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Acronyms and Abbreviations
1-D

one dimensional

2-D

two-dimensional

ac-ft

acre-feet as a volume

AGPM

Animator Graphics Portfolio Manager

BOD

biochemical oxygen demand

BPES

Biota Pacific Environmental Sciences, Incorporated

°C

degrees centigrade

cfs

cubic feet per second

DBHCP

Deschutes Basin Habitat Conservation Plan

D

dissolved

DO

dissolved oxygen

EC

electrical conductivity (specific conductance)

EPA

Environmental Protection Agency

ERDC

Engineering Research and Development Center (USACE)

°F

degrees Fahrenheit

ft

feet

GBD

gas bubble disease

Inc.

Incorporated

Interior

Department of Interior

MW

megawatt

ODEQ

Oregon Department of Environmental Quality

ODFW

Oregon Department of Fish and Wildlife

%

percent
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P

phosphorus

PN

Pacific Northwest

PO4

bioavailable phosphorus

R2 Inc.

R2 Resource Consultant, Incorporated

Reclamation

Bureau of Reclamation

RM

river mile (Crooked River mile upstream of mouth at confluence
with Deschutes River)

RMS

River Modeling System

STORET

Environmental Protection Agency database to store data

T

temperature

TDG

total dissolved gas

TDS

total dissolved solids

TSC

Technical Service Center

U.S.

United States

USACE

U.S. Army Corp of Engineers

W2

CE-QUAL-W2 2-D water quality model in metric units

WQP

Water Quality Portal maintained by EPA
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A literature review was conducted to estimate if total dissolved gas (TDG) levels
could be reduced with the installation of a hydropower facility and a Howell
Bunger bypass valve at Arthur R. Bowman Dam. In addition, installation of a
wild-and-scenic rock weir within a mile downstream of Arthur R. Bowman Dam
was investigated to determine if it could increase degassing in the tailwater.
Literature did not provide quantitative information required for TDG assessment
of a small hydropower plant and Howell Bunger bypass valve due to difficulties
in applying site-specific equations to Arthur R. Bowman Dam and resulting
uncertainty values. However, literature provides some information regarding
expected trends in TDG saturation due to the proposed modifications.
Based on this qualitative analysis, adding a hydropower facility should reduce
TDG levels at Bowman Dam for flows up to the proposed discharge limit of 275
cubic feet per seconds (cfs). A Howell-Bunger valve at a shallow discharge angle
is recommended to enhance a skimming flow regime over the surface of the
plunge pool to reduce TDG saturation. Adding a wild-and-scenic rock weir one
river mile (RM) downstream of Arthur R. Bowman Dam (RM 72.3) is
recommended to further decrease TDG saturation.
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I
Arthur R. Bowman Dam (National ID # OR00579) and Prineville Reservoir
(figure 1) are located on the Crooked River in Crooked County and south of
Prineville, Oregon. The primary objective of this literature review and cursory
analysis was to provide an estimate of the reduction in total dissolved gas (TDG)
percent (%) due to two potential alternatives. The first alternative is a proposed
hydroelectric power plant installation at Arthur R. Bowman Dam. A new gate
structure in the outlet works tunnel would bypass flow into a 9-feet (ft) diameter
penstock. Flow exceeding the capacity of the turbine would move through an 8-ft
diameter bypass pipe with a Howell-Bunger valve. A Howell-Bunger valve is a
fixed-cone valve used for energy dissipation. This alternative is expected to
reduce TDG during April when Redband trout begin to spawn. The second
alternative is the combination of the proposed Howell-Bunger valve and a new
wild-and-scenic rock weir and fish-passage viewing rock placed in the Crooked
River a mile downstream of Arthur R. Bowman Dam. It was assumed that the
wild-and-scenic boundary will stay at the toe of Arthur R. Bowman Dam. A
wild-and-scenic rock weir and fish-passage viewing rock (no rails nor concrete)
alternative would deepen the pool and slow water velocities to provide more
depth compensation year-round for fish and to allow for degassing in the deeper
one-mile riverine tailwater reach to reduce TDG saturation for the fishery. A
narrowing gunsight shape toward a low-flow notch for fish passage might be
designed.

1

Technical Memorandum No. TSC 86-68210-2018-05
Arthur R. Bowman Dam TDG Literature Review and Analysis

Figure 1.—Prineville Reservoir at Arthur R. Bowman Dam, Oregon (Reclamation,
1981).

Primary tasks under this service agreement included the following:
1) Perform literature review of TDG percent reduction expected during April
due to proposed hydroelectric turbine installation.
2) Perform literature review of TDG percent reduction expected during April
due to proposed Howell-Bunger valve installation.
3) Draft table of TDG percent for range of hydro-release flow rates from 0
cubic feet (ft) per second (cfs) to 275 cfs.
4) Draft table of TDG percent for range of Howell-Bunger release flow rates
from 0 cfs to 2,725 cfs.
5) Estimate combined downstream TDG percent reduction for the range of
combined flow rates from 0 cfs to 3,000 cfs during April at a wild-andscenic rock weir one mile downstream of Arthur R. Bowman Dam.
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Arthur R. Bowman Dam (formerly Prineville Dam) is an earthfill structure on the
Crooked River about 20 miles (32 kilometers) upstream from Prineville Oregon.
The dam has a crest height of 182 ft (55 meters), a crest elevation of 3,264 ft
above mean sea level (MSL), and crest length of 790 ft (241 meters) R2 Resource
Consultant Incorporated R2 Inc. and Biota Pacific Environmental Sciences, Inc.
2013). The dam structure has a structural height of 240 ft (73 meters) and
volume of 1,424,000 cubic yards (cyd) of material. The spillway consists of an
uncontrolled-crest inlet structure, chute, and stilling basin. Capacity of the
spillway is 8,120 cfs at maximum water surface elevation of 3,257.9 ft. The
outlet works has an intake structure with an 11-ft-diameter circular tunnel
upstream from the gate chamber, an 11-ft modified horseshoe tunnel downstream
from the gate chamber, and a stilling-basin plunge pool which is shared with the
spillway. The stilling basin is at river mile [RM] 72 upstream of the mouth of the
Crooked River at the confluence with the Deschutes River. The capacity of the
outlet works is 3,300 cfs at normal water surface elevation of 3,234.8 ft. The total
capacity of Prineville Reservoir was 154,690 acre-feet (ac-ft) with an active
volume of 152,800 ac-ft. A reservoir sedimentation survey, completed in 1998,
estimates the total capacity at 150,200 ac-ft with active volume of 148,600 ac-ft
(Bureau of Reclamation [Reclamation] 1981).
Prineville Reservoir is filled with spring snow-melt flood waters from the upper
Crooked River and irrigation return flows. According to United States climate
data (2018), average annual precipitation in Central Oregon is 10.7 inches of
rainfall at Prineville Oregon.
The cold-water discharge from Arthur R. Bowman Dam has created a tailrace
fishery through the Chimney Rock section to RM 57. Summer water
temperatures in this section average 47 °F (8 °C) to 50 °F (10 °C) with a
maximum 54 °F (12 °C). Winter water temperature releases average 37 °F (3 °C)
to 40 °F (12 °C) with a minimum of 32 °F (0 °C). Water released from the dam
rarely exceeds 54 °F (12 °C) (ODFW 1996). Cold water releases maintain good
trout populations for a 12-mile reach below Arthur R. Bowman Dam to about the
Crooked River Feed Canal diversion. Irrigation withdrawals and increased water
temperatures provide substantially less productive trout habitat from the Crooked
River Feed Canal diversion river mile 57 (RM 57) to Highway 97 (RM 18).
Because of high turbidity in Prineville Reservoir, the Crooked River below Arthur
R. Bowman Dam is turbid until about RM 18 at Highway 97, where spring inflow
contributes clearer water.
Operation of Arthur R. Bowman Dam creates the following fish production
problems in the Crooked River downstream from Arthur R. Bowman
Dam: nitrogen gas supersaturation, low flows, turbid conditions, and release
fluctuations (Reclamation, February 2010). Nitrogen supersaturation occurs when
3
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water spills over Arthur R. Bowman Dam or high-volume releases discharge
through the outlet works. High levels of nitrogen supersaturation appear to
remain in the river several weeks following high-volume releases which can cause
mortality in egg and fry stages and serious fin erosion and disease in older-age
classes of fish (Reclamation 1992 as referenced by Reclamation, February 2010).
During April 1989, 85% of rainbow trout sampled between Arthur R. Bowman
Dam to the city of Prineville Oregon exhibited gas bubble disease (GBD), Oregon
Department of Fish and Wildlife (ODFW) 1996 by Stuart and others (et al) as
referenced by Reclamation, February 2010. Nitrogen supersaturation below the
dam was as high as 109%; one month later, saturation levels were still 108% at
0.5, 3, and 5 river miles below Arthur R. Bowman Dam. The ODFW
recommended modification of the outlet works structure, spillway, and stilling
basin to eliminate this problem. ODFW testing and analysis in 1993 concluded
that supersaturation was only a problem at flows above 3,000 cfs that extended for
long periods. ODFW considers supersaturation below Arthur R. Bowman Dam to
be an infrequent, localized, and a short-term problem (Nesbit, June 4, 2010
references personal communication, B. Hodgson, 2001).
Conversely, supersaturation below 3000 cfs was considered problematic based on
the thesis by Nesbit (June 4, 2010). Nesbit’s TDG study demonstrated that gas
saturation levels become elevated enough to cause GBD in the Crooked River
below Arthur R. Bowman Dam. The gas saturation in the Crooked River is
equivalent or higher than levels shown to produce GBD in fishes. When flows
exceed 600 cfs, the TDG saturation exceeds the maximum Oregon Department of
Environmental Quality (ODEQ) mandated level of 110% gas saturation in the
Crooked River. Flows above 600 cfs were common during spring runoff events
below Arthur R. Bowman Dam. From 1989-2009, flows exceeded 600 cfs in 13
of the 21 years and 1000 cfs in 10 of the 21 years. The past population effects of
high flows and supersaturated waters on Redband trout and Mountain whitefish
are difficult to quantify, however based on the hydrograph and the saturation
curve, the years, when GBD might have been present in fish, can be predicted.
Given the strong linear relationship between TDG and stream average daily
discharge (r2 = 0.93), discharge itself can be used as a predictive tool for
assessing TDG levels in the river. Based on the flow data from the Reclamation
gauging station and the gas saturation curve for the wild-and-scenic section of the
Crooked River generated in the Nesbit thesis, GBD was probably present in fish
in 1993, 1996, 1997, 1998, 1999, and 2004 (Nesbit, June 4, 2010).
The “skimming” flow regime (figure 2) is the optimal flow regime for TDG
reduction downstream of structures. Flow deflectors can be used to reduce the
plunge depth of released flows and are typically designed to provide skimming
flow at the 7Q10 flow (Zapel et al, 2014). The definition of the 7Q10 flow is the
lowest average discharge over a period of one week (7 days) with a recurrence
interval of 10 years. Since the performance of the deflectors is sensitive to

4
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tailwater elevation and unit discharge, it is difficult, if not impossible, to design a
stationary deflector that will produce a skimming flow regime over the full range
of discharges up to the 7Q10 discharge. At lower discharges, other flow regimes,
such as an undulating surface jet (figure 3), are often considered acceptable.

Figure 2.—Engineering Research and Development Center (ERDC) skimming flow
classifica

Figure 3.—ERDC undulating surface jet flow classification D (Zapel, 2014).

Based on a United States Army Corp of Engineers (USACE, Seattle District,
September 30, 2005) report entitled, “Libby Dam TDG Management Abatement
Study, Initial Appraisal Report”, a spillway deflector can be used to provide
skimming flow patterns to reduce TDG supersaturation. Figure 4 shows the type
of spillway deflector needed to produce skimming flow and undulating surface jet
flow.
5
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Figure 4.—Libby Dam spillway deflector (USACE, 2005).

DeMoyer (2010) used a physical model of Arthur R. Bowman Dam to examine
the addition of a wedge-shaped outlet works deflector to create skimming flow in
the stilling basin and minimize plunging of the outlet works jet deep in the basin.
Based on bubble plunge depths, it was estimated that addition of a deflector could
reduce TDG levels by approximately 1.3-2.6% with the stilling basin splitter
walls intact and 3.6-6.5% with the stilling basin splitter walls removed
(calculated using methods outlined in “Prediction of Dissolved Gas at Hydraulic
Structures, Johnson, 1975). It was estimated that the Oregon water quality
standard could be achieved for releases up to 2,000 cfs with splitter walls
removed.
A modeling study investigated modifications to the Navajo Dam auxiliary outlet
works and hollow-jet value bypass to reduce TDG supersaturation (Johnson,
1976). High levels of dissolved gas supersaturation occurred in release waters
due to deep penetration of the flow into the spillway stilling basin pool. This
study recommended that “Reducing the downward angle of the 762-mm (30-in)
hollow-jet valve from 24° to 15° of horizontal should reduce the expected
maximum TDG supersaturation level from 123% to 112%.” In addition, a flip lip

6
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was placed on the auxiliary outlet works to reduce dissolved gas levels along with
an expanding section upstream of the flip lip to break up the surface jet.
Several gas abatement alternatives were considered in a 1992 physical model
study of Arthur R. Bowman Dam including design of a shallower, heavily baffled
stilling basin, installation of downstream weir or rock ramp, and installation of
mass concrete to raise the stilling basin floor (Johnson, 1992). Johnson states that
a downstream weir or rock ramp would need to create a white-water riffle to strip
entrained air from the flow and the flat river gradient would prevent air stripping
at higher flows when gas supersaturation is the greatest. Johnson (1992)
recommended installation of mass concrete in the stilling basin of Arthur R.
Bowman to reduce plunge depth of flow.
Biological studies can also be used to optimize TDG reduction. R2 Inc and BPES
(2013) prepared the “Deschutes Basin, Habitat Conservation Plan (DBHCP)
Study Report, Study 15: Assessment of Total Dissolved Gas at Dams Covered by
the DBHCP,” for Deschutes Basin Board of Control and City of Prineville,
Oregon. R2 and BPES reviewed the TDG issues and summarized findings on
depth compensation and the relationship between measured and actual TDG
saturation levels experienced by fish at various water depths by Weitkamp et al.
(2003). As depth increases, fish can tolerate higher TDG levels. Each increase in
depth of one meter reduces the TDG level experienced by fish by 10% of
saturation. For example, if the TDG level is 110% at the water surface, a fish
would need to find one meter (3.28 ft) of water depth or more to reach a state of
equilibrium equivalent to 100% TDG saturation. When the surface TDG is
120%, a fish two meters (6.6 ft) down is exposed to a TDG level of 100% TDG
saturation (Puget Sound Energy, November 2, 2009.)
The Bull Run Water Supply Habitat Conservation Plan Annual Compliance
Report 2016 includes monitoring of TDG in the Bull Run River, Oregon in
Appendix D (Strobel 2017). Flows from Reservoir 2 can be released through the
Dam 2 spillway or through Powerhouse 2 and/or the adjacent Howell-Bunger
bypass valve. Flows are combined in the Bull Run River. The report states that
“The flows from Powerhouse 2 with their lower TDG levels, are expected to have
a mitigating dilution effect on Dam 2 spillway flows…” When Powerhouse 2
was operating at full capacity, the combined flow from the powerhouse and
spillway contains a lower TDG level than just spillway flow. The HowellBunger valves near Powerhouse 2 provide flow release that bypasses the turbines
and the spillway. The valves dissipate energy due to head behind the dam. Bull
Run data shows that flows through the Howell-Bunger valve produce lower TDG
levels than spillway flow. However, the report states that “When flows from the
diversion pool flow from the Howell-Bunger valve, they tend to have higher TDG
with lower discharges than when they come from Powerhouse 2 ”

7
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Further research on using wild-and-scenic rock weirs for gas stripping is needed.
Both nitrogen and oxygen have a relatively low Henry’s Law constant (Delft
online literature, 20 ), do not readily dissolve in water, and can be removed
from water at concentrations above equilibrium conditions as water temperature
warms. By increasing depth, water travel time increases allowing more time for
warming and degassing.
Empirical TDG equations are reported from the CRiSP model and CE-QUAL-W2
manual (Cole 2002 Table B-20 and Cole 2006) with maximum thresholds as
coefficients.
From CE-QUAL-W2 manual, Table B-20. Equations used in
CRiSP model for gas production (Cole 2002).
Dam

Equation

Bonneville

%TDG = mQs + b

m = 0.12, b = 105.61

Lower Granite

%TDG = a + be cqs

a = 138.0; b = -35.8; c = -0.10

Dworshak

%TDG = a + be cQs

a = 135.9; b = -71.1; c = -0.4787

Ice Harbor

%TDG = a + be

a = 136.8; b = -42.0; c = -0.0340 1995
a = 138.7; b = -79.0; c = -0.0591 1996
a = 130.9; b = -26.5; c = -0.0220 1997
a = 120.9; b = -20.5; c = -0.0230 1998

Hell's Canyon

Coefficients

cQ s

%TDG = a + be cQs

a = 138; b = -36; c = -0.02
[Assumed relationship - no data]

These equations are site specific and difficult to apply to other dams with a high
degree of confidence. The form of the equation for Dworshak Dam in Idaho is
similar to that for Arthur R. Bowman Dam because the structure geometry is
similar, and the “b” coefficient of -71.1 may apply. However, Dworshak Dam is
twice as high as Arthur R. Bowman Dam.
A “c” coefficient of -0.003 may be appropriate from the Anderson Ranch Dam
data (Vidergar, 2017) because the smaller hydraulic height is more like that of
Arthur R. Bowman Dam than Dworshak Dam. The “a” coefficient can be set as
the threshold TDG level. Direct application of these empirical equations to
Arthur R. Bowman Dam is difficult and results are uncertain, however may
provide information about TDG trends.
Hadjerioua et al (April 2015) statistically developed a generic TDG equation for
dams with large flows. The generic equation would not apply to a smaller sitespecific potential hydro installation, such as that proposed for Arthur R. Bowman
Dam.
8
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Literature review does not provide quantitative site-specific information required
for a TDG assessment of a feasible small hydroelectric plant (Zhang et al, 2013)
and Howell-Bunger bypass valve discharging to a 24-ft-deep plunge pool (Garnett
2018) at Arthur R. Bowman Dam. There is too much uncertainty to draft a table
of TDG levels for a range of hydropower flow rates from 0-275 cfs and for a
range of Howell Bunger bypass releases from 0-2,725 cfs. However, the
literature review does provide valuable insight into how these features may
perform qualitatively in regard to TDG levels.
The amount of TDG saturation reduction depends on design. Based on qualitative
information from the literature search and cursory analysis using TDG equations
for other dams, it may be possible for a combined turbine and Howell-Bunger
valve hydro-installation to be designed to reduce TDG saturation in the stilling
basin plunge pool to 113% TDG saturation at 1500 cfs combined releases based
on a shallow angle of discharge to reduce plunging flow. A properly designed
wild-and-scenic rock weir may be able to further reduce the TDG saturation to
103% at one mile downstream of Arthur R. Bowman Dam at that flow assuming a
10% drop in TDG due to additional depth compensation and degassing.
Verification of good designs requires data collection and modeling.
Literature shows that passing flow through a turbine is better than passing flow
via a spillway or outlet works with a plunging jet. A turbine can provide a
shallower angle of plunging flow than a spillway. A Howell-Bunger valve at
shallow angle to the water surface will likely reduce TDG levels over a plunging
outlet works jet. Bull Run data and research on the angle of discharge from a
Howell-Bunger valve indicates a need for more research for this site-specific
condition. A wild-and-scenic rock weir with a varied crest about 1.0 mile (1.6
kilometers) downstream of the dam may be beneficial in stripping gas over a
range of flows. The increased depth behind a wild-and-scenic rock weir would
allow for more fish depth compensation to tolerate TDG saturation, increased
volume for increased travel time, and for potentially greater degassing at the weir
if properly designed.

D
Adding a properly-designed Howell-Bunger valve at Arthur R. Bowman Dam to
reduce plunging flows and adding a wild-and-scenic rock weir downstream of
Arthur R. Bowman Dam to increase depth and degassing could reduce TDG
supersaturation. Figure 5 shows a potential location for a wild-and-scenic rock
weir approximately one river mile downstream of Arthur R. Bowman Dam
(indicated by yellow pin). The shape and dimensions of the weir will require a
modeling study to properly design.
9
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A wild-and-scenic rock weir would need to be designed with a variable top
elevation to minimize concerns about less de ass
occurring at higher flows.
This type of design would provide de ass
at a range of flow rates while
increasing depth compensation for fish between Arthur R. Bowman Dam and the
weir.

Figure 5.—Yellow pin indicates potential wild-and-scenic rock weir site one river
mile downstream of Arthur R. Bowman Dam (Google Earth, 2018).

Figure 6 shows the autumn low-flow condition 0.5 miles (0.8 kilometers)
downstream of Arthur R. Bowman Dam during 2018 that may allow wading the
tailwater in some locations (Hydromet was accessed July 19, 2018,
https://www.usbr.gov/pn/hydromet/rtgraph.html?list=prvo q&daily=prvo qd).

10
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Figure 6.—Current dry (2018), previous wet (2017), and average historical flows
(red line) for the Crooked River near Prineville, Oregon at USGS gage downstream
of Arthur R. Bowman Dam (Hydromet site PRVO, 2018).

A low-flow dam tailwater condition would allow for cross-sectional channel
geometry collection for a one-dimensional flow and water quality model to
predict changes in water quality. Water temperature and dissolved oxygen (DO)
concentration might be used to approximate potential effects on TDG
supersaturation and degassing in the tailwater of Arthur R. Bowman Dam using
the average stilling basin ratio of N2/O2 mm mercury (HG) of 4.2 as reported by
Reclamation (2008).

R
Five recommendations are provided:
If a Howell-Bunger valve is to be added to reduce TDG supersaturation in
the stilling basin and downstream, a relatively flat angle with the water
surface elevation should be chosen to minimize plunging flow (Johnson,
1976).
If hydropower installation, as discussed by re (2018) and R2 Inc.
(2013), is pursued, the smaller 2.5 megawatt (MW) hydroturbine option
should be studied to keep releases more steady-state and TDG
supersaturation to a minimum. A turbinator (Zhang, 2013 and Hadjerioua
and Stewart, 2013) should also be studied as an efficient and cost-effective
hydropower installation alternative.
11
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Model three tailwater alternatives: After collection and processing of
tailwater cross-sectional tailwater geometry, develop, calibrate, and use a
minimum of a one-dimensional (1-D) riverine flow and water quality
model to model the tailwater with and without the hydropower
installation, with and without a wild-and-scenic rock weir as an internal
boundary condition, and with both TDG reduction alternatives combined.
Model two Prineville Reservoir alternatives: To investigate water quality
and thermal changes to the water column with and without the
hydropower installation, model Prineville Reservoir with a twodimensional (2-D) CE-QUAL-W2 model potentially using the Animator
Graphics Portfolio Manager (AGPM) by Loginetics (2016) linked to a
riverine water body model of the plunge pool and two river miles of
Arthur R. Bowman Dam tailwater for low-pool and high-pool r e e
eser r conditions at the proposed maximum combined turbine and
Howell-Bunger valve release rate to approximate TDG supersaturation
issues.
Develop combined Arthur R. Bowman Dam tailwater and Prineville
Reservoir modeling alternatives.
The following four alternatives might be simulated in a future TDG
supersaturation analysis, potentially using Arthur R. Bowman Dam tailwater DO
concentration changes as a metric:
1)
2)
3)
4)

Current Condition
Alternative 1: No Action (future without a project)
Alternative 2: hydropower installation
Alternative 3: hydropower installation with a Howell-Bunger bypass
valve and a wild-and-scenic rock weir located one river mile downstream
of Arthur R. Bowman Dam.

Reservoir water quality profile data should be collected in the Arthur R. Bowman
Dam forebay. Due to drought conditions, cross-sectional channel geometry and a
tailwater profile tied to project datum could be collected to capture the riffle-pool
volume and sequence in the first two miles of tailwater downstream of Arthur R.
Bowman Dam before late autumn of 2018.

12

Technical Memorandum No. TSC 86-68210-2018-05
Arthur R. Bowman Dam TDG Literature Review and Analysis

R
Bureau of Reclamation. August 2010. “Guidelines for Collecting Data to
Support Riverine Hydrodynamic and Water Quality Simulation Models.”
U.S. Department of the Interior, Bureau of Reclamation Technical Service
Center, Denver, Colorado. http://www.usbr.gov/tsc/techreferences/mands/
mands-pdfs/River_water_quality_manual.pdf.
Bureau of Reclamation, February 2010, “Finding of No Significant Impact,” PN
FONSI 10-0, Arthur R. Bowman Dam, Safety Dams Modifications Crooked
River Project, Pacific Northwest Region, Oregon,
https://www.usbr.gov/pn/programs/ea/oregon/bowman/bowmandameafonsi.pdf.
Bureau of Reclamation. May 2009. “Guidelines for Collecting Data to Support
Reservoir Water Quality and Hydrodynamic Simulation Models.” U.S.
Department of the Interior, Bureau of Reclamation, Technical Service Center,
Denver, Colorado. http://www.usbr.gov/tsc/techreferences/mands/mandspdfs/hydromodels.pdf.
Bureau of Reclamation. February 2008, “Total dissolved gas monitoring Summary Report, Crooked River, Oregon, 2006 and 2007,” Reclamation,
Managing Water in the West. Pacific Northwest Region. Boise, Oregon.
(final published November 2009). As referenced by Nesbit, 2010.
Bureau of Reclamation, August 2003, “Prineville Reservoir Resource
Management Plan,” Pacific Northwest Region, Lower Columbia Area Office,
https://www.usbr.gov/pn/programs/rmp.html and
https://www.usbr.gov/pn/programs/rmp/prineville/rmp-prineville2003.pdf
referenced Hodgson, B. Fisheries Biologist, ODFW. Personal communication
with J. Keany, EDAW, Inc., Seattle, WA. 2002.
Bureau of Reclamation, 1992, “Prineville Resource Management Plan.
September 1992,” Pacific Northwest Region,
https://www.usbr.gov/pn/programs/rmp/prineville/rmp-prineville2003.pdf.
Bureau of Reclamation. 1981, “Project Data Book,” A Water Resource Technical
Publication, U.S. Water Resource Service (Bureau of Reclamation), Denver,
CO, https://www.usbr.gov/projects/index.php?id=45.
Cole, T.M., and S.A. Wells. 2006, “CE-QUAL-W2: A Two-Dimensional
Laterally Averaged, Hydrodynamic and Water Quality Model, Version 3.5,
User Manual, Draft Instruction Report EL-06-1.” Prepared for the U.S. Army
Corp of Engineers, Washington, D.C., https://www.pdx.edu/cee/.

13

Technical Memorandum No. TSC 86-68210-2018-05
Arthur R. Bowman Dam TDG Literature Review and Analysis

Cole, T.M., and S.A. Wells, 2002. “CE-QUAL-W2: A Two-Dimensional
Laterally Averaged, Hydrodynamic and Water Quality Model, Version 3.1,
User Manual.” Draft Instruction Report EL-02-1, Prepared for the U.S. Army
Corp of Engineers, Washington, D.C.,
www.cee.pdx.edu/w2/download/download/v31/manual/manualv31.pdf.
Crew, Kevin L., March 2015, “Bowman Dam Hydroelectric Power Feasibility
Study, Phase II, Blackrock Consulting Inc. prepared for Ochoco Irrigation
District, Crook County, and City of Prineville, Oregon.
TU Delft, accessed September 201 “OpenCourseWare, Water Treatment,
s c
de
c e
Aeration and Air Stripping,”
ads era
a d as s r
d
DeMoyer, Connie. 2010 “Hydraulic Model Study of Arthur R. Bowman Dam
Total Dissolved Gas Deflector,” Bureau of Reclamation, Technical Service
Center, Hydraulic Laboratory Report HL-2009-01, Hydraulic Investigations
and Laboratory Services Group, Denver, Colorado
https://www.usbr.gov/tsc/techreferences/hydraulics_lab/pubs/HL/HL-200901.pdf.
Environmental Protection Agency, May 20, 2016, “Data Portal and Exchange,”
s
e a
a erda a s ra e a d re r e a a d
a er a
e c a e d a ser ces a d d
ads.
Garrett, Greg, May 18, 2018, personal communications during and after
introductory meeting conference call.
Hadjerioua, Boualem, S. DeNeale, Q. Zhang, and E. Hopping, 2014 to 2017
“Evaluation of Canadian Hydro Component Small Hydropower Technology
to be Deployed at the 45-Mile Project, Oregon, United States”, Oak Ridge
National Laboratory (ORNL), Oak Ridge, Tennessee, May 2014,
https://www.osti.gov/biblio/1367915-final-scientific-report-mile-hydropowerproject-report-department-energy-office-energy-efficiency-renewable-energywind-water-power-program and https://www.osti.gov/biblio/1367915, and
Final July 5, 2017 evaluation report:
https://www.osti.gov/servlets/purl/1367915, for U.S. Department of Energy
under contract DE-AC05-00OR22725.

14

Technical Memorandum No. TSC 86-68210-2018-05
Arthur R. Bowman Dam TDG Literature Review and Analysis

Hadjerioua, Boualem, Marcela Politano, Scott DeNeale, Merlynn Bender, and
Alejandro Castro, April 2015, “Tool to Predict TDG for the Columbia River
Basin,” Hydro Review, April 2015 edition, pages 52-63,
http://digital.hydroreview.com/hydroreview/201504?sub_id=ev9ZUCoI6XtR
&folio=52#pg55 and https://hydrowise.ornl.gov/sites/default/files/201706/Tool_to_Predict_TDG_for_the_Columbia_River_Basin.pdf.
Hadjerioua, Boualem and Stewart, Kevin M., January 2013, “Assessment and
Evaluation of New Small Hydropower Technology to be Deployed to the
United States 45-Mile Project: The Turbinator,” Oak Ridge National
Laboratory Project Report ORNL/TM-2013/75,
https://www.energy.gov/sites/prod/files/2017/04/f34/45-mile-hydroelectricproject_0.pdf.
Google Earth, accessed 2018.
Hydromet data, 2018, Crooked River at Prineville, Oregon (PRVO Q),
https://www.usbr.gov/pn/hydromet/destea.html or
https://www.usbr.gov/pn/hydromet.
Johnson, Perry L, 1992, “Modification of the Stilling Basin at A.R. Bowman
Dam,” Oregon to Reduce Dissolved Gas Supersaturation,” U.S. Department
of Interior, Bureau of Reclamation, Hydraulic Laboratory Report No. PAP749, https://www.usbr.gov/tsc/techreferences/hydraulics_lab/pubs/PAP/PAP0749.pdf.
Johnson, Perry L. April 1976, “Hydraulic Model Studies of Navajo Dam
Auxiliary Outlet Works and Hollow-Jet Valve Bypass - Modifications to
Reduce Dissolved Gas Supersaturation,” REC-ERC-76-5, Bureau of
Reclamation Engineering and Research Center
https://www.usbr.gov/tsc/techreferences/hydraulics_lab/pubs/REC/REC-ERC76-05.pdf.
Johnson, Perry L., 1975, “Prediction of Dissolved Gas at Hydraulic Structures,”
United States Department of the Interior, Bureau of Reclamation, Engineering
and Research Center, Hydraulics Branch, Report GR-8-75,
https://www.usbr.gov/tsc/techreferences/hydraulics_lab/pubs/GR/GR-7508.pdf.
Loginetics, 2016, http://www.loginetics.com/.

15

Technical Memorandum No. TSC 86-68210-2018-05
Arthur R. Bowman Dam TDG Literature Review and Analysis

es

e
e
a
arac er s cs a d
e e
a er s
ed a d r
Oncorhynchus mykiss a d
a
e s
Prosopium williamsoni
e r ed
er re
e
r e
de ree
as er
c e ce
s er es c e ce r re
ae
ers
r a d re
s r rar re
s a e ed d
ads
a d
s
ec
r sa
rc
esrc s s rce e cd
e
d a
r c
d
e
r
s
r rar re
s a e ed
d
ads
s
a
e

re

e ar e
s a d
es e d
es
a d
c c
s
s r c e r ar
e

d

er
r e
ae
d d a

er
dr e ec r c
ar e
e
a d
e
as

es rce
c e ces

d e
rader

e er
r ec
c
er
s
a e re s

r

ar
er as

ed

a er

ae e

a
a

a er

e
se c
e

ed a
c

s a er
a

e

a
c r ra ed c a d
a ac c
r
e a
c
arc
esc es as
a a
ser a
a
d e r
d
ssess e
a
ss ed as a
a s
ered
e
re ared r esc es as
ard
r a d
r e e re
s
s
re
c e s esc es
s d es
d
ase
e r
arc
d

rs
a d eser
ec a a

r

e

c

s

r
r

era

s

s r

r e
r a
e a
a
s

r
d

s r
e ar e

s d es desc

a
a er rea
a er
a ce e r
r a d re

a e da a accessed
s
sc a eda a c
s a es s r

16

ed
er
ac c r
er r

ss

ers
es

a
e

es cr

edd ers

e
rea

e

ed ases

a a
ear
a er ar c e

e
esearc
ser a

ra
e

e ra re
ra a a
c a e r e e re

e r
a
a

r e e
ed

er

d
er
r
e d

re

Technical Memorandum No. TSC 86-68210-2018-05
Arthur R. Bowman Dam TDG Literature Review and Analysis

Vidergar, Dimitri, 2017, “Personal communications with Merlynn D. Bender,”
emails and attachments dated April 14, 2017.
Weitkamp, D.E., R.D. Sullivan, T. Swant, and J. DosSantos, 2003, “Behavior of
res de fish relative to total dissolved gas supersaturation in the lower
Clark Fork River.” Transactions of the American Fisheries Society 132:
856-864. https://onlinelibrary.wiley.com/doi/abs/10.1577/T02-026.
Zapel, Ed, Nelson, Hank, Hughes Brian, and Fry, Steve, 2014, “Options for
Reducing Total Dissolved Gas at the Long Lake Hydroelectric Facility,”
Presented at Hydrovision 2014, July 22-25, 2014 in Nashville, Tennessee.
https://www.flow3d.com/wp-content/uploads/2014/04/Options-for-ReducingTotal-Dissolved-Gas-at-the-Long-Lake-Hydroelectric-Facility.pdf
Zhang, Qin Fen (Katherine), Uria-Martinez, Rocio, and Saulsbury, Bo, June 2013,
“Technical and Economic Feasibility Assessment of Small Hydropower
Development in the Deschutes River Basin,” report no. ORNL/TM-2013/221
prepared by Oak Ridge National Laboratory, Environmental Sciences
Division, Oak Ridge, Tennessee 37831-6283 managed by UT-BATTELLE,
LLC, for the U.S. Department of Energy under contract DE-AC0500OR22725, https://info.ornl.gov/sites/publications/files/Pub44168.pdf.

17

