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Abstract: An experimental and numerical study was carried out to investigate the
solute removal process through a large-scale fracture plane considering different
flow paths and hydraulic head differences. The visualization techniques were uti-
lized in the experiment to capture the removal process images, which were then
transferred to binary images. The variations in dimensionless concentration,
which is defined as saturation of solute phase, were analyzed. With increasing
hydraulic head difference, the speed of solute removal increases and the dimen-
sionless concentration decreases. The flow paths result in different solute distribu-
tion patterns and different mechanisms for solute removal such as advection and
diffusion, thus the curves of dimensionless concentration versus time are different.
The dimensionless concentration over time decreases from approximately 1,
which is smaller than 1 due to the existence of bubbles, to approximately 0, which
is larger than 0 because the folds of the background are dealt as “solute”. A sig-
nificant longer time is needed to achieve a certain fixed dimensionless concentra-
tion for a smaller hydraulic head difference. With the finite element software
COMSOL multiphysics, the solute removal process, flow velocity fields, flow
streamlines, as well as the hydraulic pressure fields were analyzed, which shows
a good consistency with the experimental results. In practical engineering, when
the solute pollutes the underground environment, the removal ability can be more
significantly enforced by immediately applying a larger hydraulic head difference
along a longer distance between the inlet and outlet boundaries.

Keywords: Solute removal; rock fracture; visualization; hydraulic head difference;
flow path; numerical simulation

1 Introduction

When the nuclear materials from the Fukushima nuclear leakage accident and/or industrial waste water
enter the deep underground, the groundwater is polluted and these solutes may transport in a wide range. To
recovery the polluted groundwater, these solutes should be removed. Therefore, it is of special importance to
understand the removal mechanism and removal process.
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permits unrestricted use, distribution, and reproduction in any medium, provided the original
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The previous studies commonly focused on the solute transport in fractured porous media, by
considering advection and hydrodynamic dispersion, sorption reactions, and matrix diffusion [1–13].
Grisak et al. [14] described solute transport through a fractured media by combining fracture-dominated
advective-dispersive transport and matrix-dominated diffusive transport. They found that the net effect of
matrix that has a large diffusion coefficient can significantly reduce the effective solute velocity in the
fracture. Hull et al. [15] performed laboratory and simulation studies of solute transport in fracture
networks to analyze the transport of conservative solutes. They reported that the advection with the bulk
fluid through the fracture networks plays a dominate role, which is referred to macrodispersion.
Haldeman et al. [16] conducted a laboratory analysis of fluid flow and solute transport on a fracture
porous tuff block that has a size of 20 � 20 � 50 cm. The results show that the significant channeling of
fracture flow induces significant variations in breakthrough curves between experimental and simulation
results. Kennedy et al. [17] developed a control volume model for calculating solute transport in a single
fracture, which can estimate matrix diffusion in the direction parallel to fracture axis and consider the
influence of boundary condition on two-dimensional matrix diffusion. Chen et al. [18] experimentally
demonstrated contaminant removal from fractured rock through boiling. They reported that the
chlorinated volatile compound is primarily removed by partitioning into vapor phase flow. Qian et al.
[19] performed experiments to study flow and solute transport in a filled single fracture under non-
Darcian flow conditions. Non-Fickian transport is found to dominate with early arrival and long tails, and
mechanical filtration and intake of contaminant particles in dead or disconnected pore spaces can retard
the transport. Sund et al. [20] extended the Spatial Markov model to upscale transport of a reacting solute
across a diverse range of porous media flows, which can enforce the correlation between successive
jumps and reproduce breakthrough curves that are measured from microscale simulations. Zhu et al. [21]
proposed an analytical solutions of solute transport in a fracture-matrix system that considers different
reaction rates for fracture and matrix. They concluded that the first-order reaction and matrix diffusion in
the fracture rocks decrease the solute peak concentration and shorten penetration distance into the
fracture. Liu et al. [22] derived a simple and robust solution for the problem of solute transport along a
single fracture in a porous rock. This solution provided that the unchanged Peclet number with distance,
which agrees with the observations in field experiments but cannot be predicted using the classical
advection-dispersion equation. Delay et al. [23] provided a rigorous and detailed presentation of the
partial differential equations ruling the continuous adjoint state associated with solute transport, and the
method has been applied to four synthetic test cases targeting the estimation of hydraulic conductivity
and effective porosity fields, using both piezometric heads and solute concentration data. Lucas et al. [24]
conducted bench-scale solute injection experiments in a natural undisturbed basaltic fractured core to
assess the performance of the equivalent apertures on conservative solute transport using an analytical
solution of the one-dimensional advection-dispersion equation compared to observed breakthrough
curves. Stanko et al. [25] demonstrated the feasibility of using proper orthogonal decomposition and
discrete empirical interpolation method to reduce a solute transport model with nonlinear sorption and
largely dispersive behavior. The results show that areas of high concentration are effectively identified
with mean errors less than 2% of the full model. However, few of these studies investigated the solute
removal process using visualization techniques and did not consider the effects of flow path and
hydraulic head difference, which play an important role when clearing the polluted underground
environment.

In the present study, a large-scale rough rock fracture was first manufactured and sealed, and then, red
dye solute was injected into the model to represent the existing nuclear materials and/or industry waste water
within the fractures. The pure water was consequently injected into the model to remove the solute and a
high-resolution charged coupled device (CCD) camera was applied to capture the solute removal process.
The captured color images were transferred to binary images using the software MATLAB by assigning a
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threshold value, and the influences of flow paths and hydraulic head differences on the variations in
dimensionless concentration were experimentally investigated. Then, using the finite element software
COMSOL Multiphysics, the Navier-Stokes (NS) equations governing the flowing behavior though
fractures were solved, and the flow velocity fields, flow streamline distributions, hydraulic pressure fields
and solute removal processes of the fracture planes with respect to various inlet combinations and applied
hydraulic head differences were numerically simulated and analyzed, as well as variations in the solute
concentration.

2 Experiments and Procedures

2.1 Specimen Preparation
Two synthetic resinous plates are used to form the two walls of a fracture. Fluid/solute flows within the

void spaces between the two walls. The length of the resinous plate is 65 cm and the width is 45 cm, as shown
in Fig. 1a. Two large tanks are connected to the opposing sides of the model, providing water inflow and
outflow, respectively. Four small tanks are added on the other two sides to supply water inflow to form
different flow paths. For each tank, a valve is set to connect the tube connected to the water injection
tank or the water storage tank. Next, two reinforced glass plates with a length of 55 cm and a width of
35 cm are put upon and below the model, after which four clips are adopted to clamp the two reinforced
glass plates. This guarantees that during water injection, the two walls are not deformable and the
aperture of the fracture can be fixed. When the solute removal is performed, pure water is injected into
the model through inlets and collected at the outlet. The other valves connected to the inlets are closed.

2.2 Testing System and Procedure
Fig. 1b presents the flow testing system. An air compressor is used to supply a constant water head,

which is connected to the inlet of the model. A high-resolution CCD camera is fixed upon the model to
capture the solute removal process. This technique has been utilized for visualization analysis of fluid
flow through single fractures or fracture networks in previous studies [26–30]. Therefore, here in this
study, this kind of visualization technique is applied to analyze the solute removal process through single
fracture planes with respect to various flow paths and various hydraulic head differences. The water that
flows out of the model is collected in a storage tank, and the weight of the tank is weighted in time.

Before the tests, dye solute that has a concentration of 5 g/L is injected into the model to simulate the
existed solute in the fracture. Then, the pure water is injected into the model to remove the solute, at the start
of which, the time (t) is 0. When all the solute is removed, the constant water head is changed and another
flow test continues. Three different water head differences (ΔH) of 14.8 cm, 57.3 cm, and 74.7 cm are
adopted. After the solute removal images are captured using the CCD camera, they are imported into
software MATLAB for image processing, in which the captured color images are transferred to binary
images and the dimensionless concentration (or saturation of solute phase) is calculated and recorded. To
remove the effect of clips on the image processing, an area that is smaller than the area of the reinforced
glass plate such as 30 cm � 50 cm is chosen for observation as shown in Fig. 1b.

3 Experimental Results and Analysis

3.1 Solute Removal under Different Flow Paths for the Case of One Inlet
In the present study, “different flow paths” represent different combinations of inlet and outlet. Only the

case of one inlet (inlet 1, or inlet 2, or inlet 3) and one outlet is considered in this section. The captured images
and binary images over time for different inlets 1, 2 and 3 are exhibited in Figs. 2–4. After the dye solute is
injected into the model, some bubbles exist as shown in Fig. 2a, which can represent the stress-induced
damaged gauges within void spaces of a fracture in the nature. Fig. 2 shows the variations in the solute
distribution over time by capturing experimental images and transferring them to the binary images for
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the case of inlet 1 with ΔH = 74.7 cm. The results show that with the increment of time, the solute is removed
significantly. As a result, the dimensionless concentration defined as the area of solute to that of fracture plane
over time decreases from approximately 1, which is smaller than 1 due to the existence of bubbles, to
approximately 0, which is larger than 0 because the folds of the background are dealt as “solute”. When t
< 400 s, the solute removal is mainly dominated by advection; while for t > 400 s, there are some
resident solute lines that are difficult to be removed in a short time. However, as the time increases, the
color of the solute lines gradually bleaches, which indicates that the solute is removed due to diffusion.
To quantitatively characterize the dimensionless concentration (or saturation of solute phase), the captured

Figure 1: Experimental model and fluid flow testing system. (a) Experimental model. (b) Fluid flow testing
system
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Figure 2: Captured images and binary images over time under a constant hydraulic head difference of
74.7 cm for (a) inlet 1, (b) inlet 2, and (c) inlet 3, respectively

Figure 3: Variations in dimensionless concentration over time under a constant hydraulic head difference of
74.7 cm for single inlets
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experimental images are processed using commercial software MATLAB. The experimental images are
transferred to binary images by transferring the red dye solute to a black color and transferring the wathet
background to a white color using a threshold value of 0.38 after a series of consistency characteristic

Figure 4: Binary images over time under different hydraulic head differences for the cases of inlet 1 (Figs.
a–d), inlet 2 (Figs. e–h), and inlet 3 (Figs. i–l), respectively. (a) t = 0 s for the case of inlet 1, (b) t = 200 s for
the case of inlet 1, (c) t = 300 s for the case of inlet 1, (d) t = 400 s for the case of inlet 1, (e) t = 0 s for the case
of inlet 2, (f) t = 200 s for the case of inlet 2, (g) t = 300 s for the case of inlet 2, (h) t = 400 s for the case of
inlet 2, (i) t = 0 s for the case of inlet 3, (j) t = 200 s for the case of inlet 3, (k) t = 300 s for the case of inlet 3,
and (l) t = 400 s for the case of inlet 3
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analysis of contours between the red dye solute and black binary images. The calculated binary images are
depicted in Figs. 2(g)–2(l). Even though the binary images are not strictly consistent with the captured
images due to reflection of light and dark color of the background, the binary images can generally
represent the solute removal processes.

Figs. 3 and 4 depict the captured images and binary images over time for the cases of inlets 2 and 3,
respectively. With the increase in time, the residual solute distributions for different flow paths (or inlets)
are very different. For both cases, the solute cannot be completely removed even when t = 500 s, because
some solutes near the upper boundary and/or the top right corner still exist and seem to be the “dead-ends”
within fractures. The pure water cannot flow through this area, and solute is removed by diffusion, which
takes a long time. Therefore, in practical engineering, to improve the removal ability, the distance between
the inlet and outlet boundaries should be the longest, which can reduce the time that is needed for diffusion.

Fig. 5 shows the variations in dimensionless concentration over time for different flow paths (or
inlets) under a constant ΔH of 74.7 cm. When the time is short (i.e., t < 300 s), the dimensionless
concentration reduces significantly for the cases of inlets 2 and 3, followed by inlet 1, respectively.
This is because the hydraulic gradient, defined as the ratio of hydraulic head difference to the length
between inlet and outlet, is larger for the cases of inlets 2 and 3, comparing with that of inlet 1. The
larger hydraulic gradient, the stronger removal ability, since at the beginning, the solute is removed

Figure 5: Variations in dimensionless concentration over time for single inlets under different hydraulic
head differences. (a) inlet 1, (b) inlet 2, and (c) inlet 3
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by advection. When the time is long (i.e., t > 400 s), the residual solute is small and it takes a short time to
completely remove the solutes for the case of inlet 1. However, for the case of inlet 3, it takes a much
longer time due to the existence of “dead-ends”. The dimensionless concentration varies sufficiently
small for t = 500–1000 s, because in this situation, although the concentration of the solute
decreases, the area that the solute occupied does not change significantly. With continuously
increasing t (i.e., t > 1000 s), the area that the solute occupied decreases because the solute in the
“dead-ends” area is gradually removed. The shorter distance between the inlet and outlet boundaries,
the longer time it takes to completely remove the solute.

3.2 Solute Removal under Different Hydraulic Head Differences for the Case of One Inlet
Figs. 6a–6d exhibit the variations in solute distributions under different ΔH varying from 14.8 cm to

74.7 cm for the case of inlet 1. For a certain solute removal time (i.e., t = 300 s), with the decrease in
ΔH, the distributed area of solute increases, because the smaller ΔH, the weaker removal ability and the
more solutes left over within the fractures. During this process, the bubbles within the fractures still exist
and do not move along with fluid flow. For the case of inlet 1, the pure water is injected into the model
along the right boundary; therefore, the velocity of fluid flow should theoretically be the same in the
vertical direction. However, as shown in these images, there are some parts that fluid flows faster than
other parts. This is induced by the rough fracture surface, which varies the aperture distribution along the
vertical direction and then changes the fluid flow velocity. When the time is large (i.e., t = 500 s), the
solute is removed, although there are still some black spots in the images. This is because the folds of
the background are dealt as “solute”.

Figs. 6e–6l present the variations in the solute distribution over time under different t for the cases of
inlets 2 and 3, respectively. The results show the same trend as those presented in Figs. 6a–6d. With the
decrease in ΔH, the dimensionless concentration increases. However, the pattern of solute distribution is
different depending on the flow paths (inlets). Taking the case of inlet 3 as an example, the interface
between solute and water shows a parabalo shape for t > 300 s, and this kind of solute distribution holds
for a long time. This again illustrates that the water cannot flow through the “dead-ends”, and the solute
can only be removed by diffusion.

Fig. 7 shows the variations in dimensionless concentration (saturation of solute phase) versus time for
different inlets and ΔH. The decrease rate of dimensionless concentration for the case of inlet 1 increases first
and then decreases until the solute is completely removed. However, for the cases of inlets 2 and 3, the
decrease rate of dimensionless concentration continuously decreases until the solute is completely
removed. There exists a long stable stage in Fig. 7c, for example, t = 500–1000 s, because there are
“dead-ends” in the models and the solute in this area cannot be removed by advection. They can only be
removed by diffusion that takes a long time. After that (t > 1000 s), the solute is clearly removed by
diffusion and the dimensionless concentration significantly decreases over time. Therefore, in practical
engineering, it would take a long time if the solute transports into the “dead-ends” of a fracture. When
the solute polluts the underground environment, the solute removal should be performed immediately,
especially before the solute diffuses to the “dead-ends” of a fracture.

3.3 Solute Removal under Different Flow Paths for the Case of Two Inlets
In practical engineering, there may be multiple fractures connected to the polluted fracture, resulting in

multiple inlets and/or outlets. In this section, two inlets and one outlet are considered. Five combinations are
carried out to investigate the solute removal processes and variations in dimensionless concentration over
time, including inlets 2 and 4, 3 and 5, 2 and 5, 1 and 2, and 1 and 3, respectively. The values of ΔH
between the two inlets and outlet are both fixed as 74.7 cm. The captured images and binary images for
the five cases are presented in Figs. 8 and 9. For the case of inlets 2 and 4 and the case of inlets 3 and 5,
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Figure 6: Captured images and binary images over time under a constant hydraulic head difference of 74.7 cm for (a)
inlets 2 and 4, (b) inlets 3 and 5, (c) inlets 2 and 5, (d) inlets 1 and 2, and (e) inlets 1 and 3, respectively
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the two inlets for each case are axisymmetric and solute removal processes are also axisymmetric as shown in
Figs. 8a–8b. For t = 1200 s, only a small part of solute is left in the middle of the model for the case of inlets 2
and 4, while for the case of inlets 3 and 5, a large amount of solute still exist in the right in the middle. This is
because the inlets 2 and 4 are closer to the right boundary of the model, comparing with inlets 3 and 5,
resulting in a smaller area for the “dead-ends”. For the case of inlets 2 and 5 as depicted in Fig. 8c,
although the values of ΔH for the two flow paths are the same, the hydraulic gradient between inlet 5 and
outlet is larger than that between inlet 2 and outlet due to a shorter distance. As a result, the speed of
solute removal at the start (i.e., t < 300 s) through inlet 5 is larger than that through inlet 2. Besides, the
inlet 2 is closer to the right boundary and the solute in the bottom right corner can be more easily
removed, comparing with that in the top right corner. For the case of inlets 1 and 2 and the case of inlets
1 and 3, the distributed patterns of solute over time are the same because inlet 1 is incorporated for both
cases. The inlet 2 (or inlet 3) is closer to the outlet, resulting in a stronger removal ability than inlet 1.
However, the solute in the top left corner that cannot easily be removed through fluid flow from inlet 2
(or inlet 3) will be removed through fluid flow from inlet 1, which takes a relatively long time.

Fig. 9 exhibits the variations in dimensionless concentration over time under a constant hydraulic head
difference of 74.7 cm for the cases of two inlets. At first (i.e., t < 500 s), with the increment of time, the
dimensionless concentration decreases significantly for all cases, showing the same trend. For t > 1000 s,
the variations in dimensionless concentration are very different for different cases. For the case of inlets 3
and 5 that the two inlets are near the outlet and far from the right boundary, the dimensionless
concentration decreases slightly and holds for a long time. This is because some “dead-ends” exist and
the solute in the “dead-ends” is removed through diffusion, which is a time-consuming process. With the
increase in the distance from the outlet (i.e., inlets 1 and 2, and 1 and 3), the time that is needed to
completely remove the solute decreases. Therefore, to improve the removal ability of a polluted area, the
pure water should be injected through the place that is the longest to the outlet.

3.4 Solute Removal under Different Hydraulic Head Differences for the Case of Two Inlets
In this section, the hydraulic head differences between the two inlets and outlet are the same, but vary

from 14.8 cm to 74.7 cm. The binary images for solute distribution over time for five cases of inlets 2 and 4, 3
and 5, 2 and 5, 1 and 2, and 1 and 3, respectively, are presented in Figs. 10 and 11. With the increment of ΔH,
the removal ability is increased, however, the solute distribution patterns are almost the same. Note that the

Figure 7: Variations in dimensionless concentration over time under a constant hydraulic head difference of
74.7 cm for two inlets
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Figure 8: Binary images over time under different hydraulic head differences for the cases of inlets 2 and 4
(Figs. a–d), inlets 3 and 5 (Figs. e–h), and inlets 2 and 5 (Figs. i–l), respectively. (a) t = 0 s for the case of
inlets 2 and 4, (b) t = 150 s for the case of inlets 2 and 4, (c) t = 600 s for the case of inlets 2 and 4, (d) t = 1200
s for the case of inlets 2 and 4, (e) t = 0 s for the case of inlets 3 and 5, (f) t = 150 s for the case of inlets 3 and 5,
(g) t = 600 s for the case of inlets 3 and 5, (h) t = 1200 s for the case of inlets 3 and 5, (i) t = 0 s for the case of
inlets 2 and 5, (j) t = 150 s for the case of inlets 2 and 5, (k) t = 600 s for the case of inlets 2 and 5, and (l) t = 1200 s
for the case of inlets 2 and 5
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removal ability is significantly enhanced for ΔH = 74.7 cmwhen t > 300 s for the case of inlets 2 and 4, t > 600 s
for the case of inlets 1 and 2 and the case of inlets 1 and 3, which are very different from other cases. The
possible reason is that the increased ΔH can give rise to fluid flow enters the “dead-ends” for a smaller ΔH,
resulting in the solute is removed through advection, rather than diffusion for the cases with a smaller ΔH.

Fig. 12 shows the variations in dimensionless concentration over time for two inlets under different ΔH.
The results show that different combinations of inlets lead to different variations in dimensionless
concentration. The case of inlets 3 and 5 takes a long time, while the case of inlets 1 and 2 and the case
of inlets 1 and 3 take a relatively short time. The time needed to completely remove the solute is
determined by the time needed to remove the solute in the “dead-ends”. Increasing the value of ΔH from
14.8 to 74.7 cm will shorten the removal time to some extent. The influence of ΔH on dimensionless
concentration is the most significant for the case of inlets 2 and 5. The selection of flow path is more
important than increasing hydraulic head difference when removing solute within fractures.

Figure 9: Binary images over time under different hydraulic head differences for the cases of inlets 1 and 2
(Figs. a–d), and inlets 1 and 3 (Figs. e–h), respectively. (a) t = 0 s for the case of inlets 1 and 2, (b) t = 150 s for
the case of inlets 1 and 2, (c) t = 600 s for the case of inlets 1 and 2, (d) t = 1200 s for the case of inlets 1 and 2,
(e) t = 0 s for the case of inlets 1 and 3, (f) t = 150 s for the case of inlets 1 and 3, (g) t = 600 s for the case of
inlets 1 and 3, and (h) t = 1200 s for the case of inlets 1 and 3
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Figure 10: Variations in dimensionless concentration over time for two inlets under different hydraulic
head differences. (a) inlets 2 and 4, (b) inlets 3 and 5, (c) inlets 2 and 5, (d) inlets 1 and 2, and (e)
inlets 1 and 3
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Figure 11: Captured images and binary images over time for the cases of (a) inlets 2 and 4, (b) inlets 3 and 5,
(c) inlets 2 and 5, (d) inlets 1 and 2, and (e) inlets 1 and 3, with two hydraulic head differences of 14.8 cm and
74.7 cm, respectively
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3.5 Solute Removal under Different Flow Paths for Two Inlets with Two Hydraulic Head Differences
In the nature, the fractures connected to the polluted fracture may have different hydraulic heads, which

results in that the hydraulic head differences between the two inlets and outlet may be different. In this
section, two inlets are considered and values of ΔH for the two flow paths are 14.8 cm and 74.7 cm,
respectively. The five cases as illustrated in Sections 3.3 and 3.4 are designed. All the cases include inlets
2 or 3. Therefore, the value of ΔH for the inlets 2 or 3 is 14.8 cm and that for the other inlet is 74.7 cm.
The solute distributions over time are exhibited in Fig. 13. The results show that the solute distribution
moves downwards, with respect to those in Figs. 10 and 11, because the upper inlet has the larger value
of ΔH and thereafter the strong removal ability of solute. With increasing t from 300 s to 600, the solute
distribution varies slightly for the cases of inlets 2 and 4, 3 and 5, and 2 and 5, whereas changes
significantly for the cases of inlets 1 and 2, and inlets 1 and 3, in which inlet 1 is incorporated. When
inlet 1 is included (i.e., the cases of inlets 1 and 2, and 1 and 3), the role of inlet 1 played increases as
the time increases. Taking t = 150–300 s in Fig. 13e as an example, the area of solute removed through

Figure 12: Variations in dimensionless concentration over time for two inlets with two hydraulic head
differences of 14.8 cm and 74.7 cm, respectively

Figure 13: Numerical model setup and mesh generation
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fluid from inlet 3 at t = 150 s is larger than that from inlet 1, since the inlet 3 is closer to the outlet, while the area
of solute removed through fluid from inlet 3 at t = 300 s is smaller than that from inlet 1. This indicates that at
the start of solute removal, the inlet near the outlet plays a dominate role, whereas with increasing the time, the
inlet far from the outlet plays a dominate role due to its ability to remove the solute in the “dead-ends”.

The variations in dimensionless concentration over time for two hydraulic head differences of 14.8 cm
and 74.7 cm are exhibited in Fig. 14. With the increment of time, dimensionless concentration decreases first
significantly and then gently. The decreasing rate decreases for all cases. In the rapid decreasing stage, i.e., t =
50–250 s, the removal ability is stronger for the case with inlets that are closer to the outlet (i.e., the case of
inlets 3 and 5). In the slow decreasing stage, i.e., t > 500 s, the solute removal is dominated by the diffusion.
In such a case, the removal ability is stronger for the case with inlets that are longer to the outlet (i.e., the case
of inlets 1 and 2) and is weaker for the case with inlets that are closer to the outlet (i.e., the case of inlets 3 and
5). Therefore, to improve the effectivity of solute removal, pure water should be injected into the polluted
area in the place near the outlet at the beginning and injected into the polluted area in the place far from
the outlet at the residual stage of solute removal.

4 Numerical Simulation

4.1 Governing Equations and Numerical Methods
Fluid flowing through single fractures can be generally governed using the Navier-Stokes (NS)

equations and mass conservation equations, which can be written as follows for a steady-state and
incompressible Newtonian fluid in an isothermal condition [7,29,31–32].

qðu � rÞu ¼ �rP þ lr2u (1)

Figure 14: Comparison between experimental and numerically simulated solute removal characteristics of
the fracture surface at ΔH = 74.7 cm. (a) inlet 1, t = 200 s, (b) inlet 2, t = 200 s, (c) inlet 3, t = 200 s, (d) inlets 2
and 4, t = 300 s, (e) inlets 3 and 5, t = 600 s, (f) inlets 2 and 5, t = 600 s
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r � u ¼ 0 (2)

where u (m/s), P (Pa), ρ (kg/m3) and μ (Pa·s), respectively, denote the flow velocity vector, hydraulic
pressure, flow density and dynamic viscosity.

The Navier-Stokes equations are composed of a set of coupled nonlinear partial derivatives of varying
orders characterizing the flow velocity and pressure fields. Here in this study, the generic finite element
software COMSOL Multiphysics was employed to solve these equations, due to its own advantages of
various physical modules, direct coupling analysis, independent parameter control, powerful mesh
generation capability, strong computing power and rich post-processing functions [33–34].

4.2 Model Setup and Boundary Conditions
To carry out the numerical analysis, a two-dimensional rectangle model with the size of 45 � 65 cm,

which is consistent with the experimental model, was set up, as shown in Fig. 13. Meshes with a total of
16686 triangular elements were generated for discretization of the model, with a high density and quality,
to guarantee sufficient accuracy and good iteration convergence in the simulation.

The model was equipped with five various inlets, located at the right model boundary (inlet 1), middle
(inlets 3 and 5) and quarter (inlets 2 and 4) positions of both the upper and lower model boundaries
respectively. The hydraulic sources of these inlets could be individually switched on or off to control
various flowing paths through the fracture surfaces, with the outlet located at the left model boundary. In
order to simulate the fluid flowing process in the experiment, three different hydraulic heads ΔH of 14.8,
57.3 and 74.7 cm were respectively fixed at the water inlets. The hydraulic head at the water outlet of the
fracture was zero for all models, and other model boundaries were set to be impermeable. Eight various
flowing directions were respectively chosen by varying the inlet combinations (inlet 1, inlet 2, inlet 3,
inlets 1 and 2, inlets 1 and 3, inlets 2 and 4, inlets 3 and 5, and inlets 2 and 5). During the simulation, the
two-phase peristaltic flow module was chosen, and the water was assumed to be laminar, isothermal,
viscous and incompressible Newtonian fluid, with the input ρ and μ values of 998.2 kg/m3 and 1.307 �
10−3 Pa·s, respectively.

4.3 Numerical Model Validation
Before the numerical calculation, the micro parameters for the model were first calibrated by using the

“trial and error” method. Through a large number of trial calculations, the fracture channel thickness b of 1
mm, the mobility tuning parameter χ of 1 m·s/kg, the contact angle θw of pi/2, the surface tension coefficient σ
of 7 � 10−2 N/m, and the solute concentration λ of 5 g/L, were finally confirmed.

Fig. 14 shows a typical comparison between the experimental and numerically simulated solute removal
characteristics of the fracture surface at ΔH = 74.7 cm. It can be seen that, at the same time, the simulated
solute distributions generally exhibit a good agreement with the experimental results. For the case of
inlet 1, in the experiment, the solute shows a stripe shape along the flowing direction, spacing by
transparent pure water, while in the simulation, the solute is generally driven along the whole fracture
width. The above phenomenon is might due to a certain unbalanced water pressure in the inlet at the
beginning of the experiment. For the cases of inlets 2 and 3, the flowing behavior is consistent in the
experiment and simulation, and the red solute is mainly concentrated in the upper region of the fracture
surface at t = 200 s. The boundaries between the solute and pure water present a parabolic shape. For the
cases of inlets 2 and 4 and inlets 3 and 5, both the experimental and numerical boundaries show trumpet
shapes as a result of symmetrical applied hydraulic head differences at the upper/lower inlets of the
fracture, rather than concentrated at the upper right corner for the case of inlets 2 and 5 in Fig. 14f. From
the above analysis, we can find that the numerical simulation could accurately reflect the solute transport
process through the fracture surfaces in the experiment.
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Figure 15: Numerical solute removal process of fractures with various inlets. (a) inlet 1, (b) inlet 2, (c) inlet 3,
(d) inlets 2 and 4, (e) inlets 3 and 5, (f) inlets 2 and 5, (g) inlets 1 and 2, (h) inlets 1 and 3
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4.4 Simulation Results and Discussion
The solute removal processes through the fracture surfaces with various inlets at ΔH = 14.8 cm are

presented in Fig. 15. Similar to the experimental findings, as t increases, the solute is also driven
remarkably, resulting in a decrease in the dimensionless concentration. Notably, the decrease rate of the
solute area diminishes with t. Taking the case of inlet 2 as an example, for t = 100 and 200 s, the
interface between the solute and pure water shows a semicircle shape. Then, for t = 300, 400 and 500 s,
the semicircle generally transforms to a parabolic shape, and the parabola tends to be stable. From Figs.
15d–15f, due to opposite inlet water flowing directions from the upper and lower fracture boundaries,
flowing channels of the residual solute gradually narrow, with gradually weakened solute concentrations.
As t increases from 600 to 1200 s, the red solute gradually turns light blue. For the cases of inlets 1 and
2 and inlets 1 and 3, fluid flowing from the two inlets gradually mixes together, and at t = 1200 s, the
solute is generally completely driven from the fracture planes.

Fig. 16 presents the flow velocity fields and flow streamlines on the fracture planes for various inlets at
ΔH = 14.8 cm. Significant differences of the flow streamlines for various inlet combinations can be observed.
For inlet 1, the solute removes along the horizontal direction from the inlet to outlet, with parallel flow
streamlines. For inlets 2 and 3, the flow streamlines first diverge from the inlet, and then change the

Figure 16: Flow velocity fields and flow streamlines for various inlets at ΔH = 14.8 cm. (a) inlet 1, (b) inlet 2,
(c) inlet 3, (d) inlets 2 and 4, (e) inlets 3 and 5, (f) inlets 2 and 5, (g) inlets 1 and 2, and (h) inlets 1 and 3
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flowing directions to the zero water pressure boundary. For inlets 2 and 4, inlets 3 and 4, and inlets 2 and 5,
flow streamlines from the two inlets gradually develop and coalesce, finally flowing along the horizontal
direction to the outlet. Notably, eddy flow and turbuient flow can be observed near the inlets due to
changes in the flow directions. However, for inlets 1 and 2 and inlets 1 and 3, the flow streamlines
generally distribute along the horizontal direction, which is similar to that of inlet 1 in Fig. 16a. It is due
to the fact that the flow area of inlet 1, which is much larger than that of inlets 2 or 3, plays a dominant
role in the solute removal process of the fracture surfaces. The various flow streamlines will certainly
result in various hydraulic pressure fields, as shown in Fig. 17 (ΔH = 57.3 cm). For inlet 1, the hydraulic
pressure P presents a uniform weakening trend along the flowing path, indicating an equal P value along
a given fracture width. For inlets 2 and 3, P first exhibits a layered attenuation from the inlet, and then
gradually reduces to a generally stable P field near the outlet. Figs. 17d–17f indicate that hydraulic pressure
fields on the fracture planes are relatively complex due to the opposite inlets. The P fields for the cases of
inlets 1 and 2 and inlets 1 and 3 are generally similar to that of inlet 1 due to its dominant flow capacity.

The effects of hydraulic head ΔH and t on the flow velocity fields, flow streamlines and solute removal
processes for the fracture surfaces with various inlets are presented in Figs. 18–22. It can be seen that, an
increase in ΔH has almost no influence on the distribution patterns of the flow velocity fields or hydraulic

Figure 17: Hydraulic pressure fields for various inlets at ΔH = 57.3 cm. (a) inlet 1, (b) inlet 2, (c) inlet 3, (d)
inlets 2 and 4, (e) inlets 3 and 5, (f) inlets 2 and 5, (g) inlets 1 and 2, and (h) inlets 1 and 3
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Figure 18: Effects of hydraulic heads on (a) flow streamlines, (b) hydraulic pressure fields, and (c)
Numerical solute removal processes of the fracture surface with one inlet 3
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pressure fields, but both flow velocity and hydraulic pressure values increase with increasing ΔH. For the
case of inlet 3 (Fig. 18), at a certain t, with an increase in ΔH, the distribution range of flow streamlines
enlarges, and the maximum P value has more than doubled. For the case of inlets 1 and 3 shown in
Fig. 19, due to the dominant role of inlet 1, the fracture planes are always filled with horizontal flow
streamlines, while the maximum P value increases by a factor of 6. For a given ΔH, with increasing t,
both the flow velocity fields and hydraulic pressure fields gradually develop to stable states. It should be
noted that, both ΔH and t have dramatic influences on the solute removal processes. With continuous

Figure 19: Effects of hydraulic heads on (a) flow velocity and flow streamlines, and (b) Numerical solute
removal processes of the fracture surface with inlets 1 and 3
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applied hydraulic pressure, the solute is gradually driven to the outlet, and the larger the ΔH value, the larger
the concentration reduction rate of the solute. Interestingly, the “dead-ends” can be observed on the fracture
surfaces, and moves in respect to various inlet combinations, located in the upper right corners of inlet 3,
inlets 2 and 5, and middle right centers of inlets 2 and 4 and inlets 3 and 5.

Due to different solute removal processes of the fracture planes with various inlet combinations, the
variations in dimensionless concentration also present a difference, as shown in Fig. 23. With an increase
in t, the dimensionless concentration all declines from 1.0 at t = 0 s, and the rate of its decrease steadily

Figure 20: Effects of hydraulic heads on (a) hydraulic pressure fields, and (b) Numerical solute removal
processes of the fracture surface with inlets 2 and 4
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diminishes. Additionally, the variation curves shift downwards with an increase in ΔH, which indicates that
the solute is driven faster to get into a steady state at a high hydraulic head difference. The cases of inlet 1,
inlets 1 and 2, and inlets 1 and 3 present a larger attenuation speed, and the concentration finally declines to
zero due to the dominant flow area and flow capacity of inlet 1. However, for the cases of inlet 2, inlet 3, inlets

Figure 21: Effects of hydraulic heads on (a) hydraulic pressure fields, and (b) Numerical solute removal
processes of the fracture surface with inlets 3 and 5
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2 and 4, inlets 2 and 5, and inlets 3 and 5, the variation process of the dimensionless concentration can be
divided into two stages, which first significantly varies, and then approaches constant values. Besides, due to
the existing “dead-ends” of the fracture planes, the concentration cannot decline to zero, especially for the
case of inlets 3 and 5.

Figure 22: Effects of hydraulic heads on (a) hydraulic pressure fields, and (b) Numerical solute removal
processes of the fracture surface with inlets 2 and 5
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5 Conclusions

In this study, the solute removal process through large-scale fracture planes was experimentally
investigated using a visualization technique, and then numerically simulated with the finite element
software COMSOL multiphysics. Variations in the solute distributions, flow streamlines, hydraulic
pressure fields and dimensionless concentration over time with respect to different flow paths and
hydraulic head differences were analyzed.

(1) In the experiment, with the increment of time, the solute is removed significantly. Thus, the
dimensionless concentration over time decreases from approximately 1, which is smaller than 1 due to
the existence of bubbles. For the case of inlet 1, the velocity of fluid flow should theoretically be the
same in the vertical direction, while there are some parts that fluid flows faster than other parts. This is
induced by the rough fracture surface, which varies the aperture distribution along the vertical direction
and then changes the fluid flow velocity. For the case of inlet 3, the interface between solute and water
first shows a parabalo shape for a long time, which again illustrates that the water cannot flow through
the “dead-ends”, and the solute can only be removed by diffusion.

(2) The hydraulic head difference can decrease the time for solute removal, but the solute distribution
changes sufficiently small. The flow path can significantly change the removal ability for solute. For the
case of two inlets and one outlet, the solute will be robustly removed at the beginning when the pure
water is injected into the inlet that is close to the outlet. With increasing time, the water cannot enter the
“dead-ends” and remove the solute. However, the solute in the “dead-ends” can be effectively removed
by injecting water into the inlet that is the longest to the outlet, which results in a short time that is
needed to completely remove the solute in the fractures.

(3) Numerical simulations using the COMSOL multiphysics agree well with the experimental results
regarding the variations in solute removal process and dimensionless concentration. For the cases of
inlet 1, inlets 1 and 2 and inlets 1 and 3, due to the dominant flow capacity of inlet 1, the hydraulic
pressure shows a uniform attenuation variation along the flowing path, with generally parallel flow
streamlines. The solute concentration declines to zero at steady states. However, for the cases of inlet 2,
inlet 3, inlets 2 and 4, inlets 2 and 5 and inlets 3 and 5, the flow streamlines are relatively complicated with
obvious “dead-ends”, thus the solute concentration cannot decrease to zero with increasing time.

(4) In practical engineering, the distance between the inlet and outlet boundaries of a fracture plane
should be the longest, which can improve the solute removal ability. If the distance between the inlet and
outlet boundaries of a fracture plane is not the longest, or even very close, the solute removal should be
performed immediately, especially before the solute diffuses to the “dead-ends” of a fracture. This is
because after the solute enters the “dead-ends” area, the solute is very difficult to be removed by
advection, and can only be removed by diffusion, which is a time-consuming work. Additionally, it
would be also interesting to bring insight to linkage between bubbles size and the created quantitative
measures, and we will focus on this topic and conduct some related works in the future.
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