMENT

The aim of this experiment was Lo uso the same longitudinal digpersivity, ny,, calibrated in Sec-
tion I1X-A, the diffusivity, Dy, from Table 1-3, und the surface sorplion coolficiont, K, from Sec-
tion IV-A.2 to predict a breakthrough curve for cosium and compare it with the elution profiles shown
inigure [V-2, As before, the (irst stop was to arithmetically average the five plots shown in Flguro
V-2 into a single experimental breakthrough curve and to then renormalize the results by multiply-
ing by e -At, Thig lagt step i insignificant becauso Ty = 30 years is o much longer than the
approximately 15-day duration of this oxprriment.

The next step was to run the computer code undto use the input parametors givon below to predict a
breakthrough curve for cesium,

Fracturoe length (L) = 91.6em
(Section 11-B)

fracture width (W) = 86.5 cm
(Code requirement.: Infinity for 1-D flow field)
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Block half-thickness (H) = 24,5 ¢m
(Code used: Infinite in z-direction)

Fracture volume (V) = - 493 cm3
(Section IV-B)

- Average fracture aperture (2b,) = 6.23x10-2¢m
(SectionIV-B) : '

Volumetric flow rate (Q) = 20 mL/h

(Section IV-A)

Fluid fracture ‘vel‘ocity (u=Q/W2b, = L/ty) = | 3.71 em/h
- Fluid residence (travel) time (tp = V¢Q = L/u) = 24.65h

Half-life of Cs-137 (Ty) - | = . 263x106h

Rock density (py) = 2.65 g/cm3

(Section IX-A)

Rock porosity (o) ‘ = 2x10-3
(Section I-F.2.2)

Pore diffusivity (D) = 1.8x10+-3 cm2/h
(Table I-3)

Longitudinal dispersivity (ay,) . = 3cm
(Section1X-A) ‘

Rock adsorption coefficient (K,) = 0.34 mL/g
(Section I-F.3.2)

Rock retardation (R") = 451
Fracture surface sorption coefficient (Ky) - = 0.06 cm

(Section IV-A.2)
Fracture retardation (R) _ o= 2.93

The comparison between the simulated and experimental results is shown in [P igure IX-4. Therefore,
this experiment validates the use of Ky = 0.06 ¢m for cesium in LB-2,

~ Note that because of the short time frame of the experiments reported here which never
exceeded 15 days, the molecular diffusion effects (see Equation A-5) within the fracture were consid-
ered negligible relative to the dispersion effects, hence neglected in the course of the validation effort.

Finally, Figure [X-5 shows the predicted normalized concentration profiles within the rock
matrix corresponding to Figure 1X-4. These were calculated at t = 360 hours (15 days), which marks
the completion of this experiment. Profiles are shown along the centerline of the fracture near the
inlet (x = 1 em), half-way (x = 45 ¢cm), and near the outlet (x = 90 em). Measureable concentrations
were predicted up to only aboul 2 mm away from the fracture wall. In spite of the order-of-magnitude
higher value of D}, used for cesium than uranine, the rock concentrations as well as the penetration of
cesium are less than uranine due to retardation resulting from sorption processes. This can be con-
firmed by superimposing Figures 1X-3 and 1X-5.
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IX-C. OUTPUT FORMAT

The model simulatlon report submitted to the INTRAVAL Secretarial should contain the
following:

® Description of the conceplual model applied
® Mathematical formulation of the model
® Description of how the experimental data have been used for model valldation

o [I'tting procedure including the goodness-of-fit measute used Lo match the model results
with the experimental data and the froe parameters used In the fitting

o Simulation results including the fit between the model results and experimental data,
parameter values for the best (it, and views of sensitivity of the fit to variations in
different model parameters

¢ Tvaluation of the validity of the mode!

¢ Suggestion for improvement of the database and validation procedures,

In addition the Pilot Group may decide that some results should be submitted to the INTRAVAL
Secretariat on magnetic tapes in order to facilitate the compilation of the technical reports.
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APPIENDEX A
MASSTRANSPORT FQUATIONS IFOR FRACTURE AND ROCK MATRIX

The mugs Lranaport oquations presented In this uppondly roprosont the govorning onoe-
dimensionul equations deseribing the migration procoss of w radlonuelido tn an Ideallzod fracturod
rock system busod on the diserete fracture upproach, The boundary conditions, us woll as the typo of
roleaso modes agsoclated with the migration procoss which are handlod by the analytical solutlons

prosented In FRACHKLO (soo Guroghian, 1990), uro also roportod,
Al GOVERNING EQUATIONS

[*rom the mass conservation requirement, the equations doseribing the concentration of o
nuelide flowing In a diserote fracture plane with uniform aperture while undergoing sorption and
lnfinite diffusion in the surrounding rock matrts under fsothormal and lnminar flow conditions are
given by '

(a) Fracture

1A A A J
R = e D bt b ARA s ) (A1)
(”)L < (‘.\'2 ) ('.\ h
(h) Rock Matrix
3 0B
R — D == b AR'B = (A2)
: ot P gt
whore
. A g the concentration in the fracture (ML)

R isthe retardation factor in the fracture

Dy isthe hydrodynamic dispersion coelficient in the x divection of tho fructure (L271)
w iy the average fluid velocity in the fracture (111)

A is the first-order rate constant for docay (1-1)

J ig the diffusive rate of nuelide al surface of fracture per unit arew of fracture surluce
(ML-2]1

by is the hall-thickneys of the fracture (1)

R' s the retardation factor in Lthe rock matrix




B latho concontration In tho roek matrls (M1,-4)

Dy s tho pore diffuslvity (L#11)

. f
b lsthe thoe (1), .
Mo diffusive rale of u nuclide into tho rock matrix ls agsumed to obey 1Mek's law of diffuslon
wrilten as
oB
— | (A-3)

whoro Dy 18 the effoctivo diffusivity In the rock matrix (Norotnloks, 1980) dofined ay

D =¢D (A-4a)
0 1
und
[)p = Dcl Ky (A-4b)
whore
¢ ls the rock porosity
Dq  lathe moleculur diffusion of nuclide in wator (L2T-1)
&
fp lthe goometrie fuctor i.e, — W here
Y
8 {s the constrietivity for diffusion (1)
v dsthe tortuosity of the rock matrix (L"),
The hydrodynamic disporsion in the fracture (Bear, 1972) Is glven by
(A-B)

D =g u+4+1D
X [, d

whore
g,  lythe longitudinul dispersivity (1)

L I the tortuosity of the fracture (1.%)

The retardation factor in the fracture and rock matrix: Rand R' (Neretnieks ct al,, 1982) are glven by

R=1+ Kb (A-6u)

R'=1+4[(1 - ¢V lerr (A-6h)
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X

whore
pe I8 tho rock donsity (ML)
K¢ 1o the surfuco distributlon cootflelont In the fracturo (1)

Ky s the dist butlon coolfietont In the rock matrix (LAM-1),

A2 INITIAL AND BOUNDARY CONDITIONS

The sot of differential oquations, Bguatlons A-1 and A-2, ure subjoct to the Inftial conditions:

Alx,0) = 0,0 < g <w (A-T)
Blx,2,0) =0, x>0, s2b (A-8)

and boundary conditlons in tho fracture und rock matrix, Theboundary conditions In the fracture ure

given by
A1) = A UW), L >0 (A-9u)

Al t) =0 ,t>0 (A-9b)

whote
A(t)  1sthe concentration al the source.
In the rock matrix, the boundury conditions ure:
Bxbt)=AKxL, x>0 (A-10n)

B(x,ot)=0,t>0 (A-10b)

For a step release mode (continuous decaying source), the concentration at the source for a

Lypical nuelide may be written us

A) = A% M (A-11)

whero

A" igthe concentration of the species at time equals zero.

For a bund release mode, the boundary condition for the band rolease may be writlen ng

A(O,y,b) = AMWIUR) = U=, t >0 (A-12)
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whore

T s the loaching timo,

Ut=T) 18 the Hoavislde unlt function deflnod as

1,(13’[‘

The general form of the solutlon for tho band releaso mode bused on w boundary condition given
hy Equation A-12 and which uses the superposition tochnlque (see Foglia ot ul,, 1979) may be written

us

bAG,YL) = TAGL AY) = Alx,b="T% A%~ DU -1 (A-14)
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APPENDIX B

NOTATIONS

longitudinul dispersivity

concentration n the fracture

concentration of the specles at the source at Line equals zero

half-thickness of the fracture

averuge fracture aperture (urithmetic mean value)
concentration in the rock matrix

molecular diffusion of nuclide in water

effective diffusivity in the rock matrels

pore diffusivity

hydrody namic dispersion coeflicient in the fracture
geometric fuctor (6y/,'?)

block half thickness

surface distribution coefficient in the fracturo
distribution coefficient in the rock matrix

fracture length

number of subvolume

volumetric flow rute

retardation factor in the fracture

retardation factor in the rock matrix

time

Muid residonco (trayel) time

leaching tlme

half-life

average fluld velocity in the racture
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fracture volume
- fracture width

position vector in the fracture
position vector in the rock matrix

"constrictivity for diffusion

A - first-order rate cdnstaht for decay
Pr rock densiﬁy ‘

‘tortuosity of the fracture
tortuosity of the rock matrix

¢ - rock porosity










