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Abstract. The presence of elevated total dissolved gas2003). Levels of TDG saturation in excess of 130% have
(TDG) downstream of a spillway may result in an increasedbeen observed downstream of many high-dam spills (Qu et
incidence of gas bubble disease in fish. Supersaturated TD@l., 2011). Supersaturated TDG always dissipates slowly in
is transported and dissipated more slowly in reservoirs thardownstream flood transportation, and the dissipation may
in natural rivers because of a higher water depth and lowercontinue hundreds of kilometers downstream of the spillway.
turbulence and thus endangers fish. This paper presents tHene dissipation rate depends on factors such as the water
operational regulations concerning the mitigation of the TDG depth, turbulence, and temperature (Feng et al., 2010). With
supersaturation impact on fish in the Bala Reservoir on thehe development of continuous cascade hydroelectric power
Zumuzu River. The paper includes the joint operations ofsystems, one deleterious impact on TDG transportation and
the upstream and downstream power stations. A laterallydissipation is that the dissipation rate of TDG decreases sub-
averaged two-dimensional model is employed to simulatestantially with an increase in water depth and a decrease in
the TDG transportation and dissipation in the Bala Reserturbulence when a natural river is transformed into a reser-
voir in addition to the hydrodynamics and water tempera-voir. Consequently, the injury to fish is enhanced. The TDG
ture. According to a comparison of the simulation results oftransportation and distribution in a reservoir is closely re-
different operational scenarios, this paper suggests a reguated to the operation of upstream and downstream dams. To
lation scheme. With respect to the upstream power stationmitigate the detrimental effects to fish in the discharging pe-
the adoption of an interval-discharge pattern instead of aiod and to manage the conflict between the spill discharge
continuous-discharge pattern is recommended to minimizeand the aquatic system, operational regulation with respect
the negative effect on the reservoir caused by supersaturatead dam discharge is a viable strategy.

TDG. With respect to the downstream power station, the

adoption of a surface tunnel rather than a bottom tunnel isl.1 The previous studies

recommended as a release structure. This paper is a refer-

ence for the eco-environmentally friendly operation of large The development of hydroelectric power, especially with the
and deep reservoirs. development of continuous cascade systems, and the neg-

ative impacts of hydropower stations on the aquatic en-
vironment has attracted extensive attention. Recently, eco-
environmentally friendly operational regulation has been in-
1 Introduction vestigated to assuage the conflict between hydropower de-
velopment and environmental protection. Yang et al. (2013)
Involuntary spillage occurs in the high-runoff season. Thehave proposed an available operational method to deceler-
phenomenon of TDG supersaturation is observed downate the blooms in the tributary bays of the Three Gorges
stream of a dam spill, which may lead to an increase in the inReservoir. Lindim et al. (2011) discussed the water qual-
cidence of gas bubble disease in fish (Weitkamp et al., 1980ity changes in a large reservoir when water temperature is
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in stratification. An operational proposal is provided that Prior studies reveal that the injury to fish is enhanced as
minimizes the negative impact. van Valit (2012) studied thethe supersaturated TDG level and exposure time increases
effect of reservoir regulations on stream flow and thermal(Bentley et al., 1976; Huang et al., 2010; Chen et al., 2012).
pollution on the Columbia River. Because climate changesThe endurance of fish with respect to supersaturated TDG is
and temperatures have increased in the Mekong Basin in redifferent depending on the growth period for the fish species
sponse to hydropower development, Lauri et al. (2012) stud{Liang et al., 2013). The impact of interval exposure to su-
ied the optimization approach for multiple reservoir oper- persaturated TDG on fish was examined in a laboratory by
ations based on the hydrology analysis for the next 20 toLiu et al. (2011). The results demonstrated that the damaged
30 years. Nikoo et al. (2013) developed an integrated wabiological function of rock carp as a result of exposure to the
ter quantity—quality model for optimal water allocation in TDG supersaturated water can recover when the rock carp
the reservoir-river basin that considered water supply ands returned to fresh water. The research findings imply that
quality as targets in addition to hydrologic, water quality, the TDG impact on fish can be mitigated by reducing the ex-
and water demand uncertainties. To explore the impact omposure time and adjusting the manner of exposure of fish to
habitat suitability of carp in the Yangtze River following the TDG supersaturation.

construction of the Gezhouba and the Three Gorges dams, The research findings suggest that optimized operational
a habitat suitability index model that considered the spawn-egulation of reservoirs is an effective approach to minimiz-
ing characteristics of the four main carp species was estahbing TDG levels in the reservoir and to the mitigation of the
lished and employed by Yi et al. (2010). Cai et al. (2009, conflict between dam spilling and the protection of fish

2010) identified optimal strategies in the planning of energy

and flood management aiming at fish protection and pursuing-2 Objective

eco-environmentally friendly operations. Based on the calcu-_ , L
lated results, a minimum instream flow and suitable daily dis- 1 NiS Paper focuses on an operational strategy to minimize

charge increase during the reproduction season is suggestd negative effect of TDG in reservoirs. Numerical simula-
for the protection of the carp species. To balance human an§ONs are eémployed to compare the TDG distribution in Bala
ecosystem needs, Yin et al. (2010) proposed a reservoir Od_?eservow under various configurations. An optimized reg-

eration method that combines reservoir operating rule curvedlation policy for Bala Reservoir is proposed based on the
with the regulated minimum water release policy to meetNumerical results. Politano (2009), Urban et al. (2008), and

the environmental flow requirements of riverine ecosystems/ Y et @l. (2010) have developed unsteady two-phase three-

This operational method is applied to the Tanghe Reservoiflimensional models to calculate the TDG downstream evo-

and Tanghe River basin. The prior research with respect t¢ution of spillways. The accuracy is satisfied in their sim-
eco-environmentally friendly operations for reservoirs fo- Ulations. However, these models are not applicable to large-

cuses on hydrology, sedimentation, water temperature angcale bodies of water, such as reservoirs with a depth of more
traditional water quality factors. The operational regulationsthan 100 m and more than 100 km in length because they are
for mitigating the negative impact of TDG, an important fac- Imiteéd by time cost and convergence. Therefore, this pa-
tor with respect to fish, are merely reported. According to theP€r @dopts a laterally averaged two-dimensional model that
numerical results, Politano et al. (2012) compared the TDG'S Proposed by the author (Feng et al., 2013) to predict the
levels at the stilling basin downstream of Wells Dam underdynamics and the TDG levels in the simulations. The opera-
different configurations. tional regu.latlons of .both the upstream and the downstream
Dissolved oxygen (DO) was chosen as the main variabld®OWer stations are discussed.
in the early studies on the negative impact on fish caused by
dam spilling. Afterwards, TDG is studied as a new variable., The case study
According to the investigation of Ma et al. (2013), it is dif-
ficult to find a stable relationship between DO and TDG. In Bala power station, with a maximum height of 138m, is a
the authors’ previous studies (Li et al., 2013), it was found high-dam hydropower station that is to be constructed on the
that the TDG dissipation process is quantitatively different zumuzu River, source of the Daduhe River. The main dis-
from the reaeration process of DO. Some biological studiesharge structures are a surface spillway tunnel and a bottom
also indicate that the supersaturated TDG is more harmfukpillway tunnel. The elevation of the weir crest of the surface
to the fishes than the supersaturated DO (Rucker, 1976). Faspillway tunnel is 2903 and 2845 m for the bottom spillway
these reasons, TDG is chosen as the key variable to study th@nnel. The backwater length of Bala Reservoir under normal
eco-environmental regulations for mitigating the conflict be- water level is 26 km. At the upstream end of Bala Reservoir,
tween dam spilling and fish protection in the paper. The US3 controlled cascade, Xiaerga Dam, is in the planning stages.
Environmental Protection Agency has recognized the threatrhe maximum height is 242 m. The main discharge structure

to fish and has set water quality standards for dissolved gags a spillway. The dissipater of the spillway is designed as a
levels at 110 % of saturation (US EPA, 1986) Ski-jump type model.
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\ 3.1 The governing equations
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The density is essential for the solution of the momentum
equations. The equation of state relates the density to the

Fig. 1. The cascades on Zumuzu River. . . s .
temperature. The following relationship is used in the model:

The fish species in the Zumuzu River are rare and endemic, — 999845259+ 6.793952x 1027y,
Thg specigs include one type of Class Il natic_)nally protected_g 19529x 10-37;2 + 1.001685x 10473 (5)
Chinese fishHucho bleekeritwo protected fish from the  _1 120083x 107674 + 6.536332x 10772,
Sichuan ProvinceSchizothorax (Racoma) davidind Eu- )
chiloglanisdavidj and several endemic fish from the upper WhereU andW denote temporal mean velocity components
reaches of the Yangtze RiveBchizothorax (schizothorax) in @ horizontal and vertical direction; andz represent the
prenanti (Tchanggand Sp. malacanthus chengrhe breed-  horizontal distance and vertical elevatiahjis the width;q
ing periods of the rare and protected fishes in Zumuzu RiverS the specific discharge;denotes the timeg is the accel-
are concentrated from April to July. Thus in the concentratederation of gravity;p represents pressure apddenotes the
dam-spilling period, the breeding and the growth of fish will density;z., andz, are defined as the turbulent shear stress
be influenced. acting inx direction on thex face of control volumey is the
The protection of the ecosystem during the hydropowerangle of the river bed ta direction;» and/ are the water

development is a primary concern for the developers and scisurface and water depth; afig represents the water temper-
entists. ature. The universal transportation equation for scalar vari-

ables, such as temperature and TDG, is
3(PB) , IUBP) , I(WB®D)
3 The methods and models o T o T o
= BDy) | JBDD) | g B
) o o 3 3 ’
The TDG transportation and dissipation process is simulated ! ‘ ]
in this study by employing the model developed by Feng etvhere® denotes a scalar variable. _
al. (2013). This model is a two-dimensional laterally aver- The source term for temperature consists only of surface
aged hydrodynamic and water quality model. The hydrody-neat exchange:
namics and the temperature are coupled-solved with the codg;. — .1 g, + H.+ H,

(6)

CE-QUAL-W2. The simulation of the TDG transportation — (Hgr+ Har+ Hpy), @)
and dissipation is programmed by the authors and incorpo- .
rated into the CE-QUAL-W2 codes. where H, is the net rate of heat exchange across the water

surface;Hs denotes the incident shortwave solar radiation;
H, represents the incident longwave radiatiéfy; and Hay

are the reflected radiations of short waves and long waves,
respectively Hyy is the back radiation from the water surface;
He represents the evaporative heat loss; Agdlenotes heat
conduction.
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The source term of TDG is defined as

S¢ =k (Ceq— C) + (KLa)s(Cs — C), (8)

whereC denotes the average TDG concentration expressec EE”'”@’E"“‘W
as a percent of the saturation concentrat@is the satura- Bala Dam
tion concentration at local atmospheric pressuig, is de-

fined as the equilibrium saturation level of each cell relative
to the local pressure and temperaturg,is the dissipation

coefﬂmgnt of the water body and is zero.vx{f‘@gh— ¢>0, . dynamics and the TDG in the Dachaoshan Reservoir. The
(KLa)s is the surface mass transfer coefficient across the air—=

: . simulation results were consistent with the field measure-
water surface interface and denotes the specific surface . . : .
area ments collected in this study, including the unsteady TDG

The following expression is widely used in the evaluation Zggjrrstogt?;z%cggggieg tﬁre]:d[)tQSh\gi)rgﬁzlr]d[I)Set;bu;fg ritstuhlfs
of the surface mass transfer coefficient across the air—water, P . .
: ) demonstrated that the laterally averaged two-dimensional
surface interfacé& : ; . - )
model is applicable to the prediction of TDG transportation
KL = 0.4Sc Y2 (ve) 4, (9)  and dissipation in a reservoir.

) _ The dissipation coefficient of 0.03 A in the Dachaoshan
where Sc is the Schmidt numbe§c = D/v, D represents  Reservoir is numerically evaluated.

the molecular diffusion and denotes the eddy viscosity of
water;e is the rate of energy dissipation.
Because the rate of energy dissipatioris not calcu- 4 The simulation conditions
lated in the model, another empirical formula to evalu-
ate the surface mass transfer coefficigiif, a)s, raised by 4.1 The case description and grid generation
O’Connor (1983), is employed in the model.

Fig. 2. Grid structure of Bala Reservoir.

P =5% (once in twenty years) is taken as the flow condition
(KLa)s = —0.0045vy + 0.15355, (10)  at the dam site of Xiaerga, which is equal to 191%0srm.
—0.5026vy + 0.6885 The simulated period is 48 h, from 12 August, 00:00 GTM+8
to 13 August, 24:00 GTM+8. The simulated region is 26 km
long and stretches from the Xiaerga Dam to the Bala Dam.
3.2 The discrete method The topographic data of the Bala Reservoir are used to build

the simulated zone. A structured mesh system, 500 m in the
The finite difference method is implied in the discrete methodlongitudinal direction and 1m in the vertical direction, is
of governing equations and transportation equation. generated. The grids of the simulation domain are shown

The discretization of the free water-surface equation em-4n Fig. 2.

ploys an explicit scheme. The discretization of the momen- Three scenarios are assumed for simulation according to
tum equation employs a combining method, vertical diffu- the operational condition of Bala Reservoir in this paper.
sion is fully implicit and advection uses a time-weighted, First, considering the effect of the discharging frequency,
central difference, implicit scheme. A unique feature of ver- two scenarios are performed, Case 1 and Case 2. With re-
tical advection, in the explicit part of the time-weighted spectto Case 1, 12 h discharging is continuous. With respect
scheme is QUICKEST, developed by Leonard, which in-to Case 2, the discharging time is equally divided into four
creases the overall accuracy. The discretization of the trangime intervals, each lasting 3 h. Second, to compare the effect
portation equation uses a similar method as the momenturef outlet elevation on the TDG distribution in the reservoir,

whereuwy, represents the wind speed at a height of 10 m.

equation. Case 3 is set to contrast to Case 1. In Case 1, the flood runs
o o out through the surface spilling tunnel of Bala at an elevation
3.3 The model calibration and validation of 2903 m. In Case 3, the flood runs out through the bottom

) . discharge tunnel at an elevation of 2845 m. The contrasts of
Field observations were performed between 26 July andpe three cases are listed in Table 1.

1 August 2008, to study the TDG dissipation in the

Dachaoshan Reservoir. Four transects were set along thew2 The initial conditions

reservoir to measure the TDG saturation of the water sur-

face. A vertical line was planned at the 500 m upstream secThe dynamics for this model are computed coupled with

tion of the Dachaoshan Dam. The TDG and depth data weréhe temperature. The initial temperature field is significant

collected at depth increments of approximately 5m. to the formal simulation. The heat transfer from the air, the
The numerical model used in this study was employedshortwave solar radiation, the incident longwave radiation,

by the author (Feng et al., 2013) to simulate the unsteadyhe reflected radiations, and the evaporative heat loss are
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Table 1. Case description and boundary conditions.

Upstream inflow Downstream outflow
Case No.
Discharge TDG
Discharge  Discharge flowrate  Power flow saturation Discharge Discharge Outlet
structure  pattern (s  (m3s 1)  level %) structure pattern elevation (m)
Case 1 Spillway Continuous 1710 200 141 Surface spillway tunnel ~ Continuous 2903
Case 2 Spillway Interval 1710 200 141 Surface spillway tunnel Interval 2903
Case 3 Spillway Continuous 1710 200 141 Bottom discharge tunnel  Continuous 2845
= 3000 - - 160
G200 August w - - 4 140
s \ mg ' '
w = ! ' 4 120 ¥
2850 ® 2000 + ° ' o
___NEENENNEEEREN z o 100 5
T 12345678 91011121314151617 = =
2800 : : s s : £ 480 2
0 5000 10000 15000 20000 pjstance (m) 5] b=
2 1000 - Flowrate| 4 60 =
Fig. 3. The initial temperature field of Bala Reservdi).( ; - == =TDG 1 a0
o
E 420
0 0
incorporated in the heat transport equation. By means of nu- 0 12 24 36 48

merical simulation with a laterally averaged 2-D model, the Time (h)

initial temperature field is pre-computed by circularly cal-

culating the dynamics and the water temperature month by-ig. 4. The flow and TDG boundary conditions for Case 1 and
month for 2 years. The resulting temperature field for Augustcase 3.

is used as the initial field. During the pre-computation, the

monthly hydrological data and inflow water temperatures are 3000 r 1 160

obtained from the Zumuzu hydrological station. The meteo- .~ - i g - 4 140

rological data are obtained from the Maerkang meteorologi- % Paor ' . ' 120 €

cal station. Figure 3 presents the initial temperature field for & 2000 | “ .' '. : L o)

the simulation. ED - ﬂ - H - H- 'H' --------- 100 ol
E 18 3

4.3 The boundary conditions 2 160 E
s 1000 Flow rate

. . 2 ----TDG |1 %

The TDG concentration and temperature of the inflow are £

based on field observation data. The boundary conditions J U U U ]2

versus time are presented in Figs. 4 and 5. 0 : 0

The power flow is 200 his~t and the upstream spillway 0 12 24 36 48
discharge rate is 1710381 at the Xiaerga power station. Time/ h

Ignoring the daily regulation Of.B.aIa Reservoir, the down- Fig. 5. The flow and TDG boundary conditions for Case 2.
stream outflow of Bala Reservoir is assumed to be the same

as the upstream inflow and is presented in Figs. 4 and 5.
The TDG supersaturation level downstream of the Xiaergaq.4 Parameter determination
spillway discharge is calculated with the empirical model
proposed by Li et al. (2009). The TDG supersaturation levelThe equilibrium saturation concentratiafeq varies with
of power flow is assumed to be the equilibrium saturation ofpressure, temperature and turbulence. In this simulation, the
tailrace, 100 %. The flow-weighted average method is usedffect of hydrostatic pressure on the valueCef; is consid-
to estimate the mixing TDG concentration of spill discharge ered as the following:
and power flow. The flow-weighted average TDG is calcu-
lated to be 141 %. The inflow boundaries of TDG are pre-Ceqz 100+ 104, (11)
sented in Figs. 4 and 5. whereh represents the local depth under the free surface.
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Fig. 6. Velocity vectors and streamlines in Bala Reservda) (  Fig. 7. Water temperature stratification in Bala Reservdjr (
Case 1 and Case @) Case 3).

. . . high as 8. When Xiaerga starts to spill, the initial stratifica-
The saturation concentration at local atmospheric Pressurg . breaks because of the flood flow disturbance (Fig. 7a).

. o : . )
Csls set &.u 100% in the S|mulat|o!‘1. . After the spilling gates are closed, the reservoir water is
According to the parameter calibration in the Dachaoshan

Reservoir, the dissipation coefficieh, is determined to be gradually pacified and a new stratification forms again; this

0.003 vl when the water is supersaturated. Otherwigeds is presented in F.'g' 7.b' T_he flood S|gn!f|cantly impacts the
temperature stratification in the reservoir.
assumed to be zero.
The surface mass transfer coefficient across the air—wat S
free surfacek| a)s is calculated by Eq. (10), where the wind 5.2 TDG distribution
speed is assumed to be 0.9 sccording to meteorological 521 Case 1 (continuous discharge + outflow through
data from the Maerkang weather station, 70 kilometers away the high-elevation tunnel)
from the Bala Dam site.

In Case 1, Xiaerga adopts a continuous discharge pattern as

5 Hydrodynamic and TDG Results of different the inflow condition and the surface spilling tunnel is chosen

operational regulations as the outflow passageway. The TDG distributions in Bala
Reservoir at different times are demonstrated in Fig. 8.

5.1 Flow and temperature field According to Fig. 8, Xiaerga starts continuous flood dis-

charge at the 6 h moment, continues for 12h and the gen-

The predicted flow patterns in the Bala Reservoir are showrerated TDG is 141 % in saturation. The contours in Fig. 8
in Fig. 6 with streamlines colored by vector. The discrepan-demonstrate that the supersaturated TDG appears in the en-
cies in the three cases are mainly due to the outlet elevatiortrance of Bala Reservoir at the 6 h moment. The transporta-
Case 1 and Case 2 have a similar streamline with a large cirtion of TDG is in accordance with the main directional flow.
cle backflow under the main current, which is in contrast to A high TDG cluster is formed at the top layers of the reser-
Case 3. With respect to Case 3, the main current dives divoir. At the 18 h moment, the effect of TDG supersatura-
rectly to the bottom at the point 7 km upstream of Bala Damtion has already expanded to the dam with the flow current,
without obvious backflow in the field. A low velocity zone with the maximum TDG saturation of 140.7 %. In contrast
forms in the surface layers upstream of the dam. The maxito the inflow TDG saturation, 141 %, the dissipation of TDG
mum velocities of the three cases are approximately 3'ms is slight. This is because the flood discharge transports the
atthe entrance of the reservoir. The velocity decreases furthezlevated TDG flow at a high velocity. Therefore, the resi-
downstream because of the water depth increase. The velodent time for TDG flow in the reservoir is not long enough to
ity in the regions close to the Bala Dam is approximately complete the TDG degassing. After 18 h, the flood discharge
0.2ms ! for all three cases. is shut and the inflow is composed only of the tailrace of Xi-

The initial temperature field (Fig. 3) demonstrates that theaerga with a TDG saturation of 100 %. The supersaturated
stratification of water temperature forms in Bala Reservoir inTDG flow then runs downstream of Bala at a slow pace and
August. A 10 m-thick transition layer lies at a 30 m depth be- the degassing is sufficient because the resident time increases
neath the water surface. The temperature decrement betweavith the decreasing velocity. Consequently, the high TDG
the two regions above and below the transition layer is ascluster becomes narrower and shorter over time. At the final
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Fig. 8. The TDG distributions of Case 1 at different moments. Fig. 9. The TDG distributions of Case 2 at different moments.

moment of the simulation, the high TDG cluster is 10 km, that of the prior moment, with a maximum TDG saturation

with a maximum value of 136.2 %. of 135.3 %.
5.2.2 Case 2 (interrupted discharge and outflow 5.2.3 Case 3 (continuous discharge and outflow through
through the high-elevation tunnel) the low-elevation tunnel)

In Case 2, Xiaerga adopts an interval discharge pattern ak Case 3, Xiaerga adopts a continuous discharge pattern
the inflow condition and the surface spilling tunnel is chosenas the inflow condition and the bottom discharge tunnel is
as the outflow passageway. The TDG distributions in Balachosen as the outflow passageway. The TDG distributions in
Reservoir at different times are presented in Fig. 9. Bala Reservoir at different moments are presented in Fig. 10.
At the 3h moment, the spillway of Xiaer begins to work. At the 6 h moment, the continuous flood discharge begins
The spillway gate is alternately opened and closed four timesnd lasts for 12 h. The high TDG cluster moves forward to the
every 3 h. Similar to Case 1, the high TDG clusters still ap-dam under high flood velocity without sufficient degassing
pear at the top layers of Bala Reservoir as a result of the TDGor a long period. The TDG transport route is in accordance
transporting with the flow current. In contrast to Case 1, sev-with the flow current streamline, therefore, the high TDG
eral clusters appear in the reservoir concurrently because afluster spreads to the bottom as the bottom discharge tunnel
the interval flood discharge pattern. Figure 9 demonstratess adopted as the flow passageway for Bala. The flood dis-
that at the 18 h moment, four times the flood discharge bringsharge is shut at 18 h and approximately 80 % of the reservoir
the TDG cluster to the dam. At the 24 h moment, the floodis at a TDG level of 140 % at that moment. The TDG level
discharge is shut permanently in the simulation. The TDGin the reservoir then decreases because of the attenuation and
in the reservoir then dissipates under the function of attenusufficient degassing with the extended resident time. A high
ation and sufficient degassing. At the end of the simulation, TDG cluster lies at the bottom of the reservoir in accordance
the negative region of TDG supersaturation is narrower tharwith the main current. At the final moment of the simulation,
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1220 J. Feng et al.: Eco-environmentally friendly operational regulation for supersaturated TDG

g |m < g
E2900 | 6h 52000} 18h
E ¥
2 o
@ @
2850 250} 2]
TDG(%): 101 105 110 115 120 123 126 129 132 135 138 14] 100 LTDG(4): 101105 110 115120 123 126 129 132 135 138 141
2800 . : . ! ‘ : ‘ .
0 5000 10000 15000 20000 Distance (m) 0 5000 10000 15000 20000 Distance (m)
E
2000 g o w - |
E §2900 F M_/’"
5 £ ‘
o 3
2850 =
Bl | W zwaf (2]
TDG(%): 101 105 110 115 120 123 126 129 132 135 138 14] B O ]
28005 w0 s o s TDG(%): 101 105 110 115 120 123 126 129 132 135 138 141
Dista 2800 ‘ : ‘ s
istance (m) 0 5000 10000 15000 20000 Distance (m)

Elevation (m)
(8]
el
<
<

L 24h -/
Fig. 11. Comparison of TDG distributions at the moment of accu-
mulated flood discharge time of 12& Case 1p Case 2).
2850

TDG(%): 101 105 110 115 120 123 126 129 132 135 138 141 )
2800 ‘ : : x §2900 -
0 5000 10000 15000 20000 pistance (m) 8
“; 25}
22900 48h v/\_j\-“ 2850 E
Il —
g ‘
& BN [T
L { TDG(%): 101 105 110 115 120 123 126 129 132 135 138 141
2850 : ‘ 2800 ‘ ; ‘ gl
- | - | 0 5000 10000 15000 20000 Distance (m)
2800 TDG(%): l()ll 105 110 115 ]20 123 126 129 .]32 135 138 14] I E
o 5000 10000 15000 20000 Disgance (m) Z2000 L 39
g
g
Fig. 10.The TDG distributions at the key moments (Case 3). &
2850 EI
the negative region of TDG supersaturation is narrower, with | TPOC%): 101105 110115 120 123 126 129 137 135 138 14)
a maximum TDG saturation of 136.8 %. 0 5000 10000 15000 20000 Distance (m)

Fig. 12. Comparison of TDG distributions at the moment of accu-

6 Discussions on the effect of operational regulations mulated off-time of 24 h{ Case 1p Case 2).

The TDG results indicate that different inflow boundary con- ) o

ditions result in different distributions of TDG in Bala Reser- 25 M is formed at the surface of Bala Reservoir in Case 1,
voir. This study analyzes regulation effects from two aspectsVith @ maximum TDG saturation of over 138 %. Several high
the operation of the upstream power station (inflow condi- DG clusters are formed in Case 2 that are caused by the in-

tion) and the operation of the downstream power station (out{€rval flood discharge pattern. The high-TDG area in Case 2

flow condition). is significantly smaller than that of Case 1.
A comparison of the two cases at the moment when the
6.1 Regulation of the upstream power station off-time of the spillway tunnel accumulates to 24 h is pre-

sented in Fig. 12. The contrast demonstrates that the TDG
Case 1 and Case 2 adopted two different inflow boundarylevels are significantly less than at the same moment in
conditions — the continuous discharge pattern and the interFig. 11. For both cases, the high TDG clusters are distributed
val discharge pattern of the upstream Xierga Dam (Fig. 4). Aaround the surface layers in the 13km range in the front of
comparison between Case 1 and Case 2 demonstrates the &ala Dam.
fect of the regulations of Xiaerga power station, the upstream To quantitatively compare the supersaturated TDG effect
power station. of the two cases, accumulative curves of area ratio are drawn

Figure 11 presents the TDG comparison of the two casesn Fig. 13. The horizontal coordinate represents the TDG

at the moment when the discharge time accumulates to 12 fpercent saturation. The vertical coordinate is defined as the
It demonstrates that a high TDG cluster with a thickness ofarea ratio of the TDG saturation area that is higher than the
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(b) at the moment of accumulative discharge time of 12 h, Fig. 16.Accumulated area ratio over TDG saturation level.

. ) . strate the effect of operational regulations on the Bala power
corresponding saturation for the whole reservoir. At the MO-tation. the downstream power station.

ment when the flood discharge time accumulates to 12 h, the Figure 14 presents the TDG comparison of the two cases
arearatio percent of Case 2 is much lower than Case 1. Whegy 1o moment when the discharge time accumulates to 12 h.

the off-time accumulates to 24h, the area ratio percent Ofy qemonstrates that a high TDG cluster with a thickness of
the two cases is proximal, with the exception of TDG, which 55 ) is formed at the surface of Bala Reservoir in Case 1.

ranges _fr(?m_ 130 t0 135%. . ) In Case 3, the supersaturated TDG spread from the surface

To minimize the TDG supersaturation in a reservoir, they, the pottom as the surface streamlines turns towards the
comparison of Cgse 1 and Case 2 demonstrate .that an Uottom. The high-TDG area in Case 3 is significantly larger
stream interval-discharge pattern is more effective than 3han that of Case 1.

continuous flood discharge pattern. Another comparison of the two cases is analyzed at the

moment when the off-time of the spillway tunnel accumu-
lates to 24 h and is presented in Fig. 15. The contrast demon-

. strates that the TDG levels are significantly decreased than at
Case 1 and Case 3 adopt different release structures of tr}%e time in Fig. 14. In Case 1. the hiah TDG cluster is dis-
downstream Bala Dam, which are operated with different el- g. .4 ’ g

evations. The surface spillway tunnel at 2903 m is chosen intnbuted around the surface layers in the 13 km range in front

Case 1 and the bottom discharge tunnel at 2845 m is Choseof Bala Dam. In Case 3, the high TDG cluster is distributed

for Case 3. The inflow boundaries are the same for the two‘{‘]t the bottom 15km range at the front of the dam.

cases. The comparison between Case 1 and Case 3 demon-

6.2 Regulation of downstream power stations
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To minimize the TDG supersaturation in a reservoir, the Cai, Y. P., Huang, G. H., Tan, Q., and Chen, B.: Identification of
comparison of Case 1 and Case 3 demonstrate that a down- optimal strategies for improving eco-resilience to floods in eco-
stream surface-discharge pattern is more effective than a logically vulnerable regions of a wetland, Ecol. Modell., 222,

bottom-discharge pattern. 360-369, 2010. _ _ .
Chen, S. C,, Liu, X. Q., Jiang, W., and Li, K. F.: Effects of total dis-

solved gas supersaturated water on lethality and catalase activ-
7 Conclusions ity of Chinese Sucker (Myxocyprinus asiaticus Bleeker), J. Zhe-
jiang University-SCIENCE B (Biomedicine & Biotechnology),
The regulation of operations is an effective way to mitigate 13, 791-796, 2012, _
the harmful TDG supersaturation in the Bala Reservoir onFeng, J. J., Li, R., Li, K. F., and Li, J.: Study on release process
the Zumuzu River. This paper employed a laterally averaged of supersaturated total dissolved gas dc_)wnstream of high dam, J.
two-dimensional model to simulate the TDG distributions of _ Ydroelec. &ng., 29, 7-12, 2010 (in Chinese).
. . . . . . . . Feng, J. J., Li, R, Yang, H. X., and Li, J.: A laterally averaged
different spill scenarios, including the configuration combi-

. f1h dd . two-dimensional simulation of unsteady supersaturated total dis-
nations of the upstream and downstream power stations. solved gas in deep reservoir, J. Hydrodynam., 25, 396-403, 2013.

The results indicate that the TDG distributionis mainly af- £, x| i, D., and zhang, X. F.: Simulations of the three-
fected by the movement of the current flow. When a spillway  gimensional total dissolved gas saturation downstream of spill-
is discharged, the supersaturated TDG moves rapidly towards ways under unsteady conditions, J. Hydrodynam., 22, 598—604,
the Bala Dam with the main current. Small amounts of dissi- 2010.
pation happen in such a deep reservoir. The TDG saturatiohiuang, X., Li, K. F.,, Du, J., and Li, R.: Effects of gas supersatu-
level remains high until it reaches the downstream Bala Dam ration on lethality and avoidance responses in juvenile rock carp
at a maximum TDG level that is higher than 138 %. The pro- (Procypris rabaudi Tchang), J. Zhejiang University-SCIENCE B

tection of aquatic organisms in the large reservoirs during the (Biomedicine & Biotechnology), 11, 806-811, 2010.
discharging period is a concern. Lauri, H., de Moel, H., Ward, P. J., Rasanen, T. A., Keskinen, M.,

According to the comparison of the scenario simulation and Kummu, M.: Future changes in Mekong River hydrology:
9 P impact of climate change and reservoir operation on discharge,

results, the optimized regulations for the reservoir are con- Hydrol. Earth Syst. Sci., 16, 4603-4619, di:5194/hess-16-
cluded. For the upstream power station, an interval-discharge 4603-20122012.

pattern instead of a continuous-discharge pattern is recom;j Rr., Li, J., LiK. F., Deng, Y., and Feng, J. J.: Prediction for super-
mended to minimize the negative effect in the reservoir that saturated total dissolved gas in high-dam hydropower projects,
is caused by supersaturated TDG. For the downstream power Sci. China, Series E: Technological Sciences, 52, 3661-3667,
station, the use of a surface tunnel rather than a bottom tunnel 2009.
is recommended as a release structure. Li, R., Hodges, B. R, Feng, J. J., and Yong, X.D.: A comparison
Future modeling efforts are suggested to combine the en- ©f supersaturated total dissolved gas dissipation with dissolved
durance of fish with respect to supersaturated TDG and to ggégzgg'z%ggt'on and reaeration, J. Environ. Eng. ASCE, 139,
propose mltlgatIOIjl mgasures. The efffact of the regulauon O.q_iang, R. F.,, Li, B., Li, K. F., and Tuo, Y. C.: Effect of total dissolved
the downstream river is also another important and sophisti-

d bl h d be add d velv in th gas supersaturated water on early life of David's schizotho-
cated problem that needs to be addressed respectively in the 5 i, (schizothorax davidi), J. Zhejiang University-SCIENCE B

future. (Biomedicine & Biotechnology), 14, 632—639, 2013.
Lindim, C., Pinho, J. L., and Vieira, J. M. P.: Analysis of spatial
and temporal patterns in a large reservoir using water quality and
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