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M. Politano, L. Weber, T. Lyons, A. Arenas Amado, A. Craig, C. 
Turan, Y. Wang, J. Dvorak, M. Carbone. IIHR – Hydroscience & 
Engineering. The University of Iowa. 

Presenter
Presentation Notes
Good morning. This presentation shows the results of a long-term research effort to predict TDG downstream of spillways. IIHR have been involved in both reduced-scale laboratory models and advanced computer simulations.
Several researchers, faculties, research engineers and students have been involved over the years in this research project. Weber started leading this group in the 1990’s. At that time, the focus was on laboratory models to design spillway deflectors based on spillway jet regimes and single phase CFD models with a transport equation for TDG. I joined the group in 2002 to improve existing models taking into account the two phase flow nature of the flow downstream of spillways. Over the past 15 years, our students have greatly help us to develop this program.
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o TDG refers to the total amount of gases present in water. 
 

o TDG supersaturation can cause gas bubble disease (GBD) in fish. 
GBS in fish is similar to a diver getting the “bends”.  
 
 
 
 
 
 
 

o In order to protect fish, Federal and State agencies have 
established water quality standards for TDG. 
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Presenter
Presentation Notes
TDG supersaturation occurs when water contains more dissolved gas than possible at a given T and P.  TDG usually is referred to atmospheric pressure and is measured in % saturation. 

The effect of TDG on fish depends on species, age, TDG level and exposure time. Bubbles accumulate in blood and tissues. Some symptoms are abnormal buoyancy, head shaking. Figure 1: release of gas from cavities, Figures 2 and 3: bubbles in fins and lateral line.

Federal and State agencies have established water quality standards for TDG. The general criteria is that total dissolved gas shall not exceed 110 percent of saturation. However, the TDG criteria may be adjusted to aid fish passage over hydroelectric dams. When spilling water at dams is necessary to aid fish passage in the Snake and Columbia rivers TDG must not exceed an average of one hundred fifteen percent as measured in the forebays of the next downstream dams and must not exceed an average of one hundred twenty percent as measured in the tailraces of each dam.
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Presenter
Presentation Notes
The ability of the gases to dissolve in water is the solubility, which depends on pressure and temperature. The main source of elevated TDG on the Columbia River Basin is the dissolution of air from bubbles entrained during spill events. When bubbles are carried down to deep, high pressure regions in the stilling basin, the solubility increases and air is transferred from the bubbles to the water. 

Several methods are used to reduce TDG supersaturation downstream of dams and thus minimize fish injury and mortality. The cheapest one is to identify plant operations that minimize the TDG production allowing the project to be in compliance with water quality standards. Other more expensive options are structural modifications such as addition of spillway flow deflectors, diversion tunnels around the project, addition of generating units, training walls separating powerhouse and spillway flows, among others. 
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Reduced-scale laboratory and numerical 
models were developed with the purpose of:  
 
• Improving our understanding of the 

underlying phenomena leading to TDG 
supersaturation in tailraces 
 

• Evaluating the effectiveness of plant 
operations in reducing TDG production 
 

• Evaluating the effect of structural 
modifications on TDG production 
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Presenter
Presentation Notes
As sufficient computer resources become available, the interplay of numerical simulations and experimental research gained increasing interest. Reduced scale laboratory models were built at IIHR - Hydroscience & Engineering to predict spillway jet regimes to guide the design of TDG mitigation measures. Since laboratory models based upon the Froude number cannot adequately simulate the behavior of the bubbles, a two-phase anisotropic model was developed to complement the laboratory models. 
I will show together a summary of approaches and results from reduced-scale laboratory and numerical simulations performed at IIHR. 
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The flow in the tailrace is very 
complex. The large energy contained 
in spillway flows introduce massive 
amount of bubbles and created waves 
and sprays.  
 

The development of a reliable 
numerical tool can be achieved 
only if transport, mixing and 
production of TDG can be 
adequately modeled.  
 
The TDG production depends on 
pressure, temperature and 
interfacial area of the bubbles.  

Presenter
Presentation Notes
The large energy introduced by spillway flows, mostly dissipated in the stilling basin and adjoining tailwater channel, introduces massive amounts of bubbles and creates energetic waves and sprays. When bubbles are carried down to deep, high-pressure regions in the stilling basin, the solubility increases and air is transferred from the bubbles to the water. In these deep regions, the bubble size distribution changes due to both dissolution and to compression. The amount of air entrained in the spillway and during plunging of spillway flows, breakup and coalescence of entrained bubbles, and mass transfer between bubbles and water affects TDG production. As an additional complexity, the TDG distribution downstream of dams is strongly coupled with the hydrodynamics in the tailrace and river downstream. A lateral gradient of TDG is frequently observed in tailraces due to the location of the spillway or operation of the dam. Mixing with powerhouse flows can play an important role in the resulting TDG downstream of the dam. Degasification at the free surface can also be important in the routing of TDG from one project to the next project's forebay. 
Bubble interfacial area is determined by complex processes such as air entrainment, bubble breakup and coalescence, pressure, and mass transfer between bubbles and liquid.
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The flow pattern in the tailrace 
is completely modified after 
installation of spillway 
deflectors since spillway 
surface jets attract water 
toward the jet region, a 
phenomenon called water 
entrainment. 

Presenter
Presentation Notes
The main mechanisms causing water entrainment are acceleration of the surrounding fluid as the jets decelerates, surface currents, the Coanda effect, and the presence of bubbles. Numerical studies indicate that turbulence and presence of bubbles has a strong effect on the water entrainment. Bubbles reduce the effective density (and pressure), viscosity, and affect the liquid turbulence.
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o Two models were used in the study; a volume of fluid (VOF) model and a rigid-lid two-
phase flow model.  
 

o The VOF method is used to estimate the regime of spillway jets and the free surface 
shape in a domain close to the spillway region.  
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Presenter
Presentation Notes
The free surface immediately downstream of the spillway cannot be assumed flat. An exhaustive simulation of all the processes related to TDG dynamics would encompass the computation of the free surface taking into consideration the effect of each of the individual bubbles on it. This task is well beyond current computing capabilities. The Volume of Fluid (VOF) model is then used to simulate the free surface for the first 0.2-0.5 miles without including the effect of bubbles on the liquid phase. With the free surface information obtained from the VOF, a rigid non-flat lid grid is built. Having the free surface as a spatially fixed entity facilitates the implementation of the attenuation of the turbulence at the free surface and improves the performance of the model since free-surface computations are very expensive. The latter comes at the cost of neglecting the effect of the dispersed phase on the actual location of the free surface.
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Mixture model: considers the volume 
occupied by the bubbles, the effect of 
bubbles on the density and viscosity, and 
takes into account the forces bubbles 
exert on the liquid phase.  
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Bubbles size changes due to compression 
and dissolution 

Anisotropic turbulence and effect of the 
bubbles on the turbulence 

Presenter
Presentation Notes
A  two-phase  rigid-lid model characterizes the hydrodynamics and 3D distribution TDG in the tailrace:

 Mixture model that considers the volume occupied by the bubbles, the effect of bubbles on the effective density and viscosity, and takes into account the forces bubbles exert on the liquid phase. Forces on bubbles: buoyancy, pressure, drag and turbulent dispersion.

Bubbles change size due to compression and dissolution.

Anisotropic turbulence. The model takes into account the effect of the bubbles on the turbulence.

The transport, mixing and production of TDG is computed. TDG production is function of pressure, interfacial area of bubbles and bubble number density.
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• Brownlee Dam 
• Wanapum Dam 
• Wells Dam 
• Hells Canyon Dam 
• McNary Dam 
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Presenter
Presentation Notes
Plunging flow: The plunging regime is observed in a spillway without deflectors or for low tailwater elevations. Water flowing over the spillway plunges deep into the stilling basin, forming a hydraulic jump. This regime transports bubbles to deep regions where high pressure forces their dissolution into water, resulting in the highest TDG production.
Surface jet or skimming flow: In skimming flow, the momentum of the surface jet remains tangential to the free surface, minimizing the bubble transport to depth and the production of TDG.
Submerged or surface jump: The submerged surface jet flow regime occurs during high tailwater elevations. A hydraulic roller forms above the jet, aerating the downstream water surface with potential of high TDG production.
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Black vectors: predicted velocities and blue vectors: field data. 
Left: May 2, 2000 and right: April 27, 2000 
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Presenter
Presentation Notes
The performance of the model to predict the TDG distribution and water entrainment was evaluated using velocity data collected by the US Army Corps of Engineers on April 27 and May 2, 2000. On April 27, 2000, the model predicts a counterclockwise eddy near the east bank as a result of the strong water attraction from the powerhouse into the spillway region caused by high spillway flow rates. The differences in the tailrace flow pattern can be mainly attributed to the different spillway flow rates. The percentage of spill on April 27, 2000 and May 2, 2000, were approximately 52 percent and 37 percent, respectively.
TDG measurements were obtained by the US Army Corps of Engineers for 30 stations along two transects: T1 at about 600 ft downstream of the spillway and T2 at 1900 ft downstream of the spillway (black circles in Fig. 3).The predicted TDG agrees well with field data. Highest TDG values were observed on April 27, 2000, due to higher spillway flow and air entrainment. The model captures the reduction of TDG with the longitudinal distance and the lateral gradient observed in the field. The maximum TDG along transect T1 occurs close to the center of the spillway at about 300 ft from the west shore. The TDG at the east end of the transect is diluted by flow with low TDG concentration from the powerhouse.
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Presenter
Presentation Notes
Figure 11 shows streamlines colored by TDG concentration for April 27, 2000 and May 2, 2000. Water from the powerhouse entrains into the spillway region increasing its TDG level as it travels within the aerated region. It is interesting to note that the water entrainment reduces the TDG by diluting the liquid close to the powerhouse but also increases the volume of water exposed to high gas volume fraction. If bubbles are available for dissolution, the net effect of the water entrainment might be an increase of the TDG downstream
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Velocity comparison with 
obtained in a 1/48 
reduced-scale model  

Presenter
Presentation Notes
The effect of spillway deflectors on the flow field in the tailrace of Brownlee Dam was experimentally and numerically studied. Several flowrates and spillway designs were analyzed. Phase one determined the initial spillway deflector design using a two-dimensional model.  This report documents the two-dimensional model expansion to include the powerhouse units, powerhouse channels, and a fully three-dimensional erodable tailrace Lyons, T. C., and Weber, L. J.  Hydraulic Modeling for Brownlee Dam Spillway Deflector Design: Phase One – Two-dimensional Model.  IIHR Limited Distribution Report No. 327.  University of Iowa IIHR – Hydroscience & Engineering: Iowa City, Iowa, September 2005.
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Presenter
Presentation Notes
Generating units, spillways, and fish passage facilities are combined into a single structure referred to as the hydrocombine
The study area includes approximately 3 miles of the Wells tailrace

A bubble diameter of 0.5 mm and gas volume fraction of 3% in the spillbay gates produced TDG values that brackets field observations on June 4 and June 5. The model captures the reduction of TDG with distance downstream and the lateral gradient observed in the field. As measured, the lateral gradients in transects T2 and T3 are negligible
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Presenter
Presentation Notes
Vertical section at the center of spillway bay 7 for the June 4 and June 5 simulations, respectively.  Red and blue contours represent water and air, respectively. The white line indicates the location of water volume fraction 0.5. For clarity, predicted velocity vectors are interpolated on structured coarser uniform grids. According to the simulation results, the draft tube deck extensions and spillway lip, tend to act as deflectors for the spill. Moreover, powerhouse operation prevents spilled flow from plunging to depth within the stilling basin, reducing the exposure of bubbles to high pressure and TDG production
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Historic Operation 

Proposed Operation 16 

Presenter
Presentation Notes
The flow field and TDG distribution in the tailrace for the spread and concentrated flow operations are shown with streamlines colored by TDG concentration
The flow pattern under concentrated flow is characterized by two large-scale eddies, in the order of half of the tailrace length, promoting TDG mixing and dilution
The highest TDG values for the concentrated spill are observed directly below spillbay 7 corresponding with the zone of higher gas volume fraction (aerated zone). However, the supersaturated water quickly degasses by mass exchange with bubbles near the free surface and mass transfer at the turbulent free surface near the spillway
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Historic Operation 

Proposed Operation 
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Presenter
Presentation Notes
Most of the TDG production occurs within 1000 ft downstream of the spillway. For the simulated conditions, bubbles travel to similar depth for spread or concentrated flows.
 Distribution of gas volume fraction and TDG at two cross sections at 150 ft is shown. For the same powerhouse and spill flows, the gas volume fraction, and consequently the TDG, are strongly related to the spill operation with larger TDG concentrations for the spread operation
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1/48 reduced-scale model  

Presenter
Presentation Notes
Built and operated by Idaho Power Company, is the third and final hydroelectric power facility of the Hells Canyon Project. It is located on the Snake River on the Oregon-Idaho border. The goal of this study was to evaluate various configurations of deflectors in the sluiceways of Hells Canyon Dam using laboratory and numerical models. The dam’s total head of over 200 feet and deep stilling basin presented additional design challenges for TDG reduction. A geometric scale of 1:48 was used for the spillway sectional model to determine spillway performance curves for different deflector designs. In the Phase Two of the project, a tailrace model was used to investigate tailrace erosion potential and deflector performance considering the effect of powerhouse flows. The study area for the TDG simulation includes an approximately seven-mile reach of the Snake River, beginning at the dam and extending downstream to just below to Wild Sheep rapids.
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Presenter
Presentation Notes
Near the spillway at the plunging region, plunging jets from the upper gates create significant gravity waves.  The amplitudes of the biggest waves range from 9 ft to 17 ft depending on the flowrate and tailwater elevation.  Higher spill flows generate a bigger amount of waves that propagate farther downstream.  For spillway rates of the order of 10 kcfs, waves about 3 ft in amplitude are observed as far as 400 ft from the dam. Velocity vectors indicate that spillway water follows an almost longitudinal path.  It is observed that a small part of the spillway flow entrains into the powerhouse region. The amount of water flowing to the powerhouse region increases as the spillway flowrate decreases.
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Presenter
Presentation Notes
 The predicted free surface waves near the spillway are less dramatic for cases with sluice deflectors.  Spillway surface jets observed when deflectors are included create a local depression in the water elevation near the spillway that depends on the flowrate and tailwater elevation. Surface waves propagate in the direction of the flow, changing the flow pattern in the tailrace near the fish trap.  Propagation of the surface waves increases with the spillway flowrate.  
Spillway flow travelled through the pool alongside the powerhouse wall and created one clockwise recirculation near the right bank training wall. The model predicts a stronger counterclockwise eddy as the spill flowrate results increases. For the simulations with the highest sluice flowrates, the strong eddy changes significantly the flow pattern near the fish trap. 
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Presenter
Presentation Notes
 Averaged TDG is computed in a cross sectional plane. Note that near the dam, upstream of the dividing wall, high TDG values generated downstream of the spillway as well as low TDG from the powerhouse are averaged. According to the model, the average TDG produced by spill at Hells Canyon Dam disappears after one and three miles for the 37 kcfs and 45 kcfs, respectively. In other words, at that location averaged TDG levels are the same as the forebay TDG. According to the model, TDG concentration of about 1.27 is predicted 7 miles downstream of the dam for the 7Q10 flow with deflector and a value of 1.40 is predicted without deflectors.
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Presenter
Presentation Notes
McNary Dam is owned and operated by the U.S. Army Corps of Engineers. The model includes the main structures of the McNary tailrace: 22 spillway bays with deflectors, 14 powerhouse units, 2 temporary spillway weirs (TSW), North shore fish entrance, North powerhouse fish entrance, South fish entrance, fish pumps, station service, and a navigation lock.
The spillway at McNary Dam are used to pass water when river flows exceed the maximum powerhouse capacity (involuntary spill), to assist outmigration of juvenile salmonids (voluntary spill), and to prevent flooding. The study area includes about 1 mile of the McNary tailrace. 
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Old - Spring Proposed - 
Spring 

Old - 
Summer 

Proposed - 
Summer 

Presenter
Presentation Notes
After validation, the model was used to simulate 16 scenarios. The focus of the simulations is to contrast different operations of the powerhouse for the same pattern and magnitude of spillway operations. Total river flows ranged from approximately 100 kcfs to 300 kcfs. The figures shown results for 250 kcfs. Two spill conditions, spring and summer, were simulated. In spring, bays 19 and 20 operate with TSWs to provide surface withdraw from the forebay to facilitate fish migration. In summer, spill is operating the standard gates only. Forebay TDG concentration was 115.5%. Higher TDG is observed with current operations. The proposed operation concentrates powerhouse flow near the spillway. This flow, with higher velocity, entrains into the spillway region downstream farther from the aereated zone reducing TDG production and increasing dilution. 
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marcela-politano@uiowa.edu 
http://www.iihr.uiowa.edu/totaldissolvedgas/ 

Sponsors: Federal and public hydroelectric utilities: USACE, Grant County 
PUD, Douglas County PUD, Idaho Power Co. NSF. Hydro Research 
Foundation.  

Presenter
Presentation Notes
We are thankful to our sponsors, we appreciate the support and feedback of the utilities that allow us to apply our model for their specific needs as well as NSF and HRF for their support of basic research and model development.
I wish to thank the organizing committee for allowing us to organize this session and everyone here for your participation and attendance of the session. 
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