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Abstract
Rivers, as water resources, are considered an origin of supply for many requirements of urban
communities. River networks consist of many branches that connect at river confluences. Because
pollutants usually enter the river in different situations from the upstream branches of river
intersections, it is essential to investigate the mixing process through the river network. For this
purpose, precise analytical and numerical models should be used to evaluate this phenomenon
quantitatively. Based on the cell concept and separation of advection and dispersion operations,
this study developed a new analytical relationship through the confluences of rivers. A physical
model of the Y-shaped junction was created in the laboratory, and four inlet flow discharges 25,
21, 12, and 9 I/s and three initial concentrations of sodium chloride solution 80, 160, and 200 g/L
were selected as study parameters. Then, the concentration-time curves along the sub-branches,
the intersection, and the downstream of the river's main channel were taken at 2-second intervals.
In order to evaluate the efficiency of the analytical model, the parameters of the model were first
calculated by coding based on its framework and using the least squares method. Then the
analytical curves were outlined versus the experimental results. It was observed that the presented
model could produce double-peaked curves and also cover experimental data series precisely. The
dispersion coefficients and the related time parameter in the presented model (T) were found to
increase by moving downstream of the river junction. It was also observed that the Peclet numbers
(P = %) are increased like dispersion coefficients by increasing the distance downstream of the

confluence. In addition, the research results showed that increasing the residence time parameter
in dispersion cells (T) causes growth in the dispersion coefficient, despite increasing the residence
time in advection cells (), compelling the movement of the pollutant breakthrough curves.
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1. Introduction

The importance of solute transport in streams extends beyond aquatic ecosystems. Streams are
a significant source of freshwater for human consumption, agriculture, and industry. Therefore,
understanding how solutes move through stream networks is crucial for water resource
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management. Monitoring the quality and concentration of solutes, particularly those related to
human activities, can help ensure the safety and sustainability of our water supply [1, 2].

River networks are one of the types of aquatic ecosystems. In these networks, different river
branches are connected through river junctions. Exploration regarding hydraulics and flow
structure in different types of river intersections has been discussed for a long time. The current
patterns through the confluences cause morphological changes and affect the pollution-spreading
processes in rivers. The flow ratios of different branches, the angle of river branches concerning
each other, and the characteristics of river bed materials are essential and influential parameters in
the mixing mechanism [3-6]. Previous studies have focused more on the flow structure and the
factors affecting it. Best has done the most fundamental investigation in this field. In his study, six
general flow structures were identified in river junctions. Also, the discharge ratio and the angle
of the branches introduced essential parameters affecting the flow pattern [3-7].

Solute transport in streams is a complex process influenced by several factors, including
hydrological conditions, geological features, and human activities. One of the primary
mechanisms of solute transport in streams is advection. Advection refers to the physical movement
of solutes with the flowing water. As water travels downstream, solutes dissolved in it move along,
creating a downstream gradient. The rate of advection depends on the velocity of the water, and
different solutes may have varying speeds of transport. Another important mechanism is
hydrodynamic dispersion, which is sum of mechanical dispersion (due to turbulence and mixing)
and molecular dispersion and involves the spreading of solutes in the water due to turbulence and
mixing. This process occurs because the velocity of water is not uniform across a stream cross-
section. Dispersion helps distribute solutes evenly, preventing localized spikes in concentration.
Consequently, it supports a more stable and balanced aquatic ecosystem. Additionally,
biochemical processes occurring in the stream can influence solute transport. For example,
biological uptake involves the absorption of solutes by stream organisms such as algae, bacteria,
and other plants. The uptake of nutrients like phosphates or nitrates is beneficial, as it helps
regulate their concentration. However, excessive nutrient uptake could lead to imbalances and
negatively affect aquatic life [8, 9].

Best & Reid [7] found that with the increase in the discharge ratios, the length and width of the
separation zone in river junctions improved, but its shape index (the ratio of maximum width to
length) remained constant. Qing-Yuan et al. [10] found that the isoline method, in which the
boundary of the separation zone is determined using the zero longitudinal velocity line, is more
accurate than the streamline method. In addition to the mentioned cases, transverse eddies and
their advection downstream have been proven at the river junction. The presence of these vortices
increases the stress and, as a result, erosion at the intersection, which ultimately causes
morphological changes in the intersection [4, 11].

Through high-frequency velocimeter devices, Biron et al. [12] and Rhoads & Sukhodolov [13]
acquired the velocity data through the natural river junctions and studied the shear layer in the
intersection. Shakibainia et al. [14] reported the existence of three types of swirling currents in the
main channel, the branch, and the separation zone. They claimed that the eddy currents in the
separation zone are the primary causality for forming the separation zone. They also claimed that
this type of swirling currents did not exist at the intersections of natural rivers due to
sedimentation, while the swirling currents formed by the sub-branches were due to the deviation
of the general flow path. Through the junction, it is the most vital type of swirling current, and the
interference with the swirling flow of the branch also causes the swirling flow related to the main
channel. The swirling currents related to the main river channel also become more assertive and
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more dominant with the increase in the angle of the sub-channel and the ratio of discharges [14,
15].

Many researchers have widely studied the effect of the 3D structure of river junctions' location
on the intersection's hydrodynamics. The flow deviation in the river's main channel may not exist
due to the three-dimensional conditions of the bed at the intersection, and as a result, the separation
zone is diverted to zones with lower depths. In this case, the separation region is apparent at the
surface of the flow, but this zone will not exist at the lower flow depths [16-19].

Many studies on hydrodynamic characteristics through the river junctions have been done;
however, sufficient studies have not been conducted on the mixing of pollution through the river
confluences. The operated investigations are mainly based on the mixing rate. Based on the
research done by [20] , deep mixing is achieved in length equal to several tens of times the average
flow depth, but completing transverse mixing requires a much longer length. They claimed that
for a wide river, the required length for complete transverse mixing is 100-1000 times the main
channel width. However, other researchers such as Gaudet & Roy [21] reported this mixing much
faster and claimed that this mixing is completed at a distance equal to 25 times the river channel
width. Both previous experimental and numerical studies have increased our knowledge about the
flow structure and the mixing process, but most of the experimental data, due to the limitations of
the measurement tools, are not accurate for predicting the complex mechanism of mixing through
the confluences. For this reason, numerical modeling has been used as a complementary tool to
experimental analysis. Mignot et al. [22] used the turbulence (k-€) model to simulate the applied
lateral flow.

Also, many previous studies have been done on irregular junction shapes, which causes an
uncertainty in results. There are also regular types of river intersections, named Y -shaped
confluence, in which their analysis results are more comprehensive.

Weidong et al.; Weidong & Yue [23, 24] studied the flow patterns using the ADV velocimeter
data collected through the river confluence. Several zones, named stagnant zone, flow deviation
zone, flow separation zone, and acceleration zone, have been observed through the confluences.
Also, the circular flow pattern downstream of the junction was observed. Furthermore, with the
increase in the flow ratio of the branches, the strength of the rotating current downstream of the
junction decreases. Rhoads & Sukhodolov [25] found that the rotational flow downstream of the
conjunction increases the mixing rate of passing pollutants. Also, they claimed that in regular
geometric confluences, the mixing is more evident, but in irregular geometric intersections, it is
not apparent with the precision of the previous state. Similarly, Geberemariam [26] concluded that
in T and Y shape junctions, the discharge ratio and the area of the separation zone, due to the
presence of rotating currents, are inversely related. Generally, it can be said that based on previous
studies, various models have been developed and used for pollution transport modeling. Some
investigators have simulated the concentration breakthrough curves using statistical distribution
models. Another number of them have tried to simulate the mass exchange between the
mainstream and the dead zone areas inside the rivers.

Biron et al. conducted numerical simulations of pollutant mixing in an open channel and found
that the mixing process was faster when there were inconsistencies in riverbed depths between the
main channel and tributaries [6]. The concentration of pollutants in different cross-sectional areas
was found to be influenced by the distance from the junction point and the discharge ratio [8].

The flow structure and turbulence at river confluences also play a crucial role in pollutant
transport. The shear layer and counter-rotating helical cells in the flow field control the distribution
of contaminant concentrations. The turbulent kinetic energy, Reynolds shear stress, and turbulence
spectrum are important parameters that affect the turbulent flow structure and the dispersion of
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contaminants. The pressure gradient and convective acceleration are key factors in triggering
velocity redistribution and influencing the transport of pollutants. However, most of these studies
have focused on asymmetrical river confluences, and there is limited research on the transport of
contaminants at Y-shaped confluences [27].

Some researchers have also investigated the effect of bedforms on contaminant advection and
dispersion [28-31]. Radu et al. [32], using a physical model of a river junction similar to the
Danube River, investigated the mixing of pollutants entering the different branches of this river
based on a two-dimensional model. In some investigations, including the Tantemsapya et al. [33],
an attempt was made to remove or reduce the concentration of pollutants in the river by adding
some chemical compounds to the stream. Using a two-dimensional model, Park & Seo [34],
investigated contaminant transport through the streams on non-Fickian conditions.

Also, Pengpom et al. [35] performed a two-dimensional numerical finite element simulation
through one of Thailand's river confluences. In this research, the impact of flow velocity in the
upstream branches and the main channel, as well as the contaminant concentration, were studied.
It was concluded that the increasing flow velocity through the upstream branches causes the
intense mixing of pollutants and reduced contaminant concentration at the junction.

Lyubimova et al. [36] explored the causes for the weakening of transverse mixing mechanisms
through the junctions and claimed that by weakening flow turbulence through the junctions,
secondary currents would not appear in this part of the river and consequently, complete mixing
flows with different density may not occur even at very long lengths.

Cheng et al. [37] claimed that river confluences significantly impact flow hydraulics, sediment
transport, and the size of the riverbed storage area, where a percentage of the pollution mass is
temporally trapped. However, it was stated that due to the morphological complexities of river
junctions, it is not easy to calculate the contaminant mass trapping rate in the storage area.

From the summary of previous studies, it can be found that many studies have been conducted
in the domain of mixing and pollution transport in rivers; however, except for a few cases, many
studies have not been done in the area of contaminant mixing through the river junctions. In
addition, using two-pulse contaminants injection in the upstream branches will also define more
issues of the mixing process through the junction region. Generally, it can be said that a few
numbers of analytical equations have been developed regarding the mixing mechanism through
the river confluences. For this purpose, the present study was designed to explore more junction
zone transport characteristics.

2. Materials and methods
2.1. Experimental data

In order to carry out the present study, a wide laboratory flume was used, and inside it, a Y-
shaped junction with different branch widths was created. The laboratory flume had the
dimensions of (14x1.2x1) meters in length, width, and height, respectively. The 1.2-meter-wide
laboratory flume was divided into two branches with 25 and 45-cm dimensions, intersecting at a
45-degree angle.

The junction was filled with rockfill material with depth of 50 cm to present buried stream
junction. A transverse contaminant injector was installed upstream of both branches and was used
to employ the mass conservative sodium chloride contaminant solution. The schematic of different
parts of the laboratory model of the river junction is depicted in Fig. 1. Four flow discharges of 9,
12, 21, and 25 I/s were employed as flow variables in the experiments, and three initial
concentrations of 80, 160, and 200 gr/l were selected and applied as concentration parameters to
the upstream branches. Electrical conductivity sensors are installed and connected to the data
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logger as depicted in Fig.2. The electrical conductivity recording process started in 2-second
intervals. In Fig.2, these sensors' distances and installation conditions are shown in detail through
different parts of the experimental model. Sensors No. 1 and 2 were installed in the branch with a
width of 45 cm, and sensors No. 3 and 4 were installed in the branch with a width of 25 cm. Sensor
No. 5 was used to monitor electrical conductivity variation through the confluence, and finally,
sensors No. 6 to 8 were placed downstream of the junction at regular intervals. The experiments
were started after stabilizing the flow discharge through the laboratory flume, simultaneously with
the injection of the pulse of the pollutant (sodium chloride solution) in both branches. The data
recording was also started, and then, by a delay of 15 seconds, the second pulse of the pollutant
was injected using a transverse feeder. The sensors recorded the overlap of entrance breakthrough
curves. The duration of data collection was controlled through the graphical interface of the data
collection system and continued until the concentration recovered to the flume flow's primary
concentration.

(b)
Figure 1. (a) The plan of river laboratory river branches and their junction, (b) installed electrical
conductivity sensors (c), filling the area of the river junction to a height of 50 cm (d), data logger of electrical

conductivity sensors (e), user interface of data collection software
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Figure 2. Location of the sensors and their installation distances in the laboratory flume

2.2. Extraction of analytical relationship based on the schematic of pollutant
entrance from two upstream branches through the river junction

This research tried to develop a new analytical relationship based on the conceptual model of
contaminant entrance from the two upstream branches through the junction by creating a
conceptual model and applying the mass conservation relationship. The general method used in
extracting this relationship was derived based on the hybrid cell model previously introduced by
Ghosh et al. [32]. The general schematic designed cell system for upstream branches and river
confluence is shown in Fig. 3. As indicated, the area of the junction is divided into three cells: the
first cell represents branch No.1 from the upstream, the second cell represents the branch No. 2
from the upstream, and finally the third cell represents the main river area junction. It also
mentions that this relationship is based on completing transverse mixing through the confluence.
In other words, the size of this cell is assumed to be large enough so that the complete transverse
mixing occurs or the pollution concentration is equal in all parts of this cell. The initial conditions
upstream of both cells are expressed as Egs. 1 and 2.

C,(0) = Cy,Dirac(t) @
C,(0) = Cy,Dirac(t) 2

In the above equations, the Dirac(t) function has zero value at all points and infinity at t=0.

Junction Volume=V3

c3
=—=P>a3=01+Q2
B3

Junclion Residence Time=T3

(@)

SPRING 2024, Vol 10, No 3, JOURNAL OF HYDRAULIC STRUCTURES
Shahid Chamran University of Ahvaz



24 J. Chabokpour

C01 Dirac(t)

—> Betat V1/Q1=T1 N

(Q1/Q3)V3

C31

c32 |

(Q2/Q3)V3

C02Dirac(t)

Beta2
—

V2/Q2=T2

v

(b)
Figure 3. (a) Cell connections through the river confluence, (b) Schematic of conceptual cells
for extracting the analytical relationship

As shown in Fig. 3, the cells of the upstream branches are divided into two separate cells. One
is for advection modeling, and the other is for dispersion process modeling of pollutants. The
output flow concentration is obtained by applying the upstream initial conditions in the advection
cells as Egs. 4 and 5.

C1(0) = Copy Dirac(t — B;) 3)
C2(0) = CyDirac(t — B2) 4)

The above relationships of 3; and B,equal the residence time of advection cells in the first and
second branches upstream of the river junction. Mass conservation equations were written for each
cell as the pollutant entered the dispersion cells. The extracted differential equations for the
upstream branches of the junction are according to Egs. 5 and 6.

dC,(t) 1, _ CoqDirac(t—B,)
C 1 () = et ©)
dC, () 1Y\ _ CpyDirac(t—B;)
20+ (0 (5) = (6)

In the above relationships, T; and T, are the pollutant residence time through the dispersion

cells and are obtained by dividing the cell volume by the flow discharge. For example, T; = % :
1

in which V; is cell volume, and Q is the passing flow through branch number 1. By assuming the
injected pollutant concentration at the beginning of the experiment is equal to C;, it can be said
that the initial condition in the mentioned cells is equal to C; (1) = C;(B,) = C;. Therefore, Egs.
7 and 8 would be obtained by applying these boundary conditions and solving the above
differential equations.

COlHeaviside(t—Bl)Xexp(_[;_i)

G () = ( - +im <o (-5) ™
T1
COZHeaviside(t—Bz)xexp(B—z) G t
C,(0) = ( - T2 exp(—g—z)) X exp (— T_z) (8)
2

In which Heaviside is step function.
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By precision in Fig. 3, it is evident that the exiting pollutant from both upstream branches
jointly enter a new cell, in which a hypothetical buffer curtain is included. The pollution from
upstream branches enters the junction cell. The volume of the junction cell is not divided equally
for the entering pollutants from the upstream branches. It was related to the flow rate of each
branch. The volume of the mentioned cell is assumed to be equal to V5, and Q; = Q; + Q. isequal
to the total discharge of the river main channel, which comes by adding branch discharges. The

share of the first branch from the confluence cell is equal to ( ) % V3, and similarly the share of

the second branch is equal to ( ) X V3. Then, the mass conservation equations are written along
the confluence cell, and consequently, Egs. 9 and 10 are obtained.

C01Heaviside(t—Bl)Xexp(B—l)L Cs
Bt pon(5)

( Tl ex —B—l (9)
dC31(t) + C31(t)( ) _ p(-52
C02Heaviside(t—B2)Xexp(%) . .
+ 1 )xexp(—_)
b xo(-12 ™ 10
dC32(t) +Cay (t)(—) _ - e p( Tz) (10)

They are solved by applying the initial conditions in the above differential equations as
C31(B1) = C32(B2) = C;. The two obtained equations are added together according to the depicted
conceptual schematic. In order to further simplify, it is assumed that the initial concentration of
the pollutant through the river branches is equal to zero (C; = 0). Ultimately, Eq. 11 is obtained
for output contaminant concentration through the confluence.

1

Cs (t) = —m((—CmHeaviside(t - Bl)(TZ - T3) X
exp (w) — CypHeaviside(t — B,)(Ty — T3) X
T,Ts

exp (w) + Cy, Heaviside(t — ) (T, — T3) X

exp ( ) +Cy,Heaviside(t — 3,)(T; — T3) X exp ( )) X exp (— T—Z))

(11)

3. Results
3.1. Examining the parameters of the presented analytical model

Pollutant transport in river confluences is influenced by the hydrodynamic characteristics of
the flow, including flow velocity, turbulence intensity, and residence time. Experimental modeling
helps to understand how these factors affect the movement and spread of pollutants. Studies using
experimental modeling have shown that pollutants introduced into the upstream river can be
transported along different paths within the confluence zone. Some pollutants are rapidly
transported downstream, while others may be trapped within the confluence due to eddies and
flow patterns. Additionally, the concentration and distribution of pollutants can vary significantly
within the confluence, indicating the complexities of pollutant transport in this dynamic
environment.

Considering that the obtained model comes from the combination of inlet breakthrough curves
from two upstream branches, it must be capable of reconstructing the double-peak breakthrough
curves. Therefore, in the first step, it was tried to investigate this possibility by considering the
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numerical values for the model parameters. Fig. 4 is an example of the obtained curves using this
model, in which we can see the model's capability.

w
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Time(s)

Figure 4. Reconstructing the BC curves by the presented analytical model
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Figure 5. The effect of variation in the model parameters on the shape of the extracted BC
curves, (a) the effect of variation in the T, parameter, (b) the effect of variation in the
T,parameter, (c) the effect of variation in the T; parameter, d) the effect of variation in the g,
parameter, (e) the effect of variation in the S, parameter

Then, it was tried to investigate the effect of variation of each parameter in the figure of
concentration-time curves. For this purpose, three values of 40, 120, and 200 seconds were used
for the model's five temporal parameters, and their effect on the shapes of breakthrough curves
was observed. In the first step, by examining the T; parameter, it was observed that the increase
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of this parameter causes an increase in the spreading power in the first pulse of the breakthrough
curve, while in the second pulse, it shows the contrasting effect (Fig. 5, a). The T, parameter only
affects the second pulse and does not affect the shape of the concentration-time curve in the first
pulse (Fig. 5, b). It is worth mentioning that the effect of improving this parameter in the second
pulse of the breakthrough curve is similar to T; and causes a growth in the pollution spread of the
second pulse. The effect of the T; parameter is familiar in both pulses of the concentration-time
curve, such that with its increase, the dispersion effect is observed in both pulses of the BC curve,
and conversely, with its decrease, the maximum concentration values of the curve pulses increase
(Figure 5, ¢). Generally, it can be concluded that the model's temporal parameters are directly
related to the dispersion coefficient of the classical advection-dispersion model. However, the
effect of these time parameters in the first and second pulses is not the same. Regarding the model's
advection time parameters (B4, 32), it can be concluded that the $, parameter in the first pulse of
the curve only has the convection effect, so increasing its value causes shifting of the BC curve
toward the right side. However, in the second pulse of the curve, an increase in the maximum
concentration is also observed (Fig. 5, d). Otherwise, concerning the 8, parameter, it can be said
that reducing its value causes the second pulse of the curve to merge into the first pulse so that the
BC curve's shape transforms from a double peak to a single one (Fig. 5, e).
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Figure 6. (a) Observed and simulated BC curves through the upstream branch, (b) Observed
and simulated BC curves at the river junction and downstream of the river confluence.
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The main issue with the presented analytical model is to examine its simulation capability. For
this purpose, the analytical curves were reconstructed and depicted by coding in MATLAB
software and extracting the model parameters. Two examples of these simulations are shown in
Fig. 6. The first part of this figure is associated with one of the upstream branches, and the second
part is related to the junction point and downstream. The general trend shows a good match
between the simulated curves and the experimental data. In order to quantitatively evaluate this
match, the statistical parameters of root mean square error (RMSE), mean maximum error (MAE),
and Nash-Sutcliffe index (DC) were used, and their values were calculated for all the experimental
data as 0.1, 72 (ppm) and 0.83, respectively. The Nash-Sutcliffe Efficiency is calculated as one
less the error variability of a modeled time series divided by the observed time series variation.
Since model errors may have a normal distribution rather than a uniform distribution, RMSE is a
good metric for this type of data. In addition, the average absolute error (MAE) measures the
average absolute difference between a prediction value and a real value. All errors are given the
same weight and are less sensitive to deviations. MAE is useful when it is aimed at minimizing
overall errors in the model and avoiding large errors. Computed values also indicate the good
performance of the proposed analytical model. It was also observed that by increasing the length
and moving downstream of the river confluence, the curves transformed from a two-peaked state
to a single-peaked one because of the longitudinal diffusion process.

Further, in order to better understand the advection and dispersion of pollutants in the upstream
branches, the junction and the main channel, the process was discussed and investigated using the
calculation of the common advection-dispersion parameters. For this purpose, the classical ADE
model (Eq. 12) was also used to perform the physical interpretation of this process using ADE
model parameters.

M _ (x—ut)?
Cx ) = Avanpt P ( 4Dt ) (12)

Where M is the injected pollutant mass, A cross section area, D is the longitudinal diffusion
coefficient, x is the length parameter, t is the time parameter, and u is the average flow velocity.

For this purpose, after applying the common spatial basis to all the extracted curves, model
parameters were also extracted and after depicting them against each other (Fig. 7), their variations
were explored. In part (a) of Fig. 7, the longitudinal dispersion coefficient values are plotted versus
the distance from the injection site. As is shown, the dispersion coefficient has risen with the
increase of the distance parameter, while the scattering of its values has also increased. In part (b),
the values of the average velocity are plotted versus the longitudinal dispersion coefficient. It is
clear that with the increase of the flow velocity, the dispersion coefficient has also increased. Also

in part (c), the values of Peclet number ((P, = X—Du), which indicates the ratio of advection power to

dispersion in the river channel, are plotted versus the values of diffusivity (%). As indicated, the

transmisability values have decreased exponentially with the increase of Peclet number, and
finally, in part (d) of Fig. 7, the variation of Peclet number are plotted against the longitudinal
distance from the injection site. It was observed that Pe numbers increase with the growth of the
length parameter, which indicates that the transfer process is stronger than the dispersion process.
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Figure 7. (a) D parameter variation along the river, (b) D parameter versus u parameter, (c)
D/u parameter variation versus Peclet number, (d) Peclet number variations versus distance

4. Conclusion

In the quantitative investigation of the advection and dispersion process of pollutants through
the river network, their detailed analysis at river junctions is one of the most critical issues. Due
to the lack of knowledge in this regard, in the current study, it was tried to create a conceptual
model of a river confluence with two sub-branches. Then, solving differential equations, an
explicit equation was extracted based on the cell residence time characteristics of the upstream
branches and junction zone. The presented relationship can create two-part and double-peak
curves according to the general nature of the breakthrough curves through the confluences. Sodium
chloride solution was selected as a mass conservative pollutant, and laboratory data was acquired.
The results showed a very good agreement with the analytical model. All model parameters are
temporal and gain different values based on residence time through the different parts of the
conceptual model. In order to examine the temporal parameter's effect, they were varied one by
one by keeping the rest of the parameter’s constant, and then the artificial concentration-time
curves were produced and analyzed. Additionally, the analytical curves were reconstructed and
depicted by coding in MATLAB software and extracting the model parameters. The general trend
shows a good match between the simulated curves and the experimental data. The model's
temporal parameters were also extracted and after depicting them against each other, their
variations were explored. The results show that the dispersion coefficient has risen with the
increase of the distance parameter, while the scattering of its values has also increased. It was also
observed that the Pe numbers increase with the growth of the length parameter, which indicates
that the transfer process is stronger than the dispersed process. Generally, it was observed that the
increase in the residence time of the pollutant through the diffusion cells of the model (T) causes
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an increase in dispersion. On the other hand, an increase in the model's advection parameter ()
causes the right side shifting of the curve. Next, applying the least squares curve fitting method to
the collected laboratory data, the actual model parameters were estimated, and then theoretical
curves were created versus experimental ones. Three statistical parameters (RMSE), (MAE), and
(DC) were used to test the efficiency of the model. The values of these three parameters were
equal to 0.1, 72 (ppm), and 0.83, respectively, which indicates the proper functioning of the
presented analytical model.
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