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摘　要：水坝泄水总溶解气体（total dissolved gas，TDG）过饱和可导致鱼类患气泡病甚至死亡，给水生态系统健

康带来严重危害。近年来随着中国越来越多的高坝工程投入运行，水坝泄水气体过饱和对鱼类影响逐渐成为制

约高坝泄水安全运行的重要生态风险。本文通过对国内外研究文献的梳理分析，结合研究团队近年来在该领域

的研究成果，从鱼类耐受性响应、过饱和TDG规律、减缓技术以及发展动态等几个方面对水坝泄水气体过饱和对

鱼类影响及减缓技术研究开展了回顾分析。首先面向中国长江上游特有鱼类保护需求，分析了溶解气体过饱和

危害以及不同特征鱼类对溶解气体过饱和的躲避能力和耐受规律。在此基础上，从过饱和TDG生成和释放角度，

揭示了水坝泄水溶解气体过饱和规律及其模拟预测方法，从工程措施、调度措施和生态功能利用措施三方面阐

述了过饱和气体减缓技术及其工程应用现状。基于中国高坝工程泄水生态安全需求，开展了国内外发展动态分

析，指出进一步深入揭示高坝泄水气体过饱和机制、完善和发展高坝泄水过饱和气体预测方法和技术、加强和深

化过饱和TDG减缓技术的工程可行性研究、实施基于减缓过饱和TDG影响的流域梯级多目标优化调度、推进中

国关于鱼类对过饱和TDG耐受标准的建立是当前面临的关键问题与技术挑战。本文成果旨在解决水坝泄水气体

过饱和问题以及高坝运行生态安全保障研究提供思路借鉴和科学依据。
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Review on the Effect of Dissolved Gas Supersaturation of Dam Spill on Fishes and its Mitigation Measures
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Abstract: Total dissolved gas (TDG) supersaturation caused by dam spills may lead to gas bubble disease and even fish mortality, resulting in ser-

ious negative impacts on the aquatic ecosystem. With more and more high dams put into operation in recent years, the problem of total dissolved

gas supersaturation has become an important ecological risk restricting the safe operation of high dam discharge in China. By combining literat-

ure analyses and the authors' research experience in the field, the problem of dissolved gas supersaturation, its effect on fish and the mitigation

measures were retrospected. First, for the protection needs of endemic fish in the upper reaches of the Yangtze River, the negative effect of TDG

supersaturation and the tolerance ability of fishes to TDG supersaturation were reviewed. The mechanism of TDG supersaturation and its simula-

tion technology was revealed from the perspective of the generation and dissipation process. The mitigation technology and its engineering applic-

ation were described from the engineering measures, dispatching measures, and ecological function utilization measures. According to the ecolo-

gical safety demand of high dam discharge in China, the research trend at home and abroad was analyzed. It was proposed that the current key

problems and challenges mainly include further revealing the mechanism of TDG supersaturation, improving the accurate and advanced predic-
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tion methods, strengthening the engineering feasibility study of TDG mitigation technology, implementing the cascade muti-object optimal dis-

patching based on TDG supersaturation mitigation, and promoting the establishment of fish tolerance standards to TDG supersaturation. The ef-

fort of this paper aims at providing scientific reference and guide for the solution of TDG supersaturation and guarantee the ecological safety of

high dam operation.
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水体中溶解气体过饱和是指由于自然或人为因

素引起的水体中溶解气体饱和度高于100%的现象。

在这种条件下，水体中溶解气体的浓度大于当地气

压条件对应的溶解气体的溶解度。水体中溶解气体

包括溶解氧、溶解氮及二氧化碳等组分，各组分之和

统称为总溶解气体（total dissolved gas，TDG）。在自

然界中，水温突升、光合作用、水坝泄水等过程均可

能导致水体中出现溶解氧、溶解氮等单一气体组分

的溶解气体或总溶解气体过饱和。

当水体中过高的溶解气体压力得不到环境压力

补偿情况下会析出成为气泡。大量气泡在水生生物

血管或组织内聚集形成气泡或气栓阻塞血管，继而

引发气肿、组织出血以及其他行为异常甚至死亡。此

外，气泡在鱼体表沾附产生浮力会影响鱼的平衡和

游动能力以及在水中的栖息深度，特别是对仔鱼和

幼鱼的影响最为突出。溶解气体过饱和除对鱼类造

成影响外，还可能对虾、蟹等水生动物造成伤害 [1]。

例如，蚌（Mercenaria mercenaria）患气泡病后鳃部充

满气泡，阻止血液正常循环[2]，加利福尼亚褐虾（Pen-
aeus aztecus）患气泡病后会在鳃及体表会出现气泡，

导致行为异常甚至死亡[3]。

20世纪60年代由于美国Columbia河上水坝泄水

运行，溶解气体过饱和引起的鱼类气泡病问题受到

高度关注[1,4]。1962年McNary水坝下游大鳞大麻哈鱼

（Oncorhynchus tshawytscha）出现因取用Columbia河
中气体过饱和水源引发的气泡病问题[5]。1968年监测

发现，John Day水坝下游溶解氮气饱和度达到145%。

在捕获的鱼类中，25%的虹鳟（Salmo gairdneri）幼鱼、

46%的大鳞大麻哈鱼幼鱼、68%的科霍鲑鱼（Onco-
rhynchus kisutch）幼鱼出现气泡病症状，其中在鱼类

死亡数量最多的6月29日，有13条红大麻哈鱼（Onco-
rhynchus nerka）和365条大鳞大麻哈鱼幼鱼死亡。加

之鱼梯过鱼效果限制，据估计当年夏天产卵的大麻

哈鱼幼鱼数量减少达20 000尾[6]。

1994年8月阿根廷Yacyretá水坝开闸运行时出现

因总溶解气体过饱和导致的水坝下游大量鱼类患气

泡病死亡的现象[7]。Duvall等[8]报道，在1996至2002年
间Priest Rapids水坝下游TDG饱和度达113%～130%
期间，捕获的大麻哈鱼幼鱼中8.5%出现了气泡病症

状。中国在20世纪80年代葛洲坝运行初期，曾有文献

报道葛洲坝泄水的溶解气体过饱和问题 [9]。李玉梁

等[10]研究指出，水工泄水建筑物存在超饱和复氧状

态。1994年6月，新安江水库开闸泄洪导致下游3 km
的网箱虹鳟普遍患气泡病[11]。2003年8月至9月三峡

大坝泄水下游黄陵庙和东岳庙断面溶解氧饱和度超

过了120%，9月份最大饱和度达到130%[12]。2006年紫

坪铺电站泄水下游500 m的彩虹桥断面TDG饱和度

最大值为128.3%[13]。2014年7月，向家坝库区出现因

溪洛渡泄水产生的气体过饱和致网箱养殖鱼类死亡

事件，溶解氧饱和度的监测最高值为133%[14]，鱼类

死亡数量达40余吨[15]。

针对水坝泄水溶解气体过饱和影响问题的研究

主要集中在鱼类耐受性响应、过饱和TDG生成和释

放规律、减缓技术等几个方面。

 1   鱼类对过饱和气体的躲避和耐受能力

 1.1   躲避能力

鱼类对过饱和气体的躲避能力分为水平躲避和

垂向躲避能力。

 1.1.1    水平躲避能力

Blahm等 [16]研究发现，当水平躲避试验装置中

TDG过饱和水流饱和度为130%时，虹鳟幼鱼在试验

进行48 h后死亡率达50%，而大鳞大麻哈鱼幼鱼8 d后
都未出现死亡，表明大鳞大麻哈鱼幼鱼具有较强的

躲避TDG过饱和水体的能力。黄翔[17]和王远铭等[18]

试验发现，当TDG饱和度高于125%时，岩原鲤（Procypris
rabaudi Tchang）、齐口裂腹鱼（Schizothorax Prenanti）
均出现明显的躲避行为，而当TDG饱和度低于115%
时，鱼类在水体中自由游动，未出现躲避现象。

 1.1.2    垂向躲避能力

鱼类对过饱和TDG的垂向躲避能力与水深的补

偿作用相关。

∆Pm

PTDG PB

水体中总溶解气体过饱和压力 表示为总溶

解气体压力 与大气压 之差：

∆Pm = PTDG−PB （1）

对应于当地大气压的相对饱和度GTDG为：

GTDG =
PTDG

PB
×100 =

PB+∆Pm

PB
×100 （2）

hB

∆Pcomp PTDG PB+ρghB

水生生物在水深 下实际感受到的过饱和压力

为总溶解气体压力 与当地压力（ ）

之差。
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∆Pcomp = PTDG− (PB+ρghB) = ∆Pm−ρghB （3）

ρ kg/m3 g m2/s式中： 为水的密度， ； 为重力加速度， 。

与此相对应，鱼类在水下感受到的过饱和度

Gcomp为：

Gcomp =
PTDG

PB+ρghB
=

PB+∆Pm

PB+ρghB
（4）

∆Pcomp

∆Pcomp >

0

∆Pcomp = 0

水生生物实际感受到的过饱和压力 直接

决定了溶解气体的生物效应。如果在水深处

，则生物体内会形成气泡甚至诱发气泡病；反之，则

不会形成气泡和诱发气泡病。通常将 所对

应的水深称为补偿水深。

图1为溶解气体饱和度与补偿水深的关系示意

图。由图1可知，在不同深度上仪器测量的TDG饱和

度（相对于大气压而言）与水生生物实际感受到的饱

和度之间的关系，即深度大约为每增加1 m，饱和度

降低约10%。由此表明，在具有一定深度的天然河流

中，如果鱼类可以潜入一定深度下生活，则可以借助

水深补偿减轻高饱和度TDG的影响。

Knittel等[20]将虹鳟幼鱼（Salmo gairdneri）置于

TDG含量相同但深度不同的水层，结果发现深层鱼

类的存活时间较长。同时，曾暴露于TDG饱和度

130%的表层水体且罹患气泡病濒临死亡的虹鳟幼鱼

转入水下3 m深度一段时间后，气泡病症状缓解并存

活下来。Lutz[21]发现，因气泡病导致的鱼类最大死亡

率并不是出现在TDG饱和度最高的时段，而是在水

深最小的时段，这是因为水深较浅使鱼类无法得到足

够的补偿水深以躲避TDG过饱和影响。Backman等[22]

观测发现，由于缺少补偿水深作用，室内试验的鱼类

气泡病发病率显著较天然河流高，过鱼通道中鱼类

气泡病症状较坝上和坝下深水区更为显著。Harmon[23]

和Beeman[24]等研究发现，鱼类可以利用补偿水深来

减弱或避免TDG过饱和伤害，在补偿水深以上生活

的鱼类更易受过饱和TDG伤害。谭德彩[25]研究发现，

三峡泄水期间，生活在水体底层的鱼类对TDG过饱

和有较强的耐受性。黄翔[17]室内试验发现，在TDG饱

和度为150%条件下，水深30、130、230 cm处岩原鲤半

数死亡时间分别为0.9、2.8、8.6 h，说明水深增加产生

的补偿水深作用减弱了过饱和TDG对鱼类的伤害。

这也从另一方面解释了为什么TDG过饱和的天然河

流中野生鱼类死亡率较低，而网箱养殖鱼类死亡率

较高的现象。

 1.2   不同组分气体的致病作用

虽然溶解氧、溶解氮和总溶解气体的饱和度超

过一定值时均可能使鱼类患气泡病甚至死亡，但由

于氧气在生物机体内除了以溶解态存在外，还可与

血红蛋白结合，通过生物过程得到消耗或降解，而氮

气是惰性气体，在生物体内不能参加新陈代谢，由此

导致溶解氧的致病作用小于溶解氮和总溶解气体。

早期的试验研究发现，在只有溶解氧过饱和情

况下，溶解氧饱和度通常达到300%以上才可能致使

鱼类患气泡病[3]，大菱鲆[26]（Scophthalmus Maximus
L.）、虹鳟鱼[27]、大西洋鲑（Salmo salar）[28]等均对过

饱和溶解氧的耐受能力较强。Rucker[29] 研究发现，在

总溶解气体饱和度恒定为119%的情况下，溶解氧和

溶解氮的比例在159∶109以下变化时，不会对鱼类产

生显著影响，但在氧氮比例上升为173∶105时，气泡

病发病率出现急剧下降。

Doudoroff[30]试验证实，气泡病主要是总溶解气

体而不是单一溶解氧或溶解氧造成的。Rucker等[31]

将大鳞大麻哈鱼的鱼苗分别持续暴露在氮气饱和度

120%，但TDG饱和度不同的水体中，在TDG饱和度

为116%的环境中35 d仍未出现大量死亡现象，但在

TDG饱和度为120%的环境中，幼鱼在25 d即出现大

量死亡。Meekin等[32]试验发现，大鳞大麻哈鱼幼鱼在

10 cm深的井水容器中（氮气饱和度122%，TDG饱和

度112%）5～10 d内死亡率2%～5%，而在61 cm深的

河水容器（氮气饱和度124%，TDG饱和度123%）5～7 d
内死亡率达92%～100%，说明TDG的致病作用大于

溶解氮气。对天然水体中TDG和DO相关关系分析表

明，水体中DO浓度随着水体污染程度的改变而发生

变化，因此DO变化幅度通常较大，而TDG变化相对

较小。特别是天然河流中，TDG和DO的相关关系具

有不确定性，因此在气体过饱和对鱼类影响研究中，

部分研究针对溶解氧，而更多研究采用总溶解气体[33]。

 1.3   鱼类对过饱和TDG的耐受规律

 1.3.1    鱼类耐受性与过饱和TDG暴露条件的关系

1）持续暴露条件下的鱼类耐受性

鱼类耐受性成果较多来源于室内试验。大鳞大
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图 1　溶解气体饱和度与补偿水深的关系示意图[19]

Fig. 1　Relationship between actual total dissolved gas
levels experienced by fish and various depths in the
river[19]
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麻哈鱼幼鱼在TDG饱和度110%、水深28 cm的浅水中

暴露28 h未出现死亡，且几乎未发现气泡病症状；在

TDG饱和度120%水体中暴露58 h死亡率43%[34]；在

TDG饱和度130%水体中暴露5 h开始出现死亡，9 h死
亡率为50%[35]。岩原鲤鱼苗在TDG饱和度低于115%
的室内水体中均能存活，在TDG饱和度120%以上时

陆续出现死亡[36]。白鲈（Atractoscion nobilis）持续暴

露于TDG饱和度低于110%的水中，96 h未出现死亡，

但在TDG饱和度为122%的水中，鱼体内出现气栓并

发生死亡。在TDG饱和度130%以下的水体中，鲟鱼

（Acipenser dabryanus）耐受性随悬浮物含量增加而降

低，在更高饱和度水体中，悬浮物含量对鱼的耐受性

影响不明显[37]。

由于室内试验与具有水深补偿作用的天然水体

存在较大差异，因此对野生鱼类影响的跟踪调查以

及原位试验研究至关重要。Columbia流域多个水坝

下游现场监测表明，TDG饱和度低于120%时，野生

鱼类致病率普遍小于10%，显著低于室内试验结果[38]。

Columbia河Rocky Reach和Rock Island河段1997年连

续两个月TDG饱和度超过120%，捕获的鲑鱼幼鱼

20%～80%出现气泡病症状[39]。Snake河Hells Canyon
河段连续30 d TDG饱和度超过120%，63%的渔获物

患气泡病[40]。金沙江向家坝电站和大渡河大岗山电

站下游开展的原位试验表明，TDG饱和度在120%以

上时试验鱼出现死亡，超过125%时死亡较严重 [41]。

借助深度传感器和声学发射器对挪威Otra River 94条
褐鳟鱼（S. trutta）生活水深的跟踪监测结果表明，在

TDG饱和度为133%以下的天然水体中，除9条鱼由于

过弱的水深补偿功能而致死外，其余鱼类均利用补

偿水深作用有效避免了TDG过饱和的影响[42]。由此

可以总结认为，连续长时间的高饱和度暴露导致气

泡病患病率增加，天然河流120%饱和度条件下，鱼

类气泡病症状不明显。

2）TDG过饱和间歇性暴露对鱼类恢复的作用

在天然水体中，TDG饱和度可能随时间呈现非

恒定变化过程。此外，鱼类上下游动使其处在过饱和

TDG间歇性暴露中[43]。Monk等[44]将虹鳟鱼标记后放

置于Snake河下游水深46 cm、TDG饱和度为113%～

117%的水中暂养，然后将出现严重气泡病的鱼类重

新放回到河流中，结果发现53%的鱼苗气泡病消失。

Gale等[45]将数条大鳞大麻哈鱼成鱼暴露在0.5 m深、

饱和度为114%～126%的水中直至出现鱼死亡或接

近死亡，而后将试验鱼重新放回到天然环境中，之后

未观测到过饱和TDG预暴露对鱼类产卵的影响。这

一试验表明，间歇暴露有助于患气泡病鱼类的恢复。

冀前锋等[46]试验研究了通过间歇性暴露延长鱼类在

过饱和水体中生存时间的可行性。

 1.3.2    不同鱼类对过饱和TDG的耐受性差异

Fickeisen等[47]试验证实，TDG饱和度120%以上

所有的白鲑（Prosopium williamsoni）和褐色鲑（Salmo
clarki）2～4 d内全部死亡，而大鳞亚口鱼（Catostomus
macrocheilus）存活10 d以上的比例为20%，急流杜父

鱼（Cottus rhotheus）存活10 d以上的比例达70%。Aberne-
thy等[48]试验发现，蓝鳃鱼（Lepomis macrochirus）对
过饱和TDG的耐受能力大于大鳞大麻哈鱼和虹鳟鱼。

Beeman等[49]试验表明，Columbia流域大鳞亚口鱼等5
种土著鱼苗在TDG过饱和水体中的半致死时间存在

显著差别。黄翔[17]、Wang等[50]试验发现，暴露在TDG
饱和度115%以下水体中的岩原鲤、齐口裂腹鱼、胭

脂鱼等鱼类均未出现死亡，在120%和125%时，耐受

性由弱到强的顺序大致为齐口裂腹鱼、岩原鲤、胭脂

鱼（Myxocyprinus asiaticus Bleeker），130%及以上环

境，耐受性由弱到强的顺序大致为岩原鲤、胭脂鱼、

齐口裂腹鱼。可见不同鱼类对过饱和TDG的耐受性

差异较大。

 1.3.3    鱼类不同生长阶段对过饱和TDG的耐受性差异

Nebeker等[51]认为，卵壳的保护可以使鱼卵和前

期幼鱼更能抵御TDG过饱和影响。Bouck[52]研究得到，

鲑鳟鱼幼鱼死亡率20%时对应的死亡时间为125 h，
而两龄鱼为154 h，成鱼为309 h。Wood[53]根据不同阶

段大麻哈鱼的耐受性结果，提出了相应耐受性阈值

建议：仔鱼为103%～104%、幼鱼为105%～112%、成

鱼为118%。Krise等[54]研究发现，刚孵化出的仔鱼对

TDG过饱和有较高的耐受性，到幼鱼阶段耐受性降

低，随着幼鱼生长，耐受性又会逐渐增强。Bohl[55]指

出，大麻哈鱼幼鱼的鳃结构、骨骼发育、血管及神经

系统在TDG饱和度为102%的水体中均遭到了严重损

害，而成鱼的起始TDG致死浓度为116%。总结认为，

鱼卵和幼鱼前期的耐受性强于幼鱼后期，而幼鱼耐

受性普遍较成鱼弱。

 1.4   鱼类对过饱和TDG的耐受性标准

美国国家环保局于1986年将110%设定为TDG过

饱和的标准[56]。加拿大规定水深大于1 m时，溶解气

体分压小于76 mmHg（约110%），而在水深小于1 m及

鱼类孵化场等环境中，溶解气体饱和度限值根据实

际情况实行更为严格的控制[57]。上述标准的制定较

早，且主要依据室内试验结果。近年来美国Washing-
ton和Oregon州建议将TDG饱和度限值提高至120%。

Schneider[58]认为，在具备补偿水深的河流，120%～

125%的TDG饱和度不会引起洄游鲑鱼的死亡。中国

目前尚无相关标准。

94 工程科学与技术 第 55 卷



 2   水坝泄水气体过饱和规律

 2.1   气体过饱和生成过程

对过饱和溶解气体生成过程的研究大体经历了

经验或半经验公式、物理解析模型、单相流模型再到

两相流模型几个阶段。

经验或半经验公式多根据特定水坝泄水建立，

简单易用。Pickett[59]、Witt[60]等根据Columbia流域监

测结果，建立了考虑泄水与发电流量、水深等影响的

过饱和TDG预测经验公式。王煜等[61]采用主成分分

析方法得到高坝泄水溶解氧过饱和主要影响因子包

括流量、水头、坝前饱和度等因子。Kamal[62]和Lu[63]

等分别根据不同水坝的气体过饱和原型监测成果，

分析建立了过饱和TDG生成与泄流流量、水头、水垫

塘消能效率的关系。

物理解析模型将气液传质与泄水物理过程相结

合进行研究。Roesner等[64]最初分析了泄水过饱和气

体传质过程，Johnson[65]在此基础上提出了坝面溢流

过饱和气体传质模型。Hibbs等[66]通过追踪甲烷以及

氧气饱和度的变化，推导得到泄水过程中气体传质

效率。Geldert等[67]采用2/3水深为气泡有效深度，考

虑自由界面与气泡界面的传质，建立了底流过饱和TDG
传质公式。Li等[68]将挑流泄水过饱和TDG传质概化

为消力池内气体过溶与二道坝下游突然释放过程，

分析建立了挑流泄水过饱和TDG传质模型。Lu等[69]

进一步考虑挑流水舌的空中掺气与传质过程以及消

力池内滞留时间影响，完善了挑流泄水过饱和TDG
传质模型。Li等[70]分析建立了考虑气泡尺寸及环境

水体中溶解气体浓度影响的气泡上升过程中气泡–
水界面溶解气体传质系数模型。

单相流模型和两相流模型建立在水动力学方程

基础上，较经验公式和物理解析模型在精度、通用性

等方面都有很大改善。Orlins等[71]基于物理模型试验

得到的流场分布，采用宽度平均立面2维紊流数学模

型模拟过饱和TDG时空分布。Weber等[72]基于单一气

泡粒径假定，建立了同时模拟流场和TDG的单相流

过饱和TDG模型。Urban等[73]考虑气泡聚并对过饱和

TDG生成的影响，建立了2维紊流数学模型，其中考

虑气含率在主流区、回流卷吸区和下游尾水区的不

同。Politano等[74]引入气泡数量密度方程模拟各组气

泡数量时空分布变化，考虑TDG传质和气泡压力变

化对气泡大小的影响，首次将两相流模型用于TDG
模拟研究中。覃春丽[75]和Fu[76]等分别建立了葛洲坝

过饱和TDG两相流传质模型。Yang等[77]提出了基于

VOF与气泡正态分布假定的TDG模型。Wang等[78]借

助OpenFOAM开源平台，结合VOF方法和漩涡模拟，

进一步发展完善了两相流模型。Huang等[79]引入Castro
紊动掺气模型[80]，提出了基于紊动漩涡掺气的过饱

和TDG紊流模型并应用于中高坝模拟中，大大改善

了对强紊动射流掺气及其传质影响的模拟精度。

 2.2   气体过饱和释放过程

水坝泄水产生的过饱和TDG在随水流向下游输

移过程中，主要通过自由界面传质缓慢释放。国内外

关于自由界面传质规律的研究成果较丰富[81–83]，其

中有关于二氧化碳和温室气体传质系数的研究[84]，

还有关于溶解氧传质的研究，但多针对非饱和态向

饱和平衡态转变过程，而关于TDG由过饱和态向饱

和态转变过程的研究却较少。

华盛顿大学认为过饱和TDG在水坝下游河道的

释放服从于一级动力学过程 [85]。Johnson等 [86]采用

MASS2模型了Bonneville Dam和Ice Harbor Dam下游

河段过饱和TDG的空间分布。Politano等[87]借鉴溶解

氧传质系数研究成果，采用3维两相流模型模拟了

Wanapum坝下游1 000 m范围内过饱和TDG的演变过

程。中国水利水电科学研究院、清华大学等单位基于

对三峡电站下游河段DO监测，采用1维模型模拟预

测了溶解氧沿程变化，其中假定过饱和DO释放系数

等于河流复氧系数[88–90]。Johnson等[91]采用深度平均

2维数学模型模拟得到了Bonneville与Ice Harbor坝下

数千米长的河道内TDG分布，其中过饱和TDG释放

系数考虑了风速影响。冯镜洁等[92]基于原型观测和

机理试验，提出考虑紊动影响的释放系数估算方法。

Feng等 [93]将过饱和TDG释放过程概化为水体内部

TDG释放和自由表面的传质释放，建立了大型深水

库宽度平均立面2维过饱和TDG输移释放模型。李纪

龙[94]采用平面2维过饱和TDG释放模型对向家坝下

游河段过饱和TDG释放过程开展模拟研究。Kamal
等[95]根据Columbia流域过饱和TDG监测成果，分析

了过饱和TDG横向和纵向分布规律及沿程释放系数。

冯镜洁[96]、Ou[97–98]、Yuan[99]等试验研究表明，升温、

曝气以及泥沙、植被等阻水介质对过饱和TDG的释

放具有明显促进作用。

综合分析表明，已有关于过饱和TDG释放过程

的研究常采用由不饱和态向饱和平衡态转变过程的

研究成果，其中一些研究直接将氧亏水体的复氧系

数作为TDG过饱和水体的释放系数。如此处理对以

气泡界面传质为主的近坝区过饱和TDG的生成影响

较小，但对以自由界面传质为主的下游水体释放过

程的预测则会带来较大误差[100]。

 3   水坝泄水气体过饱和影响减缓技术

对气体过饱和水体处理措施的研究最早源于对
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低流量养殖水源的处理，主要有虹吸法[44]、填料柱法

等[101–103]。水坝泄水气体过饱和减缓技术主要分为

工程措施、调度措施以及局部重点区域生态功能利

用措施。

 3.1   工程措施

典型的工程措施包括在溢洪道导流坎、阶梯溢

洪道、挡板溢洪道、辅助消能墩等。

导流坎作用主要是将掺气水流导向消力池表层，

从而避免进入底层高承压环境导致过高饱和度[104–105]。

导流坎适用于底流消能的低水头水电站，最早在

1972年被应用在Columbia河Bonneville水坝，使TDG
饱和度降低3%～12%[59]。

阶梯溢洪道或挡板溢洪道是在溢洪道内布置阶

梯或挡板，一方面促进水流消能，避免水流潜入消力

池底部从而减小TDG饱和度增加；另一方面促进坝

面水流的水气界面传质，从而改善溶解气体水平[78,106]。

辅助消能墩布置在消力池内或水垫塘二道坝下

游，主要通过提高消能效率、促进气泡向水面的运动

及过饱和气体向水面的释放。Huang等[79]对大岗山电

站和铜街子电站泄水的模拟研究表明，底流与挑流泄

水下游增设消能墩可以有效降低过饱和TDG的生成。

由于各项工程措施技术难度大，并且与工程安

全密切相关，因此即使在筑坝技术高速发展的今天，

过饱和TDG减缓措施的工程应用仍是一关键难点

问题。

 3.2   调度措施

国内外关于泄水调度减缓过饱和TDG影响的研

究一直在持续开展中[77]。Frizell[107]基于Columbia河
Grand Coulee大坝TDG饱和度控制目标，研究了溢洪

道和发电的上限流量。Pickett等[59] 研究了Columbia
河梯级电站流量协同调度问题。Politano等[108]模拟研

究了通过分散泄洪等方式减小TDG影响。彭期冬等[109]

提出动态汛限调度方式减缓三峡电站溶解气体过饱

和影响。Feng[93,110]开展了利用水库调度减缓过饱和

TDG影响的模拟研究，表明优选泄水建筑物结合梯

级联合调度有助于减少高流量泄水持续时间，从而

在一定程度上降低梯级过饱和TDG水平。Ma等[111]模

拟研究表明，与持续泄水相比，间歇泄水有助于减轻

TDG过饱和对鱼类的影响。Wan等[112]基于鱼类耐受

性成果，建立了动态多目标TDG管理模型，从降低

TDG过饱和水平和最小化TDG停留时间角度提出了

水库脉冲泄水方式。近年来，优选泄水建筑物、分散

泄水等技术在金沙江下游等流域梯级泄水调度中得

到应用，有效减缓了泄水生态影响。

 3.3   生态功能利用措施

利用鱼类对气体过饱和的躲避能力，充分发挥

干支流交汇区、河滩区、水体深层等区域生态功能，

减小气体过饱和影响。Shen等[113]研究表明，利用支

流饱和度较低的特点，同时辅以顺坝、阻流桩等工程

措施，可以在干支流交汇区营造一定的TDG低饱和

度区。Ou[98]、Yuan[99]等研究表明，对局部重点区域实

施曝气、布置阻水介质等措施，有利于降低TDG饱和

度，为鱼类躲避过饱和TDG影响创造有利条件。

 4   发展动态分析

根据对国内外研究现状的梳理分析，基于中国高

坝泄水生态安全需求，高坝工程溶解气体过饱和领

域亟待解决和深入研究的问题主要有以下几个方面：

1）由于高坝泄水掺气以及过饱和溶解气体生成

过程在原型和模型之间难以建立相似性规律，而现

有监测技术难以实现挑流泄水近区的过饱和气体原

型监测，因此有待综合更为先进的测试与试验手段，

从微观角度深入揭示高坝泄水气体过饱和传质机制。

2）高坝泄水空间尺度大，计算区域复杂，气液界

面传质模拟存在收敛性和经济性等限制，同时模型

参数率定的可靠性有待提高。在深化传质机制认识

基础上，借助先进的数值模拟技术进一步完善和发

展高坝泄水过饱和气体预测研究势在必行。

3）溶解气体过饱和减缓技术的研究方兴未艾。

从降低过饱和气体生成、加快过饱和气体释放以及

重点区域生态功能利用等方面，加强和深化过饱和

TDG减缓技术的工程可行性研究，推动减缓技术在

实证工程的应用是实现高坝泄水生态安全的关键

问题。

4）流域水电梯级开发格局基本形成。为此，关注

连续梯级开发的过饱和TDG累积影响，探求基于减

缓过饱和TDG影响的流域梯级多目标优化调度，是

未来溶解气体过饱和问题研究的重要方向。

5）针对不同流域目标鱼类和典型鱼类的保护需

求，在深化鱼类耐受性研究基础上，提出鱼类对过饱

和TDG的耐受阈值，为中国水环境标准中TDG限值

标准的制定以及水坝泄水生态安全提供理论指导和

科学依据。

参考文献：

  Weitkamp D E,Katz M.A review of dissolved gas super-
saturation literature[J].Transactions of the American Fish-
eries Society,1980,109(6):659–702.

[1]

  Malouf R,Keck R,Maurer D,et al.Occurrence of gas-
bubble disease in three species of bivalve molluscs[J].
Journal of the Fisheries Research Board of Canada,1972,
29(5):588–589.

[2]

  Supplee V C,Lightner D V.Gas-bubble disease due to[3]

96 工程科学与技术 第 55 卷

https://doi.org/10.1577/1548-8659(1980)109&lt;659:ARODGS&gt;2.0.CO;2
https://doi.org/10.1577/1548-8659(1980)109&lt;659:ARODGS&gt;2.0.CO;2
https://doi.org/10.1577/1548-8659(1980)109&lt;659:ARODGS&gt;2.0.CO;2
https://doi.org/10.1139/f72-098


oxygen supersaturation in raceway-reared California
brown shrimp[J].The Progressive Fish-Culturist,1976,38(3):
158–159.
  Lindroth A.Abiogenic gas supersaturation of river water[J].
Archiv Für Hydrobiologie,1957,3:589–597.

[4]

  Westgard R L.Physical and biological aspects of gas-
bubble disease in impounded adult Chinook salmon at
McNary spawning channel[J].Transactions of the Americ-
an Fisheries Society,1964,93(3):306–309.

[5]

  Beiningen K T,Ebel W J.Effect of john day dam on dis-
solved nitrogen concentrations and salmon in the Columbia
River,1968[J].Transactions of the American Fisheries So-
ciety,1970,99(4):664–671.

[6]

  Angelaccio C M,Bacchiega J D,Fattor C A,et al.Effects of
spillwaysoperation on the fishes habitat:Study for solu-
tions[C].Sustainable Development, Proceedings of the 27th
Congress of the IAHR theme D.San Francisco:Energy and
Water,1997.

[7]

  Duvall D M,Clement D T.Biological monitoring of gas
bubble trauma occurrence at priest rapids dam,1996—2002
[R].Washington:Grant Public Utility District,2002.

[8]

  长江流域水资源保护局.葛洲坝工程泄水与鱼苗气泡病

调查[R].武汉:长江流域水资源保护局,1983.
[9]

  Li Yuhang,Liao Wengen,Yu Changzhao,et al.The reaera-
tion and its control of sluice structures[J].Journal of Hy-
draulic Engineering,1994,25(7):63–69.[李玉梁,廖文根,余
常昭.泄水建筑物的复氧能力与控制[J].水利学报,1994,
25(7):63–69.]

[10]

  Wu Chenggen.The bubble disease of rainbow trout[J].
China Fisheries,1994(10):27.[吴成根.虹鳟气泡病[J].中国

水产,1994(10):27.]

[11]

  Cheng Xiangju,Chen Yongcan,Gao Qianhong,et al.Super-
saturated re-aeration analysis on the Three Gorges reser-
voir during discharge[J].Journal of Hydroelectric Engin-
eering,2005,24(6):62–67.[程香菊,陈永灿,高千红,等.三峡

水库坝身泄流超饱和复氧分析[J].水力发电学报,2005,
24(6):62–67.]

[12]

  Qu Lu,Li Ran,Li Jia,et al.Field observation of total dis-
solved gas supersaturation of high-dams[J].Science China
Technological Sciences,2011,54(1):156–162.

[13]

  农业部长江中上游渔业生态环境监测中心.2014年7月
溪洛渡坝下相关水域死鱼事件调查报告[R].武汉:农业

部长江中上游渔业生态环境监测中心,2014.

[14]

  CCTV.金沙江下游打捞处置40吨死鱼官方排除中毒可

能[EB/OL].[2014–07–19].http://news.cntv.cn/2014/07/19/
ARTI1405750580177886.shtml.

[15]

  Blahm T H,McConnell R J,Snyder G R.Gas bubble dis-
ease[R].Oak Ridge:Technical Information Center,Energy 
Research and Development Administration,1976.

[16]

  Huang Xiang.Effects of TDG supersaturation due to high
dam flood discharge on survival of juvenile rock carp[D].
Chengdu:Sichuan University,2012.[黄翔.高坝泄水产生

TDG过饱和对岩原鲤的影响研究[D].成都:四川大学,
2010.]

[17]

  Wang Yuanming,Zhang Linglei,Zeng Chao,et al.Toler-
ance and avoidance responses of Schizothorax pernanti to
total dissolved gas supersaturation[J].Journal of Hydraulic
Engineering,2015,46(4):480–488.[王远铭,张陵蕾,曾超,等.
总溶解气体过饱和胁迫下齐口裂腹鱼的耐受和回避特

征[J].水利学报,2015,46(4):480–488.]

[18]

  Weitkamp D E,Total dissolved gas supersaturation biolo-
gical effects,review of literature 1980—2007[R].Bellevue:
Parametrix Inc,2008:1–65.

[19]

  Knittel M D,Chapman G A,Garton R R.Effects of hydro-
static pressure on steelhead survival in air-supersaturated
water[J].Transactions of the American Fisheries Society,
1980,109(6):755–759.

[20]

  Lutz D S.Gas supersaturation and gas bubble trauma in
fish downstream from a Midwestern reservoir[J].Transac-
tions of the American Fisheries Society,1995,124(3):
423–436.

[21]

  Backman T W H,Evans A F,Robertson M S,et al.Gas
bubble trauma incidence in juvenile salmonids in the lower
Columbia and snake rivers[J].North American Journal of
Fisheries Management,2002,22(3):965–972.

[22]

  Harmon J R.A trap for handling adult anadromous sal-
monids at lower granite dam on the snake river,Washington[J].
North American Journal of Fisheries Management,2003,23
(3):989–992.

[23]

  Beeman J W,Maule A G.Migration depths of juvenile
Chinook salmon and steelhead relative to total dissolved
gas supersaturation in a Columbia River reservoir[J].Trans-
actions of the American Fisheries Society,2006,135(3):
584–594.

[24]

  Tan Decai.Research on the lethal effect of the dissolved
gas super-saturation resulted from Three Gorges project to
fish[D].Chongqing:Southwest University,2006.[谭德彩.三
峡工程致气体过饱和对鱼类致死效应的研究[D].重庆:
西南大学,2006.]

[25]

  Ruyet J P L,Pichavant K,Vacher C,et al.Effects of O2 su-
persaturation on metabolism and growth in juvenile turbot
(Scophthalmus maximus L.)[J].Aquaculture,2002,205(3/4):
373–383.

[26]

  Barrett D J,Taylor E W.Changes in heart rate during pro-
gressive hyperoxia in the dogfish Scyliorhinus canicula L.:
Evidence for a venous oxygen receptor[J].Comparative
Biochemistry and Physiology Part A:Physiology,1984,78(4):
697–703.

[27]

第 4 期 李　然，等：水坝泄水气体过饱和对鱼类影响及减缓技术研究综述 97

https://doi.org/10.1577/1548-8659(1976)38[158:GDDTOS]2.0.CO;2
https://doi.org/10.1577/1548-8659(1964)93[306:PABAOG]2.0.CO;2
https://doi.org/10.1577/1548-8659(1964)93[306:PABAOG]2.0.CO;2
https://doi.org/10.1577/1548-8659(1964)93[306:PABAOG]2.0.CO;2
https://doi.org/10.1577/1548-8659(1970)99&lt;664:EOJDDO&gt;2.0.CO;2
https://doi.org/10.1577/1548-8659(1970)99&lt;664:EOJDDO&gt;2.0.CO;2
https://doi.org/10.1577/1548-8659(1970)99&lt;664:EOJDDO&gt;2.0.CO;2
https://doi.org/10.3321/j.issn:0559-9350.1994.07.009
https://doi.org/10.3321/j.issn:0559-9350.1994.07.009
https://doi.org/10.3321/j.issn:0559-9350.1994.07.009
https://doi.org/10.3321/j.issn:0559-9350.1994.07.009
https://doi.org/10.3969/j.issn.1003-1243.2005.06.014
https://doi.org/10.3969/j.issn.1003-1243.2005.06.014
https://doi.org/10.3969/j.issn.1003-1243.2005.06.014
https://doi.org/10.3969/j.issn.1003-1243.2005.06.014
https://doi.org/10.1007/s11431-010-4217-8
https://doi.org/10.1007/s11431-010-4217-8
http://news.cntv.cn/2014/07/19/ARTI1405750580177886.shtml
http://news.cntv.cn/2014/07/19/ARTI1405750580177886.shtml
https://doi.org/10.13243/j.cnki.slxb.2015.04.012
https://doi.org/10.13243/j.cnki.slxb.2015.04.012
https://doi.org/10.13243/j.cnki.slxb.2015.04.012
https://doi.org/10.1577/1548-8659(1980)109&lt;755:EOHPOS&gt;2.0.CO;2
https://doi.org/10.1577/1548-8659(1995)124&lt;0423:GSAGBT&gt;2.3.CO;2
https://doi.org/10.1577/1548-8659(1995)124&lt;0423:GSAGBT&gt;2.3.CO;2
https://doi.org/10.1577/1548-8675(2002)022&lt;0965:GBTIIJ&gt;2.0.CO;2
https://doi.org/10.1577/1548-8675(2002)022&lt;0965:GBTIIJ&gt;2.0.CO;2
https://doi.org/10.1577/M02-035
https://doi.org/10.1577/T05-193.1
https://doi.org/10.1577/T05-193.1
https://doi.org/10.1016/S0044-8486(01)00689-5
https://doi.org/10.1016/0300-9629(84)90619-4
https://doi.org/10.1016/0300-9629(84)90619-4


  Espmark Å M,Hjelde K,Baeverfjord G.Development of
gas bubble disease in juvenile Atlantic salmon exposed to
water supersaturated with oxygen[J].Aquaculture,2010,306
(1/2/3/4):198–204.

[28]

  Rucker R R.Gas-bubble disease of salonids:Variation in
oxygen-nitrogen ratio with constant total gas pressure[R].
Washington D C:Technical Information Center,1976.

[29]

  Doudoroff P.Water quality requirements of fishes and ef-
fects of toxic substances[J].Physiology of Fishes,1957,2:
403–430.

[30]

  Rucker R R,Kangas P M.Effect of nitrogen supersaturated
water on coho and Chinook salmon[J].The Progressive
Fish-Culturist,1974,36(3):152–156.

[31]

  Meekin T K,Turner B K.Tolerance of salmonid eggs,ju-
veniles and squawfish to supersaturated nitrogen[R].Wash-
ington:Washington Department of Fisheries,1974.

[32]

  Ma Qian,Li Ran,Feng Jingjie,et al.Relationship between
total dissolved gas and dissolved oxygen in water[J].Frese-
nius Environmental Bulletin,2013,22(11):3243–3250.

[33]

  Maule A G,Beeman J,Hans K M,et al.Gas bubble disease
monitoring and research of juvenile salmonids[R].Portland:
Bonneville Power Administration,1999.

[34]

  Mesa M G,Weiland L K,Maule A G.Progression and
severity of gas bubble trauma in juvenile salmonids[J].
Transactions of the American Fisheries Society,2000,129(1):
174–185.

[35]

  Smiley J E,Drawbridge M A,Okihiro M S,et al.Acute ef-
fects of gas supersaturation on juvenile cultured white
seabass[J].Transactions of the American Fisheries Society,
2011,140(5):1269–1276.

[36]

  Liu Xiaoqing,Li Na,Feng Cuixia,et al.Lethal effect of total
dissolved gas-supersaturated water with suspended sedi-
ment on river sturgeon[J].Scientific Reports,2019,9(1):
13373.

[37]

  Toner M,Dawley E,Evaluation of the effects of dissolved
gas supersaturation on fish and invertebrates downstream
from Bonneville Dam[R].Seattle:Northwest Fisheries Sci-
ence Center,1995.

[38]

  Murdoch K G,McDonald R D.Gas bubble trauma monit-
oring at rocky reach and rock island dams[R].Washington:
Washington Department of Ecology,1997.

[39]

  Richter T J,Naymik J,Chandler A.HCC gas bubble trauma
monitoring study[R].Boise:Idaho Power Company,2007.

[40]

  Xue Shudan,Li Kefeng,Liang Ruifeng,et al.In situ study
on the impact of total dissolved gas supersaturation on en-
demic fish in the Upper Yangtze River[J].River Research
and Applications,2019,35(9):1511–1519.

[41]

  Lennox R J,Thiemer K,Vollset K W,et al.Behavioural re-
sponse of brown trout (Salmo trutta) to total dissolved gas

[42]

supersaturation in a regulated river[J].Ecohydrology,2022,
15:e2363.
  Antcliffe B L,Fidler L E,Birtwell I K,Effect of prior ex-
posure to hydrostatic pressure on rainbow trout (Onco-
rhynchus mykiss) survival in air-supersaturated water[R].
Ottawa:Fisheries and Oceans Canada,2003.

[43]

  Monk B H,Long C W,Dawley E M.Feasibility of siphons
for degassing water[J].Transactions of the American Fish-
eries Society,1980,109(6):765–768.

[44]

  Gale W L,Maule A G,Postera A,et al.Acute exposure to
gas-supersaturated water does not affect reproductive suc-
cess of female adult Chinook salmon late in maturation[J].
River Research and Applications,2004,20(5):565–576.

[45]

  Ji Qianfeng,Wang Yuanming,Liang Ruifeng,et al.Toler-
ance of schizothorax prenanti to gradually varied total dis-
solved gas supersaturation[J].Advanced Engineering Sci-
ences,2019,51(3):130–137.[冀前锋,王远铭,梁瑞峰,等.总
溶解气体渐变饱和度下齐口裂腹鱼的耐受特征[J].工程

科学与技术,2019,51(3):130–137.]

[46]

  Fickeisen D H,Montgomery J C.Tolerances of fishes to
dissolved gas supersaturation in deep tank bioassays[J].
Transactions of the American Fisheries Society,1978,107(2):
376–381.

[47]

  Abernethy C S,Amidan B G,Cada G F.Laboratory studies
of the effects of pressure and dissolved gas supersaturation
on turbine-passed fish[R].Washington:Department of En-
ergy,2001.

[48]

  Beeman J W,Venditti D A,Morris R G,et al.Gas bubble
disease in resident fish below grand coulee dam[R].Seattle:
Western Fisheries Research Center Columbia River Re-
search Laboratory,2003.

[49]

  Wang Yuanming,Liang Ruifeng,Li Kefeng,et al.Toler-
ance and avoidance mechanisms of the rare and endemic
fish of the Upper Yangtze River to total dissolved gas su-
persaturation by hydropower stations[J].River Research
and Applications,2020,36(7):993–1003.

[50]

  Nebeker A V,Andros J D,McCrady J K,et al.Survival of
steelhead trout (Salmo gairdneri) eggs,embryos,and fry in
air-supersaturated water[J].Journal of the Fisheries Re-
search Board of Canada,1978,35(2):261–264.

[51]

  Bouck G R.Supersaturation and fishery observations in se-
lected alpine Oregon streams[R].Oak Ridge:Technical In-
formation Center,Energy Research and Development Ad-
ministration,1976.

[52]

  Wood J W.Diseases of pacific salmon,their prevention and
treatment[R].Olympia:Hatchery Division,Department of
Fisheries,State of Washington,1968.

[53]

  Krise W F,Herman R L.Resistance of underyearling and
yearling atlantic salmon and lake trout to supersaturation

[54]

98 工程科学与技术 第 55 卷

https://doi.org/10.1016/j.aquaculture.2010.05.001
https://doi.org/10.1577/1548-8659(1974)36[152:EONSWO]2.0.CO;2
https://doi.org/10.1577/1548-8659(1974)36[152:EONSWO]2.0.CO;2
https://doi.org/10.1577/1548-8659(2000)129&lt;0174:PASOGB&gt;2.0.CO;2
https://doi.org/10.1080/00028487.2011.618359
https://doi.org/10.1038/s41598-019-49800-y
https://doi.org/10.1002/rra.3503
https://doi.org/10.1002/rra.3503
https://doi.org/10.1002/eco.2363
https://doi.org/10.1577/1548-8659(1980)109&lt;765:FOSFDW&gt;2.0.CO;2
https://doi.org/10.1577/1548-8659(1980)109&lt;765:FOSFDW&gt;2.0.CO;2
https://doi.org/10.1577/1548-8659(1980)109&lt;765:FOSFDW&gt;2.0.CO;2
https://doi.org/10.1002/rra.766
https://doi.org/10.15961/j.jsuese.201801341
https://doi.org/10.15961/j.jsuese.201801341
https://doi.org/10.15961/j.jsuese.201801341
https://doi.org/10.15961/j.jsuese.201801341
https://doi.org/10.15961/j.jsuese.201801341
https://doi.org/10.1577/1548-8659(1978)107&lt;376:TOFTDG&gt;2.0.CO;2
https://doi.org/10.2172/1218152
https://doi.org/10.2172/1218152
https://doi.org/10.2172/1218152
https://doi.org/10.1002/rra.3677
https://doi.org/10.1002/rra.3677
https://doi.org/10.1139/f78-043
https://doi.org/10.1139/f78-043
https://doi.org/10.1139/f78-043


with air[J].Journal of Aquatic Animal Health,1991,3(4):
248–253.
  Bohl M.Gas bubble disease of fish[J].Tierarztliche Praxis,
1997,25(3):284–288.

[55]

  United States Environmental Protection Agency.Quality
Criteria for Water:EPA 440-9-76-023[S].Washington,D C:
U.S.Environmental Protection Agency,1986.

[56]

  Canadian Council of Ministers of the Environment.Cana-
dian water quality guidelines for the protection of aquatic
life:Dissolved gas supersaturation.In:Canadian environ-
mental quality guidelines[R].Winnipeg:Canadian Council
of Ministers of the Environment,1999.

[57]

  Schneider M L.Risk assessment for spill program de-
scribed in 2000 draft biological opinion[A].Portland:FCRPS
Biological Opinion National Marine Fisheries Service,
2000.

[58]

  Pickett P J,Rueda H,Herold M.Total maximum daily load
for total dissolved gas in the mid-columbia river and lake
roosevelt:Submittal report[R].Washington:Washington
State Department of Ecology,2004.

[59]

  Witt A,Magee T,Stewart K,et al.Development and imple-
mentation of an optimization model for hydropower and
total dissolved gas in the mid-Columbia river system[J].
Journal of Water Resources Planning and Management,
2017,143(10):04017063.

[60]

  Wang Yu,Dai Huichao.Principal component analysis of
influencing factors on supersaturation of dissolved oxygen
in high dam discharge[J].Water Resources and Power,2010,
28(11):94–96.[王煜,戴会超.高坝泄流溶解氧过饱和影响

因子主成分分析[J].水电能源科学,2010,28(11):94–96.]

[61]

  Kamal R,Zhu D Z,Crossman J A,et al.Case study of total
dissolved gas transfer and degasification in a prototype ski-
jump spillway[J].Journal of Hydraulic Engineering,2020,
146(9):05020007.

[62]

  Lu J,Cheng X,Wang Z,et al.Energy dissipation efficiency
as a new variable in the empirical correlation of total dis-
solved gas[J].Scientific Reports,2021,11(1):7414.

[63]

  Roesner L A,Orlob G T,Norton W R.A nitrogen gas(N2)
model for the lower Columbia River system[J].Joint Auto-
matic Control Conference,1972(10):85–93.

[64]

  Johnson P L.Prediction of dissolved gas transfer in spill-
way and outlet works stilling basin flows.In:Gas Transfer
at Water Surfaces [M].Dordrecht:Springer,1984:605–612.

[65]

  Hibbs D E,Gulliver J S.Prediction of effective saturation
concentration at spillway plunge pools[J].Journal of Hy-
draulic Engineering,1997,123(11):940–949.

[66]

  Geldert D A,Gulliver J S,Wilhelms S C.Modeling dis-
solved gas supersaturation below spillway plunge pools[J].
Journal of Hydraulic Engineering,1998,124(5):513–521.

[67]

  Li Ran,Li Jia,Li Kefeng,et al.Prediction for supersatur-
ated total dissolved gas in high-dam hydropower projects[J].
Science in China Series E:Technological Sciences,2009,52
(12):3661–3667.

[68]

  Lu Jingying,Li Ran,Ma Qian,et al.Model for total dis-
solved gas supersaturation from plunging jets in high dams[J].
Journal of Hydraulic Engineering,2019,145(1):04018082.

[69]

  Li Pengcheng,Ma Yiyi,Zhu D Z.Mass transfer of gas
bubbles rising in stagnant water[J].Journal of Environ-
mental Engineering,2020,146(8):04020084.

[70]

  Orlins J J,Gulliver J S.Dissolved gas supersaturation
downstream of a spillway II:Computational model[J].
Journal of Hydraulic Research,2000,38(2):151–159.

[71]

  Weber L,Huang Heqing,Lai Yong,et al.Modeling total dis-
solved gas production and transport downstream of spill-
ways:Three-dimensional development and applications[J].
International Journal of River Basin Management,2004,
2(3):157–167.

[72]

  Urban A L,Gulliver J S,Johnson D W.Modeling total dis-
solved gas concentration downstream of spillways[J].
Journal of Hydraulic Engineering,2008,134(5):550–561.

[73]

  Politano M S,Carrica P M,Turan C,et al.A multidimen-
sional two-phase flow model for the total dissolved gas
downstream of spillways[J].Journal of Hydraulic Research,
2007,45(2):165–177.

[74]

  Qin Chunli,Li Ling.Numerical model of dissolved gas su-
persaturation flow over spillway of gezhou dam project[J].
Science & Technology Review,2008,26(18):45–48.[覃春

丽,李玲.葛洲坝过坝水流溶解气体超饱和数值模型研

究[J].科技导报,2008,26(18):45–48.]

[75]

  Fu Xiaoli,Li Dan,Zhang Xiaofeng.Simulations of the three-
dimensional total dissolved gas saturation downstream of
spillways under unsteady conditions[J].Journal of Hydro-
dynamics,Ser B,2010,22(4):598–604.

[76]

  Yang Huixia,Li Ran,Liang Ruifeng,et al.A parameter ana-
lysis of a two-phase flow model for supersaturated total
dissolved gas downstream spillways[J].Journal of Hydro-
dynamics,Ser B,2016,28(4):648–657.

[77]

  Wang Yushi,Politano M,Weber L.Spillway jet regime and
total dissolved gas prediction with a multiphase flow model[J].
Journal of Hydraulic Research,2019,57(1):26–38.

[78]

  Huang Juping,Li Ran,Feng Jingjie,et al.The application of
baffle block in mitigating TDGS of dams with different
discharge patterns[J].Ecological Indicators,2021,133:
108418.

[79]

  Castro A M,Li J,Carrica P M.A mechanistic model of
bubble entrainment in turbulent free surface flows[J].Inter-
national Journal of Multiphase Flow,2016,86:35–55.

[80]

  Li Ran,Zhao Wenqian,Li Jia,et al.Experimental study on[81]

第 4 期 李　然，等：水坝泄水气体过饱和对鱼类影响及减缓技术研究综述 99

https://doi.org/10.1577/1548-8667(1991)003&lt;0248:ROUAYA&gt;2.3.CO;2
https://doi.org/10.1061/(asce)wr.1943-5452.0000827
https://doi.org/10.3969/j.issn.1000-7709.2010.11.031
https://doi.org/10.3969/j.issn.1000-7709.2010.11.031
https://doi.org/10.1061/(asce)hy.1943-7900.0001801
https://doi.org/10.1038/s41598-021-86144-y
https://doi.org/10.1007/978-94-017-1660-4_56
https://doi.org/10.1061/(asce)0733-9429(1997)123:11(940
https://doi.org/10.1061/(asce)0733-9429(1997)123:11(940
https://doi.org/10.1061/(asce)0733-9429(1997)123:11(940
https://doi.org/10.1061/(asce)0733-9429(1998)124:5(513
https://doi.org/10.1007/s11431-009-0337-4
https://doi.org/10.1061/(asce)hy.1943-7900.0001550
https://doi.org/10.1061/(asce)ee.1943-7870.0001760
https://doi.org/10.1061/(asce)ee.1943-7870.0001760
https://doi.org/10.1061/(asce)ee.1943-7870.0001760
https://doi.org/10.1080/00221680009498350
https://doi.org/10.1080/15715124.2004.9635229
https://doi.org/10.1061/(asce)0733-9429(2008)134:5(550
https://doi.org/10.1080/00221686.2007.9521757
https://doi.org/10.3321/j.issn:1000-7857.2008.18.009
https://doi.org/10.3321/j.issn:1000-7857.2008.18.009
https://doi.org/10.1016/S1001-6058(09)60093-7
https://doi.org/10.1016/S1001-6058(09)60093-7
https://doi.org/10.1016/S1001-6058(09)60093-7
https://doi.org/10.1016/S1001-6058(16)60669-8
https://doi.org/10.1016/S1001-6058(16)60669-8
https://doi.org/10.1016/S1001-6058(16)60669-8
https://doi.org/10.1080/00221686.2018.1428231
https://doi.org/10.1080/00221686.2018.1428231
https://doi.org/10.1080/00221686.2018.1428231
https://doi.org/10.1016/j.ecolind.2021.108418
https://doi.org/10.1016/j.ijmultiphaseflow.2016.07.005
https://doi.org/10.1016/j.ijmultiphaseflow.2016.07.005


interfacial mass transfer coefficient of turbulent water[J].
Journal of Hydraulic Engineering,2000,31(2):60–65.[李然,
赵文谦,李嘉,等.紊动水体表面传质系数的实验研究[J].
水利学报,2000,31(2):60–65.]
  Moog D B,Jirka G H.Air-water gas transfer in uniform
channel flow[J].Journal of Hydraulic Engineering,1999,
125(1):3–10.

[82]

  McKenna S P,McGillis W R.The role of free-surface tur-
bulence and surfactants in air-water gas transfer[J].Interna-
tional Journal of Heat and Mass Transfer,2004,47(3):
539–553.

[83]

  Li Shuang,Wang Fushun,Luo Wenyun,et al.Carbon diox-
ide emissions from the Three Gorges Reservoir,China[J].
Acta Geochimica,2017,36(4):645–657.

[84]

  Anderson J,Beer W N,Frever T,et al.Columbia river sal-
mon passage model(CRiSP.1.6):Theory and calibration[R].
Washington:University of Washington,2000.

[85]

  Johnson E L,Clabough T S,Peery C A,et al.Estimating
adult Chinook salmon exposure to dissolved gas supersat-
uration downstream of hydroelectric dams using telemetry
and hydrodynamic models[J].River Research and Applica-
tions,2007,23(9):963–978.

[86]

  Politano M S,Carrica P M,Weber L.A multiphase model
for the hydrodynamics and total dissolved gas in tailraces[J].
International Ournal of Multiphase Flow,2009,35(11):
1036–1050.

[87]

  Chen Yongbo,Peng Qidong,Liao Wengen.The evolve-
ment study on supersaturation of dissolved gas in the
middle reaches of Yangtze River after the Three Gorges
project running[J].Journal of Hydroecology,2009,30(5):
1–5.[陈永柏,彭期冬,廖文根.三峡工程运行后长江中游

溶解气体过饱和演变研究[J].水生态学杂志,2009,30(5):
1–5.]

[88]

  Cheng Xiangju,Chen Yongcan,Chen Xuewei.Numerical
simulation of dissolved oxygen concentration in the down-
stream of Three Georges Dam[J].Journal of Hydrodynam-
ics,2009,24(6):761–767.[程香菊,陈永灿,陈雪巍.三峡工

程坝身泄流下游水体溶解氧浓度数值模拟[J].水动力学

研究与进展A辑,2009,24(6):761–767.]

[89]

  中国水利水电科学研究院,长江水产研究所,三峡水文局,
等.三峡水库泄水溶解气体过饱和及其对鱼类影响和保

护措施研究[R].宜昌:中国长江三峡工程开发总公司,
2009.

[90]

  Johnson E L,Clabough T S,Caudill C C,et al.Migration
depths of adult steelhead Oncorhynchus mykiss in relation
to dissolved gas supersaturation in a regulated river system[J].
Journal of Fish Biology,2010,76(6):1520–1528.

[91]

  Feng Jingjie,Li Ran,Li Kefeng,et al.Study on release pro-
cess of supersaturated total dissovled gas downstream of

[92]

high dam[J].Journal of Hydroelectric Engineering,2010,29
(1):7–12.[冯镜洁,李然,李克锋,等.高坝下游过饱和TDG
释放过程研究[J].水力发电学报,2010,29(1):7–12.]
  Feng Jingjie,Li Ran,Liang Ruifeng,et al.Eco-environment-
ally friendly operational regulation:An effective strategy to
diminish the TDG supersaturation of reservoirs[J].Hydro-
logy and Earth System Sciences,2014,18(3):1213–1223.

[93]

  Li Jilong.Research on the impact of power generation con-
trol on the total dissolved gas of flood discharge[D].Chengdu:
Sichuan University,2018.[李纪龙.发电调度对大坝泄水总

溶解气体的影响研究[D].成都:四川大学,2018.]

[94]

  Kamal R,Zhu D Z,Leake A,et al.Dissipation of supersatur-
ated total dissolved gases in the intermediate mixing zone
of a regulated river[J].Journal of Environmental Engineer-
ing,2019,145(2):04018135.

[95]

  Feng Jingjie,Li Ran,Tang Chunyan,et al.Experimental
study on the sediment effect on releasing process of super-
saturated total dissolved gas[J].Advances in Water Science,
2012,23(5):702–708.[冯镜洁,李然,唐春燕,等.含沙量对过

饱和总溶解气体释放过程影响分析[J].水科学进展,2012,
23(5):702–708.]

[96]

  Ou Yangming,Li Ran,Hodges B R,et al.Impact of temper-
ature on the dissipation process of supersaturated total dis-
solved gas in flowing water[J].Fresenius Environmental
Bulletin,2016,25(6):1927–1934.

[97]

  Ou Yangming,Li Ran,Tuo Youcai,et al.The promotion ef-
fect of aeration on the dissipation of supersaturated total
dissolved gas[J].Ecological Engineering,2016,95:245–251.

[98]

  Yuan Youquan,Huang Juping,Wang Zhenhua,et al.Experi-
mental investigations on the dissipation process of super-
saturated total dissolved gas:Focus on the adsorption ef-
fect of solid walls[J].Water Research,2020,183:116087.

[99]

  Li Ran,Hodges B R,Feng Jingjie,et al.Comparison of su-
persaturated total dissolved gas dissipation with dissolved
oxygen dissipation and reaeration[J].Journal of Environ-
mental Engineering,2013,139(3):385–390.

[100]

  Bouck G R,King R E,Bouck–Schmidt G.Comparative re-
moval of gas supersaturation by Plunges,screens and
packed columns[J].Aquacultural Engineering,1984,3(3):
159–176.

[101]

  Colt J,Bouck G.Design of packed columns for degassing[J].
Aquacultural Engineering,1984,3(4):251–273.

[102]

  Hargreaves J A,Tucker C S.Design and construction of
Degassing Units for Catfish Hatcheries[M].Mississippi:
Southern Regional Aquacultural Center Publication,1999.

[103]

  Mannheim C.A unique approach of modeling gas super-
saturation using a physical model[D].Iowa City:University
of Iowa,1997.

[104]

  Tervooren H P.Bonneville spillway test deflector installa-[105]

100 工程科学与技术 第 55 卷

https://doi.org/10.13243/j.cnki.slxb.2000.02.011
https://doi.org/10.13243/j.cnki.slxb.2000.02.011
https://doi.org/10.1061/(asce)0733-9429(1999)125:1(3
https://doi.org/10.1016/j.ijheatmasstransfer.2003.06.001
https://doi.org/10.1016/j.ijheatmasstransfer.2003.06.001
https://doi.org/10.1007/s11631-017-0154-6
https://doi.org/10.1002/rra.1019
https://doi.org/10.1002/rra.1019
https://doi.org/10.1002/rra.1019
https://doi.org/10.1016/j.ijmultiphaseflow.2009.06.009
https://doi.org/10.15928/j.1674-3075.2009.05.001
https://doi.org/10.15928/j.1674-3075.2009.05.001
https://doi.org/10.16076/j.cnki.cjhd.2009.06.014
https://doi.org/10.16076/j.cnki.cjhd.2009.06.014
https://doi.org/10.16076/j.cnki.cjhd.2009.06.014
https://doi.org/10.16076/j.cnki.cjhd.2009.06.014
https://doi.org/10.16076/j.cnki.cjhd.2009.06.014
https://doi.org/10.16076/j.cnki.cjhd.2009.06.014
https://doi.org/10.16076/j.cnki.cjhd.2009.06.014
https://doi.org/10.1111/j.1095-8649.2010.02578.x
https://doi.org/10.5194/hess-18-1213-2014
https://doi.org/10.5194/hess-18-1213-2014
https://doi.org/10.1061/(asce)ee.1943-7870.0001477
https://doi.org/10.1061/(asce)ee.1943-7870.0001477
https://doi.org/10.1061/(asce)ee.1943-7870.0001477
https://doi.org/10.14042/j.cnki.32.1309.2012.05.011
https://doi.org/10.14042/j.cnki.32.1309.2012.05.011
https://doi.org/10.1016/j.ecoleng.2016.06.041
https://doi.org/10.1016/j.watres.2020.116087
https://doi.org/10.1061/(asce)ee.1943-7870.0000598
https://doi.org/10.1061/(asce)ee.1943-7870.0000598
https://doi.org/10.1061/(asce)ee.1943-7870.0000598
https://doi.org/10.1016/0144-8609(84)90012-8
https://doi.org/10.1016/0144-8609(84)90007-4


tion in bay 18.preliminary evaluation report on nitrogen
tests[R].Portland:United States Army Corps of Engineers,
1972.
  Cheng Xiaolong,Lu Jingying,Li Ran,et al.Experimental
study of the degasification efficiency of supersaturated dis-
solved oxygen on stepped cascades and correlation predic-
tion model[J].Journal of Cleaner Production,2021,328:
129611.

[106]

  Frizell K H.Operational alternatives for total dissolved gas
management at grand coulee dam[R].Denver: Laboratory
U S Bureau of Reclamation Water Resources Research,
1998.

[107]

  Politano M,Amado A A,Bickford S,et al.Evaluation of op-
erational strategies to minimize gas supersaturation down-
stream of a dam[J].Computers & Fluids,2012,68:168–185.

[108]

  Peng Qidong,Liao Wengen,Yu Xuezhong,et al.Study of
mitigation effects on gas supersaturation by dynamic oper-
ation.scheduling of Three Gorges reservoir[J].Journal of
Hydroelectric Engineering,2012,31(4):99–103.[彭期冬,廖
文根,禹雪中,等.三峡水库动态汛限调度对气体过饱和减

[109]

缓效果研究[J].水力发电学报,2012,31(4):99–103.]
  Feng Jingjie,Wang Lin,Li Ran,et al.Operational regula-
tion of a hydropower cascade based on the mitigation of
the total dissolved gas supersaturation[J].Ecological Indic-
ators,2018,92:124–132.

[110]

  Ma Qian,Li Ran,Feng Jingjie,et al.Ecological regulation of
cascade hydropower stations to reduce the risk of supersat-
urated total dissolved gas to fish[J].Journal of Hydro-En-
vironment Research,2019,27:102–115.

[111]

  Wan Hang,Tan Qian,Li Ran,et al.Incorporating fish toler-
ance to supersaturated total dissolved gas for generating
flood pulse discharge patterns based on a simulation-op-
timization approach[J].Water Resources Research,2021,57
(9):e2021WR030167.

[112]

  Shen Xia,Li Ran,Huang Juping,et al.Shelter construction
for fish at the confluence of a river to avoid the effects of
total dissolved gas supersaturation[J].Ecological Engineer-
ing,2016,97:642–648.

[113]

（编辑　张　琼）

 

引用格式:  Li Ran,Li Kefeng,Feng Jingjie,et al.Review on the effect of dissolved gas supersaturation of dam spill on fishes
and its mitigation measures[J].Advanced Engineering Sciences,2023,55(4):91–101.[李然,李克锋,冯镜洁,等.水坝泄水气体

过饱和对鱼类影响及减缓技术研究综述[J].工程科学与技术,2023,55(4):91–101.]

第 4 期 李　然，等：水坝泄水气体过饱和对鱼类影响及减缓技术研究综述 101

https://doi.org/10.1016/j.jclepro.2021.129611
https://doi.org/10.1016/j.compfluid.2012.08.003
https://doi.org/10.1016/j.ecolind.2017.04.015
https://doi.org/10.1016/j.ecolind.2017.04.015
https://doi.org/10.1016/j.ecolind.2017.04.015
https://doi.org/10.1016/j.jher.2019.10.002
https://doi.org/10.1016/j.jher.2019.10.002
https://doi.org/10.1016/j.jher.2019.10.002
https://doi.org/10.1029/2021WR030167
https://doi.org/10.1016/j.ecoleng.2016.10.055
https://doi.org/10.1016/j.ecoleng.2016.10.055
https://doi.org/10.1016/j.ecoleng.2016.10.055

	1 鱼类对过饱和气体的躲避和耐受能力
	1.1 躲避能力
	1.1.1 水平躲避能力
	1.1.2 垂向躲避能力

	1.2 不同组分气体的致病作用
	1.3 鱼类对过饱和TDG的耐受规律
	1.3.1 鱼类耐受性与过饱和TDG暴露条件的关系
	1.3.2 不同鱼类对过饱和TDG的耐受性差异
	1.3.3 鱼类不同生长阶段对过饱和TDG的耐受性差异

	1.4 鱼类对过饱和TDG的耐受性标准

	2 水坝泄水气体过饱和规律
	2.1 气体过饱和生成过程
	2.2 气体过饱和释放过程

	3 水坝泄水气体过饱和影响减缓技术
	3.1 工程措施
	3.2 调度措施
	3.3 生态功能利用措施

	4 发展动态分析
	参考文献

