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Abstract: More and more high dams have been constructed and operated in China. The total
dissolved gas (TDG) supersaturation caused by dam discharge leads to gas bubble disease or even
death of fish. Through a series of experiments, the conditions and requirements of supersaturated
TDG generation were examined in this study. The results show that pressure (water depth), aeration,
and bubble dissolution time are required for supersaturated TDG generation, and the air-water
contact area and turbulence intensity are the main factors that affect the generation rate of
supersaturated TDG. The TDG supersaturation levels can be reduced by discharging water to
shallow shoals downstream of the dam or using negative pressure pipelines. Furthermore, the TDG
supersaturation levels in stilling basins have no direct relationship with those in reservoirs. These
results are of great importance for further research on the prediction of supersaturated TDG
generation caused by dam discharge and aquatic protection.
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1 Introduction

The supersaturation of total dissolved gas (TDG) is caused by dam discharge, and it may
cause gas bubble disease in fish and ultimately endanger their existence (Tan et al. 2006).
Overseas research on TDG supersaturation has been conducted since many years ago. In the
1960s, studies focused mainly on the effects of TDG supersaturation resulting from spill
discharge of hydraulic engineering structures in the Columbia River, which harmed fish
(USACE 2005; Orlins and Gulliver 2000). Weitkamp and Katz (1980) observed the death of
fish caused by TDG supersaturation in the Saint John River of Canada. Huang (2002), Urban
et al. (2008), and Politano et al. (2007, 2009) established different two-phase flow models of
TDG supersaturation. The calculated TDG supersaturation levels were in agreement with the
observed data. Since more and more dams are constructed and operated in China, the problem
of TDG supersaturation has become increasingly prominent. In recent years, the TDG
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supersaturation problem and its negative effects on fish have captured the attention of
researchers in China. The research includes the supersaturated TDG generation (Li et al. 2009;
Chen et al. 2009a) and release processes (Feng et al. 2010), the impacts of supersaturated TDG
on fish (Tan 2006), and TDG abatement measures. Studies on supersaturated TDG generation
are of great importance because they can allow for the prediction of TDG supersaturation
levels downstream of high dams, and can help to explore improved methods for mitigating the
effects of supersaturated TDG.

Currently, studies of the conditions for and the theory of supersaturated TDG generation
downstream of high dams are not systematic. The preliminary study of Jiang et al. (2008a)
indicated that the aeration and bubble size were directly related to the TDG supersaturation in a
stilling basin. Furthermore, they established a relation between the TDG supersaturation level
and the water depth (pressure) of the stilling basin. In addition, field observations of TDG
downstream of high dams were conducted (Jiang et al. 2008b; Qu et al. 2011). Chen et al.
(2009b) studied the supersaturated DO generation caused by the Three Gorges Dam discharge,
and discussed the effects of supersaturated reoxygenation. Qin and Li (2008) performed
preliminary numerical simulations of supersaturated DO and reoxygenation when the dam
discharges water. Based on comprehensive analysis of previous studies, it is clear that a better
and more universal forecasting model for supersaturated TDG generation is needed. In this
study, an experimental study was conducted to investigate the generation conditions and
influencing factors of the supersaturated TDG.

2 Definition of TDG saturation level

Gas solubility is the volume of gas that can dissolve in a solvent (yielding a saturated
solution) at a specific pressure and a specific temperature. If the volume of the dissolved gas is
greater than the gas solubility, it is called TDG supersaturation. The TDG saturation level, G, is
defined as follows:

G= CE x100% (1)

where C is the concentration of TDG (mL/L), and C, is the solubility of TDG at the local
atmospheric pressure and temperature (mL/L).

TDG includes nitrogen, oxygen, carbon dioxide, and rare gases. Due to the difficulty of
measuring certain dissolved gases, such as nitrogen and argon (Watson et al. 1998), the TDG
saturation level is obtained by calculating the total dissolved gas pressure based on the
principle that the concentration of dissolved gas is proportional to the gas partial pressure. The

TDG saturation level can be written as follows:

G=PB+AP

x100% @)

B
where B is the local atmospheric pressure (mmHg), and AP is the difference between the total
dissolved gas pressure and the local atmospheric pressure (mmHg).
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3 Study of gas bubble dissolution and release

In order to explore the generation conditions of the supersaturated TDG and its
influencing factors, a series of self-designed experimental facilities were used to study the
process of gas bubble dissolution and release.

3.1 Gas bubble dissolution experiment

The experimental device of gas bubble dissolution is shown in Fig. 1. The main device
was a plexiglass cylinder with a height of 2.0 m and a diameter of 0.4 m. The experimental
water depth was 1.38 m. Compressed air generated by an air compressor entered the water
through a 1 mm-diameter pinhole in the main device. Gas flow was regulated by a valve in the
intake manifold. The TDG pressure in water was measured using a YSI 5200 TGP probe made
by the Yellow Springs Instrument (YSI) Company. The TGP probe was placed at a depth of 1.2
m underwater. The TDG saturation level was obtained by dividing the TDG pressure by the
local atmospheric pressure. Calibration showed that the instruments’ measurement errors were
about *+ 0.1%. We used pretreated TDG unsaturated water. By raising the water temperature to
cause part of the dissolved gases to release and then rapidly cooling the water to room
temperature, we brought the TDG saturation level to less than 100%.
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Fig. 1 Sketch of experimental device of gas bubble dissolution

Air compressor

Experiments were carried out under two conditions. Under condition 1, gas was mixed
with water through a single pinhole at a flow rate of 0.20 L/h. Under condition 2, gas was
mixed with water through three pinholes at a flow rate of 0.61 L/h. The change process of TDG
saturation level is shown in Table 1.

Table 1 Change of TDG saturation level in gas bubble dissolution experiment

TDG saturation level (%)

Condition

Oh 0.25h 0.5h 1h 2h 24 h 48 h
1 84.8 85.1 85.6 85.8 86.8 94.4 97.3
2 88.7 97.4 100.3 100.6 100.5 - -

These results show that for the single-pinhole aeration (condition 1), the aeration intensity
is low, and the gas can not quickly dissolve in the water because the air-water contact area is
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extremely small and turbulence is weak. For the three-pinhole aeration (condition 2), the
collision between bubbles is more intense, and the gas dissolves more quickly because the
air-water contact area is larger. The TDG level reaches 100% of saturation in a relatively short
period of time. These experiments demonstrate that the gas dissolution rate is associated with
the air-water contact area and turbulence intensity.

3.2 Impact of gas bubble size

In order to further verify that the gas bubble size plays a role in TDG supersaturation, we
designed an experimental apparatus for studying the impact of the gas bubble size (Fig. 2). The
main device included a 2.0 m-high, 0.4 m-diameter outer plexiglass cylinder, a 0.5 m-high,
0.2 m-diameter inner plexiglass cylinder fixed on the inside of the outer plexiglass cylinder,
and two cylindrical metal sieves with apertures of 150 um. The lower sieve (sieve 1) was fixed
on the upper surface of the inner cylinder, and the upper sieve (sieve 2) was mounted on a
rotating shaft. The two sieves were close to each other but were not in contact with each other.
An air compressor was linked to the bottom of the inner cylinder. The experimental water depth
was 1.8 m. The probe was placed at a depth of 1.1 m underwater.

The experimental gas was provided by the air compressor at a working pressure of 3 atm.
Gas generated by the air compressor formed bubbles after passing through the lower sieve on
the inner cylinder. Then, the bubbles overflowed outwardly, and were changed into tiny air
bubbles when they encountered the high-speed rotary shear of the upper sieve. In order to study
the effects of bubble shear on the TDG saturation level, we also conducted a test in which the
upper rotating sieve (sieve 2) was not installed (Fig. 3).
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Fig. 2 Sketch of experimental device for studying Fig. 3 Changes of TDG saturation level through
impact of gas bubble size experiment for studying impact of gas bubble size

The results of these two group experiments show that when there is no sieve 2, the gas
bubble diameter is larger, turbulence is weaker, and the generation rate of TDG
supersaturation is lower. This indicates that the gas bubbles of smaller size dissolve more
quickly because the air-water contact area is larger.
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3.3 TDG release experiment

The experimental device for TDG release is shown in Fig. 4. In order to maintain a
constant depth in the water container, an overflow port was set at a depth of 1.08 m. A pump
was used to maintain the circulation of water. Near the mouth of the pipe, there was a
T-junction that enabled a high-velocity flow to carry the gas. A free-jet flow formed at 0.50 m
over the water surface. The velocity of the jet flow was about 70 m/s.

The change of TDG saturation level is shown in Fig. 5. The results show that the TDG
saturation level decreases continuously. The reason is that the locally negative pressure
generated by the structural style of the T-junction leads to the release of TDG in the circular
flow. This indicates that a certain pressure is required to maintain the TDG saturation level.
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Fig. 4 Sketch of experimental device for TDG release Fig. 5 Change of TDG saturation level in TDG
release experiment

4 Study of generation of supersaturated TDG

4.1 High-speed air-water jet flow experiment

A high-speed air-water jet flow experiment was designed to test the effect of the jet in air
and water. The experimental device is shown in Fig. 6. The main device was composed of two
cylindrical water containers. In order to maintain a constant depth, the overflow port was set at
a depth of 1.08 m.

The experimental gas was provided by an air compressor at a working pressure of 3 atm.
A jet flow formed in the water container on the right side after the airflow generated by the air
compressor and the water flow generated by the pump were mixed. The experiments were
carried out under two conditions: the water surface free jet and underwater submerged jet. The
distance between the free jet point and the water surface was 0.5 m. The submerged jet point
was located 0.5 m below the water surface.

Fig. 7 shows the changes of the TDG saturation level with time. The TDG saturation level
in the free jet flow was lower. The gas in the free jet flow lacked sufficient power to enter the
water, so it was unable to form high-degree supersaturated water. For the submerged jet, the gas
in the jet flow had full access to water and therefore dissolved rapidly. The TDG saturation
level in the water was dependent on the water depth (pressure). The experimental results
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indicate that sufficient aeration and pressure (depth) are required for supersaturated TDG
generation. At the same time, the retention time of bubbles in the water is a main factor that
influences the supersaturated TDG generation.
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Fig. 6 Sketch of experimental device for high-speed Fig. 7 Changes of TDG saturation level in high-speed
air-water jet flow air-water jet flow experiment

4.2 High-speed aerated flow experiment

A high-speed aerated flow experiment was designed to test the effect of the high-speed
aerated flow on supersaturated TDG generation. The experimental apparatus is shown in Fig. 8.
The height, diameter, and depth of the experimental water container were 6.0 m, 0.2 m, and 4.0 m,
respectively. A high-speed circulating jet flow was generated by a pump. The jet exit was
located at a depth of 3.0 m underwater, and the jet velocity was 70 m/s. The experimental gas
was provided by an air compressor at a working pressure of 3 atm. The outlet of the gas flow
was close to the outlet of the high-speed jet flow. The TDG test point was located at a depth of
2.5 m underwater.

The experiment was conducted under three different conditions. Under condition 1, there
was high-speed circulating water flow and no air compressor aeration. Under condition 2,
there was air compressor aeration and no high-speed circulating water flow. Under condition 3,
there were simultaneous high-speed circulating water flow and air compressor aeration. The
changes of the TDG saturation level in the experiments are shown in Fig. 9.
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Fig. 8 Sketch of experimental device for Fig. 9 Changes of TDG saturation level in
high-speed aerated flow high-speed aerated flow experiment
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Under condition 1, despite of the strong turbulence caused by the high-speed water flow,
the TDG saturation level at the test point was only 101.7%. This was possible due to the fact
that water was mixed with a small amount of air on the free surface, and there was only a small
amount of gas dissolved in the water. The experimental results indicate that aeration is a
necessary component for the supersaturated TDG generation. Under condition 2, bubbles
collided with each other because of a large amount of aeration. Thus, the air-water contact area
became larger. At the same time, the hydrostatic pressure and turbulence caused the bubbles to
dissolve faster. The TDG saturation level rapidly came to the maximum TDG saturation level,
125.4%. Under condition 3, because the high-speed water flow cut the aerated bubbles, the
bubble sizes were smaller than those under condition 2, the air-water contact area increased,
and the bubbles dissolved even faster. The TDG saturation level reached 125.4% more rapidly
than under condition 2. The experimental results from conditions 2 and 3 indicate that the
air-water contact area (bubble size) and turbulence intensity are the main factors affecting the
generation rate of TDG supersaturation.

The degree of TDG supersaturation for the experimental circulating water had no effect on
the maximum degree of TDG supersaturation that the water ultimately achieved. Therefore, we
conclude that the TDG saturation level in the stilling basin has no direct relationship with that
in the reservoir.

In the case of the circulating jet, the TDG saturation level in the water gradually increases
beyond the initial TDG saturation level. When the TDG saturation level reaches the maximum
saturation level, it will not further increase in the continuous aeration. For any TDG saturation
level upriver, when the dam discharges water, the maximum TDG saturation level of
downstream flood water is not affected.

5 Conclusions

In this study, the generation conditions of TDG supersaturation downstream of dams were
examined through a series of experiments. The results indicate that pressure (water depth),
aeration intensity, and bubble dissolution time are important factors that influence the
generation of supersaturated TDG. The turbulence intensity and water-air contact area (bubble
size) are the main factors that affect the generation rate of supersatured TDG. The smaller the
gas bubble diameter is, the more quickly it dissolves because of the larger air-water contact
area, and the faster the generation rate of supersatured TDG is. The stronger the turbulence is,
the higher the generation rate of supersaturated TDG is. This indicates that sufficient aeration
and pressure (water depth) are required for supersaturated TDG generation when the high dam
discharges water. Larger water depth and higher pressure can generate a higher TDG
supersaturation level. The circulated jet experiment designed in this study can not effectively
raise the maximum TDG supersaturation level. This indicates that, during the spill period of the
dam, the TDG saturation level in the stilling basin has no direct relationship with that in the
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reservoir. As the maximum TDG supersaturation level is closely related with pressure, the TDG
supersaturation can be reduced by reducing the water pressure. The supersaturated TDG level
can be reduced by discharging water to shallow shoals downstream of the dam or using
negative pressure pipelines in practical engineering.

The results are of great importance for further research on the prediction of supersatured
TDG generation and aquatic protection. The factors influencing supersatured TDG generation
are very complicated because the air-water two-phase flow affects the supersatured TDG
generation when the high dam discharges water. In addition, the conditions for the supersatured
TDG generation in the experiments and prototypes were not all the same. The physical
conditions of the TDG dissolved in water were analyzed through the experiments. The results
of qualitative analysis are reliable, but for quantitative study, these experimental conditions are
not sufficient. In the future study, we need to consider how to build a hydraulic model of
supersaturated TDG. The effects of the energy dissipation pattern, spill rates, and operation
modes need to be considered in the model when the dam discharges water. This suggests that
the experimental apparatus need to be further improved. Furthermore, the theory and numerical
simulation of supersatured TDG generation are important issues that require further research
and discussion.
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