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ABSTRACT

Field observations of the spread of tracers in saturated

ground-water systems indicate that the dispersivity is dependent on the

scale of measurement. Laboratory tests were conducted in a sandbox

model (96"x42") to investigate changes in the dispersivity and deviations

from expected breakthrough curves caused by heterogeneities.

Measurements at several depths were averaged to give one-dimensional

breakthrough curves at several points. Results from these experiments

were:

1) Breakthrough curves for homogeneous sand showed little

deviation from classical theory.

2) Fine sand between tao layers of coarse sand gave breakthrough

which deviated from homogeneous results only in the late time data.

3) Replacing one-third of the flow region by a layer of

uniformly distributed blocks of fine sand, two distinct portions of the

breakthrough curve were identified; one for the homogeneous coarse sand

(giving a constant dispersivity), and one for the heterogeneous layer

(which showed an increase in dispersivity with distance).

4) When fine sand blocks were uniformly distributed over the

entire system, results indicated a continuous increase in dispersivity

and significant change in the shape of the breakthrough curve with

distance.

To the author's knowledge, these experiments provide the first

quantification of a scale effect under controlled laboratory conditions.

ix



CHAPTER 1

INTRODUCTION AND THEORY

Hydrodynamic dispersion is a major mechanism involved in solute

transport through a saturated porous medium. Defined by Jacob Bear

(1969) as "... during the flow, the tracer mass gradually spreads and

occupies an ever increasing portion of the flow domain, beyond the

region it is expected to occupy according to the average flow...",

hydrodynamic dispersion can cause a contaminant to arrive at a

withdrawal point significantly sooner than predicted from average flow

velocities.

This report presents the techniques, results and analysis of

laboratory experiments investigating the variation of the magnitude of

hydrodynamic dispersion with distance from a tracer source (referred to

as the scale effect) in heterogeneous sand. This chapter is a review

of the development of transport theory pertinent to this topic. The

second and third chapters discuss techniques and results for two sandbox

models used to develop tracer breakthrough curves in heterogeneous sand.

The final chapter presents an analysis of these results and discusses

the relationship of these results to current theory.

1



2

The Mechanism of Dispersion 

Hydrodynamic dispersion is the mechanism whereby local

variations in fluid velocity cause tracer particles to travel to

positions other than those dxpected from the average velocity (where

"tracer" refers to any identifiable substance dissolved in ground

water). This dispersive mechanism is strongly scale dependent,

typically increasing with the scale of measurement. This change in

magnitude of hydrodynamic dispersion with distance is referred to as the

"scale effect". Three major scales are identified: (1) microscopic,

(2) macroscopic and (3) megascopic.

Dispersive spread at the microscopic, or pore size, scale is

controlled by molecular diffusion and by fluid velocity gradients within

the pore. In many flow systems, the average fluid velocity within the

pore is large enough to make tracer spread due to these microscopic

mechanisms insignificant. However, for very slow flow systems (e.g., in

a rock matrix bounded by a fracture), the interaction of molecular

diffusion and velocity gradients can be the dominant dispersive

mechanism.

Macroscopic scale is that level at which aquifer properties are

averaged and the flow system is viewed as a continuum. The smallest

volume at this scale is considered to be the unit reference volume (URV)

or the representative elemental volume (REV). Macroscopic dispersion is

caused by variations in fluid velocities within the URV. This is the

scale of spread typically measured in laboratory column experiments.
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Megascopic spread is dependent on field scale heterogeneities,

for which there may be no upper limit. That is, the further the tracer

moves in flow through an aquifer, the greater is the probability that

its spread will encounter, and be influenced by, changes in aquifer

properties and/or changes in lithology.

The different scales are demonstrated in Figure 1.1; it is

apparent that megascopic effects are of principal interest for most

field situations.

Previous Work

In discussions of hydrodynamic dispersion the terms "Dispersion

Coefficient" and "Dispersivity" are used. In flow through aquifers (or

porous media in general), the dispersion coefficient, D(L
2
/T), is a

measure of the rate at which a tracer spreads. In cases where flow

velocity is high, D is a function of flow velocity and aquifer

properties. In cases where flow is low, it is also a function of

molecular diffusion. In a homogeneous medium, the distribution of

tracer particles from a pulse source will be normal (gaussian) and

the following relation is valid (Bear, 1969):

0-1.= 2Dt

D =o/2t

where Cr= the spatial variance of the tracer distribution. As a

result, D is constant in cases where the spatial variance increases

proportionately with time.
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5

Dispersivity, 0.-.4 ) 	is a measure of the mixing, or dispersive,

property of the aquifer. It is commonly assumed to be related to D as

follows:

D '54 u, or

DAP
where	 u = average flow velocity,

n = exponent.

As a first approximation, n is assumed to be unity such that

c>4 = Diu

(1.2)

(1.3)

If 014 is constant for a given aquifer, D will increase proportionately

with u. However, c.< will typically be dependent on scale and, to a

lesser degree, on flow velocities leading to the observed "scale effect"

(i.e. an increase in D) even in systems with a constant average

velocity.

Mathematical and experimental investigations of dispersion in

solute transport have been in a wide variety of contexts, such as

groundwater hydrology (Bear, 1969; Simpson, 1969), surface water

hydrology (Day, 1975; Liu, 1977), petroleum engineering (de Josselin de

Jong, 1958; Perkins and Johnston, 1963) and atmospheric sciences (Cleary

and Adrian, 1973).

Early theoretical work by G. I. Taylor (1953) demonstrated that

the variance of tracer spread in flow through a tube is propotional to

the average fluid velocity squared. Although this classic study forms

the basis for much of the work in transport theory, later experimental

and theoretical developments (see Bear, 1969; Simpson, 1969) showed that
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the variance in flow through porous media is more closely proportional

to the velocity than the velocity squared.

Following several extensions of capillary tube theory (Ans,

1956; de Josselin de Jong, 1958), early convective -dispersive theory was

developed. The convective - dispersive equation,

;C/c)t. = VDV(2 -V(VC)	 (1.4)

was introduced by Ogata (1959) and discussed in detail by Bear (1961,

1969).

The solution of this equation for a semi-infinite aquifer (with

constant dispersion coefficient, velocity and contaminant source

strength) was derived by Ogata (1958) and later published in a U.S.

Geological Survey Professional Paper (Ogata and Banks, 1961). The

solution is,

C/Co= 1/2 [erfc((X-Vt)/2) -0 +exp(VX/D)erfc((X+Vt)/257t ).] (1.5)

where	 X	 = the spatial position of the measuring point relative to

the source,

C/C
o 
= the normalized concentration (relative to the source

strength),

D	 = the system dispersion coefficient,

V	 = the average seepage velocity, and

= time.

As will be shown, equation (1.5) is related to a normal distribution

over X with mean X = Vt and variance 2Dt.
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Experimental verification of equation (1.5) for macroscopic

homogeneous systems is available in column experiments (Brigham, et al.,

1961; Brenner, 1962; Hiby, 1962). Until the work presented in this

report, however, very little laboratory work has involved the study of

heterogeneous packings and the variation of parameters with distance

from the source.

Warren and Skiba (1964) mathematically studied dispersion in a

heterogeneous system through a Monte Carlo modeling technique. Using

random placement of permeabilities (selected from a log-normal

distribution), the authors concluded that porosity variations were less

significant as a mechanism of dispersion than variations in

permeability. In addition, they stated that macroscopic dispersion is

related both to the scale and the distribution function of the

permeabilities.

The effects of heterogeneities have also been observed in field

measurements. Slobod and Thomas (1963) observed strong fingering in oil

reservoirs. Coats and Smith (1964) analyzed both laboratory and field

data in which the tail of the breakthrough was significantly delayed.

They proposed a model to account for the tailing effect by assuming the

presence of dead-end pore volumes. In this model, diffusion into and

out of stationary fluid (trapped in dead-end pores) causes the observed

delay in the tail of the breakthrough. Although this approach did not

prove valid for sand systems, recent work in fractured rock showed that

this mechanism has a significant effect on the shape of the breakthrough

from a fracture where tracer in the fracture water exchanges with the
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relatively immobile water in the pores of the rock matrix (Grisak and

Pickens, 1980).

Recent investigators have studied the relationship of

heterogeneities and the scale effect (i.e., the increase in the

dispersivity with the scale of measurement). Mathematical analysis of

the effect of velocity variations on the breakthrough of a tracer have

been attempted by several authors (E. G. Matheron and de Marsily, 1980;

Gelhar et al., 1979). Matheron and de Marsily (1980) analyzed

longitudinal dispersion in two statistically homogeneous aquifer

systems. The first was a porous medium in which flow velocities varied

randomly with depth, but were parallel to and constant in the

X-direction. Their analysis showed that the flow velocities must be

uncorrelated over depth to achieve a spatial variance of tracer

particles proportional to time (and, thereby, a constant dispersivity

from equation (1.1b)) at early times. At late times, the velocities

must be related by a covariance function which has a hole effect (i.e.

it goes negative at some distance) to achieve this form of a particle

variance. The second system was similar to the first, except velocities

had components in the vertical as well as horizontal directions. The

analysis of this system once again showed that uncorrelated velocities

were necessary to obtain a constant dispersion coefficient at early

times. At large times, however, the requirement for a hole effect was

removed and it was shown that much more general covariance functions (of

velocity) gave a constant dispersion coefficient. As discussed in
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Chapter IV, the early condition of uncorrelated velocities was

apparently met in the experiments on the homogeneous packing (results

presented in Chapters II and III).

Schwartz (1977) developed a computerized particle tracking model

to determine the spatial distribution of tracer particles as they flowed

through a heterogeneous system consisting of low permeability rectangles

within a high permeability field. Figure 1.2 shows three of the systems

investigated. Schwartz concluded that the more uniformly distributed

the cubes (e.g. Fig. 1.2c), the more likely the variance of particle

positions would approach a linear function of displacement. This study

formed the basis of the experimental work presented in Chapter II.

Purpose and Scope of this Study

The current research is an experimental extension of the recent

work discussed. It is an effort to determine under controlled

conditions the effect of heterogeneities on longitudinal dispersion in

flow through sand. The results and analysis of these experiments

provide basic data on the scale effect.

Preliminary experiments were conducted on a small (32" x 14")

Plexiglass box (Chapter II). This early work showed non-gaussian

behavior in a heterogeneous packing similar to that used by Schwartz

(1977) (see Fig. 1.2c). Due to the small size, however, measurements

were limited to a single point.



Figure 1.2	 Numerical Simulations by 
Schwartz (from

Schwartz, 1977)
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Detailed work on the variation of breakthrough with distance was

performed on a large sandbox (96" x 42") constructed for this study

(Chapter III). Four sand arrangements were used in this study. A

homogeneous packing of coarse sand was investigated first. Three

heterogeneous packings were then studied, each containing discrete

distributions of fine sand (16%) and coarse sand (84%). The first

packing consisted of a single layer of fine sand between two layers of

coarse sand running the length of the box. In the second arrangement,

the fine sand layer was replaced by cubes of fine sand evenly space

lengthwise over the central part of the system. In the final packing,

cubes of fine sand were evenly distributed throughout.

For each packing, concentrations were measured along several

vertical columns, with electrodes spaced on half-inch centers.

Concentrations were averaged over depth (see Chapter III for details) to

give an equivalent one-dimensional system. Breakthrough curves were

obtained and dispersivities were calculated at each vertical column.

Analysis of breakthrough data is accomplished through an

adjustment of equation (1.5). After short time (see Figure 1.3 and

Appendix I for details), the second term on the right hand side can be

neglected, and the equation reduces to

(2/C0	 1/2 erfc((X -\/t)/ 2415T)	 (1.6)

The error function is related to a normal distribution as

erfc( Z/ B) = 2 (1) (T2-1 Z/ B) - 1
	 (1.7)
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where CW2Z/B) is a cumulative normal distribution over Z with mean

zero and a variance of B212. Since erfc (Z/B) = 1 - erf(Z/B), we obtain

or,

erfc((X-Vt)/2rCR) (1.8). 2(1 -4)((X-Vt)/ifiTtl ) )

C/C	 1- 4)((X -Vt)/Œ1:7e). (1.9)

Setting 7/. (X -Vt)/sifT ,

(1.10)
C / C	 1 - (1) ( 7//r15).

Equation (1.10) states that, if the system is well defined by

the convective-dispersive equation with constant coefficients, the

normalized concentration (C/C
o
) can be described by a cumulative

normal distribution with mean equal to zero and variance numerically

equal to D. Therefore, by plotting C/C o (as the cumulative probability)

versus 7/ (as the parameter on the linear axis) on normal probability

paper, a straight line is expected with a standard deviation

numerically equal to D.

For the current work, data from the different electrode columns

are plotted in this manner and dispersivities are calculated for each

measuring point. Any change (with distance) of dispersivity or

deviation from the expected curve can then be analyzed for each

measuring point on the same plot.
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Figure 1.3 Magnitude of the Second Term in the Ogata Solution



CHAPTER II

PRELIMINARY EXPERIMENTS WITH THE SMALL SANDBOX: SINGLE POINT MEASUREMENTS

Based on the theoretical development discussed in the previous

chapter, preliminary study was performed on a small sandbox model (pre -

viously constructed by George Morin (1968)) to detect any non-gaussian

shape in breakthrough curves (at a single point) caused by the presence

of heterogeneities. In addition, this preliminary work was designed to

evaluate approaches to packing and measuring concentrations in a

heterogeneous sand matrix.

The experiments discussed in this chapter are presented in three

sections: 1) design of the model, 2) packing and experimental pro-

cedures, and 3) experimental results and analysis.

Design of the Model 

George Morin (1968) designed a sandbox to measure the effect of

a layer of contrasting hydraulic conductivity on the transverse dis-

persion of a tracer (Figure 2.1). The long grooves shown on the diagram

were used to position thin metal plates during emplacement of a

contrasting sand layer. These plates were withdrawn after the sand was

in place. The short vertical grooves held a series of metal plates

designed to reduce free surface flow. Steady flow was maintained by

constant head reservoirs at either end of the sand section.

14
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The Morin model was used with only minor modifications for the

present study. The preliminary work performed with this box evaluated

the non-gaussian shape of the breakthrough curve obtained from a

heterogeneous sand mixture. In addition, approaches to packing and

performing breakthrough experiments in heterogeneous porous media were

studied. In this work, longitudinal rather than transverse dispersion

was measured.

Packing and Experimental Procedures 

Two packing arrangements were used in this early work. The

first was a homogeneous packing of twenty mesh sand. The second

consisted of several blocks of ninety -mesh sand embedded in the coarse

sand (grain size distributions are given in Figure 2.2). Packing for

both systems was done under a shallow layer of water to insure complete

saturation.

The homogeneous system was packed by introducing the coarse sand

in layers ranging from one to two inches in depth. The sand was remixed

in the box to avoid any layering due to segregation of grain sizes as

the sand settled through the water covering the surface. Periodically,

a rubber rod was used to pack the sand. No air bubbles or variations in

packing were observed in the final packing.

In the heterogeneous system, cubes of fine sand were placed in a

matrix of coarse sand. The fine sand was first packed in warm gelatin

and cooled to form sand molds. This mold could easily be carved into

any shape necessary and had enough strength to be handled without any
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significant deformation. The molded cubes were placed in position in

the box as the coarse sand was packed around them. The water in the box

was kept cold to prevent melting of the gelatin during packing.

When packing was completed, warm water was flushed through the

sand to remove the gelatin. A dye was used to indicate when flow pen -

etrated the cubes (i.e., when the gelatin had been flushed from the

cubes). The gelatin appeared to be completely flushed after approxi -

mately four hours of warm water flow. After completion of the

experiments, the cubes were examined and showed no sign of residual

gelatin.

The effect of gelatin on the packing and conductivity of the

fine sand was examined. Column tests were run to determine the

hydraulic conductivity of this sand packed with and without gelatin. No

noticable change in volume was observed during the flushing process, and

the average hydraulic conductivity was not significantly affected.

Dilute solutions of sodium chloride were used as the tracer in

these experiments. Previous studies showed that the chloride ion is

free of sorption in sandy soils (McMahon and Thomas, 1974) and is

non-reactive. It is therefore considered a conservative tracer.

As observed in previous work (Silliman, 1979), a log-log plot of

chloride concentration versus electrical resistance gave a straight line

in the range of concentration tested. Twenty-one copper plates were

connected at half inch intervals to a small diameter tube (Figure 2.3)

placed vertically in the sand. Each plate was connected to the surface

by an insulated wire protected by the support tube so that resistance
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could be measured between any two of the plates. Calibration of the

electrodes was performed in situ. The electrode column was placed

thirteen inches from the inflow reservoir.

Each experiment began by establishing steady state flow. The

resistances in the electrodes and the discharge volume were recorded.

When these values were constant, the tracer was added to the system.

The following procedure gave a nearly instantaneous change from

non-tracer to tracer fluid in the upstream reservoir. First, an empty

plastic bag was inserted in the reservoir. This bag was then filled

with tracer water (at a rate approximately equal to the inflow from the

reservoir to the sand). This allowed the tracer water to fill the

reservoir volume (through expansion of the bag) without affecting either

velocities within the sand or inflow concentration. When the tracer bag

had entirely filled the upstream reservoir, the bag was split open and

removed. This rapid removal of the tracer bag changed the reservoir

fluid from nontracer to nearly pure tracer quickly and with little

effect on the hydraulic head in this reservoir.

Early data are important in the analysis of results. Measure -

ment of electrode resistances were therefore repeated frequently during

this period. As the tracer front passed the electrodes, changes in

resistance became slower, and the length of time between measurements

was increased. When resistance readings became constant over several

measurements, the experiment was terminated.
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Experimental Results and Analysis 

A first set of experiments was performed with the box packed

homogeneously with coarse sand. For each experiment, C/Co was plotted

against the parameter 1/ (equation 1.10). A typical breakthrough plot is

shown in Figure 2.4. The linear plot of the data indicates that the

breakthrough is close to the shape expected for a constant dispersivity.

It is also an indication that the equipment is operating as desired and

the procedures are valid. The dispersivity value for this packing was

calculated to be 2 cm.

The dispersivity calculated is approximately an order of magni-

tude higher than that measured in column experiments with approximately

the same sand(Harleman, et. al., 1963). Five possible factors may

account for the difference: (1) the technique used to introduce the

tracer to the reservoir could cause a spread front to enter the system

rather than the sharp front assumed in the analysis, (2) the retaining

wall between the sand and the upstream reservoir is affecting the move-

ment of the tracer front as it enters the sand, (3) packing the system

in layers results in layers with different hydraulic conductivities, (4)

the boundary conditions, in particular the upper free surface inter-

rupted by plates, might produce secondary velocities, and/or (5) con-

centration data points for the box are averages of twenty individual

readings, whereas the concentrations in column experiments are measured

at a single point or from a single discharge tube (i.e., the averaging

process may be affecting the results).
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The first possibility, an effect of the inflow concentration,

could be a result of the tracer bag not completely filling the

reservoir. In this situation, when the bag is split, the reservoir would

contain tracer water diluted with nontracer water. With time, the

concentration in the reservoir would increase toward the source

concentration causing a variable inflow concentration to the sand. To

test this possibility, a run was performed in which only three-quarters

of the reservoir was filled with the tracer bag. The breakthrough for

this run gave a significantly higher dispersivity (3.4 cm). However,

the dispersivity for the coarse sand as measured in the large model

(Chapter III) is also approximately 2 cm. This indicates that although

variable inflow concentration will yield an apparently higher

dispersivity, the actual procedure did provide a true constant source

concentration.

The second problem is difficult to analyze. The retaining wall

separating the sand from the reservoir is pierced by a series of

eigth-inch diameter holes. As the tracer is introduced to the system,

therefore, these holes cause the inflow to the system to act as a series

of point sources rather than a plane source. It is possible that this

could cause spread of the tracer front not produced by the sand. This

problem is eliminated in the large sandbox design (Chapter III) through

the use of screens as the sand retaining structure. Again, since the

large box also gave the same dispersivity, the holes probably had no

measurable effect on dispersion.



23

Factors 3, 4 and 5 relate to aspects of model geometry, packing,

and measurement procedures, all of which differ from those in column

experiments. It would appear that some combination of these factors is

responsible for the large dispersivity observed.

A second set of experiments was performed with cubes of fine

sand placed in a coarse sand matrix (Figure 2.5). The plot of the data

for this heterogeneous sand shows significant deviation from a straight

line (Figure 2.6). It would appear that these breakthrough curves

(based on three experiments), when plotted on probability paper, have

two distinct sections. The presence of this break in the curve shows a

major deviation from the gaussian behavior predicted by the

convective-dispersive equation.

Figure 2.5 Photograph of the Heterogeneous Packing--Small Sandbox
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The slope of the early-time limb gives a dispersivity of

approximately 2 cm (about the same as that in the homogeneous system).

The slope of the late-time limb gives a dispersivity of approximately

6.5 cm. A similar break in slope occured in the later experiments with

the large sandbox. Further discussion of this phenomenon will therefore

be deffered to Chapter IV.

The reproducability of results for chloride breakthrough in the

heterogeneous packing is also demonstrated in Figure 2.6. The scatter

in the early data can be partially explained by the length of time

required to complete a set of measurements. Each set (with twenty

measurements per set) required approximately three minutes to complete

leading to a significant change in the position of the front, and there-

fore in concentration, from the beginning to the end of a measurement.

1.8

0

o

C/C:o X 1000
1	 1.0 a 10.	 al	 70.	 90. 9 a

Figure 2.6 Breakthrough Curves for Chloride in the HeterogeneousPacking
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In addition, this large time of measurement led to difficulties in

assigning a single time to the average concentration (for the

calculation of Z'). As indicated by the consistency of the shape of

breakthrough, however, experimental error cannot account for the break

in slope.

These preliminary experiments clearly demonstrate a non-gaussian

shape in the breakthrough curve for the heterogeneous packing not ob -

served for the homogeneous packing. Based on these results, the

variation of this non-gaussian behavior with distance from the source

was investigated. The next chapter presents the large sandbox

constructed for this purpose and the results obtained.



CHAPTER III

EXPERIMENTS WITH THE LARGE SANDBOX: MULTIPLE POINT MEASUREMENTS

The preliminary experiments presented have demonstrated

non-gaussian tracer breakthrough curves in a heterogeneous sand. To

illustrate the scale effect, the variation of this behavior with

distance from the source was investigated in a large sandbox. Four

packings of sand were studied including one homogeneous and three

heterogeneous arrangements. Results for these experiments are

presented in this chapter and analysis of all the laboratory work

is developed in the final chapter.

Design of Equipment and Packing

The sandbox used for these experiments is larger than that

discussed in Chapter II. The length of the box was increased to eight

feet and the length of the soil compartment to seven feet (see Figure

3.1). The width was increased to four inches and the height to three

and one-half feet.

The electrodes for this system were designed such that the main

support ran along the wall of the box with individual wires extending

horizontally from the support to the selected measuring points. Spaced

at one-half inch intervals, seventy-two wires were included in each

electrode column (covering three feet of the soil depth) (see Figure

3.2).

26
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Four sand patterns were packed in this box. These are (see

Figure 3.1): 1) Homogeneous, 2) Layered, 3) Heterogeneous over the

central third of the system and 4) Uniformly distributed heterogeneities

(over the entire region). Five sites were selected for electrode

columns. All five sites were used for the final two packings while only

the odd numbered sites were used for the homogeneous and layered systems

(see Figure 3.1).

The first two sand arrangements (the homogeneous and layered

sands) were packed as described in Chdpter II. The third system was

packed utilizing the gelatin mold as described for the heterogeneous

packing in Chapter II. The growth of a black organic mold within the

region of the cubes was attributed to the gelatin, however, and the

gelatin technique was not used for the final packing.

The final packing was performed using metal plates to isolate a

rectangular area to be filled with fine sand. The area was filled with

the fine sand and surrounded by coarse sand. The plates were then

removed. The packing technique allowed faster packing with better

contact between the fine sand and the plexiglass wall. No mold grew

in this packing.

Hydraulic conductivity measurements were obtained from the

homogeneous packing. Utilizing a three inch head differential across

the sand section, a flow rate of 0 .575 liters per minute was obtained.

This flow indicated that the system had an average hydraulic

conductivity of approximately 0.27 cm/sec.
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Porosities were obtained from several small samples of the

coarse sand packed in beakers in the same manner that the sandbox had

been packed. Porosity values averaged 40.5% with a range of 40.0 to

40.9%.

Sensitivity of Concentration Measurements 

A Simpson Multimeter was used for resistance measurements. The

resistances ranged from 100 to 10,000 ohms depending on salt

concentration and the electrode pair tested. Within a single

experiment, a typical range of measurements would cover only part of

this range (e.g. 750-2500 ohms). Due to an expanded scale, the maximum

error of a resistance measurement is approximately 5% of the actual

reading.

Based on this error in measurement, the maximum error in the

calculated concentration for a particular electrode pair occurs at low

C/C
o 

(normalized concentration) values. Close to 25% for C/C
o 

less than

0.1, this error decreases to approximately I% for large C/Co values.

For low C/C
o 

(error band of approximately 25%) and assuming independence

of error for each electrode pair, the approximate standard deviation of

the averaged concentration is given by 25%/ 15 11 or 3% (based on the

statistical definition of the variance of an average).

An exception to this low value is near the endpoints where

errors are allowed to occur in only one direction (i.e. any error which

would make C/C
o 

less than zero or greater than 1.0 is compensated for in

the analysis). In these cases, several electrodes could give false
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values above zero without negative values to balance them. For this

reason, concentrations below 1% or above 99% are ignored in the

analysis.

Results for the Homogeneous Packing

Breakthrough for the homogeneous packing closely reflects the

results discussed in Chapter II. Several sets of data for the different

electrode columns are shown in Figure 3.3. This figure demonstrates the

reproducibility of the results and the constant nature of the

dispersivity for this system. The S-shape observed in the data

presented in Chapter II was once again apparent in the data from the

first electrode column, but was significantly reduced for the third and

fifth electrode columns (see Figure 3.3).

The homogeneous system was also run at a second head

gradient. These data also plotted as a straight line, but the change in

velocity also caused a change in the calculated dispersivity. The

tracer velocity and dispersivity for the first head gradient

(approximately 2 inches drop over the seven feet of soil) were 1. cm/min

and 2.1 cm. respectively. These values for the second gradient were

calculated to be 0.6 cm/min and 1.94 cm.

The average tracer velocity for this system was calculated based

on the arrival of C/C
o 
= 0.5. The tracer velocities for each of the

electrode columns were approximately the same.
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Discharge from the sand was also measured during some of

these experiments. Using a porosity of 40.5% and assuming a flow area

of 38 inches by 4 inches, average flow velocities (henceforth called

discharge velocity) were calculated from the discharge measurements. The

tracer and discharge velocities were nearly equal in all homogeneous

runs.

Results for the Layered System

Analysis of the chloride breakthrough in the layered system

indicated that the tracer velocity within the fine sand was slower than

that in the coarse sand by a factor of approximately forty. Assuming a

porosity of the fine sand equal to that of the coarse sand (40.5%), it

was noted that a one-inch deep section of the fine layer carried only

one-fortieth of the flux carried by a one-inch section of the coarse

sand. To create a more meaningful average concentration over depth,

weights were assigned to each electrode pair based on the relative mass

flux passing that point (in a similar fashion as a well bore integrates

a sample over its depth based on mass flux). For this system, the

electrodes in the coarse zones were assigned weights of 1.0 and those in

the fine layer were given weights of 1.0/40.0.

Based on the weighted average, Figure 3.4 shows the non-linear

nature of the breakthrough plot. The slow velocity in the fine sand

made measurements at other than the first electrode column impractical.



loirritt"
oo ° os • it	 I	 0 0°	

0 0 0 0 0 
0
0 eCWO

35

a)

. It 1 i	 0	 •
7 Ti..) -0a)0 •

Ii Oa) - -S- >, 4-)
o ca_ ro c..)

	

* 1/, I*	 c	 .—
__I cu

U •r-

O o ...cai Lu

>t '	 1	 EEE ou ms	 co cs_ c	 cz,r 3 ,
71 ej	 tri CO 0	

•	

riS -C-1.--) -Y"- g
L.	 1	 i	 c eL c..) ,—.
oc 1	 a 7 	Lo N •:1*	 0	 (...) C3 Ci_ C.-)

0(1)11:$0

CO IT	 N
l a	 0 0	 0,
1	 Ei	 i

o

O 	o	 tr.)	 0
N

xog Q asog anoqv lt.45!af-i

o 
o

o ooececto0°
o

o

o

o

o

(uit.uniuD) ,1?»( 1A- X)=



36

In addition to the averaged concentrations, the distribution of

concentration over depth is of interest. Data for three time periods

are shown in Figure 3.5. These data demonstrate that in addition to the

transport in the longitudinal direction, there is a transverse transport

mechanism (a combination of diffusion and tortuosity) moving the tracer

perpendicular to the flow direction (i.e. in the vertical direction).

Results for the Localized Cube Packing

The third packing arrangment gave consistent results throughout

the five electrode columns utilized. Figure 3.6 shows the averaged data

with an interpretation indicated by the dashed lines.

The linearity and reproducibility of the early data indicate

that this part of the breakthrough is controlled by the average tracer

velocity and a constant dispersivity. The nearly parallel lines in the

late time data demonstrate that the dispersivity of this part of the

breakthrough is also nearly constant. These results are discussed in

detail in Chapter IV.

The lower velocity in the center section once again necessitated

weighting concentrations before averaging. Based on the tracer

velocities (calculated from average concentrations for individual

regions), the central region moved at one-third the velocity of the

coarse material giving a weighting factor of one-third for the

concentrations in the central region.
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Concentrations were also averaged over just the central region.

These results showed a nearly constant velocity and a linear plot of the

data indicating a nearly constant dispersivity value for that layer. The

dispersivity value for the third electrode column, however, was much

higher (19 cm) than the average value for the other columns (10 cm).

This high value is examined in the final chapter.

The tracer velocity for the concentration averaged over all

layers showed a consistent increase with distance from the source.

Rising significantly from the first to the third electrode column, the

tracer velocity (determined by timing C/Co = .5 arrival) tended to level

off for the second half of the box. In each experiment, the tracer

velocity in the last two electrode columns was equal to or greater than

the discharge velocity (i.e. that velocity based on discharge data and

an assumed porosity of 40.5%).

The gelatin used in packing this sand arrangement caused

additional difficulties due to the formation of a black mold throughout

the cube region. Although the chloride tracer seemed to kill the

mold, flow was too slow through this layer to flush the system. No

noticeable change in the timing or shape of breakthrough was observed

when data from before and after the mold formed were compared, however,

and it was concluded that the mold had no significant effect on the

breakthrough of the tracer.
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Results for the Uniformly Distributed Cube Packing

Data for the uniformly distributed cubes showed continuous and

consistent variation in the shape of the breakthrough curve. Shown in

Figure 3.7, the shape and curvature of the breakthrough curve increased

with increasing distance from the inflow reservoir. In addition, the

tracer velocities increased in a similar fashion. In each case, the

highest tracer velocity (i.e. that for the fifth electrode column) was

less than the discharge velocity (calculated from discharge

measurements).

The plot of breakthrough results for this system can be split

into two relatively linear sections. The early data, as with the

centralized cube packing, indicate that this part of the breakthrough is

governed by a constant dispersivity. However, the position of change in

slope of the curve, unlike that for the results from the previous

packing, depends on the position of the measurement, varying from

approximately 37% for electrode column one (C/C o = .37) to approximately

23% (C/C o = .23) for electrode column five. The late data also differed

from the results of the previous packing in that the slope of these data

showed a continuous increase with distance (and thereby an increase in

effective dispersivity with distance).

As will be shown in the analysis presented in Chapter IV, these

data are a clear demonstration of the scale effect for this final sand

arrangement. In addition, data for this and the previous packing give

information about the variation (with distance) in the shape of the

breakthrough curve which might be expected for heterogeneous media.
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CHAPTER IV

ANALYSIS AND DISCUSSION

The experimental results presented in Chapters II and III have

demonstrated variable, non-fickian behavior in heterogeneous

arrangements of sand. These experiments form the first major set of

data ever collected demonstrating the scale effect under controlled

laboratory conditions. This final chapter presents analysis of these

data and a discussion of the relationship of these results to theory.

Analysis of the Results for the Homogeneous Packing

The reproducability and linear plots obtained from the data for

the homogeneous system (shown in Figure 3.3) are an indication that the

system and the procedures used are adequate for the current research.

These data form a good base for analysis of breakthrough curves for the

other packings.

Small deviations from the expected breakthrough curve are

observed in these data. The breakthrough at electrode column one shows

a consistent S-shape. Electrode columns three and five show a similar

deviation, but much decreased in magnitude. A combination of variation

of concentration in the inflow to the system and layers due to packing

seem to be the cause of this non-theoretical behavior.

41
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Analysis of the data for the homogeneous system suggests two

conclusions about field systems. First, a variable velocity profile (at

the macroscopic or megascopic scale) can exist within a 'homogeneous'

aquifer governed by a constant dispersivity. Secondly, however, even

with the dispersivity defined, deviations from the predicted

breakthrough may be observed at small distances.

The first conclusion leads to an interpretation of the work of

Matheron and de Marsily (1980). Discussed in Chapter I, the work by

these authors involved the analysis of an infinitely thick aquifer in

which velocities varied only with depth. The conclusion of these

authors was that only the assymptotic behavior of such a system could be

modeled with a constant dispersivity unless the velocities were

uncorrelated over depth.

The homogeneous system studied in the current research is nearly

equivalent to a finite version of the model studied by Matheron and

de Marsily. The linear plot of the data and the constant nature of the

calculated dispersivity indicate that this sand either reaches its

assymptotic behavior rapidly or the correlation length of the velocities

is small enough compared to its total depth that the sand can be modeled

as a set of uncorrelated velocities. The second possibility would

indicate that such a velocity profile might also be expected in field

conditions where the distance over which local permeability variations

are significant is small compared to the thickness of the aquifer. A

constant dispersivity would be expected in such an aquifer (assuming

transverse mixing between layers).
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Analysis of the Results for the Layered Packing

The averaged concentration breakthrough for the layered packing

implies a three-stage transport process. The initial portion of the

curve (Figure 3.4) represents the movement of the chloride through the

coarse layers. The central section of the curve is a transition zone in

which breakthrough for the coarse region is nearly complete while the

fine layer is still at very low concentration. During this period,

transverse dispersion into the fine layer is the major transport

mechanism changing the average concentration. Finally, convective

transport through the fine layer completes the tracer breakthrough.

These transport periods are apparent when the distribution of

concentration with depth is analyzed. Figure 3.5 shows this

distribution at three measuring times. The early curve shows high

concentrations in the coarse zones, minimal concentration along the edge

of the fine layer and zero concentration in the center portion of the

layer.

The second curve shows the coarse zone nearly up to source

concentration. In this period, the tracer has penetrated the edges of

the fine layer through the mechanism of transverse dispersion. The

concentrations at the center of the fine layer are still quite low.

The third curve demonstrates the final period of breakthrough.

Both the coarse zone and the sides of the fine layer are at source

concentration. The major change in concentration is caused by the

convective transport in the fine layer.
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Figure 4.1 is a plot of concentration versus 7/ (on cartesian

coordinates) for the different packings. It is apparent from this plot

that the presence of the fine layer has an insignificant effect on the

shape of breakthrough (due to the minimal volume of fluid carried by

this layer). This result has important connotations for field work. In

this system, 16% of the flow field is occupied by a fine layer, but only

approximately I% of the mass travels within this region. In an

equivalent field system, the effect of this layer would be unobserved

unless the field measurements were accurate enough and the data taken

complete enough to register the leveling off of the breakthrough at 97%

of source strength and the long delayed rise to 100%.

The occurence of the transition zone in which trasverse

dispersion has a major effect is also an indication that a matrix

diffusion mechanism as proposed by Grisak and Pickens (1980) can have an

effect on contaminant breakthrough in a fractured medium. As the volume

of fine material becomes large with respect to the volume of coarse

material, the period during which flow through the coarse zone (e.g. a

fracture) dominates the shape of breakthrough will become small. The

'transition' stage will become quite large and can dominate the shape of

the breakthrough curve.

Two major differences exist, however, between the system

proposed by Grisak and Pickens (1980) and the present research. In

addition to the fact that the lab system did not represent a fractured
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medium, the chemically neutral silica sand and the non-reactive tracer

used in these experiments avoid many of the chemical blocks which can

slow or prevent diffusive transport of reactive chemicals in a complex

rock matrix.

Secondly, the velocity of flow in the fine layer, although slow

when compared with the velocity in the coarse layer, is orders of

magnitude faster than that observed in the rock matrix discussed in the

Grisak paper. The high velocity in this system causes the transport of

tracer into the low velocity zone to be controlled by convective

dispersion (i.e. transverse dispersion) rather than simple diffusion.

This dominance is indicated by experiments in which velocities were

doubled. The tracer distribution in the fine layer for these runs

produced similar shapes as the first experiment, but at earlier times

demonstrating that the intrusion of tracer is strongly dependent on flow

velocities. This strong dependence would not be expected in a matrix

diffusion mechanism.

Analysis of Results for the Centralized Cube Packing

The results from the third packing are the first clear

demonstration of the scale effect. They also show both the value of the

plotting technique used in this research and the dependence of an

analysis of breakthrough data on multiple measuring points. Referring

to Figure 4.1, a comparison of data for electrode column one and

electrode column five shows little similarity when plotted on cartesian

coordinates.
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The breakthrough for electrode column one is similar to the

shape of the breakthrough for the homogeneous system. An analysis of

the data based on this similarity might lead to defining the tracer

breakthrough with a single dispersivity.

Data for the fifth electrode column, however, show a long tail.

The interpretation of this breakthrough would be significantly different

than that of column one if the analysis were based on Figure 4.1.

Utilizing the plotting technique developed in Chapter I, however, the

interpretation of these data sets becomes simplified.

Figure 3.6 shows the sets of lines used to interpret the data.

The early data (positive j!) in this figure, as in Figure 4.1, show

similar breakthrough for each electrode column. Unlike analysis of

Figure 4.1, however, this figure allows the interpretation of the late

data as a set of parallel lines. This observation leads to the

conclusion that the late part of the breakthrough is controlled by a

nearly constant dispersivity. The delay between the early and late data

indicates that the second part of the breakthrough is controlled by flow

through a layer with a lower velocity than the average tracer velocity.

This interpretation of the data leads to defining a scale effect

for this sand entirely due to the averaging of two breakthrough curves.

If these curves had been defined separately, nearly constant

dispersivities could be assigned to each region. This is discussed in

more detail in the final conclusion section of this chapter.
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The analysis of the data for this third packing can be closely

associated with the analysis for the layered system. As discussed

previously, three stages are identified. The first stage reflects flow

through the coarse, or high velocity, zone. The second phase is a

variable transition zone with a length dependent on the distance of

travel and the difference in the velocities of the two sand regions. The

third period is dominated by convective transport through the low

velocity region.

Difficulty in this interpretation arises in the analysis of the

data from electrode column three. In every experiment, the length of

the transition zone for this column was as long or longer than that for

the fourth electrode column. Assuming a relatively constant velocity

within the cube region, the explanation of the long delay must be based

on electrode problems rather than a major increase in velocity in this

region. If an electrode was placed too close to a low permeability

cube, this behavior could be explained. In this situation, the flow

lines which converge on the downstream side of a cube cover a larger

number of electrode wires for an improperly placed electrode column than

for a correctly placed column (see Figure 4.2). The lower concentration

of the outflow from the cube is thereby measured by more than one

electrode pair such that when the average concentration is calculated,

the final averaged concentation will be too low (leading to the observed

delay).
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Figure 4.3 shows the concentration averaged over the central

(cube filled) region only. This figure demonstrates a heterogeneous

sand which can apparently be defined at a large scale by the

convective - dispersive equation with a constant dispersivity. A

discussion of these data is include in the section on the results for

the uniform packing.

The variance of system velocities for this packing is discussed

after the analysis of the uniform packing.

Analysis of Results for the Uniform Packing

The data from the uniformly heterogeneous packing does not allow

the simple graphical interpretation available for the data from the

three other packings. The early data from each electrode column appear

relatively parallel, but the late data shows little consistency on the

probability paper plot.

The analysis of this system was therefore based on the variation

of the mean, variance and skew of 7/derived from the breakthrough

curves. These parameters are calculated based on numerical integration

over complete breakthrough curves estimated from the available datum

points.

The statistical definition of the mean of a continuous

distribution is

m „ f f(x) dx	
(4.1)
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where m
x 

= the mean of x,

x	 = the random variable of interest, and

f(x) = the probability density function of x. This integral can be

numerically integrated as

rn„	 F(xi) x;	
(4.2)

where, x i	= the average value of x in the ith interval,

AF(X) = the change in the cumulative density function over

that interval, and

= the number of intervals of integration.

For the analysis of the breakthrough plots, 7/ is equivalent to

the random variable and C/Co 
is considered equivalent to F(1/).

Equation 4.2 therefore becomes

mv =EV.,Aoc.	
(4.3)

Similarly, the variance and skew are given as

Var(V) .E(v,--rnv )2- (2/C 0	 (4.4)

Skew( v )	 ( 7/; -mv )3 AC/C0	
(4.5)

where the bar over the square and cube terms denotes the average value

of these quantities in the interval of interest. Table 4.1 shows a

chart of calculations to determine these parameters for one breakthrough

curve.
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Table 4.2 is a comparison of the calculated values for the five

electrode columns (in two different runs). In both cases, the variance

of the data (and thereby the equivalent dispersivity of the sand)

increases significantly with distance. This result is a clear

demonstration of the scale effect discussed in Chapter I.

The mean and skew parameters are used to obtain an indication

of whether the tracer breakthrough curve is approaching the expected

normal distribution. If the breakthrough were responding as predicted

by theory (equation 1.5) (i.e. a constant dispersivity), both of these

parameters would approach zero.

In both experiments, the mean of the distribution tends to move

away from the expected value as distance increases. This indicates

that either the flow regime is increasing in its deviation from the

theoretical (homogeneous) conditions or the increased variance of the

second part of the data is outweighting the effect of the early data

(i.e. a longer tailing effect).

An analysis of the skew data, particularly from run number

twelve, gives additional information about the deviation of the break-

through curve from that expected for a homogeneous system. Based on

the skew, the two experiments, run at 1.2 cm/min and 0.4 cm/min, appear

to give different results.

As an aid in the analysis of these results, the following

transition sequence is proposed. With a heterogeneous system of low

permeability zones in a high permeability matrix, four phases are

predicated in the breakthrough of a tracer:



TABLE 4.2

ANALYSIS OF THE UNIFORMLY DISTRIBUTED CUBE PACKING:
RUNS TWELVE AND THIRTEEN

Electrode
Column
Number	 Mean

Varpnce
(cm /min) Skew

Velocity
(cm/min)

Dispersivity
(cm)

RUN NUMBER TWELVE

1 -.515 5.42 -1.39 0.94 5.77
2 -.586 4.54 -1.37 0.96 4.73
3 -.788 8.57 -1.53 1.13 7.58
4 -.890 10.13 -1.34 1.08 9.38
5 -.821 10.73 -1.05 1.16 9.25

RUN NUMBER THIRTEEN

1 -.130 1.49 -.552 .276 5.40

2 -.214 2.07 -.689 .293 7.06

3 -.143 2.75 -.511 .377 7.29

4 -.242 2.98 -.490 .396 7.53
5 -.506 5.10 -.681 .402 12.69
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1) Phase One--Flow over short distances tends to be dominated

by the high permeability matrix as a low percentage of

the flow lines have been affected by the low permeability

zones. During this period, therefore, the breakthrough

would appear to have come from a homogeneous sand (i.e.

the breakthrough would show a mean and skew near zero and

a comparatively low variance).

2) Phase Two--As the flow distance increases, a larger

percentage of flow lines have been affected by the low

permeability zones. Deviation from the simple

breakthrough of a homogeneous sand is observed.

The data show a tailing effect, but are still

dominated by the flow through the high permeability

zones. The absolute value of the skew and variance of

the data increases during this period.

3)	 Phase Three--Increasing the distance of travel further,

the low permeability intrusions begin to have an effect

on a majority of the flow lines. During this phase, the

observed tail from the earlier measurements becomes the

main part of the breakthrough with a seemingly over rapid

rise in the early part of the curve. The skew would start

decreasing during this period while the variance would

continue to rise.
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4)	 Phase Four--At a large scale, the heterogeneous system

will appear homogeneous. As this megascale is approached,

the rate at which the variance increases slows and the

skew of the breakthrough approaches zero. Eventually,

the variance would become constant and the skew

would be zero. This would be the scale of megascopic

homogeneity.

These four phases are compared in Figure 4.4.

It is apparent from the analysis presented (Table 4.2) that the

fourth phase, megascale homogeneity, is not observed in the final

packing. The data from run twelve may, however, illustrate the first

three of these phases (Table 4.2). The breakthrough curve for the first

two electrode columns represent the first phase in which the variance is

still based mainly on the high permeability material. It is noted that

both the skew and variance show no increase from column one through

column two.

The region between columns two and three can be interpreted as a

part of phase two in which both the skew and variance have shown

significant increases. The region from columns three to four would then

indicate crossing from phase two to phase three (in which the variance

continues to rise, but the skew shows a decline).

The region between the last two columns is interpreted as the

end of the third phase or beginning of the fourth phase. In this

section, the variance is slowing its rate of increase and the skew is

rapidly decreasing in magnitude. The shift from phase three to four is



58



59

also indicated by the reversal of the trend in the mean (see Table 4.2).

This discussion indicates that this cube system at a tracer velocity of

1.2 cm/min may be approaching its megascale of homogeneity.

The data from run number thirteen (with a tracer velocity of .4

cm/min), however, does not show the same variations in skew and variance

observed in run twelve. This breakthrough appears to be in a state of

change at electrode column five.

This second set of breakthrough curves is interpreted as two

sets of transitions. It is anticipated that the first transition is a

result of heterogeneous flow around the cubes (viewing the cubes as

impermeable), whereas the second set of phase changes, not observed in

run twelve because of high velocities, are due to flow and dispersive

movement through the cubes.

For this hypothesis, two sets of changes in skew and variance

are expected. The data in Table 4.2 show that they may exist. In this

interpretation, the increase in skew from column one to column two shows

this part of the system is in the second phase of the first transition

(due to flow around, but not through, the cubes). Moving towards

columns three and four, a decline in the magnitude of increase of

variance and a decline in the absolute value of the skew are observed.

This indicates phase three or four in the first transition.

It is observed that although the mean declined between the

second and third electrode columns, it began to increase again after the

third column. In addition, the rate of increase in the variance rose in

the second half of the box. The skew also increased at electrode column

five.
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These observations can be explained by the second form of

heterogeneity (flow through the cubes) pushing the solute front into the

early stages of a second transition to a higher dispersivity. This

second form of heterogeneity was not observed in run twelve. For that

run, therefore, either the two transitions are smoothed into one or

another transition would have taken place at a larger distance from the

source.

The averaged concentrations from the middle region of the

previous packing (using the localized cubes) show that a megascale of

homogeneity can exist for a heterogeneous sand. As noted in the

previous section, the averaged data for the fifth electrode column

(averaged over the central cube region only) plotted linearly on the

probability paper. Calculating the mean, variance and skew for these

data (excluding electrode three because of its unexplained behavior),

the following observations were made. The mean of I/ for electrode

column one was -0.432 while this value for the other three columns

leveled off to zero. The absolute values of skew dropped consistently

from the first column (-0.712) to the fifth column (0.076). Finally,

the variance of 11 increased from the first to the second columns, but

showed a slight decline from the second through the fifth.

These data indicate that this system of heterogeneities may have

been in phase three of transistion at electrode column one and 
then

moved through completion of the final phase prior to electrode column

five. The megascale of homogeneity for this packing, therefore, appears

to be approximately six feet.
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It is noted that this heterogeneous system was bordered by two

high velocity zones rather than the no flow boundaries present for the

final packing. An analysis of concentration data over depth, however,

indicate that the effect of these high permeability zones on the

breakthrough in the central region is minimal.

Variations in System Velocities 

As noted earlier, the tracer velocities for the last two

packings increased with distance from the inflow reservoir. This trend

is reversed from that predicted by the transition mechanism discussed in

the previous section. In all cases, a non-constant tracer velocity was

less than or equal to the discharge velocity.

Several mechanisms have been proposed for this observed

increase, but none appear satisfactory. Air bubbles entering the system

in solution could come out of solution in the sand matrix, thereby

reducing the effective porosity of the sand. This mechanism, however,

would be expected to have most effect on the first part of the flow

system, thereby causing the opposite result on velocities.

Clogging is a possible explanation if a mechanism can be found

to cause a decrease in the porosity of only the second half of the sand

system. A possible type of clogging which may lead to this behavior is

a flushing, either during packing or experimental runs, of fine sand

from the first half to the second half of the matrix. The porosity

change necessary for the calculated change in velocity, however, is from

40% to 25%. This large change does not seem possible without any visual

evidence of its occurence.
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The cause of this increase is therefore unknown. Porosity

measurements could be performed on the sand when it is unpacked or the

flow could be reversed in direction and another set of measurements

taken to help isolate the cause of this variation. For the present

study, however, this deviation from expected results is accepted as an

unknown for future study.

Discussion and Conclusions 

The experiments and analysis presented in this report show clear

evidence of a scale effect in solute transport through a saturated,

heterogeneous sand. It has been demonstrated that, in some cases, this

scale effect is simply the result of averaging breakthrough from

different layers which are defined, individually, by constant

dispersivities (as discussed previously for the third packing). The

results from the final packing also suggest that the scale effect may be

dependent on the tracer velocity as well as distance from the source.

The scale effect in solute transport can therefore be most

generally defined as a change in the dispersivity of a tracer break-

through with distance from the source. It can be caused by any number

of mechanisms including heterogeneities and layers. In some cases, such

as breakthrough for the central cube region in the third packing, it is

a limited effect which becomes negligible as the megascale of

homogeneity is approached. In other cases, such as flow in layered

systems, it is virtually unbounded.
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A transition from a low to a high dispersivity was suggested for

some of the results presented. The application of this exact transition

to any field condition is questionable, but the presence of some form of

transition is anticipated for most aquifers.

Based on the mechanism suggested by a transition, the megascale

of homogeneity (assuming the degree of heterogeneity is constant

throughout the flow regime) may exist in systems in which all flow lines

will eventually be significantly affected by the presence of the

heterogeneities. For example, in the central cube region of the

localized cube packing and in the final packing, all flow lines will

eventually be forced to travel through or very close to a fine sand

cube. Based on the results, these systems appeared to be approaching a

large scale of homogeneity and a constant dispersivity. In the layered

packings (i.e. the second or third packings), however, the flow lines

traveling near the outer edge of the coarse zones will remain virtually

unaffected by the fine layer. In this situation, a megascale of

homogeneity would not be expected. That it did not exist, at least for

the third packing, is indicated by the constantly increasing deviation

from a straight line observed in the plot of the results.

In addition to the scale effect, the experiments presented show

that the actual shape of the breakthrough curve can change 
significantly

with distance from the source. This realization is extremely important

in the interpretation of field results. For example, if a breakthrough

curve is obtained from a single point and it appears to be based on a

low dispersivity with a delayed tail (as in phase two of the transition
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suggested previously--Figure 4.4), prediction of future transport will

necessarily be based on this analysis. Breakthrough at a larger

distance may, however, be dependent on a significantly higher

dispersivity and different average tracer velocity. In this case, the

prediction based on the single measuring point will be inaccurate and

the observed tail will be misleading when the mechanism of dispersion is

determined. In such a situation, multiple measuring positions would be

essential in identifying behavior not included in the classic solutions

of the convective-dispersive equation.

In addition to multiple sampling points, more advanced

interpretive tools are necessary. As illustrated in Figure 4.1, the

analysis of breakthrough curves utilizing cartesian plots of

concentration versus V (or t) can lead to erroneous conclusions and

can miss an obvious interpretation available from other analysis

techniques such as the normal probability paper analysis. The

parameter, V , does not extend to more than one dimension (and then only

to a continuous source), however, and similar parameters for two-and

three-dimensional problems are needed.

Utilizing these parameters and multiple sampling points, any

deviations from the basic solutions observed in the breakthrough data

can be identified. In cases where these deviations are small and the

results for multiple points are constant, available solutions to the

convective- dispersive equation can be used with relative confidence to

predict future movement of the tracer. In cases where the deviations

are large and variable, however, other more advanced models (e.g.
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variable coefficient solutions or stochastic approaches) must be

developed.

Finally, the results and analysis made available from this

laboratory study illustrate the need and viability of such experiments

in advancing the theory of solute transport in porous media. While

field scale problems cannot be reconstructed exactly in the laboratory,

the control and flexibility available in these small scale experiments

can never be matched in field experiments. In addition, the cost and

time of experiments in the laboratory are significantly reduced while

the volume and precision of the data are increased.

The information obtained in laboratory experiments, as illustrated

by the research presented in this report, can demonstrate approaches

to and limitations of the application of current theories to large

field situations. In addition, observation of laboratory scale transport

mechanisms can lead to the development of new theoretical approaches

to the basic transport problem.



APPENDIX I

THE CONTRIBUTION OF THE SECOND TERM IN THE CONVECTIVE-DISPERSIVE SOLUTION

Equation 1.5 is the general solution for the one dimensional,

semi-infinite convective-dispersive equation with a constant source

concentration. As will be shown, the second term in this equation

12 exp(VX/D) erfaX4Vt)/2rDi)	 (A.1)

becomes negligible after short times.

The maximum effect of equation A.1 at any spatial position is

given by its derivative with respect to time. This derivative is much

simplified by noting that the exponential term is independent of time

and that the complimentary error function reaches a maximum when its

arguement reaches a minimum. Taking the derivative and looking for a

minimum of(X+Vt)/11 is therefore equivalent to finding a maximum of

equation A.1.

We therefore obtain

)/ .)t (x v t ) / ft:	 c)/t (x /.rt v

-1/2 X/t*2-+1/2 \Ili.?
(A.2)
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Setting this to zero, we have

xi t3/4. viir
	

(A.3)

or

t = X/V
	

(A.4)

which is the center of the tracer front (i.e. where C/C
o 

= .5).

Table A.1 gives the magnitude of this term at t =X/V for several

X positions. For these calculations, V = 1 cm/min and D = 3 cm
2
/

min. It is noted that at X = 15 cm, the location of the first

electrode column in the large sandbox, this term is already neglible.

Figure 1.3 (Chapter I) is based on these calculations.

TABLE A.1

VARIATION OF T2*

X t (X+Vt)/2FDT 12

1 1 .816 .356

2 2 1.155 .205

3 3 1.414 .125

5 5 1.826 .053

10 10 2.582 .0084

15 15 3.160 .0015

*D = 3 cm'/min; V=1 cm/min
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