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a. Abstract

Hydroelectric project operators throughout the Columbia Basin spill to promote juvenile fish migration.  However, the operation of spillways, especially those with deep stilling basins, increases the total dissolved gas (TDG) in the downstream river, exposing fish to risk from gas bubble disease. In response, hydroelectric project owners have undertaken spillway modifications, such as deflectors, which change stilling basin flow patterns to reduce their TDG contribution.  

To date, prediction of spill-induced TDG is based on empirical relationships developed from project-specific field data. These predictive relationships are only applicable for the range of project operations for which the field data were collected and are only valid for the existing spillway geometry.  Physical hydraulic modeling of the spillways has been used to develop flow patterns that are expected to reduce TDG of the downstream water.  However, there are no tools for accurately predicting the expected improvements prior to implementing the changes in the field or for evaluating the feasibility of design alternatives.

Three-dimensional (3D) computational fluid dynamics (CFD) modeling has developed to the state that the response of tailrace flow fields to geometric and operational changes can be predicted. The specific goal of this project will be to develop a near-field predictive model of a section of the Bonneville Dam spillway as a test case. Once developed and documented, the model could be applied to calculate TDG for partial or full spillways at other projects without additional field data requirement.  This will provide owners and operators with a tool that can be used to design spillway modifications and manage operations to improve juvenile fish survival throughout the Columbia Basin.

This proposed project is innovative as it will advance the application of CFD models to the TDG problem by adding the capability to calculate the contribution of a particular spillway structure geometry and operation to the TDG in the downstream river. The development of a 3D mechanistic CFD model, incorporating the important physical processes, has not been reported in published literature. Therefore, the model will be a valuable tool in expediting efforts for reducing adverse impacts of TDG on anadromous and resident fish.  Implementation of model results would help in attaining the Northwest Power Planning Council (NWPPC)’s mandate (Independent Scientific Advisory Board (ISAB, 2000)) by the Congress to “protect, mitigate, and enhance” the fish and wildlife in the Columbia and Snake Rivers. 

b. Technical and/or scientific background

High TDG levels and TDG supersaturation at the tailrace of dams on the Columbia and Snake Rivers are common during the late spring and early summer months due to increased spills (U.S. Army Corps of Engineers (USACE), 2001). Supersaturation of TDG can cause gas bubble disease in aquatic species, resulting in a degraded aquatic habitat or fish kills. In 1965, supersaturation was recognized as a potential problem when dissolved gas levels of up to 125 percent of saturation were recorded (Ebel, 1969). Extensive research on gas bubble disease has been conducted during the last four decades. Weitkamp and Katz (1980) and the ISAB (2000) have reviewed problems associated with TGD supersaturation in the Pacific Northwest.  

The U.S. Environmental Protection Agency (EPA) has recognized the adverse impact of TDG supersaturation to fish and has set the water quality standard for TDG at 110 percent (EPA, 1986). The 2000 Biological Opinion issued by NMFS (2000) caps voluntary spills to limit supersaturation at 120 percent in the tailrace of dams. The recently released draft report for total maximum daily load (TMDL) for the lower Columbia River TDG attempts to provide guidance for complying with the TDG levels. Both NMFS (2000) and ISAB (2000) have suggested monitoring of TDG and the development of analytical tools for its prediction. Such tools would be helpful in analyzing remedial measures and developing plans to meet the TDG criteria specified by EPA and NMFS. 

Currently, the criteria specified by EPA (1986) and NMFS (2000) are frequently violated by dams in the Columbia and Snake Rivers. TDG levels as high as 170 and 163 percent have been observed in the stilling basins of the Ice Harbor and Bonneville Dams, respectively, before the installations of flow deflectors (USACE, 2001). The existing methodology for designing spillway deflectors may not reduce TDG to be in compliance with EPA (1986) and NMFS (2000) requirements. For example, TDG levels of 135 percent have been observed at the tailrace of Ice Harbor Dam even after installing flow deflectors. The adverse impact of high TDG varies for different species of fish and the duration of exposure. In laboratory experiments, salmonids were found to develop gas bubbles in tissues at levels as low as 105 percent of supersaturation (ISAB, 2000). However, debilitating trauma does not usually occur until about 110 percent, the EPA recommended water quality standard. The severity of trauma increases with higher TDG, and mortalities within 24 hours were found at saturation levels of 130 percent and higher.      

High TDG is the result of a large volume of air entrained into a spillway flow. As water accelerates down the spillway, increased turbulence creates surface disturbances which lead to air entrainment. In addition, in steep open channel flows (spillway), steady flows can break up into unsteady pulsating flows with superimposed roll waves at a high Vedernikov number (Liggett, 1994). The major air entraining mechanisms are overturning surface waves and falling back of ejected water droplets, which drag air into water (Chanson, 1996; Falvey, 1980; Wood, 1991). The plunging spillway jet entering the stilling basin also entrains air at the intersection of the free jet with the water surface.  A significant volume of air entrainment takes place at the hydraulic jump. Additional details of air entrainment into the free shear layer characterized by intensive turbulence production can be found in Chanson (1996), Falvey (1980), and Wood (1991).

The important parameters affecting solubility of air in water are pressure and temperature (Colt, 1984). As pressure increases, the capacity of water to hold dissolved gas increases. Hydrostatic pressure increases rapidly with depth, greatly increasing the capacity of deeper water to hold dissolved gas. Flow in a stilling basin is highly turbulent and three-dimensional. Discharge from a spillway without a deflector plunges to the bottom of the stilling basin. Bottom currents direct flow out of the stilling basin and generate surface roller waves, returning flow back to the plunge point. The entrained air is transported to deeper water, resulting in a rapid absorption of atmospheric gases in the stilling basin (Chanson, 1996; Wood, 1991; USACE, 2001). Flow deflectors in a spillway create a strong surface jet in the stilling basin. They direct flow through the upper portion of the stilling basin, thereby preventing the plunging of flow and bubbles to greater depths. However, depending on the tailwater elevation, a strong vertical circulation cell can be generated in the stilling basin. This circulation cell is capable of transporting air bubbles to deeper water (USACE, 2001). 

Once air bubbles have been entrained into the flow, the mass exchange processes are controlled by both gas- and liquid-film transfer coefficients (Jahne and Haubecker, 1998). For slightly soluble atmospheric gases like oxygen and nitrogen, the transfer rate is dominated by the liquid-side mass transfer coefficient. The liquid-film coefficient in turn is related to features of the flow, in particular to turbulence structures at the interface (Gulliver and Tamburrino, 1995).   The maximum exchange of atmospheric gases is limited by solubility of the gases. The mass exchange rate is a function of water temperature, pressure, and its ambient concentration in water. The details of computing TDG in water can be found in Colt (1984).  An important observation resulting from the TDG monitoring (USACE, 2001) is that TDG during a spill is determined by physical conditions below the spillway and is independent for the initial TDG in the forebay. It is not a cumulative process where higher forebay TDG will generate higher TDG downstream of the spillway. Therefore, mass exchange is an equilibrium process where the time history of entrained air below the spillway determines the resultant TDG existing in the vicinity of the dam.

The TDG associated with spillway operation couples complex hydrodynamic and atmospheric gas mass exchange processes. The hydrodynamics are determined by the structural characteristics of the spillway, stilling basin, and tailrace channel. Spill pattern and tailwater stage also play important roles in defining tailrace hydrodynamics. The volume of air entrained in the spillway and in the stilling basin is a function of the plunging spillway jet, the strength of the hydraulic jump, and the break up of the air-water interface due to surface disturbances (Chanson, 1996; Wood, 1991). The flow paths of the bubbles are associated with the hydrodynamic characteristics of the flow field. The bubble size is a function of the velocity fluctuations and turbulent eddy length scale.  Turbulence characteristics of the flow strongly influence the mass exchange between air and water.  

Considering the complexity of the problem, the USACE (2001) Dissolved Gas Abatement Study (DGAS) has concentrated on extensive data collection and on determining empirical regression equations between TDG and spillway flow.  Similar analysis of TDG has also been performed by Johnson (1984). The USACE has conducted prototype near-field tests to evaluate gas absorption and desorption processes at several of the eight dams in the lower Snake and lower Columbia Rivers. TDG monitors have been installed downstream of dams and in the vicinity of the spillway structures. Observed data from these field studies cover a fairly wide range of spillway operation. However, the equations resulting from the study are site specific. The coefficients in these equations not only vary from dam to dam, but they are also functions of spill pattern and configuration of the spillway (with or without deflectors). As a result, when project operating conditions change these equations cannot be used for predicting TDG (for example, after installing flow deflectors). 

Gulliver and coworkers (for example, Hibbs and Gulliver (1997), Geldert et al. (1998), and Urban et al. (2001)) have published many papers describing field experiments and analyses of data to determine TDG downstream of dams and hydraulic structures. Geldert et al. (1998) have used data from the DGAS program. Unlike USACE (2001), their analyses are based on equations describing mass exchange processes at the air-water interface. They have incorporated some hydraulic information, such as mean bubble depth and plunge jet velocity in bulk mass exchange coefficients. An important constraint of the study approach is their attempt to derive analytical and semi-analytical equations applicable downstream of the aerated flow region. The analysis procedure requires the use of bulk parameterization of the hydraulic conditions. The effective bubble depth is derived by assuming an idealized shape of “bubble swarm in plunge pool.” Velocity and depth in plunge pools are computed by one-dimensional models, such as HEC-2 (Hibbs et al., 1997) or through use of field data or physical model observations. 

The equations proposed by Gulliver and coworkers can be considered as lumped parameter models, as the details of the flow fields are lumped into parameters that are measurable in the field. The main contribution of the works by Gulliver and coworkers is the determination of gas transfer efficiencies downstream of the spillway. These studies have not resulted in general equations or models that can be used as a predictive tool, and indicate the need for incorporating detailed hydrodynamic information in solving the problem. The use of cross-sectional average velocity computed by HEC-2 cannot distinguish between the hydrodynamic characteristics in spillways with and without flow deflectors, and the resulting equations will fail to predict the change in TDG when spillway geometry changes significantly. 

A detailed characterization of the flow field based on field data is a costly and difficult task. As a result, many researchers have used physical models to collect data necessary for analyzing air entrainment processes (Chanson, 1996; Wood, 1991). Chanson and coworkers (Brattberg and Chanson, 1998; Chanson, 1995; Chanson, 1997; Chanson and Brattberg, 2000) have studied the processes of air entrainment in plunge pools and hydraulic jumps.  They have provided information on bubble size distributions, advection and dispersion of bubbles, spatial distribution of bubbles and dissolved gases, and turbulent characteristics of the flow field as influenced by buoyant bubbles. These studies have greatly advanced our understanding of physical processes responsible for TDG in the tailrace of dams. However, the equations developed in such studies are not applicable to field conditions, as physical model to prototype scaling does not apply to air bubbles and air entrainment processes.

In the last decade, computational technology and CFD modeling software have made significant advances in simulating multiphase flows (Crowe et al., 1998) similar to those found in the spillway, stilling basin, and the tailrace channel. Currently available commercial CFD modeling software packages, such as STAR-CD, FLUENT, FLOW3D, and CFX can simulate complex 3D multiphase hydrodynamics. They can provide detailed information on the velocity field, pressure distribution, and turbulent kinetic energy and dissipation rate. These models are also capable of transporting buoyant bubbles/droplets in the model domain. These CFD models have been used for analyzing complex compressible, multiphase flows in many industrial, automotive, and aerospace industries. Crowe et al. (1998) provides details of modeling droplets (bubbles) in multiphase flows. In the context of the proposed study, the main physical process that is not accounted for by these CFD models is the entrainment of air. If the mechanics describing the volume of air entrainment, and bubble size distribution can be developed, then the commercially available CFD software packages can be used for predicting TDG. Therefore, CFD models provide an attractive framework for conducting research on developing predictive tools for TDG. The previously reported methods, as described earlier, have yet to result in a viable predictive tool.

In the context of CFD modeling, Orlins and Gulliver (2000) have described a two-dimensional (2D) numerical model for simulating the transport of dissolved gas in the tailrace of Wanapum Dam, Washington. However, instead of using a CFD model for predicting velocity field and turbulence in the stilling basin, they have used velocity data from a physical model. Note that unlike data for entrained air bubbles, velocity data from a physical model can be scaled up to determine prototype velocities. The model domain of Orlins and Gulliver (2000) starts downstream of the hydraulic jump and extends into the tailrace channel, thus neglecting the flow domain mainly responsible for the entrainment of air in the flow field. The turbulent characteristics and the distribution of bubbles are approximated based on information from the physical model. As a result of these approximations and assumptions, the model reported by Orlins and Gulliver (2000) requires significant improvements before it can be of practical utility. 

Note that USACE (2001) has used MASS1 (one-dimensional cross-sectional average) and MASS2 (2D depth average) models for analyzing TDG in the Columbia and Snake Rivers. These are far-field models computing the transport of TDG from the tailrace of one dam to the forebay of the downstream dam. The TDG concentration at the tailrace of a dam is determined based on empirical equations developed by USACE (2001). Generally, these equations have been derived from data at fixed monitoring stations located approximately one mile downstream of the spillway. MASS1 and MASS2 do not consider the hydrodynamics of spillway and stilling basin, and entrainment of air in the plunge pool and hydraulic jump. Therefore, MASS1 and MASS2 are not substitutes to process-based 3D CFD models required for predicting TDG in the near-field and in the mixing zone.

The TDG model development proposed in this study represents a significant improvement from the previously published studies. We are proposing the development of a 3D mechanistic CFD model incorporating the important physical processes involved in the determination of TDG supersaturation downstream of spillways. CFD model simulations of multiphase free-surface flows considering the transport of scalar concentration and interacting with entrained bubbles or droplets have been conducted in many industrial and process engineering applications in the last decade (Crowe et al., 1998). The proposed study will attempt to utilize already developed and tested algorithms in developing the model. However, some changes in code would be made specific to the hydraulic system being analyzed.

Except for the entrainment of air in the flow field, the state-of-the-art CFD models currently available from commercial vendors provide a framework for simulating the hydrodynamics and transport of entrained air in the spillway, stilling basin, and the tailrace channel. Previous studies on air entrainment (Chanson, 1996; Gulliver and Tamburrino, 1995; Wood, 1991) indicate that 3D velocity distributions and turbulent characteristics are the most important parameters in analyzing air entrainment. The CFD models can provide detailed characterization of the flow field and turbulent intensities that can be used for developing an air entrainment algorithm. The algorithm using information on local velocity distributions and turbulence characteristics is likely to lead to a viable predictive model. Conceptually, the most important contribution of the proposed study will be the development of the air entrainment algorithm. 

c. Rationale and significance to Regional Programs

High dissolved gas concentrations within the lower Snake and Columbia River system have become a regional concern due to the decline in salmon runs and their listing as an endangered species (NMFS, 2000; ISAB, 2000).  ISAB (2000) indicates that NWPPC’s and NMFS’s goal of 80 percent fish passage cannot be achieved at any project except Wells Dam without spills to bypass the juveniles. Therefore, voluntary spill at the eight federal dams on the lower Snake and Columbia Rivers has been requested by the NMFS to improve juvenile passage.  However, high levels of TDG generated by spill can harm and may cause mortality in juvenile and adult migratory fish, resident fish, and other aquatic organisms. Management guidelines limit the saturation of TDG caused by voluntary spill to 120 percent as measured at the TDG monitoring station located at the project’s tailrace channel and 115 percent TDG within the forebay of the downstream project.  However, state and federal water quality standards have been established to limit TDG saturation of spillway flows to 110 percent.  Because of these standards, NMFS requests annual waivers from the states of Oregon and Washington that grant exception to this standard within the management guidelines established for juvenile fish passage spill releases.

The goal of the Columbia River Fish and Migration Program (CRFMP) is to improve the survival of anadromous fish and restore salmon runs in the lower Snake and Columbia River system.  NMFS’s (2000) reasonable and prudent measures direct the USACE to evaluate and prescribe alternatives to reduce TDG at the lower Snake and Columbia River projects. The DGAS was initiated in 1994 in response to this requirement. The final report of the study identified 15 potential gas abatement alternatives, and proposed further studies of 7 alternatives related to spillway design incorporating deflectors, tailwater elevation, and spillway operation.

Section 9.6.1.7.2 of the 2000 Biological Opinion (NMFS, 2000) calls for a fast-track spillway deflector optimization and evaluation at 13 dams on the Columbia and Snake River system, and requires USACE to continue the spillway deflector optimization program (Action Item No. 134) at each of Federal Columbia River Power System (FCRPS) projects. To facilitate TDG abatement studies, one of the major objectives of the Water Quality Plan (page B-8, Section B.3.1 of Appendix B) (NMSF, 2000) is to “Fund and implement modeling to better assess and act on TDG water quality issues.” 

The proposed model would provide the hydropower dam operators, including USACE, U.S. Bureau of Reclamation (USBR), public utility districts (PUD), and other action agencies with a valuable and efficient tool for evaluating design and operation concepts for reducing TDG generated by spillway operation.  Lower TDG in the tailrace will lead to improved habitat for resident fish and the environment negotiated by juvenile and adult anadromous fish during migration. Exposure to chronic and lethal levels of TDG will be reduced, and gas bubble disease will decrease, and improve salmon runs as envisioned by the fish and wildlife program of the NWPPC (ISAB, 2000). 

d. Relationships to other projects 
The proposed study will result in a CFD model that can be used for designing and operating spillways to reduce TDG, and improve habitat for resident and migratory fish in the Columbia and Snake River system. Therefore, this proposal is related to many of the innovative projects funded by the NWPPC. Two recent projects directly related to the proposed study are listed in Table 1.

Table 1: Related Innovative Projects Funded by NWPPC

	YEAR
	PROJECT ID
	PROJECT TITLE

	1998
	1998-004-02
	Assessment of Impacts of Development and Operation of the Columbia River Hydroelectric System on Mainstem Riverine Processes and Salmon Habitats

	2000
	200005800
	Supersaturated Water Effect on Adult Salmonids


The overall goal of the first project is to assess the extent of riverine habitat lost to development and operation of the Columbia River hydroelectric system, identify the types of ecological modifications that have occurred, and suggest areas or actions with particular potential for restoration of riverine habitat and processes. An important ecological factor that must be considered in ecological restoration is TDG supersaturation. The proposed study will be helpful in identifying spillway design modifications and spillway operations that will minimize the generation of TDG. Implementation of model results would be an important component of the system-wide habitat restoration efforts. 
The second project listed in Table 1 will determine in-situ exposures of adult salmonids to TDG supersaturation and conduct laboratory assays to determine the effects of TDG  exposure on their reproductive performance.  The results of this study will be helpful in identifying the degree of TDG reduction necessary to minimize the adverse effects of supersaturated TDG. The CFD model developed in this study can be used for determining necessary modifications of spillway design and operation.

The proposed work is a collaborative effort between ENSR International and the USACE Portland District. Model development and application would be performed by ENSR International in collaboration with Dr. Laurie Ebner, USACE, Portland District. The District will also provide field data for the validation and verification of the model. TDG and water quality data at the Bonneville Dam spillway would be collected by the District (USACE, 2002) as required by 2000 Biological Opinion to evaluate measures to reduce TDG. The estimated cost of the field program, which will be funded by the USACE, is $405,000. Our proposed study would not be feasible without active participation of USACE. 
e. Proposal objectives, tasks and methods
Objectives 

There are conflicting regional objectives to promoting non-turbine routes for juvenile fish migration through spill while preventing fish injury or mortality associated with elevated TDG levels.  The goal of our proposed project is to develop an engineering and management tool that can be used to resolve these conflicting objectives.  Our specific project objectives are two-fold:

1. Develop a near-field CFD model that can predict TDG below spillways through a project-specific application to a section of the Bonneville Dam spillway; and

2. Make the model formulation, techniques, and user defined subroutines (computer code performing specific tasks) available to others throughout the regions via general documentation of the study in a report and through conference presentation and a journal article.

Note that the model would be developed for the Bonneville Dam spillway as the USACE Portland District would provide data necessary for the validation and verification the model. By changing the spillway geometry and operating conditions, the model could be applied to any other dam in the Columbia and Snake River system. The model could be applied to other dams to reduce TDG supersaturation.  This would also lead to lower incidents of gas bubble disease in fish, and help in attaining NWPPC’s goals of arresting the decline of salmon runs in the Pacific Northwest. 


Tasks and Methods 

To facilitate efficient development of a mechanistic near-field TDG model, we would use STAR-CD as our CFD modeling software. STAR-CD is a general purpose 3D CFD software developed by Computational Dynamics Ltd. (2000). The core CFD code solves differential equations governing the flow of fluids, and the transport of heat and mass, by numerical methods on an unstructured computational mesh. The model can be used for incompressible or compressible, Newtonian or non-Newtonian, chemically reactive fluids involving heat and mass transfers. It can simulate dispersed multiphase flow consisting of droplets and bubbles in a continuous fluid phase with interphase heat, mass, and momentum transfers, with or without a free-surface incorporating cavitation and distributed flow resistance.

The computational capabilities of STAR-CD as a tool for analyzing the complex flow field in the forebay and tailrace of dams have been well established. STAR-CD has been used successfully for developing models of the forebay of The Dalles Dam (ENSR, 2001a; Khan et al., 2002), and the forebay (Battelle Pacific Northwest Laboratory, 2000) and tailrace (Battelle Pacific Northwest Laboratory, 2001) of Bonneville Dam on the Columbia River, Oregon, and Howard Hanson Dam (ENSR, 2001b; Wicklein et al., 2002) on the Green River, Washington. In our internal research work, we have simulated flow over spillways and hydraulic jumps in the stilling basins of dams. 

STAR-CD has also been used by hundreds of users from different branches of engineering, including aerospace, automotive, mechanical, chemical, and hydraulic (visit http://www.adapco-online.com/frontpage.html, and http://www.cfd-online.com/Forum/starcd.cgi for additional information). This large user base, using the same software for different engineering problems, provides independent validity of the code, and illustrates the robustness of STAR-CD as a CFD software. Therefore, using STAR-CD as the starting point of our model development effort, rather than developing a new CFD model, would result in significant savings in code development effort, time, and cost. Note that other CFD models, such as FLUENT and CFX, also provide similar modeling capabilities. The selection of this CFD model is mainly based on our experience in using the software.

Figure 1 shows a schematic representation of the physical processes that should be considered in developing the proposed CFD model. Except for air entrainment algorithm in the plunge pool and at the hydraulic jump, STAR-CD has the capability to simulate all the physical processes indicated in the figure. Flow of water over the spillway, hydraulic jump in the stilling basin, and flow in the tailrace involve free-surface. Therefore we would need to simulate two-phase (water and air) flow with different densities.  STAR-CD solves for free-surface problems using a modified volume-of-fluid (VOF) method for the two fluids. The VOF algorithm tracks movement of the free-surface by calculating the fraction of fluid (water) in each computational cell. The fluid in partially filled cells is transported using a conservative form of the advection-diffusion equation. 
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In addition to solving the Reynolds-averaged Navier-Stokes equations for the two phases, and k- or k- equations for turbulence, we would also solve an advection-diffusion equation for a scalar concentration representing TDG. The equation would have a source term to transform mass lost by air bubbles into dissolved gas concentration in water. The mass lost by bubbles would be a function of solubility of air and would depend on the temperature, the pressure experienced by the air bubbles, and the concentration of dissolved gas in water. At this stage of model development, water temperature would be assumed constant. The pressure experienced by bubbles would be the sum of the atmospheric and hydrostatic pressures. The solubility of air consisting mainly of oxygen (20.95 percent) and nitrogen (78.10 percent) would be determined using equations described by Colt (1984). We would write a user’s subroutine for STAR-CD to model dissolution of air. 

Once air bubbles have entered the flow domain, we would use STAR-CD’s dispersed multiphase Lagrangian model to track their movement in the continuous phase (water).   In STAR-CD, the continuous phase may be a gas or liquid, and the dispersed phase can be solid particles, liquid droplets, or gas bubbles. In turbulent flow, the movements of bubbles are simulated by the random walk method to account for the fluctuating nature of turbulent velocity. If the dispersed phase is soluble or reactive, mass transfer occurs between the phases. Interphase mass transfer and hydrodynamic forces acting on the bubbles may change their size. STAR-CD provides standard formulations for computing mass loss, and drag force acting on bubbles. However, they can be changed by writing user’s subroutines to incorporate appropriate equations that are applicable to the problem.

For flows involving a (comparatively) small number of dispersed elements, it is possible to solve a set of Lagrangian equations for the bubbles. However, if the number of bubbles is large, a statistical approach is more practical (Crowe et al., 1998). In this case, the total population is represented by a finite number of computational samples, each representing a group of bubbles having the same properties. The number of samples must be large enough so that properties of the full population are well represented. This can be assessed, in the absence of any other information, by performing calculations with different numbers of samples and comparing the results.

STAR-CD can simulate all the physical processes described in the previous paragraphs. The issues that need to be addressed are the location, the volume of air entrainment, and air bubble size distribution. Previous research works (Chanson, 1997; Falvey, 1980; Wood, 1991) indicate that air entrainment mainly occurs at the hydraulic jump. Therefore, in our study we would concentrate on the region surrounding the hydraulic jump. Initially, we would inject air mass, rather than computing air entrainment using physically-based equations, and simulate the dissolved gas concentration distributions in the stilling basin and the tailrace channel. The computed results would be compared with field data. By varying the volume of air mass, we would attempt to match the computed results with prototype field data. 

Once a satisfactory comparison has been obtained, we would investigate for appropriate equations relating local velocity and turbulence intensity that produces the same volume of air entrainment and bubble size distribution. Relationships similar to those reported by Gulliver and coworkers (Hibbs and Gulliver (1997), Geldert et al. (1998) and Urban et al. (2001)) and Chanson and coworkers (Brattberg and Chanson, 1998; Chanson, 1995; Chanson, 1997; Chanson and Brattberg, 2000)) would be tested. This approach is similar to that used by Chanson and coworkers, but for prototype conditions. As the derived equations would use information on local velocity and turbulent intensity, these equations are expected to have general applicability. The predictive capability of the equations would be evaluated by simulating TDG for a significantly different hydrodynamic condition. The model development and verification would be performed for the spillway at the Bonneville Dam, Oregon on the Columbia River.

The USACE (2002) Portland District will construct flow deflectors at the Bonneville spillway in bays 1 through 3, and 16 through 18 during the fall and winter months of 2002.  A post-construction water quality study calls for intensive TDG data collection, under controlled operations, during high and low flow conditions. During the data collection program, the spillway will be operated under a wide range of spill patterns, discharges, and tailwater elevations. Water quality monitoring instruments will be deployed along lateral transects and in a series of longitudinal profiles.  The instrumentation will record the time history of TDG as operational changes are implemented. Additional data will be collected during routine TDG sampling of daily spill management conditions. The TDG data collected by USACE Portland District will be very helpful in model development, and its calibration and verification.

The following are the major tasks for developing the CFD model based on the method described above:

Task-a: Develop Computational Grid. The first task of this study would be the development of a 3D computational grid incorporating the spillway, stilling basin, and tailrace channel. The grid would encompass the flow domain of both the fluids (water and air). The grid would be developed from construction drawings of the spillway of the Bonneville Dam. An unstructured computational grid consisting mainly of hexahedral elements would be developed with finer computational cells near the expected free surface, and in the region of interest. The computational grid for the air phase would be relatively coarser. The grid would be designed so that it can be easily modified to incorporate flow deflectors.

Task-b: Simulate Free Surface Flow and Hydraulic Jump. Initial model runs would be made without considering the transport of TDG and air bubbles. The main objective would be to illustrate the capability of STAR-CD in simulating free-surface flow and hydraulic jump. If necessary the geometry of the spillway and stilling basin would be changed, and the results of the computed free-surface would be compared with data from published literature. 

Task-c: Grid Refinement and Sensitivity Analysis. Our experience in developing 3D CFD models of the forebays of The Dalles Dam and Howard Hanson Dam, and those reported in published literature (Merslhe and Odgaard, 1989; Merslhe et al., 2000; Muste et al., 2001) indicate that grid resolution is one of the most important parameters in correctly simulating the physical processes. Therefore, using the model grid developed in Task 2, grid refinement and sensitivity analysis would be performed.  The grid would be refined until a grid independent solution is obtained. 

Task-d: Develop Algorithm for Free Surface Air Transfer. After finalizing the computational grid in Task-c, the transport of a conservative tracer with different boundary and initial conditions would be simulated, and mass conservation characteristics of the model would be analyzed. This step would ensure that boundary conditions applied to the TDG transport equation (without the source term) are being correctly applied. This task would also include the development of a user’s subroutine to be applied to the free surface to account for mass exchange between water and the atmosphere. The rate of mass exchange (Chanson, 1996; Falvey, 1980) can be represented by dC/dt = KL a (Cs-C), where C is the concentration of dissolved gas in water, Cs is the saturation concentration, t is time, a is surface area, and KL is mass transfer coefficient. 

Task-e: Simulate Transport of Air Bubbles. A limited number of air bubbles would be introduced at the toe of the spillway, and the transport of the bubbles would be analyzed. The dissolution of air into water would not be considered. This numerical experiment would be conducted to verify that air bubbles are released to the atmosphere when they reach the free surface. Air bubbles would also be introduced in the tailrace channel, and their vertical transport would be analyzed. Away from the hydraulic jump, turbulence in the tailrace channel is relatively small. Therefore, vertical velocity of air bubbles due to buoyant force should be of the same magnitude as in quiescent water. If significant discrepancy is observed, then drag coefficient would be adjusted or formulation for drag force would be revised.  This step may require the development of a user’s subroutine for the STAR-CD.

Task-f: Develop Algorithm for Mass Transfer from Bubbles. A user’s subroutine would be developed for the dissolution of air from entrained air bubbles. The equations described in Colt (1984) would be used for this purpose. For a simple geometric model domain and flow field (not necessarily for the flow problem described in Tasks c or d), numerical experiments would be performed to validate the algorithm.

Task-g: Field Data Collection and Analysis. TDG and water quality data are being collected by USACE (2002) Portland District in the spillway of the Bonneville Dam. The field program started on January 2002 and would be completed by December 2002. These data would be analyzed so that they can be used for model calibration and verification, and for the development of air entrainment equation or algorithm.

Task-h: Determine Rate of Air Entrainment. At this stage, the model would have all the features necessary for simulating TDG, except for the algorithm for air entrainment at the hydraulic jump. For a selected flow condition of the spillway at the Bonneville Dam, the model would be run by injecting air at the hydraulic jump. The computed TDG would be compared with the corresponding field data set. This step would be repeated with different rates of air entrainment until an acceptable agreement between model and data is obtained. 

Task-i: Develop Equation for Air Entrainment. Assuming that the computed distribution of TDG is representative of field conditions, the model results would be analyzed to correlate air entrainment rate and bubble size distribution with the computed velocity field and turbulence intensity as described previously. This would be the most challenging task of the proposed study, and the success of the study would depend on developing generalized equations using information on local velocity, turbulent intensity, and water depth.

Task-j: Validate Equation for Air Entrainment. The model would be run for the rest of the flow conditions represented by field data obtained in Task g, and the results would be compared with TDG data. If acceptable agreement between model and data is obtained, then the air entrainment equations developed in Task i would be accepted. Otherwise, Tasks i and j would be repeated until acceptable agreement is obtained.

Note that field data used in Tasks i and j are for validation and verification of the CFD model. The equations or algorithms for air entrainment and bubble size distributions would be based on local velocity distributions and turbulent intensities computed by the hydrodynamic module of the CFD model. The local velocities and turbulence are generated by the structural features of the spillway and operational conditions. Therefore, the air entrainment algorithms would be independent of the field data at the Bonneville Dam spillway. When the model is applied to spillways at other dams, the local velocities and turbulence would be the result of specific geometry and flow condition at that project. These characteristics of the flow field would be computed by the CFD model (without being dependent on TDG field data), and the air entrainment algorithms would be directly applicable, without any modification. 

Task-k: Analyze Model Results. Successful completion of Task j would provide a 3D CFD model capable of predicting TDG downstream of the spillway. The model results would be analyzed, and additional simulations would be performed to investigate the effects of flow deflectors, spillway discharges, tailwater elevations, and other parameters of interest.

Task-l: Reporting and Presentation: At the end of the project, a report documenting the complete model development would be prepared. The report will contain objectives, background information, results, and discussion (assumptions in model development, validation of newly developed algorithms, accuracy and limitations, and calibration and verification). The results of the study will be presented at a conference. We will prepare a paper and submit it to a professional journal. This task also includes provisions for attending a meeting with BPA and USACE to report results of our study.

As pointed our earlier, there are many CFD models available from commercial and institutional vendors that could be used for developing a 3D CFD model for predicting TDG. Each CFD model has its own data structure and facilities for incorporating user developed subroutines. Very often they are not compatible. Therefore, the best approach for making the computer code (developed as part of this study) would be to post the final report and the user’s subroutines at ENSR’s web site, after obtaining permission from the NWPPC. Other researchers and users would be able to download the report and the codes, and incorporate them into their CFD models. Once modeling concepts have been developed and tested, the adaptation of the approach would be relatively easy. Additional information on the model will be available from conference presentations and journal papers.

The adverse impact of TDG supersaturation on fish and aquatic species in the Columbia and Snake Rivers has been extensively documented (ISAB, 2000; Weitkamp and Katz, 1980). The concerns of the NWPPC are reflected in Biological Opinion issued by NMFS (2000) and reviewed by ISAB (2000). As a result, action agencies are making a significant effort to reduce TDG supersaturation in the whole basin (USACE, 2001). The proposed study would provide a valuable tool for analyzing various options for reducing TDG supersaturation and assist in correcting a basin-wide problem. The potential benefits to fish and wildlife would be significant since gas bubble disease and persistent gas bubble trauma would be reduced (ISAB, 2000; USACE, 2001; Weitkamp and Katz, 1980). The remedial measures implemented using the model are very unlikely to have any adverse affect on aquatic species and populations of native biota.

Schedule

The project schedule is presented in Figure 2. The proposed study would be completed in approximately one year. Each task in Figure 2 identifies a clearly defined and measurable objective for the successful completion of the study. At the end of the study, a mechanistic 3D CFD model for the prediction of TDG at the tailraces of dams would be available. The predictive capability of the model in simulating TDG for the Bonneville Dam spillway would represent successful completion of the study. No additional funding would be necessary for the tasks identified in the project schedule. 

Figure 2: Project Schedule
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1 | Notice to proceed Odays  Mon 8/5/02
2 |NUMERICAL MODELING 213days  Wed 56/28/03
3 a - Develop Computational Grid 20 days Fri 8/30/02
4 b - Simulate FS Flow and HJ 18days  Wed 9/25/02
5 ¢ - Grid Refinement and Sensitivity Analysis 16days  Thu 10/17/02
6 d - Free Surface Air Transfer Algorithm 22days  Mon 11/18/02
7 e - Simulate Bubble Transport  15days  Mon 12/9/02
8 f - Mass Transfer from Bubble Algorithm 25days  Mon 1/13/03
" 9 | g-Field Data Analyis (Excluding Data Coliection) 7days  Wed 1/22/03
10 h - Determine Air Entrainment Rate 15days  Wed 2/12/03
11 1 - Air Entrainment Equation 30days  Wed 3/26/03
12 j - Validate Air Entrainment Equation 25days  Wed 4/30/03
13 k - Analyze Model Resuits 20days  Wed 5/28/03
14 |1 -Reporting 55days  Wed 8/13/03
15 11 Study Report 45days  Wed 7/30/03 4
16 I-2 WaterPower 2003 Presentation 6 days Thu 8/7/03
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As this study is theoretical in nature, no post-study field monitoring would be necessary. No TDG field data would be necessary when applying the model to other projects. However, in CFD model studies, it is always preferable to have field data for model verification and to ascertain the predictive capability of the model. The field data currently available from DGAS program (USACE, 2001) and data that would be collected in the future would provide necessary information for model verification.

f. Facilities and equipment
The following software packages would be used for building the CFD model, and presenting model results:

CFD Software: As indicated previously, we would use STAR-CD for developing the 3D CFD model for TDG transport. The existing capabilities of the software, and the improvements needed have also been described previously. STAR-CD is a state-of-the-art commercially available 3D CFD software. The hydrodynamic module provides most of the numerical and mathematical features necessary for the proposed study. The graphical user interface (GUI), for both pre- and post-processing, is versatile and can be used efficiently for setting up complex models. The software can use an unstructured computational grid with embedded local grid refinements, which would result in a compact and efficient computational model. A single model grid would be used to handle problems of widely different spatial scales.

Grid Generator: We would use ICEM CFD Hexa as our grid generation package. This grid generation package contains powerful and highly automated tools for geometry acquisition, grid optimization, and pre-processing. The ICEM CFD grid generator is capable of generating grids that can be directly imported into STAR-CD. We have extensively used the grid generator for various CFD modeling projects, including The Dalles Dam and Howard Hanson Dam.

Plotting and Animation Package: We would use TECPLOT as our plotting and animation tool. STAR-CD writes output that can be directly imported into TECPLOT. 

Computer Hardware: ENSR maintains computational facilities and hardware that exceeds the anticipated needs for the study. For the proposed study, we would use Windows 2000 as our primary operating system. The CFD model would be run on a dual processor, 1.7 GHz Workstation with 2.0 GB RAM.
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Section 4. Key personnel

The following table summarizes the qualifications and roles of the key personnel proposed for this project.  The table is followed by one page resumes of each of the key personnel.

SUMMARY OF KEY PROJECT PERSONNEL

	Name
	Title
	Project Duties
	Qualifications
	FTE/ Hours

	Mizan Rashid, Ph.D., P.E.
	Project Manager
	Client interface; resource management, including coordination with USACE; budget control and invoicing
	Manager of ENSR Redmond Water Resources Engineering Department and USACE Indefinite Delivery Contract for Numerical Modeling, plus 12 years experience in physical and numerical hydraulic modeling
	0.04/76

	Liaqat Khan, Ph.D., P.E.
	Principal Investigator
	Development of numerical techniques; preparation of numerical code; preparation of reports, presentations, and papers
	Developed 3D CFD models for The Dalles Dam, Rocky Reach Dam, and Howard Hanson Dam forebays; developed 3D CFD code numerical solution techniques; 22 years experience in numerical modeling
	0.31/640

	Chick Sweeney, P.E.
	Technical Advisor
	Advisor on hydraulic engineering, field data, and numerical model application; senior technical review of project deliverables
	27 years experience in hydraulic design of spillways, hydroelectric, and fisheries facilities; specialized expertise in application of field, numerical, and physical hydraulic model studies to solution of design problems
	0.06/120

	Laurie Ebner, Ph.D., P.E.
	Technical Advisor
	Supply all information for modeling Bonneville spillway, plus near-field TDG data for model calibration/verification; senior technical review of CFD modeling techniques and project deliverables
	22 years of experience as a hydraulic engineer, utilizing physical, numerical and prototype data sets.
	Paid for under different funding  source managed by USACE.

	Perry Johnson, P.E.
	Technical Advisor
	Advisor on air entrainment and gas transfer processes
	33 years experience in hydraulic engineering with emphasis on environmental hydraulics including gas transfer and total dissolved gas problems
	0.07/140

	Carl Mannheim, P.E.
	Project Engineer
	Development of air entrainment and gas transfer processes from literature and review of field and physical model data
	M.S. thesis research on TDG at spillways and recent experience with Bonneville Project and fisheries issues.
	0.11/236

	Ed Wicklein
	Project Engineer
	CFD model grid development and preparation of model output graphics and animations
	Grid development for CFD models of the forebays of The Dalles and Howard Hanson Dams
	0.30/624


MIZAN RASHID, Ph.D., P.E.

Project Manager
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Ph.D. Civil and Environmental Engineering (Hydraulics), Washington State University, 1995

M.S. Civil and Environmental Engineering (Hydraulics), Washington State University, 1991

B.S. Civil Engineering, Bangladesh University of Engineering and Technology, 1988 

Registrations/States and Memberships

Professional Engineer/Washington 1997

Member, American Society of Civil Engineers and Water Environment Federation

Current Employer/Position Responsibilities

ENSR International/Senior Hydraulic Engineer and Manager, Water Resources Department

Responsible for technical and business directions, program, project, and resource management 

Previous Employment

Research Engineer, Hydraulic Engineering Program, Washington State University 1889-1995

Areas of Expertise and Relevant Project Experience/Publications

Dr. Rashid specializes in numerical modeling of hydraulic features, development of numerical models of surface water, sediment transport, flood routing, and physical modeling of hydropower and fish passage facilities. He has extensive experience in designing fish passage facilities, habitat restoration, and application of numerical model results to fisheries engineering and water quality related projects throughout Pacific Northwest.

· Howard Hanson Dam, USACE Seattle District – Project Manager for 3D CFD modeling of forebay and physical hydraulic models of forebay, intake, and discharge structures to develop design of a fish collection horn, modular screen, fish lock, and bypass facilities.

· Bonneville Second Powerhouse Corner Collector Outfall, USACE Portland District – Project Manager for development of a high flow outfall using a physical hydraulic model. 

· The Dalles Dam, USACE Portland District – Project Manager for 3D CFD model of project forebay developed to investigate fish passage facility design.

· Rocky Reach Dam, Chelan County PUD – hydraulic engineer for development of prototype surface fish collector. 

Habitat Restoration in Icicle Creek, U.S. Fish and Wildlife Services, WA – lead numerical modeler and project manager for developing habitat restoration alternatives through development and application of flow and sediment transport models.

LIAQAT A. KHAN, Ph.D., P.E.

Principal Investigator

Education

Ph.D., Civil and Environmental Engineering, Cornell University, Ithaca, New York, 1994

M. S., Civil and Environmental Engineering, University of Maine, Orono, Maine, 1989

B.Sc., Civil Engineering, Bangladesh Univ. of Engrg. and Tech., Dhaka, Bangladesh, 1981

Honors, Awards, and Registrations

· 2001 Karl-Emil Hilgrad Hydraulic Award from the American Society of Civil Engineering

· Professional Engineer/Washington 2000; Delaware1995

Current Employer/Position Responsibilities

ENSR International/Senior Technical Specialist responsible for development and application of numerical models for solution of water resources engineering problems.

Previous Employment

Project Engineer, HydroQual, Inc., Mahwah, N.J., 03-94 to 09-99

Research Assistant, School of Civil and Environ. Engrg, Cornell University, 08-89 to 12-93

Areas of Expertise/Relevant Project Experience/Publications

Dr. Khan has 22 years of experience in developing and applying numerical models to water bodies. Projects include 3D hydrodynamic model of the New York Harbor, Long Island Sound, and the New York Bight for the New York City Department of Environmental Protection; a 3D water quality model for forecasting beach closure due to sewage spills at 30 locations in the New York Harbor for the Interstate Sanitation Commission; a 3D circulation model of Green Bay, Lake Michigan for the Wisconsin Department of Natural Resources; 3D CFD models of the forebays of the Rocky Reach Dam for Chelan County Public Utility District No. 1, The Dalles Dam for the USACE Portland District, and the Howard Hanson Dam for the USACE Seattle District.  Some recently published relevant reports and refereed papers are as follows:

· L.A. Khan, E.A. Wicklein, M. Rashid, L.L. Ebner, and N.A. Richards, Analyses of the Forebay Hydraulics of The Dalles Dam, Oregon for Different Spill Scenarios, Proceedings of HydroVison 2002, Portland, Oregon, 2002 (to appear).

· E.A. Wicklein, L.A. Khan, M. Rashid, M. Deering, and R. Nece, A Three-Dimensional Computational Fluid Dynamics Model of the Forebay of the Howard Hanson Dam, Washington, Proceedings of HydroVison 2002, Portland, Oregon, 2002 (to appear).

· A.F.  Bulmberg, L.A. Khan, and J.P. St. John, Three-Dimensional Hydrodynamic Model of New York Harbor Region, Journal of Hydraulic Engineering, 125, 779-816, 1999.

· L.A. Khan, and P.L.-F. Liu, An Operator Splitting Algorithm for the Three-Dimensional Advection-Diffusion Equation, International Journal for Numerical Methods in Fluids, 28, 461-476, 1998.

· L.A. Khan, and P.L.-F. Liu, Numerical Analyses of Operator Splitting Algorithms for the Two-Dimensional Advection-Diffusion Equation, Computer Methods in Applied Mechanics and Engineering, 152, 337-359, 1998. 

CHARLES E. “CHICK” SWEENEY, P.E.

Technical Advisor

Education

M.S. Civil Engineering (Hydraulics), Colorado State University, 1974

B.S. Civil Engineering (Honors), Rose-Hulman Institute of Technology, 1972

Registrations/States and Memberships

Professional Engineer/British Columbia – 1975, Colorado – 1980, Washington - 1984

Current Employer/Position Responsibilities

ENSR International/Hydraulic Engineering Program Manager responsible for technical direction, program and project management, staff mentoring, and client satisfaction

Previous Employment

Engineering Hydraulics, Inc., Hydraulic Engineer and President, 1978-1988

Western Canada Hydraulic Laboratories, Ltd., Hydraulic Engineer, 1974-1978

Areas of Expertise

Over 27 years experience in hydraulic design and analysis through application of numerical techniques, field studies, and physical and computer model studies.  Technical direction and management of over 200 engineering design studies of water supply, distribution, wastewater collection and treatment, power plant cooling water, navigation, dam, hydroelectric, and fisheries facilities.

Relevant Project Experience

· Howard Hanson Dam, USACE Seattle District – Technical advisor for 3D CFD modeling of forebay and physical hydraulic models of forebay, intake, and discharge structures to develop design of a fish collection horn, modular screen, fish lock, and bypass facilities.

· Bonneville Project, USACE Portland District – Hydraulic design lead for 1st Powerhouse Prototype Surface Collector and 2nd Powerhouse FGE Improvements and Corner Collector.

· The Dalles Dam, USACE Portland District – Independent Technical Reviewer for 3D CFD model of project forebay developed to investigate fish passage facility design.

· Rocky Reach Dam, Chelan County PUD – Lead hydraulic engineer for development of prototype surface fish collector.  Design work required application of conceptual design calculations, baseline data field studies, four physical hydraulic model studies, a 3D CFD model and field facility start-up support.

· Lower Granite Dam, USACE Walla Walla District – Hydraulic engineer for development of removable spillway weir for juvenile fish passage.  Design required a physical model study at ENSR and coordination of physical modeling at WES and CFD modeling by another consultant.

LAURIE L. EBNER, Ph.D., P.E.

Technical Advisor

Education

Ph.D. Ocean Engineering, Oregon State University, 1991

M.S. Civil Engineering, George Washington University, 1984

B.S. Civil Engineering, Oregon State University, 1979

Registrations/States and Memberships

Professional Engineer/ Oregon - 1984

American Society of Civil Engineers

Current Employer/Position Responsibilities

US Army Corps of Engineers, Portland District Hydraulic Engineer- Technical lead on several projects, including the spillway deflectors at Bonneville and coordinator/manager of all of the CFD activity being conducted by Portland District Hydraulic Design Section.

Previous Employment

Shell Exploration and Production, Ocean Engineer, 1991-1999

US Army Corps of Engineers, Hydraulic Engineer, 1979-1991

Areas of Expertise

Hydraulic engineer with experience in design, prototype data collection, physical modeling and numerical modeling. 

Relevant Project Experience/Publications

· Technical Lead on the Phase II Deflectors Bonneville Spillway Decision Document – Coordinated the near field data collection and will combine that data with the biological testing and develop a decision with regional participation on whether or not to proceed with modifying the existing deflectors. 

· Technical Lead on the Development of the Bonneville Forebay and Tailrace CFD Models – Starting in 1999 Portland District has developed through consultants CFD models of the Bonneville Forebay and Tailrace.  These models have been used to address design issues associated with the Prototype Surface Collector, the B2 Corner Collector, and B2 FGE.

· Technical Lead on the Development of The Dalles CFD Models – to fully evaluate the J-Blocks in front of the powerhouse at The Dalles a forebay CFD model was developed by ENSR to provide insight into their performance.

· Technical Lead on the Development of The Dalles tailrace CFD Models – The Dalles spillway has a high mortality rate and various biological and engineering studies are ongoing to identify the cause and to make structural improvements.

PERRY L. JOHNSON, P.E. 

Technical Advisor

Education

BS Civil Engineering, Colorado State University, 1968

Registrations/States and Memberships

Professional Engineer / Colorado

Current Employer/Position Responsibilities

ENSR International/ Senior Hydraulic Engineer

Technical lead and/or advisor on field studies, design and concept development studies, and physical and computational modeling studies.

Previous Employment

Stone and Webster Engineering, Senior Hydraulic Engineer, 1995-1996

U.S. Bureau of Reclamation (USBR) Hydraulics Lab, Hydraulic Engineer, 1969-1995

Areas of Expertise

Over 33 years experience with hydraulic structures and environmental hydraulics in particular areas addressed include gas transfer in stilling basins and tailraces, reaeration and destratification, selective withdrawal, and fish passage and exclusion.

Relevant Project Experience/Publications

· Ice Harbor Dam Tailrace – Lead overseeing physical and computational modeling, field data analysis, and study coordination to develop a supersaturation reducing elevated tailrace.

· USBR research – Developed an empirical gas transfer model for stilling basins based on field evaluation of gas transfer at 50 spillway and outlet structures.

· A.R. Bowman Dam OR and Navajo Dam NM – Through physical modeling and field evaluation, developed stilling basin modifications to reduce generated TDG supersaturation.

· Electric Power Research Institute research – Technical advisor overseeing development of a summary document on reaeration techniques for power releases.

· American Society of Civil Engineers – Member of Task Committee on Gas Transfer at Hydraulic Structures.

· Federal Research Coordination – Member and twice chair of the Federal Interagency Steering Committee on Reaeration Research (addressed agency gas transfer research).

CARL MANNHEIM, P.E.

Project Engineer 

Registrations/States and Memberships

Professional Engineer/Washington 2002

Education

M.S., University of Iowa, Department of Civil and Environmental Engineering, 1997

B.S., University of Iowa, Department of Civil and Environmental Engineering,
1995

Current Employer/Position Responsibilities

ENSR International/Project Engineer responsible for hydraulic design studies and application of numerical and physical hydraulic models to water resources engineering problems.

Previous Employment

Bonestroo Rosene Anderlik & Associates, Saint Paul, MN, Project Engineer, 12/97–11/99


Iowa Institute of Hydraulic Research, University of Iowa, Research Engineer, 5/97–12/97; Graduate Research Assistant, 8/95 – 5/97

Areas of Expertise/Relevant Project Experience

Mr. Mannheim has extensive knowledge in river hydraulics, hydraulic structures, and fish passage facilities. As a project engineer at ENSR, he has been involved in the development of a high flow fish bypass corner collector and outfall at Bonneville Dam, OR. He applied a 1:30 scale physical model, to investigate flow characteristics in the outfall plunge pool. Air entrainment due to the high flow plunge was not specifically measured, but was taken into consideration in the design of the outfall structure. Mr. Mannheim’s thesis topic was spillway deflectors and their use for decreasing nitrogen gas supersaturation in the tailrace of Wanapum Dam spillway. His knowledge in the field of gas transfer at hydraulic structures encompasses the experience of a physical model study of Wanapum Dam spillway mentioned above, and a thorough understanding of the processes involved in two-phase flow. Mr. Mannheim has presented these results in conference proceedings and reports:
· Weber, L. and Mannheim, C, (1997). "A unique approach for physical model studies of nitrogen gas supersaturation." Proceedings, XXVII IAHR Congress, San Francisco, CA.

· Mannheim, C. (1997). "A Unique Approach of Modeling Gas Supersaturation Using a Physical Model." M.S. thesis, The University of Iowa, Iowa.

· Mannheim, C. and Weber, L. J. (1997). "Hydraulic Model Studies for Fish Diversion at Wanapum/Priest Rapids Development, Part XI: Spillway Deflector Design" Work funded by Public Utility District No. 2 of Grant County, WA. Iowa Institute of Hydrualic Research Limited Distribution Report No. 264.

ED WICKLEIN

Project Engineer

Education

M.S., Washington State University, Department of Civil and Environmental Engineering, 2000

B.S., Washington State University, Department of Civil and Environmental Engineering, 1998

Registrations/States and Memberships

E.I.T Washington #22591

Current Employer/Position Responsibilities

ENSR International/Project Engineer responsible for application of computational models to water resources issues and hydraulic design.

Previous Employment

Albrook Hydraulic Laboratory, Washington State University, Graduate Research Assistant, 1/99 – 6/00

Pacific Northwest National Laboratory, Battelle, AWU Research Assistant 5/99 – 8/99

Areas of Expertise/Relevant Project Experience/Publications

Mr. Wicklein has extensive experience in the investigation of river hydraulics and hydraulic structures and facilities. He has been involved in many computational model studies as well as scale physical model studies. Projects include: 3D CFD modeling of Howard Hanson Dam, Washington; 3D CFD modeling of The Dalles Dam, Oregon; 3D CFD modeling of the Nooksack River Diversion Structure, Washington; 2D CFD modeling of the Timothy Lake Outlet Structure, Oregon; and reporting on the comparison of computational model predictions and field evaluations of water quality parameters effecting selective withdrawal structures.

· E. Wicklein, L. Khan, M. Rashid, M. Deering, and R. Nece.  A Three-Dimensional Computational Fluid Dynamics Model of the Forebay of Howard Hanson Dam, Washington.  Accepted for Publication in the Proceedings of 2002 HydroVision Conference, Portland, OR, July 2002.

· L. Khan, E. Wicklein, M. Rashid, L. Ebner, and N. Richards.  Analysis of the Forebay Hydraulics of The Dalles Dam, Oregon for Different Spill Scenarios.  Accepted for Publication in the Proceedings of 2002 HydroVision Conference, Portland, OR, July 2002.

· E. Wicklein, and L. Khan.  Using Computational Fluid Dynamics Models to Optimize Site Specific Clearwells.  Published in the Proceedings 2001 American Water Resources Conference, Albuquerque, NM, November 2001.

