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Abstract: During micro-scale tracer flow in porous media, the permeability and fluid velocity sig-
nificantly affect the fluid dispersion properties of the media. However, the relationships between
the dispersion coefficient, permeability, and fluid velocity in core samples are still not clearly un-
derstood. Two sets of experiments were designed to study the effects of tracer fluid flow velocity
and porous medium permeability on the dispersion phenomenon in a core environment, using
natural and sand-filled cores, respectively. From experimental data-fitting by a mathematical model,
the relationship between the dispersion coefficient, flow velocity, and permeability was identified,
allowing the analysis of the underlying mechanism behind this phenomenon. The results show that
a higher volumetric flow rate and lower permeability cause a delay in the tracer breakthrough time
and an increase in the dispersion coefficient. The core experimental results show that the dispersion
coefficient is negatively correlated with the permeability and positively correlated with the superficial
velocity. The corresponding regression equations indicate linear relations between the dispersion
coefficient, core permeability, and fluid velocity, resulting from the micron scale of grain diameters in
cores. The combination of high velocity and low permeability yields a large dispersion coefficient.
The effects of latitudinal dispersion in porous media cannot be ignored in low-permeability cores or
formations. These findings can help to improve the understanding of tracer flow in porous media, the
design of injection parameters, and the interpretation of tracer concentration distribution in inter-well
tracer tests.

Keywords: tracer dispersion; fluid velocity; core permeability; porous media; tracer concentration

1. Introduction

The inter-well tracer test is one of the most mature and advanced testing techniques
in reservoir development at present [1]. Formation heterogeneity properties, such as
waterflooding channel permeability and fracture network volume, can be obtained from
tracer concentration interpretation [2]. Conservative tracers do not interact or alter during
the transport, thus their concentration is not affected by processes other than dilution,
dispersion, and partial redirection. Hydrodynamic dispersion, including mechanical
dispersion and molecular diffusion, plays an important role in the tracer concentration
distribution [3]. It is necessary to study the dispersion effect on tracer flow to improve
formation heterogeneity characterization by inter-well tracer tests [4].
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Hydrodynamic dispersion is one of the mixing effects that occur in laminar flow
through a porous medium [5,6]. It is a macroscopic phenomenon determined by the
interaction of molecular diffusion and advection processes, resulting in the development
of a transition zone between miscible fluids with two different components [7]. This
phenomenon, which was first discovered in groundwater, is now widely encountered in many
fields, such as chemical engineering, materials science, hydrology, and petroleum engineering.

Hydrodynamic dispersion can be regarded as an attribute of the porous system,
or as the spreading behavior of a solute during its transportation [8]. The dispersion
process may be described with reference to a model system consisting of a cylindrical
tube filled with homogeneous sand grains initially saturated with fresh water. At the
start of the experiment—i.e., t = 0—water containing a type of tracer was injected into
the porous medium. The produced tracer concentration was measured as a function of
time t at a point located at a distance L downstream of the injection point, yielding the
so-called breakthrough curve. Assuming that no dispersion occurs, the breakthrough curve
should show a step change—i.e., a sharp front moving at the average velocity—which is
determined by Darcy’s law. However, due to the existence of hydrodynamic dispersion, the
observed breakthrough curve is actually S-shaped, with a part of the tracer-containing water
being ahead of the position where the average flow velocity is reached and a transition
zone occurring between the tracer concentrations due to hydrodynamic dispersion.

Since the 1950s, many scholars have observed, analyzed, and summarized a large
number of tracer dispersion experiments in the laboratory and proposed various models to
describe the solute dispersion process in porous media. By the 1960s, a more systematic de-
scription of dispersion in porous media had been formulated. In theory, the hydrodynamic
dispersion approximation follows Fick’s law of material diffusion in free solutions. An
advection-dispersion equation was established for solute transport based on this theory [3].
With increased research on miscible and chemical flooding, the effects of adsorption and
other factors on solute transport have been incorporated, allowing the establishment of
equations describing the dispersion phenomenon under different conditions [9,10], which
can be solved using numerical techniques [11].

The main cause of the dispersion phenomenon is purely mechanical and is therefore
different from that of molecular diffusion caused by concentration differences. The primary
mechanism is the resistance caused by the friction between the fluid and the complex
microstructure of the porous medium, which causes the fluid to pass through different
pores at different velocities [12]. The dispersion coefficient is a parameter that characterizes
the ability of a fluid to disperse in a porous medium at a certain flow rate [13]. It is
significantly correlated with the parameters that describe the structure of a porous medium
(such as porosity [14], pore size [15,16], pore uniformity [17], and tortuosity [18]) and the
characteristics of particles (such as particle uniformity [19], shape (curvature) [20,21], and
size [22,23]). Generally, dispersion is a phenomenon caused by differences in velocity due
to the different structures in porous media, and the dispersion coefficient is considered
to have a close relationship with the structures of the porous medium and the velocity of
the fluid.

To further elucidate the relationship between the porous medium and the disper-
sion coefficient, Van der Meer et al. (1984) [24] proposed a correlation for a single solid
phase considering the dispersion coefficient as a sole function of liquid superficial velocity.
Galvin et al. (2006) [25] investigated the steady-state segregation and dispersion of a binary
system of particles in a liquid-fluidized bed, illustrating that the dispersion coefficient
exhibits a positive linear relationship with interstitial fluid velocity. Zhao (2007) [26] con-
ducted core displacement experiments on sandstone, using a light volatile oil to displace
crude oil. The results showed that the calculated dispersion coefficient was positively
correlated with the core permeability on a semi-logarithmic scale. In 2010, Hua [27] con-
ducted experiments on the relationship between the dispersion and flow conductivity
in a horizontal fracture. The results showed that the dispersion in the Darcy flow was
negatively correlated with the permeability coefficient. Qi et al. (2017) [28] used a particle
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tracking method based on a capillary network model, as well as the method of moments in
conjunction with percolation theory to establish a three-dimensional percolation network
model to determine the relationship between the dispersion coefficient and the perme-
ability. The results showed that the dispersion coefficient was negatively correlated with
the permeability if the hydraulic radii were constant and vice versa if they were variable.
Khan et al. (2017) [29] utilized different dispersion correlations to describe the intermixing
and segregation behavior for the binary particle species differing in density in terms of
axial particle concentration profile. Moreover, Khan et al. (2020) [30] reported a model for
dispersion coefficient along the line of definition for diffusion coefficient incorporating the
mean free path of collision and interstitial fluid velocity as the characteristic velocity of col-
lision. A summary of some of the main findings since the 1950s regarding the relationship
between the dispersion coefficient and velocity is shown in Table 1.

Table 1. Main research findings on the relationship between the dispersion coefficient, structure of
porous media, and fluid velocity.

Researchers Research Method Findings

Van der Meer et al. [24]

Single solid phase for
dimensionless fractional liquid

volume fraction distributed
between 0.5 and 0.9,
0.002 < u < 0.3 m/s

Dispersion coefficient is a sole
function of liquid superficial

velocity D = 0.25uβ, exponential
parameter β was fixed at 2.2

Taylor et al. [31–33]

Experiments on two glass spheres
of different particle sizes in a
one-dimensional vertical soil

column

The dispersion coefficient varies
linearly with the interstitial

velocity, i.e., D = αu

Galvin et al. [25]

Theoretical derivation and
fluidization experiments

verification in a Perspex tube,
50 mm in diameter

The dispersion coefficient varies
linearly with the interstitial

velocity—i.e.,
D = αdu/ϕ—adjustable parameter

α was fixed at 0.7

Ebach and White [34] Experiment in a packed bed β is negatively correlated with the
flow rate

Sahimi et al. [35] Experiment in a two-dimensional
porous medium

The longitudinal dispersion
coefficient DL does not vary
linearly with water velocity

Pugliese and Poulsen [36]

Measuring the dispersion
coefficient in a series of porous
media with different grain sizes

and shapes

The closer the particle is to a
spherical shape, the more
significant the nonlinear
relationship between the

dispersion coefficient and the
velocity of water flow is—that is,
β approaches 1.0 as the particle

curvature increases

Kumar et al. [37,38] Mathematical model on solute
transport and dispersion in soil

In a certain range, the dynamic
dispersion coefficient is linearly
related to the square of the soil

pore water velocity and the
dispersion coefficient is positively

related to the coefficient of
variation of the velocity

Khan et al. [30] Mathematical model and
numerical model (CFD-DEM)

Dispersion coefficient
incorporating the mean free path
of collision and interstitial fluid

velocity as the characteristic
velocity of collision

The aforementioned research on the mechanism of dispersion phenomenon shows
that there are different relationships between the dispersion coefficient, the structure of the
particles (grains), and the fluid velocity. Moreover, there are few studies on the permeability–
dispersion relationship, and they are all focused on soil or packed bed rather than porous
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media. Thus far, the relationships between the dispersion coefficient, permeability, and
fluid velocity in core samples are not clearly understood.

To fill this gap, the present study applies two types of core samples to conduct
experiments, exploring the influence of permeability and velocity on dispersion coefficients.
Two sets of displacement experiments are conducted in natural and sand-filled cores,
respectively, to obtain the tracer breakthrough concentrations. The experimental results
will then be fitted using a correlation to ascertain the relationship between the dispersion
coefficient and the fluid velocity and permeability. Finally, the underlying mechanisms
behind these relations are discussed.

2. Materials and Method
2.1. Tracer Evaluation

The tracer thiocyanate ion (SCN−) was selected for the experiments. Its traceability
was evaluated as follows (Table 2): First, the background concentrations of the tracer in
the rock samples and the formation water were measured to ensure that these materials
were free of SCN−. Second, the compatibility of SCN− with the formation water was
determined by placing the SCN− solution in an incubator at the formation temperature
(50 ◦C) for 10 days. The results of this observation showed that no precipitation occurred
over the 10-day period, and the concentrations measured on days 3 and 10 were 49.5 and
49.0 mg/L, respectively, which represent rates of change in concentration of 1% and 2%,
respectively. These results indicate that the SCN− is compatible with the formation water.

Table 2. Tracer evaluation results.

Test Item Test Results

Background concentration of SCN− in formation water 0 mg/L

Compatibility test
No precipitation and lost concentration of 1%
and 2% for days 3 and 10 in formation water,

respectively

Static adsorption test Adsorption ratio of 2.2%

Finally, a static adsorption test was performed. A total of 500 mL of 50 mg/L SCN−

solution was prepared, 150 mL of which was added to a triangle bottle along with 50 g
of crushed rock sample. After stirring well, the bottle mouth was sealed and the bottle
was shaken gently at the formation temperature for 48 h, before removing the supernatant
and centrifuging. The concentration of the tracer was sampled and analyzed from the
centrifuged solution. The result was 48.9 mg/L—i.e., an adsorption ratio of 2.2%. From
these experimental measurements, it was concluded that SCN− meets the requirements of
the core flooding experiments under the selected experimental temperature.

2.2. Experimental Setup and Procedure

A schematic of the experimental setup for the tracer transport experiments is shown in
Figure 1. The main experimental components included a constant flux pump, core holder,
pressure gauge, tracer fluid tank, and formation water tank. The core sample (either natural
or sand-filled) was placed in the core holder. The core was then saturated with water using
a vacuum pump to ensure no air bubbles were present. A flask was used to collect the
produced liquid. Finally, an oven was used to heat the core to determine its porosity.

Two sets of core displacement experiments were designed. The first set consisted
of high-velocity (0.04 cm3/s) and low-velocity (0.02 cm3/s) displacement experiments
performed on natural cores (Nos. 1–3) from the same formation and block. The second
set consisted of four sand-filled cores (Nos. 4–7) with similar permeabilities subject to
displacement experiments with different velocities (0.02, 0.03, 0.05, and 0.08 cm3/s). The
permeabilities of cores Nos. 1–3 were 1570, 610, and 230 mD, respectively. The permeabili-
ties of cores Nos. 4–7 were between 574 and 699 mD, representing the typical permeability
range of inter-well waterflooding channels in eastern oilfields in China. The fluid veloc-
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ities in the experiments were selected based on the equivalent water injection velocities
calculated from the injection rate.
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The experimental procedure for each group of experiments was as follows:
(1) A water displacement test was conducted to make sure there are no leaks in

the system.
(2) A steady water displacement was carried out using a constant flux pump in order

to calculate the absolute permeability of the core using the data from the pressure gauge
and the injection flow rate.

(3) Once the absolute permeability was determined, the tracer, 50 mg/L SCN− solution,
was injected at a constant flow rate. In total, two pore volumes (PV) of tracer were injected.

(4) Once the displacement experiments were completed, the core was heated in an
oven and its porosity was determined.

3. Experimental Results and Discussion
3.1. Experimental Results

After the completion of the displacement experiment, the concentration of the pro-
duced tracer solution was measured. Figure 2 illustrates the tracer breakthrough concen-
trations from the natural cores (Nos. 1–3) for the high- and low-velocity displacement
experiments. Figure 3 shows the tracer breakthrough concentration from the sand-filled
cores (No. 4–7) at different displacement velocities.

3.2. Results Analysis

Based on the results obtained from the displacement experiments, the core dispersion
coefficient was obtained by fitting the breakthrough concentration using the analytical
solution Equation (A12) (see Appendix A) [3]. For the natural cores, Figures 4 and 5
show the fitting results for the low-velocity and high-velocity displacement experiments,
respectively. For the sand-filled cores, Figure 6 shows the fitting results at different dis-
placement velocities.

Tables 3 and 4 present the experimental parameters for the natural and sand-filled
cores, respectively, including core porosity, length, permeability, flow rate, and velocity, as
well as the dispersion coefficient values obtained by fitting.

As shown in Table 3, the interpreted dispersion coefficient increased slightly with the
decrease in core permeability. As shown in Table 4, the interpreted dispersion coefficient
increased from 0.004 to 0.023 cm2/s with the increase in flow rate from 0.02 to 0.08 cm3/s.
Therefore, dispersion coefficient has a negative correlation with core permeability and
a positive correlation with flow velocity. To examine whether the relationships are the
same as for those with large particle sizes, including liquid-fluidized bed and Perspex
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tube, specific regression equations and the underlying mechanisms are studied in the
next section.
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Table 3. Experimental parameters and fitted dispersion coefficient for the natural cores.

Core No. Factor Porosity (%) Length (cm) Permeability
(mD)

Flow Rate
(cm3/s)

Superficial
Velocity (cm/s)

Dispersion
Coefficient (cm2/s)

1
Low velocity 0.31 24 1570 0.02 0.0131 0.037
High velocity 0.31 24 1570 0.04 0.0263 0.060

2
Low velocity 0.27 23.6 610 0.02 0.0151 0.053
High velocity 0.27 23.6 610 0.04 0.0302 0.077

3
Low velocity 0.26 24.1 230 0.02 0.0157 0.063
High velocity 0.26 24.1 230 0.04 0.0314 0.096

Table 4. Experimental parameters and fitted dispersion coefficient for the sand-filled cores.

Core No. Porosity (%) Length (cm) Permeability
(mD)

Flow Rate
(cm3/s)

Superficial
Velocity (cm/s)

Dispersion Coefficient
(cm2/s)

4 0.372 25 621 0.02 0.011 0.004

5 0.366 25 650 0.03 0.017 0.007

6 0.382 25 699 0.05 0.027 0.013

7 0.351 25 574 0.08 0.046 0.023

3.3. Discussion
3.3.1. Equations of Dispersion Coefficient in Cores

The dispersion coefficient values in Tables 3 and 4 demonstrate that the coefficient is
positively correlated with superficial velocity, while it is negatively correlated with core
permeability. Based on these results, the dispersion coefficient as functions of injection
velocity for the natural and sand-filled cores are plotted in Figures 7 and 8, respectively.
The linear relations between the dispersion coefficient, the velocity, and the permeability
are obtained through calculation, as follows:

DN = −1.2844× 10−5K + 0.1040u + 0.0675 (1)
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DA = −3.0807× 10−6K + 0.5514u− 0.0041 (2)

where DN and DA are the dispersion coefficients of the natural and sand-filled cores,
respectively (cm2/s); K is the core permeability (mD); and u is the tracer superficial velocity.
These figures confirm the trends observed in Tables 3 and 4.
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The results of this work reveal a linear relationship between the dispersion coefficient
and fluid velocity as shown in Equations (1) and (2), inconsistent with the previous findings
of the nonlinear relationship [35–38]. The cause of this difference can be attributed to the
grain shape and fluid velocity. As Pugliese and Poulsen [36] demonstrated, the closer a
particle is to a spherical shape, the more significant the nonlinear relationship between the
dispersion coefficient and the velocity of water flow. As the grain diameters in core samples
are in the scale of micrometers and the grain shape is close to spherical, it is reasonable to
approximate the grains as spheres and obtain a linear relationship.

3.3.2. Mechanisms of the Relations

To find the mechanisms of the relationships between the dispersion coefficient, perme-
ability, and fluid velocity, two types of porous media were constructed as shown in Figure 9,
which represent lower permeability (small pore sizes, Figure 9a) and higher permeability
(large pore sizes, Figure 9b), respectively.

When tracers flow through the porous media, as shown in Figure 9, there are two
main controlling factors, namely longitudinal and latitudinal dispersion [14,19]. Due to
hydrodynamic retention, some of the tracers stay in the first layer while the rest continue
on to the second layer, which is referred to as longitudinal dispersion. Additionally, due to
the pore structure of the porous medium, the width of tracer liquid becomes twice that of
the grain size in the second layer, resulting in dispersion in the latitudinal direction.

The relationship between dispersion coefficient and permeability can be explained
using Figure 9. In the five-layer example illustrated here, at a given injection velocity,
the width of tracer liquid becomes five times the grain size in the medium with small
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pore size (Figure 9a) but three times the grain size in the medium with a large pore size
(Figure 9b) along the same flow distance. The difference in width is due to the difference
in the average pore sizes at different permeabilities. Meanwhile, the pore structure of
the lower-permeability core is more heterogeneous and small-scale breakthrough will
occur, which results in an earlier breakthrough, slower rise in concentration, and larger
dispersion coefficient.
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The relationship between the dispersion coefficient and injection velocity can also be
explained using Figure 9. When the permeability is fixed, the higher the superficial velocity,
the greater the pressure gradient, and the smaller the fluid-activated pores—i.e., the fluid
flows preferentially into the low-permeability pores. Along a given flow distance, the
width of the tracer liquid becomes five times the grain size at high velocity (i.e., small
pore size medium, Figure 9a) but three times the grain size at low velocity (i.e., large
pore size medium, Figure 9b) due to the difference in the average size of flow pores at
different velocities. Therefore, when a small volume of displacement fluid is injected, a
tracer will be produced at the outlet, corresponding to the so-called “channeling effect” in
the pore network. Meanwhile, as the injection rate increases, it may strengthen some of the
microscopic heterogeneous features that actually exist inside the core, resulting in a small
amount of intrusion and hence an earlier breakthrough, a slower concentration increase,
and a larger dispersion coefficient. Therefore, in the core displacement experiments, the
small sizes of flow pores at high velocities result in more complex flow paths within porous
media and thereby experience stronger dispersion.

The work in this paper demonstrates that there are different dispersion coefficients
resulting from different porous media size and tracer interstitial velocity. It can improve
inter-well tracer test not only in injection parameters design, but also in tracer concentration
interpretation. Firstly, the injection velocity in a project should be optimized, because the
economic benefit can be reduced if the velocity is too low; on the other hand, the mixing
effect can be amplified if the velocity is too high. Secondly, it is more suitable to use the
dispersion coefficient of the high permeability layer, rather than that corresponding to the
average reservoir permeability.

4. Conclusions

In this paper, the effects of velocity and permeability on the dispersion coefficient
in cores were investigated. Two sets of core flooding experiments were conducted on
natural and sand-filled cores, respectively. The relations between the dispersion coefficient,
velocity, and permeability were obtained through fitting the experimental results with an
analytical model. The main conclusions drawn from the results presented herein are as
follows:

(1) The core experimental results show that the dispersion coefficient is negatively
correlated with the permeability and positively correlated with the superficial velocity.
Low permeability and high heterogeneity result in large latitudinal dispersion and high
dispersion coefficient. If the superficial velocity is high, the pressure drop along the core is
large. This causes the fluid to enter the small pores, resulting in large dispersion coefficient.
The combination of high velocity and low permeability yields a large dispersion coefficient.
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The effects of latitudinal dispersion in porous media cannot be ignored in low-permeability
cores or formations.

(2) The interpretation results show that the dispersion coefficient increased from 0.063
to 0.037 cm2/s with the decrease in core permeability from 230 to 1570 mD at the flow
rate of 0.02 cm3/s. The dispersion coefficient increased from 0.004 to 0.023 cm2/s with
the increase in flow rate from 0.02 to 0.08 cm3/s. The corresponding regression equations
indicate linear relations between the dispersion coefficient, core permeability, and fluid
velocity, resulting from the micron scale of the grain diameters in the cores.
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Nomenclature

C tracer concentration in aqueous solution (mg/L)
C0 tracer concentration in injected solution (mg/L)
D dispersion coefficient (cm2/s)
DL longitudinal dispersion coefficient (cm2/s)
DN dispersion coefficients of the natural cores (cm2/s)
DA dispersion coefficients of the sand-filled cores (cm2/s)
u tracer interstitial velocity (cm/s)
α adjustable parameter in dispersion relationship
β exponential parameter in dispersion relationship
x flow distance (cm)
t time (s)
t’ modified time
K core permeability (mD)
Φf flow porosity
Φ porosity
ρr rock density (g/cm3)
So oil saturation
Swc bound water saturation
a Langmuir isothermal adsorption coefficient
s Laplace variable

Appendix A. Mathematical Model and Analytical Solution of Tracer Flow in
Porous Media

The governing equation of tracer flow at the pore level may be expressed as [3]:

D
∂2C
∂x2 − u

∂C
∂x

=
[φ(1− So) + a(1− φ)ρr]

φ f (1− So − Swc)

∂C
∂t

(A1)

where D is the dispersion coefficient (cm2/s), C is tracer concentration in aqueous solution
(mg/L), u is interstitial velocity (cm/s), x is flow distance (cm), Φf is flow porosity, Φ is
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porosity, So is oil saturation, Swc is bound water saturation, a is the Langmuir isothermal
adsorption coefficient, and ρr is the rock density (g/cm3).

To obtain the analytical solution for the tracer flow equation at the pore scale, the
modified time, t’, is introduced as follows:

t′ =
φ f (1− So − Swc)

[φ(1− So) + a(1− φ)ρr]
t (A2)

Consequently, the mathematical model for tracer flow at the pore level may be simpli-
fied as:

D
∂2C
∂x2 − u

∂C
∂x

=
∂C
∂t′

(A3)

C(x, 0) =

{
C0 x ≤ 0
0 x > 0

(A4)

C(0, t) = C0 t > 0 (A5)

C(∞, t) = 0 t > 0 (A6)

where C0 is the tracer concentration in injected solution (mg/L).
Using the method of Laplace transform allows the mathematical model for tracer flow

at the pore scale to be expressed as follows:

C(s) = L[C(t′ )] (A7)

D
d2C
dx2 − u

dC
dx
− sC = 0 (A8)

C(0) =
C0

s
(A9)

C(∞) = 0 (A10)

where s is the Laplace variable.
Equation (A8) is an ordinary differential equation (ODE) with a general solution

as follows:
C = c1eλ1x + c2eλ2x (A11)

where λ1 = u+
√

u2+4Ds
2D and λ2 = u−

√
u2+4Ds
2D .

Considering the initial and boundary conditions (Equations (A9) and (A10)) allows
the analytical solution to be obtained in Laplace space.

C
C0

= e
ux
2D

1
s

e−a1
√

b2
1+s (A12)

where a1 = x√
D

and b1 =
√

u2

4D .
Through an inverse Laplace transform, the analytical solution in the time domain may

be expressed as follows:

C
C0

= e
ux
2D L−1

[
1
s

e−a1
√

b2
1+s
]
=

1
2

er f c
(

x− ut′

2
√

Dt′

)
+

1
2

e
ux
D er f c

(
x + ut′

2
√

Dt′

)
(A13)
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