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Abstract:   The purpose of this field study was to quantify total dissolved gas 
exchange during spillway operations at Chief Joseph Dam with the completed 
spillway flow deflectors on all 19 spill bays.  The interaction of powerhouse 
and spillway releases was quantified and the TDG loading measured for a 
range of operating conditions.  Alternative spill patterns were investigated to 
quantify both hydraulic and TDG generation processes.  The results from this 
test were compared to the TDG exchange performance observed during the 
1999 TDG exchange study of pre-deflector conditions at Chief Joseph Dam 
and conclusions drawn regarding the effectiveness of the flow deflector de-
sign.  This study helped identify operating conditions which will meet the 
Washington state water quality standards for Total Dissolved Gas supersatura-
tion on the Columbia River.  The findings from this study were also used to 
document the TDG abatement at Chief Joseph Dam which is consistent with 
the recommendations developed in the Total Maximum Daily Load for TDG 
on the mid-Columbia River.  This study was used to update an operating poli-
cy for joint operation of Chief Joseph and Grand Coulee Dam for the man-
agement of TDG levels in the mid-Columbia River.  A model of TDG ex-
change at Chief Joseph Dam was developed from this study and incorporated 
in the SYSTDG model of TDG in the Columbia River. The study will also 
address the adequacy and interpretation of data collected at the fixed monitor-
ing stations.  

 

 

 
 
 
 
 
 
 
 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
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Unit Conversion Factors 

 

Multiply By To Obtain 

acres 4,046.873 square meters 

acre-feet 1,233.5 cubic meters 

angstroms 0.1 Nanometers 

atmosphere (standard) 101.325 Kilopascals 

bars 100 Kilopascals 

British thermal units (International Table) 1,055.056 Joules 

centipoises 0.001 pascal seconds 

centistokes 1.0 E-06 square meters per second 

cubic feet 0.02831685 cubic meters 

cubic inches 1.6387064 E-05 cubic meters 
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degrees (angle) 0.01745329 Radians 

degrees Fahrenheit (F-32)/1.8 degrees Celsius 
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foot-pounds force 1.355818 Joules 
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hectares 1.0 E+04 square meters 
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mils 0.0254 Millimeters 
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Multiply By To Obtain 
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pints (U.S. liquid) 0.473176 Liters 

pounds (force) 4.448222 Newtons 

pounds (force) per foot 14.59390 newtons per meter 

pounds (force) per inch 175.1268 newtons per meter 

pounds (force) per square foot 47.88026 Pascals 
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yards 0.9144 Meters 
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1 Executive Summary 

An investigation of the Total Dissolved Gas (TDG) exchange at Chief Jo-
seph Dam with spillway flow deflectors across the entire spillway was con-
ducted during the period of April 28-May 1, 2009.  This study was de-
signed to quantify the hydraulic and TDG exchange performance of the 
spillway flow deflectors in the tailwater channel of Chief Joseph Dam.  A 
secondary objective was to determine the transport, mixing, and dissipa-
tion of the TDG pressures contained in project releases through the Co-
lumbia River to Wells Dam.  

A total of twelve spill events were scheduled during this four day period 
with spillway discharges ranging from 18 to 144 thousand cubic feet per 
second (kcfs).  The influence of both uniform and non-uniform spill pat-
terns were evaluated as was the influence of a range of tailwater elevations.  
The TDG exchange was determined from an array of logging fixed position 
TDG sondes positioned in the Columbia River both above and below the 
dam.  Supplemental data was gathered during mobile velocity and dis-
solved oxygen sampling during each test spill condition.  The prominent 
findings from this investigation are listed below. 

The addition of spillway flow deflectors at Chief Joseph Dam has signifi-
cantly reduced the exchange of TDG pressures during spillway operations 
when compared to the original spillway design.    For spillway flows over 
38 kcfs the magnitude of reduction in TDG saturation approached 15 per-
cent saturation with spillway flow deflectors.  Prior to the addition of 
spillway flow deflectors at Chief Joseph Dam, a spillway discharge of as 
little as 36 kcfs resulted in TDG saturations greater than 120 percent satu-
ration.  With spillway flow deflectors, a uniform spill of 142 kcfs was sus-
tained with TDG levels remaining slightly below 120 percent saturation. 

The magnitudes of the total dissolved gas pressures observed in spillway 
releases were found to be a function of the spillway discharge, spill pat-
tern, and tailwater elevation.  The twelve spill events scheduled during this 
study resulted in TDG saturations in spillway flows measured near the 
tailwater fixed monitoring station ranging from 108 percent for a uniform 
spill of 18 kcfs to 120 percent during a non-uniform spill of 98 kcfs.  The 
spillway discharge resulting in a TDG saturation of 110 percent was found 
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to occur for spillway flows near 18 kcfs.  The encroachment of the mixing 
zone at the tailwater fixed monitoring station during these small spillway 
discharges may also influence the resultant TDG saturations.  

The TDG exchange observed during this study approached but did not ex-
ceed 120 percent of saturation as observed at the tailwater fixed monitor-
ing stations for a uniform spillway discharge up to 142 kcfs.      

The TDG pressures measured just downstream of the stilling basin expe-
rienced the highest levels observed during this study of 125 percent satura-
tion during a uniform spill of 142 kcfs. The TDG exchange study of the 
original spillway in 1999 measured peak TDG pressures in this area of 174 
percent during a spill of just 48.4 kcfs over 9 spill bays.  These peak TDG 
pressures were observed within the zone of highly aerated flow and were 
not representative of the TDG levels observed downstream of the aerated 
flow.  

The non-uniform spill pattern was found to consistently produce higher 
TDG pressures in spillway flows when compared to a similar spill dis-
charge using a uniform spill pattern.  The non-uniform or bulk spill pat-
terns generated TDG pressures that were 20 to 40 mm Hg higher than ob-
served during a uniform spill at the same spill discharge.  

A uniform spill pattern is recommended for future operations of the Chief 
Joseph spillway to minimize TDG exchange.  In cases where two levels of 
spill gate openings are required to meet total spill discharge requirements, 
the location of the higher gate openings should be evenly distributed 
across the spillway. 

The presence of higher tailwater elevations resulted in higher TDG pres-
sures in spillway flows for the three paired spill events during this study.  
The higher TDG pressures result from the additional stilling basin depth of 
flow and the trajectory of the spill jets throughout the stilling basin.  In 
general, lower lake levels were maintained throughout the Wells pool dur-
ing this study causing lower than normal tailwater conditions at Chief Jo-
seph Dam.   
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The TDG pressures observed across the Columbia River at the tailwater 
fixed monitoring station reflect the development of a mixing zone between 
powerhouse and spillway releases.    The entrainment of powerhouse flows 
into highly aerated flow conditions below the spillway were small during 
most of the spillway operations scheduled during this study period.  Non-
uniform spill patterns can generate return currents into the stilling basin 
containing powerhouse flows.     

The observed TDG pressures from the tailwater fixed monitoring station 
CHQW were not representative of conditions in the river during spillway 
releases during this investigation and were not used to characterize the 
TDG exchange in spillway operations.  The slow and attenuated TDG re-
sponse at this sampling station was consistent with restricted exchange of 
water between the river and the instrument deployment conduit.  The trial 
deployment of the tailwater fixed monitoring instrument outside of the 
housing conduit is recommended until repairs can be made to this site. 

The average TDG loading in the Columbia River below Chief Joseph Dam 
was found to be closely approximated by a conservation statement where 
the powerhouse flows contain the TDG content observed in the forebay 
and spillway flows contain the TDG levels observed at the tailwater fixed 
monitoring station. 

The average travel time for TDG plume passage from Chief Joseph Dam to 
Wells was estimated to be about 1 day during the four days of testing.  The 
TDG levels arriving to Wells Dam are consistent with the TDG levels re-
leases from Chief Joseph Dam when accounting for dilution from tributary 
flows, reaeration, dispersion, and net heat exchange during passage. 

There was no evidence of tailwater elevations surging during the spill test.  
The tailwater elevations were both highly dynamic and correlated with to-
tal river discharge.   The tailwater elevation was observed to increase in 
elevation from 775 to 787 ft in a little over a 15 minute period during the 
study period. 

The water temperatures in the Columbia River were weakly related to the 
TDG pressures observed in the tailwater of Chief Joseph Dam.  The water 
temperatures in the Columbia River experienced a 1 degree Celsius in-
crease during the transit to Wells Dam during this study period that can 
induce a measurable impact on the observed TDG pressures.   
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The dissolved oxygen concentrations were found to be highly correlated 
with TDG pressures at sampling stations located in the tailwater channel 
below Chief Joseph Dam during the spill test events.  The dissolved oxygen 
measurements during mobile sampling provided detailed estimates of the 
lateral distribution of dissolved oxygen, properties of the mixing zone at 
the tailwater fixed monitoring station, and TDG loading of the Columbia 
River.   

The flow field generated by spillway releases with spillway flow deflectors 
has altered the hydrodynamic conditions in the stilling basin and adjoin-
ing tailwater channel.  The spillway deflectors generate a surface oriented 
jet that both entrains air and transports the bubble plume downstream of 
the stilling basin for moderate to high spill rates.  The presence of a well 
defined surface jet also generates an upstream return current near the 
channel bed that can entrain flow, and transport debris and sediment into 
the stilling basin.   
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2 Introduction 

The spillway at Chief Joseph Dam was originally designed to efficiently 
dissipate energy during spillway releases within the stilling basin by creat-
ing a plunging spill jet and hydraulic jump. These flow conditions were al-
so responsible for the generation of total dissolved gas supersaturation 
caused by the entrainment of air bubbles into this plunging spill jet result-
ing in the transfer of gases into solution at depth in the stilling basin.   Bio-
logical studies have concluded that elevated TDG levels can result in gas 
bubble trauma in aquatic organisms.  In addition, the Washington State 
and Colville Tribe water quality standard for TDG is 110 percent.  Howev-
er, the state of Washington allows TDG criteria to be adjusted in the Snake 
and Columbia rivers when spilling water at dams is necessary to aid fish 
passage.  The Washington TDG criteria adjustment limits TDG saturations 
to 115 percent at the forebay of next downstream dam, 120 percent at the 
tailwater, and a maximum one hour TDG saturation of 125 percent.  

The Seattle District Corps of Engineers studied the TDG abatement alter-
natives at Chief Joseph Dam and identified spillway flow deflectors as the 
preferred structural alternative to reduce TDG levels during spill (USACE, 
2000).  The joint operation of Grand Coulee and Chief Joseph Dams was 
also identified as an effective and efficient means of reducing TDG loading 
of the Columbia River.  A Type II spillway flow deflector at elevation 776 ft 
was identified in scaled sectional and general models of Chief Joseph Dam 
as the best design to limit TDG exchange during spills up to 175 kcfs (Da-
vis, 2004).  The construction of nineteen spillway flow deflectors across 
the entire spillway at Chief Joseph Dam, completed during the winter of 
2009,  were available for use during the spill test in the spring of 2009.  
This document describes the results of a field study of TDG exchange at 
Chief Joseph Dam conducted during April 28-May 1, 2009 designed to 
evaluate the TDG exchange performance of the spillway with flow deflec-
tors over a range of spillway operations.  

Background 

A detailed investigation of TDG exchange at Chief Joseph Dam with the 
original spillway was conducted in 1999 (Schneider and Carroll, 1999).  
This investigation determined the TDG exchange in spillway flows ranged 
from 111 to 134 percent and were a direct function of the specific spillway 
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discharge. The maximum TDG saturation observed in the aerated spillway 
release during this study was 174 percent of saturation.  The maximum 
TDG threshold produced during spillway flows was also found to be a 
function of the tailwater depth of flow.  This process was responsible for 
spillway flow to generate significantly higher TDG saturation than ob-
served during the spill test in 1999. 

The construction of two spillway flow deflectors on Bays 12 and 13 were 
completed by April of 2007 and the TDG exchange properties were eva-
luated during scheduled spillway operations on April 22-23, 2007 for spill 
ranging from 3.9 to 31.2 kcfs.  The interpretation of both visual and hy-
draulic flow conditions together with direct measurements of TDG pres-
sure generated during spill over bays 12 and 13 with a type II flow deflector 
at elevation 776 ft supported the conclusion that the deflector design effec-
tively reduced the generation of TDG supersaturation during spillway dis-
charges over a wide range of operations at Chief Joseph Dam (Schneider, 
2008).  A linear relationship between spill discharge and TDG Saturation 
was observed during the two bay spill tests with the resultant maximum 
TDG saturation outside of aerated flow conditions less than 120 percent 
for all but the highest discharge event.  The size of the entrainment dis-
charge associated with the two bay spill patterns moderated the observed 
TDG saturation. 

Objectives 

The purpose of the field study was to quantify total dissolved gas exchange 
during spillway operations at Chief Joseph Dam with the completed spill-
way flow deflectors on all 19 spill bays.  The interaction of powerhouse and 
spillway releases was quantified and the TDG loading measured for a 
range of operating conditions. The spillway discharges were scheduled to 
encompass a full range of operating conditions and included spill levels 
generating TDG levels in excess of 120% of saturation.  Alternative spill 
patterns were investigated to quantify both hydraulic and TDG generation 
processes.  The results from this study were compared to the TDG ex-
change performance observed during the 1999 TDG exchange study of the 
original spillway at Chief Joseph Dam and conclusions drawn regarding 
the effectiveness of the flow deflector design.  This study will also help 
identify operating conditions which will meet the Washington state water 
quality standards for Total Dissolved Gas supersaturation on the Columbia 
River.  The findings from this study will be used to document the TDG ab-
atement at Chief Joseph Dam which is consistent with the recommenda-
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tions developed in the Total Maximum Daily Load for TDG on the mid-
Columbia River (WDOE, 2004).  This study will also be used to update an 
operating policy for joint operation of Chief Joseph and Grand Coulee 
Dam for the management of TDG levels in the mid-Columbia River.  A 
model of TDG exchange at Chief Joseph Dam was developed from this 
study and incorporated in the SYSTDG model of TDG in the Columbia 
River to support spill and TDG management decisions. The study also ad-
dressed the adequacy and interpretation of data collected at the forebay 
and tailwater fixed monitoring stations.   The multiple objectives of the 
spill test are outlined in greater detail below: 

 
 Performance Validation:  Spillway deflectors have not been installed on 

a dam with as high a head as Chief Joseph Dam or one with the spillway 
and powerhouse orientation that exists at Chief Joseph.  As such, there are 
a number of aspects of this design that cannot be studied by the hydraulic 
model or by the experience of other projects.  Spillway flow deflectors 
significantly change the hydrodynamic and TDG exchange properties in 
the stilling basin and tailwater channel.  A controlled spill test at Chief Jo-
seph Dam is required to verify that the deflectors achieve the TDG reduc-
tion expected and that there are no significant hydraulic concerns that 
were not previously identified along the powerhouse and tailwater channel 
which must be pro-actively addressed.  

 
 Understand Spill Patterns necessary to minimize TDG levels:  The 

spill test will aid in the determination of the spill pattern (uniform spill vs. 
bulked spill toward center) that minimizes TDG production in the Colum-
bia River for varying spill volumes.  This information cannot be implied 
from the performance of other projects nor can this information be ob-
served in a physical or numerical model. 

 
 
 Understand Joint Operations necessary to minimize TDG levels:   The 

spill test is needed to develop a joint operating policy between Grand Cou-
lee and Chief Joseph to maximize power generation and minimize system 
wide TDG loading in the Columbia River.   

 
 Spill under Controlled Conditions:  For data to be scientifically sound 

and defensible, field measurements require controlled operations that al-
low for the development of equilibrated conditions (as opposed to involun-
tary spill).  Involuntary changes in spill and powerhouse volumes may re-
sult in poor data quality or limited range of operations. 
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 Water Quality:  Information obtained from the spill test will help ensure 
the Chief Joseph Dam Project’s best ability to be in compliance with the 
Clean Water Act by meeting the TMDL for TDG.  The spill test will also 
help identify the best location for the fixed tailwater monitoring station to 
represent TDG loading to Columbia River as outlined in TMDL.  

 
 Environmental/ Fisheries:  The spill test will establish the optimal spill 

pattern and joint operation of spill, which will maximize system-wide 
TDG reduction in Columbia River from Chief Joseph Dam and Grand 
Coulee Dam and minimize adverse impacts to fisheries resources. 

 
 Evaluation of Hydraulic Conditions and Dam Safety Impacts:   Spill-

way flow deflectors have significantly changed the hydraulic conditions 
on the spillway, stilling basin, and throughout the tailwater channel and 
the effects of this change should be evaluated in a full-scale field test.  The 
hydraulic model identified a number of significant dam safety concerns, 
including waves and turbulence along the powerhouse, debris entrainment 
and surging, that the Corps felt could be managed operationally but should 
be evaluated in the field and monitored closely.  The spill test can provide 
field verification that there are no adverse effects to the powerhouse that 
were not identified by the hydraulic model.  Testing can verify that the 
surging condition identified in the hydraulic model at higher spill flows 
does not occur at lower spill levels and that wave run-up, spray, and turbu-
lence is within expectations.  It also can evaluate effects on the relief tun-
nel, and determine potential for increased erosion in the stilling basin.  The 
test will also provide valuable information to the continued study of the 
uplift problem at CJD that may develop during prolonged spillway opera-
tion.   
 

 Supports the planning, design, and operation of the Chief Joseph Fish 
Hatchery:  Findings from the spill test will provide critical information to 
the planning, design, and operation of the Chief Joseph Dam Fish Hat-
chery.  The Colville Confederated Tribes, a valued partner of the Corps of 
Engineers, views this project as well as the gas abatement project as criti-
cally important.  
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3 Site Characterization  

   
 

Structural Configuration 

 Chief Joseph Dam stretches over one mile across the Columbia River at 
river mile 545.1. Behind the dam, lies Rufus Woods Lake which extends 51 
miles upstream to Grand Coulee Dam as shown in Figure 1. Chief Joseph 
Dam discharges into Lake Pateros which extends 29.5 miles to Wells Dam. 
Designed, constructed and operated by the U.S. Army Corps of Engineers, 
Chief Joseph Dam is the Corps' largest power-producing dam. The dam 
rises 236 feet from bedrock to its crest. The powerhouse consists of 27 
main generators with a hydraulic capacity of 219 kcfs and a nameplate ca-
pacity of 2069 MW.  The Chief Joseph powerhouse is oriented in an east-
west direction about 90 degrees to the spillway as shown in Figure 2.  

 The spillway at Chief Joseph Dam has a total length of 980 ft and consists 
of 19 radial gate-controlled bays, each about 49 ft wide.  Piers, 13 ft in 
maximum width, separate the bays.  The spillbays are numbered from 1 to 
19 from north to south.  The elevation of the spillway crest is 901.50 ft.  
The Chief Joseph Dam spillway was originally designed with normal full 
pool at el 946 ft and to pass the spillway design flood with a surcharged 
pool elevation of 956.0 ft.  During the 1970’s, additional storage was pro-
vided on the Columbia River system by construction of upstream dams.  
The additional storage permitted expansion of the Chief Joseph hydro-
power generation capability from 16 to 27 turbine-generators with a raise 
in normal full pool from el. 946.0 to 956.0 ft.  To accommodate the pool 
raise, the piers, between the spillway gates, were widened by 4.0 ft, which 
narrowed the spillway bays.  As a result, narrower and higher gates were 
fabricated and installed.  The 980-foot-long 19-bay spillway is designed to 
pass 1.25 million cfs at a head of approximately 54 ft on the crest.   The 
mean tailwater elevation immediately downstream from the dam is ap-
proximately elevation 780 ft.  Therefore, the head differential from upper 
pool to tailwater is about 176 ft.  

The year-round operating pool ranges from elevation 950 to 956 ft.  The 
tailwater elevation typically ranges between elevations of 780 to 790 ft de-
pending upon the total river flow and Lake Pateros pool elevation.  The 
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stilling basin at Chief Joseph Dam has a length of 167 ft and a stepped end 
sill with a height of 11 ft.  Energy dissipation is provided by a series of baf-
fle blocks located near the end of the stilling basin with a height of 11 ft as 
shown in Figure 3.  The invert elevation of the stilling basin apron is at 743 
ft resulting in a typical depth of flow about 36-42 ft.  An end wall extend-
ing the length of the stilling basin bounds the north side of the spillway ad-
jacent to bay 1.  The tailwater channel bed elevation varies in elevation 
downstream of the end sill ranging in elevation from 740 downstream of 
bays 6 and 7 to elevation of 755 ft downstream of bays 9 through 19 as 
shown in Figure 4.  Other prominent topographic features include a de-
pression in the channel bottom to elevation 725 ft downstream of the end 
sill below bay 7.  The channel bed elevation gradually rises in elevation 
downstream of the spillway to an elevation of about 755 ft downstream of 
the powerhouse.  

A 12.5 ft deflector was completed across the entire spillway with a horizon-
tal elevation of 776 ft.  A 10 ft. toe curve provides the transition from the 
face of the spillway to the deflector.  The deflector length was defined as 
the horizontal distance from the downstream vertical surface to where the 
projected horizontal surface intersects the spillway.  The details of the flow 
deflector are provided in Figure 3 and a photograph of the spillway flow 
deflector across the entire spillway is shown in Figure 5. 

Columbia River from CHJ to WEL 

The Columbia River extends from Chief Joseph Dam to Wells Dam a dis-
tance of 29.5 miles and contains two major tributaries, the Okanogan and 
Methow Rivers as shown in Figure 1.  The Columbia River channel is nar-
row below Chief Joseph Dam ranging in width between 800 and 1000 ft 
until reaching the Brewster flats area where the channel width is over 1.5 
miles.  The bridge at Brewster WA is at river mile 530.4 or about half way 
between Chief Joseph and Wells Dams.  The Columbia River continues to 
head in an easterly direction before turning 90 degrees to the south at the 
confluence with the Methow River.  The channel gradually widens down-
stream of the confluence with the Methow River reaching an average width 
of about one-half mile in the forebay of Wells Dam.  
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4 Properties and Process 

TDG Properties 

 

The TDG pressure in water is composed of the sum of the partial pressures 
of atmospheric gases dissolved in the water.  The primary gases making up 
TDG pressure in water are Oxygen, Nitrogen, Argon, and Carbon Dioxide 
and the atmospheric composition of these gases are 20.95, 78.087, 0.93, 
and 0.03 percent, respectively.  Henry’s Law is an equation of state that 
relates the solubility of a given gas to the partial pressure.  The constant of 
proportionality is called Henry’s constant or the Bunsen coefficient.  This 
equation relates the mass of a constituent gas to the partial pressure at 
equilibrium.  The constant of proportionality is a function of barometric 
pressure, temperature, and salinity.  The mass of dissolved gases in water 
can be determined from estimates of the TDG pressure, water tempera-
ture, and barometric pressure assuming atmospheric composition of gases 
in solution.  For constant temperature and pressure conditions, the total 
dissolved gas can be represented as either a concentration or pressure in 
conservation statements. 

The solubility of a gas in water is dependent on the total pressure, water 
temperature, and salinity.  The total pressure in the water column is com-
posed of the barometric pressure and hydrostatic pressure.  The solubility 
of gas in water doubles at a depth of about 33 ft in response to a doubling 
of the total pressure.  The compensation depth is where the saturation 
concentration is equal to the ambient concentration in the water.  The so-
lubility of gas in water is inversely proportional to the temperature.  For 
example, if the total concentration of dissolved gases is 30 mg/l, an in-
crease in temperature of 1o C will result in a reduction in the saturation 
concentration and an increase in the TDG saturation of 2.2 percent.   

 

TDG Exchange Processes 

This section describes processes governing TDG exchange at spillways and 
powerhouses, based on studies at main-stem dams on the Columbia and 
Snake rivers.  Similarities are drawn between these general processes and 
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the existing TDG exchange properties at Chief Joseph Dam.  The gas ex-
change characteristics of a structure are closely coupled to the project hy-
drodynamics and entrainment of air.  Without the entrainment of air bub-
bles, the exchange of atmospheric gases at a hydraulic structure is 
restricted to the water surface where gas exchange tends toward equili-
brium at 100 percent of saturation.  With aerated flow at a dam due to sur-
face aeration, plunging action, or induced aeration, the gas exchange 
process can quickly become dominated by the entrained bubbles (Wil-
helms and Gulliver 1994).  If bubbles are transported to depth (even as lit-
tle as three to four feet), the hydrostatic pressure compresses the bubbles 
thereby increasing their gas concentrations above atmospheric.  This al-
lows the transfer between entrained air and the water column to levels 
above atmospheric, causing TDG supersaturation.  These elevated total 
dissolved gas pressures cannot be maintained in a non-aerated flow envi-
ronment, where gas transfer at the water surface tends to reduce supersa-
turated conditions back to equilibrium at 100 percent saturation.  Howev-
er, at depth the gas remains in solution due to hydrostatic pressure, 
resulting in the retention of elevated TDG levels in the river.  

The following description of TDG exchange at different regions of a project 
is based in part on the near-field TDG studies conducted during the dis-
solved gas abatement study conducted for federal dams on the Columbia 
and Snake rivers (USACE 2002).  This discussion focuses upon the hydro-
dynamic and gas exchange characteristics in four regions: forebay, spill-
way/turbine passage, stilling basin, and tailwater channel. 

Forebay.  The TDG properties in the immediate forebay of a dam are gen-
erally uniform, when no thermal stratification or surface warming is 
present, although they can change rapidly in response to operations of up-
stream projects, tributary inflows, and meteorological and limnological 
conditions.  A small vertical temperature gradient of 3 to 4 oF can limit the 
influence of gas exchange at the water surface to the near-surface layers of 
a pool by inhibiting vertical circulation.  Additionally, heating of surface 
water can cause TDG pressure responses that result in changes to supersa-
turated conditions because the solubility of a gas in water decreases as wa-
ter temperature increases (Colt 1984).  Although not likely a significant 
component in the Columbia River at Chief Joseph Dam, biological activity 
involving the production or consumption of oxygen may also influence 
TDG pressure.  Thus, under stratified conditions, the initial TDG pressure 
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of spillway releases may be different from those associated with hydro-
power releases, depending upon the level of withdrawal.  

The flow under a spillway gate or into a turbine intake may spawn vortices 
or other local hydraulic conditions that provide a vehicle for air entrain-
ment.  In general, however, TDG contributed by these local phenomena is 
insignificant.  

Spillway.  The depth of flow and water velocities change rapidly as flow 
passes under the spillway gate onto the face of the spillway.  At Chief Jo-
seph Dam, highly aerated flow develops rapidly on the spillway as flow 
passes under the tainter gates as shown in Figure 6.  The entrainment of 
air causes a bulking of the depth of flow particularly in the region next to 
the spillbay piers.  The depth of flow increases with distance traveled down 
the spillway as water droplets begin to separate from the main spillway 
discharge.    The ribbed flow generated by the spillway piers can attain 
depths greater than 10 ft and produces a considerable amount of spray and 
standing waves in the stilling basin. These flow conditions likely increase 
the air entrainment on the face of the spillway; however, the physical ex-
change processes in the stilling basin and tailrace – that is, the forcing into 
solution of entrained air in the stilling basin and the stripping of dissolved 
gas in the tailrace – dominate the TDG levels in spillway discharges, mak-
ing the ultimate release of TDG independent of TDG levels in the forebay 
or generated on the face of the spillway.  The main spillway jet encounters 
the spillway flow deflectors at the base of the spillway and rapidly is redi-
rected with a horizontal velocity component.  The redirection of the spill-
way jet at the spillway flow deflector can be seen during a spillway dis-
charge of 3 kcfs/bay and 7 kcfs/bay in Figure 7. The impact of two 
adjoining spillway jets in the wake of the spillway piers causes the forma-
tion of a vertical jet of water or “rooster-tail” that becomes more promi-
nent at higher discharges.  The formation of this flow feature can be seen 
in Figure 7 where the expanding jets from adjoining bays intersect result-
ing in the propulsion of a vertical wall of water. The dispersion of this ver-
tical component of spillway discharge can contribute to a shower of water 
onto the adjoining river bank areas which can flood local drains or scour 
loose material over time.  The vertical extent of these flow features can be 
seen in Figure 8.  
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Powerhouse Flows.  There is little opportunity for entrained air to be in-
troduced into the confined flow path through a turbine, except during inef-
ficient turbine settings at low discharges, when air is aspirated into the 
turbine (Wilhelms, Schneider, and Howington 1987).  During normal tur-
bine operation, there is essentially no change in TDG pressure as power 
generation flows pass through the powerhouse.  Since turbine discharges 
typically do not entrain air, it has generally been observed that generation 
discharges pass forebay TDG pressures to the downstream pool (CENPD 
1998).  

The proximity of powerhouse releases to the high-energy environment in 
the stilling basin can result in a strong interaction of these project dis-
charges.  If the powerhouse flows are sufficiently isolated from the stilling 
basin action, then the fate of powerhouse releases is to dilute (due to later-
al downstream mixing) TDG pressures produced by spillway releases.  
However, if the powerhouse releases are completely or partially entrained 
into the highly aerated flow conditions of the stilling basin, then this flow 
may experience TDG exchange processes similar to those experienced by 
spill and thereby reducing or eliminating the potential for downstream di-
lution.  Observations during the April 2007 spillway test at Chief Joseph 
Dam conclusively demonstrated that considerable discharge from the po-
werhouse was redirected into the aerated flow in the stilling basin and ad-
joining tailwater channel.  This return flow was promoted by the recircula-
tion cells that developed downstream of inactive spill bays.   

Stilling Basin.  The flow conditions in the stilling basin are highly three-
dimensional and are shaped by tailwater elevation, project head, spillway 
geometry, and the presence of spillway piers, sidewalls, baffle blocks, and 
end sill.  In general, however, the flow conditions downstream of the origi-
nal spillway at Chief Joseph Dam were characterized by highly aerated 
flow plunging to the bottom of the stilling basin.  A bottom current directs 
flow out of the stilling basin, while a surface roller returns flow back to the 
plunge point.  The baffle blocks and end sill redistribute the bottom-
oriented discharge current throughout the water column.  Because of the 
high air entrainment and the transport of air to full stilling basin depth, a 
rapid and substantial absorption of atmospheric gases takes place in the 
stilling basin.  These flow conditions result in the maximum TDG pres-
sures experienced below the dam.  
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The TDG in the stilling basin, as well as downstream of the tailrace is de-
pendent upon the specific discharge of the spillway.  Previous studies have 
suggested that stilling basin TDG levels at very low specific discharges may 
be relatively low, around 120 percent, but rapidly climb with increasing 
discharge to asymptotically approach a maximum, that depends upon the 
stilling basin depth.  The peak levels of TDG observed during the 1999 
TDG exchange study at Chief Joseph Dam near the exit of the stilling basin 
exceeded 170 percent of saturation. 

In previous studies of spillway flow deflectors, hydraulic performance was 
classified into several hydraulic flow regimes or categories depending 
upon the flow conditions in the stilling basin.  Plunging flow includes ae-
rated plunging flow, which occurred when the underside of the surface jet 
was vented at the downstream end of the deflector; unstable aerated 
plunging flow, which occurred when the underside venting of the surface 
was inconsistent and non-aerated plunging flow, which occurred when the 
underside aeration ceased.  Unstable or surging flow occurred with the 
flow alternately attempting to ride the surface of the tailwater, but then 
plunging to the stilling basin floor with tailwater surging over the plunging 
flow.  Skimming flow or surface jet occurred when the spillway jet re-
mained along the surface of the tailwater with a relatively flat water sur-
face with no plunging action and little down welling.  Undulating flow or 
an undulating surface jet occurred when the spillway jet coming off the 
deflector would ride over the downstream water surface forming an undu-
lating surface with standing waves.  Ramped surface jet occurred when the 
spillway jet coming off the deflector would “ramp up” steeply on the down-
stream water surface forming an undulating surface with significant down 
welling at the standing waves. Surface jump occurred when a hydraulic 
roller formed at the deflector, resulting in a hydraulic jump that was ele-
vated off the stilling basin floor.  This includes an unstable surface jump, 
which occurs when the sloping upstream face of the surface jet attempts to 
break over into a “surface jump,” but retreats and starts again.  Submerged 
surface jump occurred when, with higher tailwater, the surface jump was 
inundated on the deflector, resulting in a submerged hydraulic jump that 
was elevated off the stilling basin floor.  

A surface jet has been identified as the preferred flow regime or perfor-
mance category to help minimize potential plunging action and the result-
ing elevation of dissolved gas levels.  The performance of the Chief Joseph 
spillway and deflectors has been analyzed in a section physical model of 
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the structure as a function of the deflector submergence and the specific 
spillway discharge or discharge per spill bay.  Deflector submergence was 
defined as the difference between tailwater elevation and deflector eleva-
tion.  The highest levels of TDG exchange with spillway flow deflectors in 
place are associated with the plunging flow regime at low deflector sub-
mergences and high specific discharges.  It was the intent of this investiga-
tion of TDG exchange at Chief Joseph Dam to avoid the plunging flow re-
gime for all test conditions by maintaining sufficient deflector 
submergence. The spillway jet flow regimes determined in the physical 
model studies of Chief Joseph Dam are shown in Figure 9.    

Tailwater Channel.  A rapid and substantial desorption of supersaturated 
dissolved gas takes place in the tailwater channel immediately down-
stream of the stilling basin (Schneider and Wilhelms 1996).  As the en-
trained air bubbles are transported downstream, air bubbles rise above the 
compensation depth1 in the shallow tailwater channel.  Above the compen-
sation depth, the air bubbles strip dissolved gas from the water column.  
The entrained air content decreases as the flow moves downstream, and 
the air bubbles rise and escape to the atmosphere. 

Dissolved gas desorption appears to be quickly arrested by the loss of en-
trained air within 200 to 500 hundred feet of the stilling basin.  The depth 
of the tailwater channel appears to be a key parameter in determining 
TDG levels entering the downstream pool.  If a large volume of air is en-
trained for a sufficient time period, the TDG saturation will approach equi-
librium conditions dictated primarily by the depth of flow.  Thus, mass ex-
change in the tailwater channel has a significant influence on TDG levels 
delivered to the downstream pool during high spill discharges.  The ae-
rated flow conditions in the stilling basin and adjoining tailwater channel 
for a uniform spill of 142 kcfs are shown in Figure 10 from the roadway 
above the spillway.  The flow conditions for four different uniform spills 
are shown together in Figure 11 as viewed from the visitors overlook lo-
cated on the hill side on the north bank opposite the powerhouse.  The re-
gion of aerated flow extends uniformly downstream from the spillway in 
all four conditions.  The zone of aerated flow begins to encroach on the 
east end of the powerhouse for a spill discharge of 98 kcfs. 

                                                                 

1 Compensation depth is the depth at which the ambient TDG concentration would be at 100 percent satura-
tion relative to the absolute pressure at that depth. For example, for TDG = 110 percent, relative to at-
mospheric pressure, the compensation depth is approximately 1 meter, where the absolute pressure is 
about 1.1 atmospheres. 
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The rapid exchange of TDG pressures ceases downstream of the zone of 
bubbly flow.  The exchange of atmospheric gasses continues at the air-
water surface driving conditions toward 100 percent of saturation.  The 
TDG pressures generated at a dam can also change rapidly throughout a 
downstream river reach as the mixing zone develops.  As discussed pre-
viously, hydropower releases entrained into the aerated spillway flows will 
often be exposed to similar levels of TDG exchange as experienced by 
spillway releases, thus influencing the amount of hydropower flow availa-
ble for downstream dilution in the mixing zone.  An understanding of the 
development of the mixing zone is critical to the interpretation of point 
observations of TDG pressure in the river.  In regions where the mixing 
between powerhouse and spillway releases are incomplete, lateral gra-
dients in TDG pressure will be present and point observations of TDG 
pressure will reflect some degree of mixing of project flows.  The proper-
ties of the mixing zone will be dependent upon the tailwater channel fea-
tures, the location of powerhouse and spillway structures, hydrodynamic 
conditions in the river, spillway and powerhouse operations, and the en-
trainment of powerhouse flows into the aerated spillway flows. 

There are a number of processes that can further influence the TDG cha-
racteristics in a river reach below a dam.  The mass exchange process in 
the river will continue to restore TDG levels toward 100 percent of satura-
tion.  The mass exchange at the water surface can be greatly accelerated 
where surface waves increase the air-water interface, entrain bubbles, and 
promote the movement of water to the surface layer.  The roughening of 
the water surface can be generated by surface winds or channel features 
such as rapids or local flow obstructions.  The inflow from tributaries to 
the main stem can change the water quality properties in the study area 
through transport and mixing processes.  The heat exchange within the 
river systems can result in rising and falling water temperatures that influ-
ence TDG pressures.  The interaction of nutrients, algae, and dissolved 
oxygen (DO) can impact TDG concentrations in a river.  The diurnal cycl-
ing of photosynthesis and respiration is chiefly responsible for fluctuations 
in DO concentrations.  These in-river processes influence how rapidly TDG 
levels are altered from conditions generated during spillway operations. 
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5 Study Design 

 Study Approach 

The TDG exchange at Chief Joseph Dam during spillway operations was 
quantified over a wide range of project operations defined by spill dis-
charge, spill pattern, tailwater elevation, and powerhouse discharge.  The 
spatial and temporal patterns of TDG pressures were investigated in the 
region upstream and downstream of the Chief Joseph spillway using an 
array of automated remote logging TDG instruments.  Spillway discharges 
were systematically varied during the test based on spill bay unit dis-
charges of 1, 2, 3, 5, and 7 kcfs/bay over the entire spillway for both uni-
form and non-uniform spill patterns.  A series of test conditions were also 
designed to quantify the influence of tailwater stage on the TDG exchange 
conditions at Chief Joseph Dam. The duration of each spill was 3 hours to 
allow for steady conditions to develop across the sampling array in the 
tailwater area.  The tailwater stage and velocity field were monitored 
throughout the study period to identify the lateral flow distribution in the 
Columbia River below the dam and the appearance of transient flow con-
ditions that can cause the tailwater elevation to oscillate and adversely im-
pact project operations.  The spillway and powerhouse operations were 
held constant to the extent possible during each of the test conditions.  The 
specific timing and duration of spill events were discussed with the action 
agencies to accommodate water regulation and power generation concerns 
during four days of testing on April 28-May 1, 2009. 

Instrumentation and Monitoring 

 
The spatial and temporal patterns of TDG gas pressures were investigated 
in the region downstream of the Chief Joseph spillway using an array of 25 
automated remote logging TDG instruments.  Three of the stations corres-
pond with the fixed monitoring stations at the forebay of Chief Joseph 
Dam (CHJ), the tailwater of Chief Joseph Dam (CHQW), and the forebay 
of Wells Dam (WEL).  The Seattle District Corps of Engineers staffs and 
maintains the monitoring station at Chief Joseph Dam.  Douglas County 
Public Utility District staffs and maintains the monitoring stations at Wells 
Dam. The general locations of water quality transects from Chief Joseph 
Dam to Wells Dam are shown in Figures 12-17.  A summary of TDG sam-
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pling station locations based on a hand held GPS were recorded during 
deployment and retrieval as shown in Table 1.  The station locations at 
deployment and retrieval were averaged to estimate the sampling location 
during the study. The water quality instruments were calibrated before 
testing using the methodology outlined in Appendix A.  The calibration of 
each instrument was evaluated at the end of the testing period to deter-
mine if any sensor drift occurred during the study period. Monitoring in-
struments were programmed to measure and log data at 15 minute inter-
vals.  Data collected will include total dissolved gas (TDG), dissolved 
oxygen (DO at selected stations), temperature (T), and Depth (Z).   

Fixed position TDG stations were located in the forebay, powerhouse draft 
tube deck, stilling basin, and tailwater channel to sample the TDG proper-
ties in the Columbia River.  The proposed sampling plan involving 25 fixed 
TDG stations located on six main transects.   The basic challenge of the 
sampling design was to obtain a direct measure of the TDG pressures in 
the spill jet outside of the zone of aeration and prior to dilution with po-
werhouse releases for a wide range of operating conditions. The TDG pres-
sures in the forebay were measured at stations labeled CHJFB located near 
the spillway and at CHJ the forebay fixed monitoring station as shown in 
Figure 13.  A sampling station was also located near the east end of the 
powerhouse (CHJPH) to document the TDG pressures exiting the power-
house.  

Transect T1 consisted of three stations (T1P1-T1P3) spanning the channel 
width about 600 ft downstream of the spillway.  This transect is located 
close to the spillway but outside the influence of powerhouse releases as 
shown in Figure 14. These stations were enveloped by aerated conditions 
during the higher spillway flow events.  The stations on Transect T1 are 
similar to locations used in the 1999 TDG field study which experienced 
the highest TDG conditions observed during the original TDG exchange 
study. 

The Transect T2 consisted of four stations located about 2400 ft below the 
stilling basin and near the exit of Foster Creek.  The proposed location of 
the adult fish ladder for the Chief Joseph Fish Hatchery is also near this 
transect on the right channel bank.  The zone of bubbly flow will not ex-
tend to the stations located on Transect T2 for any spill event.  This tran-
sect was impacted by both powerhouse and spillway flows and experienced 
a wide range of TDG pressures.  The velocity distribution and mobile sam-
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pling of DO and TDG was also conducted on this transect throughout the 
study period when suitable flow conditions were encountered. 

 

 *Transects T2 and T4 were divided into 5o uniformly spaced sectors with 
sector 1 residing at the left bank and sector 50 residing at the right bank 
(downstream orientation) 

A third sampling transect T3 located mid-way between Foster Creek and 
the Highway 17 Bridge was used for supplemental mobile TDG, DO, and 

Table 1.  Sampling Station Coordinates Washington State Plane North – NAD 1927 

Station x-deploy y-deploy x-retrieve y-retrieve x-avg y-avg Sector*

chj 2291152.31 364876.38   2291152.31 364876.38  

chjfb 2294156.09 366213.34   2294156.09 366213.34  

chqw 2287899.96 368740.54   2287899.96 368740.54 50 

chqwdup 2287871.99 368760.54   2287871.99 368760.54 50 

chjdtd 2291424.82 365496.03   2291424.82 365496.03  

t1p1 2293233.06 365737.11 2293237.60 365712.74 2293235.33 365724.93  

t1p2 2293344.45 365927.09 2293262.93 365925.82 2293303.69 365926.46  

t1p3 2293327.29 366243.12 2293330.98 366273.46 2293329.13 366258.29  

t2p1 2291131.56 366251.78   2291131.56 366251.78 10 

t2p2 2291462.94 366737.00 2291409.44 366760.62 2291436.19 366748.81 38 

t2p3 2291522.81 366823.29 2291420.17 366858.19 2291471.49 366840.74 43 

t2p4 2291623.99 366867.18 2291558.59 366884.40 2291591.29 366875.79 47 

t4p1 2287299.16 368163.00 2287266.14 368192.78 2287282.65 368177.89 6 

t4p2 2287420.71 368219.58 2287362.48 368297.49 2287391.59 368258.53 14 

t4p3 2287500.46 368336.07 2287373.14 368401.26 2287436.80 368368.67 19 

t4p4 2287362.86 368802.39 2287362.03 368857.10 2287362.44 368829.75 31 

t4p5 2287546.43 368805.19 2287471.43 368907.29 2287508.93 368856.24 38 

t4p6 2287599.98 368769.53 2287562.09 368853.95 2287581.03 368811.74 40 

t4p7 2287653.53 368733.86 2287623.93 368812.2 2287638.73 368773.04 41 

t4p8 2287738.73 368765.44 2287688.29 368862.08 2287713.51 368813.76 46 

t5p1 2257309.22 397680.43   2257309.22 397680.43  

t5p2 2257289.52 398227.37   2257289.52 398227.37  

t5p3 2257322.53 398799.10   2257322.53 398799.10  

welfb 2238033.97 347293.48   2238033.97 347293.48  

wel        
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velocity sampling.  This is a legacy velocity transect used in the 1999 spill 
test and adjoins the location of the proposed Chief Joseph Fish Hatchery. 

The forth sampling transect T4 was located at the tailwater fixed monitor-
ing station (CHQW) and contained the largest number of fixed TDG moni-
toring stations (T4P1-P8) as shown in Figure 15.  Mobile DO, TDG, and 
velocity sampling were conducted on transect T4 throughout the study pe-
riod to establish the TDG loading generated by project operations.  The 
velocity field was integrated with instantaneous DO observations to de-
termine the dissolved oxygen loading of the Columbia River on this Tran-
sect.  The instantaneous DO concentrations have been found to be highly 
correlated with TDG pressures in previous TDG studies. The fixed position 
TDG stations were used to validate the mobile TDG observations.   

The fate of the TDG loading as it passes through the Columbia River from 
Chief Joseph to Wells Dam was be measured at a mid-reach location at the 
Highway 173 Bridge located near Brewster, WA.  A total of three TDG sta-
tions were located at the Highway 173 Bridge (T5P1, T5p2, and T5P3). The 
location of instrument on Transect T5 are shown in Figure 16. 

The residual TDG levels reaching Wells Dam were measured at the Doug-
las County forebay fixed monitoring station (WEL) and at a second aux-
iliary station labeled WELFB as shown in Figure 17. 

 

Operating Conditions 

Spill Magnitude 

The spill test consisted of 12 spill events three hours in duration at five 
spill discharges ranging from 18 to 142 kcfs.  A uniform and bulk or non-
uniform spill pattern were scheduled during this field study to investigate 
the influence of spillway flow distribution on TDG generation.  A low tail-
water and normal tailwater operation were also scheduled for uniform 
spill patterns to investigate the influence of tailwater level on TDG ex-
change.  The low tailwater conditions were achieved through limiting the 
powerhouse discharge to 60 kcfs. The percent spillway discharge ranged 
from a low of 11.4 percent to a high of 63.2 percent.  Manual sampling of 
dissolved oxygen, total dissolved gas pressure, water temperature, and 
flow velocity were conducted at stationary and mobile transects to sup-
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plement the data from the fixed instrument array.  The operating condi-
tions for the twelve spill events are summarized in Table 2. 

 
 
 
 
 

Table 2 Chief Joseph Total Dissolved Gas Exchange Study Operating Conditions 

for events 1-12. 
Event 1 2 3 4 5 6 7 8 9 10 11 12 

Name 18U* 57U* 100U* 38U 38B 98B 144B 18U 142U 58U 58B 97U 

F
lo

w
1  

(k
cf

s)
 Qtotal 76.9 116.9 159.8 187.3 187.7 203.7 226.0 159.0 224.5 202.5 203.3 192.7 

Qspill 17.7 57.2 100.1 37.6 37.5 97.7 143.7 18.1 141.9 58.4 57.9 96.8 

Qph 59.2 59.6 59.8 149.7 150.2 106.0 82.3 140.9 82.5 144.1 145.4 95.9 

Qsp/Qtotal 

(%) 
23.0 49.0 62.6 20.1 20.0 48.0 63.6 11.4 63.2 28.8 28.5 50.2 

S
pi

ll 
P

at
te

rn
2  (

kc
fs

) 

Qsp1 0.93 3.06 5.27 1.98 0.95 4.09 6.46 0.95 7.47 3.08 1.95 5.13 

Qsp2 0.93 3.06 5.27 1.98 0.95 4.09 6.46 0.95 7.47 3.08 1.95 5.13 

Qsp3 0.93 3.06 5.27 1.98 1.96 4.09 6.46 0.95 7.47 3.08 3.04 5.13 

Qsp4 0.93 3.06 5.27 1.98 1.96 5.19 7.63 0.95 7.47 3.08 3.04 5.13 

Qsp5 0.93 3.06 5.27 1.98 1.96 5.19 7.63 0.95 7.47 3.08 3.04 5.13 

Qsp6 0.93 3.06 5.27 1.98 1.96 5.19 7.63 0.95 7.47 3.08 3.04 5.13 

Qsp7 0.93 3.06 5.27 1.98 1.96 5.19 7.63 0.95 7.47 3.08 3.04 5.13 

Qsp8 0.93 3.06 5.27 1.98 3.05 6.33 8.79 0.95 7.47 3.08 4.17 5.13 

Qsp9 0.93 3.06 5.27 1.98 3.05 6.33 8.79 0.95 7.47 3.08 4.17 5.98 

Qsp10 0.93 3.06 5.27 1.98 3.05 6.33 8.79 0.95 7.47 3.08 4.17 5.98 

Qsp11 0.93 3.06 5.27 1.98 3.05 6.33 8.79 0.95 7.47 3.08 4.17 5.13 

Qsp12 0.93 3.06 5.27 1.98 1.96 6.33 8.79 0.95 7.47 3.08 3.04 5.13 

Qsp13 0.93 3.06 5.27 1.98 1.96 5.19 7.63 0.95 7.47 3.08 3.04 5.13 

Qsp14 0.93 3.06 5.27 1.98 1.96 5.19 7.63 0.95 7.47 3.08 3.04 5.13 

Qsp15 0.93 3.06 5.27 1.98 1.96 5.19 7.63 0.95 7.47 3.08 3.04 5.13 

Qsp16 0.93 3.06 5.27 1.98 1.96 5.19 7.63 0.95 7.47 3.08 3.04 5.13 

Qsp17 0.93 3.06 5.27 1.98 1.96 4.09 6.46 0.95 7.47 3.08 3.04 5.13 

Qsp18 0.93 3.06 5.27 1.98 0.95 4.09 6.46 0.95 7.47 3.08 1.95 5.13 

Qsp19 0.93 3.06 5.27 1.98 0.95 4.09 6.46 0.95 7.47 3.08 1.95 5.13 

qsp
3

 

(Kcfs/bay) 
0.93 3.06 5.27 1.98 1.97 5.14 7.57 0.95 7.47 3.08 3.05 5.22 

qspfw
4 

(kcfs/bay) 
0.93 3.06 5.27 1.98 3.04 6.23 8.57 0.95 7.47 3.08 4.14 5.57 

TWE5 
(ft) 

779.6 780.8 783.7 784.6 784.9 786.3 786.6 782.7 787.1 785.4 785.7 786.2 

1 Project flow for powerhouse (ph), Spillway (sp), and total river flow 
(total) 
2 Spill pattern by event, bays 1-19 
3 Specific spillway discharge (Qsp/19) 
4 Specific spillway discharge flow weighted (Qsp/nbay-eff) 
5 Tailwater Elevation (ft) 



ERDC/ CHL HF-HG 36 

 

Spill Pattern 

The spill patterns used during this study were restricted to gate opening in 
increments of 1 foot.  The uniform spill patterns involved spill gate open-
ings for all 19 gates of 1, 2, 3, 5, and 7 ft.  The final spill event 12 began with 
all 19 bays opened to 5 ft but was forced to open bays 9 and 10 to 6 ft to 
maintain the total spill discharge.    The non-uniform or bulk spill pattern 
maintained the largest gate opening in the middle of the spillway and 
stepped down the gate openings on the outside gates.  Each non-uniform 
pattern contained only three different gate openings in a three foot range.  
A graphical depiction of the spill pattern for the twelve spill events is 
shown in Figure 18.  

Schedule 

The spill test was initiated on April 28 at 7:00 am with a uniform spill pat-
tern using a 1 foot opening with a discharge of 18 kcfs.  Three test spill 
events were scheduled on four consecutive days ending on May 1 at 6:00 
pm.  The high spill events of 144 kcfs for uniform and bulk spill patterns 
were both scheduled on April 30.  One unexpected outcome of the large 
variability in Chief Joseph discharges during the testing period was the 
drawdown of the Wells pool to provide additional storage and reregulation 
of these river flows.  These lower pool conditions resulted in slightly lower 
tailwater conditions at Chief Joseph Dam. 
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6 Results 

Flow Field 

 Visual Patterns  

 
The surface flows and entrained air conditions were observed and record-
ed on video and still photography during all of the spill events.  A series of 
videos and still photographs were taken from the visitors overlook on the 
north shore opposite the powerhouse and can be accessed through the 
links provided in Table 3 (web link required to view videos).  A series of 
photographs taken from the visitors overlook on the right bank opposite 
from the powerhouse are found in Appendix B. 

 
Table 3 Photo and Video reference for spill events, April 28-May 1, 2009. 

Event Name 
Qtotal 
(kcfs) 

Qspill 
(kcfs) 

Qph 
(kcfs) 

TWE 
(ft) 

Photo 
 

Video 
 

1 18U* 76.9 17.7 59.2 779.6 Figure B1 http://youtu.be/pYyjR78fdGE 

2 57U* 116.9 57.2 59.6 780.8 Figure B5 http://youtu.be/e5r5U-tuoRQ 

3 100U* 159.8 100.1 59.8 783.7 Figure B8 http://youtu.be/uOlGN38f7-E 

4 38U 187.3 37.6 149.7 784.6 Figure B3 http://youtu.be/cvi4k5g7wV0 

5 38B 187.7 37.5 150.2 784.9 Figure B4 http://youtu.be/Z_K0ejJ0O-o 

6 98B 203.7 97.7 106.0 786.3 Figure B10 http://youtu.be/ZL_bR-8lpkQ 

7 144B 226.0 143.7 82.3 786.6 Figure B12 http://youtu.be/CBlLG1Dy57E 

8 18U 159.0 18.1 140.9 782.7 Figure B2 http://youtu.be/OU8GhWQQflg 

9 142U 224.5 141.9 82.5 787.1 Figure B11 http://youtu.be/VdnDqUXosdU 

10 58U 202.5 58.4 144.1 785.4 Figure B6 http://youtu.be/VspkMRsxbjk 

11 58B 203.3 57.9 145.4 785.7 Figure B7 http://youtu.be/TWvxZ7K3_Xg 

12 97U 192.7 96.8 95.9 786.2 Figure B9 http://youtu.be/6qYmQVSlyxY 

 
 

The spillway flow deflectors effectively redirected the spill jet to a horizon-
tal orientation for all test conditions.  This redirection of the bulk flow 
away from a plunging trajectory was responsible for reducing the effective 
depth of entrained air and magnitude of TDG supersaturation. The inte-
raction of the spillway jet just downstream of the flow deflectors resulted 
in an undular hydraulic jump and considerable spray attributed to the ride 
up of flow along the spillway piers as shown in the following video  
(http://youtu.be/KfDjd15vYUs). 



ERDC/ CHL HF-HG 38 

 

The downstream extent of highly aerated flow conditions was a function of 
both spillway discharge and spill pattern.  The uniform spill pattern events 
resulted in aerated flow extending downstream equal distances across the 
entire spillway.  For the bulk or non uniform spill patterns, the extent of 
highly aerated flow conditions was related to the discharge per bay with 
bubbly flow extending much further downstream below the center section 
of the spillway than on either end.   The extent of highly aerated flow con-
ditions encroaches upon the powerhouse for flows of 58 kcfs and higher.  

Downstream of the aerated flow conditions, the transport of water during 
uniform spill events moved downstream at a consistent velocity and direc-
tion.  The powerhouse flows forced the spillway waters to move towards 
and along the right channel bank.  The spillway waters contains foam 
markers generated in the highly turbulent environment in the stilling ba-
sin.  

For the non-uniform spill patterns, the flow velocities and patterns were 
more complex with upstream movement of powerhouse flows observed 
during the 38B and 58b conditions along the east end of the powerhouse.  
The higher unit discharges in the middle of the spillway seemed to draw 
water in from the adjacent spill bays with less flow.  The spillway releases 
during these nonuniform spill events were also transported away from the 
powerhouse to the northern half of the tailwater channel. 

The acceleration of channel flows were associated with the channel con-
striction near Foster Creek where flows released from the west end of the 
powerhouse are forced to make a 90 degree turn.  The flow separates from 
this sharp change in the orientation of the channel   forcing most of the 
river flow to reside in the northern half of the channel.      

 

Acoustic Doppler Current Profiling 

The mobile sampling of the velocity field with an Acoustic Doppler Current 
Profiler (ADCP) was used to quantify the three dimensional velocity field 
and associated circulation patterns.  The ADCP sampling was restricted to 
regions with no residual air bubbles along Transects T2, T3 and T4.  Sev-
eral mobile samples were collected on Transect T1 for the first spill event 
of 18 kcfs.  In addition to mobile transecting, velocities were collected 
along the proposed location entrance of the fish hatchery (FH). A total of 
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105 mobile velocity transects were conducted during the first twelve  spill 
events and the location of these mobile velocity samples are show in Fig-
ure 19. A statistical summary of the 105 independent velocity transects are 
listed in Appendix C, Table C1 which contains the time of sample, location, 
event, average velocity ,depth of flow, and total discharge.  This velocity 
equipment does not work well in aerated flow conditions and the signal 
strength dropped below acceptable levels when encountering these condi-
tions resulting in missing velocity records.  The highest velocities were en-
countered on Transect T2 located near the mouth of Foster Creek. 

The depth-averaged velocity fields were derived for multiple sampling 
transects during all twelve spill events.  The velocity magnitude and direc-
tion along Transects T2 and T4 during Event 6 are shown in Figure 20.  
The depth averaged velocities as high as 12 fps were observed along Tran-
sect T2 with the highest velocities located along the northern half of the 
channel.  The depth averaged velocities on Transect T4 were as high as 10 
fps with the largest velocities also located in the northern half of the chan-
nel.  

The velocity magnitude and direction along Transects T3 and T4 during 
Event 12 are shown in Figure 21.  The depth averaged velocities on Tran-
sect T3 also contain velocities approaching 12 fps with the highest veloci-
ties located along the northern half of the channel.  A duel peaked depth 
averaged velocities profile on Transect T4 was observed for Event 12 with 
velocities above 10 fps located both at two points on the transect.  The 
slightly lower velocities in the central portion of the transect was asso-
ciated with the wake from the bridge pier located upstream of this sam-
pling location. 

The depth averaged velocities located near the proposed fish hatchery en-
trance were sheltered by channel features and contained velocities ranging 
from 3 to 6 fps.  The depth averaged velocity vectors along the northern 
bank near the proposed fish hatchery are shown in Figure 22 during spill 
Event 8. 

The depth averaged velocities on Transect T2 were consistently higher 
than observed on Transect T4 throughout the study period.  The average 
cross sectional velocities were computed on Transect T2 and T4 for all the 
events and displayed in Figure 23 as a function of the total river flow.  The 
average cross sectional velocities increase with increasing total river flow 
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with Transect T2 velocities ranging from about 4 to 10 fps. The average 
cross sectional velocities on Transect T4 were generally from 1 to 2.5 fps 
less than observed on Transect T2. 

 

 

Forebay Elevation 

The scheduling of the widely varying flow events during the study period 
resulted in utilizing all the active storage in Rufus Woods’s reservoir.  
These operations resulted in forebay elevations ranging from 949.4 to 956 
ft as shown in Figure 24.  The forebay elevation estimated at the spillway 
(CHJFB) on a 15 minute frequency was very similar to the forebay eleva-
tion observed upstream of the powerhouse at stations PP_02 and PP_03 
(5 minute frequency) throughout this study.  The variation in forebay ele-
vation has a direct impact on the spillway discharge during the course of a 
spill event.  The spillway rating curve was used to estimate the individual 
spill bay discharge and resultant total spill discharge throughout the study 
period.  The total spillway discharge varied from 144.8 at the beginning of 
spill event 9 to 140.8 kcfs near the end of this event due to the forebay wa-
ter surface elevation falling from 953 to 950.5 ft. Transient gravity waves 
with a fundament period of about 30 minutes and a maximum amplitude 
of 0.4 ft were observed in the forebay during the spill test.  These perturba-
tions in forebay stage can be seen in the time history of forebay elevations 
shown in Figure 25 for April 30, 2009.  The drawdown of the forebay ele-
vation during changes in operations involving river flows of greater than 
200 kcfs occurred uniformly across the powerhouse and spillway of Chief 
Joseph.   

 

Tailwater Elevation 

The tailwater elevation at Chief Joseph Dam during the study spill events 
can influence the TDG exchange characteristics by influencing the type of 
jet flow regime and the associated available depth of aerated flow below 
the spillway.  The tailwater elevation is influenced by the water regulation 
operations at Wells Dam.  The maintenance of lower pool elevations at 
Wells Dam will translate to lower tailwater conditions at Chief Joseph 
Dam. The behavior of the tailwater elevation may also have related im-
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pacts on dam safety and turbine operation.  The development of a tran-
sient surging of the tailwater elevation during high river flow conditions 
has been noted in physical models of Chief Joseph Dam that may cause 
periodic fluctuations in the total project head and cause uneven turbine 
operation.  This type of variation in tailwater elevation may also cause an 
overtopping of the training walls and roadways and allow water to enter 
protected areas.  The spillway jets can also launch water into an airborne 
trajectory commonly called “rooster tails” that dump water onto the ad-
joining channel banks.  These flow features are generated by the interac-
tion of spillway jets riding up on the spill bay piers and impacting with the 
tailwater pool.  The abrupt change in tailwater elevation caused by chang-
ing project flows can also generate long period waves that propagate 
downstream and influence water surface fluctuations throughout the Co-
lumbia River from Wells Dam to Chief Joseph Dam.  This impact on water 
surface elevations may influence water management decisions, dewater 
shallow near shore areas, and impact water recreation activities.  

The Chief Joseph Dam tailwater elevation is a function of the total project 
discharge and downstream pool elevation influenced by Wells Dam opera-
tions.  For higher project discharges, the influence of the downstream pool 
elevation at Wells Dam diminishes and the resultant tailwater stage be-
comes highly dependent on the Chief Joseph project discharge.  The cha-
racteristics of the backwater surface profile from Wells to Chief Joseph 
Dam form the details of the tailwater response at Chief Joseph Dam. Dur-
ing lower flow conditions, the influence of pool level changes at Wells Dam 
became the dominant determinant of the tailwater elevation at Chief Jo-
seph Dam.  The water slope of the Columbia River approaches zero during 
these very low flow conditions and any change to river storage will deter-
mine the tailwater elevation below Chief Joseph Dam.  The normal operat-
ing pool for Wells dam ranges from 771 to 781 ft. 

The observed Chief Joseph tailwater elevations and Columbia River water 
surface elevations were derived from TDG instrument depth observations 
on a 15 minute frequency during the study period.  The deployed elevation 
of the instruments were estimated from the depth observations during low 
flow conditions when the water surface slope between Wells and Chief Jo-
seph Dam approached zero on April 30.  These estimated deployment ele-
vations were used with observed depths measurements to estimate the Co-
lumbia River water surface elevation during the study period.  Chief 
Joseph Dam maintains forebay and tailwater elevation observations on a 
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one-minute frequency.  The tailwater elevation records corresponding with 
turbines unit 13 and 23 were used in this analysis of tailwater stage. 

The tailwater elevation at Chief Joseph ranged from 775.1 to 788.3 ft dur-
ing the study period dewatering the flow deflectors during the early morn-
ing hours on April 30 and May 1.  The time history of water surface eleva-
tion across the TDG sampling stations (Transects T1, T2, T4, T5, Wells FB, 
U13-TWE at CHJ powerhouse unit 13) during the period of April 27 
through May 2 are shown in Figure 26 along with the Chief Joseph spill-
way (Qsp-chj) and total project flows (Qchj) and Wells Dam releases 
(Qwells).  The Wells pool was drafted prominently during the nighttime 
hours and allowed to fill during the higher flows associated with scheduled 
spillway releases from Chief Joseph Dam.  These operations resulted in 
lower tailwater elevations at Chief Joseph Dam when compared to normal 
water regulation operations where Wells pool elevation are generally 
maintained much closer to 780 ft.   

The relationship between Wells forebay elevation and Chief Joseph tailwa-
ter elevation during high flow conditions is shown during the 58 kcfs spill 
operations on May 1 when Wells pool increased over 4 ft during these con-
stant 200 kcfs releases from Chief Joseph Dam.  The tailwater elevation at 
the powerhouse was observed to rise less than ½ foot during this same pe-
riod (U13) and the water surface elevation on transect T1 remained nearly 
constant during this period.  Conversely, the strong influence of Wells pool 
elevation on tailwater pool conditions during low flow conditions is evi-
dent during the early morning hours on May 1 where a 3 ft drop in the pool 
elevation at Wells Dam resulted in a 3 ft drop in tailwater elevation at 
Chief Joseph Dam. 

There were no transient tailwater fluctuations observed during the project 
operations associated with the highest spillway flows.  The observed tail-
water elevations for April 30, 2009 shown in Figure 27 at station U13 (tur-
bine 13) during the peak spill discharges demonstrate a small variance, 
fast response to changes in operations, and uniform trend during constant 
flow conditions.  Abrupt changes in operation can generate gravity waves 
that propagate downstream as either positive or negative displacements in 
the water surface (increased flow-positive wave, decreased flow-negative 
wave).  The abrupt flow increase on April 30 at 0600 hrs resulted in a 12 ft 
increase in tailwater stage over a 20 minute period.  The crest of this wave 
was observed to arrive at Transect T5 (15 miles downstream) shortly after 
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700 hrs and at Wells Dam shortly before 800 hrs (30 miles downstream).  
The abrupt decrease in flow at April 30 at 1800 generated a negative wave 
that can be seen to propagate downstream to Wells Dam with a total travel 
time of about 1.5 hours.  These observations of surface wave generation 
and transport are generally consistent with the theory describing the celer-
ity of gravity waves.  The presence of these transient long period waves can 
impact water management operations, impact boating safety on the pool, 
and quickly dewater or inundate shallow reaches of the pool. 

The water surface profile throughout the Columbia River between Wells 
Dam and Chief Joseph Dam was estimated during the study period indi-
cating a steep gradient in the channel reach just downstream of Chief Jo-
seph Dam.  On average, 45 percent of the total river water surface rise  in 
the Wells pool (Chief Joseph tailwater stage minus Wells forebay stage) is 
located in the reach between the Chief Joseph Dam and the tailwater fixed 
monitoring station Transect T4 (1.7 mile reach).  The average water sur-
face profile in the Columbia River between Chief Joseph and Wells Dam is 
shown in Figure 28 for 6 spill events associated with constant total project 
flows at Chief Joseph Dam ranging from 77 kcfs to 227 kcfs.  The event av-
eraged water surface elevation at selected sampling stations are listed in 
Table 4 along with the deflector submergence.  The water surface profiles 
indicate as much as a 5.5 ft differential between the water surface elevation 
at the powerhouse of Chief Joseph Dam and Transect T4 located about 1.7 
miles downstream.  This steep gradient in the water surface is likely a con-
sequence of limited channel conveyance properties in this river reach and 
resulted in high channel velocities observed during the ADCP sampling.  
The lower pool elevation at Wells Dam also contributed to the steep water 
surface slope during these flow events. This water surface rise or setup in 
the tailwater channel will also influence the TDG exchange properties as-
sociated with spillway operations and power generation.  

The influence of the lower Wells pool conditions on the Chief Joseph tail-
water during the study period can be estimated by comparing observed 
tailwater levels with the historic tailwater stage-discharge response at 
Chief Joseph Dam tailwater.  The hourly tailwater elevation at Chief Jo-
seph Dam as a function of total river flow were summarized from 1995-
2009 for steady flows with a duration of 3 hours or longer as shown in 
Figure 29  The observed tailwater elevation during the 12 spill events is al-
so displayed on this figure (pink symbols) and generally falls below the 
median tailwater response of the historic data.  The tailwater elevation 
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during the 2009 study period were generally 1-2 ft lower than more typical 
tailwater elevations observed during normal operations.  These lower tail-
water elevations may bias the resultant observed TDG pressures observed 
during this study.   

 

Table 4. Columbia River Water Surface Elevation during Spill Events 1-12, April 28-May 1, 
2009 

Event Spill 
Pattern/ 
Tailater1 

Jet Flow 
Regime2 

Qtotal
3 

(kcfs) 
Qspill

3 
(kcfs) 

River Mile / Transect ΔWSE4  
T1-

Wells 
(ft) 

ΔWSE4

T1-T4 
(ft) 

Def 
Sub5

(ft) 
545.1 544.8 543.4 530.4 515.1 

T1 
(ft) 

T2 
(ft) 

T4 
(ft) 

T5 
(ft) 

Wells 
(ft) 

1 U/L UN 77.1 17.7 779.2 779.4 778.5 777.7 777.4 1.8 0.6 3.2 
2 U/L RM 117.5 57.2 781.1 780.3 778.5 776.8 776.7 4.3 2.6 5.1 
3 U/L SK 159.3 100.1 783.6 783.2 780.6 777.7 777.0 6.6 3.0 7.6 
4 U/H RM 187.1 37.6 786.0 783.9 781.1 776.6 775.9 10.1 4.9 10.0 
5 B/H  187.6 37.5 785.8 784.4 781.7 777.6 776.9 8.9 4.1 9.8 
6 B/H  204.4 97.7 786.3 785.6 782.9 778.7 777.9 8.5 3.5 10.3 
7 B/H  227.4 143.7 786.7 785.7 781.9 776.0 774.8 11.9 4.8 10.7 
8 U/H RM 159.5 18.1 784.1 782.2 779.8 776.5 775.9 8.1 4.3 8.1 
9 U/H SK 226.6 141.9 787.3 786.5 783.0 778.1 777.5 9.9 4.3 11.3 
10 U/H SK/UN 202.4 58.4 786.6 784.6 781.1 775.8 774.9 11.7 5.5 10.6 
11 B/H  203.4 57.9 786.3 784.9 781.7 777.2 776.8 9.5 4.6 10.3 
12 U/H SK/UN 196.8 96.8 786.0 785.4 782.7 779.3 778.8 7.2 3.4 10.0 

 1 Spill Pattern Bulk or Uniform/Tailwater High or Low                                           
2 Jet Flow Regime SK=skimming, UN=undular, RM=Ramped                     
3 Qtotal and Qspill for Chief Joseph Dam                                                                 
4 ΔWSE  = Change in water surface elevation for referenced stations              
5 Def Sub= Spillway flow deflector submergence (WSET1-776) 

The spill jet flow regime as determined in scale physical model studies of  
the spillway flow deflectors at Chief Joseph Dam were a function of the 
unit spillway discharge (cfs/bay) and deflector submergence (ft).  The jet 
flow regimes were determined for each of the 8 uniform spill events by de-
termining the unit discharge per spill bay and deflector submergence 
based on the estimated tailwater elevation on Transect T1.  The flow re-
gime determination is shown in Figure 30 where Events 9 and 3 fall into 
the skimming flow regime, Events 12 and 10 fall near the transition be-
tween skimming to undular surface jet, Event 1 falls in the undular jet de-
signation extended, and Events 2, 4, and 8 were identified as ramped sur-
face jets.    The surface skimming jet conditions are viewed as the optimal 
condition from a TDG exchange standpoint.  The plunging surface jet flow 
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regime has been identified as generating higher rates of TDG exchange. 
The spill events were setup to investigate the influence of tailwater eleva-
tion on TDG exchange for three sets of paired spill events: 1 and 8, 2 and 
10, 3 and 12.  

Water Temperature 

The average water temperatures during the study period in the Columbia 
River at Chief Joseph Dam gradually increased from 5.5 C on April 28 to 
just above 6.0 C on May 1.  This variation in temperature was unlikely to 
introduce a measurable bias in TDG exchange in the aerated flow below 
the spillway.   The time history of project operations and water tempera-
tures at selected sampling stations are shown in Figure 31 for the period of 
April 27-May 1.  The lateral temperatures in the Columbia River were 
small during the study period.  The increase in water temperature was ob-
served to peak during the afternoon hours and declined during the night-
time hours as shown in Figure 32.  The change in water temperature in-
route to Wells Dam driven by meteorologic conditions and the influence of 
tributary inflows can have a measurable impact on TDG pressures in the 
Columbia River.  

There are a couple of noteworthy water temperatures features in the Co-
lumbia River that were apparent during the study period.  The water tem-
peratures in the Columbia River at Wells Dam were about 1 C warmer than 
observed at Chief Joseph Dam when accounting for the time of travel be-
tween these projects.  The gross travel time of the TDG plumes in the river 
reach from Chief Joseph to Wells Dam was estimated to range from 22-24 
hours.  This time of travel allows the registration of water leaving Chief Jo-
seph Dam with the approximate arrival time at Wells Dam a day later. The 
weather conditions on April 30 and May 1 were considerably warmer than 
during the first two days of the spill test as shown by water temperature 
changes in Figure 33.  These warmer weather conditions resulted in a 
greater increase in water temperatures during the latter portion of the 
sampling period.  

  An increase in water temperature will result in an increase in TDG pres-
sure assuming the mass concentration remains constant.  A 1 C increase in 
water temperature initially containing a TDG pressure of 820 mmHg at 6 
C will cause a 20 mm Hg  increase in pressure (3.4% saturation) assuming 
the mass concentration is constant and atmospheric gasses are present in 
standard ratios (820/740=110.1% @ 6 C, (820+20)/740=113.5% @ 7 C).  
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The heat exchange (increase or decrease in water temperature) in waters 
released from Chief Joseph Dam will have a measurable impact on the 
TDG levels observed at Wells Dam based on these conditions. 

The water temperatures of the Methow and Okanogan Rivers were consi-
derably warmer than the Columbia River during the study period.  The 
hourly water temperatures in the Okanogan River at Malott  (USGS station 
12447200) are shown in Figure 31 during the study period and ranged 
from 10.1 to 14.0 C.  The grab sample water temperatures in the Methow 
and Okanogan Rivers on April 29 and May 2 are also shown in this figure.  
The water temperature in the Methow River was observed to be about 2.5 
C cooler than conditions in the Okanogan but considerably warmer than 
temperatures in Columbia River.   

The overall impact of warmer tributary temperatures was generally small 
during the study period since the average flow in the Okanogan River was 
2.1 kcfs and Methow River was 1.7 kcfs compared with the average Colum-
bia River flow of  100.6 kcfs.  However, the influence of warmer tributary 
inflows can be seen at the sampling transect T5 located downstream of the 
Okanogan River and Brewster Flats during low flow periods.  During low 
discharge periods at Chief Joseph Dam, the contribution of these tributa-
ries to mainstem flows can be considerable.  For instance, during the early 
morning hours on May 1 the releases from Chief Joseph Dam fell below 40 
kcfs for up to 6 hours.  The combined tributaries inflows during this low 
flow period constituted over 10 percent of the inflow to the Columbia River 
and were responsible for creating “warmer pockets of water” near the tri-
butary confluences.  The passage of these “warmer pockets” of water were 
observed on Transect T5 as shown in Figure 33 at stations T5P2, T5P1, and 
T5P3.  In general, the observance of short durations of warmer water tem-
peratures at station T5P2 correspond with periods of low Chief Joseph 
Dam releases when accounting for time of travel from the Okanogan River.  
For example, on May 1 the water temperatures increased over 1 C shortly 
before 9 am at station T5P2 before quickly returning to 5.8 C.  This ap-
pearance of a pocket of warm water developed at the confluence of the 
Okanogan and Columbia Rivers during the period of very low releases 
from Chief Joseph Dam during the first 6 hours of the day. 

There was consistent evidence that water temperatures released from the 
spillway were slightly warmer (0.1 C)  than being passed through the po-
werhouse.  The manual sampling of DO and temperature at transect T2 
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and T4 consistently resulted in warmer right bank water temperatures 
when compared to left bank temperatures.  The lateral temperature differ-
ence was generally about 0.1 C during spillway releases as shown in Figure 
34.  Although this temperature difference was small during this spring 
study period, the larger atmospheric heat flux during the summer months 
may contribute to larger vertical gradients in water temperatures in the 
forebay and more prominent lateral temperature gradients in the tailwater 
channel during periods of spillway operation.  

Local Atmospheric Pressure 

The local atmospheric pressure as measured at the tailwater fixed moni-
toring station ranged from 740 to 750 mm Hg during the study period 
from April 28-May 1, 2009.  The time history of the local atmospheric 
pressure at the tailwater station CHQW along with project operations are 
shown in Figure 35.  The local atmospheric pressure at station CHQW was 
used to calculate the TDG saturation at all stations downstream from CHJ 
dam.  The average atmospheric pressure at station CHQW during the 
2009 sampling season was 740.5 mm Hg with a standard deviation of 5 
mm Hg.  Therefore, it is important to view the summary TDG saturation 
observations from this study in light of the relatively high local atmospher-
ic pressures that were present during this investigation.  A spill event ge-
nerating a TDG pressure of 898 mm Hg when the local atmospheric pres-
sure was 750 mm Hg will yield a TDG saturation of 119.7 %.  The same 
event producing a TDG pressure of 898 mm Hg during low pressure con-
ditions of 730 mm  Hg will generate a TDG saturation of  123.0%. 
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Total Dissolved Gas Pressure 

Transect T0   

The background TDG pressure defined on Transect T0 during this 
investigation remained nearly constant throughout the study period 
ranging from 780 to 790 mm Hg as measure at sampling stations CHJ and 
CHJFB located in the forebay above the powerhouse and spillway 
respectively.  There were also no lateral gradients in forebay TDG 
pressures during this study as shown in Figure 35 and TDG saturation is 
shown in Figure 36.  The absence of spillway operations upstream at 
Grand Coulee Dam limited the elevation of background TDG pressures 
during this investigation.  These background TDG saturations averaging 
105% were typical for early spring river conditions.   

The TDG pressure at a sampling station located directly in powerhouse re-
leases (CHJDTD) from turbine units 22 and 23 is also contained in Figure 
35  and closely tracks the background TDG pressures observed in the fore-
bay.  There are two notable exceptions to this observation on May 1 from 
0200 to 0500 hrs and during the increase in TDG pressures on May 1 just 
after 1800 hrs.  The elevated TDG pressures during the morning hours on 
May 1 correspond with low flow operation of turbine 1 at discharges of less 
than 3 kcfs.  Turbines operating at an inefficient setting can result in low 
hub pressures that can induce aspiration of air through the vacuum break-
er system.   The incorporation of air into turbine units at high pressures 
relative to atmosphere pressure can result in a net increase in TDG pres-
sure above background levels.  There is additional corroborating evidence 
of powerhouse related TDG exchange presented in the review of TDG 
pressures observed on Transect T2. 

The abrupt increase in TDG pressures on May 1 at 1800 at station 
CHJDTD occurred during the closure sequence of a uniform spill of 98 
kcfs (5 ft gate opening).  The aerated flow conditions below the spillway 
prior to shutting down the spillway is shown in Figure 37 where the ae-
rated spillway flow just over runs the powerhouse releases from the east 
end of the powerhouse and the extent of aerated flow is similar below the 
entire spillway. The closure sequence involved lowering spillway gates se-
quentially starting with bays 1-3, and 17-19, followed by bays 3-7, and 13-
16, and lastly gates 8-12.  A series of photographs capturing the surface 
flow conditions taken from the visitors overlook located on the hillside on 
the north side of the river tailwater reach can be found in Appendix D.  
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The powerhouse was loaded up to about 80 kcfs during this sequence with 
units 1, 3-14, and 16 in operation.  The duration of this closure sequence 
was about 19 minutes and was initiated about 1755 hrs and completed at 
1814 hrs.  

The closure of spill bays 17-19 allowed the development of a strong return 
current along the left bank drawing powerhouse flows upstream into the 
stilling basin and into the aerated spillway jet as shown in Figure 38.  This 
entrainment of powerhouse flows was strong enough to capture the entire 
80 kcfs powerhouse discharge for a short duration prior to the complete 
closure of all spill gates.  The high TDG levels at station CHJDTD are the 
consequence of a recirculation pattern setup during the spillway closure 
operations that included the entrainment of water recently exposed to ae-
rated flow conditions.  Elevated TDG pressures were also observed at 
downstream monitoring stations T2P1, and T4P1 located near the left 
channel bank as a consequence of these flow conditions. The added dis-
charge to the spillway jet resulted in the extension of the aerated flow re-
gime below the spillway clearly shown in Figure 38.  The downstream ex-
tent of the highly aerated flow conditions was more than doubled during 
this change in operation and net reduction in spillway discharge. 

Transect T1 

The nearest downstream sampling stations to the spillway and stilling ba-
sin were located on Transect T1 and were intended to capture the TDG ex-
change prior to encountering powerhouse flows.  The limitation of these 
sampling stations involves falling within the zone of highly aerated flow 
conditions during higher discharge spillway flows.  The time history of 
TDG pressures and saturations for the three sampling stations on Transect 
T1 are shown in Figures 39 and 40, respectively during the study period.  
The three stations remained operational throughout the study period with 
the exception of the temporary loss of power at station T1P1 during event 8 
on May 30.  

The highest TDG pressures of 960 mm Hg were observed at station T1P2 
during the bulk spill of 142 kcfs (Event 7).  The TDG pressures generally 
attained peak TDG pressure within 15 to 30 minutes after steady spillway 
discharge conditions were established.  For most of the spill events, the 
observed TDG pressure remained relatively constant. The difference in 
steady state TDG pressures across this transect was generally small for the 
uniform pattern spill events.  The bulk spill patterns consistently resulted 
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in much larger lateral differences in TDG pressure with the lowest pres-
sure consistently occurring at station T1P1 which was closest to the power-
house.  The lower TDG pressures at T1P1 were likely due to the entrain-
ment of powerhouse flows moving upstream along the left bank.  These 
recirculation patterns were observed in surface currents and were facili-
tated by the lower unit discharges in spill bays 18 and 19 for the bulk spill 
patterns.  The high TDG levels were retained on Transect T1 after spillway 
flows were terminated and were observed to slowly decline due to slow di-
lution by powerhouse flows.  The zone of highly aerated flow was observed 
to extend beyond Transect T1 for spill flows of 98 kcfs and higher.  The 
TDG pressures observed on Transect T1 for these higher spillway flows 
should be interpreted as provisional measures within the zone of active 
TDG exchange. 

In general, the peak TDG pressures on Transect T1 were higher for the 
bulk spill pattern when compared to the uniform pattern.  There was very 
little difference in the peak TDG pressures between bulk and uniform spill 
pattern for a spill discharge of 37 kcfs.  The 98 kcfs bulk spill pattern gen-
erated peak TDG pressures of 957 compared with only 918 for the uniform 
pattern. 

The peak TDG pressures observed on Transect T1 during the uniform spill 
pattern were higher during the high tailwater events relative to the low 
tailwater events.  During the uniform spill of 18 kcfs, the high tailwater 
conditions (18u) yielded peak TDG pressures on Transect T1 about 25 mm 
Hg higher than observed during the low tailwater conditions (18u*). Dur-
ing the uniform 58 kcfs spill, the high tailwater event (58u) yielded TDG 
pressures that were on average about 10 mm Hg higher relative to the low 
tailwater event (58u*).  For the uniform still at 98 kcfs, the high tailwater 
event yielded TDG pressures that were slightly higher than the low tailwa-
ter event on two of the three sampling station on Transect T1. 

Transect T2 

The sampling stations located on Transect T2 provided a description of 
TDG pressures downstream of the zone of highly aerated flow but contain-
ing water from both spillway and powerhouse releases.  Three of the four 
stations were located in the northern half of the channel to characterize 
the elevated TDG pressures associated with spillway flows.  The time his-
tory of the TDG pressure on Transect T2 are shown in Figure 41 along with 
Chief Joseph operations from April 28-May 1, 2009 while TDG saturations 
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are shown in Figure 42.  The instrument at station T2P4 malfunctioned on 
April 30 at 1500 hrs and records were not obtained for the remainder of 
the study period.  The instruments on Transect T2 were removed imme-
diately after the completion of the final spill event on May 1 causing the 
TDG pressures to drop to local atmospheric pressure. 

The largest TDG pressure observed on transect T2 was 905 mm Hg during 
the bulk spill event of 98 kcfs.  The peak TDG pressure of 900 mm Hg as-
sociated with the bulk spill pattern at 142 kcfs was slightly less than ob-
served during the bulk 98 kcfs spill.  The high TDG pressures observed on 
Transect T2 during the bulk spill of 98 kcfs were likely attributed to the 
entrainment of flow from bays with a lower discharge into the flow from 
bays with the highest discharge causing higher velocities,  greater reten-
tion of entrained air, and higher rates of TDG exchange. In general, the va-
riance in TDG pressures associated with spillway flows at stations T2P2, 
T2P3, and T2P4 were small during the uniform spill events compared with 
the bulk spill events. 

The TDG response on Transect T2 during non-spill operations does sup-
port the conclusion that selected powerhouse operations can elevate TDG 
pressures during certain turbine operations.  The average turbine dis-
charge (Qtavg kcfs/unit) and minimum turbine discharge (Qt-min) of op-
erating units is shown in Figure 43 along with the time history of TDG 
pressures on Transect T2.  When the minimum turbine discharge ap-
proaches 5 kcfs/unit or less the TDG pressures associated with power-
house releases generally increase above background levels.  The increase 
in TDG pressures above background levels ranged from 0 to about 20 mm 
Hg and is comparable in size with the increase in TDG pressures asso-
ciated with minimal spillway discharges of 18 kcfs.  The clearest indication 
of the TDG uptake associated with powerhouse operation is shown during 
the hours before and after midnight on April 29 where unit turbine flows 
in the absence of spill, increased abruptly and the TDG levels dropped off 
during these operational changes (Figure 43) compared to background le-
vels.  There may be an impact of tailwater stage on the extent of TDG up-
take during lower specific discharge operations at Chief Joseph Dam due 
to the backpressures on units (higher tailwater stages would allow for low-
er rates of air aspiration and lower TDG uptake). 

The bulk spill pattern consistently generated higher TDG pressures on 
Transect T2 when compared to the same spill discharge for a uniform pat-
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tern.  This observation was consistent with TDG observations on Transect 
T1.  The four spillway flows of 37, 58, 98, and 142 kcfs, the bulk spill pat-
terns resulted in higher TDG pressures by 17, 21, 29, and 3 mm Hg when 
compared with the uniform pattern.  The smaller difference in TDG pres-
sure between the bulk and uniform pattern during spill discharges of 142 
percent was likely attributed to the relatively smaller degree of non-
uniformity at these high flow rates. 

The influence of tailwater elevation on TDG pressures on Transect T2 were 
small with the higher tailwater spill events generating slightly higher TDG 
pressures.  The average TDG pressures on Transect T2 during the high 
tailwater spills of 18, 37, and 98 kcfs were 6, 11, and 3 mm Hg higher, re-
spectively, than the same spill conditions at lower tailwater elevations.  
These estimates of TDG pressure differential were based on event average 
TDG pressure at relevant sampling stations (T2P1 was excluded since this 
station generally was located in powerhouse releases). 

Transect T4 

The 10 TDG sampling stations located on Transect T4 were designed to 
provide the primary description of TDG exchange during the 12 spill 
events at Chief Joseph Dam and support the interpretation of TDG pres-
sures observed at the tailwater fixed monitoring station.    An auxiliary sta-
tion labeled CHQW-Dup (Dup-for Duplicate) was added adjacent to the 
FMS CHQW on April 30 when data from CHQW were noted to be incon-
sistent with TDG levels from the manual sampling activities.  The auxiliary 
station was located on channel bottom within 30 ft of the housing pipe 
used to deploy the tailwater fixed monitoring station and in a near shore 
recirculation current. 

The maximum TDG pressure observed on Transect T4 of 900 mm Hg 
(~120 % saturation) was observed during the bulk spill of both 98 and 142 
kcfs suggesting the attainment of an upper threshold of TDG exchange 
during these spill events.  The time history of the TDG pressures on Tran-
sect T4 are shown in Figure 44 and corresponding TDG saturations in Fig-
ure 45 along with Chief Joseph operations from April 28-May 1, 2009.  
Detailed daily displays of the observed TDG pressures on Transect T4 are 
shown in Figures 46 to 49.  

The initial detection and establishment of steady TDG pressures on Tran-
sect T4 associated with spillway flows was dependent on the total river 
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flow.  For low flow conditions associated with spill event 1, the initial ele-
vation of TDG pressures on Transect T4 was observed about 30 minutes 
after the spill was started and the establishment of steady TDG pressures 
was reached about 2 hours into the spill event.  During high river flows, 
the first detection of elevated TDG pressures at Transect T4 were observed 
after about 15 minutes of spill operation and the establishment of steady 
condition observed about 1 hour into a given spill event.   These observa-
tions do not apply to the TDG observations at the tailwater fixed monitor-
ing station CHQW. 

There were prominent gradients in TDG pressure observed across Tran-
sect T4 consistent with powerhouse flows tracking along the left side of the 
channel and spillway flows oriented along the right side of the channel.  A 
mixing zone containing TDG pressures impacted by both powerhouse and 
spillway flow was also a prominent component of the lateral TDG distribu-
tion.  The location and extent of the mixing zone on Transect T4 was de-
pendent upon the ratio of spillway to total river flow. 

The TDG pressures observed at the tailwater fixed monitoring station 
(CHQW) were not consistent with observations at nearby sampling sta-
tions and should be considered erroneous for describing the TDG ex-
change properties at Chief Joseph Dam during this study period.  The time 
of response of TDG pressures observed at station CHQW compared to 
nearby stations was slow and peak TDG pressures were attenuated by as 
much as 50 mm Hg.  The time of response to steady conditions at CHWQ 
was 3 hours and longer with the steady peak TDG pressures consistently 
less than observed at CHQW-Dup.  A post-study evaluation of the water 
quality sonde deployed at CHQW during the study indicated the instru-
ment was properly calibrated and working properly. The attenuated TDG 
response at station CHQW was consistent with restricted water exchange 
between the free flowing river and the housing conduit for the instrument.  
The accumulation of sediment and debris restricting water exchange be-
tween the river and the conduit housing the water quality sonde has been 
observed at other fixed monitoring stations with similar impacts on the 
TDG pressure response. 

The peak TDG pressures were located away from the right channel bank at 
stations T4P6-P8 for spillway flows of 98 kcfs and 142 kcfs.  The maximum 
cross sectional TDG pressures for the high spill discharge events were 
found to range from 0-10 mm Hg higher than the TDG pressures observed 
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at the station CHQW-Dup.  For spill discharges of 58 kcfs and less the 
peak TDG pressures on Transect T4 were consistently located near the 
right channel bank in the region of the tailwater fixed monitoring station. 

The bulk spill pattern events consistently resulted in higher TDG pressures 
when compared to the uniform spill pattern on Transect T4.  A consistent 
increase in TDG pressure were observed at all sampling stations in waters 
impacted by spillway flows on Transect T4 when changing from the uni-
form to bulk spill pattern during spillway releases of 37 kcfs and 58 kcfs on 
April 29 and May 1. 

The impacts of higher tailwater elevations on TDG pressures on Transect 
T4 were mixed.  The lower tailwater elevations were achieved during lower 
powerhouse flows resulting in higher percent spill operations.  These op-
erations effectively shift the location of the mixing zone between spillway 
and powerhouse flows as a function of the ratio of spill to total river flow.  
The different locations of the mixing zone will result in high TDG pres-
sures for selected sampling stations which is not related directly to deter-
mination of the TDG content in spillway releases.  There was a tendency 
for slightly higher TDG pressures to be present during the higher tailwater 
spill events at stations on Transect T4 located outside of the mixing zone.  

The TDG pressures were observed to be above background levels below the 
powerhouse at stations T4P1-T4P3 on several occasions associated with 
entrainment of powerhouse flows during spill closure operations and dur-
ing lower unit turbine operations.  The elevation of TDG pressures at sta-
tion T4P1-P3 above background levels were observed after the spillway 
closure operations for events 3 (98u*), 6 (98b), and 12 (98u) and were 
caused by the short term entrainment of powerhouse flows into spillway 
releases.  The small lateral gradient in TDG pressures on Transect T4 
above background levels during periods of no spill corresponding with low 
unit turbine discharges typically associated with the lower numbered 
units. 

 

Transect T5 

The mid-pool Transect T5 located downstream of Brewster flats was de-
signed to measure the fate of elevated TDG pressures generated during 
spillway operations.  The impacts of dispersion (differential transport), 
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degassing (exchange of atmospheric gasses at the water surface),  heat ex-
change, and dilution with tributary inflows was captured at these sampling 
stations.  The time history of project operations and TDG pressures on 
Transect T5 are shown in Figure 50 and TDG saturations on Figure 51.   
The data labeled T4avg  represent pressures estimated from the integrated 
TDG pressures observed on Transect T4. 

The highest TDG pressure observed on Transect T5  of 860 mm Hg was 
observed at station T5P2 and associated with the bulk spill of 142 kcfs on 
April 30.  The peak TDG pressures observed at the companion stations 
(T5P1 and T5P3) were lagged 1-2 hours and attenuated when compared to 
the response in the middle of the channel.  The different TDG responses 
on Transect T5 was likely caused by the slower transport or dispersion of 
spill events during passage through the shallow Brewster flats channel 
reach and dilution from the Okanogan River.  The longer travel time and 
shallower flow conditions associated with bank oriented flows through this 
reach resulted in warmer water temperatures, and promoted greater mix-
ing and exchange of Columbia River flows.  

The TDG pressures at the middle station (T5P2) typically provided obser-
vations of the main content of the spill events lagged by the travel time of 
7-9 hours.   This gross travel time translates to an average event transport 
velocity of 1.8 mph (2.7 fps) over this 14.7 mile reach.  This travel time will 
vary as a function of river flows and Wells pool stage conditions.  

The average TDG pressure on Transect T4 was computed and provides an 
estimate for the TDG saturation once powerhouse and spillway flows be-
come well mixed.  The computed average TDG saturation on Transect T4 
compared favorably with the TDG pressures observed at station T5P2 dur-
ing passage of spill events some 7-9 hours later as shown in Figure 50.  
The TDG saturation at station T5P2 was generally slightly less than the 
computed average TDG saturation on T4 and supports the observation 
that the attenuation in peak TDG pressures at mid-pool is primarily a con-
sequence mixing of powerhouse and spillway flows and not the loss of 
mass due to off gassing to the atmosphere. 

Transect Wells Dam 

The TDG pressures in the forebay of Wells Dam were measured at two sta-
tions: the forebay fixed monitoring station (WEL) and a station (WELFB) 
added to the east side of the dam.  The TDG saturations in the forebay at 
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Wells dam represent a compliance location for the Washington State TDG 
standards of 115% based on a moving 12 hour average of hourly observa-
tions.  The time history of Chief Joseph operations and TDG pressures ob-
served in the forebay of Wells Dam during the study period is shown in 
Figure 52 and TDG saturations in Figure 53. 

The maximum TDG pressure observed in the Wells forebay was 830 mm 
Hg  (112.2%) on May 1 which fell below the WDOE TDG standard of 115%.  
The TDG pressures observed at Wells Dam began to rise above the back-
ground TDG levels observed in the forebay of Chief Joseph Dam on April 
29 at 0600 about 24 hours after spill was initiated at Chief Joseph Dam.  
The ability to track distinct spill events arriving at Wells dam was difficult 
due to the dispersed nature of TDG pressures in the Columbia River.  Sev-
eral spill events causing a rise and fall of forebay TDG pressures can be 
seen in the pressure time history in the forebay at Wells Dam.  The passage 
of these spill events were consistent with timing of elevated TDG levels up-
stream as shown for spill events 98u* and 142b in Figure 52.   The total 
travel time for these events was estimated to range from 22-24 hours re-
sulting in an average transport velocity of 1.3 mph. 

A grab sample of TDG pressures in the Methow and Okanogan rivers were 
taken on April 29 and May 2 and indicated the TDG pressures in these tri-
butaries were below background conditions in the Columbia River at Chief 
Joseph Dam.  The relatively small flow contribution from these rivers to 
total Columbia River flows will minimize the TDG impacts from these tri-
butaries. 
 

The time history of TDG pressures observed at station WELFB was de-
layed by several hours when compared to the fixed monitoring station 
WEL.  The slightly longer response time to spill operations at CHJ dam at 
the auxiliary station WELFB is consistent with the lagged response at the 
mid-pool station T5P1 located near the left channel bank.  The differences 
in TDG pressure noted in the forebay of Wells dam will be lessened when 
calculating the moving 12 hr average TDG saturations used for compliance 
determination. 

The impacts of spill at Chief Joseph Dam on TDG pressures observed in 
the forebay of Wells Dam were examined through an extended period to 
May 4, 2009 as shown in Figure 54.  The TDG levels at Wells Dam forebay 
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remained elevated above background levels at Chief Joseph Dam for over 
two days after spill was stopped.  This period of elevated TDG pressures 
was likely associated with lower river flows, dispersion of TDG events, and 
a general warming of water in this reach.  

Dissolved Oxygen 

The dissolved oxygen concentrations were collected at stations T1P2, 
T4P4, T4P5, T4P7, and CHQW-Dup throughout the study period with a 
Hach LDO luminescent dissolved oxygen sensor.  This sensor measures 
the response time of a luminescent material to a light source that is corre-
lated to dissolved oxygen concentration.  This measure of dissolved gas is 
nearly instantaneous in contrast to the TDG pressure sensor that can take 
up to one hour to reach steady conditions.  The dissolved oxygen was also 
used during manual mobile transecting of the river at transects T2, T3, 
and T4 during spill events in conjunction with velocity field sampling.  

The Total Dissolved Gas pressure was found to be highly correlated with 
the dissolved oxygen concentration at all the fixed position sampling sta-
tions during active spillway releases.  The time history of the dissolved 
oxygen saturation and total dissolved gas saturation throughout the study 
period at station T1P2 are shown in Figure 55.  The saturation of TDG and 
DO respond similarly to changes in spillway flow throughout the study pe-
riod with the TDG saturation consistently falling from 3 to 5 percent high-
er than the DO saturation during spillway flows.   A short period when the 
TDG saturation departed from the DO saturation trend occurred on April 
28 after the second spill event (57U*) where the TDG saturation was ob-
served to spike for a short period.  The disturbance of the TDG membrane 
by hydraulic forces during a closure sequence could have caused the errat-
ic response of this measure. 

The DO response provides additional insight into the shorter term ex-
change of atmospheric gasses that cannot be detected by the slower res-
ponding TDG sensor.   The observation of abrupt changes in the DO satu-
ration associated with changes in spillway gate opening was evident on 
multiple occasions at station T1P2.  

The time history of dissolved oxygen and TDG saturation for a station re-
moved from the highly aerated flow condition in the stilling basin at sta-
tion T4P7 is shown in Figure 56.  The saturation of DO and TDG are nearly 
equivalent during spillway flows at this station.  The variance in the DO 
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saturations was smaller at the Transect T4 stations when compared to 
conditions on Transect T1.  The different time of response between the two 
sensors is clearly shown in Figure 57 where the DO saturation was ob-
served to reach steady state conditions about 30 minutes prior to the TDG 
pressure sensor. 

The correlation between the DO concentration and TDG pressure was 
found to be very strong during the 12 spill events at stations T1P2 and 
T4P7 as shown in Figure 58 and 59.  The correlation coefficient between 
DO concentration and TDG pressure was estimated to be 0.99 at both sta-
tions for a subset of paired observations observed after one-hour of con-
stant operations for each spill event.  The differences in the relationships 
as defined by the intercept constant in the linear regression equations re-
lating DO concentration and TDG pressure at stations T1P2 and T4P7 was 
likely related to the calibration of the DO sensors. These observations con-
firm the ability to use DO concentrations as a reliable surrogate in manual 
mobile sampling of the lateral distribution of DO in the Columbia River. 
The DO saturations were generally within 1 percent of the observed TDG 
saturations during spill events supporting the conclusion that the ex-
change of oxygen occurs at a similar rate as the composite of atmospheric 
gases. 

The lateral distribution of discharge and dissolved oxygen were collected 
during mobile sampling activities for each of the 12 spill events on Tran-
sects T2-T4 provided that the signal strength of the ADCP was sufficient to 
obtain a continuous flow field.  The boat tracks during these manual tran-
sects varied considerably from track to track because of the severity of the 
flow field and the desire to concentrate samples in the mixing zone region 
between powerhouse and spillway flows.  In many cases, the path of the 
sampling vessel doubled back on the transect to provide additional sam-
ples in the mixing zone region as shown.  The lateral distribution for dis-
solved oxygen concentrations on Transect T4 during spill event 11 (58b) is 
shown in Figure 60.  The observed DO concentration is indicated by the 
symbols and the lateral position of the DO observation has been norma-
lized between 0 (left bank) and 1 (right bank).  In most cases multiple 
passes on a Transect were conducted to provide replicate observations of 
the DO and velocity fields on these transects.  The summary of the lateral 
dissolved oxygen concentrations on the sampling transects is shown in 
Appendix E for all twelve spill events. 
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7 Data Analyses and Discussion   

TDG Exchange Pre- and Post Spillway Flow Deflector 

A detailed investigation of TDG exchange at Chief Joseph Dam was con-
ducted in 1999 (Schneider and Carroll, 1999).  This investigation deter-
mined the TDG exchange in spillway flows ranged from 111 to 134 percent 
and were a direct function of the specific spillway discharge. The maxi-
mum TDG saturation observed in the aerated spillway release during this 
study was 174 percent of saturation.  The TDG saturation was found to be 
an exponential function of the specific discharge reaching an upper 
asymptote of 134 percent for unit discharges of 4 kcfs/bay (76 kcfs) and 
higher.  A review of the TDG saturation at the tailwater fixed monitoring 
station revealed that TDG levels in excess of 140 percent have been ob-
served below Chief Joseph Dam.  The observation of TDG levels in excess 
of the asymptote of 134 percent determined during the 1999 field study 
was attributed to tailwater elevation contributions.  Higher tailwater eleva-
tions associated with higher total river flow conditions result in larger stil-
ling basin depths of flow and subsequently higher TDG pressures during 
spillway operations. 

A statistical summary of the TDG pressures observed during the 2009 spill 
study were generated for sampling stations on Transects T1-T4.  The TDG 
observations were pooled for each flow event with duration of 1 hour and 
longer to exclude transitional observations of TDG pressure.  The tabular 
summary of the observed TDG pressures and saturations by each event are 
listed in Table 5 and 6 respectively for observations on Transect T1-T4 and 
background conditions in the forebay.  

The TDG content in spillway flows observed on Transect T4 for with flow 
deflectors were considerably less than observed without flow deflectors in 
the 1999 field investigation.     The TDG pressures in spillway flow as a 
function of unit spillway discharge are shown in Figure 61 for the pre- and 
post-deflector structure.  The TDG pressures associated with spillway 
flows outside the mixing zone with powerhouse flows were based on ob-
servations on Transect T4 as supported by observations upstream on 
Transect T1 and T2.  In cases where the percent spill was greater than 
30%, the TDG pressures associated with spillway flows were determined 
by averaging stations T4P6-P8, CHQW-Dup. For the spill events constitut-
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ing less than 30% of the total project discharge, the TDG pressures closest 
to the fixed monitoring station were used as the best estimate of the TDG 
content in spillway flows.  In cases where the spillway flows were less than 
30% of the total river flow the TDG pressures were found to drop off rapid-
ly near the right channel bank in response to the development of the mix-
ing zone.  For these conditions, observations of TDG pressure near the 
right bank on Transect T4 were consistent with the TDG observations on 
Transect T2 and T1 supporting the conclusion that these TDG observations 
are consistent with spillway flows and were not impacted by dilution with 
powerhouse flows. 

The reduction in TDG pressures associated with spillway flow deflectors 
extended over the entire range of spillway flows and remained above 15 
percent saturation for unit discharges of 4 kcfs/unit and higher.  For ex-
ample, the TDG pressure associated with a unit spillway discharge of 5 
kcfs/bay (95 kcfs) was 134 percent prior to the addition of the spillway 
flow deflectors compared to 117.5 percent with flow deflectors based on the 
least squared trend curve through all the data.  The capacity of spill subject 
to the TDG water quality standards criterion of 120% was increased by a 
factor of 3 or more with the addition of the flow deflectors.  The interpo-
lated spill discharge resulting in a TDG saturation of 120% pre-deflector 
was about 1.7 kcfs/bay ( 32 kcfs) compared to about  100 kcfs or higher 
post-deflector.  The evaluation of the spill capacity as limited by TDG 
standards under existing conditions will be evaluated in greater detail in 
the section on spill management. 

The reduction in TDG exchange was also very prominent in the Columbia 
River directly below the stilling basin that often encounters highly aerated 
flow conditions.  The TDG pressures at station T1P1 were compared for 
both pre- and post-deflector spillway operations as defined by the unit 
spillway discharge as shown in Figure 62.   The variance in the observed 
TDG saturations at this near-field sampling station was considerably 
greater than at stations well downstream for this zone of aerated flow.  
However, the degree of reduction in TDG saturation was even larger than 
observed at comparable downstream stations with peak TDG pressures 
falling from 153 percent pre-deflector to 125 percent for current condi-
tions.  

Estimates of the anticipated TDG exchange associated with the proposed 
spillway flow deflectors were proposed in the Chief Joseph Dissolved Gas 
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Abatement Project (NWS, 2000) and were used to estimate the water 
quality enhancement for the proposed spillway modification.  The esti-
mated TDG exchange curve applied in this study (green dashed line) along 
with the observed TDG saturations from this study are shown in Figure 63.   
The observed TDG production curve closely follow the estimates used in 
the planning study of water quality benefits for spillway releases from 0 to 
140 kcfs.  In some cases, the observed TDG exchange properties during 
lower tailwater conditions were better than expectations used during the 
planning studies. 

Table 5  Event averaged Total Dissolved Gas Pressure for sampling station in Columbia River 
at Chief Joseph Dam (Transects T1-T4) 

Event No. 1 2 3 4 5 6 7 8 9 10 11 12 
Label 18U* 57U* 100U* 38U 38B 98B 144B 18U 142U 58U 58B 97U 
Qtotal 76.9 116.9 159.8 187.3 187.7 203.7 226.0 159.0 224.5 202.5 203.3 192.7
Qspill 17.7 57.2 100.1 37.6 37.5 97.7 143.7 18.1 141.9 58.4 57.9 96.8 

Qspill/Qtotal 23.0 48.9 62.6 20.1 20.0 48.0 63.6 11.4 63.2 28.8 28.5 50.2 
qsp 0.9 3.0 5.3 2.0 2.0 5.1 7.6 1.0 7.5 3.1 3.0 5.1 

qsp-wt 0.9 3.0 5.3 2.0 3.1 6.4 8.8 1.0 7.5 3.1 4.2 5.1 
TWE 779.6 780.8 783.7 784.6 784.9 786.3 786.6 782.7 787.1 785.4 785.7 786.2

CHQW-AP 742.4 742.5 745.9 749.8 749.0 747.7 749.7 745.9 744.9 748.2 744.9 740.4
CHJ 781.0 781.4 779.5 778.4 780.0 782.0 780.0 784.8 785.7 784.1 787.3 789.1

CHJFB 780.0 779.8 778.6 778.0 778.0 778.4 781.5 781.3 781.0 783.7 784.3 785.0
CHJDTD 784.6 784.5 782.9 783.3 784.9 784.0 783.6 788.0 789.0 788.3 789.9 791.9

T1P1 795.0 848.9 890.4 835.3 782.0 843.9 918.4 802.0 927.3 865.6 825.1 891.8
T1P2 796.0 860.4 897.1 832.9 838.5 951.9 957.4 802.4 938.6 863.3 882.3 911.1
T1P3 795.0 840.6 892.0 828.4 837.6 894.1 937.9 819.0 935.9 848.3 877.9 884.9
T2P1 781.4 782.4 782.6 780.0 781.0 781.0 784.1 784.8 789.5 785.1 787.0 788.0
T2P2 797.4 839.0 860.9 821.4 836.9 903.9 900.1 789.0 888.8 849.1 865.6 871.6
T2P3 796.4 841.0 865.6 828.6 846.5 887.5 877.5 800.0 884.6 853.4 879.4 861.3
T2P4 795.6 835.8 856.3 829.9 847.0 880.1 861.9 803.9     
T4P1 783.6 783.0 782.1 780.0 783.0 782.0 782.4 787.4 787.8 785.6 787.9 789.6
T4P2 784.2 786.0 787.3 781.0 783.0 783.4 788.8 786.8 793.1 786.4 788.5 790.5
T4P3 784.0 791.5 803.3 780.0 782.0 789.0 808.4 785.1 813.0 786.3 788.0 795.0
T4P4 795.0 825.3 853.6 787.9 800.5 851.0 884.4 787.0 878.4 803.0 814.1 846.9
T4P5 793.8 828.3 856.0 794.3 815.0 875.9 894.0 786.3 884.1 818.0 834.5 859.6
T4P6 798.6 838.5 863.7 804.9 827.5 891.1 899.6 789.5 890.8 833.6 852.3 869.8
T4P7 799.8 840.6 865.6 816.6 838.5 896.9 894.8 794.3 890.1 845.1 865.1 870.9
T4P8 799.8 842.6 867.0 827.6 847.6 897.4 887.0 798.6 887.6 853.6 876.6 870.1

CHQW-Dup        820.9 882.3 866.5 881.9 864.0
CHQW 789.3 820.1 844.1 813.7 838.6 871.0 853.8 800.3 861.0 833.0 864.6 852.9
CHQW-

End* 
791 828 849 820 841 878 863 799 868 841 868 856 

* CHQW-END  The TDG saturation at the end of the spill event was listed be-
cause of the TDG response at this station. 
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Table 6 Event averaged Total Dissolved Gas Saturation for sampling station in Columbia River 
at Chief Joseph Dam (Transects T1-T4) 

Event 
No. 

1 2 3 4 5 6 7 8 9 10 11 12 

Label 18U* 57U* 100U* 38U 38B 98B 144B 18U 142U 58U 58B 97U 
Qtotal 76.9 116.9 159.8 187.3 187.7 203.7 226.0 159.0 224.5 202.5 203.3 192.7
Qspill 17.7 57.2 100.1 37.6 37.5 97.7 143.7 18.1 141.9 58.4 57.9 96.8 

Qspill/Qtotal 23.0 48.9 62.6 20.1 20.0 48.0 63.6 11.4 63.2 28.8 28.5 50.2 
qsp 0.9 3.0 5.3 2.0 2.0 5.1 7.6 1.0 7.5 3.1 3.0 5.1 

qsp-wt 0.9 3.0 5.3 2.0 3.1 6.4 8.8 1.0 7.5 3.1 4.2 5.1 
TWE 779.6 780.8 783.7 784.6 784.9 786.3 786.6 782.7 787.1 785.4 785.7 786.2

CHQW-
AP 

742.4 742.5 745.9 749.8 749.0 747.7 749.7 745.9 744.9 748.2 744.9 740.4

CHJ 105.2 105.2 104.5 103.8 104.1 104.6 104.0 105.2 105.5 104.8 105.7 106.6
CHJFB 105.1 105.0 104.4 103.8 103.9 104.1 104.2 104.7 104.8 104.7 105.3 106.0

CHJDTD 105.7 105.7 105.0 104.5 104.8 104.9 104.5 105.6 105.9 105.4 106.0 106.9
T1P1 107.1 114.3 119.4 111.4 104.4 112.9 122.5 107.5 124.5 115.7 110.8 120.4
T1P2 107.2 115.9 120.3 111.1 112.0 127.3 127.7 107.6 126.0 115.4 118.4 123.1
T1P3 107.1 113.2 119.6 110.5 111.8 119.6 125.1 109.8 125.6 113.4 117.8 119.5
T2P1 105.3 105.4 104.9 104.0 104.3 104.5 104.6 105.2 106.0 104.9 105.6 106.4
T2P2 107.4 113.0 115.4 109.5 111.7 120.9 120.1 105.8 119.3 113.5 116.2 117.7
T2P3 107.3 113.3 116.1 110.5 113.0 118.7 117.0 107.3 118.8 114.1 118.0 116.3
T2P4 107.2 112.6 114.8 110.7 113.1 117.7 115.0 107.8     
T4P1 105.5 105.5 104.9 104.0 104.5 104.6 104.4 105.6 105.8 105.0 105.8 106.6
T4P2 105.6 105.9 105.6 104.2 104.5 104.8 105.2 105.5 106.5 105.1 105.8 106.8
T4P3 105.6 106.6 107.7 104.0 104.4 105.5 107.8 105.3 109.1 105.1 105.8 107.4
T4P4 107.1 111.1 114.4 105.1 106.9 113.8 118.0 105.5 117.9 107.3 109.3 114.4
T4P5 106.9 111.6 114.8 105.9 108.8 117.1 119.2 105.4 118.7 109.3 112.0 116.1
T4P6 107.6 112.9 115.8 107.3 110.5 119.2 120.0 105.9 119.6 111.4 114.4 117.5
T4P7 107.7 113.2 116.1 108.9 112.0 119.9 119.3 106.5 119.5 113.0 116.1 117.6
T4P8 107.7 113.5 116.2 110.4 113.2 120.0 118.3 107.1 119.2 114.1 117.7 117.5

CHQW-
Dup 

       110.1 118.5 115.8 118.4 116.7

CHQW 106.3 110.5 113.2 108.5 112.0 116.5 113.9 107.3 115.6 111.3 116.1 115.2
CHQW-

End* 
106.5 111.5 113.8 109.4 112.3 117.4 115.1 107.1 116.5 112.4 116.5 115.6

 

TDG Exchange at Chief Joseph Dam 

Spill Discharge 

The volume of spill has been one of the most important independent va-
riables used in determining TDG exchange in spillway discharges.  In gen-
eral, the spillway discharge has been found to be directly related to TDG 
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exchange.  The event averaged TDG pressure at selected sampling stations 
located in spillway flows (near right bank) are shown as a function of total 
spill discharge in Figure 64.  The relationship between TDG pressure and 
spillway discharge follows an exponential trend where the slope 
(ΔTDGP/ΔQsp) of the response surface decreases for increasing spillway 
flows.  The variance in TDG pressures for a spill discharge is related to the 
spill pattern, tailwater elevation, and local atmospheric pressures during 
the different events.  The highest TDG pressures on the selected stations 
were observed during the highest spillway discharge of 144 kcfs at station 
T1P3.  The location of this station was within the zone of highly aerated 
flow and departed significantly from the observed TDG pressures located 
downstream.  These TDG observations on Transect T1 for the higher spill 
events should be considered provisional within the zone of active exchange 
and therefore do not reflect the final TDG exchange associated with ae-
rated spillway flows.  The impacts of an increasingly shallow bubble plume 
downstream of the stilling basin have been shown to strip TDG pressures 
from the water column.   The highest TDG pressures outside of the aerated 
flow region were observed during spill flows near 100 kcfs.   

Lateral Distribution 

The lateral distribution of TDG pressures in the tailwater channel are im-
portant for the determination of the TDG loading, identifying potential en-
trainment of powerhouse flows, and TDG management.  The event aver-
aged TDG pressures and saturations were determined for sampling station 
below Chief Joseph Dam as shown for Transect T1 in Figures 65 and 66.  
The spill events are labeled on the x-axis according to the spill discharge 
(### kcfs),  spill pattern (u=uniform, b=bulk), and tailwater condition 
(*=low tailwater).  The spill event label of 100U* refers to a spillway dis-
charge of 100 kcfs uniformly distributed over 19 bays during low tailwater 
conditions.  In general, the TDG pressures on Transect T1 increased for 
higher spill discharges, bulk spill patterns, and higher tailwater conditions.  
The bulk spill patterns resulted in much larger variances in TDG pressures 
on Transect T1 with the lowest levels associated with station T1P1.  The 
bulking of spill in the middle of the spillway induced upstream movement 
of powerhouse flows that likely contributed to the lower TDG pressures on 
station T1P1.  

The lateral distribution of TDG pressures and saturations on Transect T2 
indicates both influences from powerhouse and spillway flows as shown in 
Figure 67 and 68.  In general, the three station T2P2-P4 were in waters di-
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rectly influenced by spillway flows for all but the 18u event.  The near bank 
TDG pressures at T2P4 were less than observed at stations T2P3 and T2P2 
for spills of 57 kcfs and higher.  The TDG pressure differential across the 
three stations in spillway releases tended to increase for higher spill dis-
charges and was likely impacted by the non-uniform bulk spill patterns. 

The lateral distribution of TDG pressures on Transect T4 will inform the 
interpretation of TDG levels from the tailwater fixed monitoring station 
for routine TDG monitoring of spillway flows.  The event averaged TDG 
pressures and saturations on Transect T4 are shown on Figure 69 and 70.  
It should be noted that the TDG pressures at the tailwater fixed monitor-
ing station CHQW were not contained in this data summary because of the 
erroneous response observed at this station.  A more detailed discussion of 
the response at this station will follow.  The lateral TDG pressures on 
Transect T4 range from conditions retaining TDG pressures released from 
the powerhouse near the left channel bank (T4P1) to TDG pressures asso-
ciated with spillway flows near the right channel bank (CHQW-dup, 
T4P8).  The mixing zone defines the transitional TDG pressures between 
these two extreme conditions.  For spillway flows up to 58 kcfs, the TDG 
pressures increased continuously from left to right (T4P1-T4P8,CHQW-
dup).  For spill events 97u and 142u the TDG pressure declined 7 and 8 
mm Hg at the CHQW-dup station compared with the maximum TDG 
pressures observed on transect T4.  Reliable TDG data near the tailwater 
fixed monitoring was missing for the bulk spill events of 98b and 144b 
when strong near shore TDG gradients were observed at Transect T2. 

Spill Pattern  

A total of four paired spill event were scheduled to investigate the sensitiv-
ity of the spill pattern to the TDG exchange during spillway operations at 
Chief Joseph Dam.   A uniform spill pattern consisting of all 19 bays set at 
2, 3, 5, and 7 ft were scheduled during normal tailwater conditions and 
were labeled 38u, 58u, 97u, and 142u.  Alternative spill patterns where the 
gate setting ranged from 1-3, 2-4, 4-6, and 6-8 ft crowned in the middle 
and tapering off to the smallest opens at each end of the spillway consti-
tute spill events labeled, 38B, 58B, 98B, and 144B.  In three of the four 
paired test conditions, the bulk spill pattern generated significantly higher 
TDG pressures when compared to the uniform pattern.  The fourth paired 
spill events of 142u and 144B the TDG pressure difference was mixed.  The 
event average TDG saturation on Transect T4 are shown in  Figure 70 as 
grouped by the bulk and uniform spill patterns.   The difference in TDG 
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saturation for the three lower spill events ranged from 2 to 4 percent satu-
ration.  The degree of non-uniformity in spill diminishes for higher dis-
charges and the resultant differences in TDG exchange was observed to 
also diminish. 

The non-uniform spill patterns were found to generate measurably higher 
TDG pressures when compared to spillway discharges uniformly distri-
buted over the spillway.  The specific spillway discharge or discharge per 
spill bay for a given spill event was proposed as a means of distinguishing 
between uniform and non-uniform spill patterns.  The spillway discharge 
was estimated from the spillway rating curve for each bay as a function of 
the forebay elevation and gate opening.  The total spill discharge varied 
over the spill event due to changes in forebay elevation.  During spill event 
12, changes in the spill gate openings were made to increase the spill dis-
charge when the forebay elevation reached minimum pool conditions.  

The specific discharge or discharge per bay was formulated using two 
measures as listed below in Equation 1: arithmetic average and flow weight 
average.  The arithmetic average specific discharge or flow per active spill 
bay was determined by dividing the total spill discharge by the number of 
active spill bays.  A second flow weighted estimate of the specific discharge 
involved weighting the spillway discharge.  The arithmetic specific dis-
charge does not distinguish between a uniform spill pattern and a non-
uniform spill pattern.  The flow-weighted specific discharge will place a 
greater importance on higher unit discharges and reflects the entrainment 
of lower spill bay discharges into adjoining spillbay releases with high dis-
charges.  
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qsp = specific discharge (kcfs/bay) 
Qi = Spillway discharge for bay i (kcfs) 
n  = number of active spill bays (max 19) 
c  = weighting coefficient (1=arithmetic average, >1 flow weighting) 
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Tailwater Elevation 

The purpose of scheduling the first three uniformly distributed spill events 
at lower powerhouse flows was to maintain lower tailwater elevations.  
These three spill events were repeated during normal powerhouse opera-
tions at significantly higher tailwater conditions allowing the influence of 
tailwater stage on TDG exchange to be evaluated.  The paired events of in-
terest included uniform spill of 18 (events 1 and 8), 58 (events 2 and 10), 
and 98 kcfs (events 3 and 12).  The average tailwater elevations for these 
paired events are listed in Table 6.  The tailwater elevation during event 1 
and 8 (18 kcfs spill) were 779.1 and 782.7 ft respectively with a corres-
ponding deflector submergence of 3.1 and 6.7 ft.   The average tailwater 
elevation for events 2 and 10 (58 kcfs spill) were 780.8 and 785.4 ft respec-
tively with a corresponding deflector submergence of 4.8 and 9.4 ft.  The 
paired spill events 3 and 12 (98 kcfs spill) experienced tailwater elevations 
of 783.7 and 786.2 ft respectively with a corresponding deflector submer-
gence of 7.7 and 10.2 ft.  The total stilling basin depth of flow for these spill 
events ranged from 36.1 to 43.2 ft where a stage change of 3 ft represents 
roughly a 7 percent change in available depth. 

The event averaged TDG saturation was determined for each of these six 
spill events on Transects T1, T2, and T4 as listed in Table 6.  The graphical 
presentation of these finding are shown in Figures 65-70 where evidence 
of a consistent tailwater effect is mixed.  On Transect T1, a higher TDG re-
sponse (0.5 to 1.3%) was seen during the higher tailwater spill events for 
all three spill discharges.  The TDG response at stations in spillway releas-
es on Transect T2 also supports the conclusion that higher tailwater condi-
tions tend to result in higher TDG exchange.  The TDG observations on 
Transect T4 most clearly demonstrates the direct relationship between 
TDG exchange and tailwater elevation as all three events during the higher 
tailwater conditions yielded higher TDG pressures (1.5 to 3%). 

The direct relationship between tailwater elevation and TDG exchange was 
noted at Chief Joseph Dam prior to the construction of spillway flow def-
lectors.  The higher stilling basin depths provide larger hydrostatic pres-
sures to be applied during the TDG exchange process when the entrained 
air is transported throughout the full extent of the stilling basin.  Addi-
tionally, for the spillway with flow deflectors, the shallower deflector sub-
mergences may also generate more favorable surface skimming trajecto-
ries for the entrained air when compared to the higher tailwater flow 
regimes.  The flow regimes determined in the scaled section model of the 
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Chief Joseph spillway and stilling basin are shown in Figure 30 along with 
the conditions associated for all the uniform spill events.    

Powerhouse Entrainment 

The fate of powerhouse flows released into the tailwater channel below 
Chief Joseph Dam provides an important component in estimating the 
TDG loading to the Columbia River.  The TDG content of powerhouse re-
leases generally reflects the background TDG levels observed in the fore-
bay.  However, the operation of the powerhouse at Chief Joseph Dam can 
result in a small uptake of TDG pressures when unit turbine flows are 
small and the tailwater elevation is low.  The entrainment of powerhouse 
releases into the highly aerated flow conditions in the stilling basin can re-
sult in additional exchange of TDG pressures.  This entrainment of power-
house flows containing low TDG pressures into the aerated flow conditions 
below the spillway can result in a measurable increase in the TDG loading 
to the Columbia River.  The mixing of powerhouse releases with spillway 
flows downstream of the aerated zone will dilute the higher TDG pressures 
in spillway flows and lower the average cross sectional TDG pressures in 
the Columbia River.  The presence of highly aerated flow conditions were 
seen to encroach upon the east end of the powerhouse for the higher spill-
way discharges.  During the non-uniform spill events, the generation of an 
upstream circulation cell was evident from both visual observations of sur-
face currents and the observation of lower TDG pressures at station T1P1.   

One means of estimating the effective entrainment discharge of power-
house releases into the highly aerated flow conditions during spillway op-
erations is to formulate a simple mass balance of TDG pressure where the 
product of the total river flow and average cross sectional TDG pressure is 
equal to the product of spillway discharge and TDG pressure in spillway 
flows summed with the powerhouse discharge and TDG pressures in po-
werhouse flows.  The entrainment of powerhouse flows into the highly ae-
rated flow conditions will reduce the available powerhouse flows and add 
to the effective spillway discharge as shown in Equation 2.  

 2)()()( CphQentQphCspQentQspCavgQphQsp   

 

  Where  
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 Qsp= Spillway Discharge (cfs) 

 Qph= Powerhouse Discharge (cfs) 

 Qent=Effective powerhouse entrainment discharge (cfs) 

 Cavg=TDG pressure (mm Hg) 

 Csp=TDG pressure in spillway flows (mm Hg) 

      Cph=TDG pressure in powerhouse flows (mm Hg) 

  

The unknown entrainment discharge in Equation 3 can be estimated given 
the flows for spillway and powerhouse operations are know, and the TDG 
pressures/concentrations for cross sectional average, spillway, and power-
house releases can be determined as shown in Equation 3. 
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This methodology provides meaningful estimates of the effective power-
house entrainment when the TDG uptake in entrained powerhouse flows  
is similar to the TDG uptake experienced by spillway flows and the TDG 
differential between powerhouse and spillway flows is significant and veri-
fiable.  The small TDG differential between powerhouse and spillway flows 
resulting from the 18 kcfs spill limits the applicability of this approach to 
this flow conditions. 

The data collected during the mobile velocity and dissolved oxygen sam-
pling on Transect T4 was used to estimate the entrainment discharge in 
Equation 4.  The dissolved oxygen concentration is used as a surrogate for 
the TDG pressure in this equation.  The average dissolved oxygen concen-
tration in spillway flows, powerhouse flow, and all flows was determined 
by conducting the integration shown in Equation 4 which determines the 
flow weighted dissolved oxygen concentration in regions of the transect. 



ERDC/ CHL HF-HG 69 

 

)4(





dav

dacv
Cavg  

 Where 

  v = local velocity normal to boat path (fps) 

  da = cross sectional area (ft2) 

   c = Dissolved oxygen concentration (mg/l) 

  Cavg = Flow weighted DO concentration for i=avg, i=sp, i=ph. 

 

The lateral distribution of discharge and oxygen were collected during 
mobile sampling activities for each of the 12 spill events on Transects T2-
T4 provided that the signal strength of the ADCP was sufficient to obtain a 
continuous flow field.  The boat tracks during these manual transects va-
ried considerably from track to track because of the severity of the flow 
field and the desire to concentrate samples in the mixing zone region be-
tween powerhouse and spillway flows.    In most cases multiple passes on a 
Transect were conducted to provide replicate observations of the DO and 
velocity fields on these transects. 

The cumulative flow and dissolved oxygen concentration distribution 
along Transect T4 was determined along 50 equally spaced sectors of the 
channel cross section for spill event 2 as shown in Figure 71.     The green 
line in Figure 71 identifies the delineation between spillway and power-
house flows based on the cumulative flow distribution.  The dashed green 
lines approximate the location of the mixing zone where DO concentra-
tions are influenced by both spillway and powerhouse flows. The dashed 
black lines in Figure 71 represent of location of the TDG sampling stations. 
For the conditions displayed for Event 2, the DO concentration in undi-
luted powerhouse flows was estimated as 13.09 mg/l, the DO concentra-
tion in undiluted spillway flow was estimated as 13.67 mg/l, the average 
DO concentration was estimated as 13.42 mg/l , and the average entrain-
ment discharge was calculated to equal 6.5 kcfs. 
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The complete graphical summary of the lateral distribution of DO for each 
spill event on Transects 2, 3, and 4 are contained in Appendix E.   The DO 
concentrations when integrated with the flow field allow the estimation of 
the total DO flux associated with each event.  This information can then be 
used to evaluate the extent powerhouse flows are entrained into the highly 
aerated flow conditions generated during spillway releases.  The compari-
son for DO distributions between different Transects provides a descrip-
tion of the development of the mixing zone and gradients present in the 
spillway zone of the channel.  These DO observations also provide confor-
mation for the TDG pressures observed across the fixed position sampling 
array.  

The calculation of the entrainment discharge is sensitive to the estimates 
of powerhouse and spillway dissolved oxygen concentrations.  For many of 
the spill events with smaller spillway discharges, the mixing zone appears 
to encroach upon the north shore of the channel.  In these cases, the max-
imum DO concentration along the north shore was used to approximate 
the spillway DO concentration.  This assumption is supported by the simi-
larity in maximum TDG pressures observed across sampling transects T1, 
T2, and T4  for these spill events.  The entrainment estimation also as-
sumes that the spillway DO concentration is representative of all spillway 
flows.  The ability to estimate the entrainment discharge requires a reliable  
difference between powerhouse and spillway DO conditions. 

The entrainment discharge should be treated as an effective entrainment 
discharge or an added mass discharge and does not necessary represent an 
observable flow volume.  The fate of powerhouse flows encountering ae-
rated flow conditions will likely experience DO exchange outcomes  rang-
ing from very little uptake to full integration and exchange conditions of 
spillway flows. 
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Table 7 Summary of observed flow, dissolved oxygen concentration, and estimated 
entrainment discharge for manual sampling trial. 

Event SP1 
Trial 
No. 

Qtotal 

(kcfs) 
Qspill 

(kcfs) 
Qtotal

2
 

(kcfs) 

Error 
Qtotal 

(kcfs) 

DO-
PH 

(mg/l)

DO-
Sp 

(mg/l)

DO-
avg 

(mg/l) 

Qent 

(kcfs) 
 

Qent-
avg 

(kcfs) 
1 u 0 77.8 17.4 81.5 3.6 13.40  13.47   
1 u 1 77.0 17.5 83.6 6.5 13.39  13.44   
1 u 2 76.4 17.5 79.7 3.3 13.33  13.35   
1 u 3 77.1 17.5 77.8 0.7 13.26  13.32   
1 u 4 77.0 17.5 73.7 -3.3 13.26  13.30   
2 u 12 117.2 57.9 120.5 3.3 13.09 13.67 13.39 3.1  
2 u 13 117.6 57.9 122.0 4.5 13.09 13.68 13.41 6.6  
2 u 14 117.7 57.9 123.9 6.2 13.09 13.68 13.42 7.2  
2 u 15 117.8 58.0 121.5 3.7 13.09 13.67 13.42 9.0 6.5 
3 u 21 160.4 100.7 162.3 2.0 13.06 14.00 13.68 4.8  
3 u 22 160.3 100.6 159.2 -1.1 13.04 14.00 13.72 13.6  
3 u 23 159.7 100.5 161.2 1.5 13.08 14.05 13.71 3.3  
3 u 24 159.6 100.5 159.5 -0.2 13.05 14.00 13.68 5.7 6.9 
4 u 30 187.1 37.7 194.9 7.8 12.87 13.43 13.00 7.2  
4 u 31 187.1 37.7 186.3 -0.8 12.86 13.45 13.00 8.2  
4 u 32 187.6 37.7 190.0 2.4 12.88 13.48 13.02 6.7  
4 u 33 188.2 37.7 190.6 2.4 12.89 13.45 12.98 -6.2 4.0 
5 b 38 187.9 37.6 183.0 -4.8 13.00 13.86 13.27 21.8  
5 b 40 187.0 37.5 192.7 5.7 13.00 13.76 13.12 -7.4 7.2 
6 b 45 204.2 98.1 199.3 -4.9 12.96 14.37 13.41 -32.9  
6 b 46 204.0 98.0 208.3 4.3 12.95 14.37 13.69 7.7  
6 b 47 203.9 97.9 205.8 1.9 12.98 14.38 13.59 -9.0 -11.4 
7 b 53 225.2 143.6 221.7 -3.6 13.01 14.47 13.92 -3.6  
7 b 54 225.3 143.6 220.0 -5.3 13.10 14.42 13.97 5.4  
7 b 57 226.0 143.7 225.2 -0.8 13.05 14.48 13.96 -0.2  
7 b 58 226.1 143.7 221.0 -5.1 13.10 14.48 13.98 0.6 0.5 
8 u 59 158.1 18.2 160.8 2.7 13.09  13.10   
8 u 61 158.2 18.1 155.8 -2.4 13.09  13.11   
9 u 69 224.6 143.1 234.3 9.7 13.12 14.48 13.97 -3.4  
9 u 70 224.6 142.8 227.2 2.6 13.00 14.27 13.79 -3.2  
9 u 71 224.3 142.5 227.1 2.8 13.00 14.20 13.78 3.5  
9 u 72 224.6 142.3 222.6 -1.9 13.00 14.25 13.84 9.4  
9 u 75 224.9 142.0 226.2 1.3 13.02 14.22 13.64 -25.3  
9 u 76 224.8 141.9 222.4 -2.4 13.00 14.25 13.82 5.1 -2.3 
10 u 78 203.3 58.4 205.9 2.6 12.85 13.55 13.08 7.6 7.6 
11 b 88 203.2 58.0 204.4 1.2 12.98 13.95 13.29 7.1  
11 b 89 203.0 58.0 199.2 -3.8 12.98 13.95 13.29 6.9  
11 b 90 204.0 57.9 200.8 -3.2 13.00 13.98 13.30 4.6 6.2 
12 u 99 205.6 98.3 218.4 12.8 13.00 13.87 13.49 16.5  
12 u 100 205.1 98.3 204.9 -0.2 13.05 13.88 13.43 -4.2  
12 u 101 206.0 98.1 206.6 0.5 13.08 13.89 13.49 5.2  
12 u 102 205.3 97.9 203.0 -2.3 13.08 13.85 13.40 -13.5 1.0 

1  SP=Spill Pattern, u=uniform, b=bulk or non-uniform 
2  Qtotal=Total River Flow as determined from ADCP sampling. 
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The estimated entrainment discharge were small for nearly all test condi-
tions.  Table 7 summarizes the calculation of the entrainment discharge 
during each test spill event with the event averaged entrainment discharge 
listed in the last column. The entrainment estimates were not conducted 
for spill events 1 and 8 because of the small DO gradients between back-
ground and spillway DO concentrations.  The limited extent of the aerated 
spillway conditions also minimizes the opportunity for powerhouse flow to 
encounter aerated flow conditions.  The entrainment discharge was esti-
mated to be less than 7.6 kcfs for all flow conditions.  The negative en-
trainment flows determined for events 6 and 9 were associated with single 
trial computations that resulted in excessively large negative entrainment 
discharges that are of questionable reliability.  The uniformly small esti-
mated entrainment discharges  imply the fate of most if not all of the po-
werhouse releases will act to dilute the dissolved gas content generated in 
aerated spillway flows.  The application of an entrainment discharge of ze-
ro can be used to estimate the flow weighted dissolved gas levels in the Co-
lumbia River in project releases.   

 

Tailwater Fixed Monitoring Station 

The tailwater fixed monitoring station CHQW is located in a conduit in 
shallow water near the right channel bank about 1.7 miles downstream 
from Chief Joseph Dam.  The conduit provides protection for the water 
quality sonde against flow, debris and sediment while allowing sufficient 
depth of deployment.  This type of setup allows for the equipment to have 
access to power and communications facilities.  The water quality instru-
mentation can be accessed from shore to provide calibration and mainten-
ance servicing.   A photograph of the location and conduit housing the sta-
tion CHQW is shown in Figure 72. 

The TDG pressures registered during the spill study at the fixed monitor-
ing station CHQW were slow to respond to changes in river conditions and 
attenuated in magnitude.  As shown in Figure 44,  the TDG pressures rec-
orded at CHQW were slow to respond to increases in TDG conditions in 
the river associated with spillway releases and generally never reached 
steady conditions over the three hour spill event.  A similar delayed re-
sponse was observed when lower TDG pressures returned to the area after 
spillway flows were terminated.  The elevated TDG pressure lingered much 
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longer at this sampling station when compared to the nearby TDG sta-
tions. 

A direct comparison of TDG pressures from the stations CHQW and 
CHQW-Dup indicate an underestimation of TDG levels were observed at 
the official tailwater fixed monitoring stations (CHQW).  The degree of in-
accuracy was a function of the duration of the spill event with large differ-
ences noted one hour into the event followed by decreasing differences as 
the spill event proceeded.  The underestimation of TDG saturation at sta-
tion CHQW ranged from 1 to 3 percent saturation at the end of each event 
as shown in Figure 73. 

The evaluation of the water quality sonde at CHQW after the spill testing 
did not reveal any equipment failure or mis-calibration.  The most likely 
cause for the TDG response at CHQW was impaired water exchange be-
tween the housing conduit and the free flowing river.  The slow water ex-
change may be caused by sediment and debris accumulation in the con-
duit.   

 

TDG loading or cross-sectional average 

The flow weighted cross sectional average TDG saturation in the Columbia 
River was determined for each of the test spill conditions by integrating 
the velocity field with the TDG data collected on Transect T4.  The norma-
lized cumulative flow distribution was determined for each of the 12 spill 
events based on a cross section subdivided into 50 equal sectors.  The 
normalized cumulative flow distributions were similar for all the spill 
events due to importance of the channel cross section in determining the 
conveyance.  An average of all 12 flow events was calculated to arrive at a 
common normalized flow distribution to apply to the event averaged TDG 
pressures at each of the 9 sampling stations on Transect T4.  The weight-
ing coefficient applied for sampling station T4P1-T4P8, and CHQW-Dup 
are shown in Table 8. 
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Table 8 Flow Weighted Coefficients for Cross Sectional Average Estimates 
on Transect T4. 

Stations on 
TransectT4 

Sector 
Left to Right 

0-50 

Weighting 
Coefficient 
(discharge) 

T4P1 6 0.056 

T4P2 14 0.108 

T4P3 19 0.243 

T4P4 31 0.275 

T4P5 38 0.127 

T4P6 40 0.030 

T4P7 41 0.111 

T4P8 46 0.040 

CHQW-Dup 50 0.010 

 

The average flow weighted cross sectional average TDG pressures were 
calculated using the weighting coefficients listed in Table 8 and the event 
averaged TDG pressures at all the sampling station on Transect T4.  The 
observed TDG pressures were averaged during each event with a duration 
of greater than one hour to allow equilibrium conditions to develop. The 
observations at station CHQW-Dup were available only for events 8-12. 
For the first 7 events the TDG pressures at T4P8 were assumed to equal 
conditions at CHQW-Dup.  The results from this flow weighted estimate 
are listed in Table 9 for each of the 12 spill events in the row labeled T4-
avg (T4P#).   The flow weighted average TDG pressures on Transect T4 
ranged from 791.3 to 852.8 mm Hg, or less than 115 percent saturation.  
The higher percent spill events resulted in higher average TDG pressures 
on Transect T4 when comparing events with similar spillway discharges. 

A second flow weighted average TDG pressure was computed assuming 
powerhouse flows retained the TDG pressures observed at the forebay sta-
tion (CHJ) and the observed tailwater TDG pressures near fixed monitor-
ing station (CHQW) represented spillway flows.  The observations at 
CHQW-Dup or T4P8 were used to reflect conditions near the tailwater 
FMS since data at CHQW were judged unreliable during the study period.  
The results from this simplified flow weighted average are listed in Table 9 
for each of the 12 spill events in the row labeled T4-avg (FMS). 
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The differences between the 9 station flow weighted cross sectional aver-
age TDG pressure T4-avg (T4P#) and the simplified flow weighted cross 
sectional average based on the observations at the fixed monitoring station 
CHJ and CHQW were similar throughout the study period as shown in 
Table 9.  The differences between the two estimated listed in the last row 
of Table 9 (Difference T4-avg) averaged only 2.7 mm Hg and ranged from 
a maximum difference of 8.8 mm Hg to a minimum difference of -1.5 mm 
Hg.  The event with the highest T4-avg difference (Event 5-38B) expe-
rienced TDG pressures along the left channel bank of transect T4 of 783 
mm Hg compared with 780 mm Hg observed in the forebay.  The use of 
powerhouse TDG pressures of 783 mm Hg instead of the conditions in the 
forebay will reduce the difference to 6.5 mm Hg.  In summary, the simple 
flow weighted average TDG pressure using observations from the forebay 
and tailwater fixed monitoring stations together with spillway and power-
house flows will closely approximate the average TDG pressures in the riv-
er using the nine sampling stations on Transect T4 together with the cor-
responding flow distribution as determined from the mobile velocity  
sampling on this transect. 

Table 9 Event Averaged Total Dissolved Gas Pressure and Flow Weighted Cross Sectional 
Average on Transect T4. 

 Event Averaged Total Dissolved Gas Pressure (mm Hg) 

Event No. 1 2 3 4 5 6 7 8 9 10 11 12 

Name 18U* 57U* 100U* 38U 38B 98B 144B 18U 142U 58U 58B 97U 

CHJ 781.0 781.4 779.5 778.4 780.0 782.0 780.0 784.8 785.7 784.1 787.3 789.1 

T4P1 783.6 783.0 782.1 780.0 783.0 782.0 782.4 787.4 787.8 785.6 787.9 789.6 

T4P2 784.2 786.0 787.3 781.0 783.0 783.4 788.8 786.8 793.1 786.4 788.5 790.5 

T4P3 784.0 791.5 803.3 780.0 782.0 789.0 808.4 785.1 813.0 786.3 788.0 795.0 

T4P4 795.0 825.3 853.6 787.9 800.5 851.0 884.4 787.0 878.4 803.0 814.1 846.9 

T4P5 793.8 828.3 856.0 794.3 815.0 875.9 894.0 786.3 884.1 818.0 834.5 859.6 

T4P6 798.6 838.5 863.7 804.9 827.5 891.1 899.6 789.5 890.8 833.6 852.3 869.8 

T4P7 799.8 840.6 865.6 816.6 838.5 896.9 894.8 794.3 890.1 845.1 865.1 870.9 

T4P8 799.8 842.6 867.0 827.6 847.6 897.4 887.0 798.6 887.6 853.6 876.6 870.1 

CHQW-
Dup 

na na na na na na na 820.9 882.3 866.5 881.9 864.0 

T4-avg 
(T4P#)1 

791.3 813.8 832.8 791.3 802.4 836.5 852.8 788.1 851.0 806.3 816.1 831.0 

T4-avg 
(fms)2 

784.9 811.0 834.1 788.1 792.7 836.4 848.3 787.3 846.0 807.7 813.2 825.7 

Difference 
T4-avg 

5.9 2.4 -1.5 3.0 8.8 -0.8 4.8 1.8 0.9 2.2 3.3 1.2 

1  Flow weighted average of stations T4p1-T4P8,CHQW-Dup  (Table 8, 
weighting coefficients) 
2 Flow weighed average using fixed monitoring stations (CHJ, CHQW) 
and spillway and powerhouse Flows.  
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TDG Spill Management 

The TDG exchange at Chief Joseph Dam was measured for a range of 
project operating condition for relatively low and constant background 
TDG levels.  The spillway releases from all twelve spill events increased the 
TDG loading in the Columbia River as background TDG saturations ho-
vered around 105 percent. One general observation derived from TDG ex-
change studies at other Columbia River projects is the TDG content in 
spillway flows are independent of the initial conditions in the forebay and 
effectively reset the TDG pressures in waters encountering highly aerated 
conditions.  The TDG exchange process in highly aerated flow conditions 
in spillway releases can be considered an equilibrium process and not an 
additive process independent of the initial TDG levels in the forebay. The 
initial TDG state of spillway flows in the forebay becomes overwhelmed by 
the sheer magnitude of the surface area of entrained air and the available 
hydrostatic pressures imposed on the bubble plume throughout the stilling 
basin.  Therefore, the TDG exchange properties observed during this study 
in spillway releases should also apply to similar spillway operations with 
different background TDG levels.   

A second consequence of the equilibrium dominated TDG exchange 
process in Chief Joseph Dam spillway flows is the potential for increasing, 
decreasing, or not changing the TDG content in the Columbia River de-
pending upon the background TDG saturations and the TDG levels created 
in spillway releases. Grand Coulee Dam can be a prominent source of TDG 
supersaturation when regulating outlets are used and these elevated TDG 
loading will be sustained into the forebay of Chief Joseph Dam. 

The relationship between the spillway discharge and TDG saturation as 
observed on transect T4 at the tailwater fixed monitoring station illu-
strates the wide variance of TDG outcomes among the 12 test spill events.  
These relationships also can provide estimates for spill management con-
ditions constrained by different TDG saturation criteria.  The TDG pres-
sure and saturation is shown as a function of spill discharge for all 12 spill 
events in Figure 74 and 75.  The figure can be used to estimate the ranges 
of spill discharge resulting in certain TDG levels by extrapolating between 
the results associated with a uniform spill pattern.  The range of spillway 
flows resulting in a TDG saturation of 110 percent was estimated to range 
from 18 to 35 kcfs.  Alternatively, the range of spillway flows resulting in a 
TDG saturation of 115 percent ranged from about 50 to 83 kcfs.  The uni-
form spill events evaluated in this study do not allow for a reasonable es-



ERDC/ CHL HF-HG 77 

 

timate of spillway flows resulting in 120 percent of saturation because the 
120 percent condition was not achieved during this study and the uncer-
tainty associated with extrapolating study results.  

The transference of background TDG levels at Chief Joseph Dam to the 
downstream river are delivered through powerhouse releases provided the 
mixing of powerhouse and  spillway flows occurs outside of the zone of 
bubbly flow.  The estimation of average cross section TDG pressures in 
project releases can be reliably estimated by flow weighting the TDG con-
tent in powerhouse and spillway releases.  Spill management decisions 
should consider the consequences to the net TDG loading of the Columbia 
River composed of both powerhouse and spillway flows. 

A lengthy record of forebay TDG saturations is available at Chief Joseph 
Dam in the CROHMS database.  The hourly TDG pressures in the forebay 
and total river flow at Chief Joseph Dam from 1995-2009 were used to de-
scribe the probability distribution of both TDG saturation and river flows.  
The month of June was selected for detailed evaluation because the high-
est TDG saturations were often experienced during this period.  During the 
month of June (1995-2009) the likelihood of forebay percent TDG exceed-
ing 110 was about two-thirds of the time.  Similarly, the likelihood of the 
percent TDG exceeding 115 and 120 percent saturation in June was 28 
percent and 9 percent respectively as shown in Figure 76.    

For background TDG levels above 110% there will be a range of spillway 
flows at Chief Joseph Dam that will reduce the TDG loading in the river 
and a second range of spillway flows that will add to the TDG loading in 
the river.  The spillway operation that does not change the TDG loading in 
the river will be referenced as the “No Change” (NC) spillway discharge or 
Qsp-nc. 

The identification of the NC spillway discharge will be influenced by a 
number of factors such as spill pattern, tailwater elevation, background 
percent TDG, and local atmospheric pressure.  Assuming that a uniform 
spill pattern will be used and the median TDG response surface shown in 
Figure 77  is applicable, the NC spillway discharges associated with 110 
percent, 115 percent, and 118 percent can be determined as 24 kcfs, 67 
kcfs, and 120 kcfs, respectively.    A spillway discharge resulting in 120% 
saturation in spillway flows was not identified in this study and is difficult 
to estimate through extrapolation given the wide variance in TDG levels 
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measured in this study.  When the forebay percent TDG condition is 115 
percent, spillway flows less than 67 kcfs will reduce the TDG levels in the 
Columbia River while spillway flows above 67 kcfs will increase the TDG 
levels in the river below Chief Joseph Dam.  The degree of change in aver-
age TDG levels will be a function of the both the spillway and powerhouse 
discharge.  

If the sustained flow weighted average TDG saturations released from 
Chief Joseph Dam exceeds 115 percent, the likelihood of TDG levels arriv-
ing at the forebay of Wells Dam exceeding 115 percent will also increase.  
The change in TDG levels during passage through the Wells pool will be a 
function of the reaeration rates, dilution from tributaries, dispersion of 
TDG plumes, and thermally induced pressure changes. Typical reduction 
rates of TDG saturation from Chief Joseph to Wells Dam have been ob-
served to be small (less than 1 percent) when tributary flows are also small. 
The SYSTDG model of these processes can be used to support spillway op-
erations decision making at Chief Joseph Dam.   

During low background TDG levels (<110%) at Chief Joseph Dam, spill 
way operations will increase the TDG levels in the Columbia River and 
may need to be limited to meet downstream TDG criteria at Wells Dam.  
Alternatively, during high background TDG levels (>120%) in the forebay 
of Chief Joseph Dam, spillway operations will likely decrease the TDG le-
vels in the Columbia River and scheduling increasingly higher spillway 
flow at Chief Joseph Dam will result in greater reductions to the TDG load-
ing.  The third case involves moderate TDG levels (110-120%) in the fore-
bay of Chief Joseph Dam.  During these conditions, the spillway discharges 
above the NC spill will add to the TDG loading and spillway discharge fall-
ing below the NC spill will reduce the TDG loading.   

The scheduling of spill operations at Chief Joseph Dam may also involve 
spill for power tradeoffs with Grand Coulee Dam.  Under certain lack of 
load conditions, it is advantageous to avoid almost any regulating outlet  
spill at Grand Coulee Dam.  The TDG exchange relationships developed in 
this study can be used to formulate optimal joint operations for both Chief 
Joseph and Grand Coulee Dams where additional spill is scheduled at 
Chief Joseph Dam in exchange for added generation at Grand Coulee 
Dam.  
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TDG Exchange Model Formulation 

The TDG exchange properties at Chief Joseph Dam prior to the addition of 
the spillway flow deflectors were approximated by an empirically based 
regression model based on observed TDG pressures in the Columbia River 
at the dam.  The model of TDG exchange was used in the SYSTDG model 
of TDG pressures in the Columbia River and supported spill management 
decisions.  The TDG exchange model expressed the delta pressure increase 
in TDG (ΔP) as a function of the tailwater depth (TWE-743) and specific 
spillway discharge (qs) as listed in Equation 5. 

 
)5()08.510.6)(743( 48.0 dqeTWEP   

 
An updated model of TDG exchange was developed from the data collected 
during the 2009 TDG exchange study to approximate the new structure 
and operation.  This model was based on data pooled from both the uni-
form and non-uniform spill pattern events for a total of 12 independent 
observations.  The influence of both tailwater elevation and the effective 
specific spillway discharge were used to estimate the delta total dissolved 
gas pressure in spillway flows.  The model also considers the fate of po-
werhouse releases in a conservation statement for TDG pressures released 
from both the powerhouse and spillway.  An entrainment coefficient was 
applied to account for the transport of a portion of powerhouse releases 
into the highly aerated flow below the spillway.  The remaining portion of 
powerhouse flows were assumed to retain the background TDG pressures 
in the forebay and dilute the elevated TDG pressures associated with spill 
releases as releases move away from the dam.  

 

The development of a TDG exchange model in the Columbia River at Chief 
Joseph Dam was based on a nonlinear multivariate regression equation fit 
to the 12 events scheduled during the study.   The empirical equation de-
scribing the TDG exchange in spillway flows was based upon the relation-
ship between the delta total dissolved gas pressure, the depth of flow and 
specific spillway discharge.  The delta TDG pressure was calculated by sub-
tracting the local atmospheric pressure from the TDG pressure. The tail-
water depth of flow was based on the stilling basin depth determined from 
observations of tailwater stage below the powerhouse.  The specific spill-
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way discharge was estimated from the ratio of the total spillway discharge 
and number of effective spill bays.  

To differentiate between uniform and non-uniform spill patterns, a para-
meter reflecting the number of effectively operating spill bays was pro-
posed. This approach of calculating the effective number of spill bays was 
based on the assumption that bays with higher discharges will be more in-
fluential in determining the TDG exchange than spill bays with lower dis-
charges. The study of non-uniform spill patterns in general physical mod-
els indicates the entrainment or focusing of spillway flow into spill bays 
with higher velocities and turbulence.  The number of effective spill bays 
will range from 1 to 19 at Chief Joseph Dam and is estimated by Equation 
6 where Qi is the discharge in bay i, nbays is 19 at Chief Joseph, and Cw is 
the spill pattern weighting coefficient.  If Cw=1, the equation of effective 
bays will not distinguish between a uniform or non-uniform pattern.  As 
Cw becomes large, the number of effective bays will approach the ratio of 
total spill discharge to maximum spill bay discharge max(Qi).  The spill 
pattern weighting coefficient was determined in the non-linear regression 
equation estimation. 
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The data used in the determination of the TDG exchange model was based 
on the TDG pressures in core spillway flow undiluted from powerhouse 
flows as observed on Transect T4 at the tailwater fixed monitoring station.  
For spill events where the percent river spilled was greater than 30%, the 
event averaged TDG pressures from station T4P6-8, CHQW-Dup were 
used to represent the undiluted spillway discharge.  For spill events where 
the percent river was less than 30 percent, the TDG pressure at the station 
closest to the right channel bank (downstream orientation) on Transect T4 
was used to represent the undiluted spillway discharge.  In general, during 
the small percent river spilled events the TDG pressures observed near the 
right channel bank on Transect T4 were consistent with observations on 
Transect T2 and T1.  The event averaged data was based on observations 
after one hour of operation for each event or data collected during the 
second and third hour of the spill event.  The project spillway discharge 
was determined from estimates of the spillway rating curve that was a 
function of gate opening and forebay elevation.  The spill patterns were 
noted from powerhouse records of spill gate opening.  The tailwater eleva-
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tion was taken from near the powerhouse at unit 13.  A summary of the da-
ta used in the TDG exchange model determination are listed in Table 10 
for the 12 spill events. 

 
Table 10 Event summary data for TDG exchange model determination. 

Event 
No 

Event 
Label 

Qtotal 

(kcfs) 
Qspill 

(kcfs) 
TWE 

(ft) 

Atm Pres-
sure    (mm 

Hg) 

TDG Pres-
sure T4     
(mm Hg) 

TDG 
Sat 
(%) 

Spill 
Pattern 

Nbays 
Eff 

qs 

(kcfs/bay)

1 18u* 77.0 17.7 779.6 742.4 799.8 107.7 U 19.0 0.93 

2 58u* 117.7 58.1 780.8 742.5 840.6 113.2 U 19.0 3.06 

3 100u* 159.9 100.1 783.7 745.9 865.5 116.0 U 19.0 5.27 

4 38u 187.0 37.6 784.6 749.8 827.6 110.4 U 19.0 1.98 

5 38b 187.6 37.5 784.9 749.0 847.6 113.2 B 12.3 1.97 

6 98b 203.7 97.7 786.3 747.7 895.1 119.7 B 15.4 5.14 

7 144b 225.9 143.7 786.6 749.7 893.8 119.2 B 16.3 7.57 

8 18u 159.4 18.1 782.7 745.9 821.1 110.1 U 19.0 0.95 

9 142u 224.4 142.0 787.1 744.9 889.5 119.4 U 19.0 7.47 

10 58u 202.7 58.4 785.4 748.2 866.2 115.8 U 19.0 3.08 

11 58b 203.2 57.9 785.7 744.9 881.7 118.4 B 13.9 3.05 

12 99u 195.2 99.2 786.2 740.4 868.7 117.3 U+ 16.6 5.22 

 
 
  
 

 The relationship between TDG pressure and spillway discharge was esti-
mated from observed TDG levels collected during the 2009 TDG exchange 
study at Chief Joseph   Dam as shown in Equation 7 using a non-linear 
least squares estimation routine.  

 
)7()()1)(743(27.3 58.0 HgmmeTWEP sq  
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r2= 0.91 
Std Error = 10.6 mm Hg 

Where 
 

eff

sp
s N

Q
q         (kcfs/ft) 

Neff   =   Effective number of active spill bays 1-19 (equation 2). 
Qsp    =   Total spill discharge (kcfs) 
TWE =  Tailwater surface elevation (ft) 
TDGsat =   (Patm+ΔP)/Patm x 100   Total Dissolved Gas Saturation (%) 
Patm      =   Local Atmospheric Pressure ( mm Hg) 
cw     =  15.5  Spill pattern weighting coefficient   
 

The large value of the weighting coefficient Cw  will cause the specific dis-
charge to approach the discharge of the highest spill bay.  The observed 
and calculated delta pressure using Equation 7 are shown in Figure 77 as a 
function of the specific spillway discharge.  The standard error for Equa-
tion 7 was 10.6 mm Hg with the largest predictive errors associated with 
the bulk spill of 58 and 98 kcfs. 

The responsiveness of the estimated TDG uptake to changes in tailwater 
stage and spillway flows in spillway releases can be explored using Equa-
tion 7.  The sensitivity of TDG exchange as a function of a change in the 
tailwater stage from 780 to 781 ft will result in an increase in TDG pres-
sure of 3.2 mm Hg during a specific spillway discharge of 6 kcfs/bay.  Al-
ternatively, an increase in the specific spillway discharge from 5 to 6 
kcfs/bay will result in a 3.0 mm Hg increase in TDG pressure for a tailwa-
ter elevation of 780 ft.  The exponential form of Equation 7 will result in 
large increases in TDG exchange for incremental changes at lower specific 
discharges reaching an upper limit at higher specific spillway flows.   This 
formulation can also illustrate the influence of spill in a limited number of 
bays.  A total spillway discharge of 50 kcfs uniformly distributed over 19 
spill bays will result in a TDG pressure of 839.7 mm Hg (112.7%) at a tail-
water elevation of 780 ft and barometric pressure of 745 mm Hg.  The 
same 50 kcfs spilled uniformly over 10 bays will result in a TDG pressure 
of 859.3 mm Hg ( 115.3%) for an increase in TDG saturation of 2.5% over 
the uniform 19 bay spill pattern.   

 

An alternative formulation for the delta pressure uptake in spillway releas-
es involving a power function of the two independent variables was also 
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generated using a non-linear regression procedure as shown in Equation 
8.  This form of equation has been used successfully to describe at TDG 
exchange at Ice Harbor Dam.  This equation has no upper threshold for 
the pressure uptake and is more sensitive to changes in the specific dis-
charge than the exponential equation listed in Equation 8.  

 
)8()()()743( 303.016.1 HgmmqTWEP s  

 
r2= 0.79 

Std Error =  9.3 mm Hg 
 
 

Where 
 

eff

sp
s N

Q
q         (kcfs/ft) 

Neff   =   Effective number of active spill bays 1-19 (Equation 2). 
Qsp    =   Total spill discharge (kcfs) 
TWE =  Tailwater surface elevation (ft) 
TDGsat =   (Patm+ΔP)/Patm x 100   Total Dissolved Gas Saturation (%) 
Patm    =   Local Atmospheric Pressure ( mm Hg) 
cw     =  16.0  Spill pattern weighting coefficient   
 

The non-linear regression determined a large value of the weighting coeffi-
cient Cw  causing the specific discharge to approach the discharge of the 
highest spill bay.  The observed and calculated delta pressure using Equa-
tion 8 are shown in Figure 78 as a function of the specific spillway dis-
charge.  The standard error for Equation 8 was 9.3 mm Hg with the largest 
predictive errors associated with the bulk spill of 58 and 98 kcfs. 

  The responsiveness of the power function TDG exchange model listed in 
Equation 8to changes in the independent variables can be helpful in iden-
tifying key model inputs. The sensitivity of TDG exchange as determined 
from Equation 8 for a change in the tailwater stage from 780 to 781 ft will 
result in an increase in TDG pressure of 3.1 mm Hg during a specific spill-
way discharge of 6 kcfs/bay.  Alternatively, an increase in the specific 
spillway discharge from 5 to 6 kcfs/bay will result in a 5.5 mm Hg increase 
in TDG pressure for a tailwater elevation of 780 ft.  The power function 
form of Equation 8 will result in large increases in TDG exchange for in-
cremental changes in specific discharges throughout the range of spillway 
discharges explored in this study.   This formulation can also illustrate the 
influence of spill in a limited number of bays.  A total spillway discharge of 
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50 kcfs uniformly distributed over 19 spill bays will result in a TDG pres-
sure of 839.7 mm Hg (110.6%) at a tailwater elevation of 780 ft and baro-
metric pressure of 745 mm Hg.  The same 50 kcfs spilled uniformly over 
10 bays will result in a TDG pressure of 859.3 mm Hg ( 112.9%) for an in-
crease in TDG saturation of 2.3% over the uniform 19 bay spill pattern.  

Caution should be used in applying the TDG exchange equations outside of 
the range of conditions from which it was developed (Table 10). The li-
mited number of observations used to develop this empirically based TDG 
exchange equation will result in a degree of uncertainty when applied to 
conditions outside of these test conditions.  A multitude of non-uniform 
spill patterns can be formulated based on equipment failure to dam safety 
concerns, which depart from conditions evaluated in this investigation.  
The TDG exchange was found to be highly sensitive to the type of spill pat-
tern employed. Therefore, the TDG exchange equation should be revisited 
and updated when appropriate, based on routinely scheduled spillway re-
leases that occur each year. 

The average flow weighted TDG saturation below Chief Joseph Dam was 
determined for each spill event using a simple mass conservation state-
ment as shown in Equation 2.  The entrainment discharge was set equal to 
zero for each of these flow conditions.  The TDG properties of powerhouse 
flows were assumed to retain forebay TDG characteristics.  The TDG levels 
in spillway flows were estimated using Equation 8.  These assumptions al-
low the estimation for the cross sectional average TDG pressure.  The ob-
served average TDG pressure on Transect T4 was determined by flow 
weighting the observations from the 8-9 operating stations on this river 
reach.  The observed and calculated TDG pressures for spillway and aver-
age cross sectional conditions are shown in Figure 79.  The observed (black 
line) and calculated (black symbol) average cross sectional TDG pressure 
remained close throughout the study period.  The larger predictive errors 
are generally associated with bulk spill patterns.  The calculated TDG con-
tent in spill also closely follows the observed TDG pressures on Transect 
T4 below the spillway.  

 

Wells Pool Model Simulation 

The fate of project releases from Chief Joseph Dam on TDG conditions in 
the Columbia River were simulated using the SYSTDG model from April 
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28 to May 3.  The SYSTDG model estimates the TDG exchange at Chief Jo-
seph Dam based on a set of empirical equations and routes these releases 
to Wells Dam using a hydrologic routing formulation with dispersion.  Ad-
ditional tributary flows, degassing at the air/water interface, and the influ-
ence of thermal exchange are also simulated by the model.  The spillway 
TDG exchange model listed in Equation 7 was used in this SYSTDG model 
simulation.  The spill patterns used during the test spills of 2009 involved 
both uniform and non-uniform conditions. The observed tributary flows 
from the Methow and Okanogan Rivers were incorporated into this simu-
lation assuming a TDG content of 102% of saturation.   

The calculated TDG content in spillway flows and cross sectional average 
TDG pressures at the tailwater Transect T4 closely approximated observed 
conditions throughout the study period.  The observed cross sectional av-
erage TDG pressures were based on a flow weighted average of observa-
tions at stations T4P1-P8, CHQW-Dup using the weighting coefficients in 
Table 8.  The time history of observed and calculated TDG conditions be-
low Chief Joseph Dam are shown in Figure 80 for this simulation.  The 
calculated TDG content in spillway flows labeled (TDGsp-Calculated) gen-
erally predicted the observed conditions.  The calculated spillway TDG 
pressures over estimated conditions during the 38U and 38b conditions.  
It should be noted that the TDG pressures at the tailwater FMS were not 
available during these events and were likely higher pressures than ob-
served at stations T4P8.  The TDG estimates also underestimated condi-
tions during the 58U and 58B events on May 1 by 10 to 15 mm Hg. 

The calculated cross sectional average TDG pressure closely approximated 
the observed average conditions throughout the spill study.  The observed 
cross sectional TDG pressures at Transect T4 are labeled as t4-avg in Fig-
ure 80 and the SYSTDG calculated average conditions are labeled T4-avg-
cal.  The small differences in the cross sectional average TDG pressures are 
in part caused by using the observed TDG content in the forebay of Chief 
Joseph Dam to represent the content in spillway flows in the SYSTDG si-
mulations.  The cross sectional average TDG pressures were the largest 
during the 142U and 144B spill events where over 63 percent of the river 
was spilled and the TDG content in spillway flow was near 900 mm Hg.   

The hourly project releases were routed through the Wells pool subject to 
reareation, dispersion, and dilution with tributary flows from the Methow 
and Okanagon Rivers.  The calculated and observed TDG pressures in 



ERDC/ CHL HF-HG 86 

 

Wells Dam forebay from April 28-May 3 are shown in Figure 81.  The es-
timated Wells forebay TDG pressures closely reproduced both the shape 
and magnitude of these observed TDG events arriving at Wells Dam.  The 
retention of elevated TDG pressures well after the completion of the spill 
test was also captured in the model simulations.  The high spill conditions 
during Event 3 on April 28 with an average cross sectional TDG saturation 
of 111.7 percent ( 832.8 mm Hg) on transect T4 arrived at Wells Dam 
about one day later with a peak TDG saturation of  108 percent.  In a simi-
lar manner, the highest spill events on April 30 of 144B and 142U expe-
rienced cross sectional average TDG saturations of  113.8 and 114.2 percent 
on Transect T4.  These events upon arrival at Wells Dam forebay retained 
a TDG saturation of 111 and 112 percent, respectively.  The reduction in the 
peak cross sectional average TDG saturations ranged from 2 to 4 percent 
during this test condition.  Because of the short duration of these test 
events, this reduction in peak TDG pressures should not be construed as 
solely a degassing rate.  The generally good agreement between observed 
and calculated TDG pressures both in the tailwater of Chief Joseph Dam 
and forebay of Wells Dam supports the use of this SYSTDG model for spill 
management and TDG loading analyses. 
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8 Conclusions 

 

The Seattle District, US Army Corps of Engineers has been active in devel-
oping a water quality management plan to meet applicable water quality 
standards in the State of Washington for Total Dissolved Gas (TDG) su-
persaturation in the Columbia River at Chief Joseph Dam.  Total dissolved 
gas  supersaturation is generated in the Columbia River during spillway 
flows at Chief Joseph Dam and has been found to range as high as 145 per-
cent of saturation.  The Seattle District Corps of Engineers have studied 
the TDG abatement alternatives at Chief Joseph Dam and identified spill-
way flow deflectors as the preferred structural alternative to reduce TDG 
levels during spill.  A Type II spillway flow deflector at elevation 776 ft was 
identified in scaled sectional and general models of Chief Joseph Dam as 
the best design to limit TDG exchange during forced spills up to 175 kcfs.  
The construction of spillway flow deflectors across the entire spillway was 
completed during the winter of 2009 and the TDG exchange properties 
were evaluated during scheduled spillway operations on April 28-May 1, 
2009.  The prominent findings from this study are as follows: 

The addition of spillway flow deflector at Chief Joseph Dam has signifi-
cantly reduced the exchange of TDG pressure during spillway operations 
when compared   to the original spillway design.  The reduction in total 
dissolved gas saturation in spillway flows caused by the flow deflectors in-
creases with discharge and reaches 15 percent saturation and higher for 
spillway flows over 38 kcfs. 

The magnitude of TDG pressures exchange in spillway releases were found 
to be a function of the spillway discharge, spill pattern, and tailwater ele-
vation.  The 12 spill events scheduled during this study resulted in TDG 
saturations in spillway flows ranging from 108 percent for a uniform spill 
of 18 kcfs to 120 percent during a non-uniform spill of 98 kcfs.  The high-
est spill event of 144 kcfs resulted in a TDG saturation of 119 percent satu-
ration in the river near the tailwater fixed monitoring station. 

The TDG pressures measured just downstream of the stilling basin expe-
rienced the highest levels observed during this study of 125 percent satura-
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tion during a uniform spill of 142 kcfs. The TDG exchange study of the 
original spillway in 1999 measured peak TDG pressures in this area of 174 
percent during a spill of just 48.4 kcfs over 9 spill bays.  These peak TDG 
pressures were observed within the zone of highly aerated flow and were 
not representative of the resultant conditions downstream of the aerated 
flow conditions. 

The non-uniform spill pattern was found to consistently produce higher 
TDG pressures in spillway flows when compared to a similar spill dis-
charge using a uniform spill pattern.  The bulk spill patterns generated 
TDG pressures that were 20 to 40 mm Hg higher than observed during a 
uniform spill at the same spill discharge. A uniform spill pattern is rec-
ommended for future operations of the Chief Joseph spillway to minimize 
TDG exchange.  In cases where two levels of spill gate openings are re-
quired to meet total spill discharge requirements, the location of the high-
er gate openings should be distributed across the spillway. 

The presence of higher tailwater elevations resulted in higher TDG pres-
sures in spillway flows for the three paired spill events during this study.  
The influence of tailwater elevation on TDG exchange was of smaller signi-
ficance than the impacts of the spill pattern with higher tailwater levels 
producing from 4 to 30 mm Hg compared to the paired lower tailwater 
spill event.  Higher TDG pressures result from higher tailwater elevations 
because of the additional stilling basin depth of flow and the trajectory of 
the spill jets throughout this region. 

A much wider range of spillway operations at Chief Joseph Dam can now 
be considered with spillway flow deflectors in place subject to Washington 
water quality standards for TDG saturation.  The spillway capacity as li-
mited by the 120 percent saturation observed at the tailwater fixed moni-
toring station was not clearly delineated during this study.  The non-
uniform spill patterns of 98 and 142 kcfs spill and the uniform spill of 144 
kcfs all resulted in peak TDG levels reaching the 120 percent saturation 
level on the transect adjacent to the fixed monitoring station but not at the 
fixed monitoring station. The uniform spill events of 100 kcfs resulted in 
TDG levels at the tailwater fixed monitoring station well below the 120 
percent saturation level.  In contrast, during the testing of the original 
spillway, the spillway capacity estimated to result in a tailwater TDG satu-
ration of 120 percent was only 32 kcfs.  Therefore the spillway flow deflec-
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tor have resulted in a 3 to 4 fold increase in the spillway capacity as limited 
by the tailwater TDG criteria of 120 percent saturation. 

 The TDG saturation in spillway flows was found to be directly related to 
spill magnitude for spillway discharges.  The rate of increase in TDG satu-
ration was observed to decrease for higher spillway discharges and tends 
towards an upper threshold level near 120 percent saturation for the flow 
conditions monitored during this test. 

The presence of a higher than normal atmospheric pressures and lower 
than normal tailwater elevations at Chief Joseph Dam contributed to lower 
TDG saturations observed during this study.  The return of more normal 
atmospheric pressures to 740 mm Hg will result in higher TDG saturations 
observed below Chief Joseph Dam during comparable spillway operations. 

The spillway discharge resulting in a TDG saturation of 110 percent was 
found to occur for spillway flows between 18 and 36 kcfs (1 and 2 feet of 
gate opening).  The spill capacity will also vary with the local atmospheric 
pressure and development of the mixing zone during high river flows. 

The TDG pressures observed in the Columbia River at the tailwater fixed 
monitoring station reflect the development of a mixing zone between po-
werhouse and spillway releases.  During low percent river spill operations 
the mixing zone can encroach upon the tailwater fixed monitoring station 
resulting in both powerhouse and spillway flows influencing the observed 
TDG conditions.  The TDG content in spillway releases will be reflected in 
observed conditions at the tailwater monitoring station for higher spill 
discharge operations.    

The lateral distribution of TDG pressures in the core spillway flows unal-
tered by powerhouse releases became non-uniform for spill discharges of 
100 kcfs and higher.  These spillway flow conditions resulted in the peak 
TDG pressures being located away from the right channel bank and the 
tailwater fixed monitoring station location.  The peak cross sectional TDG 
pressures ranged from 6 to 13 mm Hg higher than the observed TDG pres-
sures near the right channel bank. 
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The TDG observations at the tailwater fixed monitoring station CHQW in 
a conduit housing on the right bank 1.3 miles downstream of the spillway 
were significantly less than observed at a duplicate station located on the 
channel bottom in free flow near the conduit. The TDG records at the 
CHQW station were not used to characterize the TDG exchange in spillway 
operations during this study. The slow and attenuated TDG response at 
this sampling station (CHQW) was consistent with restricted exchange of 
water between the river and the instrument deployment conduit. 

The spatial distribution of TDG pressures throughout the tailwater of Chief 
Joseph Dam were shaped by the aerated spillway releases and interaction 
of powerhouse releases.  The highest TDG pressures observed during the 
spring spill test were observed within the bubbly flow zone for spill dis-
charges of 142 kcfs.  The highest TDG pressures downstream of the bubbly 
flow zone were located at or near the right channel bank (downstream 
orientation).  The peak TDG pressures in the Columbia River at the loca-
tion of the fixed monitoring station were observed in deeper waters away 
from the FMS for higher spill discharges.  The peak TDG levels in the Co-
lumbia River continuously declined as a function of distance from the dam 
as a consequence of mixing zone development, dispersion of the TDG 
front, mixing with tributary inflows, and off-gassing to the atmosphere.  

The peak TDG levels observed at sampling stations in Wells pool on Tran-
sect T5 and at Wells  Dam were considerably less than observed in the 
tailwater of Chief Joseph Dam due to the development of the mixing zone, 
dispersion of TDG events, and mixing with tributary flows .  The maximum 
TDG saturation observed at Well Dam was 112 percent compared to the 
peak level of 120 percent in the tailwater of Chief Joseph Dam.  The time 
of travel of TDG events through Wells Pool was about one day. 

The entrainment of powerhouse flows into highly aerated flow conditions 
below the spillway were small during most of the spillway operations 
scheduled during this study period.  Non-uniform spill patterns can gener-
ate strong upstream transport of powerhouse flows into the stilling basin 
resulting in the incorporation of these waters in the highly aerated flow 
conditions. The entrainment of powerhouse flows into the stilling basin 
during spillway releases will increase the TDG loading of the Columbia 
River during lower background TDG levels and should be avoided.  How-
ever, during conditions of elevated forebay TDG pressures emanating from 
upstream sources, the entrainment of powerhouse flow into aerated spill-
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way flows can result in a net reduction in the TDG loading of the Columbia 
River when the TDG exchange below the spillway results in TDG pressures 
less than background levels.  

The interaction of powerhouse releases with aerated spillway flows will in-
fluence the TDG loading of the Columbia River and development of the 
mixing zone downstream of the dam.  The mixing zone extends through 
the tailwater fixed monitoring station and influences the spatial distribu-
tion of TDG pressure in this reach of the river.  The TDG content in po-
werhouse releases were similar to forebay levels for most operating condi-
tions.  There was evidence during low turbine discharges less than 5000 
kcfs/unit, of small increases of 1 to 2 percent saturation above background 
levels associated with powerhouse releases. 

An empirical model of TDG exchange at Chief Joseph Dam was developed 
from the twelve spill events scheduled during this study.  The delta TDG 
pressure was found to be an exponential function of the unit spillway dis-
charge and stilling basin depth of flow as shown in Equation 7.  This for-
mulation provides for an upper TDG threshold as a function of the tailwa-
ter elevation. The non-uniform spill patterns were incorporated into this 
model through the use of a flow-weighted specific spillway discharge for-
mulation.  This TDG exchange formulation provided reasonable estimates 
of both the TDG content in spillway flows and cross sectional average TDG 
pressures.  This model should be updated in the future to incorporate a 
wider range of operating conditions than experienced in this study. 

The TDG model SYSTDG was updated with the TDG exchange model at 
Chief Joseph Dam and used to simulate the transport, mixing, and dissipa-
tion of TDG pressures in the Columbia River from Chief Joseph to Wells 
Dam.  This model accurately simulated the transport of these 12 distinct 
spill events through this 29.5 mile river reach to Wells Dam with a predic-
tive standard error of 4.2 mm Hg.  The average travel time through this 
reach was estimated to be about 1 day during the four days of testing. 

The updated description of TDG exchange at Chief Joseph Dam can be 
used to update the joint operating policy for spill management between 
Chief Joseph and Grand Coulee Dams as prescribed in the TDG abatement 
program.  This policy should consider both regulating outlet and spillway 
operations at Grand Coulee Dam during a range of background TDG pres-
sures and total river flows. 
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The Columbia River stage at Chief Joseph Dam was found to be a function 
of total river flow and the downstream water stage maintained at Wells 
Dam.  The influence of downstream stage at Wells Dam on the tailwater 
stage at Chief Joseph Dam diminishes as the total river discharge increas-
es.  Large changes in the tailwater elevation, as much as 12 feet over a 20 
minute interval, were observed during operational changes at Chief Joseph 
Dam.  Transient short duration fluctuations or surging of the tailwater 
stage at Chief Joseph Dam were not observed during sustained spillway 
and powerhouse operations.  Long period gravity waves were generated 
and propagated through the Wells pool reach of the Columbia River dur-
ing abrupt changes to the total river flow. On average, about 45 percent of 
the total stage differential in the Columbia River from Wells Dam to Chief 
Joseph Dam were located in the 1.7 mile reach below Chief Joseph Dam 
during test conditions.  The tailwater elevations during the spill testing at 
Chief Joseph Dam were lower than normal conditions due to the lowering 
of the Wells pool water surface elevation during the nighttime. 

The water temperatures in the Columbia River were weakly related to the 
TDG pressures observed in the tailwater of Chief Joseph Dam.  The water 
temperatures in the Columbia River experienced a 1 degree Celsius in-
crease during the transit to Wells Dam during this study period that can 
induce a measurable impact on the observed TDG pressures.  A weak lat-
eral variation in water temperatures was observed where spillway releases 
were warmer than powerhouse flows during the daylight hours.  This lat-
eral gradient will likely become more prominent during the summertime 
period. 

The dissolved oxygen concentrations were found to be highly correlated 
with TDG pressures at sampling stations located in the tailwater channel 
below Chief Joseph Dam during the spill test events.  The dissolved oxygen 
measurements during mobile sampling provided detailed estimates of the 
lateral distribution of dissolved oxygen and properties of the mixing zone 
at the tailwater fixed monitoring station.  The integration of dissolved oxy-
gen and the velocity fields provided accurate estimates of the dissolved 
oxygen loading of the Columbia River and allowed the estimation of the 
degree of powerhouse entrainment into aerated flow conditions generated 
by spillway releases. 

The flow field generated by spillway releases onto the flow deflectors has 
altered the hydrodynamic conditions in the stilling basin and adjoining 
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tailwater channel.  The spillway deflectors generate a high energy surface 
oriented jet that both entrains air and transports the bubble plume down-
stream of the stilling basin for moderate to high spill rates.  This surface 
jet does not dissipate energy as effectively as the original spillway design 
and can deliver higher velocities into the adjoining tailwater channel.  The 
presence of a well defined surface jet also generates an upstream return 
current near the channel bed that can entrain and transport debris and se-
diment into the stilling basin.  This material can contribute to the scour 
and erosion of the stilling basin and adjoining end sill. 

The collision or intersection of two adjoining spillway jets in the wake of 
the spillway piers causes the formation of a vertical jet of water or “roost-
er-tail” that becomes more prominent at higher discharges.  The disper-
sion of this vertical component of spillway discharge can contribute to a 
shower of water onto the adjoining river bank areas which can flood local 
drains or scour loose material over time. 

The flow field at Foster Creek contains the highest sustained velocities 
outside of the stilling basin because of the constriction in the channel and 
cross channel orientation of approaching powerhouse releases.  An eddy 
located against the right channel bank can develop just downstream of the 
Foster Creek location in response to the cross channel momentum con-
tained by powerhouse flows.  The average channel velocities can exceed 9 
feet per second for river flows of 200 kcfs and peak velocities can reach 14 
feet per second.  The shallow channel features in the right half of the 
channel upstream of the highway bridge limits the channel conveyance 
and adds to the steep gradient in the water surface slope in this area. 

The velocities in the tailwater channel below Foster Creek are influenced 
by channel friction and form.  The velocities near the channel banks drop 
off quickly due to the increase in both friction and form losses.  The irregu-
larities of the channel bank can form small recirculating flow eddies such 
as occurs at the tailwater fixed monitoring station. 

The TDG pressures at the tailwater fixed monitoring transect generally 
reached steady conditions about 1 hour after the initiation of spill.  The ex-
ception to this observation occurred during low spill conditions (18 kcfs 
spill) when a longer period of time was required (1.5 hours) for steady 
conditions to develop at this sampling transect.  The average time of travel 
of elevated TDG plumes to the sampling station at Brewster, WA ranged 
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from 8 to 10 hours during the spring testing events.   The time of travel of 
distinct TDG fronts generated at CHJ Dam to Wells Dam was about 24 
hours during the spring spill test. 

 The simple TDG conservation statement associating the forebay TDG 
pressures with powerhouse releases and the tailwater fixed monitoring 
station TDG pressures with spillway releases provides an accurate esti-
mate of average cross section TDG pressures in the Columbia River down-
stream of Chief Joseph Dam.  The entrainment of the powerhouse releases 
into the highly aerated spillway flow was found small and assumed to be 
zero for all spill events.  
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9 Recommendations 

The tailwater fixed monitoring instrument should be deployed outside of 
the tailwater fixed monitoring station conduit until the reliability of these 
measurements can be assured.  The deposition of sediment in and around 
the  conduit is likely causing the delayed and attenuated response at this 
station. 

One of the major findings from this spill study was the sensitivity of TDG 
exchange to the spill pattern where non-uniform spill patterns generated 
significantly higher TDG pressures than a comparable uniform spill pat-
tern.  A uniform spill pattern should be used during spillway operations at 
Chief Joseph Dam in order to minimize the TDG exchange during spillway 
operations when background TDG pressures are less than the TDG content 
in spillway releases.   

If gate opening of even increments are required, the spill bays with larger 
opening should be distributed across the spillway and not grouped togeth-
er.  For example, if a spillway discharge requires 9 bays at 1 ft opening and 
9 bays at 2 ft opening, a spill pattern calling for even numbered bays of 1 ft 
and odd numbered bays at 2 ft should be scheduled.   If fractional gate 
opens are feasible, a truly uniform spill pattern should be scheduled where 
all bays are assigned the same opening. 

A formal spill pattern table should be developed that outlines the spill bay 
opening for all 19 bays as a function of total spill discharge.  The spill pat-
tern table would provide for consistency in operation of the spillway and 
minimize operator discretion associated with gate changes. 

As noted in the discussion on spill management, there may be times when 
the background TDG pressures will exceed the TDG pressures generated in 
spillway flows at Chief Joseph Dam.  The development of alternative spill 
patterns that promote the entrainment of powerhouse flows into the ae-
rated spillway releases should be considered as a mechanism to further 
reduce the TDG loading in the Columbia River below Chief Joseph Dam.  
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11  Figures 
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Figure 1.  Columbia River and Chief Joseph Dam Site Map
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Figure 2.  Aerial Photograph of  Chief Joseph Dam, Rufus Woods Lake, and the Columbia River.
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Figure 3.  Spillway and Stilling Basin Profile Section with Type II Flow Deflectors for Chief Joseph Dam.
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Figure 4.  Tailwater Channel Bed Elevations below Chief Joseph Dam.
(5-foot elevation contours, 725-770 ft) 102



Figure 5. Chief Joseph Dam Spillway Flow Deflectors during low tailwater elevations,
April 30 2009. 103



Figure 6.  Spillway Flow Passing Under a Tainter Gate at Chief Joseph Dam.
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A.  Spill jet transition during 3 kcfs/bay B.  Spill jet transition during 7 kcfs/bay

Figure 7. Change in the Trajectory of Spill by the Spillway Flow Deflector at Chief Joseph Dam.
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Figure 8.  Highly Aerated Flow on the Spillway and Stilling Basin at Chief Joseph Dam.

106



 
Deflector Performance

12.5 ft Deflector at Elevation 776

35

40

45

E

F
Uniform Pattern Spill Events 

20

25

30

er
ge

nc
e,

 ft

10% E d A

B

C

D

G

High Tailwater

5

10

15Su
bm

10% Exceedance

90% Exceedance

A
F

A  Plunging Jet
B  Unstable Plunging Jet
C  Skimming Surface Jet

Lo Tail ater

-5

0

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Discharge per Bay cfs

D  Undular Surface Jet
E  Ramped Surface Jet
F  Surface Jump
G  Submerged Surface Jump

Low Tailwater

Discharge per Bay, cfs
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Figure 10 Aerated Spillway Flow in the Columbia River below Chief Joseph Dam for a uniform spill of 142 kcfsFigure 10.  Aerated Spillway Flow in the Columbia River below Chief Joseph Dam for a uniform spill of 142 kcfs.
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A.  Aerated Spillway Flow during 18 kcfs Uniform pattern 
B.  Aerated Spillway Flow during 58 kcfs uniform pattern..
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Figure 11.  Aerated Spillway Flow in the Columbia River below Chief Joseph Dam
for uniform spill of 18, 58, 98, and 142 kcfs.
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Figure 12  Total Dissolved Gas monitoring stations in the Columbia River at Chief Joseph Dam (Transects T0, T1, T2, 
T4, T5, Wells Dam) 110
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Figure 14  Total Dissolved Gas monitoring stations in the Columbia River at Chief Joseph Dam (Transects T0, T1, T2  
Mobile sampling on yellow line) 112



CHQW

CHQW-Dup

Columbia River
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Figure 16  Total Dissolved Gas monitoring stations in the Columbia River at Chief Joseph Dam 
(Transects T5) 114
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Figure 18.  Spill patterns for events 1-12 during the TDG exchange study April 28-May 1, 2009
(Label= total spill discharge kcfs, uniform or bulk pattern, * low tailwater elevation) 116
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Figure 20.  Depth Averaged Velocity on Transects T2 and T4 for Spill Event 6 Bulk Spill of 100 kcfs, Total River Flow 
204 kfs (Trials 47, 51)
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Figure 21.  Depth Averaged Velocity on Transects T3 and T4 for Spill Event 12 Uniform Spill of 99 kcfs, Total River 
Flow 185 kfs (Trials 102 and 105)
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Figure 22.  Depth Average Velocity near proposed Hatchery Entrance for Spill Event 8, 
Uniform spill 18 kcfs, Total River Flow 159 kcfs (Trial 68) 120
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Figure 37.  Columbia River at Chief Joseph Dam  Qgen=80 kcfs, Qspill=98 kcfs uniform
Spillway Closure   May 1 2009 5:51:45 pm 135



Figure 38.  Columbia River at Chief Joseph Dam  Qgen=80 kcfs, Qspill=67 kcfs uniform
Spillway Closure May 1 2009 6:03:05 pm (Not: initial spill discharge was 98 kcfs prior to gate closure)Spillway Closure May 1 2009 6:03:05 pm (Not: initial spill discharge was 98 kcfs prior to gate closure)

136
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Figure 63.  Observed and Estimated Total Dissolved Gas Saturation as a function of total spill discharge at Chief 
Joseph Dam (Estimated TDG response from Dissolved Gas Abatement Study (NWS, 2000) green dashed line, 

Observed 2009 red symbols)

161



950.0

Bulk Spill Pattern

900.0

H
g

)

Bulk Spill Pattern

850.0

re
s

s
u

re
 (

m
m

 H

800.0

T
D

G
 P

r

750 0750.0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Spillway Discharge (kcfs)

T4P8 CHQW-Dup T2P3 T1P3 CHJ

Figure 64.  Station and Event averaged Total Dissolved Gas pressure in the Columbia River
below Chief Joseph at selected sampling stations in spillway releases. 162



930.0

940.0

950.0

960.0

890.0

900.0

910.0

920.0

m
m

 H
g

)

840 0

850.0

860.0

870.0

880.0

G
as

 P
re

ss
u

re
 (

m

800.0

810.0

820.0

830.0

840.0

T
o

ta
l 

D
is

so
lv

ed
 G

760.0

770.0

780.0

790.0

750.0
18U* 18U 38U 38B 57U* 58U 58B 100U* 97U 98B 142U 144B

Spill Event

CHJDTD T1P1 T1P2 T1P3

Figure 65.  Station and Event averaged Total Dissolved Gas pressure in the Columbia River
below Chief Joseph For Transect T1 

(Spill Event Label: spill discharge kcfs ###, Spill pattern uniform or bulk, * low tailwater event) 163



125 0

130.0

120.0

125.0

m
m

 H
g

)

115.0

G
as

 P
re

ss
u

re
 (

m

110.0

T
o

ta
l 

D
is

so
lv

ed
 G

105.0

100.0
18U* 18U 38U 38B 57U* 58U 58B 100U* 97U 98B 142U 144B

Spill Event

CHJDTD T1P1 T1P2 T1P3

Figure 66.  Station and Event averaged Total Dissolved Gas Saturation in the Columbia River
below Chief Joseph For Transect T1 

(Spill Event Label: spill discharge kcfs ###, Spill pattern uniform or bulk, * low tailwater event) 164



930.0

940.0

950.0

960.0

890.0

900.0

910.0

920.0

m
m

 H
g

)

840 0

850.0

860.0

870.0

880.0

G
as

 P
re

ss
u

re
 (

m

800.0

810.0

820.0

830.0

840.0

T
o

ta
l 

D
is

so
lv

ed
 G

760.0

770.0

780.0

790.0

750.0
18U* 18U 38U 38B 57U* 58U 58B 100U* 97U 98B 142U 144B

Spill Event

CHJDTD T2P1 T2P2 T2P3 T2P4

Figure 67.  Station and Event averaged Total Dissolved Gas pressure in the Columbia River
below Chief Joseph For Transect T2 

(Spill Event Label: spill discharge kcfs ###, Spill pattern uniform or bulk, * low tailwater event) 165



125.0

120.0

o
n

 (
%

)

115.0

ve
d

 G
as

 S
at

u
ra

ti
o

110.0

T
o

ta
l 

D
is

so
lv

105.0

100.0
18U* 18U 38U 38B 57U* 58U 58B 100U* 97U 98B 142U 144B

Spill Event

CHJDTD T2P1 T2P2 T2P3 T2P4

Figure 68.  Station and Event averaged Total Dissolved Gas Saturation in the Columbia River
below Chief Joseph For Transect T2 

(Spill Event Label: spill discharge kcfs ###, Spill pattern uniform or bulk, * low tailwater event) 166



930

940

950

960

890

900

910

920

930

m
m

 H
g

)

850

860

870

880

G
as

 P
re

ss
u

re
 (

m

800

810

820

830

840

T
o

ta
l 

D
is

so
lv

ed
 

760

770

780

790

800

750
18U* 18U 38U 38B 57U* 58U 58B 100U* 97U 98B 142U 144B

Spill Event

T4P1 T4P2 T4P3 T4P4 T4P5 T4P6 T4P7 T4P8 CHJW-Dup

Figure 69.  Station and Event averaged Total Dissolved Gas pressure in the Columbia River
below Chief Joseph For Transect T4 

(Spill Event Label: spill discharge kcfs ###, Spill pattern uniform or bulk, * low tailwater event) 167



125.0

120.0

io
n

 (
%

)

115.0

lv
ed

 G
as

 S
at

u
ra

ti

110.0

T
o

ta
l 

D
is

so
l

105.0

100.0
18U* 18U 38U 38B 57U* 58U 58B 100U* 97U 98B 142U 144B

Spill Event

T4P1 T4P2 T4P3 T4P4 T4P5 T4P6 T4P7 T4P8 CHJW-Dup

Figure 70.  Station and Event averaged Total Dissolved Gas Saturation in the Columbia River
below Chief Joseph For Transect T4 

(Spill Event Label: spill discharge kcfs ###, Spill pattern uniform or bulk, * low tailwater event) 168



200000

250000

300000

15

15.5

Mixing ZonePowerhouse Spillway

100000

150000

200000

14.5

15

)

‐50000

0

50000

14

(c
fs
)

on
ce
nt
ra
ti
on

 (
m
g/
l)

‐150000

‐100000

50000

13.5

Fl
ow

 

is
so
lv
ed

 O
xy
ge
n 
Co

300000

‐250000

‐200000

12 5

13

D

‐400000

‐350000

‐300000

12

12.5

0 10 20 30 40 500 10 20 30 40 50

Distance Normalized (0‐Left, 50‐Right)

Figure 71.  Observed cumulative flow and dissolved oxygen concentration distribution on
Transect T4 during spill event 2, uniform spill of 58 kcfs, powerhouse flow 60 kcfs (Multiple Trials 12-15)

169
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Figure 72.  Chief Joseph tailwater fixed monitoring station and communication platform for Total Dissolved Gas 
Saturation (CHQW) 170
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Figure 81. Calculated and Observed TDG saturation in the forebay of Wells Dam, April 28-May 1, 2009g y , p y ,

179



ERDC/ CHL HF-HG 180 

 

12 Appendix A: Total Dissolved Gas Field 
Studies: Methodology Water Quality 
Instrument Calibration, Maintenance, 
and Precision 

 The Hydrolab Corp. model DS5, DS4A and minisonde 4A were 
used exclusively for water quality monitoring in the Chief Joseph Dam 
TDG Field Studies of April, 2009.  These instruments are wireless and ca-
pable of remotely logging temperature, depth, specific conductance, dis-
solved oxygen (DO), and TDG for a one to two-week deployment period 
depending on logging interval and water temperature.  Colder waters have 
a major impact on battery life and can cut the periods to four day or less 
on a 15-minute sampling interval.  Programming, calibration, and main-
tenance procedures of the instruments followed manufacturers’ recom-
mendations per instrument manuals.  Any changes or modifications in in-
strument handling were implemented only after consulting with factory 
technicians.  Calibration checks and adjustments were performed on all 
instruments within two days prior to each deployment.  Post deployment 
checks on calibration were completed as soon after retrieval as possible for 
evaluation of instrument drift and accuracy.  An evaluation of instrument 
performance based on calibration drift was conducted to verify proper 
equipment operation and define the confidence limits for collected data. 

 
 

Calibration of Total Dissolved Gas 

 The Hydrolab tensionometers used for measuring TDG pressures 
employ semi-permeable membranes connected to pressure transducers 
with associated electronics to directly measure in situ total dissolved gas 
pressure.  Air calibrations for TDG were performed using either a certified 
mercury column barometer or portable field barometers that have been 
calibrated to a certified mercury column barometer.  TDG was calibrated 
by comparing the instrument readings (in mm Hg) to those of the stan-
dard barometer at atmospheric conditions.  TDG response slope checks 
were performed by adding known amounts of pressure, usually 100 and 
200 mm Hg, directly to the transducer, and then adjusting the instrument 
reading accordingly to properly span the range of interest.  The membrane 



ERDC/ CHL HF-HG 181 

 

is bypassed during these calibrations so that the probe itself is calibrated, 
rather than the probe/membrane combination.  Direct comparisons of 
membrane off vs. membrane on vs. membrane on and wet have been made 
in past DGAS work and resulted in no appreciable difference in the cali-
brated measures.  The condition of the membrane and any condensation 
trapped inside it can influence readings and result in erroneous data or 
instrument calibration.   

 An inspection for leaks is performed on the membrane itself before 
completing the calibration routine.  One of the checks employed involves 
immersing the membrane in seltzer water (super saturated with carbon 
dioxide).  The expected result of a properly functioning membrane is an 
immediate jump in the TDG reading of at least 300mm Hg.  Membranes 
are also visually inspected for leaks and condensation moisture trapped 
inside the membrane.  The leaks will usually appear as large darker spots 
in the membrane and indicate that water has entered the silastic tubing.  
This can occur from either leaks through a tear in the membrane or water 
vapor diffusion and then condensation inside the membrane.  Defective 
membranes are replaced before use.   

 

Calibration of Dissolved Oxygen  

 DO calibration followed procedures developed in the COE DGAS 
field sampling program.  A water bath was employed to rapidly calibrate 
more than one instrument at a time.  The water bath serves as a calibra-
tion chamber.  After equilibration in this water bath, multiple instruments 
can then be calibrated to a standardized instrument.  By adding a motor-
driven propeller sleeved in a ported cylinder to the 50-gallon batch tank, it 
is possible to achieve a steady state, homogeneous mixture of water ap-
proximately 97% saturated with air at a constant temperature.  One in-
strument is designated as the standard for comparison and calibrated for 
specific conductance, depth, and DO (in air).  Once the standard instru-
ment and tank are prepared, several Winkler titration analyses are run to 
further verify the dissolved oxygen concentration in mg/l of the calibration 
tank.  Adjustments are made to agree with the Winkler titration of DO at 
this point.  The remaining instruments are then adjusted to read the same 
as the standard instrument for DO, specific conductance, and depth.  Ad-
ditional Winkler DO titrations are performed throughout the calibration 
procedure to ensure consistency for the rest of the instruments. 
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13 Appendix B:  Photos of Spill Events 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure B1.  Columbia River at Chief Joseph Dam, April 28, 2009 at 0800, 
(Event 1 , 18U* uniform pattern, Qsp=17.7 kcfs Uniform Pattern, Qph=59.2 kcfs) 183



Figure B2.  Columbia River at Chief Joseph Dam, April 30, 2009 at 1100 hrs  
(Event 8, Qsp=18.1 kcfs Uniform Pattern, Qph=140.9 kcfs)

184



Figure B3.  Columbia River at Chief Joseph Dam, April 29, 2009 at 0800 hrs 
Event 4, 38U Uniform Pattern,  Qsp=37.6 kcfs, Qph=149.7 kcfs)

185



Figure B4.  Columbia River at Chief Joseph Dam,  April 29, 2009 at 1100 hrs
( Event 5, 38B Bulk Pattern,  Qsp=37.5 kcfs, Qph=150.2 kcfs)

186



Figure B5.  Columbia River at Chief Joseph Dam,  April 28, 2009 at 1100 hrs 
(Event 2,   57U*  Uniform Pattern, Qsp=57.2 kcfs, Qph=59.6 kcfs)

187



Figure B6.  Columbia River at Chief Joseph Dam, May 1, 2009 at  0800 hrs 
(Event 10,  58U Uniform Pattern, Qsp= 58.4 kcfs, Qph=144.1 kcfs  )

188



Figure B7.  Columbia River at Chief Joseph Dam,May 1,at 1100 hrs
( Event 11,  58B  Bulk Pattern, Qsp = 57.9 kcfs, Qph=145.4 kcfs)

189



Figure B8.  Columbia River at Chief Joseph Dam,  April 28, 2009 at 1700 hrs
( Event 3, 100U* Uniform Pattern, Qsp=100.1 kcfs Uniform Pattern, Qph=59.8 kcfs)

190



Figure B9.  Columbia River at Chief Joseph Dam,  May 1, 2009 at 1700 hrs
( Event 12, 97U Uniform Pattern, Qsp=96.8 kcfs Uniform Pattern, Qph=95.9 kcfs)

191



Fi B10 C l bi Ri t Chi f J h D A il 29 2009 t 1700 hFigure B10.  Columbia River at Chief Joseph Dam,  April 29 2009 at 1700 hrs
( Event 6,  98B Bulk Pattern, Qsp=97.7 kcfs Bulk Pattern, Qph=106 kcfs)

192



Fig re B11 Col mbia Ri er at Chief Joseph Dam April 30 2009 at 1700 hrsFigure B11.  Columbia River at Chief Joseph Dam,  April 30 2009 at 1700 hrs
( Event 9, 142U Uniform Pattern, Qsp=141.9 kcfs Uniform Pattern, Qph=82.5 kcfs)

193



Figure B12.  Columbia River at Chief Joseph Dam, April 30 2009 at 0800 hrs
( Event 7, 144B Bulk pattern, Qsp=143.7 kcfs Bulk pattern, Qph=82.3 kcfs 194
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14 Appendix C:  Flow Field Summary 
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Table B1.  Summary of Acoustic Doppler Current Profiler Mobile Sampling of Flow Field in the Columbia River below Chief Joseph Dam,  April 28-May 1, 
2009 

Velocity 
Trial 

Spill 
Event 

Date Time 
Start 

Date Time 
End 

Location
No. 

 Ensum 
Vel-avg 

(fps) 

Depth-
Avg 
(ft) 

Distance
(ft) 

Qtotal 
(kcfs) 

Qobs 
(kcfs) 

Qdiff 
(kcfs) 

1 1 4/28/09 8:09 4/28/09 8:16 T4 363 3.4 31.7 877.9 77 81.9 4.9 
2 1 4/28/09 8:19 4/28/09 8:26 T4 346 3.5 30.7 822.1 77 83.6 6.6 
3 1 4/28/09 8:27 4/28/09 8:33 T4 330 3.4 28.1 839.0 77 79.9 2.9 
4 1 4/28/09 8:34 4/28/09 8:39 T4 280 3.3 31.0 808.9 77 77.5 0.5 
5 1 4/28/09 8:40 4/28/09 8:46 T4 292 3.2 30.1 823.7 77 73.9 -3.1 
6 1 4/28/09 8:59 4/28/09 9:04 T2 239 4.1 22.2 960.4 77 72.7 -4.3 
7 1 4/28/09 9:04 4/28/09 9:10 T2 322 3.7 22.0 987.2 77 75.2 -1.8 
8 1 4/28/09 9:11 4/28/09 9:19 FH 391 4.0 20.1 128.8 77   
9 1 4/28/09 9:19 4/28/09 9:25 T2 300 4.5 21.5 965.8 77 78.5 1.5 
10 1 4/28/09 9:31 4/28/09 9:34 T1 100 1.3 29.1 723.8 77 13.7  
11 1 4/28/09 9:34 4/28/09 9:37 T1 96 1.5 27.0 741.6 77 14.9  
12 1 4/28/09 9:38 4/28/09 9:41 T1 141 1.3 28.0 754.1 77 10.8  
13 2 4/28/09 11:06 4/28/09 11:13 T4 326 4.8 30.5 875.1 118 120.6 2.6 
14 2 4/28/09 11:13 4/28/09 11:21 T4 370 4.9 29.4 870.9 118 122.1 4.1 
15 2 4/28/09 11:22 4/28/09 11:29 T4 342 4.8 29.2 862.3 118 123.9 5.9 
16 2 4/28/09 11:29 4/28/09 11:36 T4 339 4.8 30.8 854.2 118 121.6 3.6 
17 2 4/28/09 11:52 4/28/09 11:57 T2 192 5.8 23.5 996.1 118 109.2 -8.8 
18 2 4/28/09 11:57 4/28/09 12:01 T2 211 6.2 22.1 1000.9 118 120.1 2.1 
19 2 4/28/09 12:02 4/28/09 12:10 FH 368 5.2 26.5 128.8 118   
20 2 4/28/09 12:10 4/28/09 12:14 T2 195 6.3 22.9 925.3 118 112.3 -5.7 
21 2 4/28/09 12:14 4/28/09 12:19 T2 249 6.6 21.6 1087.7 118 115.6 -2.4 
22 3 4/28/09 16:41 4/28/09 16:44 T4 190 5.8 30.2 825.7 160 162.2 2.2 
23 3 4/28/09 16:45 4/28/09 16:49 T4 207 6.1 32.4 812.4 160 160.1 0.1 
24 3 4/28/09 16:52 4/28/09 16:56 T4 186 6.4 32.9 775.7 160 161.7 1.7 
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Velocity 
Trial 

Spill 
Event 

Date Time 
Start 

Date Time 
End 

Location
No. 

 Ensum 
Vel-avg 

(fps) 

Depth-
Avg 
(ft) 

Distance
(ft) 

Qtotal 
(kcfs) 

Qobs 
(kcfs) 

Qdiff 
(kcfs) 

25 3 4/28/09 16:56 4/28/09 17:00 T4 212 6.2 33.0 827.6 160 159.8 -0.2 
26 3 4/28/09 17:09 4/28/09 17:11 T3 86 8.2 29.3 698.5 160 142.6 -17.4 
27 3 4/28/09 17:12 4/28/09 17:15 T3 118 7.8 27.3 762.6 160 155.7 -4.3 
28 3 4/28/09 17:15 4/28/09 17:22 FH 285 7.2 27.1 215.4 160   
29 3 4/28/09 17:22 4/28/09 17:25 T3 106 8.0 28.9 719.5 160 152.8 -7.2 
30 3 4/28/09 17:25 4/28/09 17:27 T3 115 7.9 28.8 737.9 160 157.4 -2.6 
31 4 4/29/09 8:12 4/29/09 8:18 T4 306 7.4 32.3 818.2 187 194.9 7.9 
32 4 4/29/09 8:19 4/29/09 8:29 T4 525 6.8 31.8 825.0 187 186.3 -0.7 
33 4 4/29/09 8:30 4/29/09 8:39 T4 463 7.5 32.1 810.3 187 190.5 3.5 
34 4 4/29/09 8:40 4/29/09 8:52 T4 574 6.7 30.7 839.9 187 190.6 3.6 
35 4 4/29/09 9:00 4/29/09 9:14 T3 599 8.3 24.3 663.1 187 193.1 6.1 
36 4 4/29/09 9:15 4/29/09 9:21 T3 270 9.4 29.5 719.7 187 174.1 -12.9 
37 0 4/29/09 9:22 4/29/09 9:23 FH 54 10.5      
38 5 4/29/09 11:08 4/29/09 11:22 T4 628 7.2 32.4 856.5 188 174.7 -13.3 
39 5 4/29/09 11:23 4/29/09 11:32 T4 383 7.2 31.5 849.1 188 183.0 -5.0 
40 5 4/29/09 11:33 4/29/09 11:42 T4 356 7.4 32.6 822.3 188 144.8 -43.2 
41 5 4/29/09 11:43 4/29/09 11:50 T4 354 7.1 33.9 1012.2 188 190.9 2.9 
42 5 4/29/09 12:00 4/29/09 12:09 T3 244 7.4 28.6 799.3 188 85.0 -103.0 
43 5 4/29/09 12:10 4/29/09 12:13 T3 97 9.8 31.5 701.4 188 193.0 5.0 
44 6 4/29/09 15:58 4/29/09 16:09 T4 544 7.6 34.0 851.8 204 218.9 14.9 
45 0 4/29/09 16:09 4/29/09 16:10 T4 56 8.5 33.6 226.2 0 29.9 29.9 
46 6 4/29/09 16:11 4/29/09 16:19 T4 386 7.5 33.0 847.3 204 195.9 -8.1 
47 6 4/29/09 16:19 4/29/09 16:27 T4 377 7.7 34.0 844.9 204 208.5 4.5 
48 6 4/29/09 16:28 4/29/09 16:37 T4 440 7.2 34.3 842.6 204 205.2 1.2 
49 6 4/29/09 16:50 4/29/09 16:58 T2.5 398 9.3 32.7 720.1 204 175.8 -28.2 
50 6 4/29/09 16:58 4/29/09 17:04 T2.5 273 9.3 30.9 770.1 204 181.6 -22.4 
51 6 4/29/09 17:05 4/29/09 17:11 T2.5 280 9.2 31.9 764.8 204 185.2 -18.8 
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Velocity 
Trial 

Spill 
Event 

Date Time 
Start 

Date Time 
End 

Location
No. 

 Ensum 
Vel-avg 

(fps) 

Depth-
Avg 
(ft) 

Distance
(ft) 

Qtotal 
(kcfs) 

Qobs 
(kcfs) 

Qdiff 
(kcfs) 

52 6 4/29/09 17:11 4/29/09 17:13 T2 46 9.1 32.7 663.2 204 26.1 -177.9 
53 6 4/29/09 17:15 4/29/09 17:25 T2 431 7.1 32.1 253.8 204 22.6 -181.4 
54 7 4/30/09 7:22 4/30/09 7:31 T4 412 8.6 31.8 835.3 226 221.7 -4.3 
55 7 4/30/09 7:32 4/30/09 7:36 T4 207 8.8 34.0 817.5 226 220.0 -6.0 
56 7 4/30/09 7:36 4/30/09 7:42 T4 271 8.3 32.5 823.3 226 210.8 -15.2 
57 7 4/30/09 7:43 4/30/09 7:48 T4 242 8.3 32.9 801.4 226 213.2 -12.8 
58 7 4/30/09 8:01 4/30/09 8:11 T4 466 8.2 33.6 847.7 226 225.3 -0.7 
59 7 4/30/09 8:12 4/30/09 8:23 T4 524 8.2 34.0 830.5 226 221.1 -4.9 
60 8 4/30/09 12:36 4/30/09 12:44 T4 434 6.1 28.8 810.8 159 161.0 2.0 
61 8 4/30/09 12:45 4/30/09 12:52 T4 360 6.2 29.9 831.6 159 161.4 2.4 
62 8 4/30/09 12:52 4/30/09 12:57 T4 242 6.2 31.2 819.4 159 156.0 -3.0 
63 8 4/30/09 12:57 4/30/09 13:04 T4 358 6.3 30.9 842.7 159 161.1 2.1 
64 8 4/30/09 13:15 4/30/09 13:16 FH 58 5.6 24.4 471.5 159   
65 8 4/30/09 13:17 4/30/09 13:22 FH 232 4.8 14.1 378.3 159   
66 8 4/30/09 13:23 4/30/09 13:32 T2 490 6.3 25.3 1045.3 159 141.8 -17.2 
67 8 4/30/09 13:32 4/30/09 13:37 T2 256 6.6 25.0 1056.9 159 142.9 -16.1 
68 8 4/30/09 13:39 4/30/09 13:45 FH 299 5.4 18.6 368.0 159   
70 9 4/30/09 16:07 4/30/09 16:19 T4 547 8.0 33.1 896.4 224 234.5 10.5 
71 9 4/30/09 16:19 4/30/09 16:26 T4 335 8.2 35.6 834.3 224 227.8 3.8 
72 9 4/30/09 16:26 4/30/09 16:33 T4 318 8.2 33.6 842.6 224 227.1 3.1 
73 9 4/30/09 16:34 4/30/09 16:41 T4 346 7.7 32.7 876.3 224 222.7 -1.3 
74 9 4/30/09 16:54 4/30/09 16:55 T4 26 4.8 16.5 839.3 0 1.4 1.4 
75 9 4/30/09 16:55 4/30/09 16:55 T4 18 6.5 21.8 799.7 0 2.5 2.5 
76 9 4/30/09 16:55 4/30/09 17:04 T4 412 8.2 34.9 796.6 224 226.2 2.2 
77 9 4/30/09 17:04 4/30/09 17:08 T4 157 7.8 33.4 892.4 224 222.6 -1.4 
78 10 5/1/09 8:10 5/1/09 8:17 T4 342 8.1 32.7 865.6 203 205.7 2.7 
79 10 5/1/09 8:17 5/1/09 8:26 T4 411 7.6 31.2 879.9 203 205.8 2.8 
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Velocity 
Trial 

Spill 
Event 

Date Time 
Start 

Date Time 
End 

Location
No. 

 Ensum 
Vel-avg 

(fps) 

Depth-
Avg 
(ft) 

Distance
(ft) 

Qtotal 
(kcfs) 

Qobs 
(kcfs) 

Qdiff 
(kcfs) 

80 10 5/1/09 8:27 5/1/09 8:34 T4 355 7.2 31.3 877.4 203 208.9 5.9 
81 10 5/1/09 8:35 5/1/09 8:41 T4 288 8.2 33.4 798.3 203 211.2 8.2 
82 10 5/1/09 8:42 5/1/09 8:48 T4 317 7.5 32.9 836.6 203 206.3 3.3 
84 10 5/1/09 8:59 5/1/09 9:07 T3 346 10.0 31.4 786.5 203 198.9 -4.1 
85 10 5/1/09 9:08 5/1/09 9:13 T3 122 10.1 32.2 718.8 203 199.0 -4.0 
86 10 5/1/09 9:13 5/1/09 9:19 T3 270 11.0 32.2 728.2 203 184.3 -18.7 
88 11 5/1/09 11:11 5/1/09 11:22 T4 480 6.9 31.0 957.6 204 199.3 -4.7 
89 11 5/1/09 11:22 5/1/09 11:31 T4 426 7.6 34.0 850.6 204 204.6 0.6 
90 11 5/1/09 11:31 5/1/09 11:41 T4 450 7.6 34.3 1077.1 204 199.4 -4.6 
91 11 5/1/09 11:41 5/1/09 11:49 T4 371 7.1 32.1 801.7 204 200.8 -3.2 
92 11 5/1/09 11:57 5/1/09 12:05 T3 358 10.2 33.6 684.3 204 179.9 -24.1 
93 11 5/1/09 12:05 5/1/09 12:08 T3 21 8.9 26.9 730.5 204 162.4 -41.6 
94 11 5/1/09 12:08 5/1/09 12:19 T3 411 9.9 30.7 756.9 204 193.4 -10.6 
95  5/1/09 14:24 5/1/09 14:29 FH 197 4.7 14.9 562.8    
97  5/1/09 14:30 5/1/09 14:37 T2 312 5.4 21.9 949.3  107.3 107.3 
98  5/1/09 14:45 5/1/09 14:52 T4 375 4.1 29.5 843.1  109.2 109.2 

100 12 5/1/09 15:49 5/1/09 15:59 T4 505 7.7 35.7 864.9 210 219.3 9.3 
101 12 5/1/09 16:00 5/1/09 16:08 T4 392 7.5 34.2 823.2 210 204.1 -5.9 
102 12 5/1/09 16:08 5/1/09 16:18 T4 468 7.9 35.3 818.6 210 206.9 -3.1 
103 12 5/1/09 16:18 5/1/09 16:27 T4 457 7.4 34.1 791.1 210 203.6 -6.4 
104 12 5/1/09 16:36 5/1/09 16:43 T3 339 9.6 33.5 647.1 185 174.3 -10.7 
105 12 5/1/09 16:44 5/1/09 16:52 T3 371 9.3 33.9 767.3 185 192.4 7.4 
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15 Appendix D:  Photos of Spill Closure 

 

  



Figure D1.  Columbia River at Chief Joseph Dam Spillway, 
Powerhouse Flow 83 kcfs, Spillway Flow 97 kcfs, May 1 2009 5:51:45 pm

Spill Gate Opening 1-8, 11-19 at 5 ft, 10-11 at 6 ft. 201



Figure D2.  Columbia River at Chief Joseph Dam Spillway Closure, 
Powerhouse Flow 83 kcfs, Spillway Flow <97 kcfs, May 1 2009 5:54:33 pm

Spill Gate Opening 4-8,11-16 at 5 ft, 10-11 at 6 ft, 1-3,17-19 at < 5ft 202



Figure D3.  Columbia River at Chief Joseph Dam Spillway Closure, 
Powerhouse Flow 83 kcfs, Spillway Flow <97 kcfs, May 1 2009 5:55:43 pm

Spill Gate Opening 4-8,11-16 at 5 ft, 10-11 at 6 ft, 1-3,17-19 at < 5ft 203



Figure D4.  Columbia River at Chief Joseph Dam Spillway Closure,
Powerhouse Flow 83 kcfs, Spillway Flow <97 kcfs, May1 2009 5:56:29 pm

Spill Gate Opening 4-8,11-16 at 5 ft, 10-11 at 6 ft, 1-3,17-19 at < 5ft 204



Figure D5.  Columbia River at Chief Joseph Dam Spillway Closure,
Powerhouse Flow 83 kcfs, Spillway Flow <97 kcfs, May 1 2009 5:57:34 pm

Spill Gate Opening 4-8,11-16 at 5 ft, 10-11 at 6 ft, 1-3,17-19 at < 5ft 205



Figure D6.  Columbia River at Chief Joseph Dam Spillway Closure,
Powerhouse Flow 83 kcfs, Spillway Flow <97 kcfs, 1 2009 5:58:20 pm
Spill Gate Opening 4-8,11-16 at 5 ft, 10-11 at 6 ft, 1-3,17-19 at < 5ft 206



Figure D7.  Columbia River at Chief Joseph Dam Spillway Closure, 
Powerhouse Flow 83 kcfs, Spillway Flow <97 kcfs, May 1 2009 5:58:55 pm

Spill Gate Opening 4-8,11-16 at 5 ft, 10-11 at 6 ft, 1-3,17-19 at < 5ft 207



Figure D8.  Columbia River at Chief Joseph Dam Spillway Closure, 
Powerhouse Flow 83 kcfs, Spillway Flow <97 kcfs, May 1 2009 5:59:27 pm

Spill Gate Opening 4-8,11-16 at 5 ft, 10-11 at 6 ft, 1-3,17-19 at < 5ft 208



Figure D9.  Columbia River at Chief Joseph Dam Spillway Closure,
Powerhouse Flow 83 kcfs, Spillway Flow 69 kcfs, May 1, 2009 6:00:02 pm

Spill Gate Opening 4-8,11-16 at 5 ft, 10-11 at 6 ft, 1-3,17-19 at 0ft 209



Figure D10.  Columbia River at Chief Joseph Dam Spillway Closure, 
Powerhouse Flow 83 kcfs, Spillway Flow <69 kcfs, May 1 2009 6:00:49 pm

Spill Gate Opening 8,11-12 at 5 ft, 10-11 at 6 ft, 1-3,17-19 at 0 ft, 4-7,13-16 <5 ft 210



Figure D11.  Columbia River at Chief Joseph Dam Spillway Closure, 
Powerhouse Flow 83 kcfs, Spillway Flow <69 kcfs, May 1 2009 6:02:05 pm

Spill Gate Opening 8,11-12 at 5 ft, 10-11 at 6 ft, 1-3,17-19 at 0 ft, 4-7,13-16 <5 ft 211



Figure D12.  Columbia River at Chief Joseph Dam Spillway Closure,
Powerhouse Flow 83 kcfs, Spillway Flow <69 kcfs, May 1 2009 6:03:05 pm

Spill Gate Opening 7-8,11-13 at 5 ft, 10-11 at 6 ft, 1-3,17-19 at 0 ft, 4-6,14-16 <5 ft 212



Figure D13.  Columbia River at Chief Joseph Dam Spillway Closure, 
Powerhouse Flow 83 kcfs, Spillway Flow <69 kcfs, 1 2009 6:04:35 pm

Spill Gate Opening 8,11-12 at 5 ft, 10-11 at 6 ft, 1-3,17-19 at 0 ft, 4-7,13-16 <5 ft 213



Figure D14.  Columbia River at Chief Joseph Dam Spillway Closure, 
Powerhouse Flow 83 kcfs, Spillway Flow 23 kcfs, May 1 2009 6:06:01 pm

Spill Gate Opening 8,11-12 at 5 ft, 10-11 at 6 ft, 1-7,13-19 at 0 ft 214



Figure D15.  Columbia River at Chief Joseph Dam Spillway Closure,
Powerhouse Flow 83 kcfs, Spillway Flow <23 kcfs, May 1 2009 6:07:13 pm

Spill Gate Opening 8,11-12 < 5 ft, 10-11 < 6 ft, 1-7,13-19 at 0 ft 215



Figure D16.  Columbia River at Chief Joseph Dam Spillway Closure,
Powerhouse Flow 83 kcfs, Spillway Flow <23 kcfs, 1 2009 6:08:12 pm

Spill Gate Opening 8,11-12 < 5 ft, 10-11 < 6 ft, 1-7,13-19 at 0 ft 216



Figure D17.  Columbia River at Chief Joseph Dam Spillway Closure,
Powerhouse Flow 83 kcfs, Spillway Flow <23 kcfs,  May 1 2009 6:09:22 pm

Spill Gate Opening 8,11-12 < 5 ft, 10-11 < 6 ft, 1-7,13-19 at 0 ft 217



Figure D18.  Columbia River at Chief Joseph Dam Spillway Closure, 
Powerhouse Flow 83 kcfs, Spillway Flow <23 kcfs, May 1 2009 6:10:34 pm

Spill Gate Opening 8,11-12 < 5 ft, 10-11 < 6 ft, 1-7,13-19 at 0 ft 218



Figure D19.  Columbia River at Chief Joseph Dam Spillway Closure, 
Powerhouse Flow 83 kcfs, Spillway Flow <23 kcfs, May 1 2009 6:11:28 pm

Spill Gate Opening 8,11-12 < 5 ft, 10-11 < 6 ft, 1-7,13-19 at 0 ft 219



Figure D20.  Columbia River at Chief Joseph Dam Spillway Closure,
Powerhouse Flow 83 kcfs, Spillway Flow <23kcfs, May 1 2009 6:12:54 pm

Spill Gate Opening 10-11 < 6 ft, 1-8,11-19 at 0 ft 220



Figure D21.  Columbia River at Chief Joseph Dam Spillway Closure, 
Powerhouse Flow 83 kcfs, Spillway Flow <23 kcfs, May 1 2009 6:13:29 pm

Spill Gate Opening 8,11-12 < 5 ft, 10-11 < 6 ft, 1-7,13-19 at 0 ft 221



Figure D22.  Columbia River at Chief Joseph Dam Spillway Closure,
Powerhouse Flow 83 kcfs, Spillway Flow 0 kcfs, May 1 2009, 6:13:50 pm

Spill Gate Opening 1-19 at 0 ft 222



ERDC/ CHL HF-HG 223 

 

16 Appendix E:  Dissolved Oxygen and Cumulative Flow Figures 
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Figure E1.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T4 during spill event 1,
spill of 18 kcfs uniform pattern, powerhouse flow 60 kcfs (Multiple Trials 5, 6, 8) 224
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Figure E2.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T4 during spill event 2,
spill of 57 kcfs uniform pattern, powerhouse flow 60 kcfs (Multiple Trials 12‐15) 225
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Figure E3.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T2 during spill event 2,
spill of 57 kcfs uniform pattern, powerhouse flow 60 kcfs (Multiple Trials 16, 17, 19) 226
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Figure E4.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T4 during spill event 3,
spill of 100 kcfs uniform pattern, powerhouse flow 60 kcfs (Multiple Trials 21‐24) 227
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Figure E5.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T3 during spill event 3,
spill of 100 kcfs uniform pattern, powerhouse flow 60 kcfs (Multiple Trials 25, 28, 29) 228
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Figure E6.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T4 during spill event 4,
spill of 38 kcfs uniform pattern, powerhouse flow 150 kcfs (Multiple Trials 30‐33) 229
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Figure E7.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T3 during spill event 4,
spill of 38 kcfs uniform pattern, powerhouse flow 150 kcfs (Multiple Trials 34‐35) 230
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Figure E8.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T4 during spill event 5,
spill of 38 kcfs bulk pattern, powerhouse flow 150 kcfs (Multiple Trials 38, 40) 231
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Figure E9.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T3 during spill event 5,
spill of 38 kcfs bulk pattern, powerhouse flow 150 kcfs (Multiple Trials 42) 232
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Figure E10.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T4 during spill event 6,
spill of 98 kcfs bulk pattern, powerhouse flow 106 kcfs (Multiple Trials 45‐47) 233
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Figure E11.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T2.5 during spill event 6, 
spill of 98 kcfs uniform pattern, powerhouse flow 106 kcfs (Multiple Trials 48‐50) 234
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Figure E12.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T4 during spill event 7,
spill of 144 kcfs bulk uniform pattern, powerhouse flow 82 kcfs (Multiple Trials 33‐38) 235
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Figure E13.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T4 during spill event 8, 

spill of 18 kcfs uniform pattern, powerhouse flow 141kcfs    (Multiple Trials 59, 61,62)
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Figure E14.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T2 during spill event 8, 
spill of 18 kcfs uniform pattern, powerhouse flow 141 kcfs (Multiple Trials 65) 237
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Figure E15.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T4 during spill event 9,
spill of 142 kcfs uniform pattern, powerhouse flow 83 kcfs (Multiple Trials 69‐72,75,76)
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Figure E16.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T4 during spill event 10, 

spill of 58 kcfs uniform pattern, powerhouse flow 144 kcfs (Multiple Trials 78)
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Figure E17.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T3 during spill event 10, 

spill of 58 kcfs uniform pattern, powerhouse flow 144 kcfs (Multiple Trials 83,84,85)
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Figure E18.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T4 during spill event 11,
spill of 58 kcfs bulk pattern, powerhouse flow 145 kcfs (Multiple Trials 88,89,90) 241
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Figure E19.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T3 during spill event 11,
spill of 58 kcfs bulk pattern, powerhouse flow 145 kcfs (Multiple Trials 91, 93) 242
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Figure E20.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T4 during spill event 12,
spill of 97 kcfs uniform pattern, powerhouse flow 96 kcfs (Multiple Trials 99‐102) 243
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Figure E21.  Observed cumulative flow and dissolved oxygen concentration distribution on Transect T3 during spill event 12,
spill of 97 kcfs uniform pattern, powerhouse flow 96 kcfs (Multiple Trials 104) 244


