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Abstract: Strengthening the transmission uniformity of remedial amendments in heterogeneous porous
media is important for improving in situ groundwater remediation efficiency. This study developed
a characterization method to represent the improvement of transmission uniformity in heterogeneous
media using the degree of difference in hydraulic conductivity of porous media between xanthan solution
and pure water, which was defined as the transmission uniformity control coefficient U. Research results
showed that U of medium sand/fine sand (2.44) was the most ideal among the three medium combinations
tested when the concentration of xanthan solution was 100 mg/L. Then, factors that may influence U
were analyzed, and the obtained results showed that xanthan’s control ability is affected by permeability
contrast (media combinations) and polymer concentration. Generally, when concentrations were in the
range of 100~800 mg/L, Umf > Ucf > Ucm. Finally, the actual degree of polymer propulsion under different
concentrations and media combinations was analyzed, and the obtained results showed that as different
media were varied in permeability change degree, while the migration speed presented an overall decrease
as the concentration increased, where the maximum migration front in the low-permeability zone (LPZ)
was more obvious than that in the high permeability zone (HPZ). This was consistent with the results
characterized by U.

Keywords: quantitative method; transmission uniformity; hydraulic conductivity; viscosity; permeability;
xanthan gum

1. Introduction

In situ chemical oxidation (ISCO) is a common technique for groundwater pollution
remediation, and many cases have demonstrated its potential [1]. However, formal research
suggests that preferential flow paths and irregular plumes exist in heterogeneous media [2],
and because the injected amendment shows preferential flow through the highly permeable
area in underground heterogeneous media, it leads to uneven coverage in low-permeability
areas [3–5]. Therefore, the key to this technique is to improve the sweep efficiency and
transmission uniformity of oxidant in the target processing zone in heterogeneous media [6–9].
Previous studies have shown that adding polymers is beneficial to improving the sweep
efficiency of amendment and increasing its chance to contact pollutants, thus improving the
efficiency of pollutant removal [10–12].

Xanthan gum is a polysaccharide water-soluble biopolymer produced by Xanthomonas
with unique rheological properties of shear thinning; even at very low concentrations, it
maintains high viscosity [13], and its apparent viscosity increases with increasing concen-
tration. A previous study showed that adding xanthan gum to amendments led to the
sweep efficiency as high as 90% in the media [14].

Currently, most studies focus on polymers for improving the sweep efficiency of
amendments in heterogeneous aquifers. The results of in situ chemical oxidation (PA-ISCO)
field experiments using polymers verified the application effect of PA-ISCO in heteroge-
neous aquifers. Compared with permanganate solution injection, the sweep efficiency
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was increased to 100% [15]. In addition, through the two-dimensional saturated flow tank
experiment, both the enhanced pollutant removal effect and repair effect by adding shear
thinning fluid in heterogeneous media remediation were discussed [16]. In general, the
addition of polymer increases the viscosity of the amendment and decreases the velocity in
the high-permeability region. However, a higher shear rate in the low-permeability region
causes a lower viscosity, which is conducive to the uniform transmission of amendments in
heterogeneous media. Meanwhile, the permeability of media is reduced due to the mechan-
ical filtration and adsorption of the polymer [17]. However, few studies have focused on the
characterization of transmission uniformity, especially on the influence pattern of polymers
on the permeability of porous media [11], and an intuitive way of reflecting amendments’
transport uniformity in heterogeneous media is needed. In addition, exploration of the
quantitative transmission mechanism of polymer/oxidant mixed amendments in hetero-
geneous environments has an important guiding significance to practical applications, as
it can help select the appropriate concentration and proportion of polymer to achieve the
scheme with the most uniform transmission and the highest removal efficiency at a lower
cost according to the specific geological conditions of the polluted area.

This study, using artificial simulation of flow in heterogeneous media with a two-
dimensional tank experiment, seeks a characterization method for indicating the enhance-
ment degree of transmission uniformity in heterogeneous media. In addition, permeability
change patterns are studied while injecting xanthan gum solution in porous media based
on the principle of Darcy’s law of seepages to explain why concentration and permeabil-
ity contrast influence the process that enhances transmission uniformity. Therefore, the
reliability of the characterization method is verified. Finally, the transmission law and
influencing factors of polymer solutions in heterogeneous media are investigated. The
rules for adding polymer to improve the removal efficiency of pollutants in the LPZ are
explored, the obtained results provide a theoretical basis for dynamic control in the pro-
cess of practical application and a quantitative angle for further study on improving the
transmission uniformity of amendments in heterogeneous aquifers.

2. Materials and Methods
2.1. Preparation of Xanthan Gum Solution

Xanthan powder (4 g) was weighed in a beaker, and an appropriate amount of water
was added. The mixture was stirred with a blender for approximately 4 h and then
transferred into a 2 L volumetric flask. Then, a 2 g/L stock solution was prepared overnight
to ensure full dissolution and hydration. The stock solution was diluted to the target
concentration and allowed to stand for 6 h before use to ensure that the polymer molecules
were fully dispersed, and that the system was uniform.

When the solution passes through, it must be subjected to a certain shear force; thus,
the study of rheological properties is important for practical applications. Therefore, it
is necessary to evaluate the rheological properties of polymer solutions. Table 1 shows
that, generally, the higher the concentration of xanthan gum solution is, the greater the
viscosity is.

Table 1. Viscosity for xanthan at different concentrations.

Xanthan (mg/L) 0 100 150 200 250 300 350 400 600 800 1000 1200
Viscosity (cP) 1.00 2.88 3.66 4.80 6.00 6.66 7.62 8.52 11.64 14.40 17.76 23.22

In the measured concentration range, xanthan solution showed shear dilution behavior.
With increasing shear rate, the viscosity decreases, and the shear stress increases. Therefore,
xanthan gum solution is a non-Newtonian fluid, which reflects the characteristics of the
pseudoplastic fluid yield. This is also illustrated by the fitting results of the rheological
curves (Table 2). With the increase in the concentration of the xanthan gum solution, the
consistency coefficient Kc gradually increases, while the rheological behavior coefficient
n gradually decreases, and the internal structure of the liquid becomes weaker. With
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the increase in the shear flow rate, the resistance formed by the combination of internal
molecules decreases due to structural damage.

Table 2. Rheological equation of xanthan gum solution with different concentrations.

Xanthan (mg/L) τy (Pa) Kc n Rheological Equation R2

100 0.606 0.598 0.995 τ =0.606 + 0.598γ0.995 0.99667
200 0.598 0.581 0.988 τ =0.598 + 0.581γ0.988 0.99700
400 0.960 0.895 0.984 τ =0.960 + 0.895γ0.984 0.98821
600 1.747 1.496 0.988 τ =1.747 + 1.496γ0.988 0.99666

1200 2.661 2.222 0.978 τ =2.661 + 2.222γ0.978 0.98383

Notes: Kc: Consistency coefficient, n: Rheological behavior coefficient.

2.2. Experimental Equipment and Process
2.2.1. One-Dimensional Column Experiment

The instrument used in the experiment was a TST-70 permeameter, a column-like
device with an inner diameter of 100 mm, a height of 400 mm and a piezometer distance of
100 ± 0.44 mm. A schematic diagram of the experimental device is shown in Figure 1. The
quartz sand used in the experiment was 0.841~2 mm coarse sand, 0.42~0.841 mm medium
sand and 0.25~0.42 mm fine sand. The water/xanthan gum solution was injected from
bottom to top through an outlet hole. The height of the sample loaded in the cylinder
(the height from the copper wire mesh to the top of the cylinder minus the height from
the surface of the sample to the top of the cylinder) was 26.5 cm. During the water head
measurement, water/xanthan gum solution was injected from the top of the instrument
into the water surface and flooded to the level of the overflow hole. At this time, the water
level in the pressure measuring tube was stable, and the water head could be measured.

Figure 1. Schematic diagram of the experimental device. 1. Tank 2. Metal plate with holes 3. Metal
mesh 4. Pressure hole 5. Pressure measuring tube. 6. Overflow hole 7. Glass ball, 8. Iron frame
9. Outlet pipe 10. Beaker 11. Outlet hole.

The hydraulic conductivities for different concentrations and sand combinations were
measured. The calculation formula based on Darcy’s law is as follows:

K =
Q × 2L

A∆h
(1)



Water 2022, 14, 2630 4 of 14

where K is the hydraulic conductivity of each medium (cm/s), Q is the seepage flow
quantity per unit time (cm3/s), L is the length of the sand column between two pressure
measurement holes (cm, L = 10 cm), A is the cross-sectional area of the sand column
(cm2: A = 78.5 cm2), and ∆h is the water head difference between the upper and lower
piezometers (cm).

The physical properties of various media used in the experiment are shown in Table 3a,
where porosity is measured by the water injection method, hydraulic conductivity for each
media under pure water had been measured and displaced in Table 3b:

Table 3. Physical properties and Hydraulic conductivity of each medium.

(a) Physical properties of each medium

Media Particle Size (mm) Unit Weight (N/cm3) Pore Volume (mL) Porosity (%)

Coarse sand 0.841~2 0.0155 712 34.2
Medium sand 0.42~0.841 0.0151 720 34.6

Fine sand 0.25~0.42 0.0146 752 36.2

(b) Hydraulic conductivity of different medium under pure water injection

Media
K (cm/s)

K (cm/s) σ
1 2 3 4 5 6

Coarse sand 1.1404 1.1677 0.9206 0.8776 0.9294 1.2739 1.0516 0.1632
Medium sand 0.1195 0.108 0.1122 0.1087 0.1062 0.1367 0.1152 0.0115

Fine sand 0.0285 0.028 0.0271 0.0274 0.027 0.0227 0.0268 0.0021

2.2.2. Two-Dimensional Cell Experiment

A two-dimensional flow cell experiment was also set up. Quartz sand media of differ-
ent particle sizes were laid on the left and right sides to artificially simulate heterogeneous
media. The medium was placed strip-like parallel to the flow direction. The experimental
process is shown in Figure 2a. The sand tank was placed horizontally, and the solution
dyed by chemical pigments was injected into the medium from the left end by a peri-
staltic pump. The solution flowed out naturally through the medium and was collected
in the waste liquid tank at the right end. Small holes with a diameter of 1.5 mm were
evenly arranged at the end of the storage tank close to the medium to evenly inject the
solution into the medium and ensure that the sand did not overflow. A certain number of
pressure-measuring holes were set above the two media, as shown in Figure 2b. During
the experiment, when solution was injected, photographs were taken from the bottom of
the tank to calculate the transmission distance of the driving fluid front and reflect the
uniformity of the solution in the heterogeneous medium.

In the two-dimensional test, the polymer solution transmission when injecting pore
volumes of 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75 and 2.00 was recorded, each group of
pictures was input into ImageJ software in turn, and auxiliary lines were added at 25%
(middle line of HPZ along the water flow direction), 50% (division line of heterogeneous
medium) and 75% (middle line of LPZ along the water flow direction) of the width of the
picture in the software. The sizes of the polymer maximum migration fronts in the HPZ
and LPZ were and the actual distance between the transmission interface and the injection
starting interface under each pore volume were measured.
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Figure 2. 2D-flow cell design. (a) Schematic diagram of the experimental device. (b) Details of the
2D-flow cell design drawing.

2.3. Characterization of Transmission Uniformity

The transmission uniformity control coefficient was defined, represented as U, which
is equal to the ratio of different mediums’ hydraulic conductivity between two fluids
(taking pure water and polymer solution as an example) in porous media. The calculation
formula is as follows (taking medium sand/fine sand as an example):

U =
Rw

Rp
=

Khw/Klw
Khp/Klp

(2)

where U, R and K represent the transmission uniformity control coefficient, the change ratio
of hydraulic conductivities and the hydraulic conductivities, respectively; h and l represent
high- and low-permeability media, respectively; and p and w represent polymer solution
and pure water, respectively. When U is greater than 1, the polymer solution transmits
more uniformly in porous media than pure water does, where the higher U is, the more
uniformly the polymer transmits in porous media.

3. Results
3.1. Factors Influencing U
3.1.1. Permeability Contrast

Permeability contrast (kbs = kb/ks, where kb represents permeability values in more
permeable media, and ks represents less permeable media) indicates the distribution range
and degree of permeability difference between media. The permeability contrasts of the
media are listed in Table 4 when injecting pure water, where R0 and U0 represent R and U
under pure water injection.
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Table 4. Permeability contrast of three heterogeneous media combinations.

Combination Media Coarse Sand/Fine Sand Coarse Sand/Medium Sand Medium Sand/Fine Sand

kbs 41.27 8.90 4.63
R0 39.26 9.13 4.30
U0 1.00 1.00 1.00

3.1.2. Polymer Concentration

The R and U of the three combinations under different concentrations were calculated,
and the results (Table 5a) show that the order of R between the three combinations is
Rcf > Rcm > Rmf when the concentration of xanthan gum was in the range of 100~800 mg/L,
which was similar to the order of permeability contrast (Table 4). However, when injecting
pure water or xanthan gum at concentrations greater than 1200 mg/L, Rcm < Rmf, which is
inversely related to the order of permeability contrast (Rcf > Rcm > Rmf).

Table 5. Transmission uniformity control coefficients of each medium.

(a) Transmission uniformity control coefficients corresponding to different xanthan gum concentrations

Xanthan (mg/L) 0 100 200 400 800 1200

Rcfp 41.27 33.74 32.61 42.29 216.26 262.48
Ucf 1.00 1.22 1.27 0.98 0.19 0.16

Rmfp 4.63 1.90 2.03 3.29 11.38 20.53
Umf 1.00 2.44 2.28 1.41 0.41 0.23
Rcmp 2.26 17.79 16.08 12.87 19.00 12.79
Ucm 1.00 0.50 0.14 0.18 0.12 0.18

(b) Standard deviations for medias’ hydraulic conductivity under different xanthan concentration

Media
σ

0 mg/L 100 mg/L 200 mg/L 400 mg/L 800 mg/L 1200 mg/L

Coarse sand 1.63 × 10−1 1.42 × 10−1 6.12 × 10−2 8.64 × 10−3 5.34 × 10−3 2.35 × 10−3

Medium sand 1.15 × 10−2 2.98 × 10−3 1.91 × 10−3 1.31 × 10−2 4.85 × 10−4 4.85 × 10−4

Fine sand 2.10 × 10−3 6.13 × 10−4 4.02 × 10−4 1.95 × 10−4 2.89 × 10−5 3.21 × 10−6

The order of U was Umf > Ucf > Ucm when the concentration of xanthan gum was in
the range of 100~800 mg/L. In coarse sand/fine sand, when the concentration of xanthan
gum was 200 mg/L, U (1.27) was greater than when the concentration was 100 mg/L (1.22).
When the concentration was higher than 200 mg/L, U < 1, indicating that U first increased
and then decreased with increasing xanthan gum concentration. Medium sand/fine sand
presented a similar trend (the critical concentration is 400 mg/L). U of coarse sand/medium
sand remained less than 1 throughout the entire concentration range, which may indicate
that xanthan gum has a different degree of influence on different media combinations.
Similarly, when the xanthan gum concentration was over 1200 mg/L, there was a reversal
between the coarse sand/fine sand and medium sand/fine sand combinations (Ucf < Ucm).

Generally, when the concentration of xanthan is relatively low and the permeability
contrast is large, the enhancing effect of transmission uniformity in heterogeneous media is
clearer. This possibly occurs because when xanthan gum of an appropriate concentration
was injected, the viscosity of the solution increased, reducing the flow speed, improving
the consistency of the amendment in the large and small pores, and leading to a more even
transmission. As the concentration continued to increase, transmission was lower, which
indicates that blockage may have occurred in the LPZ. The addition of xanthan gum with
different concentrations showed different degrees of influence on hydraulic conductivities
in coarse sand, medium sand and fine sand. According to Formula (2), the order in which
media are affected the most was medium sand > coarse sand > fine sand. This explains
why the U of coarse sand/medium sand remains less than 1; in this combination, xanthan
gum had a much greater influence on medium sand than on fine sand, exacerbating uneven
flow in the media. Thus, permeability contrast and polymer concentration jointly play a
role in xanthan gum’s effect on flow uniformity.
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3.2. Polymer Transport in Heterogeneous Media

To intuitively analyze the transmission law of the polymer solution in actual hetero-
geneous porous media, a two-dimensional transmission experiment was performed, as
shown in Figure 2a. The image results are shown in Figure 3a,b, where each row represents
the polymer’s transportation process under different concentrations.

Figure 3. Transmission of xanthan gum in heterogeneous media. (a) Coarse sand/fine sand;
(b) medium sand/fine sand.

As shown in Figure 3a,b, the fluid driving distance between the different media (HPZ,
LPZ) gradually decreases with increasing xanthan gum concentration and injected fluid
volumes. Xanthan gum’s effect on medium sand/fine sand combination is more obvious
than on coarse sand/fine sand combination in which the media are arranged in parallel,
where the order is the same as that of U (Umf > Ucf > Ucm).

3.3. Migration of Xanthan Gum

Figure 4 shows fluid migration in each medium during injection of xanthan solution
into heterogeneous medium, where D represents the migration distance. Generally, the
maximum migration front in the heterogeneous medium was clearly uneven in different
areas. According to Figure 4a, when 0.75 PV solution was injected in a heterogeneous
medium of combined coarse sand/fine sand, the average maximum migration distance
reaches 30 cm in the HPZ, which shows little relation to the concentration of xanthan gum.
On the other hand, the average maximum migration distance increased significantly in
the LPZ; when the xanthan gum concentration was 200, 400 and 600 mg/L, the average
maximum migration distance increased by 285.79%, 446.88% and 544.44%, respectively.
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Figure 4. Variation on average maximum migration distance during injection of xanthan gum
solution. (a) Coarse sand/fine sand; (b): medium sand/fine sand.

Additionally, due to the increase in viscosity, the migration speed in the HPZ decreased.
Before 0.75 PV, the higher the concentration was, the slower the migration speed was, which
improved the uniformity of solution transmission.

According to Figure 4b, for the medium sand/fine sand combination, injection of
xanthan solution also reduced the migration speed of the solution in the HPZ and increases
the migration distance in the LPZ compared with pure water. When 1.0 PV of pure water
was injected, the entire HPZ was filled with pure water, while 1.25 PV xanthan gum
solution reached the same result. At the same time, the average maximum migration
distance of xanthan gum solution in LPZ increased by 61.35%, 64.94% and 68.12% from low
to high concentrations (200, 400 and 600 mg/L, respectively), and the difference between
HPZ and LPZ decreased. Thus, the transmission of xanthan gum solution was different
in heterogeneous media with different permeability contrasts. Compared with larger
permeability contrast media, the solution was easier to transmit uniformly in heterogeneous
media with smaller permeability contrast, i.e., U for the xanthan gum solution was larger
in heterogeneous media with a low permeability contrast, which is consistent with the data
in Table 5a.

The data in Table 5a are different from those shown in Figure 4, in that when the
concentration is increased from 200 to 400 mg/L, Ucf is supposed to decrease, as is shown
in Table 5a, but Figure 4 shows an even larger effect. This is because the peristaltic pump
plays a pressurizing role in two-dimensional test. However, under specific conditions
(PV > 1.25), U still decreased with increasing polymer concentration. Therefore, the conclu-
sions obtained using U are still reasonable, and this error can be reduced by keeping the
boundary conditions as consistent as possible during the experiment.

To more intuitively reflect the improvement of transmission uniformity under the
injection of polymer solution, in this section, the displacement maximum migration front
difference of the solution was calculated, and the results are shown in Figure 5. The
maximum migration front of the polymer solution in both the HPZ and LPZ is significantly
decreased compared with that of pure water, which indicates a more uniform transmission
in a heterogeneous medium.

The obtained results also show that the improvement effect on the front difference in
heterogeneity is also related to permeability contrast, and the correlation law is similar to
that of U in different permeability contrast combinations. Throughout the whole experi-
mental process, the greater the concentration of xanthan gum solution was, the smaller the
difference between the maximum migration fronts was. For coarse sand/fine sand, the
differences in maximum migration fronts decreased by 13.33%, 20.84% and 25.99% when
injected with concentrations of 200, 400 and 600 mg/L at 0.75 PV, respectively. For medium
sand/fine sand, the polymer concentration showed a clearer effect on the maximum mi-
gration front difference when xanthan gum solution was injected at 1.25 PV, where the
migration front differences of the three concentrations were reduced by 43.28%, 45.91% and
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48.17%, respectively. The polymer solution in the LPZ had a greater shear effect, which
reduced viscosity and finally weakened preferential flow and improved the transmission
of the solution in a heterogeneous media.

Figure 5. Variation in the migration front difference during injection. (a) Coarse sand/fine sand;
(b): medium sand/fine sand.

In addition, the distribution of the repair agent in the low-permeability zone was very
important for the removal of pollutants in the low-permeability zone. The improvement
effect on the front difference in heterogeneity could also be related to the removal efficiency
of pollutants [18] and U can also play a role in numerical models [19] researching the
enhancement of the sweeping efficiency of polymer solution.

4. Discussion

To further analyze how permeability contrast and polymer concentration have an
impact on enhancing transmission uniformity, permeability reduction and hydraulic con-
ductivity decline during the process were measured and analyzed.

4.1. Permeability Reduction

The retention mechanisms of polymers, which include surface adsorption, mechanical
trapping, fluid dynamics trapping, and interaction between polymer molecules are responsible
for the change in the process. In general, the permeability reduction increased with increasing
adsorption, as shown in Figure 6. The permeability reductions of the three media were all
positive. However, the measured value was lower than the theoretical permeability value. The
order of reduction of permeability from the theoretical value while polymer solution with the
same viscosity passes through three media was coarse sand > medium sand > fine sand.

Figure 6. Quantitative relationship between permeability reduction and adsorption amount.
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Figure 7 shows the adsorption amounts of the media under different polymer concen-
trations, and Figure 6 shows the degree of permeability reduction for different adsorption
amounts. When the adsorption amount in medium sand was ≤1.09 mg/g (adsorption
ratio: 15.13%) and ≤1.46 mg/g (adsorption ratio: 20.28%) in fine sand, the permeability
reduction of medium sand was greater than that of fine sand, and Umf > 1. This was the
same for the coarse sand/fine sand combination when the adsorption amounts were ≤0.15
and 0.66 mg/g, respectively. However, for coarse sand/medium sand media, the degree
was nearly close, which explained why for coarse sand/medium sand media, polymers
had little help in enhancing transmission uniformity and had a low U.

Figure 7. Static adsorption of xanthan gum in various media.

The obtained experimental results showed that fine sand had a small particle size and
large specific surface area, which provided more adsorption points at the same time; thus,
the adsorption amount was the largest. However, coarse sand was the lowest. At 800 mg/L,
the adsorption amount of xanthan gum in fine sand was much higher than that of medium
sand, which caused the reduction of fine sand to exceed that of medium sand, resulting
in a U of less than 1 for medium sand/fine sand. This explains why reversal occurred
when the concentration was excessive (Table 5a), and helps to supply the change in the
effect of xanthan gum caused by changes in permeability and concentration in non-uniform
medium with parallel strip distribution, compared to vertical distribution [18,20].

Therefore, in practical situations, the polymer solution should maintain a certain
viscosity while driving the oxidant forward to reduce the adsorption of polymer in porous
media, thus avoiding a change in permeability caused by the adsorption amount.

4.2. Hydraulic Conductivity Decrease

To further analyze the influence of permeability contrast and polymer concentration on
the transmission uniformity control coefficient, the rate and ratio of hydraulic conductivity
decrease were introduced. The hydraulic conductivity decrease rate Drate was calculated
using Formula (3).

Drate =
Kw − Kp

Kw
× 100% (3)

where Kw and Kp represent the hydraulic conductivity of the medium for water and for the
polymer, respectively.
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The hydraulic conductivity decrease ratio Dratio represents the comparison of the
influence degree of xanthan gum between different media at the same concentration. It
was calculated using Formula (4).

Dratio =
Drate(h)

Drate(l)
(4)

where h represents a high-permeability medium and l represents a low-permeability medium.
From Figure 8a, it can be concluded that the Drate of porous media follows the order

medium sand > coarse sand > fine sand, and when the concentration is higher, it shows
the opposite trend. At 400 mg/L, the Drate of fine sand was higher than that of coarse sand.
The influence of xanthan solution in coarse sand was lower than that in fine sand, resulting
in a low U and even a U of less than 1 (Table 5a) for coarse sand/fine sand. Similarly, when
greater than 660 mg/L, the Drate of fine sand exceeded that of medium sand, resulting in a
low U for medium sand/fine sand. Because the Drate of medium sand was always greater
than that of coarse sand, the U of coarse sand/medium sand remained less than 1.

Figure 8. Hydraulic conductivity decrease rate and hydraulic conductivity decrease ratio vs. xanthan
gum concentration. (a) Drate of each media, (b) Dratio of each combination.

As shown in Figure 8b, the order of Dratio at low xanthan concentrations (≤400 mg/L)
was medium sand/fine sand > coarse sand/fine sand > coarse sand/medium sand, which
was also in accordance with U. This confirmed that U was related to Dratio. When the
xanthan gum concentration was higher than 400 mg/L, the Drate of the three media were
particularly close, and the value of Dratio fluctuated around 1. Therefore, there should be
a precondition for the use of Dratio, i.e., the gradient of change in hydraulic conductivity
for two media is clearly different and monotonous (one is always greater than or less than
the other).

Figure 9 shows the quantitative relationship between U and Dratio. There was a positive
correlation between them, where the higher the Dratio was, the greater the U of the polymer
solution was in porous media. For the coarse sand/medium sand medium combination,
the change pattern of U and Dratio was contrary to that of the other two groups, because the
Drate of the coarse sand with high permeability was smaller than that of the medium sand
with relatively low permeability.

Generally, with increasing concentration, the adsorption capacity of the polymer on
the medium surface increases, which changes the pore structure and size to a greater extent.
Additionally, with a greater shear rate, the viscosity decreased more and the hydraulic
conductivity decreased relatively less in the LPZ than in the HPZ; thus, the hydraulic
conductivity of the solution was closer in the HPZ and LPZ, and finally, the solution is
transported more evenly in the heterogeneous medium, which can enhance the mixing
of the remediation agent and pollution plume in the LPZ, improving the efficiency of
pollutant removal.



Water 2022, 14, 2630 12 of 14

Figure 9. Relationship between the transmission uniformity control coefficient and hydraulic conduc-
tivity decrease ratio.

Thus, when adding polymer in the practice contaminated site, the physical properties
of sand at the treatment site and the polymer concentration should be fully considered. In
addition, via the quantitative method discussed in this research, an appropriate xanthan
concentration that is both economical and efficient can be selected to cope with different
medium conditions. In addition, it can help identifying some special situations in which
xanthan has little effect on improving transmission uniformity in heterogeneous media.

5. Conclusions

Based on Darcy’s seepage theory, the seepage characteristics of polymers in porous
media and their impact on the permeability of porous media were investigated. A char-
acterization method for polymer transmission uniformity in heterogeneous media was
developed. The main conclusions are as follows:

(1) The transmission uniformity control coefficient is affected by both hydraulic conduc-
tivity changes and permeability changes. The characterization method, which uses
the U express transmission uniformity control coefficient, is shown to be reasonable
and effective based on experimental results.

(2) The permeability contrast and polymer concentration influence the transmission
uniformity in heterogeneous media. Xanthan solution is more easily uniformly trans-
mitted in heterogeneous media with a smaller permeability contrast.

(3) The adsorption of polymers on the surface of porous media affects the permeability of
the media. When the viscosity of polymer is too large, blockage can easily occur in the
LPZ, which is not conducive to uniform transmission, thus influencing the degree of U.

This quantitative method is helpful for further studying the removal efficiency of
pollutants in heterogeneous media and for selecting polymer inject condition to improve
the uniform distribution of the repair agent in the target treatment area.
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Glossary

Symbol Implication
K (cm/s) Hydraulic conductivity
Rcfw Ratio of hydraulic conductivity of coarse sand to that of fine sand for water
Rmfw Ratio of hydraulic conductivity of medium sand to that of fine sand for water
Rcmw Ratio of hydraulic conductivity of coarse sand to that of medium sand for water
Rcfp Ratio of hydraulic conductivity of coarse sand to that of fine sand for polymer solution
Rmfp Ratio of hydraulic conductivity of medium sand to that of fine sand for polymer solution

Rcmp
Ratio of hydraulic conductivity of coarse sand to that of medium sand for
polymer solution

Ucf
Transmission uniformity control coefficient of coarse sand/ fine sand
heterogeneous media.

Umf
Transmission uniformity control coefficient of medium sand/ fine sand
heterogeneous media.

Ucm
Transmission uniformity control coefficient of coarse sand/medium sand
heterogeneous media.
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