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Abstract The retention of contaminants within low-
conductivity regions such as clay lenses and aquitards
can greatly affect groundwater remediation processes.
The aim of this study was to experimentally investi-
gate the effects of the geometry of low-conductivity
zones, conductivity contrast, and flow regime on
solute flushing. We conducted a series of flushing
tests in cylindrical models containing a cylindrical
low-conductivity zone (i.e., low-K zone) embedded
in a highly conductive medium (i.e., high-K zone).
Seven models comprising four high-conductivity-
contrast (SL, SS, LL, and LS), one medium-contrast
(LLM), one low-contrast (LLL), and one homogene-
ous (H) models were considered. Experiments were
conducted at two flow rates (Q=0.6 and 26 cm>/min)
for each heterogeneous model (SL, SS, LL, LS, LLM,
and LLL) to compare the flushing processes in differ-
ent flow regimes. First, we verified the validity of our
experiments by comparing the results of the H model
from an analytical solution with our experiment.
The results of the high-contrast models showed that
for a diffusion-dominated regime (Q=0.6 cm*/min),
the pore volume injected (PVI) required to flush out
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solute mass was much smaller than that in an advec-
tion-dominated regime (Q =26 cm’/min). To evaluate
the pore volumes required to flush out solutes for the
four high-contrast models, we introduced a parame-
ter Py, which is defined as the PVI needed for the
relative concentration to become 0.01 at the middle
of the low-K zone. P, decreases with increasing the
specific surface area of the low-K zone for diffusion-
dominated regimes, while it increases with increasing
the length of the low-K zone for advection-dominated
regimes. We also determined the importance of the
effect of K contrast on solute retention by compar-
ing the results of three different models of K contrast
(LL, LLM, and LLL).

Keywords Flushing test - Solute contaminant -
Heterogeneous porous media - Low-conductivity
zone - Back diffusion - Advection

1 Introduction

Pump and treat (P&T) is a commonly used method
for the remediation of groundwater contaminated
with dissolved chemicals (United States Environmen-
tal Protection Agency, 2020). The P&T procedure is
based on a simple principle: contaminated ground-
water is extracted from the aquifer using wells or
trenches and then sent to specific treatment plants to
reduce pollutant concentrations.
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However, when the aquifer contains low-conduc-
tivity (K) zones (e.g., silty or clayey layers or lenses
and aquitards), the effectiveness of flushing by P&T
technology will be limited. Once a contaminant enters
low-K zones, it persists for an extremely long period.
If the flow velocity is extremely low in these zones
(and thus, the contribution of molecular diffusion is
not neglected), these zones release the contaminant
via molecular diffusion and advection. The release of
the contaminant via diffusion is called back diffusion
(Brooks et al., 2020; You et al., 2020).

It is important to study back diffusion from low-K
zones because this phenomenon is responsible for the
long-term tailing of a contaminant plume. Therefore,
improving our understanding of back diffusion has gar-
nered considerable interest over the past few decades.
Parker et al. (2004) and Chapman and Parker (2005)
investigated the tailing of the TCE plume because of
back diffusion in a contaminated area in an industrial
facility. Brusseau and Guo (2014) analyzed the con-
centration data obtained through remediation processes
using P&T technology for five selected sites to investi-
gate the plume-persistence characteristics and reported
that back diffusion is a key factor for removing contam-
inants. Moreover, Blue et al. (2023) reviewed available
literature on the remediation of plume persistence due
to back diffusion and conducted case studies for four
selected sites. However, as it is difficult to capture the
complexities of contaminant plume migration on the
field, numerical simulations and controlled laboratory
experiments have been useful tools in the studies on the
fundamental process of plume migration. Parker et al.
(2008) numerically evaluated the effects of back diffu-
sion on a sand aquifer in Florida. Chapman et al. (2012)
validated the use of numerical models, such as Hydro-
GeoSphere, FEFLOW, and MODFLOW/MT3DMS, to
simulate diffusion into and out of low-K zones. They
conducted a laboratory experiment that served as a
benchmark for validating numerical codes. In addition,
visualization techniques, which have been widely used
for understanding contaminant hydrogeological pro-
cesses (Abdoulhalik & Ahmed, 2017; Castro-Alcala
et al., 2012; Citarella et al., 2015; Jaeger et al., 2009;
Kurasawa et al., 2020, 2022; McNeil et al., 20006),
have been applied to evaluate back diffusion (Tatti
et al., 2016, 2018; Yang et al., 2014, 2019). Moreover,
Tatti et al. (2019) performed both experimental and
numerical investigations to demonstrate the suitabil-
ity of a groundwater recirculation well (GCW) system
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to restore contaminated low-K zones as an alternative
remediation technology to the traditional P&T.

Most of the aforementioned studies focused on
evaluating back diffusion; however, few studies dealt
with mass release via advection. Zinn et al. (2004)
conducted laboratory experiments in heterogeneous
media containing circular low-K zones and demon-
strated that the media can produce a tailing effect
driven by both diffusion and advection. Guswa and
Freyberg (2000) investigated plume tailing in het-
erogeneous media with an elliptical low-K lens by
adopting random walk particle tracking. They found
that the transport regime (i.e., advection- or diffusion-
dominant) within the lens remarkably affects plume
tailing. Di Palma et al. (2017) performed pore-scale
simulations to evaluate the effects of different trans-
port mechanisms (i.e., advection or diffusion) on sol-
ute retention within a low-K zone and showed that
when diffusion is dominant in the zone, the dimen-
sionless time (i.e., the cumulative value of the flow)
required to flush out the solute plume is smaller than
that when advection is dominant; thus, molecular dif-
fusion can facilitate efficient contaminant flushing
within low-K zones. Di Palma et al. (2017) also found
that solute retention depends on the geometry of the
low-K zone and the K contrast between the high- and
low-K zones. However, literature on systematic evalu-
ations of the influence of such factors on solute reten-
tion is scarce; in particular, to the best of our knowl-
edge, there has been no experimental investigation of
such influence.

The main objective of this study was to experi-
mentally investigate the effect of factors such as
the geometry of low-K zones, K contrast, and flow
regime, on solute flushing. We considered a cylinder
model containing a cylindrical low-K zone embed-
ded in a highly permeable medium. In all, 13 flush-
ing tests were performed under different conditions
using a laboratory column. Finally, we evaluated the
effect of the aforementioned factors on solute flushing
characteristics.

2 Materials and Methods
2.1 Model Porous Media

Our cylindrical model is shown in Fig. 1. It has
a diameter of 10.8 cm and a height of 30 cm. A
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Fig. 1 Schematic of the investigated model with a diameter
of 10.8 cm and a height of 30 cm; the model has a cylindrical
low-K zone (i.e., low-conductivity zone) with diameter d and
height / (both in centimeters)

cylindrical low-K zone with diameter d and height
[ (both in centimeters) is embedded in the middle
of the model. The geometry of the low-K zone was
varied by changing two variables, i.e., d and [. Thus,
seven experimental models, which included a base
model (i.e., homogeneous (H) model), were designed
to investigate the solute flushing characteristics in
response to the changes in the low-K zone geometry
and K contrast (Table 1). The ratio of the hydraulic
conductivity of a high-K zone to that of a low-K zone,
K,./K;,, is 94 for four high-contrast models (SL, SS,
LL, and LS). The SL and SS models have the same
volume of low-K-zones, but they differ in their geom-
etry (i.e., d and [). The LL and LS models contain
low-K zones of shapes similar to those of the SL and
SS models, respectively. In addition, we considered

different conductivity models, LLM (K, /K;,=11)
and LLL (X,,/K;,=2) that have low-K zones with
shapes identical to the low-K zone of the LL. model.
The experimental process was validated by compar-
ing the experimental result with the result of the H
model obtained from an analytical solution described
later in Section 3.1.

2.2 Experimental Setup

Flushing tests were performed in a cylindrical column
with internal dimensions (height: 30 cm and diame-
ter: 10.8 cm; see Fig. 2); we generated the cylindrical
models shown in Fig. 1. A deionized water container
and a container filled with NaCl solution (10 mg/cm3)
were connected to the bottom (i.e., the inlet) of the
column through pumps that were used to maintain a
constant flow rate during the experiments. Both con-
tainers were maintained at a constant temperature
of 20 °C. The valves enabled immediate switchover
between different fluid supplies (i.e., deionized water
and NaCl solution) without interrupting the flow. The
NaCl concentrations during the flushing tests were
measured using an electrical conductivity sensor
inserted in the middle of the column (i.e., in the mid-
dle of the low-K zone).

2.3 Experimental Procedure

The cylindrical models were constructed using four
types of crushed silica sand, see Table 2. Specifically,
the high-contrast (SL, SS, LL, and LS), medium-con-
trast (LLM) and low-contrast (LLL) models were cre-
ated by combining sand types S1 and S4, S1 and S3,
and S1 and S2, respectively. The homogeneous (H)
model consisted of S4 only.

The column was packed layer-wise in a fully satu-
rated condition to avoid trapping air and to achieve a
porosity of 0.44. A narrow plastic divider was used to
establish a sharp contact between the low- and high-K
zones.

Figure 3 shows the experimental procedure of
the flushing test. First, we continued to inject NaCl
solution (10 mg/cm3) into the column during more
than twice the time required to reach a value of
10 mg/cm? (i.e., saturated condition) at the position
of the sensor so that the porous medium was fully
saturated with NaCl. After saturation, the valves
were switched from NaCl solution to deionized

@ Springer
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Table 1 Summary of experimental models

. L Specific
Dimensions of . < . .
Schematic ~ Model Abbrev. low-K zone, Xoume of low.  jurfaccarcaof  Koontrast forosity, 8
d, I (cm) ’ As (em?)
Homogeneous (H) — — — — 0.44
Small volume,
| Long zone (SL) 2.0,5.6 18 24 94 0.44
Small volume,
' Short zone (SS) 3.0,2.5 18 2.1 94 0.44
Large volume,
I Longg Zone (LL) 4.0,11.1 140 1.2 94 0.44
Large volume,
i Short zone (*LS) 6.0,5.0 140 1.1 94 0.44
Large volume,
I Long zone, (LLM) 4.0,11.1 140 1.2 11 0.44
Medium contrast
Large volume,
Long zone, (LLL) 4.0,11.1 140 1.2 2 0.44

Low contrast

water (r=0). Concentrations were then measured
over time at the middle of the low-K zone. To eval-
uate the effects of the transport regime within the
low-K zone on the solute flushing process, we per-
formed experiments with two flow rates (Q=0.6
and 26 cm®/min) for each heterogeneous model (SL,
SS, LL, LS, LLM, and LLL). However, the experi-
ment for the H model was conducted only at a flow
rate of 0.6 cm’/min.

2.4 Estimation of the Flow Regime in the Low-K
Zone

We employed the method of Zinn et al. (2004) to quan-
tify the flow regime. They defined the Peclet number Pe
(the ratio of the time scale of diffusion to the time scale
of advection through a low-K zone) and the Damkohler
number Da (the ratio of the time scale of advection
across the whole cylindrical medium to the time scale

@ Springer

of diffusion through the low-K zone). In this study, we
defined these dimensionless numbers as follows:

P v, R?
e =
D, )
LD,
Da = 2
= @

out

where R and [ are the radius and length of the low-
K zone, respectively; L is the length of the cylin-
drical column; Def = 1D is the effective diffusion
coefficient of the porous media, where 7 is the tortu-
osity and D is the aqueous diffusion coefficient. In our
study, the tortuosity and aqueous diffusion coefficient
were set as 7 = 0.680 (Bear, 1972), D = 1.00 x 107°
m%s (Appelo & Postma, 2010). Additionally, v;, and
Vv, are the velocities in the low- and high-K zones,
respectively. They were calculated using the flow rate
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Fig. 2 Schematic of the experimental apparatus used to con-
duct flushing tests. The sensor was inserted into the middle of
the column (middle of the low-K zone); the valves enabled an
immediate switchover between the NaCl solution and deion-
ized water

Table 2 Physical properties of four types of silica sand

Grain size (cm) Hydraulic conduc- Porosity (-)

tivity (cm/s)
S1 0.140-0.200 0.450 0.44
S2 0.0425-0.0850 0.217 0.44
S3 0.0250-0.0425 0.0400 0.44
S4 0.0106-0.0250 0.00480 0.44

Q and ratio of the hydraulic conductivities of the low-
and high-K zones (Zinn et al., 2004):

Kin Q
Yin Kr)ut Ab (3)
K; 0
=(1=- in X =
Vour < Kouz) 10 )

where K;, and K, are the hydraulic conductivities of
the low- and high-K zones, respectively; Q is the flow
rate; A is the cross-sectional area of the column; 6 is
the porosity.

When Pe>Da~' or Da> 1, limited tailing (i.e., a
Fickian region) is expected. In contrast, tailing is pro-
nounced if advection or diffusion in the low-K zone is
much slower than advection in the high-K zone (i.e.,
Pe<Da™! and Da<1). Specifically, for Pe>1 and
Pe<Da"!, we expect an advection-dominated regime
within the low-K zone, whereas for Pe< 1 and Da <1,
we expect a diffusion-dominated regime. Thus, when
Pe<Da"" and Da< 1, the line of Pe =1 represents the
transition line between advection- and diffusion-dom-
inated regimes.

Table 3 lists the calculation results of the flow
regime for the experimental models. For the high-
contrast models, the flow regime is diffusive mass
transfer if the flow rate is small (Q=0.6 cm’/min),
while it is advective mass transfer if the flow rate is
large (Q=26 cm?/min). In contrast, medium-contrast
(LLM) and low-contrast (LLL) models are within the
advection and Fickian regions, respectively, for both
low and high flow rate conditions.

3 Results and Discussion
3.1 Validation of the Experimental Process

For a homogeneous porous medium (H model), an
analytical solution for the flushing test can be written
as follows (Zinn et al., 2004):

1) =1- lerfc
G 2

5
24/D;t ©)

where C is the concentration; C is the initial concen-
tration; x is the longitudinal distance; ¢ is time; and
D, is the longitudinal dispersion coefficient. Figure 4

@ Springer
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Fig. 3 Experimental pro-
cedure of the flushing test.
The column was fully satu-
rated with the NaCl solution
(1) and subsequently
flushed with deionized
water (2) until the NaCl
concentration became zero
at the sensor position (3)

(1) Injection of
NacCl solution

Injection of NaCl solution

(2) Flushing with

deionized water

Injection of deionized water

(3) Completion of

flushig

Table 3 Calculation results

for different flow regimes Model Flov;/ raFe, 0 Vi Vout log Pe log Da quw
(cm”/min) (cm/s) (cm/s) regime
SL 0.6 2.66%107° 247x107* -1.16 -0.08 Diffusion
26 1.16x107 1.08 %1072 0.49 -1.72 Advection
SS 0.6 2.66%10°° 247x107* -0.45 -0.44 Diffusion
26 1.16x107* 1.08x 1072 1.19 -2.08 Advection
LL 0.6 2.66%107° 247x107* -0.85 -0.69 Diffusion
26 1.16x 107 1.08x 1072 0.79 233 Advection
LS 0.6 2.66%107° 247x107* -0.15 -1.04 Diffusion
26 1.16x107* 1.08x 1072 1.49 -2.68 Advection
LLM 0.6 2.22%107 228x107* 0.07 -0.65 Advection
26 9.71x 107 9.95%107 1.71 229 Advection
LLL 0.6 1.20x 107 1.29%107* 0.81 -0.40 Fickian
26 5.26%107 5.65%107 245 -2.04 Fickian

shows the breakthrough curve for the H model; the
curve was measured at the sensor positioned at the
middle of the column. In addition, the figure shows
the curve fitted by the analytical solution shown in
Eq. (5). Breakthrough curves are expressed in terms
of pore volume injected (PVI)—the fractional volume
of the fluid injected relative to the total pore volume

@ Springer

of pore space in a column. Thus, PVI represents
dimensionless time.

The experimental data agreed well with the ana-
lytical solution. Furthermore, as expected, when
PVI=0.5, the relative concentration was approxi-
mately 0.5. From these results, we validated our
experimental process.
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Fig. 4 Breakthrough curves for the H model shown as a func-
tion of the pore volume injected (PVI). The red circles repre-
sent the experimental results, and the solid line represents the
fitting result of the analytical solution (Eq. 5)

3.2 Results of the High-Contrast Models

Figure 5 compares the breakthrough -curves
obtained from the high-contrast models (SL, SS,
LL and LS). Compared with the H model (see

0=0.6 Q=26

SL O Y

SS A A

L O ]

IS A A
< 1‘%%&MA 1
3 @& 0A Az.Ao
08} OAD A AQ ]
5 QAQ A 49 A @
S o6 | OLAD A A9A @ |
g " QL A 40A O
3 OLAD A s9A @
g5 04+ OALAD LAs9A @
° QAQ Ad0A O
Z oal QAQ LeA @ |
s - OAAOM o
“ 0 _ WO %

0.1 1 10 100

Pore volume injected (-)

Fig. S Breakthrough curves for the high-contrast models
(SL, SS, LL, and LS) shown as a function of the pore volume
injected (PVI). The red and blue symbols represent the small-
(SL and SS) and large-volume models (LL and LS), respec-
tively, while the open and closed symbols represent the low-
(©0=0.6 cm’/min) and high-flow-rate conditions (Q=26 cm’/
min)

Fig. 4), longer PVI was required to flush out the
NaCl solution for heterogeneous models (Fig. 5),
regardless of the flow rate. This emphasizes the
importance of the effect of a low-K zone on sol-
ute flushing. On the other hand, for high-contrast
models with a low flow rate (Q=0.6 cm®/min),
less PVI was required to flush out the solute com-
pared to the case with high flow rate (Q =26 cm?/
min). Specifically, for the LL model, when Q=26
cm®/min, the relative concentration approached
zero when considering a PVI of approximately 50,
while when Q=0.6 cm’/min, PVI was approxi-
mately 9. This discrepancy is attributed to the dif-
ference in the flow regimes at high and low flow
rates. Figure 6 presents the difference in flush-
ing processes between advection- and diffusion-
dominated regimes. As shown in this figure, for

(a) Advection-dominated regimes

PVI=2AV

PVI=AV PVI=3AV

(b) Diffusion-dominated regimes

PVI=AV PVI=2AV PVI=3AV
Bl Low-K zone
High-K zone

Solute particle

Fig. 6 Difference in the flushing processes between (a) advec-
tion- and (b) diffusion-dominated regimes. Here, to simplify
the problem, we assumed that when PVI=AYV, solute particles
exist only in the low-K zone

@ Springer
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Fig. 7 Parameter P, defined as the PVI needed for the rela-
tive concentration to reach a value of 0.01 at the sensor posi-
tion

15 ‘
A
12 + 1
ol O <
3 0=0.6
< 6L ©) 1
ss A A
3rL O O 1
LS A
0

0 0.5 1 1.5 2 25 3

Specific surface area of low-K zone, A (cm'l)

Fig.8 P, for the diffusion-dominated regime as a function
of the specific surface area of the low-K zone. The red circle
and triangle represent the SL and SS models, respectively,
while the blue circle and triangle represent the LL and LS
models, respectively

advection-dominated regimes (Q=26 cm?/min),
the solute mass is released from the downstream
face of the low-K zone via only advection, while
for diffusion-dominated regimes, the solute is
removed from all surfaces (including the sides
and upstream and downstream faces) via diffusion
and from the downstream face via slow advection.
Therefore, in terms of the dimensionless time (i.e.,
PVI), the NaCl solution was flushed out quickly
when diffusion was dominant (Q=0.6 cm®/min).
These results agree with the numerical simula-
tion results of Di Palma et al. (2017) and provide
insight into the influence and importance of flow

@ Springer

velocity on the performance of the P&T process.
Interestingly, in Fig. 5, for each model, the solute
concentration in the advection-dominated regime
exhibited a relatively sharp decrease than that in
the diffusion-dominated regime. When advection
was dominant, advection in the longitudinal direc-
tion pushed the solute mass out of the low-K zone,
resulting in rapid decay of the solute concentra-
tion. In contrast, when diffusion was dominant, the
solute slowly diffused out of the low-K zone, lead-
ing to a relatively slow decrease.

Furthermore, to evaluate the pore volume
required to flush out the NaCl solution, we intro-
duced a parameter P\, which is defined as the
PVI needed for the relative concentration to reach a
value of 0.01 at the sensor position (i.e., the dimen-
sionless time when the solute is nearly removed
from the middle of the low-K zone). Figure 7 shows
an illustration of P ,. As release from all surfaces
of the low-K zone via diffusion contributes greatly
to solute flushing for diffusion-dominated regimes,
P, should depend on the specific surface area As
of the low-K zone; As is defined as the total sur-
face area per volume of the low-K zone. Therefore,
in Fig. 8, we show the relationship between As and
Py for the high-contrast models. As expected,
the value of parameter P, decreases monotoni-
cally with increasing the specific surface area. On
the other hand, in advection-dominated regimes,
the solute was mainly removed from the down-
stream face via advection; hence, P, is regarded
to depend on the length of the low-K zone. Figure 9
shows the relationship of P\, with the length of
the low-K zone in the direction of the flow. P,
tends to increase with the length of the low-K zone.
Finally, we emphasize that the specific surface area
and length of the low-K zone are the key geometri-
cal factors for diffusion- and advection-dominated
regimes, respectively.

3.3 Effect of K Contrast

Figure 10 shows the breakthrough curves obtained
from three different models of K contrast (LL, LLM,
and LLL). Notably, for both low-contrast models
(LLM and LLL), the breakthrough curves of 0=0.6
and Q=26 are very similar, suggesting that since LLM
and LLL models are in the same regime, regardless
of the flow conditions (see Table 3), the flow rate did
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Fig.9 P, for the advection-dominated regime as a function
of the length of the low-K zone in the flow direction. The red
circle and triangle represent the SL and SS models, respec-
tively, while the blue circle and triangle represent the LL and
LS models, respectively
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Fig. 10 Breakthrough curves for three different models of K
contrast (LL, LLM, and LLL; shown as a function of PVI).
The dark and light blue symbols represent the LL and LLL
models, respectively, while the intermediate color symbols
represent the LLM model. The open and closed symbols repre-
sent the low- (Q=0.6 cm*/min) and high-flow-rate conditions
(Q=26 cm®/min)

not affect solute flushing. Meanwhile, there is a dis-
tinct difference between the PVI values required to
flush out the NaCl solution for LLM and LLL models,
indicating the importance of the effect of K contrast on

solute flushing. Another interesting point is that for the
LL model in the advection regime (Q=26), the PVI
needed for the relative concentration to approach zero
is relatively large (more than 50), while in the diffu-
sion regime (Q=0.6), the corresponding PVI value is
remarkably lower, resulting in the same order of mag-
nitude as those obtained from the LLM model.

3.4 Comparison of the Flow Regimes Observed in
our Experiments and Previous Works

To compare the flow regimes of our work with those
of previous studies, the Pe and Da numbers deter-
mined in this study and previous experiments are
plotted in Fig. 11. As we can see from this figure, a
relatively large number of studies have explored the
Fickian regime. Further, this work and the work of
Zinn et al. (2004) only have the data that cover the
three different regimes (Fickian, advection, and dif-
fusion regions). Note that only our experiments show
the transition from the diffusion regime to the advec-
tion regime in the same porous models (SL, SS, LL
and LS models) achieved by drastically changing the
flow rate.

4 Summary and Conclusions

In this study, we conducted a series of experiments
focused on evaluating dissolved contaminant flush-
ing in cylindrical models containing a cylindrical
low-conductivity zone (i.e., low-K zone) embedded
in a medium with high conductivity. Here seven
different porous media, including the four high-
conductivity-contrast (SL, SS, LL, and LS), one
medium-contrast (LLM), one low-contrast (LLL),
and one homogeneous (H) models, were used to
analyze the effect of geometry of the low-K zone,
K contrast, and flow regime on solute flushing.
First, we validated our experiments by compar-
ing the breakthrough curve of the homogeneous
(H) model obtained from an analytical solution
with that of the experiment. The results of the four
high-contrast models showed that for the diffu-
sion-dominated regime, the PVI required to flush
out the solute mass is much less than that for the
advection-dominated regime. This is because for
advection-dominated regimes, the solute is released
from the downstream face of the low-K zone via
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Fig. 11 Representation
of the flow regimes in our
work compared with those
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only advection. However, in the case of diffusion-
dominated regimes, the solute is removed from
all the surfaces via diffusion and from the down-
stream face via slow advection. Thus, we provided
experimental evidence that for diffusion-domi-
nated regimes, the dimensionless time (i.e., PVI)
required to flush out the solute is drastically low,
as reported by Di Palma et al. (2017), who numeri-
cally evaluated solute flushing in low-K zones.
Further, to evaluate the pore volumes required to
flush out solutes for the four high-contrast models,
we introduced a parameter P ,;, which is defined
as the PVI needed for the relative concentration
to become 0.01 at the sensor position. As a result,
the value of P,, monotonically decreases with
increasing the specific surface area of the low-K
zone for diffusion-dominated regimes, whereas it
increases with increasing the length of the low-K
zone for advection-dominated regimes. Further-
more, we compared the breakthrough curves of
three different models of K contrast (LL, LLM, and
LLL). Notably, there exists a distinct difference
between the PVI values required to flush out sol-
utes for LLM and LLL, indicating the importance
of the effect of K contrast on solute flushing pro-
cesses. Finally, by comparing the Pe and Da num-
bers determined in this study and previous experi-
ments, we found that our work has a unique dataset
that covers three different regimes (Fickian, advec-
tion, and diffusion regimes).

@ Springer

In this work, we focused on volume and aspect
ratios as the geometric properties of cylindrical
low-K zones; however, the orientations and shapes
(i.e., ellipse, rectangular solid, and more complex
shapes) of low-K zones would also be control-
ling factors in the solute flushing process. There-
fore, future work should evaluate the effect of such
factors.
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