
water

Article

Numerical Model of Supersaturated Total Dissolved
Gas Dissipation in a Channel with Vegetation

Youquan Yuan 1, Yinghan Huang 2, Jingjie Feng 1,*, Ran Li 1, Ruidong An 1 and Juping Huang 1

1 State Key Laboratory of Hydraulics and Mountain River Engineering, Sichuan University, Chengdu 610065,
China; 2016223060059@stu.scu.edu.cn (Y.Y.); liran@scu.edu.cn (R.L.); anruidong@scu.edu.cn (R.A.);
juping-huang@uiowa.edu (J.H.)

2 Power China Zhongnan Engineering Corporation Limited, Changsha 410014, China; hyhscu@126.com
* Correspondence: fengjingjie@scu.edu.cn; Tel.: +86-186-233-16161

Received: 8 October 2018; Accepted: 28 November 2018; Published: 1 December 2018
����������
�������

Abstract: The recent construction and operation of high dams have greatly changed the natural flood
process. To meet the ecological demands and flood control requirements of rivers, dams discharge flow
through the flood discharge facility, always accompanied by total dissolved gas (TDG) supersaturation
in the water, which is harmful to fish. The purpose of this paper is to explore the dissipation
characteristics and prediction methods of supersaturated TDG in water flowing through a floodplain
covered with vegetation. A three-dimensional two-phase supersaturated TDG transportation and
dissipation model considering the effects of vegetation was established. Using existing mechanism
experimental results, the inner dissipation coefficient kin of TDG in vegetation-affected flows was
studied, and the quantitative relationships between the inner dissipation coefficient kin and the
average flow velocity, average water depth, average water radius, Reynolds number, and vegetation
density were characterized. Based on the simulation results, the distribution characteristics of the
supersaturated TDG in water around vegetation and in the vertical, lateral, and longitudinal directions
of the flume under different flow and vegetation densities were analyzed. A supersaturated TDG
transportation and dissipation model for vegetation-affected flow is proposed and can be used to
predict the impact of TDG in a floodplain.
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1. Introduction

Flooding is an important source of sediment and nutrients to a variety of downstream riverine,
estuarine, and marine environments, and plays a crucial role in the development of ecosystems and in
geologic and geomorphologic changes [1–4]. With the large-scale exploitation of hydropower, terraced
reservoirs have gradually formed on rivers to regulate flooding [5,6], consequently changing the
natural flood process. To meet the ecological demands of fish with respect to typical flood processes,
some projects are currently trying to create artificial floods by dam spillage. For example, the Three
Gorges Dam has long produced artificial flood peaks that stimulate fish to spawn [7]. During the
dam spillage period, the water level of the downstream river channel rises sharply, and part of
the coastal floodplain becomes submerged, connecting the aquatic and terrestrial ecosystems [8,9].
Generally, floodplains are covered by vegetation. The resistance effect of vegetation slows down the
flood flow rate, and the nutrients carried by floods settle in the floodplain along with the sediment,
allowing floodplains to become an important place for fish to fatten [10]. However, during the high
dam discharge, a large amount of gas is entrained into the plunge pool by the nappe flow and then
dissolved into the deep water in the high-pressure environment, allowing the total dissolved gas
(TDG) in the water to reach supersaturation [11]. The supersaturated TDG cannot be fully released
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back to the atmosphere over a short period of time [12,13], which may lead to fish suffering from
gas bubble disease (GDB) and even death [14,15]. Therefore, studying the dissipation characteristics
of supersaturated TDG on a floodplain covered with vegetation is of great significance for better
protecting fish and ecological environments in rivers.

Currently, researches on the dissipation process of supersaturated TDG focus on the dissipation
mechanism of supersaturated TDG in rivers without the effect of vegetation and reservoirs or the
influence of environmental factors on this process. Based on the results of mechanism experiments
or numerical simulations, some scholars have discussed the factors affecting the dissipation of
supersaturated TDG and the corresponding mitigation measures, finding that reducing the water depth,
increasing the water temperature, increasing the wind speed above the water surface, and aerating
the water [16–19] can accelerate the dissipation of supersaturated TDG. Shen et al. [20] simulated the
supersaturated TDG distribution in the confluence of a river after construction of a down-stream dam or
a water-blocking pile and no engineering measures and found that constructing engineering measures
at the intersection of rivers could create an area with low TDG saturation for fish to temporarily
avoid the adverse effects of supersaturated TDG. Witt et al. [21] developed an empirically derived
time-variant cross correlation methodology to predict the TDG travel time between an upstream
hydropower spillway and a downstream dam, finding that retention time was a key factor affecting
TDG level. Yuan et al. [22] developed a series of experiments on the vegetation’s effect on the dissipation
of the supersaturated TDG and showed that the presence of vegetation in the still water could
adsorb supersaturated TDG, thereby facilitating its dissipation. The wall’s adsorption coefficient
was proposed and was proven to be mainly affected by the vegetation’s material properties at the
same time. On the other hand, some scholars have carried out substantial model research on the
dissipation of supersaturated TDG. Analyzing the field monitoring TDG data on the Columbia River
and its tributary Snake River, University of Washington researchers concluded that the dissipation
process of supersaturated TDG followed a first-order kinetic reaction and accordingly proposed a
longitudinal one-dimensional constant flow prediction model. In this model, an important parameter,
the dissipation coefficient, representing the dissipation rate of TDG, was introduced [23]. Combined
with field observation data and mechanism experiment data, Feng et al. [12] proposed a formula for
predicting the dissipation coefficient of supersaturated TDG, which involved the factors of friction
velocity, the hydraulic radius, the water depth and the Froude number. Perkins and Richmond [24]
established a depth-averaged two-dimensional model, MASS2, to simulate the TDG distribution
in shallow rivers and to further estimate its impact on fish. Johnson et al. [25] adopted the model
MASS2 to calculate the TDG concentration in the reaches downstream of the Bonneville Dam and
the Ice Harbor Dam. Ma et al. [26] developed a one-dimensional unsteady TDG model to predict the
transportation and dissipation of supersaturated TDG downstream of a high dam under different
discharge patterns, demonstrating that the temporal duration of TDG levels in the downstream
river, which was a major factor determining the negative effects of TDG on fish, increased with
increasing discharge time. Therefore, a discontinuous discharge pattern, rather than a continuous
one, was recommended. Witt et al. [27] proposed a reduced-order TDG uptake equation to predict
tailrace TDG at seven hydropower facilities on the middle section of the Columbia River; according
to this equation, it was possible to reduce TDG supersaturation and meet hydropower generation
requirements by shifting spillway flows at different times. To estimate the distribution of TDG in a
reservoir, Feng et al. [28] established a laterally averaged two-dimensional unsteady model that included
the dissipation coefficient of the TDG and the mass transfer coefficient through the free surface.

As mentioned above, most studies on the dissipation process of supersaturated TDG only
considered the air-water free interface mass transfer and gas-liquid interface mass transfer,
thus ignoring the influence of vegetation. As we know, the hydrodynamics characteristics and sediment
transport in vegetated channels are different from those in channels without vegetation [29,30].
When the high dam discharge results in flooding, the submerged vegetation on the coastal floodplain
of the downstream river can change the distribution of river flow velocity, affect the development of
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turbulent kinetic energy, and alter the kinetic energy correction coefficient and momentum correction
coefficient [31–33]. At the same time, the presence of vegetation in flowing water can increase the
resistance and the sheer force of the riverbed, thus reducing the flooding-induced erosion of the
riverbed [34–36]. The presence of vegetation can also significantly affect the transportation of sediment
and dissolved substances in the flow [37–40]. Huang [41] found that the TDG saturation difference
between upstream and downstream of a flume significantly increased after supersaturated TDG water
flowed through a vegetated area. Some scholars have also built a large number of numerical models to
study the flow characteristics under the influence of vegetation. Huai et al. [42] presented a three-layer
analytical model for open channel flow through suspended rigid vegetation, which could provide a
vertical profile of streamwise velocities. Yang et al. [43] developed a two-dimensional lattice Boltzmann
model with a D2Q9 lattice arrangement to simulate the flow-vegetation interactions in an open channel.
Beudin et al. [44] established a coupled wave-flow-vegetation module in the COAWST modeling
system that reproduced key features of flow-vegetation hydrodynamic interactions, particularly the
strong shear layer at the top of a submerged canopy that varied in height as the plants bent.

The existing achievements show that the absence of vegetation significantly affects the flow
characteristics and flow conditions of rivers. Numerous results have been published regarding the
flow characteristics of vegetated flow and the transportation behavior of sediment in vegetated flow.
However, there are few intensive studies on the transportation characteristics of supersaturated TDG
in vegetated flow. In addition, there is also a lack of mathematical models that reflect the vegetation
wall adsorption effect on supersaturated TDG. Based on Huang’s experimental research, this paper
establishes a three-dimensional two-phase flow model to predict the transportation of supersaturated
TDG in a vegetated flume and analyzes the dissipation properties of the supersaturated TDG in
vegetated flow.

2. Materials and Methods

2.1. Study Case

Huang (2017) [41] designed a physical experiment to study the flow characteristics under different
flow characteristics and vegetation densities and to assess the vegetation’s promoting effect on the
dissipation of supersaturated TDG. The experimental device is shown in Figure 1. The main body of
the experimental device is a Plexiglas flume (50 cm in width, 1500 cm in length, and 30 cm in height,
with a slope of 0.45‰). Vertical Plexiglas columns (with cross-sectional dimensions of 1 cm × 1 cm
and a height of 20 cm) were used instead of rigid emergent plants. The flow velocity was measured
with an LGY-2 intelligent current meter, with a measuring range of 1–300 cm·s−1 and a measurement
error of equal to or less than 1.5%. The TDG saturation level in the water was detected with a TGP
(Total Dissolved Gas Pressure) detector composed of Point Four TGP portable trackers made by Pentair
(Minnesota, USA), with a TGP measuring range of 0–200% and an accuracy of 2%.

There were five groups of vegetation density dV (the percentage of the ratio between the projected
area of vegetation in the Z direction and the area of the flume’s bottom) and five groups of flow,
resulting in a total of 25 experimental cases as shown in Table 1. Figure 2 shows the arrangement of
the Plexiglas columns.

During a certain experimental process, the flow rate is constant and the flow in the flume is steady
flow. In the absence of vegetation, the flow in the whole flume is non-uniform flow.
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Table 1. The conditions of experimental cases.

Case No. Flow
(L·s−1)

The Vegetation
Density

Lateral Space Ly
(10−2 m)

Longitudinal
Space Lx (10−2 m)

The Flow Depth
h (10−2 m)

TDG Saturation of
Entry Section (%)

1 1.5 0 / / 2.2 144.5
2 3.5 0 / / 3.8 144.4
3 5.5 0 / / 4.7 145.6
4 7.5 0 / / 5.6 147.1
5 9.5 0 / / 6.6 148.1
6 1.5 0.1 12.5 60 2.5 144.2
7 3.5 0.1 12.5 60 4.4 144.6
8 5.5 0.1 12.5 60 5.3 144.5
9 7.5 0.1 12.5 60 6.4 146.6
10 9.5 0.1 12.5 60 7.5 147.9
11 1.5 0.2 7.1 60 2.8 144.9
12 3.5 0.2 7.1 60 4.6 147.4
13 5.5 0.2 7.1 60 5.8 148.5
14 7.5 0.2 7.1 60 7.2 148.6
15 9.5 0.2 7.1 60 8.6 149.0
16 1.5 0.3 12.5 20 3.1 145.3
17 3.5 0.3 12.5 20 4.7 145.9
18 5.5 0.3 12.5 20 6.6 147.5
19 7.5 0.3 12.5 20 7.8 147.8
20 9.5 0.3 12.5 20 9.0 148.6
21 1.5 0.6 7.1 20 3.2 145.7
22 3.5 0.6 7.1 20 5.9 147.5
23 5.5 0.6 7.1 20 7.6 148.5
24 7.5 0.6 7.1 20 8.4 149.3
25 9.5 0.6 7.1 20 9.6 149.7
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2.2. Model Assumption

Some scholars have considered the liquid–bubble interface mass transfer when simulating the
generation, transportation, and dissipation of supersaturated TDG in water containing many bubbles,
such as water in the plunge pool near a dam or in aerated water [45–47]. However, there are few
bubbles in the channel downstream of a dam. Therefore, the effect of bubbles on the flow field is
ignored in this model.

2.3. Model Equations

2.3.1. Continuity Equation

∂ρ

∂t
+

∂

∂x
(ρu) +

∂

∂y
(ρv) +

∂

∂z
(ρw) = 0 (1)

ρ = γρw + (1 − γ)ρg (2)

∂γ

∂t
+ γ(

∂u
∂x

+
∂v
∂y

+
∂w
∂z

) = 0 (3)

where u, v and w (m·s−1) represent the flow velocities in the x, y, and z directions, respectively;
ρ (kg·m−3) represents the density of the mixture of water and air; ρg (kg·m−3) represents the density
of air; ρw (kg·m−3) represents the density of water; γ represents the volume fraction of water.

2.3.2. Momentum Equation

∂ρu
∂t + ∂ρuu

∂x + ∂ρuv
∂y + ∂ρuw

∂z = − ∂p
∂x + ∂

∂x

[
2µ ∂u

∂x − 2
3 (

∂u
∂x + ∂v

∂y + ∂w
∂z )

]
+µ ∂

∂y (
∂u
∂y + ∂v

∂x ) + µ ∂
∂z (

∂u
∂z + ∂w

∂x ) + ρ fx
(4)

∂ρv
∂t + ∂ρvu

∂x + ∂ρvv
∂y + ∂ρvw

∂z = − ∂p
∂y + ∂

∂y

[
2µ ∂v

∂y − 2
3 (

∂u
∂x + ∂v

∂y + ∂w
∂z )

]
+µ ∂

∂z (
∂v
∂z +

∂w
∂y ) + µ ∂

∂x (
∂v
∂x + ∂u

∂y ) + ρ fy
(5)

∂ρw
∂t + ∂ρwu

∂x + ∂ρwv
∂y + ∂ρww

∂z = − ∂p
∂z + ∂

∂z

[
2µ ∂w

∂z − 2
3 (

∂u
∂x + ∂v

∂y + ∂w
∂z )

]
+µ ∂

∂x (
∂w
∂x + ∂u

∂z ) + µ ∂
∂y (

∂w
∂y + ∂v

∂z ) + ρ fz
(6)

µ = γµw + (1 − γ)µg (7)

where p represents the pressure; µ (Ns/m2) represents the molecular viscosity coefficient; µw (Ns/m2)
represents the molecular viscosity coefficient of water; µg (Ns/m2) represents the molecular viscosity
coefficient of air; fx, fy and fz are body force per unit mass including gravity and surface tension
effects at the interface in the x, y, and z directions, respectively.

2.3.3. k-ε Equations

∂(ρk)
∂t + ∂(ρku)

∂x + ∂(ρkv)
∂y + ∂(ρkw)

∂z =

∂
∂x

[
(µ + µt

σk
) ∂k

∂x

]
+ ∂

∂y

[
(µ + µt

σk
) ∂k

∂y

]
+ ∂

∂z

[
(µ + µt

σk
) ∂k

∂z

]
+ Gk − ρε

(8)

∂(ρε)
∂t + ∂(ρεu)

∂x + ∂(ρεv)
∂y + ∂(ρεw)

∂z =

∂
∂x

[
(µ + µt

σε )
∂ε
∂x

]
+ ∂

∂y

[
(µ + µt

σε )
∂ε
∂y

]
+ ∂

∂z

[
(µ + µt

σε )
∂ε
∂z

]
+ Cε1

ε
k Gk − Cε2ρ ε2

k

(9)

Gk = µt(
∂ui
∂xj

+
∂uj

∂xi

∂ui
∂xj

) (10)
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µt = ρCµ
k2

ε
(11)

where k (m2/s2) represents the turbulent energy; ε (m2/s3) represents the rate of the energy dissipation;
µt (Ns/m2) represents the turbulent viscosity; σk represents the Prandtl number of the turbulent energy
(here, σk = 1.0); σε represents the Prandtl number of the rate of the energy dissipation (here, σε = 1.39);
Cε1 and Cε2 are empirical constants (here, Cε1 = 1.44 and Cε2 = 1.92); Gk is the production term of the
turbulent kinetic energy caused by the average velocity gradient; Cµ is a constant (here, Cµ = 0.09).

2.3.4. Transportation Equation of TDG

∂(ρG)
∂t + ∂(ρGu)

∂x + ∂(ρGv)
∂y + ∂(ρGw)

∂z =

∂
∂x

[
(µ + D)

∂(ρG)
∂x

]
+ ∂

∂y

[
(µ + D)

∂(ρG)
∂y

]
+ ∂

∂z

[
(µ + D)

∂(ρG)
∂z

]
+ ρSG

(12)

D =
µ

ρσt
(13)

where G (%) is the percent saturation of TDG, σt is the Schmidt umber (here, σt = 1.0), SG denotes the
dissipation term of supersaturated TDG, kin (m−3 min−1) represents the mass transfer coefficient, and
Geq (%) is the percent saturation of TDG under standard atmospheric pressure. SG, representing source
term, is set in Section 2.6.

2.4. Compute Region and Meshes

The simulated area included the experimental water flume. Figure 3 demonstrates the mesh of
the computational domain which contains a vertical grid mesh and a planar grid mesh. The gradient
σ grid is used in the vertical direction, as shown in Figure 3a. The planar grid mesh is illustrated in
Figure 3b. To ensure the accuracy of the flow field calculation around the vertical column, each side
of each vertical column is divided into five grids. The region beyond the column is a mixed grid
composed of rectangular and triangular grids.
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2.5. Boundary Conditions

2.5.1. Boundary Conditions of Flow Field

The inflow was constant flow. The flow and water depth were programmed at the inflow section.
The pressure above the water was barometric pressure, i.e., 101 kPa. A zero gradient was adopted
as the outlet boundary condition. The solid walls of the flume and Plexiglas columns were analyzed
using the standard wall function method, as follows:

u∗ =

{
y∗ y∗< 11.225

1
κ ln(Ey∗) y∗ > 11.225

(14)

u∗ =
UPC1/4

µ k1/2
P

τw/ρ
(15)

y∗ =
ρC1/4

µ k1/2
P yP

µ
(16)
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τw = ρC1/4
µ k1/2

P uP/u∗ (17)

where u∗ and y∗ are dimensionless parameters representing speed and distance, respectively; κ is the
von Karman constant (here κ = 0.42); E is the roughness coefficient of the wall (here E = 9.81); UP and
kP are the average velocity and turbulent kinetic energy at point P, respectively; yP is the distance from
point P to the wall and τw is the shear stress of the wall.

2.5.2. Boundary Conditions of the TDG Concentration Field

The TDG saturation of the inflow section was taken as the inlet boundary condition, and a zero
TDG gradient condition was programmed at the outlet. The solid walls of the flume and Plexiglas
column were modeled using the adsorption flux formula of TDG proposed by Yuan [22], as follows:

Fa =
1
60

kaa(Geq − G) (18)

where a is the superficial area of the wall in a unit volume of water (m−1) and ka is the adsorption rate
of the wall (m−2 min−1) (here ka = 0.0046 m−2 min−1).

2.6. Model Parameters

2.6.1. Parameterizing the TDG Source Term SG

Neglecting the influence of bubbles, the supersaturated TDG in the river channel downstream of a
dam can be dissipated in two ways: liquid-gas free surface transfer and dissipation within the water.
The TDG mass exchange can be modeled as a linear combination of the two processes and expressed as:

SG = SG1 + SG2 (19)

(1) The liquid-gas free surface transfer

SG1 = KL,SasCs(Geq − G) (20)

where as is specific surface area; Cs is the effective air saturation concentration at the local water depth;
Geq is the equilibrium TDG saturation and KL,S is the mass transfer coefficient, which can be calculated
via the method by Geldert [48]:

KL,S = 0.00243u(−5/3)k(4/3) (21)

where u is the surface flow velocity (m s−1) and k is the turbulent kinetic energy (m2 s−2).

(2) Dissipation within the water
SG3 = kin(Geq − G) (22)

where kin is the inner dissipation coefficient (s−1).

2.6.2. The Formula of Inner Dissipation Coefficient

The prior studies focused on cases without vegetation and defined a comprehensive dissipation
coefficient to describe the dissipation rate of TDG in a river or channel, which incorporated the total
effects of inner dissipation within water, mass transfer in the free water surface and the solid river
bed, among which the effect of inner dissipation was at the dominating place. As to the research on
dissipation of supersaturated TDG in a channel with vegetation, the ratio of the effect caused by a solid
wall is rising significantly. For the reason that the dissipation mechanism of TDG in water and on the
wall is different, their influences on TDG dissipation need to be described and calculated separately
in the model. Currently, there is no specific formula to calculate the inner dissipation coefficient.
The value of the inner dissipation coefficient in water cannot be obtained under laboratory conditions.
In this paper, taking the experimental TDG data (including the inlet TDG saturation and outflow TDG
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saturation) of Huang (2017) [41] as the known conditions, the values of the inner dissipation coefficient
in water were calibrated through the TDG transportation model mentioned before. The calibration
results of the inner dissipation coefficient are shown in Table 2.

Table 2. Calibration results of inner dissipation coefficient.

Case No. Flow Rate
(L·s−1)

Vegetation
Density

TDG Saturation
Upstream (%)

TDG Saturation
Downstream (%) kin (s−1)

1 1.5 0 144.5 137.2 4.5 × 10−5

2 3.5 0 144.4 138.9 5.5 × 10−5

3 5.5 0 145.6 140.2 6.0 × 10−5

4 7.5 0 147.1 142.0 6.5 × 10−5

5 9.5 0 148.1 143.9 7.8 × 10−5

6 1.5 0.1 144.2 135.2 4.3 × 10−5

7 3.5 0.1 144.6 137.8 5.2 × 10−5

8 5.5 0.1 144.5 138.3 5.8 × 10−5

9 7.5 0.1 146.6 141.1 6.3 × 10−5

10 9.5 0.1 147.9 143.5 7.5 × 10−5

11 1.5 0.2 144.9 133.5 4.0 × 10−5

12 3.5 0.2 147.4 139.2 5.0 × 10−5

13 5.5 0.2 148.5 141.5 5.5 × 10−5

14 7.5 0.2 148.6 142.6 6.0 × 10−5

15 9.5 0.2 149.0 144.1 7.2 × 10−5

16 1.5 0.3 145.3 131.3 3.7 × 10−5

17 3.5 0.3 145.9 135.9 4.7 × 10−5

18 5.5 0.3 147.5 139.0 5.2 × 10−5

19 7.5 0.3 147.8 140.8 5.8 × 10−5

20 9.5 0.3 148.6 143.0 7.0 × 10−5

21 1.5 0.6 145.7 128.2 3.0 × 10−5

22 3.5 0.6 147.5 134.2 4.1 × 10−5

23 5.5 0.6 148.5 138.0 4.5 × 10−5

24 7.5 0.6 149.3 140.2 5.0 × 10−5

25 9.5 0.6 149.7 142.7 6.3 × 10−5

Generally, the dissipation of supersaturated TDG in water is impacted by hydraulic factors,
such as flow velocity and water depth. For vegetation-affected flows, the dissipation of supersaturated
TDG is also influenced by the vegetation density to some extent.

To study the expression of the inner dissipation coefficient in vegetation-affected flows, graphic
analysis was conducted between the calibrated inner dissipation coefficient and the average velocity v,
average depth H, and vegetation density dV, as shown in Figure 4.

Figure 4a exhibits a good positive correlation between the inner dissipation coefficient and
the average flow velocity, indicating that the greater the average flow velocity is, the faster the
supersaturated TDG in water dissipates. Figure 4b shows that with the increase of average water
depth, the inner dissipation coefficient decreases progressively when the vegetation density remains
the same. Figure 4c shows the effect of vegetation density on the inner dissipation coefficient. We can
clearly see that the higher the vegetation density is, the smaller the inner dissipation coefficient is for
the same flow. The reason may be that the presence of vegetation causes a certain obstructive effect
on the flow, resulting in a reduction in flow velocity and an increase in water depth, which leads to a
reduction in the inner dissipation coefficient in water.
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In addition to the three parameters mentioned above, the average hydraulic radius R and Reynolds
number Re were also selected as important parameters to fit formula of the inner dissipation coefficient
in water. The Reynolds number can be used to represent the effect of turbulence on the inner dissipation
coefficient, and the resulting expression can be written as follows:

kin = φ(
v
H
)

l
(

H
R
)

m
ReneϕdV (23)

where (H/R)m represents the correction factor due to the influence of the wall and φ, l, m, n, and ϕ are
dimensionless constants that can be fitted from the experimental results of Huang (2017) [41].

By employing the experimental data from 20 cases (Q = 1.5 L·s−1, Q = 3.5 L·s−1, Q = 5.5 L·s−1,
Q = 7.5 L·s−1), the values of φ, l, m, n, and ϕ were found to be 3.0 × 10−6, 0.29, 2.3, 0.24 and
−0.7, respectively.

Substituting the values above into Equation (24), the formula for the inner dissipation coefficient
of supersaturated can be expressed as follows:

kin = 3.0 × 10−6(
v
H
)

0.29
(

H
R
)

2.3
Re0.34e−0.7dV (24)

Equation (24) is used to calculate the inner dissipation coefficient of cases with a flow of 9.5 L·s−1

(shown in Table 1), and the calculated results are listed in Table 3. The calculated results are very close
to the calibrated results (shown in Figure 5), indicating that Equation (24) can be used to calculate the
inner dissipation coefficient of supersaturated TDG in vegetation affected flows.
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Table 3. Comparison of the inner dissipation coefficient of supersaturated total dissolved gasbetween
calculated results and experimental data.

Case No. Flow (L·s−1) Vegetation Density kin Calculated (s−1) kin Calibrated (s−1)

5 9.5 0 8.1 × 10−5 8.0 × 10−5

10 9.5 0.1 7.7 × 10−5 7.5 × 10−5

15 95 0.2 7.3 × 10−5 7.2 × 10−5

20 9.5 0.3 7.0 × 10−5 7.0 × 10−5

25 9.5 0.6 6.1 × 10−5 6.2 × 10−5
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2.7. Verification of the Model

2.7.1. Verification Case

The numerical model was verified using the experimental cases that did not participate in
parameter calibration of the formula for the inner dissipation coefficient. Generally, the flow state is
more complex when the flow and vegetation density are relatively high. Therefore, Case 25 (dV = 0.6,
Q = 9.5 L·s−1) and Case 15 (dV = 0.2, Q = 9.5 L·s−1) are selected as the verification cases for the
numerical simulation. Case 15 and Case 25, which have the same lateral arrangement of Plexiglas
columns but different longitudinal arrangements, are also selected as a verification of the influence of
wake flow around the columns.

The boundary conditions of verification cases are verified in Table 4.

Table 4. The boundary conditions of the verification cases.

Case No. Flow (m3·s−1)
The Water Depth of

Inlet Section (10−2 m)
The TDG Saturation of

Inlet Section (%)

15 0.0095 7.4 149.0
25 0.0095 8.4 149.7

2.7.2. Verification Results of the Flow Field

For Case 15, we selected the flow field where the sixth and seventh rows of Plexiglas columns
were located (X = 3.6–4.3 m), and for Case 25, we selected the flow field where the seventh and eighth
rows of Plexiglas columns were located (X = 1.4–1.65 m). The Plexiglas columns in the flume were
arranged symmetrically in the lateral direction, so the flow field was also symmetrical in the lateral
direction. For this reason, the numerical simulation results are compared with the experimental results
only in the area of Y = 0 cm to Y = 25 cm.
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Figure 6 compares the simulated results and the measured results for the surface velocity vector.
We can see that the direction of flow velocity around the column is deflected due to the obstruction of
the vertical columns, forming an angle with the direction of X axis; while in the area downstream of
the column, the direction of flow velocity is the same as that of X axis. Figure 7 shows the distribution
of vertical average velocity on the lateral section behind the vertical column. It can be seen that the
area blocked by the vertical column has a smaller vertical average velocity. However, the vertical
average velocity in the area not blocked by the vertical column is larger. The measured value of vertical
average velocity is very close to the simulated value. Figure 8 demonstrates the distribution of vertical
average velocity on the lateral section 5 cm downstream of the vertical column. It can be seen that the
distribution trend of measured value is very similar to simulated value, showing a serrated distribution.
Figure 9 exhibits the distribution of vertical average velocity on the longitudinal sections between
the front row and back row of vertical columns, including the post-column longitudinal sections
(Section 15-4 and Section 25-4) and the pre-column longitudinal sections (Section 15-5 and Section
25-5). It can be seen from Figure 9 that the simulated velocity distribution is basically consistent with
the measured velocity distribution between the front row and back row of vertical columns. On the
post-column longitudinal section, the distribution of vertical average velocity presents a trend that
increases abruptly downstream along the flume and then becomes flat. While on the pre-column
longitudinal section, the distribution of vertical average velocity tends to be flat first and then drops
sharply when close to the vertical column.

1 
 

 
(a) Section 15-1 (Case 15) 
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Figure 8. Distribution of the simulated vertical average velocity and experimental vertical average
velocity of the lateral section downstream of the vertical columns. Section 15-3 is the lateral section 5
cm downstream of the sixth row of vertical columns in Case 15. Section 25-3 is the lateral section 5 cm
downstream of the seventh row of vertical columns in Case 25.
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standard deviation (STD) and root-mean-square error (RMSE) were taken as analysis indexes to 
analyze the error in each section. The error analysis results are shown in Table 5. The error between 
the simulation results and the measured results is within 0.019 m s−1, demonstrating that the above 
mentioned model can perfectly reflect the flow field distribution of the vegetation-affected flow. 
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Section No. Mean Error (m/s) RSD (%) STD RMSE (m/s) 
Section 15-1 0.018 7.2 0.02 0.023 
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Figure 9. Distribution of the simulated vertical average velocity and the experimental vertical average
velocity of the longitudinal section between the front row and back row of vertical columns. (a) Section
15-4 is the longitudinal section behind the second vertical column of sixth row (Y = 10.7 cm) in Case
15; (b) Section 15-5 is the longitudinal section before the second vertical column of the seventh raw
(Y = 14.3 cm) in Case 15; (c) Section 25-4 is the longitudinal section behind the second vertical column
of seventh row (Y = 7.1 cm) in Case 25; (d) Section 25-5 is the longitudinal section before the second
vertical column of seventh row (Y = 10.7 cm) in Case 25.

Error analysis of each section was performed. Mean error, relative average deviation (RSD),
standard deviation (STD) and root-mean-square error (RMSE) were taken as analysis indexes to
analyze the error in each section. The error analysis results are shown in Table 5. The error between
the simulation results and the measured results is within 0.019 m s−1, demonstrating that the above
mentioned model can perfectly reflect the flow field distribution of the vegetation-affected flow.

Table 5. Error analysis results. RSD: relative average deviation; STD: standard deviation; RMSE:
root-mean-square error.

Section No. Mean Error (m/s) RSD (%) STD RMSE (m/s)

Section 15-1 0.018 7.2 0.02 0.023
Section 15-2 0.019 6.5 0.02 0.009
Section 15-3 0.015 6.8 0.02 0.004
Section 15-4 0.008 3.3 0.01 0.006
Section 15-5 0.013 6.4 0.02 0.008
Section 25-1 0.017 8.6 0.02 0.019
Section 25-2 0.010 4.7 0.01 0.007
Section 25-3 0.012 6.8 0.01 0.004
Section 25-4 0.011 5.5 0.01 0.008
Section 25-5 0.011 6.4 0.01 0.002
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2.7.3. Verification Results of the TDG Concentration Field

The TDG saturation of the outflow section was used to verify the TDG concentration field.
The comparison between the simulation results and the measured values is shown in Figure 10.
The calculated values of the outflow section in Case 15 and Case 25 are 144.4% and 142.3%, respectively,
which are very close to the measured values of 144.1% and 142.7%, with errors both less than 0.3%.
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Figure 10. Comparison between simulation results and experimental data of TDG saturation.

3. Results and Discussions

3.1. The Distribution of Supersaturated TDG around a Column

The distribution of supersaturated TDG around a single column has similar features in various
cases with different flow rates and vegetation densities, so only the distribution of supersaturated
TDG around the single column in Case 25 (dV = 0.6, Q = 9.5 L·s−1) is shown in Figure 11 (the distance
from the bottom of the flume is 0.09 m). The area downstream of the columns exhibited an obviously
low saturation. The reason may be that the existence of columns blocks the flow, resulting in an area of
low-speed wakes and vortices behind the columns. In this region, the decreased flow rate results in a
longer retention time, allowing the supersaturated TDG to more fully dissipate.
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3.2. Vertical Distribution of Supersaturated TDG

In different vegetation cases, the TDG saturation presents similar distribution characteristics in
the vertical direction. Therefore, the TDG distribution in the vertical direction is shown for Case 25
(dV = 0.6, Q = 9.5 L·s−1) in Figure 12. Figure 12 shows that the TDG saturation in the surface water is
slightly lower than that in the subsurface water. The TDG saturation in the subsurface water decreases
as the water depth increases. This feature is the result of the uneven distribution of vertical velocity
and mass transfer in the free water surface. In vegetation-affected flows, the vertical distribution of
flow velocity exhibits a pattern in which the deeper the water depth is, the lower the flow velocity is.
Affected by this distribution, the upper water with a higher TDG saturation reaches the downstream
section before the lower water. Furthermore, the lower flow velocity causes longer retention time of the
lower water, and the supersaturated TDG in this part of the water is allowed to more fully dissipate.
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3.3. Planar Distribution of Supersaturated TDG

Figure 13 shows the scattergram of supersaturated TDG on a horizontal plane. The distribution
of TDG presents an obvious discipline under the large flow condition, so we have selected the cases
with the flow of 9.5 L·s−1 for graphical analysis. In order to compare the distribution discipline
of supersaturated TDG under the condition without vegetation and with vegetation, we chose
the case without vegetation (Case 5, Figure 13a) and the case with maximum vegetation density
(Case 25, Figure 13b) for comparative analysis. As can be seen from Figure 13a,b, the distributions
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of supersaturated TDG are quite different between cases without vegetation and with vegetation.
For Case 5 without vegetation, the equal TDG saturation lines are concave backwards curves, while
for Case 25 with maximum vegetation, the equal TDG saturation lines are convex forward curves.
In addition, for comparing the distribution discipline of TDG saturation under different vegetation
densities, we conducted a comparative analysis of case with low vegetation density (Case 15, Figure 13c)
and Case 25. It can be seen that the curvature of the equal TDG saturation lines at the inflection point
is larger when the vegetation density is larger.
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3.3.1. The Longitudinal Distribution of Supersaturated TDG

The TDG saturation values along the central axis (Y = 0.25 m) of the water surface are used to
analyze the longitudinal distribution of oversaturated TDG. We considered the effect of vegetation
density and flow, as shown in Figure 14a,b, respectively.

Figure 14a is a longitudinal scatter gram of supersaturated TDG in cases with different vegetation
densities and the same flow of 9.5 L·s−1 and indicates that the existence of vegetation can significantly
promote the dissipation of supersaturated TDG. With the same flow, the higher the density of vegetation
is, the greater the obstruction of vegetation to water is, so that the retention time of supersaturated TDG
in water increases and the supersaturated TDG is fully dissipated along the path. Due to the influence
of the vertical column, the TDG saturation near the vertical column presents a zigzag distribution
feature. In addition, because the initial saturation of the inlet section in cases with higher vegetation
density is larger, the curve of TDG saturation in cases with higher vegetation intersects the curve of
TDG saturation in cases with lower vegetation along the longitudinal direction. Figure 14b shows the
longitudinal scattergram of supersaturated TDG in cases with different flows and the same vegetation
density of 0.3. As seen from the Figure 14b, lower flow values are associated with greater dissipation
of the supersaturated TDG throughout the whole process. The reason may be that the average water
retention time is extended by the decrease in the flow, causing the supersaturated TDG in the water
more fully dissipate. At the same time, when the flow rate is smaller, the retention effect of the column
is better, and the serrated distribution characteristics of the supersaturated TDG are more obvious.
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3.3.2. The Lateral Distribution of Supersaturated TDG

The TDG saturation values along the horizontal axis (X = 7.65 m) of the water surface are used
to analyze the lateral distribution of oversaturated TDG. We also considered the effect of vegetation
density and flow, as shown in Figure 15a,b, respectively.

Figure 15a shows a lateral scatter gram of supersaturated TDG in cases with different vegetation
densities and the same flow of 9.5 L·s−1. In cases without vegetation, the middle TDG saturation
is slightly higher than that of both sides. In cases with vegetation, the lateral distribution of TDG
saturation is the opposite, characterized by low saturation in the middle and high saturation on
both sides; the higher the vegetation density is, the more obvious this distribution characteristic is.
The reason may be that vegetation acts as a barrier to water flow, causing the lateral flow velocity
outside the flume’s wall boundary layer to present a phenomenon of low in the middle and high on
both sides. As a result, when upstream water with higher TDG saturation is transported downstream,
the water along the edge flows downstream before the central water, making the TDG saturation on
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both sides higher than that in the center. Figure 15b presents a lateral scattergram of supersaturated
TDG in cases with different flows and the same vegetation density of 0.3. When the vegetation
density is constant while the flow varies, the distribution characteristics of supersaturated TDG present
the same trend, namely the TDG saturation in the middle is slightly lower than that on both sides.
It seems that the effect of flow on the lateral distribution of supersaturated TDG is not as great as that
of vegetation.
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4. Conclusions and Prospect

Coastal floodplains are an important location for fish breeding and fertilization. The existence
of vegetation in the floodplain makes the water flow structure in the beach area complex. When the
flow is discharged from high dams, the supersaturated TDG can be caused and do harm to fish,
so the dissipation characteristics of supersaturated TDG under the water-blocking effect of vegetation
on the floodplain need to be clarified. In this paper, the effects of vegetation on the dissipation of
supersaturated TDG were studied. The research results are of general reference value for improving the
prediction accuracy of supersaturated TDG transportation and dissipation downstream of high dams,
for identifying measures to mitigate the adverse effects of supersaturated TDG, and for protecting
aquatic life in hydropower-developed rivers. The conclusions of this paper are as follows:

(1) A three-dimensional two-phase flow dynamics model was established to study the complex
characteristics of three-dimensional flow under the effects of vegetation, and the model was
verified by measurements of flow velocity in vegetation-affected flows in the experiments.
The verification results indicated that the numerical simulation results of each section were
basically consistent with the measured flow velocity distribution, and the calculation error of
flow velocity was within 0.019 m·s−1.

(2) Dividing the dissipation process of supersaturated TDG in vegetation-affected flows into the
liquid-gas free surface transfer and the inner dissipation, a three-dimensional supersaturated TDG
transportation and dissipation model considering the influence of vegetation was established.
In this model, the inner dissipation coefficient was introduced to characterize the inner
dissipation of supersaturated TDG. A formula based on the average velocity, the average
hydrodynamic radius, Reynolds number and vegetation density was developed to predict
the inner dissipation coefficient of supersaturated TDG. The prediction model was verified
with two individual cases, and this verification demonstrated that the simulation results of the
dissipation process of supersaturated TDG in the flume were very close to the measured values.
The transportation and dissipation model of supersaturated TDG established in this paper can be
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used to predict the transportation and dissipation process of supersaturated TDG dissipation in
vegetation-affected flows.

(3) The simulation results show that the water-blocking effect caused by a column formed an obvious
area of low TDG saturation behind the column. In the vertical direction, the TDG saturation
in the surface water was slightly lower than that in the subsurface water, and TDG saturation
in the subsurface water decreased as the water depth increased. At the same time, affected
by the water-blocking effect of the vegetation group, TDG saturation presented a distribution
characterized by high values in the middle and low values on both sides in the lateral direction.
In the longitudinal direction, the TDG saturation decreased gradually with downstream extent
but showed serrated distribution characteristics in the region behind the column.

(4) Because the existing measurement and numerical simulation methods have difficulty reflecting
the influence of real vegetation on the flow field and the supersaturated TDG transportation and
dissipation process, a Plexiglas vertical column with a square cross section was selected to simulate
rigid hydrophilic plants. The effects of vegetation’s flexible characteristics and the presence of
leaves on the transportation and dissipation processes of supersaturated TDG in flowing water
remain to be studied. Limited by laboratory conditions, only small-scale mechanism experiments
have been carried out. The parameters used in the three-dimensional TDG transportation and
dissipation model were also calibrated by the experimental results. The applicability of this
model for simulating the transportation and dissipation process of supersaturated TDG under
vegetation-affected flows in large-scale flows remains to be further studied.
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