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Analog fluids have been widely used to mimic the convective mixing of carbon dioxide

into brine in the study of geological carbon storage. Although these fluids systems had

many characteristics of the real system, the viscosity contrast between the resident fluid

and the invading front was significantly different and largely overlooked. We used X-ray

computed tomography to image convective mixing in a three-dimensional porous medium

formed of glass beads and compared two invading fluids which had a viscosity 3.5× and

16× that of the resident fluid. The macroscopic behavior such as the dissolution rate and

onset time, scaled well with the viscosity contrast. However with a more viscous invading

fluid fundamentally different plume structures and final mixing state were observed due in

large part to greater dispersion.
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I. INTRODUCTION

Convective mixing is a process driven by a density difference between two fluid layers and is an

important trapping mechanism in carbon dioxide (CO2) sequestration1–3. As CO2 dissolves into

resident brine, a heavier layer of CO2 saturated brine accumulates atop the pure brine. The result

is an unstable interface where the fresh brine moves upwards due to buoyancy and the heavier

CO2-rich brine sinks creating a convection cell, enhancing the mixing of the two fluids4.

To study convective mixing experimentally, many researchers have turned to analog fluid pairs

to remove the complexities of working at reservoir temperatures and pressures5–10. One fluid, in

particular, has been used for both 2D and 3D studies of convective mixing. MEG is a mixture of

methanol and ethylene glycol that when mixed with water presents with a non-monotonic density

mixing curve. The small density difference of the CO2-brine system that drives the convective

mixing process is replicated in these fluids5,9,10. More recently, a few studies have attempted to

examine convective mixing at conditions that more closely reflect that in the field, particularly

by performing experiments using actual CO2-brine11 at high-pressure conditions within a porous

medium12–14.

When using model systems to infer real world behaviors it is critical to establish the similarities

and differences between the model and reality. Despite the prevalent use of analog systems, it is

not clear from the literature that the effects of differences in fluid properties have been fully inves-

tigated experimentally. So, here we will investigate one such difference; the viscosity difference

between the resident and invading fluid. The viscosity ratio, M = µ2/µ1 evaluates the viscosity

of the resident fluid (brine/water, µ2) to the viscosity of the invading front (CO2-rich brine/MEG,

µ1). At reservoir conditions, the viscosity difference of CO2 saturated brine compared to brine has

been shown to be negligible15,16 (M ≈ 1), but this is not the case for MEG and water at laboratory

conditions. In fact, the MEG is 3 times as viscous as the water (M ≈ 0.29) and represents the

inverse situation to the well-known Saffman Taylor problem.

A Saffman Taylor instability is produced when a less viscous fluid invades a more viscous

fluid; the front is unstable and characteristic fingers are produced17,18. One prominent and recent

application is enhanced oil recovery, where a less viscous fluid is injected to mobilize residual

oil19. As a result viscous fingering has been shown to play a role in enhancing mixing at the

interface of two fluids, however, the degree of mixing is highly dependent on the specific viscosity

ratio20. In particular, it has also been shown that when the invading fluid is more viscous than the
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resident fluid, the front usually remains stable21,22 reducing the mixing potential.

However, in the specific situations where the displacing front is moving slowly enough for

the front to become unstable23–25 it has also been shown numerically that non-linearity in the

viscosity profile resulted in reverse fingering. The mixing potential was fundamentally changed

in comparison to the linear case 26 for otherwise stable displacements. More recently, it has been

found that, a traditionally stable configuration can become unstable if constituent components

diffuse at different rates but all contribute to the viscosity. In such a case, a double-diffusive effect

is observed 27,28 when the viscosity as a function of dilution or mixing is nonlinear.

Thus far, only a handful of papers have looked at the effect of the viscosity variations in respect

to convective mixing specifically. And, of those studies the focus is on the stability of the diffusive

boundary layer29–34 and find that the onset of convection is not only influenced by the viscosity

contrast between the invading and defending fluids but also the viscosity of the layer itself. So,

there is a clear indication from the literature that the viscosity contrast and the viscosity-dilution

curve are non-trivial considerations in fluid-fluid mixing.

However, when analog fluids such as MEG and propylene glycol (PG) have been used to in-

vestigate convective mixing, the role of viscosity has been largely overlooked. So, by using 3D

experiments, we investigate the interplay between viscosity fingering and buoyancy-driven flow;

testing the sensitivity of convective mixing to an increased viscosity contrast between the host

fluid and the invading front. The results presented here extend recently published work which fo-

cused on convective dissolution using MEG/water10 and introduces a new, but similar, fluid with

a viscosity 4× that of MEG.

II. MATERIALS AND METHODS

Here, we used two fluids pairs, both consisting of an organic solution and water. The first

was a mixture of 59% ethylene glycol and 41% methanol, MEG, and the second was a mixture

of 65% ethylene glycol and 35% tertiary butanol, BEG (all anhydrous, 99.8%, Sigma-Aldrich).

The solutions were subsequently doped with 9 wt% potassium iodide (KI, ReagentPlus R©, 99%,

Sigma Aldrich) to achieve high X-ray imaging contrast for the experiments. The distilled water

was doped with 6 wt% sodium chloride (NaCl, > 99%, Sigma Aldrich) for the MEG and 9 wt%

sodium chloride (NaCl, > 99%, Sigma Aldrich) for the BEG.

The density of the pure solutions and their mixtures were measured using an oscillating U-tube
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FIG. 1. left: Density curves of the two solution-pairs MEG and BEG (solution 1 with mass fraction wM)

mixed with brine (solution 2 with mass fraction, 1-wM). The characteristic points on each curve are the max-

imum density difference achieved upon mixing (δρmax), the corresponding weight fraction of the solution

(wmax) and the point of neutral buoyancy, w0). The values of these parameters are given in Table I. right:

Viscosity curves of the two solution-pairs (solution 1 with mass fraction wM) mixed with brine (solution 2

with mass fraction, 1-wM).

density meter (DM5000 by Anton Paar) at 20◦C and 1 atm. For each measurement, approximately

3 mL of the solution was used, and the density was taken to be the average of three repeated

measurements. The density curves are shown in Figure 1a as a function of the mass fraction

of MEG/BEG, wM. Both MEG and BEG present a characteristic non-monotonic profile with a

maximum at intermediate organic fractions (wM = 0.4−0.5) and a density larger than that of pure

brine, whereas at larger concentrations (wM = 0.8−0.9) the solution became buoyant. The exact

values are detailed in Table I.

An important factor that has also been shown to affect the rate of onset and mixing is the

buoyant crossover point between the stable and unstable regime, i.e. the mass fraction at which

the fluid mixture becomes denser than the brine layer35. The crossover directly influences the

time for a sufficiently dense boundary layer to accumulate and the subsequent maximal difference

possible to provide the driving force. In this case, the cross over point and the maximum density

for the MEG and BEG match closely (detailed in Table I) indicating that any observed differences

should be a consequence of the viscosity contrast. In fact, all other parameters which would affect

the mixing behavior were kept constant such as the permeability and the layer thickness/ratio of
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the height of the MEG/BEG layer, HT , to the brine layer, HB.

The viscosity of the pure solutions and the mixtures were characterized using a Thermo Scien-

tific Haake Mars 60 Modular Advanced Rheometer System equipped with double gap geometry.

The fluids underwent two shear rate controlled tests at 20◦C, sweeping stepwise from 200-10 s−1,

and then upwards from 10-200 s−1, in increments of 10 s−1. Each datum point was measured for

30 s, with 20 data points being collected per shear rate sweep. The shear stress and viscosity data

were collected using the Haake RheoWin software and the fluids exhibited Newtonian behavior.

The viscosity values were averaged over the entire shear rate range to obtain an absolute viscosity

value for each fluid. The resulting viscosity curves are shown in Figure 1 as a function of wt%

MEG/BEG, wM.

Unexpectedly, at a mass fractions of MEG = 0.8, a maximum in viscosity is observed. Usually

such curves follow concave, convex or step-wise transitions viscosity20, however here we measure

a peak which has so far not been reported in the literature nor has the effect been investigated

concerning the problem of convective mixing. In the case of BEG, the viscosity curve is again

non-linear. However, a maximum was not observed and instead a smooth concave transition was

measured.

The Rayleigh number, Ra, Eq 1, is used to parameterize convective mixing. It provides a

measure of the vigor of convection.

Ra =
κ∆ρmaxHBg

µ2φDm
(1)

where the permeability, κ is estimated using the Kozeny-Carmen equation with a porosity φ =

0.36 so that κ = 1.9× 10−10 m2, gravitational acceleration, g = 9.81 m/s2, the length scale is

the height of the brine layer, HB = 10 cm, the average diffusion coefficient in the bulk solution

Dm = 1×10−9 m2/s, the viscosity of the bottom fluid is µ2 and the maximum density difference is

∆ρmax which is calculated from the difference between the maximum density of the fluid mixture

and the pure fluid density of the bottom layer (ρ2). Ra for each fluid pair is presented in Table I

and because it is a function of maximum density difference and does not take into account the

viscosity ratio, the Ra are comparable.

The detailed experimental methodology followed here can be found in Liyanage et al., 2019.

Briefly, a Universal Systems HD-350 X-ray CT was employed to image with a time resolution of

about 10cm/min and spatial resolution of 0.5 mm x 0.5 mm x 2mm. The experimental vessel was

a 3 L acrylic plastic bowl (a sketch is shown in Figure 2) packed with soda glass ballotini with
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TABLE I. Characteristic of the density curves of the two solution pairs, namely maximum density difference

between the two solutions (∆ρmax/ρ2), weight fraction at maximum density (wmax) and at neutral buoyancy

w0, the viscosity of the resident fluid, µ2, the viscosity ratio, M and Ra

Solution ∆ρmax/ρ2 wmax w0 µ2 M Ra

[m.Pas]

MEG/brine 0.90% 0.50 0.88 1.090 0.290 4610

BEG/brine 0.85% 0.53 0.80 1.124 0.075 3900

a particle diameter of 0.4-0.5mm (SiLibeads R©, supplied by VWR, UK). Initially, the bowl was

wet-packed with beads and brine up to 90% of its volume, corresponding to height, HB ≈ 10 cm.

Separately a dense slurry of the organic solution and beads was prepared and poured on carefully

(HT ≈ 3 cm), and the first CT scan was taken shortly after. Scans were then taken regularly for up

to 24 hours.

It is important to note that in the post-imaging analysis, the domain is separated into two re-

gions, defined by the initial EG-water interface as highlighted in the sketch of the experimental

vessel in Figure 2. Each section is treated with independent calibration curves based on the average

CT unit of all the voxels in the region below the initial interface ĈT B or above the initial interface,

ĈT T at the initial and final time (t0 and tf). Then on a voxel-by-voxel basis, i, using Equation 2

the raw, time-dependent CT unit CT i(t) is converted into a physical quantity of the mass fraction,

wB,i(t) or wT,i(t). The resulting data set can be either fully or partially reconstructed to provide

visual insights into the mixing patterns and macroscopic quantities such as change of mass, and

the dissolution rate can be calculated.

wB,i(t) = ŵB(tf)
CT B,i(t)−CT B,i(t0)

ĈT B(tf)−ĈT B(t0)
(2a)

(2b)

wT,i(t) = 1−
CT T,i(t)−CT T(t0)

ĈT T(tf)−ĈT T(t0)
(2c)
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III. RESULTS AND DISCUSSION

A. Onset of Convection and Dissolution Rate

Two experiments were performed with the BEG-water system, and these are compared to pre-

viously published data of experiments using MEG10. The domain is divided into two sections and

the mass fraction of MEG/BEG is computed in the respective sections; the full methodology can

be found in Liyanage et al,. 2019. The resulting MEG/BEG fraction dissolved in brine, m j/M1 is

plotted as a function of the square root of time, t∗ =
√

t for each of the subdomains, top (closed

symbols) and bottom (open symbols) in Figure 2 for MEG (black) and BEG (repeats are shown

in red and blue). A modified logistic function is fitted to the data, and the pure diffusive case,

calculated from a numerical solution of the one-dimensional diffusion equation in a sphere10, is

plotted.
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FIG. 2. Left: A sketch of the experimental vessel indicating the diameter, d, and the height of the bottom

section initially containing brine, HB and the height of the top section initially containing MEG or BEG,

HT . Middle: Relative mass of MEG/BEG dissolved in brine, m j/M1, as a function of the square root of

time, t∗ =
√

t for experiments conducted with BEG-1 (blue), BEG-2 (red) and MEG (black). Filled and

empty symbols refer to observations on the top (filled) and bottom (empty) sections of the bowl. The data is

fitted with a modified logistic functions and a black dashed line indicates the linear region. Right: Relative

mass for the top layer plotted as a function of dimensionless time, τ

First, we note a good agreement between the two BEG experiments and a similar trend between

the MEG and BEG solutions. At early times (t∗ < 1− 5 min0.5) all the experiments approached
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the behavior predicted by a purely diffusive case. After which, as reported in Liyanage et al,. 2019

the rate of mass removal from the top layer linearly scales with the square root of time. A linear

scaling of the growth of the mixing zone, in this case the finger propagation, with the square root of

time has been utilized in previous works to describe the effect of hydrodynamic dispersion23–25,36.

The gradient of this region is also an indication of the real-time progression of this process.

Thus, the onset and shutdown time can be estimated from the intersection of the linear region

with a mass fraction of 1 (onset) or 0 (shutdown). The onset time for BEG (49±10 min) was

33 min slower than MEG (17±8 min) and the shutdown time for BEG (482±51 min) was 200 min

slower than the MEG (202±47 min). The time for shutdown consistently occurs after we observe

the fingers have reached the bottom of the domain.

A given time, t, can be converted to a dimensionless time, τ , via Eq 39,32. For the onset time,

the pure fluid viscosity of either MEG or BEG is used and µ = µ1. The onset times converge so

that for BEG τ = 0.11 and τ = 0.18 for the MEG. Interestingly, although these values are very

similar the onset time for BEG is slightly earlier than MEG. Previously, it has been reported that

the onset time of instability has a strong positive correlation to the mobility ratio32. So, as the

viscosity contrast (µ2/µ1) increases the dimensionless onset time increases. There32, numerical

modeling investigated a wide range of viscosity ratios with and without a non-monotonic mixing

profile between the fluids and concluded, contrary to the intuition that a strong viscosity contrast

results in a more stable layer, that result showed that buoyant forces become more dominant with

a decreasing mobility ratio.

τ = t
κ∆ρmaxg

µHBφ
(3)

Using the same non-dimensionalization but such that µ is equal to the mixture viscosity µmix

at a given t, the change of mass curves for the MEG and BEG collapse into a single curve shown

in Figure 2 (right). The onset of convection is approximated with a vertical dotted line so that a

diffuse and convective regime can be observed before and after. It should be noted that only the

curves for the top layer are shown but clearly display that it is the viscosity contrast controlling

changes in behavior.

Next, the rate of convective dissolution, r, which represents the rate at which material is re-

moved from the top layer, is calculated from the differential of the solid smooth curve fitted to

the change of mass shown in Figure 2. The convective dissolution rate plotted with respect to

time is presented in Figure 3a for the two BEG experiments (solid red and blue) and the MEG
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experiment (solid black) the shaded regions represent an ensemble of numerical realizations to

account for error in the raw data, also the diffusive case is plotted for comparison. It can be noted

in Figure 3a that there is excellent agreement between the curves for the two BEG experiments.

As observed before, the curves initially follow the trend predicted by the diffusion model until it

reaches a maximum rmax = 0.29±0.06 g/min (BEG-1, at 190 min) and rmax = 0.30±0.07 g/min

(BEG-2 at 180 min) before rapidly decreasing at late times. Compared to the MEG case where

rmax = 0.61± 0.06 g/min (MEG at 74 min), the maximum dissolution rate is half for the BEG

case.

However, the time to reach the maximum dissolution rates is approximately four times larger

than the time required for the onset of convection for both the MEG (t(rmax)≈4.3tc) and BEG

(t(rmax)≈3.7tc). There is also consistency in the magnitude of the increase in the dissolution rate

relative to the rate at the onset of convection, ronset. At the onset of convection for the MEG ronset =

0.40±0.03 g/min and for the BEG ronset = 0.18±0.06 g/min. So, in both cases the maximum rate

of dissolution is a factor of approximately 1.5 larger than the rate at onset. Therefore, we observe

that the relative increase in the rate is consistent.

To explain this observation we examine the fluid properties. At the time of the maximum flux,

the mass fraction of MEG/BEG in the top and bottom regions is equivalent i.e. wi = 0.5 at which

point and thereafter, there is a convergence in both the viscosity and density profiles. It, therefore,

follows that similar macroscopic properties, such as the relative magnitude of the dissolution rate

and the shutdown time would be observed, albeit delayed with respect to the onset time. In these

experiments a constant regime is not observed. Whilst it may be the case the fingers reach the

bottom before this happens, a lack of a constant flux was predicted from numerical simulations for

Ra < 1041,7,37. Therefore, to compare cases, the maximum dissolution rate is used9,38.

The mass transport in the MEG and BEG system can be quantitatively compared using the

Sherwood number Sh; which is essentially a comparison of convective transport in the form of the

mass transport coefficient, km, to the diffusivity (Dm) over a given length scale, H, as Equation 4

and can be estimated directly from the ratio of the maximum convective dissolution rate to the

corresponding value in the presence of diffusion alone, while accounting for the appropriate length

scales, i.e.

Sh =
kmH
Dm

=
lH
lD

(dmT/dt)H

(dmT/dt)D
(4)

where lH = 10 cm≈ HB is the characteristic length scale of convective mixing, while lD is the
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FIG. 3. left: Rate of dissolution as a function of time for the experiments conducted with BEG-1 (blue),

BEG-2 (red) and MEG(59) (black). The solid colored lines are obtained upon differentiating the modified

logistic function fitted to the experimental data (Figure 2), while the thin solid black line is the numerical

solution of the purely diffusive scenario. The cross symbols indicate the time of the onset of convection

(estimated from Figure 2), while the circles represent the time of the maximum rate of dissolution. Right:

Sherwood number, Sh as a function of the Rayleigh number, Ra. Previously published data from a study

using MEG10 is reported (black symbols) alongside the current BEG study (red symbol) with the equation

for a linear trend.

corresponding value associated with the diffusive process. Here, the latter has been chosen to be

an estimate of the thickness of the diffusive boundary layer at the given time and take the value

lD ≈ 1−2 cm depending on the system considered.

In the BEG system Sh = 78±17 and Sh = 77±18 respectively and Sh = 94±19 for the MEG.

When plotted alongside the data from Liyanage et al., 2019 the BEG experiments fit well into the

positive trend between Sh−Ra as observed in Figure 3b.

In the low Ra range (Rac < Ra < O(Ra) ∼ 103), we expect a linear scaling (reflected in the

original relationship from Liyanage et al., 2019) while flux is expected to become independent of

Ra for Ra > O(Ra) ∼ 10437,39,40. Previous works using MEG or PG have observed a power-law

relationship between Ra and Sh however these are typically reported with very large uncertainties

in the parameters and the experiments are conducted at larger Ra. The current results, therefore,

are not incompatible with the scaling proposed from experiments using similar fluid pairs (i.e.
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Neufeld et al. 2010) but represent the phenomena in a different Ra range. Here, we observe a linear

Sherwood-Rayleigh relationship, Sh = 0.021Ra which is consistent with the original relationship

from Liyanage et al., 2019 where Sh = 0.025Ra. So, although the onset of convection is later, the

relative magnitude of the flux (to the diffusive) is not affected, indicating the buoyant effects are

the dominant driving forces in this process.

B. Plume dynamics and flow structure

From the results presented thus far it would appear the two cases are consistent in their scaled

time behavior. However, these similarities end at the macro-scale as the plume dynamics are vastly

different between the two cases. We present both the averaged vertical profiles of the mass fraction

of solute, wM, in Figure 4 and 3D reconstructions of the two cases for qualitative comparisons in

Figure 5. For both Figure 4 and Figure 5 time has been non-dimensionalized using Eq 3.

The differences in the plume structure can be inferred from concentration profiles which are

plotted in Figure 4. The early times (red) to late times (blue) are shown for the two systems

investigated, MEG (left) and BEG (right). Each point represents the average of all voxels in each

2 mm-thick horizontal section of the bowl; however, due to image noise at the interface, points

within the grey box have been removed for clarity. In each plot, the solid black line represents the

position of the interface at the start of the experiment.

For the MEG there is a spatially non-uniform concentration of solute towards the top of the

bowl at early times (red curves) and an accumulation of material at the bottom of the bowl at

late times (blue curves). In contrast, in the BEG case as there is no observed bulging of the

concentration profile. Instead there is a trend towards a more evenly distributed low concentration

plume spread out throughout the length of the domain resembling what would be expected from a

purely diffusive case.

To look more closely at the evolution of the individual finger structure over time Figure 4

also shows horizontal 2D reconstructed cross sections of the MEG and BEG experiments at three

locations in the bowl corresponding to position A (≈ 3.4cm from top at τ ≈ 0.2), B (≈ 7.6cm

from top at τ ≈ 5) and C (≈ 11.2cm from top at τ ≈ 20) as labeled on the concentration profiles.

The color of the letter indicates the time during the experiment, and we first observe that for each

time there are striking structural differences between the two cases. At position A, there are fewer

fingers in the BEG case compared to the MEG; there are no isolated islands which would indicate
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independent finger growth and instead a single large connected structure is visible. Fewer fingers

form compared to the MEG case where many small fingers form across the entire cross-section.
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FIG. 4. Horizontally averaged profiles of the MEG (left) and BEG (right) mass fraction, w, as a function

of the distance from the top of the bowl for various dimensionless times, τ . On the right of each profile are

three horizontal, reconstructed cross-sections at three locations and times during the experiment; the letter

color indicates the timing and the position of the letter indicates the location so that: A is a slice taken 3.4

cm from top at τ ≈ 0.2, B is taken 7.6 cm from top at τ ≈ 5 and C is 11.2 cm from top at τ ≈ 20.

At position B the concentration profiles show a similar average mass fraction of about 0.3.

However, the spatial distribution of the solute is completely different. A ring structure has formed

in the MEG case and continues to dominate in the BEG. However, in the MEG case, the concen-

tration within the fingers remains high, and well-defined finger boundaries are visible. In the BEG

case, the concentration gradients were not sharp, and lateral mixing of the fingers can be observed,

as a result of the slower progression of the plume in real time allowing for greater dispersion.

At position C for the MEG there is a relatively uniform concentration of solute, and this is a re-

sult of the accumulation observed in the concentration profile. In the BEG case, the reconstruction

also reveals a uniform concentration map however the average concentration is lower because the

solute is evenly spread across the entire domain instead of slumped at the bottom. This suggests

that overall, the mixing was better in the BEG case compared to the MEG.

Considering now Figure 5. Here is shown 3D reconstructions for MEG and BEG at the same
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dimensionless time but it is clear the flow characteristics are not the same between the two cases.

Similar to the observations in Figure 4, in both fluid pairs the interface recedes as fingers form and

propagate through the bottom domain until a final mixing state is achieved; the similarity between

the MEG and BEG is restricted to the amount of the top layer which has been dissolved. The

spatial and temporal distribution of the solute in the bottom section is vastly different. In the MEG

experiment the fingers are well defined and many individual fingers can be observed. In the BEG

case the fingers are not well defined and there are less fingers than in the corresponding MEG

case. The most surprising observation perhaps is that the fingers invade further in the BEG than

the MEG. Given the Ra is slightly lower for the BEG and the viscosity is higher than the MEG,

the opposite behavior would be predicted. Initially, in Figure 5 the flow appears to adhere to that

expectation, however, by the second frame at τ = 1.13− 1.57 in the BEG, the fingers are longer

and have penetrated further into the domain compared to the MEG.

Therefore, observations from the 3D reconstructions in Figure 5 can explain the flatter BEG

concentration profile. At τ = 3−5 the BEG fingers have penetrated further into the domain than

the MEG. However, the fingers are less concentrated and are less well-defined which indicates

more dispersion has occurred, and the result of high transverse and longitudinal dispersion is

the quick reduction and flattening of the concentration gradients38. This result is consistent with

previous numerical works where it has been shown that the larger the mixing zone, the closer the

fingering phenomenon behaviors like a purely dispersive system23. As a result of an increase in

dispersion the finger width is predicted to be larger and there be an increase in vertical spreading43

both of which are observed in the BEG case. This observation agrees with the concentration

profiles and reconstructions presented here where we see a smooth transition in the BEG case

without the buildup of material, emblematic of the MEG case.

To quantify these observations we look to the role of dispersion. In a recent paper, a dispersive

Rayleigh number is defined, Rad = rH/dp, where H is the height and dp the particle size and r

is the ratio of longitudinal and transverse dispersivity, which can be assumed to be on the order

≈ 10 in bead pack44. By comparing Rad to the molecular (conventional) Rayleigh number so

that D = Rad/Ra results in a criterion for when dispersion is and is not dominant; when D << 1

dispersion is dominant. In this case, D = 0.43 for MEG and D = 0.51 for BEG which is within the

range reported previously 0.0011 - 0.7444 indicating that dispersion is important in these systems.

Now, to calculate the transverse dispersion coefficient, Dt , we use two methods 1) using domain

averaged quantities 45,46 and 2) using finger properties9,41. For the first method, the spatial vari-
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FIG. 5. Top: 3D reconstructions of the bowl, MEG (top) and BEG (bottom), in terms of mass fraction, w,

for various dimensionless times, τ . Bottom: a. Time evolution of the spatial variance of the concentration

field for MEG and BEG where the black line indicates the region used for the calculation of the transverse

dispersion coefficient. b. Dt /Dm vs Pe for the MEG and BEG using the two methods; domain averaged

(filled points) and finger averaged (open points) compared to previously reported data for MEG system9(plus

symbol), CO2-brine system 41(cross symbol), and the solid line is pore-scale modelling of uniform flow42.

ance, σ2, of the concentration field of each horizontal slice is averaged across the whole domain

for each time. The result is plotted as a function of dimensionless time for the MEG and BEG and

is shown in Figure 5. As expected the variance increases over the course of the experiment as the

MEG or BEG mixes with the brine before decreasing again as the domain homogenizes towards

the final concentration. The variance for the BEG increases faster than the MEG indicating that

the plume is subject to more lateral spreading. However, the decrease in the variance is faster for

the MEG than the BEG indicating that the MEG reached a final mixing state at a faster rate. Ob-

serving the 3D plume directly confirms the structural differences in flow patterns which influence

the evolution of the variance; indeed, the larger fingers in the BEG case undergo more spreading

throughout the experiment, resulting in a higher variance.

Then to calculate Dt , the change in σ2 across the initial increase, as indicated with a black line

14

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/5

.00
06

67
9



in Figure 5, with respect to dimensional time is used according to Equation 5.

Dt =
1
2

dσ2

dt
(5)

The second method for calculating Dt is given in Equation 6 and uses individual finger proper-

ties, such as the change in concentration across the radius of the finger, ∂C/∂ r, and the change in

concentration along the length of the finger, ∂C/∂ z, along with the fingertip speed, U f , which is

calculated by tracking the finger location from one time to another, and finger radius, r f .

U f r f
∂C
∂ z

= 2Dt
∂C
∂ r

(6)

The resulting Dt of each method for the MEG and BEG is shown in Table II. In general there

is a good agreement between the two methods for each case. Also shown in Table II is the Péclet

number, Pe, for each case which is defined as the ratio between the time needed for the solute to

travel a characteristic length by diffusion compared to the time needed by advection. In a porous

medium and for this problem, Pe can be defined as Pe =Udp/φDm
9,41,42. For Method 1, U is the

front propagation velocity calculated from the onset and shutdown times of the MEG and BEG

and is consistent with the fingertip speed measured from the images as shown in Table II. Thus,

it is observed that the BEG progresses 2-3 times slower than the MEG and this is can be solely

attributed to the mobility ratio. As the U is consistent between the methods, the resulting Pe for

each method is comparable, but between the MEG and the BEG, Pe is approximately half.

TABLE II. Result of the calculation of the transverse dispersion coefficient, Dt using method 1 and 2, the

normalized Dt with the diffusion coefficient, Dm = 1×10−9 and the Pe calculated from U which is the front

propagation speed in Method 1 or the fingertip velocity in Method 2.

U Dt Dt/Dm Pe

[m/s] [m2/s] - -

MEG Method 1 9.01 ×10−6 1.05 ×10−8 10.5 12.5

MEG Method 2 9.80 ×10−6 7.81 ×10−9 7.81 13.6

BEG Method 1 3.85 ×10−6 9.19 ×10−9 9.19 5.35

BEG Method 2 4.60 ×10−6 9.76 ×10−9 9.76 6.39

Finally, in Figure 5b we plot the dispersion coefficient normalized by diffusion, Dm, with
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respect to the Pe for each case and compare this to other previously published data from con-

vective dissolution experiments, at similar Ra, using a similar fluid pair MEG-NaI-brine with

Ra = 3360− 50109 and CO2-brine system with Ra = 3272− 484141, together with pore-scale

modeling for uniform flow42.

From this previously reported data, the transverse dispersion coefficient is constant at Pe <

1 where dispersion is not dominant and increases as a power-law function for 1 < Pe < 300.

Interestingly, between the MEG and BEG cases we do not observe an increase in Dt with Pe,

instead dispersion remains constant. In addition, the dispersion reported in the BEG is almost

one order of magnitude larger than expected from the uniform flow simulations. As a result, this

clearly suggests greater dispersion and hence more mixing has occurred than expected.

The question of why more dispersion is observed than expected in a fluid pair with a high

viscosity contrast may be explained with a comparison of the finger propagation speed to the

interstitial velocity, U∗ = κ∆ρg/µ1. In the BEG case, U/U∗ = 3.7 compared to 1.8 for the MEG,

indicating that the front is progressing faster than the buoyant velocity, resulting in a greater shear

at the finger-brine interface.

Although the data from the current study is limited it suggests the Pe and Dt for the MEG is

similar to that reported for similar fluid pairs. However, compared to the CO2-brine system, in

general there is a higher Pe and dispersion in the analog fluid pairs. More data from analog fluid

experiments in this low Pe range would be needed to confirm this observation, however, it raises an

important implication for comparisons between the experiments and the field. Reliable estimates

from the laboratory are critical to understanding the movement and long-term trapping of CO2 in

saline aquifers.

IV. CONCLUSION

Here, we show that a strong viscosity contrast is changing fluid-fluid interactions responsible

for the onset of convective mixing and resulting in significant alterations to flow dynamics. The

commonly used MEG-water system is compared with a new fluid, BEG-water, which exhibits a

similar density profile but with a viscosity contrast 4 times larger than MEG-water. It was observed

that the onset and shutdown time of convection was 2-3 times longer for the more viscous fluid,

but other macroscopic measures, such as the relative magnitude of the rate of mass transfer, remain

unaffected.
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However, there is significant dissimilarity in the spatial evolution of the dissolved plume be-

tween the two cases. Using 3D reconstructions we compared the finger structures and observed

larger, fewer and less concentrated fingers that penetrate further into the domain in the BEG case

compared to the MEG. So although the same amount of material has moved from the initial top

layer to the bottom layer, between the two cases we observed that the material could either stay

in small, highly concentrated fingers close to the initial interface (MEG) or extend much further

down into the domain in large. low concentration fingers (BEG) due to greater dispersion. This

result is contradictory to previous insights which suggest the fingers should be fewer and shorter

with a larger viscosity ratio or smaller Ra but support studies which focus on the importance of

dispersion in fluid-fluid mixing.

The finger structures were quantified using horizontal concentration profiles where it became

clear that the BEG case closely resembles the pure diffusive case, where the concentration profile

is flat throughout the experiment. To explain this observation we suggest that as a result of a

larger viscosity contrast more lateral mixing occurs and this ultimately results in more dispersion

and a better mixed system. The implication of this observation is that the fluid properties have

a fundamental and far reaching effect on the nature of the flow and the final mixing state. This

conclusion is not by itself surprising but becomes important when these analog fluids are used for

inferring large scale behavior.

Convective mixing is an important mechanism in carbon storage where the trajectory of the

dissolved plume and the eventual mixing state are essential to ensuring long term security and

estimating the trapping potential of a given site. However, given the sensitives shown here the

true nature of 3D mixing may be different to that shown using analog fluids. In this study, due

to an order of magnitude difference in mobility ratio, M we observe significant changes in plume

structure and mixing behaviors between the MEG and BEG. It is reasonable then to suggest that

there would also be differences between the MEG/water system (M ≈ 0.29 ) and the CO2-rich

brine/brine (M ≈ 1) which also exhibits an approximately similar difference in M. This study,

therefore, is a reminder that accurate experimental data is required in order to predict subsurface

behavior, and, more broadly that fluid-fluid interactions are extremely sensitive such that basic

characterization should not be overlooked.
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