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Abstract: The leakage and diffusion of pollutants are important issues affecting waters. This paper
studies the diffusion of soluble pollutants in water. Based on the three-dimensional hydrodynamic
model, a three-dimensional soluble pollutant diffusion model was established and validated. The
validation results show that the discrete form of the transport equation used in this model must
maintain monotonic properties, and otherwise the model calculation cannot converge. Taking Tianjin
Nangang as a representative river section, the cognitive experiment on methanol leakage was carried
out to predict the variation characteristics of chemical leakage and diffusion over time in Nangang.
The model can be used for chemical leakage and diffusion prediction simulations of other pollutants,
and can be used for calculations in runoff and tidal waters.
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1.Introduction

Water environment pollution is a major environmental issue of great concern today, especially
in coastal waters. The diffusion, transport and transformation of pollutants are affected by many
factors such as complex dynamic factors, hydro meteorological conditions, boundary factors,
biological and chemical effects, so the law of migration and transformation of pollutants is very
complicated [1-8]. The most basic function of the water quality model is to simulate and predict the
behavior of pollutants in the water environment [9-16]. Contaminants are very complex in the
migration process, and the model helps to understand the law of motion of pollutants. Scholars have
done a lot of work in this respect [17-28]. Chau established a mathematical model of three-
dimensional pollutant transport and a coupled solution of water flow model equations, and
considering the influence of lateral boundaries, simulated the change of COD water quality in Pearl
River [29-36]. Salterain used the four-point implicit scheme difference method to solve the water
flow equation and adopted the IWA water quality model [37]. Charafi developed a two-dimensional
numerical model to simulate the sediment and pollutant transport in a shallow basin [38]. Liao
combined the water quality model with the “3S” geographic information system GIS, the remote
sensing system RS, and the global positioning system GPS to pictorially display the spatial
characteristics and statistical characteristics of the water quality change of the water flow in the
waters [39]. Srinivas used genetic algorithms for water quality prediction [40], and Sharad, Marina,
Zhang, et al. employed neural networks for water quality prediction [41-55].
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Based on the mathematical model of three-dimensional non-static pressure flow, this paper
developed a three-dimensional soluble pollutant diffusion model, and through the example
verification, the constraints of the model were studied. Moreover, taking Nangang, Tianjin, China as
an example, a typical cognitive mathematical model test of chemical leakage was carried out to
simulate the diffusion characteristics of chemical leakage over time in this water area.

2.Material and methods

1.1. Basic Theoretical Equation

1.1.1. Basic Governing Equation and Discretization of Hydrodynamic Model
The basic governing equation is:
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where u, v, w are the components of the velocity vector along the three coordinate axes X, y, z; p is
the water body density; g is the gravity acceleration; p is the pressure; f is the Coriolis force
coefficient; and y is the eddy viscosity coefficient.

The planar unstructured grid and the vertical layered grid were used to discretize the model
equation by the finite volume method combined with the finite difference method; the water level
gradient item was discretized by semi-implicit finite difference, the vertical viscosity item was
implicitly discretized, the continuity equation was discretized by the finite volume method, the
pressure Poisson equation was solved by the method of fractional steps to decompose the pressure
item into the hydrostatic pressure and hydrodynamic pressure items to be processed separately, and
then the final variable value is solved by pressure correction [52].

1.1.2. Turbulence Equation and Discretization

The basic governing equation of hydrodynamic model was closed by a standard x-¢ turbulence
model.
The standard «-¢ turbulence model can be expressed as:
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The semi-implicit first-order upwind finite volume method was used to discretize equations (5)
and (6). The discretization scheme was mass-conservative and had monotonic conservation
properties.

1.1.3. Material Transport Equation and Discretization

The conservative material transport equation is:
Where C is the concentration of the transported material (which may be salinity, temperature or
sediment, etc.); K" and K" are the horizontal and vertical diffusion coefficients.

The semi-implicit first-order upwind finite volume method was used to discretize equation (7),
the discrete scheme was mass-conservative and had monotonic conservation properties.
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1.2. Model Validation

The validation of the three-dimensional soluble pollutant diffusion model was carried out in two
aspects. Firstly, the hydrodynamic part was verified, and then the transport equation was validated.
The hydrodynamic verification was based on the results of the three-dimensional linear standing
wave experiment, and the verification of the transport equation was based on the salt water wedge
convective diffusion process.

1.2.1. Three-Dimensional Linear Standing Wave Experimental Verification

It is assumed that there is a three-dimensional closed pool with the length of 10 meters, width of
10 meters, and depth of more than 10 meters. The initial speed is assumed as zero and the initial
water level is:

n(x, y) = Acos(k,x)cos(k, y) (8)

Where the amplitude A = 0.1mm, A/h = 0.01; Ky and Ky are the wave numbers in the x and y
directions, respectively, and Kx = n/L, Ky = /W, the total wave number k=/k+k? =0.44, and the
corresponding wave period T = 3.01s (Figure 1).

>

Figure 1. Initial water level in the three-dimensional area

In the numerical calculation, the computational domain is discretized by a triangular unit in the
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plane, and 10 layers are vertically divided, regardless of the viscosity. Figure 2 and Figure 3 show
the comparison between the calculation results and the analytical solutions of the water levels at
(%, y) =(0.125, 0.125) and (x, y) = (3.625, 3.625) respectively. It can be seen from the figures that the
calculation results are in good agreement with the analytical solutions. Figs. 4, 5 and 6 show the

comparison of the calculation results of the speeds u, v and w with the analytical solutions,
respectively.
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Figure 2. Comparison of numerical and analytical
solution of water level at (x, y) = (0.125, 0.125)
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Figure 3. Comparison of numerical and analytical
solution of water level at (X, y) = (3.625, 3.625)
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Figure 4. Comparison of numerical and analytical
solution of speed u at (X, y, z) = (3.75, 1.125, 1.25)

Rev. Chim. 71(4), 2020, 523-535 526 https://doi.org/10.37358/RC.20.4.8094



Revista de Chimie @ (D

hitps:revistadechimie ro
https:dot.org/10. 37338/ Rev. Chim. 1949

00010

Analytical solution ® Numerical sohution

0.0005

0.0000

vim/s)

-0.0003

-0.0010

L L I L L I |
0 2 4 6 g 10 12 14 16
t's

Figure 5. Comparison of numerical and analytical
solution of speed v at (X, y, z) = (3.625, 1.25, 1.25)

0.004

Analytical solution = Numerical solution

0.002

0.000

wim/s)

-0.002

-0.004
0

t's

Figure 6. Comparison of numerical and analytical
solution of speed w at (X, y, z) = (3.625, 1.25, 1.25)

1.2.2. Salt Water Wedge Experimental Verification

There is a vertical infinitely thin retaining dam in the middle of a vertical rectangular area. The
salinity on the left side of the dam is p1 = 1.03, and the clean water is on right side, i.e. p> = 1.0
(Figure 7). The rectangular area is L = 2m long and the water depth is h = 0.3mm. The horizontal
area is covered by a triangular mesh with an average mesh size of 0.02m, and is divided into 30
layers in the vertical direction. The calculation time step is taken as At = 0.01s. At = 0s, the retaining
dam is suddenly removed, and the calculation results are shown in Figs. 8 and 9. This example is
used to verify the discretization of the transport equation. If the discrete form of the transport

equation does not have the monotonic conservation properties, this example cannot be calculated at
all.

Figure 7. Initial state of the salt water wedge

@t=2s

(b) t = 4s
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(c)t=6s
Figure 8. Distribution of salinity calculated in the model
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Figure 9. Distribution of velocity calculated in the model

2. Cognitive Experiment on Chemical Leakage Diffusion Prediction
2.1. Study Area

Chemical leakage is predicted in Tianjin Nangang along Bohai Sea, China. The total planning
area of Tianjin Nangang Industrial Zone is about 200 km?: -4 meters of bathymetric contour to the
east, west to Jingi Highway, south to the Qingjing Yellow River Right Regulation Line, and north to
the Duliujian River Left Regulation Line. Among them, the existing upland area is 38 km?, the land
reclamation area is 124 km?, and the water area of the harbor basin channel is 38 km2. According to
the planning of Nangang Industrial Zone, there are chemical companies and chemical terminals, so
there is a risk of chemical leakage. Once there is leakage of hazardous chemicals at sea, they will
rapidly spread to the surrounding areas with the rise and fall of tide. If they are not dealt with
quickly, they will seriously affect the aquatic organisms in the polluted waters, causing
immeasurable environmental impact. Therefore, it is very important to accurately and timely predict
the dynamic diffusion range of pollutants and provide scientific basis for emergency rescue decision-
making after the accident.

2.2. Scope of Model

Considering that Nangang is located in the Bohai Bay and the periphery boundary conditions
are difficult to determine, the Bohai Sea is taken as the scope of the entire mathematical model to
facilitate the control of the boundary control conditions. The boundary of the control entrance is the
line from Dalian (38°52'N, 121°41'E) to Yantai (37°33'N, 121°23'E), the model has a total length of
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425.5 km from north to south and a width of 417.1 km from east to west. The model range is about

8.57x104 km?, as shown in Figure 10. The model has a large calculation range, so the number of
grids in the entire calculation domain is controlled by controlling the density of the unstructured grid
in the control region and thus to control the overall calculated amount.

Figure 10. Calculation range of the plane two-dimensional
tidal flow mathematical model of the Bohai Sea

2.3. Model Validation
There are more important ports along the entire Bohai Sea coast, and each port has accumulated
tidal level observation data, which provides a basis for the validation of the model.

2.3.1. Tidal level validation

The Tanggu Station near Nangang Port is used as a hydrological station for tidal level
verification. The tidal level, flow velocity, and flow direction at the selected different time periods
are calculated separately. In each validation calculation, the base surface of tidal level is the local
mean sea level (the same below).

It can be seen from Figure 11 that Tanggu Tide Station has been well verified, including the
spring tide, moderate tide neap tide in the study area. The calculated results are in good agreement
with the predicted values, and the maximum error of the whole process is less than 0.09 m.

Tanggu Tide Station Measurad tidal level [m]
2.0 Calculatad tidal lavel [m]
0.0/
-2.0
00:00 00:00 00:00 00: 00 00:00 Q000 00:00 Q000
2005-04-02 04-04 04-08 04-08 04-10 04-12 04-14 04-18

Figure 11. Full-scale tide verification of Tanggu Tide Station
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2.3.2. Flow Velocity Validation

Eight stations were set up in the vicinity of Nangang, and a full-scale hydrological test was carried
out. The flow velocity and flow direction of the eight stations were measured on site.  Figure 12
shows the spring tide velocity verification results of the 1# and 2# stations in Nangang District Station.
In the figure, “0” is the flow velocity value at the measured tide level, “0” is the measured flow
direction value, the solid line represents the calculation result, and the flow direction angle starts from
the magnetic fragmentation north direction for the measurement, and the clockwise direction is
positive.

The calculation results of flow velocity and flow direction are in good agreement with the
measured data, which can be used to predict the hydrodynamic environment of chemical leakage in the
study area.

Station 1# velocity

0.50
0.00
00:00 12:00
2004-10-28
Station 2# velocitv
0.50
0.00
00:00 12:00
2004-10-28
Station 1# flow direction
200
0
00:00 12:00
2004-10-28
Station 2# flow direction
200

00:00 12:00
2004-10-28

Figure 12. Validation of measured spring tide
velocityat stations in Nangang District

2.3.3. Cognitive Test on Chemical Leakage

It is assumed that the methanol leakage occurs at the junction of the north exit of the harbor basin
at the east side of Nangang and the waterway. The methanol leakage amount is 1 ton within 2 hours,
and the specific gravity of the leaked methanol is 0.792 kg/m?® (100% purity). According to the known
assumptions, the total volume of leaked methanol is 1263 m?, the leakage uniformly performs within 2
hours, and the leak strength is 0.1754 m3/s. The simulation of the spring tide shape from October 17 to
18, 2011 is carried out to simulate the range of convective diffusion 24 hours after the start of the
leakage, and the slack moment is chosen as the of the start of the leakage.

Methanol is soluble and the analog computation is carried out according to the standard
convection diffusion equation in three dimensions. The calculation of the model is done with three
layers vertically. Through the simulation of the mathematical model, the influence range of methanol
diffusion with the rise and fall of tide is obtained. Figure 13 shows areal map in which the seawater
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methanol concentration exceeds a certain value at some time after the occurrence of the leakage. The
maximum sea area swept by the water body with a concentration higher than 0.01 mg/l during this
period is 13.5 km?2. The impact of methanol is mainly limited to the port area where the leak point is
located within 24 hours after leakage.

(8 4.5 hours after the leakage

(b) 6 hours after the leakage

(d) 13.5 hours after the leakage
(e)

(e) 18 hours after the leakage
Figure 13. Diffusion range several hours after methanol
leakage (the minimum concentration is 0.01 mg/L)
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3. Conclusions

The leakage and spread of pollutants under water conditions such as sea areas are major
environmental impact problems in waters. In this regard, this paper developed a chemical leakage
model based on the diffusion of three-dimensional soluble pollutants, and the numerical examples
were used to study the constraints of the model. Moreover, taking typical waters as an example, the
typical cognitive mathematical model test of chemical leakage was carried out to simulate the diffusion
characteristics of chemical leakage over time in this water area. The main conclusions are drawn as
follows:

(1) Based on the three-dimensional hydrodynamic model, a three-dimensional soluble pollutant
diffusion model was established. The three-dimensional model adopts the finite volume method which
makes the whole domain strictly satisfy the mass conservation to facilitate the accurate solution of the
transport equation. A semi-implicit and step-by-step solution mode is used to establish the three-
dimensional numerical model with free surface flow. This model can be used for the study of the
diffusion of soluble pollutants in sea areas affected by tidal currents.

(2) The three-dimensional soluble pollutant mathematical model was verified from two aspects.
Firstly, the hydrodynamic model part was verified in a three-dimensional linear standing wave
experiment; and the pollutant diffusion process was then verified using a salt water wedge. The
verification results show that the discrete form of the transport equation used in this model must have a
monotonic nature.

(3) The three-dimensional soluble pollutant mathematical model was applied in Nangang, Tianjin,
China. It is planned to arrange chemical companies and chemical terminals in the Nangang Industrial
Zone, so there is a risk of chemical leakage. Taking the Bohai Sea as the scope of the whole
mathematical model, a three-dimensional mathematical model was established. The density of the
unstructured grid in the region controls the number of grids in the entire computational domain, and
thereby controls the total calculated amount. The methanol leakage cognition test shows that the
influence of methanol is mainly limited to the port area where the leakage point is located within 24
hours after leakage. The maximum sea area swept by water body with a concentration higher than 0.01
mg/l during this period is 13.5 km?.
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