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Quantitative predictions of total dissolved gas (TDG) super-saturation are essential for
developing operation schemes for high dams. Most TDG generation prediction models
have various shortcomings that affect the accuracy of TDG super-saturation estimation,
such as oversimplification of influencing factors and uncertainty in parameter values. In this
study, the TDG generation process was divided into three parts, gas-liquid mass transfer
process in the stilling phase, dilution resulting from the water jet plunging into the stilling
phase, and outflow of TDG–super-saturated water from the stilling phase, while
considering the water body and bubbles in the stilling phase as a whole. The
residence time of the water in the stilling phase (Tr) was introduced to estimate mass
transfer time, along with dimensional analysis methods. The properties of TDG generation
were evaluated experimentally under varying Tr values. Based on the theoretical analysis
and experimental results, a basic water renewal model was proposed and was validated
using experimental data. Furthermore, prediction results of this model were compared with
those of a classical empirical model and mechanical model based on observed data from a
field survey at Xiluodu Dam. The results show that the relative errors between the predicted
and experimental measurements were all less than 5%, indicating that the developed
prediction model has a good performance. Compared with the mechanism model, the
developed model could reduce the standard error (SE), normalized mean error (NME), and
error of maximum (REMAX) by 60, 96, and 15%, respectively. Meanwhile, the developed
model could reduce the SE, NME, REMAX by 17.4, 36, and 23%, respectively, compared
with the empirical model. Considering all the error indexes, it can be concluded that the
prediction performance of the water renewal model is the best among the three models.
The proposed model was also more generically versatile than the existing models.
Prediction results of water regeneration model for TDG could aid the drafting of
governing strategies to minimize the risk of super-saturated TDG.
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INTRODUCTION

High dams serve as energy-storage pools for economic and social
development and provide watershed reserves against
uncertainties associated with climate change (Hunt et al.,
2020). However, the development of hydropower energy has
raised various ecological and environmental concerns (Palmer
and Ruhi, 2019; Chen et al., 2020). For the safe operation of
hydropower dams, water is often released over the spillways,
which leads to total dissolved gas (TDG) super-saturation (Pulg
et al., 2016; Pleizier et al., 2020). TDG supersaturation refers to
the phenomenon when the concentration of TDG in water is
greater than the solubility at ambient temperature and
atmospheric pressure. TDG contains nitrogen, oxygen, carbon
dioxide and rare gases, with the former two being the main
components. Existing research results show that, under standard
atmospheric pressure, the theoretical saturated concentration of
O2 and N2 corresponding to water temperature of 20.4°C is
9.02 mg/L and 14.92 mg/L respectively. The theoretical
saturated concentration of O2 and N2 corresponding to water
temperature of 21.2°C is 8.88 mg/L and 14.72 mg/L. The
difference of the theoretical saturated concentration of each
gas in water is 1.6 and 1.4%, respectively (Colt, 2012).

TDG super-saturation induces gas bubble disease in fish,
thereby adversely impacting the local riverine eco-environment
(Wang et al., 2020; Shen et al., 2021). Fish exposure to TDG
supersaturated water can cause foam trauma and death-related
injuries (Weitkamp and Katz, 1980). In addition, the pathological
changes caused by gas bubble trauma can cause a variety of
physiological injuries to fish, including abnormal behavior and
unbalanced swimming performance (Wang et al., 2017; Yuan
et al., 2017). Migratory fish with reduced swimming capacity are
vulnerable to predator attack and can be difficult to find food or
migrate across dams when exposed to TDG supersaturation
(Wang et al., 2018). Many dams with a height exceeding
200 m have been constructed (Witt et al., 2017) due to
increasing demand for hydropower, often resulting in TDG
saturation and increased rates of fish mortality. Thus, it is
necessary to develop effective models to predict TDG
saturation to better protect riverine ecosystems threatened by
high dams.

At present, empirical, numerical, and mechanical models are
widely used to predict TDG saturation. Among these models, the
empirical model uses the discharge rate as the key parameter for
regression analyses of monitoring results (Anderson et al., 1998).
However, the empirical model does not incorporate the effects of
other important parameters, such as downstream water depth.
Therefore, changes in power generation flow can affect the
generation of TDG, resulting in prediction bias. Numerical
models are important methods used to study the process
leading to TDG super-saturation (Politano et al., 2017). Wang
et al. (2019) established a two-phase flow model that utilized the
volume of fluid method to simulate TDG generation in the stilling
phase at McNary Dam, with gas bubble size calculated using the
bubble number density equation. However, application of the
two-phase flow model has been limited by the lack of systematic
research on the mechanism of bubble mass transfer and bubble

size distribution. As such, further research is needed to improve
the accuracy of the model (Politano et al., 2004). Mechanical
models were proposed to predict the progression to TDG super-
saturation on the basic theory of gas-liquid mass transfer and the
process of gas-liquid flow over dam spillways. These models were
well established in previous studies for dams with medium and
low head in bottom-flow dissipation (Roesner et al., 1972; Geldert
et al., 1998). Major parameters of mechanical models include
saturated dissolved oxygen concentration, average hydrostatic
pressure of the stilling phase, dissolved nitrogen concentration,
spillway width, stilling phase length, water temperature, and local
atmospheric pressure (Johnson and King, 1975; Hibbs and
Guliver, 1997). With the increasing construction of high dams
(i.e., ≥200 m), trajectory bucket-type energy dissipation became
the primary energy-dissipation method, and the process of TDG
super-saturation also changed. Therefore, models for predicting
TDG super-saturation at high dams are needed. According to
summarized data from analyses of the physical process by which
gas dissolves in the stilling phase, Li et al. (2009) proposed a
model for predicting TDG levels based on the water depth of the
outlet and stilling phase. However, their model does not consider
the effective depth reached by gas bubbles or the mass transfer
time of bubbles in the stilling phase.

Although numerous studies have examined TDG super-
saturation predictive models, methods for evaluating bubble
distribution and mass transfer time in stilling phases are
underdeveloped. Of the above-mentioned three types of
predictive models, the mechanical model is superior, by taking
into account modeling parameters such as bubble size, bubble
distribution, and bubble mass transfer time. However,
mechanical model prediction results tend to be inaccurate due
to the lack of a two-phase flow mechanism (Li et al., 2009).

In this study, the residence time of the water in the stilling
phase was introduced to characterize the effects of drainage flow
and bubble mass transfer time on the development of TDG super-
saturation. A theoretical analysis was carried out to establish the
fundamental water renewal model in combination with a TDG
generation experiment to propose a TDG super-saturation
model. The developed water renewal model was trained with
the residence time of the water in the stilling phase. The capability
of the model was evaluated in field observations conducted
downstream of the Xiluodu Dam (a high dam >285 m)
constructed on the Jinsha River (i.e., the upper course of the
Yangtze in China). Comparisons were made with two other
typical models to demonstrate the predictive ability of the
developed model.

MATERIALS AND METHODS

TDG Super-Saturation Prediction
Model–Basic Theory
During the spilling period, gas is carried into the stilling phase by
the plunging jet of water, leading to a higher concentration of
TDG than the solubility under ambient temperature and
atmospheric pressure, commonly known as TDG
supersaturation. The theoretical saturation concentration of
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TDG is mainly influenced by water temperature and bubble
pressure. The higher the water temperature, the lower the
TDG saturation solubility, and there is an exponential
relationship between the water temperature and the mass
transfer coefficient. The saturation solubility of TDG also
varies at different water pressures: the higher the water
pressure, the higher the saturation solubility. Specifically, each
1.00 m increase in head increased the saturation solubility by 10%
compared to the saturation solubility at atmospheric pressure
(Qu et al., 2011a). Theoretically, TDG saturation of water is
affected primarily by the air gas concentration when water
temperature and pressure are constant (Schierholz et al., 2006).

Due to uncertainty regarding the size, distribution, and
trajectory of bubbles, predictions of TDG saturation based on
the mass transfer process are generally biased. For a higher
prediction accuracy, therefore, the water body and bubbles in
the stilling phase were considered as a whole. The TDG
generation process could then be divided into three parts:
variation in TDG saturation during the process of flowing
through air, the gas super-saturation process in the stilling
phase, and the process of rapid release at the stilling phase
exit. Meanwhile, the gas-liquid mass transfer process in the
stilling phase occurs at the bubble and water interface. Thus,
when the level of water downstream of the dam and the spilling
flow rate are approximately regarded as constants, the TDG
saturation in the spilling basin will equilibrate dynamically
and reach the steady-state TDG saturation (Css, %). Based on
the theory of mass balance, the mass transfer process of TDG
generation in the spilling basin can be described by Eq. 1.

dC � kLab(Cp
s − Css)dt + kSas(Csat − Css)dt − (Css − Cu)Qs

V
dt

� 0

(1)

where V is the volume of the stilling phase (m3); Qs is the spilling
flow rate (m3/s); kLab and kSas are the mass transfer rate
coefficients for the bubble and water surfaces, respectively
(s−1); Cs* is the bubble liquid-phase equilibrium TDG
saturation (%); Csat is the saturation concentration of TDG in
water at local atmospheric pressure and temperature, usually set
as 100%; C is the actual water TDG saturation (%); and Cu is the
TDG saturation of the plunging water jet (%).

Eq. 1 can be simplified as

Css � kLabVCp
s + kSasVCsat + QsCu

kLabV + kSasV + Qs
(2)

If the numerator and denominator on the right side of Eq. 2 are
divided by Qs, the Css as a function of the residence time of the
water in the stilling phase can be expressed by Eq. 3

Css � kLabTrCp
s + kSasTrCsat + Cu

kLabTr + kSasTr + 1
(3)

where Tr is the residence time of the water in the stilling phase (s),
Tr � V/Qs.

Previous research found that bubbles are the principal
mediators of gas transfer (Demoyer et al., 2003). In

addition, mass transfer at the water surface is negligible
when compared to transfer at bubble surfaces due to the
much slower transfer efficiency. The mass transfer
coefficient ka (s−1) can be introduced to substitute the mass
transfer rate coefficient for the bubble surfaces, thus
simplifying Eq. 3 to

Css � kaTrCp
s + Cu

kaTr + 1
(4)

The mass transfer coefficient is primarily related to liquid
properties, water temperature, air content, water pressure, and
mass transfer time. Air content is relatively high during the
process of TDG super-saturation, and pressure and bubble
retention time are key factors in this process. Thus, the mass
transfer coefficient can be expressed by

ka � f(ρ, η, Tr, h) (5)

f(ka, ρ, η, Tr, h) � 0 (6)

where ρ is the density (kg/m3); η is the dynamic viscosity (Pa·s);
and h is the water depth of the stilling phase (m).

According to the dimensional analysis method and π-theorem,
the equation for the mass transfer coefficient based on Tr can be
written as

kaTr � f(]Tr

h2
) (7)

where ] is the kinematic viscosity (m2/s), ] � η/ρ.

FIGURE 1 | Schematic illustration of the experimental setup for
generating super-saturated TDG water.
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The mass transfer coefficient can then be rearranged as
follows:

ka � f(]Tr

h2
) 1

Tr
(8)

Examination of the Effect of Tr on the TDG
Super-Saturation Process
The experimental setup included an air compressor, air inlet
pipe, water inlet pipe, water outlet pipe, rotor flowmeters,
pressure gauge, pressure reducing valve, pressure regulating
valve, bubble diffuser, and pressure tank (Figure 1). At the
beginning of the experiment, tap water and air were injected
into a 0.30-m diameter × 1.13-m deep cylindrical pressure
tank, and the flow rate was controlled using the rotor
flowmeters. An air compressor was used to force air to
dissolve in the water by increasing the pressure within the
pressure tank, thereby generating super-saturated TDG
water. In order to ensure the water body to fully contact
with the bubbles, a 0.18-m diameter circular, flat, titanium
alloy bubble diffuser was installed at 0.10 m from the bottom
of the tank. The pressure regulating valve was installed
between the air compressor and the pressure tank to
ensure a steady airflow rate. The TDG saturation detector
(Hydrolab DS5X Water Quality Multiprobes; Hach
Company, United States) was attached to the inside wall
of the tank to automatically record the TDG saturation and
temperature of the water in real-time. TDG saturation was
measured using the TDG pressure probe, which had a
measurement range of 400–1,300 mm Hg and accuracy of
±0.1%. The temperature probe measurement range was −5 to
50°C, with an accuracy of ±0.1°C. The pressure inside the
tank was measured using the water pressure probe, which
had a measurement range of 0–50 m and an accuracy
of ±0.1 m.

To match the residence time of the water in the stilling
phase under experimental conditions with the Tr of the
dams, the water body renewal time of the stilling phase
was determined at Xiluodu Dam, Xiaowan Dam, and
Jinping first-level Dam. They are all typical super-large
hydropower stations in China. Jinping first-level Dam
(height: 305 m) and Xiluodu Dam (height: 285.5 m) are in

the Jinsha River. Xiaowan Dam (height: 292 m) locates in
Lancang River. The 3 dams can provide comprehensive data
sets of dam Tr. The results are shown in Table 1. In typical
projects, the residence time of the water in the stilling phase
varies greatly under different discharge rates, ranging from 2
to 13 min. To determine the airflow rate (Qa) in the
subsequent experiments, the steady-state TDG saturation
was compared at Qa values of 60, 180, 300, 600, and 900 L/h.
These analyses indicated that the mass transfer process
tended to remain stable at Qa of 900 L/h. Therefore, the
following experiments were carried out at a Qa of 900 L/h.
Experimental scenarios were designed with a water volume
(V) of 30, 40, 50, or 60 L and a flow rate (Qs) ranging from
180 to 750 L/h. A scenario without water renewal was
examined as a control. The mass transfer coefficient was
calculated for each of the scenarios using Eq. 8.

The mass transfer rate, E, was introduced to evaluate the
variation in TDG saturation:

E � CD − CU

Cp
s − CU

(9)

where CD is the TDG saturation of the outflow (%); CU is the
TDG saturation of the inflow (%); and Cs* is the theoretical
TDG saturation at the pressure and temperature within the
tank (%), determine the value by checking the table (Colt,
2012).

Field Monitoring of TDG Super-Saturation
and Data Processing
TDG field observations were conducted 3.0 km downstream
of the Xiluodu Dam at 0,800 h and 1,400 h from June 23 to
July 6, 2017. TDG saturation and water temperature were
measured using a Hydrolab DS5. During the monitoring
period, the water temperature below the Xiluodu dam varied
in the range of 20.4–21.2°C, with corresponding changes in
the theoretical saturated dissolved concentration of each gas
in the water column. The atmospheric pressure was set to
724 mm Hg, and the TDG probe monitoring frequency and
duration were set to 1 and 30 min, respectively. TDG
saturation of the flow in the stilling phase was calculated
using Eq. 14 based on the measured results because the TDG
saturation at the monitoring point (CM; Figure 2)
represented the mixing of the spill flow and tail water.

CM � QsCs + QpCp

Qs + Qp
(10)

where CM is the TDG saturation at the monitoring point (%); Cs

and Cp represent the TDG saturation of the flow in the stilling
phase and the power flow, respectively (%); and Qs and Qp

represent the spilling flow rate and power flow rate,
respectively (m3/s).

Using the above inputs, a TDG generation prediction model
using a multiple linear regression method (Eqs 4, 8) was
proposed for Xiluodu Dam. During the field observation
period, data regarding the flow rate and water level

TABLE 1 | Water renewal time at three typical high dams in China.

Xiluodu dam Xiaowan dam Jinping first-
level dam

Qs (m3/s) Tr (min) Qs (m3/s) Tr (min) Qs (m3/s) Tr (min)

30,210 1.98 17,070 2.23 10,577 2.60
21,036 2.56 14,130 2.60 9,068 2.98
14,848 3.62 12,100 2.90 8,561 3.12
12,087 3.76 9,600 3.18 7,673 3.29
10,657 4.54 7,000 4.27 5,908 3.72
5,014 6.19 4,800 5.92 3,366 6.38
3,162 10.10 2,500 11.08 1,669 13.19
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downstream of the Xiluodu Dam were obtained from the
China Three Gorges Corporation.

Comparison of Models for Predicting TDG
Super-Saturation
The empirical model (Eq. 11) (Anderson et al., 1998) and
mechanical model (Eqs 12, 13) (MaQian, 2016) were
compared with the developed estimation model using field
observation data. The empirical model was developed based on
the spilling flow rate. However, the mechanical model was
developed based on gas transfer theories.

Empirical model:

Css � a + b · exp(cQs) (11)

Mechanical model:

Css � 100{1 + ΔP

P0
[1 − exp(−0.08tR)]} (12)

tR � 27.73λ0.49(hk
g
)0.5(l0

l
)−0.25

(13)

where ΔP is the average pressure in the stilling phase, which
consists of static pressure and hydrodynamic pressure (m); P0 is
the local atmospheric pressure (m); tR is the retention time of
aerated water in the stilling phase (s); hk is the water depth in the
stilling phase (m); g is acceleration due to gravity (m2/s); l0 is the
horizontal distance between the downstream toe of the dam and
the impact point of the jet (m); l is the length of the stilling phase
(m); and a, b, and c are dimensionless constants that can be fitted
from field observation results, the results were a � 154.02, b �
−34.15, and c � −2.76 × 10–4.

Model Evaluation Index
The standard error (SE), Normalized mean error (NME),
Mean multiplicative error (MME), Nash-Sutcliffe efficiency
coefficient (NSE), and coefficient of determination (R2) were
used to evaluate the performance of the predictive equations
(Jha et al., 2010; Disley et al., 2015). Because the maximum
TDG saturation level represents the most serious threat to
the habitat, the error of maximum TDG saturation level
(REMAX) was evaluated for each model. The errors were
determined using the following equations:

SE � ⎡⎣∑N
i�1

(CP − CM)2i
N

⎤⎦1/2 (14)

NME � 100%
N

∑N
i�1
(CP − CM

CM
)

i

(15)

MME � exp

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
∑N

i�1
∣∣∣∣ln(CP/CM)i

∣∣∣∣
N

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (16)

NSE � 1 − ∑N
i�1(Ci

M − Ci
P)2

∑N
i�1(Ci

M − CM)2 (17)

R2 �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∑N
i�1(Ci

M − CM)(Ci
P − CP)

∑N
i�1(Ci

M − CM)2∑N
i�1(Ci

P − CP)2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

2

(18)

REMAX �
∣∣∣∣∣∣∣CPMAX − CMMAX

CMMAX

∣∣∣∣∣∣∣ × 100% (19)

FIGURE 2 | Distribution of TDG saturation monitoring points.
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where CP and CM denote the predicted and measured TDG
saturation levels (%); CPMAX and CMMAX are the maximum
predicted and measured TDG saturation levels (%); N
represents the number of values; and i is the time step.

RESULTS

TDG Super-Saturation Experimental
Results
The dynamics of the mass transfer rate at different Tr are
summarized in Figures 3A–D. The mass transfer rate
increased with increasing Tr and eventually stabilized. In the
absence of water renewal, the mass transfer rate gradually
approached a value of 1.0 (the theoretical saturation state). In
contrast, under steady-state conditions, the mass transfer rate was
<1.0 with water renewal, and the TDG saturation was lower than
the theoretical saturation state. A comparison of different
scenarios (Table 2) revealed that the mass transfer rate in the
steady-state increased with increasing Tr. In addition, the
experimentally derived mass transfer coefficients were
calculated and plotted against Tr (Figure 4). These data
showed that the mass transfer coefficient decreased with
increasing Tr.

tBased on the established basic form of the mass transfer
coefficient equation (Eq. 8), a nonlinear regression analysis
of the mass transfer coefficient, pressure head and Tr

(Table 2) for each working condition was performed to
obtain the mass transfer coefficient equation under the
experimental condition (Eq. 20), with a minimum
correlation R2 � 0.87.

ka � [2.8088ln(]Tr

h2
) + 17.315] 1

Tr
(20)

FIGURE 3 | (A) Effect of water renewal time on mass transfer rat. (B) Effect of water renewal time on mass transfer rate. (C). Effect of water renewal time on mass
transfer rate. (D). Effect of water renewal time on mass transfer rate.

TABLE 2 | Mass transfer rate and mass transfer coefficient under different
experimental scenarios.

case no Qs

(L/h)
V
(L)

Tr

(min)
h (m) T (°C) E ka (min−1)

1 600 30 3 9.1 22.63 0.689 0.699
2 500 30 3.6 9.2 22.25 0.695 0.654
4 400 30 4.5 9 22.19 0.747 0.626
5 300 30 6 8.8 23.34 0.813 0.607
7 200 30 9 9.1 23.62 0.854 0.582
9 600 40 4 9.2 22.37 0.71 0.594
10 500 40 4.8 9.2 22.14 0.745 0.574
11 400 40 6 8.9 23.33 0.788 0.553
12 300 40 8 9 23.36 0.825 0.514
14 200 40 12 9.2 23.9 0.866 0.494
16 600 50 5 9 22.76 0.725 0.548
17 500 50 6 9.1 22.45 0.8 0.518
18 400 50 7.5 9.3 22.91 0.792 0.479
20 300 50 10 9.1 22.98 0.828 0.469
21 200 50 15 9.3 23.73 0.869 0.402
22 600 60 6 9.1 22.87 0.734 0.504
23 500 60 7.2 9.5 22.24 0.789 0.442
25 400 60 9 9.4 22.99 0.803 0.421
27 300 60 12 9.3 22.54 0.838 0.397
28 200 60 18 9.4 23.8 0.885 0.36
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Predictive Ability of the Developed Model in
Experimental Condition
The mass transfer coefficient equation (Eq. 20) was coupled with
the stable-state TDG super-saturation prediction equation (Eq. 4)
to establish the model for predicting TDG super-saturation under
experimental conditions. Figure 5 and Table 3 show a
comparison of calculated and measured TDG super-saturation
values under various experimental conditions. The comparison
showed that the Relative Error (RE)between the calculated and
measured values was <5%. In addition, the Root Mean Squared
Error (RMSE), R2, and NSE values of 1.21%, 0.94, and 0.94,
respectively, indicated that the developed water renewal model
exhibits good performance in predicting TDG super-saturation
generated by water under experimental conditions.

Predictive Ability of Various Models Under
Observed Conditions
Results of monitoring TDG saturation levels at the Xiluodu Dam are
listed inTable 4. The TDG saturation at themonitoring point during
the observation period was generally >100%. The TDG saturation
reached amaximumof 126.73% at 1,400 h on July 5 and aminimum
of 98.63% at 0,800 h on June 23. According to Eq. 11, the TDG
saturation at the monitoring point was transferred to the TDG
saturation in the stilling phase under the dam. Data indicated that
the maximum TDG saturation in the stilling phase reached 155.76%
at 1,400 h on July 5, and the minimum TDG saturation in the basin
reached 98.63% at 0,800 h on June 23.

FIGURE 4 | Relationship between water renewal time and mass transfer coefficient (Experimental condition).

FIGURE 5 | Comparison between measured and calculated saturation
values of the water renewal model under experimental conditions.

TABLE 3 |Measured and calculated saturation values of the water renewal model
under experimental conditions.

Measured saturation Calculated saturation

1 173.689 171.053
2 175.813 174.548
3 176.964 177.551
4 178.673 180.018
5 167.170 165.197
6 170.282 168.759
7 172.787 172.551
8 174.757 176.110
9 164.515 163.571
10 166.493 165.907
11 170.650 171.189
12 172.169 173.831
13 162.200 162.156
14 165.040 165.137
15 166.811 167.248
16 169.900 171.965
17 159.579 159.946
18 162.770 163.656
19 163.933 164.565
20 165.927 166.811
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To analyze the effect of the water renewal model in the
engineering practice, this section generates the measured values of
each parameter based on the saturation of the near zone below the
Xiluodu hydropower station dam, and establishes the fitting equation
for the mass transfer coefficient of the near zone below the Xiluodu
dam. The water renewal model (Eq. 4) is used to calculate the mass
transfer coefficient ka corresponding to each monitoring condition,
and the relationship between the mass transfer coefficient ka and the
Tr is shown in Figure 6. The mass transfer coefficient ka and the
related parameters under each monitoring condition are shown in
Table 4. Based on the basic form of the established mass transfer
coefficient equation (Eq. 8), a nonlinear regression analysis of the
calculated mass transfer coefficient ka, pressure head (water depth of
the stilling phase) and Tr (Table 4) was conducted to obtain the
expression of the mass transfer coefficient equation in the stilling
phase of Xiluodu Hydropower Station (Eq. 21), with a minimum
correlation R2 � 0.82.

ka � [ − 0.052ln(]Tr

h2
) − 0.0345] 1

Tr
(21)

By coupling the established Eq. 21 with Eq. 4, a model for
predicting TDG super-saturation at Xiluodu Dam was obtained,
and this model was designated the “water renewal model for
Xiluodu Dam.”

TDG super-saturation values estimated based on field data
using the empirical model, mechanical model, and water
renewal model developed in this study are shown in
Figure 7. The error of the mechanism model was larger
than that of the other two models due to larger calculation
results. The SE (1.81), NME (0.16), MME (1.00), and REMAX

(2.26) values were the lowest, and the NSE (0.90) and R2 (0.93)
values were the highest for the water renewal model in Table 5,
indicating that the performance of the water renewal model is
superior to that of the other models.

TABLE 4 | Field observed results at Xiluodu Dam.

Time Qp

(m3/s)
Qs

(m3/s)
CM

(%)
T

(°C)
CS

(%)
h
(m)

Tr

(min)
ka

(min−1)

6/23 0,800 3,160 0 98.63 20.51 98.63 40.79 \ \
6/23 1,400 5,090 0 99.04 20.52 99.04 43.16 \ \
6/24 0,800 2,971 2,169 112.03 20.46 128.51 44.11 11.8 0.013
6/24 1,400 3,748 2,182 111.35 20.45 130.85 45.30 12.2 0.013
6/25 0,800 3,084 2,256 113.09 20.44 130.98 45.31 11.8 0.014
6/25 1,400 4,081 4,539 122.08 20.56 141.94 48.40 6.5 0.033
6/26 0,800 3,311 2,309 114.22 20.53 134.59 46.38 12.0 0.015
7/11,400 6,175 4,857 118.10 21.06 141.12 49.55 6.3 0.032
7/20,800 4,402 6,094 122.47 21.18 138.71 48.90 4.9 0.039
7/21,400 7,358 3,675 114.09 21.15 142.31 49.55 8.4 0.025
7/30,800 6,685 3,675 114.50 21.20 140.88 48.74 8.2 0.025
7/31,400 5,319 6,148 124.29 21.08 145.30 50.07 5.1 0.045
7/40,800 5,210 4,993 122.15 21.08 145.26 48.55 6.0 0.039
7/41,400 7,521 3,675 116.64 21.10 150.70 49.74 8.4 0.031
7/50,800 6,685 4,830 121.47 21.08 151.18 50.13 6.5 0.041
7/51,400 6,794 6,257 126.73 21.10 155.76 51.97 5.3 0.053
7/60,800 6,474 4,993 120.10 21.15 146.16 50.07 6.3 0.037
7/61,400 7,521 2,493 110.87 21.10 143.65 48.33 11.9 0.019

FIGURE 6 | Relationship between water renewal time and mass transfer coefficient (Observed conditions).
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DISCUSSION

In this study, a water renewal model was developed based on the
theory of gas-liquid mass transfer and the process of gas-liquid
flow during dam spilling. The primary parameters of the model
are the mass transfer coefficient (Tr), TDG saturation of the
plunging jet, and theoretical TDG saturation of water in the
stilling phase. Among these parameters, the theoretical TDG
saturation of water in the stilling phase was mainly
determined by the pressure of the flow on the gas bubbles.
The increased pressure leads to a higher theoretical TDG
saturation and greater difference from the actual value, thus
promoting TDG super-saturation (Qu et al., 2011b). TDG
saturation was also affected by the saturation level of the
plunging jet and outflow in the dynamic balance state. The
TDG saturation of the water in the stilling phase can be
diluted by the TDG saturation level of the plunging jet.
However, a shorter Tr means greater turbulence, which
promotes the gas-liquid mass transfer process (Lu et al., 2019).
Both experimental and field monitoring results indicated a
negative correlation between the Tr and mass transfer
coefficient. Therefore, the steady-state TDG saturation level
was determined based on the joint effect of the mass transfer
coefficient and Tr.

Since the 19th century, a large number of theoretical and
experimental studies have been carried out to investigate the
interphase mass transfer processes. Classical models such as the
two-film model and the penetration model were consequently

proposed. The two-film model (Whitman, 1923), assumes that
the mass transfer process is a steady-state process, and the mass
transfer coefficient is proportional to the primary diffusion
coefficient. Although the model is simple to calculate, the
liquid film thickness values are difficult to obtain accurately.
Higbie, (1935) proposed the interphase mass transfer process as a
non-stationary process, and a theory of surface renewal on the
basis of which a penetration model was developed. Compared to
the two-film model, the penetration model has a time-dependent
mass transfer parameter that can be used to describe non-
stationary mass transfer processes. However, the mass transfer
coefficients predicted by penetration model differ significantly
from some practical industrial applications, thus limiting the
scope of application (Ding, 2015). Compared to previous mass
transfer models, the introduction of a mass transfer coefficient
model with Tr as a parameter (Eq. 8) is more convenient in terms
of obtaining parameters such as time and has a wider
application range.

Both the empirical and mechanical models have been widely
used for estimating TDG levels. Comparing and analyzing the
predictive ability and errors of the models, as shown in Figure 7,
revealed that the water renewal model performed better than the
empirical model performs. This is because the empirical model
only considers the effect of Qs and does not incorporate h (water
depth). However, previous studies have shown that h is also an
important factor that affects TDG super-saturation (Steven and
Schneider, 1997), because an increase in h promotes the mass
transfer process. There is a linear correlation between h and the
outflow rate, Q (the sum of Qp and Qs), and h exhibits an
increasing trend with Qp. During the spilling period, Qp is not
constant, and h would vary accordingly. Thus, predicting TDG
super-saturation using the empirical model would introduce
certain errors. In addition to discharge, the water renewal
model exhibits improved prediction accuracy because it
incorporates the stilling phase water depth. Therefore, the
updated water renewal model is superior to the empirical model.

As shown in Figure 7, the predictive performance of the water
renewal model was also superior to that of the mechanismmodel,
and its calculated value was closer to the actual value, whereas the
calculated value of the mechanism model was greater than the
measured value. The mechanism model is typically used in
conjunction with physical model experiments, which use
tracers (i.e., colored paper, foam paper, and plastic fish drift)
as bubbles. The retention time of each tracer in the stilling phase
is calculated using mathematical statistics methods, and the
bubble retention time regression equation is obtained. As a
large number of bubbles escape from the water surface in the
stilling phase, the mass transfer process therein stops, and thus,
the obtained retention time equation would generate a larger
value for the calculated mass transfer time. As a result, values
predicted using the mechanism model are greater than the
measured values. Compared with mechanistic models, the
developed model applies the parameter of Tr to characterize
the bubble mass transfer time and replaces the independent
individual mass transfer process of bubbles with the whole
mass transfer process, thus overcoming the problem of
uncertainty in estimates of the mass transfer time of single

FIGURE 7 | Comparison between estimated TDG saturation levels
determined using the three models based on field observations.

TABLE 5 | Analysis of errors in estimated TDG saturation values and field data.

Prediction model SE NME MME NSE R2 REMAX

Empirical model 2.19 0.25 1.00 0.85 0.86 2.94
Mechanical model 4.58 3.57 1.04 0.34 0.93 2.67
Water renewal model 1.81 0.16 1.00 0.90 0.93 2.26
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bubbles. The process of dam discharge mass transfer is further
simplified, and the accuracy of predictions of TDG saturation
under the dam is improved.

The water renewal model was developed under the
assumption of fixed boundary conditions during the spilling
period. The water in the stilling phase was regarded as a
whole, and the mass transfer process primarily occurs in the
flow within the stilling phase. Therefore, the model is most
suitable for dams that employ ski-jump energy dissipation.
The applicability of the water renewal model to other spilling
patterns, such as tunnel spillway dissipation, needs future
validations because the flow has an uncertain mass transfer
area after the water leaves the tunnel, and the Tr, therefore,
cannot be determined. Despite the good performance of the water
renewal model in predicting TDG saturation of the flow in the
stilling phase at Xiluodu Dam, the model ignores the effect of the
hydrodynamic pressure of the flow, which could promote the
process of TDG super-saturation. Ignoring this effect could lead
to underestimation of TDG saturation predictions, especially
under conditions of high spilling flow rate. Thus, a parameter
accounting for the influence of hydrodynamic pressure on TDG
super-saturation could be included in future revisions of the
model to further improve its performance. Overall, the model
developed in this study appears to be a valid alternative for
estimating TDG super-saturation levels. This study provides a
scientific basis for evaluating the threat of TDG super-saturation
to fish and could aid in the development of measures governing
dam operations.

CONCLUSION

In this study, a model was developed for estimating TDG
saturation via theoretical analyses and physical measurements
of TDG levels. The performance of the developed model was
evaluated in comparison with two other representative models.

The developed model overcame the problem of uncertainty in
estimations of the mass transfer time of single bubbles. The
prediction error of the developed model was minimal
compared with the empirical model and mechanism model,
indicating that the developed model optimizes the mass
transfer process of dam outflow water and the accuracy of
TDG saturation predictions for downstream areas near the dam.
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NOMENCLATURE

V Volume of the stilling phase (m3)

Qs Spilling flow rate (m3/s)Spilling flow rate (m3/s)

kLab Mass transfer rate coefficients for the bubble (s−1)

kSas Mass transfer rate coefficients for the water surfaces(s−1)

C Actual water TDG saturation (%)

Cs* Saturation concentration of TDG in water at local atmospheric
pressure (%)

CD TDG saturation of the outflow (%)

CU TDG saturation of the inflow (%)

Cs TDG saturation of the flow in the stilling phase(%)

Cp Power flow, respectively (%)

CM Measured TDG saturation levels (%)

CPMAX Maximum predicted TDG saturation levels (%)

CMMAX Maximum measured TDG saturation levels (%)

g Acceleration due to gravity (m2/s)

h Water depth of the stilling phase (m)

hk Water depth in the stilling phase (m)

i Time step

ka Mass transfer coefficient (s−1)

l Length of the stilling phase (m)

l0 Horizontal distance between the downstream toe of the dam and the
impact point of the jet (m)

N Number of values

P0 Local atmospheric pressure (m)

Qs Spilling flow rate (m3/s)Spilling flow rate (m3/s)

Qp Power flow rate (m3/s)

Tr Residence time of the water in the stilling
phase (s)

tR Retention time of aerated water in the stilling
phase (s)

ρ Density (kg/m3)

η Dynamic viscosity (Pa·s)
ν Kinematic viscosity (m2/s)

ΔP Average pressure in the stilling phase (m)
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