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ABSTRACT

Laboratory experiments were conducted between two plexiglass,

parallel plates, 121.9 cm long x 7.6 cm wide, to examine the relation-

ship between dispersion and velocity as the aperture and roughness of

the plates were varied. Experimental results from the smooth parallel-

plate model closely approximated the theoretical determination that dis-

persion was proportional to velocity squared. The velocity exponent, n,

and dispersivity, a, remained constant as distance from the source

increased.

When various configurations of blockages and roughness were placed

between the parallel plates, the velocity exponent and dispersivity did

not remain constant with distance from the source. The velocity expo-

nent decreased with distance from the source entrance to a value of 1.3

at 111.8 cm for two separate nonsmooth, parallel-plate designs. For

these nonsmooth, parallel-plate designs, dispersion more nearly

resembled flow through a porous medium instead of flow between parallel

plates.
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CHAPTER 1

INTRODUCTION AND THEORY

Systematic studies of fluid transport and dispersion in saturated

porous media (aquifers) began in the early 1940's in response to concern

over the ground disposal of radioactive wastes. Subsequent disposal of

nonradioactive, but hazardous, industrial and agricultural wastes rein-

forced the need for additional field, laboratory and theoretical

studies. In almost all cases, theory was based on flow through gran-

ular, porous media. Virtually no work was done with flow through rock

fractures. However, in recent years fractured crystalline rock has been

considered as a possible candidate for long-term isolation of high-

level radioactive wastes. Studies of flow and dispersion through rock

fractures have begun in numerous research centers. This thesis is part

of an ongoing study at the University of Arizona.

This report presents the techniques, results, and analysis of lab-

oratory experiments examining the relationships among hydrodynamic dis-

persion, fluid velocity, fracture aperture, and fracture roughness in a

parallel-plate fracture model. This chapter is a review of theory and

previous research relevant to the investigation. The second chapter

discusses the design and operation of the parallel-plate labortory

model. The third and fourth chapters present the results of five sets

of experiments with the model. The final chapter discusses the con-

clusions of the report and gives suggestions for further investigations.
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Hydrodynamic Dispersion Process 

Hydrodynamic dispersion is a process whereby a solute spreads

within a flow domain to occupy positions other than that which is

expected by the average flow velocity. The term hydrodynamic disper-

sion denotes the spreading resulting from two microscopic processes:

mechanical mixing and molecular diffusion (Freeze and Cherry 1979).

Mechanical mixing, also known as mechanical dispersion or convective

dispersion, produces spreading with respect to the average flow due to

velocity variations within the pore space. In molecular diffusion, a

solute spreads in response to its thermokinetic energy in the direction

of a negative concentration gradient.

In solute transport theory, hydrodynamic dispersion is expressed

by the dispersion coefficient, D, with dimensions length squared per

unit time [1_ 2/T]. The dispersion coefficient is a measure of the rate

at which a concentration gradient decreases. Mechanical mixing is the

dominant dispersive process contributing to D at high fluid velocities.

At low velocities, molecular diffusion is the dominant process. For

the range of velocities used for the experiments in this report, molec-

ular diffusion in the longitudinal direction is small compared with

convective dispersion.

Dispersivity, Œ [L], is a measure of the dispersive (or mixing)

property of an aquifer. In alluvial aquifers, dispersivity is general-

ly related to D as:

D = av	 (1.1)

where v = average flow velocity.
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Silliman (1981) showed that in laboratory-scale experiments with

granular media dispersivity can be dependent on scale. The further a

tracer moves through the medium, the greater the possibility that it

will be influenced by changes in medium properties. The "scale effect"

is manifested by an increase in magnitude of dispersivity as distance

from source increases.

When dealing with flow in an aquifer, difficulty arises in trying

to describe the geometry of each pore. Therefore, the microscopic flow

patterns at the pore-size level are overlooked in favor of considering

an average flow which takes place in the porous medium, known as the

continuum approach (Bear 1979). The scale at which a continuum ap-

proach is valid occurs when averaged aquifer parameters are constant or

have a predictable systematic change in magnitude.

From extensions of earlier theory, the principal differential

equation describing the transport of a solute in a saturated, isotro-

pic, porous medium was introduced by Ogata (1958) and discussed in

detail by Bear (1961, 1969). The equation is known as the advective-

dispersive equation and has the form:

vDvC - v(vC) = 6C/6t	 (1.2)

where D is the coefficient of hydrodynamic dispersion, v is the average

flow velocity, and C is the solute concentration.

Ogata and Banks (1961) obtained a solution for the advective-

dispersive equation for a semi-infinite column with constant dispersion

coefficient, velocity, and contaminant source strength. The solution

is:
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vx
(1.3)

1	 x-vt
+ exp D erfc ( x+vt

24-It
C/Co = 7 [erfc ( 2a7i)

where	 erfc is the complimentary error function,

x is the distance along the flow path,

v is the average water velocity,

D is the dispersion coefficient,

t is the time, and

C/Co is concentration relative to the source strength.

Previous Research on Dispersion in Fractures 

Taylor (1953) analyzed dispersion in a straight tube. He demon-

strated that if the velocity of a fluid moving through a straight tube

was low enough, a tracer injected into the fluid will not disperse

solely in response to the paraboloidal velocity distribution over the

tube cross section. High concentration gradients are produced across

the width of the tube in response to the velocity distribution but the

radial component of molecular diffusion tends to reduce the concentra-

tion gradient. Taylor showed that when average velocity is sufficient-

ly low, tracer concentration gradient will be nearly equalized across

the tube, and the coefficient of dispersion in the axial direction will

be proportional to the square of average fluid velocity.

Recently, Horne and Rodriguez (1983) extended Taylor's analysis to

describe dispersion in a single, straight, parallel-plate fracture. At

a sufficiently low average velocity the coefficient of dispersion in
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the longitudinal direction is proportional to the square of average

fluid velocity, as given by the expression:

2b 2v 2

D - 105Dm

where	 D is the coefficient of dispersion,

b is the half-width of the fracture aperture,

v is the average fluid velocity, and

Dm is the coefficient of molecular diffusion.

Few laboratory studies describing the dispersive process in frac-

tures are available. Only recently have researchers begun to examine

aquifer parameters that affect the dispersion of a solute in fractured

rock.

Wilson and Witherspoon (1976) conducted experiments that indicated

little mixing occured at a fracture junction under laminar flow condi-

tions. The orientation of flow to the fracture network should not

affect dispersion if the total distance traveled by the tracer particle

is accounted for. In more recent work, Hull and Koslow (1983), found

dispersion to vary with the orientation of the flow direction to the

fracture network. Therefore, dispersion within a fracture network

would not necessarily be the same as flow through a single fracture of

equivalent length.

Neretnieks, Eriksen, and Tahtined (1982) examined tracer movement

in a single fissure of a granitic core segment. Breakthrough curves

indicated that over short distances, independent channels can exist

(1.4)
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within a single fissure. Varying velocities among the channels were

interpreted as a major dispersion mechanism.

A number of researchers investigated the effects of matrix diffu-

sion and adsorption in core samples of fractured rock. Grisak, Pickens,

and Cherry (1980) found that the effective velocities of tracer fronts

in fractures were significantly retarded because of matrix diffusion.

Neretnieks et al. (1982) indicated that there is substantial diffusion

into and sorption on the rock matrix.

Scope of Report 

This research is an extension of the work previously discussed.

Laboratory experiments were conducted in a parallel-plate model to

study the effect on dispersion of (1) fluid velocity, (2) distance from

the source, (3) fracture roughness, and (4) fracture aperture. The

validity of using a continuum approach as expressed by the advective-

dispersive equation was also examined for the parallel-plate model.

Five sets of experiments were conducted in flow between plexiglass

plates 121.9 cm long X 7.6 cm wide. In the first two sets flow was be-

tween smooth plates with apertures 0.16 cm and 0.32 cm. Two other sets

utilized arrangements of 1.3 cm plexiglass squares, 0.16 cm thick,

placed within the 0.16 cm aperture. The final set consisted of rough

plates obtained by gluing sand grains with average diameter 0.065 cm to

the top and bottom surfaces; nominal aperture width was 0.16 cm.

Determination of breakthrough curves at four different sections,

transverse to flow direction, was accomplished by measuring chloride

concentrations with rods of electrodes. Across each rod, concentration
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values were averaged to determine an average longitudinal breakthrough

curve.

An analogy exists between (1) flow through smooth capillary tubes

versus flow through sand-packed columns, and (2) flow between smooth

parallel plates versus flow through rough, irregular fractures. On

this basis equation 1.3 will be used to analyze the experimental data

of this report. Thus, it will be possible to obtain a measure of the

coefficient of dispersion, D, and relate it to average flow velocity

for various degrees of plate roughness. Furthermore, for all practical

purposes the second term on the right-hand side of equation 1.3 may be

neglected. Equation 1.3 reduces to:

x-vt
C/Co =	 [erfc

2	 241-
(1 .5)

The complimentary error function is related to the cumulative normal

distribution function by:

x-vt	 x-vt
erfc	 - 2[1-0 (	 )],

2)/Dt	 l2Dt
(1.6)

or:

C/Co = 1 - 0 (1.7) 
1/2Dt 

x-vt
Setting a parameter y = one obtains:

/2t  

C/Co = 1 - 0 (WU)	 (1.8)
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where the mean is numerically equal to zero and the variance is equal

to D for the cumulative normal distribution.

If a system is well defined by equation 1.8 then the breakthrough

curve will plot as a straight line on normal probability paper, with

the standard deviation numerically equal to iff.

The breakthrough curves for each experiment were analyzed by using

normal probability paper to determine the dispersion coefficients.

Relationships could then be examined between dispersion and velocity at

different distances for various fracture roughnesses and apertures.



Chapter 2

MODEL DESIGN AND OPERATION

This chapter discusses the design and operation of a parallel-plate

model made of plexiglass. The model provided: (1) smooth parallel

plates, (2) parallel plates with square block obstructions between them,

and (3) rough parallel plates.

Model design included consideration of the following factors:

(1) ability to select various magnitudes of constant-velocity,
laminar flow through the parallel plates,

(2) ability to alter roughness and aperture of parallel
plates,

(3) ability to introduce tracer instantaneously into the
fracture,

(4) ability to measure tracer concentrations at various
distances from the source.

Smooth Parallel Plate Design 

Two plexiglass plates, 121.9 cm long X 20.3 cm wide X 1.3 cm thick

were utilized to simulate a single, horizontal fracture by placing one

on top of the other, separated by strips of thin plexiglass (Figure

2.1). An inflow reservoir was attached to one of the lengthwise ends

and an outflow reservoir to the other so that constant flow could be

maintained through the plates. The plexiglass pieces were fastened

together with screws and silicon sealant to allow ease in reassembling

to modify the parallel-plate fracture parameters.

9
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Figure 2.1. Diagram and photograph of smooth parallel-plate model.
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Aperture width was controlled by placing two 121.9 cm long X 1.3

cm wide X 0.16 cm thick plexiglass strips between the top and bottom

plates in either single- or double-layers. The first attempt at plac-

ing these spacers along the outside edges failed, as the plates sagged

together in the middle. The sagging in the middle caused the aperture

width to vary across the cross-section, allowing the tracer front to

propagate faster along the sides than along the middle. By moving the

spacers in towards the middle and clamping down at the edges, a nearly

constant aperture width was maintained (Figure 2.2).

A dilute concentration (500 mg/1) of sodium chloride was used as a

tracer for all experiments. Attempts to introduce the tracer instanta-

neously into an existing steady-state flow regime were unsuccessful.

Therefore, the following procedure was adopted. The aperture was first

filled with non-traced water. The inflow opening of the aperture was

then blocked off by pushing a gasket against it, making a static sys-

tem. The inflow reservoir was emptied and then filled with traced

water until the hydraulic heads in both reservoirs were equal. The in-

flow opening to the aperture was then unblocked and traced water was

added to the inflow reservoir at a controlled rate to establish steady

state as quickly as possible. Constant velocity was maintained by con-

trolling the inflow rate.

The maximum value of Reynold's number for all experiments was:

R 	vk _ (0.05 cm/sec) (0.16 cm) _ 0.8(0.01 cm4/sec) (2.1)
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Figure 2.2: Photograph of smooth parallel-plate model--final.
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where	 v = average fluid velocity,

t = characteristic length equal to fracture aperture,

= kinematic viscosity.

For flows at Reynold's numbers less than 1.0, it can be expected

that Darcy's law is valid. That is, average flow velocity is directly

proportional to hydraulic head gradient. An attempt was made to check

this relationship in the parallel-plate model, but head differences be-

tween inflow and outflow were too small (less than 0.1 cm) for precise

determination of head gradients.

Measurements within the aperture demonstrated that a log-log plot

of concentration of sodium chloride vs. electrical resistance resulted

in a straight line for the range of concentrations used. Electrodes

made of 30-gauge silver wire were placed through the top plate and into

the aperture to measure electrical resistance of the traced-water

(Figure 2.3). Seven electrodes spaced 1.3 cm apart were placed in a

row extending across the the aperture. Four rows of these electrodes

were located at distances 15.2 cm, 43.2 cm, 83.8 cm, and 111.8 cm from

the inflow opening. The electrodes extended through the full aperture

width.

A datalogger, power supply, and relays designed and built by

Silliman and Steinke (report in preparation), measured and recorded

electrical resistances between each pair of adjacent electrodes (Figure

2.4). From a calibration curve developed for each electrode pair, chlo-

ride concentrations could be determined from resistance measurements.

Concentration values were averaged across each row to obtain a single
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Figure 2.3. Diagram of electrode configuration.



Datalogger and power supply
(above) are connected to
relays (below) which in turn
connect to the electrodes
extending into fractures.

Figure 2.4. Photographs of electronic measuring equipment.
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concentration value. Repeated measurements were recorded for each row

of electrodes as the tracer front passed by. When the resistance

values became constant, measurements no longer were taken.

Square Block Obstructions between Parallel Plates 

Two sets of experiments were designed to examine the effect of

blockages within the parallel-plate aperture. For the first set of

experiments, small squares of plexiglass (1.3 cm X 1.3 cm) the same

thickness as the aperture width (0.16 cm), were inserted into the flow

field to induce tortuous fluid-flow paths. The second set of experi-

ments was the same as the first set except the number of squares placed

in the aperture was reduced by one-half (Figure 2.5). The squares were

placed uniformly within the aperture and tight enough against the

plates to force flow to go around the squares instead of over or under

them.

Rough Parallel Plates 

The last set of experiments was designed to examine the effect of

roughness added to the plate surfaces. Sand grains, with average grain

diameter equal to 0.065 cm, were glued to both the upper and lower

plates (Figure 2.6). The sand provided roughness to the aperture to

add tortuosity to the flow path of the fluid. Addition of the sand

grains effectively reduced the 0.16 cm aperture on the average by more

than two-thirds. Except for the addition of the sand, the parallel-

plate model remained unchanged from its description in the smooth

parallel-plate section.



0 0 0 0 0 0 0
O 0 0 0 0 0

0 0 0 0 0 0 0
0 0 0 0 0 9	 t3cm

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 

TOP VIEW

set 1	 SQUARES :.13crn x 1.3cm

Figure 2.5. Diagrams and photograph of square block
obstructions between parallel plates.
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Figure 2.6. Photograph of sand grain roughness.



Chapter 3

RESULTS OF EXPERIMENTS

This chapter presents results from: (1) two sets of experiments

with the smooth parallel plates, (2) two sets of experiments for paral-

lel plates with arrangements of square-block obstructions, and (3) one

set of experiments with rough parallel plates.

The Dispersivity Coefficient, a 

The results of experiments will be analyzed with the help of the

concept of dispersivity, generally given the symbol a. Usually disper-

sivity is applied to flow through porous media (Freeze and Cherry 1979,

p. 390), but in this report the concept also will be applied to parallel

plates. Equation 1.1 may be re-written:

D = avn	 (3.1)

In this case, equation 1.4 becomes:

D = aV 2 	(3.2)

where a = 2b 2/105 Dm

It will be noted that when the exponent, n, is equal to unity, as

in equation 1.1, the dimension of a is a length [L]; when n = 2, as in

equation 1.4, the dimension of a is a time [T]. Laboratory measurements

of dispersion in flow through homogeneously-packed sand columns show n

to range between about 1.0 and 1.3 (Harleman, et al., 1963). Laboratory

measurements of flow through smooth parallel plates show n to be equal

19
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to or less than 2.0 (this report). For values of n greater than 1.0

and less than 2.0, the dimensions of a are neither a length nor a time,

but a mixture of the two. Although other methods of analysis are pos-

sible (Simpson 1969, Bear 1969), this report will make use of equation

3.1 for two purposes:

1. The exponent, n, of equation 3.1 will be used to indicate

the degree to which dispersion in flow through parallel

plates approaches dispersion in flow through porous media.

That is, the closer n approaches unity, the closer disper-

sion resembles that in flow through a porous medium; the

closer n approaches a value of 2.0, the closer dispersion

resembles that in flow through idealized smooth parallel

plates.

2. The coefficient, a, may be used to indicate scale effect,

if any. There is both theoretical and experimental evi-

dence to suggest that a increases with distance from

origin in flow through non-uniform porous media (Gelhar

and Ayness 1983, Silliman 1981). The dimensions of a, in

all cases, must be those that give D and v the dimensions

indicated in equation 1.4. It will be awkward to write

dimensions for a for each value of n; hence, no dimensions

will be stated except for n = I and n = 2.

Smooth Parallel Plates 

As previously mentioned, Horne and Rodriguez (1983) indicated that

dispersion between smooth parallel plates was proportional to the
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aperture squared and the velocity squared. The first two sets of

experiments attempted to examine this relationship.

The first experiments utilized smooth parallel plates with an

aperture of 0.16 cm. Experiments were conducted for different fluid

velocities to develop the dispersion vs. velocity relationship. Aver-

age velocities were determined by the arrival times of tracer concen-

tration, C/Co = 0.5. As discussed in Chapter 1, the breakthrough

curves are plotted on arithmetic probability paper. A plot of the

breakthrough curve, where fluid velocity approximated 1.75 cm/min is

shown in Figure 3.1. Breakthrough curves determined for other veloci-

ties all gave results similar to those of Figure 3.1 but with different

values for D. Data from all four rows of electrodes plotted closely on

one straight line in each experimental run. (See Appendix A for de-

tailed data from all experiments.)

The relationship between dispersion and velocity was determined by

plotting log D vs. log v. The slope of a line through the data yields

the exponent n (Figure 3.2). The value of n at each of the four rows

of electrodes was approximately equal to 1.8. Dispersivity was approx-

imately 0.12 at each row of electrodes and at all measured velocities.

A second set of experiments was conducted to examine the effect of

a different aperture size on the relationship between dispersion and

velocity; the aperture was doubled to 0.32 cm. The plot of C/C o vs. y

at a fluid velocity of about 1.8 cm/min (Figure 3.3), indicated that

the dispersion coefficient was from three to four times higher than

when the aperture was 0.16 cm. The values of the exponent n in
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equation 1.4 for rows 2 and 4 were both 1.8 (Figure 3.4). The value 1.8

was the same as that determined in the first experiments with aperture

equal to 0.16 cm. Rows 1 and 3 have n values of 2.2 and 2.4 respec-

tively.

Square Block Obstructions between Parallel Plates 

Two sets of experiments were conducted with uniform arrangements

of 1.3 cm square blocks within the aperture. Set 1 contained square

blocks 1.3 cm apart and set 2 contained square blocks about 2.6 cm

apart (Figure 2.5).

The effect of tortuosity on dispersion for set 1 can be seen from

the log plot of dispersion vs. velocity in Figure 3.5. The exponent,

n, decreases with distance along the fracture. The values of n at row

1 through 4 are 2.2, 1.7, 1.6, and 1.3 respectively. For all experi-

ments in this set, the magnitude of dispersivity, a, increased with

distance along the fracture, yielding average values of 0.31, 0.49, and

0.6 for rows 2, 3, and 4 respectively.

For set 2, the value of the exponent, n, determined from the log

plot of dispersion vs. velocity (Figure 3.6) for rows 3 and 4 had n

values of 1.8 and 1.9; whereas, rows 1 and 2 had n values of 2.8 and

2.2. Dispersivity was observed to be constant at rows 3 and 4, with

values of 0.19 and 0.17. These values for dispersivity were similar to

that obtained from the smooth parallel-plate experiments, 0.12.
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Rough Parallel Plates 

With sand-grain roughness the relationship between dispersion and

velocity at row 1 yielded an n-value of 2.9 (Figure 3.7). Rows 2 and 3

had n-values of 1.9 and row 4 had a value of n equal to 1.3. Disper-

sivity values dropped slightly between rows 2 and 3 (0.76, 0.61) and

increased substantially at row 4 (1.08). The values of n and a are

given in Table 3.1 for each row in the rough plate measurements, to-

gether with the values for the experiments previously discussed. Dis-

persivity values were not determined where n > 2.
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CHAPTER 4

ANALYSIS OF RESULTS

Smooth Parallel-Plate Experiments 

The validity of equation 1.4 relating the coefficient of

dispersion to the aperture squared and the velocity squared was exam-

ined by analysis of the results from the first two sets of experiments.

In the first set of experiments (aperture width 0.16 cm), the velocity

exponent was 1.8. The second set of experiments (aperture width 0.32

cm) yielded the same value for the velocity exponent, except for rows 1

and 3. The abnormally high n value for row 1 also was observed in

later experiments, therefore discussion is deferred to later in this

chapter. The high n value in row 3 is possibly related to error from a

malfunctioning electrode in that row as no other explanation seems pos-

sible. Four possible factors might account for the difference between

the observed value of the exponent (n=1.8) and the value predicted by

theory (n=2) besides the scatter of the data points. These include:

(1) measurement problems with the electronics, (2) concentration gradi-

ent not totally eliminated, (3) roughness on the surface of the plates,

and (4) variable aperture widths.

(1) Successful application of the same electronics to other labo-

ratory experiments and the reproducibility of results in these

experiments suggest that measurement errors are not signifi-

cant.
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(2) Theory requires that vertical concentration gradients must be

eliminated by molecular diffusion. Possibly, this require-

ment was never completely satisfied.

(3) and (4) Neither plate was completely smooth; small scratches

were found on both of them. Also, some variation in aperture

width was apparent as fluid velocity was slower along the

sides than along the middle.

At all velocities measured in the first set of experiments

(aperture width 0.16 cm), the dispersivity, a, was essentially constant

at a value of about 0.12. When the aperture width was doubled (width

0.32 cm), the measured values of the coefficient of dispersion, D,

nearly quadrupled, and the value of a nearly quadrupled, approximately

as predicted by equation 1.4. Furthermore, by equation 3.2, with Dm =

9.6 x 10-4 cm 2/min (Gray, 1963), we find that a = 0.13 min. Thus the

theoretical and the experimental values are virtually identical.

Nonsmooth Parallel-Plate Experiments 

Dispersion versus fluid velocity.

The data from the nonsmooth parallel-plate experiments (uniform

square blocks, sand roughness) indicated that the relationship between

the dispersion and velocity expressed by the exponent n was not con-

stant. As shown by set 1 of the uniform square block arrangement and

the sand roughness experiments, the exponent n decreased with distance

along the fracture. The decrease in the value of n with distance,

along with larger dispersion coefficients than obtained in the smooth
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parallel plates, indicated that the dispersion was affected by the added

tortuosity. However, when one-half of the uniform squares were removed

(set 2), the value of n was constant and equal to that determined for

the smooth parallel plates.

The value of n for both set 1 of the square blocks and sand rough-

ness decreased to 1.3 at row 4. Harleman et al. (1963) observed values

for n of 1.3 for uniform, homogeneous sand in column experiments.

Therefore, the relationship between the coefficient of dispersion and

velocity at row 4 (111.8 cm) would appear to be representative of a

porous medium instead of ideally smooth parallel plates.

For all sets of experiments except the smooth, 0.16 cm aperture

width, abnormally high values for n were observed for the first row of

electrodes. A number of factors are possible to explain these results.

These include: (1) problems with the electrodes in row 1, (2) concen-

tration gradient not being equalized along the cross section of the

fracture, and (3) variable velocity as tracer is introduced.

Factor (1) probably had very little effect on the observed data.

No problems were apparent from the electrodes as plots of breakthrough

curves were consistent and the first set of experiments did not have

high n values for the first rm.

Factor (2) is a result of assumptions inherent in the derivation of

equation 1.4. In order for D to be proportional to v 2 , concentration

gradients in the vertical direction must be eliminated.

Horne and Rodriguez (1983) determined that the time for equaliza-

tion to occur is:



0.5b 2t >
Dm
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(4.1)

where	 b = fracture aperture half-width, and

Dm = coefficient of molecular diffusion.

For the velocity range encountered and a 0.16 cm aperture, the distance

of flow for concentration equalization to occur would be approximately

14 cm. With row 1 at 15.24 cm from the input, this constraint is only

marginally satisfied.

When the aperture is doubled to 0.32 cm for the smooth parallel

plate experiments, the distance at which equalization of concentration

occurs is 15 cm for the lowest velocity and 32 cm for the highest

velocity. Nonequalization of concentration could lead to larger dis-

persion values at the higher velocities for these experiments causing

the apparent value of n to be greater than 2 at row 1.

Factor (3) is probably the main reason for the high n values in

row 1 of the rough parallel-plate experiments. For most of the experi-

ments within the rough parallel plates, it was difficult to obtain a

constant velocity at the entrance because of the manner in which the

tracer was introduced into the fracture (starting from a static condi-

tion). As previously mentioned, the breakthrough curve is time-

averaged over all electrodes in a given row. Fluid velocity is deter-

mined by the arrival time of the 50-percent relative concentration. A

distortion of the breakthrough curve due to irregular entrance
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conditions, could give a velocity that is seriously in error early in

the experiment and hence distort the calculation of D.

Scale effect.

The dispersivity, a, for set 1 of the uniform square arrangement

and for the sand roughness experiments, increased with distance from

source. This increase in a with distance is an indication of the scale

effect in this model. From the results, it cannot be determined

whether or not dispersivity had levelled off at row 4, or whether or

not it was approaching a limiting value. The interpretation of the

dispersivity values is questionable, though, because the units of dis-

persivity change as the exponent, n, changes. Consistent units for

dispersivity within an experiment, therefore, were not always main-

tained.



CHAPTER 5

CONCLUSIONS AND FURTHER INVESTIGATIONS

Dispersion in flow between two smooth parallel plates seems to be

described reasonably well by the equation:

D = avn	(5.1)

where v is average fluid velocity, n approached a value of 2, and a, is

a constant as defined in equation 3.2. When n = (exactly) 2, a has the

dimension of time; otherwise the dimensions are mixed. In the set of

parallel plate experiments described in this report, the value of n was

close to 2.0 and a was about 0.1 for aperture 0.16 cm and about 0.4 for

aperture 0.32 cm. Values were essentially unchanged for all measure-

ment distances from entrance. This indicates that when flow geometry

is uniform and homogeneous, there is no scale effect that affects dis-

persion. A similar conclusion was reached in experiments with porous

media models (Silliman, 1981).

When parallel plates are irregular and/or rough, the value of n

decreases with increasing roughness, and the value of a increases with

distance from entrance. In the experiments described in this report,

plates covered with coarse sand and square block obstructions, the

value of n was 1.3 at row 4. In other words, as flow geometry becomes

tortuous due to irregularities in the plates, dispersion resembles flow

through a porous medium. Inasmuch as virtually all fractures found in
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nature are irregular, dispersion in flow through such fractures often

cannot be described in terms of flow through parallel plates.

The changing value of n has important implications when analyzing

dispersion in a fractured medium. In a porous medium, n is assumed to

be a constant value near 1 when determining dispersivities at various

distances. Assuming n to be constant at different distances in a frac-

tured medium, to determine dispersivities, can lead to erroneous re-

sults if, in fact, n varies. Dispersion values might appear to be

leveling off at some velocities when actual a and n values are still

changing.

While parameter values from these experiments can not be extrapo-

lated to field situations, laboratory models do have value. The con-

trolled environment provided by models such as this one make it pos-

sible to examine the interrelationship between aquifer parameters more

easily and cheaply than field experiments. By being able to verify

known theoretical relationships (in smooth parallel plates) and control

changes in aquifer parameters (roughness and aperture), actual effects

by the changes in parameters can be monitored.

Finally, more sophisticated models should be developed to examine

the effect of other fractured medium properties on the relationship be-

tween dispersion and velocity. Models, such as the one constructed by

Hull and Koslow (1983), that examine dispersion within interconnected

fractures need to be developed. Matrix diffusion and contaminant re-

tardation can also be better understood through the use of controlled

laboratory experiments such as those attempted by Grisak et al. (1982).



By combining results from laboratory experiments with field observa-

tions, a more comprehensive understanding of dispersion within frac-

tured rock can be obtained.
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APPENDIX A

Smooth Parallel Plates, Aperture = 0.16cm

Experiment Number Row y (cm/min) D (cm2 /min)

1 1 1.07 0.12

2 1.27 0.18

3 1.38 0.18

4 1.39 0.22

2 1 1.41 0.22

2 1.74 0.26

3 1.96 0.41

4 2.01 0.39

3 1 .63 0.06

2 .81 0.08

3 .87 0.10

4 .87 0.09

4 1 1.61 0.58

2 1.60 0.31

3 1.73 0.38

4 1.77 0.32
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Smooth Parallel Plates, Aperture = 0.32cm

Experiment Number Row y (cm/min) D (cm2 /min)

1 1 .95 0.35

2 .98 0.44

3 1.06 0.26

4 1.07 0.36

2 1 2.36 2.46

2 2.00 1.67

3 1.91 1.17

4 1.79 1.14

3 1 1.80 0.98

2 2.17 1.72

3 2.23 1.42

4 2.30 1.37

4 1 2.04 2.25

2 1.83 1.42

3 1.76 1.42

4 1.70 1.10
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Square Block Obstructions, Set 1

Experiment Number Row y (cm/min) D (cm 2 /min)

1 1 .93 0.17

2 1.06 0.34

3 1.15 0.64

4 1.18 0.74

2 1 2.21 1.84

2 1.93 1.04

3 1.99 1.23

4 2.04 1.30

3 1 3.18 2.09

2 3.14 2.06

3 3.34 3.28

4 3.53 3.17

4 1 1.63 0.64

2 1.44 0.62

3 1.41 0.90

4 1.41 1.00

5 1 3.97 5.22

2 2.99 1.96

3 2.91 2.98

4 2.90 2.51
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Square Block Obstructions, Set 2

Experiment Number Row y (cm/min) D (cm2/min)

1 1 1.94 0.46

2 2.12 0.59

3 2.33 0.91

4 2.45 1.05

2 1 1.48 0.20

2 1.89 0.42

3 '2.16 0.64

4 2.30 0.81

3 1 1.40 0.18

2 1.69 0.37

3 1.88 0.63

4 1.97 0.63

4 1 3.01 1.52

2 3.01 1.26

3 3.26 1.56

4 3.41 1.78
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Sand Grain Roughness

Experiment Number Row y (cm/min) D (cm 2/min)

1 1 2.7 3.96

2 1.85 2.81

3 1.74 1.82

4 1.54 1.98

2 1 3.12 3.96

2 2.4 4.47

3 2.49 3.76

4 2.33 3.30

3 1 1.75 0.74

2 1.90 2.07

3 2.11 2.32

4 1.97 2.37

4 1 2.43 1.42

2 2.53 4.08

3 2.85 4.20

4 2.77 3.72

5 1 3.58 5.29

2 2,83 5.04

3 2.88- 4.71

4 2.77 4.45
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