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ABSTRACT

This study is an experimental investigation of variable density groundwater 
flow in homogeneous and lenticular porous media. A. solution of 500 mg/L 
Rhodamine WT dye served as the carrier for various concentrations of solute 
(NaCl) introduced into a two-dimensional flow tank at concentrations ranging 
from 1000 to 100,000 mg/L. At the scale of the experiments, mass transport 
depends upon both forced and free convection. In addition, density differences 
as low as 0.0008 g/cm3 (1000 mg/L NaCl) between a plume of dense water and 
ambient groundwater in a homogeneous medium produces gravitational 
instabilities at realistic groundwater velocities. These instabilities are 
manifest by lobe-shaped protuberances that formed first along the bottom edge 
of the plume and later within the plume. As the density difference increases to 
0.0015 g/cm3 (2000 mg/L NaCl), 0,0037 g/cm3 (5000 mg/L NaCl) or higher, this 
unstable mixing due to convective dispersion significantly alters the spreading 
process, resulting in a large degree of vertical spreading of the plume. In a 
lenticular medium the combination of convective dispersion and nonuniform flow 
due to heterogeneities result in relatively large dispersion. Scale 
considerations, further, indicate that convective dispersion may provide an 
important component of mixing at the field scale.

INTRODUCTION

Mixed convective flow in a groundwater system occurs when both forced 
convection (i.e., hydraulically-driven transport) and free convection (i.e., 
buoyancy-driven transport) operate together to control solute concentration 
and/or temperature distributions (Gebhart et al., 1988). Some of these mixed 
systems are characterized by instability development, which superimposes 
perturbations in concentration distributions on the mixed flow. The main cause 
of the instabilities is density stratification when a more dense fluid overlies 
a less dense one. The process of instability development causes the fluids to 
mix to achieve a stable density gradient. Bachmat and Elrick (1970) refer to 
this process as convective dispersion. The actual mechanism producing the 
instability commonly is known as Benard or Rayleigh convection (Gebhart et al., 
1988).



Unstable fluid density stratification in geological systems is probably more 
common than is generally supposed (Van der Mollen and Van Onunen, 1988). 
Situations where it has been documented include: the intrusion of "freshwater" 
noses along permeable units in sedimentary basins (Domenico and Robbins, 1985), 
the circulation of fluids around salt domes (Bennett and Hanor, 1987, Herbert 
et al. 1987), salt-leaching of soils due to irrigation (Mulqueen and Kirkham, 
1972), saline water generated in lakes (Ostercamp and Wood, 1987, Wood and 
Ostercamp, 1987) or in shallow groundwater due to evaporation (Stein and 
Schwartz, 1990), and insitu combustion in heavy-oil recovery (Dirksen, 1966). 
However, not every mixed convective system is an unstable one.

To date, most mass-transport studies in groundwater have been concerned with 
transport only due to forced convection. Work on mixed-convective flows has 
tended to focus on freshwater seawater interactions in coastal aquifers. The 
simplest formulation of the problem, where fresh or less dense water overlies 
seawater in a stable pattern of stratification, has been analyzed exhaustively. 
The topics of interest in our study, namely, the roles played by 
heterogeneities in hydraulic conductivity and instability development in 
promoting fluid mixing, have not been investigated to any great extent. There 
are to our knowledge no detailed studies of the sensitivity of concentration 
distributions in a plume to the interaction of density driven flow and 
heterogeneities in hydraulic conductivity.

A relatively limited amount of geologically relevant work is available 
concerning unstable, mixed convection. Some of the earliest work on convective 
instabilities is that of Wooding (1959, 1962, 1963, 1969) and Bachmat and 
Elrick (1970) who studied theoretically and experimentally the hydrodynamics 
and vertical convection between two miscible fluids of varying density in a 
porous medium without ambient flow. List (1965) and Paschke and Hoopes (1984) 
also studied theoretically and experimentally the motion and mixing of dense 
aqueous phase liquids in a manner analogous to that used in hydraulics with 
jets and plumes discharging into an ambient crossflow. Mulqueen and Kirkham 
(1972) used laboratory experiments to study the leaching of NaCl through tile 
drains from a salinized surface. All cases of unstable density stratification 
created intense fingering, which resulted in a rapid and erratic redistribution 
of solutes. Fingering also was manifest in the drainage water as irregular and 
unpredictable variations in salinity. The nonlinear dynamics of the system made 
it impossible to predict where a finger would grow or how it might develop 
(Mulqueen and Kirkham, 1972).

Here, we report some of the results of a flow visualization study to explore 
flow and mass transport phenomena that have been largely ignored in either 
experimental or theoretical work. Our experiments will replicate on a small 
scale the conditions that could develop when a dense plume of contaminants 
spreads within a less dense ambient flow. The specific objectives of the study 
are to evaluate the influence of plume density and porous-medium heterogeneity 
on the pattern of spreading and the conditions under which density differences 
become significant.



EXPERIMENTAL METHOD

The experiments are conducted in a flow tank filled with glass beads. A dense 
NaCl solution is introduced into the middle of the less dense fluid and the 
subsequent pattern of mixing is monitored photographically. The flow tank 
produces a uniform, groundwater flow field at typical groundwater flow 
velocities for a variety of different spatial distributions of hydraulic 
conductivity. The tank (Figure 1) is 116.8 cm long, 71.0 cm wide, and 5 cm 
deep, and was constructed of 1.8 cm Plexiglas. The length and width dimensions 
provide a travel path for the tracer that is sufficiently long to permit the 
instabilities to develop. The thickness provides a sufficiently large cross- 
sectional area so that realistic flow rates could be produced using a 
volumetric displacement pump.

The use of Plexiglas inherently requires lateral support to prevent the bulging 
of the walls. To this end, nine strategically placed 5mm diameter tie rods 
have been used to keep the walls plumb. However, only three are placed within 
the porous media to avoid disrupting the flow field to any great extent (Figure 
1 ).

Influent and effluent reservoirs are placed at each end of the tank. They 
buffer the effect of the inflow/outflow by redistributing the flow across the 
porous medium. Entrance effects are further diminished by using seven influent 
lines and three effluent lines. Porous stainless steel plates (Mott 
Metallurgical Corporation, Farmington, Conn.) keep the sand out of the
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Figure 1. Diagrammatic plan of the flow tank.



reservoirs. The plates are 1.6mm thick and have an interconnected porosity of 
50 percent with a 20 micron pore diameter. Solutions containing the tracer are 
added through the injection chamber (Figure 1). In order to provide an 
"instantaneous" injection front, with little disruption of the flow field, four 
injection/withdrawal ports have been installed. The use of a syringe 
mechanism, one syringe withdrawing contaminant plus ambient water and one 
injecting contaminant at exactly the same rate, forms an "instantaneous 
contaminant front" without disturbing the ambient flow field.

Peripheral equipment includes an autoanalysis multichannel peristaltic metering 
pump coupled with in-line flowmeters at the influent end of the tank. The pump 
(Ismatec schlauchpumpe mv-ge, Cole-Parmer Instrument Company, Chicago,
Illinois) is capable of consistently delivering as little as 0.02 ml/min and is 
required to operate the tank at low flow velocities. The porous media consist 
of various sizes of industrial glass beads. Schincariol (1989) describes in 
detail the approaches used to place the beads in the tank, and to saturate the 
medium without trapping gas bubbles.

The dense fluid is marked with a colored dye to monitor flow and transport 
photographically. The tracer is Rhodamine WT liquid (Crompton and Knowles 
Corp., Charlotte, NC). It is nonsorbing, nondegrading, relatively inert and 
nonreactive with NaCl. Schincariol (1989) discusses pertinent literature and 
testing to demonstrate the suitability of the tracer. A solution of 500 mg/L 
Rhodamine WT liquid in water served as the carrier for various concentrations 
of solute. This concentration is sufficiently dark to clearly show the 
transport paths yet has a density (0.9983 g/cm3) close enough to the ambient 
fluid, distilled water (0.9982 g/cm3), so that no density effects are apparent.

Concentration distributions are obtained using a Tracor Northern 5500 Image 
Analysis computer with black and white photographs of the plumes. A gray scale 
was placed on the tank so that small differences in lighting conditions and 
processing would not affect the uniformity of gray levels from photograph to 
photograph. This method for estimating concentration distributions can be very 
effective providing extreme care is taken to ensure even lighting across the 
tank. Our experiments did suffer from inability to control room lighting 
effectively. We were not able to detect concentration levels over background of 
less than 10% of source concentration. Background subtractions were attempted, 
and did succeed in evening out the lighting, but also evened out the gray scale 
so that photograph to photograph uniformity was lost. Even if lighting 
conditions were improved, the low concentration zones that were visible on 
color photographs were equal in gray tone to the slightly greenish tone of the 
glass beads.

A series of simple experiments in which predetermined concentrations of 
Rhodamine WT were photographed and processed on the image analysis computer 
provided the calibration for concentration (Schincariol, 1989). However, given 
the lighting and other problems only two gray levels or groups of levels within 
the tracer mass could be distinguished. Our results will include the two gray 
level binary images together, representing first a high concentration zone, 
50-100% of the initial NaCl concentration and second, a low concentration zone,



10-25% of the initial NaCl concentration. In general, the first concentration 
zone is useful in defining the bulk plume shape, and the second in defining the 
zone of dispersion. The 25-50% concentration level can fall into either group 
as the gray tones in this range were inseparable. When the photographs are 
image processed, the image is slightly compressed in the horizontal dimension 
and slightly expanded in the vertical dimension. Therefore, both the horizontal 
and vertical scales are shown on each figure. At the present time, work is 
ongoing to reprocess the original photographs with a more sophisticated image 
analysis and software system.

The significance of wall effects needs to be addressed, because all 
measurements were viewed against the walls of the tank. The wall may affect the 
flow in its immediate vicinity and a given number of grain diameters beyond 
this (Dudgeon, 1967; Schiegg and McBride, 1987). However, our observations 
suggest that wall effects are minimal. Dye fronts are uniform in color, with no 
light areas showing much difference in velocity distribution (dye only 
travelling within the first few grain diameters would appear lighter in color); 
in addition, the breakthrough patterns along the exit porous metal plate were 
uniform.

The experiments involved homogeneous and lenticular media. For a discussion on 
our experiments including layered media the reader is refered to Schincariol 
and Schwartz (1990). For each of the media, experimental trials were run using 
dense miscible fluids with concentrations ranging from 1000 mg/L to 100,000 
mg/L NaCl. As the selected solute (NaCl) is dissolved in the tracer solution 
(500 mg/L Rhodamine WT) all densities reported in this paper are the density of 
tracer-NaCl solute solution. For convenience we will not refer to the densities 
per se but to the NaCl concentrations. The size designations, mean grain size, 
and hydraulic conductivity for the various beads are tabulated on Table 1. The 
hydraulic conductivity values represent a mean of six permeameter measurements 
per sample and a theoretical value estimated using the Kozeny-Carman equation 
(Bear, 1972). As expected for these media, the theoretical values closely match 
the measured values (Table 1).

Table 1. Porous Media Data

Manufacturers 
Bead Size #

Median Grain 
Size d50 (mm)

Hydraulic Conductivity (cm/s)

Kozeny-Carman Permeameter 
(n-0.38) Results

Typical
Stratum
Material

3 0.650 2.9 x 10 “1 3.0 x 10“1 Clean Sand 
to Gravel

5 0.310 6 .6 x 10"* 5.6 x 10"2 Clean Sand

7 0 .2 1 0 3.0 x 10‘ 2 2 . 2  x 10 ‘ 2 Clean Sand

10 0.150 1 . 6  x 10 -2 1 . 2  x 10"2 Clean Sand

13 0.085 5.0 x 10"3 1.9 x 10' 3 Silty Sand



For the experiments with the homogeneous medium, the tank was filled with size 
#5 glass beads. The distribution of hydraulic conductivity for the lenticular 
medium can be seen on Figure 2. Zones 1 and 3 contain only low hydraulic 
conductivity lenses while zone 2 contains low and high conductivity lenses all 
surrounded by size #5 glass beads. For the homogeneous case, the porosity was 
estimated both from volumetric measurements and from knowledge of specific 
discharge and travel distance as a function of time to have a value of 0.38. 
Because the packing of spheres with the same diameter and the resulting 
porosity are independent of the size of the sphere (de Marsily, 1986), this 
measured porosity applies to all other size categories.

In all experimental runs, the tracers were introduced through the injection 
chamber while deaired/deionized water was injected at the same specific 
discharge rate through the upper and lower influent reservoirs. The dimensions 
and position of the injection chamber remained the same for all runs (Figure 
1) .

0 5 3  #3, K=3.QX1Q'1 cm/s m  #7, K=2.2X10'2 cm/s

I I #5, K=5.6X10-2 cm/s | ®  #10, K= 1.2X10‘2 cm/s

cm

Figure 2. Hydraulic conductivity distribution for the lenticular medium 
experiments.



RESULTS

Homogeneous Medium

Initial testing with Rhodamine WT at 500 mg/L established that the flow tank 
was operating properly. Tracer was added across the entire inflow zone with 
flow at approximately the same average linear groundwater velocity as the other 
experiments (Table 2, experiment Al-F). The smooth vertical dye front that 
moved across the tank indicated that there was no short circuiting of flow 
along the top of the tank and no preferred pathways within the porous medium, 
and that the flow field was uniform and horizontal.

Table 2. Experimental Data for Homogeneous Medium Runs

Experiment
Number

NaCl
Cone.
(mg/L)

Pzo
g/cm3

D20/20 Average
Specific
Discharge
(cm/s)

Average
Linear
Velocity
(cm/s)

Al-F 0 0.9983 1 .0 0 0 1 1 .20x10"'' 3.15x10'*

A2-F 100000 1.0662 1.0681 1 .20x10“* 3.15x10"*

A3-F 25000 1.0157 1.0176 1 tlO"* 3.22x 10"*

A4-F 2000 0.9997 1.0015 1.26x10-* 3.30x10"*

A5-B 0 0.9983 1 .0 0 0 1 1.14x10"* 3.00x10'*

A6-B 10 00 0.9990 1.0008 1 .1 1 x 10"* 2.92x10"*

A7-B 2000 0.9997 1.0015 1.16x10"* 3.06x10"*

A8-B 2000 0.9997 1.0015 2.17xlO"3 5.70xl0"3

A9-B 5000 1.0019 1.0037 2.17xl0-3 5.70xl0-3

A10-B 5000 1.0019 1.0037 1.16x10"* 3.06x10"*

All—B 10000 1.0053 1.0071 1.24x10"* 3.27x10"*

I20 - relative density at 20 degrees Celsius, g/cm3. 
D2o/2o “ specific gravity at 20 degrees Celsius.

The first group of actual experimental trials examined the pattern of spreading 
of a dense plume as a function of fluid density. Tracer concentrations ranged 
from 1000 mg/L to 100,000 mg/L NaCl (Table 2). As expected, the tendency for 
the plume to sink increases as its density increases. An example is the 5000 
mg/L plume (experiment A10-B, Table 2), which gradually sank and hit the bottom 
of the tank after approximately 31 hours (Figure 3). An important feature in 
many of the trials was the tendency for gravitational instabilities to alter



the plume shape. Instabilities are manifest by lobe-shaped protuberances that 
formed first along the bottom edge of the plume (e.g., see Figure 3a) and later 
within the plume (e.g., see Figures 3b and 3c). Enhanced spreading of solute 
perpendicular to the ambient groundwater flow field results in dilute and 
concentrated zones within the plume. The highest concentrations of solute occur 
in the lower portions of the plume, while the upper sections are more dilute.

i i  50-100% Source 10cm 
Concentration

10-25% Source n
Concentration -H

0 10cm 
(25-50% can be classified in either group)

Figure 3. Binary images for a 5000 mg/L NaCl source in the homogeneous 
medium at various times, (a) t-24 hours; (b) t-54 hours;
(c) t-72 hours.

The threshold at which density effects become noticeable is about 1000 mg/L.
The plume with 500 mg/L Rhodamine WT was nearly horizontal with no apparent 
instabilities (Figure 4a). The trajectory of the 1000 mg/L plume remained 
essentially horizontal, but gravity instabilities formed after approximately 36 
hours (Figure 4b). With an initial concentration of 2000 mg/L (Figure 4c), the 
plume sank noticeably but even after 12 0 hours, at which time it appeared to be 
in steady state, the plume did not hit the bottom of the tank. The 10,000 mg/L 
plume (Figure 4d) fell quickly and hit bottom after only 13 hours.

The extent of vertical mixing depended upon density and the occurrence of 
instabilities (Figure 4). The effects are most apparent at plume concentrations 
greater than 2000 mg/L. For example, the 1000 mg/L plume (Figure 4b) is about 
the same as the 500 mg/L Rhodamine WT plume (Figure 4a). However, the 2000 mg/L 
plume (Figure 4c) is much more vertically disperse than either of these. The 
spreading is evident in the 50 to 100% high concentration zone, while the more



dilute 10 to 25% zone is similar to that of the 500 mg/L Rhodamine WT plume.

I  50-100% Source 10cm 
I) Concentration

10-25% Source 
Concentration 0 10cm 

(25-50% can be classified in either group)

Figure 4. Binary images for various source concentrations in the
homogeneous medium at 54 hours, (a) 500 mg/L Rhodamine WT;
(b) 1000 mg/L NaCl; (c) 2000 mg/L NaCl; (d) 10,000 mg/L NaCl.

The character of the gravitational instabilities also depended upon 
concentration. Increasing plume concentrations promoted the formation of more 
rapidly sinking instabilities with narrower and longer lobes (compare Figures 
4c and 4d).

The denser plumes with Initial concentrations of 25,000 and 100,000 mg/L 
exhibited a much different behavior than those just described. These solutions 
were so dense that at the start of the experiment they flowed out of the 
injection chamber at a rate greater than the tracer was being pumped into the
injection chamber. The tracer level within the injection chamber did
equilibrate with time. For example, with the 100,000 mg/L trial, the tracer
after 18 hours was being introduced through the lower 1/4 to 1/3 of the
injection chamber. These very dense solutions sank rapidly and mounded on the 
bottom of the tank. The redistribution of mass, as .he plume hit the bottom of 
the tank, caused a portion of the plume to flow against the hydraulic gradient 
into the lower Injection chamber. For the 100,000 mg/L run after 18 hours the



majority of the plume was diluted to the 10 to 25% concentration level (Figure 
5).

50-100% Source tOcm- • 
i Concentration

10-25% Source 0______(
Concentration 0 10cm

(25-50% can be classified in either group)

Figure 5. Binary image for a 100,000 mg/L NaCl source in the homogeneous 
medium at 18 hours.

Another illustration of the development of density instabilities and the 
resulting vertical dispersion is provided by Figure 6 , which shows the pattern 
of spreading in time of a 2000 mg/L plume. Apparently, instabilities require 
some time before they develop. Once they form, they grow in length while being 
displaced horizontally at the same velocity as the ambient groundwater. They 
seem, at least in the 2000 mg/L case, to reach quasistable dimensions shortly 
after their initial development (compare instability shape for t-54 hours, 
Figure 4c, and t-120 hours, Figure 6).

Experiments also considered the influence of velocity on plume migration and 
instability development. Plumes with concentrations of 2000 mg/L and 5000 mg/L 
were developed at a groundwater velocity of 5.70xl0“3 cm/s, approximately 18 
times faster than previous runs (Table 2). In both trials, no instabilities 
developed at the scale of the laboratory experiment. Thus the plume outlines 
for the trial with 500 mg/L Rhodamine WT alone were essentially the same as the 
5000 mg/L trial. The only difference is in the plume trajectory where the 500 
mg/L Rhodamine WT plume is nearly horizontal, while the 5000 mg/L plume is 
angled slightly downward (Figure 7). A reduction in velocity toward the end of 
the trial with the 5000 mg/L plume to 3.00x10"* cm/s promoted the formation of 
gravitational instabilities (Figure 8). The dotted lines (Figure 8) refer to 
instabilities that formed a few grain diameters back from the wall and 
therefore were lighter in color than those against the wall. This three- 
dimensionality of the instabilities was also observed in previous runs, where 
the trajectory of the plume at the back and front of the tank was the same, but 
the shape and position of the instabilities varied from front to back.



Figure 6 . Instability development over time for a 2000 mg/L NaCl source 
in the homogeneous medium at t-24, 36, 72, and 120 hours.
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Figure 7. Plume outlines for 500 mg/L Rhodamine WT and 5000 mg/L NaCl 
(high velocity) source in homogeneous medium.



Figure 8 . Plume outline of a 5000 mg/L NaCl source run in homogeneous 
medium 12 hours after velocity decrease from 5.70xl0-3 
to 3.00x10"* cm/s.

This issue of shape and position of the instabilities was investigated in a 
trial (experiment A7-B) where a 2000 mg/L solution was introduced under 
conditions nearly identical to a previous run (experiment A4-F) to determine 
how reproducible the plume shape and trajectory would be. The two plume 
outlines at 54 hours (Figure 9) show that while plume trajectories are nearly 
the same, the size and position of the instabilities are not.

Figure 9. Outlines of two 2000 mg/L NaCl plumes at 54 hours.

Lenticular Medium

The objective with this series of trials was to describe how plume spreading 
depended on interactions with the heterogeneous porous medium. Overall, five 
trials were run with fluids ranging in density from 2000 to 25,000 mg/L NaCl 
(Table 3). The average linear velocity summarized in Table 3 is based solely on 
an average porosity of 0.38 and does not take into account the widely differing 
velocities within the lenses. The plume for the base case again was the 500 
mg/L Rhodamine HT tracer.



The plume shape, depicted on Figure 10a at 72 hours, clearly shows how 
spreading was much more complex with the heterogeneous medium than a 
homogeneous medium. The plume width narrows close to the source because of a 
high hydraulic conductivity lens (size #3 glass beads). Upon leaving the first 
high conductivity lens, the tracer moves both upward toward another #3 lens and 
downward around a #7 low conductivity lens. The influence of the high 
conductivity lenses is also evident with the upper #3 lens near the exit 
reservoir. Locally, this lens causes upward flow through a #7 low conductivity 
lens (Figure 1 0a).

Table 3. Experimental Data for Lenticular Medium Runs

Experiment
Number

NaCl
Cone.
(mg/L)

P 20 
g/cm3

D20/20 Average
Specific
Discharge
(cm/s)

Average 
Linear 
Velocity 
(cm/s)

Cl-B 0 0.9983 1 .0 0 0 1 1.17x10“* 3.08x10“*

C2-B 2000 0.9997 1.0015 1.05x10“* 2.77x10"*
C3-B 5000 1.0019 1.0037 1.09x10“* 2.87x10“*

C4-B 10000 1.0053 1.0071 1 .10x10“* 2.90x10“*

C5-B 25000 1.0157 1.0176 1.18x10"* 3.10x1 0“*

P20 ” relative density at 20 degrees Celsius, g/cm3.
D20/2o “ specific gravity at 20 degrees Celsius.

For the 2000 mg/L plume, the lenses acted to inhibit vertical motion and 
instability development. The pattern of spreading for the 2000 mg/L plume 
(Figure 10b) was similar to the 500 mg/L Rhodamine WT plume (Figure 10a), 
except that the 2000 mg/L plume fell somewhat and occupied uart of the #3 lens 
below the center tie rod, unlike the previous trial.

When the density was increased to 1.0019 g/cm3 (5000 mg/L NaCl), the plume 
bifurcated, with the lower portion falling through the #7 lens near the 
injection zone and into the #3 lens directly below (Figure 11a). As a 
consequence of splitting around the lenses, the plume subsequently developed 
with three leading fronts (Figure lib). Instability development has been 
inhibited and is less predictable, as falling fingers are attracted into high 
conductivity lenses or dispersed by low conductivity lenses. This combination 
of plume splitting and Instability development gives rise to a complex plume 
geometry (Figures lib and 11c). Comparisons of early and later distributions 
show that the entire plume is changing shape with time. For example, the binary 
images for t-96 hours (Figure lid) indicate that the large instability lobe 
near the source that developed after 24 hours was growing and would probably 
have bifurcated the plume at the source again if the run continued. These 
transient changes generally illustrate how unpredictable plume shape might be 
even in zones through which the dense plume has already flowed.



50-100% Source 10cmT 
Concentration

10-25% Source
Concentration ~o 10cm

(25-50% can be classified in either group)

Figure 10. Binary images for various source concentrations in the
lenticular medium at t-72 hours, (a) 500 mg/L Rhodamine WT; 
2000 mg/L NaCl.
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Figure 11. Binary images for a 5000 mg/L NaCl source in the lenticular 
medium at various times, (a) t-24 hours; (b) t-48 hours;
(c) t-72 hours; (d) t-96 hours.



When the concentration was increased to 10,000 mg/L, the plume fall was much 
more rapid. The initial bifurcation and subsequent three-way splitting of the 
plume occurred much earlier. Also, the denser plume migrated through the low 
conductivity lenses to a greater extent than either the 2000 or 5000 mg/L 
plumes. After 48 hours (Figure 12), small lobal instabilities along the lower 
upgradient portion of the plume were evident. Also, the high concentration 
zones were not limited to the lower portions of th-a plume but also occurred 
along high conductivity flow paths (Figure 12b). Still, the lenses did retard 
plume fall. The 5000 mg/L plume did not hit the bottom of the tank. However, 
with a density increase up to 1.0053 g/cm3 (10,000 mg/L NaCl), the plume hit 
bottom after about 87 hours. This result is in marked contrast to the 
homogeneous trials, where the 10,000 mg/L plume bottomed after about 13 hours. 
Because of the lenses, the plume tended to mix to a greater extent than was the 
case with the homogeneous media. With a 25,000 mg/L NaCl solution the plume 
hit the bottom of the tank after approximately 29 hours. After 72 hours the 
plume was dispersed over almost the entire tank (below injection chamber) and 
was too dilute to isolate it from the background error on the image analysis 
computer.

(25-50% can be classified in either group)

Figure 12. Bina*y images for a 10,000 mg/L NaCl source in the lenticular 
medium at various times, (a) t-48 hours; (b) t-96 hours.

DISCUSSION

The mathematical framework for mixed convective flow in groundwater systems has 
been in place since the pioneering work of Pinder and Cooper (1970) and Reddell 
and Sunada (1970). Through the years, a succession of theoretical and 
methodological refinements have led to the development of more powerful codes 
(e.g., Frind, 1982; Voss, 1984; and Kipp, 1986). These codes, however, have 
been applied only to a limited extent in studying the interactions among the 
various convective flows, hydraulic conductivity, and instability development. 
Uncertainty remains as to how well these numerical models can simulate



instability development particularly in heterogeneous media. For example, Kipp 
(1986) pointed out in applying the code HST3D that instabilities were smaller 
in size and develop somewhat later than laboratory-scale experiments would 
suggest. Further, given the inherent nonlinearity of the phenomenon, it is not 
clear what factors would actually trigger the formation of instabilities at 
particular places in a medium.

The flow visualization experiments provide an alternative approach for studying 
processes related to mixed convective flow. Our experiments covered a range of 
conditions from predominantly forced convection due to ambient flow, to 
predominantly buoyancy driven flow with perturbations caused by instability 
development. However, on balance, most of the experiments were of the former 
type. Establishing an appropriate methodology for mathematically modelling 
instability development is the subject of ongoing work at the Ohio State 
University.

Plume Trajectory in Homogeneous Media

The realization that dense plumes should sink Co some extent in a homogeneous 
and isotropic medium is inherent in the physical laws of groundwater flow.
Forms of the Darcy equation can be written (e.g., Davies, 1987) to account for 
density effects that are eventually contained in the groundwater flow equation. 
Whether or not a plume sinks depends upon the density difference between the 
plume and the ambient groundwater. Once some density difference exists, a 
vertical component of velocity is developed. The driving force for vertical 
flow is Ap/pb, where hp is the difference in density between the plume and the 
ambient groundwater and p5 is the density of the ambient groundwater.

With mixed convective systems, a measure of dominance is the ratio Gr/Ren, 
where the Grashof number Gr and the Reynolds number Re represent the vigor of 
the free and forced convection respectively (Gebhart et al., 1988). The 
Reynolds number is mainly a function of the flow velocity, while the Grashof 
number is mainly a function of the buoyancy driving force. It is, thus, 
important in flow tank experiments to consider the relative dominance of these 
flows. For example, sand tank experiments can be run with such a large ambient 
flow velocity that density effects appear negligible. Experiments A9-B and AlO- 
B demonstrate this situation. When the ambient groundwater velocity is 5.7xl0-3 
cm/s, the 5000 mg/L plume sinks at a trajectory of about two degrees, as 
compared to 34 degrees when the ambient velocity is smaller or 3.0X10“11 cm/s. 
Thus it is not surprising that examples exist in the literature for which 
unrealistically large flow velocities in sand tank experiments have masked 
density effects. The main implication of our results is that for relatively 
homogeneous media with relatively small ambient flow velocities density effects 
should be apparent with even modest concentration differences.



Convective Instabilities in Homogeneous Media

Unstable convective flow in porous media was investigated in early theoretical 
and experimental studies by Wooding (1959) and more recently by Dirksen (1966) 
and Bachmat and Elrick (1970). All of these studies were concerned with 
convection that may develop when a more dense fluid occurs above a less dense 
one.

The tendency for a gradient in density to produce convection is opposed by 
diffusive and viscous effects. Whether or not convection actually occurs 
depends upon the Rayleigh number, A. For illustrative purposes, consider a 
simple column experiment with no ambient flow where dense water overlies less 
dense water. Wooding (1959) developed analytically the following expression for 
the Rayleigh number:

dp gkb2
A ---------- (1)

dz mD'
where dp/dz is the vertical density gradient, g is the gravity constant, k is 
permeability, b is the radius of the column, n is the mean viscosity of the two 
fluids initially present in the column, and D' is the apparent diffusivity of 
the solute through the medium (Bachmat and Elrick, 1970). The magnitude of the 
Rayleigh number, thus, is proportional to permeabili-y and density gradient, 
and inversely proportional to the apparent diffusivity. The relationship of 
this number to some Acrjt determines whether or not the system is stable.

In our experiments, instabilities develop because the combination of the 
imposed concentration gradient generated by adding a plume of dense water to 
less dense water, and the particular fluid and medium properties result locally 
in A>Acrjt. Through convection, the system reduces the density gradient to Acrjt 
at which point the system becomes stable. Because the system is driven in pare 
by forced convection, the Rayleigh number has a different functional form than 
(1). Overall, however, the greater the contrast in fluid densities the greater 
the mass spread. This result, for example, is apparent with Figure 4, where 
after 54 hours the size of the plume has increased markedly as a function of 
the density difference.

Experiments with the homogeneous medium using small density contrasts showed 
that the effects of local-scale dispersion and diffusion produced minor mixing 
only at the edge of the plume. Thus, most of the vertical mixing observed in 
the experiments with greater density contrasts results from convective 
dispersion. Qualitatively, the extent of vertical mixing is not insignificant 
because even at the laboratory scale, mass spreading due to convective 
dispersion is greater than column-scale dispersion. At a field scale, it is 
likely that the process will remain significant. There will probably be a scale 
effect in which a thick plume should become much thicker to achieve 
hydrodynamic stability by reducing its overall density gradient.



Our inability to detail concentration distributions within the plume makes it 
difficult to document the pattern of mass redistribution throughout the plume. 
There is some suggestion that these concentration distributions may not be 
completely straightforward as the application of the simple ideas of convective 
mixing would suggest. Several of the experiments appeared to indicate that in 
some cases the highest concentrations of solute occur in the lower portions of 
the plume, while the upper sections are much more dilute (e.g., Figure 4d). The 
instabilities have a three-dimensional form even in the narrow confines of our 
flow tank. Bachmat and Elrick (1970) also observed a similar result in their 
column work.

Density Effects in Heterogeneous Media

Variation in hydraulic conductivity plays a major role in controlling transport 
in variable density systems. The major effects noted with the homogeneous 
system, the tendency for a dense plume to sink and for convective mixing, were 
also observed in trials with the heterogeneous medium. In addition, features 
developed that appear to be unique to the heterogeneous medium including the 
potential for yet another component of dispersion as dense fluids interact with 
a lenticular medium.

Experiments with the lenticular medium have shown how the heterogeneous 
hydraulic conductivity field interacts with density-driven flow to produce 
relatively complicated spreading patterns. Under conditions of forced 
convection, for example with the 2000 mg/L plume, mass distributions are 
controlled by the focusing effect of high conductivity lenses and the 
dispersing effect of low conductivity lenses so that little difference exists 
between the 500 mg/L Rhodamine WT plume and the 2000 mg/L NaCl plume (Figure 
10). As the plume density increases, the combination of free and forced 
convection give rise to much more complicated patterns of spreading. Because of 
the scale of the heterogeneities, the instabilities are much more difficult to 
identify compared to a homogeneous medium. However, the instabilities still 
develop and contribute to disperse and unsteady-state plumes (Figure 11). 
Finally, when density driving forces become even more dominant (e.g., 10,000 
mg/L NaCl plume), the plume alters its pattern of interaction with the 
heterogeneities. Density driven flow begins to swamp the influence of ambient 
flow, and yet again promotes a different pattern of spreading through the 
heterogeneities. As Figure 12 shows, mass spread about 30 cm downward after 
traveling only 100 cm. This enhanced vertical mixing is due to the local 
nonhomogeneity of flow in the vicinity of lenses caused by the complex 
interaction of forced and free flows with the heterogeneities. Mass has the 
opportunity of "splitting" as it encounters low permeability lenses because 
density effects can cause mass to move downward and forced convection provides 
a lateral component of flow.

Having looked at only one lenticular medium, it is difficult to examine this 
process in more detail. However, this mechanism may be an important source of 
vertical dispersion in some types of media.



Nonlinearity and Nonsteady Behavior

Unstable convective mixing is an example of a nonlinear dynamic (i.e., chaotic) 
process. Chaotic processes, in general, are characterized by complicated, 
unpredictable and seemingly random behavior (Jensen, 1987). The behavior of 
nonlinear systems is extremely sensitive to small changes in initial 
conditions. This feature makes them difficult to characterize and to model. We 
observed this sensitivity in attempting to replicate experiments in which 
instabilities were able to form. Although replicates compared favorably in 
terms of broad features of the plume geometry, the instabilities never seemed 
to form in the same place in spite of an experimental design that let us 
control flow rates relatively accurately.

One other feature about the behavior of variable density systems is the much 
longer times that may be required for a plume to achieve steady-state close to 
the source. Mixed flows may cause a plume to grow vertically downward as well 
as in the direction of ambient flow over relatively long times until these 
forces dissipate. This behavior contrasts with constant density systems where 
concentration distributions remain steady near the source and change only in 
the far field where the snout of the plume is advancing (Domenico and Robbins, 
1985).

CONCLUSIONS

The experiments demonstrate the complexity of mass mixing that occurs in mixed 
convective systems once density driving forces develop. The presence of higher 
density water over lower density water may result in gravitational 
instabilities. Density differences as small as 0.0008 g/cm3 (1000 mg/L NaCl) 
causes instabilities to develop in homogeneous media for our experimental 
conditions. Free convection and the resulting vertical mixing continues until 
the density gradient declines to the point where the system is in hydrodynamic 
equilibrium. It appears in some cases that the propagation of instabilities can 
give rise to a complex distribution of high and low concentration zones within 
the plume and lead to mass accumulations in the lower part of the plume.

Mixed flow interacts in a relatively complicated way with the heterogeneous 
structure of the medium. Experiments with the lenticular medium show that the 
combination of convective dispersion and the partitioning of mass around lenses 
due to local-scale nor.homogeneity of the flow result in a complex and highly 
dispersed plume. Thesa results also show the scale at which heterogeneities 
influence flow and th? frong influence of small variations in hydraulic 
conductivity.
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