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Abstract: In situ groundwater remediation often calls for a chemical or biological amendment
to be injected as an aqueous solution into a contaminated groundwater aquifer. Accordingly,
remediation depends on mixing the amendment into the contaminated groundwater, which, in
turn, depends on spreading the plume of the injected amendment effectively. Here, we present
proof-of-principle results from a laboratory study showing that amendment plume spreading can
be enhanced by heating the injected water, which is consistent with the mechanism of miscible
viscous fingering. The heated water has a lower viscosity, rendering a mobility ratio (i.e., log
viscosity ratio) of 1.2 that generates elongated plume perimeters for essentially consistent plume
areas. Using a quasi-two-dimensional apparatus and recording photographs after each increment
of the injection volume, two image analysis techniques were employed to measure the area and
perimeter of the injected plume, and the results are compared to isothermal controls, showing that
the plume perimeter increased by 47% when determined by binary image analysis or 56% when
determined by morphological image analysis. Accordingly, this study offers evidence that heating
the injected water enhances miscible plume spreading in porous media.
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1. Introduction

Reactive transport in porous media is important for a number of natural and engineer-
ing processes, including geochemical cycling, in situ mining, and groundwater remediation.
In any of these applications, a plume of the reagent is introduced—either naturally or
deliberately—into the resident groundwater. The reaction depends on mixing the reagent
with the groundwater, which fundamentally depends on molecular diffusion, but prac-
tically depends on a process called plume spreading. Plume spreading transforms the
reagent plume into a fractal-like network of lamella that is thin enough for molecular
diffusion to bring reagents together. Because flows in porous media are typically laminar,
which precludes the turbulence that provides mixing in other engineered reactors, reactions
in porous media are transport-limited. Accordingly, the transport of reagents in porous
media is governed by the process of plume spreading.

Plume spreading can be classified as passive or active. Passive spreading results
from the heterogeneity that is inherent in essentially any natural porous media. Finding
the paths of least resistance, the fluid establishes channels of preferential flow, and the
resulting velocity contrasts enhanced plume spreading compared to a hypothetical baseline
of homogeneous media. In this context, mass transport by transverse dispersion is known
to be an important process [1]. By contrast, active spreading results from the deliberate
manipulation of the velocity field through an approach called engineered injection and
extraction, for example, through vertically separated segments of the well screen [2] through
a manifold of wells [3,4] confirmed by laboratory testing [5,6], or through a rotated dipole
mixer [7] confirmed by field testing [8]. The present study proposes a new approach to
active plume spreading by heating the injected water. Rather than imposing an engineered
velocity field, this approach seeks to enhance plume spreading through the fundamental
physics of fluid displacement.
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Fluid displacement is the process by which a certain fluid, called the defending fluid,
is replaced by a different fluid, called the invading fluid. This process can be classified as
stable or unstable. Stable displacement causes the complete replacement of the defending
fluid by the invading fluid, for example, when a more viscous fluid displaces a less viscous
fluid of equal density or when a dense fluid displaces a light fluid from below. Neglecting
hydrodynamic dispersion, stable displacement manifests itself as the plug flow, which is
the default conceptual model for many environmental treatment unit operations and for
groundwater remediation hydraulics, including pump-and-treat and engineered injection
and extraction. By contrast, unstable displacement causes an unstable interface between the
defending and invading fluids, causing incomplete replacement (Figure 1). In the context
of engineered reactive transport, this unstable interface generates the additional plume
spreading of the invading fluid into the defending fluid, called fingering, which provides
an opportunity for enhanced mixing by molecular diffusion, and, consequently, a more
complete reaction.
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Figure 1. Viscous fingering for miscible fluids with mobility ratio R = 1.6 in a Hele–Shaw cell (a) with
an aperture width of b = 205 µm. As the injection rate decreases from 10 mL/min in the left-most panel
to 1 µL/min in the right-most panel (b), the viscous fingers become more pronounced. Reproduced
from Videbæk and Nagel [9] with permission from the American Physical Society.

Unstable displacement results from various combinations of interfacial tension, density
difference, or viscosity difference. When the interfacial tension is nonzero, the displacement
is called immiscible, examples of which include enhanced oil recovery and the removal of
non-aqueous phase liquids (NAPLs). When the interfacial tension is zero, the displacement
is called miscible, for example, when an aqueous chemical or biological amendment is
injected into a contaminated groundwater aquifer, which is the focus of the present study.
When miscible fluids have an unequal density, a lighter invading fluid fingers into a denser
defending fluid during the upward flow, and a denser invading fluid fingers into a lighter
defending fluid during the downward flow through a process called gravity fingering [10].
In contrast, for constant-density fluids, gravity fingering is prevented. While it is certainly
possible to imagine a groundwater remediation application where the injected aqueous
amendment has a significant density difference from the defending groundwater, the focus
of the present study is on the viscous fingering of miscible fluids with a constant density.

Viscous fingering results when a less viscous fluid breaks through the miscible interface
and creates a new pathway into the more viscous fluid [11,12]; viscous fingering always
occurs when a less viscous fluid displaces a more viscous one, regardless of miscibility [13].
Viscous fingering can result from the native viscosity difference of the fluids [14,15] or from
varying the injection rate over several orders of magnitude to create new flow regimes [16].
Here, we considered the viscous fingering caused by an imposed temperature that renders
a viscosity difference between otherwise identical defending and invading fluids.

Viscous fingering between miscible fluids (Figure 1) depends on two dimensionless
numbers: the mobility ratio R, and the Péclet number, Pe [15,17]. The mobility ratio, also
called the log-viscosity ratio [17], quantified the viscosity difference between two miscible
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fluids, where R > 0 was required for viscous fingering, and larger values of R indicated that
viscous fingering was more likely. The mobility ratio can be defined as:

R = ln
(

µ1

µ2

)
, (1)

where µ1 is the dynamic viscosity of the defending fluid and µ2 is the dynamic viscosity of
the invading fluid. The Péclet number is a dimensionless ratio of advection to diffusion,
which quantifies the general pattern of advection, imposing fine structure on plumes, while
diffusion smooths out fine structure. The Péclet number is defined as:

Pe =
vL
D

, (2)

where v is the fluid velocity, L is a characteristic length, and D is the fluid’s self-diffusion constant.
There have been several studies involving temperature as a factor in groundwater

remediation. Kaslusky and Udell [18] injected steam to enhance the removal of volatile
organic compounds (VOCs), especially dense non-aqueous phase liquids (DNAPLs),
from groundwater but did not specifically address mixing, spreading, or fingering.
Kosegi et al. [19] found that increasing the temperature across the entire system in an
aquifer remediation simulation resulted in faster cleanup times, but their study only
noted changes in viscosity without considering changes in plume morphology. Similarly,
Payne et al. [20] identified thermal effects in groundwater remediation hydraulics but
did not consider plume morphology. Jackson et al. [21] modeled temperature difference
between two immiscible fluids that already had a difference in viscosity, and they found
that increasing the temperature difference increased the interfacial area, echoing similar
results achieved by a model by Islam and Azaiez [22] that assumed the fluids were
miscible. Both of these studies graphically analyzed the interfacial length between the
invading plume and the defending fluid. However, a review of the literature has yet
to identify research in terms of which enhanced plume spreading can be achieved by
heating the invading fluid, thus lowering its viscosity. Accordingly, the novel aspect of
the present study was to explore plume spreading by injecting a hot invading fluid into
a cold defending fluid.

2. Materials and Methods

Thermally enhanced plume spreading was investigated by injecting a yellow-dyed hot
invading fluid over a range of injection rates and into a quasi-2D apparatus packed with
porous media and saturated with a blue-dyed cold-defending fluid. Photographs were
recorded after each 10 mL of injection, and images were analyzed using k-means clustering
with both binary and morphological analysis. The results were reported as an increased
plume perimeter compared to an isothermal control. Details on each of these points are
presented below, and additional information is provided elsewhere [23].

2.1. Apparatus

A quasi-2D porous media apparatus was constructed by etching a 305 mm × 305 mm
square into a clear acrylic sheet to a depth of 12 mm. The resulting chamber was filled
with glass beads of a diameter of 1 mm, rendering a porosity of n = 0.36 and assuming
close random packing [24]. To provide a watertight seal for the acrylic lid, two parallel
channels were carved outside the perimeter of the etched square for inner and outer rubber
gaskets with circular cross-sections. The lid was secured by 24 round washer head screws
(six on each side). Three ports were drilled along a diagonal between opposite corners
of the square chamber (one in each corner and one in the center) and were tapped with
threads to accommodate them, nominally as a 1

4 , in PVC plastic barbs.
The chamber was filled with saturated media by temporarily mounting the apparatus

on a vertical jig, sealing the lower barb with Parafilm, removing the middle and upper
barbs, and adding a slurry of beads and blue-dyed water through a tube inserted first into
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the middle port, and then into the upper port. A piece of stainless-steel mesh was added
to each port before reinstalling the middle and top barbs to prevent the beads from being
extracted during experiments. Once the barbed tube connection was tight, the cell was
slowly lowered to a horizontal position for testing.

Once the cell was placed horizontally, a tripod was used to mount a 20.4-megapixel
camera (Sony DSC-HX300, Tokyo, Japan) set to a high-resolution automatic portrait mode,
with pictures were taken using a remote shutter to avoid movement. A consistent photo-
graph orientation was provided by the middle barb and a mark placed on the apparatus
lid that appeared in the upper-right of each image.

2.2. Experiments

Four experiments were performed over a range of decreasing injection rates (Table 1).
In each experiment, the defending fluid was tap water dyed with 10 drops of blue dye
(Standard Blue 106002, Kingscote Chemicals, Miamisburg, OH, USA) per 100 mL, and
the invading fluid was tap water dyed with 10 drops of yellow dye (Yellow Color 53–140,
Honeyville Grain, Ogden, UT, USA) per 100 mL. Identical dye concentrations were chosen
to avoid density-driven flows.

Table 1. Overview of plume spreading experiments.

Experiment Discharge [mL/min] Péclet Number Figure

1 60 320 S1
2 30 160 S2
3 15 80 S3
4 7.5 40 S4

In the control experiments, both fluids were maintained at room temperature at
approximately 22 ◦C. The invading fluid was injected through the center port (Figure 2),
while the defending fluid was simultaneously removed from the right port, as required by
continuity, to prevent over-pressurizing the apparatus. Close to the center port, the flow
was approximately radial; farther from the center port, the flow approximated a dipole
(disturbed by the boundary of the square chamber). In each experiment, a 60 mL syringe
was filled with invading fluid and placed in the syringe pump, while an empty syringe
was placed at the other side of the syringe pump to receive the defending fluid. Injection
rates (Table 1) corresponded to 60 mL injected over 1, 2, 4, and 8 min. Photographs were
recorded after each 10 mL of injection up to 60 mL. Once the invading fluid was injected
and the defending fluid was extracted, to prepare for the next experiment, the pump was
reversed to re-inject the blue defending fluid and extract the yellow invading fluid (some
of which will have mixed to green) to waste. The receiving vessel was elevated to maintain
a positive gauge pressure in the apparatus in order to avoid introducing air bubbles.

In thermally enhanced experiments, the steps above were followed with several
modifications. The defending fluid was cooled to a temperature of 11 ◦C, somewhat below
the average groundwater temperature of approximately 15 ◦C in Colorado, USA [25]. A
total of 60 mL of cold blue fluid from this chilled reservoir was then injected by the syringe
pump through the left port, while room-temperature blue fluid was extracted through the
right port into a vessel placed above the flow chamber. This process of injecting 60 mL
batches of cold blue fluid was repeated six times to ensure the entire cell was isothermal.
Meanwhile, the invading fluid was boiled on a hot plate and then, after the fluid handling
described below, was injected at 73 ◦C. The injection fluid was assumed to have the same
density as the defending fluid because the slight density decrease (2.4% from 11 ◦C to
72 ◦C) from heating was assumed to compensate for the slight density increase from the
evaporative concentration of the yellow dye. The syringe was filled with hot water first,
then the tube from the syringe to the four-way valve (Figure 2), and then the tube from
the four-way valve to the flow chamber. The tube from the syringe to the four-way valve
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was fitted with insulation, but the tube from the four-way valve to the chamber was not
insulated to minimize blocking the plume from the camera.
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2.3. Analysis

The viscosity of water as a function of temperature was estimated using the correlation
of Sharqawy et al. [26]:

µ = 4.2844 × 10−5 +
1

0.157(T + 64.993)2 − 91.296
(3)

where µ is the dynamic viscosity of water [kg m−1 s−1], and T is the temperature [◦C]
in the range of 0 ≤ T ≤ 100 ◦C at sea level with an atmospheric pressure of 0.1 MPa.
Equation (3) is assumed to be valid at Denver’s atmospheric pressure of approximately
84 kPa. For the defending fluid at 11 ◦C and the invading fluid at 73 ◦C, this equation
gives µ1 = 1.3 × 10−3 kg m−1 s−1 and µ2 = 3.9 × 10−4 kg m−1 s−1, respectively, rendering
the mobility ratio R = 1.2.

Because the injection flow is approximately radial, velocity declines with the distance
from the center port, so it is necessary to define a characteristic radius at which to evaluate
the velocity. This characteristic radius was chosen to be 54 mm, corresponding to the
radius of a theoretical circular cylinder 12 mm tall with a porosity of 0.36 after an injection
volume of 40 mL, after which thermally enhanced plume spreading was observed, as
presented below. The characteristic length L = 0.1 cm was taken as the diameter of the
glass beads, and the self-diffusion coefficient D = 2.14 × 10−5 cm2/s was taken for the
water at 22 ◦C [27]. These assumptions define a characteristic Péclet number for each of the
experiments (Table 1).

Photographs were analyzed to quantify the plume geometry as the area and perime-
ter of the invading plume, where thermally enhanced experiments were compared to
isothermal controls. These geometric results were determined using the Image Region
Analyzer in Matlab R2019b [28] for images generated by each of the two methods. Both
methods began with color segmentation using k-means clustering and were implemented
with the L*a*b* color space and cluster command in Matlab R2019b. This command sep-
arated the k = 3 colors of blue (defending), yellow (invading), and green (mixed) in the
raw photograph into clusters. In the first image analysis method, the cluster representing
the yellow invading plume was converted to a binary image and used to quantify plume
geometry. The second image analysis method was morphological structuring, which
was implemented with the command strel in Matlab R2019b. This command is specific
to shapes and assigns a value to each pixel in relation to the other pixels in its vicinity.



Hydrology 2023, 10, 98 6 of 12

Once the image was flattened with the strel command, the imfill command was used
to fill the holes within the image to create a continuous shape, accounting for the space
occupied by the invading fluid supply tube and the barb fitting.

3. Results

The invading plume after the final injection volume of 60 mL is shown for each
experiment 1–4 in Figure 3, and complete results are provided in the Supplementary
Information (Figures S1–S4). By construction, the volume of the invading fluid was
constant across experiments; the quasi-2D nature of the flow was confirmed by noting
that areas, determined by both the image analysis methods, are consistent at approxi-
mately 6300 ± 200 mm2 (plus or minus one standard error) for all thermally enhanced
experiments and isothermal controls (Table 2). No significant differences were observed
in the plume areas between the image analysis methods or between the tests and controls
(p < 0.05). The consistently measured plume area was approximately half that of a theo-
retical circular cylinder 12 mm tall with a porosity of 0.36 after an injection volume of
60 mL, reflecting certain imperfections that render the flow quasi-2D rather than strictly
2D. In contrast, the differences in the invading plume perimeter reflect increases with
the decreasing Péclet number. Relative to the control, the plume perimeters were lower,
comparable, and lower for Runs 1, 2, and 3, respectively, which could be attributed to
experimental variation. For Run 4, at the lowest Péclet number, the plume perimeter
increased up to 47% for the binary image analysis and up to 56% for the morphological
image analysis.
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Table 2. Mean areas of invading plumes [mm2] after 60 mL of injection.

Image Analysis Method *

Binary Morphological

control 6610 ± 150 6540 ± 202
test 6108 ± 654 6025 ± 728

* Results shown plus or minus one standard error.

3.1. Binary Image Analysis

To illustrate the first image analysis method, Figure 4 shows the binary image of
plumes for experiment 4 after the injection of 60 mL with the isothermal control plume
(in blue) superimposed on the thermally enhanced plume (in white). The elongation
of the plume toward the lower-left corner of the image reflects the approximate dipole
flow to the extraction port, which is not shown in order to discern more detail in the
vicinity of the injection port. Figure 5 shows how the perimeter of the invading plume in
the thermally enhanced experiment evolved with time in comparison to the isothermal
control. We speculate that the slight reduction in perimeter between 50 and 60 mL of the
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injection results from the dispersive blurring of the interface with time. The perimeter
measured by binary image analysis was approximately ten times that measured by the
morphological image analysis, as discussed below. This difference reflects the pixel-by-pixel
nature of binary image analysis, which renders a much rougher perimeter. Nevertheless, in
experiment 4, the perimeters were similar for injection volumes up to 30 mL, after which
the thermally enhanced perimeter was up to 47% greater than the isothermal control.
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iment 4 with Pe = 40. The thermally enhanced test plume had a maximum perimeter of 5883 mm,
which is 47% more than the corresponding control perimeter plume length of 4005 mm.
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3.2. Morphological Image Analysis

To illustrate the second image analysis method, Figure 6 shows the isothermal control
plume (in blue) superimposed on the thermally enhanced plume (in white), and Figure 7
shows how the perimeter of the invading plume in the thermally enhanced experiment
evolved with time in comparison to the isothermal control. Again, we speculate that
the slight reduction in perimeter between 50 and 60 mL of the injection resulted from
dispersive blurring. The perimeter of the isothermal control was slightly larger than that
of a theoretical circular cylinder, appearing 12 mm tall with a porosity of 0.36, which
is consistent with the flow approximating a dipole, which has a larger perimeter per
area than a circular cylinder. The much smaller perimeter compared to binary image
analysis reflects the feature of morphological image analysis that seeks to create contiguous
regions, for example, by filling holes. However, the qualitative results matched the binary
image analysis, with similar perimeters for injection volumes up to 30 mL, after which the
thermally enhanced perimeter was up to 56% greater than the isothermal control.
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plume (white) for experiment 4 with Pe = 40 after injection of 60 mL.
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for experiment 4 with Pe = 40. The thermally enhanced test plume had a maximum perimeter of
649 mm, which is 56% more than the corresponding control perimeter plume length of 416 mm. For
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4. Discussion

The proof-of-principle experiments presented here show the potential for the thermally
enhanced spreading of injected plumes of miscible fluids in porous media. Elongated plume
perimeters occur with a mobility ratio of R = 1.2 and a Péclet number (as defined in Table 1)
of Pe = 40, and this observation is independent of the image analysis method chosen,
since both binary and morphological analysis result in similar results. The binary image
analysis (Figures 4 and 5) renders a fractal-like plume geometry with increases in perimeter
compared to the isothermal control. The complementary morphological image analysis
(Figures 6 and 7) renders a solid-like plume geometry also with increases in the perimeter.
The combination of these methods provides a more in-depth understanding of the thermally
enhanced plume spreading of miscible plumes in porous media.

It is notable that elongated plume perimeters can be generated even within the limited
temperature range of liquid water that constrains the maximum possible mobility ratio.
Using Equations (1) and (3), the maximum temperature range of 0 ◦C to 100 ◦C corresponds
to a maximum viscosity range of µ1 = 1.8 × 10−3 kg m−1 s−1 to µ2 = 2.8 × 10−4 kg m−1 s−1,
which corresponds to a maximum theoretical mobility ratio of R = 1.9. Practically, the lower
temperature is more or less fixed, perhaps reflecting some seasonal variation, but seldom
comes close to freezing. The temperature T1 = 11 ◦C used here is probably a reasonable
figure for temperate climates. Similarly, although the injection fluid can be heated to boiling,
its temperature upon injection is limited by heat loss during fluid handling. If the tubes
used in a field application are larger than the 6.4 mm (1/4 in) diameter tubes used here,
the smaller area-to-volume ratio limits heat loss; if the delivery time t = V/Q in a field
application is smaller, this could also limit heat loss. Practically, the higher temperature may
be higher than the T2 = 73 ◦C used here but seldom comes close to boiling. This limitation
contrasts the present study with prior work by others, where higher temperatures generated
steam and, consequently, introduced the immiscible displacement of water by steam. Such
higher temperatures have been used in the remediation of NAPLs [18]. In contrast, the
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present study demonstrates the ability to elongate plume interfaces within a temperature
range that one might expect in real aquifers and allows strictly miscible displacement.

The experiments reported here show more plume spreading with a decreasing Péclet
number opposite the expectation for miscible plume spreading by viscous fingering [29,30],
but is at least qualitatively consistent with the results of Videbæk and Nagel [9], as shown in
Figure 1, where the left panels show the suppression of 3D fingers and the right panels show
the development of 2D fingers with a decreasing Péclet number. The present study differs
from these three in at least two respects. First, the present study measures plume spreading
in porous media rather than Hele–Shaw cells. Second, the present study generated plume
spreading thermally, so the viscosity difference, and therefore, mobility ratio, depends on
both fluid mixing and thermodynamics. That is, given enough time, the two fluids would
reach thermal equilibrium with an equal viscosity and mobility ratio R = 0. Accordingly, the
results presented here may be somewhat counterintuitive because lower Péclet numbers
imply lower velocities and correspondingly more time for the two fluids to reach thermal
equilibrium, which drives the mobility ratio back toward zero. The observation of increased
plume perimeter suggests that the time scale for elongating plume interfaces is shorter than
the time scale for the thermal equilibrium, at least in the experiments reported here.

Another manifestation of the Péclet number effects could be observed in both the
binary image analysis (Figure 5) and the morphological image analysis (Figure 7). In
both figures, the perimeter of the thermally enhanced invading plume began to exceed
that of the isothermal control after 40 mL of the cumulative injection volume. This
transition was observed only in experiment 4 with the smallest Péclet number Pe = 40;
it was not observed in other experiments with larger Péclet numbers (Table 1). This
observation suggests that there is a critical Péclet number above which little thermally
enhanced plume spreading occurs. In experiment 4, when the cumulative injection
volume was 30 mL or less, the Péclet number was too high; when the cumulative injection
volume was 40 mL or more, the Péclet number was low enough. In experiment 3,
when the cumulative injection volume was 60 mL or less, the Péclet number was too
high, which was similar to experiments 2 and 1, which had even higher injection rates.
Accordingly, experiment 4 suggests a critical Péclet number in the range of 40–46, while
experiment 3 suggests that the critical Péclet number is less than 65. Taken together, these
results suggest that thermally enhanced plume spreading might have been expected in
experiment 3 at a cumulative injection volume of 160 mL (although this larger volume
would correspond to a longer injection time which could allow thermodynamics to
eliminate the mobility ratio as discussed above).

Further experiments are required to address the limitations of this proof-of-principle
study. First, the assumption of the equal density of invading and defending fluids should
be tested. Second, a modified apparatus could prevent the inlet fitting and supply tubing
from appearing in the plume images and using a deeper chamber could determine whether
a fully 3D apparatus might reveal experimental artifacts in our quasi-2D apparatus. Third,
additional experiments are required to further constrain the critical Péclet number and to
determine whether enhanced plume spreading at lower injection rates (i.e., lower Péclet
number) could be suppressed by the thermal equilibrium resulting from the additional
injection time. Fourth, additional experiments are required to extend these results to 3D
flows and reactive transport. For example, delivering hot amendments could accelerate
reactions not only by improving plume spreading but also by hastening reaction kinetics.
On the other hand, boiling (or nearly boiling) the injection fluid could preclude injecting
amendments that are volatile, thermally unstable, or biologically active. Having stated
these limitations, the observation of elongated plume interfaces in this experiment suggests
that heating the injection fluid may increase the size and extent of the reactive interface
between the injected plume and the native groundwater, which, in turn, may result in a
larger volume of remediated groundwater. The results of the present study are the first
steps toward quantifying the effectiveness of thermally enhanced plume spreading as a
tool for in situ groundwater remediation.
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