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Fluid-rock reactions are of great interest in many engineered geological storage and
disposal systems where the long term integrity of the system is key, and where fluid seepage
through a permeable rock may lead to reaction and convective transport of material through
the formation. If an unsaturated fluid displaces formation fluid in equilibrium with a
reactive porous medium, a reaction front develops, across which the invading fluid becomes
saturated with the soluble matrix material. Depending on the composition of the invading
fluid, it may initially be less dense than the formation fluid, but following reaction it may
become denser than the formation fluid. If the invading fluid displaces the formation fluid
downwards through the porous layer, the reaction front may then be stabilized by buoyancy,
but a Rayleigh-Taylor type instability can develop at the interface between the reacted
fluid and the original formation fluid ahead of the reaction front. We present a series of
new analog experiments of this process by injecting aqueous sugar solutions into a porous
layer containing saturated salt solution, salt powder, and glass ballotini. As an analog of
a reaction front, a dissolution front develops as the aqueous sugar solution dissolves the
salt powder and becomes denser than the saturated salt solution. The buoyancy instability
then leads to a growing finger interface. If the buoyancy speed of the fluid, ug, is smaller
than ur — ug, where the speed of the advancing fluid-fluid front is uy and the speed of the
dissolution front is ug then the instability grows as if the system were unconfined. However,
if ug > up — ug, then the supply of fluid at the dissolution front limits the growth of the
instability. We present an idealised model for the speed of the non-linear buoyancy-driven
fingers, and we consider the implications of our results for the long term integrity of a
number of geological storage systems.

DOLI: 10.1103/PhysRevFluids.10.024001

I. INTRODUCTION

In many situations in subsurface porous formations, fluid of one density and composition may
invade and displace the original formation fluid which is in equilibrium with the host matrix. If the
invading fluid is undersaturated with respect to a mineral in the matrix, a reaction front may develop
[1,2]. The reaction can change the density of the injected fluid, leading to changes in the buoyancy

“Contact author: sc998 @cam.ac.uk
Published by the American Physical Society under the terms of the Creative Commons Attribution

4.0 International license. Further distribution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

2469-990X/2025/10(2)/024001(16) 024001-1 Published by the American Physical Society


https://orcid.org/0009-0000-0872-1214
https://orcid.org/0000-0001-6867-7147
https://orcid.org/0000-0001-9316-2428
https://ror.org/013meh722
https://ror.org/04a7gbp98
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevFluids.10.024001&domain=pdf&date_stamp=2025-02-06
https://doi.org/10.1103/PhysRevFluids.10.024001
https://creativecommons.org/licenses/by/4.0/

CLARKE, HARRINGTON, NORRIS, AND WOODS

relative to the original formation fluid. In turn, this may lead to buoyancy-driven instabilities which
impact the speed at which the injected fluid migrates through the formation.

Such a situation may arise in several natural and industrial settings, including geothermal
power systems [3,4], magmatic intrusions [5], and sinkholes in karstic landscapes [6,7]. In many
geothermal power systems, cold water is injected into high temperature reservoirs to extract thermal
energy. The formation water in the reservoir typically contains large quantities of dissolved gases
such as CO, and SO,. If the composition of the injected fluid is not controlled to match that of the
reservoir fluid, reactions with the reservoir rock have the potential to generate significant secondary
porosity in the rock [8] and density differences between the injected fluid and the formation fluid.
In turn this can have implications for the sweep pattern of the injected fluid [9] and the effectiveness
of the reinjection. A natural analog occurs when faulting connects different water masses in the
subsurface [10], or when meteoric water infiltrates and dissolves a karstic subsurface following
descent of the groundwater table, creating sinkholes [11]. In plutonic systems, crystals solidify from
liquid magma and sink, forming a mush at the base of the chamber. New magma is periodically
added from deeper reservoirs [12] and passes through the mush. The new magma is chemically
distinct from the crystal mush, prompting chemical reactions, which can alter both the density of
the new magma and the permeability of the mush [13].

In geological radioactive waste repositories, over geological time, fluid accumulated in a reposi-
tory system, typically at one temperature and composition, may leak out into a surrounding reactive
permeable rock through a fracture network where it may react, leading to changes in the buoyancy
with respect to the formation pore water. Understanding such buoyancy-driven flows is critical for
building a safety case for geological disposal of nuclear waste [14].

In the present paper we develop a series of idealized analog laboratory experiments to explore
aspects of such reactions and the associated flow instabilities which result from the change in
buoyancy of the fluid following reaction. To model a porous rock, we use a bead pack, also
containing some solid salt powder. We initially fill the bead pack with saturated salt solution and
we then displace this from above with an aqueous sugar solution, unsaturated in salt, and initially
less dense than the saturated salt solution. As the fluid migrates downwards through the bead pack,
the unsaturated injection fluid dissolves the salt powder producing a horizontal dissolution front
which is stabilized by buoyancy. The injection fluid dissolves the salt powder across this front, and
its density increases above that of the original saturated salt solution. This results in a potential
buoyancy instability of the reacted injection fluid with respect to the formation fluid (Fig. 1). We
explore the conditions under which this instability develops and its nonlinear evolution through
our experiments. Although our experiments strictly relate to a dissolution front, the changes in the
density and associated dynamics are analogous to several fluid-rock reactions [cf Phillips (1991)].

The paper is arranged as follows. First, we describe the experimental system. Next, we present
a series of results from our experiments, illustrating the different instabilities observed. Finally, we
develop an idealized model of the instability and compare this with the experimental measurements.
We then discuss the relevance of these results for various applications.

II. EXPERIMENTAL SYSTEM

To simulate the displacement of fluid through a partially soluble permeable rock, we filled a
15 cm x 65 cm perspex cell of thickness 1 cm with a mixture of transparent glass ballotini of diameter
250 um and NaCl crystals. The NaCl crystals were of approximately the same dimensions as the
ballotini. The pack was set up by systematically adding small volumes of the salt-ballotini mixture
to avoid separation of the glass and NaCl powder. The mass ratio of the ballotini and the salt powder
in the cell was 87:13.

We then filled the cell with a saturated NaCl solution using a peristaltic pump connected to a
central inlet on the bottom of the cell. The cell was continuously agitated during filling to prevent
air bubbles becoming trapped. By measuring the volume of fluid added to the cell, and the depth of
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FIG. 1. Diagram showing contours of constant density as a function of salt concentration (y axis) and
sugar concentration (xaxis), in kg/m?, following [15]. In the experiments, the original saturated salt solution
in the pack is shown by the black circle, the sugar solution added to the top of the cell is shown by the white
circle, and the sugar-salt solution is shown by the gray circle. The accompanying image from experiment 37, a
typical experiment, illustrates the spatial location of the three fluid regions as the dissolution front and the fluid
migrates downwards through the cell.

the pack, we estimated the porosity to be 33 &= 2% in each experiment. The cell was then filled with
NaCl solution until its level was 3 cm above the top of the pack.

A sucrose solution was then prepared. By using varying concentrations of sucrose, we were
able to manipulate the density and viscosity of the final salt-saturated fluid (Table I). The su-
crose solution was dyed red using 2.5 g TRS red food coloring per liter of solution. A layer
of depth 3 cm was slowly added above the saturated salt solution, using a siphon connected to
a large reservoir. Owing to the density contrast, we did not observe any mixing with the saline
solution.

The cell was placed in front of a MiniSun LightPad LED light sheet. During each experiment,
pictures were taken every ten seconds using a NIKON 5900 camera positioned 145 cm from the
center of the cell (see Fig. 2). Experiments involved the continued addition of the sucrose solution
into the top of the tank. The rate of addition was fixed in each experiment, with values in the range
0.001-0.03 cc/s, using a peristaltic pump (Table II). The NaCl solution was extracted from the
bottom of the tank at the same rate. The flow of the incoming fluid through the pack was inferred
by following the interface between the original (clear) and the injected (red) fluids.

The dissolution of the salt results in a 16—19% increase in density of the injected fluid, and a near
doubling of its viscosity (Table I).

TABLE 1. Viscosity, 1 (mPaS), and density, p (kg/m?), of sugar and sugar-salt solutions.

No salt Salt-saturated
Sugar content (g/1 H,0O) 0 I P I
0 997 0.93 1198 1.74
50 1016 1.03 1209 1.98
100 1034 1.17 1219 2.35
150 1050 1.33 1230 2.73
200 1066 1.52 1240 342
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FIG. 2. Schematic of the experimental apparatus; front view (top) and side view (bottom).

III. EXPERIMENTAL OBSERVATIONS

In all experiments, as the sugar solution enters the porous pack, a localized horizontal interface
becomes established. This may be seen in images of the experiment as a dark band which gradually
migrates down through the pack. We refer to this as the dissolution front. We withdrew fluid samples
from extraction ports above and below this band and measured their optical density with an Atago
digital refractometer. Optical density is a good proxy for salinity, and so we can infer the salt content
of each sample (see Fig. 3). These measurements show that the salinity of the injected water is zero
in the upper part of the tank, but then gradually increases toward a maximum value, over a distance
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TABLE II. Table of experiments.

Density of
salt-saturated
Sugar injection

Expt Flow rate content fluid k

no. (1073 cm3/s) (g/1 H,0) (g/cm3) u (1076 m/s) (107! m?)  ug (107° m/s)
31 2.44 100 1.222 4.65 3.33 3.08
36 10.60 100 1.222 20.19 3.24 3.00
37 29.50 100 1.222 55.56 3.33 3.08
40 3.49 100 1.222 6.65 3.63 3.36
41 2.28 100 1.222 4.61 3.10 2.87
45 343 100 1.222 6.61 3.12 2.89
47 4.71 100 1.222 9.24 3.37 3.12
48 5.99 100 1.222 12.10 3.25 3.01
53 1.15 100 1.222 2.19 3.33 3.08
62 7.70 200 1.240 14.97 3.57 4.15
63 12.20 200 1.240 23.99 3.11 3.61
64 18.90 100 1.222 36.10 3.72 2.99
65 9.73 100 1.222 18.64 3.15 2.53
66 9.49 200 1.240 18.29 3.50 4.12
67 19.50 50 1.208 37.25 3.24 1.23
68 10.50 50 1.208 20.06 3.24 1.23
69 10.60 150 1.229 20.25 3.25 2.99
70 16.30 150 1.229 30.44 3.33 3.06
71 1.09 100 1.222 2.08 3.25 2.71
72 1.09 150 1.229 2.11 2.47 2.27

of 2 cm or so, and then remains constant. This corresponds to the solution becoming saturated in
salt as it dissolves the salt powder in the cell. By comparison with our photographs, we see that
the dark horizontal band corresponds to the point where the solution first becomes saturated in salt.
This represents the end of the narrow dissolution zone. Analysis of the dye suggests that this dark
band arises because the Allura red (E129) dye in the TRS red food coloring mixture is less soluble
than salt. On injection to the cell, the Allura red is in solution, but as the mixture becomes saturated
in salt, the Allura red precipitates from solution. This leads to the dark band at the dissolution front.
As the dissolution front and the unsaturated injection fluid migrate down through the cell, the band
of Allura red also migrates: this is because it redissolves in the unsaturated solution, migrates to the
dissolution front, and then reprecipitates. The saturated injection fluid continues to move through
the porous pack beyond the dissolution front (Fig. 1). The salt-saturated injection fluid emerging
from the dissolution front is in fact denser than the original saturated aqueous salt solution owing to
the presence of the sugar (Fig. 1). In the images, this salt-saturated injection fluid does still contain
some dye: the food coloring also contains Tatrazine (E102), and this remains in the solution even
when the solution is saturated in salt. The blue channel in the digital image of light intensity seen
by the camera is sensitive to this dye, and hence enables us to identify the region where there is
injected fluid and original formation fluid (see Fig. 4).

In Fig. 4 we present a series of five photographs taken at equal time intervals in three experiments
carried out at different injection rates [(i) 37, (ii) 40, and (iii) 53, Table II]. Images are shown in
visible color and, using false color, we also show the variation of the intensity of the blue channel.
In experiment 37 (top), the injection speed is relatively high and the interface between the salt-
saturated injection fluid and the original ambient fluid appears to be stable and nearly horizontal.
In the unstable cases, the injection speed is smaller and the interface between the salt-saturated
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FIG. 3. False color images of the light intensity taken from the blue (left) and red (center) channel of the
data of an image from a test experiment using fresh water as the input fluid. The blue channel is sensitive to the
presence of Tatrazine in the food dye, and can be used to track the location of any input fluid. The red channel
is sensitive only to Allura red which has precipitated, and therefore can be used to locate the dissolution front.
Right: Brix data showing the variation of the salinity of the injected sugar solution as a function of height in
the cell. The salt concentration increases to a maximum over a region about 2 cm deep, and then remains at
this value in the sugar-salt solution further downstream in the cell. The point at which the solution becomes
saturated in salt corresponds to the end of the reaction front; here the Allura red precipitates from solution as
seen by the faint dark band in the central and right hand images.

injection fluid and the original formation fluid becomes irregular and unstable. In the unconfined
case, (experiment 40, middle), the fluid-fluid instability grows relatively slowly compared to the
injection speed. A uniform layer of salt-saturated injection fluid develops ahead of the dissolution
front, and the unstable finger zone develops ahead of this region. With an even slower injection
rate (experiment 53, bottom), the interface between the salt-saturated injection fluid and the original
formation fluid is very unstable, and the nonlinear fingers which initially develop at the fluid-fluid
front extend all the way back to the dissolution front. These experimental observations are now
compared with a series of simplified models for the nonlinear buoyancy driven instability in the
case that the fluid-fluid interface is unstable.

IV. MODEL FOR THE INSTABILITY

We propose that the instability of the fluid-fluid front arises owing to the larger density of the
salt-saturated sugar solution which develops downstream of the dissolution front, above the original
saturated salt solution. The Rayleigh-Taylor type buoyancy instability which tries to develop at the
interface may be suppressed if there is a background flow and the displacing fluid is more viscous
than the displaced fluid such that the change in the viscous pressure gradient exceeds the change in
hydrostatic pressure gradient across the interface [1]. Linear stability analysis leads to the condition
that a descending fluid-fluid front is stable if

%w > g(p1 — p2), (1)
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FIG. 4. A series of five images, taken at equal time intervals, during each of three experiments; expt 37
(top), 40 (middle), and 53 (bottom)—see Table II. The images in panel (a) show the original photographs, and in
panel (b) show false color images of the intensity of the blue channel from the digital photographs. Experiment
37 shows a stable fluid-fluid interface; experiment 40 shows an unstable fluid-fluid interface in which the fingers
remain ahead of the dissolution front, and experiment 53 shows an unstable fluid-fluid interface in which the
fingers reach the dissolution front.

where ) and py, and u; and p; are the viscosity and density of the displacing and displaced fluids,
respectively, k is the permeability, ¢ is the porosity, u is the Darcy speed of the background uniform
flow, and g is the gravitational acceleration.

In Fig. 5 we compare the conditions as measured in a subset of our experiments (Table II)
with the stability condition above as shown by the solid line. To estimate the permeability of the
salt-bead system, k, in the experiments, as required to estimate the viscous pressure gradient, we
carried out a draining experiment in which we measured the rate at which a saturated aqueous
salt solution supplied at the top of the tank descended under gravity through the salt-ballotini
pack.
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FIG. 5. Comparison of our observations from the laboratory experiments and the theoretical condition for

instability, based on linear instability theory. Experiments observed in which the fluid-fluid front is stable are
shown with open circles, while those observed to be unstable are shown by solid circles.

Experiments in which the fluid-fluid interface was observed to remain stable are shown by open
symbols and those in which the interface is unstable are shown by solid circles. It is seen that the
experiments are consistent with the linear stability condition (Eq. (1) from [1]).

A. Observations of the nonlinear finger growth

We now explore the nonlinear development of the fingers. We estimate the upper and lower
boundary of the finger region at the fluid-fluid front as follows. We first subtract an image of
the tank without any dyed fluid, taken at the start of the experiment from all subsequent frames.
These resulting digital images include data for the red, green, and blue color channels: the blue
channel is sensitive to the Tatrazine in the food coloring, and so we use this channel to identify
where the (reacted) input fluid is in the pack. We average the value of the blue channel along each
horizontal row of pixels, and plot this as a function of vertical position along the pack (Fig. 6).
We see that, in the region of the nonlinear fingers, the average value of the blue channel decreases
approximately linearly with vertical distance, while higher in the cell, the data has a nearly constant
value corresponding to the supply fluid, and below the finger zone, the data fall to zero. We then use
the best straight-line fit to this data to identify (i) the upper boundary of the finger zone, Xr, as the
highest point where the data intersects the fitted line, and (ii) the lower boundary, X;, as the point
where the value of the blue channel on the fitted line reaches zero.

Using a series of images equivalent to Fig. 6 taken at regular time intervals during each
experiment, we calculate the location of the leading and trailing edge of the finger zone as a function
of time. We have done this for all experiments listed in Table II. In Fig. 9 we summarize our
measurements, illustrating how u; /u and uy/u, the speeds of the fluid in the “descending” and
“ascending” fingers, d% and %, scaled by the Darcy speed of the fluid, u, vary as a function of the
ratio of the buoyancy speed, ug, to u. Here up is given by

uy = 208, @)
123
where 1] is the viscosity of the salt-saturated sugar solution, and Ap is the difference in density
between the salt-saturated sugar solution and the salt-saturated aqueous solution. In the figure we
also show the speed of the dissolution front, ug as a fraction of u.

It is seen that at a critical value of ug/u, the speed of the trailing edge of the fingers u; matches

the speed of the dissolution front, ug. For smaller values of ug the fingers are unconfined in the
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FIG. 6. Top row: Image from experiment 45 to illustrate the nonlinear fingers. The figure is generated from
the blue channel of the original RGB digital image. Top right: horizontal average of the blue channel as a
function of vertical position in the right hand image. Blue line is the linear fit used to identify the upper and
lower extent of the finger zone, Xr and X,. Bottom: variation of the finger zone boundaries as a function of
time for this experiment.

sense that uy > ug, whereas for larger values of ug the speed of the trailing edge of the fingers is
constrained by the speed of the dissolution front, uy = ug.

In describing the finger zone, it is also of interest to explore the fraction of the cell filled with
dense fingers and the fraction containing original formation fluid. To this end, we have plotted the
horizontal line of pixels located at the theoretical planar fluid-fluid interface (in the absence of
fingers) as a function of time (Fig. 7) for a series of experiments. In each figure, time increases
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FIG. 7. Top row: Variation over time of the light intensity, at the theoretical planar fluid-fluid location,
in the intermingled finger zone for experiments 40 (left column), 53 (centre column), and 71 (right column).
The images illustrate that over time the fingers are quite stable, appearing not to merge or pinch out. Bottom:
Average width of the center of the finger zone for several experiments measured at the midpoint of the finger
zone (circles). Error bars show the maximum and minimum widths over the course of each experiment.

downwards along the vertical axis. It is seen that the width of the fingers is approximately constant
over time, with the individual fingers retaining their identity, and there is little evidence of finger
merging over the duration of our experiment. At each time we have estimated the fraction of the
total width of the tank occupied by the fingers by thresholding the light attenuation signal through
the tank to distinguish dyed and undyed fluid. This suggests that in all experiments the fractional
width of the cell occupied by the descending fingers, at the level of the theoretical planar fluid-fluid
front was in the range 0.45-0.55 (Fig. 7).

We now develop some idealized models for the speed of the dissolution front, based on the
assumption of equilibrium dissolution, and for the growth rate of the nonlinear fingers, based on
the buoyancy difference between the saturated sugar-salt solution, and the original saturated salt
solution, to provide a reference to help interpret the data shown in Fig. 9.

V. THE DISSOLUTION FRONT

The location of the idealized dissolution front can be calculated in terms of a mass balance. We
suppose that the dissolution front has speed Au, where u is the Darcy speed of the flow ahead of the
dissolution front. If ¢ is the original pack porosity, then the fluid-fluid front moves with speed u¢.
If the salt powder represents a volume fraction S of the solid matrix, then at time ¢ the mass of salt
dissolved from the original matrix in the region upstream of the dissolution front, p,S(1 — ¢)Aut,
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has been transferred to the saturated injection fluid downstream of the dissolution front, which has
concentration C; and hence salt mass p;,Csu(1 — ¢pX)t, where p; is the salt density and pg; is the
density of the saturated sugar-salt solution. Equating these expressions we find that

A= IOSXCS
¢pssCS + psS(] - ¢) .

In Fig. 9, the measured speed of the dissolution front is compared to the interstitial speed. For
our experiments, we expect A to have a value of order 0.33 with an error of order 10% associated
with spatial variations in porosity and salt content of the pack, as well as heterogeneities in salt
distribution which can occur during filling.

3)

VI. FINGER DYNAMICS

We now develop an idealized model for the nonlinear development of the finger zone. The
observations above suggest that the fingers are relatively long and thin and that at a given fractional
distance between the trailing and leading edge of the finger zone, the fingers originating from the
salt-saturated sugar solution occupy a constant fraction of the width of the cell. Although in the
laboratory frame, all the fluid moves downwards, in the frame of reference of the theoretical planar
fluid-fluid front, the sugar-salt fingers move downwards and the salt fingers move upwards.

The typical speed of the fingers in the experiments is 107> m/s, while the width of the fingers is
about 1.0 cm. The molecular solutal diffusion coefficient is about D ~ 10~° m? /s, and the fingers
have buoyancy speed of order 107> m/s. With beads of size 10~ m, these values suggest that
the transverse dispersion coefficient in the cell, which we expect to scale as ud, is smaller than
1072 m?/s (cf [1,2]). As a result, any transverse mixing across the fingers will extend a distance
of order [ ~ (DL/u)'/? over a finger zone of vertical extent L. With fingers of length 0.1 — 0.2 m,
this suggests a transverse mixing length of order 107> m which is much smaller than the finger
width, so to leading order we neglect dispersive mixing between the upflow and downflow fingers
in developing a simplified model for the dynamics. We consider the unconstrained and then the
constrained fingering regimes.

A. Unconstrained finger zone

We assume the fingers are long and narrow, so the pressure in the finger zone is approximately
uniform in the horizontal direction, with the buoyancy difference between the two fluids driving
the up and down flow relative to the mean down flow. Neglecting the effects of any transverse
diffusion in the finger zone, we assume the Darcy speed in the finger zone is u + u;, where u is
the background Darcy speed, z is the vertical coordinate along the cell, and u; denotes the speed
of upflowing fingers (i = 2) and the downflowing fingers (i = 1) relative to the mean downflow
(Fig. 8). The buoyancy associated with the salt-saturated sugar solution, with sugar concentration
c1, relative to the salt-saturated aqueous fluid, with no sugar, is g'(c;) = gBci1, where B is the sugar
expansion coefficient. Darcy’s law then implies

k[d
u—+ Uy = —— |:_p - p()g/(ci)]5 (4)
il dz
where ¢; = 0 and p, is a reference density.
From the overall mass balance,
uw +u(l —w)=20 5

in the finger zone, where w(z) is the width of the descending fingers as a fraction of the width
of the cell. This leads to the expression for the flow speed u; in terms of the buoyancy and
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FIG. 8. Schematic of the buoyancy instability, showing how velocity perturbation u; from interstitial
velocity i causes the fingers to grow. Color represents fluid composition: orange is salt-saturated sugar solution,
clear is salt-saturated ageuous solution.

_ M kpog} (1—w)
= 1—- = . 6
u=[e(1-52) % [w+(1—w>%} ©

In the frame moving downwards with the mean flow, the width of the descending finger zone can
change owing to vertical variations in w, as given by the mass balance

the finger width

ow  dumw)
¢ ot + dz

This implies that surfaces of constant w advect with characteristic speed

dz 1 [_< m) kpog} —wl 4 B —wy?
=—|ull——)+ - 5
M2 M2 [w+ﬁ_;(1 —w)]

0. (7

a9 ®)

Relative to the moving frame, this model suggests that the top of the finger zone, where w = 1,

has upward speed

dz 1[_ M1 kpog

D 1—= oo 9
=l () ®

K2 K2
and the leading front of the finger zone, where w = 0, has downward speed
dz 1 kpog
@ _ —[u(ﬂ - 1) + ﬁ]. (10)
dt ¢ 75} 231
Also, when
vz
YTV b

where the viscosity ratio V. = /., the speed of the finger zone is zero relative to the background
flow. In the present experiments, V & 1.3, suggesting that the width of the finger zone at the
theoretical fluid-fluid front is w &~ 0.53 consistent with the measurements in Fig. 7.
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FIG. 9. Speed of the leading (filled) and trailing (blank) edge of the finger zone, and the speed of the
dissolution front (small symbols), all normalized by the injection speed, as a function of the ratio of the
buoyancy speed to the injection speed. The dashed lines show the speed of the leading and trailing edges of the
finger zone for the 100g/1 experiments, and the solid line shows the speed of the dissolution front according
to the model. Symbols indicate the sugar content of the injection fluid in g per liter water: 50 (crosses), 100
(circles), 150 (diamonds), and 200 (squares). Top graph shows cases unstable to buoyancy, bottom graph shows
cases stable to viscosity.

We compare the above simplified prediction of the location of the leading and trailing edge of
the finger zone with the experimental observations in Fig. 9. There is reasonable agreement over the
range of experiments reported in Table II in which the speed of the upstream end of the finger zone
is greater than the speed of the dissolution front. As the interface is stretched out by the fingers, the
average sugar gradient across this zone decreases inversely with the length of the fingers, in accord
with the data of Fig. 5. Eventually the effects of transverse dispersive mixing across the fingers
may become significant, but the scalings above suggest this occurs a later time than in the present
experiments.

As a further comparison, in Fig. 10, the green line shows the model prediction for the width of
the descending fingers, as a fraction of the total width of the experimental cell, w, as a function
of the vertical position in the finger zone. This has been calculated using the advection speed of
surfaces of constant w, and scaled with the distance traveled by the leading edge of the descending
fingers where w = 0, relative to the theoretical planar fluid-fluid front position. The figure also
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FIG. 10. Variation of the width of the descending fingers in the finger zone as a function of position across
the finger zone as predicted from the model (green line). The vertical position, Z*, has been normalized so
that the location of the theoretical fluid-fluid front is zero and the position of the trailing edge of the fingers
is —1.33. The figure also shows the horizontal average of the blue channel, B*, calculated from four digital
images, taken at different times, during experiment 45. The horizontal average has been normalized to have
value one at the top of the finger zone, and value zero at the base of this zone, and hence provides a proxy for
the fraction of the cell containing descending fingers as a function of depth.

shows the horizontal average of the intensity of the blue channel in images recorded at four times
during experiment 45. This has been normalized with the intensity just above the finger zone, and
represents an approximate measure of the net finger width as a function of position in the finger
zone. These data are in reasonable accord with the model.

B. Constrained finger zone

In the case that the dissolution front speed exceeds the speed of the trailing edge of the finger
zone as predicted above, then the trailing edge of the finger zone terminates at the dissolution
front, moving with speed Au, since the aqueous sugar solution which is supplied upstream of the
dissolution front is less dense than the saturated salt solution originally in the formation ahead of
the dissolution front.

Meanwhile, the leading edge of the saturated sugar-salt solution extends ahead of the theoretical
planar fluid-fluid front as before. Comparison of this picture of the finger development is consistent
with the data shown in Fig. 9.

VII. DISCUSSION AND CONCLUSION

In this paper, we have presented a series of experiments in which an unsaturated fluid invades a
partially soluble porous matrix from above, such that the injected fluid is less dense than the original
formation fluid. This leads to a stable, horizontal dissolution front which gradually descends through
the tank. The fluid emerging from the dissolution front becomes saturated in salt, increasing the
density of this fluid relative to the original formation fluid leading to a Rayleigh-Taylor instability
at the fluid-fluid front.

Our data are consistent with the classical linear instability model for the onset of instability. In
the case of relatively fast flow, the finger zone is all located ahead of the moving dissolution front.
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However, when the fluid is supplied more slowly, the trailing edge of the fingers meet the dissolution
front and this leads to a constrained supply of fluid to the finger zone. A simplified nonlinear model
for the evolution of the finger zone, based on a nonlinear kinematic wave model and neglecting the
effects of dispersion, predicts a finger zone which is approximately of the same vertical extent as
the experimental observations for the experiments.

By analogy, the instability of this dissolution front in our experiments is of considerable interest
in permeable rocks where one fluid is injected into a reactive porous layer initially filled with a
second fluid such that the injected fluid may be stable relative to the original formation fluid, but
on reaction with the porous layer, the interface between the original and injected fluid becomes
unstable. Once the interface is unstable, the injected fluid can mix a significant distance into the
formation, and may not flood the formation as a conformal flow front, but in a finger regime, only
partially saturating the formation. This may lead to injected fluid migrating further into a formation,
and hybrid zones of fluid developing ahead of the reaction front. Much fascinating work has been
carried out exploring infiltration instabilities: the present analysis is complementary to these studies
and identifies that there may be instabilities of the fluid-fluid system even if the reaction is stabilized
by gravity.

The processes may be relevant in interpreting some tracer data in geothermal systems, where
cold fluid is injected to recharge the system. If this cold fluid is compositionally less dense than
the formation fluid, but initially so cold that is it denser than the formation fluid, then it may
initially spread over the lower part of the formation, but as it heats up it will become buoyant
relative to the formation fluid. It may then finger through the original formation fluid to the
top of the system. This may lead to early arrival of tracers at observation wells relative to the
advective speed associated with the injection. As an idealized example, if the thermal density
contrast is of order 0.01%, this can stabilize a compositional contrast of comparable magnitude.
The associated buoyancy speed in a formation of permeability 10~ — 10~'3 m? would be of order
10~7 — 1078 m/s. If water is injected along a line well, for example of length 1000 m, with a flow
rate of 0.001-0.0001 m3/s, and the the supply flow spreads over a zone 10-100 m from the well,
then the supply speed, per unit area, would be of order 107® — 10~ m/s. As a result, once the
fluid passes the thermal front, it could become unstable and rise as fingers through the formation.
This may lead to anomalously early breakthrough of the injected fluid to points much higher in the
formation.

In geological waste repositories designed for disposal of nuclear waste, water may be generated
over long time scales and this may eventually leak out into the formation. If the host rock contains
minerals which are soluble in this water, this may lead to density changes of the fluid which then
impacts the dispersal of the reacted fluid. This may be key for predicting the spatial distribution
with time of any radionuclides which may migrate with the reactive fluids as they slowly leak
from the geological disposal facility. This is particularly relevant to repositories built in halite
rock (e.g., [16]).

In closing, we note that the instability described in this paper has been described as a two
dimensional process, and it would be interesting to explore the analogous system in a three
dimensional experimental tank. Also, the instability we have described relates to the advection of the
dissolution front and the change in density associated with this. There are other instabilities which
can arise when there is no net motion, and these are associated with the differential diffusion of
salt and sugar across the interface which then can lead to a change in density as a double-diffusive
instability [17,18], or a result of the different advection speed of a dissolving and nondissolving
species, which can lead to a reversal of buoyancy if there is a perturbation of the interface, as in the
double-advective instability described by Phillips (1991). However, in the present problem, the net
migration of the fluid interface and the slower migration of the dissolution front, leads to generation
of the unstable intermediate zone of fluid between the original formation fluid and the original
supply fluid. We plan to explore whether the present experimental system can shed new insights
into these other modes of instability.
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